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$%675$&7�
$�JUHDW�SRUWLRQ�RI� WKH�KHDY\�PHWDOV�SUHVHQW� LQ�GULQNLQJ�ZDWHU�GLVWULEXWLRQ�V\VWHPV��':'6��LV�GXH� WR� WKH�UDZ�PDWHULDOV�
XVHG� LQ� PDQXIDFWXULQJ� SLSHV�� YDOYHV�� DQG� FRQWURO� GHYLFHV�� FDXVLQJ� PDQ\� KHDOWK� DQG� HFRQRPLF� SUREOHPV� DV� ZHOO� DV�
XQGHVLUDEOH�FKDQJHV�LQ�ZDWHU�DSSHDUDQFH�XSRQ�FRUURVLRQ�LQ�WKH�V\VWHP��0RQLWRULQJ�KHDY\�PHWDOV�LQ�ZDWHU�VXSSO\�V\VWHPV�
LV�DFFRPSOLVKHG�E\� WKH� ³/HDG�DQG�&RSSHU�5XOH´�KRZHYHU��D� UHYLVLRQ�RI� WKH� UXOH� VHHPV�QHFHVVDU\� IRU� V\VWHPV� LQ�ZKLFK�
RWKHU�PHWDOV�VXFK�DV�]LQF�WKDW�DUH�XVHG�LQ�D�PXFK�KLJKHU�SHUFHQW�WKDQ�FRSSHU�LQ�PDQXIDFWXULQJ�WKH�PHWDO�SDUWV��7KLV�VWXG\�
ZDV� SHUIRUPHG� RQ� WZR� ZDWHU� GLVWULEXWLRQ� V\VWHPV� LQ� =DUULQVKDKU� DQG� 0REDUDNHK�� ,VIDKDQ� 3URYLQFH�� ,UDQ�� LQ� RUGHU� WR�
GHWHUPLQH� WKH� FRQFHQWUDWLRQ� OHYHOV� RI� KHDY\� PHWDOV� EHLQJ� LQWURGXFHG� LQWR� ZDWHU� WKURXJK� FRUURVLRQ� SURFHVVHV�� ,W� ZDV�
UHYHDOHG� WKDW�ZKLOH� WKH� FRQFHQWUDWLRQ� OHYHOV�RI� OHDG�� FDGPLXP�� ]LQF�� LURQ�� DQG�PDQJDQHVH� LQ� WKH� UDZ�ZDWHU� VXSSOLHV� IRU�
WKHVH�WZR�WRZQV�ZHUH�OHVV�WKDQ�0&/��EXW�WKH�VDPSOHV�WDNHQ�DORQJ�WKH�':'6�VKRZ�VLJQLILFDQW�LQFUHDVLQJ�FRQFHQWUDWLRQ�
OHYHOV�RI�DOO�WKHVH�HOHPHQWV��7KH�UHVXOWV�RI�WKH�VWXG\�DOVR�LQGLFDWHG�ZKHUH�WKH�GLVWULEXWLRQ�V\VWHP�FRQWDLQV�KLJK�]LQF�DOOR\V��
³/HDG�DQG�&RSSHU�UXOH´�FRXOG�EH�UHSODFHG�E\�³/HDG�DQG�=LQF�UXOH´��
�
.H\�ZRUGV��E\�SURGXFWV��FRUURVLRQ��OHDG�FRSSHU�UXOH��PLFURSROOXWDQWV�
�
,QWURGXFWLRQ�
$�PDMRU�SRUWLRQ�RI�WKH�KHDY\�PHWDO�LRQV�SUHVHQW�LQ�GULQNLQJ�ZDWHU�GLVWULEXWLRQ�V\VWHPV�UHODWHG�WR�WKH�FRUURVLRQ�RI�WKH�UDZ�
PDWHULDOV� XVHG� LQ� WKH�PDQXIDFWXUH�RI�SLSHV�� YDOYHV�� DQG� ILWWLQJV��&RUURVLRQ� FDXVHV�PLFURSROOXWDQWV� VXFK�DV� OHDG�� FRSSHU��
FDGPLXP��]LQF��LURQ��DQG�PDQJDQHVH�WR�GLVVROYH�LQWR�ZDWHU��7KHVH�QRW�RQO\�SURGXFH�DQ�XQGHVLUDEOH�DSSHDUDQFH�LQ�ZDWHU�EXW�
DOVR�FDXVH�PDQ\�KHDOWK�DQG�HFRQRPLF�SUREOHP�>�@��7KH�PRVW�LPSRUWDQW�KHDOWK�SUREOHP�DVVRFLDWHG�ZLWK�FRUURVLYH�ZDWHUV�LV�
WKH�SUHVHQFH�RI�OHDG�DQG�FDGPLXP�SROOXWDQWV��ZKLFK�DUH�VHULRXV�GDQJHUV�WR�SXEOLF�KHDOWK�>����@��:DWHU�TXDOLW\�FKDQJHV�GXH�
WR�WKH�LQWURGXFWLRQ�RI�FRSSHU��LURQ��DQG�PDQJDQHVH�VDOWV�DQG�FDXVHV�REMHFWLRQV�E\�FRQVXPHUV�GXH�WR�WKH�VWDLQV�RQ�FORWKHV�
DQG� EDWKURRP� SDUWV�� DQG� DOVR� GXH� WR� RIIHQVLYH� RGRUV� DQG� WDVWHV� >��� �@�� 7KH� HFRQRPLF� SUREOHPV� LQFOXGH� WKH� QHHG� IRU�
UHSODFLQJ� SLSHV�� LQFUHDVHG�ZDWHU� ORVVHV�� DQG� LQWURGXFWLRQ� RI� VHFRQGDU\� SROOXWDQWV� LQWR� WKH� GLVWULEXWLRQ� V\VWHP� ���� ���� ,Q�
RUGHU�WR�PRQLWRU�DQG�FRQWURO�FRUURVLRQ�LQ�':'6�DQG�WR�SUHYHQW�WKH�OHDNDJH�RI�FRUURVLRQ�E\�SURGXFWV�LQWR�WKHVH�V\VWHPV��
(3$� KDV� UHFRPPHQGHG� WKH� /HDG� DQG� &RSSHU� 5XOH� LQ� WKH� 8QLWHG� 6WDWHV� RI� $PHULFD�� 6LQFH� ������ 7KH� UHDVRQ� IRU� WKH�
VHOHFWLRQ� RI� OHDG� DQG� FRSSHU� DV� UHIHUHQFH� PHWDOV� LQ� WKH� (3$� 5XOH� LV� WKH� ZLGH� DSSOLFDWLRQ� RI� WKHVH� WZR� PHWDOV� LQ� WKH�
PDQXIDFWXUH�RI�WKH�SLSLQJ�V\VWHP�WKHUH�>����@��,Q�,UDQ��KRZHYHU��JDOYDQL]HG�SLSHV�DUH�ZLGHO\�XVHG�LQ�':'6�DQG�HVSHFLDOO\�
LQ�KRXVHKROG�SLSLQJ�V\VWHPV��7KH�JDOYDQL]DWLRQ� LV�EDVLFDOO\�D� OD\HU�RI�]LQF�FRDWLQJ��7KH�SUHVHQFH�RI�]LQF� LRQV� LQ�ZDWHU��
WKHUHIRUH��LV�PXFK�PRUH�H[SHFWHG�WKDQ�DUH�RWKHU�PHWDOOLF�FRUURVLRQ�E\�SURGXFWV�VXFK�DV�FRSSHU��
�
7KH�REMHFWLYHV�RI�WKH�SUHVHQW�VWXG\�LQFOXGH�����GHWHUPLQLQJ�WKH�FRQFHQWUDWLRQ�RI�PHWDOV�LQWURGXFHG�LQWR�PXQLFLSDO�GULQNLQJ�
ZDWHU�DV�D�UHVXOW�RI�FRUURVLRQ�SURFHVVHV�����FRPSDULVRQ�RI� WKH�SUHVHQW�FRQGLWLRQV� LQ�':'6�ZLWK� WKH�VWDQGDUGV��QG� WKRVH�
UHFRPPHQGHG� E\� ³/HDG� DQG� &RSSHU� 5XOH´�� ��� IRUPXODWLQJ� DQ� H[HFXWLYH� SURSRVDO� WR� UHSODFH� WKH� SUHVHQW� PHWDOOLF� LRQ�
PHDVXUHPHQWV�ZLWK�PRUH�DSSURSULDWH�LRQV�IRU�PHDVXUHPHQWV�QRW�LQFOXGHG�LQ�WKH�³/HDG�DQG�&RSSHU�5XOH´��
�
0$7(5,$/6�$1'�0(7+2'6�
7KH� SUHVHQW� VWXG\� ZDV� SHUIRUPHG� RQ� WKH� ':'6�� 7KH� VWXG\� ZDV� SHUIRUPHG� RQ� D� SLORW� VFDOH� LQ� WZR� WRZQV� LQ� ,UDQ��
=DUULQVKDKU�DQG�0REDUDNHK�LQ�,UDQ��7KHVH�WZR�WRZQV�KDYH�DOPRVW�LGHQWLFDO�JHRJUDSKLFDO��GHPRJUDSKLF��VRFLDO��HFRQRPLF��
DQG� FXOWXUDO� FRQGLWLRQV� ZLWK� DOPRVW� HTXDO� DUHDV�� 7KH� GULQNLQJ� ZDWHU� GLVWULEXWHG� LQ� =DUULQVKDKU� LV� VXSSOLHG� E\� D� ZDWHU�
WUHDWPHQW�SODQW��ZKLFK� UHFHLYHV� LWV� UDZ�ZDWHU� IURP� ORFDO� DEVWUDFWLRQV� IURP� WKH�=D\DQGHKURXG�5LYHU� LQ� WKH�YLFLQLW\��7KH�
WUHDWPHQW� SURFHVVHV� LQFOXGH� FRDJXODWLRQ� ZLWK� DOXP�� VHWWOLQJ�� ILOWUDWLRQ�� DQG� FKORULQDWLRQ�� 7KH� ZDWHU� KDG� D� PRGHUDWH�
KDUGQHVV��7KH�ZDWHU�GLVWULEXWHG�LQ�0REDUDNHK�LV�VXSSOLHG�IURP�JURXQGZDWHU��VRXUFHV�WKURXJK�WHQ�ZHOOV��7KH�ZDWHU�KDV�D�
KLJK�KDUGQHVV��7KH�UDZ�ZDWHU�LV�FKORULQDWHG�EHIRUH�HQWHULQJ�WKH�GLVWULEXWLRQ�V\VWHP��7KH�SLSHV�LQ�ERWK�WRZQV�ZHUH�ODLG�RYHU�
���\HDUV�DJR��7KH�PDWHULDOV�XVHG�LQ�WKH�SLSLQJ�V\VWHP�LQ�ERWK�WRZQV�DUH�VLPLODU��7KH�SLSLQJ�V\VWHP�LQ�KRXVHV�DQG�EXLOGLQJV�
DUH�JDOYDQL]HG�ZKLOH�WKH�GLVWULEXWLRQ�SLSLQJ�V\VWHPV�XVH�DVEHVWRV��SRO\HWK\OHQH��DQG�LQ�VRPH�FDVHV��SLJ�LURQ�SLSHV��,Q�WKH�
SUHVHQW�VWXG\�� WKH�PLFURSROOXWDQW�FRQFHQWUDWLRQ� OHYHOV� LQFOXGLQJ� OHDG��FRSSHU��FDGPLXP��]LQF�� LURQ��DQG�PDQJDQHVH�ZHUH�
PHDVXUHG�LQ�ERWK�UDZ��DQG�WDS�ZDWHU�LQ�ERWK�WRZQV�DQG�WKHQ�FRPSDUHG��
�
6LQFH�WKH�SRSXODWLRQV�FRYHUHG�E\�WKH�GLVWULEXWLRQ�V\VWHPV�DUH��������SHRSOH�LQ�HDFK�WRZQ�����FROG�WDS�ZDWHU�VDPSOHV�ZHUH�
WDNHQ�ZLWK�D�PLQLPXP�RI���KRXUV�RI�UHWHQWLRQ�WLPH�LQ�RUGHU�WR�FRPSO\�ZLWK�WKH�UHFRPPHQGDWLRQV�E\�WKH�³/HDG�DQG�&RSSHU�
5XOH´���7KH�QXPEHU�RI�WKH�VDPSOHV�ZDV�JRLQJ�WR�SURYLGH�D�UHOLDEOH�UHVXOWV�EDVHG�RQ������FRQILGHQFH��7KH�VDPSOHV�ZHUH�
WDNHQ��HDUO\��PRUQLQJ��7R�SURWHFW�WKH�VDPSOHV��RQH�PO��RI�FRQF�QLWULF�DFLG�KDG�DOUHDG\�EHHQ�DGGHG�WR�WKH�FRQWDLQHUV��7KH�
GLVWULEXWLRQ�RI�VDPSOLQJ�SRLQWV�KDG�EHHQ�VHOHFWHG�LQ�VXFK�D�PDQQHU�WKDW�D�IXOO�UHSUHVHQWDWLRQ�RI�WKH�ZKROH�WRZQ�ZRXOG�EH�
VHFXUHG��,Q�RUGHU�WR�FRPSDUH�WKH�FRQFHQWUDWLRQV�RI�FRUURVLRQ�E\�SURGXFWV�ZLWK�WKRVH�LQ�ZDWHU�VXSSOLHV��WKH�FRQFHQWUDWLRQV�
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LQ� UDZ� ZDWHU� ZHUH� DOVR� GHWHUPLQHG�� 7KH� FRQFHQWUDWLRQ� RI� ZDWHU�PLFURSROOXWDQWV� LQFOXGLQJ� 3E� DQG�&G�ZHUH� GHWHUPLQHG�
XVLQJ�IODPOHVV�DWRPLF�DEVRUSWKLRQ��DQG��IRU�=Q��&X��)H��0Q�ZLWK�WKH�IODPH�DWRPLF�DEVRUSWLRQ�PHWKRG��7KH�ILQGLQJV�ZHUH�
HYDOXDWHG� LQ� DFFRUGDQFH� ZLWK� UHFRPPHQGDWLRQV� E\� :+2� >�@�� 7KH� UHVXOWV� DQG� GDWD� ZHUH� DOVR� FRPSDUHG� ZLWK� :+2�
VWDQGDUGV�>�@��7KH�VWDWLVWLFDO�SURJUDP��6366��ZHUH�XVHG��IRU�WKH�GDWD�DQDO\VHV���
�
5(68/76�
7KH�UHVXOWV�IRU�PHDQ��PLQLPXP��DQG�PD[LPXP�FRQFHQWUDWLRQ�OHYHOV�RI�OHDG��FRSSHU��FDGPLXP��]LQF��LURQ��DQG�PDQJDQHVH�
PLFURSROOXWDQWV� LQ�ERWK�ZDWHU�VXSSOLHV�DQG� WKH�GLVWULEXWLRQ�V\VWHPV�DUH�SUHVHQWHG� LQ�7DEOHV���DQG����)LJXUHV�������DQG���
VKRZ� WKH� SHUFHQWDJH� RI� 3E�� =Q� DQG� )H� LQ� VWXG\� IRU� =DUULQVKDKU� ':'6�� UHVSHFWLYHO\�� )LJXUHV� ��� ��� DQG� �� VKRZ� WKH�
SHUFHQWDJH�RI� WKH�VDPSOHV� IRU� WKH�VDPH�PLFURSROOXWDQWV� �VWXG\� � LQ�0REDUDNHK�':'6��7KH�FRQFHQWUDWLRQ� OHYHOV�RI� OHDG��
LURQ��DQG�]LQF�LQ�ERWK�WRZQV�VKRZHG�YDULDWLRQV�DQG�LQ�VRPH�FDVHV�ZHUH�DERYH�WKH�UHFRPPHQGHG�OHYHOV��7KH�FRQFHQWUDWLRQ�
OHYHOV�RI�FRSSHU��FDGPLXP��DQG�PDQJDQHVH�LQ�ERWK�V\VWHPV�ZHUH�EHORZ�WKH�0&/����������
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�
7DEOH����5HVXOWV�RI�PLFURSROOXWDQW�FRQFHQWUDWLRQ�LQ�WKH�ZDWHU�VXSSO\�DQG�GULQNLQJ�ZDWHU��

GLVWULEXWLRQ�V\VWHP�LQ�=DUULQVKDKU�
'LVWULEXWLRQ�V\VWHP�0LFURSROOXWDQW� XQLW� :DWHU�VXSSO\� 0LQ�� 0D[�� 0HDQ� 0&/�

/HDG�� PJ�OLW� ���� ���� ����� ���� ���
&DGPLXP�� PJ�OLW� ����� ����� ���� ����� ��
&RSSHU�� PJ�O� ����� ����� ����� ����� ����
=LQF�� PJ�O� ���� ����� �� ���� ��
,URQ�� PJ�O� ����� ����� ����� ����� �����
0DQJDQHVH�� PJ�O� ����� ����� ���� ����� �����

�
7DEOH����5HVXOWV�RI�PLFURSROOXWDQW�FRQFHQWUDWLRQ�OHYHOV�LQ�WKH�ZDWHU�VXSSO\�DQG�GULQNLQJ�ZDWHU��

GLVWULEXWLRQ�V\VWHP�LQ�0REDUDNHK�
'LVWULEXWLRQ�V\VWHP�0LFURSROOXWDQW� XQLW� :DWHU�VXSSO\� 0LQ�� 0D[�� 0HDQ� 0&/�

/HDG�� PJ�OLW� ���� ���� ����� ���� ���
&DGPLXP�� PJ�OLW� ����� ���� ���� ���� ��
&RSSHU�� PJ�O� ����� ���� ���� ���� ����
=LQF�� PJ�O� ���� ���� ���� ���� ��
,URQ�� PJ�O� ����� ����� ����� ����� �����
0DQJDQHVH�� PJ�O� ����� ����� ����� ����� �����

�
',6&866,21�
7KH� ZDWHU� VXSSOLHV� LQ� ERWK� =DULQVKDKU� DQG� 0REDUDNHK� VKRZHG� WKH� DYHUDJH� OHDG� FRQFHQWUDWLRQ� ���� DQG� ���� PJ�O�
UHVSHFWLYHO\��ZKLOH�WKH�FRQFHQWUDWLRQ�LQFUHDVHG�LQ�':'6�XS�WR�DYHUDJH�����DQG������$OVR�WKH�&G�FRQFHQWUDWLRQ�LQ�ZDWHU�
VXSSO\� LQ� =DUULQVKDKU� DQG�0REDUDNHK� ZHUH� ����� DQG� ����� ZKLOH� WKH� FRQFHQWUDWLRQ� LQFUHDVHG� XS� WR� ����� DQG� ���� PJ�O�
UHVSHFWLYHO\��,W�FDQ�EH�FRFOXGHG�WKDW�WKH�OHDNDJH�RI�3E�DQG�&G�FRXOG�WDNHQ�SODFH�YLD�WKH�FRUURVLRQ�RI�WKH�':'6��
/HDG�DQG�FDGPLXP�DUH� WKH� WZR�PRVW� LPSRUWDQW�E\�SURGXFWV�RI� WKH�FRUURVLRQ�SURFHVV�DQG�DUH�FRQVLGHUHG�DV� WKH�SULPDU\�
ZDWHU�VWDQGDUGV��$FFRUGLQJ�WR�WKH�UHSRUW�E\�WKH�,QWHUQDWLRQDO�&DQFHU�5HVHDUFK�2UJDQL]DWLRQ��OHDG�LV�FODVVLILHG�LQ�WKH�%%��
JURXS��ZKLOH�(3$�VXJJHVWV�FDGPLXP�WR�EH�FODVVHG�LQ�WKH�$$��JURXS�>�@��7KHLU�SUHVHQFH�LQ�':'6�DW�DQ\�FRQFHQWUDWLRQ�
LQGLFDWHV�WKH�FRUURVLYH�QDWXUH�RI�WKH�GLVWULEXWHG�ZDWHU��
$V�IRU�RWKHU�FRUURVLRQ�E\�SURGXFWV�VXFK�DV�FRSSHU��]LQF��LURQ��DQG�PDQJDQHVH�WKDW�DUH�LQ�WKH�VHFRQGDU\�VWDQGDUGV�DQG�WKHLU�
LPSDFWV�RQ�ZDWHU�DSSHDUDQFH�DUH�RI�JUHDWHU�FRQFHUQ�>�@��WKH�FRQFHQWUDWLRQV�ZHUH��OHVV�WKDQ�WKH�0&/��WDEOH���DQG����
$V�FRSSHU�SLSHV�DUH�QRW�FRPPRQ�LQ�,UDQLDQ�':'6��WKH�RQO\�VRXUFH�RI�FRSSHU�PD\�EH�FODLPHG�WR�EH�PRUH�LQ�EUDVV�WDSV�DQG�
YDOYHV�XVHG�LQ�KRPHV��7KHLU�SUHVHQFH�LQ�ZDWHU�FDQ�LQGLFDWH�WKH�FRUURVLYH�QDWXUH�RI�ZDWHU�ZKLFK�LQWURGXFHV�WKLV�PHWDO�LQWR�
ZDWHU�DIWHU�WKH�LQQHU�ZDOOV�RI�WKH�WDSV�DUH�FRUURGHG�DZD\���7KH�VWXG\�VKRZHG�WKDW�]LQF�LQ�����DQG�����RI�WKH�VDPSOHV�LQ�
0REDUDNHK�DQG�=DUULQVKDKU�UHVSHFWLYHO\���H[FHHGHG�WKH�0&/��ILJXUH���DQG�����
:KLOH�LQ�,UDQ�WKH�JDOYDQL]HG�SLSH�KDYH�D�YHU\�KLJK�SHUFHQWDJH�RI�]LQF�UDWKHU�WKDQ�FRSSHU��LW�FRXOG�EH�FRQFOXGHG�WKDW�WKH�
³/HDG�DQG�&SSHU�UXOH´�FRXOG�EH�UHSODFHG�E\�³/HDG�DQG�=LQFH�UXOH´�IRU�FRRURVLRQ�FRQWURO�RI�WKH�':'6�LQ�DQ\�DUHD�ZKLFK�
KDYH�D�VLPLODU�VLWXDWLRQV��
7KH�UHVXOWV�RI�WKH�VWXG\�DOVR�UHYHDOHG�WKH�OHDNDJH�RI�LURQ�LQWR�WKH�':'6�ZKLFK�LV�VLPLODU�WR�WKH�RWKHU�PLFURSROOXWDQWV���WKH�
WUHQG� � RI� LQFUHDVLQJ� WKH� FRQFHQWUDWLRQ� �ZHUH� � VLPLODU� IRU� WKH� WZR� WRZQV��7KH� SHUFHQWDJH� RI� WKH� H[FFHGHG� WKH�0&/� DUH�
SUHVHQWHG�LQ�ILJ���DQG���IRU�WKH�WRZQV�VWXGLHG��
�
6800$5<�$1'�&21&/86,21�
&RPSDULQJ� WKH�FRQFHQWUDWLRQ�RI� WKH�PLFURSROOXWDQWV�RI�ZDWHU�VRXUFHV�IRU� WKH� WZR�WRZQV�ZLWK� WKH�':'6��WKH�VLJQLILFDQW�
OHDNDJH�RI�WKHVH�PHWDOV�REVHUYHG��7KH�UHVXOWV�RI�WKH�VWXG\�DOVR�VKRZHG�WKDW�WKH�FRQFHQWUDWLRQ�RI�3E�LQ�����DQG�����IRU�
=DULQVKDKU�DQG�0REDUDNHK�UHVSHFWLYHO\�H[FHHGHG�WKH�DFWLRQ�OHYHO�EDVHG�RQ�³/HDG�DQG�&RSSHU�5XOH´���
³/HDG�DQG�&RSSHU�5XOH´�FRXOG�EH�UHSODFHG�E\�³/HDG�DQG�=LQF�5XOH´IRU�WKH�':'6�RI�WKH�FLWLHV�ZLWK�D�KLJKHU��SHUFHQWDJH�
RI�=LQF�WKDQ�FRSSHU�LQ�WKH�DOOR\V�RI�WKH�SLSHV��IDFHWV��ILWWLQJ��HFW��
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