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7KH�$VVHVVPHQW�RI�WKH�4XDOLW\�RI�:DWHU�7UHDWPHQW�3ODQWV
(IIOXHQW�RI�%DVUDK�&LW\�IRU�,UULJDWLRQ

'U��$KPHG�1DVHK�$KPHG�+DPGDQ
(QJLQHHULQJ�&ROOHJH��8QLYHUVLW\�RI %DVUDK���%DVUDK���,5$4�

(PDLO���DKPHGBQBDKPHG����#\DKRR�FRP

$EVWUDFW�

7KH� VWXG\� LQFOXGHG� WKH� DVVHVVPHQW� RI� WKH� TXDOLW\� RI� WKH� HIIOXHQW� RI� ZDWHU�
WUHDWPHQW� SODQWV� IRU� LUULJDWLRQ� XVHV�� (OHYHQ� ZDWHU� WUHDWPHQW� SODQWV� ZHUH� VHOHFWHG� LQ�
%DVUDK� FLW\� FHQWHU� DQG� VXUURXQGLQJ� DUHDV� ZKLFK� DUH� $O�EUDGDLDK��� $O�EUDGDLDK��� $O�
5LEDW��5�=HUR��*DUPPD���*DUPPD���$O�0DTLO�� $O� -XELOD�� 6KDWW�$OB$UDE��$O�+DUWKD��
DQG�$O� %DVUDK� XQLILHG�� 2QH� VDPSOH�PRQWKO\�ZHUH� WDNHQ� IURP� WKHVH� VWDWLRQV
� HIIOXHQW�
GXULQJ� -DQXDU\� WR� 'HFHPEHU� ������ DQG� WKH� ZDWHU� VDPSOHV� ZHUH� DQDO\]HG� IRU� S+��
HOHFWULFDO� FRQGXFWLYLW\� �(&��� DONDOLQLW\�� FDOFLXP� �&D����� PDJQHVLXP� �0J����� FKORULGH�
�&O���� VXOSKDWH� �62���� WRWDO� GLVVROYHG� VROLGV� �7'6��� VRGLXP� �1D���� SRWDVVLXP� �.���
ELFDUERQDWH�+&2����DQG�FDUERQDWH� �&2������6RGLXP�$GVRUSWLRQ�5DWLR� �6$5���6ROXEOH�
6RGLXP�3HUFHQWDJH� �663���([FKDQJHDEOH�6RGLXP�3HUFHQWDJH� �(63���5HVLGXDO�6RGLXP�
&DUERQDWH� �56&��ZHUH�FDOFXODWHG�E\�XVLQJ�VWDQGDUG�HTXDWLRQV��EXW�(&�DQG�6$5�ZHUH�
SORWWHG�RQ�5LFKDUG�GLDJUDP�LW�LV�LOOXVWUDWHG�WKDW�ZDWHU�VDPSOHV�RI�5� =HUR�DQG�$O� 0DTLO��
ORFDWHG�LQ�WKH�FODVV�RI�&��6��UHSUHVHQWLQJ�KLJK�VDOLQLW\�ZLWK�ORZ�VRGLXP��ZKLFK�FDQ�EH�
XVHG�IRU�LUULJDWLRQ�WR�DOO�VRLO�W\SHV�ZLWK�D�PLQLPXP�ULVN�RI�H[FKDQJHDEOH�VRGLXP��ZDWHU�
VDPSOHV�RI�$O� %UDGDLDK���$O� %UDGDLDK���*DUPPD�� ��*DUPPD���$O�-XEDLOD�DQG�6KDWW�
$O�$UDE�ORFDWHG�LQ�WKH�FODVV�RI�&��6���RI�YHU\�KLJK�VDOLQLW\�DQG�PHGLXP�VRGLXP�ZKLFK�
LV�FRQVLGHUHG�SRRU��$O� %DVUDK�XQLILHG��$O�+DUWKD�DQG�$O�5LEDW� ORFDWHG�LQ�WKH�FODVV�RI�
&��6�� RI� KLJK� VDOLQLW\� DQG� PHGLXP� VRGLXP�� ZKLFK� LV� FRQVLGHUHG� DV� 0DUJLQDO�� 7KH�
UHVXOWV� RI� WKH� VWXG\� UHYHDOHG� WKDW� 5� =HUR�� $O� 0DTLO� KDV� D� JRRG� ZDWHU� TXDOLW\� IRU�
LUULJDWLRQ�DQG�WKH�UHVW�QHHG�D�PRUH�LQWHUHVWLQJ�LQ�WUHDWPHQW��RU�UHGXFH�WKH�UDWH�RI�PL[LQJ�
ZLWK�6KDWW�$O±$UDE�5LYHU�

.H\�ZRUGV� :DWHU� WUHDWPHQW� SODQW�� ,UULJDWLRQ�ZDWHU�� TXDOLW\� DVVHVVPHQW�� 3LSHU�
GLDJUDP��5LFKDUG�GLDJUDP��6$5
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�� ,QWURGXFWLRQ

%DVUDK�LV�WKH�VHFRQG�ODUJHVW�FLW\�LQ�,UDT�DQG�KDV�KDG�D�ZDWHU�VXSSO\�SUREOHP�IRU�
GHFDGHV��%DVUDK�JRYHUQRUDWH�ZLWK�D�SRSXODWLRQ�RI�PRUH� WKDQ� WZR�PLOOLRQ� LV� ORFDWHG�DW�
WKH�IDUWKHVW�GRZQVWUHDP�HQG�RI�WKH�(XSKUDWHV�7LJULV�ULYHU�V\VWHP��+LVWRULFDOO\�WKH�XUEDQ�
DUHDV� LQ� WKH� JRYHUQRUDWH� REWDLQHG� WKHLU�ZDWHU� VXSSO\� IURP�DGMDFHQW� VXUIDFH�ZDWHUV�� ,Q�
%DVUDK�� WKH�6KDWW� DO�$UDE�5LYHU VHUYHG� DV� WKH�PDLQ� VRXUFH� IRU�ZDWHU� VXSSO\��7KHUH� LV
VHYHUDO�WUHDWPHQW�SODQWV�ORFDWHG�DORQJVLGH�6KDWW�$O�$UDE�5LYHU DQG�VRPH�IXUWKHU�DZD\��
0RVW�RI�WKHVH�SODQWV�DUH�ROG��FRQYHQWLRQDO�WUHDWPHQW�SODQWV��GXH�WR�WKH�LQFUHDVH�LQ�WRWDO�
GLVVROYHG� VROLGV� �7'6�� WR� WKH� OHYHO� RI� PRUH� WKDQ� ����� PJ�O� DQG� DQ� LQFUHDVH� LQ�
FRQWDPLQDWLRQ�OHYHOV��DQ�DOWHUQDWH�VRXUFH�RI�ZDWHU�KDG�WR�EH�IRXQG��7KLV�QHZ�VRXUFH�ZDV�
WKH�*KDUUDI�5LYHU��ZKLFK�LV�D�WULEXWDU\�RI�WKH�7LJULV��EXW�ZLWK�D�7'6�OHYHO�RI�DERXW�����
PJ�O� ZKLFK� PDGH� LW� DFFHSWDEOH� DV� D� VRXUFH� IRU� GULQNLQJ� ZDWHU� ,Q� WKH� ����¶V� 6ZHHW�
:DWHU�&DQDO��6:&���ZDV�FRQVWUXFWHG�WR�EULQJ�WKLV�QHZ�VRXUFH�RI�ZDWHU�WR�%DVUDK��7KLV�
XQWUHDWHG�ZDWHU�IORZHG�WR�D�SRLQW��5�=HUR��MXVW�ZHVW�RI�%DVUDK��6RPH�RI�WKH�ZDWHU�ZDV�
WUHDWHG�QHDU�5�=HUR��EXW�PRVW�RI�LW�ZDV�SLSHG�WR�WKH�LQWDNHV�RI�H[LVWLQJ�SODQWV�LQ�%DVUDK�
DQG�RWKHU�FLWLHV�LQ�WKH�JRYHUQRUDWH�ZKHUH�LW�UHSODFHG�WKH�ZDWHU�IRUPHUO\�ZLWKGUDZQ�IURP�
6KDWW�$O�$UDE�ULYHU�RU�WKH�DGMDFHQW�VWUHWFKHV�RI�WKH�(XSKUDWHV�ULYHU��:DWHU�WUHDWPHQW�LQ�
WKH�JRYHUQRUDWH�XVHV�WKH�FRQYHQWLRQDO�FRDJXODWLRQ�ILOWUDWLRQ�SURFHVV�ZKLFK�LV�VXLWHG�IRU�
PRVW�VXUIDFH�ZDWHU�EXW�ZLOO�QRW�ORZHU�7'6�OHYHOV��6LQFH�SHRSOH�EHJLQ�WR�QRWLFH�DQG�ILQG�
GLVDJUHHDEOH�7'6�OHYHOV�ZKLFK�LV�LQ�WKH�UDQJH�RI�����WR������PJ�O�UDQJH��RU�PRUH�WKDQ�
WKDW�LQ FHUWDLQ�GD\V�RI�WKH�\HDU� ,Q�JHQHUDO�WKH�WUHDWHG�ZDWHU�TXDOLW\�DW�WKH�WDS�LV�SRRU�DQG�
LV� RQO\� DFFHSWDEOH� IRU� SXUSRVHV� RWKHU� WKDQ� GULQNLQJ� DQG� FRRNLQJ�� 'ULQNLQJ� ZDWHU� LV�
XVXDOO\�SXUFKDVHG��52�ZDWHU��IURP�SULYDWH�VXSSOLHUV�LQ�FRQWDLQHUV�RU�GHOLYHUHG�LQ�EXON
E\�WDQNHU� $JULFXOWXUH�DUHDV�VXFK�DV�KRPHV
�JDUGHQ�LV�GHSHQGHQW�RQ�WUHDWHG�ZDWHU�VXSSO\�
RI� XVDEOH� TXDOLW\� IRU� ,UULJDWLRQ�� EXW� LW� KDV� VHHQ� LQ� UHFHQW� \HDUV� D� GHWHULRUDWH� LQ�
DJULFXOWXUH��7KH�VXLWDELOLW\�RI�ZDWHU�IRU�LUULJDWLRQ�GHSHQGV�RQ�D�YDULHW\�RI�IDFWRUV��PRVW�
UHOHYDQW� DQG� LPSRUWDQW� DUH�� VDOLQLW\� FRQFHQWUDWLRQ� RI� 7RWDO� 'LVVROYHG� 6ROLG� �7'6���
H[SUHVVHG� LQ� (&� XQLW�� LQ� LUULJDWLRQ�ZDWHU��ZKLFK�PDLQO\� DIIHFWV� FURS� � \LHOGV�� HOHPHQW�
WR[LFLW\�FRQFHQWUDWLRQ�RI�FHUWDLQ�LRQV��ZKLFK�PD\�EH�WR[LF�WR�SODQWV�RU�KDYH�XQIDYRUDEOH�
HIIHFWV� RQ� FURSV�� VRLOV� DQG� SXEOLF� KHDOWK� DQG� VRGDOLW\ FRQFHQWUDWLRQ� RI� FDWLRQV��ZKLFK�
PD\� FDXVH� GH�IORFFXODWLRQ� RI� FOD\V� LQ� VRLOV� UHVXOWLQJ� GDPDJH� WR� VRLO� VWUXFWXUH� DQG�
SHUPHDELOLW\� �6$5��� 7KH� VXLWDELOLW\� RI� ZDWHU� IRU� LUULJDWLRQ� YDULHV� DFFRUGLQJ� WR� FURSV��
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W\SHV� DQG�SHUPHDELOLW\�RI� VRLOV� DQG�FOLPDWH��7KHUHIRUH� LUULJDWLRQ�ZDWHU�TXDOLW\� FULWHULD�
GHYHORSHG�E\�86�VDOLQLW\�ODERUDWRU\�KDV�UHFHLYHG�DFFHSWDQFH�LQ�PDQ\�FRXQWULHV�>�@��7KH�
SUHVHQW� VWXG\�ZDV�PDLQO\� OHDG� WR�PHDVXUH� DQG� DQDO\]H� WKH� WUHDWHG�ZDWHU ZKLFK�ZHUH�
FRPH� � IURP�FRQYHQWLRQDO�ZDWHU� WUHDWPHQW�SODQW�DQG�PXOWLSOH�SDFNDJH�XQLWV� �038V�� LQ�
%DVUDK�FLW\�IRU�DYDLODELOLW\�IRU�LUULJDWLRQ��ZDWHU�TXDOLW\�SDUDPHWHUV�RI�WUHDWHG�:DWHU�VXFK�
DV� (&�� 7'6�� 6RGLXP� DGVRUSWLRQ� UDWLR�6$5��� 6ROXEOH� 6RGLXP� 3HUFHQWDJH�663���
([FKDQJHDEOH� 6RGLXP� 3HUFHQWDJH� �(63�� �� 5HVLGXDO� 6RGLXP� &DUERQDWH� �56&��� S+�
$IIHFW�� FKORULGH� KD]DUG�� 0DJQHVLXP� +D]DUG�� DQG� 6XOIDWH� WKDW� FRXOG� SUREDEO\� LPSDFW�
IRRG�VDIHW\�RI�LUULJDWLRQ�FURSV�

�� 3RWDEOH�:DWHU�7UHDWPHQW

7DEOH���OLVW�WKH�ZDWHU�WUHDWPHQW�SODQWV�LQ�WKH�JRYHUQRUDWH�RI�%DVUDK�DQG�VRPH�RI�
QHDUHVW�GLVWULFWV�ZKLFK�LV�VXEVLGLDU\�WR�LW��ZKLFK�JLYH�VRPH�GHWDLOV�RI�WKH�SURFHVVHV�XVHG�
DW�HDFK�SODQW��0RVW�RI�WKH�WUHDWPHQW�SODQWV�UHFHLYH�UDZ�ZDWHU�IURP�5�=HUR��ORFDWHG�DW�WKH�
HQG�RI� WKH�6ZHHW�:DWHU�&DQDO� �6:&���7KH� LQWDNH�RI� WKH�6:&� LV� DW�%DGD¶D�QHDU�$VK�
6KDWUD� RQ� WKH� *KDUUDI� 5LYHU�� D� EUDQFK� RI� WKH� 7LJULV�� QRUWK� RI� $Q� 1DVLUL\D� LQ� WKH�
*RYHUQRUDWH�RI�'KL�4DU��7KH�6:&�HQGV�QHDU�$O� %DVUD�,QWHUQDWLRQDO�$LUSRUW�DW�D�VSRW�
FDOOHG�5�=HUR��0DQ\�RI�WKH�SODQWV�DUH�ORFDWHG�QHDU WR�6KDWW�DO�$UDE�5LYHU��6$$����VHH�
)LJ���� DQG�FDQ�DOVR�GUDZ�UDZ�ZDWHU�IURP�WKH�6KDWW�DO�$UDE�5LYHU LI�UHTXLUHG��6KDWW�$O�
$UDE�5LYHU ZDV�%DVUDK¶V�RULJLQDO� IUHVKZDWHU�VRXUFH�DQG�KHQFH�DOO� WKH�ZDWHU� WUHDWPHQW�
SODQWV�ZHUH� FRQVWUXFWHG� RQ� LWV� EDQNV��+RZHYHU�� WKH� UHGXFWLRQ�RI� IUHVK� IORZV� IURP� WKH�
7LJULV�DQG�(XSKUDWHV�5LYHUV�RYHU�WLPH�UHVXOWHG�LQ�VHDZDWHU�LQWUXVLRQ�DGYDQFLQJ�LQODQG��
LQFUHDVLQJ�WKH�VDOLQLW\�RI�WKH�6KDWW�$O�$UDE�ULYHU�ZDWHU��DOVR�XVLQJ�WKH�,UDTL�ULYHU�V\VWHP�
DV� D� SRLQW� RI� GLVFKDUJH� IRU� DJULFXOWXUDO� GUDLQDJH� ZDWHU� DQG� VHZDJH� KDV� IXUWKHU�
DJJUDYDWHG�WKH�SUREOHP�RI�ZDWHU�TXDOLW\�LQ�WKH�6KDWW�$O�$UDE�ULYHU��LQFUHDVLQJ�WKH�7'6�
OHYHOV� LQ� 6KDWW� $O� $UDE� ULYHU� IURP� DQ� DYHUDJH� RI� ������ PJ�O� LQ� ����� WR� DQ� DYHUDJH�
H[FHHGHG�WKH�������PJ�O�LQ�WKH�\HDU�RI ������WKDW¶V�GXH�WR�GDPV�WKDW�ZHUH�FRQVWUXFWHG�
RQ�WKH�7LJULV�DQG�WKH�(XSKUDWHV�XSVWUHDP�RI�%DVUD�LQ�,UDT��7XUNH\��DQG�6\ULD� $OPRVW�DOO�
ZDWHU�WUHDWPHQW�SODQWV�XVH�DOXPLQXP�VXOSKDWH��DOXP��DV�D�FRDJXODQW��EXW�LW�LV�UDUHO\�IXOO\�
HIIHFWLYH� EHFDXVH� RI� GRVLQJ� HTXLSPHQW� EUHDNGRZQV�� 8QLYHUVDO� GLVLQIHFWLRQ� XVLQJ�
FKORULQH�JDV�LV�LQWHQGHG�EXW�YHU\�IHZ�LWHPV�RI�GRVLQJ�HTXLSPHQW�IXQFWLRQ�DV�GHVLJQHG�
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*DUPPD�� ������� ������� ���� 6:&�	�*DUPDW�$OL�
5LYHU

03
8*DUUPD�� ������ ������ ���� 6:&�	�*DUPDW�$OL�

5LYHU
03

$O�0DTLO ������ ������ ���� 6:&�	�6$$ &RQ
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$O�-XELOD ������� ����� ���� 6:&�	�6$$ &RQ

6KDWW�$O�
$UDE

������ ������ ���� 6:&�	�6$$ &RQ

$O�+DUWKD ������� ����� ���� 6:&�	�6$$ 03
8$O�%DVUDK ������� ������� ���� 6:&�	�6$$ &RQ

)LJ����:DWHU�WUHDWPHQW�SODQW�ORFDWLRQV�LQ�&HQWHU�RI�%DVUDK�FLW\�DQG�VXUURXQGLQJ�
DUHDV�

�� 0HWKRGRORJ\

(OHYHQ� ZDWHU� WUHDWPHQW� SODQW� HIIOXHQW� ZHUH� VHOHFWHG� WR� VWXG\� � WKH� DYDLODELOLW\� RI��
ZDWHU�VXSSO\�IRU�%DVUDK�FLW\�WR�LUULJDWH�WKH�DJULFXOWXUDO�DUHDV��DV�VKRZQ�LQ�)LJ������7KH�
VDPSOHV�ZHUH�WDNHQ�PRQWKO\�IURP�HDFK�:73�GXULQJ�RQH�\HDU�RI�������(DFK�VDPSOH�ZDV�
DQDO\]HG� WR� GHWHUPLQHG� WZHOYH� SDUDPHWHUV� LQFOXGLQJ� S+�� HOHFWULFDO� FRQGXFWLYLW\� �(&���
DONDOLQLW\�� FDOFLXP� �&D����� PDJQHVLXP� �0J����� FKORULGH� �&O���� VXOSKDWH� �62���� WRWDO�
GLVVROYHG� VROLGV� �7'6��� VRGLXP� �1D���� SRWDVVLXP� �.��� ELFDUERQDWH� �+&2���� DQG�
FDUERQDWH��&2�

�����E\�XVLQJ�VWDQGDUG�SURFHGXUHV�JXLGHOLQHV�IURP�([DPLQDWLRQ�RI�:DWHU�
DQG�:DVWHZDWHU� � �$3+$�������� >�@� �� 7KHVH� SDUDPHWHUV� HVVHQWLDOO\� FRQVLVW� RI� FHUWDLQ�
SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV�RI�ZDWHU�WKDW�DUH�XVHG�LQ�WKH�DVVHVVPHQW�RI�ZDWHU�
TXDOLW\� IRU� DJULFXOWXUDO� 7KH� VXLWDELOLW\�RI� �ZDWHU� IRU�GULQNLQJ��GRPHVWLF� DQG� LUULJDWLRQ�
SXUSRVHV� ZHUH� DVVHVVPHQW� GHSHQGLQJ� RQ� WKH� FODVVLILFDWLRQ� RI� 86� 6DOLQLW\ /DERUDWRU\�
�866/��E\�FDOFXODWLQJ�LUULJDWLRQ�TXDOLW\�SDUDPHWHUV�OLNH��6RGLXP�DGVRUSWLRQ�UDWLR�6$5���
6ROXEOH� 6RGLXP� 3HUFHQWDJH�663��� ([FKDQJHDEOH� 6RGLXP� 3HUFHQWDJH� �(65��� 5HVLGXDO�
6RGLXP�&DUERQDWH��56&���S+�$IIHFW��FKORULGH�KD]DUG��0DJQHVLXP�+D]DUG��DQG�6XOIDWH��
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&RUUHODWLRQ�RI�DQDO\WLFDO�GDWD�KDV�EHHQ�DWWHPSWHG�E\�SORWWLQJ�D JUDSKLFDO�UHSUHVHQWDWLRQ�
FDOOHG�3LSHU GLDJUDP�>�@�

�� ,UULJDWLRQ�:DWHU�4XDOLW\�$VVHVVPHQW

7KH� FKDUDFWHULVWLFV� RI� LUULJDWLRQ� ZDWHU� ZKLFK� DUH� LPSRUWDQW� LQ� GHWHUPLQLQJ� LWV�
TXDOLW\�DUH�
����6DOLQLW\�+D]DUG�

6DOLQLW\�KD]DUG�LV�WKH�PDLQ�SRZHUIXO�ZDWHU�TXDOLW\�JXLGHOLQH�RQ�FURS�SURGXFWLYLW\�
DV�PHDVXUHG�E\�HOHFWULFDO�FRQGXFWLYLW\�� LW� UHIOHFWV�7'6�LQ�ZDWHU��7KH�DPRXQW�RI�ZDWHU�
WUDQVSLUHG�WKURXJK�D�FURS�LV�GLUHFWO\�UHODWHG�WR�\LHOG��WKHUHIRUH��LUULJDWLRQ�ZDWHU�ZLWK�KLJK�
(&�UHGXFHV�\LHOG�SRWHQWLDO�DQG�FDQ�UHVXOW�LQ�D�SK\VLRORJLFDO�GURXJKW�FRQGLWLRQ��7KDW�LV��
HYHQ� WKRXJK� WKH� ILHOG� DSSHDUV� WR� KDYH� SOHQW\� RI�PRLVWXUH�� WKH� SODQWV�ZLOW� EHFDXVH� WKH�
URRWV�DUH�XQDEOH�WR�DEVRUE�WKH�ZDWHU��7DEOH����VKRZQ�WKH�FULWHULRQ�ZKLFK�XVHG�WR�DVVHVV�
WKH�TXDOLW\�RI�ZDWHU�IRU�XVH�LQ�DJULFXOWXUH�FRQFHUQLQJ�WR�VDOLQLW\�KD]DUG��

7DEOH����6DOLQLW\�KD]DUG�JXLGHOLQHV�IRU�GHWHUPLQDWLRQ�RI�ZDWHU�TXDOLW\�IRU�
LUULJDWLRQ�6RXUFH�)$2�������>�@

����6RGLXP�+D]DUG

6RGLXP� KD]DUG� LV� QRUPDOO\� H[SUHVVHG� DV� WKH� VRGLXP� DGVRUSWLRQ� UDWLR� �6$5��� 7KLV�
LQGH[� TXDQWLILHV� WKH� SURSRUWLRQ� RI� VRGLXP� �1D��� WR� FDOFLXP� �&D���� DQG� PDJQHVLXP�
�0J���� LRQV� LQ� D� VDPSOH�� 6$5� LV� FRQVLGHUHG� D� EHWWHU� PHDVXUH� RI� VRGLXP� KD]DUG� LQ�
LUULJDWLRQ�DV�LW�LV�GLUHFWO\�UHODWHG�WR�WKH�DGVRUSWLRQ�RI�VRGLXP�E\�VRLO�DQG�SUHYHQW�ZDWHU�
VXSSO\� ZKLFK� QHHGHG� IRU� WKH� FURSV� E\� UHGXFLQJ� WKH� SHUPHDELOLW\� RI� VRLO� >�@�� 6$5� LV�
FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ��

ܴܣܵ ൌ
ே௔

ඥሺ஼௔ାெ௚ሻȀଶ
«««««««««��

:KHUH��
1D���&D�� DQG�0J�� DUH LQ�PLOOL�HTXLYDOHQW�SHU�OLWHU���PHT�O���

7KHUH�LV�D�PDMRU�UHODWLRQVKLS�EHWZHHQ�6$5�YDOXHV�RI�LUULJDWLRQ�ZDWHU�DQG�WKH�DPRXQW�WR�
ZKLFK� VRGLXP� LV� DEVRUEHG�E\� WKH� VRLOV��&RQWLQXHG�XVH�RI�ZDWHU�ZLWK�KLJK�6$5�YDOXH�
OHDGV� WR� D� EUHDNGRZQ� LQ� WKH� SK\VLFDO� VWUXFWXUH� RI� WKH� VRLO� FDXVHG� E\� LPPRGHUDWH�
DPRXQWV�RI�FROORLGDO DGVRUEHG�VRGLXP��7KH�VRLO�WKHQ�EHFRPHV�KDUG�DQG�FRPSDFW�ZKHQ�
GU\�DQG�LQFUHDVLQJO\�LPSHUYLRXV�WR�ZDWHU�LQILOWUDWLRQ��7DEOH���UHSUHVHQW�D�FODVVLILFDWLRQ�
RI�LUULJDWLRQ�ZDWHU�EDVHG�RQ�6$5�YDOXHV�
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7DEOH����,UULJDWLRQ�ZDWHU�FODVVLILFDWLRQ�EDVHG�RQ�6$5�YDOXHV�>�@

����6ROXEOH�6RGLXP�3HUFHQWDJH

7KH� VRGLXP� LV� SDUWLFXODUO\� LPSRUWDQW� DPRQJ� WKH� SRVLWLYH� LRQV� GXH� WR� D� VHYHUH�
LPSDFW�RQ�WKH�VRLO��ZKHUH�WKH�VRLO�FRQWDLQ�VRGLXP�WHQGV�WR�GLVSHUVHG DQG�IRUP�D�FRKHUHQW�
FUXVW�ZKHUH� GURXJKW� UHGXFHV� WKH� JURZWK� RI� SODQWV� DQG� VHHGOLQJV� SHQHWUDWH� WKH� (DUWK
V�
VXUIDFH��663�DQG�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

:KHUH�� DOO�LRQLF�FRQFHQWUDWLRQV�DUH�LQ�PHT�O�
,UULJDWLRQ�ZDWHU�ZLWK�663�JUHDWHU�WKDQ�����PD\�UHVXOW�LQ�DFFXPXODWLRQ�RI�VRGLXP�DQG�

SUREDEO\� GHWHULRUDWLRQ WKH� VWUXFWXUH� RI� VRLO�� LQILOWUDWLRQ�� DHUDWLRQ� DQG� UHGXFLQJ� VRLO�
SHUPHDELOLW\�>�@�

����([FKDQJHDEOH 6RGLXP�3HUFHQWDJH

([FKDQJHDEOH� 6RGLXP� 3HUFHQWDJH� �(63�� LV� DQ� LQGLFDWRU� IRU� VRLO� VWUXFWXUH�
GHWHULRUDWLRQ��
,I�(63�LV�KLJK�WKDW¶V�PHDQ�KLJK�VRGLXP�LRQ�FRQFHQWUDWLRQ�LQ�WKH�ZDWHU��DQG�WKDW¶V�OHDG�WR�
GLVSHUVLQJ� VRLOV� E\� UHSODFLQJ� WKH� FDOFLXP� DQG�SDUWO\� RI� WKH�PDJQHVLXP� LRQV� IURP� VRLO�
H[FKDQJH�FRPSOH[�

7KH�UHTXLUHG�YDOXH�RI�(63�LV���RU�OHVV�WKDQ����LI�YDOXHV�RI�(63�EHWZHHQ���DQG���
PHDQ�LQFUHDVLQJ�SUREOHPV�ZLWK�SHUPHDELOLW\�DQG�VRLO�LQILOWUDWLRQ��HVSHFLDOO\�LQ�FOD\�VRLO��
(63�YDOXHV�JUHDWHU�WKDQ����PHDQ�VHULRXV�SUREOHPV�IRU�VRLOV�>�@�

(63�YDOXH�IRU� LUULJDWLRQ�ZDWHU�FDQ�EH�GHWHUPLQHG�IURP WKH�IROORZLQJ�HPSLULFDO�
HTXDWLRQ��

(63� 

)URP�DERYH� WKUHH�PHQWLRQHG IRUPXODV�� WKH� UDWLR� RI�6$5�ZDV� DGRSWHG� LQ�PRVW�
LUULJDWLRQ�ZDWHU�FODVVLILFDWLRQV�EDVHG�RQ�WKH�ULVN�RI�VRGLXP�

+D]DUG6$5/HYHO
1R�KDUPIXO�HIIHFWV�IURP�VRGLXP����6�

$SSUHFLDEOH�VRGLXP�KD]DUG�LQ�ILQH�WH[WXUHG�VRLOV�EXW�FRXOG�EH�XVHG�
RQ�VDQG\�VRLOV�ZLWK�JRRG�SHUPHDELOLW\�

��±��6�

+DUPIXO�HIIHFWV�FRXOG�EH�DQWLFLSDWHG�LQ�PRVW�VRLOV�DQG�DPHQGPHQWV�
VXFK�DV�J\SVXP�ZRXOG�EH�QHFHVVDU\�WR�H[FKDQJH�VRGLXP�LRQV�

��±��6�

*HQHUDOO\�XQVDWLVIDFWRU\�IRU�LUULJDWLRQ���6�

663 ����
୒ୟ

ሺ େୟ ା୑୥ ା୒ୟ ା ୏ ሻ
«««««««���
��� ���

ሺ ଴Ǥ଴ଵସ଻ହ ൈ ୗ୅ୖ ି ଴Ǥ଴ଵଶ଺ሻ

ሺ ଵା ሺ଴Ǥ଴ଵସ଻ହ ൈ ୗ୅ୖି ଴Ǥ଴ଵଶ଺ ሻሻ
ൈ ͳͲͲ ««««««««�
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�����5HVLGXDO�6RGLXP�&DUERQDWH

7KH� H[FHVV� VXP� RI� FDUERQDWH� DQG� ELFDUERQDWH� LQ� WKH� ZDWHU� RYHU� WKH� VXP� RI�
FDOFLXP�DQG�PDJQHVLXP�DOVR�DIIHFWV� WKH�VXLWDELOLW\�RI�ZDWHU�IRU� LUULJDWLRQ�SXUSRVHV�� ,Q�
WKH�ZDWHUV�KDYLQJ�KLJK� FRQFHQWUDWLRQV�RI�ELFDUERQDWH�� WKHUH� LV� D� WHQGHQF\� IRU� FDOFLXP�
DQG�PDJQHVLXP�WR�SUHFLSLWDWH�DV� WKH�ZDWHU� LQ� WKH�VRLO�EHFRPHV�PRUH�FRQFHQWUDWHG��$Q�
H[FHVV�TXDQWLW\�RI�FDUERQDWH�DQG�VRGLXP�ELFDUERQDWH�LV�FRQVLGHUHG�WR�EH�LQMXULRXV�WR�WKH�
SK\VLFDO�SURSHUWLHV�RI�VRLOV�DV�LW�FDXVHV�GLVVROXWLRQ�RI�RUJDQLF�PDWWHU�LQ�WKH�VRLO��ZKLFK�
LQ�WXUQ�OHDYHV�D�EODFN�VWDLQ�RQ�WKH�VRLO�VXUIDFH�RQ�GU\LQJ��+HQFH��WKH�UHODWLYH�SURSRUWLRQ�
RI�VRGLXP�LQ�WKH�ZDWHU�LV�LQFUHDVHG�LQ�WKH�IRUP�RI�VRGLXP�FDUERQDWH��GHQRWHG�DV�UHVLGXDO�
VRGLXP� FDUERQDWH� �56&��� >�@� �� 7DEOH� ����� VKRZ�56&� UDQJH� YDOXHV� DQG� FRUUHVSRQGLQJ�
SRWHQWLDO�XVH��56&�LV�GHWHUPLQHG�E\�WKH�IROORZLQJ�HTXDWLRQ�� >��@�

56& ��&2�
�� ��+&2�

���� �&D��� 0J��������«««««««««««�

$OO�LRQ�FRQFHQWUDWLRQV�DUH�H[SUHVVHG�LQ�PHT�O�

7DEOH����&ODVVLILFDWLRQ�RI�LUULJDWLRQ�ZDWHU�EDVHG�RQ�6$5�YDOXHV�>�@

�����3+�$IIHFW

1RUPDO�3+�UDQJH�RI�ZDWHU�IRU�LUULJDWLRQ�LV�EHWZHHQ�����WR������ LUULJDWLRQ�ZDWHU�
ZLWK� D� S+� RXWVLGH� WKH� QRUPDO� UDQJH�PD\� FDXVH� QXWULWLRQDO� LPEDODQFH� RU�PD\� FRQWDLQ�
WR[LF� LRQ��ZKHUH� ORZ� S+�PD\� FDXVH� DFFHOHUDWHG� LUULJDWLRQ� V\VWHP� FRUURVLRQ� LQ�ZKLFK�
WKH\�RFFXU��+LJK�S+�DERYH���� DUH�RIWHQ�FDXVH�DFFHOHUDWHG�LUULJDWLRQ�V\VWHP�FRUURVLRQ�
ZKHUH�WKH\�RFFXU��+LJK�S+�DERYH�����DUH�RIWHQ�FDXVHG�E\�KLJK�ELFDUERQDWH��+&2����DQG�
FDUERQDWH��&2�

�����FRQFHQWUDWLRQV�>��@�

�����&KORULGH�+D]DUG

&KORULGH�LV�D�FRPPRQ�LRQ�LQ�LUULJDWLRQ�ZDWHU��$OWKRXJK�FKORULGH�LV�QHFHVVDU\�WR�
SODQW�LQ�YHU\�ORZ�DPRXQW��LW�FDQ�FDXVH�WR[LFLW\�WR�VHQVLWLYH�FURSV�DW�KLJK�FRQFHQWUDWLRQ�
�VHH�7DEOH����� ,I� WKH�FKORULGH�FRQWDPLQDWLRQ� LQ� WKH� OHDYHV�H[FHHGV� WKH� WROHUDQFH�RI� WKH�
FURS�� LQMXU\�V\PSWRPV�DUH�GHYHORSHG�VXFK�DV� OHDI�EXUQ�RU�GU\LQJ�RI� OHDI� WLVVXH��7KHVH�
V\PSWRPV� RFFXU� ZKHQ� OHDYHV� DFFXPXODWH� IURP� ���� WR� ���� SHUFHQW� FKORULGH�� ,W� LV� QRW�
DEVRUEHG�E\�WKH�VRLO�EXW�PRYHV�UHDGLO\�ZLWK�WKH�VRLO�ZDWHU�>��@�
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7DEOH����,UULJDWLRQ�:DWHU�&ODVVLILFDWLRQ�UHJDUGLQJ�WR�FKORULGH

�����0DJQHVLXP�+D]DUG
&DOFLXP DQG�PDJQHVLXP�LRQV�DUH�HVVHQWLDO�IRU�SODQW�JURZWK�EXW WKH\�PD\�EH�UHODWHG�

ZLWK� VRLO� DJJUHJDWLRQ�DQG� IULDELOLW\��+LJK�FRQFHQWUDWLRQ�RI� FDOFLXP�DQG�PDJQHVLXP� LQ�
LUULJDWLRQ�ZDWHU�PLJKW�EH�OHDGV�WR��LQFUHDVH�VRLO�S+��UHVXOWLQJ�LQ�UHGXFLQJ�DYDLODELOLW\�RI�
SKRVSKRUXV� :DWHU�FRQWDLQV�FDOFLXP�DQG�PDJQHVLXP�FRQFHQWUDWLRQ�KLJKHU�WKDQ����PHT�O�
����PJ�O�� FDQQRW� EH� XVHG� LQ� DJULFXOWXUH�� �0DJQHVLXP� LRQ� FRQFHQWUDWLRQ� DOVR� SOD\V� DQ�
LPSRUWDQW�UROH�LQ�SURGXFWLYLW\�RI�VRLO��,W�KDV�EHHQ�QRWHG�WKDW�LI�PDJQHVLXP�KD]DUG�LV�OHVV�
WKDQ� ���� WKH� ZDWHU� LV� VDIH� DQG� VXLWDEOH� IRU� LUULJDWLRQ� 0DJQHVLXP� KD]DUG� FDQ� EH�
FDOFXODWHG�IURP�WKH�IROORZLQJ�HTXDWLRQ�

««�««««««««�

:KHUH��
&D�DQG�0J�LRQV�DUH�H[SUHVVHG�LQ�PHT�O

�����6XOIDWH

6XOIDWH� �62��� LV� UHODWLYHO\� FRPPRQ� LQ�ZDWHU� DQG� KDV� QR�PDMRU� HIIHFW� RQ� WKH� VRLO�
RWKHU� WKDQ�FRQWULEXWLQJ� WR�WKH�WRWDO�VDOW�FRQWHQW�� ,I� LUULJDWLRQ�ZDWHU�FRQWDLQ�KLJK�VXOIDWH�
LRQV�WKDW�OHDGV�WR�UHGXFH�SKRVSKRUXV�DYDLODELOLW\�WR�SODQWV��,I�62��OHVV�WKDQ�����PJ�O�WKDW�
PHDQ�D�SUHIHUUHG�UDQJH�EXW�KLJKHU�WKDQ�����PJ�O�ZLOO�OHDGV�WR�DFLGLI\�WKH�VRLO>���@�

������86�6DOLQLW\�/DERUDWRU\¶V�GLDJUDP��5LFKDUG�GLDJUDP�

7KH� 86� VDOLQLW\� GLDJUDP� �5LFKDUG� GLDJUDP��� � )LJ��� � ZKLFK� LV� EDVHG� RQ� WKH�
FRPELQHG� HIIHFW� RI�(&� DQG�6$5�� KDV� EHHQ� XVHG� WR� DVVHVV� WKH� VXLWDELOLW\� RI�ZDWHU� IRU�
LUULJDWLRQ�>��@� 7KH�GLDJUDP�ZDV�GLYLGHG�LQWR����DUHDV�WKDW�ZHUH�XVHG�WR�UDWH�WKH�GHJUHH�
WR� ZKLFK� D� SDUWLFXODU� ZDWHU� PD\� JLYH� ULVH� WR� VDOLQLW\� SUREOHPV� DQG� XQGHVLUDEOH� LRQ�
H[FKDQJH� HIIHFWV� LQ� VRLO� �+HP�� ������� � WDEOH� ��� VKRZ� FODVVLILFDWLRQ� RI� ZDWHU� VDPSOHV�
DFFRUGLQJ�WR�5LFKDUG�GLDJUDP���

0+� ��
ெ௚

୑୥ାେୟ
כ ͳͲͲ
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)LJ���86�6DOLQLW\�/DERUDWRU\¶V�GLDJUDP

7DEOH�����&ODVVLILFDWLRQ�RI�ZDWHU�VDPSOHV�DFFRUGLQJ�WR�5LFKDUG�'LDJUDP
,QGH[ :DWHU�FODVV ,QGH[ :DWHU�FODVV
&�6� ([FHOOHQW &�6� $GPLVVLEOH
&�6� *RRG &�6� 0DUJLQDO
&�6� $GPLVVLEOH &�6� 0DUJLQDO
&�6� 3RRU &�6� 3RRU
&�6� *RRG &�6� 3RRU
&�6� *RRG &�6� 3RRU
&�6� 0DUJLQDO &�6� 9HU\�3RRU
&�6� $GPLVVLEOH &�6� 9HU\�3RRU

������SLSHU�GLDJUDP

SLSHU�GLDJUDP�LV�D�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�FKHPLVWU\�RI�D�ZDWHU�VDPSOHV��
6HSDUDWH� WHUQDU\�SORWV� VKRZ� WKH�FDWLRQV� DQG�DQLRQV��7KH�DSH[HV�RI� WKH� FDWLRQ�SORW� DUH�
FDOFLXP��PDJQHVLXP�DQG�VRGLXP�SOXV�SRWDVVLXP�FDWLRQV��7KH�DSH[HV�RI� WKH�DQLRQ�SORW�
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DUH� VXOSKDWH�� FKORULGH�DQG�FDUERQDWH�SOXV�K\GURJHQ�FDUERQDWH�DQLRQV��7KH� WZR� WHUQDU\�
SORWV�DUH� WKHQ�SURMHFWHG�RQWR�D�GLDPRQG��7KH�GLDPRQG� LV� D�PDWUL[� WUDQVIRUPDWLRQ�RI�D�
JUDSK�RI� WKH�DQLRQV��VXOIDWH���FKORULGH�� WRWDO�DQLRQV��DQG�FDWLRQV��VRGLXP���SRWDVVLXP�
�WRWDO�FDWLRQV��

�� 5HVXOWV�DQG�'LVFXVVLRQ

6WDWLVWLFDO� DQDO\VLV� RI� SDUDPHWHUV� IRU�PHDQ� DQQXDO� RI� \HDU� ������ � IRU� SK\VLFDO� DQG�
FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�WKH��HOHYHQ�VWDWLRQV��VDPSOHV�DUH�VKRZQ�LQ�7DEOH���

7DEOH�����PDMRU�LRQV�FRQFHQWUDWLRQV

7DEOH���VKRZV�� WKDW��PLQLPXP�(OHFWULFDO�FRQGXFWLYLW\��(&��RI�ZDWHU�ZDV�LQ�5�
=HUR�VWDWLRQ�ZKLFK�ZDV����� ȝ6�FP �������G6�P�DQG��PD[LPXP�(&�ZDV�LQ�$O� -XELOD�
VWDWLRQ�ZKLFK�ZDV�������ȝ6�FP �������G6�P���VHH�)LJ�������$OO�VWDWLRQV�ZHUH�LQ�VOLJKW�WR�
PRGHUDWH�UDQJH�DV�VKRZQ�LQ�WDEOH����0LQLPXP�7'6�ZDV�LQ�5�=HUR�ZKLFK�HTXDOV�WR�����
PJ�O�DQG�WKH�PD[LPXP�ZDV�LQ�$O�EUDGLDK��ZKLFK�ZDV�HTXDO�WR������PJ��O���VHH�)LJ�����
$OO� VWDWLRQV� ZHUH� ORFDWHG� LQ� VOLJKW� WR� PRGHUDWH� UDQJH� DV� LOOXVWUDWHG� LQ� WDEOH� ��� )RU�
FKORULGH�FRQFHQWUDWLRQV��&O���DOO�VDPSOHV�UDQJHG�IURP������WR�����PJ�O���WKH�PLQLPXP�
YDOXH� ZDV� LQ� 5� ]HUR� �����PJ�O�  � �����PHT�O�� DQG� WKH�PD[LPXP� YDOXH� ZDV� LQ� � $O�
EUDGLDK�� ����� PJ�O � ������ PHT�O��� WKH� LUULJDWLRQ� ZDWHU� FODVVLILFDWLRQ� UHJDUGLQJ� WR�
FKORULGH��WDEOH�����VKRZV�WKDW�5� ]HUR�LQGLFDWHV�D�QRQH�GHJUHH�RI�UHVWULFWLRQ�RQ�XVH�IRU�
VXUIDFH�LUULJDWLRQ�DQG�VOLJKW�WR�PRGHUDWH�GHJUHH�RI�UHVWULFWLRQ�IRU�VSULQNOHU�LUULJDWLRQ��$O�
-XEDLOD��$O�0DTLO��$O�+DUWKD�DQG�$O�%DVUDK�XQLILHG��DUH�ORFDWHG�LQ�WKH�UDQJH�RI�VOLJKW�WR�
PRGHUDWH� GHJUHH�� DQG� WKH� UHVW�ZHUH� JUHDWHU� WKDQ����PHT�O� DQG� WKLV�ZDV� XQVXLWDEOH� IRU�
WROHUDQW� SODQWV�� 7KH� VWDWLRQV� RI� $O�EUDGLDK��� $O�EUDGLDK��� *DUPPD��� *DUPPD��� $O�
-XELOD� DQG� 6KDWW� $O� $UDE� KDYH� YDOXHV� RI� 62�� JUHDWHU� WKDQ� ���� PJ�O�� LQGLFDWLQJ� D�
SUREOHP�RI�DFLGLI\LQJ�WKH�VRLO��DQG�WKH�UHVW�DUH�JRRG�DQG�VXLWDEOH�IRU�LUULJDWLRQ�SXUSRVHV�

1DPH 3+ (& $ON &D 62� 7'6 1D . +&2� FR� &O
$O�EUDGLDK���������

��� ���� ��� ��� ��� ���� ��� ��� ��� �� ���
$O�EUDGLDK�� ��� ���� ��� ��� ��� ���� ��� ��� ��� �� ���
$O�5LEDW ��� ���� ��� ��� ��� ���� ��� ��� ��� �� ���
5�=HUR ��� ���� ��� �� ��� ��� �� ��� ��� � ���

*DUPPD�� ��� ���� ��� ��� ��� ���� ��� ��� ��� �� ���
*DUUPD�� ��� ���� ��� ��� ��� ���� ��� � ��� ��� ���
$O�0DTLO� ��� ���� ��� �� ��� ��� �� ��� ��� �� ���
$O�-XELOD ��� ���� ��� ��� ��� ���� ��� ��� ��� ���� ���

6KDWW�$O�$UDE� ��� ���� ��� ��� ��� ���� ��� ��� ��� �� ���
$O�+DUWKD ��� ���� ��� ��� ��� ���� ��� ��� �� � ���
$O�%DVUDK�
8QLILHG ��� ���� ��� ��� ��� ���� ��� ��� ��� ��� ���
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)LJ����$QQXDO�DYHUDJH�YDOXHV�RI�(&��IRU�:73�VDPSOHV�GXULQJ�WKH�\HDU�RI�VWXG\�

)LJ����$QQXDO�DYHUDJH�YDOXHV�RI�SDUDPHWHUV FRQFHQWUDWLRQV IRU�:73�VDPSOHV�GXULQJ��WKH�\HDU�
RI�VWXG\�

ȝP
KR
V�
FP

:DWHU�7UHDWPHQW�HIIOXHQW�6DPSOHV
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,W�ZDV�REVHUYHG�IURP�WDEOH���WKDW��IRU�6$5�LQ�DOO�VWDWLRQV�UDQJHG�IURP�����WR������
WKH�PLQLPXP�YDOXH�ZDV� LQ�VWDWLRQ�5�=HUR��DQG�WKH�PD[LPXP�YDOXH�ZDV�LQ�VWDWLRQ�$O�
%UDGDLDK����$OO�VWDWLRQV�DUH�FODVVLILHG�DV�KDYLQJ�QR�KDUPIXO�HIIHFWV�RI�VRGLXP��UHJDUGLQJ�
VRGLXP�KD]DUG�DV�VKRZQ�LQ�WDEOH����1R�VDPSOHV�KDYH�663�JUHDWHU�WKDQ�������7KHUHIRUH��
WKH�ZDWHU�LV�VDIH�IURP�DFFXPXODWLRQ�DQG��GHWHULRUDWLRQ�RI�VRLO�VWUXFWXUH��2QO\��5�=HUR��
$O�5LEDW��$O�-XEDLOD��+DUWKD��$O�%DVUDK�XQLILHG�DQG�$O�0DTLO��KDYH�(63�OHVV�WKDQ���DQG�
KDV��QR�SUREOHP�LQ�VRLO�LQILOWUDWLRQ�DQG�SHUPHDELOLW\��$OO�ZDWHU�VDPSOHV�ZHUH�OHVV�WKDQ�
�����IRU�56&��7KXV���UHJDUGLQJ�WR�FDUERQDWH�DQG�ELFDUERQDWH�OHYHOV��DOO�VDPSOHV�DUH�VDIH�
IRU�LUULJDWLRQ��S+�RI�DOO�VWDWLRQV�YDULHV�IURP���� WR������ZKLFK�LQGLFDWHV�WKDW�S+�LV�ZLWKLQ�
QRUPDO� UDQJH�� $O� %UDGKDLD�� DQG�*DUPPD�� H[FHHG� WKH� YDOXH� RI� ����� RI�0DJQHVLXP�
+D]DUG��0+���DQG�WKH�UHVW�LV�XQGHU�WKH�DOORZDEOH�UDWLR�DQG�WKHUHIRUH�WKH\�DUH�VXLWDEOH�IRU�
LUULJDWLRQ�

7DEOH����,UULJDWLRQ�4XDOLW\�&KDUDFWHULVWLFV�&DOFXODWLRQ�

6WDWLRQ

6RGLXP�
$GVRUSWLR
Q�5DWLR
�6$5�

6ROXEOH�
6RGLXP�
3HUFHQWD

JH
663

([FKDQJHD
EOH�6RGLXP�
3HUFHQWDJH�
�(63�

5HVLGXDO�
6RGLXP�
&DUERQD

WH
�56&�

3+
0DJQHVLX
P�+D]DUG

$O� %UDGKLDLD� ��� ������ ����� ������ ��� ����

$O� %UDGKLDLD� ���� ������ ����� ������ ��� ��

$O� 5LEDW ��� ������ ����� ������ ��� ����

5�=HUR ��� ������ ����� ������ ��� ����

*DUPPD�� ���� ������ ����� ������� ��� ����

*DUPPD�� ��� ������ ����� ������� ��� ����

$O�0DTHO ���� ������ ����� ������ ��� ����

$O�-XEDLOD ���� ������ ����� ������ ��� ��

6KDWW� $O�$UDE ���� ������ ����� ������ ��� ����

$O�± +DUWKD ���� ������ ����� ������ ��� ����
$O� %DVUDK� ���� ������ ����� ������ ��� ����

:KHQ�WKH�DQDO\WLFDO�GDWD�RI�(&�DQG�6$5�SORWWHG�RQ�WKH 5LFKDUG�GLDJUDP��)LJ�����
LW�LV�LOOXVWUDWHG�WKDW�ZDWHU�VDPSOHV�RI�5� =HUR�DQG�$O� 0DTLO���ORFDWHG��LQ�WKH�FODVV�RI�&��
6��ZKLFK� DUH� FRQVLGHUHG� DV� �DGPLVVLEOH� UHJDUGLQJ� WR� 5LFKDUG� FODVVLILFDWLRQ� �VHH� WDEOH� ����
WKH\� UHSUHVHQW� KLJK� VDOLQLW\�ZLWK� ORZ� VRGLXP��ZKLFK� FDQ� EH� XVHG� IRU� LUULJDWLRQ� RQ� DOO�
W\SHV� RI� VRLO� ZLWK� RQO\� D� ORZ� ULVN� RI� H[FKDQJHDEOH� VRGLXP�� ZDWHU� VDPSOHV� RI� $O�
%UDGDLDK���$O� %UDGDLDK���*DUPPD����*DUPPD���$O�-XEDLOD�DQG�6KDWW�$O�$UDE�ORFDWHG�
LQ�WKH�FODVV�RI�&��6��ZKLFK�DUH�FRQVLGHUHG�DV��3RRU� UHJDUGLQJ�WR�5LFKDUG�FODVVLILFDWLRQ��
WKH\�UHSUHVHQW�YHU\�KLJK�VDOLQLW\�DQG�PHGLXP�VRGLXP��*HQHUDOO\�FODVV�&��LV�XQVXLWDEOH�
IRU� LUULJDWLRQ��EXW�PD\�VRPHWLPHV�EH�XVHG�XQGHU�YHU\�VSHFLDO�VLWXDWLRQV��VXFK�DV�ZKHQ�
WKH�VRLOV�PXVW�EH�SRURXV��GUDLQDJH�PXVW�EH�DGHTXDWH��LUULJDWLRQ�ZDWHU�PXVW�EH�DSSOLHG�LQ�
H[FHVV� WR�SURYLGH�FRQVLGHUDEOH�ILOWUDWH��DQG�YHU\�VDOW�WROHUDQW�FURSV�VKRXOG�EH�VHOHFWHG��
$O� %DVUDK�8QLILHG��$O�+DUWKD�DQG�$O�5LEDW�DUH�ORFDWHG�LQ� WKH�FODVV�RI�&��6���RI�KLJK�
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VDOLQLW\� DQG� PHGLXP� VRGLXP�� ZKLFK� LV� FRQVLGHUHG� DV� �0DUJLQDO�� UHJDUGLQJ� WR� 5LFKDUG��
FODVVLILFDWLRQ�>�@�

)LJ�����:DWHU�VDPSOHV�HYDOXDWLRQ LQ�UHODWLRQ�WR�VDOLQLW\�DQG�VRGLXP�KD]DUG

7KH�YDOXHV�RI�&Oí ��62�í����&D��� ��1D�� ��.� ��&R���+&2í DQG�0J��� IRU�HDFK�VDPSOH�
ZHUH�SORWWHG�RQ�D�3LSHU�GLDJUDP�WR�LQGLFDWH�WKH�W\SH�RI�ZDWHU�DQG�RYHUDOO�FRPSRVLWLRQ�
DQG� WUHQGV� IRU� WKH� VDPSOH� >��@� )RU� SORWWLQJ� 3LSHU� GLDJUDP�� WKH� 6FKOXPEHUJHU� ZDWHU�
VHUYLFHV� $TXD&KHP� VRIWZDUH� YHUVLRQ�� ������ ������ VRIWZDUH� ZDV� XVHG� WR� GLVSOD\� WKH�
UHODWLYH�FRQFHQWUDWLRQV�RI�WKH�GLIIHUHQW�LRQV�IURP�LQGLYLGXDO�ZDWHU�VDPSOHV�IRU�WKH�VWXG\�
DUHD��3LSHU�GLDJUDP�IRU�WKH�VWXG\�DUHD�LV�JLYHQ�LQ�)LJ����$�VRIWZDUH�UHSRUW�ZDV�FODVVLILHG�
WKH� ZDWHU� W\SH� DQG� VDOLQLW\� KD]DUG� DV� VKRZQ� LQ� WDEOH� ��� WKH� PHDVXUHV� DUH� LQFOXGHG�
EHWZHHQ�&D�62��IDFLHV��ZKLFK�LV�W\SLFDO�RI�VRGLXP�ELFDUERQDWH�ZDWHU�IRU�IOXYLDO�RULJLQ�
�E\�GLVVROXWLRQ�RI�J\SVXP�DQG�RWKHU�URFNV��WKHVH�ZHUH�IRXQG�LQ�5� =HUR�DQG�$O�0DTLO�
VWDWLRQV��DQG�1D&O�IDFLHV��ZKLFK�LV�W\SLFDO�RI�VHD�RULJLQ��L�H��WKH\�LQGLFDWH�WKH�SUHVHQFH�
RI�EUDFNLVK�ZDWHU���WKDW�LV�GXH�WR�WKH�HIIHFW�RI�6KDWW�$O�$UDE�ULYHU�IRU�WKHVH�VWDWLRQV�

��� ����

6DOLQLW\�+D]DUG��&RQG�

�

��

��

��

6
R
G
LX
P
�+
D
]D
UG
��
6
$
5
�

��� ��� ����&� &� &� &�

6�

6�

6�

6�

$O�%DVUDK

$O�+DUWKD

$O�-XEDLOD

$O�0DTLO

$O��%UDGKDLDK��

$O��%UDGKDLDK��

$O��5LEDW

*DUPPD��

*DUPPD��

5�=HUR

6KDWW�$O�$UDE

6RGLXP��$ONDOL��KD]DUG�
6���/RZ
6���0HGLXP
6���+LJK
6���9HU\�KLJK

6DOLQLW\�KD]DUG�
&���/RZ
&���0HGLXP
&���+LJK
&���9HU\�KLJK

$O�%DVUDK

$O�+DUWKD

$O�-XEDLOD

$O�0DTLO

$O��%UDGKDLDK��

$O��%UDGKDLDK��

$O��5LEDW

*DUPPD��

*DUPPD��

5�=HUR

6KDWW�$O�$UDE

6RGLXP��$ONDOL��KD]DUG�
6���/RZ
6���0HGLXP
6���+LJK
6���9HU\�KLJK

6DOLQLW\�KD]DUG�
&���/RZ
&���0HGLXP
&���+LJK
&���9HU\�KLJK
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)LJ���� 3LSHU�GLDJUDP�IRU�ZDWHU�WUHDWPHQW�SODQW�HIIOXHQW�VDPSOHV

7DEOH����&KHPLFDO�W\SH�RI�ZDWHU�VDPSOH�DFFRUGLQJ�WR�SLSHU GLDJUDP

6WDWLRQ :DWHU�7\SH 6DOLQLW\�+D]DUG
$O� %UDGKLDLD� 1D�&O 9HU\�+LJK

$O� %UDGKLDLD� 1D�&O 9HU\�+LJK
$O� 5LEDW 1D�&O +LJK
5�=HUR &D�62� +LJK

*DUPPD�� 1D�&O 9HU\�+LJK
*DUPPD�� 1D�&O 9HU\�+LJK
$O�0DTHO &D�62� +LJK

$O�-XEDLOD 1D�6R� 9HU\�+LJK
6KDWW� $O�$UDE 1D�&O 9HU\�+LJK
$O�± +DUWKD 1D�&O +LJK

$O� %DVUDK�8QLILHG 1D�&O +LJK

�� &RQFOXVLRQV

7KH�XOWLPDWH�FRQFOXVLRQV�RI�WKH�UHVHDUFK�DUH�
�� $OO� VWDWLRQV� ZHUH� LQ� VOLJKW� WR� PRGHUDWH� UDQJ� UHJDUGLQJ� WR� 6DOLQLW\� KD]DUG�

JXLGHOLQHV�
�� $OO�VWDWLRQV�DUH�FODVVLILHG�DV�KDYLQJ�QR�KDUPIXO�HIIHFWV�RI�VRGLXP��UHJDUGLQJ�WR�

VRGLXP�KD]DUG�
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�� &O� IRU�5� =HUR�LQGLFDWHV�D�QRQH�GHJUHH�RI�UHVWULFWLRQ�RQ�XVH�RI�VXUIDFH�LUULJDWLRQ�
DQG� VOLJKW� WR�PRGHUDWH� GHJUHH� RI� UHVWULFWLRQ� RI� VSULQNOHU� LUULJDWLRQ��$O� -XEDLOD��
$O�0DTLO�� $O�+DUWKD� DQG� $O� %DVUDK� XQLILHG�� ORFDWHG� LQ� WKH� UDQJH� RI� VOLJKW� WR�
PRGHUDWH�GHJUHH��DQG�WKH�UHVW�DUH�XQVXLWDEOH�IRU�WROHUDQW�SODQWV�

�� 6WDWLRQV� RI�$O�EUDGLDK� ���$O�EUDGLDK� ���*DUPPD� ���*DUPPD� ���$O� -XELOD� DQG�
6KDWW�$O�$UDE�LQGLFDWH D�SUREOHP�RI�DFLGLI\LQJ�WKH�VRLO��DQG�WKH�UHVW�DUH�JRRG�DQG�
VXLWDEOH�IRU�LUULJDWLRQ�SXUSRVHV�

�� 1R�VDPSOH�KDV�663�JUHDWHU�WKDQ�������WKHUHIRUH�DOO�ZDWHU�VDPSOHV�IRU�DOO�VWDWLRQV�
ZHUH�VDIH�RI�DFFXPXODWLRQ�DQG�GHWHULRUDWLRQ RI�VRLO�VWUXFWXUH�

�� 2QO\� 5�=HUR�� $O�5LEDW�� $O�-XEDLOD�� +DUWKD�� $O� %DVUDK� XQLILHG� DQG� $O�0DTLO��
KDYH�(63�OHVV�WKDQ���DQG�KDYH�QR�SUREOHP�LQ�VRLO�LQILOWUDWLRQ�DQG�SHUPHDELOLW\�

�� $OO�ZDWHU�VDPSOHV�ZHUH�OHVV�WKDQ������IRU�56&��WKHUHIRUH�DOO�VDPSOHV�DUH�VDIH�
IRU�LUULJDWLRQ��UHJDUGLQJ�WR�FDUERQDWH�DQG�ELFDUERQDWH�OHYHOV�

�� S+�RI�DOO�VWDWLRQV�ZDV�ZLWKLQ�QRUPDO�UDQJH�
�� $O� %UDGKDLD�� DQG�*DUPPD�� H[FHHG� WKH� YDOXH� RI� ����� RI�0DJQHVLXP� KD]DUG�

�0+���DQG�WKH�UHVW�DUH�XQGHU�WKH�DOORZDEOH�UDWLR�DQG�WKHUHIRUH�WKH\�DUH�VXLWDEOH�
IRU�LUULJDWLRQ�

��� ZDWHU�VDPSOHV�RI�5� =HUR�DQG�$O� 0DTLO�DUH�ORFDWHG�ZLWKLQ�FODVV�&��6��LQGLFDWH�
KLJK� VDOLQLW\� ZLWK� ORZ� VRGLXP��ZKLFK� LV� FRQVLGHUHG� �DGPLVVLEOH�� UHJDUGLQJ� WR�
5LFKDUG�GLDJUDP�

��� ZDWHU� VDPSOHV� RI� $O� %UDGDLDK��� $O� %UDGDLDK��� *DUPPD�� �� *DUPPD��� $O�
-XEDLOD� DQG� 6KDWW� $O�$UDE� DUH� ORFDWHG� � ZLWKLQ� FODVV� RI� &��6��� RI� YHU\� KLJK�
VDOLQLW\� DQG�PHGLXP� VRGLXP��ZKLFK� LV� FRQVLGHUHG� �SRRU�� UHJDUGLQJ� WR�5LFKDUG�
GLDJUDP�

��� $O�%DVUDK�XQLILHG��$O�+DUWKD�DQG�$O�5LEDW�DUH�ORFDWHG�ZLWKLQ�FODVV�RI�&��6���RI�
KLJK�VDOLQLW\�DQG�PHGLXP�VRGLXP��ZKLFK�LV�FRQVLGHUHG��PDUJLQDO�� UHJDUGLQJ�WR�
5LFKDUG�GLDJUDP�

��� $TXD&KHP�VRIWZDUH�VKRZHG�WKDW�WKH�PHDVXUHV�DUH�UDQJHG�EHWZHHQ�IOXYLDO�RULJLQ�
IRU 5� =HUR�DQG�$O�0DTLO�VWDWLRQV�DQG�VHD�RULJLQ�IRU�RWKHUV�WKDW�LV�GXH�WR�HIIHFW�RI�
6KDWW�DO�$UDE�5LYHU IRU�WKHVH�VWDWLRQV�

��� 5� =HUR DQG�$O�0DTLO�KDYH D�JRRG�ZDWHU�TXDOLW\�IRU�LUULJDWLRQ�DQG�WKH�UHVW�QHHG�D�
PRUH�FRQVLGHUDWH�WUHDWPHQW�

�� 6XJJHVWLRQV

�� 7KH� VXVWDLQDEOH� XVH� RI�ZDWHU� WUHDWPHQW� SODQW� HIIOXHQW�ZDWHU� IRU� DJULFXOWXUH�
FDQ� EH� � FRQVLGHUHG� DUDEOH� IRU� WKH� DUHDV� LUULJDWHG� E\� 5� ]HUR� HIIOXHQW� RU� LI�
ZDWHU�WUHDWPHQW�SODQWV��SXPSHG�WKH�ZDWHU�ZKLFK�WDNHQ�IURP�5�]HUR�GLUHFWO\�
ZLWKRXW�PL[LQJ�LW�ZLWK�6KDWW�$O�$UDE�ULYHU�ZDWHU�

�� ,QFUHDVLQJ� WKH� HIILFLHQF\� RI� ZDWHU� WUHDWPHQW� SODQW�� RU� PRUH� FRQVLGHUDWH�
WUHDWPHQW�PXVW�EH�WDNHQ�

�� ,PSURYLQJ� ZDWHU� VRIWHQLQJ� LQ� ZDWHU� WUHDWPHQW� SODQW� IRU� UHPRYDO�
RI FDOFLXP� PDJQHVLXP��DQG�FHUWDLQ�RWKHU�PHWDO FDWLRQV LQ KDUG�ZDWHU�
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�� 5HIHUHQFHV

>�@ +DP]D�� 1��� +�������� �� (YDOXDWLRQ� RI� ZDWHU� TXDOLW\� RI� GL\DOD� ULYHU� IRU�
LUULJDWLRQ�SXUSRVHV���'L\DOD�-RXUQDO�RI�(QJLQHHULQJ�6FLHQFHV��9RO��������SS��
������

>�@ 0RKDPPHG��5���$�����������:DWHU�TXDOLW\�LQGH[�IRU�%DVUDK�ZDWHU�VXSSO\����
(QJ��	�7HFK��-RXUQDO��9RO��������SS������������

>�@ 5DYLNXPDU�� 3��� 6RPDVKHNDU�� 5�� .��� DQG� 0KDVL]RQXR�� $��� ������ ��
+\GURFKHPLVWU\�DQG�HYDOXDWLRQ�RI�JURXQGZDWHU�VXLWDELOLW\�IRU�LUULJDWLRQ�DQG�
GULQNLQJ� SXUSRVHV� LQ� WKH� 0DUNDQGH\D� 5LYHU� EDVLQ�� %HOJDXP� 'LVWULFW��
.DUQDWDND� 6WDWH�� ,QGLD�� �� (QYLURQPHQWDO� 0RQLWRULQJ� DQG� $VVHVVPHQW���
6SULQJHU�6FLHQFH�� 9RO��������� SS����������

>�@ +DPLG�� ,��� <DK\D� %��� )DKHHP�� $�� DQG� $ULI�� ,�� ������ �(IIOXHQW� 4XDOLW\�
3DUDPHWHUV� IRU� 6DIH� XVH� LQ� $JULFXOWXUH��� 7HFKQRORJ\� 	� 0HGLFLQH� 2SHQ�
$FFHVV� ERRN� SXEOLVKHU�
.DOUD��<��3���	�0D\QDUG��'��*���������0HWKRGV�PDQXDO� IRU� IRUHVW�VRLO�DQG�
SODQW� DQDO\VLV��� ,QIRUPDWLRQ� UHSRUW� 125�;������ 1RUWKZHVW� 5HJLRQ��
1RUWKHUQ�)RUHVWU\�&HQWUH��)RUHVWU\�&DQDGD�

>�@ .DUHHP�� 6��� � $O�0DPRRUL�� � DQG� $O�0DOLNL�� /��� ������ �(YDOXDWLRQ� RI�
VXLWDELOLW\�RI�GUDLQDJH�ZDWHU�RI�DO�KXVVDLQLD�VHFWRU��NXW�LUDT��WR�LUULJDWH�FRWWRQ�
FURS���.XID�-RXUQDO�RI�(QJLQHHULQJ��9RO������� 3�3�������

>�@ 1LVKDQWKLQ\�� 6�&��� 7KXVK\DQWK\��0��� %DUDWKLWKDVDQ�� 7�� DQG� 6DUDYDQDQ�� 6���
�������,UULJDWLRQ�:DWHU�4XDOLW\�%DVHG�RQ�+\GUR�&KHPLFDO�$QDO\VLV��-DIIQD��
6UL�/DQND���$PHULFDQ�(XUDVLDQ�-��$JULF��	�(QYLURQ��6FL���9RO��������SS����
����

>�@ 5LFKDUGV��/��$����������'LDJQRVLV�DQG�LPSURYHPHQW�RI�VDOLQH�DQG�DONDOL�VRLOV�
8�6��6DOLQLW\�ODERUDWRU\�VWDII���86'$�+DQGERRN��SS��������

>�@ 5DYLNXPDU��3��DQG 6RPDVKHNDU��5� .�����������$�JHRFKHPLFDO�DVVHVVPHQW RI�
FRDVWDO� JURXQGZDWHU� TXDOLW\� LQ� WKH� 9DUDKL� ULYHU� EDVLQ�� 8GXSL� 'LVWULFW��
.DUQDWDND� 6WDWH�� ,QGLD��� $UDELDQ� -RXUQDO� RI� *HRVFLHQFHV�� 9RO� ������ S�S��
����±�����

>�@ :LOFR[��/�Y��������� �&ODVVLILFDWLRQ�DQG�8VH�RI� ,UULJDWLRQ�:DWHU���9RO�������
:DVKLQJWRQ��'��&���8QLWHG�6WDWHV�'HSDUWPHQW�RI�$JULFXOWXUH�

>��@ $\HUV��5�6�� DQG�:HVWFRW� ��'�:��� ������ ³:DWHU�4XDOLW\� IRU�$JULFXOWXUH�´�
,UULJDWLRQ�DQG�'UDLQDJH���3DSHU�1R������)$2��5RPH�

>��@$GDP�+�� �$VVHVVPHQW�RI�ZDWHU�TXDOLW\� DQG� VRLO� SURSHUWLHV� IRU� LULJDWLRQ� LQ�
WKH� KRUWLFXOWXUDO� FURSV� SURGXFLQJ� DUHDV� RI� DOKHJDLQD�� QRUWK� NRUGRIDQ� VWDWH�
VXGDQ�������� � 0�6F�� 7KHVLV�� 6FKRRO� RI� $JULFXOWXUH� DQG� (QWHUSULVH�
'HYHORSPHQW��.HQ\DWWD�8QLYHUVLW\�

>��@ .KDOLO��$��$���DQG�$UWKHU��9����������,UULJDWLRQ�:DWHU�4XDOLW\�*XLGHOLQHV���
5HFODLPHG�:DWHU� 3URMHFW�� -RUGDQ�9DOOH\�$XWKRULW\� DQG�*HUPDQ� 7HFKQLFDO�
&RRSHUDWLRQ��



:DVLW�-RXUQDO�RI�(QJLQHHULQJ�6FLHQFH������� 9RO�������1R�����������

��

>��@$O�6DDG\��<���DQG�$EGXOODK��(����������:DWHU�4XDOLW\�RI�7LJULV�5LYHU�ZLWKLQ�
0LVVDQ�*RYHUQRUDWH�HDVWHUQ�SDUW�RI� WKH�0HVRSRWDPLD�3ODLQ�± ,UDT���-RXUQDO�
RI� %DE\ORQ�8QLYHUVLW\� �3XUH� DQG�$SSOLHG� 6FLHQFHV��9RO���� ����� S�S�� �����
�����

>��@5DPHVK� �.�� DQG� 6ULQLWKL�� .��� ������� +\GURFKHPLFDO� &KDUDFWHULVWLFV� RI�
*URXQGZDWHU� LQ� 0D\LODGXWKXUDL� %ORFN� RI� 1DJDSDWWLQDP� 'LVWULFW�� 7DPLO�
1DGX�����,QWHUQDWLRQDO�-RXUQDO�RI�&KHP7HFK�5HVHDUFK���9RO��������SS�������
�����


