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5HVXOWV�RI�UHVHDUFKLQJ�RI�FOHDULQJ�RI�D�OLTXLG�JODVV�IURP�SDLQWLQJ�H[WULQVLF�DUH�JLYHQ���7KH��

QHZ�ZD\�RI�FOHDULQJ�RI�D� OLTXLG�JODVV�IURP�R[LGH�LURQ� LV�GHYHORSHG�E\�SUHOLPLQDU\�PDJQHWLF�
SURFHVVLQJ�ZLWK�WKH�IXUWKHU�WHPSHUDWXUH�SURFHVVLQJ�DW�SUHVHQFH�SUHFLSLWDQW���,W�LV�HVWDEOLVKHG��
WKDW� LURQ� LQ� OLTXLG� JODVV� LV� DV� FRPSOH[� VDOWV� RI� W\SH�DHJLULQH� �1D)H� �6L2���

�Q+�2��DQG�DIWHU�
FOHDULQJ�DUH�IRUPHG�VOLJKWO\�VROXEOH���LURQVFDOFOXP��VLOLFDWHV�RI�VWUXFWXUH�&D)H��6L2���

�Q+�2��
,QIOXHQFH� RI� YDULRXV� IDFWRUV� �� LQWHQVLW\� RI� DQ� HOHFWURPDJQHWLF� ILHOG�� WHPSHUDWXUH� RI�
SURFHVVLQJ��TXDQWLW\���SUHFLSLWDQW��WLPH�RI�SURFHVVLQJ��VSHHG�RI�VXEPLVVLRQ�RI�D�VROXWLRQ�IRU�D�
GHJUHH� RI� FOHDULQJ� RI� D� OLTXLG� JODVV� LV� LQYHVWLJDWHG�� SUHOLPLQDU\� HOHFWURPDJQHWLF� SURFHVVLQJ�
ZLWK�WKH�IXUWKHU�LQWURGXFWLRQ�SUHFLSLWDQW��UHVXOWV�LQWHUIDFH�RI�WZR�PHWKRGV�LQ�GHHS�FOHDULQJ�D�
OLTXLG�JODVV�IURP�R[LGH�LURQ�LV�SURYLVLRQDO�RQ�WZR�RUGHU���
�

�

��
8QWLO� UHFHQWO\� WR� FOHDQOLQHVV� RI� OLTXLG� JODVVHV� �1D�2

��6L2��� LW� ZDV� QRW� VKRZHG� VSHFLDO�
UHTXLUHPHQWV��+RZHYHU�ZLWK�GHYHORSPHQW�RI�D�K\GURWKHUPDO�ZD\�RI�SUHSDUDWLRQ�RI�FRPSOH[�
JODVV� FKDUJH� RQ� WKH� EDVLV� RI� D� OLTXLG� JODVV�� LWV� FOHDQOLQHVV� EHFRPHV� RQH� RI� WKH� EDVLF� DQG�
GHWHUPLQLQJ� SDUDPHWHUV� RI� LWV� TXDOLW\�� $W� K\GURWKHUPDO� SURFHVVLQJ� URFNV� ZLWK� DQ� DONDOLQH�
VROXWLRQ�LQ�VLOLFDWH�VROXWLRQV�SDVV�FRQQHFWLRQV�RI�LURQ��ZKLFK�IXUWKHU�SDVV�LQ�JODVV�FKDUJH�DQG�
SROOXWH� LW�� 7KH� SUREOHP� RI� FOHDULQJ� RI� D� OLTXLG� JODVV� IURP� LURQ� LV� SUHVVLQJ� TXHVWLRQ�� 7KH�
GHFLVLRQ�RI� WKH� VSHFLILHG�SUREOHP�ZLOO� DOORZ� WR� � H[SDQG�D� UDZ�PDWHULDO� EDVH�JODVV� LQGXVWU\��
'LVVROYH� VLOLFDWHV�RI� DONDOLQH�PHWDOV� FRQFHUQ� WR� QXPEHU� RI�GLIILFXOWO\� FOHDUHG� V\VWHPV��$W� D�
SDULW\�RI�VLOLFRQ�GLR[LGH�WR�DONDOL�LQ�VROXWH�VLOLFDWH�RI�VRGLXP� ��FOHDULQJ�RI�SDLQWLQJ�H[WULQVLF�
LV�UHDOL]HG�E\�FU\VWDOOLQH�PRGLILFDWLRQ��,Q�SURFHVV�RI�LQFUHDVH�VLOLFRQ�GLR[LGH�WKH�PRGXOH��DQG�
DOVR� LQ� WKH� FRQFHQWUDWHG� VROXWLRQV� FOHDULQJ� HYHQ� PRUH� LV� DW� D� ORVV�� ,Q� ZRUNV� ���� �ZD\V� RI�
FOHDULQJ� RI� VLOLFDWH� FRQQHFWLRQV� DQG� LQGXVWULDO� GULS� DUH� GHVFULEHG� E\� WKHLU� KDVKLQJ� ZLWK� D�
FOHDQLQJ� OLTXLG� DW� KHDWLQJ�� FHQWULIXJLQJ� � DQG� EUDQFKHV� RI� D� OLTXLG� SKDVH� ILOWUDWLRQ�� ,W� LV�
QHFHVVDU\�WR�QRWH�� WKDW� WKH�VSHFLILHG�PHWKRGV�RI�FOHDULQJ�DUH� OHVV�HIIHFWLYH��DQG�GHFUHDVH�RI�
FRQFHQWUDWLRQ�RI�H[WULQVLF�RFFXUV�DSSUR[LPDWHO\�RQ�RQH�RUGHU���

6SHFLDO� LQWHUHVW�UHSUHVHQWV�IRXQG�RXW�DQ�RSSRUWXQLW\�RI�FOHDULQJ�RI�VROXWLRQV�RI�VLOLFDWHV�
RI� DONDOLQH� PHWDOV� GHYHORSHG� E\� XV� WKH� PRVW� VLPSOH� DQG� FRQYHQLHQW� ZD\� SUHOLPLQDU\�
HOHFWURPDJQHWLF�SURFHVVLQJ�ZLWK�WKH�IXUWKHU�VHGLPHQWDWLRQ�RI�H[WULQVLF�DV�VLOLFDWHV��/DVW�\HDUV�
HOHFWURPDJQHWLF� SURFHVVLQJ� RI� ZDWHU� DQG� ZDWHU� V\VWHPV� KDV� IRXQG� ZLGH� DSSO\LQJ� LQ� DQ�
LQWHQVLILFDWLRQ�WHFKQRORJLFDO�SURFHVV������$W�PDJQHWLF�SURFHVVLQJ�ZDWHU�DQG�ZDWHU�V\VWHPV�LW�LV�
SRVVLEOH�WR�PDNH�VHGLPHQWDWLRQ�FROORLGDO�SDUWLFOHV��GLVSHUJDWLRQ�LQ�SVHXGR�VROXWLRQV��

,Q�VLOLFRQ�GLR[LGH�FRQWDLQLQJ�URFNV�LURQ�LV�EDVLFDOO\�DV�α���)H�2���γ���)H�2���)H�2���
��DQG�

DOXPLQXP���DV�LQ�DONDOLQH�DOXP�VLOLFDWH��$V�DXWKRUV�PDUN�LQ�ZRUN����UHDFWLRQ���EHWZHHQ�R[LGHV�



LURQ�DQG�VRGD�SURFHHGV�LQ�WZR�VWDJHV�ZLWK�IRUPDWLRQ�IHUULWH�RI�VRGLXP��3UREDEO\��DQDORJLFDO�
UHDFWLRQ�JRHV�DW�UHFHSWLRQ�RI�D�OLTXLG�JODVV�IURP�VLOLFRQ�GLR[LGH�FRQWDLQLQJ�URFNV��

�1D2+���)H�2�� ��1D)H2����+�2�

7KXV�LQWHUDFWLRQ�RI�IHUULWH�RI�VRGLXP�ZLWK�WKH�IRUPHG�VLOLFDWH�RI�VRGLXP�LV�SRVVLEOH��

1D)H2����1D�2
��Q6L2��→�1D�>)H��6L2����@

��Q+�2�

:LWK� WKH� SXUSRVH� RI� FOHDULQJ� VLOLFDWHV� RI� DONDOLQH� PHWDOV� RI� SDLQWLQJ� � � H[WULQVLF�� LQ�
SDUWLFXODU�IURP�LURQ��WKH�LPSRUWDQW�YDOXH�KDV�ILQGLQJ���RXW�RI�D�VWDWXV�RI�LURQ�LQ�VLOLFDWHV��)RU�
WKLV�SXUSRVH�VROXELOLW\�R[LGH�LURQ�DQG�VLOLFDWH�RI�LURQ�LQ�VROXWLRQ�1D2+�DQG�LQ�OLTXLG�JODVV�LV�
LQYHVWLJDWHG��([SHULPHQWV�ZHUH�FDUULHG�RXW���LQ�ODERUDWRU\�DXWRFODYH�WR�LQVWDOODWLRQ�DW������&�
ZLWKLQ�����KRXUV��FRQGLWLRQV�WKH�VDPH��DV�DW�UHFHSWLRQ�RI�D�OLTXLG�JODVV�IURP�SHUOLWH���

7KH�IROORZLQJ�V\VWHPV�DUH�FRQVLGHUHG��
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�Q6L2����+�2�

���� �1D�2
��Q6L2����)H�2��
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�
,Q�ILUVW�FDVH�6L2��FRPSOHWHO\�SDVVHV�LQ�D�VROXWLRQ�DV�D�OLTXLG�JODVV���ZKLFK�FRRSHUDWHV�ZLWK�

)H�2�� DQG� IRUPV� úíÿýõòïûóòøòôõþluò� VLOLFDWHV�� $W� D� ILUP� SKDVH� LV� SUHVHQW� )H�2��� DQG�
TXDQWLW\�)H�2���SDVVLQJ�LQ�D�VROXWLRQ��PDNHV����J�O��,Q�VHFRQG�FDVH�1D2+�FRRSHUDWHV�ZLWK�
6L2�� VLOLFDWH�RI� LURQ�DQG� OLTXLG�JODVV� LV� IRUPHG�� DQG�SDUW�1D2+�ZLWK�VLOLFDWH�RI� LURQ�IRUPV�
QDWULXPIHUUXWHURXV� VLOLFDWH�� DFFRUGLQJ� WR� WKH� FKHPLFDO� DQDO\VLV�� 7KH� TXDQWLW\� GLVVROYHG���
VLOLFDWH� RI� LURQ� LQ� WKH� IRUPHG� VROXWLRQ� RI� VLOLFDWH� RI� QDWULXP�PDNHV� LQ� DERXW� � ���� J�O� �LQ�
UHFDOFXODWLRQ�RQ�)H�2���,Q� WKH� WKLUG�FDVH� WKH�TXDQWLW\� �RI� WKH�GLVVROYHG� VLOLFDWH�RI� LURQ� LQ� D�
VROXWLRQ� RI� VLOLFDWH� RI� VRGLXP� PDNHV� LQ� DERXW� ���� J�O� �LQ� UHFDOFXODWLRQ��
)H�2���5HQWJHQRJUDSKLF�DQG�LQ��,5����WKH�VSHFWURVFRSLF�DQDO\VLV�RI�WKH�VXEVWDQFHV�DOORFDWHG�
IURP�VROXWLRQV�FHQWULIXJLQJ���KDV�VKRZQ�WKDW�LQ�WKH�ILUVW�V\VWHP�LURQ�SDVVHV�LQ�D�VROXWLRQ�DV���
DHJLULQH�ZKLFK�GLVVRFLDWHV� FDWLRQ�RQ�1D���DQG�FRPSOH[� DQLRQ�)H6L�2�

�� ������ �,Q� WZR�RWKHUV��
V\VWHPV� DUH� IRUPHG� DPRUSKRXV� QDWULXPIHUUXWHURXV� VLOLFDWHV�� � ,Q� WDEOH� � ��� IUHTXHQFLHV� � RI�
PD[LPDO�RI�VWULSV�RI�DEVRUSWLRQ�LQ�,5�VSHFWUD�LQ�FRPSDULVRQ�ZLWK�WKH�OLWHUDU\�GDWD�DUH�JLYHQ��
,QWHQVLYH�VWULSV�DEVRUE�ZLWK�PD[LPXP�DW�������������VP���DUH�D�OLWWOH�ELW�GLVSODFHG�IURP�WKH�
YDOXH�RI������VP���SHFXOLDU�VLOLFRQ�GLR[LGH�DQG�WHVWLI\�WR�SUHVHQFH�RI�FRQQHFWLRQ�6L�2�0H��LQ�
WKLV�FDVH�DERXW�FRQQHFWLRQ�6L�2�)H������VP���LV�FDXVHG�YDOHQW��IOXFWXDWLRQ�FRQQHFWLRQV�6L���2�
��+��)URP�WKH�DERYH�VWDWHG�GDWD� LW� LV�SRVVLEOH� WR�GUDZ�D�FRQFOXVLRQ�� WKDW� DW� UHFHSWLRQ�RI� D�
OLTXLG�JODVV�IURP�SHUOLWH�LURQ�SDVVHV�LQ�D�VROXWLRQ�DV�DHJLULQH��WKXV�FRQFHQWUDWLRQ�RI�R[LGHV�LQ�
OLTXLG�JODVV�GRHV�QRW�H[FHHG�VRPH�LURQ������J�O��
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�
7R�FOHDULQJ�D�OLTXLG�JODVV�ZHUH�DSSOLHG���SK\VLF���FKHPLFDO�PHWKRGV�RI�VHGLPHQWDWLRQ�RI�

SDLQWLQJ�H[WULQVLF��6HGLPHQWDWLRQ�RI�H[WULQVLF��FDUULHG�RXW�WZR�VWDJHV��DW�WKH�ILUVW�VWDJH�FDUULHG�
RXW�LRQL]DWLRQ�RI�D�VROXWLRQ�SDVVLQJ�LW�WKURXJK�HOHFWURPDJQHWLF�LQVWDOODWLRQ��DQG�LQ�WKH�VHFRQG�
VWDJH�HQWHUHG� LQWR�D�VROXWLRQ� LQ�TXDOLW\�SUHFLSLWDQW� � MXVW�SUHSDUHG�FDUERVLOLFDWH�FDOFLXP�� DQG�
WHPSHUDWXUH� RI� D� UHDFWLRQDU\�PL[� OLIWHG� XS� WR� ��� �� ��� �&� FDUERVLOLFDWH� FDOFLXP� UHFHLYHG� DV�
IROORZV��RQ��KHDWHG��XS�WR����������&�OLTXLG�JODVV�DGGHG�D�VROXWLRQ�RI�VRGD�DQG�R[LGH�FDOFLXP��
7KH�SDUW� R[LGH�FDOFLXP�� UHDFWLQJ�ZLWK�QDWULXPIHUUXWHURXV� VLOLFDWH�� IRUPV�FDOFLXPIHUUXWHURXV�
VLOLFDWH��
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��

2WKHU�SDUW�R[LGH�FDOFLXP�IRUPV�FDUERVLOLFDWH��FDOFLXP�DFFRUGLQJ�WR�UHDFWLRQ�
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�&D6L2�
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�Q+�2���1D�2

�
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)RUPHG� FDUERVLOLFDWH� FDOFLXP�� KDYLQJ� WKH� ELJ� VSHFLILF� VXUIDFH� ZLWK� KLJK� DGVRUSWLYH� DELOLW\��
DGVRUEV� RQ� WKH� VXUIDFH� IRUPHG� VOLJKWO\� VROXEOH� FDOFLXPIHUUXWHURXV� VLOLFDWH�� SDUWLFOHV� DUH�
LQWHJUDWHG�� JURZ� KHDY\� DQG� EHFRPH� SRVVLEOH� VHSHUDWH� WKHP� IURP� D� VROXWLRQ�� )RUPDWLRQ�
VLOLFDWH�FDOFLXPIHUUXWHURXV�VLOLFDWH�FRQILUPV��UHQWJHQRJUDSKLF�DQG�,5�VSHFWURVFRSLF�DQDO\VHV��
5HVHDUFKHV� RQ� FOHDULQJ� D� OLTXLG� JODVV� ZHUH� FDUULHG� RXW� � E\� XV� GHYHORSHG� PXOWLVHFWLRQ� WR�
HOHFWURPDJQHWLF� LQVWDOODWLRQ�VWDWLRQDU\�D�FXUUHQW� WHQVLRQ������N$�P��/LTXLG�JODVV�VXEMHFWHG�
HOHFWURPDJQHWLF�SURFHVVLQJ��SXPSLQJ�RYHU�LW� �WKURXJK�D�SLSH�IURP�D�QRW�PDJQHWLF�PDWHULDO��
FRQYHUJLQJ�EHWZHHQ�SROHV�RI�WKH�GHYLFH��([SHULHQFHV�FDUULHG�RXW��ZLWK�YDULRXV�PRGXOHV�DQG�
FRQFHQWUDWLRQ�RI�D�OLTXLG�JODVV�LQ�ZKLFK�FRQWHQWV�)H�2��FKDQJHG�IURP��������������J�O��DQG�DW�
GLIIHUHQW�YDOXHV�RI�LQWHQVLW\�RI�D�PDJQHWLF�ILHOG��,Q�WDEOH����RSWLPXP�FRQGLWLRQV�DQG�UHVXOWV�
FOHDULQJ�RI�D� OLTXLG�JODVV� IURP�)H�2��E\� D�PHWKRG�HOHFWURPDJQHWLF�SURFHVVLQJV�DW�SUHVHQFH�
SUHFLSLWDQW�DUH�JLYHQ��
�

�



��7DEOH� ��� 5HVXOWV� FOHDULQJ� RI� D� OLTXLG� JODVV� IURP� )H�2�� D� PHWKRG� RI� HOHFWURPDJQHWLF�

SURFHVVLQJ��
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�
6KRZQ��WKDW�FRQMXJDWLYH�WZR��PHWKRGV���HOHFWURPDJQHWLF�SURFHVVLQJ�RI�D�ZDWHU�VROXWLRQ�

ZLWK� IXUWKHU� LQWURGXFWLRQ� &D2� � � RZLQJ� WR� GHHS� FOHDULQJ� � LQ� UHVXOWV� RI� IRUPDWLRQ� VOLJKWO\�
VROXWLQJ� � FDOFLXPIHUUXUHURXV� VLOLFDWH� DQG� FDUERVLOLFDWH� FDOFLXP� �� D� FROOHFWRU�� LV� GLUHFW� LQ�
FOHDULQJ� � VROXWLRQ��7KXV� WKH�FRQWHQWV� � �SDLQWLQJ�H[WULQVLF� LURQ�� LQ� OLTXLG�JODVV� LV� UHGXFHG�RQ�
WZR� RUGHU�� ,QIOXHQFHV� RI� YDULRXV� IDFWRUV� �LQWHQVLW\� RI� DQ� HOHFWURPDJQHWLF� ILHOG�� VSHHG� RI�
VXEPLVVLRQ�RI�D�OLTXLG��TXDQWLW\�SUHFLSWDQW�HWF���RQ�D�GHJUHH�RI�FOHDULQJ�RI�LQLWLDO�VROXWLRQV�LV�
LQYHVWLJDWHG�� ,W� LV�NQRZQ�� WKDW� LQ� WKH�EDVLF� FRQQHFWLRQV� VLOLFRQ� LV� LQFOXGHG� LQWR�VWUXFWXUH�RI�
LQRUJDQLF� SRO\PHUV� ZKHUH� VWUXFWXUDO� XQLWV� DUH� FRQQHFWHG� ZLWK� HDFK� RWKHU� FRYDOHQW� E\�
FRQQHFWLRQ�RQO\� WKURXJK�RQH�DWRP�RI�R[\JHQ��7KHVH� UDWKHU� VLPSOH� VWUXFWXUDO�XQLWV� LQ� WXUQ�
PD\�EH�XQLWHG�LQ�SRO\PHULF�FKDLQV��WDSHV��JULGV��,Q�ZDWHU�VROXWLRQV�RI�FRQQHFWLRQV�RI�VLOLFRQ�
VWUXFWXUDO�XQLWV�DOVR�DUH�FRQQHFWHG�ZLWK�HDFK�RWKHU�FRYDOHQW��E\�FRQQHFWLRQ�RQO\�RQ�GRQRU���
DFFHSWRU� WR� WKH� PHFKDQLVP� GXH� WR� RQH� HOHFWURQ� K\GURJHQ� RZLQJ� WR� ZKDW� LW� LV� IRUPHG�
K\GURJHQ�FKDLQV��2FWDKHGURQV�)H2��RU�WHWUDKHGURQV�)H2��WDNH�SDUW�LQ�IRUPDWLRQ�SRO\PHULF�
DONDOLQH� QDWULXPIHUUXWHURXV� VLOLFDWH� DORQJVLGH�ZLWK� WHWUDKHGURQ�6L2��� �8QGHU� LQIOXHQFH� RI� D�
PDJQHWLF� ILHOG� RQ� VLOLFDWH� VROXWLRQV� LW� LV� SRVVLEOH� � � GHSRO\PHULVDWLRQ� � QDWULXPIHUUXWHURXV��
VLOLFDWH� IURP� �� IRU� ZHDN� K\GURJHQ� FRQQHFWLRQV�� ,Q� D� UHVXOW� LW� LV� IRUPHG� PRQRPHDVXUHV�
QDWULXPIHUUXWHURXV� VLOLFDWH�� ZKLFK� GLVVRFLDWHV� RQ� LRQV� 1D�� DQG� )H6L2�

��� $W� DGGLWLRQ�

SUHFLSLWDQW��&D2��IHUUXWHURXV�VLOLFDWH�LV�IRUPHG�VOLJKWO\��VROXWHG��FDOFLXPIHUUXWHURXV�VLOLFDWH��
�
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�
��0RYVLV\DQ�0�6���*HYRUN\DQ�$�7���5HVHDUFK�RQ�UDWLRQDO�XVH�UDZ�DQG�IXHO�SRZHU�UHVRXUFHV�LQ�WKH�JODVV�
LQGXVWU\�´��0���������SJ�����������



��7RK\DPD�,���8HGD�7���1DNDPXUD�7��3URFHVVLQJ�RI�WKH�VHZDJH�FRQWDLQLQJ�WR[LF�H[WULQVLF�ZLWK�
WKH�KHOS�RI�VLOLFDWH�FDOFLD��5�0��&KHPLVWU\�����������DQG������

��0HVURS\DQ�5�$��$�ZD\� RI� FOHDULQJ� RI� VLOLFDWH� FRQQHFWLRQV��$�V��8665�1� �������� %�,�����
������

��'DQLORYD�/�.���,YFKHQNR�.�3���6KFKHYFKHQNR�,�.���'XERYD�1�'�:D\�RI�FOHDULQJ�RI�D�VROXWLRQ�
VLOLFDWH�RI�D�EORFN��$�V��8665���1���������$QG����������

�� 0HOLNVHW\DQ� /�$��� $UR\DQ� *�$��� 0HOLNVHW\DQ� )�=�� D� ZD\� RI� UHFHSWLRQ� JODVV� FKDUJH� � � IRU�
PDQXIDFWXUH�RI�FRORXUOHVV�JODVVHV��$�V��8665��1���������%�,����������

��.ODVVHQ�9��,��0DJQLILFDWLRQ�RI���ZDWHU�V\VWHPV��0���´�&KHPLVWU\µ�����������SJ��

��4XHVWLRQV�RI� WKH� WKHRU\�DQG�SUDFWLFH�RI�PDJQHWLF�SURFHVVLQJ�RI�ZDWHU� DQG�ZDWHU�V\VWHPV�
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