
&+ ,72 6$1 �0 ,&5 2 63+ ( 5 ( 6 �$1 ' �) ,/ 0 6
8 6( ' �,1 �&2 1 75 2 / / ( ' �5 ( / ( $6(

$ �7+ ( 6,6�68 %0 ,77( ' �72
7+ ( �* 5 $ ' 8 $7( �6&+2 2 / �2 ) �1 $78 5 $/ �$1 ' �$33/ ,( ' �6&,( 1 &( 6

2 )
7+ ( �0 ,' ' / ( �( $67�7( &+1 ,&$/ �8 1 ,9( 5 6,7<

%<

%( <=$�8 </ 8 . d 8 2 ö / 8

,1 �3$5 7,$/ �) 8 / ) ,/ / 0 ( 1 7�2 ) �7+ ( �5 ( 4 8 ,5 ( 0 ( 1 76�) 2 5 �7+ ( �' ( * 5 ( (

2 )

0 $67( 5 �2 ) �6&,( 1 &(

,1

7+ ( �' ( 3$5 70 ( 1 7�2 ) �&+ ( 0 ,675 <

6( 37( 0 %( 5 �� � � �



LLL

$ %675 $ &7

&+ ,72 6$ 1 �0 ,&5 2 63+( 5 ( 6 �$1 ' �) ,/ 0 6

8 6( ' �,1 �&2 1 75 2 / / ( ' �5 ( / ( $ 6(

8 \ OXNoXR÷OX��%H\ ] D

0 6���' HSDUWP HQW�RI�&KHP LVWU\

6XSHUYLVRU��3URI��' U��1 HVULQ�+ DVÕUFÕ

&R�6XSHUYLVRU��3URI��' U��( OYDQ�<ÕOP D]

6HSWHP EHU�� � � � ��� � �SDJHV

7KDODVVHPLD�� D� JHQHWLF� EORRG� GLVRUGHU�� RFFXUV� DV� D� UHVXOW� RI� GHIRUPDWLRQV� RI

KHPRJORELQ�VWUXFWXUHV��3DWLHQWV�ZLWK�WKDODVVHPLD�GHYHORS�LURQ�RYHUORDG�IURP�FKURQLF

EORRG�WUDQVIXVLRQV�DQG�UHTXLUH�UHJXODU�LURQ�FKHODWLRQ�WR�SUHYHQW�SRWHQWLDOO\ �IDWDO�LURQ�

UHODWHG� FRPSOLFDWLRQV�� ' HIHULSURQH� LV� D� FRPPHUFLDOO\ � DYDLODEOH� GUXJ� XVHG� DV� LURQ

FKHODWRU�IRU�WKH�WUHDWPHQW�RI�WKDODVVHPLD�EXW�WKH�YHU\ �ORQJ�WHUP�HIIHFWLYHQHVV�LV�QRW

FOHDUO\ � NQRZQ� \ HW�� 7KHUHIRUH�� VRPH� VWXGLHV� ZHUH� FDUULHG� RXW� WR� ILQG� HIIHFWLYH

DOWHUQDWLYH� GUXJV� RU� GHOLYHU\ � PHWKRGV� IRU� WUHDWPHQW� RI� WKDODVVHPLD�� &RQWUROOHG

GHOLYHU\ �� ZKLFK� RIIHUV� VDIHU�� PRUH� FRQYHQLHQW�� DQG� PRUH� HIIHFWLYH� PHDQV� RI
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DGPLQLVWHULQJ� DFWLYHV�� VHHPV� SURPLVLQJ� ZLWK� WKLV� UHVSHFW�� &KLWRVDQ�� D� QDWXUDO

ELRSRO\ PHU� SURGXFHG� IURP� GHDFHW\ ODWLRQ� RI� FKLWLQ�� KDV� D� YDULHW\ � RI� SURPLVLQJ

SKDUPDFHXWLFDO�XVHV�DQG�LV�SUHVHQWO\ �FRQVLGHUHG�DV�D�QRYHO�FDUULHU�PDWHULDO�LQ�GUXJ

GHOLYHU\ �V\ VWHPV�

,Q�WKLV�VWXG\ ��FKLWRVDQ�PLFURVSKHUHV�KDYLQJ�GLIIHUHQW�GHJUHH�RI�GHDFHW\ ODWLRQ��' ' $ �

DQG� FRQWDLQLQJ� ' HIHULSURQH� ZHUH� SUHSDUHG� E\ � RLO�ZDWHU� HPXOVLRQ� PHWKRG� DQG� E\

FURVVOLQNLQJ� ZLWK� JOXWHUDOGHK\ GH�� 3DUWLFOH� VL] H�� 6( 0 �� DQG� LQ� YLWUR� GUXJ� UHOHDVH

DQDO\ VLV�ZHUH�SHUIRUPHG��7KH�DYHUDJH�VL] HV�RI�WKH�SUHSDUHG�PLFURVSKHUHV�LQFUHDVHG

ZLWK�LQFUHDVLQJ�GHJUHH�RI�GHDFHW\ ODWLRQ�RI�FKLWRVDQ�DQG�ZLWK�GHFUHDVLQJ�FURVVOLQNLQJ

GHJUHH�� ,Q� YLWUR� GUXJ� UHOHDVH� VWXGLHV� VKRZHG� WKDW�� WKH� UHOHDVH� UDWH� RI� ' HIHULSURQH

LQFUHDVHG�DV�WKH�FURVVOLQNLQJ�GHJUHH�LQFUHDVHG��FRQWUDU\ �WR�WKH�H[ SHFWDWLRQV��7KLV�LV

H[ SODLQHG� E\ � WKH� FU\ VWDOOLQH� VWUXFWXUH� RI� OLJKWO\ � FURVVOLQNHG� FKLWRVDQ� ZKLFK� KDYH

RUGHUHG�DQG�GHQVH�VWUXFWXUH�FDXVLQJ�VORZHU�UHOHDVH�UDWH�IRU� ' HIHULSURQH�FRPSDUH�WR

KLJKO\ �FURVVOLQNHG�VWUXFWXUHV�

,Q�WKH�VHFRQG�VWDJH�RI�WKH�VWXG\ ��FKLWRVDQ�ILOPV�KDUGHQHG�ZLWK�JOXWHUDOGHK\ GH�ZHUH

SUHSDUHG�E\ �ILOP�FDVWLQJ�PHWKRG��,5 ��' 6&�DQG�PHFKDQLFDO�DQDO\ VLV�ZHUH�SHUIRUPHG�

) RU� WKH� ILOPV� ZLWK� YDULRXV� FURVVOLQNLQJ� GHJUHHV�� LW� ZDV� IRXQG� WKDW� XOWLPDWH� WHQVLOH

VWUHQJWK��8 76��YDOXHV�GLIIHUHG�IURP�� � �� �0 3D�WR�� � � �� �0 3D��PHDQ�HODVWLF�PRGXOXV

YDOXHV�GLIIHUHG�IURP� � � � � �� �0 3D�WR� � � � � �� �0 3D�DQG�VWUDLQ�DW�EUHDN� �6$ %��YDOXHV

GLIIHUHG�IURP�� �� � �WR�� �� � �

. H\ ZRUGV��7KDODVVHPLD��' HIHULSURQH��FKLWRVDQ��PLFURVSKHUH��ILOP��FRQWUROOHG�UHOHDVH
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7H] �< | QHWLFLVL��3URI��' U��1 HVULQ�+ DVÕUFÕ

2 UWDN�7H] �< | QHWLFLVL��3URI��' U��( OYDQ�<ÕOP D]

( \ O• O�� � � � ��� � �VD\ ID

7DODVHPL�� KHPRJORELQ� \ DSÕODUÕQGD� ROXúDQ� ER] XNOXNODU� VRQXFXQGD� RUWD\ D� oÕNDQ�

JHQHWLN�ELU�NDQ�KDVWDOÕ÷ÕGÕU��7DODVHPL�KDVWDODUÕQGD�NURQLN�NDQ�QDNOLQGHQ�GROD\ Õ�GHPLU

ELULNPHVL� PH\ GDQD� JHOPHNWH� YH� RODVÕ�� | O• PF• O�� GHPLUOH� LOLúNLOL� NRPSOLNDV\ RQODUÕ

| QOHPHN� LoLQ� G• ] HQOL� RODUDN� DOÕQDQ� GHPLU� WXWXFXODUD� LKWL\ Do� GX\ XOPDNWDGÕU�

' HIHULSURQ�� WDODVHPL� KDVWDOÕ÷ÕQÕQ� WHGDYLVLQGH� GHPLU� WXWXFX� RODUDN� NXOODQÕODQ�� WLFDUL

RODUDN� SL\ DVDGD� EXOXQDQ� ELU� LODoWÕU�� DQFDN�� X] XQ� V• UHOL� HWNLVL� KHQ• ] � QHW� RODUDN

ELOLQPHPHNWHGLU��%X�VHEHSOH��GDKD�HWNLOL�DOWHUQDWLI�LODoODU�\ D�GD�VDOÕP�\ | QWHPOHULQLQ

EXOXQDELOPHVL� LoLQ� ELU� WDNÕP� oDOÕúPDODU� V• UPHNWHGLU�� %X� DoÕGDQ�� LODoODUÕQ

X\ JXODQPDVÕQGD�� GDKD� J• YHQLOLU�� GDKD� HOYHULúOL� YH� GDKD� HWNLOL� ELU� \ | QWHP
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RODQ�NRQWUROO• �VDOÕP��• PLW�YHULFLGLU��. LWLQLQ�GHDVHWLODV\ RQX\ OD�HOGH�HGLOHQ��GR÷DO�ELU

EL\ RSROLPHU�RODQ�NLWRVDQ��JHOHFHN�YDDW�HGHQ�oRN�oHúLWOL�IDUPDVRWLN�NXOODQÕPD�VDKLSWLU

YH� J• Q• P• ] GH� LODo� WDúÕ\ ÕFÕ� VLVWHPOHU� LoLQ� \ HQL� WDúÕ\ ÕFÕ� PDWHU\ DO� RODUDN� NDEXO

HGLOPHNWHGLU�

%X� oDOÕúPDGD�� IDUNOÕ� GHDVHWLODV\ RQ� GHUHFHVLQH� VDKLS� ' HIHULSURQ� \ • NO• � NLWRVDQ

PLNURN• UHOHU�� JOXWHUDOGHKLW� LOH� oDSUD] � ED÷ODQDQDUDN� \ D÷�VX� HP• OVL\ RQ� PHWRGX\ OD

KD] ÕUODQPÕúWÕU�� 3DUWLN• O� ER\ XWX�� 6( 0 � YH� LQ� YLWUR� LODo� VDOÕP� DQDOL] OHUL

JHUoHNOHúWLULOPLúWLU�� +D] ÕUODQDQ� PLNURN• UHOHULQ� RUWDODPD� ER\ XWODUÕ�� NXOODQÕODQ

NLWRVDQÕQ� GHDVHWLODV\ RQ� GHUHFHVLQLQ� DUWÕúÕ\ OD� YH� PLNURN• UHOHUGHNL� oDSUD] � ED÷ODQPD

GHUHFHVLQGHNL� D] DOPD� LOH� DUWÕú� J| VWHUPLúWLU�� ,Q� YLWUR� LODo� VDOÕP� oDOÕúPDODUÕQGD�

EHNOHQLOHQLQ� WHUVLQH�� oDSUD] � ED÷ODQPD� � GHUHFHVL� DUWWÕNoD�� ' HIHULSURQ� VDOÕP� KÕ] ÕQÕQ

DUWWÕ÷Õ� J| U• OP• úW• U��%X�GXUXP�� \ • NVHN�oDSUD] �ED÷ODQPD�GHUHFHVLQH�VDKLS� NLWRVDQOD

NÕ\ DVODQGÕ÷ÕQGD�� ' HIHULSURQ¶XQ� VDOÕP� KÕ] ÕQÕQ� \ DYDúODPDVÕQD� QHGHQ� RODQ� G• ] HQOL� YH

VÕN�\ DSÕGDNL�D] �oDSUD] �ED÷ODQPÕú�NLWRVDQÕQ�NULVWDO�\ DSÕVÕ\ OD�DoÕNODQDELOLU�

dDOÕúPDQÕQ� LNLQFL� DúDPDVÕQGD�� JOXWHUDOGHKLWOH� VD÷ODPODúWÕUÕOPÕú� ILOPOHU�� G| N• P

PHWRGX\ OD� KD] ÕUODQPÕúWÕU�� ) LOPOHULQ� ,5 �� ' 6&� YH� PHNDQLN� DQDOL] OHUL

JHUoHNOHúWLULOPLúWLU�� ) DUNOÕ�oDSUD] �ED÷ODQPD�GHUHFHOHULQH�VDKLS� ILOPOHU�LoLQ�� JHULOPH

GLUHQFL�GH÷HUOHUL�� � �� �0 3D�LOH�� � � �� �0 3D�DUDVÕQGD��HODVWLN�PRGXOXV�GH÷HUOHUL�� � � � ��

0 3D�LOH�� � � � �� �0 3D�DUDVÕQGD��PDNVLPXP�X] DPD�RUDQODUÕ�LVH�� �� � �LOH�� �� � �DUDVÕQGD

GH÷LúPLúWLU�

$ QDKWDU�NHOLPHOHU��7DODVHPL��' HIHULSURQ��NLWRVDQ��PLNURN• UH��ILOP��NRQWUROO• �VDOÕP
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,� ZRXOG� OLNH� WR� H[ SUHVV� P\ � JUDWLWXGH� WR� 3URI�� ' U�� 1 HVULQ� +DVÕUFÕ� IRU� KHU� VXSSRUW�

JXLGDQFH�DQG�LQVWUXFWLRQ�DW�HYHU\ �VWDJH�RI�P \ �WKHVLV��$ V�DQ�DGYLVRU��VKH�KDV�EHHQ�D

VRXUFH�RI�GLUHFWLRQ�DQG�HQFRXUDJHPHQW�

,�ZRXOG�OLNH�WR�H[ SUHVV�P\ �VLQFHUH�WKDQNV�WR�P \ �FR�DGYLVRU�3URI�� ' U��( OYDQ�<ÕOPD]

IRU�KHU�JXLGDQFH��VXSSRUW�DQG�YDOXDEOH�FULWLFLVP�

,�ZLVK�WR�WKDQN�DOO�PHPEHUV�RI�%LRPHGLFDO�0 DWHULDOV�5HVHDUFK�* URXS��VSHFLDOO\ �' U�

. HPDO� ùHUEHWoL� DQG� ' U�� $ VOÕ� 0 XYDIIDN� IRU� WKHLU� KHOS�� VXJJHVWLRQV� DQG� FRPPHQWV�

$ QG�DOVR�VSHFLDO�WKDQNV�JR�WR�$ \ VHO�. Õ] ÕOWD\ �IRU�KHU�IULHQGVKLS��KHOS�DQG�VXSSRUW�DW

HYHU\ �VWDJH�RI�P \ �WKHVLV�

,� WKDQN� WKH� PHPEHUV� RI� WKH� &KHPLVWU\ � ' HSDUWPHQW�� IRU� WKHLU� KHOS� DQG� VXSSRUW

WKURXJKRXW�P \ �VWXG\ �

) LQDOO\ �� ,� DP� YHU\ � JUDWHIXO� WR� P\ � IDPLO\ � IRU� WKHLU� HQGOHVV� ORYH�� SDWLHQFH�

HQFRXUDJHPHQW��VXSSRUW�DQG�FRQILGHQFH�
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� �� �� &RQWUROOHG�5HOHDVH�0 HFKDQLVPV�LQ�' UXJ�' HOLYHU\ �6\ VWHPV������������������ � �
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� �� �� 3UHSDUDWLRQ�RI�&KLWLQ�DQG�&KLWRVDQ�������������������������������������������������������� � �
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� �� �� �� �&KHODWLRQ���������������������������������������������������������������������������������������������� � �

� �� �� �� �%LRWHFKQRORJ\ ��������������������������������������������������������������������������������������� � �

� �� �� �� �3KDUPDFHXWLFDO������������������������������������������������������������������������������������� � �

� �� $ LP�RI�WKH�6WXG\ ������������������������������������������������������������������������������������������� � �

� ��( ; 3( 5 ,0 ( 1 7$ / ������������������������������������������������������������������������������������������������� � �

� �� �0 $ 7( 5 ,$ / 6���������������������������������������������������������������������������������������������������� � �

� �� �0 ( 7+2 ' 6 ������������������������������������������������������������������������������������������������������� � �

� �� �� �3XULILFDWLRQ�RI�&KLWLQ���������������������������������������������������������������������������������� � �
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� �� �� �3UHSDUDWLRQ�RI�&KLWRVDQ�) LOPV�������������������������������������������������������������������� � �

� �� �� �,5 �$ QDO\ VLV������������������������������������������������������������������������������������������������� � �

� �� �� �' LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\ �� ' 6&��$ QDO\ VLV����������������������������������� � �

� �� �� �,Q�YLWUR�5HOHDVH�6WXGLHV������������������������������������������������������������������������������ � �

� �� �� � �0 HFKDQLFDO�7HVWV�������������������������������������������������������������������������������������� � �

� ��5 ( 68 / 76�DQG�' ,6&8 66,2 1 ������������������������������������������������������������������������������� � �

� �� �' HDFHW\ ODWLRQ�RI�&KLWLQ������������������������������������������������������������������������������������� � �

� �� �&KLWRVDQ�0 LFURVSKHUHV�������������������������������������������������������������������������������������� � �

� �� �� �( IIHFW�RI�&URVVOLQNHU�RQ�6L] H�DQG�6KDSH�RI�WKH�0 LFURVSKHUHV������������������� � �

� �� �� �3DUWLFOH�6L] H�$ QDO\ VLV�RI�0 LFURVSKHUHV������������������������������������������������������ � �

� �� �� �' UXJ�/ RDGLQJ�WR�0 LFURVSKHUHV������������������������������������������������������������������� � �

� �� �� �,Q�9 LWUR�5HOHDVH�6WXGLHV����������������������������������������������������������������������������� � �

� �� �&KLWRVDQ�) LOPV�������������������������������������������������������������������������������������������������� � �

� �� �� �,QIUDUHG�$ QDO\ VLV����������������������������������������������������������������������������������������� � �

� �� �� �' LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\ �$ QDO\ VLV����������������������������������������������� � �

� �� �� �0 HFKDQLFDO�7HVW�5HVXOWV����������������������������������������������������������������������������� � �

� ��&2 1 &/ 8 6,2 1 ������������������������������������������������������������������������������������������������������ � �

5 ( ) ( 5( 1 &( 6����������������������������������������������������������������������������������������������������������� � �
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$ ��' DWD�5HODWLYH�WR�&KDSWHU�� ������������������������������������������������������������������������������������� � �

%��' DWD�5HODWLYH�WR�&KDSWHU�� ������������������������������������������������������������������������������������� � �
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� �� ��&DWLRQLF�3URSHUWLHV�RI�&KLWRVDQ��������������������������������������������������������������������������� � �

� �� �%LRORJLFDO�3URSHUWLHV�RI�&KLWRVDQ������������������������������������������������������������������������� � �

� �� �&KHPLFDO�3URSHUWLHV�RI�&KLWRVDQ�������������������������������������������������������������������������� � �

� �� �6ROXWLRQ�3URSHUWLHV�RI�&KLWRVDQ���������������������������������������������������������������������������� � �

� �� �&RPPHUFLDO�3URGXFWV�RI�&KLWRVDQ������������������������������������������������������������������������ � �

� �� �%LRWHFKQRORJLFDO�$ SSOLFDWLRQV�RI�&KLWRVDQ���������������������������������������������������������� � �

� �� �3KDUPDFHXWLFDO�$ SSOLFDWLRQV�RI�&KLWRVDQ������������������������������������������������������������ � �

� �� �&KLWRVDQ�$ SSOLFDWLRQV��: RXQG�+HDOLQJ��������������������������������������������������������������� � �

� �� �0 DWHULDOV�DQG�PDQXIDFWXUHUV�������������������������������������������������������������������������������� � �

� �� �3UHSDUHG�&KLWRVDQ�0 LFURVSKHUHV�������������������������������������������������������������������������� � �

� �� �3UHSDUHG�FKLWRVDQ�ILOPV���������������������������������������������������������������������������������������� � �

� �� �' HDFHW\ ODWLRQ�' HJUHHV�RI�&KLWRVDQ�6DPSOHV�������������������������������������������������������� � �

� �� �6L] HV�RI�GLIIHUHQW�FKLWRVDQ�PLFURVSKHUHV�������������������������������������������������������������� � �

� �� �3DUWLFOH�VL] H�DQDO\ VLV�UHVXOWV��������������������������������������������������������������������������������� � �

� �� �5HOHDVHG�DPRXQW�RI�' HIHULSURQH�IURP�GLIIHUHQW�W\ SH�RI�PLFURVSKHUHV���������������� � �

� �� �$ PRXQW�RI�' HIHULSURQH�HQWUDSSHG�LQ�GLIIHUHQW�W\ SHV�RI�PLFURVSKHUHV����������������� � �

� �� �0 HFKDQLFDO�SURSHUWLHV�RI�FKLWRVDQ�ILOPV��������������������������������������������������������������� � �
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� �� �6WUXFWXUH�RI�' HVIHUDO����������������������������������������������������������������������������������������������� �

� �� �6WUXFWXUH�RI�' HIHULSURQH����������������������������������������������������������������������������������������� �

� �� �+ \ SRWKHWLFDO�EORRG�OHYHO�SDWWHUQ�IURP�D�FRQYHQWLRQDO�PXOWLSOH�GRVLQJ�VFKHGXOH�

DQG�WKH�LGHDOL] HG�SDWWHUQ�IURP�D�FRQWUROOHG�UHOHDVH�V\ VWHP�������������������������������� � �

� �� �7\ SLFDO�GUXJ�OHYHO�YHUVXV�WLPH�SURILOH���D��6WDQGDUG�RUDO�GRVH���E��2 UDO�RYHUGRVH�

�F��L�Y��LQMHFWLRQ���G��&RQWUROOHG�UHOHDVH�LGHDO�GRVH��������������������������������������������� � �

� �� �&KHPLFDO�VWUXFWXUH�RI�&KLWLQ�DQG�&KLWRVDQ���������������������������������������������������������� � �

� �� �3UHSDUDWLRQ�RI�&KLWLQ�DQG�&KLWRVDQ���������������������������������������������������������������������� � �

� �� �' HDFHW\ ODWLRQ�UHDFWLRQ������������������������������������������������������������������������������������������ � �

� �� � &URVVOLQNLQJ� PHFKDQLVP� RI� WKH� PLFURVSKHUHV� ZLWK� JOXWHUDOGHK\ GH

D�* OXWHUDOGHK\ GH� DQG� FKLWRVDQ� EHIRUH� FURVVOLQNLQJ� UHDFWLRQ� E�� &RYDOHQW� ERQG

IRUPDWLRQ�EHWZHHQ�FKLWRVDQ�DQG�JOXWHUDOGHK\ GH������������������������������������������������ � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � � �* $ �������������������������� � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � �* $ ������������������������������� � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � � �* $ ����������������������������� � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � � �* $ �������������������������� � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � �* $ ���������������������������� � �
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� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � �* $ ������������������������������� � �

� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � � �* $ ����������������������������� � �

� �� � �6L] H�GLVWULEXWLRQ�RI�PLFURVSKHUHV����������������������������������������������������������������������� � �

� �� � �( IIHFW�RI�FURVVOLQNHU�FRQFHQWUDWLRQ�RQ�WKH�VL] H�RI�WKH�PLFURVSKHUHV������������������ � �

� �� � � &KLWRVDQ� PLFURVSKHUHV� �$ �� &0 � � �� � � � �%�� &0 ' � � �� � � �&�� &0 � � �� � � � � ' �

&0 ' � � �� � ���������������������������������������������������������������������������������������������������������� � �

� �� � �5HOHDVH�RI�' HIHULSURQH�IURP�FKLWRVDQ�� ' ' $  � � � � �PLFURVSKHUHV�������������������� � �

� �� � �5HOHDVH�RI�' HIHULSURQH�IURP�FKLWRVDQ�� ' ' $  � � � � �PLFURVSKHUHV�������������������� � �

� �� � � 3HUFHQW� ' HIHULSURQH� UHOHDVH� IURP� FKLWRVDQ� PLFURVSKHUHV�� ZLWK� �D�' ' $  � � �

DQG��E�' ' $  � � � ���E\ �WDNLQJ�WRWDO�UHOHDVHG�DPRXQW�RI�' HIHULSURQH�DV�� � � � �� � �

� �� � � ,5 � VSHFWUD� RI� FKLWRVDQ� VDPSOHV� �$ �� FKLWLQ�� �%�� � � � ' ' $ �� �&�� � � � ' ' $ �� � ' �

� � � �' ' $ ����������������������������������������������������������������������������������������������������������� � �

� �� � � ,5 �VSHFWUD�RI�FKLWRVDQ�ILOPV�ZLWK��$ ��QR�FURVVOLQNHU���%��� �� � � �* $ ���&��� �� �

* $ ��� ' � �� � �* $ �������������������������������������������������������������������������������������������������� � �

� �� � � ' 6&� WKHUPRJUDPV� RI� �$ �� � FKLWLQ�� �%�� FKLWRVDQ� �' ' $  � � � � ��&�� FKLWRVDQ

�' ' $  � � � � �� � ' � � FKLWRVDQ� � ' ' $  � � � � �LQ� WKH� �D�� ILUVW� KHDWLQJ�� �E�� VHFRQG

KHDWLQJ ���������������������������������������������������������������������������������������������������������������� � �

� �� � �' 6&�WKHUPRJUDPV�RI�FKLWRVDQ�ILOPV�ZLWK��$ ��QR�FURVVOLQNHU���%��� �� � � �* $ ���&�

� �� � �* $ ��� ' � �� � �* $ ��LQ�WKH��D��ILUVW�KHDWLQJ���E�VHFRQG�KHDWLQJ ��������������������� � �

� �� � �0 HFKDQLFDO�SURSHUWLHV�RI�FKLWRVDQ�ILOPV�������������������������������������������������������������� �

� �� � �&KHPLFDO�UHDFWLRQV�EHWZHHQ�FKLWRVDQ�DQG�JOXWDUDOGHK\ GH��������������������������������� � �
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� �� �7KDODVVHP LD

7KDODVVHPLD�LV�WKH�QDPH�RI�D�JURXS�RI�JHQHWLF�EORRG�GLVRUGHUV�ZKLFK�LV�DOVR�FDOOHG�DV

&RROH\ ¶V� $ QHPLD� RU� 0 HGLWHUUDQHDQ� $ QHPLD�� 7KDODVVHPLD� RFFXUV� DV� D� UHVXOW� RI

GHIRUPDWLRQV� RI� KHPRJORELQ� VWUXFWXUHV�� +HPRJORELQ� LV� WKH� R[ \ JHQ�FDUU\ LQJ

FRPSRQHQW�RI�WKH�UHG�EORRG�FHOOV��,W�FRQVLVWV�RI�WZR�GLIIHUHQW�SURWHLQV��ZKLFK�DUH�DQ

DOSKD�DQG�D�EHWD�SURWHLQV��,I�WKH�ERG\ �GRHVQ
W�SURGXFH�HQRXJK�RI�HLWKHU�RI�WKHVH�WZR

SURWHLQV��WKH�UHG�EORRG�FHOOV�GR�QRW�IRUP�SURSHUO\ �DQG�FDQQRW�FDUU\ �VXIILFLHQW�R[ \ JHQ

WR�WKH�FHOOV��7KH�UHVXOW�LV�DQHPLD�WKDW�EHJLQV�LQ�HDUO\ �FKLOGKRRG�DQG�ODVWV�WKURXJKRXW

OLIH�

7KDODVVHPLD�LV�QRW�D�VLQJOH�GLVRUGHU�EXW�D�JURXS�RI�KHPRJORELQ�UHODWHG�GLVRUGHUV�WKDW

DIIHFW�WKH�KXPDQ�ERG\ �LQ�VLPLODU�ZD\ V��7KHUHIRUH��LW�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKH

GLIIHUHQFHV� EHWZHHQ� WKH� YDULRXV� W\ SHV� RI� WKDODVVHPLD� ZKLFK� DUH� H[ SODLQHG� LQ� WKH

IROORZLQJ�VHFWLRQ�>� @�



�

� �� �� �7\ SHV�RI�7KDODVVHP LD

� �� �� �� �$OSKD�7KDODVVHP LD

3HRSOH� ZKRVH� KHPRJORELQ� GRHV� QRW� SURGXFH� HQRXJK� DOSKD� SURWHLQ� KDYH� DOSKD

WKDODVVHPLD��,W�LV�FRPPRQO\ �IRXQG�LQ�$ IULFD��WKH�0 LGGOH�( DVW��,QGLD��6RXWKHDVW�$ VLD�

VRXWKHUQ�&KLQD��DQG�RFFDVLRQDOO\ �WKH�0 HGLWHUUDQHDQ�UHJLRQ��7KHUH�DUH�IRXU�W\ SHV�RI

DOSKD�WKDODVVHPLD�WKDW�UDQJH�IURP�PLOG�WR�VHYHUH�LQ�WKHLU�HIIHFW�RQ�WKH�ERG\ �

6LOHQW�&DUULHU�6WDWH��7KLV�FRQGLWLRQ�JHQHUDOO\ �FDXVHV�QR�KHDOWK�SUREOHPV�EHFDXVH�WKH

ODFN�RI�DOSKD�SURWHLQ�LV�VR�VPDOO�WKDW�WKH�KHPRJORELQ�IXQFWLRQV�QRUPDOO\ ��,W�LV�FDOOHG

� VLOHQW� FDUULHU� � EHFDXVH� RI� GLIILFXOW\ � RI� LWV� GHWHFWLRQ�� 6LOHQW� FDUULHU� VWDWH� LV

� GLDJQRVHG� � E\ � GHGXFWLRQ� ZKHQ� DQ� DSSDUHQWO\ � QRUPDO� LQGLYLGXDO� KDV� D� FKLOG� ZLWK

KHPRJORELQ�+ �GLVHDVH�RU�DOSKD�WKDODVVHPLD�WUDLW�

+HPRJORELQ�&RQVWDQW�6SULQJ��7KLV�LV�DQ�XQXVXDO�IRUP�RI�6LOHQW�&DUULHU�VWDWH�WKDW�LV

FDXVHG�E\ �D�PXWDWLRQ�RI�WKH�DOSKD�JORELQ��,W�LV�FDOOHG�&RQVWDQW�6SULQJ�DIWHU�WKH�UHJLRQ

RI�-DPDLFD�LQ�ZKLFK�LW�ZDV�GLVFRYHUHG��$ V�LQ�VLOHQW�FDUULHU�VWDWH��DQ�LQGLYLGXDO�ZLWK

WKLV�FRQGLWLRQ�XVXDOO\ �H[ SHULHQFHV�QR�UHODWHG�KHDOWK�SUREOHPV�

$OSKD�7KDODVVHPLD�7UDLW�RU�0 LOG�$OSKD�7KDODVVHPLD��,Q�WKLV�FRQGLWLRQ��WKH�ODFN�RI

DOSKD� SURWHLQ� LV� VRPHZKDW� JUHDWHU�� 3DWLHQWV� ZLWK� WKLV� FRQGLWLRQ� KDYH� VPDOOHU� UHG

EORRG�FHOOV�DQG�D�PLOG�DQHPLD��DOWKRXJK�PDQ\ �SDWLHQWV�GR�QRW�H[ SHULHQFH�V\ PSWRPV�
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+RZHYHU�� PLOG� WKDODVVHPLD� LV� RIWHQ� PLVWDNHQ� IRU� LURQ� GHILFLHQF\ � DQHPLD� DQG� LURQ

VXSSOHPHQWV�WKDW�KDYH�QR�HIIHFWV�RQ�WKH�DQHPLD�DUH�SUHVFULEHG�

+HPRJORELQ�+ �' LVHDVH��,Q�WKLV�FRQGLWLRQ��WKH�ODFN�RI�DOSKD�SURWHLQ�LV�JUHDW�HQRXJK�WR

FDXVH�VHYHUH�DQHPLD�DQG�VHULRXV�KHDOWK�SUREOHPV�VXFK�DV�DQ�HQODUJHG�VSOHHQ��ERQH

GHIRUPLWLHV�DQG�IDWLJXH��,W�LV�QDPHG�IRU�WKH�DEQRUPDO�KHPRJORELQ�+ ��FUHDWHG�E\ �WKH

UHPDLQLQJ�EHWD�JORELQ��WKDW�GHVWUR\ V�UHG�EORRG�FHOOV�

+ HPRJORELQ�+ �&RQVWDQW�6SULQJ��7KLV�FRQGLWLRQ�LV�PRUH�VHYHUH�WKDQ�KHPRJORELQ�+

GLVHDVH��,QGLYLGXDOV�ZLWK�WKLV�FRQGLWLRQ�WHQG�WR�KDYH�D�PRUH�VHYHUH�DQHPLD�DQG�VXIIHU

PRUH�IUHTXHQWO\ �IURP�HQODUJHPHQW�RI�WKH�VSOHHQ�DQG�YLUDO�LQIHFWLRQV�

+RPR]\ JRXV� &RQVWDQW� 6SULQJ�� 7KLV� FRQGLWLRQ� LV� D� YDULDWLRQ� RI� KHPRJORELQ� + �

&RQVWDQW�6SULQJ�WKDW�RFFXUV�ZKHQ�WZR�&RQVWDQW�6SULQJ�FDUULHUV�SDVV�WKHLU�JHQHV�RQ�WR

WKHLU�FKLOG��DV�RSSRVHG�WR�KHPRJORELQ�+ �&RQVWDQW�6SULQJ��LQ�ZKLFK�RQH�SDUHQW�LV�D

&RQVWDQW� 6SULQJ� &DUULHU� DQG� WKH� RWKHU� D� FDUULHU� RI� DOSKD� WKDODVVHPLD� WUDLW��� 7KLV

FRQGLWLRQ� LV� JHQHUDOO\ � OHVV� VHYHUH� WKDQ� KHPRJORELQ� + � &RQVWDQW� 6SULQJ� DQG� PRUH

VLPLODU�WR�KHPRJORELQ�+ �GLVHDVH�

+ \ GURSV�) HWDOLV�RU�$OSKD�7KDODVVHPLD�0 DMRU��,Q�WKLV�FRQGLWLRQ��WKHUH�DUH�QR�DOSKD

JHQHV� LQ� WKH� LQGLYLGXDO
V� ' 1 $ �� ZKLFK� FDXVHV� WKH� JDPPD� JORELQV� SURGXFHG� E\ � WKH

IHWXV� WR� IRUP� DQ� DEQRUPDO� KHPRJORELQ� FDOOHG� KHPRJORELQ� EDUWV�� 0 RVW� LQGLYLGXDOV

ZLWK� WKLV� FRQGLWLRQ� GLH� EHIRUH� RU� VKRUWO\ � DIWHU� ELUWK�� ,Q� VRPH� H[ WUHPHO\ � UDUH� FDVHV

ZKHUH� WKH� FRQGLWLRQ� LV� GLVFRYHUHG� EHIRUH� ELUWK�� LQ� XWHUR� EORRG� WUDQVIXVLRQV� KDYH
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DOORZHG� WKH� ELUWK� RI� FKLOGUHQ� ZLWK� K\ GURSV� IHWDOLV� ZKR� WKHQ� UHTXLUH� OLIHORQJ� EORRG

WUDQVIXVLRQV�DQG�PHGLFDO�FDUH�>� @�

� �� �� �� �%HWD�7KDODVVHP LD

3HRSOH� ZKRVH� KHPRJORELQ� GRHV� QRW� SURGXFH� HQRXJK� EHWD� SURWHLQ� KDYH� EHWD

WKDODVVHPLD�� ,W� LV� IRXQG� LQ� SHRSOH� RI� 0 HGLWHUUDQHDQ� GHVFHQW�� VXFK� DV� ,WDOLDQV� DQG

* UHHNV��DQG�LV�DOVR�IRXQG�LQ�WKH�$ UDELDQ�3HQLQVXOD��,UDQ��$ IULFD��6RXWKHDVW�$ VLD�DQG

VRXWKHUQ�&KLQD�>� @�

7KHUH�DUH�WKUHH�W\ SHV�RI�EHWD�WKDODVVHPLD�WKDW�DOVR�UDQJH�IURP�PLOG�WR�VHYHUH�LQ�WKHLU

HIIHFW�RQ�WKH�ERG\ �

7KDODVVHPLD�0 LQRU�RU�7KDODVVHPLD�7UDLW��,Q�WKLV�FRQGLWLRQ��WKH�ODFN�RI�EHWD�SURWHLQ

LV�QRW�JUHDW�HQRXJK�WR�FDXVH�SUREOHPV�LQ�WKH�QRUPDO�IXQFWLRQLQJ�RI�WKH�KHPRJORELQ�

$ �SHUVRQ�ZLWK�WKLV�FRQGLWLRQ�VLPSO\ �FDUULHV�WKH�JHQHWLF�WUDLW�IRU�WKDODVVHPLD�DQG�ZLOO

XVXDOO\ �H[ SHULHQFH�QR�KHDOWK�SUREOHPV�RWKHU�WKDQ�D�SRVVLEOH�PLOG�DQHPLD��$ V�LQ�PLOG

DOSKD� WKDODVVHPLD�� WKH� VPDOO� UHG� EORRG� FHOOV� RI� WKH� SHUVRQ� ZLWK� EHWD� WKDODVVHPLD

PLQRU� DUH� RIWHQ� PLVWDNHQ� DV� D� VLJQ� RI� LURQ�GHILFLHQF\ � DQHPLD� DQG� LQFRUUHFWO\ � LURQ

VXSSOHPHQWV�DUH�SUHVFULEHG�

7KDODVVHPLD�,QWHUPHGLD��,Q�WKLV�FRQGLWLRQ�WKH�ODFN�RI�EHWD�SURWHLQ�LQ�WKH�KHPRJORELQ

LV�JUHDW�HQRXJK�WR�FDXVH�D�PRGHUDWHO\ �VHYHUH�DQHPLD�DQG�VLJQLILFDQW�KHDOWK�SUREOHPV�

LQFOXGLQJ�ERQH�GHIRUPLWLHV�DQG�HQODUJHPHQW�RI�WKH�VSOHHQ��+RZHYHU��WKHUH�LV�D�ZLGH

UDQJH� LQ� WKH� FOLQLFDO� VHYHULW\ � RI� WKLV� FRQGLWLRQ�� DQG� WKH� ERUGHUOLQH� EHWZHHQ



�

WKDODVVHPLD� LQWHUPHGLD� DQG� WKH� PRVW� VHYHUH� IRUP�� WKDODVVHPLD� PDMRU�� FDQ� EH

FRQIXVLQJ��7KH�GHFLGLQJ�IDFWRU�VHHPV�WR�EH�WKH�DPRXQW�RI�EORRG�WUDQVIXVLRQV�UHTXLUHG

E\ � WKH� SDWLHQW�� * HQHUDOO\ �� SDWLHQWV� ZLWK� WKDODVVHPLD� LQWHUPHGLD� QHHG� EORRG

WUDQVIXVLRQV�WR�LPSURYH�WKHLU�TXDOLW\ �RI�OLIH��EXW�QRW�LQ�RUGHU�WR�VXUYLYH�

7KDODVVHPLD� 0 DMRU� RU� &RROH\ 
V� $QHPLD�� 7KLV� LV� WKH� PRVW� VHYHUH� IRUP� RI� EHWD

WKDODVVHPLD�LQ�ZKLFK�WKH�FRPSOHWH�ODFN�RI�EHWD�SURWHLQ�LQ�WKH�KHPRJORELQ�FDXVHV�D

OLIH�WKUHDWHQLQJ� DQHPLD� WKDW� UHTXLUHV� UHJXODU� EORRG� WUDQVIXVLRQV� DQG� H[ WHQVLYH

RQJRLQJ� PHGLFDO� FDUH�� 7KHVH� H[ WHQVLYH�� OLIHORQJ� EORRG� WUDQVIXVLRQV� OHDG� WR� LURQ�

RYHUORDG�ZKLFK�PXVW�EH�WUHDWHG�ZLWK�FKHODWLRQ�WKHUDS\ �WR�SUHYHQW�HDUO\ �GHDWK� IURP

RUJDQ�IDLOXUH�

� �� �� �� �2 WKHU�) RUP V�RI�7KDODVVHP LD

,Q�DGGLWLRQ�WR�WKH�DOSKD�DQG�EHWD�WKDODVVHPLDV��WKHUH�DUH�RWKHU�UHODWHG�GLVRUGHUV�WKDW

RFFXU� ZKHQ� WKH� JHQH� IRU� DOSKD� RU� EHWD� WKDODVVHPLD� FRPELQHV� ZLWK� DQ� DEQRUPDO� RU

PXWDQW�JHQH�

( � %HWD� 7KDODVVHPLD�� +HPRJORELQ� ( � LV� RQH� RI� WKH� PRVW� FRPPRQ� DEQRUPDO

KHPRJORELQV�� ,W� LV� XVXDOO\ � IRXQG� LQ� SHRSOH� RI� 6RXWKHDVW� $ VLDQ� DQFHVWU\ �� VXFK� DV

&DPERGLDQV�� 9 LHWQDPHVH� DQG� 7KDL�� : KHQ� FRPELQHG� ZLWK� EHWD� WKDODVVHPLD�

KHPRJORELQ� ( � SURGXFHV� ( � EHWD� WKDODVVHPLD�� D� PRGHUDWHO\ � VHYHUH� DQHPLD� ZKLFK� LV

VLPLODU�LQ�V\ PSWRPV�WR�EHWD�WKDODVVHPLD�LQWHUPHGLD�



�

6LFNOH� %HWD� 7KDODVVHPLD�� 7KLV� FRQGLWLRQ� LV� FDXVHG� E\ � D� FRPELQDWLRQ� RI� EHWD

WKDODVVHPLD�DQG�KHPRJORELQ�6��WKH�DEQRUPDO�KHPRJORELQ�IRXQG�LQ�SHRSOH�ZLWK�VLFNOH

FHOO� GLVHDVH�� ,W� LV� FRPPRQO\ � IRXQG� LQ� SHRSOH� RI� 0 HGLWHUUDQHDQ� DQFHVWU\ �� VXFK� DV

,WDOLDQV��* UHHNV�DQG�7XUNV��7KH�FRQGLWLRQ�YDULHV�DFFRUGLQJ�WR�WKH�DPRXQW�RI�QRUPDO

EHWD�JORELQ�SURGXFHG�E\ �WKH�EHWD�JHQH��: KHQ�QR�EHWD�JORELQ�LV�SURGXFHG�E\ �WKH�EHWD

JHQH��WKH�FRQGLWLRQ�LV�DOPRVW�LGHQWLFDO�ZLWK�VLFNOH�FHOO�GLVHDVH��7KH�PRUH�EHWD�JORELQ

SURGXFHG�E\ �WKH�EHWD�JHQH��WKH�OHVV�VHYHUH�WKH�FRQGLWLRQ�>� @�

� �� �� �7UHDWP HQW�RI�7KDODVVHP LD

� �� �� �� �%ORRG�7UDQVIXVLRQV�DQG�&KHODWLRQ�7KHUDS\

7KH� PRVW� FRPPRQ� WUHDWPHQW� IRU� DOO� PDMRU� IRUPV� RI� WKDODVVHPLD� LV� UHG� EORRG� FHOO

WUDQVIXVLRQV�� 7KHVH� WUDQVIXVLRQV� DUH� QHFHVVDU\ � WR� SURYLGH� WKH� SDWLHQW� ZLWK� D

WHPSRUDU\ � VXSSO\ � RI� KHDOWK\ � UHG� EORRG� FHOOV� ZLWK� QRUPDO� KHPRJORELQ� FDSDEOH� RI

FDUU\ LQJ�WKH�R[ \ JHQ�WKDW�WKH�SDWLHQW
V�ERG\ �QHHGV�� : KLOH�WKDODVVHPLD�SDWLHQWV�ZHUH

JLYHQ� LQIUHTXHQW� WUDQVIXVLRQV� LQ� WKH� SDVW�� FOLQLFDO� UHVHDUFK� OHG� WR� D� PRUH� IUHTXHQW

SURJUDP� RI� UHJXODU� EORRG� FHOO� WUDQVIXVLRQV� WKDW� KDV� JUHDWO\ � LPSURYHG� WKH� SDWLHQWV


TXDOLW\ �RI�OLIH�� 7RGD\ �� PRVW� SDWLHQWV� ZLWK� D� PDMRU� IRUP� RI� WKDODVVHPLD� UHFHLYH� UHG

EORRG�FHOO�WUDQVIXVLRQV�HYHU\ �WZR�WR�WKUHH�ZHHNV��DPRXQWLQJ�WR�DV�PXFK�DV�� � �SLQWV

RI�EORRG�D�\ HDU�>� �� @��7KH�EORRG�WUDQVIXVLRQV�FUHDWHV�LURQ�RYHUORDGLQJ�DQG�WR[ LFLW\ �RQ

WKH�SDWLHQWV��$ FWXDOO\ �LURQ�LV�HVVHQWLDO�IRU�OLIH��DOO�OLYLQJ�FHOOV��ZKHWKHU�SURNDU\ RWLF�RU

HXNDU\ RWLF��QHHG�D�VXSSO\ �RI�LURQ�IRU�UHGXFWLRQ�RI�R[ \ JHQ��UHVSLUDWLRQ���UHGXFWLRQ�RI

FDUERQ� GLR[ LGH� �SKRWRV\ QWKHVLV��� UHGXFWLRQ� RI� GLQLWURJHQ� RU� RWKHU� IXQGDPHQWDO
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ELRORJLFDO�SURFHVVHV��%XW�H[ FHVVLYH�DPRXQWV�RI�LURQ�PD\ �EHFRPH�YHU\ �WR[ LF�WR�WKH

KXPDQ�ERG\ �DQG��HYHQWXDOO\ ��LV�IDWDO�IRU�YLWDO�FHOO�VWUXFWXUHV�

�,URQ�RYHUORDG�PD\ �EH�GHILQHG�DV�DQ�H[ FHVV�LQ�WRWDO�ERG\ �LURQ�VWRUHV��7KH�QRUPDO�LURQ

FRQFHQWUDWLRQ�LQ�WKH�KXPDQ�ERG\ �UDQJHV�EHWZHHQ�� � �DQG�� � �PJ���NJ�RI�ERG\ �ZHLJKW�

0 RVW�RI�WKLV�LURQ�LV�SUHVHQW�LQ�KHPRJORELQ�DQG�LQ�P \ RJORELQ��DOO�WKH�UHVW�LV�VWRUHG�DV

IHUULWLQ�RU�DV�LWV�OHVV�DFFHVVLEOH�IRUP��KHPRVLGHULQ��2 QO\ �D�IHZ�KXQGUHG�PLOOLJUDPV�RI

LURQ� DUH� VWRUHG� LQ� HQ] \ PHV� VXFK� DV� F\ WRFKURPH� F� R[ LGDVH� ZKLFK�� KRZHYHU�� DUH

HVVHQWLDO�WR�KXPDQ�OLIH��+XPDQV�KDYH�YHU\ �OLPLWHG�FDSDFLW\ � IRU�H[ FUHWLRQ�RI�H[ FHVV

LURQ��LQ�SDUWLFXODU�WKH\ �ODFN�DQ\ �HIIHFWLYH�PHDQV�WR�SURWHFW�FHOOV�DQG�WLVVXHV�DJDLQVW

LURQ�RYHUORDG��$ V�D�FRQVHTXHQFH��DQ\ �LQFUHDVH�LQ�LURQ�LQWDNH�PD\ �FDXVH�LQ�D�VKRUW

WLPH�DQ�LQFUHDVH�LQ�ERG\ �LURQ�VWRUHV�>� @��%HFDXVH�WKHUH�LV�QR�QDWXUDO�ZD\ �IRU�WKH�ERG\

WR� HOLPLQDWH� LURQ�� WKH� LURQ� LQ� WKH� WUDQVIXVHG� EORRG� FHOOV� EXLOGV� XS� LQ� D� FRQGLWLRQ

NQRZQ�DV�� LURQ�RYHUORDG� �DQG�EHFRPHV�WR[ LF�WR�WLVVXHV�DQG�RUJDQV��SDUWLFXODUO\ �WKH

OLYHU�DQG�KHDUW��,URQ�RYHUORDG�W\ SLFDOO\ �UHVXOWV�LQ�WKH�SDWLHQW
V�HDUO\ �GHDWK�IURP�RUJDQ

IDLOXUH�>� @�

,URQ�FKHODWRUV�DUH�XVHG�LQ�PHGLFLQH�WR�SURWHFW�SDWLHQWV�IURP�WKH�FRQVHTXHQFHV�RI�LURQ

RYHUORDG�DQG�LURQ�WR[ LFLW\ �LQ�RUJDQV�DQG�WLVVXHV��7KH�LGHDO�FKHODWRU�IRU�WUHDWLQJ�LURQ

RYHUORDG�LQ�KXPDQV�VKRXOG�DFW�DV�D�VHOHFWLYH�GHSOHWRU�RI�LURQ��VKRXOG�EH�HIILFLHQWO\

DEVRUEHG�E\ �WKH�JDVWURLQWHVWLQDO�WUDFW��FRXOG�QRW�FURVV�WKH�EORRG±EUDLQ�DQG�SODFHQWDO

EDUULHUV�DQG�VKRXOG�ODFN�RU�KDYH�D�ORZ�WR[ LFLW\ �>� @��' HVIHUDO�DQG�' HIHULSURQH�DUH�WKH

FRPPHUFLDOO\ �DYDLODEOH�GUXJV�XVHG�DV�LURQ�FKHODWRUV�IRU�WKH�WUHDWPHQW�RI�WKDODVVHPLD�
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� �� �� �� �� �' HVIHUDO

' HVIHUDO��� ZZ KKLLFFKK�� LLVV�� DDOOVVRR�� FFDDOOOOHHGG�� DDVV�� '' HHVVIIHHUUUULLRR[[ DDPP LLQQHH���� 11 ��>>�� ��>>�� ��>>�� �� ��$$ PP LLQQRRSSHHQQWW\\ OO��

KK\\ GGUURR[[ \\ FFDDUUEEDDPP RR\\ OO@@�� SSUURRSSLLRRQQDDPP LLGGRR@@�� SSHHQQWW\\ OO@@�� �� �� �� �� >>�� >>�� �� �� ��11 �� KK\\ GGUURR[[ \\ DDFFHHWWDDPP LLGGRR�� �� SSHHQQWW\\ OO@@

FFDDUUEEDDPP RR\\ OO@@�� SSUURRSSLLRRQQRRKK\\ GGUURR[[ DDPP LLFF�� DDFFLLGG�� PP RRQQRRPP HHWWKKDDQQHHVVXXIIRRQQDDWWHH���� LLVV�� RRQQHH�� HHIIIIHHFFWWLLYYHH�� GGUUXXJJ

XXVVHHGG��LLQQ��WWUUHHDDWWPP HHQQWW��RRII��WWKKDDOODDVVVVHHPP LLDD�� �� )) LLJJXXUUHH�� �� ���� �� ���� ) RU�UHPRYDO�RI�H[ FHVV�LURQ��SDWLHQWV

PD\ �XQGHUJR�WKH�GLIILFXOW�DQG�SDLQIXO�LQIXVLRQ�RI�' HVIHUDO�>� @��$ �QHHGOH�LV�DWWDFKHG�WR

D�VPDOO�EDWWHU\ �RSHUDWHG�LQIXVLRQ�SXPS�DQG�ZRUQ�XQGHU�WKH�VNLQ�RI�WKH�VWRPDFK�RU

OHJV� ILYH� WR� VHYHQ� WLPHV� D� ZHHN� IRU� XS� WR� WZHOYH� KRXUV�� ' HVIHUDO� ELQGV� LURQ� E\

FKHODWLRQ��&KHODWHG�LURQ�LV�ODWHU�HOLPLQDWHG��UHGXFLQJ�WKH�DPRXQW�RI�VWRUHG�LURQ�

) LJXUH�� �� �6WUXFWXUH�RI�' HVIHUDO

&RPSOLDQFH� ZLWK� ' HVIHUDO� LV� YLWDO� WR� WKH� WKDODVVHPLD� SDWLHQW
V� ORQJ� WHUP� VXUYLYDO�

+RZHYHU��PDQ\ �SDWLHQWV�ILQG�WKH�WUHDWPHQW�VR�GLIILFXOW�WKDW�WKH\ �GR�QRW�NHHS�XS�ZLWK

LW�RU�DEDQGRQ�WUHDWPHQW�DOWRJHWKHU��/ DFN�RI�FRPSOLDQFH�ZLWK�FKHODWLRQ�WKHUDS\ �OHDGV

WR�DFFHOHUDWHG�KHDOWK�SUREOHPV�DQG�HDUO\ �GHDWK��7R�FRPEDW�WKH�FRPSOLDQFH�SUREOHP�

UHVHDUFKHUV� DUH� DW� ZRUN� RQ� OHVV� VWUHVVIXO� QHZ� FKHODWRUV� WKDW� FDQ� LPSURYH� SDWLHQW

FRPSOLDQFH�>� �� @�
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� �� �� �� �� �' HIHULSURQH

' HIHULSURQH��� �� �GLPHWK\ O�� �K\ GUR[ \ S\ ULGLQ�� �RQH�>� @��LV�D�PHPEHU�RI�WKH�IDPLO\ �RI

K\ GUR[ \ S\ ULGLQRQHV��RI� PROHFXODU� ZHLJKW� � � � ' D� �) LJXUH� � �� � �� %\ � YLUWXH� RI� LWV� ORZ

PROHFXODU� ZHLJKW�� GHIHULSURQH� SRVVHVVHV� KLJK� DEVRUSWLRQ� HIILFLHQF\ � DQG� LW� LV

HIILFLHQWO\ �DEVRUEHG�IURP�WKH�KXPDQ�LQWHVWLQDO�WUDFW�

) LJXUH�� �� �6WUXFWXUH�RI�' HIHULSURQH

' HIHULSURQH�ZDV�RULJLQDOO\ �V\ QWKHVL] HG�E\ �5REHUW�+LGHU�DQG�KLV�FROOHDJXHV�DW�( VVH[

8 QLYHUVLW\ �� SDWHQWHG� LQ� � � � � � DV� DQ� DOWHUQDWLYH� WR� ' HVIHUDO� LQ� WKH� WUHDWPHQW� RI� LURQ

RYHUORDG� >� @� DQG� WKH� HDUO\ � ELRORJLFDO� DVVHVVPHQWV� ZHUH� SHUIRUPHG� DW� 8 QLYHUVLW\

&ROOHJH�+RVSLWDO�LQ� / RQGRQ�� ' HIHULSURQH��LQ�FRPPRQ�ZLWK�DOO�K\ GUR[ \ S\ ULGLQRQHV�

IRUPV��� �PHPEHUHG�FKHODWH�ULQJV�LQ�ZKLFK�LURQ�LV�ERXQG�E\ �WZR�R[ \ JHQ�DWRPV�

' HIHULSURQH� LV� PHWDEROL] HG� LQ� WKH� OLYHU�� ZKHUH� LW� XQGHUJRHV� UDSLG� FRQYHUVLRQ� WR

QRQFKHODWLQJ� PHWDEROLWHV�� 7KH� PDMRU� PHWDEROLWH� RI� ' HIHULSURQH� LQ� PDQ� LV� WKH

JOXFXURQLGH�ZKLFK��DV�D�UHVXOW�RI�FRQMXJDWLRQ�RI�WKH�� �K\ GUR[ \ O�IXQFWLRQ��LV�XQDEOH�WR

ELQG�LURQ��7KH�PDMRULW\ �RI�' HIHULSURQH±LURQ�FRPSOH[ �LV�H[ FUHWHG�LQ�WKH�XULQH��� � � � �

ZKLOH�OLWWOH�LURQ�LV�H[ FUHWHG�LQ�WKH�IHFHV�



� �

,W�LV�HVWLPDWHG�WKDW�PRUH�WKDQ�� � � � �SDWLHQWV�LQ�� � �FRXQWULHV�KDYH�UHFHLYHG�GHIHULSURQH

VLQFH�WKH�LQLWLDWLRQ�RI�FOLQLFDO�WULDOV��7KHUH�DUH�JURXSV�RI�SDWLHQWV�LQ�,QGLD��6ZLW] HUODQG

DQG�&\ SUXV�ZKR�KDYH�EHHQ�WDNLQJ�GHIHULSURQH�GDLO\ �VLQFH�� � � � �� ,QGLD�ZDV�WKH�ILUVW

FRXQWU\ � ZKHUH� ' HIHULSURQH� KDV� EHHQ� UHJLVWHUHG� LQ� � � � � � DQG� QRZ� WKHUH� DUH� PRUH

SDWLHQWV�RQ�' HIHULSURQH�WKDQ�' HVIHUDO�� ,URQ�FKHODWLRQ�WKHUDS\ �ZLWK�GHIHULSURQH��LQ�D

ODUJH� VHULHV� RI� VXEMHFWV� DIIHFWHG� E\ � WKDODVVHPLD� LQWHUPHGLD�� VKRZHG� D� UHGXFWLRQ� RI

OLYHU�LURQ�VWRUHV�DQG�D�QRUPDOL] DWLRQ�RI�VHUXP� IHUULWLQ�OHYHOV��7KLV�REVHUYDWLRQ�ZDV

IROORZHG�E\ �WKH�UHSRUW�RI�D�VLJQLILFDQW�GHFOLQH�LQ�OLYHU�LURQ�FRQFHQWUDWLRQ�LQ�SDWLHQWV

DIIHFWHG� E\ � WKDODVVHPLD� PDMRU�� GXULQJ� D� � �\ HDU� WUHDWPHQW� ZLWK� ' HIHULSURQH�� 7KH

DELOLW\ �RI�' HIHULSURQH�WR�UHPRYH�H[ FHVV�LURQ�QRW�RQO\ �IURP�OLYHU�FHOOV�EXW�DOVR�IURP

KHDUW�FHOOV�KDV�EHHQ�UHFHQWO\ �GHPRQVWUDWHG�LQ�YLWUR��7KLV�REVHUYDWLRQ�ZDV�IROORZHG�E\

HYLGHQFH� RI� UHGXFWLRQ� LQ� FDUGLDF� LURQ� VWRUHV�� HYDOXDWHG� E\ � PDJQHWLF� UHVRQDQFH

LPDJLQJ�� LQ� SDWLHQWV� ZLWK� �WKDODVVHPLD� PDMRU� GXULQJ� ORQJ�WHUP� WUHDWPHQW� ZLWK

' HIHULSURQH�>� @�

6LQFH�WKH�DGPLQLVWUDWLRQ�RI� ' HVIHUDO�FUHDWHV�GLVFRPIRUW�RQ�PDQ\ �SDWLHQWV�DQG�VLQFH

WKH� YHU\ � ORQJ�WHUP� HIIHFWLYHQHVV� RI� ' HIHULSURQH� LV� QRW� FOHDUO\ � NQRZQ� \ HW�� VRPH

VWXGLHV�ZHUH�FDUULHG�RXW�WR�ILQG�HIIHFWLYH�DOWHUQDWLYH�GUXJV�RU�GHOLYHU\ �PHWKRGV�IRU�WKH

WUHDWPHQW�RI�WKDODVVHPLD�>� �� @��8 VH�RI�QDWXUDO�DQG�ELRFRPSDWLEOH�SRO\ PHUV�ZKLFK�DUH

FDSDEOH�RI�DGVRUELQJ�H[ FHVV�LURQ��DUH�WKH�FDQGLGDWHV�IRU�DQ�HIIHFWLYH�FKHODWRU�>� �� @��RU

SURGXFWLRQ�RI�D�ORQJ�WHUP�FRQWUROOHG�UHOHDVH�V\ VWHP�IRU�' HVIHUDO�RU�' HIHULSURQH�FDQ

EH�HIIHFWLYH�DOWHUQDWLYH�DSSURDFKHV�



� �

� �� �&RQWUROOHG�5 HOHDVH�6\ VWHP V

&RQWUROOHG� UHOHDVH� PD\ � EH� � GHILQHG� DV� D� WHFKQLTXH� RU� PHWKRG� LQ� ZKLFK� DFWLYH

FKHPLFDOV�DUH�PDGH�DYDLODEOH�WR�D�VSHFLILHG�WDUJHW�DW�D�UDWH�DQG�GXUDWLRQ�GHVLJQHG�WR

DFFRPSOLVK�DQ�LQWHQGHG�HIIHFW�

� �� �� � ' UXJ�' HOLYHU\

&RQYHQWLRQDOO\ �� DFWLYH� DJHQWV� DUH� PRVW� RIWHQ� DGPLQLVWHUHG� WR� D� V\ VWHP� E\

QRQVSHFLILF�� SHULRGLF� DSSOLFDWLRQ�� ) RU� H[ DPSOH�� LQ� PHGLFDO� WUHDWPHQW�� GUXJV� DUH

LQWURGXFHG�DW�LQWHUYDOV�E\ �LQJHVWLRQ�RI�SLOOV�RU�OLTXLGV�RU�E\ �LQMHFWLRQ��7KH�GUXJV�WKHQ

FLUFXODWH�WKURXJKRXW�PXFK�RI�WKH�ERG\ ��DQG�WKH�FRQFHQWUDWLRQ�RI�WKH�DFWLYH�DJHQW�ULVHV

WR� KLJK� OHYHOV�� V\ VWHP�ZLGH�� DW� OHDVW� LQLWLDOO\ �� %RWK� E\ � LQMHFWLRQ� DQG� RUDOO\ �� WKH

LQLWLDOO\ �KLJK�FRQFHQWUDWLRQV�PD\ �EH�WR[ LF�DQG�FDXVH�VLGH� HIIHFWV�ERWK�WR�WKH�WDUJHW

RUJDQ� DQG� QHLJKERULQJ� VWUXFWXUHV�� $ V� WLPH� SDVVHV�� WKH� FRQFHQWUDWLRQ� GLPLQLVKHV�

RZLQJ�WR� �QDWXUDO�PHWDEROLF�SURFHVVHV��DQG�D�VHFRQG�GRVH�PXVW�EH�DGPLQLVWHUHG�WR

SUHYHQW�WKH�FRQFHQWUDWLRQ�IURP�GURSSLQJ�EHORZ�WKH�PLQLPXP�HIIHFWLYH�OHYHO��) LJXUH

� �� � �� 7KLV� VLWXDWLRQ� LV� YHU\ � LQFRQYHQLHQW� DQG� GLIILFXOW� WR� PRQLWRU�� DQG� FDUHIXO

FDOFXODWLRQV� RI� WKH� DPRXQW� RI� UHVLGXDO� DFWLYH� DJHQW� PXVW� EH� PDGH� WR� DYRLG

RYHUGRVLQJ��7KH�FORVH�DWWHQWLRQ�UHTXLUHG��WRJHWKHU�ZLWK�WKH�IDFW�WKDW�ODUJH�DPRXQWV�RI

WKH� GUXJ� DUH� ORVW� LQ� WKH� YLFLQLW\ � RI� WKH� WDUJHW� RUJDQ�� PDNH� WKLV� W\ SH� RI� GHOLYHU\

LQHIILFLHQW�DQG�FRVWO\ ��,Q�DGGLWLRQ��VLGH�HIIHFWV�RZLQJ�WR�GUXJ�PLVGLUHFWHG�WR�QRQWDUJHW

WLVVXHV�DUH�DOVR�SRVVLEOH�
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,Q�) LJXUH�� �� ��GUXJ�OHYHOV�LQ�EORRG�DUH�VKRZQ�YHUVXV�WLPH�ZKHQ�WKH�GUXJ�LV�DSSOLHG�E\

YDULRXV� ZD\ V�� 7KH� LGHDO� FRQWUROOHG� UHOHDVH� UDWH� LV� D� FRQVWDQW� FRQFHQWUDWLRQ�� WKDW� LV

HIIHFWLYH� EXW� QRW� WR[ LF� DQG�� PDLQWDLQHG� IRU� WKH� GHVLUHG� WLPH�� $ GYDQWDJHV� RI� WKHVH

V\ VWHPV� IRU� WKHUDSHXWLF� DJHQWV� DUH�� UHSURGXFLEOH� DQG� DFKLHYHV� SURORQJHG� FRQVWDQW

GHOLYHU\ �UDWH��FRQYHQLHQFH�RI�OHVV�IUHTXHQW�DGPLQLVWUDWLRQV��DQG�UHGXFHG�VLGH�HIIHFWV

EHFDXVH�WKH�GRVH�GRHV�QRW�H[ FHHG�WKH�WR[ LF�OHYHO�>� @�

) LJXUH�� �� �+ \ SRWKHWLFDO�EORRG�OHYHO�SDWWHUQ�IURP�D�FRQYHQWLRQDO�PXOWLSOH�GRVLQJ

VFKHGXOH��DQG�WKH�LGHDOL] HG�SDWWHUQ�IURP�D�FRQWUROOHG�UHOHDVH�V\ VWHP�
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) LJXUH�� �� �7\ SLFDO�GUXJ�OHYHO�YHUVXV�WLPH�SURILOH���D��6WDQGDUG�RUDO�GRVH���E��2 UDO

RYHUGRVH���F��L�Y��LQMHFWLRQ���G��&RQWUROOHG�UHOHDVH�LGHDO�GRVH�

7KH�ODUJH�DQG�JURZLQJ�YDULHW\ �RI�SKDUPDFHXWLFDOV�RQ�WKH�PDUNHW�DQG�LQ�GHYHORSPHQW

UHTXLUH� YHUVDWLOH� GHOLYHU\ � V\ VWHPV� WKDW� FDQ� DGDSW� WR� WKH� QHHGV� RI� SDUWLFXODU

DSSOLFDWLRQV�� HVSHFLDOO\ � WKH� FDSDFLW\ � WR� JHQHUDWH� WKH� UHTXLUHG� GHOLYHU\ � UDWHV� DQG�

SHUKDSV��YDULDWLRQ�RI�GHOLYHU\ �UDWH�RYHU�WLPH��) RU�H[ DPSOH��PDQ\ �WKHUDSHXWLFV�UHTXLUH

D�FRQVWDQW�UHOHDVH�UDWH�IRU�YDU\ LQJ�GXUDWLRQV�IURP�VHYHUDO�ZHHNV�>� � �� � @��6XFK�] HUR�

RUGHU�UHOHDVH�LV�D�ORQJ�VRXJKW�JRDO�RI�FRQWUROOHG�UHOHDVH�GUXJ�GHOLYHU\ ��EXW�KDV�EHHQ

GLIILFXOW�WR�DFKLHYH�IRU�PDQ\ �SKDUPDFHXWLFDOV��,Q�FRQWUDVW��YDULDEOH�GUXJ�UHOHDVH�UDWHV

FDQ� EH� EHQHILFLDO� IRU� PDQ\ � LPSRUWDQW� LQGLFDWLRQV�� ,QWHUPLWWHQW� KLJK� GRVHV� RI

DQWLELRWLFV� PD\ � DOOHYLDWH� HYROXWLRQ� RI� UHVLVWDQFH� LQ� EDFWHULD�� DQG� GLVFRQWLQXRXV

DGPLQLVWUDWLRQ�RI�YDFFLQHV�RIWHQ�HQKDQFHV�WKH�LPPXQH�UHVSRQVH�
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0 LFURSDUWLFOH�GUXJ�GHOLYHU\ �V\ VWHPV�PD\ �SURYLGH�WKH�QHHGHG�YHUVDWLOLW\ ��' UXJ�UHOHDVH

UDWHV�FDQ�EH�FRQWUROOHG�WKURXJK�WKH�FKRLFH�RI�SRO\ PHU�FKHPLVWU\ �>� � @��H�J��SRO\ PHU

FRPSRVLWLRQ�� FR�PRQRPHU� UDWLRV�� PROHFXODU� ZHLJKW�� HWF��� RU� YDULDWLRQ� RI� WKH

PLFURSDUWLFOH� IRUPXODWLRQ� SDUDPHWHUV�� DQG� WKXV� WKH� � SK\ VLFDO� FKDUDFWHULVWLFV� RI� WKH

UHVXOWLQJ�SDUWLFOHV�>� � �� � @�

&RQWUROOHG� GUXJ� GHOLYHU\ � LV� XVHIXO� IRU� WKH� GUXJV� ZKLFK� KDYH� VKRUW� KDOI�OLIH�� KLJK

V\ VWHPLF�WR[ LFLW\ ��DQG�KLJK�FRVW�

3RWHQWLDO�DGYDQWDJHV�RI�FRQWUROOHG�UHOHDVH�V\ VWHPV�LQFOXGH�

�L�� ORFDOL] HG� GHOLYHU\ � RI� WKH� GUXJ� WR� D� SDUWLFXODU� ERG\ � FRPSDUWPHQW�� WKHUHE\

ORZHULQJ�WKH�V\ VWHPLF�GUXJ�OHYHO�

�LL�� SUHVHUYDWLRQV�RI�PHGLFDWLRQV�WKDW�DUH�UDSLGO\ �GHVWUR\ HG�E\ �WKH�ERG\ � ��WKLV�LV

SDUWLFXODUO\ �LPSRUWDQW�IRU�ELRORJLFDOO\ �VHQVLWLYH�PROHFXOHV�VXFK�DV�SURWHLQV��

�LLL�� UHGXFHG�QHHG�IRU�IROORZ�XS�FDUH�

�LY�� LQFUHDVHG�FRPIRUW��DQG

�Y�� LPSURYHG�FRPSOLDQFH�>� � @�

� �� �� � &RQWUROOHG�5 HOHDVH�0 HFKDQLVP V�LQ�' UXJ�' HOLYHU\ �6 \ VWHP V

$ Q�LGHDO�FRQWUROOHG�UHOHDVH�PHFKDQLVP�IRU�D�GHYLFH�LV�WKH�RQH�ZKLFK�H[ KLELWV�D�] HUR

RUGHU�GUXJ�UHOHDVH��L�H��WKH�UHOHDVH�RI�GUXJ�LV�LQGHSHQGHQW�RI�WLPH��+RZHYHU� DV�WKH

GUXJ�OHYHOV�LQVLGH�WKH�GHYLFH�GHSOHWH��WKH�UDWH�RI�UHOHDVH�DOVR�JRHV�GRZQ��7KXV�PRVW
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GUXJ�GHOLYHU\ �GHYLFHV�RIWHQ�VKRZ�WZR�SKDVHV�RI�GUXJ�UHOHDVH��$ Q�LQLWLDO�SKDVH��ZKLFK

PD\ �RU�PD\ �QRW�EH�OLQHDU��DQG�D�VHFRQG�SKDVH�ZKLFK�UHODWHV�WR�WKH�UDSLG�GHSOHWLRQ�RI

WKH�GUXJ�IURP�WKH�GHYLFH��$ �ZHOO�GHVLJQHG�GUXJ�GHOLYHU\ �GHYLFH�ZRXOG�VKRZ�D�] HUR

RUGHU�UHOHDVH�LQ�LWV�LQLWLDO�SKDVH�

' HSHQGLQJ� RQ� WKH� PRGH� RI� GHOLYHU\ � �WUDQVGHUPDO�� SXOPRQDU\ � RU� SRO\ PHULF��� WKH

PHFKDQLVPV�LQYROYHG�LQ�WKH�FRQWUROOHG�UHOHDVH�RI�WKH�GUXJ�IURP�WKH�GHYLFH�PD\ �YDU\ �

) RU�H[ DPSOH��WUDQVGHUPDO�GHOLYHU\ �LQYROYHV�GLIIXVLRQ�RI�WKH�GUXJ�WKURXJK�WKH�VNLQ�

7KLV� GLIIXVLRQ� FDQ� EH� HQKDQFHG� XVLQJ� H[ WHUQDO� GULYLQJ� IRUFHV� VXFK� DV� HOHFWULFDO

JUDGLHQWV� RU� XOWUDVRQLF� WHFKQLTXHV�� 3RO\ PHULF� LPSODQWV� LQYROYH� HLWKHU� RQH� RU� D

FRPELQDWLRQ�RI�WKH�IROORZLQJ�WKUHH�PHFKDQLVPV�

�L�� ' LIIXVLRQ

�LL�� %LRHURVLRQ

�LLL�� 2 VPRVLV

2 XW� RI� WKHVH� WKUHH� PHFKDQLVPV�� GLIIXVLRQ� RI� WKH� GUXJ� WKURXJK� WKH� SRO\ PHU� PDWUL[

DOPRVW� DOZD\ V� RFFXUV� WR� D� FHUWDLQ� H[ WHQW�� ) RU� GHYLFHV� HPSOR\ LQJ� GLIIXVLRQ� DQG�RU

RVPRVLV�� SDUDPHWHUV� VXFK� DV� VL] H� RI� WKH� GUXJ� PROHFXOHV�� SRURVLW\ � RI� WKH� SRO\ PHU

PDWUL[ �� GHJUHH� RI� FURVVOLQNLQJ� DQG� VZHOOLQJ� FKDUDFWHULVWLFV� RI� WKH� SRO\ PHU� SOD\ � DQ

LPSRUWDQW�UROH�GXULQJ�WKH�GHVLJQ�RI�WKH�GUXJ�GHOLYHU\ �GHYLFH�>� � �� � @��2 Q�WKH�RWKHU

KDQG�ELRHURGLQJ�V\ VWHPV�LQFOXGH�SRO\ PHUV�ZKLFK�KDYH�DFWLYH�LQJUHGLHQWV�DWWDFKHG�WR

WKHP�YLD�ODELOH�ERQGV�LQ�ZKLFK�FDVH�WKH�UHDFWLYLW\ �RI�WKH�OLQNDJH�EHFRPHV�LPSRUWDQW�

RU�WKH�VXUIDFH�HURGLQJ�SRO\ PHUV�ZKHUHLQ�K\ GURSKRELFLW\ �RI�WKH�SRO\ PHU�DV�ZHOO�DV
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WKH� ODELOLW\ � RI� WKH� LQWHUFKDLQ� OLQNDJHV� JRYHUQ� WKH� FRQWUROOHG� UHOHDVH� FKDUDFWHULVWLFV

>� � @�

� �� �3RO\ P HUV�IRU�' UXJ�' HOLYHU\

9 DULRXV�V\ QWKHWLF�DV�ZHOO�DV�QDWXUDO�SRO\ PHUV�KDYH�EHHQ�H[ DPLQHG�LQ�GUXJ�GHOLYHU\

DSSOLFDWLRQV��,I�WKH�SRO\ PHU�PDWUL[ �GRHV�QRW�GHJUDGH�LQVLGH�WKH�ERG\ ��WKHQ�LW�KDV�WR�EH

VXUJLFDOO\ �UHPRYHG�DIWHU�LW�LV�GHSOHWHG�RI�WKH�GUXJ��+ HQFH�WR�DYRLG�WKH�FRVWV�DV�ZHOO�DV

ULVNV� DVVRFLDWHG� ZLWK� PXOWLSOH� VXUJHULHV�� WKH� SRO\ PHU� XVHG� DV� GHSRW� VKRXOG� EH

ELRORJLFDOO\ �GHJUDGDEOH��7KXV�IRU�D�SRO\ PHU�XVHG�DV�D�GUXJ�GHOLYHU\ �PDWUL[ ��LW�KDV�WR

VDWLVI\ �WKH�IROORZLQJ�FULWHULD�

�L�� ,W�KDV�WR�EH�ELRFRPSDWLEOH�DQG�GHJUDGDEOH� �L�H��LW�VKRXOG�GHJUDGH�LQ�YLYR�WR

VPDOOHU�IUDJPHQWV�ZKLFK�FDQ�WKHQ�EH�H[ FUHWHG�IURP�WKH�ERG\ ��

�LL�� 7KH� GHJUDGDWLRQ� SURGXFWV� VKRXOG� EH� QRQWR[ LF� DQG� VKRXOG� QRW� FUHDWH� DQ

LQIODPPDWRU\ �UHVSRQVH�

�LLL�� ' HJUDGDWLRQ�VKRXOG�RFFXU�ZLWKLQ�D�UHDVRQDEOH�SHULRG�RI�WLPH�DV�UHTXLUHG�E\

WKH�DSSOLFDWLRQ�

� �� �� � %LRORJLFDOO\ �' HJUDGDEOH�3RO\ P HUV

%LRORJLFDOO\ �GHJUDGDEOH�SRO\ PHUV� FDQ�EH�ORRVHO\ �GHILQHG� DV�WKDW�FODVV�RI�SRO\ PHUV

ZKLFK�GHJUDGH�WR�VPDOOHU�IUDJPHQWV�GXH�WR�FKHPLFDOV�SUHVHQW�LQVLGH�WKH�ERG\ ��7KXV

WZR� W\ SHV� RI� GHJUDGDEOH� SRO\ PHUV� FDQ� EH� LQFOXGHG� XQGHU� WKLV� GHILQLWLRQ�
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ELRGHJUDGDEOH�SRO\ PHUV�DQG�ELRDEVRUEDEOH�SRO\ PHUV��%LRGHJUDGDWLRQ�LQ�WKH�VWULFWHVW

WHUPV� LV� GHILQHG� DV� HQ] \ PDWLFDOO\ � SURPRWHG� GHJUDGDWLRQ�� +HQFH� ELRGHJUDGDEOH

SRO\ PHUV�DUH�WKH�RQHV�ZKLFK�GHJUDGH�WR�VPDOOHU�IUDJPHQWV�E\ �HQ] \ PHV�SUHVHQW�LQ�WKH

ERG\ �� %LRDEVRUEDEOH� SRO\ PHUV� RQ� WKH� RWKHU� KDQG� DUH� WKRVH� ZKLFK� GHJUDGH� LQ� WKH

SUHVHQFH�RI�RWKHU�FKHPLFDOV�LQ�WKH�ERG\ �

� �� �&KLWLQ�DQG�&KLWRVDQ

&KLWLQ�LV� � �DFHWDPLGR�� �GHR[ \ � � ' �JOXFRVH�DQG�ZDV�GHVFULEHG� IRU�WKH� ILUVW�WLPH�E\

%UDFRQQRW� �� � � � � � ZKR� ZDV� SURIHVVRU� RI� 1 DWXUDO� +LVWRU\ �� GLUHFWRU� RI� WKH� %RWDQLFDO

* DUGHQ�DQG�PHPEHU�RI�WKH�$ FDGHP\ �RI�6FLHQFHV�RI�1 DQF\ ��) UDQFH��,Q�WKH�SXUVXLW�RI

KLV�UHVHDUFKHV�RQ�PXVKURRPV��KH�WUHDWHG�$JDULFXV�YROYDFHXV�DQG�RWKHU�PXVKURRPV

ZLWK� GLOXWHG� ZDUP� DONDOL� DQG� LVRODWHG� FKLWLQ�� SRVVLEO\ � VOLJKWO\ � FRQWDPLQDWHG� ZLWK

SURWHLQV�� +H� VWDWHG� WKDW� ³IXQJLQH� VHHPV� WR� FRQWDLQ� PRUH� QLWURJHQ� WKDQ� ZRRǴ � DQG

FRQFOXGHG�WKDW�LW�LV�³D�TXLWH�GLVWLQFW�VXEVWDQFH�DPRQJ�WKRVH�LGHQWLILHG�LQ�SODQWV́ �

2 GLHU��� � � � � �LQ�DQ�DUWLFOH�RQ�LQVHFWV�ZURWH��³ ,W�LV�PRVW�UHPDUNDEOH�WR�ILQG�RXW�LQ�WKH

LQVHFW�VWUXFWXUH�WKH�VDPH�VXEVWDQFH�WKDW�IRUPV�WKH�VWUXFWXUH�RI�WKH�SODQWV́ ��+H�FDOOHG

WKLV�VXEVWDQFH�FKLWLQ�IURP�WKH�* UHHN�WHUP��WXQLF��HQYHORSH���HYHQ�WKRXJK�KH�IDLOHG�WR

GHWHFW�QLWURJHQ�LQ�FKLWLQ��KH�HVWDEOLVKHG�IRU�WKH�ILUVW�WLPH�D�UHODWLRQVKLS�EHWZHHQ�WKH

LQVHFW�FXWLFOH�DQG�SODQW�WLVVXH�>� � @�

,Q�� � � � ��+RSSH�6H\ OHU�IXVHG�SRWDVVLXP�K\ GUR[ LGH�DW�� � � ž&�ZLWK�FKLWLQ�DQG�REWDLQHG

D�SURGXFW�ZLWK�GLPLQLVKHG�DFHW\ O�FRQWHQW��WKDW�KH�FDOOHG�FKLWRVDQ�>� � @��&KLWRVDQ�ZDV
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DOVR�VWXGLHG�E\ �$ UDNL�>� � @��DQG�YRQ�) XUWK�DQG�5XVVR�FRQFOXGHG�WKDW�WKUHH�RXW�RI�IRXU

DFHW\ O� JURXSV� FDQ� EH� UHPRYHG� IURP� FKLWLQ� >� � @�� 5LJE\ � LQ� KLV� SDWHQW� RQ� FKLWRVDQ

SUHSDUDWLRQ� SUHVHQWHG� D� WUHDWPHQW� RI� FKLWLQ� ZLWK� � � � � DTXHRXV� VROXWLRQ� RI� VRGLXP

K\ GUR[ LGH��IRU�� �KU�DW�� � � ž&�>� � �� � @�

0 RVW�RI�WKH�UHVHDUFK�ZRUN�FDUULHG�RXW�RQ�FKLWLQ�FRQFHUQV�WKH�DPLQR�JURXS��ZKLFK�LV

RI� FRXUVH� WKH� PRVW� LPSRUWDQW� IXQFWLRQ� RI� WKH� PDFURPROHFXOH�� ,Q� FKLWLQ� WKH� DPLQR

JURXS� LV� DFHW\ ODWHG�� WKXV� FKLWLQ� LV� DQ� DPLGH� RI� DFHWLF� DFLG�� LQ� FKLWRVDQ� WKH� DPLQR

JURXS�LV�IUHH�DQG�WKHUHIRUH�FKLWRVDQ�LV�D�SULPDU\ �DPLQH��+RZHYHU��FKLWLQ�FDQ�QRW�EH

VKDUSO\ �GLVWLQJXLVKHG�IURP�FKLWRVDQ��EHFDXVH�IXOO\ �DFHW\ ODWHG�DQG�IXOO\ �GHDFHW\ ODWHG

FKLWLQV�GR�QRW�QRUPDOO\ �RFFXU�LQ�QDWXUH�DQG�DUH�GLIILFXOW�WR�SUHSDUH�

7KH�WHUP�FKLWLQ�UHIHUV�WR�D�SRO\ PHU�RI�1 �DFHW\ OJOXFRVDPLQH�ZKHUH�D�PLQRULW\ �RI�WKH

DFHW\ O�JURXSV�KDV�EHHQ�ORVW��ZKLOH�WKH�WHUP�FKLWRVDQ�UHIHUV�WR�D�GHDFHW\ ODWLRQ�SURGXFW

REWDLQHG� IURP� FKLWLQ�� ZKHUH� PRVW� RI� WKH� DFHW\ O� JURXSV� KDYH� EHHQ� UHPRYHG�

( [ SHULPHQWDOO\ ��FKLWRVDQ�FDQ�EH�GLVWLQJXLVKHG�IURP�FKLWLQ�EHFDXVH�RI�LWV�VROXELOLW\ �LQ

GLOXWH�DFLGV��7KH�DPLQR�JURXSV�RI�FKLWLQ�DQG�FKLWRVDQ�DUH�H[ FHSWLRQDOO\ �VWDEOH�LQ�� � �

VRGLXP�K\ GUR[ LGH��HYHQ�DW�� � � ž&��DW�ZKLFK�PRVW�DPLQHV�OLEHUDWH�DPPRQLD�RU� \ LHOG

GHJUDGDWLRQ�SURGXFWV�>� � @�

,GHDOO\ �� WKH� PRQRPHU� RI� FKLWLQ� LV� � �DFHWDPLGR�� �GHR[ \ � � ' �JOXFRVH�� ZKLOH� WKH

PRQRPHU� RI� FKLWRVDQ� LV� � �DPLQR�� �GHR[ \ �� � ' �JOXFRVH�� IRU� SUDFWLFDO� SXUSRVHV�

KRZHYHU��WKH�H[ WHQW�RI�GHDFHW\ ODWLRQ�LQ�ERWK�WKH�QDWXUDO�DQG�WKH�PRGLILHG�SRO\ PHUV

KDV�WR�EH�PHDVXUHG��7KH�RIILFLDO�QDPH�RI�FKLWLQ��D�IXOO\ �DFHW\ ODWHG�SURGXFW�LV���� � � �
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� �DFHWDPLGR�� �GHR[ \ � � ' �JOXFDQ� DQG� WKH� RIILFLDO� QDPH� RI� FKLWRVDQ� �D� FRPSOHWHO\

GHDFHW\ ODWHG�SURGXFW��LV���� � � � � �DPLQR�� �GHR[ \ � � ' �JOXFDQ��) LJXUH�� �� � �

) LJXUH�� �� �&KHPLFDO�VWUXFWXUH�RI�&KLWLQ�DQG�&KLWRVDQ

� �� �� � 3UHSDUDWLRQ�RI�&KLWLQ�DQG�&KLWRVDQ

+DUVK� FKHPLFDO� WUHDWPHQWV� DUH� XVXDOO\ � UHTXLUHG� WR� UHPRYH� FDOFLXP� FDUERQDWH� DQG

SURWHLQ� IURP� UDZ� FKLWLQRXV� PDWHULDO�� 7KH� UDZ� PDWHULDO� PRVW� DEXQGDQWO\ � DYDLODEOH

LQFOXGHV� FUDE� VKHOOV�� VKULPS� VKHOOV�� DQG� SUDZQ� ZDVWHV�� 7KH� UHJLRQV� RI� WKH� ZRUOG

ZKHUH� FUXVWDFHD� DUH� DEXQGDQW� � DUH� HVSHFLDOO\ � WKH� 8 QLWHG� 6WDWHV� RI� $ PHULFD�� ,QGLD�

7KDLODQG�� 0 DOD\ VLD�� 3KLOLSSLQHV�� 6RXWK� $ IULFD� DQG� 0 H[ LFR�� &KLWLQ� FDQ� DOVR� EH

REWDLQHG�IURP�VRXUFHV�RWKHU�WKDQ�PDULQH�ZDVWHV��ODUJH�TXDQWLWLHV�RI� IXQJL�FXUUHQWO\

JURZQ� LQ� IHUPHQWDWLRQ� V\ VWHPV� SURGXFLQJ� RUJDQLF� DFLGV�� DQWLELRWLFV� DQG� HQ] \ PHV�

FRQVWLWXWH�D�SRWHQWLDO�VRXUFH�RI�FKLWLQ�
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6HYHUDO�SURFHGXUHV�KDYH�EHHQ�GHYHORSHG�WKURXJK�WKH� \ HDUV��WKH\ �DUH�DW�WKH�EDVLV�RI

WKH� FKHPLFDO� SURFHVVHV� IRU� LQGXVWULDO� SURGXFWLRQ� RI� FKLWLQ� DQG� FKLWRVDQ� >� � @

�) LJXUH� �� � � �������������������������������
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) LJXUH�� �� �3UHSDUDWLRQ�RI�&KLWLQ�DQG�&KLWRVDQ

� �� �� � ,P SRUWDQW�&KDUDFWHULVWLFV�RI�&KLWRVDQ

� �� �� �� �&DWLRQLF�3URSHUWLHV

0 DQ\ � RI� FKLWRVDQ¶V� XVHV� GHSHQG� XSRQ� LWV� FDWLRQLF� QDWXUH� DV� JLYHQ� LQ� 7DEOH� � �� �

&KLWRVDQ�LV�D�OLQHDU�SRO\ HOHFWURO\ WH�DW�DFLGLF�S+ ¶V��,W�KDV�D�KLJK�FKDUJH�GHQVLW\ ��RQH

FKDUJH� SHU� JOXFRVDPLQH� XQLW�� 6LQFH� PDQ\ � PDWHULDOV� FDUU\ � QHJDWLYH� FKDUJHV� �H�J�

SURWHLQV��DQLRQLF�SRO\ VDFFKDULGHV��QXFOHLF�DFLGV��HWF�����WKH�SRVLWLYH�FKDUJH�RI�FKLWRVDQ

LQWHUDFWV�VWURQJO\ �ZLWK�QHJDWLYH�VXUIDFHV�WR�JLYH�DQ�HOHFWULF�QHXWUDOLW\ ��&KLWRVDQ�LV�DQ

H[ FHOOHQW� IORFFXOHQW�GXH�WR�LWV�YDVW�QXPEHU�RI�±1 + ��� � JURXSV�WKDW�FDQ�LQWHUDFW�ZLWK



� �

QHJDWLYHO\ � FKDUJHG� FROORLGV�� &KLWRVDQ� DGKHUHV� UHDGLO\ � WR� QHXWUDO� SRO\ PHUV� VXFK� DV

KDLU�DQG�VNLQ��ZKLFK�DUH�FRPSRVHG�RI�QHJDWLYHO\ �FKDUJHG�PXFRSRO\ VDFFKDULGHV�DQG

SURWHLQV�� &KLWRVDQ� IRUPV� FRPSOH[ HV� ZLWK� PDQ\ � PHWDO� LRQV�� 7KXV�� LW� LV� XVHIXO� LQ

FKHODWLQJ�LURQ��FRSSHU�DQG�PDJQHVLXP�DQG�FDQ�DOVR�EH�XVHG�WR�UHPRYH�WR[ LF�KHDY\

PHWDO�LRQV�VXFK�DV�VLOYHU��FDGPLXP��PHUFXU\ ��OHDG��QLFNHO�DQG�FKURPLXP�>� �� �� � @�

7DEOH�� �� ��&DWLRQLF�3URSHUWLHV�RI�&KLWRVDQ

� �� �� �� �%LRORJLFDO�3URSHUWLHV

0 DQ\ �RI�FKLWRVDQ¶V�ELRPHGLFDO�DSSOLFDWLRQV�UHO\ �RQ�LWV�QRQ�WR[ LF�DQG�ELRGHJUDGDEOH

SURSHUWLHV��7DEOH�� �� � ��&KLWRVDQ�KDV�EHHQ�VKRZQ�WR�IDFLOLWDWH�ZRXQG�KHDOLQJ�>� � � � � @�

UHGXFH� VHUXP� FKROHVWHURO� OHYHOV� DQG� VWLPXODWH� WKH� LPPXQH� V\ VWHP� >� � @�� &KLWRVDQ�

ZKHQ� FRDWHG� RQ� VHHGV�� UHVXOWV� LQ� LQFUHDVHG� FURS� \ LHOGV�� DSSDUHQWO\ � GXH� WR� FKLWRVDQ

LQGXFLQJ�D�SURWHFWLYH�UHVSRQVH�E\ �WKH�JHUPLQDWLQJ�SODQW�

ž� / LQHDU�3RO\ HOHFWURO\ WH

ž� +LJK�FKDUJH�GHQVLW\

ž� ( [ FHOOHQW�IORFFXOHQW

ž� $ GKHUHV�WR�QHJDWLYHO\ �FKDUJHG�VXUIDFHV

ž� 6XEVWDQWLYH�WR�KDLU��VNLQ

ž� &KHODWHV�PHWDO�LRQV

��,URQ��) H���&RSSHU��&X�
������� �7R[ LF�PHWDOV��&G��+J��3E��&U��1 L��
������� �5DGLRQXFOHLGHV��3X��8 ��



� �

7DEOH�� �� �%LRORJLFDO�3URSHUWLHV�RI�&KLWRVDQ

� �� �� �� �&KHP LFDO�3URSHUWLHV

&KLWRVDQ��EHLQJ�D�KLJK�PROHFXODU�ZHLJKW�SRO\ PHU��LV�D�OLQHDU�SRO\ DPLQH�ZKRVH�DPLQR

JURXSV� DUH� UHDGLO\ � DYDLODEOH� IRU� FKHPLFDO� UHDFWLRQV� DQG� VDOW� IRUPDWLRQ� ZLWK� DFLGV

�7DEOH�� �� � ��6LQFH�FKLWRVDQ�FDQ�EH�YLHZHG�DV�D�FHOOXORVH�GHULYDWLYH��WKH�SULPDU\ ��&�� �

DQG�VHFRQGDU\ ��&�� � �K\ GUR[ \ O�JURXSV�FDQ�EH�XVHG�WR�PDNH�GHULYDWLYHV��7KH�VFLHQWLILF

OLWHUDWXUH� FRQWDLQV� PDQ\ � LQWHUHVWLQJ� FKHPLFDO� GHULYDWLYHV� RI� FKLWRVDQ� ZLWK

FRPPHUFLDO�SRWHQWLDO�>� � �� � @�

7DEOH�� �� �&KHPLFDO�3URSHUWLHV�RI�&KLWRVDQ

� �%LRFRPSDWLEOH���������������������������������� �%LRDFWLYH

����� �QRQ�WR[ LF���������������������������������������������� �ZRXQG�KHDOLQJ�DFFHOHUDWRU

����� �ELRGHJUDGDEOH��������������������������������������� �UHGXFH�EORRG�FKROHVWHURO�OHYHOV

����� �QDWXUDO�SRO\ PHU������������������������������������ �LPPXQH�V\ VWHP�VWLPXODQW

���/ LQHDU�SRO\ DPLQH��SRO\ �' �JOXFRVDPLQH�

���5HDFWLYH�DPLQR�JURXSV

���5HDFWLYH�K\ GUR[ \ O�JURXSV��&� �2 + ��&� �2 + �



� �

� �� �� �� �6ROXWLRQ�3URSHUWLHV

&KLWRVDQ�KDV�UDWKHU�VSHFLILF�VROXWLRQ�SURSHUWLHV��) LUVW��ZKHQ�LQ�WKH�IUHH�DPLQH�IRUP�

FKLWRVDQ�LV�QRW�VROXEOH�LQ�ZDWHU�DW�QHXWUDO�S+¶V��$ W�DFLGLF�S+¶V��WKH�IUHH�DPLQR�JURXSV

��1 + � � � EHFRPH� SURWRQDWHG� WR� IRUP� FDWLRQLF� DPLQH� JURXSV� ��1 + ��� � �� 7DEOH� � �� � OLVWV

VRPH�NH\ �VROXWLRQ�EHKDYLRU�RI�WKH�WZR�DPLQH�IRUPV�RI�FKLWRVDQ�>� � @�

7DEOH�� �� �6ROXWLRQ�3URSHUWLHV�RI�&KLWRVDQ

� �� �� � &RP P HUFLDO�3URGXFWV�RI�&KLWRVDQ

7KH� W\ SH� RI�FKLWRVDQ� XVHG� FRPPHUFLDOO\ �LV�GHWHUPLQHG�E\ � LWV� SK\ VLFDO� IRUP� �IODNH�

SRZGHU��VROXWLRQV���LWV�SXULW\ ��XOWUDSXUH��VWDQGDUG��LQGXVWULDO��DQG�LWV�PROHFXODU�IRUP

�KLJK�WR�ORZ�YLVFRVLW\ ��SHUFHQW�GHDFHW\ ODWLRQ� �! � � � � �� IUHH�DPLQH�RU� DFLG�VDOW��� DQG

XOWLPDWHO\ �WKH�FRVW��7DEOH�� �� � �

���) UHH�$ PLQH���1 + � � �����������������������������������������������&DWLRQLF�$ PLQH���1 + �

�

�

�����6ROXEOH�LQ�DFLGLF�VROXWLRQV�����������������������������������6ROXEOH�DW�S+¶V� � ��

�����,QVROXEOH�DW�S+¶V! � �� �������������������������������������������) RUPV�YLVFRXV�VROXWLRQV

�����,QVROXEOH�LQ�+ � 62 � �����������������������������������������������6ROXWLRQV�VKHDU�WKLQQLQJ

�����/ LPLWHG�VROXELOLW\ �LQ�+ � 32 � ���������������������������������) RUPV�JHOV�ZLWK�SRO\ DQLRQV

�����,QVROXEOH�LQ�PRVW�RUJDQLF�VROYHQWV�����������������������: LOO�UHPDLQ�VROXEOH�LQ�VRPH

������������������������������������������������������������������������������������DOFRKRO�ZDWHU�PL[ WXUHV



� �

7DEOH�� �� �&RPPHUFLDO�3URGXFWV�RI�&KLWRVDQ

8 QLTXH�&KDUDFWHULVWLFV $ SSOLFDWLRQ�$ UHD

352 7$ 6$ 1
�
	

�� 8 OWUDSXUH�TXDOLW\

� � 3RZGHU

� � : DWHU�VROXEOH

� � &KLWRVDQ�DFLG�VDOW

�� ,Q�YLYR�ELRPHGLFDO�XVHV

�� $ Q\ �DSSOLFDWLRQ�UHTXLULQJ�YHU\ �KLJK

SXULW\

6( $ �&8 5( �3/ 8 6
�
	

�� +LJK�TXDOLW\

� � 3RZGHU

� � : DWHU�VROXEOH

� � &KLWRVDQ�DFLG�VDOW

�� 3KDUPDFHXWLFDO�PHGLFDO

� � &RVPHWLFV�SHUVRQDO�FDUH

6( $ �&8 5(
�
	

�� +LJK�TXDOLW\

� � ) ODNH�SRZGHU

� � ) UHH�DPLQH�IRUP

� � / RZ��PHGLXP��KLJK�YLVFRVLW\ �JUDGHV

�� ( Q] \ PH�FHOO�LPPRELOL] DWLRQ

� � 3KDUPDFHXWLFDO�PHGLFDO

� � 0 HPEUDQHV

� � &RVPHWLFV�SHUVRQDO�FDUH

� � ) RRG�UHODWHG

352 �) / 2 &
�
	

�� ) ODNH�SRZGHU

� � ) UHH�DPLQH�IRUP

� � 6HOI�GLVVROYLQJ�EOHQGV�DYDLODEOH

� � / RZ��PHGLXP��KLJK�YLVFRVLW\ �JUDGHV

�� $ JULFXOWXUH�XVHV

� � ,QGXVWULDO�XVHV

� � 0 HWDO�UHFRYHU\

� � : DVWH�WUHDWPHQW

� � ' HWR[ LILFDWLRQ
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� �� �� � $ SSOLFDWLRQ�$ UHDV�RI�&KLWRVDQ

� �� �� �� �&ODULILFDWLRQ�DQG�3XULILFDWLRQ�RI�: DWHU�DQG�%HYHUDJHV

6LQFH�FKLWRVDQ�LV�D�QDWXUDO�SRO\ PHU��LW�LV�SUHIHUUHG�RYHU�V\ QWKHWLF�SRO\ PHU�IORFFXODQWV

ZKLFK�PD\ �FRQWDLQ�KD] DUGRXV�PRQRPHUV��,Q�FRQMXQFWLRQ�ZLWK�WKH�' LYLVLRQ�RI�$ QLPDO

) HHG�� ' HSDUWPHQW� RI� +HDOWK� DQG� +XPDQ� 6HUYLFH�� DQG� WKH� 8 �6�� ) RRG� DQG� ' UXJ

$ GPLQLVWUDWLRQ� �) ' $ ��� WKH� $ VVRFLDWLRQ� RI� $ QLPDO� ) HHG� &RQWURO� 2 IILFLDOV�� ,QF��

�$ $ ) &2 �� KDV� LVVXHG� WKH� IROORZLQJ� GHVFULSWLRQ� RI� FKLWRVDQ� DV� D� IORFFXOHQW� IRU

UHFRYHULQJ� SURWHLQDFHRXV� PDWHULDO�� ³ � &KLWRVDQ� LV� D� FDWLRQLF� FDUERK\ GUDWH� SRO\ PHU

LQWHQGHG� IRU� XVH� DV� D� SUHFLSLWDWLRQ� DJHQW� RI� SURWHLQDFHRXV� PDWHULDO� IRU� IRRG

SURFHVVLQJ�SODQWV��,W�LV�FKHPLFDOO\ �GHULYHG�E\ �GHDFHW\ ODWLRQ�RI�WKH�QDWXUDOO\ �RFFXULQJ

FKLWLQ� LQ� FUDE� DQG� VKULPS� VKHOOV�� 3URWHLQDFHRXV� PDWHULDO� FRDJXODWHG� ZLWK� FKLWRVDQ

PXVW�KDYH�VDIHW\ �DQG�HIILFDF\ �GDWD�DSSURYHG�EHIRUH�LW�FDQ�EH�UHJLVWHUHG�RU�RIIHUHG�IRU

VDOH́ � >� � @�� $ FFRUGLQJ� WR� WKH� 8 �6�� ( QYLURQPHQWDO� 3URWHFWLRQ� $ JHQF\ �� FKLWRVDQ� LV

DFFHSWDEOH�IRU�SRWDEOH�ZDWHU�DSSOLFDWLRQV�ZKHQ�XVHG�ZLWKLQ�WKH�VWDWHG�UDWHV�DQG�XQGHU

WKH� UHVWULFWLRQV� OLVWHG� >3URWDQ� / DERUDWRULHV�� ,QF��� &KLWLQ� DQG� &KLWRVDQ�* HQHUDO

3URSHUWLHV�DQG�$ SSOLFDWLRQV��3/ ,�� � � ��5HGPRQG��: $ �� � � � @�>� � @�

� �� $ � EHG� RI� IODNHG� FKLWRVDQ� PD\ � DOVR� EH� XVHG� DV� ILOWHU� PHGLXP� LQ� SRWDEOH� ZDWHU

WUHDWPHQW�

� �� : KHUHDV� GHDFHW\ ODWHG� FKLWLQ� LV� QHZO\ � SURSRVHG� DV� D� SRWDEOH� ZDWHU� WUHDWPHQW

FKHPLFDO�� DQG� ZKHUHDV� VXFK� QHZ� FKHPLFDOV� GR� QRW� IXOILOO� WKH� UHTXLUHPHQW� RI

³YLUWXDO�LGHQWLW\ ´ ��FKLWRVDQ�LV�DFFHSWDEOH�IRU�XVH�RQO\ �RQ�DQ�H[ SHULPHQWDO�RU�SLORW

EDVLV��XQGHU�FRQGLWLRQV�ZKLFK�DUH�FDUHIXOO\ �FRQWUROOHG�E\ �WKH�DSSURSULDWH�VWDWH�



� �

� �� �� �� �&KHODWLRQ

6LQFH�FKLWRVDQ�LV�DQ�H[ FHOOHQW�FKHODWRU�RI�PDQ\ �KDUPIXO�PHWDOV��H�J��FRSSHU��QLFNHO�

FKURPLXP��FDGPLXP��PDQJDQHVH��FREDOW��OHDG��PHUFXU\ ��] LQF��XUDQLXP�DQG�VLOYHU���D

VKDUS� LQFUHDVH� LQ� LQWHUHVW� LQ� XVLQJ� FKLWRVDQ� WR� GHWR[ LI\ � KD] DUGRXV� ZDVWHV� KDV

GHYHORSHG�>� � @��&KLWRVDQ¶V�DELOLW\ �WR�FKHODWH�LURQ��DV�ZHOO�DV�LWV�IORFFXODWLQJ�DFWLYLW\ �

PDNHV�LW�D�YHU\ �XVHIXO�SRRO�DQG�VSD�FODULILHU�

� �� �� �� �%LRWHFKQRORJ\

&KLWRVDQ� KDV� EHHQ� XVHG� WR� LPPRELOL] H� FHOOV� FRQWDLQLQJ� XVHIXO� HQ] \ PHV� DQG� WR

LPPRELOL] H� HQ] \ PHV� GLUHFWO\ � >� � @�� &HOOV� DQG� HQ] \ PHV� FDQ� PHUHO\ � EH� HQWUDSSHG� RU

DGVRUEHG� RQWR� LRQRWURSLF� FKLWRVDQ� JHOV� IRUPHG� E\ � PL[ LQJ� FKLWRVDQ� VROXWLRQV� ZLWK

VROXWLRQV� RI� DQLRQLF� SRO\ PHUV� �H�J�� SRO\ SKRVSKDWH�� DOJLQDWHV�� SHFWLQ�� FDUUDJHHQDQ��

$ OWHUQDWLYHO\ �� FKLWRVDQ� EHDGV� FDQ� EH� FURVVOLQNHG� WR� UHQGHU� WKHP� LQVROXEOH� EHIRUH

DWWDFKLQJ� WKH� HQ] \ PHV�� %\ � DWWDFKLQJ� SURWHLQ� DQWLJHQV� RU� DQWLERGLHV� WR� FKLWRVDQ�

DIILQLW\ � W\ SH� FROXPQV� FDQ� EH� IDEULFDWHG� >� � �� � @�� %LRWHFKQRORJLFDO� DSSOLFDWLRQV� RI

FKLWRVDQ�DUH�JLYHQ�LQ�7DEOH�� �� �
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7DEOH�� �� �%LRWHFKQRORJLFDO�$ SSOLFDWLRQV�RI�&KLWRVDQ

� �� �� �� �3KDUP DFHXWLFDO

7KHUH�DUH�VHYHUDO�UHDVRQV�ZK\ �FKLWRVDQ�LV�EHLQJ�DFWLYHO\ �SXUVXHG�E\ �SKDUPDFHXWLFDO

FRPSDQLHV� �7DEOH� � �� � � >� � �� � @�� ) LUVW�� LW� KDV� PDQ\ � XVHIXO� DV� ZHOO� DV� ELRORJLFDO

FKDUDFWHULVWLFV�WKDW�DOORZ�LW�WR�EH�XVHG�LQ�ZRXQG�KHDOLQJ��7DEOH�� �� � �>� � � � � @��,Q�GUXJ

GHOLYHU\ ��LW�LV�FKLWRVDQ¶V�ELRFRPSDWLELOLW\ �DQG�LWV�DELOLW\ �WR�EH�WRWDOO\ �DEVRUEHG�LQ�YLYR

�H�J��O\ VR] \ PH��WKDW�DOORZ�LWV�XVH�LQ�ELRHURGLEOH�DQG�RUWKRSHGLF�GHYLFHV�>� � @�

�,PPRELOL] DWLRQ�RI�( Q] \ PHV�DQG�&HOOV

��������� �HQWUDSPHQW�DQG�DEVRUSWLRQ

��������� �FURVVOLQNHG�ZLWK�GLDOGHK\ GHV��H�J��JOXWHUDOGHK\ GH�

��������� �FKDUJH�FRPSOH[ HV�ZLWK�DQLRQLF�SRO\ PHUV

�&KLWRVDQ�* HOV

��������� �VWDEOH�WR�SKRVSKDWH�EXIIHUV��1 D� �DQG�. � �LRQV

��������� �HDVLO\ �SUHSDUHG�DW�URRP�WHPSHUDWXUH

��������� �QRQ�WR[ LF

��������� �KLJK�FHOO�ORDGV���DFWLYLWLHV

�3XULI\ ���5HFRYHU�%LRORJLFDOV
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7DEOH�� �� �3KDUPDFHXWLFDO�$ SSOLFDWLRQV�RI�&KLWRVDQ

6LQFH�FKLWRVDQ�KDV�EHHQ�VKRZQ�WR�EH�HIIHFWLYH�LQ�ORZHULQJ�VHUXP�FKROHVWHURO�ZKHQ

DGGHG� WR� WKH� GLHW�� KXPDQ� IHHGLQJ� WULDOV� DUH� VFKHGXOHG� UHTXLULQJ� WKH� ILOLQJ� RI� DQ

LQYHVWLJDWLYH�1 HZ�' UXJ��,1 ' � �ZLWK�) ' $ �>� � @�

7DEOH�� �� �&KLWRVDQ�$ SSOLFDWLRQV��: RXQG�+HDOLQJ

. H\ �3URSHUWLHV

�� %LRFRPSDWLEOH

�� $ FFHOHUDWH�ZRXQG�KHDOLQJ

�� $ EVRUE�OLTXLGV

. H\ �) XQFWLRQV

�� 5HGXFH�ILEURSODVLD��VFDU�WLVVXH�

�� +HPRVWDWLF

�� ) RUP�SURWHFWLYH�ILOP�FRDWLQJ

9 DULHW\ �RI�8 VHIXO�) RUPV

�� 3RZGHU

�� 3DVWH�VDOYH

�� 6ROXWLRQ�JHO

�� ) LOP

�� ) LEHU

�� 6SUD\

3RWHQWLDO�8 VHV

�� %DQGDJHV

�� 6XWXUHV

�� 6\ QWKHWLF�VNLQ

�� ( \ H�EDQGDJH

ž� : RXQG�+HDOLQJ

ž� ' UXJ�GHOLYHU\

ž� %LRHQJLQHHULQJ�PDWHULDO

�� RUWKRSHGLF

�� FRQWDFW�OHQV

ž� &KROHVWHURO�UHGXFLQJ�DJHQW

�� LQYHVWLJDWLYH�QHZ�GUXJ�� ,1 ' � �DSSOLFDWLRQ

�� KXPDQ�IHHGLQJ�WUDLOV
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,Q�DGGLWLRQ��FKLWRVDQ�KDV�D�YDULHW\ �RI�SURPLVLQJ�SKDUPDFHXWLFDO�XVHV�DQG�LV�SUHVHQWO\

FRQVLGHUHG�DV�D�QRYHO�FDUULHU�PDWHULDO�LQ�GUXJ�GHOLYHU\ �V\ VWHPV��DV�LQGLFDWHG�E\ �WKH

ODUJH�QXPEHU�RI�VWXGLHV�SXEOLVKHG�RYHU�WKH�ODVW�IHZ�\ HDUV�

$ V�D�SKDUPDFHXWLFDO�H[ FLSLHQW��FKLWRVDQ�KDV�EHHQ�DGGHG�IRU�VXVWDLQHG�UHOHDVH�DQG�WR

LPSURYH� WKH� GLVVROXWLRQ� RI� SRRUO\ � VROXEOH� GUXJV�� ) LOPV� RI� FURVVOLQNHG� FKLWRVDQ

JOXWDPDWH�ZHUH�VWXGLHG�IRU�WKHLU�SRWHQWLDO�XVH�LQ�WKH�FRDWLQJ�RI�SHOOHWV�DQG�WDEOHWV�LQ

WKH�GHYHORSPHQW�RI�VXVWDLQHG�GHOLYHU\ �V\ VWHPV�>� � @��&KLWRVDQ�ZDV�DOVR�XWLOL] HG�LQ�D

VSUD\ �GU\ LQJ�SURFHVV�WR�SURGXFH�FRQWUROOHG�GUXJ�UHOHDVH�SDUWLFOHV�>� � @��7KH�LQ�YLWUR

VWXGLHV�VKRZHG�WKDW�DQ�LPSRUWDQW�FRVLGHUDWLRQ�LV�WKH�RSWLPXP�GHJUHH�RI�GHDFHW\ ODWLRQ

RI�FKLWRVDQ�DV�LW�DIIHFWHG�WKH�UHOHDVH�FKDUDFWHULVWLFV�IURP�WKHVH�PDWULFHV��&KLWRVDQ�LQ�D

FDSVXOH� IRUP�KDV�EHHQ�VWXGLHG� IRU�FRORQLF�GHOLYHU\ �>� � @��0 XUDQLVKL¶V�JURXS� FRDWHG

FKLWRVDQ� FDSVXOHV� WR� GHOLYHU� � �DPLQRVDOLF\ OLF� DFLG� �� �$ 6$ �� WR� WKH� FRORQLF� UHJLRQ

XVLQJ�D�UDW�PRGHO�>� � @��7KH�UHVXOWV�VXJJHVWHG�WKDW�FRORQ�VSHFLILF�GUXJ�GHOLYHU\ �FRXOG

EH�DFKLHYHG�WKURXJK�WKH�XVH�RI�WKH�FKLWRVDQ�FDSVXOHV�

0 ROHFXOHV� VXFK� DV� ERYLQH� VHUXP� DOEXPLQ�� GLSKWKHULD� WR[ RLG� �' 7�� DQG

ELVSKRVSKRQDWHV� KDYH� EHHQ� VXFFHVVIXOO\ � LQFRUSRUDWHG� LQWR� FKLWRVDQ� PLFURVSKHUHV�

-DPHHOD�HW�DO��>� � @�VKRZHG�WKDW��LQ�SUHOLPLQDU\ �LPPXQRJHQLFLW\ �VWXGLHV�LQ�UDWV�XVLQJ

' 7�ORDGHG�FKLWRVDQ�PLFURVSKHUHV��WKH�DQWLERG\ �WLWUHV�ZHUH�UHODWLYHO\ �FRQVWDQW�RYHU�D

ILYH�PRQWK� SHULRG�� &KLWRVDQ� PLFURVSKHUHV� WKDW� FRQWDLQHG� ELVSKRVSKRQDWHV� ZHUH

LPSODQWHG� LQ� WKH� WLELDOLV� PXVFOH� RI� UDWV� WR� WUHDW� VHYHUDO� SDWKRORJLFDO� FRQGLWLRQV

DVVRFLDWHG� ZLWK� ERQH� GHVWUXFWLRQ�� 7KH� FRQWUROOHG� UHOHDVH� RI� DQWLUHVRUSWLRQ� DQG
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DQWLFDOFLILFDWLRQ� DJHQWV� IURP� WKH� FRDWHG� PLFURVSKHUHV� HIIHFWLYHO\ � LQKLELWHG

ELRSURVWKHWLF�WLVVXH�FDOFLILFDWLRQ�LQ�WKH�UDW�VXEGHUPDO�PRGHO�

7KH�SRRU�ELRDYDLODELOLW\ �RI�WRSLFDOO\ �DSSOLHG�RSKWKDOPLF�GUXJV�LPSOLHV�D�QHFHVVLW\ �IRU

IUHTXHQW� LQVWLOODWLRQ� WR� DFKLHYH� WKHUDSHXWLF� HIIHFW�� 7KLV� LQFRQYHQLHQFH� FRXOG� EH

RYHUFRPH�E\ �D�SURORQJHG�UHOHDVH�RI�WKH�GUXJ�LQ�WKH�FRUQHDO�DUHD��8 VH�RI�FKLWRVDQ�

EDVHG�FROORLGDO�VXVSHQVLRQV�LQ�LQ�YLYR�VWXGLHV�VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�RFXODU

GUXJ�ELRDYDLODELOLW\ �>� � @�

7KH� GHYHORSPHQW� RI� QHZ� FDUULHU� V\ VWHPV� IRU� JHQH� GHOLYHU\ � UHSUHVHQWV� DQ� HQDEOLQJ

WHFKQRORJ\ � IRU�WUHDWLQJ�PDQ\ � JHQHWLF�GLVRUGHUV��3URPLVLQJ� UHVXOWV�ZHUH�UHSRUWHG�LQ

WKH�IRUPDWLRQ�RI�FRPSOH[ HV�EHWZHHQ�FKLWRVDQ�DQG�' 1 $ �>� � @��$ OVR�WKHUH�LV�D�JURZLQJ

LQWHUHVW� LQ� WKH� GHYHORSPHQW� RI� QDVDO� GHOLYHU\ � V\ VWHPV� IRU� PDQ\ � GUXJV�� LQFOXGLQJ

SHSWLGHV� DQG� SURWHLQV�� 6HYHUDO� VWXGLHV� KDYH� UHSRUWHG� WKH� XVH� RI� FKLWRVDQ� DV� D� VDIH

QDVDO�GHOLYHU\ �V\ VWHP�IRU�SURWHLQV�>� � @�

0 RGLILHG� FKLWRVDQV� ZHUH� UHSRUWHG� WR� GLVSOD\ � D� JURZWK�LQKLELWRU\ � HIIHFW� RQ� WXPRU

FHOOV��7KLV�SURSHUW\ �ZDV�HPSOR\ HG�E\ �2 XFKL�HW�DO��>� � @�E\ �FRQMXJDWLQJ�FKLWRVDQ�RU

FKLWRVDPLQR�ROLJRVDFFKDULGH� �&2 6�� WR� � �IOXRURXUDFLO� �� ) 8 �� LQ� RUGHU� WR� SURYLGH� D

PDFURPROHFXODU�V\ VWHP�ZLWK�VWURQJ�DQWLWXPRU�DFWLYLWLHV�DQG�UHGXFHG�VLGH�HIIHFWV�
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� �� �$ LP �RI�WKH�6WXG\

$ � YHU\ � DFWLYH� GUXJ� DQG� D� YHU\ � HIIHFWLYH� GHOLYHU\ � PHWKRG� DUH� LPSRUWDQW� SRLQWV� RI

WKDODVVHPLD�WUHDWPHQW��7RGD\ �WKH�FRPPRQO\ �XVHG�DQG�WKH�PRVW�HIIHFWLYH�GUXJV�DUH

' HVIHUDO� DQG� ' HIHULSURQH�� 8 VH� RI� QDWXUDO� DQG� ELRFRPSDWLEOH� SRO\ PHUV� ZKLFK� DUH

FDSDEOH�RI�DGVRUELQJ�H[ FHVV�LURQ��DUH�WKH�FDQGLGDWHV�IRU�DQ�HIIHFWLYH�FKHODWRU�>� �� @�

2 Q�WKH�RWKHU�KDQG��SURGXFWLRQ�RI�FRQWUROOHG�UHOHDVH�V\ VWHPV�IRU�WKH�GUXJV�' HVIHUDO�RU

' HIHULSURQH�DUH�RWKHU�HIIHFWLYH�DOWHUQDWLYH�DSSURDFKHV�

7KH�DLP�RI�WKH�VWXG\ �LV�WR�SUHSDUH� ' HIHULSURQH�FDUU\ LQJ�FRQWUROOHG�UHOHDVH�V\ VWHPV

IRU�WKH�WUHDWPHQW�RI�WKDODVVHPLD��) RU�WKLV�SXUSRVH�FKLWRVDQ�ZDV�FKRVHQ�DV�WKH�VXSSRUW

PDWHULDO� VLQFH� LW� KDV� XQLTXH� SRO\ PHULF� FDWLRQLF� DQG� ELRFRPSDWLEOH� FKDUDFWHU� DQG

HDVLO\ �JHO�DQG�ILOP�IRUPLQJ�SURSHUWLHV�

' HIHULSURQH� FDUU\ LQJ� V\ VWHPV� LQ� WKH� IRUP� RI� PLFURVSKHUHV� ZLWK� GLIIHUHQW� FURVVOLQN

GHQVLWLHV� ZHUH� SUHSDUHG� DQG� UHOHDVH� NLQHWLFV� ZHUH� H[ DPLQHG�� &KLWRVDQ� ILOPV� ZLWK

GLIIHUHQW� FURVVOLQNLQJ� GHJUHHV� ZHUH� DOVR� SUHSDUHG� LQ� RUGHU� WR� VHDUFK� PHFKDQLFDO

SURSHUWLHV� RI� WKH� SUHSDUHG� ILOPV�� ,W� LV� NQRZQ� WKDW� ELRGHJUDGDELOLW\ � WRJHWKHU� ZLWK

ELRFRPSDWLELOLW\ �DQG�VXLWDEOH�PHFKDQLFDO�SURSHUWLHV�LV�IRXQG�RQO\ �LQ�D�VPDOO�JURXS�RI

PDWHULDOV� DQG� FKLWRVDQ� LV� DPRQJ� WKHVH� PDWHULDOV�� 7KHUHIRUH�� PHFKDQLFDO� SURSHUWLHV

�PRGXOXV�RI�HODVWLFLW\ ��WHQVLOH�VWUHQJWK��DQG�SHUFHQW�VWUDLQ�DW�EUHDN��ZHUH�H[ DPLQHG

IRU�D�SRVVLEOH�GHVLJQ�RI�D�FRQWUROOHG�UHOHDVH�V\ VWHP�
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0 DWHULDOV�XVHG�LQ�WKLV�VWXG\ �DQG�WKHLU�PDQXIDFWXUHUV�DUH�OLVWHG�LQ�7DEOH�� ��

7DEOH�� �� �0 DWHULDOV�DQG�PDQXIDFWXUHUV

0 DWHULDOV 0 DQXIDFWXUHUV

&KLWLQ 6LJPD��8 6$
&KLWRVDQ�� ' ' $  � � � � 6LJPD��8 6$

&KLWRVDQ�� ' ' $  � � � � 3UHSDUHG
$ FHWLF�$ FLG��� � �� � � � � $ WDED\ �. LP\ D��7XUNH\
* OXWDUDOGHK\ GH��� � � � %' + ��8 .
' HIHULSURQH $ OGULFK��* HUPDQ\
7ZHHQ�� � $ FURV�2 UJDQLFV
0 HWKDQRO 0 HUFN��* HUPDQ\
' LHWK\ O�HWKHU ) OXND��6ZLW] HUODQG
( WKDQRO -�7�%DNHU
$ FHWRQH 0 HUFN��* HUPDQ\
6RGLXP�K\ GUR[ LGH 0 HUFN��* HUPDQ\
+ \ GURFKORULF�$ FLG 0 HUFN��* HUPDQ\
+ \ GUREURPLF�$ FLG��� � � � ) LVFKHU��8 6$
6RGLXP�SKRVSKDWH ) LVFKHU��8 6$
' L�VRGLXP�K\ GURJHQ�SKRVSKDWH�� �K\ GUDWH 5LHGHO
0 DQJDQ�GLR[ LGH $ OGULFK��* HUPDQ\
' LDO\ VLQJ�WXEH 6LJPD��8 6$
&RUQ�RLO h ONHU��7XUNH\
0 LOOLSRUH 0 LOOH[ ��) UDQFH
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� �� � 0 �3KRVSKDWH�EXIIHU�VROXWLRQ�ZLWK�S+ �� �� �ZDV�SUHSDUHG�E\ �GLVVROYLQJ�� � � �� � �PJ

VRGLXP� SKRVSKDWH� DQG� � � � � �� � � PJ� GLVRGLXP� K\ GURJHQ� SKRVSKDWH�� �K\ GUDWH� LQ� � /

GLVWLOOHG�ZDWHU�

� �� �0 ( 7+2 ' 6

� �� �� �3XULILFDWLRQ�RI�&KLWLQ

� �0 �1 D2 + �DQG�� �0 �+&O�VROXWLRQV�ZHUH�SUHSDUHG�IRU�WKH�SXULILFDWLRQ�RI�FKLWLQ�� � �

JUDP�FKLWLQ�WKDW�PD\ �FRQWDLQ�IRUHLJQ�PDWWHU�ZDV�UHIOX[ HG�IRU�� �KRXUV�LQ�� � � �P / ��� �0

1 D2 + �DW� � � —&��7KH� SUHFLSLWDWHG� FKLWLQ� ZDV� VHSDUDWHG�� ZDVKHG� ZLWK� GLVWLOOHG� ZDWHU

DQG�GLJHVWHG�LQ�� � � �P / �� � �0 �+&O�IRU�� � �KRXUV�DW�URRP�WHPSHUDWXUH��7KH�DFLG�DQG

DONDOL�WUHDWPHQWV�ZHUH�UHSHDWHG�� �WLPHV��$ QG�WKHQ�FKLWLQ�LV�GHFRORUL] HG�E\ �UHIOX[ LQJ

ZLWK�DFHWRQH�DW�� � —&�IRU�� �KRXUV�>� � @�

� �� �� �3UHSDUDWLRQ�RI�&KLWRVDQ�IURP �3XULILHG�&KLWLQ

,Q�RUGHU�WR�SUHSDUH�FKLWRVDQ��SXULILHG�FKLWLQ�ZDV�UHIOX[ HG�LQ�� � � �P / �� � � � �1 D2 + �DW

� � � —&� IRU� YDU\ LQJ� WLPH� SHULRGV� WR� REWDLQ� FKLWRVDQ� ZLWK� GLIIHUHQW� GHJUHHV� RI

GHDFHW\ ODWLRQ��7KH�REWDLQHG�FKLWRVDQ�ZDV�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�PDQ\ �WLPHV�WLOO

QHXWUDOL] DWLRQ� �FRQWUROOHG� E\ � OLWPXV� SDSHU�� DQG� WKHQ� GULHG� LQ� YDFXXP� GHVLFDWRU� DW

� � —&�>� � @�
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� �� �� �' HWHUP LQDWLRQ�RI�' HJUHH�RI�' HDFHW\ ODWLRQ

� � � �PJ�RI�SUHSDUHG�FKLWRVDQ�ZDV�WDNHQ�DQG�GLVVROYHG�LQ�� � � �P / �� �� �0 �+ %U�VROXWLRQ

SUHSDUHG�IURP�� �0 �+ %U�E\ �GLOXWLRQ��7KHQ�� � �P / �� �0 �+ %U�ZDV�DGGHG�RQ�WKH�VROXWLRQ

WR�IRUP�SUHFLSLWDWH�� ,W�ZDV�FHQWULIXJHG�IRU�� � �PLQXWHV�DQG�SUHFLSLWDWHG�FKLWRVDQ�VDOW

ZDV�VHSDUDWHG��7KH�VDOW�ZDV�ZDVKHG�� �WLPHV�ZLWK�PHWKDQRO�XQWLO�QHXWUDOL] DWLRQ��7KHQ

LW�ZDV�ZDVKHG�ZLWK�GLHWK\ OHWKHU�VHYHUDO�WLPHV�DQG�WKHQ�GULHG��7KH�GULHG�FKLWRVDQ�ZDV

DJDLQ�ZDVKHG�� �WLPHV�ZLWK�PHWKDQRO��DERXW�� � �P / ���7KHQ�� � � �P / �GLHWK\ OHWKHU�ZDV

DGGHG� DQG� ILOWHUHG�� ' XULQJ� ILOWUDWLRQ� PHWKDQRO� DQG� GLHWK\ OHWKHU� WUHDWPHQWV� ZHUH

UHSHDWHG�� �WLPHV�WR�UHPRYH�DGVRUEHG�ZDWHU��7KH�REWDLQHG�FKLWRVDQ�VDOW�ZDV�GULHG�LQ

YDFXXP�GHVLFFDWRU�DQG�LQ�RUGHU�WR�REWDLQ�GHJUHH�RI�GHDFHW\ ODWLRQ��' ' $ ���� � � �PJ�RI

WKH�GULHG�FKLWRVDQ�VDOW�ZDV�GLVVROYHG�LQ�� � �P / �RI�GLVWLOOHG�ZDWHU��� �GURSV�RI�SKHQRO

SKWDOHLQ�ZDV�DGGHG�DV�LQGLFDWRU�DQG�WKH�VROXWLRQ�ZDV�WLWUDWHG�ZLWK�� �� �0 �1 D2 + �>� � @�

7KLV� SURFHGXUH� ZDV� UHSHDWHG� � � WLPHV� DQG� GHJUHH� RI� GHDFHW\ ODWLRQ� YDOXHV� ZHUH

FDOFXODWHG�IURP�WKH�JLYHQ�HTXDWLRQV�DV�DQ�DYHUDJH�YDOXH�

0 �
����� �[ �9 �
����� � �P
�

����� � � � ���0 : � ����� � � ������� �

P
�

����� � � � ���P ����� � � �

�

� �[ �� � � � �' ' $ ��

ZKHUH�0 �
����� �LV�WKH�PRODULW\ �RI�1 D2 + �XVHG��9 �
����� �LV�WKH�YROXPH�RI�1 D2 + �QHHGHG

IRU�WLWUDWLRQ��0 : � ����� � � �!� ��� � �LV�WKH�IRUPXOD�ZHLJKW�RI�RQH�XQLW�LQ�FKLWLQ�PROHFXOH��� � � �� �

J�PROH��� P
�

����� � � � � LV� WKH� FDOFXODWHG� ZHLJKW� RI� FKLWLQ� DQG� P ����� � � �

�

� � LV� WKH� ZHLJKW� RI
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FKLWRVDQ��LQ�J� � � � �PJ��XVHG�LQ�WKH�SUHSDUDWLRQ�RI�WKH�VROXWLRQ�WKDW�ZDV�WLWUDWHG�DQG

' ' $ �LV�WKH�GHJUHH�RI�GHDFHW\ ODWLRQ�YDOXH�RI�FKLWRVDQ�

� �� �� �3UHSDUDWLRQ�RI�0 LFURVSKHUHV

7ZR�GLIIHUHQW�FKLWRVDQV��RQH�ZLWK� � � � �GHJUHH�RI�GHDFHW\ ODWLRQ��DQG�WKH�RWKHU�ZLWK

� � � � GHJUHH� RI� GHDFHW\ ODWLRQ�� ZHUH� XVHG� IRU� PLFURVSKHUH� SUHSDUDWLRQV�� &KLWRVDQ

VROXWLRQV���� � ��Z �Y���ZHUH�SUHSDUHG�E\ �GLVVROYLQJ�FKLWRVDQ�LQ�� � � �Y�Y��DFHWLF�DFLG�

� � �P / �FKLWRVDQ�VROXWLRQ�ZDV�GLVSHUVHG�LQ�� � �P / �FRUQ�RLO��ZLWK�� �� �P / �7ZHHQ�� � ��WR

IRUP�ZDWHU�LQ�RLO�HPXOVLRQV��6ROXWLRQ�ZDV�VWLUUHG�DW�� � � � �USP�IRU�� � �PLQXWHV�DQG��

P / � JOXWHUDOGHK\ GH� ZDV� DGGHG� DW� � � � PLQXWHV� LQWHUYDOV� WZLFH� E\ � VWLUULQJ� DW� URRP

WHPSHUDWXUH�� 7KH� UHDFWLRQ� ZDV� FDUULHG� RXW� IRU� � � KRXUV� ZLWK� VWLUULQJ�� 7KHQ� WKH

PLFURVSKHUHV� ZHUH� ILOWHUHG� RII�� ZDVKHG� VHYHUDO� WLPHV� ZLWK� DFHWRQH� DQG� WKHQ� ZLWK

GLHWK\ OHWKHU�DQG�GULHG�DW�� � Û&�IRU�� � �KRXUV�

� �� �� �� �3UHSDUDWLRQ�RI�' UXJ�ORDGHG�0 LFURVSKHUHV

,Q� RUGHU� WR� SUHSDUH� ' HIHULSURQH� ORDGHG� PLFURVSKHUHV�� � � � PJ� ' HIHULSURQH� ZDV

GLVVROYHG� LQ� � � P/ � GLVWLOOHG� ZDWHU� DQG� DGGHG� LQWR� WKH� FKLWRVDQ� VROXWLRQ� DW� WKH

EHJLQQLQJ�RI�WKH�PLFURVSKHUH�SUHSDUDWLRQ�SURFHVV��7KHQ�WKH�VDPH�SURFHGXUHV�ZHUH

DSSOLHG�DV�GHVFULEHG�SUHYLRXVO\ ��9 DULRXV�W\ SHV�RI�PLFURVSKHUHV�SUHSDUHG�LQ�WKLV�VWXG\

DUH�JLYHQ�LQ�7DEOH�� �� �
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7DEOH�� �� �3UHSDUHG�&KLWRVDQ�0 LFURVSKHUHV

1 DPH�RI�WKH
&KLWRVDQ

0 LFURVSKHUH

' HJUHH�RI
' HDFHW\ ODWLRQ

RI�&KLWRVDQ��� �

&RQFHQWUDWLRQ
RI�&KLWRVDQ

�� Z�Y�

&RQFHQWUDWLRQ
RI�* OXWHUDOGHK\ GH

�� Y�Y���� �P /

$ PRXQW�RI
' HIHULSURQH

�PJ�

�&0 � � �� � � � � � � �
�&0 � � �� � � � � � � �
�&0 ' � � �� � � � � � � � �
�&0 ' � � �� � � � � � �
�&0 ' � � �� �� � � � � � �� � � �
�&0 ' � � �� � � � � � � � �
�&0 ' � � �� � � � � � �
�&0 ' � � �� �� � � � � �� � �
�&0 ' � � �� �� � � � � � �� � � �

� �� �� �&KDUDFWHUL] DWLRQ�RI�0 LFURVSKHUHV

� �� �� �� �0 RUSKRORJLFDO�$QDO\ VLV

7KH�PRUSKRORJ\ �RI�PLFURVSKHUHV�ZDV�H[ DPLQHG�E\ �D�VFDQQLQJ�HOHFWURQ�PLFURVFRSH

�6( 0 ��-HRO�0 RGHO�� � � � � ��) RU�WKLV�SXUSRVH��WKH�VDPSOHV�ZHUH�FRDWHG�ZLWK�JROG�XQGHU

YDFXXP�DQG�WKHLU�VFDQQLQJ�HOHFWURQ�PLFURJUDSKV�ZHUH�REWDLQHG�

� �� �� �� �3DUWLFOH�6L] H�$QDO\ VLV

3DUWLFOH� VL] H� DQDO\ VLV� ZHUH� SHUIRUPHG� RQ� VDPSOHV� RI� PLFURVSKHUHV� VXVSHQGHG� LQ

DFHWRQH�XVLQJ�0 DOYHUQ�0 DVWHUVL] HU�6�9 HUVLRQ�� �� � �HTXLSPHQW��7KH�DYHUDJH�VL] H�DQG

VL] H�GLVWULEXWLRQ�FXUYHV�RI�PLFURVSKHUHV�ZHUH�REWDLQHG�
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� �� �� �3UHSDUDWLRQ�RI�&KLWRVDQ�) LOP V

&KLWRVDQ�VROXWLRQV�ZHUH�SUHSDUHG�E\ �GLVVROYLQJ�� � � �PJ�FKLWRVDQ��' ' $  � � � � �LQ�� �

P / � RI� � � � DTXHRXV� DFHWLF� DFLG� VROXWLRQ� DW� DPELHQW� WHPSHUDWXUH� ZLWK� VWLUULQJ�

6ROXWLRQV��� � �P / ��ZHUH�SXW�LQWR�SODVWLF�SHWUL�GLVKHV��GLDPHWHU� �� �FP��DQG�ILOPV�ZHUH

REWDLQHG�DIWHU�HYDSRUDWLRQ�RI�ZDWHU�DW�URRP�WHPSHUDWXUH��7KH�WKLFNQHVV�RI�WKH�ILOPV

ZHUH�DERXW�� �� � �PP��&KLWRVDQ�ILOPV�ZHUH�FURVVOLQNHG�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV

RI�JOXWHUDOGHK\ GH�WR�REWDLQ�ILOPV�RI�YDULRXV�GHJUHHV�RI�FURVVOLQNLQJ��7DEOH�� �� � ��7KH

FRQFHQWUDWLRQV� RI� JOXWHUDOGHK\ GH� VROXWLRQV� ZHUH�� � � �� � �� � �� � �� � � � �Y�Y��� � � P / � RI

HDFK� VROXWLRQ� ZDV� DGGHG� WR� � � � P / � � � � �Z �Y�� FKLWRVDQ� VROXWLRQ� DQG� VWLUUHG� IRU� � �

PLQXWHV�SULRU�WR�SXWWLQJ�WKH�VROXWLRQV�LQWR�PROGV�

7DEOH�� �� �3UHSDUHG�FKLWRVDQ�ILOPV

1 DPH�RI�WKH
&KLWRVDQ�) LOP

' HJUHH�RI
' HDFHW\ ODWLRQ

RI�&KLWRVDQ��� �

&RQFHQWUDWLRQ
RI�&KLWRVDQ

�� Z�Y�

&RQFHQWUDWLRQ
RI�* OXWHUDOGHK\ GH

�� Y�Y���� �P /
���&) � � � �

���&) �� �� � � � � � �� �

���&) �� �� � � � � ��

���&) �� � � � �

� �� �� �,5 �$QDO\ VLV

7R� REVHUYH� WKH� VWUXFWXUDO� FKDQJHV� RI� FKLWLQ� DQG� FKLWRVDQ� ZLWK� YDULRXV� GHJUHH� RI

GHDFHW\ ODWLRQ��DQG�WR�HOXFLGDWH�WKH�FURVVOLQNDJH�RI�FKLWRVDQ�ILOPV�� ,5 �DQDO\ VLV�ZHUH

SHUIRUPHG�E\ �XVLQJ�3HUNLQ�( OPHU�� � � � �6HULHV�) 7,5 �
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� �� �� �' LIIHUHQWLDO�6FDQQLQJ�&DORULP HWU\ �� ' 6&��$ QDO\ VLV

' 6&�WKHUPRJUDPV�RI�FKLWRVDQV�ZLWK�GLIIHUHQW�GHJUHHV�RI�GHDFHW\ ODWLRQ�DQG�FKLWRVDQ

ILOPV� ZHUH� REWDLQHG� E\ � XVLQJ� ' X3RQG� � � � � � ' LIIHUHQWLDO� 6FDQQLQJ� &DORULPHWHU�

6DPSOHV� ZHUH� KHDWHG� DW� D� VFDQQLQJ� UDWH� RI� � � Û&�PLQ� E\ � XVLQJ� GU\ � QLWURJHQ� IORZ�

+HDWLQJ�FXUYHV�ZHUH�REWDLQHG�WR�GHWHUPLQH�WKH�WKHUPDO�EHKDYLRXUV�

� �� �� �,Q�YLWUR�5 HOHDVH�6WXGLHV

,Q�YLWUR� ' HIHULSURQH� UHOHDVH� SURILOHV� IURP� PLFURVSKHUHV� ZHUH� REWDLQHG� E\ � XVLQJ

GLDO\ VLV�PHWKRG��) RU�WKLV�SXUSRVH�� � �PJ�PLFURVSKHUHV��ORDGHG�ZLWK�GHIHULSURQH��ZHUH

SODFHG�LQWR�D�GLDO\ VLV�WXEH��PROHFXODU�ZHLJKW�FXW�RII�� � � � � �' � ��WKHQ�VXVSHQGHG�LQ�� �

P / �SKRVSKDWH�EXIIHU�VROXWLRQ��3%6��ZLWK�S+  � �� ��7KHQ�WKH\ �ZHUH�VWD\ HG�LQ�VKDNLQJ

ZDWHU�EDWK�DW�� � ——&&����$ W�FHUWDLQ�WLPH�LQWHUYDOV�GLVVROXWLRQ�PHGLXP�ZDV�ZLWKGUDZQ�DQG

LPPHGLDWHO\ �UHSODFHG�ZLWK�HTXDO�YROXPHV�RI� IUHVK�3%6��7KH�UHPRYHG�VROXWLRQ�ZDV

VWLUUHG�DW�� � —&�IRU�� �KRXUV�ZLWK� � �PJ�0 Q2 � ��LQ�RUGHU�WR�REWDLQ� ' HIHULSURQH�0 Q2 �

FRPSOH[ �IRU�PDNLQJ�' HIHULSURQH�YLVLEOH�DW�8 9 ��VSHFWURSKRWRPHWU\ ��8 QUHDFWHG�0 Q2 �

ZDV�UHPRYHG�E\ � FHQWULIXJDWLRQ��7KH�VROXWLRQ�ZDV� ILOWHUHG� XVLQJ� � �� � � P � PLOOLSRUH

ILOWHUV� DQG� WKH� REWDLQHG� FOHDU� VROXWLRQV� ZHUH� DQDO\ ] HG� VSHFWURSKRWRPHWULFDOO\ � DW

 � � � � QP� LQ� RUGHU� WR� GHWHUPLQH� WKH� DPRXQW� RI� UHOHDVHG� ' HIHULSURQH�� &DOLEUDWLRQ

FXUYH�IRU�' HIHULSURQH�LV�JLYHQ�LQ�$ SSHQGL[ �$ �



� �

� �� �� � �0 HFKDQLFDO�7HVWV

7HQVLOH� WHVWV� ZHUH� FDUULHG� RXW� IRU� WKH� SUHSDUHG� FKLWRVDQ� ILOPV� FURVVOLQNHG� ZLWK

GLIIHUHQW�DPRXQW�RI�JOXWHUDOGHK\ GH��* $ ��DQG�ZHUH�FXW�DV�UHFWDQJXODU�VWULSV��7KH�JDJH

OHQJWK�ZDV�� � “ � �PP�DQG�ZLGWK�ZDV�� � �PP�IRU�HDFK�VDPSOH��7KH�WKLFNQHVV�RI�HDFK

VSHFLPHQ�ZDV�PHDVXUHG�DW�WZR�HQGV�DQG�DW�WKH�PLGGOH�E\ �D�PLFURPHWHU��7KH�DYHUDJH

RI�WKHVH�WKUHH�YDOXHV�ZDV�XVHG�LQ�FDOFXODWLRQV��$ W�OHDVW�� � �H[ SHULPHQWV�ZHUH�FDUULHG

RXW�IRU�HDFK�W\ SH�RI�ILOPV�DQG�DYHUDJH�YDOXHV�ZHUH�FDOFXODWHG�

/ / 2 < ' � / 5 ; � � . � � / / 2 < ' � ,QVWUXPHQW�� ( 1 * / $ 1 ' ���HTXLSSHG�ZLWK�D� � � � � 1 �ORDG

FHOO��ZDV�XVHG�IRU�PHFKDQLFDO�WHVWLQJ�H[ SHULPHQWV��7KH�PHFKDQLFDO�WHVW�PDFKLQH�ZDV

XQGHU�WKH�FRQWURO� RI� D� FRPSXWHU� UXQQLQJ� SURJUDP� : LQGDS5�� ' XULQJ� PHDVXUHPHQW�

WKH�ILOP�ZDV�SXOOHG�E\ �WRS�FODPS�DW�D�UDWH�RI�� �PP�PLQ��7KH�WHQVLOH�ORDG�DSSOLHG�RQ

WKH�VSHFLPHQ�ZDV� FRQWLQXRXVO\ �UHFRUGHG�E\ � WKH� FRPSXWHU�� 7KH� WHQVLOH� VWUHQJWK� IRU

HDFK�VSHFLPHQ�ZDV�REWDLQHG�IURP�WKH�HTXDWLRQ�

 ) �$

: KHUH� �LV�WKH�WHQVLOH�VWUHQJWK�� ) �LV�WKH�PD[ LPXP�ORDG�DSSOLHG�MXVW�EHIRUH�UXSWXUH

DQG�$ �LV�WKH�LQLWLDO�DUHD�RI�WKH�VSHFLPHQ��7KH�ORDG�GHIRUPDWLRQ�FXUYH�ZDV�FRQYHUWHG

WR�VWUHVV�VWUDLQ�FXUYH��ZKHUH�VWUHVV�LV�WKH�ORDG�SHU�XQLW�DUHD��) �$ �DV�SDVFDO��DQG�VWUDLQ

LV� GHIRUPDWLRQ� SHU� XQLW� OHQJWK� �� O�O" �� ZKHUH� O" � LV� WKH� LQLWLDO� OHQJWK� DQG� O� LV� WKH

FKDQJH�LQ�WKH�OHQJWK���6ORSH�RI�WKH�VWUDLJKW�OLQH�H[ LVW�LQ�HODVWLF�UHJLRQ�RI�WKH�VWUHVV�

VWUDLQ�FXUYH�LV�DFFHSWHG�DV�WKH�HODVWLF�PRGXOXV�RI�WKH�VSHFLPHQ�



� �

6WDWLVWLFDO�$QDO\ VLV

6WDWLVWLFDO�DQDO\ VLV�ZHUH�DVVHVVHG�XVLQJ�RQH�ZD\ �$ 1 2 9 $ ��: KHQ�$ 1 2 9 $ �SURGXFHG

VLJQLILFDQW� GLIIHUHQFHV�� WKH� JURXS� RU� JURXSV� WKDW� FDXVHG� WKH� GLIIHUHQFH� ZDV�ZHUH

GHWHUPLQHG�E\ �XVLQJ�6WXGHQW¶V�W�WHVW�
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&+ $ 37( 5 �OOO

5 ( 68 / 76�$ 1 ' �' ,6&8 66,2 1

� �� �' HDFHW\ ODWLRQ�RI�&KLWLQ

' HDFHW\ ODWLRQ�RI�FKLWLQ�WDNHV�SODFH�SUHIHUHQWLDOO\ �LQ�WKH�DPRUSKRXV�UHJLRQ�RI�FKLWLQ

WKHQ� SURFHHGV� IURP� WKH� HGJH� WR� WKH� LQVLGH� RI� WKH� FU\ VWDOOLQH� UHJLRQ� >� � @�� 5HDFWLRQ

VFKHPH�IRU�GHDFHW\ ODWLRQ�LV�JLYHQ�LQ�) LJXUH�� �� �

) LJXUH�� �� �' HDFHW\ ODWLRQ�UHDFWLRQ

,Q�WKLV�VWXG\ �SXULILHG�FKLWLQ�ZDV�GHDFHW\ ODWHG�E\ �UHIOX[ LQJ�ZLWK�FRQFHQWUDWHG�1 D2 +

IRU�� � �K�DQG�FRQYHUWHG�WR�FKLWRVDQ�ZKLFK�KDV�� � � �GHJUHH�RI�GHDFHW\ ODWLRQ��' ' $ ��

2 Q� WKH� RWKHU� KDQG�� FKLWRVDQ� REWDLQHG� IURP� 6LJPD� �' ' $  � � � � � ZDV� IXUWKHU



� �

GHDFHW\ ODWHG�DQG�IRU�WKH�UHVXOWDQW�FKLWRVDQ�' ' $ �ZDV�PHDVXUHG�DV�� � � ��7KHVH�UHVXOWV

DUH�WDEXODWHG�LQ�7DEOH�� �� �

7DEOH�� �� �' HDFHW\ ODWLRQ�' HJUHHV�RI�&KLWRVDQ�6DPSOHV

2 ULJLQ
5HDFWLRQ�WLPH
ZLWK�1 D2 +

5HDFWLRQ
WHPSHUDWXUH��ƒ&�

�' HJUHH�RI
' HDFHW\ ODWLRQ��� ' ' $ �

3XULILHG�&KLWLQ � � �KRXUV � � � � �

3XUH�&KLWRVDQ � � � �

3XUH�&KLWRVDQ � � �KRXUV � � � � �

� �� �&KLWRVDQ�0 LFURVSKHUHV

� �� �� �( IIHFW�RI�&URVVOLQNHU�RQ�6L] H�DQG�6KDSH�RI�WKH�0 LFURVSKHUHV

&KLWRVDQ�PLFURVSKHUHV�ZHUH�SUHSDUHG�E\ �XVLQJ�JOXWHUDOGHK\ GH� �* $ ��DV�FURVVOLQNHU�

$ OGHK\ GHV�FDQ�UHDFW�ZLWK�WKH�DPLQR�JURXSV�RI�SURWHLQV�HYHQ�LQ�WKH�SUHVHQFH�RI�ZDWHU

DW�ERG\ �WHPSHUDWXUH��IRUPLQJ�D�6FKLII�EDVH��* $ �KDV�WZR�UHDFWLYH�DOGHK\ GH�JURXSV�LQ

RQH�PROHFXOH�DQG�KHQFH�KDV�EHHQ�XVHG�DV�D�FURVVOLQNHU�RI�FROODJHQ��RWKHU�SURWHLQV�

DQG�ELRORJLFDO�VRIW�WLVVXHV�>� � @��&URVVOLQNLQJ�UHDFWLRQ�EHWZHHQ� FKLWRVDQ�DQG�* $ �LV

VKRZQ�LQ�) LJXUH�� �� �



� �

) LJXUH�� �� �&URVVOLQNLQJ�PHFKDQLVP�RI�WKH�PLFURVSKHUHV�ZLWK�JOXWHUDOGHK\ GH

�����������������D��* OXWHUDOGHK\ GH�DQG�FKLWRVDQ�EHIRUH�FURVVOLQNLQJ�UHDFWLRQ

�����������������E��&RYDOHQW�ERQG�IRUPDWLRQ�EHWZHHQ�FKLWRVDQ�DQG�JOXWHUDOGHK\ GH

,Q� RUGHU� WR� REWDLQ� YDULRXV� FURVVOLQNLQJ� GHJUHHV�� * $ � VROXWLRQV� ZLWK� GLIIHUHQW

FRQFHQWUDWLRQV� ZHUH� XVHG� LQ� WKH� SUHSDUDWLRQ� RI� PLFURVSKHUHV�� $ V� WKH� * $

FRQFHQWUDWLRQ�ZDV�LQFUHDVHG��FRORU�FKDQJHG�IURP�SDOH� \ HOORZ�WR�EURZQLVK�GXH�WR�D

VHTXHQFH�RI�LQWHUFKDLQ�FURVVOLQNLQJ�IRUPDWLRQ�DQG�WKH�LQWHQVLW\ �RI�WKH�FRORU�LQFUHDVHG

DV�WKH�JHODWLRQ�SURFHHGHG��2 Q�WKH�RWKHU�KDQG��DV�WKH�FRQFHQWUDWLRQ�RI�WKH�FURVVOLQNHU

ZDV� LQFUHDVHG�� ERQG� IRUPDWLRQ� EHWZHHQ� WKH� PLFURVSKHUHV� DQG� DJJUHJDWLRQ� ZDV

REVHUYHG�� 6( 0 � PLFURJUDSKV� VKRZ� WKH� GLIIHUHQFHV� LQ� WKH� VWUXFWXUHV� RI� WKH

PLFURVSKHUHV�SUHSDUHG�E\ �XVLQJ�FKLWRVDQ�ZLWK�GLIIHUHQW�' ' $ �YDOXHV��DQG�YDULRXV�* $

FRQFHQWUDWLRQV��) LJXUHV�� �� �WR�� �� � �
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$ �����������������������������������������������������������������������������������������������������������������������������������%

&�����������������������������������������������������������������������������������������������������������������������������������'

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � � �* $

) RU�WKH�FKLWRVDQ�PLFURVSKHUHV�SUHSDUHG� ZLWK�FKLWRVDQ�KDYLQJ� � � � � ' ' $ �� LW�FDQ�EH

VHHQ� IURP� ) LJXUH� � �� $ � WKDW� ZKHQ� WKH� FRQFHQWUDWLRQ� RI� WKH� FURVVOLQNHU� �* $ �� ZDV

� �� � � ��WKH�REWDLQHG�PLFURVSKHUHV�ZHUH�QRW�KRPRJHQHRXV�DQG�WKHUH�ZHUH�SDUWLFXODWH

FU\ VWDOOLQH�VWUXFWXUHV��) LJXUHV�� �� %�DQG�� �� &���7KH�FORVH�XS�RI�WKH�FU\ VWDOOLQH�SDUW�LV

VKRZQ�LQ�) LJXUH� � �� ' ��6( 0 �PLFURJUDSKV�VKRZ�WKDW�WKLV�YHU\ �ORZ�FRQFHQWUDWLRQ�RI

* $ � LV� QRW� HQRXJK� WR� RYHUFRPH� LQWHUPROHFXODU� DWWUDFWLRQV� EHWZHHQ� FKLWRVDQ

PROHFXOHV� DQG� FU\ VWDOOLQH� SDUWLFOHV� VWLOO� H[ LVW� LQ� WKH� VWUXFWXUH�� %XW� ZKHQ� WKH� * $



� �

FRQFHQWUDWLRQ� ZDV� LQFUHDVHG� WR� � � �� WKH� REWDLQHG� PLFURVSKHUHV� ZHUH� VSKHULFDO� LQ

VKDSH�GHPRQVWUDWLQJ�URXJK�DQG�SRURXV�VXUIDFHV�DV�VHHQ�LQ��) LJXUH�� �� �

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � �* $

) XUWKHU�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI�* $ �XS�WR�� � � ��OHG�WKH�IRUPDWLRQ�RI�SURSHU

PLFURVSKHUHV�DV�VKRZQ�LQ�) LJXUH�� �� �



� �

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � � �* $

�0 LFURVSKHUHV� SUHSDUHG� ZLWK� FKLWRVDQ� KDYLQJ� � � � � ' ' $ � ZHUH� PRUH� SURSHU� LQ

VSKHULFDO� VKDSH�� ) LJXUH� � �� � VKRZV� WKHVH� PLFURVSKHUHV� SUHSDUHG� ZLWK� � �� � � � * $ �

: KHQ�WKH�FRQFHQWUDWLRQ�RI�* $ �ZDV�LQFUHDVHG�WR�� �� � ��DJJUHJDWLRQ�RFFXUUHG��) LJXUH

� �� � �� 7KLV� LV� WKH� UHVXOW� RI� VXUIDFH� FURVVOLQNLQJ� WDNLQJ� SODFH� EHWZHHQ� GHDFHW\ ODWHG

JURXSV� RI� FKLWRVDQ� PROHFXOHV�� &URVVOLQNLQJ� DQG� PDFURPROHFXOHV� EHWZHHQ� WKH

PLFURVSKHUHV�FDQ�EH�FOHDUO\ �REVHUYHG�LQ�) LJXUH�� �� �



� �

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � � �* $
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) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� �� � �* $

: KHQ� * $ � FRQFHQWUDWLRQ� ZDV� LQFUHDVHG� WR� � � � DQG� � � � �� SURSHU� VSKHULFDO

PLFURVSKHUHV� IRUPHG� EXW� WKH� VL] HV� RI� WKH� PLFURVSKHUHV� ZHUH� QRW� KRPRJHQHRXV

�) LJXUHV�� �� �DQG�� �� � ��7KH�PLFURVSKHUHV�SUHSDUHG�ZLWK�� � �RU�� � � �* $ ��DGKHUHQFH�RI

WKH�VPDOOHU�PLFURVSKHUHV�RQWR�WKH�ELJJHU�RQHV�ZDV�REVHUYHG��7KH�PLFURVSKHUHV�ZLWK

ELJJHU�VL] H�PLJKW�EH�IRUPHG�E\ �WKH�HQFDSVXODWLRQ�RI�DJJUHJDWHG�VPDOO�PLFURVSKHUHV�



� �

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � �* $



� �

) LJXUH�� �� �&KLWRVDQ�PLFURVSKHUHV��' ' $  � � � � �SUHSDUHG�ZLWK�� � � �* $

6( 0 �PLFURJUDSKV�GHPRQVWUDWH�WKDW��WKHUH�DUH�VRPH�FHUWDLQ�RSWLPXP�YDOXHV�RI�' ' $

YDOXH� RI� FKLWRVDQ� DQG� FRQFHQWUDWLRQ� RI� * $ � LQ� WKH� SUHSDUDWLRQ� RI� SURSHU� DQG

KRPRJHQHRXV�PLFURVSKHUHV�
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� �� �� �3DUWLFOH�6L] H�$ QDO\ VLV�RI�0 LFURVSKHUHV

3DUWLFOH� VL] H� GLVWULEXWLRQ� FXUYHV� RI� WKH� PLFURVSKHUHV� DUH� JLYHQ� LQ� $ SSHQGL[ � %�

$ YHUDJH� VL] HV� DQG� WKH� GLIIHUHQFHV� LQ� WKH� VL] HV� RI� PLFURVSKHUHV� FDQ� EH� VHHQ� IURP

7DEOH�� �� �DQG�) LJXUH�� �� � ��UHVSHFWLYHO\ �

7DEOH�� �� �6L] HV�RI�GLIIHUHQW�FKLWRVDQ�PLFURVSKHUHV

7\ SH�RI�PLFURVSKHUHV $ YHUDJH�VL] H�� P �

� � �� � � � �� �

� � �� � � �� �

� � �� �� � � �� �

� � �� �� � � � � �� �

� � �� � � � �� �

� � �� � � �� �

� � �� �� � � � �� �

) LJXUH�� �� � �6L] H�GLVWULEXWLRQ�RI�PLFURVSKHUHV

�

� �

� �

� �

� �

� � �

� � �

� � �� � � � �� � � �� �� � � �� �� � � � �� � � � �� � � �� �� �

7\ SH�RI�0 LFURVSKHUH
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3UHSDUDWLRQ�SDUDPHWHUV�RI�WKH�PLFURVSKHUHV��VWLUULQJ�UDWH��FURVVOLQNLQJ�GHJUHH��GHJUHH

RI� GHDFHW\ ODWLRQ� RI� WKH� FKLWRVDQ�� HWF��� DIIHFW� WKH� SDUWLFOH� VL] H� RI� WKH� PLFURVSKHUHV�

3UHYLRXVO\ � LW� ZDV� VKRZQ� WKDW� DV� WKH� VWLUULQJ� UDWH� LQFUHDVHV�� DYHUDJH� VL] H� RI� WKH

PLFURVSKHUHV�GHFUHDVHV�>� @�� ,Q�WKLV�VWXG\ ��D�FRQVWDQW�VWLUULQJ�UDWH�RI� � � � � �USP� ZDV

DSSOLHG�

3DUWLFOH� VL] H� DQDO\ VLV� RI� PLFURVSKHUHV� VKRZHG� WKDW� FURVVOLQNLQJ� GHJUHH� DIIHFWV� WKH

VL] H� RI� WKH� PLFURVSKHUHV�� 9 DU\ LQJ� VL] HV� RI� PLFURVSKHUHV� DFFRUGLQJ� WR� WKH

FRQFHQWUDWLRQ�RI�FURVVOLQNHU�DUH�VKRZQ�LQ�) LJXUH�� �� � �� ,QFUHDVH�LQ�WKH�FRQFHQWUDWLRQ

RI�FURVVOLQNHU�FDXVHG�D�GHFUHDVH�LQ�WKH�DYHUDJH�PHDQ�GLDPHWHUV�RI�WKH�PLFURVSKHUHV

IURP� � � � �� � P � WR� � � �� � P � IRU� PLFURVSKHUHV� ZLWK� � � � � ' ' $ � DQG� � � �� � P � WR

� � �� � P �IRU�PLFURVSKHUHV�ZLWK�� � � �' ' $ �

) LJXUH�� �� � �( IIHFW�RI�FURVVOLQNHU�FRQFHQWUDWLRQ�RQ�WKH�VL] H�RI�WKH�PLFURVSKHUHV

�

� �

� �

� �

� �

� � �

� � �

� � �� � � � �� � � � �� �� � � � �� �� �

7\ SH�RI�P LFURVSKHUH
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' HJUHH�RI�GHDFHW\ ODWLRQ�LV�DQRWKHU�IDFWRU�DIIHFWLQJ�WKH�VL] HV��,W�ZDV�REVHUYHG�WKDW�DV

' ' $ � LQFUHDVHV�� YLVFRVLW\ � RI� WKH� FKLWRVDQ� VROXWLRQ� LQFUHDVHV�� FDXVLQJ� IRUPDWLRQ� RI

ELJJHU�PLFURVSKHUHV�

$ V� VHHQ� IURP� WKH� 6( 0 � PLFURJUDSKV� �) LJXUHV� � �� � WR� � �� � � JHQHUDOO\ � DJJUHJDWLRQ

RFFXUUHG�DQG�WKH�VL] HV�ZHUH�QRW�KRPRJHQHRXV��7KH�VL] HV�JLYHQ�XS�WR�QRZ�ZHUH�WKH

YROXPH� PHDQ� GLDPHWHU� RI� WKH� PLFURVSKHUHV�� 7KH� SHUFHQWDJH� VL] HV� RI� WKH

PLFURVSKHUHV�DUH�JLYHQ�LQ�7DEOH�� �� �

7DEOH�� �� �3DUWLFOH�VL] H�DQDO\ VLV�UHVXOWV

7\ SH�RI
P LFURVSKHUHV

' ��Y�� �� �
� P �

' ��Y�� �� �
� P �

' ��Y�� �� �
� P �

90 '
� P �

60 '
� P �

� � �� � � � �� � � � �� � � � �� � � � �� � � � �� �

� � �� � � �� � � � �� � � � � �� � � � �� � � � �� �

� � �� �� � � �� � � � �� � � � � �� � � � �� � � � �� �

� � �� �� � � � �� � � � �� � � � � �� � � � � �� � � � �� �

� � �� � � � �� � � � �� � � � �� � � � �� � � � �� �

� � �� � � �� � � � �� � � � � �� � � � �� � � � �� �

� � �� �� � � � �� � � � �� � � � � �� � � � �� � � � �� �

' ��Y�� �� � �LV�WKH�VL] H�RI�SDUWLFOH�IRU�ZKLFK�� � � �RI�WKH�VDPSOH�LV�EHORZ�WKLV�VL] H�
' � �Y�� �� � �LV�WKH�VL] H�RI�SDUWLFOH�DW�ZKLFK� � � � �RI�WKH�VDPSOH�LV�VPDOOHU�DQG� � � � �LV
ODUJHU�WKDQ�WKLV�VL] H��7KLV�YDOXH�LV�DOVR�NQRZQ�DV�WKH�PDVV�PHGLDQ�GLDPHWHU��0 0 ' ��
' ��Y�� �� � �JLYHV�D�VL] H�RI�SDUWLFOH�ZKLFK�� � � �RI�WKH�VDPSOH�LV�EHORZ�WKLV�VL] H�
' �� � �� � �LV�WKH�YROXPH�PHDQ�GLDPHWHU��9 0 ' ��
60 ' �LV�WKH�VXUIDFH�PHDQ�GLDPHWHU�>' �Y�� �� �@�DOVR�NQRZQ�DV�WKH�6DXWHU�PHDQ�
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� �� �� �' UXJ�/ RDGLQJ�WR�0 LFURVSKHUHV
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) LJXUH�� �� � �5HOHDVH�RI�' HIHULSURQH�IURP�FKLWRVDQ�� ' ' $  � � � � �PLFURVSKHUHV
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LV�KLJKHU�WKDQ�WKDW�RI�VDPSOHV�ZLWK�� � � �' ' $ ��DQG�WKLV�OHDG�WR�IDVWHU�UHOHDVH�

7KH� DPRXQW� RI� ' HIHULSURQH� WKDW� ZDV� HQWUDSSHG�� WKH� PD[ LPXP� DPRXQW� WKDW� ZDV
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LQ�DTXHRXV�PHGLXP�

� �� �&KLWRVDQ�) LOP V

3UHSDUHG�FKLWRVDQ� ILOPV�ZHUH�DOO�KRPRJHQHRXV�DQG�WUDQVSDUHQW��7KH�WKLFNQHVVHV�RI

WKH�GU\ �ILOPV�ZHUH�DERXW�� � P �

� �� �� �,QIUDUHG�$ QDO\ VLV

,QIUDUHG�VSHFWUD�RI� FKLWLQ� DQG� FKLWRVDQ� ZLWK� GLIIHUHQW� GHJUHHV� RI� GHDFHW\ ODWLRQV� DUH
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�
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�EHORQJ�WR�&�+ �VWUHWFKLQJ�YLEUDWLRQV�DQG
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FRXOG�EH�PRVW�SUREDEO\ �FDXVHG�E\ �WKH�ORVV�RI�ZDWHU�

) RU�FKLWRVDQ�VDPSOHV��DV�WKH�' ' $ �LQFUHDVHV��FU\ VWDOOL] DWLRQ�WHPSHUDWXUH�VKLIWHG�IURP

� � � �� � ž&� WR� � � � �� � ž&� �) LJXUH� � �� � E��� ,Q� WKH� FDVH� RI� FKLWRVDQ� ILOPV�� FU\ VWDOOL] DWLRQ

WHPSHUDWXUH� VKLIWHG� IURP� � � � �� � ž&� WR� � � � �� � ž&�� DV� WKH� FURVVOLQNHU� FRQFHQWUDWLRQ

LQFUHDVHV� �) LJXUH� � �� � E��� 7KHVH� SHDNV� DUH� FRUUHVSRQGLQJ� WR� UHRUJDQL] DWLRQ� RI� WKH

PROHFXOHV� DQG� LQWHUPROHFXODU� DWWUDFWLRQV�� ' XULQJ� WKLV� UHRUJDQL] DWLRQ�� VPDOO

PROHFXOHV�DUH�ORVW�DQG�WKH�FRORU�WXUQV�EODFN��7KH�UHRUJDQL] DWLRQ�WHPSHUDWXUH�RI�&) �LV

� � � �� � ž&��&) �� �� � �LV�� � � �� � ž&��&) �� �� �LV�� � � �� � ž&�DQG�&) �� �LV�� � � �� � ž&��6R�LW�FDQ

EH� FRQFOXGHG� WKDW� KLJK� FRQFHQWUDWLRQ� RI� WKH� FURVVOLQNHU� FDXVHG� GHILFLHQF\ � LQ� WKH

FU\ VWDOOLQH�VWUXFWXUH�RI�WKH�SRO\ PHU�

� �� �� �0 HFKDQLFDO�7HVW�5 HVXOWV

&KLWRVDQ� �' ' $  � � � � � ILOPV�� SUHSDUHG� DW� GLIIHUHQW� FURVVOLQNLQJ� GHJUHHV�� ZHUH

DQDO\ ] HG� IRU� WKHLU� WHQVLOH� SURSHUWLHV�� 7KH� REWDLQHG� UHVXOWV� IRU� WKH� ILOPV�� &) �QR

FURRVOLQNHU��� &) �� �� � � � � �� � � � * $ ��� &) �� �� � � � �� � � * $ �� DQG� &) �� � � � � � * $ �� DUH� DV

IROORZV�

8 OWLP DWH�7HQVLOH�6WUHQJWK��8 76�

7KH�PHDQ�XOWLPDWH�WHQVLOH�VWUHQJWK��8 76��YDOXH�RI�FKLWRVDQ�ILOPV�ZLWK�QR�FURVVOLQNHU

�&) �� ZDV� IRXQG� DV� � � �� � � 0 3D�� &URVVOLQNLQJ� LQFUHDVHG� WKH� 8 76� YDOXH� RI� &) �� �� �
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GHFUHDVHG�WR�� � �� � �0 3D��7KH�GHFUHDVH�ZDV�PXFK�PRUH�IRU�WKH�VDPSOHV�ZLWK�� � �* $

�&) �� � � DQG� PHDVXUHG� DV� � � �� � � 0 3D�� 7KH� GLIIHUHQFHV� EHWZHHQ� WKH� JURXSV�� LQ� DOO

FRPSDULVRQV��ZHUH�IRXQG�WR�EH�VWDWLVWLFDOO\ �VLJQLILFDQW��S� � �� � � ��8 76�UHVXOWV�RI�WKH

VDPSOHV�DUH�JLYHQ�LQ�) LJXUH�� �� � �DQG�7DEOH�� �� �

0 RGXOXV�RI�( ODVWLFLW\ ��( �

0 HDQ�( ODVWLF�PRGXOXV��( ��YDOXH�RI�&) � �QRQ�FURVVOLQNHG��VDPSOHV�ZDV�IRXQG�DV�� ��

* 3D��$ OWKRXJK�LW�ZDV�LQFUHDVHG�WR�� �� �* 3D�IRU�&) �� �� � �VDPSOHV��WKLV�GLIIHUHQFH�LV�QRW

IRXQG�WR�EH�VLJQLILFDQW�VWDWLVWLFDOO\ ��S! � �� � � ��: KHQ�WKH�FURVVOLQNHU�FRQFHQWUDWLRQ�ZDV

LQFUHDVHG�WR�� �� � ��&) �� �� � �DQG�WR�� � ��&) �� � �VDPSOHV��( �YDOXHV�GHFUHDVHG�WR�� �� �* 3D

DQG�� �� �* 3D��UHVSHFWLYHO\ ��7KHVH�GLIIHUHQFHV�DUH�VWDWLVWLFDOO\ �VLJQLILFDQW��S� � �� � � �

6WUDLQ�$W�%UHDN��6$%� �

0 HDQ�VWUDLQ�DW�EUHDN��6$ %� ��RI�&) �VDPSOHV�ZDV�IRXQG�DV�� �� � � �� ) LJXUH�� �� � � ��) RU

&) �� �� � � VDPSOHV� LW� ZDV� GHFUHDVHG� WR� � �� � � �� EXW� WKLV� GLIIHUHQFH� LV� QRW� VWDWLVWLFDOO\

VLJQLILFDQW� �S! � �� � � �� 6$ %� YDOXHV� IRU� &) �� �� � DQG� &) �� � ZHUH� � �� � � � DQG� � �� � � �

UHVSHFWLYHO\ ��7KHVH�GLIIHUHQFHV�DUH�IRXQG�WR�EH�VWDWLVWLFDOO\ �VLJQLILFDQW�

7DEOH�� �� �0 HFKDQLFDO�SURSHUWLHV�RI�FKLWRVDQ�ILOPV

6DPSOH &URVVOLQNHU
&RQFHQWUDWLRQ

8 76��0 3D� ( ��0 3D� 6$ %��� �

��&) � �� � � � �� � � � � �� � � � � � �� � � � � � �� � � �� � � � �� �
��&) �� �� � � �� � � � � � �� � � � � �� � � � � � �� � � � � � �� � � �� � � � �� �
��&) �� �� � �� � � � �� � � � � �� � � � � � �� � � � � � �� � � �� � � � �� �
��&) �� � �� � � � �� � � � � �� � � � � � �� � � � � � �� � � �� � � � �� �



� �

7HQVLOH�VWUHQJWK�RI�SRO\ PHUV�LQFUHDVHV�ZLWK�WKH�FURVVOLQNLQJ�GHJUHH��WKXV�FURVVOLQNLQJ

WKH�SRO\ PHUV�LPSURYHV�WKHLU�PHFKDQLFDO�SURSHUWLHV�� ,Q�RXU�VWXG\ ��LW�ZDV� IRXQG�WKDW

WKH�VDPSOHV�SUHSDUHG�ZLWK�� �� � � �* $ ��&) �� �� � � �ZHUH�VWURQJHU�WKDQ�WKH�VDPSOHV�WKDW

KDYH�QR�FURVVOLQNHU��&) ���7KLV�LV�LQ�DFFRUGDQFH�ZLWK�OLWHUDWXUH�>� � @��: KHQ�FRPSDUHG

WR� FU\ VWDOOLQH� SDUWV�� QRQ�FU\ VWDOOLQH� SDUWV� RI� SRO\ PHU� VWUXFWXUH� DUH� ORRVH� DQG� PRUH

VXLWDEOH� IRU�DGGHG�FKHPLFDOV�WR�SHQHWUDWH�LQ��7KHUHIRUH�DGGLWLRQ�RI�FURVVOLQNHU� ILUVW

FURVVOLQNV�WKH�QRQ�FU\ VWDOOLQH�SDUWV�RI�WKH�SRO\ PHU�FKDLQV��WKXV�WKH�VWUXFWXUH�EHFRPHV

VWLIIHU�� : KHQ� WKH� FURVVOLQNHU� FRQFHQWUDWLRQ� ZDV� LQFUHDVHG� WR� � �� � � DQG� WR� � � �� WKH

YDOXHV� RI� DOO� PHFKDQLFDO� SDUDPHWHUV� GHFUHDVHG�� 7KLV� VLWXDWLRQ� FDQ� EH� H[ SODLQHG� E\

WZR�UHDVRQV�

�� 7KH�XQUHDFWHG�H[ FHVV�FURVVOLQNHU�LQ�WKH�PDWUL[ �DFWV�DV�SODVWLFL] HU�LQ�WKH�FU\ VWDOOLQH

VWUXFWXUH�

�� ,Q�OLWHUDWXUH�LW�ZDV�LQGLFDWHG�WKDW�DOGHK\ GH�SRO\ PHUV�IURP�KRPRSRO\ PHUL] DWLRQ�RI

* $ �H[ LVW�LQ�PRVW�FRPPHUFLDO�SURGXFWV�DQG�IRUP�GXULQJ�WKH�UHDFWLRQ�>� � @��7KXV�

VRPH�RI�* $ �FDQ�EH�LQFOXGHG�LQ�PRUH�FRPSOH[ �JUDIW�SRO\ PHUV�RQ�WKH�FKLWRVDQ��DV

LOOXVWUDWHG�LQ�) LJXUH�� �� � �

&URVVOLQNLQJ�WKH�VDPSOHV�ZLWK�� �� � � �* $ �FDXVHG�D�VOLJKW�LQFUHDVH�LQ�WKH�PRGXOXV�RI

HODVWLFLW\ � EHFDXVH� RI� OLQNDJHV� EHWZHHQ� WKH� FURVVOLQNHU� DQG� WKH� SRO\ PHU� FKDLQ�

HVSHFLDOO\ � LQ� WKH� DPRUSKRXV� UHJLRQV�� %XW�� ZKHQ� WKH� FURVVOLQNHU� FRQFHQWUDWLRQ� ZDV

LQFUHDVHG� PRUH�� ( � YDOXHV� GHFUHDVHG�� DV� VHHQ� LQ� WKH� 8 76� YDOXHV�� $ GGLWLRQ� RI

FURVVOLQNHU�DOVR�DIIHFWHG�WKH�H[ WHQVLELOLW\ �RI�WKH�ILOPV��$ IWHU�DQ�RSWLPXP�YDOXH��DV�WKH

8 76� RI� VDPSOHV� GHFUHDVHG� ZLWK� LQFUHDVHG� FURVVOLQNHU�� WKH� 6$ %� YDOXHV� GHFUHDVHG

EHFDXVH�PRUH�FURVVOLQNHG�VDPSOHV�FRXOG�QRW�EHDU�WKH�VWUHVV�YDOXHV�RI�OHVV�FURVVOLQNHG

VDPSOHV�
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) LJXUH�� �� � �0 HFKDQLFDO�SURSHUWLHV�RI�FKLWRVDQ�ILOPV
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) LJXUH�� �� � �&KHPLFDO�UHDFWLRQV�EHWZHHQ�FKLWRVDQ�DQG�JOXWDUDOGHK\ GH
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&+ $ 37( 5 �,9

&2 1 &/ 8 6,2 1

6HYHUH�DQHPLD�UHPDLQV�WKH�PDMRU�XQGHUO\ LQJ�SUREOHP�IRU�SDWLHQWV�ZLWK�WKDODVVHPLD�

DQG�FRPELQHG�UHG�EORRG�FHOO�WUDQVIXVLRQ�DQG�LURQ�FKHODWLRQ�WKHUDS\ �ZLOO�UHPDLQ�WKH

SULPDU\ � WUHDWPHQW� IRU� WKH� IRUHVHHDEOH� IXWXUH�� 7KH� VLQJOH� GHYHORSPHQW� WKDW� ZRXOG

PRVW� LPSURYH� WKH� OLYHV� RI� WUDQVIXVHG� SDWLHQWV� ZLWK� WKDODVVHPLD� ZRXOG� EH� WKH

GHYHORSPHQW� RI� HIIHFWLYH� LURQ� FKHODWLQJ� DJHQWV� WKDW� DYRLG� WKH� GDLO\ �� SURORQJHG

LQWUDYHQRXV� RU� VXEFXWDQHRXV� LQIXVLRQV� RI� ' HVIHUDO� WKDW� DUH� QRZ� QHHGHG� WR� SUHYHQW

GLVDELOLW\ � DQG� GHDWK� IURP� WUDQVIXVLRQDO� LURQ� RYHUORDG�� 6WXGLHV� ZLWK� WKH

K\ GUR[ \ S\ ULGLQRQH��' HIHULSURQH��KDYH�GHPRQVWUDWHG�WKH�IHDVLELOLW\ �RI�HIIHFWLYH�LURQ�

FKHODWLRQ�WKHUDS\ �ZLWK�DQ�RUDOO\ �DGPLQLVWHUHG�GUXJ��EXW�WKH�ULVN�RI�QHXWURSHQLD�ZLWK

WKLV�GUXJ�PD\ �UHVWULFW�LWV�FOLQLFDO�XVHIXOQHVV��&RQWLQXHG�UHVHDUFK�HIIRUWV�WR�GHYHORS

VDIH� DQG� HIIHFWLYH� RUDOO\ � DFWLYH� LURQ�FKHODWLQJ� DJHQWV� RU� RWKHU� DOWHUQDWLYH� GHOLYHU\

PHWKRGV�IRU�WKH�WUHDWPHQW�RI�WKDODVVHPLD�DUH�XUJHQWO\ �QHHGHG�

&KLWRVDQ��D�GHDFHW\ ODWHG�GHULYDWLYH�RI�FKLWLQ��ZLWK�WKH�QRQWR[ LFLW\ ��ELRFRPSDWLELOLW\

DQG�ELRGHJUDGDELOLW\ �SURSHUWLHV��KDV�D�YDULHW\ �RI�SURPLVLQJ�SKDUPDFHXWLFDO�XVHV�DQG

LV�FRQVLGHUHG�DV� D�QRYHO�FDUULHU�PDWHULDO�LQ�GUXJ�GHOLYHU\ �V\ VWHPV�� ,Q�UHFHQW� \ HDUV�
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VWXGLHV� KDYH� VWXGLHV� KDYH� VKRZQ� WKDW� JOXWHUDOGHK\ GH� FURVVOLQNHG� FKLWRVDQ

PLFURVSKHUHV�DUH�ORQJ�DFWLQJ�ELRGHJUDGDEOH�FDUULHUV�VXLWDEOH�IRU�FRQWUROOHG�GHOLYHU\

RI�PDQ\ �GUXJV�

,Q� WKLV� VWXG\ �� FKLWLQ� �6LJPD�� ZDV� SXULILHG� DQG� GHDFHW\ ODWHG� E\ � UHIOX[ LQJ� ZLWK

FRQFHQWUDWHG� 1 D2 + � IRU� � � � K� DQG� FRQYHUWHG� WR� FKLWRVDQ� ZKLFK� KDV� � � � � GHJUHH� RI

GHDFHW\ ODWLRQ��' ' $ ���2 Q�WKH�RWKHU�KDQG��FKLWRVDQ�REWDLQHG�IURP�6LJPD��' ' $  � � � �

ZDV�IXUWKHU�GHDFHW\ ODWHG�DQG�IRU�WKH�UHVXOWDQW�FKLWRVDQ�' ' $ �ZDV�PHDVXUHG�DV�� � � �

,5 �DQDO\ VLV�FRQILUPHG�WKH�VWUXFWXUDO�FKDQJHV�LQ�WKH�FKLWLQ�WKDW�WXUQHG�LQWR�FKLWRVDQ�

&KLWRVDQ� PLFURVSKHUHV� ZHUH� SUHSDUHG� E\ � HPXOVLRQ� SRO\ PHUL] DWLRQ�� XVLQJ� WZR

GLIIHUHQW�FKLWRVDQV��RQH�ZLWK�� � � �' ' $ ��DQG�WKH�RWKHU�ZLWK�� � � �' ' $ ��DQG�FKDQJLQJ

WKH�FURVVOLQNHU��JOXWHUDOGHK\ GH��* $ ��FRQFHQWUDWLRQ��3DUWLFOH�VL] H��6( 0 ��DQG�LQ�YLWUR

GUXJ� UHOHDVH� DQDO\ VLV� ZHUH� SHUIRUPHG�� ,Q� WKH� VHFRQG� VWDJH� RI� WKH� VWXG\ �� FKLWRVDQ

�' ' $  � � � � �ILOPV�ZHUH�SUHSDUHG�ZLWK�YDULRXV�FURVVOLQNLQJ�GHJUHHV��E\ �ILOP�FDVWLQJ

ZLWK� DTXHRXV� DFLGLF� VROXWLRQV� RI� FKLWRVDQ� DQG� ,5 �� ' 6&�� DQG� PHFKDQLFDO� DQDO\ VLV

ZHUH�SHUIRUPHG��&URVVOLQNLQJ�RI�WKH�ILOPV�ZDV�DOVR�DFKLHYHG�E\ �JOXWHUDOGHK\ GH�

) RU�WKH�PLFURVSKHUHV�

�� ,QFUHDVH� LQ� WKH� FRQFHQWUDWLRQ� RI� FURVVOLQNHU� FDXVHG� D� GHFUHDVH� LQ� WKH� DYHUDJH

PHDQ� GLDPHWHUV� RI� WKH� PLFURVSKHUHV� IURP� � � � �� � P � WR� � � �� � P � IRU

PLFURVSKHUHV� ZLWK� � � � � ' ' $ � DQG� � � �� � P � WR� � � �� � P � IRU� PLFURVSKHUHV� ZLWK

� � � � ' ' $ �� ' HJUHH�RI�GHDFHW\ ODWLRQ�LV�DQRWKHU�IDFWRU�DIIHFWLQJ�WKH�VL] HV�� ,W�ZDV

REVHUYHG� WKDW� DV� ' ' $ � LQFUHDVHV�� YLVFRVLW\ � RI� WKH� FKLWRVDQ� VROXWLRQ� LQFUHDVHV�

FDXVLQJ�IRUPDWLRQ�RI�ELJJHU�PLFURVSKHUHV�
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� � 7KH�DPRXQW�RI�UHOHDVHG�' HIHULSURQH�ZDV�DQDO\ ] HG�VSHFWURSKRWRPHWULFDOO\ �DW�� � �

QP�� ,W� ZDV� REVHUYHG� WKDW�� UHOHDVH� WUHQG� RI� ' HIHULSURQH� VOLJKWO\ � GHSHQGV� RQ� WKH

' ' $ � RI� FKLWRVDQ�� $ V� WKH� ' ' $ �� WKH� UHOHDVH� EHFDPH� VORZHU�� FRQWUDU\ � WR

H[ SHFWDWLRQV�� DV� WKH� FURVVOLQNLQJ� GHJUHH� LQFUHDVHG�� WKH� UHOHDVH� UDWH� RI� WKH� GUXJ

DOVR� LQFUHDVHG�� ZKLFK� FDQ� EH� H[ SODLQHG� E\ � WKH� GHIRUPDWLRQV� LQ� WKH� FU\ VWDOOLQH

VWUXFWXUH�RI� FKLWRVDQ��ZKLFK�LQ�WXUQ�DIIHFWV�WKH�VL] H�DQG�WKH�PRUSKRORJ\ � RI� WKH

PLFURVSKHUHV�� ( QFDSVXODWLRQ� HIILFLHQFLHV� ZHUH� � � �� � �� � � �� � � DQG� � � �� � � IRU

&0 ' � � �� � ��&0 ' � � �� �DQG�&0 ' � � �� �� ��UHVSHFWLYHO\ ��$ QG�IRU�WKH�PLFURVSKHUHV

SUHSDUHG�ZLWK�FKLWRVDQ�KDYLQJ�� � � ' ' $ ��' HIHULSURQH�HQFDSVXODWLRQ�HIILFLHQFLHV

ZHUH� IRXQG� DV� � � �� � � IRU� &0 ' � � �� � �� � � �� � � IRU� &0 ' � � �� � DQG� � � �� � � IRU

&0 ' � � �� �� � �� / RZ� HQFDSVXODWLRQ� HIILFLHQFLHV� FDQ� EH� H[ SODLQHG� E\ � WKH� KLJK

VROXELOLW\ �RI�WKH�GUXJ�LQ�DTXHRXV�PHGLXP�

) RU�WKH�ILOPV�

�� ,5 � DQDO\ VLV� FRQILUPHG� WKH� IRUPDWLRQ� RI� FRYDOHQW� ERQG� LQ� WKH� ILOPV� EHWZHHQ

FKLWRVDQ�DQG�JOXWHUDOGHK\ GH�

�� ,W� KDG� VHHQ� IURP� WKH� ' 6&� DQDO\ VLV� WKDW�� PDMRU� WKHUPDO� SURFHVVHV� RFFXUUHG

EHWZHHQ� � � � ž&� DQG� � � � ž&�� $ V� WKH� FURVVOLQNHU� FRQFHQWUDWLRQ� LQFUHDVHG�

FU\ VWDOOL] DWLRQ�WHPSHUDWXUH�VKLIWHG�IURP�� � � �� � ž&�WR�� � � �� � ž&�ZKLFK�PD\ �EH�GXH

WR�WKH�GHILFLHQF\ �LQ�WKH�FU\ VWDOOLQH�VWUXFWXUH�RI�WKH�SRO\ PHU�FDXVHG�E\ �LQFUHDVLQJ

FRQFHQWUDWLRQ�RI�WKH�FURVVOLQNHU�

�� ,Q�WKH�FDVH�RI�PHFKDQLFDO�DQDO\ VLV��WKH�UHVXOWV�VKRZHG�WKDW�FURVVOLQNHG�FKLWRVDQ

ILOPV� KDG� WKH� UHTXLUHG� VWUHQJWK� IRU� ELRPHGLFDO� DSSOLFDELOLW\ �� ,W� ZDV� IRXQG� WKDW

8 76� YDOXHV� GLIIHUHG� IURP� � � �� � � 0 3D� WR� � � � �� � � 0 3D�� PHDQ� HODVWLF� PRGXOXV
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YDOXHV� GLIIHUHG� IURP� � � � � �� � � 0 3D� WR� � � � � �� � � 0 3D� DQG� 6$ %� YDOXHV� GLIIHUHG

IURP� � �� � � � WR� � �� � � �� $ OO� WKH� GLIIHUHQFHV� ZHUH� IRXQG� WR� EH� VWDWLVWLFDOO\

VLJQLILFDQW�

7KH� SUHVHQW� VWXG\ � GHPRQVWUDWHG� WKDW�� E\ � HQKDQFLQJ� WKH� ' ' $ � DQG� SUHSDUDWLRQ

FRPSRVLWLRQ��WKH�FKLWRVDQ�EDVHG�V\ VWHPV�FDQ�EH�PRGXODWHG�WR�KDYH�WKH�GHVLUHG�GUXJ

UHOHDVH�UDWH�RU�WKH�GHVLUHG�PHFKDQLFDO�VWUHQJWK�QHHGHG�IRU�ELRPHGLFDO�DSSOLFDWLRQV�
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5 ( ) ( 5 ( 1 &( 6

� �� &RROH\ ¶V�$ QHPLD��3URJUHVV�LQ�%LRORJ\ �DQG�0 HGLFLQH���D�UHSRUW�E\ �WKH�1 DWLRQDO

+HDUW�� / XQJ� DQG� %ORRG� ,QVWLWXWH� RI� 8 6$ �� 1 DWLRQDO� +HDUW�� / XQJ� DQG� %ORRG

,QVWLWXWH�RI�8 6$ ��1 HZ�<RUN��� � � � �

� �� KWWS���ZZZ�FRROH\ VDQHPLD�RUJ

� �� ) DD� * �� &ULVSRQL� * �� ,URQ� FKHODWLQJ� DJHQWV� LQ� FOLQLFDO� SUDFWLFH�� &RRUGLQDWLRQ

&KHPLVWU\ �5HYLHZV�9 RO��� � � ��� � � � � � � ��� � � � �

� �� +LGHU�5&��&KRXGKXU\ �5 ��5DL�%/ ��' HKNRUGL�/ 6��6LQJK�6��' HVLJQ�RI�RUDOO\ �DFWLYH

LURQ�FKHODWRUV��$ FWD�+DHPDWRORJLFD�9 RO��� � ��� � � � ��� � � � �

� �� +LGHU�5&��. RQWRJKLRUJKHV�* -��6LOYHU�-��8 . �3DWHQW�* %� � � � � � � ��� � � � �

� �� 3RUWHU� -%�� ( YDOXDWLRQ� RI� 1 HZ� ,URQ� &KHODWRUV� IRU� &OLQLFDO� 8 VH�� $ FWD

+DHPDWRORJLFD��9 RO��� � ��� � � � � ��� � � � �

� �� %XUNH�$ ��<ÕOPD] �( ��+DVÕUFÕ�1 ��( YDOXDWLRQ�RI�FKLWRVDQ�DV�D�SRWHQWLDO�PHGLFDO�LURQ

�,,,� �LRQ�DGVRUEHQW��7XUN�-�0 HG�6FL��9 RO�� � ��� � � � � � � �� � � � �

� �� %XUNH�$ ��<ÕOPD] � ( ��+DVÕUFÕ�1 ��<ÕOPD] �2 �� ,URQ� �,,,� �LRQ�UHPRYDO� IURP�VROXWLRQ

WKURXJK� DGVRUSWLRQ� RQ� FKLWRVDQ�� -RXUQDO� RI� $ SSOLHG� 3RO\ PHU� 6FLHQFH�� 9 RO�� � � �

� � � � � � � � � ��� � � � �

� �� . \ GRQLHXV� $ ) �� µ) XQGDPHQWDO� &RQFHSWV� RI� &RQWUROOHG� 5HOHDVH¶� LQ� &RQWUROOHG

5HOHDVH� 7HFKQRORJLHV�� 0 HWKRGV�� 7KHRU\ �� DQG� $ SSOLFDWLRQV�� 9 RO�� ,�� &5&� 3UHVV�

8 6��� � � � ��� � � � �
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� � ��1 DUD\ DQL�5 ��3DQGXUDQJD�5DR�. ��* HODWLQ�PLFURVSKHUH�FRFNWDLOV�RI�GLIIHUHQW�VL] HV

IRU�WKH�FRQWUROOHG�UHOHDVH�RI�DQWLFDQFHU�GUXJV�� ,QW�� -�RI�3KDUPDFHXWLFV��9 RO�� � � �

� � � � � � � ��� � � �

� � ��%\ XQJ� + �� : RR�� -DQXV] � : �� . RVWDQVNL�� 6LVD\ � * HEUHNLGDQ�� %KDV� $ �� ' DQL�� %&

7KDQRR��3DWULFN�3�� ' H/ XFD��3UHSDUDWLRQ��FKDUDFWHUL] DWLRQ�DQG�LQ�YLYR�HYDOXDWLRQ

RI� � � � �GD\ � SRO\ �' �/ �ODFWLGH�� OHXSUROLGH� PLFURVSKHUHV�� -� &RQWUROOHG� 5HOHDVH�

9 RO�� � ��� � � � � � � ��� � � � �

� � ��/ LJJLQV�57��' ¶$ PRXUV�6��' HPHWULFN�-6��0 DFKDQ�/ 6��%XUW�+0 ��3DFOLWD[ HO�ORDGHG

SRO\ �/ �ODFWLF� DFLG�� PLFURVSKHUHV� IRU� WKH� SUHYHQWLRQ� RI� LQWUDSHULWRQHDO
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