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.LQHWLF��DQG�$GVRUSWLRQ�,VRWKHUP�6WXGLHV�RI�1L��,,��8VLQJ�
$FWLYDWHG�&DUERQ�3UHSDUHG�IURP�/DSVL�6HHG�6WRQH�E\�

&KHPLFDO�&DUERQL]DWLRQ�

5DMHVKZDU�0DQ�6KUHVWKD
'HSDUWPHQW�RI�$SSOLHG�6FLHQFHV��,QVWLWXWH�RI�(QJLQHHULQJ�

7ULEKXYDQ�8QLYHUVLW\��1HSDO�
&RUUHVSRQGLQJ�DXWKRU��UDMHVKZDU#LRH�HGX�QS�

$EVWUDFW�

7KH� SUHVHQW� VWXG\� H[SORUHG� WKH� LQYHVWLJDWLRQ� RQ� DGVRUSWLRQ� RI� 1L� �,,�� RQ� WKH� VXUIDFH� RI� DFWLYDWHG�
FDUERQ� SUHSDUHG� IURP� /DSVL� 6HHG� 6WRQH� E\� FKHPLFDO� FDUERQL]DWLRQ� ZLWK� WKH� PL[WXUH� RI� FRQFHQWUDWHG�
VXOSKXULF� DFLG� DQG� FRQFHQWUDWHG� QLWULF� DFLG�� 7KH� EDWFK� DGVRUSWLRQ� H[SHULPHQWV� ZHUH� SHUIRUPHG� XVLQJ�
$WRPLF� $EVRUSWLRQ� 6SHFWURVFRS\� �$$6�� 7HFKQLTXH�� 7ZR� DGVRUSWLRQ� LVRWKHUPV� VXFK� DV� /DQJPXLU� DQG�
)UHXQGOLFK� ZHUH� DSSOLHG� WR� DQDO\]H� WKH� UHVXOWV� IURP� WKH� H[SHULPHQWV�� ,Q� RUGHU� WR� HVWDEOLVK� EHVW� ILW�
DGVRUSWLRQ� LVRWKHUP� PRGHO� WKH� FRHIILFLHQW� RI� FRUUHODWLRQ� �5��� ZDV� GHWHUPLQHG� IRU� HDFK� PRGHO�� 7KH�
DGVRUSWLRQ� GDWD� ZDV� EHVW� GHVFULEHG� E\� /DQJPXLU� ZLWK� KLJKHU� YDOXH� RI� FRHIILFLHQW� RI� FRUUHODWLRQ� DV�
FRPSDUHG� WR� WKDW� RI� )UHXQGOLFK� LVRWKHUP� VKRZLQJ� D�PD[LPXP� DGVRUSWLRQ� FDSDFLW\� RI� �����PJ�J�� 7KH�
NLQHWLF�RI� WKH�DGVRUSWLRQ�RI� WKH�PHWDO� LRQV� LV� HYDOXDWHG�E\� WKH� SVHXGR� ILUVW� RUGHU� DQG� SVHXGR� VHFRQG�
RUGHU��7KH�UHVXOWV�LQGLFDWH�WKDW�SVHXGR�VHFRQG�RUGHU�SURYLGHV�D�PRUH�DSSURSULDWH�GHVFULSWLRQ�RI�WKH�
PHWDO� LRQ� DGVRUSWLRQ� RQ� WKH� DFWLYDWHG� FDUERQ�� ,W� KDV� EHHQ� FRQFOXGHG� WKDW� WKH� DFWLYDWHG� FDUERQ�
SUHSDUHG�IURP�/DSVL�VHHG�VWRQH�FDQ�EH�XVHG�DV�DQ�HIIHFWLYH�DGVRUEHQW�IRU�WKH�UHPRYDO�RI�1L�,,��IURP�
DTXHRXV�VROXWLRQ�

.H\�ZRUGV��1LFNHO�$FWLYDWHG�FDUERQ��/DSVL��$GVRUSWLRQ�LVRWKHUP��$GVRUSLRQ�NLQHWLFV�

,QWURGXFWLRQ�

1LFNHO� LV� UHOHDVHG� LQWR� ZDWHU� ERGLHV� E\� DQWKURSRJHQLF� DFWLYLWLHV� VXFK� DV� PDQXIDFWXULQJ� SURFHVV� RI�
VWDLQOHVV� VWHHOV�� VXSHU� DOOR\V�� PHWDOOLF� DOOR\V�� FRLQV�� EDWWHULHV� HWF�'LUHFW� H[SRVXUH� WR� QLFNHO� FDXVHV�
GHUPDWLWLV�6RPH� QLFNHO� FRPSRXQGV� DV� FDUERQ\O� DUH� FDUFLQRJHQLF� � DQG� HDVLOK\� DEVRUEHG� VNLQ�� $FXWH
SRLVRQLQJ�RI�1L��,,��FDXVHV�KHDGDFKH��GL]]LQHVV��QDXVHD�DQG�YRPLWLQJ��FKHVW�SDLQ��WLJKWQHVV�RI�WKH FKHVW��
GU\� FRXJK� DQG� VKRUWQHVV� RI� EUHDWK�� UDSLG� UHVSLUDWLRQ�� F\DQRVLV� DQG� H[WUHPH�ZHDNQHVV� ��7KH�PHWDO� LRQV�
WKHUHIRUH��VKRXOG�EH�UHGXFHG�WR�ORZHU�OHYHO��WR�WKH�SHUPLVVLEOH�EHIRUH�EHLQJ�GLVFKDUJHG�WR�ZDWHU�ERGLHV��
7KH�PHWKRGV�XVHG�WR�UHPRYH�WKH�KHDY\�PHWDO�LRQV�LQFOXGH�FKHPLFDO�SUHFLSLWDWLRQ��FKHPLFDO�R[LGDWLRQ�RU�
UHGXFWLRQ�� ILOWUDWLRQ�� LRQ�H[FKDQJH��HOHFWURFKHPLFDO� WUHDWPHQW��PHPEUDQH� ILOWUDWLRQ�� UHYHUVH�RVPRVLV�DQG�
DGVRUSWLRQ�� +RZHYHU�� PRVW� RI� WKHVH� PHWKRGV� KDYH� GUDZEDFNV� VXFK� DV� LQFRPSOHWH� UHPRYDO� RI� KHDY\�
PHWDOV��KLJK�RSHUDWLRQDO�FRVW��SUREOHP�IRU�GLVSRVDO�RI�PHWDOOLF�VOXGJH��

$GVRUSWLRQ� SURFHVV�� WKHUHIRUH�� KDV� EHHQ� PRVWO\� DSSOLHG� IRU� WKH� UHPRYDO� RI� SROOXWDQWV� IURP� ZDWHU��
0DQ\� UHVHDUFKHV� KDYH� EHHQ� FDUULHG� RXW� ZRUN� WR� ILQG� WKH� FKHDSHU� DG� FKHPLFR� ±SK\VLFDOO\� IHDVLEOH�
DGVRUEHQW����

&RUUHVSRQGLQJ�DXWKRU
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0DQ\� VWXGLHV� KDYH� VKRZQ� WKH� GHYHORSPHQW� RI� � ORZ� FRVW� DFWLYDWHG� FDUERQ� SUHSDUHG� � IURP� ORFDOO\�
DYDLODEOH� DQG� FKHDSHU� �PDWHULDOV� OLNH� DSULFRW� VWRQH� ��� ROLYH� VWRQH� ��� GDWH� VWRQH �� SHDQXW� VKHOO� �� FRFRQXW�
VKHOO���SDOP�VKHOO����ULFH��KXVN���HWF��IRU�WKH�SURGXFWLRQ�RI�DFWLYDWHG�FDUERQ��

0RVW�RI�DFWLYDWHG�FDUERQV�DUH�SUHSDUHG�E\�D�WZR��VWDJH�SURFHVV�FDUERQL]DWLRQ�IROORZHG�E\�DFWLYDWLRQ��
7KH�IUVW�VWHS�LV�WR�HQULFK�WKH�FDUERQ�FRQWHQW�DQG�WR�FUHDWH�DQ�LQLWLDO�SRURVLW\�DQG�DFWLYDWLRQ�SURFHVV�KHOSV�LQ�
HQKDQFLQJ� WKH� SRUH� VWUXFWXUH�� 7KH� DFWLYDWLRQ� FDQ� EH� FDUULHG� E\� WZR� GLIIHUHQW� SURFHVVHV� SK\VLFDO� DQG�
FKHPLFDO��&KHPLFDO�DFWLYDWLRQ�KDV� WZR� LPSRUWDQWDGYDQWDJHV�DV�FRPSDUHG� WR�SK\VLFDO�DFWLYDWLRQ��2QH� LV�
ORZHU� WHPSHUDWXUH� LQ� ZKLFK� WKH� SURFHVV� LV� DFFRPSOLVKHG���3UHVHQW� VWXG\� H[SORUHG� WKH� SUHSDUDWLRQ� RI�
DFWLYDWHG�FDUERQ�E\�WUHDWPHQW�ZLWK�FKHPLFDOV�OLNH�FRQFHQWUDWHG�VXOSKXULF�DFLG�DQG�QLWULF�DFLG�ZKLFK�KDYH�
EHHQ�XVHG�WR�FDUERQL]H�WKH�SUHFXUVRU�7KH�FDUERQL]DWLRQ�WKXV�LV�WHUPHG�DV�FKHPLFDO�FDUERQL]DWLRQ�

,Q�FXUUHQW� � VWXG\��NLQHWLFV� � �DQG�DGVRUSWLRQ� � LVRWKHUPV�RI�1L� �,,��DGVRUSWLRQ�RQWR�$&�61��$FWLYDWHG�
FDUERQ�SUHSDUHG�E\�WKH�WUHDWPHQW�RI�FRQFHQWUDWHG�VXOSKXULF�DFLG�DQG�QLWULF�DFLG��KDV�EHHQ�VWXGLHG�WKURXJK�
D�SVHXGR�ILUVW�RUGHU� ��D�SVHXGR�VHFRQG�RUGHU� ���$GVRUSWLRQ� LVRWKHUP�XVXDOO\�JLYHV�DQ� LQIRUPDWLRQ�DERXW�
WKH� HTXLOLEULXP� VWDWH� EHWZHHQ� WKH� DPRXQW� RI� DGVRUEHG� PHWDO� LRQ� RQWR� WKH� DGVRUEHQW� VXUIDFH� DQG� WKH�
FRQFHQWUDWLRQ� RI� PHWDO� LRQV� LQ� VROXWLRQ�7KHUH� DUH� PDQ\� W\SHV� RI� DGVRUSWLRQ� LVRWKHUPV�� $PRQJ� WKHP��
/DQJPXLU����DQG�)UHXQGOLFK����DUH��WKH�PRVW�FRPPRQO\�DSSOLHG�DGVRUSWLRQ�LVRWKHUPV��

([SHULPHQWDO�

0DWHULDOV�

7KH�SUHFXUVRU�XVHG�LQ�WKLV�VWXG\�LV�/DSVL�VHHG�VWRQH���WKH�ZDVWH�PDWHULDO�RI�/DSVL�IUXLWV�OHIW�DIWHU�WKH�
SURGXFWLRQ�RI�YLWDPLQ�±&�ULFK�SURGXFWV��7KH�/DSVL� VHHG�VWRQHV�ZHUH�FROOHFWHG� IURP�3DXQ��YLWDPLQ�±�&�
ULFK�SURGXFWV��)DFWRU\��*RGDYDUL��/DOLWSXU��ZHUH�ZDVKHG�ZHOO�ZLWK� WDS�ZDWHU� WR� UHPRYH� LPSXULWLHV��7KH�
VHHG�VWRQHV�ZHUH�WKHQ�ZDVKHG�ZLWK�GHLRQL]HG�ZDWHU��DQG�GULHG�LQ�D�KRW�ER[�RYHQ�D�WHPSHUDWXUH�PDLQWDLQHG�
DW������&�IRU����KRXUV��7KH�GULHG�VWRQHV�ZHUH�JULQGHG�E\�HOHFWULF�JULQGHU�DQG�VLHYHG�LQWR�WKH�IUDFWLRQ�RI�
�����P��7KH�JULQGHG� �SDUWLFOHV�ZHUH� WUHDWHG�ZLWK� WKH�PL[WXUH�RI� �FRQFHQWUDWHG�QLWULF�DFG�DQG�VXOSKXULF�
DFLG�DQG�KHDWHG�DW�D�WHPSHUDWXUH�RI�������&�IRU����KRXUV��7KH�UHVXOWHG�PDWHULDO�ZDV�ZDVKHG�VHYHUDO�WLPHV�
ZLWK�GLVWLOOHG�ZDWHU�E\�VKDNLQJ�RQ�PDJQHWLF� VWLUUHU��7KH�ZDVKLQJ�ZDV�FRQWLQXHG� WLOO�S+�RI� WKH�ZDVKLQJ�
DWWDLQHG� D� YDOXH� EHWZHHQ� ����7KH�ZDVKHG� FDUERQ�ZDV� GULHG� LQ� DQ� RYHQ� DW� ����&� DQG� WKHQ� JURXQG� DQG�
VLHYHG� XVLQJ� D� ���� �P� VLHYH�� 7KH� FDUERQ� SUHSDUHG� ZDV� UHSUHVHQWHG� DV� � $&�61� �� $FWLYDWHG� FDUERQ�
SUHSDUHG�E\�WUHDWPHQW�ZLWK��FRQFHQWUDWHG�VXOSKXULF�DFLG�DQG�QLWULF�DFLG��

&KHPLFDOV�DQG�,QVWUXPHQWV�

$OO�WKH�FKHPLFDOV�DQG�UHDJHQWV��XVHG�ZHUH�RI�DQDO\WLFDO�JUDGH���6WRFN�VROXWLRQV�RI�1L��,,��LRQV�UHTXLUHG�
ZHUH�SUHSDUHG�IURP�LWV�QLWUDWH�VDOW�XVLQJ�GLVWLOOHG�ZDWHU��,Q�RUGHU�WR�PHDVXUH�WKH�S+�YDOXH�RI�WKH�VROXWLRQ��
'LJLWDO�S+�PHWHU�ZDV�XVHG��6KDNHU��'LJLWDO�9'5/�5RWDWRU�530�6��ZDV�XVHG�WR�FDUU\�RXW�WKH�DGVRUSWLRQ�
H[SHULPHQWV�� 7KH� FRQFHQWUDWLRQ� RI� 1L� �,,�� LRQV� DIWHU� DGVRUSWLRQ� ZDV� GHWHUPLQHG� E\� XVLQJ� $WRPLF�
DEVRUSWLRQ�VSHFWURSKRWRPHWHU��$$6±9$5,$1�$$���)6���7R�DGMXVW� WKH�S+�RI�VROXWLRQV������0�1D2+�
DQG� ����0�+&O� KDYH� EHHQ� XVHG�� $OO� WKH� VROXWLRQV�ZHUH� SUHSDUHG� E\� GLOXWLQJ� WKH� VWRFN� VROXWLRQV�ZLWK�
GLVWLOOHG�ZDWHU��

$GVRUSWLRQ�([SHULPHQWV�

%DWFK�PRGH� �RI� �DGVRUSWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW�E\�VXVSHQGLQJ������J�RI�DGVRUEHQW�PL[HG�
ZLWK���PO�RI�DGVRUEDWH�VROXWLRQ�WDNHQ�LQ����PO�VWRSSHUHG�FRQLFDO�IODVNV��7KH�IODVNV�ZHUH�WKHQ�VWLUUHG�ZHOO�
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RQ�'LJLWDO�9'5/�5RWDWRU�±530�±6�WR�ILQG�RXW�WKH�RSWLPXP�FRQGLWLRQ�IRU�WKH�H[SHULPHQWV��6ROXWLRQ�RI�
1D2+�DQG�+&O�KDYH�EHHQ�XWLOL]HG�WR�DGMXVW�WKH�S+�RI�WKH�VROXWLRQ��7KH�FRQFHQWUDWLRQ�RI�3E��,,��LRQV�DIWHU�
DGVRUSWLRQ� ZDV� GHWHUPLQHG� E\� DWRPLF� DEVRUSWLRQ� VSHFWURSKRWRPHWHU� �$$6� ±9$5,$1�$$���)6��7KH�
DPRXQW�RI�PHWDO�LRQV�XSWDNH�FDQ�EH�FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQ�����

:KHUH�&R� �LQLWLDO�FRQFHQWUDWLRQ�RI�PHWDO�LRQ�

������������&H� �HTXLOLEULXP�FRQFHQWUDWLRQ�RI�PHWDO�LRQV

��������������: �PDVV�RI�DGVRUEHQW�LQ�JUDP��J���

��������������9� �YROXPH�RI�WKH�VROXWLRQ�LQ�OLWHU��/��

7KH�SHUFHQWDJH�RI�UHPRYHG�PHWDO�LRQV��5HP����LQ�VROXWLRQ�LV�FDOFXODWHG�E\�XVLQJ�IROORZLQJ�WKH�IRUPXOD�

5HVXOWV�DQG�'LVFXVVLRQ�

(IIHFW�RI�S+�

7KH� S+� RI� WKH� DTXHRXV� VROXWLRQ� SOD\V� DQ� LPSRUWDQW� UROH� RQ� WKH� DGVRUSWLRQ� RI� PHWDO� LRQV� RQ� WKH�
DGVRUEHQW��+HQFH�WKH�DGVRUSWLRQ�RI�RI�1L��,,��LRQV�RQ�$&�16�KDV�EHHQ�FDUULHG�RXW�RYHU�S+�UDQJH�RI�����DW�
ODERUDWRU\� WHPSHUDWXUH��7KH�HIIHFW� RI� S+� �RQ� UHPRYDO�RI� WKH�PHWDO� LRQV� LV� VKRZQ� LQ�)LJ���7KH� �)LJXUH�
VKRZV� WKDW�SHUFHQWDJH� UHPRYDO�RI�PHWDO� LRQV� LQFUHDVHV�ZLWK� LQFUHDVH� LQ�S+�DQG�DWWDLQV�DOPRVW�FRQVWDQW��
YDOXH�DW�S+�UDQJH�RI������7KH�DGVRUSWLRQ�VWXG\�RQ�KLJKHU�S+�ZDV�QRW�VWXGLHG�VLQFH�WKH�SUHFLSLWDWLRQ�RI�
PHWDO�LRQV�RFFXUV���DERYH�WKH�S+��$W�ORZ�S+�WKH�SHUFHQWDJH�RI�UHPRYDO�RI�1L��,,��ZDV�IRXQG�WR�EH�ORZ��
7KLV�PD\�EH�GXH�WR�WKH�IDFW�WKDW�KLJKHU�FRQFHQWUDWLRQ�RI�K\GURJHQ�LRQV�FRPSHWHV�ZLWK�PHWDO�LRQV�DW�ORZHU��

(IIHFW�RI�&RQWDFW�WLPH�

7KH�DPRXQW�RI�1L�,,��LRQV�DGVRUEHG�E\�DFWLYDWHG�FDUERQ�LV�DIIHFWHG�E\�FRQWDFW�WLPH��(IIHFW�RI�FRQWDFW�
WLPH�RQ�WKH��PHWDO�LRQV�DGVRUEHG�LV�VKRZQ�LQ�)LJ����7KH�ILJXUH�VKRZV�WKDW�WKH�UDWH�RI�DGVRUSWLRQ�KDV�EHHQ�
REVHUYHG�YHU\� IDVW� DW� LQLWLDO� VWDWH� �7KH� IDVW� DGVRUSWLRQ� �PD\� EH� FDXVHG� E\� WKH� IDFW� WKDW� � DW� LQLWLDO� VWDWH��

�)LJXUH����(IIHFW�RI�S+�IRU�WKH�
DGVRUSWLRQ�RI�1L�,,��RQ�$&�16�

)LJXUH���(IIHFW�RI�FRQWDFW�WLPH�IRU�
DGVRUSWLRQ�RI�1L��,,��RQ�$&�16�
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KLJKHU�GULYLQJ�IRUFH�PDNH�IDVW�WUDQVIHU�RI�PHWDO�LRQV�WR�WKH�VXUIDFH�RI�DGVRUEHQW�SDUWLFOHV�DQG�DYDLODELOLW\�
RI� WKH�XQFRYHUHG� VXUIDFH� DUHD�RQ� WKH� DGVRUEHQW��2Q� IXUWKHU� LQFUHDVLQJ� WLPH� LW� KDV� WDNHQ� D� ORQJ� WLPH� WR�
DWWDLQ�HTXLOLEULXP�IRU�WKH�DGVRUSWLRQ�RI��PHWDO�LRQV�GLIIXVLQJ�VORZO\�LQWR�WKH�SRUHV�RI�DFWLYDWHG�FDUERQ�GXH�
WR�WKH�GHFUHDVH�LQ�DYDLODELOLW\�RI�WKH�XQFRYHUHG�VXUIDFH�DUHD��WKH�DFWLYH�VLWHV��DQG�OHVV�GULYLQJ�IRUFH��7KXV�
WKH�DGVRUSWLRQ�UDWH�EHFRPHV�VORZHU��,W�KDV�WDNHQ�����PLQXWHV�WR�UHDFK�HTXLOLEULXP�IRU�$&�61��

$GVRUSWLRQ�LVRWKHUPV�

$GVRUSWLRQ� LVRWKHUP�JLYHV�DQ� LQIRUPDWLRQ�DERXW� WKH�GLVWULEXWLRQ�RI� WKH�DGVRUEHG�PROHFXOHV�EHWZHHQ�
OLTXLG� DQG� VROLG� SKDVH�� /DQJPXLU� DQG� )UHXQGOLFK� DGVRUSWLRQ� LVRWKHUPV� DUH� WKH� PRVW� FRPPRQO\� XVHG�
DGVRUSWLRQ�LVRWKHUPV��3UHVHQW�ZRUN�H[SORUHG�WKH�DSSOLFDWLRQ�RI�WZR�WKH�DGVRUSWLRQ�LVRWKHUPV�WR�GHVFULEH�
WKH� UHODWLRQ� EHWZHHQ� WKH� DPRXQW� RI� WKH� DGVRUEDWH� DQG� LWV� HTXLOLEULXP� FRQFHQWUDWLRQ� LQ� VROXWLRQ� DW�
ODERUDWRU\�WHPSHUDWXUH��

/DQJPXLU�LVRWKHUP�

7KH� /DQJPXLU� LVRWKHUP� DVVXPHV� WKDW� D� FRQWLQXRXV� PRQROD\HU� RI� DGVRUEDWH� PROHFXOHV� VXUURXQG� D�
KRPRJHQRXV�VROLG�VXUIDFH����7KH�OLQHDU�IRUP�RI�WKH�/DQJPXLU�LVRWKHUP�HTXDWLRQ�LV�LQGLFDWHG�E\�IROORZLQJ�
HTXDWLRQ��

�««««������������������««««««««����

:KHUH�&H� �FRQFHQWUDWLRQ�RI�WKH�DGVRUEDWH�LQ�HTXLOLEULXP��PJ�/���

�����������TH� �WKH�DPRXQW�RI�WKH�DGVRUEDWH�DGVRUEHG�XQGHU�HTXLOLEULXP��

�����������TP WKH�PRQROD\HU�DGVRUSWLRQ����FDSDFLW\��PJ��J��DQG��

������������E� �WKH�/DQJPXLU�FRQVWDQW���� ��

7KH�VORSH�DQG�LQWHUFHSW�RI�WKH�SORW�&H�TH�YHUVXV�&H�DV�VKRZQ�LQ�)LJ����KDYH�EHHQ�XVHG�WR��GHWHUPLQH��

/DQJPXLU�FRQVWDQW�DQG�DGVRUSWLRQ�FDSDFLW\��UHVSHFWLYHO\���

/DQJPXLU�FRQVWDQW�DQG�DGVRUSWLRQ�FDSDFLW\�DUH�GHWHUPLQHG�IURP�WKH�VORSH�DQG�LQWHUFHSW�RI�WKH�SORW�&H�TH
YHUVXV�&H�DV�VKRZQ�LQ�)LJ����

)LJXUH����/DQJPXLU�LVRWKHUP��RI�1L��,,���
DGVRUSWLRQ�RQWR�$&�61

)LJXUH������)UHXQGOOLFK�LVRWKHUP��RI�1L�
�,,��DGVRUSWLRQ�RQWR�$&�61�
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)UHXQGOLFK�LVRWKHUP�

)UHXQGOLFK� LVRWKHUP� LV� DSSOLFDEOH� WR� DGVRUSWLRQ� SURFHVVHV� WKDW� RFFXU� RQ� KHWHURJRQRXV� VXUIDFHV>��@��
7KLV� LVRWKHUP� JLYHV� DQ� H[SUHVVLRQ� ZKLFK� GHILQHV� WKH� VXUIDFH� KHWHURJHQHLW\� DQG� WKH� H[SRQHQWLDO�
GLVWULEXWLRQ�RI�DFWLYH�VLWHV�DQG�WKHLU�HQHUJLHV��

/LQHDU�IRUP�RI�)UHXQGOLFK�LVRWKHUP�PD\�EH�UHSUHVHQWHG�DV�IROORZV�

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

:KHUH� .I� DQG� Q�  � )UHXQGOLFK� FRQVWDQWV� UHODWHG� WR� DGVRUSWLRQ� FDSDFLW\� DQG� DGVRUSWLRQ� LQWHQVLW\�
UHVSHFWLYHO\���

)URP�WKH�VORSH�DQG�LQWHUFHSW�RI�WKH�VWUDLJKW�SRUWLRQ�RI�WKH�OLQHDU�SORW�REWDLQHG�E\�SORWWLQJ�ORJ�YHUVXV�
ORJ�TH���YHUVXV�ORJ&H��WKH�YDOXHV�RI�)UHXQGOLFK�SDUDPHWHUV�FDQ�EH�FDOFXODWHG�DV�VKRZQ�LQ�)LJ����/DQJPXLU�
DQG�)UHXQGOLFK�FRQVWDQWV�DUH�JLYHQ�LQ�7DEOH����)LJXUHV���DQG���UHYHDO�WKDW�WKH�LVRWKHUP�GDWD�EHWWHU�ILW�WKH�
/DQJPXLU�HTXDWLRQ�WKDQ�)UHXQGOLFK�HTXDWLRQ�VLQFH�WKH�YDOXHV�RI�WKH�FRHIILFLHQW�RI�FRUUHODWLRQ��5�� ��������
DUH� KLJKHU� WKDQ� WKDW� RI� )UHXQGOLFK� LVRWKHUPV� �5��  �������� 7KLV� VXSSRUWV� WKH� WKHRU\� WKDW� WKH� QXPEHU� RI�
DFWLYH�VLWHV�RQ�WKH�FDUERQ�VXUIDFH�LV�OLPLWHG�DQG�XSWDNH�RI�QLFNHO�LRQV�IRUPV�D�PRQROD\HU�RQ�WKH�VXUIDFH��
/DQJPXLU�DQG�)UHXQGOOLFK�SDUDPHWHUV�DUH�VKRZQ�LQ�7DEOH����

7DEOH����/DQPJXLU�DQG�)UHXQGOLFK�SDUDPHWHUV�IRU�DGVRUSWLRQ�RI��1L�,,���LRQV��RQWR�$&�16�

+HDY\�
PHWDO�
LRQV

/DQJPXLU�SDUDPHWHUV

5�

)UHXQGOLFK�SDUDPHWHUV

5�

TPD[�PJ�J E .I��PJ�J� �Q�

1L�,,� ���� ����� ����� ���� ���� ������

$GVRUSWLRQ�RI�WKH�FDSDFLW\�RI�1L��,,��RQ�3$$/66&�LV�KLJKHU�WKDQ�WKDW�RI�DFWLYDWHG�FDUERQV�SUHSDUHG�
IURP�RWKHU�DGVRUEHQWV�VXFK�DV�7HD�IDFWRU\�ZDVWH��5LFH�KXOO�EXW�ORZHU�WKDQ�WKDW�RI��&RWWRQ�VWDON�DV�VKRZQ�
LQ�7DEOH����)URP�WKH�WDEOH�LW�LV�FRQFOXGHG�WKDW�3$$/66&�LV�EHWWHU�LQ�WKH�DGVRUSWLRQ�RI�1L��,,��WKDQ�RWKHU�
DGVRUEHQWV�H[FHSW�$&�SUHSDUHG�IURP�&RWWRQ�VWDON�

7DEOH����$GVRUSWLRQ�FDSDFLW\�RI�1L��,,��LRQV�E\�YDULRXV�DGVRUEHQWV�IRU�FRPSDULVRQ�ZLWK�WKDW�RI�$&�16�

6�1�� $GVRUEHQWV� $GVRUSWLRQ�FDSDFLW\�
TPD[�PJ�J��

5HIHUHQFHV�

�� 7HD�IDFWRU\�ZDVWH� ������ �0DONRF�DQG�<DVDU��������

�� $&�IURP�FRWWRQ�VWDON�E\�+�32�� ������ �+XDQJ�HW�DO���������

�� 1D2+�WUHDWHG�ULFH�KXOO� ������ �0DVKDOO�HW�DO���������

�� $&�16� ������ �7KLV�VWXG\�

$GVRUSWLRQ�NLQHWLFV�

7KH� DGVRUSWLRQ� NLQHWLF� VWXG\� SOD\V� DQ� LPSRUWDQW� UROH� WR� GHWHUPLQH� WKH� HIILFLHQF\� RI� DGVRUSWLRQ�� 7R�
DQDO\]H� UDWH�RI�DGVRUSWLRQ SVHXGR�ILUVW�RUGHU�DQG�VHFRQG�RUGHU�NLQHWLF�PRGHOV�KDYH�EHHQ�DSSOLHG� WR� WKH�
DGVRUSWLRQ�NLQHWLF�GDWD��
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����

3VHXGR�)LUVW�2UGHU�

/HJHUJUHQ�LQ���������KDV�JLYHQ�SVHXGR�ILUVW�RUGHU�PRGHO��$FFRUGLQJ�WR�/DJHUJUHQ�WKH�SVHXGR�ILUVW�RUGHU�
HTXDWLRQ�LV�UHSUHVHQWHG�DV�IROORZV���

��������͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙;ϱͿ�

:KHUH�TH�DQG�TW� �WKH�DPRXQW�RI�WKH�PHWDO�LRQV�DGVRUEHG�DW�HTXLOLEULXP�DQG�WLPH�W��UHVSHFWLYHO\��PJ�J��
�����������������������N�� �WKH�SVHXGR�±ILUVW�RUGHU�UDWH�FRQVWDQW��/PLQ

�����
$IWHU�LQWHJUDWLRQ�WKH�HTXDWLRQ�����EHFRPHV�DV�IROORZV�

««�««««««���������������������������������������������������������

7KH�YDOLGLW\�RI�NLQHWLF�PRGHO��KDV�EHHQ�WHVWHG�E\�SORWWLQJ�WKH�YDOXH�RI�ORJ��TH ��TW����DJDLQVW�µ�W�µDV�VKRZQ�LQ��)LJ����

���

7KH�YDOXHV�RI�NLQHWLFV�SDUDPHWHUV�VXFK�DV�N��DQG�HTXLOLEULXP�DGVRUSWLRQ�FDSDFLW\�KDYH�EHHQ�GHWHUPLQHG�
IURP�WKH�VORSHV�DQG�LQWHUFHSWV�RI�WKH�FXUYHV��7KH�SVHXGR�ILUVW�RUGHU�DQG�SVHXGR�VHFRQG�RUGHU�FRQVWDQWV�DUH�
SUHVHQWHG�LQ�7DEOH����

�����7DEOH����3VHXGR�ILUVW�DQG�VHFRQG�RUGHU�SDUDPHWHU�IRU�1L��,,��DGVRUSWLRQ�RQ�$&�16�

3VHXGR�ILUVW�RUGHU�PRGHO 3VHXGR�VHFRQG�RUGHU�PRGHO�

+HDY\�
PHWDO�
LRQV

TH�P
J�J�

.����PLQ� 5� ([SHULPHQWD
O�YDOXH���TH

�PJ�J��

TH�PJ�J�� .��J�PJ�
PLQ�

5�

1L�,,�� ����� �����î����� ������ ����� ����� ������ ������

3VHXGR�6HFRQG�RUGHU�

+R� VHFRQG� RUGHU� PRGHO� LV� RIWHQ� FDOOHG� SVHXGR� VHFRQG� RUGHU� PRGHO�� 7KH� UDWH� HTXDWLRQ� RI� SVHXGR�
VHFRQG�RUGHU�LV�UHSUHVHQWHG�E\�WKH�IROORZLQJ�HTXDWLRQ���

««««««««««««������������������������������������������

)LJXUH����3VHXGR�ILUVW�RUGHU�SORW�
IRU�1L��,,��DGVRUSWLRQ��RQWR�$&�16�

)LJXUH�����3VHXGR�VHFRQG�RUGHU�SORW�
IRU�1L�,,��DGVRUSWLRQ�RQWR�$&�16
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����

:KHUH�N��LV�WKH�VHFRQG�RUGHU�UDWH�FRQVWDQW�RI�DGVRUSWLRQ��J�PJ�
���PLQ������,QWHJUDWLQJ�WKH�DERYH�HTXDWLRQ�

����LW���WDNHV�WKH�IRUP�DV�IROORZV�>��@��

««««««««««««��««««««««�����

7KH�HTXDWLRQ�����FDQ�EH�UHDUUDQJHG�WR�REWDLQ��

«««««««««««««««««««««««�����

7KH�YDOLGLW\�RI� WKH�NLQHWLF�PRGH�ZDV� WHVWHG�E\�SORWWLQJ� � � � WKH�YDOXH�RI� � � µW�TW¶� � DJDLQVW� µW� µ� LV�SORWWHG�DV�
VKRZQ�LQ�)LJ���

&RQFOXVLRQ�

$GVRUSWLRQ� LVRWKHUPV� DQG� NLQHWLF� VWXGLHV� IRU� WKH� DGVRUSWLRQ� RI� 1L�,,�� KDYH� EHHQ� LQYHVWLJDWHG� E\�
DFWLYDWHG� FDUERQ� IURP� /DSVL� VHHG� VWRQH� E\� &KHPLFDO� FDUERQL]DWLRQ�ZLWK� � WKH�PL[WXUH� RI� FRQFHQWUDWHG�
VXOSKXULF�DFLG�DQG�FRQFHQWUDWHG�QLWULF�DFLG��7KH�DGVRUSWLRQ�RI�1L��,,��KDV�EHHQ�IRXQG�WR�EH�GHSHQGHQW�RQ�
S+� DQG� WKH�PD[LPXP� DGVRUSWLRQ� KDV� EHHQ� REVHUYHG� DW� S+� ��2SWLPDO� FRQWDFW� WLPH� IRU� UHPRYDO� RI� WKH�
PHWDO� LRQV� KDV� EHHQ� REVHUYHG� DV� ���� PLQXWHV�� 7KH� HTXLOLEULXP� GDWD� LV� EHVW� GHVFULEHG� E\� /DQJPXLU�
DGVRUSWLRQ� LVRWKHUP� ZLWK� KLJK� FRUUHODWLRQ� FRHIILFLHQW� �5� ������� DV� FRPSDUHG� WR� WKDW� �5� ������ RI�
)UHXQGOLFK� LVRWKHUP� VKRZLQJ� D� PD[LPXP� DGVRUSWLRQ� FDSDFLW\� RI� ����� PJ�J�� $QDO\VLV� RI� DGVRUSWLRQ�
NLQHWLF�GDWD�KDV�VKRZQ�WKDW�WKH�GDWD�LV�IRXQG�WR�EH�WKH�EHVW�ILW�WR�SVHXGR�VHFRQG�RUGHU�NLQHWLFV��5� ��������
WR�GHVFULEH�WKH�DGVRUSWLRQ�SURFHVV��7KH�UHVXOWV�RI�WKLV�VWXG\�VKRZV�WKDW�WKH�DFWLYDWHG�FDUERQ�SUHSDUHG�IURP�
/DSVL�VHHG�VWRQH��E\�FKHPLFDO�FDUERQL]DWLRQ�FDQ�EH�XVHG�DV�DQ�HIIHFWLYH�DGVRUEHQW�IRU�WKH�UHPRYDO�RI�1L�
�,,��LRQV�IURP�DTXHRXV�VROXWLRQ��

$FNQRZOHGJHPHQW

7KH� DXWKRU� ZLVKHV� WR� H[SUHVV� VLQFHUH� JUDWLWXGH� WR� 3URI�� 'U�� 5DMD� 5DP� 3UDGKDQDQJD�� .XOHVKZDU��
.DWKPDQGX�IRU�KLV�FRQWLQXRXV�HQFRXUDJHPHQW��PRWLYDWLRQ�DQG�LQYDOXDEOH�VXJJHVWLRQV��7KH�DXWKRU�LV�DOVR�
JUDWHIXO�WR�3URI��'U��$PDU�3UDVDG�<DGDY��&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��IRU�KLV�
HQFRXUDJHPHQW� DQG� YDOXDEOH� VXJJHVWLRQV�� 7KDQNV� JRHV� WR� 1HSDO� %XUHDX� RI� 6WDQGDUGV� DQG�0HWURORJ\��
%DODMX��.DWKPDQGX�IRU�WKH�PHDVXUHPHQW�RI�KHDY\�PHWDO�LRQV�E\�$$6��

5HIHUHQFHV�

�� (��0DONRF�DQG�<�1XKRJOX��,QYHVWLJDWLRQ�RI�1LFNHO��,,��IURP�DTXHRXV�VROXWLRQV�XVLQJ�WHD�IDFWRU\�
ZDVWH��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV�����������������

�� �5�0��6KUHVWKD��5HPRYDO�RI�&G��,,��LRQV�IURP�$TXHRXV�E\�$GVRUSWLRQ�IURP�$TXHRXV�VROXWLRQ�
$GVRUSWLRQ�RQ�$FWLYDWHG�&DUERQ�3UHSDUHG�IURP�/DSVL��&KRHURVSRQGLDV�D[LOODULV��6HHG�6WRQH��
-RXUQDO�RI�WKH�,QVWLWXWH�RI�(QJLQHHULQJ�������������������������

�� /�0RXQL��'��0HUDEHW��$��%RX]D]D�DQG�.��%HONKLUL���$GVRUSWLRQ�RI�3E�,,��IURP�DTXHRXV�VROXWLRQ�
XVLQJ�DFWLYDWHG�FDUERQ�GHYHORSHG�IURP�$SULFRW�6WRQH��'HVDOLQDWLRQ���������������������

�� 7�$�� %RKOL�� 1�)�4XHUGHUQX� DQG� � � ,�9LOODHVFXVD��8SWDNH� RI� � &G� ��� DQG�1L� ���0HWDO� LRQV� IURP�
$TXHRXV� VROXWLRQV� E\� $FWLYDWHG� &DUERQV� IURP�:DVWH� 2OLYH� 6WRQHV�� ,QWHUQDWLRQDO� -RXUQDO� RI�
&KHPLFDO�(QJLQHHULQJ�DQG�$SSOLFDWLRQV�����������������������

�� -�$�� 0XWKDQQ�3UHSDUDWLRQ� RI� $FWLYDWHG� FDUERQV� IURP� 'DWH� 6WRQHV� E\� &KHPLFDO� $FWLYDWLRQ��
0HWKRG� XVLQJ� )H&O�� DQG� =Q&O�� DV� $FWLYDWLQJ� $JHQWV�� -RXUQDO� RI� (QJLQHHULQJ� �� ������ �������
�����������
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�� :�.�$QQD��*�6��5RPDQ��0�6]\PRQ�%LRVRUSWLRQ�RI�KHDY\�PHWDOV�IURP�DTXHRXV���VROXWLRQV�RQWR�
SHDQXW�VKHOO�DV�D�ORZ�FRVW�ELRVRUEHQW��'HVDOLQDWLRQ�����������������

�� 0��6HNDU��9�6DNWKL�DQG�6�5HQJDUDJ�.LQHWLFV�DQG�HTXLOLEULXP�DGVRUSWLRQ�VWXG\�RI�OHDG��,,��RQWR�
DFWLYDWHG� FDUERQ� SUHSDUHG� IURP� FRFRQXW� VKHOO�-RXUQDO� RI� &ROORLG� DQG� ,QWHUIDFH� 6FLHQFH
������������������

�� *�0�� ,VVDED\HYD��.�1��$URXD�DQG�0�1��6XODLPDQ��5HPRYDO�RI� OHDG� IURP�DTXHRXV�VROXWLRQ�RQ��
SDOP�VKHOO�DFWLYDWHG�FDUERQ��%LRUHVRXUFH�7HFKQRORJ\������������������������

�� 7�*��&KXDK��$�-XPDVLDK��.�,�$]QL�� 6�<�7KRPDV��5LFH� KXVN� DV� SRWHQWLDOO\� ORZ�FRVW� ELRVRUEHQW�
IRU�KHDY\�PHWDOV�DQG�G\H�UHPRYDO�DQ�RYHUYLHZ��'HVDOLQDWLRQ��������������������

��� $�� +DVKHP�� DQG� .�� (O�.KLUDLJ\�� %LRDGVRUSWLRQ� RI� 3E� �,,�� RQWR� $QHWKXP� JUDYHROHQV� IURP�
&RQWDPLQDWHG� :DVWHZDWHU�� (TXLOLEULXP� DQG� .LQHWLF� 6WXGLHV�� -RXUQDO� RI� (QYLURQPHQWDO�
3URWHFWLRQ������������������

��� 0�<�� 0LDK�� .� 9ROFKHN�� :�� .XDQJ�� )�+�7H]HO�� .LQHWLF� DQG� (TXLOLEULXP� 6WXGLHV� RI� &HVLXP�
$GVRUSWLRQ� RQ� &HLOLQJ� 7LOHV� IURP� $TXHRXV� 6ROXWLRQV�� -RXUQDO� RI� +D]DUGRXV� 0DWHULDOV���
�������������������

��� %�+��+DPHHG��$�7�'LQ���$�/�$KPDG���$�1RYHO�$JULFXOWXUDO�:DVWH�$GVRUEHQW�IRU�WKH�5HPRYDO�
RI�&DWLRQLF�'\H�IURP�$TXHRXV�6ROXWLRQV��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV������������������������

��� 1�&� )HQJ�;� �<�� *XR�� 6�/LDQJ� �� <�6�� =KX� -�3�� /LX� �%LRVRUSWLRQ� RI� +HDY\�0HWDOV� IURP�$TXHRXV�
6ROXWLRQV�E\�&KHPLFDOO\�0RGLILHG�2UDQJH�3HHO��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV��������������������

��� 6�-RVKL��0��$GKLNDUL���%�3��3RNKDUHO�DQG�5�5���3UDGKDQDQJD��(IIHFWV�RI�$FWLYDWLQJ�$JHQWV�RQ�WKH�
$FWLYDWHG�&DUERQV� 3UHSDUHG� IURP�/DSVL� 6HHG� 6WRQH��5HVHDUFK� -RXUQDO� RI� &KHPLFDO� 6FLHQFHV��
�����9RO��������������

��� �0�7DKD�� +�� 0RKDPHG�� 0�� ,VPDLHO�� ������� .LQHWLF� DQG� (TXLOLEULXP� ,VRWKHUPV� 6WXGLHV� RI�
$GVRUSWLRQ�RI�3E��,,��IURP�:DWHU�RQWR�1DWXUDO�$GVRUEHQW� -RXUQDO�RI�(QYLURQPHQWDO�3URWHFWLRQ��
�������������������

��� 5�0�6KUHVWKD�$�3�<DGDY�%�3�3RNKDUHO�5�5�3UDGKDQDQJD�3UHSDUDWLRQ� DQG� &KDUDFWHUL]DWLRQ� RI�
$FWLYDWHG�&DUERQ� IURP�/DSVL� �&KRHURVSRQGLDV� � D[LOODULV�� 6HHG�6WRQH�E\�&KHPLFDO�$FWLYDWLRQ�
ZLWK�3KRVSKRULF�DFLG��5HVHDUFK�-RXUQDO�RI�&KHPLFDO�6FLHQFHV��������9RO���������������

��� -�0RXWRX��0�%LELOD�&�0DIRXPED0DWLQL�/�1JRUR�)�(OHQJD�/�.RXKRXQLQD�&KDUDFWHUL]DWLRQ� DQG�
HYDOXDWLRQ�RI� WKH� DGVRUSWLRQ� FDSDFLW\� RI�GLFKURPDWH� LRQV� E\� D� FOD\� VRLO� RI� ,PSIRQGR�5HVHDUFK�
-RXUQDO�RI�&KHPLFDO�6FLHQFHV������ 9RO��������������

��� 0� �.DILD�� � 0�6KDUHHI� 6XUFKL�� �������� $JULFXOWXUDO� :DVWHV� DV� /RZ� &RVW� $GVRUEHQWV� IRU� 3E�
5HPRYDO�� .LQHWLFV�� (TXLOLEULXP� DQG� 7KHUPRG\QDPLFV�� ,QWHUQDWLRQDO� -RXUQDO� RI� &KHPLVWU\�
9RO����1R������������

��� (� �0DONRF��DQG�1� �<DVDU� �� ,QYHVWLJDWLRQ�RI�1LFNHO� �,,�� IURP�DTXHRXV�VROXWLRQV� � � � �XVLQJ� � � � WHD�
IDFWRU\�ZDVWH´��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV���������������������

��� +XDQJ�/L+XL��6XQ�<XDQ<XDQ��/L�/L���7DR�<DQJ��$GVRUSWLRQ�EHKDYLRU�RI�1L��,,��RQ�ORWXV�VWDONV�
GHULYHG�DFWLYH�FDUERQ�E\�SKRVSKRULF�DFLG�DFWLYDWLRQ´�³'HVDOLQDWLRQ������������������

��� :�� (�� 0DUVKDOO�� (�� 7��� &KDPSDJQH�� $JULFXOWXUDO� E\SURGXFWV� DV� DGVRUEHQWV� IRU� PHWDO� LRQV� LQ�
ODERUDWRU\� SUHSDUHG� VROXWLRQV� DQG� LQ� PDQXIDFWXULQJ� ZDVWHZDWHU´�� -RXUQDO� RI� (QYLURQPHQW�
6FLHQFH�DQG�+HDOWK������������������������

��� 6�&KDNUDYDUW\��$��0RKDQW\���7�6XGKD��$�.���8SDGK\D\��-�.RQDU��-�.���6LUFD��$��0DGKXNDU��.�.��
*XSWD�� 5HPRYDO� RI� 3E�,,�� LRQV� IURP� DTXHRXV� VROXWLRQ� E\� DGVRUSWLRQ� XVLQJ� %DHO� OHDYHV�$HJOH�
PDUPHORV��-RXUQDO�RI�+D]DUGRXV�0DWHULDOV���������������������

��� <XK� 6KDQ� +R�&LWDWLRQ� UHYLHZ� RI� /HJHUJUHQ� NLQHWLF� UDWH� HTXDWLRQ� RQ� DGVRUSWLRQ� UHDFWLRQV��
6FLHQFWRPHWULFV�������9RO�����1R�������������


