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�'HSW��RI�&LYLO�(QJLQHHULQJ��,VIDKDQ�8QLYHUVLW\�RI�7HFKQRORJ\��,VIDKDQ��,��5�RI�,UDQ�������������(PDLO��PVDUWDM#FF�LXW�DF�LU��

�'HSW��RI�&LYLO�(QJLQHHULQJ��6KLDU]�8QLYHUVLW\��,��5��RI�,UDQ�
�$EVWUDFW±� 2QH� RI� WKH� PRVW� LPSRUWDQW� LVVXHV� RI� FRQFHUQ� LQ� ODQGILOO� PDQDJHPHQW� LV� WKH� WUHDWPHQW� DQG�

PDQDJHPHQW� RI� OHDFKDWH�� ,Q� VLWX� DHURELF� WUHDWPHQW� RI� ODQGILOO� OHDFKDWH� XVLQJ� OHDFKDWH� UHFLUFXODWLRQ� ZDV�
LQYHVWLJDWHG�LQ�WKLV�UHVHDUFK�DW�ODERUDWRU\�VFDOH��$�SODVWLF�FRQWDLQHU�ZLWK�GLPHQVLRQV�RI�����[�����[�����P�ZDV�
XVHG� DV� D� UHDFWRU�� 7ZR� VHWV� RI� DHUDWLRQ� SLSHV� ZHUH� SODFHG� LQVLGH� WKH� UHDFWRU� DQG� FRQQHFWHG� WR� DQ� DLU�
FRPSUHVVRU�LQ�RUGHU�WR�LQMHFW�DLU�LQWR�WKH�ZDVWH�PDVV���/HDFKDWH�ZDV�FROOHFWHG�LQ�D�FRQWDLQHU�DW�WKH�ERWWRP�DQG�
SXPSHG�WR�DQRWKHU�FRQWDLQHU�DW�WKH�WRS��IURP�ZKLFK�OHDFKDWH�ZDV�UHFLUFXODWHG�EDFN�LQWR�WKH�ZDVWH�PDVV��7KH�
RXWSXW� RI� WKH� VFUHHQ� XQLW� RI� ,VIDKDQ� FRPSRVWLQJ� SODQW�ZDV� XVHG� DV�ZDVWH�PDWHULDO�� 7KH� FRPSRVLWLRQ� RI� WKH�
ZDVWH�ZDV�PRGLILHG�E\�DGGLQJ�FUXVKHG�JODVV�DQG�VKUHGGHG�SDSHU��SODVWLF�DQG�PHWDO�FRQWDLQHUV� WR�REWDLQ� WKH�
VDPH�FRPSRVLWLRQ�RI�WKH�FROOHFWHG�ZDVWH��7ZHQW\�HLJKW�OLWHUV�RI�OHDFKDWH�ZDV�UHFLUFXODWHG�GDLO\�IRU����GD\V��
6DPSOHV�RI�WKH�OHDFKDWH�ZHUH�FROOHFWHG�DQG�DQDO\]HG�IRU�&2'��7'6��766��S+��KHDY\�PHWDOV�DQG�WHPSHUDWXUH��
7RWDO� &2'� UHPRYDO� HIILFLHQF\� RI� WKH� V\VWHP� ZDV� ����� 7HPSHUDWXUH� LQFUHDVHG� LQLWLDOO\� DQG� UHDFKHG� D�
PD[LPXP�RI�����&�GXH�WR�UDSLG�ELRGHJUDGDWLRQ�RI�WKH�RUJDQLF�PDWWHU��$V�WKH�ELRGHJUDGDWLRQ�VORZHG�GRZQ��
OHVV�KHDW�ZDV�JHQHUDWHG�DQG�DV�D�UHVXOW�WKH�WHPSHUDWXUH�LQVLGH�WKH�UHDFWRU�GURSSHG��%RWK�7'6�DQG�766�VKRZHG�
DQ�LQLWLDO�ULVH�GXH�WR�UHFLUFXODWLRQ�RI�OHDFKDWH��7KHQ��ELRGHJUDGDWLRQ�RI�RUJDQLF�PDWWHU�RYHU�WLPH�UHVXOWHG�LQ�D�
GHFUHDVH�LQ�ERWK�7'6�DQG�766��7KH�UHPRYDO�HIILFLHQFLHV�RI�WKH�V\VWHP�IRU�7'6�DQG�766�ZHUH�����DQG������
UHVSHFWLYHO\�� 5HPRYDO� HIILFLHQFLHV� RI� ����� ����� ���� DQG� ���� IRU�0Q�� )H�� 3E� DQG�=Q�ZHUH� UHVSHFWLYHO\�
REVHUYHG���.H\ZRUGV±�/HDFKDWH�WUHDWPHQW��OHDFKDWH�UHFLUFXODWLRQ��DHURELF�WUHDWPHQW��LQ�VLWX��ELRUHDFWRU���

���,1752'8&7,21��
&RQWLQXLQJ� JURZWK� RI� SRSXODWLRQ� DQG� LQGXVWULDOL]DWLRQ� DURXQG� WKH� ZRUOG� KDV� UHVXOWHG� LQ� LQFUHDVLQJ�
SURGXFWLRQ�RI�PXQLFLSDO�VROLG�ZDVWHV��06:���ZKLFK�KDV�EHFRPH�D�ZRUOGZLGH�LVVXH��/DQGILOOLQJ�FRQWLQXHV�
WR� EH� WKH� PDMRU� PHWKRG� RI� 06:� PDQDJHPHQW�� 'HVSLWH� LQFUHDVHV� LQ� UHF\FOLQJ�� FRPSRVWLQJ�� DQG�
LQFLQHUDWLRQ�� DSSUR[LPDWHO\� ���� E\� ZHLJKW� RI� WKH�06:� JHQHUDWHG� LQ� WKH� 8QLWHG� 6WDWHV� LQ� ����� ZDV�
GHSRVLWHG�LQ�VDQLWDU\�ODQGILOOV�>�@����

2QH� RI� WKH� PRVW� LPSRUWDQW� LVVXHV� RI� FRQFHUQ� LQ� ODQGILOO� PDQDJHPHQW� LV� WKH� SURGXFWLRQ� RI� ODQGILOO�
OHDFKDWH�DQG�LWV�SRWHQWLDO�IRU�GHJUDGLQJ�ZDWHU�UHVRXUFHV�V\VWHPV��/DQGILOO� OHDFKDWH�LV�GHILQHG�DV�DTXHRXV�
HIIOXHQW�JHQHUDWHG�DV�D�FRQVHTXHQFH�RI�UDLQZDWHU�SHUFRODWLRQ��VROLG�ZDVWHV�PRLVWXUH��ZDWHU�SURGXFWLRQ�GXH�
WR�ELRFKHPLFDO�SURFHVVHV��DQG�JURXQG�ZDWHU�HQWHULQJ�ZDVWH�PDVV�GXULQJ�DQG�RU�DIWHU�RSHUDWLRQ�DQG�FORVXUH�
RI�D�ODQGILOO��$FFRUGLQJ�WR�VRPH�UHVHDUFKHUV��WKH�QHJDWLYH�HQYLURQPHQWDO�LPSDFWV�RI�OHDFKDWH�OHDNDJH�DQG�
PLJUDWLRQ�FRXOG�ODVW�IRU�VHYHUDO�GHFDGHV�>����@���

/HDFKDWH� FRPSRVLWLRQ� YDULHV� VLJQLILFDQWO\� DPRQJ� ODQGILOOV�� GHSHQGLQJ� RQ�ZDVWH� FRPSRVLWLRQ��ZDVWH�
DJH��FOLPDWH��K\GURJHRORJLFDO�FRQGLWLRQV�DQG�ODQGILOOLQJ�WHFKQRORJ\��+RZHYHU��WKH�PDLQ�FKDUDFWHULVWLF�RI�

5HFHLYHG�E\�WKH�HGLWRUV�-DQXDU\�����������$FFHSWHG�2FWREHU�����������


&RUUHVSRQGLQJ�DXWKRU�
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���
ODQGILOO�OHDFKDWH�LV�KLJK�FRQFHQWUDWLRQV�RI�RUJDQLF�PDWWHU�DQG�DV�D�UHVXOW��KLJK�FRQFHQWUDWLRQV�RI�%2'�DQG�
&2'��&KDUDFWHULVWLFV�RI�OHDFKDWH�IURP�VRPH�RI�WKH�ODQGILOOV�LQ�2QWDULR��&DQDGD�DUH�SUHVHQWHG�LQ�7DEOH���
>�@��&RPSDULQJ�WKH�FRQFHQWUDWLRQV�RI�WKH�%2'�RI�OHDFKDWH�ZLWK�WKH�%2'�RI�PXQLFLSDO�ZDVWHZDWHU������±�
����PJ�/�� VKRZV� WKH� KLJK� FRQFHQWUDWLRQV� RI� RUJDQLF�PDWWHU� LQ� OHDFKDWH�� DQG� DV� D� FRQVHTXHQFH� LWV� KLJK�
SROOXWLRQ�SRWHQWLDO���

7R� SUHYHQW� WKH� DGYHUVH� LPSDFWV� RI� ODQGILOO� OHDFKDWH� RQ� DTXDWLF� OLIH� DQG� WKH� GHJUDGDWLRQ� RI� ZDWHU�
UHVRXUFHV��ODQGILOO�OHDFKDWH�KDV�WR�EH�FROOHFWHG�DQG�WUHDWHG�EHIRUH�LWV�ILQDO�GLVFKDUJH�LQWR�WKH�HQYLURQPHQW��
/DQGILOO� OHDFKDWH� WUHDWPHQW� PHWKRGV� FDQ� EH� FODVVLILHG� LQWR� WKUHH� PDMRU� JURXSV�� �D�� OHDFKDWH� WUDQVIHU��
UHF\FOLQJ� DQG� FRPELQHG� WUHDWPHQW� ZLWK� GRPHVWLF� VHZDJH�� �E�� ELRGHJUDGDWLRQ�� DHURELF� DQG� DQDHURELF�
SURFHVVHV�� DQG� �F�� FKHPLFDO� DQG� SK\VLFDO� PHWKRGV� >�@�� 5RWDWLQJ� ELRORJLFDO� FRQWDFWRUV�� WULFNOLQJ� ILOWHUV��
DHUDWHG� ODJRRQV�� XS� IORZ� DQDHURELF� VOXGJH� EODQNHW� UHDFWRU�� FKHPLFDO� R[LGDWLRQ�� DGVRUSWLRQ�� FKHPLFDO�
SUHFLSLWDWLRQ�� FRDJXODWLRQ�IORFFXODWLRQ�� VHGLPHQWDWLRQ�� IORWDWLRQ�� UHYHUVH� RVPRVLV�� DQG� DLU� VWULSSLQJ� DUH�
VRPH�RI�WKH�H[�VLWX�OHDFKDWH�WUHDWPHQW�PHWKRGV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�>����@���� 7DEOH�����&KDUDFWHULVWLFV�RI�OHDFKDWH�SURGXFHG�DW�GLIIHUHQW�ODQGILOOV�LQ�2QWDULR
�

�
2QWDULR�/DQGILOOV� &:0

 7UDLO�5G� *OHQULGJH� *XHOSK� %XUOLQJWRQ�
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1LFNHO� ����� ����� �� ����� ����� �����
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 $OO�SDUDPHWHUV�LQ�PJ�/�XQOHVV�LQGLFDWHG�RWKHUZLVH��

�&DQDGLDQ�:DVWH�0DQDJHPHQW��2WWDZD��
&RQYHQWLRQDO� WUHDWPHQW� V\VWHPV� DUH� FRVWO\� DQG� UHTXLUH� D� ORQJ�WHUP� FRPPLWPHQW�� 0RUHRYHU�� JUHDW�

YDULDWLRQV� LQ� VWUHQJWK� DQG� IORZV� RI� OHDFKDWH� DV� ZHOO� DV� LWV� WR[LF� HIIHFW�� GXH� WR� WKH� SUHVHQFH� RI� KLJK�
FRQFHQWUDWLRQV� RI� KHDY\� PHWDOV� DQG�RU� RUJDQLF� VXEVWDQFHV�� PDNH� WKH� XVH� RI� WKHVH� V\VWHPV� XQGHVLUDEOH�
>�����@�� $V� DQ� DOWHUQDWLYH�� ODQGILOO� OHDFKDWH� PD\� EH� UHFLUFXODWHG� ZLWKLQ� WKH� ZDVWH� SLOH� WR� HQKDQFH� WKH�
VWDELOL]DWLRQ� RI� WKH� RUJDQLF� FRQWHQWV� >��@�� � /HDFKDWH� UHFLUFXODWLRQ� LV� DOVR� UHSRUWHG� WR� UHGXFH� OHDFKDWH�
RUJDQLF� VWUHQJWK� DQG� WR[LFLW\� RI� OHDFKDWH�� DFFHOHUDWH� ODQG¿OO� VWDELOL]DWLRQ�� UHGXFH� ODQGILOO� DFWLYH� OLIH� DQG�
LQFUHDVH�ODQG¿OO�JDV�SURGXFWLRQ�>�����@���

$V�PHQWLRQHG�DERYH� OHDFKDWH� FRPSRVLWLRQ�YDULHV� VLJQLILFDQWO\� DPRQJ� ODQGILOOV��:DVWH� FRPSRVLWLRQ��
DQG�DV�D�FRQVHTXHQFH�OHDFKDWH�FRPSRVLWLRQ�LQ�GHYHORSLQJ�FRXQWULHV�VXFK�DV�,UDQ�LV�VLJQLILFDQWO\�GLIIHUHQW�
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���
IURP�WKH� OHDFKDWH�SURGXFHG� LQ�GHYHORSHG�FRXQWULHV��2QH�RI� WKH�VLJQLILFDQW�GLIIHUHQFHV� LQ� WHUPV�RI�ZDVWH�
FRPSRVLWLRQ�LV�WKH�IUDFWLRQ�RI�RUJDQLF�ZDVWH��IRRG�ZDVWH���ZKLFK�FRXOG�JUHDWO\�DIIHFW�VRPH�FKDUDFWHULVWLFV�
RI� WKH� OHDFKDWH� VXFK� DV� %2'� DQG� &2'�� ,Q� DGGLWLRQ�� RWKHU� IDFWRUV� VXFK� DV� FOLPDWH�� K\GURJHRORJLFDO�
FRQGLWLRQV�DQG�ODQGILOOLQJ�WHFKQRORJ\�FRXOG�DIIHFW�WKH�SHUIRUPDQFH�DQG�WUHDWDELOLW\�RI�OHDFKDWH����

&RQVLGHULQJ� WKH� LQIRUPDWLRQ� SUHVHQWHG� DERYH�� WKH� DLP� RI� WKLV� UHVHDUFK� ZDV� WR� LQYHVWLJDWH� LQ�VLWX�
DHURELF�WUHDWPHQW�RI�PXQLFLSDO�ODQGILOO�OHDFKDWH�E\�OHDFKDWH�UHFLUFXODWLRQ��
�

�� /,7(5$785(�5(9,(:��
&RQYHQWLRQDO� ODQG¿OOV� LQ� WKH� 8QLWHG� 6WDWHV� WKDW� DUH� GHVLJQHG� DQG� RSHUDWHG� LQ� DFFRUGDQFH� ZLWK� WKH�
SULQFLSOHV� GHVFULEHG� LQ� 6XEWLWOH� '� RI� WKH� 5HVRXUFH� &RQVHUYDWLRQ� DQG� 5HFRYHU\� $FW� JHQHUDOO\� HPSOR\�
V\VWHPV�WKDW�PLQLPL]H�WKH�DPRXQW�RI�PRLVWXUH�HQWHULQJ�DQG�UHWDLQHG�LQ�WKH�ZDVWH��7KH�LQWHQW�LV�WR�PLQLPL]H�
WKH� ULVN� RI� JURXQGZDWHU� SROOXWLRQ� E\� OLPLWLQJ� WKH� DPRXQW� RI� OHDFKDWH� DQG� JDV� WKDW� LV� JHQHUDWHG�� +LJK�
H[SHQVHV�RI�OHDFKDWH�WUHDWPHQW�DORQJ�ZLWK�D�EHWWHU�XQGHUVWDQGLQJ�RI�ODQGILOO�GHFRPSRVLWLRQ�SURFHVVHV�KDYH�
UHVXOWHG�LQ�D�VKLIW�LQ�WKH�SKLORVRSK\�RI�ODQGILOO�GHVLJQ�IURP�WKH�VWRUDJH�FRQFHSW�WRZDUGV�D�SURFHVV�EDVHG��RU�
ELRUHDFWRU��DSSURDFK�LQ�UHFHQW�\HDUV��7KH�FRQFHSW�RI�ELRUHDFWRU�ZDV�ILUVW�LQWURGXFHG�E\�3RKODQG�LQ�WKH�ODWH�
��¶V� >��@�� 6ROLG� :DVWH� $VVRFLDWLRQ� RI� 1RUWK� $PHULFD� �6:$1$�� GHILQHV� ELRUHDFWRU� ODQGILOO� DV� ³DQ\�
SHUPLWWHG�6XEWLWOH�'�ODQGILOO�RU�ODQGILOO�FHOO�ZKHUH�OLTXLG�RU�DLU�LV�LQMHFWHG�LQ�D�FRQWUROOHG�IDVKLRQ�LQWR�WKH�
ZDVWH�PDVV�LQ�RUGHU�WR�DFFHOHUDWH�RU�HQKDQFH�ELRVWDELOL]DWLRQ�RI�ZDVWH´��%LRUHDFWRU�ODQGILOOV�DUH�FODVVLILHG�
DV�DHURELF��DQDHURELF��DQG�DHURELF�DQDHURELF��,Q�DQ�DHURELF�ELRUHDFWRU�ODQGILOO��OHDFKDWH�LV�UHPRYHG�DQG�UH�
FLUFXODWHG�� RIWHQ� ZLWK� DGGLWLRQDO� ZDWHU�� LQWR� WKH� ODQGILOO� LQ� D� FRQWUROOHG� PDQQHU�� $LU� LV� VLPXOWDQHRXVO\�
LQMHFWHG�LQWR�WKH�ZDVWH�PDVV��XVLQJ�YHUWLFDO�RU�KRUL]RQWDO�ZHOOV��WR�SURPRWH�DHURELF�EDFWHULDO�DFWLYLW\�DQG�WR�
DFFHOHUDWH�ZDVWH�GHJUDGDWLRQ��)LJXUH���GHSLFWV�W\SLFDO�JDV�SURGXFWLRQ�FXUYHV�IURP�D�GU\�WRPE�ODQGILOO�DQG�D�
ELRUHDFWRU�VLPXODWLQJ�WKH�ILUVW�RUGHU�ELRORJLFDO�GHFRPSRVLWLRQ�UDWH��.��H[SHFWHG�XQGHU�ELRUHDFWRU�RSHUDWLRQ�
YV��WKH�6XEWLWOH�'�ODQGILOO�ZLWK�QR�OLTXLGV�DGGHG�XVLQJ�86�(3$¶V�/DQGJHP�PRGHO�����

%LRUHDFWRU� ODQGILOOV� UHTXLUH� FHUWDLQ� VSHFLILF�PDQDJHPHQW� DFWLYLWLHV� DQG� RSHUDWLRQDO�PRGLILFDWLRQV� WR�
HQKDQFH�PLFURELDO�GHFRPSRVLWLRQ�SURFHVVHV��$HUDWLRQ�� VL]H� UHGXFWLRQ��DGGLWLRQ�RI�QXWULHQWV��FRPSDFWLRQ��
S+� DGMXVWPHQW� DQG� OHDFKDWH� UHFLUFXODWLRQ� KDV� EHHQ� UHSRUWHG� WR� HQKDQFH� WKH� SHUIRUPDQFH� RI� ELRUHDFWRU�

)LJ�����7\SLFDO�ODQGILOO�JDV�SUHGLFWLRQ�FXUYH�IRU�ELRUHDFWRU�ODQGILOO�YV��
WUDGLWLRQDO�ODQGILOO�>��@�
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ODQGILOOV�>��@��7KH�PRVW�LPSRUWDQW�DQG�FRVW�HIIHFWLYH�PHWKRG�IRU�HQKDQFLQJ�ELRGHJUDGDWLRQ�LQ�D�ELRUHDFWRU�
ODQGILOO�LV�OLTXLG�DGGLWLRQ��L�H��OHDFKDWH�UHFLUFXODWLRQ��/HDFKDWH�UHFLUFXODWLRQ�LQFUHDVHV�WKH�PRLVWXUH�FRQWHQW�
LQ� D� FRQWUROOHG� UHDFWRU� V\VWHP� DQG� SURYLGHV� WKH� GLVWULEXWLRQ� RI� QXWULHQWV� DQG� HQ]\PHV� EHWZHHQ�
PHWKDQRJHQV�DQG�VROLG�OLTXLGV�>��@���

%HQHILWV� RI� RSHUDWLQJ� D� ODQGILOO� DV� D� ELRUHDFWRU� LQFOXGH� HQKDQFHPHQW� RI� WKH� ODQGILOO� JDV� �/)*��
JHQHUDWLRQ� UDWHV�� UHGXFWLRQ�RI� HQYLURQPHQWDO� LPSDFWV��SURGXFWLRQ�RI� WKH�HQG�SURGXFW� WKDW�GRHV�QRW�QHHG�
ODQG¿OOLQJ��RYHUDOO�UHGXFWLRQ�RI�ODQG¿OOLQJ�FRVW��UDSLG�VHWWOHPHQW�DQG�LQFUHDVHG�ODQGILOO�FDSDFLW\��LPSURYHG�
OHDFKDWH� TXDOLW\�� UHGXFWLRQ� RI� SRVW�FORVXUH� DFWLYLWLHV�� DQG� WKH� DEDWHPHQW� RI� JUHHQKRXVH� JDVHV� >��@��
+RZHYHU��LI�WRR�PXFK�OHDFKDWH�LV�UHFLUFXODWHG��SUREOHPV�VXFK�DV�VDWXUDWLRQ��SRQGLQJ��DQG�DFLGLF�FRQGLWLRQV�
PD\�RFFXU��/LPLWHG�GDWD�DUH�DYDLODEOH�RQ�WKH�DSSOLFDWLRQ�RI�GLIIHUHQW�OHDFKDWH�UHFLUFXODWLRQ�UHJLPHV�WR�WKH�
ZDVWH�PDWUL[�� )RU� DQDHURELF� ELRUHDFWRUV�� LW� LV� UHFRPPHQGHG� WKDW� OHDFKDWH� VKRXOG� EH� LQWURGXFHG� VORZO\��
VLQFH� KLJK� IORZ� UDWHV� PD\� GHSOHWH� EXIIHULQJ� FDSDFLW\� DQG� UHPRYH� PHWKDQRJHQV�� $V� JDV� SURGXFWLRQ� LV�
HVWDEOLVKHG��WKH�IORZ�UDWHV�DQG�WKH�IUHTXHQF\�RI�UHFLUFXODWLRQ�FRXOG�EH�LQFUHDVHG�>��@��

5HDG�HW��DO� UHSRUWHG�RQ�WKH�VXFFHVVIXO�RSHUDWLRQ�RI�WZR�VHSDUDWH�DHURELF�ODQGILOO�V\VWHPV�LQ�*HRUJLD��
86$� >��@��7KH� NH\� WR� WKH� DHURELF� ODQGILOO¶V� HIIHFWLYHQHVV�ZDV� WKH� SURSHU� FRQWURO� RI� DHURELF� FRQGLWLRQV��
ZKHUHE\� ZDVWH� PDVV� WHPSHUDWXUHV� DQG� PRLVWXUH� ZHUH� PDLQWDLQHG� ZLWKLQ� RSWLPDO� UDQJHV�� :DVWH� PDVV�
WHPSHUDWXUHV�DQG�PRLVWXUH�UHPDLQHG�VWDEOH�EHWZHHQ����DQG����&�DQG�DERYH������Z�Z���UHVSHFWLYHO\��LQ�
WKH�PRVW�DFWLYH�DUHDV�DIWHU�DHURELF�FRQGLWLRQV�KDG�EHHQ�UHDFKHG��0HWKDQH�FRQFHQWUDWLRQV�GHFUHDVHG�E\�DW�
OHDVW�����LQ�WKH�WKUHH�ZHHNV�DIWHU�V\VWHP�VWDUWXS�DQG�UHPDLQHG�FRQVLVWHQWO\�EHORZ������Y�Y��IRU�PRVW�RI�
WKH�SURMHFW��%2'�RI�WKH�OHDFKDWH�ZDV�UHGXFHG�E\�DW�OHDVW������/DQGILOOV¶�OHDFKDWH� WUHDWPHQW�QHHGV�ZHUH�
DOVR�UHGXFHG�E\�������

&RVVX�HW��DO��FRPSDUHG�DHURELF�DQG�DQDHURELF�H[SHULPHQWDO�ELRUHDFWRU�FROXPQV���$HUDWLRQ�RI�WKH�ZDVWH�
PDVV�� HLWKHU� ZLWK� IRUFHG� DHUDWLRQ� RU� LQ� VHPL�DHURELF� OLNH� FRQGLWLRQV�� SURGXFHG� D� UDSLG� DQG� PDUNHG�
R[LGDWLRQ�RI�RUJDQLFV�DQG�QLWURJHQ�>�@���

$SSOLFDWLRQ� RI� LQ�VLWX� DHUDWLRQ� RI� ROG� ODQGILOOV�ZDV� LQYHVWLJDWHG� E\�5LW]NRZVNL� HW� DO�� >��@�� � ,W� ZDV�
FRQFOXGHG� WKDW� LQ�VLWX� ODQGILOO� DHUDWLRQ� ZDV� D� SURPLVLQJ� PHWKRG� IRU� UHGXFLQJ� WKH� UHPDLQLQJ� SRWHQWLDO�
HPLVVLRQ�RI�WKH�ODQGILOOHG�ZDVWH�RQFH�ODQGILOO�JDV�H[WUDFWLRQ�DQG�XWLOL]DWLRQ�KDG�FRPH�WR�DQ�HQG���

$ SDUWLFXODU�W\SH�RI�WKH�LQ�VLWX�DHUDWLRQ�WHFKQRORJ\��NQRZQ�DV�WKH�)XNXRND�PHWKRG��ZDV�GHYHORSHG�LQ�
-DSDQ� DQG�ZDV� ILUVW� WHVWHG� LQ� WKH� FRQVWUXFWLRQ� RI� WKH� 6KLQ�.DPDWD� /DQGILOO� LQ� ������ 7KLV� VHPL�DHURELF�
ODQGILOOLQJ�PHWKRG� LV� D� VWDQGDUG� W\SH�RI� ODQGILOO� FXUUHQWO\� XVHG� LQ� -DSDQ�� ,Q� WKH�)XNXRND�PHWKRG�� DLU� LV�
DOORZHG�WR�SDVVLYHO\�PRYH�WKURXJK�WKH�KHDGVSDFH�RI�WKH�OHDFKDWH�FROOHFWLRQ�V\VWHP�SLSHV�WKDW�DUH�RSHQ�WR�
WKH� DWPRVSKHUH��7KH� WHPSHUDWXUH� GLIIHUHQFH�EHWZHHQ� WKH� LQWHULRU� ODQGILOO� DQG� WKH�RXWVLGH�DLU� SURGXFHV� D�
FKLPQH\� HIIHFW�� ZKHUH� DLU� LV� GUDZQ� LQWR� WKH� SLSHV� DQG� FLUFXODWHG� WKURXJKRXW� WKH� ZDVWH� PDVV�� 7KLV�
WHFKQRORJ\�KDV�EHHQ�XVHG�LQ�0DOD\VLD��&KLQD��DQG�,UDQ��.DKUL]DN�/DQGILOO��>������@��

,W� KDV� EHHQ� UHSRUWHG� WKDW� LQ� DGGLWLRQ� WR� WKH� UHGXFWLRQ� DQG� UHPRYDO� RI� RUJDQLF� PDWWHU�� OHDFKDWH�
UHFLUFXODWLRQ�LV�DQ�HIIHFWLYH�ZD\�WR�UHGXFH�WKH�PHWDOV�FRQWHQW�RI�OHDFKDWH�>��@��(UVHV�HW��DO�� LQYHVWLJDWHG�
WKH�VRUSWLRQ�FDSDFLW\�RI�VROLG�ZDVWH�IRU�VHOHFWHG�KHDY\�PHWDOV��&G��1L��&X��=Q�DQG�)H�� LQ� ODQGILOOV�>��@��
7KH�VRUSWLRQ�FDSDFLW\�RI�WKH�GRPHVWLF�VROLG�ZDVWH�PDWUL[�IRU�KHDY\�PHWDOV�ZDV�TXLWH�VLJQLILFDQW�ZLWK�DQ�
H[SHULPHQWDO�PD[LPXP�PHWDO� VRUSWLRQ�RI� ����PJ�NJ� IRU�)H�� ����PJ�NJ� IRU�=Q�� ����PJ�NJ� IRU�&X�� ���
PJ�NJ� IRU� 1L�� DQG� ��� PJ�NJ� IRU� &G� IURP� LQGLYLGXDO� VROXWLRQV�� %LOJLOL� HW� DO�� LQYHVWLJDWHG� WKH� PHWDO�
FRQFHQWUDWLRQV� RI� VLPXODWHG� DHURELF� DQG� DQDHURELF� SLORW� VFDOH� ODQGILOO� UHDFWRUV�� 7KH\� VWDWHG� WKDW� PHWDOV�
FRQFHQWUDWLRQ�LQ�WKH�OHDFKDWH�GHFUHDVHG�DV�D�UHVXOW�RI�PHWDO�SUHFLSLWDWLRQ�LQ�WKH�ODQGILOO�ERG\�>��@��
�
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���0$7(5,$/6�$1'�0(7+2'6��

)LJXUH���VKRZV�WKH�ODERUDWRU\�VHW�XS�XVHG�IRU�WKH�H[SHULPHQWV��7KH�UHDFWRU�ZDV�D�SODVWLF�FRQWDLQHU�ZLWK�D�
FURVV�VHFWLRQ�DUHD�RI�����[�����P��DQG�D�KHLJKW�RI���P��7ZR�VHWV�RI�DHUDWLRQ�SLSHV�ZHUH�SODFHG�LQ�WKH�PLGGOH�
DQG�WKH�ERWWRP�RI�WKH�UHDFWRU�DQG�FRQQHFWHG�WR�DQ�DLU�FRPSUHVVRU�LQ�RUGHU�WR�LQMHFW�DLU�LQWR�WKH�ZDVWH�PDVV�
DW�D�UDWH�RI������OLW�PLQ�NJ�RI�ZDVWH���/HDFKDWH�ZDV�FROOHFWHG�LQ�D�FRQWDLQHU�DW�WKH�ERWWRP�DQG�SXPSHG�WR�
DQRWKHU�FRQWDLQHU�DW�WKH�WRS��IURP�ZKLFK�OHDFKDWH�ZDV�UHFLUFXODWHG�EDFN�LQWR�WKH�ZDVWH�PDVV��7KH�RXWSXW�RI�
WKH�VFUHHQ�XQLW�RI�WKH�,VIDKDQ�FRPSRVWLQJ�SODQW�ZDV�XVHG�DV�ZDVWH�PDWHULDO��7KH�FRPSRVLWLRQ�RI�WKH�ZDVWH�
ZDV�PRGLILHG�E\�DGGLQJ�FUXVKHG�JODVV�DQG�VKUHGGHG�SDSHU��SODVWLF�DQG�PHWDO�FRQWDLQHUV�WR�REWDLQ�WKH�VDPH�
FRPSRVLWLRQ�RI�WKH�FROOHFWHG�ZDVWH��$OWKRXJK�GXH�WR�OLPLWHG�UHVRXUFHV�DQG�WKH�VL]H�RI�WKH�UHDFWRU�RQO\�RQH�
UHDFWRU� ZDV� FRQVWUXFWHG� DQG� PDLQWDLQHG� IRU� ��� GD\V�� WDNLQJ� LQWR� DFFRXQW� WKH� FRQVLGHUDEOH� VL]H� RI� WKH�
UHDFWRU��LW� LV�H[SHFWHG�WKDW�IRU�WKH�VDPH�HQYLURQPHQWDO�FRQGLWLRQV�DQG�FRPSRVLWLRQ�RI�ZDVWH�PDWHULDO�WKH�
UHVXOWV�VKRXOG�EH�UHODWLYHO\�FRPSDUDEOH�DQG�UHSHDWDEOH��2WKHU�UHVHDUFKHUV�VXFK�DV�6DQ�DQG�2QD\�DQG�2OLYHU�
DQG�*RXUF�HQFRXQWHUHG� WKH�VDPH� OLPLWDWLRQV�DQG�KDG�XVHG�D�VLQJOH�UHDFWRU�RI�DQ�DOPRVW� VLPLODU� VL]H� IRU�
FRQGXFWLQJ� WKHLU� H[SHULPHQWV� >���� ��@�� 1HYHUWKHOHVV�� WKH� REWDLQHG� UHVXOWV� DUH� EDVHG� RQ� WKLV� VHW� RI�
H[SHULPHQWV�FRQGXFWHG�E\�RQH�UHDFWRU���

7DEOH���UHSUHVHQWV�WKH�FRPSRVLWLRQ�RI�WKH�PRGLILHG�ZDVWH�XVHG�LQ�WKH�H[SHULPHQW��$V�SUHVHQWHG��WKH�
RUJDQLF�FRQWHQW�RI� WKH�ZDVWH�� OLNH�PRVW�GHYHORSLQJ�FRXQWULHV�� LV�YHU\�KLJK��7KH�PD[LPXP�VL]H�RI�ZDVWH�
SDUWLFOHV�ZDV���FP��7KH�ZDVWH�ZDV�SODFHG�LQWR�WKH�UHDFWRU�LQ�OD\HUV�DQG�FRPSDFWHG�WR�DFKLHYH�D�GHQVLW\�RI�
����.J�P�� $�VWRQH�OD\HU�ZDV�SODFHG�DW�WKH�ERWWRP�DV�D�GUDLQDJH�OD\HU��$QRWKHU�VWRQH�OD\HU�ZDV�SODFHG�DW�
WKH�WRS�LQ�RUGHU�WR�HQKDQFH�XQLIRUP�GLVWULEXWLRQ�RI�WKH�OHDFKDWH�IURP�WKH�WRS��)LQDOO\��WKH�ELRUHDFWRU�FHOO�
FRYHU�ZDV�UHSODFHG�RQ�WRS�RI�WKH�UHDFWRU����

7DEOH����&RPSRVLWLRQ�RI�WKH�ZDVWH�XVHG�LQ�WKH�H[SHULPHQW��LQ�SHUFHQW��� 2UJDQLF�PDWWHU� 3ODVWLF� 3DSHU�	�FDUGERDUG� 7H[WLOH� *ODVV� 0HWDO�
��� ��� �� �� �� ��

)LJ�����7KH�H[SHULPHQWDO�DHURELF�ELRUHDFWRU�VHWXS�
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���
)UHVK�OHDFKDWH�IURP�OHDFKDWH�FRQWDLQHUV�LQVWDOOHG�LQ�ZDVWH�FROOHFWLRQ�YHKLFOHV�ZDV�FROOHFWHG�DQG�WUDQVIHUUHG�
WR�WKH�ODERUDWRU\��7KH�PRLVWXUH�FRQWHQW�RI�WKH�VROLG�ZDVWH�ZDV�EURXJKW�WR�ILHOG�FDSDFLW\�E\�DGGLQJ�OHDFKDWH�
WR�WKH�ELRUHDFWRU�FHOO��XQWLO�WKH�DPRXQW�RI�OHDFKDWH�FROOHFWHG�IURP�WKH�FHOO�HTXDOHG�WKH�DPRXQW�RI�OHDFKDWH�
DGGHG��7ZHQW\�HLJKW� OLWHUV�RI� OHDFKDWH�ZDV�UHFLUFXODWHG�GDLO\� IRU����GD\V��6DPSOHV�RI� WKH� OHDFKDWH�ZHUH�
FROOHFWHG�DQG�DQDO\]HG�IRU�&2'��7'6��766��S+�DQG�KHDY\�PHWDOV�FRQFHQWUDWLRQV��7KUHH�UHSOLFDWHV�ZHUH�
XVHG�IRU�HDFK�VDPSOH��7KH�LQWHUQDO�WHPSHUDWXUH�RI�WKH�UHDFWRU�ZDV�PRQLWRUHG�RQ�D�UHJXODU�EDVLV���
�

�� 5(68/76�$1'�',6&866,216��
7KH�YDULDWLRQ�RI�WKH�DYHUDJH�&2'�RI�WKH�OHDFKDWH�LV�SUHVHQWHG�LQ�)LJ�����6LQFH�WKH�SXWUHVFLEOH�IUDFWLRQ�RI�
06:� JHQHUDWHG� LQ� GHYHORSLQJ� FRXQWULHV� LV� KLJK� ���������� WKH� RUJDQLF� PDWWHU� FRQFHQWUDWLRQ� RI� WKH�
SURGXFHG�OHDFKDWH�LV�KLJK��7KH�LQLWLDO�&2'�RI�WKH�OHDFKDWH�ZDV�������PJ�/��ZKLFK�UHDFKHG�D�PD[LPXP�
YDOXH�RI� ������PJ�/� DIWHU� �� GD\V��7KLV� LQFUHDVH�ZDV�GXH� WR� UDSLG� LQLWLDO�GLVVROXWLRQ� DQG� UHOHDVH� RI� WKH�
RUJDQLF� PDWWHU� FRQWDLQHG� LQ� :60�� $IWHU� DFFOLPDWL]DWLRQ� DQG� HVWDEOLVKPHQW� RI� PLFURRUJDQLVPV�� UDSLG�
ELRGHJUDGDWLRQ�RI�RUJDQLF�PDWWHU�VWDUWHG��$V�FDQ�EH�VHHQ��WKH�PDMRU�UHGXFWLRQ�RI�&2'�KDV�RFFXUUHG�GXULQJ�
WKH�SHULRG�RI�GD\���WR�GD\�����ZKHUH�&2'�RI�WKH�OHDFKDWH�ZDV�UHGXFHG�IURP�������PJ�/�WR������PJ�/��
7KLV� LV�HTXDO� WR�����UHGXFWLRQ��)URP�GD\����XQWLO�GD\�����&2'�RI� WKH� OHDFKDWH�ZDV� IXUWKHU� UHGXFHG�WR�
����� PJ�/� VKRZLQJ� D� WRWDO� &2'� UHPRYDO� HIILFLHQF\� RI� ����� 7KLV� VKRZV� WKDW� ODQGILOO� OHDFKDWH�
PDQDJHPHQW� XVLQJ� DHUDWLRQ� SOXV� OHDFKDWH� UHFLUFXODWLRQ� LV� D� SURPLVLQJ� DQG� IHDVLEOH� ZD\� IRU� LQ�VLWX�
WUHDWPHQW�RI�WKH�ODQGILOO�OHDFKDWH���

�
7KH�DYHUDJH� WHPSHUDWXUH�YDULDWLRQ�RI� WKH� UHDFWRU� LV�SUHVHQWHG� LQ�)LJ�����$V� VKRZQ�� WKH� WHPSHUDWXUH�

LQFUHDVHG�LQLWLDOO\�DQG�UHDFKHG�D�PD[LPXP�RI�����&�DQG�WKHQ�GURSSHG�EDFN�WR�YDOXHV�LQ�WKH�UDQJH�RI����WR�
����&��+LJK�WHPSHUDWXUHV�GXULQJ�WKH�UDSLG�ELRGHJUDGDWLRQ�RI�WKH�ZDVWH�FRXOG�DOVR�UHVXOW�LQ�LQDFWLYDWLRQ�RI�
SDWKRJHQV�DQG�SDUDVLWHV��7KH�WUHQG�RI�WHPSHUDWXUH�YDULDWLRQ�ZDV�VLPLODU�WR�WKDW�RI�&2'��7KLV�ZDV�GXH�WR�
WKH� IDFW� WKDW� KHDW� JHQHUDWLRQ� ZDV� WKH� UHVXOW� RI� PLFURELDO� DFWLYLW\� DQG� RUJDQLF� PDWWHU� GHJUDGDWLRQ�� DQG�
IROORZHG�WKH�WUHQG�REVHUYHG�IRU�&2'��

7KH�YDULDWLRQ�RI�DYHUDJH�S+�GXULQJ�WKH�H[SHULPHQW�LV�VKRZQ�LQ�)LJ�����7KH�LQLWLDO�S+�ZDV������ZKLFK�
LQFUHDVHG�WR�����DIWHU����GD\V�DQG�UHPDLQHG�LQ�WKH�UDQJH�RI�����WR�����IRU�WKH�UHVW�RI�WKH�H[SHULPHQW���

)LJXUH���VKRZV�WKH�YDULDWLRQ�RI�WKH�DYHUDJH�7'6��WRWDO�GLVVROYHG�VROLGV��RI� WKH� OHDFKDWH�� ,QLWLDO�ULVH�
DQG� VXEVHTXHQW� GHFUHDVH� LQ�7'6� IROORZHG� WKH� VDPH� WUHQG� DV� WKH�&2'�DQG� WHPSHUDWXUH� YDULDWLRQV��7KH�
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)LJ�����9DULDWLRQ�RI��&2'��OHIW��DQG��WHPSHUDWXUH��ULJKW��RI�OHDFKDWH�DJDLQVW�WLPH�
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���
LQLWLDO� ULVH�ZDV�GXH� WR� WKH� UHFLUFXODWLRQ�RI� OHDFKDWH��7'6�ZDV� LQFUHDVHG� IURP� WKH� LQLWLDO�YDOXH�RI�������
PJ�/�WR�WKH�PD[LPXP�YDOXH�RI�������PJ�/�DQG�WKHQ�GURSSHG�WR�������PJ�/�DW�WKH�HQG�RI�WKH�H[SHULPHQW��
VKRZLQJ�D�WRWDO�����UHGXFWLRQ�IRU�GLVVROYHG�VROLGV����
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)LJ�����7'6�YDULDWLRQ�RI�OHDFKDWH�DJDLQVW�WLPH�
7KH�YDULDWLRQ�RI�DYHUDJH�766��WRWDO�VXVSHQGHG�VROLGV��RI�OHDFKDWH�LV�SUHVHQWHG�LQ�)LJ�����$V�LQ�WKH�FDVH�

RI�7'6��OHDFKDWH�GLVVROYHG�DQG�FROOHFWHG�PRUH�PDWHULDO�GXH�WR�UHFLUFXODWLRQ��DQG�KHQFH�WKHUH�ZDV�DQ�LQLWLDO�
ULVH��7KH�LQLWLDO�766�RI�WKH�OHDFKDWH�DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW�ZDV������PJ�/��ZKLFK�UHDFKHG�D�
PD[LPXP�OHYHO�RI������PJ�/�DIWHU����GD\V�DQG�WKHQ�GURSSHG�WR�����PJ�/�DW�WKH�HQG�RI�WKH�H[SHULPHQW��
7KH�WRWDO�HIILFLHQF\�RI�WKH�UHDFWRU�IRU�766�UHGXFWLRQ�ZDV�DERXW������

0D[LPXP� 7'6� RFFXUUHG� VRRQHU� WKDQ� PD[LPXP� 766� VLQFH� 7'6� UHSUHVHQWV� WKH� GLVVROYHG� VROLGV��
ZKLFK� GLVVROYH� HDVLO\� LQ� WKH� HDUO\� VWDJHV� RI� OHDFKDWH� UHFLUFXODWLRQ�� 2Q� WKH� RWKHU� KDQG�� 766� UHSUHVHQWV�
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)LJ�����S+�YDULDWLRQ�RI�OHDFKDWH�DJDLQVW�WLPH�
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VXVSHQGHG�VROLGV�DQG�DV�ODUJHU�ZDVWH�SDUWLFOHV�GHFRPSRVH�DQG�GLVLQWHJUDWH�RYHU�ORQJHU�SHULRGV�RI�WLPH�LW�
ZRXOG�WDNH�PRUH�WLPH�WR�VHH�WKH�SHDN�YDOXH�FRPSDUHG�WR�WKH�GLVVROYHG�VSHFLHV��
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)LJ�����766�YDULDWLRQ�RI�OHDFKDWH�DJDLQVW�WLPH�
)LJXUH���SUHVHQWV� WKH�DYHUDJH�FRQFHQWUDWLRQV�RI�KHDY\�PHWDOV� �)H��0Q��3E�DQG�=Q�� LQ� WKH� OHDFKDWH��

/HDFKDWH� UHFLUFXODWLRQ� WKURXJK� 06:� ZDV� YHU\� HIIHFWLYH� LQ� UHGXFLQJ� WKH� KHDY\� PHWDO� FRQWHQW� RI� WKH�
OHDFKDWH��7KH�PDLQ�PHFKDQLVPV�IRU�WKH�UHPRYDO�RI�KHDY\�PHWDOV�ZHUH�PRVW�SUREDEO\�WKH�DGVRUSWLRQ�RI�WKH�
KHDY\� PHWDOV� LQ� WKH� OHDFKDWH� ZKHQ� LW� ZDV� UHFLUFXODWHG� WKURXJK� WKH� ZDVWH�� DQG� SUHFLSLWDWLRQ� GXH� WR� S+�
LQFUHDVH� RYHU� WLPH�� 5HPRYDO� HIILFLHQFLHV� IRU� 0Q�� )H�� 3E� DQG� =Q� ZHUH� ����� ����� ���� DQG� �����
UHVSHFWLYHO\��7KH�REWDLQHG�UHVXOWV�DUH�LQ�DJUHHPHQW�ZLWK�WKH�UHVXOWV�UHSRUWHG�LQ�WKH�OLWHUDWXUH��$V�PHQWLRQHG�
DERYH��VROLG�ZDVWH�PDWHULDO�KDG�D�VLJQLILFDQW�DGVRUSWLRQ�FDSDFLW\�IRU�KHDY\�PHWDOV�>��@��,W�KDV�DOVR�EHHQ�
UHSRUWHG� WKDW�WKH�GHFUHDVH�LQ�PHWDOV�FRQFHQWUDWLRQ�LQ�OHDFKDWH�LQ�D�SLORW�VFDOH� ODQGILOO�UHDFWRU�ZDV�GXH�WR�
PHWDO�SUHFLSLWDWLRQ�LQ�WKH�ODQGILOO�ERG\�>��@���
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)LJ�����&RQFHQWUDWLRQV�RI�KHDY\�PHWDOV�DJDLQVW�WLPH�
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���&21&/86,21��

7KH� UHVXOWV�SURYHG� WKDW� DQ�DHURELF�ELRUHDFWRU� V\VWHP�XVLQJ�DHUDWLRQ�DQG� OHDFKDWH� UHFLUFXODWLRQ�ZDV�YHU\�
HIIHFWLYH�IRU�WKH�WUHDWPHQW�RI�PXQLFLSDO�ODQGILOO�OHDFKDWH��7KLV�V\VWHP�ZDV�TXLWH�HIIHFWLYH�LQ�WHUPV�RI�WKH�
UHGXFWLRQ� DQG� ELRGHJUDGDWLRQ� RI� WKH� RUJDQLF� PDWWHU� FRQWHQW� RI� WKH� OHDFKDWH� PHDVXUHG� E\� &2'�� � &2'�
UHGXFWLRQ�RFFXUUHG�GXULQJ�WZR�SKDVHV��D�UDSLG�UHGXFWLRQ�SKDVH�IROORZHG�E\�D�VORZ�ELRGHJUDGDWLRQ�SKDVH�
ZLWK�D�WRWDO�UHPRYDO�HIILFLHQF\�RI������6LQFH�KHDW�LV�JHQHUDWHG�GXULQJ�ELRGHJUDGDWLRQ�RI�RUJDQLF�PDWWHU��
WKH� SDWWHUQ� RI� WHPSHUDWXUH� YDULDWLRQ�ZDV� WKH� VDPH� DV� WKDW� RI�&2'��7HPSHUDWXUH� LQFUHDVHG� LQLWLDOO\� DQG�
UHDFKHG�D�PD[LPXP�RI�����&�GXH�WR�WKH�UDSLG�ELRGHJUDGDWLRQ�RI�WKH�RUJDQLF�PDWWHU��$V�WKH�ELRGHJUDGDWLRQ�
VORZHG�GRZQ�� OHVV�KHDW�ZDV�JHQHUDWHG�DQG�DV� D� UHVXOW� WKH� WHPSHUDWXUH� LQVLGH� WKH� UHDFWRU�GURSSHG��+LJK�
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