
-��1HSDO�&KHP��6RF���9RO����������

����

&KDUDFWHUL]DWLRQ�RI�WKH�6XSDUL�1XW�%DVHG�$FWLYDWHG�&DUERQ�IRU�
$GVRUSWLRQ�RI�)OXRULGH��

6DKLUD�-RVKL��DQG�3XVSDODO�+RPDJDL�

�'HSDUWPHQW�RI�(QJLQHHULQJ�VFLHQFH�DQG�+XPDQLWLHV�
,QVWLWXWH�RI�(QJLQHHULQJ��7ULEKXYDQ�8QLYHUVLW\��/DOLWSXU��1HSDO�

�$PULW�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��7KDPHO��.DWKPDQGX��1HSDO�
(PDLO��KRPDJDLSO#JPDLO�FRP�

$EVWUDFW�

$FWLYDWHG�FDUERQ��$&��ZDV�SUHSDUHG�IURP�6XSDUL�QXW�E\�FKHPLFDO�DFWLYDWLRQ�DW������&�XVLQJ�+�32�

DV� DFWLYDWLQJ� DJHQW� XQGHU� 1�� DWPRVSKHUH�� 7KH� SUHSDUHG� DFWLYDWHG� FDUERQ� �$&�� ZDV� FKDUDFWHUL]HG� E\�
,RGLQH� QXPEHU� �,1���0HWK\OHQH� EOXH� QXPEHU� �0%1��� VFDQQLQJ� HOHFWURQ�0LFURVFRS\� �6(0�� DQG�)RXULHU�
7UDQVIRUP�LQIUDUHG�VSHFWURVFRS\��)7,5���7KH�$&�VKRZHG�UHODWLYHO\�KLJKHU�,1��0%1�DQG�VXUIDFH�DUHD�RI�
����PJ�JP������PJ�JP�DQG�����P��JP�UHVSHFWLYHO\��7KHVH�YDOXHV�DUH�FRPSDUDEOH�WR�FRPPHUFLDO�$&��,W�
LQGLFDWHG�WKH�SUHVHQFH�RI�D�ODUJH�DPRXQW�RI�PLFUR�DQG�PHVRSRUHV�LQ�WKH�$&��$V�VKRZQ�E\�6(0�LPDJH��WKH�
$&�LV�KLJKO\�SRURXV�LQ�QDWXUH��)7,5�VSHFWUD�LQGLFDWHG�WKDW��WKH�$&�FRQWDLQV�R[\JHQDWHG�IXQFWLRQDO�JURXSV�
VXFK�DV��2+���&2�JURXSV��7KH�UHVXOWV�IURP�%RHKP�WLWUDWLRQ�VKRZHG�WKDW��WKH�$&�VXUIDFH�FRQWDLQV�KLJKHU�
DPRXQW�RI�DFLGLF�VXUIDFH�IXQFWLRQDO�JURXSV�VXFK�DV�FDUER[\O��SKHQROLF�DQG�ODFWRQLF��7KH�$&�ZDV�PRGLILHG�
DV� DGVRUEHQWV� E\� FRPSRVLWLQJ� LW� ZLWK� $O�2�� DQG� )H�2�� VHSDUDWHO\�� 7KH� SHUFHQWDJH� DGVRUSWLRQ� ���� RI�
$O�2��$&� FRPSRVLWH� DQG� )H�2��$&� FRPSRVLWH� IRU� IOXRULGH� ZDV� IRXQG� WR� EH� ������ DQG� �������
UHVSHFWLYHO\��$PRQJ�WKH�WZR�DGVRUEHQWV��$O�2��6XSDUL�$&�FRPSRVLWH�VKRZHG�KLJK�SHUFHQWDJH�RI�IOXRULGH�
DGVRUSWLRQ�VR�LW�FRXOG�EH�HIILFLHQW�DGVRUEHQW�IRU�UHPRYDO�RI�IOXRULGH�IURP�ZDWHU���

.H\ZRUGV��$FWLYDWHG�FDUERQ��6XSDUL�QXW�$&�FRPSRVLWH��DGVRUSWLRQ��IOXRULGH�

,QWURGXFWLRQ�

)OXRULGH� LV� D� WUDFH�PLQHUDO� WKDW� LV� QHFHVVDU\� IRU� IRUPLQJ� DQG�PDLQWDLQLQJ� KHDOWK\� ERQHV� DQG� WHHWK��
+RZHYHU��LW�KDV�ORQJ�EHHQ�NQRZQ�WKDW��H[FHVVLYH�IOXRULGH�LQWDNH�FDQ�OHDG�WR�GHQWDO�DQG�VNHOHWDO�IOXRURVLV�
LQ�KXPDQ�EHLQJV��7KH�SULPDU\�VRXUFH�RI�IOXRULGH�LQWDNH�LV�WKURXJK�GULQNLQJ�ZDWHU��7KH�SHUPLVVLEOH�OLPLW�
RI�IOXRULGH�LQ�GULQNLQJ�ZDWHU�LV�����PJ�/�DV�VXLWDEOH�IRU�KXPDQ�FRQVXPSWLRQ����

*URXQGZDWHU�KDV�HPHUJHG�DV�WKH�PDMRU�VRXUFH�RI�ZDWHU�VXSSO\�IRU�GULQNLQJ�SXUSRVHV�LQ�UHFHQW�\HDUV��
3HRSOH�OLYLQJ�LQ�PRUH�WKDQ����QDWLRQV�DURXQG�WKH�ZRUOG�FRQVXPH�ZDWHU�ZLWK�IOXRULGH�FRQFHQWUDWLRQ�DERYH�
SHUPLVVLEOH�OLPLW���,Q�1HSDO��H[FHVVLYH�IOXRULGH�FRQFHQWUDWLRQV�KDYH�EHHQ�UHSRUWHG�LQ�JURXQGZDWHU�RI�7HUDL�
UHJLRQ� �/RZ� ODQG� RI� 1HSDO��� +RZHYHU�� WR� GDWH�� QR� VSHFLILF� VWXG\� KDV� \HW� EHHQ� XQGHUWDNHQ� UHJDUGLQJ�
IOXRULGH� FRQWDPLQDWLRQ� LQ� JURXQGZDWHU� RI� WKDW� UHJLRQ��� 0RUH� WKDQ� KDOI� RI� WKH� WRWDO� SRSXODWLRQ� RI� WKH�
FRXQWU\� OLYHV� LQ� 7HUDL� UHJLRQ� DQG� ���� RI� WKHP� GHSHQGV� LQ� RQ� JURXQGZDWHU� IRU� WKHLU� GULQNLQJ� ZDWHU�

&RUUHVSRQGLQJ�DXWKRU
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VXSSO\���6LQFH�LQJHVWLRQ�RI�KLJK�OHYHO�RI�IOXRULGH�KDV�DQ�DGYHUVH�HIIHFW�WR�KXPDQ�KHDOWK�LW�LV�HVVHQWLDO�WR�
UHPRYH�IOXRULGH�IURP�JURXQGZDWHU�EHIRUH�FRQVXPSWLRQ���

$GVRUSWLRQ�LV�FRQVLGHUHG�DV�RQH�RI�WKH�PRVW�HIIHFWLYH�DQG�SURPLVLQJ�PHWKRG�IRU�IOXRULGH�UHPRYDO�RI�
ORZ� FRQFHQWUDWLRQ� LQ� ZDWHU�� 9DULRXV� DGVRUEHQWV� VXFK� DV� DFWLYDWHG� FDUERQ��� DFWLYDWHG� DOXPLQD��� ERQH�
FKDUFRDO��DQG�YDULRXV�PHWDO�R[LGHV���HWF�KDYH�EHHQ�H[SORUHG�IRU�UHPRYDO�RI�IOXRULGH�IURP�ZDWHU��$FWLYDWHG�
FDUERQ�LV�DPRQJ�WKH�PRVW�IUHTXHQWO\�XVHG�DGVRUEHQW�IRU�IOXRULGH�UHPRYDO� 7KH�DGVRUSWLRQ�FDSDFLW\�RI�$&�
LV�GXH�WR��KLJK�VXUIDFH�DUHD��ZHOO�GHYHORSHG�SRUH�VWUXFWXUH�DQG�SUHVHQFH�RI�VXUIDFH�IXQFWLRQDO�JURXSV��7KH�
SRUHV�RI�$&�DUH�FODVVLILHG�LQ�WKUHH�JURXSV��PLFURSRUHV��GLDPHWHU������QP��PHVRSRUHV����QP���GLDPHWHU���
��� QP��� DQG� HYHQ� PDFURSRUH� �GLDPHWHU� !� ��� QP��� DFFRUGLQJ� WR� WKH� ,QWHUQDWLRQDO� 8QLRQ� RI� 3XUH� DQG�
$SSOLHG�&KHPLVWU\���7KH�SRURXV�WH[WXUH�RI�WKH�DFWLYDWHG�FDUERQV�GHSHQGV�VWURQJO\�RQ�ERWK��WKH�DFWLYDWLRQ�
SURFHVV�DQG�WKH�QDWXUH�RI�WKH�SUHFXUVRU��

,Q�UHFHQW�\HDUV��WKH�LQWHUHVW�LQ�IOXRULGH�UHPRYDO�E\�$&�GHULYHG�IURP�DJULFXOWXUDO�ZDVWH�LV�JURZLQJ�GXH�
WR�WKHLU�ORZ�FRVW�DQG�DYDLODELOLW\��$&V��IURP�YDULRXV�DJULFXOWXUDO�ZDVWHV�KDYH�EHHQ�UHSRUWHG�IRU�IOXRULGH�
UHPRYDO�VXFK�DV�FRFRQXW�VKHOO���ROLYH�VWRQH����/DSVL�VHHG�VWRQH��HWF��7KH�DEVRUSWLRQ�FDSDFLW\�RI�IOXRULGH�
ZLWK� SODLQ� $&� ZHUH� UDWKHU� SRRU�� EXW� FDQ� EH� LPSURYHG� E\� FKHPLFDO� PRGL¿FDWLRQ�� )OXRULGH� KDV� VWURQJ�
DIILQLW\�WRZDUG�PXOWLYDOHQW�PHWDO�LRQV�OLNH�$O����)H����&D����=U���HWF�GXH�RI�WKH�KLJK�HOHFWURQHJDWLYLW\�DQG�
VPDOO� LRQLF� VL]H��7KHUHIRUH�� IXQFWLRQDOL]DWLRQ�DQG� VXEVHTXHQW� LQFRUSRUDWLRQ�RI� WKHVH� LRQV�RQ�$&�PDWUL[�
ZLOO�SURGXFH�D�JRRG�DGVRUEHQW��5HFHQWO\��XVH�RI�FRPSRVLWH�PDWHULDOV�SUHSDUHG�E\�LQFRUSRUDWLRQ�RI�WKVHVH�
PHWDO� FRPSRXQGV� LQ� WKH� $&� PDWUL[� KDYH� EHHQ� LQFUHDVHG� GXH� WR� LWV� XQLTXH� VWUXFWXUH� DQG� SURSHUWLHV��
$FFRUGLQJO\�� VHYHUDO� FRPSRVLWH� DGVRUEHQW� LQFOXGLQJ� &DUERQ�3RWWHU\� &RPSRVLWH���� � DOXPLQD� VXSSRUWHG�
FDUERQ�FRPSRVLWH����IRU�IOXRULGH�UHPRYDO�RI�ZDWHU�KDYH�EHHQ�UHSRUWHG�

'LIIHUHQW� SDUWV� RI� 6XSDUL� �$UHFD� &DWHFKX�� QXW� SODQW� KDG� EHHQ� XVHG� IRU� WKH� SUHSDUDWLRQ� RI� $&� IRU�
YDULRXV�DSSOLFDWLRQV�VXFK�DV�%HWHO�QXW�FRLU����$UHFD�QXW�SRG���DQG�$UHFD�QXW�VKHOO����+RZHYHU�� WKHUH�QR�
UHSRUW� RQ� WKH�XWLOL]DWLRQ�RI� LWVHOI� IRU�SUHSDUDWLRQ�RI�$&� IRU� UHPRYDO� RI� IOXRULGH� IURP�ZDWHU��+HQFH� WKH�
SUHVHQW�VWXG\�GHDOV�ZLWK�SUHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�$&�SUHSDUHG�IURP�6XSDUL�QXW�IRU�DGVRUSWLRQ�
RI�IOXRULGH�IURP�ZDWHU��

([SHULPHQWDO�0HWKRGV�

3UHSDUDWLRQ�RI�FDUERQ��

6XSDUL�QXWV�ZHUH�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�DQG�GULHG�LQ�RYHQ�DW����R�&�IRU����KUV��7KH�QXWV�ZHUH�
FUXVKHG��JURXQGHG�ZLWK�PRUWDU�DQG�HOHFWULF�JULQGHU��7KH�FUXVKHG�SDUWLFOHV�ZHUH�WKHQ�VLHYHG�WR�REWDLQ�WKH�
IUDFWLRQ�RI� VL]H� �����P�� ���JP�RI� SRZGHUHG�6XSDUL� QXW�ZDV�PL[HG�ZLWK�+�32�� LQ� WKH� UDWLR� RI�����E\�
ZHLJKW�DQG��VWLUUHG�ZLWK�JODVV�URG�DW���R�&�XQWLO�SDUWLDOO\�GULHG��7KH�VDPSOH�ZDV�NHSW�LQ�DQ�RYHQ�DW����R�&�
IRU�RYHUQLJKW��7KH�PL[WXUH�ZDV�WKHQ�FDUERQL]HG�LQ�D�KRUL]RQWDO�WXEXODU�IXUQDFH�DW������&�XQGHU�D�IORZ�����
PO�PLQ��RI�1��IRU���KRXUV��$IWHU�FRROLQJ��WKH�DFWLYDWHG�FDUERQ�ZDV�WUHDWHG�ZLWK����1D+&2��VROXWLRQ�DQG�
WKHQ�ZDVKHG�ZLWK�ZDUP�GLVWLOOHG�ZDWHU�XQWLO�LW�EHFDPH�QHXWUDO��7KH�$&�ZDV�GULHG�LQ�DQ�RYHQ�PDLQWDLQHG�
DW�D� WHPSHUDWXUH�RI����R�&�IRU����KRXUV��7KH�GULHG�$&�VDPSOH�ZHUH�JURXQGHG�DQG�VLHYHG� WR�JHW� WR� WKH�
IUDFWLRQ�RI�VL]H������P���
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)RU�WKH�SUHSDUDWLRQ�RI�SODLQ�FDUERQ�����J�RI�GULHG��FUXVKHG�DQG�JURXQGHG�6XSDUL�QXWV�ZDV�S\URO\]HG�DW�
�����&�XQGHU�D�FRQWLQXRXV�IORZ�RI�QLWURJHQ�JDV�IRU���KUV��7KH�FDUERQ�ZDV�ZDVKHG��GULHG�DQG�JURXQGHG�
LQWR�SRZGHU��7KH�SUHSDUHG�FDUERQV�ZHUH�XVHG�IRU�DGYDQFHG�FKDUDFWHUL]DWLRQ�DQG�DSSOLFDWLRQ�VWXGLHV��

�ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ��

&KDUDFWHUL]DWLRQV�RI�$&V�ZHUH�SHUIRUPHG�E\�GHWHUPLQLQJ�LRGLQH�QXPEHU��,1���PHWK\OHQH�EOXH�QXPEHU�
�0%1��� 6FDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0��� )RXULHU� DQG� 7UDQVIRUP�,QIUDUHG� �)7,5�� VSHFWURVFRS\��
,RGLQH�QXPEHU�RI�$&V�ZDV�GHWHUPLQHG�DFFRUGLQJ�WR�$670�'��������PHWKRG����0HWK\OHQH�EOXH�QXPEHU�
RI� $&V� ZDV� GHWHUPLQHG� E\� VLQJOH� SRLQW� DGVRUSWLRQ� LVRWKHUP� VWXGLHV� DFFRUGLQJ� WR� 6WDQGDUG�0HWKRG����
6XUIDFH�DUHD�RI�$&�ZDV�HVWLPDWHG�E\�,1�DQG�0%1�XVLQJ�PXOWLSOH�UHJUHVVLRQV

����6XUIDFH�PRUSKRORJ\�RI�WKH�
$&�ZDV�VWXGLHG�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�8�������+LWDFKL�&R��/WG��-DSDQ��3UHVHQFH�RI�VXUIDFH�
IXQFWLRQDO� JURXSV� RI� WKH� $&� ZDV� GHWHUPLQHG� E\� UHFRUGLQJ� )7,5� VSHFWUD� RQ� WKH� 7KHUPR� (OHFWURQ�
&RUSRUDWLRQ��1LFROHW� ����� DW� URRP� WHPSHUDWXUH�� 7KH��� RI� WUDQVPLVVLRQ� RI� VDPSOHV�ZDV� UHFRUGHG� RYHU�
���±�����FP ���7KH� DPRXQW�RI� DFLGLF� VXUIDFH� IXQFWLRQDO� JURXSV� LQ� WKH�$&�ZDV�GHWHUPLQHG�E\�%RHKP�
WLWUDWLRQ�PHWKRG����

WƌĞƉĂƌĂƚŝŽŶ�ŽĨ��ĚƐŽƌďĞŶƚ�

$GVRUEHQW� ZDV� SUHSDUHG� E\� FRPSRVLWLQJ� WKH� $&� ZLWK� )H�2�� DQG� $O�2��� )RU� WKH� SUHSDUDWLRQ� RI�
$O�2��$&� FRPSRVLWH�� ����� JP� RI� DOXPLQXP� QLWUDWH� �$O� �12�����+�2�� JP� ZDV� GLVVROYHG� LQ� ���� PO��
GLVWLOOHG�ZDWHU�DQG���JP�$&�ZDV�DGGHG��7KHQ���0�1D2+�ZDV�DGGHG�GURS�ZLVH�WLOO� WKH�SUHFLSLWDWLRQ�RI�
$O�2+���ZDV�FRPSOHWHG��7KH�SURGXFW�ZDV�GULHG�LQ�RYHQ�DW����

R&�IRU����KUV��FDOFLQHG�LQ�WXEH�IXUQDFH�DW�
����R&�IRU�DQ�KRXU��)H�2��$&�FRPSRVLWH�ZDV�SUHSDUHG�DFFRUGLQJ�WR�WKH�SURFHGXUH

������JUDPV�RI�$&�ZDV�
DGGHG� WR� �� P/� RI� �0� )H�12�����+�2� VROXWLRQ�� WKHQ� ���� P/� ��� 0� VRGLXP� K\GUR[LGH� ZDV� XQWLO� WKH�
SUHFLSLWDWLRQ�RI�)H�2+���ZDV�FRPSOHWHG��7KH�PL[WXUH�ZDV�KHDWHG�DW�����

R&�RYHUQLJKW��7KHQ��WKH�SUHSDUHG�
FRPSRVLWHV�ZHUH�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�WLOO�LW�EHFDPH�QHXWUDO��GULHG�DW�����R&�IRU����KUV��VLHYHG�WR�
REWDLQ�D�SDUWLFOH�VL]H�RI����� P��

�ĚƐŽƌƉƚŝŽŶ��ǆƉĞƌŝŵĞŶƚƐ�

$�GHILQLWH�DPRXQW�RI�DGVRUEHQWV�ZDV�VXVSHQGHG�ZLWK����PO�RI�IOXRULGH�VROXWLRQ�VHSDUDWHO\�LQ�����PO�
SODVWLF� FRQLFDO� IODVNV�� 7KH� VXVSHQVLRQV� ZHUH� EHLQJ� DJLWDWHG� RQ� 'LJLWDO� 5RWDWRU� DW� ���� USP� DW� URRP�
WHPSHUDWXUH��$IWHU�HTXLOLEULXP��WKH�VXVSHQVLRQ�ZDV�ILOWHUHG�DQG�IOXRULGH�LRQ�FRQFHQWUDWLRQ�LQ� WKH�ILOWUDWH�
ZDV�PHDVXUHG�� 7KH� FRQFHQWUDWLRQ� RI� IOXRULGH� LRQ� LQ� WKH� VDPSOH�ZDV� GHWHUPLQHG� E\� XVLQJ� IOXRULGH� LRQ�
VHOHFWLYH� HOHFWURGH� �,6(�� DFFRUGLQJ� WR� WKH� SURFHGXUH���� 3HUFHQWDJH� RI� DGVRUSWLRQ� RI� IOXRULGH� LRQV� ZDV�
FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQ������������������

R&

����H&R�&
���PRYDO5H �������������������������������������������������������

:KHUH��&R� � LQLWLDO�FRQFHQWUDWLRQ�RI� IOXRULGH� LRQV� �PJ�/���&H� �HTXLOLEULXP�FRQFHQWUDWLRQ�RI� IOXRULGH�
LRQ��PJ�/���9� �YROXPH�RI�IOXRULGH�VROXWLRQ��/��DQG�0� �PDVV�RI�WKH�DGVRUEHQW��JP���������

5HVXOWV�DQG�'LVFXVVLRQ�

&KDUDFWHUL]DWLRQ�RI�FDUERQ
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,RGLQH�QXPEHU�DQG�PHWK\OHQH�EOXH�QXPEHU�
,RGLQH�QXPEHU��PHWK\OHQH�EOXH�QXPEHU�DQG�VXUIDFH�DUHD�RI�FDUERQV�DUH�VKRZQ�LQ�)LJXUH����

)LJXUH���,RGLQH�QXPEHU��PHWK\OHQH�EOXH�QXPEHU�DQG�VXUIDFH�DUHD�RI�FDUERQV�

,1�DQG�0%1�DUH�WKH�PRVW�LPSRUWDQW�SDUDPHWHU�XVHG�IRU�WKH�GHWHUPLQDWLRQ�RI�DGVRUSWLRQ�FDSDFLW\�RI�WKH�
FDUERQ��,RGLQH�QXPEHU�LV�WKH�DPRXQW�RI�LRGLQH�DGVRUEHG��LQ�PLOOLJUDPV��E\��JP�RI�FDUERQ��&OHLWRQ�DQG�
*XHUUHLUR��������� ,1� UHSUHVHQWV� WKH�PLFURSRURXV�VWUXFWXUH������QP��RI� WKH�$&�UHODWLYH� WR� WKH�DPRXQW�RI�
LRGLQH� DGVRUEHG� IURP� VROXWLRQ�� ,W� LQGLFDWHV� WKDW�� FDUERQ� SUHIHUHQWLDOO\� DGVRUEV� VPDOO� PROHFXOHV�� ,Q� WKH�
VDPH� ZD\�� PHWK\OHQH� EOXH� QXPEHU� LV� GHILQHG� DV� WKH� DPRXQW� RI� PHWK\OHQH� EOXH� G\H� DGVRUEHG� �LQ�
PLOOLJUDPV��E\��J�RI�FDUERQ��5DSRVR�HW�DO���������,W�PHDVXUHV�WKH�PHVRSRURXV�VWUXFWXUH�DQG�LQGLFDWHV�WKH�
DGVRUSWLRQ� FDSDFLW\� RI� WKH� FDUERQ� IRU� PHGLXP� VL]H� PROHFXOHV�� ,W� UHSUHVHQWV� WKH� PHVRSRUH� ������ QP��
FRQWHQW�ZKLFK�LQGLFDWHV�WKH�DELOLW\�WR�DGVRUE�PHGLXP�VL]H�PROHFXOHV��,1�DQG�0%1�DQG�VXUIDFH�DUHD�RI�$&�
ZHUH�IRXQG�WR�EH�����PJ�J������PJ�J�DQG�����P��J�UHVSHFWLYHO\�ZKLFK�LV�PXFK�KLJKHU�WKDQ�WKDW�RI�SODLQ�
FDUERQ�� ,W� VXJJHVWV� WKDW�� WKH� PLFURSRURVLW\� DQG� PHVRSRURVLW\� LQ� $&� KDV� LQFUHDVHG� E\� DFWLYDWLRQ� ZLWK�
+�32��� 7KHVH� YDOXHV� ZHUH� IRXQG� WR� EH� FRPSDUDEOH� WR� WKDW� RI� FRPPHUFLDO� $&�� 7KLV� LPSOLHV� WKDW�� WKH�
PLFURSRURVLW\��PHVRSRURVLW\�RI�$&�ZHUH�KLJKO\�GHYHORSHG��

6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��LPDJH�

6XUIDFH�PRUSKRORJ\�RI�FDUERQV�ZDV�VWXGLHG�E\�6FDQQLQJ�(OHFWURQ�0LFURVFRS\��6(0���6(0�LPDJHV�RI�
FDUERQV�DUH�VKRZQ�LQ�)LJXUH�����

������������������������������)LJXUH�����$��SODLQ�FDUERQ�����������������������������������)LJXUH�����%��$FWLYDWHG�FDUERQ������

)LJXUH����6(0�LPDJHV�RI�WKH�SODLQ�FDUERQ�DQG�DFWLYDWHG�FDUERQ�

,Q�WKH�6(0�LPDJH�RI�SODLQ�FDUERQ��SRUHV�DUH�QRW�FOHDUO\�VHHQ�RQ�WKH�H[WHUQDO�VXUIDFH�ZKLOH�WKH�H[WHUQDO�
VXUIDFH� RI� DFWLYDWHG� FDUERQ� LV� ILOOHG�ZLWK� SRUHV� RI� GLIIHUHQW� VKDSH� DQG� VL]H�� 7KH� SRUHV� DUH� UHVXOWHG� E\�
DFWLYDWLRQ� ZLWK� +�32��� 'XULQJ� DFWLYDWLRQ� SURFHVV�� +�32�� FRPELQHV� ZLWK� RUJDQLF� VSHFLHV� WR� IRUP�

�

���

���

���

���

����

����

3ODLQ�&DUERQ +�32��$& &RPPHUFLDO�$&
&DUERQ

D�E�;ŵŐͬŐŵͿ� /E�;ŵŐͬŐŵͿ ^ƵƌĨĂĐĞ�ĂƌĞĂ;ŵϮͬŐŵͿ
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SKRVSKDWH�DQG�SRO\SKRVSKDWH�EULGJHV��7KH\�FRQQHFW�DQG�FURVV�OLQN�ELRSRO\PHU�IUDJPHQWV�YLD��F\FOL]DWLRQ�
DQG� FRQGHQVDWLRQ� UHDFWLRQV�� ,W� UHVXOWV� LQ� WKH� VZHOOLQJ� RI� WKH� FDUERQ� VWUXFWXUH�ZKLFK� FRQWULEXWHV� WR� WKH�
GHYHORSPHQW�RI�SRURVLW\��

)RXULHU�7UDQVIRUP�,QIUDUHG��)7,5��6SHFWUD

)7,5�VSHFWUD�ZHUH�FROOHFWHG�IRU�FKDUDFWHUL]DWLRQ�RI�VXUIDFH�IXQFWLRQDO�JURXSV�RI�FDUERQV��)7,5�VSHFWUD�
RI�FDUERQV�DUH�VKRZQ�LQ�)LJXUH�����

)LJXUH����)7,5�VSHFWUD�RI�WKH�SODLQ�FDUERQ�DQG�DFWLYDWHG�FDUERQ�

)7,5�VSHFWUD�RI�SODLQ�FDUERQ�DQG�$&�ZHUH�TXLWH�VLPLODU��%RWK�FDUERQV�VKRZHG�WKH�DEVRUSWLRQ�EDQGV�DW�
WKH�UHJLRQ�RI������FP���������FP����������FP���������FP���DQG������FP����)LJXUH������$�EDQG�DW������FP�

��LQ�WKH�$&�LV�DVVLJQHG�WR�2�+�VWUHWFKLQJ�YLEUDWLRQ�LQ�K\GUR[\O�JURXSV��+RZHYHU��WKLV�EDQG�LV�QRW�FOHDU�LQ�
SODLQ� FDUERQ�� 7KH� ZHDN� EDQG� ORFDWHG� DW� ����� FP �� LV� DVVLJQHG� WR� WKH� VWUHWFKLQJ� YLEUDWLRQ� RI� & 2� LQ�
NHWRQHV��DOGHK\GH��ODFWRQH��DQG�FDUER[\O����$�VWURQJ�EDQG�DW������FP���DQG������FP���LV�DWWULEXWHG�WR�& &�
VWUHWFKLQJ� YDULDWLRQ� LQ� DURPDWLF� ULQJV���� )RU� PRVW� FDUERQDFHRXV� PDWHULDOV�� & &� VWUHWFKLQJ� DEVRUSWLRQ�
IUHTXHQWO\� RFFXUV� DW� WKLV� UHJLRQ�� 7KH� EDQG� DW� ����� FP �� LV� DWWULEXWLQJ� WR�& 2� VWUHWFKLQJ� YLEUDWLRQV� RI�
IXQFWLRQDO�JURXSV�VXFK�DV�DOFRKROV��HWKHUV��FDUER[\OLF�DFLGV�DQG�HVWHUV����7KH�UHVXOW�FRQILUPV�WKDW��WKH�$&�
FRQWDLQV� R[\JHQDWHG� IXQFWLRQDO� JURXSV� VXFK� DV� ±2+� DQG� ±&2� RQ� LWV� VXUIDFH�� 6LPLODU� UHVXOWV� ZHUH�
REVHUYHG�LQ�WKH�=Q&O��DFWLYDWHG�/DSVL�VHHG�VWRQH�FDUERQ

���

5HVXOW�RI�%RHKP�WLWUDWLRQ

�$PRXQW�RI�DFLGLF�VXUIDFH�IXQFWLRQDO�JURXSV�SUHVHQW�FDUERQ�VXUIDFH�LV�VKRZQ�LQ�7DEOH�����

7DEOH����$PRXQW�RI�DFLGLF�IXQFWLRQDO�JURXSV�SUHVHQW�LQ�WKH�FDUERQ�VXUIDFH�

$FWLYDWHG�FDUERQ�
&DUER[\O�JURXS���������

�PHT�JP��

3KHQROLF�JURXS�

�PHT�JP��

/DFWRQH�JURXS

�PHT�JP��

$FWLYDWHG�FDUERQ ����� ����� ������

&RPPHUFLDO�$&� ����� ����� �����
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7KH� +�32�� DFWLYDWHG� FDUERQ� FRQWDLQV� FRPSDUDWLYHO\� KLJK� FRQFHQWUDWLRQ� RI� FDUER[\O�� SKHQROLF� DQG�
ODFWRQLF�VXUIDFH�IXQFWLRQDO�JURXSV��7KXV��+�32��JHQHUDWHV�PRUH�DFLGLF�IXQFWLRQDO�JURXSV��7KH�YDOXHV�DUH�
DOVR� FRPSDUDEOH� WR� WKDW� RI� WKH� FRPPHUFLDO� $&�� 7KH� KLJKHU� FRQFHQWUDWLRQ� RI� DFLGLF� IXQFWLRQDO� JURXSV�
HQKDQFHV� KLJK� FDWLRQ� H[FKDQJH� FDSDFLW\� DQG� EHQHILW� IRU� WKH� IOXRULGH� DGVRUSWLRQ�� 7KH� UHVXOW� RI� %RHKP�
WLWUDWLRQ�LV�DOVR�VXSSRUWHG�E\�)7,5�VSHFWUD���

$GVRUSWLRQ�VWXGLHV�

&RPSDULVRQ� RQ� SHUFHQWDJH� RI� IOXRULGH� UHPRYDO� E\� SODLQ� $&�� $O�2��$&� FRPSRVLWH� DQG� )H�2��$&�
FRPSRVLWH�LV�VKRZQ�LQ�)LJXUH�����

)LJXUH����3HUFHQWDJH�RI�IOXRULGH�DGVRUSWLRQ�E\�SODLQ�$&��$O�2��$& FRPSRVLWH�DQG�)H�2��$& FRPSRVLWH�

7KH� SODLQ�$&�SUHSDUHG� IURP�6XSDUL� QXW� DOVR� IRXQG� WR� DGVRUE� IOXRULGH� IURP�ZDWHU� WR� FHUWDLQ� H[WHQW�
KRZHYHU� WKH� IOXRULGH� UHPRYDO� FDSDFLW\� LV� YHU\� ORZ�� 7KH� DGVRUSWLRQ� FDSDFLW\� LV� KLJKO\� LQFUHDVHG� WR� E\�
XVLQJ�PHWDO�R[LGH�FRPSRVLWHV��7KH�IOXRULGH�DGVRUSWLRQ�FDSDFLW\�RI�$O�2��$&�FRPSRVLWH�ZDV�IRXQG�WR�EH�
PXFK�KLJK�KLJKHU�FRPSDUHG�WR�)H�2��$&�FRPSRVLWH��7KXV�WKH�FRPSRVLWH�RI�$O�2��DQG�$&�LV�PXFK�EHWWHU�
DGVRUEHQW�WKDQ�)H�2��$&�FRPSRVLWH�IRU�GHIOXRULGDWLRQ�RI�ZDWHU��,W�LV�DVVXPHG�WKDW�WKH�IOXRULGH�DGVRUSWLRQ�
SURFHVV� RFFXUV� RQWR�PHWDO� R[LGH� FRPSRVLWH� VXUIDFH� IURP� VROXWLRQ� WDNHV� SODFH� E\� IRUPDWLRQ� RI� VXUIDFH�
FRPSOH[HV��,W�FDQ�EH�H[SODLQHG�LQ� WHUPV�RI� OLJDQG�H[FKDQJH��VXUIDFH�FRPSOH[�IRUPDWLRQ��RI�IOXRULGH�RQ�
PHWDO�R[LGH�$&�FRPSRVLWH�VXUIDFH��7KHVH�PHWDOOLF�FDWLRQV�DFW�DV�D�EULGJH� LQ�EHWZHHQ�DGVRUEHG�IOXRULGH�
DQG�PHWDO�R[LGH�VXUIDFH��'XH�WR�WKH�KLJK�FDSDFLW\�RI�IOXRULGH�H[FKDQJH�ZLWK�K\GUR[\O�LRQV�RI�WKH�PHWDO�
R[LGH�FRPSRVLWH�� IOXRULGH�PD\� IRUP�PHWDOOLF� IOXRULGH�FRPSOH[HV�DW� WKH�DGVRUEHQW� VXUIDFH��7KH� IOXRULGH�
LRQ�H[FKDQJH�UHDFWLRQ�LQYROYH�LQ�WKH�DGVRUSWLRQ�DV�IROORZV��

0 2+�
��)��� �� 0 )�+�2������������������������

0 2+�)��� �� 0 )��2+ �������������������������

�� 0�UHSUHVHQWV�WKH�FRPSRVLWH�VXUIDFH���

7KH�DGVRUSWLRQ�FDSDFLW\�RI�$O�2��$&�FRPSRVLWH�LV�KLJKHU�WKDQ�)H�2��$&�FRPSRVLWH��7KLV�LV�EHFDXVH�
WKH�R[LGDWLRQ�VWDWH�RI�$O�2��LV�KLJKHU��ZKLFK�HQKDQFHV�WKH�DIILQLW\�RI�$O�2��IRU�IOXRULGH�DV�FRPSDUHG�WR�
)H�2��� ,Q�DGGLWLRQ� WR� LW�� DOXPLQXP�IOXRULGH�FRPSOH[� LRQV�DUH�DSSUR[LPDWHO\� WHQ� WLPHV�PRUH�VWDEOH� WKDQ�
FRUUHVSRQGLQJ�LURQ��,,,��IOXRULGH�FRPSOH[�LRQV����
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&RQFOXVLRQV�

,Q�WKLV�VWXG\��DFWLYDWHG�FDUERQ�ZDV�SUHSDUHG�IURP�6XSDUL�QXW�E\�FKHPLFDO�DFWLYDWLRQ�XVLQJ�+�32��DV�
DFWLYDWLQJ�DJHQW��&KDUDFWHULVWLFV�RI�DFWLYDWHG�FDUERQ�ZHUH�VWXGLHG�E\�,1��0%1��VXUIDFH�DUHD��6(0�LPDJH�
DQG�)7,5�VSHFWUD��7KH�$&�VKRZHG�UHODWLYHO\�KLJKHU�PLFUR�SRURVLW\��PHVRSRURVLW\�DQG�KLJK�VXUIDFH�DUHD��
7KH� SRURXV� VWUXFWXUH� RI� WKH� $&� LV� DOVR� FRQILUPHG� E\� 6(0� LPDJH�� )7,5� VSHFWUD� LQGLFDWHG� WKDW�� WKH�
DFWLYDWHG� FDUERQ� FRQWDLQV� R[\JHQDWHG� IXQFWLRQDO� JURXSV� VXFK� DV� ±2+��&2� JURXSV�� ,Q� DFFRUGDQFH�ZLWK�
UHVXOW�RI�WKH�%RHKP�WLWUDWLRQ��WKH�$&�FRQWDLQV�WKH�KLJKHU�DPRXQW�RI�DFLGLF�VXUIDFH�IXQFWLRQDO�JURXSV�VXFK�
DV� FDUER[\O�� SKHQROLF� DQG� ODFWRQLF��7KH� LQFRUSRUDWLRQ�RI� WKH�PHWDO� R[LGH� LQWR�$&�PDWUL[� HQKDQFHG� WKH�
IOXRULGH�DGVRUSWLRQ�FDSDFLW\�RI�WKH�$&��7KH�DGVRUSWLRQ�VWXGLHV�RQ�WKH�UHPRYDO�RI�IOXRULGH�IURP�ZDWHU�ZHUH�
FDUULHG� RXW� XVLQJ� $&� FRPSRVLWHV� RI� $O�2�� DQG� )H�2�� E\� EDWFK� PHWKRG�� +LJK� SHUFHQWDJH� RI� IOXRULGH�
DGVRUSWLRQ�ZDV� IRXQG� LQ�$O�2��$&�FRPSRVLWH� WKDQ�)H�2���$&�FRPSRVLWH�� �+HQFH�� LW� LV� FRQFOXGHG� WKDW��
$O�2��� 6XSDUL� QXW� $&� FRPSRVLWH� FRXOG� EH� HIIHFWLYH� DOWHUQDWH� DGVRUEHQW� IRU� UHPRYDO� RI� IOXRULGH� IURP�
ZDWHU���

$FNQRZOHGJHPHQWV�

7KH� DXWKRU� ZRXOG� OLNH� WR� H[SUHVV� VLQFHUH� JUDWLWXGH� WR� 3URI�� 'U�� 5DMD� 5DP� 3UDGKDQDQJD�� &HQWUDO�
'HSDUWPHQW� RI� &KHPLVWU\�� 7ULEKXYDQ� 8QLYHUVLW\�� 1HSDO� IRU� KLV� VXSSRUW� DQG� FRQVWUXFWLYH� VXJJHVWLRQV�
WKURXJKRXW� WKH� UHVHDUFK�ZRUN��7KH� DXWKRUV�JUDWHIXOO\� DFNQRZOHGJHV� WKH�8QLYHUVLW\�*UDQWV�&RPPLVVLRQ�
IRU�IXQGLQJ�WKLV�UHVHDUFK�ZRUN���

5HIHUHQFHV�

�� :+2� �+HDOWK�FULWHULD�DQG�RWKHU� VXSSRUWLQJ� LQIRUPDWLRQ��*HQHYD��:RUOG�+HDOWK�2UJDQL]DWLRQ��
��������

�� 0�7��%DVKLU��6�%��$OL��$��$GULV�DQG����5��+DURRQ��$VLDQ -��:DWHU�(QYLURQ��3ROOXW�����������������

�� 6�3��.D\DVWKD��,QW��-��LQWHUGLVFLS��PXOWLGLVFLS��VWXG������������������

�� 5��5DMEKDQGDUL��/��.��6KUHVWKD��%��3��3RNKDUHO�DQG�5��5��3UDGKDQDQJD��-�1DQRVFL�1DQRWHFKQRO��
����������������

�� *�-��0LOODU��6�-��&RXSHUWKZDLWH��/�$��'DZHV��6��7KRPSVRQ�DQG�-��6SHQFHU��6HS��3XULI��7HFKQRO���
���������������

�� 1�$�� 0HGHOOLQ�&DVWLOOR�� 5�� /H\YD�5DPRV�� 5�� 2FDPSR�3HUH]�� GH� OD� &�� *DUFLD�� )�� 5DPRQ�� $��
$UDJRQ�3LxD�� -��0��0DUWLQH]�5RVDOHV�� 5��0��*XHUUHUR�&RURQDGR�� /�� )XHQWHV�5XELR�� � ,QG� (QJ�
&KHP�5HV��������������������

�� .��%LVZDV��'��%DQGKR\DSDGK\D\�DQG�8��&��*KRVK��$GVRUSWLRQ����������������

�� ,83$&��0DQXDO�RI�6\PEROV�DQG�7HUPLQRORJ\�IRU�3K\VLFRFKHPLFDO�4XDQWLWLHV�DQG�8QLWV��3XUH�
$SSO��&KHP������������������

�� $�-��$UXODQDQWKDP��7�5��.ULVKQD�DQG�1�%DODVXEUDPDQLXP��,QGLDQ�-�(QYLURQ�+HDOWK������������
�����

��� 6�0��<DNRXW�DQG�*��6KDUDI�(O�'HHQ���$UDE��-��&KHP������������6������

��� -�� +DR�� 7�� /LURQJ�� =��4LDROLQJ�� =�� ;LQ\X�� /�� *XDQIHQJ� DQG�+�� %LDR�� 6FLHQWLD� 6LOYDH� 6LQLFDH��
���������������
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��� 6��/XQJH��'��7KDNUH��6��.DPEOH��1��/DEKVHWZDU�DQG���6��5D\DOX��-��+D]DUG��0DWHU��������������
�����

��� 6��&KDNUDEDUW\�DQG�+��3��6DUPD��3ROOXW��5HV��-�����������������

��� 3��*RSDOVZDPL��1��6LYDNXPDU��6��3RQQXVZDP\��9��9HQNDWHVZDUHQ�DQG�*��.DYLWKD��-�(QYLURQ�
6FL�(QJ�����������������

��� $��6��-DGKDY�DQG�*��7��0RKDQUDM���&DUERQ�±�6FL��7HFK��������������������

��� $QQXDO�%RRN�RI�$670�6WDQGDUGV��$670�'���������3KLODGHOSKLD�3$��8QLWHG�6WDWH�RI�$PHULFD��
������

��� )��5DSRVR��0�$��'H�/D�5XELD�DQG�5��%RUMD��-��+D]DUG��0DWHU�����������������±�����

��� 1�$��&OHLWRQ�DQG��0�&��*XHUUHLUR��4XLP�1RYD�����������������

��� +��3��%RHKP���&DUERQ������������������

��� 7KLUXQDYXNNDUDVX�2�6��9LUDUDJKDYDQ� 7�� DQG�.�6�� 6XEUDPDQLDQ��:DWHU� $LU� 6RLO� 3ROOXW���������
��������

��� $PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ�����������QG�HGLWLRQ��86$��,6%1�������������������

��� 1�� 3HWURYD�� 7��%XGLQRYD��0��5D]YLJRURYD��(�� (NLQFLE�� )��<DUGLPE� DQG�9��0LQNRYD��&DUERQ��
����������������

��� $��$OOZDU���-��DSSO��FKHP��������������

��� (3$��(QYLURQPHQWDO�3URWHFWLRQ�DJHQF\��2IILFH�RI�VROLG�ZDVWH�DQG�(PHUJHQF\�5HVSRQVH�������


