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0LFURQHHGOH�EDVHG�ELRVHQVRU�IRU�PLQLPDOO\�LQYDVLYH�ODFWDWH�GHWHFWLRQ

3DROR %ROOHOODD� 6DQLMY 6KDUPDE��$QWKRQ\�(GZDUG�*HRUJH &DVVF��5LFFDUGD $QWLRFKLDD�

D'HSDUWPHQW�RI�&KHPLVWU\�DQG�'UXJ�7HFKQRORJLHV�� 6DSLHQ]D�8QLYHUVLW\�RI�5RPH��5RPH��,WDO\
E&ROOHJH RI�(QJLQHHULQJ�� 6ZDQVHD�8QLYHUVLW\��6ZDQVHD��:DOHV
F'HSDUWPHQW�RI�&KHPLVWU\�	�,QVWLWXWH�RI�%LRPHGLFDO�(QJLQHHULQJ�� ,PSHULDO�&ROOHJH��/RQGRQ��8.


&RUUHVSRQGLQJ�DXWKRU�
(�PDLO�DGGUHVV��ULFFDUGD�DQWLRFKLD#XQLURPD��LW

$EVWUDFW
+HUH�ZH�UHSRUW�WKH�ILUVW�PHGLDWHG�PLFURQHHGOHV�EDVHG�ELRVHQVRU�IRU�PLQLPDOO\�LQYDVLYH�FRQWLQXRXV�
VHQVLQJ� RI� ODFWDWH� LQ� WKH� GHUPDO� LQWHUVWLWLDO� IOXLG� �,6)�� 7R� IXUWKHU� GHPRQVWUDWH� WKH� FDSDELOLW\� RI�
PLFURQHHGOH�DUUD\V�DV�VHFRQG�JHQHUDWLRQ�ELRVHQVRUV�ZH�KDYH�IXQFWLRQDOL]HG�JROG PLFURQHHGOHV�ZLWK�
QDQRFDUERQV� DW�ZKLFK�PHGLDWHG� HOHFWURQ� WUDQVIHU� RI� ODFWDWH� R[LGDVH� WDNHV� SODFH�� ,Q� SDUWLFXODU� WKH�
JROG� VXUIDFH� RI� WKH� PLFURQHHGOHV� HOHFWURGH� KDV� EHHQ� PRGLILHG� LQ� �� VXEVHTXHQW� VWHSV�� L��
HOHFWURGHSRVLWLRQ�RI�$X�PXOWLZDOOHG�FDUERQ�QDQRWXEHV��0:&17V���LL��HOHFWURSRO\PHUL]DWLRQ�RI�WKH�
PHGLDWRU��PHWK\OHQH�EOXH �0%���LLL��LPPRELOL]DWLRQ�RI�WKH�HQ]\PH�ODFWDWH�R[LGDVH��/2;��E\�GURS�
FDVWLQJ�SURFHGXUH�
7KH� UHVXOWLQJ� PLFURQHHGOH�EDVHG� /2; ELRVHQVRU� GLVSOD\V� DQ� LQWHUIHUHQFH�IUHH� ODFWDWH� GHWHFWLRQ�
ZLWKRXW�FRPSURPLVLQJ�LWV�VHQVLWLYLW\��VWDELOLW\��VHOHFWLYLW\ DQG�UHVSRQVH�WLPH�
7KH�SHUIRUPDQFH�RI� WKH�PLFURQHHGOH� DUUD\� VHFRQG�JHQHUDWLRQ�ELRVHQVRU� IRU� ODFWDWH�GHWHFWLRQ�ZDV�
DVVHVVHG� LQ� DUWLILFLDO� LQWHUVWLWLDO� IOXLG� DQG� LQ� KXPDQ� VHUXP�� ERWK� VSLNHG�ZLWK� ODFWDWH� 7KH� UHVXOWV�
UHYHDO�WKDW�WKH�QHZ�PLFURQHHGOHV ODFWDWH�VHQVRU�KROGV�LQWHUHVWLQJ�SURPLVH�IRU�WKH�GHYHORSPHQW�RI�D�
UHDO�WLPH�PRQLWRULQJ�GHYLFH�WR�EH�XVHG�LQ�VSRUW�PHGLFLQH�DQG�FOLQLFDO�FDUH��

.H\ZRUGV�0LFURQHHGOHV� /DFWDWH��0LQLPDOO\�LQYDVLYH�VHQVRUV��&RQWLQXRXV�PRQLWRULQJ��,QWHUVWLWLDO�
IOXLG

0DQXVFULSW
&OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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���,QWURGXFWLRQ
7KH�UHDO�WLPH�PRQLWRULQJ�RI�ODFWDWH�KDV�DWWUDFWHG�JUHDW�LQWHUHVW�LQ�WKH�ODVW�IHZ�\HDUV�EHFDXVH�LW�LV�D�
NH\ DQDO\WLFDO�WDUJHW�LQ�VSRUW�PHGLFLQH�DQG�FOLQLFDO�FDUH��5DVVDHL�HW�DO���������,W�LV�NQRZQ�WKDW�ODFWDWH�
LV� DQ� LPSRUWDQW PHWDEROLWH� IRUPHG� GXULQJ� WKH� DQDHURELF� PHWDEROLVP� RI� JOXFRVH� LQ� PXVFOHV��
0RQLWRULQJ�RI�ODFWDWH�LV�XVHG�WR�HYDOXDWH�WKH�PD[LPXP�SHUIRUPDQFH�RI�DQ�DWKOHWH�GXULQJ�LQWHQVLYH�
H[HUFLVH DQG�HQGXUDQFH�EDVHG�DFWLYLWLHV��/DFWDWH�FRQFHQWUDWLRQV�LQ�WKH�EORRG�RI�KHDOWK\�LQGLYLGXDOV�
UDQJHV�IURP�����WR���P0�DW�UHVW�ULVLQJ�WR��� P0�GXULQJ�H[HUFLVH�DQG ��P0 XQGHU�LQWHQVH�SK\VLFDO�
H[HUFLVH��%URRNV�������*RRGZLQ�HW�DO��������3K\SHUV�DQG�3LHUFH�������6WDQOH\�HW�DO���������/DFWDWH�
OHYHOV� LQFUHDVH� DOVR� LQ VHYHUDO� SDWKRORJLFDO� FRQGLWLRQV�� VXFK� DV� FDUGLDF� GLVHDVHV� �.DUOVVRQ� HW� DO��
������9DOHQ]D�HW�DO������� HQGRWR[LF�VKRFN��6D\HHG�DQG�0XUWK\��������SXOPRQDU\�HPEROLVP��'H�
%DFNHU�HW�DO���������OLYHU�GLVHDVH��.UXVH�HW�DO���������GLDEHWHV DQG�RWKHU�GLVRUGHUV��%HOORPR�������
5LPDFKL�HW�DO�������� /DFWDWH�KDV�EHHQ�UHFHQWO\�IRXQG�WR�EH�WKH�PDMRU�FDXVH�RI�DFLGLILFDWLRQ�LQ�WKH�
PLFURHQYLURQPHQW� RI� FDQFHU� FHOOV� DQG� WKHUHIRUH� SOD\V� D� NH\� UROH� DOVR� LQ� FDQFHU� GLDJQRVLV�
�+LUVFKKDHXVHU�HW�DO��������
%ORRG�ODFWDWH�OHYHOV�DUH�WKHUHIRUH�FXUUHQWO\ XVHG�DV�DQ�LQGLFDWRU�RI�ERWK�ILWQHVV�DQG�FOLQLFDO�VWDWXV��
7KHUH�LV�D�JUHDW� LQWHUHVW� LQ� WKH�GHYHORSPHQW�RI�KLJKO\�VHQVLWLYH�ODFWDWH�VHQVRUV�IRU�JHQHUDO� FOLQLFDO�
GLDJQRVWLFV��LQWHQVLYH�FDUH�DQG�VSRUW�PHGLFLQH�
6HYHUDO�FODVVLFDO�DQDO\WLFDO�PHWKRGV�KDYH�EHHQ�XVHG��VXFK�DV�DPSHURPHWU\��1LNRODXV�DQG�6WUHKOLW]�
�������SRWHQWLRPHWU\��6KLQER�HW�DO���������FKHPLOXPLQHVFHQFH��:X�HW�DO�������� KLJK�SHUIRUPDQFH�
OLTXLG�FKURPDWRJUDSK\��2PROH�HW�DO������� DQG�PDJQHWLF�UHVRQDQFH�VSHFWURVFRS\��5HQ�HW�DO���������
+RZHYHU��WKHVH�PHWKRGV�KDYH�NQRZQ�GUDZEDFNV��DV�WKH\�DUH�RIWHQ�WLPH�FRQVXPLQJ��H[SHQVLYH�DQG�
UHTXLUH�ODERUDWRU\�HTXLSPHQW�DQG�WUDLQHG�SHUVRQQHO�
$PSHURPHWULF� ELRVHQVRUV� UHSUHVHQW� YDOLG� DOWHUQDWLYHV� DV� WKH\� DOORZ� DFFXUDWH� DQG� FRVW�HIIHFWLYH�
GHWHUPLQDWLRQ�RI�ODFWDWH LQ�UHDO�WLPH�ZLWK�LPSURYHG�VHQVLWLYLW\�DQG�VHOHFWLYLW\��
1XPHURXV� DPSHURPHWULF� ODFWDWH� ELRVHQVRUV� EDVHG� RQ� ERWK� ODFWDWH� R[LGDVH� �/2;�� DQG ODFWDWH�
GHK\GURJHQDVH��/'+��LPPRELOL]HG�ZLWK�GLIIHUHQW�VWUDWHJLHV�RQ�GLIIHUHQW�HOHFWURFKHPLFDO�SODWIRUPV�
KDYH�EHHQ�SUHYLRXVO\�UHSRUWHG��$J�t�HW�DO��������$YUDPHVFX�HW�DO��������&KHQ�HW�DO��������&ROOLHU�HW�
DO��������*KDPRXVV�HW�DO��������+LFNH\ HW�DO��������+RQJ�HW�DO��������/DPDV�$UGLVDQD�HW�DO��������
3LDQR�HW�DO��������5DWKHH�HW�DO��������6KLPRPXUD�HW�DO���������0RVW�RI�WKHP�XVH�EORRG�DV�WKH�PDWUL[�
IRU� WKH� DQDO\WLFDO� GHWHFWLRQ�RI� ODFWDWH ZLWK� WKH�REYLRXV�GUDZEDFN�RI KDYLQJ WR�GR� UHSHDWHG� ILQJHU�
SULFNV� ZLWK� WKH� FRQVHTXHQW� GLVFRPIRUW�� 5HVHDUFKHUV� KDYH� EHHQ� UHFHQWO\� H[KRUWLQJ� WKH� XVH� RI�
PLQLPDOO\�LQYDVLYH�VHQVRUV�WR�PHDVXUH�ODFWDWH�FRQFHQWUDWLRQV�LQ�GLIIHUHQW�ELRORJLFDO�IOXLGV��VXFK�DV�
VZHDW� �$EUDU� HW� DO�� ������ $QDVWDVRYD� HW� DO�� ������ -LD� HW� DO�� ������� VDOLYD� �.LP� HW� DO�� ������
3HWURSRXORV�HW�DO������� DQG�WHDUV��7KRPDV�HW�DO���������8QIRUWXQDWHO\� WKHVH�VHQVRUV�FDQQRW�EH�DV�
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DFFXUDWH�DV�EORRG WHVWV�EHFDXVH�WKH�FRQWHQW�RI�VZHDW��VDOLYD�DQG�WHDUV�LV�PRUH�YDULDEOH�DV�LW LV�FDQ�EH�
LQIOXHQFHG�E\�RWKHU�SDUDPHWHUV�VXFK�DV�WKH�SUHVHQFH�RI�PLFUREHV�RQ� WKH�VNLQ��LQ�WKH�FDVH�RI�VZHDW�
DQG� WHDUV�� RU� E\� IRRG� LQJHVWLRQ� �LQ� WKH� FDVH� RI� VDOLYD��� 7KH� UDWH� RI� VZHDWLQJ� LV�PRUHRYHU� KLJKO\�
GHSHQGHQW� RQ� H[HUFLVH�� WHPSHUDWXUH� DQG� ZKHUH� RQ� WKH� ERG\� WKH� PHDVXUHPHQWV� DUH� PDGH��
$GGLWLRQDOO\��SHRSOH�DUHQ¶W�DOZD\V�VZHDWLQJ�RU�FU\LQJ�� ,Q�PDQ\�DSSOLFDWLRQV�RXWVLGH�DWKOHWLFV� LW� LV�
QHFHVVDU\�WR�XVH�ZHDUDEOH�EDQGV�WR�ORFDOO\�VWLPXODWH�VZHDWLQJ��
0LFURQHHGOH�DUUD\�EDVHG�ELRVHQVRUV�UHSUHVHQW�DQ�LQWHUHVWLQJ�DSSURDFK�DV�WKH\�PHDVXUH�ODFWDWH�LQ�DQ�
XQGHU�H[SORLWHG SK\VLRORJLFDO�PDWUL[�� WKH� GHUPDO� LQWHUVWLWLDO� IOXLG� �,6)��� WKH� IOXLG� WKDW� EDWKHV WKH�
YLDEOH WLVVXH�RI� VNLQ�� �7KH� LQWHUVWLWLDO� IOXLG� LV� GHILQLWHO\� D�PRUH� DFFHVVLEOH� DQG�PRUH� UHSURGXFLEOH�
PDWUL[�DQG�LW�VHHPV�WR�EH�D PRVW�VXLWDEOH�KXPDQ�ERG\�IOXLG�IRU�WKH�PLQLPDOO\�LQYDVLYH�GHWHFWLRQ�RI�
ODFWDWH�� 7KH� ,6)� PLFURHQYLURQPHQW� RIIHU� D� PLQLPDOO\ LQYDVLYH� VNLQ� FRPSDUWPHQW� LQ ZKLFK� WR�
PHDVXUH� ELRPDUNHUV� PDQ\� RI� ZKLFK� VKRZ� D� JRRG� FRUUHODWLRQ�ZLWK� YHQRXV� EORRG� �3DOLZDO� HW� DO��
������6KDUPD�HW�DO���������'XH� WR� WKH�VPDOO�GLPHQVLRQV�RI� WKH�PLFURQHHGOHV����PP�OHQJWK��� WKH\�
FDQ�SHQHWUDWH�WKH�VWUDWXP�FRUQHXP�EXW�WKH\�GR�QRW UHDFK�GHHS�LQWR�WKH�VXE�FXWDQHRXV�WLVVXH� XQOLNH
WKH QHHGOH VHQVRUV XVHG�� IRU� H[DPSOH�� LQ� FRPPHUFLDOO\� DYDLODEOH� FRQWLQXRXV� JOXFRVH� PRQLWRULQJ�
�&*0��GHYLFHV��0HDVXUHPHQWV�DUH�PDGH�LQ�WKH�XSSHU�SDUW�RI�GHUPDO�LQWHUVWLWLDO�FRPSDUWPHQW�ZKHUH�
QR� EORRG� YHVVHOV� DQG� QR� QHUYH� HQGLQJV� DUH� SUHVHQW� �6KDUPD� HW� DO�� ������� )RU� WKHVH� UHDVRQV��
FRPSDUHG� WR� RWKHU� FRQWLQXRXV� PRQLWRULQJ� GHYLFHV�� WKH� PLFURQHHGOH� DUUD\V� RIIHU� WKH� IROORZLQJ�
DGYDQWDJHV� L�� PLQLPDO� LQYDVLYHQHVV�� WKDQNV� WR� WKHLU� VPDOO� GLPHQVLRQV�� LL�� UHGXFHG� ELRIRXOLQJ�
HIIHFWV� DV� WKH\�DUH�FKDQJHG�RQ D�GDLO\�EDVLV� �������KRXUV�PD[LPXP��ZKLOH� WKH�RWKHU�GHYLFHV�DUH�
LPSODQWHG� IRU� ����� GD\V�� LLL�� ODUJHU� FXUUHQWV� EHFDXVH� RI� WKHLU� ODUJHU� HOHFWURGH� VXUIDFH� DUHDV�
0RUHRYHU� WKH�PLQLPDOO\�LQYDVLYH�QDWXUH�RI�WKH�PLFURQHHGOH�DUUD\V�VXJJHVWV�WKDW�WKH\�DUH�DVVRFLDWHG�
ZLWK�OHVV�VNLQ�LUULWDWLRQ��UHGXFHG�SDLQ�DQG�WLVVXH�WUDXPD��ORZHU�ULVN�RI�ORFDO�LQIHFWLRQ�DQG�ORZHU�ULVN�
RI�EOHHGLQJ��$�IXOO�UHFRYHU\�LV�REVHUYHG ZLWKLQ����KRXUV�RI� UHPRYDO��(O�/DERXGL�HW�DO������� DQG�
RIWHQ�OHVV�
,QLWLDO� HIIRUWV� KDYH� EHHQ� IRFXVHG� RQ� XVLQJ� WKH�PLFURQHHGOH� DUUD\V� EDVHG� GHYLFHV� IRU� WUDQVGHUPDO�
GHOLYHU\� RI� GUXJV� DQG� YDFFLQHV� �(O�/DERXGL� HW� DO�� ������ :LQGPLOOHU� HW� DO�� ������� 5HFHQWO\�� WKH�
PLFURQHHGOHV�KDYH�EHHQ�HPSOR\HG�IRU�WKH�GHYHORSPHQW�RI�PLQLPDOO\�LQYDVLYH�FRQWLQXRXV�DQDO\WLFDO�
VHQVRUV�� ,Q� WKLV� UHJDUGV�� WKH� ILUVW� VWXGLHV� KDYH� DSSOLHG� PLFURQHHGOH� DUUD\V� IRU� WKH� FRQWLQXRXV�
PRQLWRULQJ� RI� JOXFRVH� �0LOOHU� HW� DO�� ������ 6KDUPD� HW� DO�� ������ 9DOGpV�5DPtUH]� HW� DO�� �������
6XEVHTXHQWO\��D� IHZ�VWXGLHV�KDYH�GHVFULEHG� WKH�GHYHORSPHQW�RI�PLFURQHHGOH�EDVHG�ELRVHQVRUV� IRU�
WKH�GHWHFWLRQ�RI� ODFWDWH� �0LOOHU�HW� DO��������6KDUPD�HW�DO���������DOFRKRO� �0RKDQ�HW� DO������� DQG�
EHWD�ODFWDPV� �5DZVRQ� HW� DO�� �������+RZHYHU�� WKHUH� DUH� QR� SXEOLFDWLRQ�ZKHUH�PLFURQHHGOH� DUUD\V�
KDYH�EHHQ�VKRZQ�WR�IXQFWLRQ�DV VHFRQG�JHQHUDWLRQ�ELRVHQVRUV��9HQWUHOOL�HW�DO���������0RVW�RI�WKHP�
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DUH�EDVHG�RQ� WKH�GHWHFWLRQ�RI� WKH�K\GURJHQ�SHUR[LGH�SURGXFHG�GXULQJ� WKH�/2;�FDWDO\VHG�UHDFWLRQ�
DQG�VR�GHWHFWLRQ�RFFXUV� DW� D�KLJK�RYHUSRWHQWLDO�ZKHUH LQWHUIHUHQFHV�E\�RWKHU�HOHFWURDFWLYH�VSHFLHV�
ZKLFK�PD\�EH�SUHVHQW�LQ�UHDO�VDPSOHV�FDQ�EH�SUREOHPDWLF��$EUDU�HW�DO��������
7KH�SUHVHQW�ZRUN�GHVFULEHV�WKH�ILUVW�H[DPSOH�RI�D�PHGLDWHG�SDLQ�IUHH�PLFURQHHGOH�EDVHG�ELRVHQVRU�
IRU�WKH�FRQWLQXRXV�PRQLWRULQJ�RI�ODFWDWH�LQ�WKH�,6)���7KH�JROG�VXUIDFH�RI�WKH�PLFURQHHGOHV�KDV�EHHQ�
PRGLILHG�E\� HOHFWURGHSRVLWLRQ�RI�$X�PXOWLZDOOHG� FDUERQ�QDQRWXEHV� �0:&17V� DQG� VXFFHVVLYHO\�
E\�HOHFWURSRO\PHUL]DWLRQ�RI�WKH�UHGR[�PHGLDWRU��PHWK\OHQH EOXH �0%���)XQFWLRQDOL]DWLRQ�RI�WKH�$X�
0:&17V�SRO\0%� SODWIRUP� ZLWK� WKH� /2;� HQ]\PH� E\� GURS� FDVWLQJ� SURFHGXUH� HQDEOHG� WKH�
FRQWLQXRXV�PRQLWRULQJ�RI�ODFWDWH�LQ�DUWLILFLDO�LQWHUVWLWLDO�IOXLG�DQG�LQ�KXPDQ�VHUXP��
7KH�LQWHUHVWLQJ�DQDO\WLFDO�SHUIRUPDQFHV�H[KLELWHG�E\�WKH�QHZ�PLFURQHHGOHV�EDVHG�ELRVHQVRU�PDNHV�
LW�D�SURPLVLQJ�WRRO�DV�D�PLQLPDOO\�LQYDVLYH�ZHDUDEOH PRQLWRULQJ�GHYLFH�IRU�FRQWLQXRXV�PRQLWRULQJ�
RI�ODFWDWH�WR�EH�XVHG�LQ�VSRUW�PHGLFLQH�DQG�FOLQLFDO�FDUH�

���([SHULPHQWDO
����&KHPLFDOV�DQG�UHDJHQWV
���1�PRUSKROLQR�SURSDQHVXOIRQLF� DFLG� �0236��� �����+\GUR[\HWK\O�SLSHUD]LQH���HWKDQHVXOIRQLF�
DFLG� �+(3(6��� DPPRQLXP� FKORULGH� �1+�&O��� DVFRUELF� DFLG� �$$��� ERULF� DFLG�� FDOFLXP� FKORULGH�
�&D&O����'�����JOXFRVH��*OF���IHUULF\QLGH��)H�&1�������IHUURF\DQLGH��)H�&1�������KXPDQ�VHUXP�IURP�
KXPDQ�PDOH�$%�SODVPD��86$�RULJLQ��VWHULOH�ILOWHUHG���PDJQHVLXP�VXOIDWH��0J62����PHWK\OHQH�EOXH�
�0%��� PXOWL�ZDOOHG� FDUERQ� QDQRWXEHV� �0:&17V��� SRWDVVLXP� FKORULGH� �.&O��� SRWDVVLXP� QLWUDWH�
�.12���� VDFFKDURVH�� VRGLXP� DFHWDWH� �&+�&221D��� VRGLXP� WHWUDERUDWH�� VRGLXP� FKORULGH� �1D&O��
VRGLXP�/�ODFWDWH��VRGLXP�SKRVSKDWH�GLEDVLF��1D�+32����VRGLXP�SKRVSKDWH�PRQREDVLF��1D+�32����
VXOIXULF�DFLG��+�62����WULV�K\GUR[\PHWK\O�DPLQRPHWKDQH��75,6��DQG�XULF�DFLG��8$��ZHUH�REWDLQHG�
IURP�6LJPD�$OGULFK��6W��/RXLV��02��86$��
/DFWDWH�R[LGDVH��/2;��IURP $HURFRFFXV�9LULGDQV �8PHQD�HW�DO������� ZDV�REWDLQHG�IURP�&UHDWLYH�
(Q]\PH�/WG��7KH�/2;��DFWLYLW\���� 8�PO��ZDV�GLVVROYHG�LQ�D�SKRVSKDWH�EXIIHU�DW�S+������GLYLGHG�
LQWR�DOLTXRWV��DQG�NHSW�DW���� �&�XQWLO�LPPHGLDWHO\�EHIRUH�EHLQJ�XVHG�
$OO�VROXWLRQV�ZHUH�SUHSDUHG�XVLQJ�0LOOL�4�ZDWHU�������0ȍ�FP��0LOOLSRUH��%HGIRUG��0$��86$��

����(OHFWURGH�SUHSDUDWLRQ�DQG�PRGLILFDWLRQ
������*ROG�SODQDU�HOHFWURGHV
3RO\FU\VWDOOLQH� JROG� HOHFWURGHV� �$X(�� �G �� PP�� $0(/�� 0LODQR�� ,7$/<�� ZHUH� FOHDQHG� E\�
LQFXEDWLRQ� LQ� 3LUDQKD� VROXWLRQ� IRU� �� PLQ� ����� PL[WXUH� RI� FRQF�� +�2� ZLWK� +�62��� &$87,21��
3LUDQKD� VROXWLRQ� LV� HVSHFLDOO\� GDQJHURXV�� FRUURVLYH� DQG� PD\� H[SORGH� LI� FRQWDLQHG� LQ� D� FORVHG�
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YHVVHO�� LW� VKRXOG� EH� KDQGOHG� ZLWK� VSHFLDO� FDUH��� WKHQ� ZLWK� SROLVKLQJ� FORWKV� ZLWK� GHDJJORPHUDWHG�
DOXPLQD� VOXUU\� RI� �� �P� GLDPHWHU� �6,(0�� %RORJQD�� ,7$/<��� VXFFHVVLYHO\� VRQLFDWHG� LQ� XOWUDSXUH�
ZDWHU�IRU���PLQ�DQG�ILQDOO\�HOHFWURFKHPLFDOO\�FOHDQHG�LQ�����0�+�62� E\�F\FOLQJ����WLPHV�EHWZHHQ�
í����DQG�����9�YV��6&(�DW�D�VFDQ�UDWH�RI�����P9�V�����3RO\FU\VWDOOLQH�JROG�HOHFWURGHV�ZHUH�PRGLILHG�
E\�HOHFWURGHSRVLWLRQ�RI�$X�0:&17V�VZHHSLQJ�WKH�SRWHQWLDO�EHWZHHQ�����DQG���9�YV��6&(�IRU����
VFDQV�DW����P9�V�� LQ�D�VXVSHQVLRQ�FRQWDLQLQJ���PJ�P/�� RI�0:&17V�����P0�+$X&O� LQ�����0�
1+�&O�� �'DL� DQG� &RPSWRQ� ������� 7KH� PRGLILHG� HOHFWURGHV� ZHUH� FKDUDFWHUL]HG� LQ� �� P0�
)H�&1���í��í ����P0�3%6�EXIIHU�S+�����������P0�1D&O��LQ�RUGHU�WR�GHWHUPLQH�WKH�HOHFWURDFWLYH�
VXUIDFH� DUHD�� KHWHURJHQHRXV� HOHFWURQ� WUDQVIHU� UDWH� FRQVWDQW� �N��� FP� Ví��� DQG� URXJKQHVV� IDFWRU� �ȡ���
$IWHUZDUGV� WKH�VR�SUHSDUHG�$X(�$X�0:&17V�ZHUH�IXUWKHU�PRGLILHG�E\�HOHFWURGHSRVLWLRQ�RI�S0%�
VZHHSLQJ� WKH� SRWHQWLDO� EHWZHHQ� ����� DQG� ���� YV�� 6&(� LQ� �����P0�0%� VROXWLRQ� ������0� ERUDWH�
EXIIHU�S+�������VXSSRUWLQJ�HOHFWURO\WH�����0�.12���VZHHS�UDWH����P9�V�O���.DU\DNLQ�HW�DO���������
1H[W�����/�RI�/2;�ZHUH�GURS�FDVW�RQWR�WKH�PRGLILHG�HOHFWURGH�DQG�OHIW WR GU\�DW�URRP�WHPSHUDWXUH��
)LQDOO\�� WKH� HOHFWURGH� ZDV� JHQWO\� ULQVHG� ZLWK� ��� P0� 3%6� EXIIHU� �S+� ����� DQG� VWRUHG� DW� ��&�
RYHUQLJKW�

������$X�PLFURQHHGOHV�HOHFWURGHV
7KH�PLFURQHHGOH�DUUD\�EDVH VWUXFWXUHV�ZHUH IDEULFDWHG�LQ SRO\FDUERQDWH�DW�*ODVJRZ�8QLYHUVLW\��DV�
GHVFULEHG� LQ� GHWDLO� SUHYLRXVO\� �&DVV� DQG� 6KDUPD� ����� DQG� PHWDOOLVHG� E\� 7RUU� 6FLHQWLILF� /WG�
�%H[KLOO�� 7KH\� FRQVLVW� RI� D� SRO\FDUERQDWH� VWUXFWXUH� ���� î� ��� [� ���� FP�� FRQVLVWLQJ� RI� ���
PLFURQHHGOHV�SHUSHQGLFXODU�WR�WKH�EDVH�SODWH�DUUDQJHG�DV�IRXU��[��DUUD\V��S\UDPLG�GLPHQVLRQV��EDVH�
�����FP��KHLJKW�����FP���[��DUUD\�DUHD������FP����7KUHH�RI�WKHP�KDYH�EHHQ�PHWDOOL]HG�ZLWK JROG�DQG�
DUH�XVHG�DV�ZRUNLQJ�HOHFWURGHV DQG�RQH�KDV�EHHQ�PHWDOOL]HG�ZLWK�VLOYHU�� +RZHYHU�LQ�WKLV�ZRUN��LQ�
YLWUR��DQ H[WHUQDO�VDWXUDWHG�FDORPHO HOHFWURGH�ZDV�XVHG�DV�WKH�UHIHUHQFH�HOHFWURGH��
7KH PLFURQHHGOH� HOHFWURGHV�ZHUH HOHFWURFKHPLFDOO\� FOHDQHG� LQ� ��� 0�+�62� E\� F\FOLQJ� ��� WLPHV�
EHWZHHQ� ����� DQG� ��� 9� YV�� 6&(� DW� D� VFDQ� UDWH� RI� ��� P9� V�� DQG� VXFFHVVLYHO\ PRGLILHG� E\
HOHFWURGHSRVLWLRQ�RI�$X�0:&17V�� FKDUDFWHUL]HG�LQ���P0�)H�&1���í��í LQ�RUGHU�WR�GHWHUPLQH�WKH�
HOHFWURDFWLYH�VXUIDFH�DUHD��KHWHURJHQHRXV�HOHFWURQ�WUDQVIHU�UDWH�FRQVWDQW��N���FP�Ví�� DQG�URXJKQHVV�
IDFWRU��ȡ��DQG�ILQDOO\�PRGLILHG�E\�HOHFWURGHSRVLWLRQ�RI�S0%�DQG�E\�GURS�FDVWLQJ�RI�/2;��DFFRUGLQJ�
WR�WKH�VDPH�SURFHGXUHV�DV�UHSRUWHG�IRU�WKH�JROG�SODQDU�HOHFWURGHV��SDUDJUDSK��������

����6(0�H[SHULPHQWV
6FDQQLQJ� HOHFWURQ�PLFURVFRS\� �6(0��PHDVXUHPHQWV�ZHUH� SHUIRUPHG�ZLWK�+LJK�5HVROXWLRQ� )LHOG�
(PLVVLRQ�6FDQQLQJ�(OHFWURQ�0LFURVFRS\��+5�)(6(0��=HLVV�$XULJD�0LFURVFRS\��-HQD��*HUPDQ\���
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$OO�VDPSOHV�ZHUH�SUHSDUHG�DFFRUGLQJ�WR�WKH�PRGLILFDWLRQ�SURWRFRO��DV�UHSRUWHG�LQ�VHFWLRQ������XVLQJ�
JROG�SODWHV�����ca����ca���PP��$/6�&R��/WG���7RN\R��-DSDQ��LQVWHDG�RI�JROG�HOHFWURGHV�DQG�$X�
PLFURQHHGOHV�HOHFWURGHV�

����3UHSDUDWLRQ�RI�DUWLILFLDO�LQWHUVWLWLDO�IOXLG
7KH�DUWLILFLDO�LQWHUVWLWLDO�IOXLG��,6)��ZDV�SUHSDUHG�E\�PL[LQJ�����P0�&D&O�������P0�JOXFRVH����P0�
+HSHV������P0�.&O������P0�0J62�������P0�1D&O������P0�1D+�32�������P0�VDFFKDURVH��7KH�
S+�ZDV�DGMXVWHG�WR�S+������6DLWR HW�DO����������

����(OHFWURFKHPLFDO�PHDVXUHPHQWV
&\FOLF� YROWDPPHWU\� DQG� DPSHURPHWULF� H[SHULPHQWV� ZHUH� SHUIRUPHG� E\� XVLQJ� D� 3*6$7���1�
SRWHQWLRVWDW� �(FR�&KHPLH�� 7KH�1HWKHUODQGV�� FRQWUROOHG� E\�1RYD� ���� VRIWZDUH� �(FR�&KHPLH�� 7KH�
1HWKHUODQGV��ZLWK� D� FRQYHQWLRQDO� WKUHH�HOHFWURGHV� HOHFWURFKHPLFDO� FHOO� HTXLSSHG�ZLWK� D�PRGLILHG�
JROG� SODQDU� HOHFWURGH� RU� $X� PLFURQHHGOHV� DV� ZRUNLQJ� HOHFWURGHV�� D� VDWXUDWHG� FDORPHO� HOHFWURGH�
�6&(����� P9�YV��1+(��&DW������6&*�����$0(/��0LODQR��,WDO\��DQG�D�JODVV\�FDUERQ�URG�HOHFWURGH�
�G  � PP��&DW�� ������������0HWURKP��+HULVDX�� 6ZLW]HUODQG��ZHUH� XVHG� DV� UHIHUHQFH� DQG�FRXQWHU�
HOHFWURGHV�� UHVSHFWLYHO\�� 7KH� WHPSHUDWXUH�FRQWUROOHG H[SHULPHQWV� ZHUH� FDUULHG� RXW� E\� XVLQJ� D�
WKHUPRVWDWLF EDWK��7���������&��/$8'$�50���'HOUDQ��1-��86$��

���5HVXOWV�DQG�GLVFXVVLRQ
����0LFURQHHGOHV�VXUIDFH�IXQFWLRQDOL]DWLRQ
7KH�ZRUNLQJ�JROG�VXUIDFH�RI�WKH�PLFURQHHGOHV�KDV�EHHQ�IXQFWLRQDOL]HG�LQLWLDOO\�E\�HOHFWURGHSRVLWLRQ�
RI�$X�PXOWLZDOOHG�FDUERQ�QDQRWXEHV��0:&17V���IROORZHG�E\ HOHFWURSRO\PHUL]DWLRQ�RI�PHWK\OHQH�
EOXH �0%�� DQG� ILQDOO\� E\ LPPRELOL]DWLRQ� RI� WKH� HQ]\PH� ODFWDWH� R[LGDVH� �/2;�� E\� GURS�FDVWLQJ�
SURFHGXUH��)LJ���&��
6(0�LPDJHV�ZHUH�XVHG� WR�HYDOXDWH� WKH�SK\VLFDO� DSSHDUDQFH�DQG� WKH�VXUIDFH�FKDUDFWHULVWLFV�RI� WKH�
JROG�PLFURQHHGOHV� HOHFWURGH�EHIRUH� DQG�DIWHU WKH� HOHFWURGHSRVLWLRQ�RI�$X�0:&17V��REWDLQHG�E\�
F\FOLQJ�WKH�SRWHQWLDO�EHWZHHQ�����DQG���9�IRU����F\FOHV��)LJ����VKRZV�WKH�6(0�LPDJHV�UHODWLYH�WR�
WKH�EDUH�JROG�PLFURQHHGOHV HOHFWURGH��)LJ���$��DQG�WR�WKH�$X�0:&17V�PLFURQHHGOHV HOHFWURGH�DW�
WZR�GLIIHUHQW�PDJQLILFDWLRQV� �)LJ���%�DQG�&�� 7KH�RSWLPDO� VXUIDFH�FRYHUDJH�REWDLQHG� LV�SUREDEO\�
GXH�WR�WKH�LQLWLDO�UHGXFWLRQ�RI�$X�� WR�$X� ZLWK�WKH�IRUPDWLRQ�RI�$X�QDQRSDUWLFOHV�RQWR�WKH�HOHFWURGH�
VXUIDFH� ZKLFK� DOORZ� WKH� HQWUDSPHQW� RI� WKH�0:&17V�� 7KLV� SURFHVV� LV� IXUWKHU� IDFLOLWDWHG� E\� WKH�
IRUPDWLRQ�RI�VWDFNLQJ�LQWHUDFWLRQV�EHWZHHQ�WKH�QDQRWXEHV�DOORZLQJ�D�JRRG�FRDWLQJ��7KH�XQPRGLILHG�
DQG�WKH�$X�0:&17V�PRGLILHG�PLFURQHHGOHV�HOHFWURGHV�ZHUH�VXFFHVVLYHO\�FKDUDFWHUL]HG�E\�F\FOLF�
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YROWDPPHWU\� H[SHULPHQWV� LQ� D� VROXWLRQ� RI� )H�&1������� �)LJ��6��� ,W� LV� SRVVLEOH� WR� QRWH� WKH� ODUJH�
HQKDQFH RI�WKH�DQRGLF�DQG�FDWKRGLF�SHDN�FXUUHQW�GHQVLWLHV DIWHU�WKH�$X�0:&17V�HOHFWURGHSRVLWLRQ�
GXH� WR� WKH� LQFUHDVH�RI� WKH�HOHFWURDFWLYH�VXUIDFH�DUHD� ,W� LV� LQWHUHVWLQJ� WR�REVHUYH� WKDW� WKLV�HIIHFW� LV�
PXFK�PRUH�HYLGHQW� LQ� WKH�FDVH�RI� WKH�PLFURQHHGOHV�HOHFWURGH� �)LJ���6�%��FRPSDUHG� WR� WKH�SODQDU�
JROG�HOHFWURGH �)LJ���6�$���DV�FRQILUPHG�E\� WKH� URXJKQHVV� IDFWRU�ZKLFK�UHVXOWHG� WR�EH�DOPRVW� WHQ�
WLPHV� KLJKHU� LQ� WKH� FDVH� RI� WKH� PLFURQHHGOHV� HOHFWURGH� �U ������ r����� FRPSDUHG� WR� WKH� SODQDU�
HOHFWURGH��U �����r������7KLV�UHVXOW�FDQ�EH�DVFULEHG�WR�WKH�IDFW�WKDW�WKH�SDUWLFXODU�JHRPHWU\�RI�WKH�
PLFURQHHGOHV� PLJKW� DOORZ� D� EHWWHU� HOHFWURGHSRVLWLRQ� RI� WKH� 0:&17V� DQG� WKHUHIRUH� D� ODUJHU�
HOHFWURDFWLYH�VXUIDFH�DUHD� 7KH�KHWHURJHQHRXV�HOHFWURQ�WUDQVIHU�UDWH�FRQVWDQWV��N���FP�V����KDYH�DOVR�
EHHQ� FDOFXODWHG� XVLQJ� WKH� H[WHQGHG�PHWKRG�ZKLFK�PHUJHV� WKH�.OLQJOHU�.RFKL� DQG�1LFKROVRQ� DQG�
6KDLQ�PHWKRGV�IRU�WRWDOO\�LUUHYHUVLEOH�DQG UHYHUVLEOH�V\VWHPV��/DYDJQLQL�HW�DO���������������7KH�N�
YDOXH� REWDLQHG� LQ� WKH� FDVH� RI� WKH� $X�PLFURQHHGOHV�$X�0:&17V� HOHFWURGH� UHVXOWHG� WR� EH PXFK�
KLJKHU��N� �����r ����[��� FP�V����WKDQ�WKDW�REWDLQHG�LQ�WKH�FDVH�RI�WKH�SODQDU�$X�HOHFWURGH�PRGLILHG�
ZLWK�$X�0:&17V��N�  �����r ����[��� FP�V���� VKRZLQJ�D�IDVWHU�HOHFWURQ�WUDQVIHU�NLQHWLFV�
7KH�$X�0:&17V�PLFURQHHGOHV� HOHFWURGH�ZDV� VXFFHVVLYHO\�PRGLILHG�E\�HOHFWURGHSRVLWLRQ�RI� WKH�
UHGR[�PHGLDWRU�PHWK\OHQH�EOXH��E\�F\FOLQJ�WKH�SRWHQWLDO�YDOXHV�IURP������WR�����9�YV��6&(�IRU����
F\FOHV� LQ� ERUDWH� EXIIHU� S+� ���� )LJ�� �'� VKRZ WKH� 6(0� LPDJH� RI� WKH� $X� PLFURQHHGOH�$X�
0:&17V�SRO\0%�PRGLILHG�HOHFWURGH� 7KH�YROWDPPHWULF�SURILOH�RI�WKH�IRUPDWLRQ�RI�WKH�SRO\PHULF�
ILOP�VKRZV�WZR�FRXSOHV�RI�UHGR[�SHDNV��)LJ���6���$V�WKH�HOHFWURSRO\PHUL]DWLRQ�SURFHVV�WDNHV�SODFH��
WKH� FRXSOH�RI�SHDNV�ZKLFK�DSSHDUV� DW�PRUH�QHJDWLYH�SRWHQWLDOV�GHFUHDVHV� DQG� D�QHZ�VHW� RI�SHDNV�
DSSHDUV DW�PRUH�SRVLWLYH�SRWHQWLDOV��7KLV�UHVSRQVH�LV�W\SLFDO�RI�D�SRO\PHU�W\SH�UHGR[�DFWLYLW\��ZKLFK�
LV�XVXDOO\�VKLIWHG�WR�PRUH�SRVLWLYH�SRWHQWLDOV�FRPSDUHG�WR�WKH�PRQRPHU��.DU\DNLQ�HW�DO�������� 7KH�
F\FOLF� YROWDPPRJUDP� RI� WKH�$X�0:&17V�SRO\0%�PRGLILHG�PLFURQHHGOH� HOHFWURGH� LV� VKRZQ� LQ�
)LJ���6��7ZR�SDLUV� RI�TXDVL�UHYHUVLEOH� UHGR[�SHDNV� DUH� FOHDUO\�YLVLEOH� LQ� WKH�YROWDPPRJUDP� 7KH�
ILUVW�RQH�FRUUHVSRQGV�WR�WKH�PRQRPHU��WKH�DGGLWLRQDO�RQH WR�WKH�SRO\0%�DQG�LV�ORFDWHG�DW�D�����P9
PRUH� DQRGLF SRWHQWLDO� DFFRUGLQJ WR� GDWD� UHSRUWHG� LQ� OLWHUDWXUH� IRU� HOHFWURSRO\PHUL]HG� DPLQHV�
�%UDXQ�HW�DO��������/LX�DQG�0X�������

����(OHFWURFKHPLFDO�FKDUDFWHUL]DWLRQ�RI�ODFWDWH�VHQVRU
/DFWDWH� ELRVHQVRUV� ZHUH� SUHSDUHG� E\� GURS�FDVWLQJ� /2;� HQ]\PH� RQWR� WKH� $X�0:&17V�S0%�
PLFURQHHGOH�HOHFWURGH�VXUIDFH��,Q�RUGHU�WR�RSWLPL]H�WKH�HQ]\PH�FRQFHQWUDWLRQ��GLIIHUHQW�ELRVHQVRUV�
ZHUH�SUHSDUHG�E\�GURS�FDVWLQJ�GLIIHUHQW�/2;�DPRXQWV�RQ�WKH�PLFURQHHGOHV�VXUIDFH��7KH�HIIHFW�RI�
HQ]\PH�ORDGLQJ�RQ�WKH�FXUUHQW�UHVSRQVH�ZDV�LQYHVWLJDWHG�LQ�WKH�UDQJH�IURP��8�WR���8�RI�/2;� 7KH�
FXUUHQW� GHQVLW\� LQFUHDVHG�ZKHQ� WKH� FRQFHQWUDWLRQ� RI� /2;� LQFUHDVHG� IURP� �� WR� ���� 8 VKRZLQJ� D�
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VOLJKW�GHFUHDVH� DW� KLJKHU� HQ]\PH� FRQFHQWUDWLRQV� �)LJ���6�$�� 7KH�DPRXQW�RI� HQ]\PH� LV� WKHUHIRUH�
UDWH� OLPLWLQJ� DW� ORZ� HQ]\PH� DPRXQWV� ORDGHG� EXW� DW� KLJKHU� FRQFHQWUDWLRQV� WKH� UHDFWLRQ� EHFRPHV�
OLPLWHG� E\� RWKHU� IDFWRUV� $� FRQFHQWUDWLRQ� RI� ���� 8� ZDV� FKRVHQ� IRU� IXUWKHU� H[SHULPHQWV�� 7KH�
ELRVHQVRU�SHUIRUPDQFH�ZDV�DOVR�WHVWHG�E\�YDU\LQJ�WKH�FRQFHQWUDWLRQ�RI�0:&17V�XVHG�GXULQJ�WKH�
HOHFWURGHSRVLWLRQ�SURFHVV�DQG� WKH�HOHFWURGHSRVLWLRQ�QXPEHU�F\FOHV� �)LJ���6�%�DQG�&���7KH� UHVXOWV�
FRQILUPHG�WKDW� WKH�KLJKHVW�FXUUHQW�VLJQDO�ZDV�REWDLQHG�E\�F\FOLQJ� WKH�SRWHQWLDO� IRU����F\FOHV� LQ�D�
VROXWLRQ� RI� �� PJ�P/� 0:&17V�� FRQGLWLRQV� XVHG� IRU� WKH� PLFURQHHGOH� VXUIDFH� IXQFWLRQDOL]DWLRQ�
H[SHULPHQWV�
$�FRPSDUDWLYH�F\FOLF�YROWDPPRJUDP�RI�WKH�$X�0:&17V�S0%�/2;�PLFURQHHGOH�HOHFWURGH�LQ�WKH�
DEVHQFH�DQG�LQ�WKH�SUHVHQFH�RI�ODFWDWH�LV�VKRZQ�LQ�)LJ����$��7KH�EODFN�FXUYH�VKRZV�QR�VLJQLILFDQW�
GLIIHUHQFH�ZLWK�WKH�&9�RI�WKH�PRGLILHG�HOHFWURGH�ZLWKRXW�HQ]\PH��FXUYH�QRW�VKRZQ���WKXV�LQGLFDWLQJ�
WKDW�QR�VLJQLILFDQW�FKDQJH�KDV�EHHQ�REVHUYHG�DIWHU�WKH�LPPRELOL]DWLRQ�RI�/2;��,W�LV�SRVVLEOH�WR�QRWH�
D�YHU\�JRRG�HOHFWURFDWDO\WLF�FXUUHQW�ZLWK�DQ�RQVHW�SRWHQWLDO�RI�����P9��FORVH�WR�WKH�UHGR[�SRWHQWLDO�
RI� WKH�PHGLDWRU�S0%� �(� ����P9�YV��6&(�� 6XFK� ORZ�SRWHQWLDO� IRU� ODFWDWH�R[LGDWLRQ� UHIOHFWV� WKH�
HIILFLHQW� HOHFWURQ� GRQRU�DFFHSWRU� LQWHUDFWLRQV� EHWZHHQ� WKH� FDUERQ� QDQRWXEHV� DQG� WKH� PHGLDWRU��
ZKLFK� VXSSRUWV� WKH� VKXWWOLQJ� RI� WKH� HOHFWURQV� EHWZHHQ� WKH� UHGR[� FHQWHU� RI� WKH� HQ]\PH� DQG� WKH�
HOHFWURGH�VXUIDFH��$�SRWHQWLDO�RI�������9�YV�6&(�UHIHUHQFH�HOHFWURGH�ZDV�WKXV�VHOHFWHG�IRU�IXUWKHU�
H[SHULPHQWV� ,I�ZH�FRPSDUH�WKHVH�UHVXOWV�ZLWK�WKRVH�REWDLQHG�ZLWK�D�SODQDU�JROG�HOHFWURGH�PRGLILHG�
H[DFWO\�LQ�WKH�VDPH�ZD\��ZH�FDQ�VHH�WKDW�WKH�HOHFWURFDWDO\WLF�FXUUHQW�REWDLQHG�ZLWK�WKH�PLFURQHHGOHV�
LV�DOPRVW�WKUHH�WLPHV�KLJKHU�WKDQ�WKDW�REWDLQHG�ZLWK�WKH�SODQDU�HOHFWURGH �)LJ����%�� 7KLV�UHVXOW�FDQ�
EH� H[SODLQHG� E\� WKH� IDFW� WKDW� WKH� JHRPHWU\� RI� WKH� PLFURQHHGOH HOHFWURGHV� PLJKW� HQDEOH IDVWHU
GLIIXVLRQ�RI�WKH�VXEVWUDWH�WR WKH�HOHFWURGH�VXUIDFH��%HOGLQJ�HW�DO��������0HQVK\NDX�HW�DO��������
7KH� DQDO\WLFDO� UHVSRQVH� RI� WKH� PLFURQHHGOH� ELRVHQVRU� WRZDUGV� ODFWDWH� ZDV� HYDOXDWHG� E\�
FKURQRDPSHURPHWU\� �)LJ�� �� &��� 7KH� FDOLEUDWLRQ� FXUYH� IRU� ODFWDWH� GHWHFWLRQ�� VKRZQ� LQ� )LJ�� �� '��
LQGLFDWHV� D� OLQHDU� UDQJH� IURP� ��� P0� WR� ���� P0� ODFWDWH�� D� GHWHFWLRQ� OLPLW� RI� ����P0� �EDVHG� RQ�
6�1 ��� DQG� D� YHU\� KLJK� VHQVLWLYLW\� RI� ����� P$� FP�� P0�� DQG� D� FRUUHODWLRQ� FRHIILFLHQW� RI� �����
�56'�������Q ����$GGLWLRQDOO\��WKH�FDOLEUDWLRQ�FXUYH�ZDV�ILWWHG�WR�WKH�FODVVLFDO�0LFKDHOLV�0HQWHQ�
NLQHWLF�SDUDPHWHUV��ZKLFK�UHVXOWHG�LQ�D�-PD[ RI ����r ���P$�FP�� DQG�DQ�DSSDUHQW 0LFKDHOLV�0HQWHQ�
FRQVWDQW��.0��RI������r ����P0�

����(IIHFW RI�S+�DQG�WHPSHUDWXUH�RQ�ELRVHQVRU�UHVSRQVH
7KH�HIIHFWV�RI�S+�DQG�WHPSHUDWXUH�RQ�WKH�SURSRVHG�ODFWDWH�ELRVHQVRU�ZHUH�HYDOXDWHG�DQG�WKH�UHVXOWV�
DUH�VKRZQ�LQ�)LJ����$�DQG�%��)RXU GLIIHUHQW�EXIIHUV�KDYH�EHHQ�WHVWHG��DFHWDWH� 0236��SKRVSKDWH�DQG�
75,6�EXIIHU�LQ�RUGHU�WR�FRYHU�WKH�UDQJH�RI�S+V�EHWZHHQ���DQG����7KH�FXUUHQW�VLJQDO�LQFUHDVHG�ZLWK�
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S+� XQWLO� D� S+� YDOXH� RI� �����ZKLFK� FRUUHVSRQGV� WR� WKH�PD[LPXP� FXUUHQW� VLJQDO� REWDLQHG� LQ� ERWK�
SKRVSKDWH�EXIIHU�DQG�75,6�EXIIHU��)LJ���$���$�S+�����LQ�SKRVSKDWH�EXIIHU�LV�WKHUHIRUH�FKRVHQ�IRU�
RXU�H[SHULPHQWV�EHFDXVH�SKRVSKDWH�EXIIHU LV�WKH�FORVHVW�WR�SK\VLRORJLFDO�FRQGLWLRQV� 7KH�RSWLPXP�
WHPSHUDWXUH�UHVXOWHG�WR�EH��� �&��DV�VKRZQ�LQ�)LJ���%�� 7KHVH�UHVXOWV�DUH�LQ�FORVH DJUHHPHQW�ZLWK�
WKH�RSWLPXP�S+�DQG�7�YDOXHV�UHSRUWHG�LQ OLWHUDWXUH�IRU�ODFWDWH�R[LGDVH��7DXULQR�HW�DO��������

����6WXG\�RI�ELRVHQVRU�VWDELOLW\
7KH�VWDELOLW\�DQG�OLIHWLPH�RI�WKH�ELRVHQVRU�ZHUH� LQYHVWLJDWHG�E\�PRQLWRULQJ�WKH�VLJQDO�GHFUHDVH�RI�
WKH�FXUUHQW�ZKHQ�WKH�ELRVHQVRU�LV�XVHG�IRU����PHDVXUHPHQWV�HYHU\�GD\�RYHU�D�SHULRG�RI����GD\V�IRU�D�
����P0�ODFWDWH�VROXWLRQ��DV�UHSRUWHG�LQ�)LJ���&��7KH�PLFURQHHGOHV EDVHG�ELRVHQVRU�VKRZHG�D�VLJQDO�
GHFUHDVH�RI�LWV�LQLWLDO�UHVSRQVH�RI�OHVV�WKDQ���� DIWHU����GD\V��SUREDEO\�GXH�WR�D�FRPELQDWLRQ�RI�WKH�
LQWULQVLF�VWDELOLW\�RI�WKH�HQ]\PH� WKH�QDQRVWUXFWXULQJ�RI�WKH�PLFURQHHGOH�HOHFWURGH VXUIDFH�DQG�WR�WKH
SDUWLFXODU�JHRPHWU\�RI�WKH�PLFURQHHGOHV�WKHPVHOYHV�

����,QWHUIHUHQFH�VWXG\
7KH�VHOHFWLYLW\�RI�WKH�ELRVHQVRU�ZDV�VWXGLHG�LQ�RUGHU�WR�DVVHVV WKH�LQIOXHQFH�RI�SRVVLEOH�LQWHUIHULQJ�
FRPSRXQGV�RQ�LWV UHVSRQVH��7KH�VLJQDO�REWDLQHG�IRU�D�IL[HG�FRQFHQWUDWLRQ�RI�ODFWDWH�ZDV�FRPSDUHG�
WR�WKDW�REWDLQHG�ZLWK�HTXDO�DPRXQWV�RI�LQWHUIHULQJ�FRPSRXQGV�VXFK�DV�DVFRUELF�DFLG��XULF�DFLG�DQG�
JOXFRVH�� 1R� VLJQLILFDQW� FXUUHQWV IURP LQWHUIHUHQFH� E\� WKHVH FRPSRXQGV ZDV� REVHUYHG� �)LJ�� �'���
6XFK�KLJK�VHOHFWLYLW\�UHIOHFWV�WKH�ORZ�RSHUDWLQJ SRWHQWLDO�RI�WKH�VHFRQG�JHQHUDWLRQ�ELRVHQVRU��GXH�WR�
WKH�FRPELQHG�XVH�RI�WKH�HOHFWURSRO\PHUL]HG�0%�DQG D�QDQRVWUXFWXUHG�VXUIDFH�

����$QDO\VLV�RI DUWLILFLDO�LQWHUVWLWLDO�IOXLG�DQG�KXPDQ�VHUXP
,Q� RUGHU� WR� GHPRQVWUDWH� WKH� IHDVLELOLW\� RI� WKH� PRGLILHG� PLFURQHHGOHV EDVHG� HOHFWURGH� IRU� WKH�
PLQLPDOO\� LQYDVLYH�GHWHFWLRQ�RI� ODFWDWH�� WKH�ELRVHQVRU�ZDV� XVHG� WR�GHWHUPLQH� WKH�FRQFHQWUDWLRQ�RI�
ODFWDWH� LQ� DUWLILFLDO� LQWHUVWLWLDO� IOXLG� DQG� KXPDQ� EORRG� VDPSOHV�� ERWK� VSLNHG� ZLWK� ODFWDWH�� � )LJ�� ��
VKRZV�WKH�FDOLEUDWLRQ SORWV�REWDLQHG�ZLWK�DUWLILFLDO�,6)�DQG�KXPDQ�VHUXP��7KH�UHVSRQVH�LV�OLQHDU�LQ�
ERWK� FDVH� ZLWK� D� VLPLODU� GHWHFWLRQ� OLPLW� EXW� D� QDUURZHU� OLQHDU� UDQJH� FRPSDUHG� WR� WKDW� UHSRUWHG�
SUHYLRXVO\�LQ�SKRVSKDWH�EXIIHU�S+������7KH�VHQVLWLYLWLHV�UHVXOWHG�WR�EH�����r ���P$�FP�� P0�� LQ�
,6)��56'�������Q ���DQG���� r��P$�FP�� P0�� �56'�������Q ���LQ�KXPDQ�VHUXP��ORZHU�WKDQ�WKDW�
REWDLQHG�LQ�SKRVSKDWH�EXIIHU��7KLV�UHVXOW�LV�SDUWLFXODUO\�HYLGHQW�ZLWK�WKH�PHDVXUHPHQWV�FDUULHG�RXW�
LQ�KXPDQ� VHUXP�ZKHUH� WKH�PHDVXUHPHQWV�PD\�EH� DIIHFWHG�E\�ELRIRXOLQJ�HIIHFWV� RI� WKH� HOHFWURGH��
+RZHYHU��WKH�UHVSRQVH�REWDLQHG�LQ�WKH�,6)�UHPDLQV�KLJK�HQRXJK�WR�DOORZ D�JRRG�GHWHFWLRQ�RI�ODFWDWH�
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DQG� LQGLFDWHV� WKH� SRWHQWLDO� IRU� WKH� VXEFXWDQHRXV� ODFWDWH� PRQLWRULQJ� EDVHG� RQ� WKH� SURSRVHG�
PLFURQHHGOHV EDVHG�ELRVHQVRU�
)LJ�� �� VKRZV D� FRPSDULVRQ� RI WKH� UHVXOWV� REWDLQHG�ZLWK� RWKHU� QRQ�LQYDVLYH� DPSHURPHWULF� ODFWDWH�
ELRVHQVRUV�UHSRUWHG�LQ� OLWHUDWXUH� /DFWDWH�ZDV�GHWHFWHG�LQ�GLIIHUHQW�ELRORJLFDO�IOXLGV�VXFK�DV�VZHDW��
VDOLYD�DQG�WHDUV��$V�ZH�FDQ�VHH��WKH�OLQHDU�UDQJH�LV�EURDGHU�EXW�WKH�VHQVLWLYLW\�REWDLQHG�LV�GHILQLWHO\�
ORZHU�WKDQ�WKDW�REWDLQHG�ZLWK�WKH�PLFURQHHGOHV�EDVHG ELRVHQVRU�
,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�FRQWHQW�RI�VZHDW��VDOLYD�DQG�WHDUV�LV�PRUH�YDULDEOH�FRPSDUHG�WR�WKH�
FRPSRVLWLRQ� RI� EORRG� DQG� RI� LQWHUVWLWLDO� IOXLG�� ,W� FDQ� EH� LQIOXHQFHG� E\� GLIIHUHQW� IDFWRUV� VXFK� DV�
PLFUREHV�RQ� WKH VNLQ� �LQ� WKH�FDVH�RI�VZHDW�DQG� WHDUV��RU�E\�IRRG�LQJHVWLRQ��LQ� WKH�FDVH�RI�VDOLYD���
0RUHRYHU��DV�SHRSOH�DUHQ¶W�DOZD\V�VZHDWLQJ� LQ�PDQ\�DSSOLFDWLRQV�RXWVLGH�DWKOHWLFV�LW�LV�QHFHVVDU\�WR�
XVH�ZHDUDEOH�EDQGV� WR� ORFDOO\� VWLPXODWH� VZHDWLQJ��7KH� LQWHUVWLWLDO� IOXLG� LV� DQ DFFHVVLEOH� DQG�PRUH�
UHSURGXFLEOH� PDWUL[� DQG� LW� VHHPV� WR� EH� WKH� PRVW� VXLWDEOH� KXPDQ� ERG\� IOXLG� IRU� WKH� PLQLPDOO\�
LQYDVLYH�PHVXUHPHQW RI�ODFWRVH�

���&RQFOXVLRQV
7KLV� VWXG\� KDV� GHPRQVWUDWHG� WKH� GHVLJQ� DQG� GHYHORSPHQW� RI� WKH� ILUVW� H[DPSOH� RI� D� VHFRQG�
JHQHUDWLRQ�PLQLPDOO\�LQYDVLYH�ELRVHQVRU�IRU�ODFWDWH�GHWHFWLRQ�EDVHG�RQ�PLFURQHHGOH�DUUD\V� 7KH�QHZ�
ELRVHQVRU� GHYLFH� LV� EDVHG� RQ� WKH� XVH� RI� D� JROG�PLFURQHHGOHV� HOHFWURGH PRGLILHG�ZLWK�0:&17V��
SRO\PHWK\OHQH� EOXH� DQG� ODFWDWH� R[LGDVH� IURP� $HUHRFRFFXV� YLULGDQV� 7KH� V\VWHP� HQDEOHV� KLJKO\�
VHQVLWLYH�� VHOHFWLYH� DQG� VWDEOH� GHWHUPLQDWLRQ� RI� ODFWDWH� LQ� KXPDQ� LQWHUVWLWLDO� IOXLG��ZKLFK� VXJJHVWV�
WKDW� LW� LV� D VXLWDEOH�ERG\� IOXLG�FRPSDUHG� WR� VZHDW�� VDOLYD�DQG� WHDUV�� DV� LW� LV� H[SHFWHG� WR� VKRZ OHVV�
YDULDELOLW\� LQ� LWV FRPSRVLWLRQ� )RU� WKHVH� UHDVRQV� WKH� ODFWDWH� ELRVHQVRU� EDVHG� RQ� PLFURQHHGOH�
WHFKQRORJ\�VHHPV�WR�EH�D�SURPLVLQJ�WRRO�DV�D�ZHDUDEOH GHYLFH�WR�EH�XVHG�LQ�VSRUW�PHGLFLQH�DQG�LQ�
FOLQLFDO� FDUH� IRU� FRQWLQXRXV� PRQLWRULQJ� RI� ODFWDWH� 7KH� ELRVHQVRU� ZLOO� EH� IXUWKHU� RSWLPL]HG� DQG�
YDOLGDWHG�IRU�LQ�YLYR PHDVXUHPHQWV�WKURXJK�FOLQLFDO�VWXGLHV�ZLWK KHDOWK\�YROXQWHHUV��
)XWXUH� HIIRUWV�ZLOO� IRFXV� RQ� LQWHJUDWLRQ� RI� WKH� LQVWUXPHQWDWLRQ IRU� VLJQDO� SURFHVVLQJ� DQG�ZLUHOHVV�
FRPPXQLFDWLRQ�� DV�ZHOO� DV� RQ� D� FULWLFDO� HYDOXDWLRQ� RI� WKH� WROHUDELOLW\� DQG�ELRFRPSDWLELOLW\� RI� WKH�
GHYLFH�

$FNQRZOHGJHPHQWV

5HIHUHQFHV
$EUDU�� 0�$��� 'RQJ�� <��� /HH�� 3�.��� .LP�� :�6��� ������ %HQGDEOH� HOHFWUR�FKHPLFDO� ODFWDWH� VHQVRU�
SULQWHG�ZLWK�VLOYHU�QDQR�SDUWLFOHV��6FLHQWLILF�UHSRUWV����������
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$J�t�� /��� (JXLOD]�� 0��� 3HxDǦ)DUIDO�� &��� <ixH]Ǧ6HGHxR�� 3��� 3LQJDUURQ�� -�H�0��� ������ /DFWDWH�
'HK\GURJHQDVH� %LRVHQVRU� %DVHG� RQ� DQ� +\EULG� &DUERQ� 1DQRWXEHǦ&RQGXFWLQJ� 3RO\PHU�0RGLILHG�
(OHFWURGH��(OHFWURDQDO\VLV�����Ǧ������������
$QDVWDVRYD��6���&UHZWKHU��%���%HPEQRZLF]��3���&XUWR��9���,S��+�0���5RVD��%���<DQJ��*��=���������$�
ZHDUDEOH�PXOWLVHQVLQJ� SDWFK� IRU� FRQWLQXRXV� VZHDW�PRQLWRULQJ��%LRVHQVRUV� DQG�%LRHOHFWURQLFV� ����
��������
$YUDPHVFX��$���1RJXHU��7���0DJHDUX��9���0DUW\��-��/���������&KURQRDPSHURPHWULF�GHWHUPLQDWLRQ�RI�
'�ODFWDWH�XVLQJ�VFUHHQ�SULQWHG�HQ]\PH�HOHFWURGHV��$QDO\WLFD�FKLPLFD�DFWD���������������
%HOGLQJ�� 6�5��� &DPSEHOO�� )�:��� 'LFNLQVRQ�� (�-��� &RPSWRQ�� 5�*��� ������ 1DQRSDUWLFOH�PRGLILHG�
HOHFWURGHV��3K\VLFDO�&KHPLVWU\�&KHPLFDO�3K\VLFV���������������������
%HOORPR��5���������%HQFK�WR�EHGVLGH�UHYLHZ��ODFWDWH�DQG�WKH�NLGQH\��&ULWLFDO�&DUH�����������
%UDXQ�� :�$��� +RUQ�� %�&��� +RHKQH�� /��� 67h/3�� 6��� 526$�� 0�%��� +LOJHPDQQ�� 0��� ������ 3RO\�
�PHWK\OHQH�EOXH��PRGLILHG�HOHFWURGH�IRU�LQGLUHFW�HOHFWURFKHPLFDO�VHQVLQJ�RI�2+�UDGLFDOV�DQG�UDGLFDO�
VFDYHQJHUV��$QDLV�GD�$FDGHPLD�%UDVLOHLUD�GH�&LrQFLDV�$+($'�������
%URRNV��*�$���������$QDHURELF�WKUHVKROG��UHYLHZ�RI�WKH�FRQFHSW�DQG�GLUHFWLRQV�IRU�IXWXUH�UHVHDUFK��
0HGLFLQH�DQG�VFLHQFH�LQ�VSRUWV�DQG�H[HUFLVH��������������
&DVV��$�(���6KDUPD��6���������0LFURQHHGOH�HQ]\PH�VHQVRU�DUUD\V�IRU�FRQWLQXRXV�LQ�YLYR�PRQLWRULQJ��
0HWKRGV�LQ�HQ]\PRORJ\��SS�����������(OVHYLHU�
&KHQ��4���6XQ��7���6RQJ��;���5DQ��4���<X� &���<DQJ��-���)HQJ��+���<X��/���:HL��'���������)OH[LEOH�
HOHFWURFKHPLFDO�ELRVHQVRUV�EDVHG�RQ�JUDSKHQH�QDQRZDOOV�IRU�WKH�UHDO�WLPH�PHDVXUHPHQW�RI�ODFWDWH��
1DQRWHFKQRORJ\����������������
&ROOLHU��:��� /RYHMR\�� 3���+DUW��$��� ������ (VWLPDWLRQ� RI� VROXEOH� /�ODFWDWH� LQ� GDLU\� SURGXFWV� XVLQJ�
VFUHHQ�SULQWHG�VHQVRUV�LQ�D�IORZ�LQMHFWLRQ�DQDO\VHU��%LRVHQVRUV�DQG�%LRHOHFWURQLFV����������������
'DL��;���&RPSWRQ��5�*���������'LUHFW�HOHFWURGHSRVLWLRQ�RI�JROG�QDQRSDUWLFOHV�RQWR�LQGLXP�WLQ�R[LGH�
ILOP�FRDWHG�JODVV��DSSOLFDWLRQ�WR�WKH�GHWHFWLRQ�RI�DUVHQLF��,,,���$QDO\WLFDO�VFLHQFHV����������������
'H�%DFNHU��'���&UHWHXU��-���=KDQJ��+���1RUUHQEHUJ��0���9LQFHQW��-��/���������/DFWDWH�SURGXFWLRQ�E\�
WKH� OXQJV� LQ�DFXWH� OXQJ� LQMXU\��$PHULFDQ� MRXUQDO� RI� UHVSLUDWRU\� DQG�FULWLFDO� FDUH�PHGLFLQH���������
����������
(O�/DERXGL��$���2OLYHU��1�6���&DVV��$��� -RKQVWRQ��'���������8VH�RI�PLFURQHHGOH� DUUD\�GHYLFHV� IRU�
FRQWLQXRXV�JOXFRVH�PRQLWRULQJ��D�UHYLHZ��'LDEHWHV�WHFKQRORJ\�	�WKHUDSHXWLFV����������������
*KDPRXVV��)���/HGUX��6���5XLOOp��1���/DQWLHU��)���%RXMWLWD��0���������%XON�PRGLILHG�PRGLILHG�VFUHHQ�
SULQWLQJ�FDUERQ�HOHFWURGHV�ZLWK�ERWK�ODFWDWH�R[LGDVH��/2'��DQG�KRUVHUDGLVK�SHUR[LGH��+53��IRU�WKH�
GHWHUPLQDWLRQ�RI�/�ODFWDWH�LQ�IORZ�LQMHFWLRQ�DQDO\VLV�PRGH��$QDO\WLFD�FKLPLFD�DFWD�����������������
*RRGZLQ��0�/���+DUULV��-�(���+HUQiQGH]��$���*ODGGHQ��/�%���������%ORRG�ODFWDWH�PHDVXUHPHQWV�DQG�
DQDO\VLV� GXULQJ� H[HUFLVH�� D� JXLGH� IRU� FOLQLFLDQV�� -RXUQDO� RI� GLDEHWHV� VFLHQFH� DQG� WHFKQRORJ\� ������
��������
+LFNH\��'�3���5HLG��5�&���0LOWRQ��5�'���0LQWHHU��6�'���������$�VHOI�SRZHUHG�DPSHURPHWULF�ODFWDWH�
ELRVHQVRU� EDVHG� RQ� ODFWDWH� R[LGDVH� LPPRELOL]HG� LQ� GLPHWK\OIHUURFHQH�PRGLILHG� /3(,�� %LRVHQVRUV�
DQG�%LRHOHFWURQLFV�����������
+LUVFKKDHXVHU�� )��� 6DWWOHU�� 8�*��� 0XHOOHU�.OLHVHU�� :��� ������ /DFWDWH�� D� PHWDEROLF� NH\� SOD\HU� LQ�
FDQFHU��&DQFHU�UHVHDUFK�������������������
+RQJ�� 0��<��� &KDQJ�� -��<��� <RRQ�� +�&��� .LP�� +��6��� ������ 'HYHORSPHQW� RI� D� VFUHHQ�SULQWHG�
DPSHURPHWULF� ELRVHQVRU� IRU� WKH� GHWHUPLQDWLRQ� RI� /�ODFWDWH� GHK\GURJHQDVH� OHYHO�� %LRVHQVRUV� DQG�
%LRHOHFWURQLFV����������������
-LD��:���%DQGRGNDU��$�-���9DOGpV�5DPtUH]��*���:LQGPLOOHU��-�5���<DQJ��=���5DPtUH]�� -���&KDQ��*���
:DQJ�� -���������(OHFWURFKHPLFDO� WDWWRR�ELRVHQVRUV� IRU� UHDO�WLPH�QRQLQYDVLYH� ODFWDWH�PRQLWRULQJ� LQ�
KXPDQ�SHUVSLUDWLRQ��$QDO\WLFDO�FKHPLVWU\�������������������
.DUOVVRQ��-���:LOOHUVRQ��-���/HVKLQ��6���0XOOLQV��&���0LWFKHOO��-���������&OLQLFDO�3K\VLRORJ\��6NHOHWDO�
0XVFOH� 0HWDEROLWHV� LQ� 3DWLHQWV� ZLWK� &DUGLRJHQLF� 6KRFN� RU� 6HYHUH� &RQJHVWLYH� +HDUW� )DLOXUH��
6FDQGLQDYLDQ�MRXUQDO�RI�FOLQLFDO�DQG�ODERUDWRU\�LQYHVWLJDWLRQ��������������
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.DU\DNLQ��$�$���.DU\DNLQD��(�(���6FKPLGW��+�/���������(OHFWURSRO\PHUL]HG�D]LQHV��D�QHZ�JURXS�RI�
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3UDFWLFDO�$VSHFWV�RI�(OHFWURDQDO\VLV����������������
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.UXVH��-�$���=DLGL��6�$���&DUOVRQ��5�:���������6LJQLILFDQFH�RI�EORRG� ODFWDWH� OHYHOV� LQ�FULWLFDOO\� ,,,�
SDWLHQWV�ZLWK�OLYHU�GLVHDVH��7KH�$PHULFDQ�MRXUQDO�RI�PHGLFLQH��������������
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