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$� IHDWXUH� RI� LRQ�SODVPD� VSXWWHUHG� VROLG
VROXWLRQ� FRQGHQVDWHV� LV� WKH� KLJK� VHQVLWLYLW\
RI� SKDVH� FRPSRVLWLRQ�� VWUXFWXUH�� DQG� IXQF�
WLRQDO� SURSHUWLHV� WR� UHODWLYHO\� VPDOO� WHP�
SHUDWXUH�YDULDWLRQV�XQGHU�GHSRVLWLRQ�WKHUHRI
>�Ü�@��$�SDUWLFXODUO\�ZLGH�YDULHW\� RI�SKDVH
FRPSRVLWLRQV�DQG�VWUXFWXUH�VWDWHV�VKRXOG�EH
H[SHFWHG�XQGHU�FRQGHQVDWLRQ�RI�WKH�VROLG�VR�
OXWLRQV� EDVHG� RQ� TXDVL�ELQDU\� WUDQVLWLRQDO
PHWDO� ERULGHV�� FDUELGHV�� RU� QLWULGHV� GLIIHU�
LQJ� LQ� HOHFWURQLF� VWUXFWXUH�� 7KH� WLWDQLXP�
WXQJVWHQ� SDLU� EHORQJV� WR� VXFK� WUDQVLWLRQDO
PHWDOV��ZKLFK� SURYLGHV� WKH�PRVW� GLIIHUHQFH
LQ�FKHPLFDO�DFWLYLW\�WR�QRQ�PHWDO�DWRPV��WL�
WDQLXP�EHORQJV� WR� WKH�,9�*URXS���WK�SHULRG�
ZKLOH�WXQJVWHQ��WR�WKH�9,�*URXS���WK�SHULRG��
,Q�DGGLWLRQ��D�FRQVLGHUDEOH�GLIIHUHQFH�EHWZHHQ
7L�DQG�:� LQ�DWRPLF�PDVVHV�DQG�WKXV� LQ�VFDW�
WHULQJ� DELOLWLHV� PDNHV� LW� SRVVLEOH� WR� UHYHDO
VXFFHVVIXOO\� WKH� YDULRXV� VWUXFWXUH� FKDQJHV
XVLQJ�;�UD\�GLIIUDFWLRQ�PHWKRGV�>�@�
7KH� UHODWLYHO\� VLPSOH� VWUXFWXUH� EDVHG� RQ

)&&� ODWWLFH� DQG� KLJK� SHUIRUPDQFH� FKDUDF�
WHULVWLFV�RI�WKH�LQLWLDO�FRQVWLWXHQWV�PDNH�WKH
TXDVL�ELQDU\� :&±7L&� V\VWHP� WR� EH� YHU\
SURPLVLQJ�IRU�LQGXVWULDO�DSSOLFDWLRQV��,Q�DG�
GLWLRQ�� WKH� VLPSOH� ODWWLFH� RI� ERWK� WKH� FRQ�
VWLWXHQWV� DQG� WKH� VROLG� VROXWLRQ� LQ� FRQ�
GHQVHG� VWDWH� >�@� DOORZV� HIIHFWLYH�;�UD\� GLI�
IUDFWLRQ� FKDUDFWHUL]DWLRQ� RI� WKH� SURFHVVHV
WKHUHLQ��7KH� SXUSRVH� RI� WKLV�ZRUN� LV� WR� HV�
WDEOLVK� WKH� IRUPDWLRQ� UHJXODULWLHV� RI� SKDVH
FRPSRVLWLRQ�� VWUXFWXUH�� DQG� VWUHVV� VWDWH�� DV
ZHOO� DV� WKH� NLQHWLFV� RI� FKDQJHV� WKHUHRI� DW
GLIIHUHQW� GHSRVLWLRQ� WHPSHUDWXUHV� RI� LRQ�
SODVPD� QDQR�FU\VWDOOLQH� FRQGHQVDWHV� IURP

WKH� H[DPSOH� RI� WKH� TXDVL�ELQDU\� :&±7L&
V\VWHP�ZLWK�D�FXELF�ODWWLFH�
7KH� VDPSOHV� ZHUH� SUHSDUHG� E\� LRQ� VSXW�

WHULQJ� RI� WKH� KRW�SUHVVHG� WDUJHWV� ZLWK� GLI�
IHUHQW�:&� DQG�7L&� FRQWHQWV�� WKH� �VW� WDUJHW
FRQWDLQHG����PRO���7L&�DQG����PRO���:&�
WKH� �QG�� ���PRO���7L&� DQG� ���PRO���:&�
WKH� �UG�� ���PRO���7L&� DQG� ���PRO���:&�
7KH� SODQDU�PDJQHWURQ� VFKHPH�ZDV� DSSOLHG�
7KH�LRQ�VSXWWHULQJ�ZDV�FDUULHG�RXW�LQ�WKH�$U
DWPRVSKHUH� XQGHU� ���� WR� ���� 3D� SUHVVXUH�
7KH� VSXWWHULQJ� YROWDJH� ZDV� ���� WR� ���� 9�
WKXV� SURYLGLQJ� WKH� FRQGHQVDWLRQ� UDWH� DERXW
���� QP�V�� $V� VXEVWUDWHV�� ��� PP� WKLFN� DOX�
PLQXP� DQG� EHU\OOLXP� UROOHG� IRLOV�� SROLVKHG
QLFNHO��DQG�SROLVKHG�ERWK�VLQJOH�FU\VWDO�VLOL�
FRQ� DQG� ILQLVKHG� JODVV� FHUDPLF� RI� ���� DQG
����PP� WKLFNQHVV�� UHVSHFWLYHO\�� ZHUH� XVHG�
7KH�SKDVH�FRPSRVLWLRQ��VWUXFWXUH��VXEVWUXF�
WXUH� IHDWXUHV� �FRKHUHQFH� OHQJWK� DQG� PLFUR�
VWUDLQ���DQG�VWUHVV�VWDWH�ZHUH�VWXGLHG�E\�WKH
VWDQGDUG� ;�UD\� GLIIUDFWLRQ� PHWKRG� XVLQJ� D
'521��� LQVWUXPHQW� ZLWK� &X±.D� UDGLDWLRQ>����@�� 7KH� PRUH� GHWDLOHG� ;�UD\� GLIIUDFWLRQ
SDWWHUQV�ZHUH�PHDVXUHG� RQ� WKH� VDPSOHV�GH�
SRVLWHG� RQWR� VLOLFRQ� DQG� EHU\OOLXP� VXE�
VWUDWHV��ZKLOH� RWKHUV� �RQ� DOXPLQXP�� QLFNHO�
DQG�JODVV�FHUDPLF�VXEVWUDWHV��ZHUH�XVHG�IRU
VRPH�FRPSDUDWLYH�LQYHVWLJDWLRQV�
(OHPHQWDO� FRPSRVLWLRQV� ZHUH� VWXGLHG� E\

;�UD\� IOXRUHVFHQFH� VSHFWURPHWU\� XVLQJ� D
63587� LQVWUXPHQW� �SURGXFHG� E\� $6
�8NUUHQWJHQ���8NUDLQH���7KH�H[FLWLQJ�UDGLD�
WLRQ� ZDV� SURYLGHG� E\� DQ� ;�UD\� WXEH� ZLWK
VLOYHU�DQRGH��

)LJ�����(OHPHQWDO�FRPSRVLWLRQ�YV�GHSRVLWLRQ�WHP�
SHUDWXUH�IRU�FRQGHQVDWHV�GHSRVLWHG�E\�LRQ�SODVPD
VSXWWHULQJ�RI�WKUHH�WDUJHWV�GLIIHULQJ�LQ�FRPSRVL�
WLRQV���Ü����PRO��7L&�����PRO���:&����Ü����PRO��
7L&�����PRO��:&����Ü����PRO����7L&�����PRO��:&
�FRQFHQWUDWLRQV�7L�:�LQ�WDUJHWV�DUH�JLYHQ�OHIW��

)LJ����� 3DUWLDO� YLHZV� RI� GLIIUDFWLRQ� VSHFWUD
IRU�WKH�VDPSOHV����PRO���7L&Ü���PRO���:&
GHSRVLWHG� DW� WKH� FRQGHQVDWLRQ� WHPSHUDWXUH
���&� RQWR� GLIIHUHQW� VXEVWUDWH� W\SHV�� DOXPL�
QXP� IRLO� ����� EHU\OOLXP� ����� ILQLVKHG� VLQJOH�
FU\VWDOOLQH�VLOLFRQ�����
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7KH�HOHPHQWDO�DQDO\VLV�E\�;�UD\� IOXRUHV�
FHQFH� VSHFWURPHWU\� KDV� VKRZQ� WKH� 7L�:
PHWDO� DWRPLF� UDWLR� WR� EH� DOPRVW� FRQVWDQW
DQG� FORVH� WR� WKH� WDUJHW� FRPSRVLWLRQ� IRU� WKH
FRDWLQJV� GHSRVLWHG� DW� WHPSHUDWXUHV� d����&
�)LJ������ $W� KLJKHU� FRQGHQVDWLRQ� WHPSHUD�
WXUHV��WKH�DWRPLF�UDWLR�RI�OLJKWHU�7L�WR�KHDY�
LHU�:�GHFUHDVHV��
)RU� WKH� FRQGHQVDWHV� REWDLQHG� ERWK� DW

QHDUO\� DPELHQW� WHPSHUDWXUH� DQG� HOHYDWHG
RQHV� �XS� WR� ����&��� WKH� IRUPDWLRQ� RI� WKH
VLQJOH�SKDVH� �:�7L�&� VROLG� VROXWLRQ� >�@�ZLWK
QDQR�FU\VWDOOLQH� VWUXFWXUH� >�@� ZDV� REVHUYHG
LQ� D� ZLGH� FRPSRVLWLRQ� UDQJH�� 1RWH� WKDW� DW
ORZHU� FRQGHQVDWLRQ� WHPSHUDWXUHV� ���Ü
����&���SUDFWLFDOO\�WKH�VDPH�VWUXFWXUH�VWDWH
LV�UHDOL]HG�RQ�DOO�WKH�W\SHV�RI�WKH�VXEVWUDWHV
XVHG��)LJ������$W�KLJKHU�GHSRVLWLRQ�WHPSHUD�
WXUHV��EHJLQQLQJ�IURP�����&��RULHQWHG�FU\V�
WDOOLWHV� �ZLWK� >���@� D[LV� QRUPDO� WR� WKH
JURZWK� SODQH�� ZHUH� IRUPHG� SUHGRPLQDQWO\
RQ� WKH� VPRRWK� SROLVKHG� QLFNHO� VXEVWUDWHV
DQG� ILQLVKHG� JODVV� FHUDPLF� RQHV�� 1R� SUH�
GRPLQDQW� FU\VWDOOLWH� RULHQWDWLRQ� ZDV� RE�
VHUYHG� LQ� WKH� FRDWLQJV� JURZQ� RQ� WKH� URXJK
�DYHUDJH�URXJKQHVV�5]|��PP��EHU\OOLXP�DQGDOXPLQXP�VXEVWUDWHV��)LJ�����
7KH� >���@� WH[WXUH� SHUIHFWLRQ� GHJUHH

PHDVXUHG� E\� \�VFDQQLQJ� >�@� YDULHG� QRQ�
PRQRWRQLFDOO\��)RU�WKH�FRDWLQJV�GHSRVLWHG�DW
���Ü����&�� D� VLJQLILFDQW� GLIIUDFWLRQ� OLQH
QDUURZLQJ� ZDV� REVHUYHG� XVLQJ� \�VFDQQLQJ�
ZKLFK� LQGLFDWHV�WKH�GHFUHDVH�RI�WKH�FU\VWDO�
OLWH� DQJXODU� GLVRULHQWDWLRQ� ZLWK� UHVSHFW� WR
WKH�>���@�WH[WXUH�D[LV��)LJ������$Q�LQWHUHVW�
LQJ� IHDWXUH�ZDV� WKH� LQFUHDVLQJ� WH[WXUH�SHU�
IHFWLRQ� DV� WKH� FRDWLQJ� WKLFNQHVV� ULVHG� �LQ
)LJ����� WKH� GDWD� IRU� DERXW� �� PP� WKLFN� FRQ�

GHQVDWHV� DUH� SUHVHQWHG� DORQJ� ZLWK� WKH
����PP� FRQGHQVDWH� IRU� FRPSDULVRQ��� 0RUH�
RYHU��LW�VKRXOG�EH�QRWHG�WKDW�IRU�WKH�FRQGHQ�
VDWHV�REWDLQHG�DW��FRQG�!�����&��XQGHU�VSXW�
WHULQJ� WKH� �UG� FRPSRVLWLRQ� WDUJHW�� DQG� DW
�FRQG�!�����&� �XQGHU� VSXWWHULQJ� WKH� �QG
FRPSRVLWLRQ� WDUJHW�� WKH� VLQJOH� �:�7L�&� VROLG
VROXWLRQ� SHDN� GLYLGHG� LQWR� WZR� VXE�SHDNV
FRUUHVSRQGLQJ� :&� DQG� 7L&� FRQVWLWXHQWV�
KHQFH�� WKH� VLQJOH�SKDVH� VWDWH� ZDV� EURNHQ
�)LJ������ ,Q� )LJ����� WKH� W\SLFDO� ������ DQG
������ UHIOHFWLRQV� RI� WKH� VROLG� VROXWLRQ� DUH
VKRZQ�SULRU� WR� DQG�DIWHU� WKH� VROLG� VROXWLRQ
GHFRPSRVLWLRQ� LQWR� :&� DQG� 7L&�� ,Q� WKLV
FDVH��WKH�VROLG�VROXWLRQ�FRQGHQVDWHV�ZHUH�RE�
WDLQHG�E\�VSXWWHULQJ�WKH�RI�WKH��QG�FRPSRVL�
WLRQ�WDUJHW�����PRO���7L&�����PRO���:&���
7KH� NLQHWLFV� RI� WKH� SKDVH� FRPSRVLWLRQ

FKDQJH� GHSHQGLQJ� RQ� YDULDWLRQ� RI� WKH�7L�:
DWRPLF� UDWLR� LQ� WKH� WDUJHW� EHLQJ� VSXWWHUHG
DQG�WKH�VXEVWUDWH�WHPSHUDWXUH� LQ�WKH�UDQJH
��Ü����&� XQGHU� FRQGHQVDWLRQ� KDV� VKRZQ
�)LJ����� WKDW� IRU� WKH� �VW� WDUJHW� ZLWK� UHOD�
WLYHO\�KLJK�WLWDQLXP�FRQFHQWUDWLRQ��WKH�FRQ�
GHQVDWHV� UHWDLQHG� WKH� VLQJOH� SKDVH� VWDWH�XS
WR� WKH� KLJKHVW� �����&�� GHSRVLWLRQ� WHPSHUD�
WXUH�VWXGLHG��)LJ���D���7KH�VSXWWHULQJ�RI�WKH
WDUJHWV�ZLWK�ORZHU�WLWDQLXP�FRQWHQW��WDUJHWV
�� DQG� ��� UHVXOWHG� LQ� IRUPDWLRQ� RI� D� VLQJOH�
SKDVH� VROLG� VROXWLRQ�FRQGHQVDWH�DW� WHPSHUD�
WXUHV�QRW�H[FHHGLQJ�����&��)LJ����E��F���)RU
WKH�FRQGHQVDWHV�VSXWWHUHG�IURP�WKH��QG�WDU�
JHW�DQG�GHSRVLWHG�DW�KLJKHU�WHPSHUDWXUHV�RI
���� WR� ����&�� WKH� GLIIUDFWLRQ� OLQHV� RI� ERWK
:�&�SKDVH� �ZLWK�+&3�ODWWLFH��)LJ���E���DQGDÜ:�DUH�UHYHDOHG��0RUH�SURQRXQFHG��GXH�WR
WKH�KLJKHU�YROXPH�FRQWHQW��LV�WKH�IRUPDWLRQ
RI�:�&�DQG�DÜ:�FU\VWDOOLWHV�LQ�WKH�FRQGHQ�

)LJ����� 3DUWLDO� YLHZV� RI� GLIIUDFWLRQ� VSHFWUD
IRU� WKH� FRQGHQVDWH� GHSRVLWHG� DW� ����&� WHP�
SHUDWXUH�E\�VSXWWHULQJ�RI�WKH��QG�WDUJHW�RQWR
EHU\OOLXP�����DQG�VLOLFRQ�����VXEVWUDWHV�

)LJ�����9DULDWLRQ�RI�WKH�>���@�WH[WXUH�SHUIHF�
WLRQ� GHJUHH� LQ� WKH� �� PP� WKLFN� FRQGHQVDWHV
GHSRVLWHG�RQWR�VLOLFRQ�VXEVWUDWH�E\�VSXWWHULQJ
WKH��UG�WDUJHW�
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)LJ����� 3DUWLDO� YLHZV� RI� GLIIUDFWLRQ� VSHFWUD� IRU� WKH� FRQGHQVDWHV� GHSRVLWHG� E\� VSXWWHULQJ� WKH� �QG
FRPSRVLWLRQ�WDUJHW�RQWR�VLOLFRQ�VXEVWUDWHV�DW�GLIIHUHQW�WHPSHUDWXUHV������������������������&������

)LJ�����3DUWLDO�YLHZV�RI�GLIIUDFWLRQ�VSHFWUD�IRU�WKH�FRQGHQVDWHV�GHSRVLWHG�E\�VSXWWHULQJ�WKH�WDUJHWV
RI�GLIIHUHQW�FRPSRVLWLRQV�DW�GLIIHUHQW�WHPSHUDWXUHV���È�����PRO���7L&Ü���PRO���:&���F� �������������������������������&����������&��������E�����PRO���7L&Ü���PRO���:&���F� ������������������������������&����������&��������°�����PRO���7L&Ü���PRO���:&���F� �������������������������������&�������G�����PRO���7L&Ü���PRO���:&���F� �����&��
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VDWHV� VSXWWHUHG� IURP� WKH� �UG� WDUJHW� �ZLWK
WKH� ORZHVW� 7L� FRQWHQW�� DQG� GHSRVLWHG� DW
����&� �)LJ����� FÜG��� ,Q� WKLV� FDVH�� WKH� SUH�
GRPLQDQW� IRUPDWLRQ� RI� DÜ:� SKDVH� LV� UH�
YHDOHG� WRJHWKHU� ZLWK�:&� DQG� 7L&� FDUELGHV
DV�D�UHVXOW�RI�WKH� �:�7L�&�VROLG�VROXWLRQ�GH�
FRPSRVLWLRQ� �)LJ���G��� 7KXV�� GXULQJ� KLJK
WHPSHUDWXUH�GHSRVLWLRQ�IURP�WKH�WDUJHW�ZLWK
ORZ�WLWDQLXP�FRQWHQW��WKUHH�PDLQ�SKDVHV�DUH
IRUPHG�� WLWDQLXP� DQG� WXQJVWHQ� PRQR�FDU�
ELGHV��DQG�DÜ:�ZLWK�WKH�%&&�ODWWLFH��8QGHU
HTXLOLEULXP� FRQGLWLRQV�� VXFK� D� UHDFWLRQ� RI
WKH�ORZHU�WXQJVWHQ�FDUELGH��:�&��IRUPDWLRQIROORZHG� E\� LWV� GHFRPSRVLWLRQ� LQWR� WKH� DO�
PRVW� SXUH�DÜ:� DQG� WXQJVWHQ�PRQR�FDUELGH
�:&��WDNHV�SODFH�XQGHU�FDUERQ�GHILFLHQF\�DW
�����&�>�@��L�H��VXEVWDQWLDOO\�DERYH�WKH�VXE�
VWUDWH�WHPSHUDWXUHV�XVHG�
,W� LV� NQRZQ� WKDW� WKH� SKDVHV� ZLWK� ORZHU

FDUERQ� FRQWHQW� DV� FRPSDUHG� WR� WKH� LQLWLDO
PRQR�FDUELGH� DUH� IRUPHG� E\� FUHDWLRQ� RI� DQ
RUGHUHG� YDFDQF\� VXE�V\VWHP� LQ� WKH� FDUERQ
VXE�ODWWLFH� >��@�� $V� LW� LV� VHHQ� IURP� )LJ���
DQG����WKDW�SURFHVV�LV�PRVW�LQWHQVLYH�LQ�WKH
>���@�WH[WXUHG�FRQGHQVDWHV�GHSRVLWHG�RQWR�D
VPRRWK� VXUIDFH�� IRU� H[DPSOH�� WKH� VLOLFRQ�
SURYLGLQJ�ERWK�VXIILFLHQWO\�KLJK�PRELOLW\�RI
GHSRVLWHG�DWRPV�DQG�D�UDWKHU�VPDOO�VFDWWHU�
LQJ� DQJOH� DIWHU� WKH� FROOLVLRQ� RI� WKH� DWRPV
ZLWK� WKH� VXUIDFH�� 7KXV�� ERWK� WKH� SODQDULW\
RI� WKH� FRDWLQJ� DQG� WKH� KLJK� PRELOLW\� RI
FDUERQ� DWRPV� XQGHU� FRQGHQVDWLRQ� DERYH
����&� UHVXOWV� LQ� DQ� LQWHQVLYH� FDUERQ� UH�
HYDSRUDWLRQ�IROORZHG�E\�OHDYLQJ�WKH�FRQGHQ�
VDWH� GHSRVLWLRQ� ]RQH�� 7KLV� SURFHVV� LV� PRVW
SURQRXQFHG� LQ� WKH� WXQJVWHQ� HQULFKHG� GR�
PDLQV�ZKHUH�WKH�FDUERQ�GHSOHWLRQ�UHVXOWV�LQ
JURZWK�RI�WKH�FU\VWDOOLWHV�ZLWK�D�VWURQJ�PH�
WDOOLF� ELQGLQJ� VWLPXODWLQJ� WKH� IRUPDWLRQ� RI

%&&� ODWWLFH� W\SLFDO� IRU� WKH� SXUH� WXQJVWHQ�
7KH� GHFRPSRVLWLRQ� RI� D� FDUERQ�GHILFLHQW
�7L�:�&� VROLG� VROXWLRQ� UHVXOWV� LQ� IRUPDWLRQ
RI� WLWDQLXP� PRQR�FDUELGH� FU\VWDOOLWHV� RQO\�
ZKLOH�ERWK�D�ORZHU�WXQJVWHQ�FDUELGH�DQG�WKH
WXQJVWHQ�SKDVH�EHLQJ�IRUPHG�EHVLGHV�RI�WKH
WXQJVWHQ�PRQR�FDUELGH�FU\VWDOOLWHV��7KLV� LQ�
GLFDWHV� D� KLJKHU� VWUHQJWK� RI� 7L±&� ERQG� DV
FRPSDUHG� WR� :±&� RQH�� 7KLV� VXJJHVWLRQ
DJUHHV� ZHOO� ZLWK� WKH� 7L±:±&� HTXLOLEULXP
GLDJUDP�� WKH� �7L�:�&� VROLG� VROXWLRQ�XQVDWX�
UDWHG� LQ� FDUERQ� GHFRPSRVHV� MXVW� LQWR� WZR
SKDVHV�� :� DQG� �7L�:�&�� EXW� QRW� LQWR� WZR
VLPSOH� FDUELGHV� >�@�� ,QGHHG�� GXH� WR� D� KLJK
FRQWULEXWLRQ� RI� WKH� PHWDOOLF� G�:±:�� ERQG�
WKH� :±&� ELQGLQJ� LV� VLJQLILFDQWO\� ZHDNHU
WKDQ� WKH� 7L±&� RQH� >��@�� WKDW� LV� WKH� UHDVRQ
IRU� WKH� SUHGRPLQDQW� GHFDUEXUL]DWLRQ� DQG
IRUPDWLRQ�RI�GRPDLQV�HQULFKHG�LQ�WXQJVWHQ�
,Q� WKLV� FDVH��DFFRUGLQJ� WR� WKH�UHDFWLRQ��:&
��2�o:���&2��� WKH� IUHH� HQHUJ\� JDLQ� LV
'+���.� �Ü���� N-�PRO�� >��@�� 7KH� YRODWLOH&2��LV�UHPRYHG�IURP�WKH�FRQGHQVDWLRQ�DUHDGXH�WR�WKH�FRQWLQXRXV�HYDFXDWLRQ�
%HVLGHV� RI� WKH� KLJK� DWRPLF� PRELOLW\

VWLPXODWHG� E\� WKH� YDFDQF\� VXE�V\VWHP� LQ
PHWDOOLF� DQG� QRQ�PHWDOOLF� VXE�ODWWLFHV�� RQH
RI� WKH� PDLQ� UHDVRQV� IRU� WKH� IRUPDWLRQ� RI
ORZHU� FDUELGHV� DQG� WKH� �:�7L�&� VROLG� VROX�
WLRQ� GHFRPSRVLWLRQ� LQWR�:&� DQG� 7L&� FRXOG
EH� WKH� FRQGHQVDWLRQ� VWUHVV� GHYHORSPHQW
>��@��&RQVLGHULQJ�WKH�HIIHFW�RI�WKH�FRQGHQVD�
WLRQ�VWUHVVHV��LW�VKRXOG�EH�QRWHG�WKDW�DW�ORZ
VXEVWUDWH� WHPSHUDWXUH� ����&��� WKH� FRQGHQ�
VDWH� LV� WRUQ�RII� LPPHGLDWHO\�GXULQJ�GHSRVL�
WLRQ�� WKH� WHDULQJ� ERXQGDU\� KDYLQJ� D� ZDYH�
OLNH�SHULRGLF�DSSHDUDQFH�DV�VKRZQ�LQ�)LJ����

)LJ�����$�SKRWR�RI�WKH�ILOP�VXUIDFH�DIWHU�FRQ�
GHQVDWLRQ�DW����&�

)LJ�����DÜVLQ�\�SORW�IRU�PDFUR�VWUDLQ�GHWHUPL�
QDWLRQ� LQ� WKH� FRQGHQVDWH�RI� �:�7L�&� VROLG� VR�
OXWLRQ��WKH�WDUJHW�FRPSRVLWLRQ����PRO���:&Ü
���PRO���7L&�� �F� ����&�� WKH� VXEVWUDWHV� RIEHU\OOLXP�����DQG�VLOLFRQ������
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7KH� PDFUR�VWUDLQV� PHDVXUHG� E\� WKH
PHWKRG�RI�PXOWLSOH�REOLTXH�VFDQV�ZHUH�IRXQG
WR�EH�FRPSUHVVLYH�LQ�WKH�FRDWLQJV�GHSRVLWHG�DW
���&� RQWR� VLOLFRQ� VXEVWUDWHV�ZLWK�JRRG�DGKH�
VLRQ�� D� UDWKHU� KLJK� VWUDLQ� H�|�Ü������GHWHU�
PLQHG� IURP� WKH� DÜVLQ�\� SORW� �)LJ����� LV
FORVH�WR�WKH�FULWLFDO�YDOXH�IRU�WKH�LRQ�SODVPD
FDUELGH� FRQGHQVDWHV� >��@�� )RU� WKH� FRDWLQJV
GHSRVLWHG� DW� ���&� RQWR� ERWK� EHU\OOLXP� DQG
VLOLFRQ� VXEVWUDWHV�� WKH� DYHUDJH� FRPSRVLWLRQ

ZDV�FRQVLGHUHG�WR�EH�FRQVWDQW�RYHU�WKH�VDP�
SOH� WKLFNQHVV� DQG� LQGHSHQGHQW� RI� WKH� VXE�
VWUDWH� W\SH�� 7KXV�� WKH� VORSHV� RI� DÜVLQ�\
SORWV� ZHUH� DVVXPHG� WR� EH� GHILQHG� RQO\� E\
WKH� VWUDLQ� YDOXH� DQG� WKH� SRLQW� RI� LQWHUVHF�
WLRQ� DW� VLQ�\� ������ ZDV� PHDQW� DV� FRUUH�
VSRQGLQJ� WR� WKH� XQVWUDLQHG� VHFWLRQ� IRU� WKH
FXELF� ODWWLFH� �VLQ�\�� ��P�����P�� >��@�� 6R�WKH�ODWWLFH�SDUDPHWHU�IRU�WKH�XQVWUDLQHG�VHF�
WLRQ�LV���������QP��DQG�3RLVVRQ�FRHIILFLHQW
LV�HVWLPDWHG�DV�P|�����
$� KLJKO\� SHUIHFW� WH[WXUH� �'\�������� LQ

WKH� FRDWLQJV� GHSRVLWHG� DW� WHPSHUDWXUHV
DERYH�����&��)LJ�����FDXVHG�WKH�QHFHVVLW\�WR
PHDVXUH� ������� ������� ������� ������� DQG
������ UHIOHFWLRQV� DW� FRUUHVSRQGLQJ� FU\VWDO�
ORJUDSKLF� DQJOHV� RI� ������ ������ ������ ����
DQG� ������ ZLWK� UHVSHFW� WR� WKH� QRUPDO� WR
������SODQH� >�@��$V� LW� LV�NQRZQ�� WKH� IRUPD�
WLRQ� RI� SDFNLQJ� GHIHFWV� LV� LQKHUHQW� LQ� WKH
WXQJVWHQ� FDUELGH� FRQGHQVDWHV� SUHSDUHG� DW
KLJK� VXEVWUDWH� WHPSHUDWXUHV� >��@�� RQO\� WKH
������ DQG� ������ UHIOHFWLRQV� QRW� VKLIWHG� E\
SDFNLQJ� GHIHFWV� DQG� WKH� ������ UHIOHFWLRQ
ZLWK� VPDOO� HIIHFW� WKHUHRI�ZHUH�XVHG� WR�SORW
WKH�DÜVLQ�\�UHODWLRQVKLS�
7KH� UHVXOWLQJ� PDFUR�VWUDLQ� YDOXHV� IRU

GLIIHUHQW� FRPSRVLWLRQV� DQG� FRQGHQVDWLRQ
WHPSHUDWXUHV�DUH�VKRZQ�LQ�)LJ�����,W�LV�VHHQ
WKDW� DW� D� KLJK� FRQGHQVDWLRQ� WHPSHUDWXUH
DQG� D� UHODWLYHO\� KLJK� 7L&� FRQWHQW� LQ� WKH
FRQGHQVDWHV��WKH�KLJK�PDFUR�VWUDLQV�GHYHORS

)LJ����� 0DFUR�VWUDLQ� YDOXHV� YV� GHSRVLWLRQ
WHPSHUDWXUHV� RQWR� VLOLFRQ� VXEVWUDWH� IRU� WKH
FRQGHQVDWHV� REWDLQHG� E\� VSXWWHULQJ� WKH� WDU�
JHWV� RI� GLIIHUHQW� FRPSRVLWLRQV�� ��� PRO��
7L&Ü��� PRO��� :&� ����� ��� PRO��� 7L&Ü
���PRO���:&� ����� ���PRO��� 7L&Ü���PRO��

7DEOH��&RQGHQVDWH�FRPSRVLWLRQ�FDOFXODWLRQ�E\�WKH�YDULDWLRQ�RI�ODWWLFH�SDUDPHWHU��LQ�QRQ�VWUHVVHG�VWDWH�
6SXWWHUHG�
WDUJHW

FRPSRVLWLR
Q

'HSRVL�
WLRQ

WHPSHUD�
WXUH���&

6L�VXEVWUDWH %H�VXEVWUDWH
ÈLQ��QP ÈUHG��QP ÈUHG��F��ÈUHG��������&�

t ÈLQ��QP ÈUHG��QP ÈUHG��}��ÈUHG��������&�
t

���PRO���
7L&Ü

���PRO���
:&

��� ������� ������� Ü Ü Ü Ü Ü Ü
��� ������ ������ |� � Ü Ü Ü Ü
��� ������� ������� ������ ���� Ü Ü Ü Ü
��� ������� ������� ������ ���� Ü Ü Ü Ü

���PRO���
7L&Ü

���PRO���
:&

�� ������� ������� Ü Ü ������� ������� Ü Ü
��� ������ ������ ������ ���� ������ ������ ������ ����
��� ������� ������� ������ ���� ������� ������� ������ ����
��� ������� ������� ������ ���� ������� ������� ������ �����

���PRO���
7L&Ü

���PRO���
:&

�� ������� ������� Ü Ü ������� ������� Ü Ü
��� ������� ������� ������ ���� ������� ������� ������ ����
��� ������� ������� ������ ���� ������� ������� ������ ����
��� ������� ������� ������ ����� ������� ������� ������ ������

�Û�GHWHUPLQHG�IRU�:&�SKDVH�DW�WKH�IXOO�SKDVH�VHSDUDWLRQ�RI��:�7L�&�VROLG�VROXWLRQ�LQWR�:&�DQG�7L&
FRQVWLWXHQWV��
�Û�WKH�YDOXH�RI�[�LQ�WKH�IRUPXOD��:�7L�&[�LV�JLYHQ�IURP�>��@�
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DQG� UHPDLQ�QRQ�UHOD[HG��7KRVH� FRPSUHVVLYH
PDFUR�VWUDLQV� UHDFK� D� YDOXH� RI� Ü���� �
ZKLFK� LV� FORVH� WR� WKH� FULWLFDO� YDOXH� IRU� FDU�
ELGH� FRQGHQVDWHV� >������@�� +RZHYHU�� DW� D
KLJK�FRQGHQVDWLRQ�WHPSHUDWXUH�EXW�DW�D�ORZ
7L&� FRQWHQW�� WKH� PDFUR�VWUDLQV� EHLQJ� UHOD�
WLYHO\�ORZ��QRW�H[FHHGLQJ�Ü�������7KH�QRQ�
OLQHDU� EHKDYLRU� LQ� WKH� ���Ü����&� UDQJH� LV
DVVXPHG� WR� EH�GXH� WR� WKH�PXOWLSKDVH�PDWH�
ULDO�IRUPDWLRQ��)LJ�����E��F��G���$W�WKH�VDPH
WLPH�� LQ� WKH� �:�7L�&� VROLG� VROXWLRQ� FRQGHQ�
VDWHV�GHSRVLWHG�RQWR�WKH�SROLVKHG�QLFNHO�VXE�
VWUDWHV�ZLWK�KLJK� WKHUPDO�H[SDQVLRQ�FRHIIL�
FLHQW��D1L|�������Ü��GHJÜ����D�ODUJH�YDOXH�RIFRQGHQVDWLRQ� FRPSUHVVLYH� VWUDLQ� �Ü����� WR
Ü�������ZDV�UHWDLQHG�LQ�WKH�FRDWLQJ�HYHQ�DW
WKH�KLJK�GHSRVLWLRQ�WHPSHUDWXUH����Ü����&
�XQGHU�VSXWWHULQJ�WKH�WDUJHWV�RI�WKH��VW�DQG
�QG�FRQWHQWV���
7KH� PDLQ� IDFWRUV� DIIHFWLQJ� WKH� LRQ�

SODVPD� FRQGHQVDWH� ILQDO� VWUXFWXUH� VWDWH� DUH
NQRZQ� WR� EH� WKH� GLIIHUHQFH� RI� WKHUPDO� H[�
SDQVLRQ� FRHIILFLHQWV� IRU� WKH� FRQGHQVDWH��OF�DQG� WKH�VXEVWUDWH��OV�� �'O� �OFÜOV��� DQG� WKH�DWRPLF� SHHQLQJ�� FRQGHQVDWLRQ� VWUDLQV� GXH
WR� GHSRVLWHG� SDUWLFOH� ERPEDUGPHQW� RI� WKH
JURZLQJ�FRDWLQJ�>��@��$VVXPLQJ�WKH��DWRPLF
SHHQLQJ�� VWUDLQV� WR� GHSHQG� VOLJKWO\� RQ� WKH
VXEVWUDWH� W\SH�DW� D� UHODWLYHO\� ODUJH�FRQGHQ�
VDWH� WKLFNQHVV�� WKH�REVHUYHG�GLIIHUHQFHV�EH�
WZHHQ�WKH�FRQGHQVDWHV�GHSRVLWHG�RQWR�6L�DQG
1L� VXEVWUDWHV� PD\� EH� H[SODLQHG� E\� WKH� 'O
GLIIHUHQFH�� 7KH� HYDOXDWLRQV� VKRZ� WKDW� WKH
PDFUR�VWUDLQ� YDOXHV� REWDLQHG� PLJKW� EH� WKH
FDVH� DW� O6L��OF|O1L�� ,W� LV� WR� QRWH� WKDW� WKH
FRPSUHVVLYH�PDFUR�VWUDLQ�YDOXHV�LQ�WKH�FRQ�
GHQVDWHV� GHSRVLWHG� RQWR� WKH� URXJK� DOXPL�
QXP� DQG� EHU\OOLXP� VXEVWUDWHV� ZHUH� ORZHU�
QRW�H[FHHGLQJ�Ü��������
7DNLQJ� LQWR�DFFRXQW�WKH�PDFUR�VWUDLQ�HI�

IHFW�� LW� LV� SRVVLEOH� WR� GHWHUPLQH� WKH� ODWWLFH
SDUDPHWHU� LQ� WKH� �QRQ�VWUHVVHG�� VHFWLRQ
IURP� WKH� DÜVLQ�\� SORW�� 7KLV� SDUDPHWHU� LV
UHODWHG�RQO\�ZLWK�VWUXFWXUH�VWDWH�RI�WKH�ODW�
WLFH�LWVHOI��7KH�YDOXHV�RI�WKH��QRQ�VWUHVVHG�
ODWWLFH� SDUDPHWHUV� DUH� SUHVHQWHG� LQ� 7DEOH
IRU�DOO�WKH�FRPSRVLWLRQV�DQG�GHSRVLWLRQ�WHP�
SHUDWXUHV� XVHG�� ,Q� WKH� 7DEOH�� WKH� UHGXFHG
SDUDPHWHU� YDOXHV� DUH� JLYHQ�� ZKLFK� LQFOXGH
WKH�HOHPHQWDO� FRPSRVLWLRQ�YDULDWLRQV� LQ� WKH
PHWDOOLF�VXE�ODWWLFH� �7L�:�UDWLR� LQ�)LJ�����DW
KLJKHU� GHSRVLWLRQ� WHPSHUDWXUH� FRPSDUHG� WR
WKH�ORZHVW�RQH����Ü����&���7KH�UHGXFHG�SD�
UDPHWHU� �ÈUHG�� ZDV� FDOFXODWHG� DFFRUGLQJ� WR9HJDUG±V� UXOH� IRU� VXEVWLWXWLRQ� VROXWLRQV
IURP� WKH� H[SHULPHQWDO� YDOXH� DLQ� XVLQJ� WKH
HTXDWLRQ� ÈUHG� �ÈLQ���'&7L�.�� +HUH� '&7L� LVWKH�GLIIHUHQFH�EHWZHHQ�WLWDQLXP�DWRPLF�FRQ�

FHQWUDWLRQV� LQ� WKH� FRQGHQVDWHV� GHSRVLWHG� DW
ORZ����Ü����&��DQG�KLJK��DERYH�����&��VXE�
VWUDWH� WHPSHUDWXUHV�� 7KH�.� YDOXH� LV� GHWHU�
PLQHG�E\�WKH�ODWWLFH�SDUDPHWHU�LQFUHDVH�GXH�WR
VXEVWLWXWLRQ�RI�����:� DWRPV� E\�7L� DWRPV� LQ
WKH� FDUELGH�� DQG� HVWLPDWHG� WR� EH� ������Ü��QP
�È7L&� �������� QP�� ÈEÜ:&� ��������QP>��@��� 7KXV�� FRPSDULQJ� WKH� YDOXHV� RI� WKH
UHGXFHG� SDUDPHWHUV� IRU� WKH� FRDWLQJV� GHSRV�
LWHG� DW� KLJK� FRQGHQVDWLRQ� WHPSHUDWXUH
�ÈUHG��F��� ZLWK� WKH� �ORZ� WHPSHUDWXUH�� SD�UDPHWHU� �ÈUHG��������&��� DQG� XVLQJ� WKH� GDWDIURP� >��@�� ZH� FRXOG� HVWLPDWH� WKH� YDULDWLRQ
RI� WKH� FDUERQ� DWRPLF� FRQFHQWUDWLRQ� LQ� WKH
FDUELGH�

)LJ������ (IIHFW� RI� WKH� VXEVWUDWH� WHPSHUDWXUH
RQ�WKH�VXE�VWUXFWXUH�IHDWXUHV�RI�QDQR�FU\VWDO�
OLQH�:&±7L&� V\VWHP� FRQGHQVDWHV� REWDLQHG� E\
VSXWWHULQJ� WKH� WDUJHWV� RI� GLIIHUHQW� FRPSRVL�
WLRQV�� �È�� ���PRO���7L&Ü���PRO���:&� �VLOL�
FRQ� VXEVWUDWH��� �E�� ��� PRO��� 7L&Ü���PRO��
:&� �VLOLFRQ� ���� ��� DQG� EHU\OOLXP� ���� ��� VXE�
VWUDWHV��� °� Û� ��� PRO��� 7L&±��� PRO��� :&
�VLOLFRQ��������DQG�EHU\OOLXP��������VXEVWUDWHV��
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$V� LW� LV� VHHQ� IURP�7DEOH�� DW� WKH� FRQGHQ�
VDWLRQ� WHPSHUDWXUHV� ORZHU� WKDQ����Ü����&�
WKH� FRPSRVLWLRQ� UHPDLQV� FORVH� WR
VWRLFKLRPHWULF�RQH�LQ�FDUERQ�DWRPV��L�H��²|��
$W� ����&� GHSRVLWLRQ� WHPSHUDWXUH�� DQG� SDU�
WLFXODUO\� DW� WHPSHUDWXUHV� RI� ���Ü���Å&�� D
VLJQLILFDQW� [� GHFUHDVH� GRZQ� WR� WKH� FULWLFDO
YDOXH�RI������LV�REVHUYHG��7KLV�YDOXH�LV�WKH
FULWLFDO�EHFDXVH�DW�ORZHU�[�YDOXHV��GHFRPSR�
VLWLRQ�RI� WKH� VROLG� VROXWLRQ�IROORZHG�E\�IRU�
PDWLRQ� RI� D� PXOWLSKDVH� FRQGHQVDWH� WDNHV
SODFH��
,Q� JHQHUDO�� LW� FRXOG� EH� QRWHG� WKDW� WKH

FRQGHQVDWLRQ�WHPSHUDWXUH�ULVH�UHVXOWV�LQ�GH�
FUHDVLQJ� ODWWLFH� SDUDPHWHU��6XFK� WKH� ODWWLFH
SDUDPHWHU�YDULDWLRQ� LV�UHODWHG�ZLWK�LQFUHDV�
LQJ� VSHFLILF� FRQWULEXWLRQ� IURP� WKH� PHWDOOLF
ERQG� DV� WKH� FRQGHQVDWLRQ� WHPSHUDWXUH� LQ�
FUHDVHV� DV� ZHOO� DV� ZLWK� KLJK� FRQFHQWUDWLRQ
RI� QRQ�HTXLOLEULXP� YDFDQFLHV� IRUPHG� LQ� WKH
FDUERQ�VXEODWWLFH�
7KH� DYHUDJH� FU\VWDOOLWH� VL]HV� DQG� PLFUR�

VWUDLQV� ZHUH� FDOFXODWHG� E\� XVXDO� WHFKQLTXH
>��@�XVLQJ�WZR�UHIOHFWLRQ�RUGHUV��,Q�)LJ�����
WKH�SORWV�DUH�VKRZQ�IRU�WKH�FRQGHQVDWHV�GH�
SRVLWHG� IURP� WKUHH� W\SHV� RI� WKH� WDUJHWV�� ,W
VKRXOG�EH�QRWHG�WKDW�WKH�VXEVWUXFWXUH�FKDU�
DFWHULVWLFV�RI�WKH�FRQGHQVDWHV�GHSRVLWHG�RQWR
EHU\OOLXP� VXEVWUDWHV� LQ� WKH� ZKROH� WHPSHUD�
WXUH�UDQJH�FRUUHVSRQG�WR��:�7L�&�VROLG�VROX�
WLRQ� QDQR�FU\VWDOOLWHV�� ZKLOH� DW� D� UHODWLYHO\
ORZ� 7L� DWRPLF� FRQFHQWUDWLRQ� DQG� GHSRVLWLRQ
WHPSHUDWXUH�����&�RQ�WKH�VLOLFRQ�VXEVWUDWH�
WKH� VROLG� VROXWLRQ� GHFRPSRVHV�� DQG� EHVLGHV
RI�WKH� �:�7L�&�VROLG�VROXWLRQ�FU\VWDOOLWHV��RU
RI�:&� DQG�7L&� IRUPHG�GXH� WR� �:�7L�&�VROLG
VROXWLRQ�GHFRPSRVLWLRQ���WKH�FU\VWDOOLWHV�RI�D
ORZHU� WXQJVWHQ� EDVHG� FDUELGH� SKDVH� �:�&�RU�WKH�FU\VWDOOLWHV�ZLWK�D�%&&�ODWWLFH�LQKHU�
HQW�LQ�DÜ:�SKDVH�DUH�IRUPHG��)LJ������
$V� LW� LV� VHHQ� IURP� )LJ������ DW� UHODWLYHO\

ORZ� GHSRVLWLRQ� WHPSHUDWXUHV�� D� FKDUDF�
WHULVWLF� YDULDWLRQ� RI� VXEVWUXFWXUH� IHDWXUHV
LQ�WKH�VLQJOH�SKDVH�FRQGHQVDWHV�LV�REVHUYHG�
WKH� FRKHUHQFH� OHQJWK� LQFUHDVHV� DQG� WKH
PLFUR�VWUDLQV� GHFUHDVH� DV� WKH� GHSRVLWLRQ
WHPSHUDWXUH�ULVHV��+RZHYHU��LQ�WKH�WHPSHUD�
WXUH� UDQJH� IURP� ���� WR� ����&�� ZKHUH� WKH
SURFHVVHV�RI�WKH�VHFRQG�SKDVH�SUH�SUHFLSLWD�
WLRQ�DQG�SUHFLSLWDWLRQ�DUH�SRVVLEOH��D�UHYHUVH
EHKDYLRU� LV� REVHUYHG�� ,Q� WKLV� DUHD�� DW� ILUVW
WKH�PLFUR�VWUDLQ� LQFUHDVH� LQ� WKH� VROLG� VROX�
WLRQ�FU\VWDOOLWHV�RFFXUV��ZKLOH�WKH�FU\VWDOOLWH
DYHUDJH� VL]H� GHFUHDVLQJ�� $W� KLJK� WLWDQLXP
DWRPLF� FRQFHQWUDWLRQ� ��VW� VHULHV�� DV� ZHOO� DV
DW� FRQGHQVDWLRQ� RQWR� WKH� URXJK� EHU\OOLXP
VXEVWUDWH�� WKH� FU\VWDOOLWH� VL]HV� LQFUHDVH� XS
WR� WKH� KLJKHVW� FRQGHQVDWLRQ� WHPSHUDWXUH�
ZKLOH�WKH�FU\VWDOOLWH�PLFUR�VWUDLQV�HLWKHU�GH�

FUHDVH� PRQRWRQLFDOO\� RU� VOLJKWO\� LQFUHDVH
LQ� WKH� WHPSHUDWXUH� UDQJH�RI����� WR�����&
�)LJ������
$� GLPLQXWLRQ� RI� WKH� DYHUDJH� FU\VWDOOLWH

VL]H� DQG� LQFUHDVH� RI� PLFUR�VWUDLQ� YDOXH� LQ
WKH� �:�7L�&� VROLG� VROXWLRQ� SKDVH� RU� LQ� WKH
EÜ:&� FRQVWLWXHQW� FRXOG� EH� FRQQHFWHG� ZLWK
IRUPDWLRQ�RI� D�PXOWL�SKDVH�PDWHULDO� RQ� WKH
VLOLFRQ�VXEVWUDWH�DW�KLJK�GHSRVLWLRQ�WHPSHUD�
WXUH� �����&��� )RU� WKH� FRQGHQVDWH� ZLWK� WKH
ORZHVW� WLWDQLXP� FRQWHQW� �REWDLQHG� IURP� WKH
�UG� WDUJHW� VSXWWHULQJ��� WKH� VHFRQG� PDMRU
SKDVH�ZDV�DÜ:�SKDVH�EHVLGHV�RI�WKH��:�7L�&
VROLG� VROXWLRQ� �)LJ���°�G��� 7KH�DÜ:� FU\VWDO�
OLWHV� VKRZHG� D� UHODWLYHO\� ORZ� PLFUR�VWUDLQ
OHYHO� ����������DQG�WKH�DÜ:� FU\VWDOOLWH�DY�
HUDJH� VL]H� �DERXW� �� QP�� ZDV� VPDOOHU� FRP�
SDUHG� WR� WKH� VROLG� VROXWLRQ� �:�7L�&� FU\VWDO�
OLWHV��$V�WKH�FRQGHQVDWH�WKLFNQHVV�JUHZ��WKH
�:�7L�&� VROLG� VROXWLRQ� FU\VWDOOLWH� DYHUDJH
VL]H� LQFUHDVHG� DQG� WKH� PLFUR�VWUDLQV� GH�
FUHDVHG��VHH��IRU�H[DPSOH��)LJ����E��
7KH�DQDO\VLV� RI� WKH�FRQGHQVDWH� VWUXFWXUH

VWDWH� LQGLFDWHV� WKDW� DIWHU� WKH� VROLG� VROXWLRQ
GHFRPSRVLWLRQ�� WKH� SUHGRPLQDQW� RULHQWDWLRQ
UHPDLQV� LQ� WKH� FDUELGH� SKDVH� FU\VWDOOLWHV�
ZKLOH� WKH� DÜ:� PHWDOOLF� SKDVH� FU\VWDOOLWHV
IRUPHG� GXH� WR� FDUERQ� HVFDSH� DUH� QRQ�RUL�
HQWHG��$�W\SLFDO�GLIIUDFWLRQ�VSHFWUXP�PHDV�
XUHG�XVLQJ�%UDJJ�%UHQWDQR�IRFXVLQJ� LV�SUH�
VHQWHG� LQ� )LJ���G�� ,Q� WKLV� FRQQHFWLRQ�� WKH
FDUERQ�DWRPLF�GLIIXVLRQ�XQGHU�WKH�KLJK�WHP�
SHUDWXUH� FU\VWDOOLWH� IRUPDWLRQ� FRXOG� UHVXOW
LQ� WKH� PHWDOOLF� ELQGLQJ� VWUHQJWKHQLQJ� DQG
GLVRULHQWV� WKH� DÜ:� FU\VWDOOLWHV�� 7KXV�� WKH
DEVHQFH�RI�DÜ:�FU\VWDOOLWH�SUHGRPLQDQW�RUL�
HQWDWLRQ� DORQJ� ZLWK� UHPDLQLQJ� ERWK� WKH
�:�7L�&� VROLG� VROXWLRQ� DQG�:&� DQG�7L&� WH[�
WXUHV� LQGLFDWHV� WKH� LPSRUWDQW� UROH� RI�0_±&
ELQGLQJ�IRU�WKH�IRUPDWLRQ�RI�KLJKO\�RULHQWHG
FU\VWDOOLWHV�LQ�LRQ�SODVPD�FRQGHQVDWHV�RI�WKH
TXDVL�ELQDU\�FDUELGH�V\VWHP�
7R�FRQFOXGH��LQ�WKH�FRQGHQVDWHV�GHSRVLWHG

XVLQJ�WKH�LRQ�VSXWWHULQJ�RI�WKH�TXDVL�ELQDU\
:&±7L&� WDUJHWV�� WKH� IRUPDWLRQ� RI� WKH� VLQ�
JOH�SKDVH� �:�7L�&� VROLG� VROXWLRQ� ZLWK� WKH
FXELF� ODWWLFH� LQKHUHQW� LQ� 7L&� SKDVH� WDNHV
SODFH�ZLWKLQ�D�ZLGH�FRQFHQWUDWLRQ�UDQJH��$W
WKH�UHODWLYHO\�ORZ�FRQGHQVDWLRQ�WHPSHUDWXUH
������&�� QR� VLJQLILFDQW� VWUXFWXUH� GLIIHU�
HQFHV� KDYH� EHHQ� REVHUYHG� LQGHSHQGHQWO\� RI
WKH� VXEVWUDWH� W\SH� DQG� URXJKQHVV� OHYHO
WKHUHRI�� 7KH� FKDUDFWHULVWLF� SUHGRPLQDQW
>���@� RULHQWDWLRQ� KDV� EHHQ� UHYHDOHG� LQ� WKH
FRQGHQVDWHV� GHSRVLWHG� RQWR� WKH� VPRRWKO\
ILQLVKHG� VLOLFRQ� VXEVWUDWH� �DV� ZHOO� DV� RQWR
JODVV� FHUDPLF� DQG� QLFNHO� VXEVWUDWHV�� DW� WKH
FRQGHQVDWLRQ�WHPSHUDWXUHV�H[FHHGLQJ�����&�
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8QGHU� WKH� KLJK� WHPSHUDWXUH� LRQ�SODVPD
GHSRVLWLRQ��WKH�PXOWLSKDVH�IRUPDWLRQ�RI�WKH
TXDVL�ELQDU\� :&±7L&� FDUELGH� RQ� D� VLOLFRQ
VXEVWUDWH�VPRRWK�HQRXJK�FRUUHODWHV�ZLWK�WKH
>���@� JURZWK� WH[WXUH� GHYHORSPHQW� LQ� WKH
VROLG� VROXWLRQ� FU\VWDOOLWHV�� ZKLFK� PDQLIHVWV
LWVHOI�PRVW�DW�WKH�FRQGHQVDWLRQ�WHPSHUDWXUH
����&��7KH�WH[WXUHV�ZLWK�>���@�D[LV�SHUSHQ�
GLFXODU� WR� WKH� JURZWK� SODQH� UHVXOWV� LQ� DS�
SHDUDQFH� RI� HDV\� GLIIXVLRQ� ZD\V�� IROORZHG
ERWK�E\�FKDQJLQJ�WKH�GLIIXVLRQ�SURFHVVHV�NL�
QHWLFV� DQG� WKH� VWHHS� ODWWLFH� SDUDPHWHU� GH�
FUHDVH��7DEOH��
$W� DWRPLF� UDWLRV� 7L�:d����� DQG� FRQGHQ�

VDWLRQ�WHPSHUDWXUHV�H[FHHGLQJ�����&�RQ�WKH
ILQLVKHG� VXEVWUDWH�� IRXU� SKDVHV� DUH� IRUPHG
LQVWHDG�RI�D�VLQJOH�SKDVH��:�7L�&�VROLG�VROX�
WLRQ�� EÜ:&� �1D&O� W\SH� ODWWLFH��� 7L&� �1D&O
W\SH� ODWWLFH���DÜ:� �%&&� ODWWLFH�� DQG� WUDFHV
RI�:�&� �KH[DJRQDO� ODWWLFH��� 8QGHU� GHSRVL�WLRQ� RQWR� URXJK� EHU\OOLXP� �DV� ZHOO� DV� RQWR
DOXPLQXP� WR�7Fd���� �&�� VXEVWUDWH�� QHLWKHUWKH� FU\VWDOOLWH� SUHGRPLQDQW� RULHQWDWLRQ� LQ
WKH�ZKROH� WHPSHUDWXUH� UDQJH��QRU� WKH� VROLG
VROXWLRQ� GHFRPSRVLWLRQ� LQWR� ORZHU� FDUELGHV
DW� ����&� GHSRVLWLRQ� WHPSHUDWXUH� ZDV� RE�
VHUYHG��7KH��:�7L�&�VROLG�VROXWLRQ�IRUPHG�RQ
WKH� QLFNHO� VXEVWUDWHV� UHPDLQV� SUDFWLFDOO\
VWDEOH�
$SSOLFDWLRQ�RI�WKH�;�UD\�PXOWLSOH�REOLTXH

VFDQV� IRU� PDFUR�VWUDLQ� PHDVXUHPHQWV� KDV
UHYHDOHG� D� UHJXODULW\� FKDUDFWHULVWLF� IRU� WKH
FRQGHQVDWHV�� WKH� �:�7L�&� VROLG� VROXWLRQ� VWD�
EOH� VWDWH� XS� WR� KLJK� WHPSHUDWXUHV� DUH� RE�
VHUYHG� LQ�WKH�FRQGHQVDWHV�VXEMHFWHG�WR�KLJK
FRPSUHVVLYH� VWUDLQV�� 7KLV� LV� WKH� FDVH� ERWK
IRU� WKH� FRQGHQVDWHV� GHSRVLWHG� DW� ORZ� WHP�
SHUDWXUHV� �����&� DQG� ORZHU�� RQWR� DOO� WKH
VXEVWUDWH� W\SHV�� DQG� IRU� WKRVH� GHSRVLWHG� DW
KLJK� WHPSHUDWXUH� RQWR� VPRRWK� VXEVWUDWHV
ZLWK�D�KLJK�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�

$FNQRZOHGJPHQW�� 7KH� DXWKRU� WKDQNV� WKH
OHDGLQJ�UHVHDUFKHU�3K�'U�$�1�6WHWVHQNR�IRU
SUHSDUDWLRQ�RI�WKH�LRQ�SODVPD�FRQGHQVDWHV���
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