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,1752'8&7,21$IWHU�LWV�GLVFRYHU\�E\�/LMLPD ��� LQ������ UHVHDFK�RQ�FDUERQ�QDQRWXEH �&17� UHDFKHV� D� FULWLFDO�PDVV� LQ�PDQ\� DUHDV� RI�SK\VLFV�DQG�FKHPLVWU\� 6\QWKHVLV�PHWKRGV�KDYH�EHHQ�UDSLGO\�LPSURYHG�PDNLQJ� LW� SRVVLEOH� WR� SURGXFH�/DUJ� DPRXQW� RI�VL]H�FRQWUOOHG�&17�IRU�FRPPHUFLDO�DSSOLFDWLRQV ����&DUERQ�QDQRWXEH�FDQ�DGVRUEHG�D�QXPEHU�RI�DWRPLF�DQG�PROHFXODU�VSHFLHV�H�J�DONDOL�PHWDO>L�H�/L���� .���� 5E���DQG�&V���@�DQG�K\GURJHQ���� QLWURJHQ���� R[\JHQ ��� DQG� PHWKDQH ����JDVHV� 7KH� DGVRUSWLRQ� SURSHUWLHV� SURYLGH� WKH� RSSRUWXQLWLHV�IRU� DSSOLFDWLRQV� VXFK� DV� K\GURJHQ� DQG� RWKHU� JDVHV� VWRUDJH����� VHQVRU ����� FDWDO\VW ���� DQG�/L�LRQ�EDWWHULHV ����� 7KH�FKHPLVWU\�RI�VLQJOH�ZDOO�FDUEQRQ�QDQRWXEHV �6:17&��KDV�EHHQ� D� VXEMHFW� RI� LQWHUHVW� IRU� VHYHUDO� \HDUV ����� IRU� UHFHQW�UHYLHZV�VHH� UHI��������,Q� UHFHQW� \HDUV�D� JUHDW� LQWHUHVW� KDV�EHHQ� IRFXVHG� RQ� HOHFWURFKHPLFDO� GRXEOH� OD\HU� FDSDFLWRUV

EHFDXVH�RI�WKHLU�KLJK�HQHUJ\�GHQVLW\�DQG�ORQJ�F\FOH�OLIH��������� 7KH� FU\VWDOOLQH� SRURXV� VWUFWXUH� DQG� ODUJH�VXUIDFH� DUHD� RI WKH� FDUERQ� QDQRWXEH�PDNH� LW� DQ� LGHDO�DGVRUSWLRQ� IRU� SRO\PHU�8VXDOO\�WKH� DGVRUSWLRQ� RISRO\PHU�RQ�FDUERQ�QDQRWXEHV�FDQ�EH�VXUYH\HG�E\ VRPHWUDGLWLRQDO� WHFKQLTXHV VXFK� DV� 6(0�670� DQG� 5DPDQ�VSHFWUD�+RZHYHU�PRUH� YDOXDEOH� LQIRUPDWLRQ� RQ� WKH�PRGLILFDWLRQ� RI� VXUIDFH� SURSHUWLHV� VXFK� DV� VXUIDFH�LUUHJXODULWLHV� DQG� GHIHFWV� FDQ� EH� PRQLWRUHG� E\� WKH�IUDFWDO� DQDO\VLV�3OHQW\� RI� LQYHVWLJDWLRQV� KDYH� EHHQ�FDUULHG� RXW� RQ� WKH� V\QWKHVLV� SXULILFDWLRQ� VWUXFWXUH�FKDUDFWHUL]DWLRQ� DQG� DSSOLFDWLRQ� RI� WKH� FDUERQ�QDQRSDUWLFOHV �������� IHZ�RI�ZKLFK� DUH� UHODWHG� WR� WKH�VXUIDFH� IUDFWDO� DQDO\VLV�+HQQFH�WKH� VXUIDFH� IUDFWDO�DQDO\VLV� PD\EH� D� IHDVLEOH� DSSURDFK� WR� H[SODLQ� VRPH�SKHQRPHQD�RFFXUULQJ�DW�VXUIDFH�DQG�LQWHUIDFH�RI�FDUERQ�
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QDQRWXEHV� VXFK� DV� DGVRUSWLRQ� VXUIDFH� PRGLILFDWLRQ�DQG� FRDWLQJ� E\� VRPH� SRO\PHU� ������ &KHPLFDO�GHULYDWL]DWLRQ��RU�IXQFWLRQDOL]DWLRQ��LV�DQ�HIILFLHQW�DQG�ZLGHO\�XVHG�WRRO�WR�PRGLI\�WKH�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI FDUERQ�QDQRWXEHV �&17V��DQG�WR�H[SDQG�LQ� WKLV� ZD\� DSSOLFDWLRQ� DUHDV� RI� WKH� ODWWHU�$OO� WKH�H[LVWLQJ�GHULYDWL]DWLRQ��PHWKRGV�%HORQJ�WR�RQH�RI�WZR�ODUJH�JURXSV�FRYDOHQW� DQG�QRQFRYDODQW�GHULYDWL]DWLRQ��������� :KLOH�FRYDOHQW GHULYDWL]DWLRQ�FDQ�EH�HTXDOO\�DSSOLHG� WR� ERWK� &17� WLSV� DQG� VLGH� ZDOO�� WKH��QDQRFRYDODQW� WHFKQLTXH� UHOLHV� HVVHQWLDOO\� XSRQSK\VLVRUSWLRQ� RQ� &17V� �WKURXJK� K\GURSKRELF�VWDFNLQJ� LQWHUDFWLRQV� HWV� DQG� WKHUHIRUH� WDNHV� SODFH�SUHGRPLQDQWO\� RQ�&17�VLGH�ZDOOV� %RWK� DSSURDFKHV�KDYH�WKHLU�DGYDQWDJHV�DQG�GUDZ�EDFNV� GHSHQGLQJ�RQ�WKH�DSSOLFDWLRQ�DUHD�7KH�PDLQ�³SUR´�RI�QDQRFRYDOHQW�IXQFWLRQDOL]DWLRQ�LV�WKDW�LW�GRHV�QRW�DOWHU�WKH�JHRPHWULF�DQG� HOHFWURQLF� VWUDFXUH� RI� &17V� DQG� DOORZV� IRU� WKH�LQWURGXFWLRQ� RI� KLJKHU� FRQFHQWUDFWLRQV� RI�PRGLI\LQJ�JURXSV� :LWK�LQ�VKRUW�WLPH� DURPDWLF�FRPSRXQGV�KDYH�JDLQHG�VSHFLDO�DWWHQWLRQ�DV�UHDJHQWV�IRU�QDQR�FRYDOHQW�&17�GHULYDWL]DWLRQ�6XEVWLWXWHG�S\UHQHV�DUH�ILUVW�WR�EH�PHQWLRQHG� ZKLFK� ZHUH� SULPDULO\� HPSOR\HG� DV�PROHFXODU� XQFKRUV �������� DV ZHOO� DV� IRU� LQFUHDVLQJ�&17�VROXELOLW\��������� ,QWHUDFWLRQ�RI�RWKHU�DURPDWLF�PROHFXOHV�ZLWK�ZHUH�DQWKUDFHQH�GHULYDWLYH� ������DQG�����GLFKORUREHQ]HQ ����
(;3(5,0(17$/ 6(&7,21
5HDJHQWV�� 7KH�FDUERQ�QDQRWXEH�ZHUH�SUHSDUHG�DW�WKH�(&30�ODERUDWRU\�RI�WKH�8QLYHUVLW\�RI�8/3�)UDQFH���� 3\UD]RORQH�DQG�&DOL[>�@�DUHQH�ZHUH�SUHSDUHG�DW�WKH� (&30� ODERUDWRU\� RI� WKH� 8QLYHUVLW\� RI�8/3�)UDQFH��� &RSSHU� DQG� &HVLXP� VWRFN� VROXWLRQV� � ZHUH�SUHSDUHG� IURP� FRSSHU� QLWUDWH� >&X�12�����+�2@�DQG�&V12��+�2�RI��)OXND�����¨��E\�GLVVROXWLRQ�LQ�ZDWHU�$GVRUSWLRQ�RI�+3063�DQG�&DOL[ >�@�DUHQH�RQ�&173K\VLVRUSWLRQ� RI� S\UD]RORQH� DQG� FDO\[ >�@�DUHQH� RQ�FDUERQ� QDQRWXEH� VWXGLHG� E\� 89� VSHFWURVFRS\�$GVRUSWLRQ� RI�+3063� DQG� FDOL[>�@�DUHQH�PHDVXUHG�DW�WHPSHUDWXUH�URRP����PJ� RI� � FDUERQ� QDQRWXEH� DV� DGVRUEHQW� ZDV�SODFHG�LQ�D�EDOORQ�ZLWK���PO�RI�+3063������PRODU�DQG� ��PO&DOL[>�@�DUHQH� �����PRODU� LV� VWLUUHG� � DW�WHPSHUDWXUH� URRP� IRU� RYHUQLJKW� ���K�� WR� WKH�DGVRUSWLRQ� HTXLOLEULXP� DQG� ILOWHUHG� �7KH� DGVRUSWLRQ�DPRXQW�RI�+3063�DQG�&DOL[>�@�DUHQH�DUH�FDOFXODWHG��E\�8Y�VSHFWURVFRS\�UHVXOWV�VKRZQ�LQ�WDEOH���
$GVRUSWLRQ RI &X�DQG�&V�RQ�&17,Q�H[SHULPHQWDO�PHWKRG�DPRXQW�&X�DQG�&V�DGVRUEHG�RQ� &17� FDOFXODWHG����PJ� &17� DV DGVRUEHQW� ZDV�SODFHG� LQ� D� EDOORQ� ZLWK� ��PO� +3063� �����PRODU�VWLUUHG�DW�WHPSHUDWXUH�URRP�IRU�RYHUQLJKW���K��WR�WKH�

DGVRUSWLRQ�HTXLOLEULXP�DQG�ILOWHUHG�&17�VHSDUDWHG�RI�+3063�ZLWK���PO�&X����SSP��FRQWDFW�DQG�VWLUUHG�DW�WHPSHUDWXUH� URRP� IRU� ��K� WR� WKH� DGVRUSWLRQ�HTXLOLEULXP� DQG� ILOWHUHG�7KLV� SURFHVV� GRLQJ� IRU�&DOL[>�@�DUHQH�DQG�&V��$PRXQWV�RI�&X�DQG�&V�DGVRUEHG� GHWHUPLQDWLRQ� ZLWK� DWRPLF� DGVRUSWLRQ�VSHFWURPHWHU��7KH�DPRXQWV�RI�&X�,,��DQG�&V�RQ�&17�ZDV�FDOFXODWHG�E\�VXEVWUDFWLQJ�WKH�HTXLOLEULXP�&X�DQG�&V� FRQWHQW� IURP� WKH� LQLWLDO� &X� DQG� &V� FRQWHQ�$GVRUSWLRQ�UHVXOWV�VKRZQ�LQ�WDEOH���
5HVXOWV�DQG��'LVFXVVLRQ&DUERQ�QDQRWXEHV�D�QHZ�W\SH�RI�FDUERQ�PDWHULDO�VKRZ�H[FHSWLRQDO�FDSDELOLW\��DQG�D�KLJK�DGVRUSWLRQ�HIILFLHQF\��IRU�WKH�UHPRYDO�RI�&X�,,��LRQV�IURP�ZDWHU�LQ�FRPSDUHG�ZLWK� &V� LRQV� IURP� ZDWHU�DPRXQW� DGVRUSWLRQ� &X�,,��HTXDO� ����PJ�J� DQG� IRU� &V� HTXDO� � ����PJ�J��7KHODUJHVW�DGVRUSWLRQ�FDSDFLW\�IRU�&17�RFFXUUHG�DW���K�,W�LV� FOHDU� WKDW� WKH� &X�,,�� ZLWK� +3063� DGVRUSWLRQ�FDSDFLW\� RI� &17� LV� ORZ� DQG� ����PJ�J�� :KLOH� WKH�DGVRUSWLRQ�FDSDFLW\�LQFUHDVH�DQG�UHDFK������PJ�J�ZLWK�ZDWHU��)RU�&V�ZLWK�&DOL[>�@�DUHQH��DGVRUSWLRQ�FDSDFLW\�RI� &17� LV� ����PJ�J�:KLOH� WKH� DGVRUSWLRQ� FDSDFLW\�VPDOO�LQFUHDVH��DQG�UHDFKH�����PJ�J�7KLV�LQGLFDWHV�WKDW�WKH�IXQFWLRQDO�JURXSV�LQWURGXFHG�E\�R[LGDWLRQ�LPSURYH�WKH� LRQ�H[FKDQJH� FDSDELOLWLHV� RI� WKH� &17� DQG� WKXV�PDNH� &X� DGVRUSWLRQ� FDSDFLWLHV� LQFUHDVH�FRUUHVSRQGO\�&17V�KDYH� DWWUDFWHG� UHVHDUFKHUV� LQWHUHVW�DV� D� QHZ� W\SH� RI� FRQWDPLQDQWV� IURP� ZDWHU�/L� HW� DO��IRXQG�WKDW�DFLG�UHIOX[HG�&17V�FDQ�EH�JRRG�DGVRUEHQWV�IRU�3E �,,��LRQ�DQG�FG �,,��LRQ ��������$V� D� SUHOLPLQDU\� VWXG\� � RI� WKH� SRVVLELOLW\� RI�UHYHUVLEOH�PRGLILFDWLRQ�RI�&17��VLGHZDOOV�ZLWK�PHWDO�FRPSOH[HV� HPSOR\LQJ� VLPLODU� VWDFNLQJ� SKHQRPHQD�ZH� VWXGLHG� WKH� LQWHUDFWLRQ� RI� &X �,,� DQG� &V�FRPSOH[HV�RI�S\UD]RORQ �+3063��DQG�&DOL[>�@�DUHQH�ZLWK� � FDUERQ� QDQRWXEH�$V� D� FRQFOXVLRQ� DQG� IXUWKHU�SURVSHFW�ZH� EHOLHYH� WKDW� WKH� DGVRUSWLRQ� RI� DURPDWLF�PROHFXOHV� KDYLQJ� D� EHQW� VKDSH�ZKLFK� LQFUHDVHV� WKH�DUHD� RI� FRQWDFW� ZLWK� QDQRWXEH� VLGHZDOO�FDQ� EH� YHU\�XVHIXO� LQ� WKH� FKHPLFDO� PRGLILFDWLRQ� RI� &17�PDWHULDOV�EHLQJ� DQ� DOWHUQDWLYH� WR� FRYDOHQW�GHULYDWL]DWLRQ� LW�DOORZV�IRU� WKH�UHYHUVLEOH�DWWDFKPHQW�RI�PRGLI\LQJ�PRLVWLHV�7KH�ODWWHU�VWLFN�VWURQJO\�WR�WKH�QDQRWXEH� ZDOOV� EHFDXVH� RI� S�S DQG� K\GURSKRELF�LQWHUDFWLRQV� DQG� UHPDLQ� VWDEOH� LQ� DTXHRXV� VROXWLRQV�DQG�SUREDEO\�LQ�VRPH�RWKHU�PHGLD�� ZKHUHDV�WKH\�FDQ�EH� UHPRYHG� E\�ZDVKLQJ�ZLWK� QRQSRODU�LQ� SDUWLFXODU�DURPDWLF� VROYHQWV�
&RQFOXVLRQ7KH�VSHFLILF�VXUIDFH�DUHD�DQG�SRUH�VSHFLILF�YROXPH�RI�&17V�GHFUHDVH�DIWHU�DGVRUSWLRQ�+3063DQG� FDOL[>�@�DUHQH�EHFDXVH� DIWHU� DGVRUSWLRQ� WKHVH�FRPSRXQGV� �DPRXQW� � DGVRUSWLRQ� &X� DQG� &V�GHFUHDVHG�2XU� VWXG\� SUHGLFWV� WKDW� DGVRUSWLRQ� RI�+3063� DQG� &DOL[>�@�DUHQH� OLJDQGV� RQ� FDUERQ�QDQRWXEH��LV�QRW�QRWLFHDEO\�LQIOXHQFHG�E\�WKH�SUHVHQFH�RI� DOLSKDWLF� �PHWK\O�� RU�DQG� DURPDWLF� �EHQ]R��VXEVWLWXHQWV� LQ� WKH� PDFURF\FOLF� PROHFXOHV�2Q� WKH�FRQWUDU\�WKH� DGVRUSWLRQ� GUDPDWLFDOO\� LQFUHDVH� LQ� WKH�
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FDVH�RI�PHWDO�&X�&V� FRPSOH[HV�UHVXOWLQJ�LQ�VXEVWDQWLDO�FKDQJHV�LQ�WKHLU�JHRPHWU\�DQG�HOHFWURQLF�VWUXFWXUH�7KH�LQFUHDVH� LQ� QHJDWLYH� HOHFWURVWDWLF� SRWHQWLDO� DW� WKH�H[SRVHG� PDFURF\FOH� VLGH� PLJKW� LPSO\� DQ� HQKDQFHG
UHDFWLYLW\�WRZDUG�HOHFWURSKLOLF�DJHQWV�ZKLFK��DORQJ�ZLWK�WKH�VWURQJ�DGVRUSWLRQ�SUHGLFWHG�LV�DQ�HQFRXUDJLQJ�SUHUHTXLVLWH�IRU�WKH�SUHSDUDWLRQ�RI�QHZ�FDUERQ�QDQRWXEH�EDVHG�DGVRUEHQW�

7DEOH��� 5HVXOWV�RI��DGVRUSWLRQ�+SPVS DQG�&DOL[>��DUHQH�RQ�&17
6DPSOH +3063�LQWLDO0RO�O +3063LQWLDOPRO +3063�HQGPRO +3063�LQ&17�PRO +3063�LQ&17�PRO�J���� ���� �����î���� ����î���� ����î����6DPSOH &DOL[>�@DUHQH &DOL[>�@DUHQH &DOL[>�@DUHQH &DOL[>�@DUHQH &DOL[>�@DUHQHLQWLDO�PRO�O���� LQWLDO��PRO���� HQG��� PRO����î���� LQ�&17 PRO�����î���� LQ�&17 PRO�J�����î����

7DEOH���5HVXOWV�RI�DGVRUSWLRQ�&X�DQG�&V�RQ�&17
6DPSOH DPRXW�LQWLDO DPRXQW��DGVRUSHG�LQ�&17&X�ZLWKRXW�+3063 ��PO���SSP ����î����PRO�J&X�ZLWK�+3063 ��PO���SSP ���î�����PRO�J&V�ZLWKRXW�&DOL[>�@DUHQH ��PO���SSP ���î����PRO�J

5()(5(1&(6�� 6�/LMLPD�1DWXUH�����������3����� &�1�5�5DR�%�&�6DWLVKNXPDU�$�*RYLQGDUDM�DQG 0�1DWK�FKHP��3K\V�FKHP��������3����� 1�%HQGLDE�(�$QJODUHW�M�O�EDQWLJQLHV�$�=DKDE�-�/�6DXYDMRO�3�3HWLW�&�0DWKLV�DQG�6�/HIUDQW� 3K\� 5HY� %�� �������3��������� $�6�&OD\H�1�0�1HPHV�$�-DQRVV\�DQG�- �(�)LVFKHU�3K\�5HY�%���������3�5������ $�0�5DR�3�&�(NOXQG�6�%DQGRZ�$�7KHVV�DQG�5�(�6PDOOH\�1DWXUH������������3������ $�:DGKDZDQ�5�(�6WDOOFXS�,,�DQG�-�0�3HUH]�$SSO�3K\V�/HWW����������3������ $�&DR�+�=KX�;�=KDQJ�;�/L�'�5XDQ�&�;X�%�:HU�-�/LDQJ�DQG�'�:X�&KHP�3K\�/HWW�����������3������ 4�+�<DQJ�3�;�+RX�6�%DL�0�=�:DQJ�DQG�+�0�&KHQJ�&KHP�3K\V�/HWW�����������3����� ;�<�=KX�6�0�/HH�DQG7�)UDXHQKHLP�3K\V�5HY�/HWW����������3�������� 6�7DODSDWUD�DQG�$�'�0LJRQH�3K\V�5HY�%���������3���������� $�&�'LOORQ�DQG�0�-�+HEHQ�$SSO�3K\V�$���������3������� 6�3HQJ�DQG�.�&KR�1DQRWHFKQRORJ\����������3������ -�$GHOHQ�1LVKD�0�<XGDVDND�6�%DQGRZ�)�.RNDL�.�7DNDKDVKL��DQG�6�/LMLPD�&KHP�3K\V�/HWW����������������� -�0�7DUDVFRQ�DQG�0�$UPDQG�1DWXUH�����������3������� 9�0�%HUPXGH]�-�3K\V�&KHP�%�$6$3�$UWLFOH���������-3�������6����������������������$SULO����������� /LQ�<��7D\ORU�6�/L�+�6KLUDO�)HUQDQGR� .�$� 4X� /� :DQJ�:��*X�/�=KRX�%�6XQ�<�3�-0DWHU� &KHP� �������� ������ '\NH�&�$�7RXU�-�3K\V�&KHP�$������������������ %DQHUMHH�6�+HPDUDM�%HQQ\�7�:RQJ�6�6�$GY�0DWHU�������������� 5�.RW]�DQG�0�&DUOHQ� (OHFWURFKLPLFD�$FWD����������3�������� '�+HQGHUVRQ� -RXUQDO�RI�OLTXLGV���������� 3������ 0�$UXOHSS�/�3SHUPDQQ�-�/HLV�$�3HUNVRQ�.�5XPPD�$�-DQH�DQG�(�/XVW�-RXUQDO�RI�SRZHU�VRXUFH�����������S������� )DZFHWW�5RQDOG�.ORVV�$�$OOD�-XDQ�-RVH�&DOYHQWH�DQG�1HERMDVD�0DULQNRYLF�(OHFWURFKLPLFD�$FWD����������3������� /LMLPD�DQG�7�,FKLKDVKL�1DWXUH�������������� -RXUQHW� �.�0DVHU� 3� %DUQLHU� $�/RLVHDX� 0� /DP\GH� OD� FKDSSHOOH� 6� /HIUDQW� 3� GDQLDUG�5� /HH� DQG� -� (�)LVKFKHU� 1DWXUH���� ������� 3������� *�*DPDO\�DQG�7�:�(EEHVHQ�3K\V�5HY�%����������3�����
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