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7KURXJKRXW�KLVWRU\��WKH�TXDOLW\�DQG�TXDQWLW\�RI�ZDWHU� DYDLODEOH� WR�KXPDQV�KDYH
EHHQ�YLWDO�IDFWRUV�LQ�GHWHUPLQLQJ�WKHLU�ZHOO�EHLQJ��:KROH�FLYLOL]DWLRQV�KDYH�GLVDSSHDUHG
EHFDXVH�RI� ZDWHU� VKRUWDJHV� UHVXOWLQJ� IURP� FKDQJHV� LQ� FOLPDWH�� (YHQ� LQ� WHPSHUDWH
FOLPDWHV��IOXFWXDWLRQV�LQ�SUHFLSLWDWLRQ�FDXVH�SUREOHPV��'HYDVWDWLQJ�GURXJKWV�LQ�$IULFD
GXULQJ� WKH�����V� UHVXOWHG� LQ�FDWDVWURSKLF� FURS� IDLOXUHV� DQG� VWDUYDWLRQ�� ,Q� ����� DQ
XQSUHFHGHQWHG� IORRG� VWUXFN�KXJH� VHFWLRQV�RI�1RUWK�'DNRWD� LQXQGDWLQJ�PRVW�RI� WKH
&LW\�RI�*UDQG�)RUNV��DQG�LQ������IORRGV�SURGXFHG�E\�WRUUHQWLDO�UDLQV�IURP�+XUULFDQH
0LWFK�NLOOHG�WKRXVDQGV�LQ�&HQWUDO�$PHULFD��,Q������KHDW�NLOOHG�D�QXPEHU�RI�SHRSOH�LQ
WKH� FHQWUDO� DQG� HDVWHUQ� 8QLWHG� 6WDWHV� DQG� D� GURXJKW� GHYDVWDWHG� FURSV� DQG� ZDWHU
VXSSOLHV��,Q�6HSWHPEHU������+XUULFDQH�)OR\G�SURGXFHG� D� ����\HDU� IORRG� LQ� HDVWHUQ
1RUWK�&DUROLQD�

:DWHUERUQH�GLVHDVHV�VXFK�DV�FKROHUD�DQG�W\SKRLG�NLOOHG�PLOOLRQV� RI� SHRSOH� LQ� WKH
SDVW�DQG�VWLOO�FDXVH�JUHDW�PLVHU\�LQ�OHVV�GHYHORSHG�FRXQWULHV���$PELWLRXV�SURJUDPV�RI
GDP�DQG�GLNH�FRQVWUXFWLRQ�KDYH�UHGXFHG�IORRG�GDPDJH��EXW�WKH\�KDYH�KDG�D�QXPEHU
RI�XQGHVLUDEOH�VLGH�HIIHFWV�LQ�VRPH�DUHDV��VXFK�DV�LQXQGDWLRQ�RI�IDUPODQG�E\�UHVHUYRLUV
DQG�IDLOXUH�RI�XQVDIH�GDPV��*OREDOO\��SUREOHPV�ZLWK� TXDQWLW\� DQG� TXDOLW\� RI� ZDWHU
VXSSO\�UHPDLQ� DQG� LQ� VRPH� UHVSHFWV� DUH� EHFRPLQJ� PRUH� VHULRXV�� 7KHVH� SUREOHPV
LQFOXGH� LQFUHDVHG� ZDWHU� XVH� GXH� WR� SRSXODWLRQ� JURZWK�� FRQWDPLQDWLRQ� RI� GULQNLQJ
ZDWHU�E\�LPSURSHUO\�GLVFDUGHG�KD]DUGRXV�ZDVWHV��VHH�&KDSWHU������DQG�GHVWUXFWLRQ�RI
ZLOGOLIH�E\�ZDWHU�SROOXWLRQ�

$TXDWLF�FKHPLVWU\��WKH�VXEMHFW�RI�WKLV�FKDSWHU��PXVW�FRQVLGHU�ZDWHU�LQ�ULYHUV��ODNHV�
HVWXDULHV��RFHDQV��DQG�XQGHUJURXQG�� DV� ZHOO� DV� WKH� SKHQRPHQD� WKDW� GHWHUPLQH� WKH
GLVWULEXWLRQ�DQG�FLUFXODWLRQ�RI�FKHPLFDO�VSHFLHV�LQ�QDWXUDO�ZDWHUV��,WV�VWXG\� UHTXLUHV
VRPH� XQGHUVWDQGLQJ� RI� WKH� VRXUFHV�� WUDQVSRUW�� FKDUDFWHULVWLFV�� DQG� FRPSRVLWLRQ� RI
ZDWHU��7KH�FKHPLFDO�UHDFWLRQV�WKDW�RFFXU�LQ�ZDWHU�DQG�WKH�FKHPLFDO�VSHFLHV�IRXQG�LQ�LW
DUH�VWURQJO\�LQIOXHQFHG�E\�WKH�HQYLURQPHQW�LQ�ZKLFK�WKH�ZDWHU� LV� IRXQG��7KH�FKHP�
LVWU\�RI�ZDWHU�H[SRVHG�WR�WKH�DWPRVSKHUH�LV�TXLWH�GLIIHUHQW�IURP�WKDW�RI�ZDWHU�DW� WKH
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ERWWRP�RI�D�ODNH��0LFURRUJDQLVPV�SOD\�DQ�HVVHQWLDO�UROH�LQ�GHWHUPLQLQJ�WKH�FKHPLFDO
FRPSRVLWLRQ�RI�ZDWHU��7KXV��LQ�GLVFXVVLQJ�ZDWHU�FKHPLVWU\��LW�LV�QHFHVVDU\�WR�FRQVLGHU
WKH�PDQ\�JHQHUDO�IDFWRUV�WKDW�LQIOXHQFH�WKLV�FKHPLVWU\�

7KH� VWXG\� RI�ZDWHU� LV� NQRZQ� DV� �K\GURORJ\� DQG�LV� GLYLGHG� LQWR� D� QXPEHU� RI
VXEFDWHJRULHV��/LPQRORJ\�LV�WKH�EUDQFK�RI�WKH�VFLHQFH�GHDOLQJ�ZLWK�WKH�FKDUDFWHULVWLFV
RI�IUHVK�ZDWHU�LQFOXGLQJ�ELRORJLFDO�SURSHUWLHV��DV�ZHOO�DV�FKHPLFDO�DQG�SK\VLFDO�SURSHU�
WLHV��2FHDQRJUDSK\�LV�WKH�VFLHQFH�RI�WKH�RFHDQ�DQG�LWV�SK\VLFDO�DQG�FKHPLFDO�FKDUDF�
WHULVWLFV��7KH�FKHPLVWU\�DQG�ELRORJ\�RI�WKH�(DUWK¶V�YDVW�RFHDQV�DUH�XQLTXH�EHFDXVH�RI
WKH�RFHDQ¶V�KLJK�VDOW�FRQWHQW��JUHDW�GHSWK��DQG�RWKHU�IDFWRUV���

6RXUFHV�DQG�8VHV�RI�:DWHU���7KH�+\GURORJLF�&\FOH

7KH�ZRUOG¶V� ZDWHU� VXSSO\� LV� IRXQG� LQ� WKH� ILYH� SDUWV� RI� WKH� K\GURORJLF� F\FOH
�)LJXUH�������$ERXW�����RI (DUWK¶V�ZDWHU�LV�IRXQG�LQ�WKH�RFHDQV��$QRWKHU�IUDFWLRQ�LV
SUHVHQW�DV�ZDWHU�YDSRU� LQ� WKH� DWPRVSKHUH� �FORXGV���6RPH�ZDWHU� LV� FRQWDLQHG� LQ� WKH
VROLG�VWDWH�DV� LFH�DQG�VQRZ�LQ�VQRZSDFNV��JODFLHUV��DQG� WKH�SRODU� LFH� FDSV�� 6XUIDFH
ZDWHU�LV�IRXQG�LQ� ODNHV��VWUHDPV��DQG�UHVHUYRLUV��*URXQGZDWHU� LV� ORFDWHG�LQ�DTXLIHUV
XQGHUJURXQG�

/DNH��UHVHUYRLU 5XQRII
���

(YDSRUDWLRQ�DQG
WUDQVSLUDWLRQ�����

3UHFLSLWDWLRQ�
���

(YDSRUDWLRQ�
����

&RQGHQVDWLRQ6QRZSDFN�
LFH

,QILOWUDWLRQ�WR
JURXQGZDWHU

3UHFLSLWDWLRQ�
����

*URXQGZDWHU
2FHDQ

0RYHPHQW�RI�ZDWHU�YDSRU
WR��ODQG����

)LJXUH�������7KH�K\GURORJLF�F\FOH��TXDQWLWLHV�RI�ZDWHU�LQ�WULOOLRQV�RI�OLWHUV�SHU�GD\�

7KHUH� LV� D� VWURQJ� FRQQHFWLRQ�EHWZHHQ� WKH� K\GURVSKHUH�� ZKHUH� ZDWHU� LV� IRXQG�
DQG�WKH� OLWKRVSKHUH��ZKLFK�LV�WKDW�SDUW�RI�WKH�JHRVSKHUH�DFFHVVLEOH� WR� ZDWHU�� +XPDQ
DFWLYLWLHV�DIIHFW�ERWK��)RU�H[DPSOH��GLVWXUEDQFH�RI�ODQG�E\�FRQYHUVLRQ�RI�JUDVVODQGV�RU
IRUHVWV�WR�DJULFXOWXUDO�ODQG�RU�LQWHQVLILFDWLRQ�RI� DJULFXOWXUDO� SURGXFWLRQ� PD\� UHGXFH
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YHJHWDWLRQ� FRYHU�� GHFUHDVLQJ� WUDQVSLUDWLRQ� �ORVV� RI� ZDWHU� YDSRU� E\� SODQWV�� DQG
DIIHFWLQJ� WKH� PLFURFOLPDWH�� 7KH� UHVXOW� LV� LQFUHDVHG� UDLQ� UXQRII�� HURVLRQ�� DQG
DFFXPXODWLRQ� RI� VLOW� LQ� ERGLHV� RI�ZDWHU�� 7KH� QXWULHQW� F\FOHV� PD\� EH� DFFHOHUDWHG�
OHDGLQJ�WR�QXWULHQW�HQULFKPHQW�RI�VXUIDFH�ZDWHUV��7KLV��LQ�WXUQ��FDQ�SURIRXQGO\�DIIHFW
WKH�FKHPLFDO�DQG�ELRORJLFDO�FKDUDFWHULVWLFV�RI�ERGLHV�RI�ZDWHU�

7KH�ZDWHU�WKDW�KXPDQV�XVH�LV�SULPDULO\�IUHVK�VXUIDFH�ZDWHU�DQG�JURXQGZDWHU��WKH
VRXUFHV�RI�ZKLFK�PD\�GLIIHU�IURP�HDFK�RWKHU�VLJQLILFDQWO\�� �,Q�DULG�UHJLRQV��D�VPDOO
IUDFWLRQ�RI�WKH�ZDWHU�VXSSO\�FRPHV�IURP�WKH�RFHDQ��D�VRXUFH�WKDW�LV�OLNHO\�WR�EHFRPH
PRUH� LPSRUWDQW� DV� WKH�ZRUOG¶V� VXSSO\�RI� IUHVK�ZDWHU�GZLQGOHV� UHODWLYH� WR� GHPDQG�
6DOLQH�RU�EUDFNLVK�JURXQGZDWHUV�PD\�DOVR�EH�XWLOL]HG�LQ�VRPH�DUHDV�

,Q�WKH�FRQWLQHQWDO�8QLWHG�6WDWHV��DQ�DYHUDJH�RI�DSSUR[LPDWHO\������Ø������OLWHUV�RI
ZDWHU�IDOO DV� SUHFLSLWDWLRQ� HDFK� GD\�� ZKLFK� WUDQVODWHV� WR� ��� FP� SHU� \HDU�� 2I� WKDW
DPRXQW�� DSSUR[LPDWHO\������Ø� ����� OLWHUV� SHU� GD\�� RU� ��� FP� SHU� \HDU�� DUH� ORVW� E\
HYDSRUDWLRQ� DQG� WUDQVSLUDWLRQ�� 7KXV�� WKH� ZDWHU� WKHRUHWLFDOO\� DYDLODEOH� IRU� XVH� LV
DSSUR[LPDWHO\�����Ø������OLWHUV�SHU�GD\��RU�RQO\����FHQWLPHWHUV�SHU�\HDU��$W�SUHVHQW�
WKH� 8�6�� XVHV� ����Ø� ����� OLWHUV� SHU� GD\�� RU� �� FHQWLPHWHUV� RI� WKH� DYHUDJH� DQQXDO
SUHFLSLWDWLRQ��7KLV�DPRXQWV�WR�DQ�DOPRVW�WHQIROG�LQFUHDVH�IURP�D�XVDJH�RI������Ø�����
OLWHUV�SHU�GD\�DW�WKH�WXUQ�RI�WKH�FHQWXU\��(YHQ�PRUH�VWULNLQJ�LV�WKH�SHU�FDSLWD�LQFUHDVH
IURP�DERXW����OLWHUV�SHU�GD\�LQ������WR�DURXQG�����OLWHUV�SHU�GD\�QRZ��0XFK�RI�WKLV
LQFUHDVH�LV�DFFRXQWHG�IRU�E\�KLJK�DJULFXOWXUDO�DQG�LQGXVWULDO�XVH��ZKLFK�HDFK� DFFRXQW
IRU�DSSUR[LPDWHO\�����RI�WRWDO�FRQVXPSWLRQ���0XQLFLSDO�XVH�FRQVXPHV�WKH�UHPDLQLQJ
���

6LQFH� DERXW� ������ KRZHYHU��ZDWHU� XVH� LQ� WKH� 8�6�� KDV� VKRZQ� DQ� HQFRXUDJLQJ
WUHQG�ZLWK�WRWDO�FRQVXPSWLRQ�GRZQ�E\�DERXW����GXULQJ�D�WLPH�LQ�ZKLFK�SRSXODWLRQ
JUHZ������DFFRUGLQJ�WR�ILJXUHV�FRPSLOHG�E\�WKH�8�6��*HRORJLFDO�6XUYH\���7KLV�WUHQG�
ZKLFK�LV�LOOXVWUDWHG�LQ )LJXUH� ����� KDV� EHHQ� DWWULEXWHG� WR� WKH� VXFFHVV� RI� HIIRUWV� WR
FRQVHUYH� ZDWHU�� HVSHFLDOO\� LQ� WKH� LQGXVWULDO �LQFOXGLQJ� SRZHU� JHQHUDWLRQ�� DQG
DJULFXOWXUDO� VHFWRUV�� &RQVHUYDWLRQ� DQG� UHF\FOLQJ� KDYH� DFFRXQWHG� IRU� PXFK� RI� WKH
GHFUHDVHG�XVH� LQ� WKH� LQGXVWULDO� VHFWRU�� ,UULJDWLRQ� ZDWHU� KDV� EHHQ� XVHG� PXFK� PRUH
HIILFLHQWO\�E\�UHSODFLQJ�VSUD\�LUULJDWRUV��ZKLFK�ORVH�ODUJH�TXDQWLWLHV�RI�ZDWHU� WR� WKH
DFWLRQ�RI�ZLQG�DQG�WR�HYDSRUDWLRQ��ZLWK�LUULJDWLRQ�V\VWHPV�WKDW�DSSO\�ZDWHU�GLUHFWO\�WR
VRLO��7ULFNOH�LUULJDWLRQ�V\VWHPV�WKDW�DSSO\�MXVW�WKH�DPRXQW�RI�ZDWHU�QHHGHG�GLUHFWO\�WR
SODQW�URRWV�DUH�HVSHFLDOO\�HIILFLHQW�

$�PDMRU�SUREOHP�ZLWK�ZDWHU�VXSSO\�LV�LWV�QRQXQLIRUP�GLVWULEXWLRQ�ZLWK�ORFDWLRQ
DQG�WLPH��$V VKRZQ�LQ�)LJXUH������SUHFLSLWDWLRQ�IDOOV�XQHYHQO\�LQ�WKH�FRQWLQHQWDO�8�6�
7KLV�FDXVHV�GLIILFXOWLHV�EHFDXVH�SHRSOH�LQ�DUHDV�ZLWK�ORZ�SUHFLSLWDWLRQ�RIWHQ�FRQVXPH
PRUH�ZDWHU�WKDQ�SHRSOH�LQ�UHJLRQV�ZLWK�PRUH�UDLQIDOO��5DSLG�SRSXODWLRQ�JURZWK�LQ�WKH
PRUH� DULG� VRXWKZHVWHUQ� VWDWHV� RI� WKH�8�6�� GXULQJ� WKH� ODVW� IRXU� GHFDGHV� KDV� IXUWKHU
DJJUDYDWHG� WKH�SUREOHP��:DWHU� VKRUWDJHV� DUH� EHFRPLQJ� PRUH� DFXWH� LQ� WKLV� UHJLRQ
ZKLFK�FRQWDLQV�VL[�RI�WKH�QDWLRQ¶V�HOHYHQ�ODUJHVW�FLWLHV��/RV�$QJHOHV��+RXVWRQ��'DOODV�
6DQ�'LHJR��3KRHQL[��DQG�6DQ�$QWRQLR���2WKHU�SUREOHP�DUHDV�LQFOXGH�)ORULGD��ZKHUH
RYHUGHYHORSPHQW�RI�FRDVWDO�DUHDV�WKUHDWHQV�/DNH�2NHHFKREHH��WKH�1RUWKHDVW��SODJXHG
E\� GHWHULRUDWLQJ� ZDWHU� V\VWHPV�� DQG� WKH� +LJK� 3ODLQV�� UDQJLQJ� IURP� WKH� 7H[DV
SDQKDQGOH�WR�1HEUDVND��ZKHUH�LUULJDWLRQ�GHPDQGV�RQ�WKH�2JODOD�DTXLIHU�DUH�GURSSLQJ
WKH�ZDWHU�WDEOH�VWHDGLO\�ZLWK�QR�KRSH�RI� UHFKDUJH��7KHVH�SUREOHPV�DUH�PLQRU�� KRZ�
HYHU�� LQ� FRPSDULVRQ� WR� WKRVH� LQ� VRPH� SDUWV� RI� $IULFD� ZKHUH� ZDWHU� VKRUWDJHV� DUH
FRQWULEXWLQJ�WR�UHDO�IDPLQH�FRQGLWLRQV��
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(OHFWULF�SRZHU�JHQHUDWLRQ

,QGXVWULDO��RWKHU�WKDQ�HOHFWULF�SRZHU

,UULJDWLRQ

3XEOLFO\�DQG�SULYDWHO\�VXSSOLHG�GRPHVWLF�
FRPPHUFLDO��OLYHVWRFN

)LJXUH�������7UHQGV�LQ�:DWHU�8VH�LQ�7KH�8QLWHG�6WDWHV��'DWD�IURP�8�6��*HRORJLFDO�6XUYH\��
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)LJXUH�������'LVWULEXWLRQ�RI�SUHFLSLWDWLRQ�LQ�WKH�FRQWLQHQWDO�8�6���VKRZLQJ�DYHUDJH�DQQXDO�UDLQIDOO� LQ
FHQWLPHWHUV�
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:DWHU�KDV�D�QXPEHU�RI�XQLTXH�SURSHUWLHV� WKDW� DUH� HVVHQWLDO� WR� OLIH��6RPH�RI� WKH
VSHFLDO�FKDUDFWHULVWLFV�RI�ZDWHU�LQFOXGH�LWV�SRODU�FKDUDFWHU�� WHQGHQF\� WR�IRUP�K\GURJHQ
ERQGV��DQG�DELOLW\�WR�K\GUDWH�PHWDO�LRQV��7KHVH�SURSHUWLHV�DUH�OLVWHG�LQ�7DEOH�����

7DEOH�������,PSRUWDQW�3URSHUWLHV�RI�:DWHU

3URSHUW\ (IIHFWV�DQG�6LJQLILFDQFH

([FHOOHQW�VROYHQW 7UDQVSRUW� RI� QXWULHQWV� DQG� ZDVWH� SURGXFWV�� PDNLQJ
ELRORJLFDO�SURFHVVHV�SRVVLEOH�LQ�DQ�DTXHRXV�PHGLXP

+LJKHVW�GLHOHFWULF�FRQVWDQW +LJK� VROXELOLW\� RI� LRQLF� VXEVWDQFHV� DQG� WKHLU� LRQL]D�
RI�DQ\�FRPPRQ�OLTXLG ��WLRQ�LQ�VROXWLRQ

+LJKHU�VXUIDFH�WHQVLRQ�WKDQ &RQWUROOLQJ�IDFWRU� LQ� SK\VLRORJ\�� JRYHUQV� GURS� DQG
DQ\�RWKHU�OLTXLG VXUIDFH�SKHQRPHQD

7UDQVSDUHQW�WR�YLVLEOH�DQG &RORUOHVV��DOORZLQJ� OLJKW� UHTXLUHG� IRU� SKRWRV\QWKHVLV
ORQJHU�ZDYHOHQJWK�IUDF� WR�UHDFK�FRQVLGHUDEOH�GHSWKV�LQ�ERGLHV�RI�ZDWHU
WLRQ�RI�XOWUDYLROHW�OLJKW

0D[LPXP�GHQVLW\�DV�D ,FH� IORDWV�� YHUWLFDO� FLUFXODWLRQ� UHVWULFWHG� LQ� VWUDWLILHG
OLTXLG�DW��Û& ERGLHV�RI�ZDWHU

+LJKHU�KHDW�RI�HYDSRUDWLRQ 'HWHUPLQHV� WUDQVIHU� RI� KHDW� DQG� ZDWHU� PROHFXOHV
WKDQ�DQ\�RWKHU�PDWHULDO EHWZHHQ�WKH�DWPRVSKHUH�DQG�ERGLHV�RI�ZDWHU

+LJKHU�ODWHQW�KHDW�RI�IXVLRQ 7HPSHUDWXUH�VWDELOL]HG�DW�WKH�IUHH]LQJ�SRLQW�RI�ZDWHU
WKDQ�DQ\�RWKHU�OLTXLG
H[FHSW�DPPRQLD

+LJKHU�KHDW�FDSDFLW\�WKDQ 6WDELOL]DWLRQ� RI� WHPSHUDWXUHV� RI� RUJDQLVPV� DQG� JHR�
DQ\�RWKHU�OLTXLG�H[FHSW JUDSKLFDO�UHJLRQV
DPPRQLD

7KH�:DWHU�0ROHFXOH

:DWHU¶V� SURSHUWLHV� FDQ� EHVW� EH� XQGHUVWRRG� E\� FRQVLGHULQJ� WKH� VWUXFWXUH� DQG
ERQGLQJ�RI�WKH�ZDWHU�PROHFXOH�

���

���

2

++

7KH�ZDWHU�PROHFXOH�LV�PDGH�XS�RI�WZR�K\GURJHQ�DWRPV�ERQGHG�WR�DQ�R[\JHQ�DWRP�
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7KH�WKUHH�DWRPV�DUH�QRW�LQ�D�VWUDLJKW�OLQH��LQVWHDG��DV�VKRZQ�DERYH��WKH\�IRUP�DQ�DQJOH
RI�������%HFDXVH�RI�ZDWHU¶V�EHQW�VWUXFWXUH�DQG�WKH�IDFW� WKDW� WKH�R[\JHQ�DWRP�DWWUDFWV
WKH�QHJDWLYH�HOHFWURQV�PRUH�VWURQJO\�WKDQ�GR�WKH�K\GURJHQ�DWRPV��WKH�ZDWHU�PROHFXOH
EHKDYHV� OLNH� D� GLSROH� KDYLQJ� RSSRVLWH� HOHFWULFDO� FKDUJHV� DW� HLWKHU� HQG�� 7KH� ZDWHU
GLSROH�PD\�EH�DWWUDFWHG�WR�HLWKHU�SRVLWLYHO\�RU�QHJDWLYHO\�FKDUJHG�LRQV��)RU�H[DPSOH�
ZKHQ�1D&O�GLVVROYHV�LQ�ZDWHU�DV�SRVLWLYH�1D��LRQV�DQG�QHJDWLYH�&O��LRQV��WKH�SRVLWLYH
VRGLXP�LRQV�DUH�VXUURXQGHG�E\�ZDWHU�PROHFXOHV�ZLWK� WKHLU� QHJDWLYH� HQGV�SRLQWHG� DW
WKH�LRQV��DQG�WKH�FKORULGH�LRQV�DUH�VXUURXQGHG�E\�ZDWHU�PROHFXOHV�ZLWK�WKHLU�SRVLWLYH
HQGV�SRLQWLQJ�DW�WKH�QHJDWLYH�LRQV��DV�VKRZQ�LQ�)LJXUH������7KLV�NLQG�RI�DWWUDFWLRQ�IRU
LRQV�LV�WKH�UHDVRQ�ZK\�ZDWHU�GLVVROYHV�PDQ\�LRQLF�FRPSRXQGV�DQG� VDOWV� WKDW� GR� QRW
GLVVROYH�LQ�RWKHU�OLTXLGV�

1D� &O�

)LJXUH�������3RODU�ZDWHU�PROHFXOHV�VXUURXQGLQJ�1D��LRQ��OHIW��DQG�&O��LRQ��ULJKW��

$� VHFRQG� LPSRUWDQW� FKDUDFWHULVWLF� RI� WKH� ZDWHU� PROHFXOH� LV� LWV� DELOLW\� WR� IRUP
K\GURJHQ�ERQGV��+\GURJHQ�ERQGV�DUH�D�VSHFLDO�W\SH�RI�ERQG�WKDW�FDQ�IRUP�EHWZHHQ
WKH�K\GURJHQ�LQ�RQH�ZDWHU�PROHFXOH�DQG�WKH�R[\JHQ�LQ�DQRWKHU�ZDWHU�PROHFXOH��7KLV
ERQGLQJ�WDNHV�SODFH�EHFDXVH�WKH�R[\JHQ�KDV�D�SDUWLDO�QHJDWLYH�FKDUJH�DQG�WKH�K\GUR�
JHQ�D�SDUWLDO�SRVLWLYH�FKDUJH��+\GURJHQ�ERQGV��VKRZQ�LQ�)LJXUH���� DV�GDVKHG�OLQHV�
KROG�WKH�ZDWHU�PROHFXOHV�WRJHWKHU�LQ�ODUJH�JURXSV�

6
RO
XW
H

P
RO
HF
XO
H

+\GURJHQ�ERQGV�EHWZHHQ
ZDWHU�PROHFXOHV2+

+

2

+

+ 2

+

+ 2

+

+

2

1
+\GURJHQ�ERQGV
EHWZHHQ�ZDWHU�DQG
VROXWH�PROHFXOHV

)LJXUH������+\GURJHQ�ERQGLQJ�EHWZHHQ�ZDWHU�PROHFXOHV�DQG�EHWZHHQ�ZDWHU�PROHFXOHV�DQG� D� VROXWH
PROHFXOH�LQ�VROXWLRQ�
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+\GURJHQ�ERQGV�DOVR�KHOS�WR�KROG�VRPH�VROXWH�PROHFXOHV�RU�LRQV�LQ�VROXWLRQ��7KLV
KDSSHQV�ZKHQ� K\GURJHQ� ERQGV� IRUP� EHWZHHQ� WKH� ZDWHU� PROHFXOHV� DQG� K\GURJHQ�
QLWURJHQ��RU�R[\JHQ�DWRPV�RQ�WKH�VROXWH�PROHFXOH��VHH�)LJXUH�������+\GURJHQ�ERQGLQJ
DOVR�DLGV�LQ�UHWDLQLQJ�H[WUHPHO\�VPDOO�SDUWLFOHV�FDOOHG�FROORLGDO�SDUWLFOHV�LQ�VXVSHQVLRQ
LQ�ZDWHU��VHH�6HFWLRQ������

:DWHU�LV�DQ�H[FHOOHQW�VROYHQW�IRU�PDQ\�PDWHULDOV��WKXV� LW� LV� WKH� EDVLF� WUDQVSRUW
PHGLXP� IRU� QXWULHQWV� DQG� ZDVWH� SURGXFWV� LQ� OLIH� SURFHVVHV�� 7KH� H[WUHPHO\� KLJK
GLHOHFWULF�FRQVWDQW�RI�ZDWHU� UHODWLYH� WR�RWKHU� OLTXLGV�KDV�D�SURIRXQG�HIIHFW� XSRQ� LWV
VROYHQW� SURSHUWLHV� LQ� WKDW�PRVW� LRQLF�PDWHULDOV� DUH� GLVVRFLDWHG� LQ� ZDWHU�� :LWK� WKH
H[FHSWLRQ�RI� OLTXLG�DPPRQLD��ZDWHU�KDV� WKH�KLJKHVW�KHDW� FDSDFLW\� RI� DQ\� OLTXLG� RU
VROLG��O�FDO�Ø�J�� Ø�GHJ����%HFDXVH�RI�WKLV�KLJK�KHDW�FDSDFLW\��D�UHODWLYHO\�ODUJH�DPRXQW
RI�KHDW�LV�UHTXLUHG�WR�FKDQJH�DSSUHFLDEO\�WKH�WHPSHUDWXUH�RI�D�PDVV�RI�ZDWHU��KHQFH��D
ERG\� RI� ZDWHU� FDQ� KDYH� D� VWDELOL]LQJ� HIIHFW� XSRQ� WKH� WHPSHUDWXUH� RI� QHDUE\
JHRJUDSKLF� UHJLRQV�� ,Q� DGGLWLRQ�� WKLV� SURSHUW\� SUHYHQWV� VXGGHQ� ODUJH� FKDQJHV� RI
WHPSHUDWXUH�LQ�ODUJH�ERGLHV�RI�ZDWHU�DQG�WKHUHE\�SURWHFWV�DTXDWLF�RUJDQLVPV�IURP�WKH
VKRFN�RI�DEUXSW�WHPSHUDWXUH�YDULDWLRQV��7KH�H[WUHPHO\�KLJK�KHDW�RI�YDSRUL]DWLRQ�RI
ZDWHU������FDO�J�DW���Û&��OLNHZLVH�VWDELOL]HV�WKH�WHPSHUDWXUH�RI�ERGLHV�RI�ZDWHU�DQG�WKH
VXUURXQGLQJ� JHRJUDSKLF� UHJLRQV�� ,W� DOVR� LQIOXHQFHV� WKH� WUDQVIHU� RI� KHDW� DQG� ZDWHU
YDSRU�EHWZHHQ�ERGLHV�RI�ZDWHU�DQG�WKH�DWPRVSKHUH��:DWHU�KDV�LWV�PD[LPXP�GHQVLW\
DW��Û&��D�WHPSHUDWXUH�DERYH�LWV�IUHH]LQJ�SRLQW��7KH�IRUWXQDWH�FRQVHTXHQFH�RI�WKLV�IDFW
LV�WKDW�LFH�IORDWV��VR�WKDW�IHZ�ODUJH�ERGLHV�RI�ZDWHU�HYHU�IUHH]H�VROLG��)XUWKHUPRUH��WKH
SDWWHUQ�RI�YHUWLFDO�FLUFXODWLRQ�RI�ZDWHU�LQ�ODNHV��D�GHWHUPLQLQJ�IDFWRU�LQ�WKHLU�FKHPLVWU\
DQG�ELRORJ\�� LV�JRYHUQHG� ODUJHO\�E\� WKH� XQLTXH� WHPSHUDWXUH�GHQVLW\� UHODWLRQVKLS� RI
ZDWHU�

���� 7+(�&+$5$&7(5,67,&6�2)�%2',(6�2)�:$7(5

7KH�SK\VLFDO�FRQGLWLRQ�RI�D�ERG\�RI�ZDWHU� VWURQJO\� LQIOXHQFHV� WKH�FKHPLFDO�DQG
ELRORJLFDO�SURFHVVHV�WKDW�RFFXU�LQ�ZDWHU��6XUIDFH�ZDWHU�RFFXUV�SULPDULO\�LQ�VWUHDPV�
ODNHV�� DQG� UHVHUYRLUV��:HWODQGV� DUH� IORRGHG� DUHDV� LQ� ZKLFK� WKH� ZDWHU� LV� VKDOORZ
HQRXJK�WR�HQDEOH�JURZWK�RI�ERWWRP�URRWHG�SODQWV��(VWXDULHV� DUH� DUPV� RI� WKH� RFHDQ
LQWR�ZKLFK�VWUHDPV�IORZ��7KH�PL[LQJ�RI�IUHVK�DQG�VDOW�ZDWHU�JLYHV�HVWXDULHV�XQLTXH
FKHPLFDO� DQG� ELRORJLFDO� SURSHUWLHV�� (VWXDULHV� DUH� WKH� EUHHGLQJ� JURXQGV� RI� PXFK
PDULQH�OLIH��ZKLFK�PDNHV�WKHLU�SUHVHUYDWLRQ�YHU\�LPSRUWDQW�

:DWHU¶V�XQLTXH�WHPSHUDWXUH�GHQVLW\�UHODWLRQVKLS�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�GLVWLQFW
OD\HUV�ZLWKLQ�QRQIORZLQJ�ERGLHV�RI�ZDWHU��DV�VKRZQ�LQ�)LJXUH����� 'XULQJ�WKH�VXPPHU
D�VXUIDFH� OD\HU� �HSLOLPQLRQ�� LV�KHDWHG�E\�VRODU� UDGLDWLRQ�DQG��EHFDXVH�RI� LWV� ORZHU
GHQVLW\��IORDWV� XSRQ� WKH� ERWWRP� OD\HU�� RU�K\SROLPQLRQ��7KLV�SKHQRPHQRQ�LV�FDOOHG
WKHUPDO� VWUDWLILFDWLRQ��:KHQ�DQ�DSSUHFLDEOH�WHPSHUDWXUH�GLIIHUHQFH�H[LVWV�EHWZHHQ
WKH�WZR�OD\HUV�� WKH\� GR� QRW�PL[� EXW� EHKDYH� LQGHSHQGHQWO\� DQG� KDYH� YHU\� GLIIHUHQW
FKHPLFDO�DQG�ELRORJLFDO�SURSHUWLHV��7KH�HSLOLPQLRQ��ZKLFK�LV� H[SRVHG� WR� OLJKW�� PD\
KDYH�D�KHDY\�JURZWK�RI�DOJDH��$V�D�UHVXOW�RI�H[SRVXUH�WR�WKH�DWPRVSKHUH�DQG��GXULQJ
GD\OLJKW�KRXUV��EHFDXVH�RI�WKH�SKRWRV\QWKHWLF�DFWLYLW\�RI�DOJDH��WKH�HSLOLPQLRQ�FRQWDLQV
UHODWLYHO\� KLJKHU� OHYHOV� RI� GLVVROYHG� R[\JHQ� DQG� JHQHUDOO\� LV� DHURELF�� ,Q� WKH
K\SROLPQLRQ��EDFWHULDO�DFWLRQ�RQ�ELRGHJUDGDEOH�RUJDQLF�PDWHULDO�PD\�FDXVH�WKH�ZDWHU
WR�EHFRPH�DQDHURELF��ODFNLQJ�GLVVROYHG�R[\JHQ���$V�D�FRQVHTXHQFH��FKHPLFDO�VSHFLHV
LQ�D�UHODWLYHO\�UHGXFHG�IRUP�WHQG�WR�SUHGRPLQDWH�LQ�WKH�K\SROLPQLRQ�
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([FKDQJH�RI�FKHPLFDO
VSHFLHV�ZLWK�VHGLPHQWV

5HODWLYHO\�ORZ�GLVVROYHG�2���FKHP�
LFDO�VSHFLHV�LQ�UHGXFHG�IRUPV

7KHUPRFOLQH

+\SROLPQLRQ

5HODWLYHO\�KLJK�GLVVROYHG��2���FKHPLFDO�VSHFLHV�LQ�R[LGL]HG�IRUPV

�(SLOLPQLRQ

2�������������&2�

3KRWRV\QWKHVLV
�&2�����+�2��KႮ��������^&+�2`��2�

)LJXUH�������6WUDWLILFDWLRQ�RI�D�ODNH�

7KH�VKHDU�SODQH�� RU� OD\HU� EHWZHHQ� HSLOLPQLRQ� DQG� K\SROLPQLRQ�� LV� FDOOHG� WKH
WKHUPRFOLQH��'XULQJ� WKH�DXWXPQ��ZKHQ� WKH�HSLOLPQLRQ�FRROV�� D�SRLQW� LV� UHDFKHG�DW
ZKLFK�WKH�WHPSHUDWXUHV�RI�WKH�HSLOLPQLRQ�DQG�K\SROLPQLRQ�DUH�HTXDO��7KLV�GLVDSSHDU�
DQFH�RI�WKHUPDO�VWUDWLILFDWLRQ�FDXVHV�WKH�HQWLUH�ERG\�RI�ZDWHU�WR�EHKDYH�DV�D�K\GURORJ�
LFDO�XQLW��DQG�WKH�UHVXOWDQW�PL[LQJ�LV�NQRZQ�DV�RYHUWXUQ��$Q�RYHUWXUQ�DOVR�JHQHUDOO\
RFFXUV�LQ�WKH�VSULQJ��'XULQJ�WKH�RYHUWXUQ��WKH�FKHPLFDO�DQG�SK\VLFDO�FKDUDFWHULVWLFV�RI
WKH�ERG\�RI�ZDWHU�EHFRPH�PXFK�PRUH�XQLIRUP��DQG�D�QXPEHU�RI�FKHPLFDO��SK\VLFDO�
DQG�ELRORJLFDO�FKDQJHV�PD\�UHVXOW��%LRORJLFDO�DFWLYLW\�PD\�LQFUHDVH�IURP�WKH�PL[LQJ�RI
QXWULHQWV��&KDQJHV�LQ� ZDWHU� FRPSRVLWLRQ� GXULQJ� RYHUWXUQ� PD\� FDXVH� GLVUXSWLRQ� LQ
ZDWHU�WUHDWPHQW�SURFHVVHV�

���� $48$7,&�/,)(

7KH�OLYLQJ�RUJDQLVPV��ELRWD��LQ�DQ�DTXDWLF�HFRV\VWHP�PD\�EH�FODVVLILHG�DV�HLWKHU
DXWRWURSKLF�RU�KHWHURWURSKLF��$XWRWURSKLF�RUJDQLVPV�XWLOL]H�VRODU�RU�FKHPLFDO�HQHUJ\
WR�IL[�HOHPHQWV�IURP�VLPSOH��QRQOLYLQJ�LQRUJDQLF�PDWHULDO�LQWR�FRPSOH[�OLIH�PROHFXOHV
WKDW� FRPSRVH� OLYLQJ� RUJDQLVPV�� $OJDH� DUH� WKH� PRVW� LPSRUWDQW� DXWRWURSKLF� DTXDWLF
RUJDQLVPV�EHFDXVH�WKH\�DUH�SURGXFHUV�WKDW�XWLOL]H�VRODU�HQHUJ\� WR� JHQHUDWH� ELRPDVV
IURP�&2��DQG�RWKHU�VLPSOH�LQRUJDQLF�VSHFLHV�

+HWHURWURSKLF�RUJDQLVPV�XWLOL]H�WKH�RUJDQLF�VXEVWDQFHV�SURGXFHG�E\�DXWRWURSKLF
RUJDQLVPV�DV�HQHUJ\�VRXUFHV�DQG�DV�WKH�UDZ�PDWHULDOV�IRU�WKH�V\QWKHVLV�RI�WKHLU� RZQ
ELRPDVV��'HFRPSRVHUV��RU�UHGXFHUV��DUH�D� VXEFODVV�RI� WKH�KHWHURWURSKLF�RUJDQLVPV
DQG�FRQVLVW�RI�FKLHIO\�EDFWHULD�DQG�IXQJL��ZKLFK�XOWLPDWHO\�EUHDN� GRZQ� PDWHULDO� RI
ELRORJLFDO� RULJLQ� WR� WKH� VLPSOH� FRPSRXQGV� RULJLQDOO\� IL[HG� E\� WKH� DXWRWURSKLF
RUJDQLVPV�

7KH�DELOLW\�RI� D�ERG\�RI�ZDWHU� WR�SURGXFH� OLYLQJ�PDWHULDO� LV�NQRZQ�DV� LWV�SUR�
GXFWLYLW\��3URGXFWLYLW\�UHVXOWV�IURP�D�FRPELQDWLRQ�RI�SK\VLFDO�DQG�FKHPLFDO�IDFWRUV�
+LJK�SURGXFWLYLW\�UHTXLUHV�DQ�DGHTXDWH�VXSSO\� RI� FDUERQ� �&2����QLWURJHQ��QLWUDWH��
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SKRVSKRUXV� �RUWKRSKRVSKDWH��� DQG� WUDFH� HOHPHQWV� VXFK� DV� LURQ�� :DWHU� RI� ORZ
SURGXFWLYLW\�JHQHUDOO\�LV�GHVLUDEOH�IRU�ZDWHU�VXSSO\�RU�IRU�VZLPPLQJ��5HODWLYHO\�KLJK
SURGXFWLYLW\�LV�UHTXLUHG�IRU�WKH�VXSSRUW�RI�ILVK�DQG�WR�VHUYH�DV�WKH�EDVLV�RI� WKH� IRRG
FKDLQ�LQ�DQ�DTXDWLF�HFRV\VWHP��([FHVVLYH�SURGXFWLYLW\�UHVXOWV�LQ�GHFD\�RI�WKH�ELRPDVV
SURGXFHG��FRQVXPSWLRQ�RI�GLVVROYHG�R[\JHQ��DQG�RGRU�SURGXFWLRQ��D�FRQGLWLRQ�FDOOHG
HXWURSKLFDWLRQ �

/LIH� IRUPV� KLJKHU� WKDQ� DOJDH� DQG� EDFWHULD²ILVK�� IRU� H[DPSOH²FRPSULVH� D
FRPSDUDWLYHO\�VPDOO�IUDFWLRQ�RI�WKH�ELRPDVV�LQ�PRVW�DTXDWLF�V\VWHPV��7KH�LQIOXHQFH�RI
WKHVH�KLJKHU�OLIH�IRUPV�XSRQ�DTXDWLF�FKHPLVWU\�LV�PLQLPDO��+RZHYHU��DTXDWLF�OLIH� LV
VWURQJO\�LQIOXHQFHG�E\�WKH�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI� WKH� ERG\� RI�ZDWHU� LQ
ZKLFK�LW�OLYHV��7HPSHUDWXUH��WUDQVSDUHQF\��DQG� WXUEXOHQFH� DUH� WKH� WKUHH�PDLQ� SK\V�
LFDO�SURSHUWLHV�DIIHFWLQJ�DTXDWLF�OLIH��9HU\�ORZ�ZDWHU�WHPSHUDWXUHV�UHVXOW�LQ�YHU\�VORZ
ELRORJLFDO�SURFHVVHV��ZKHUHDV�YHU\�KLJK�WHPSHUDWXUHV�DUH�IDWDO�WR�PRVW�RUJDQLVPV��7KH
WUDQVSDUHQF\�RI�ZDWHU� LV�SDUWLFXODUO\� LPSRUWDQW� LQ�GHWHUPLQLQJ� WKH�JURZWK�RI�DOJDH�
7XUEXOHQFH�LV�DQ�LPSRUWDQW�IDFWRU�LQ�PL[LQJ�SURFHVVHV�DQG�WUDQVSRUW�RI�QXWULHQWV�DQG
ZDVWH� SURGXFWV� LQ� ZDWHU�� 6RPH� VPDOO� RUJDQLVPV� �SODQNWRQ�� GHSHQG� XSRQ� ZDWHU
FXUUHQWV�IRU�WKHLU�RZQ�PRELOLW\�

'LVVROYHG�R[\JHQ��'2��IUHTXHQWO\�LV�WKH�NH\�VXEVWDQFH�LQ�GHWHUPLQLQJ�WKH�H[WHQW
DQG�NLQGV�RI�OLIH�LQ�D�ERG\�RI�ZDWHU��2[\JHQ�GHILFLHQF\�LV�IDWDO�WR�PDQ\�DTXDWLF�DQL�
PDOV�VXFK�DV� ILVK��7KH�SUHVHQFH�RI�R[\JHQ�FDQ� EH� HTXDOO\� IDWDO� WR� PDQ\� NLQGV� RI
DQDHURELF� EDFWHULD�� %LRFKHPLFDO� R[\JHQ� GHPDQG�� %2'�� GLVFXVVHG� DV� D� ZDWHU
SROOXWDQW� LQ�6HFWLRQ������ UHIHUV� WR� WKH� DPRXQW�RI�R[\JHQ�XWLOL]HG�ZKHQ� WKH�RUJDQLF
PDWWHU�LQ�D�JLYHQ�YROXPH�RI�ZDWHU�LV�GHJUDGHG�ELRORJLFDOO\�

&DUERQ�GLR[LGH�LV�SURGXFHG�E\�UHVSLUDWRU\�SURFHVVHV�LQ�ZDWHU�DQG�VHGLPHQWV�DQG
FDQ� DOVR� HQWHU� ZDWHU� IURP� WKH� DWPRVSKHUH�� &DUERQ� GLR[LGH� LV� UHTXLUHG� IRU� WKH
SKRWRV\QWKHWLF�SURGXFWLRQ�RI�ELRPDVV�E\�DOJDH�DQG�LQ�VRPH�FDVHV�LV�D�OLPLWLQJ�IDFWRU�
+LJK�OHYHOV�RI�FDUERQ�GLR[LGH�SURGXFHG�E\�WKH�GHJUDGDWLRQ�RI�RUJDQLF�PDWWHU�LQ�ZDWHU
FDQ�FDXVH�H[FHVVLYH�DOJDO�JURZWK�DQG�SURGXFWLYLW\�

7KH�VDOLQLW\�RI�ZDWHU�DOVR�GHWHUPLQHV�WKH�NLQGV�RI�OLIH�IRUPV� SUHVHQW�� ,UULJDWLRQ
ZDWHUV�PD\�SLFN�XS�KDUPIXO�OHYHOV�RI�VDOW���0DULQH�OLIH�REYLRXVO\�UHTXLUHV�RU�WROHUDWHV
VDOW�ZDWHU��ZKHUHDV�PDQ\�IUHVKZDWHU�RUJDQLVPV�DUH�LQWROHUDQW�RI�VDOW�

���� ,1752'8&7,21�72�$48$7,&�&+(0,675<

7R�XQGHUVWDQG�ZDWHU�SROOXWLRQ�� LW� LV� ILUVW� QHFHVVDU\� WR� KDYH� DQ� DSSUHFLDWLRQ� RI
FKHPLFDO� SKHQRPHQD� WKDW� RFFXU� LQ� ZDWHU�� 7KH� UHPDLQLQJ� VHFWLRQV� RI� WKLV� FKDSWHU
GLVFXVV�DTXDWLF�DFLG�EDVH�DQG�FRPSOH[DWLRQ�SKHQRPHQD��2[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV
DQG�HTXLOLEULD�DUH�GLVFXVVHG�LQ�&KDSWHU���� DQG�GHWDLOV�RI� VROXELOLW\�FDOFXODWLRQV�DQG
LQWHUDFWLRQV�EHWZHHQ�OLTXLG�ZDWHU�DQG�RWKHU�SKDVHV�DUH�JLYHQ�LQ�&KDSWHU����7KH�PDLQ
FDWHJRULHV�RI�DTXDWLF�FKHPLFDO�SKHQRPHQD�DUH�LOOXVWUDWHG�LQ�)LJXUH�����

$TXDWLF�HQYLURQPHQWDO�FKHPLFDO�SKHQRPHQD�LQYROYH�SURFHVVHV�IDPLOLDU�WR�FKHP�
LVWV��LQFOXGLQJ�DFLG�EDVH��VROXELOLW\��R[LGDWLRQ�UHGXFWLRQ��DQG�FRPSOH[DWLRQ�UHDFWLRQV�
$OWKRXJK�PRVW�DTXDWLF�FKHPLFDO�SKHQRPHQD�DUH�GLVFXVVHG�KHUH� IURP� WKH� WKHUPRG\�
QDPLF��HTXLOLEULXP��YLHZSRLQW��LW�LV�LPSRUWDQW�WR�NHHS�LQ�PLQG�WKDW�NLQHWLFV²UDWHV�RI
UHDFWLRQV²DUH�YHU\�LPSRUWDQW�LQ�DTXDWLF�FKHPLVWU\��%LRORJLFDO�SURFHVVHV�SOD\�D�NH\
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UROH�LQ�DTXDWLF�FKHPLVWU\��)RU�H[DPSOH��DOJDH�XQGHUJRLQJ�SKRWRV\QWKHVLV�FDQ�UDLVH�WKH
S+�RI�ZDWHU�E\�UHPRYLQJ�DTXHRXV�&2���WKHUHE\�FRQYHUWLQJ�DQ�+&2�

��LRQ�WR�D�&2�
��

LRQ��WKLV�LRQ�LQ�WXUQ�UHDFWV�ZLWK�&D���LQ�ZDWHU�WR�SUHFLSLWDWH�&D&2��
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)LJXUH�������0DMRU�DTXDWLF�FKHPLFDO�SURFHVVHV�

&RPSDUHG�WR�WKH�FDUHIXOO\�FRQWUROOHG�FRQGLWLRQV�RI�WKH�ODERUDWRU\��LW�LV�PXFK�PRUH
GLIILFXOW�WR�GHVFULEH�FKHPLFDO�SKHQRPHQD�LQ�QDWXUDO�ZDWHU�V\VWHPV��6XFK�V\VWHPV�DUH
YHU\�FRPSOH[�DQG�D�GHVFULSWLRQ�RI� WKHLU� FKHPLVWU\� PXVW� WDNH� PDQ\� YDULDEOHV� LQWR
FRQVLGHUDWLRQ��,Q�DGGLWLRQ�WR�ZDWHU��WKHVH�V\VWHPV�FRQWDLQ�PLQHUDO�SKDVHV��JDV�SKDVHV�
DQG�RUJDQLVPV��$V�RSHQ��G\QDPLF�V\VWHPV��WKH\�KDYH�YDULDEOH�LQSXWV�DQG� RXWSXWV� RI
HQHUJ\�DQG�PDVV��7KHUHIRUH��H[FHSW�XQGHU�XQXVXDO�FLUFXPVWDQFHV��D�WUXH�HTXLOLEULXP
FRQGLWLRQ� LV� QRW� REWDLQHG�� DOWKRXJK� DQ� DSSUR[LPDWHO\� VWHDG\�VWDWH� DTXDWLF� V\VWHP
IUHTXHQWO\�H[LVWV��0RVW�PHWDOV�IRXQG�LQ�QDWXUDO�ZDWHUV�GR�QRW�H[LVW�DV�VLPSOH�K\GUDWHG
FDWLRQV�LQ�WKH�ZDWHU��DQG�R[\DQLRQV�RIWHQ�DUH�IRXQG�DV�SRO\QXFOHDU�VSHFLHV��UDWKHU�WKDQ
DV�VLPSOH�PRQRPHUV��7KH�QDWXUH�RI�FKHPLFDO�VSHFLHV�LQ�ZDWHU�FRQWDLQLQJ�EDFWHULD�RU
DOJDH� LV� VWURQJO\� LQIOXHQFHG� E\� WKH� DFWLRQ� RI� WKHVH� RUJDQLVPV�� 7KXV�� DQ� H[DFW
GHVFULSWLRQ� RI� WKH� FKHPLVWU\� RI� D� QDWXUDO� ZDWHU� V\VWHP� EDVHG� XSRQ� DFLG�EDVH�
VROXELOLW\�� DQG�FRPSOH[DWLRQ�HTXLOLEULXP�FRQVWDQWV�� UHGR[�SRWHQWLDO�� S+�� DQG� RWKHU
FKHPLFDO�SDUDPHWHUV� LV�QRW�SRVVLEOH�� �7KHUHIRUH�� WKH�V\VWHPV�PXVW�EH�GHVFULEHG� E\
VLPSOLILHG�PRGHOV��RIWHQ�EDVHG� DURXQG� HTXLOLEULXP� FKHPLFDO� FRQFHSWV�� 7KRXJK� QRW
H[DFW��QRU�HQWLUHO\�UHDOLVWLF��VXFK�PRGHOV�FDQ�\LHOG�XVHIXO�JHQHUDOL]DWLRQV�DQG�LQVLJKWV
SHUWDLQLQJ�WR�WKH�QDWXUH�RI�DTXDWLF�FKHPLFDO�SURFHVVHV��DQG�SURYLGH�JXLGHOLQHV�IRU�WKH
GHVFULSWLRQ�DQG�PHDVXUHPHQW� RI� QDWXUDO�ZDWHU� V\VWHPV�� 7KRXJK� JUHDWO\� VLPSOLILHG�
VXFK�PRGHOV�DUH�YHU\�KHOSIXO�LQ�YLVXDOL]LQJ�WKH� FRQGLWLRQV� WKDW� GHWHUPLQH� FKHPLFDO
VSHFLHV�DQG�WKHLU�UHDFWLRQV�LQ�QDWXUDO�ZDWHUV�DQG�ZDVWHZDWHUV�

���� *$6(6�,1�:$7(5

'LVVROYHG�JDVHV²2��IRU�ILVK�DQG�&2��IRU�SKRWRV\QWKHWLF�DOJDH²DUH�FUXFLDO�WR� WKH
ZHOIDUH�RI�OLYLQJ�VSHFLHV�LQ�ZDWHU��6RPH�JDVHV�LQ�ZDWHU�FDQ�DOVR�FDXVH�SUREOHPV��VXFK
DV�WKH�GHDWK�RI�ILVK�IURP�EXEEOHV�RI�QLWURJHQ�IRUPHG�LQ�WKH�EORRG�FDXVHG�E\�H[SRVXUH
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WR�ZDWHU�VXSHUVDWXUDWHG�ZLWK�1���9ROFDQLF�FDUERQ�GLR[LGH�HYROYHG�IURP�WKH�ZDWHUV�RI
/DNH�1\RV�LQ�WKH�$IULFDQ�FRXQWU\�RI�&DPHURRQ�DVSK\[LDWHG�������SHRSOH�LQ������

7KH�VROXELOLWLHV�RI�JDVHV�LQ�ZDWHU�DUH�FDOFXODWHG�ZLWK�+HQU\¶V�/DZ��ZKLFK�VWDWHV
WKDW�WKH�VROXELOLW\�RI�D�JDV�LQ�D�OLTXLG�LV�SURSRUWLRQDO� WR�WKH�SDUWLDO�SUHVVXUH�RI� WKDW
JDV� LQ� FRQWDFW� ZLWK� WKH� OLTXLG�� 7KHVH� FDOFXODWLRQV� DUH�GLVFXVVHG� LQ� VRPH�GHWDLO� LQ
&KDSWHU���

2[\JHQ�LQ�:DWHU

:LWKRXW� DQ� DSSUHFLDEOH� OHYHO� RI� GLVVROYHG� R[\JHQ�� PDQ\� NLQGV� RI� DTXDWLF
RUJDQLVPV�FDQQRW�H[LVW�LQ�ZDWHU���'LVVROYHG�R[\JHQ�LV�FRQVXPHG�E\�WKH�GHJUDGDWLRQ
RI�RUJDQLF�PDWWHU�LQ�ZDWHU��0DQ\�ILVK�NLOOV�DUH�FDXVHG�QRW�IURP�WKH�GLUHFW�WR[LFLW\�RI
SROOXWDQWV�EXW� IURP�D�GHILFLHQF\�RI�R[\JHQ�EHFDXVH�RI� LWV�FRQVXPSWLRQ� LQ� WKH� ELR�
GHJUDGDWLRQ�RI�SROOXWDQWV�

0RVW�HOHPHQWDO�R[\JHQ�FRPHV�IURP�WKH�DWPRVSKHUH��ZKLFK�LV���������R[\JHQ�E\
YROXPH�RI�GU\�DLU��7KHUHIRUH��WKH�DELOLW\�RI�D�ERG\�RI�ZDWHU�WR�UHR[\JHQDWH�LWVHOI�E\
FRQWDFW�ZLWK�WKH� DWPRVSKHUH� LV� DQ� LPSRUWDQW� FKDUDFWHULVWLF��2[\JHQ� LV�SURGXFHG�E\
WKH�SKRWRV\QWKHWLF�DFWLRQ�RI�DOJDH��EXW�WKLV�SURFHVV�LV�UHDOO\�QRW�DQ�HIILFLHQW�PHDQV�RI
R[\JHQDWLQJ�ZDWHU�EHFDXVH�VRPH�RI�WKH�R[\JHQ�IRUPHG�E\�SKRWRV\QWKHVLV�GXULQJ�WKH
GD\OLJKW� KRXUV� LV� ORVW� DW� QLJKW� ZKHQ� WKH� DOJDH� FRQVXPH� R[\JHQ� DV� SDUW� RI� WKHLU
PHWDEROLF� SURFHVVHV�� :KHQ� WKH� DOJDH� GLH�� WKH� GHJUDGDWLRQ� RI� WKHLU� ELRPDVV� DOVR
FRQVXPHV�R[\JHQ�

7KH� VROXELOLW\�RI� R[\JHQ� LQ�ZDWHU� GHSHQGV�XSRQ�ZDWHU� WHPSHUDWXUH�� WKH�SDUWLDO
SUHVVXUH� RI� R[\JHQ� LQ� WKH� DWPRVSKHUH�� DQG� WKH� VDOW� FRQWHQW� RI� WKH� ZDWHU�� ,W� LV
LPSRUWDQW�WR�GLVWLQJXLVK�EHWZHHQ�R[\JHQ�VROXELOLW\��ZKLFK�LV�WKH�PD[LPXP�GLVVROYHG
R[\JHQ�FRQFHQWUDWLRQ�DW�HTXLOLEULXP��DQG�GLVVROYHG�R[\JHQ�FRQFHQWUDWLRQ��ZKLFK�LV
JHQHUDOO\�QRW�WKH�HTXLOLEULXP�FRQFHQWUDWLRQ�DQG�LV�OLPLWHG�E\�WKH�UDWH�DW�ZKLFK�R[\JHQ
GLVVROYHV��7KH� FDOFXODWLRQ� RI� R[\JHQ� VROXELOLW\� DV� D� IXQFWLRQ� RI� SDUWLDO� SUHVVXUH� LV
GLVFXVVHG�LQ�6HFWLRQ������ZKHUH�LW�LV�VKRZQ�WKDW�WKH�FRQFHQWUDWLRQ�RI�R[\JHQ�LQ�ZDWHU
DW���Û&�LQ�HTXLOLEULXP�ZLWK�DLU�DW�DWPRVSKHULF�SUHVVXUH�LV�RQO\������PJ�/��7KXV��ZDWHU
LQ�HTXLOLEULXP�ZLWK�DLU�FDQQRW�FRQWDLQ�D�KLJK�OHYHO�RI�GLVVROYHG�R[\JHQ� FRPSDUHG� WR
PDQ\�RWKHU�VROXWH�VSHFLHV��,I�R[\JHQ�FRQVXPLQJ�SURFHVVHV�DUH�RFFXUULQJ�LQ�WKH�ZDWHU�
WKH� GLVVROYHG� R[\JHQ� OHYHO� PD\� UDSLGO\� DSSURDFK� ]HUR� XQOHVV� VRPH� HIILFLHQW
PHFKDQLVP�IRU�WKH�UHDHUDWLRQ�RI�ZDWHU�LV�RSHUDWLYH��VXFK�DV�WXUEXOHQW�IORZ�LQ�D�VKDOORZ
VWUHDP�RU�DLU�SXPSHG�LQWR�WKH�DHUDWLRQ�WDQN�RI�DQ�DFWLYDWHG�VOXGJH�VHFRQGDU\�ZDVWH
WUHDWPHQW�IDFLOLW\��VHH�&KDSWHU�����7KH�SUREOHP�EHFRPHV�ODUJHO\�RQH�RI�NLQHWLFV�� LQ
ZKLFK�WKHUH�LV�D�OLPLW�WR�WKH�UDWH�DW�ZKLFK�R[\JHQ�LV�WUDQVIHUUHG�DFURVV� WKH� DLU�ZDWHU
LQWHUIDFH��7KLV�UDWH�GHSHQGV�XSRQ�WXUEXOHQFH��DLU�EXEEOH�VL]H��WHPSHUDWXUH��DQG� RWKHU
IDFWRUV�

,I�RUJDQLF�PDWWHU�RI�ELRORJLFDO�RULJLQ�LV�UHSUHVHQWHG�E\�WKH�IRUPXOD�^&+�2`�� WKH
FRQVXPSWLRQ� RI� R[\JHQ� LQ� ZDWHU� E\� WKH� GHJUDGDWLRQ� RI� RUJDQLF� PDWWHU� PD\� EH
H[SUHVVHG�E\�WKH�IROORZLQJ�ELRFKHPLFDO�UHDFWLRQ�

^&+�2`�������2� ȝ ���&2������+�2 �������

7KH�ZHLJKW�RI�RUJDQLF�PDWHULDO�UHTXLUHG�WR�FRQVXPH�WKH�����PJ�RI�2��LQ�D�OLWHU�RI
ZDWHU�LQ�HTXLOLEULXP�ZLWK�WKH�DWPRVSKHUH�DW���Û&�LV�JLYHQ�E\�D�VLPSOH�VWRLFKLRPHWULF

�������&5&�3UHVV�//&



FDOFXODWLRQ�EDVHG�RQ�(TXDWLRQ��������ZKLFK�\LHOGV�D�YDOXH�RI�����PJ�RI�^&+�2`��7KXV�
WKH�PLFURRUJDQLVP�PHGLDWHG�GHJUDGDWLRQ�RI�RQO\���RU���PJ�RI�RUJDQLF�PDWHULDO�FDQ
FRPSOHWHO\�FRQVXPH�WKH�R[\JHQ�LQ�RQH� OLWHU�RI�ZDWHU� LQLWLDOO\�VDWXUDWHG�ZLWK� DLU� DW
��Û&�� 7KH� GHSOHWLRQ� RI� R[\JHQ� WR� OHYHOV� EHORZ� WKRVH� WKDW� ZLOO� VXVWDLQ� DHURELF
RUJDQLVPV�UHTXLUHV�WKH�GHJUDGDWLRQ�RI�HYHQ�OHVV�RUJDQLF�PDWWHU�DW�KLJKHU�WHPSHUDWXUHV
�ZKHUH� WKH� VROXELOLW\� RI� R[\JHQ� LV� OHVV�� RU� LQ� ZDWHU� QRW� LQLWLDOO\� VDWXUDWHG� ZLWK
DWPRVSKHULF�R[\JHQ��)XUWKHUPRUH�� WKHUH�DUH�QR�FRPPRQ�DTXDWLF�FKHPLFDO�UHDFWLRQV
WKDW�UHSOHQLVK�GLVVROYHG�R[\JHQ��H[FHSW� IRU� R[\JHQ� SURYLGHG� E\� SKRWRV\QWKHVLV�� LW
PXVW��FRPH�IURP�WKH�DWPRVSKHUH�

7KH�WHPSHUDWXUH�HIIHFW�RQ�WKH�VROXELOLW\�RI�JDVHV�LQ�ZDWHU�LV�HVSHFLDOO\�LPSRUWDQW�LQ
WKH�FDVH�RI�R[\JHQ��7KH�VROXELOLW\�RI�R[\JHQ�LQ�ZDWHU�GHFUHDVHV�IURP�������PJ�/�DW
�Û&� WR� ����� PJ�/� DW� ��Û&�� $W� KLJKHU� WHPSHUDWXUHV�� WKH� GHFUHDVHG� VROXELOLW\� RI
R[\JHQ��FRPELQHG�ZLWK�WKH�LQFUHDVHG�UHVSLUDWLRQ�UDWH�RI�DTXDWLF�RUJDQLVPV��IUHTXHQWO\
FDXVHV�D� FRQGLWLRQ� LQ� ZKLFK� D� KLJKHU� GHPDQG� IRU� R[\JHQ� DFFRPSDQLHG� E\� ORZHU
VROXELOLW\�RI�WKH�JDV�LQ�ZDWHU�UHVXOWV�LQ�VHYHUH�R[\JHQ�GHSOHWLRQ�

���� :$7(5�$&,',7<�$1'�&$5%21�',2;,'(�,1�:$7(5

$FLG�EDVH� SKHQRPHQD� LQ�ZDWHU� LQYROYH� ORVV� DQG� DFFHSWDQFH� RI� +�� LRQ��0DQ\
VSHFLHV�DFW�DV�DFLGV�LQ�ZDWHU�E\�UHOHDVLQJ�+��LRQ��RWKHUV�DFW�DV�EDVHV�E\�DFFHSWLQJ�+��
DQG� WKH� ZDWHU� PROHFXOH� LWVHOI� GRHV� ERWK�� $Q� LPSRUWDQW� VSHFLHV� LQ� WKH� DFLG�EDVH
FKHPLVWU\�RI�ZDWHU�LV�ELFDUERQDWH�LRQ��+&2�

���ZKLFK�PD\�DFW�DV� HLWKHU� DQ� DFLG� RU� D
EDVH�

+&2�
�
� ȝ��&2�

�������+� �������

+&2�
������+� � ȝ��&2��DT������+�2 �������

$FLGLW\�DV�DSSOLHG�WR�QDWXUDO�ZDWHU�DQG�ZDVWHZDWHU�LV�WKH�FDSDFLW\�RI� WKH�ZDWHU� WR
QHXWUDOL]H�2+���LW� LV�DQDORJRXV�WR�DONDOLQLW\�� WKH�FDSDFLW\�WR�QHXWUDOL]H�+���ZKLFK�LV
GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��$OWKRXJK�YLUWXDOO\�DOO�ZDWHU�KDV�VRPH�DONDOLQLW\�DFLGLF
ZDWHU�LV�QRW�IUHTXHQWO\�HQFRXQWHUHG��H[FHSW�LQ�FDVHV�RI�VHYHUH�SROOXWLRQ���$FLGLW\�JHQ�
HUDOO\� UHVXOWV� IURP� WKH� SUHVHQFH� RI� ZHDN� DFLGV�� SDUWLFXODUO\� &2��� EXW� VRPHWLPHV
LQFOXGHV�RWKHUV�VXFK�DV�+�32�

��� +�6�� SURWHLQV�� DQG� IDWW\� DFLGV��$FLGLF�PHWDO� LRQV�
SDUWLFXODUO\�)H����PD\�DOVR�FRQWULEXWH�WR�DFLGLW\�

)URP�WKH�SROOXWLRQ�VWDQGSRLQW��VWURQJ�DFLGV�DUH�WKH�PRVW�LPSRUWDQW�FRQWULEXWRUV�WR
DFLGLW\��7KH�WHUP�IUHH�PLQHUDO�DFLG�LV�DSSOLHG�WR�VWURQJ�DFLGV�VXFK�DV�+�62� DQG�+&O
LQ�ZDWHU��$FLG�PLQH�ZDWHU�LV�D�FRPPRQ�ZDWHU�SROOXWDQW�WKDW�FRQWDLQV�DQ�DSSUHFLDEOH
FRQFHQWUDWLRQ�RI�IUHH�PLQHUDO�DFLG��:KHUHDV�WRWDO�DFLGLW\� LV� GHWHUPLQHG� E\� WLWUDWLRQ
ZLWK�EDVH�WR�WKH�SKHQROSKWKDOHLQ�HQGSRLQW��S+�������IUHH�PLQHUDO�DFLG�LV�GHWHUPLQHG�E\
WLWUDWLRQ�ZLWK�EDVH�WR�WKH�PHWK\O�RUDQJH�HQGSRLQW��S+������

7KH�DFLGLF�FKDUDFWHU�RI�VRPH�K\GUDWHG�PHWDO�LRQV�PD\�FRQWULEXWH�WR�DFLGLW\�

$O�+�2��
�� � ȝ $O�+�2��2+

�������+� �������

6RPH�LQGXVWULDO�ZDVWHV��VXFK�DV�VSHQW�VWHHO�SLFNOLQJ�OLTXRU��FRQWDLQ�DFLGLF�PHWDO�LRQV
DQG�RIWHQ�VRPH�H[FHVV�VWURQJ�DFLG��7KH�DFLGLW\�RI�VXFK�ZDVWHV�PXVW� EH�PHDVXUHG� LQ
FDOFXODWLQJ�WKH�DPRXQW�RI�OLPH�RU�RWKHU�FKHPLFDOV�UHTXLUHG�WR�QHXWUDOL]H�WKH�DFLG�
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&DUERQ�'LR[LGH�LQ�:DWHU

7KH�PRVW�LPSRUWDQW�ZHDN�DFLG�LQ�ZDWHU� LV�FDUERQ�GLR[LGH��&2���%HFDXVH�RI� WKH
SUHVHQFH�RI�FDUERQ�GLR[LGH�LQ�DLU�DQG�LWV�SURGXFWLRQ�IURP�PLFURELDO�GHFD\�RI�RUJDQLF
PDWWHU�� GLVVROYHG�&2�� LV� SUHVHQW� LQ� YLUWXDOO\� DOO� QDWXUDO� ZDWHUV� DQG� ZDVWHZDWHUV�
5DLQIDOO�IURP�HYHQ�DQ�DEVROXWHO\�XQSROOXWHG�DWPRVSKHUH� LV�VOLJKWO\�DFLGLF�GXH� WR� WKH
SUHVHQFH�RI�GLVVROYHG�&2���&DUERQ�GLR[LGH��DQG�LWV�LRQL]DWLRQ�SURGXFWV��ELFDUERQDWH
LRQ��+&2�

����DQG�FDUERQDWH�LRQ��&2�
����KDYH�DQ�H[WUHPHO\�LPSRUWDQW�LQIOXHQFH�XSRQ

WKH�FKHPLVWU\�RI�ZDWHU���0DQ\�PLQHUDOV� DUH�GHSRVLWHG�DV� VDOWV�RI� WKH� FDUERQDWH� LRQ�
$OJDH�LQ�ZDWHU�XWLOL]H�GLVVROYHG�&2��LQ�WKH�V\QWKHVLV�RI�ELRPDVV��7KH�HTXLOLEULXP�RI
GLVVROYHG�&2��ZLWK�JDVHRXV�FDUERQ�GLR[LGH�LQ�WKH�DWPRVSKHUH�

&2��ZDWHU���� ȝ ��&2��DWPRVSKHUH� �������

DQG�HTXLOLEULXP�RI�&2�
���LRQ�EHWZHHQ�DTXDWLF�VROXWLRQ�DQG�VROLG�FDUERQDWH�PLQHUDOV�

0&2��VOLJKWO\�VROXEOH�FDUERQDWH�VDOW���� ȝ �0�������&2�
�� �������

KDYH�D�VWURQJ�EXIIHULQJ�HIIHFW�XSRQ�WKH�S+�RI�ZDWHU�
&DUERQ� GLR[LGH� LV� RQO\� DERXW� ������� E\� YROXPH� RI� QRUPDO� GU\� DLU�� $V� D

FRQVHTXHQFH�RI�WKH�ORZ�OHYHO�RI�DWPRVSKHULF�&2���ZDWHU�WRWDOO\�ODFNLQJ�LQ�DONDOLQLW\
�FDSDFLW\� WR� QHXWUDOL]H� +��� VHH� 6HFWLRQ� ����� LQ� HTXLOLEULXP� ZLWK� WKH� DWPRVSKHUH
FRQWDLQV�RQO\�D�YHU\�ORZ�OHYHO�RI�FDUERQ�GLR[LGH��+RZHYHU��WKH�IRUPDWLRQ�RI�+&2�

�

DQG�&2�
���JUHDWO\�LQFUHDVHV�WKH�VROXELOLW\�RI�FDUERQ�GLR[LGH��+LJK�FRQFHQWUDWLRQV�RI

IUHH�FDUERQ�GLR[LGH� LQ�ZDWHU�PD\�DGYHUVHO\�DIIHFW� UHVSLUDWLRQ�DQG�JDV�H[FKDQJH�RI
DTXDWLF�DQLPDOV��,W�PD\�HYHQ�FDXVH�GHDWK�DQG�VKRXOG�QRW�H[FHHG�OHYHOV�RI����PJ�/�LQ
ZDWHU�

$�ODUJH�VKDUH�RI�WKH�FDUERQ�GLR[LGH�IRXQG�LQ�ZDWHU�LV�D�SURGXFW�RI�WKH�EUHDNGRZQ
RI� RUJDQLF� PDWWHU� E\� EDFWHULD�� (YHQ� DOJDH�� ZKLFK� XWLOL]H� &2�� LQ� SKRWRV\QWKHVLV�
SURGXFH�LW�WKURXJK�WKHLU�PHWDEROLF�SURFHVVHV�LQ�WKH�DEVHQFH�RI�OLJKW��$V�ZDWHU� VHHSV
WKURXJK� OD\HUV� RI� GHFD\LQJ� RUJDQLF� PDWWHU� ZKLOH� LQILOWUDWLQJ� WKH� JURXQG�� LW� PD\
GLVVROYH�D�JUHDW�GHDO�RI�&2��SURGXFHG�E\� WKH� UHVSLUDWLRQ� RI� RUJDQLVPV� LQ� WKH� VRLO�
/DWHU�� DV�ZDWHU� JRHV� WKURXJK� OLPHVWRQH� IRUPDWLRQV�� LW� GLVVROYHV� FDOFLXP� FDUERQDWH
EHFDXVH�RI�WKH�SUHVHQFH�RI�WKH�GLVVROYHG�&2��

&D&2��V������&2��DT������+�2���� ȝ ��&D��������+&2�
� �������

7KLV�SURFHVV�LV�WKH�RQH�E\�ZKLFK�OLPHVWRQH�FDYHV�DUH�IRUPHG��7KH�LPSOLFDWLRQV�RI�WKH
DERYH�UHDFWLRQ�IRU�DTXDWLF�FKHPLVWU\�DUH�GLVFXVVHG�LQ�JUHDWHU�GHWDLO�LQ�6HFWLRQ�����

7KH�FRQFHQWUDWLRQ�RI�JDVHRXV�&2�� LQ� WKH� DWPRVSKHUH� YDULHV� ZLWK� ORFDWLRQ� DQG
VHDVRQ��LW�LV�LQFUHDVLQJ�E\�DERXW�RQH�SDUW�SHU�PLOOLRQ��SSP��E\�YROXPH�SHU�\HDU��)RU
SXUSRVHV�RI�FDOFXODWLRQ�KHUH��WKH�FRQFHQWUDWLRQ�RI�DWPRVSKHULF�&2��ZLOO�EH� WDNHQ�DV
���� SSP� ���������� LQ� GU\� DLU��$W� ��Û&��ZDWHU� LQ� HTXLOLEULXP�ZLWK� XQSROOXWHG� DLU
FRQWDLQLQJ�����SSP�FDUERQ�GLR[LGH�KDV�D�&2��DT��FRQFHQWUDWLRQ�RI�������Ø� ���� 0
�VHH�+HQU\¶V�ODZ�FDOFXODWLRQ�RI�JDV�VROXELOLW\�LQ�6HFWLRQ�������DQG�WKLV�YDOXH�ZLOO�EH
XVHG�IRU�VXEVHTXHQW�FDOFXODWLRQV��
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$OWKRXJK�&2��LQ�ZDWHU�LV�RIWHQ�UHSUHVHQWHG� DV�+�&2���WKH�HTXLOLEULXP�FRQVWDQW
IRU�WKH�UHDFWLRQ

&2��DT������+�2��� ȝ��+�&2� �������

LV� RQO\� DURXQG� ��Ø� ����� DW� ��Û&�� VR� MXVW� D� VPDOO� IUDFWLRQ� RI� WKH� GLVVROYHG� FDUERQ
GLR[LGH�LV�DFWXDOO\�SUHVHQW�DV�+�&2���,Q�WKLV�WH[W��QRQLRQL]HG�FDUERQ�GLR[LGH�LQ�ZDWHU
ZLOO�EH�GHVLJQDWHG�VLPSO\�DV�&2���ZKLFK�LQ�VXEVHTXHQW�GLVFXVVLRQV�ZLOO� VWDQG� IRU� WKH
WRWDO�RI�GLVVROYHG�PROHFXODU�&2��DQG�XQGLVVRFLDWHG�+�&2��

7KH�&2��+&2�
��&2�

�� V\VWHP�LQ�ZDWHU�PD\�EH�GHVFULEHG�E\�WKH�HTXDWLRQV�

&2������+�2��� ȝ��+&2�
� ����+� �������

.D�� ��
>+�@>+&2�

�@ �� �������Ø����� S.D�� ������ �������
>&2�@

+&2�
� � ȝ��&2�

�������+� ��������

.D�� �
>+�@>&2�

��@ �� �������Ø������ S.D�� ������ ��������
>+&2�

�@

ZKHUH�S.D� � �ORJ .D��7KH�SUHGRPLQDQW� VSHFLHV� IRUPHG�E\�&2��GLVVROYHG�LQ�ZDWHU
GHSHQGV�XSRQ�S+��7KLV�LV�EHVW�VKRZQ�E\�D�GLVWULEXWLRQ�RI�VSHFLHV� GLDJUDP�ZLWK�S+
DV D PDVWHU YDULDEOH�DV�LOOXVWUDWHG�LQ�)LJXUH������6XFK�D�GLDJUDP�VKRZV�WKH�PDMRU

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

���

���

���

���

���

S+

&2�

+&2�
�

&2�
��

)LJXUH�������'LVWULEXWLRQ�RI�VSHFLHV�GLDJUDP�IRU�WKH�&2�±+&2�
�±&2�

�� �V\VWHP�LQ�ZDWHU�

VSHFLHV�SUHVHQW�LQ�VROXWLRQ�DV�D�IXQFWLRQ�RI� S+�� )RU� &2�� LQ� DTXHRXV� VROXWLRQ�� WKH
GLDJUDP�LV�D�VHULHV�RI�SORWV�RI�WKH�IUDFWLRQV�SUHVHQW� DV�&2���+&2�

��� DQG &2�
�� DV� D

IXQFWLRQ�RI� S+�� � 7KHVH� IUDFWLRQV�� GHVLJQDWHG� DV� Ⴂ[�� DUH� JLYHQ� E\� WKH� IROORZLQJ
H[SUHVVLRQV�
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��@

6XEVWLWXWLRQ�RI�WKH�H[SUHVVLRQV�IRU� .D�� DQG� .D�� LQWR� WKH� Ⴂ� H[SUHVVLRQV� JLYHV� WKH
IUDFWLRQV�RI�VSHFLHV� DV� D� IXQFWLRQ� RI� DFLG� GLVVRFLDWLRQ� FRQVWDQWV� DQG� K\GURJHQ� LRQ
FRQFHQWUDWLRQ�

Ⴂ&2�
 �� >+�@� ��������

>+�@����.D�>+
�@���.D�.D�

Ⴂ
+&2�

�  ��
.D�>+�@

��������
>+�@����.D�>+

�@���.D�.D�

Ⴂ
&2�

��  ��
.D�.D� ��������

>+�@����.D�>+
�@���.D�.D�

&DOFXODWLRQV�IURP�WKHVH�H[SUHVVLRQV�VKRZ�WKH�IROORZLQJ�

� )RU�S+�VLJQLILFDQWO\�EHORZ�S.D���Ⴂ&2�
�LV�HVVHQWLDOO\��

� :KHQ�S+� �S.D���Ⴂ&2�
� �Ⴂ+&2�

�

� :KHQ�S+� ������S.D������S.D����Ⴂ+&2�
��LV�DW�LWV�PD[LPXP�YDOXH�RI�����

� :KHQ�S+� �S.D���Ⴂ+&2��� �Ⴂ&2�
��

� )RU�S+�VLJQLILFDQWO\�DERYH�S.D���Ⴂ&2�
���LV�HVVHQWLDOO\���

7KH�GLVWULEXWLRQ�RI VSHFLHV� GLDJUDP� LQ� )LJXUH� ���� VKRZV� WKDW� K\GURJHQ� FDUERQDWH
�ELFDUERQDWH��LRQ��+&2�

���LV�WKH�SUHGRPLQDQW�VSHFLHV�LQ�WKH�S+�UDQJH�IRXQG�LQ�PRVW
ZDWHUV��ZLWK�&2��SUHGRPLQDWLQJ�LQ�PRUH�DFLGLF�ZDWHUV�

$V�PHQWLRQHG�DERYH��WKH�YDOXH�RI�>&2��DT�@�LQ�ZDWHU�DW���Û&�LQ�HTXLOLEULXP�ZLWK
DLU�WKDW�LV�����SSP�&2��LV�������Ø����� 0��7KH�FDUERQ�GLR[LGH�GLVVRFLDWHV�SDUWLDOO\�LQ
ZDWHU�WR�SURGXFH�HTXDO�FRQFHQWUDWLRQV�RI�+

�
�DQG�+&2�

��
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7KH�FRQFHQWUDWLRQV�RI�+��DQG�+&2�
� DUH�FDOFXODWHG�IURP�.D��

.D��� ��
>+�@>+&2�

� @
�� �

>+�@�
 �������Ø����� ��������

>&2�@ ������Ø�����

>+�@� �>+&2�
��@� ��������Ø����� Ø������Ø���������  �������Ø�����

S+� �����

7KLV�FDOFXODWLRQ�H[SODLQV�ZK\�SXUH�ZDWHU� WKDW�KDV� HTXLOLEUDWHG�ZLWK� WKH� XQSROOXWHG
DWPRVSKHUH�LV�VOLJKWO\�DFLGLF�ZLWK�D�S+�VRPHZKDW�OHVV�WKDQ���

���� $/.$/,1,7<

7KH�FDSDFLW\�RI�ZDWHU�WR�DFFHSW�+�� LRQV��SURWRQV��LV�FDOOHG�DONDOLQLW\ ��$ONDOLQLW\
LV�LPSRUWDQW�LQ�ZDWHU�WUHDWPHQW�DQG�LQ�WKH�FKHPLVWU\�DQG�ELRORJ\�RI�QDWXUDO�ZDWHUV�
)UHTXHQWO\��WKH�DONDOLQLW\�RI�ZDWHU�PXVW�EH�NQRZQ�WR�FDOFXODWH�WKH�TXDQWLWLHV�RI�FKHP�
LFDOV�WR�EH�DGGHG�LQ�WUHDWLQJ�WKH�ZDWHU��+LJKO\�DONDOLQH�ZDWHU�RIWHQ�KDV�D�KLJK�S+�DQG
JHQHUDOO\�FRQWDLQV�HOHYDWHG�OHYHOV� RI� GLVVROYHG� VROLGV��7KHVH� FKDUDFWHULVWLFV�PD\� EH
GHWULPHQWDO�IRU�ZDWHU�WR�EH�XVHG�LQ�ERLOHUV��IRRG�SURFHVVLQJ��DQG�PXQLFLSDO�ZDWHU�V\V�
WHPV��$ONDOLQLW\�VHUYHV�DV�D�S+�EXIIHU�DQG�UHVHUYRLU�IRU�LQRUJDQLF�FDUERQ��WKXV�KHOSLQJ
WR�GHWHUPLQH�WKH�DELOLW\�RI�D�ZDWHU�WR�VXSSRUW�DOJDO�JURZWK�DQG�RWKHU�DTXDWLF�OLIH��VR�LW
FDQ�EH�XVHG�DV�D�PHDVXUH�RI�ZDWHU�IHUWLOLW\��*HQHUDOO\��WKH�EDVLF�VSHFLHV�UHVSRQVLEOH�IRU
DONDOLQLW\�LQ�ZDWHU�DUH�ELFDUERQDWH�LRQ��FDUERQDWH�LRQ��DQG�K\GUR[LGH�LRQ�

+&2�
�������+� ȝ���&2������+�2 �������

&2�
��������+� ȝ ���+&2�

� �������

2+�������+� ȝ ���+�2 �������

2WKHU��XVXDOO\�PLQRU��FRQWULEXWRUV�WR�DONDOLQLW\�DUH�DPPRQLD�DQG�WKH�FRQMXJDWH�EDVHV
RI�SKRVSKRULF��VLOLFLF��ERULF��DQG�RUJDQLF�DFLGV�

$W�S+�YDOXHV�EHORZ���� >+�@�LQ�ZDWHU�GHWUDFWV�VLJQLILFDQWO\�IURP�DONDOLQLW\��DQG�LWV
FRQFHQWUDWLRQ�PXVW� EH� VXEWUDFWHG� LQ� FRPSXWLQJ� WKH� WRWDO� DONDOLQLW\�� 7KHUHIRUH�� WKH
IROORZLQJ�HTXDWLRQ�LV�WKH�FRPSOHWH�HTXDWLRQ�IRU�DONDOLQLW\�LQ�D�PHGLXP�ZKHUH�WKH�RQO\
FRQWULEXWRUV�WR�LW�DUH�+&2�

���&2�
����DQG�2+��

>DON@�� ��>+&2�
��@����>&2�

��@���>2+@����>+�@ �������

$ONDOLQLW\�JHQHUDOO\�LV�H[SUHVVHG�DV�SKHQROSKWKDOHLQ�DONDOLQLW\�� FRUUHVSRQGLQJ� WR
WLWUDWLRQ�ZLWK�DFLG�WR� WKH� S+� DW�ZKLFK�+&2�

�� LV� WKH�SUHGRPLQDQW�FDUERQDWH�VSHFLHV
�S+� ������ RU� WRWDO� DONDOLQLW\�� FRUUHVSRQGLQJ� WR� WLWUDWLRQ� ZLWK� DFLG� WR� WKH� PHWK\O

�������&5&�3UHVV�//&



RUDQJH�HQGSRLQW��S+�������ZKHUH�ERWK�ELFDUERQDWH�DQG�FDUERQDWH� VSHFLHV�KDYH�EHHQ
FRQYHUWHG�WR�&2��

,W� LV� LPSRUWDQW� WR�GLVWLQJXLVK�EHWZHHQ�KLJK�EDVLFLW\��PDQLIHVWHG� E\� DQ� HOHYDWHG
S+�� DQG� KLJK� DONDOLQLW\�� WKH� FDSDFLW\� WR� DFFHSW� +��� :KHUHDV� S+� LV� DQ� LQWHQVLW\
IDFWRU��DONDOLQLW\�LV�D�FDSDFLW\�IDFWRU��7KLV�PD\�EH�LOOXVWUDWHG�E\�FRPSDULQJ�D�VROXWLRQ
RI������Ø������0�1D2+�ZLWK�D�VROXWLRQ�RI�������0�+&2�

���7KH� VRGLXP�K\GUR[LGH
VROXWLRQ�LV�TXLWH�EDVLF��ZLWK�D�S+�RI�����EXW�D�OLWHU�RI�LW�ZLOO�QHXWUDOL]H�RQO\������Ø�����
PROH�RI�DFLG��7KH�S+�RI� WKH� VRGLXP�ELFDUERQDWH� VROXWLRQ� LV�������PXFK� ORZHU� WKDQ
WKDW�RI�WKH�1D2+��+RZHYHU��D�OLWHU�RI�WKH�VRGLXP�ELFDUERQDWH�VROXWLRQ�ZLOO�QHXWUDOL]H
������PROH�RI�DFLG��WKHUHIRUH��LWV�DONDOLQLW\�LV�����WLPHV�WKDW�RI�WKH�PRUH�EDVLF�1D2+
VROXWLRQ�

,Q�HQJLQHHULQJ�WHUPV��DONDOLQLW\�IUHTXHQWO\�LV�H[SUHVVHG�LQ�XQLWV�RI�PJ�/�RI�&D&2��
EDVHG�XSRQ�WKH�IROORZLQJ�DFLG�QHXWUDOL]LQJ�UHDFWLRQ�

&D&2� ����+
� ȝ���&D�������&2������+�2 �������

7KH�HTXLYDOHQW�ZHLJKW�RI�FDOFLXP�FDUERQDWH�LV�RQH�KDOI�LWV�IRUPXOD�ZHLJKW��([SUHVVLQJ
DONDOLQLW\� LQ� WHUPV� RI�PJ�/� RI� &D&2�� FDQ�� KRZHYHU�� OHDG� WR� FRQIXVLRQ�� DQG� WKH
SUHIHUDEOH� QRWDWLRQ� IRU� WKH� FKHPLVW� LV� HTXLYDOHQWV�/�� WKH� QXPEHU� RI� PROHV� RI� +�

QHXWUDOL]HG�E\�WKH�DONDOLQLW\�LQ�D�OLWHU�RI�VROXWLRQ�

&RQWULEXWRUV�WR�$ONDOLQLW\�DW�'LIIHUHQW�S+�9DOXHV

1DWXUDO�ZDWHU�W\SLFDOO\�KDV�DQ�DONDOLQLW\��GHVLJQDWHG�KHUH�DV�³>DON@�´�RI������Ø����
��HTXLYDOHQWV�SHU�OLWHU��HT�/���PHDQLQJ�WKDW�WKH�DONDOLQH�VROXWHV�LQ���OLWHU�RI�WKH� ZDWHU
ZLOO�QHXWUDOL]H������Ø������PROHV�RI�DFLG��7KH�FRQWULEXWLRQV�PDGH�E\�GLIIHUHQW�VSHFLHV
WR� DONDOLQLW\� GHSHQG� XSRQ� S+�� 7KLV� LV� VKRZQ� KHUH� E\� FDOFXODWLRQ� RI� WKH� UHODWLYH
FRQWULEXWLRQV�WR�DONDOLQLW\�RI�+&2�

���&2�
����DQG�2+��DW�S+������DQG�S+��������)LUVW�

IRU�ZDWHU�DW�S+�������>2+�@� LV� WRR� ORZ� WR�PDNH�DQ\� VLJQLILFDQW� FRQWULEXWLRQ� WR� WKH
DONDOLQLW\��)XUWKHUPRUH� DV� VKRZQ� E\� )LJXUH� ����� DW� S+� ����� >+&2�

��@� !!� >&2�
��@�

7KHUHIRUH��WKH�DONDOLQLW\�LV�GXH�WR�+&2�
��DQG�>+&2�

��@� ������Ø������0��6XEVWLWXWLRQ
LQWR�WKH�H[SUHVVLRQ�IRU�.D��VKRZV�WKDW�DW�S+������DQG�>+&2�

�@ � ������Ø������0��WKH
YDOXH�RI� >&2��DT�@� LV� �����Ø� ��

���0�� VRPHZKDW� KLJKHU� WKDQ� WKH� YDOXH� WKDW� DULVHV
IURP�ZDWHU� LQ� HTXLOLEULXP� ZLWK� DWPRVSKHULF� DLU�� EXW� UHDGLO\� UHDFKHG� GXH� WR� WKH
SUHVHQFH�RI�FDUERQ�GLR[LGH�IURP�EDFWHULDO�GHFD\�LQ�ZDWHU�DQG�VHGLPHQWV�

&RQVLGHU�QH[W�WKH�FDVH�RI�ZDWHU�ZLWK�WKH�VDPH�DONDOLQLW\�������Ø������HT�/�WKDW�KDV
D�S+�RI��������$W�WKLV�KLJKHU�S+�ERWK�2+��DQG &2�

���DUH�SUHVHQW�DW�VLJQLILFDQW�FRQ�
FHQWUDWLRQV�FRPSDUHG�WR�+&2�

��DQG�WKH�IROORZLQJ�PD\�EH�FDOFXODWHG�

>DON@� �>+&2�
�@����>&2�

��@���>2+�@� ������Ø����� �������

7KH�FRQFHQWUDWLRQ�RI�&2�
���LV�PXOWLSOLHG�E\���EHFDXVH�HDFK�&2�

���LRQ�FDQ�QHXWUDOL]H��
+��LRQV��7KH�RWKHU� WZR� HTXDWLRQV� WKDW�PXVW� EH� VROYHG� WR� JHW� WKH� FRQFHQWUDWLRQV� RI
+&2���&2�

����DQG�2+��DUH
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DQG
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6ROYLQJ�WKHVH�WKUHH�HTXDWLRQV�JLYHV�>+&2
�
� @� ������Ø������0�DQG�>&2�

��@� ������Ø
�����0��VR�WKH�FRQWULEXWLRQV�WR�WKH�DONDOLQLW\�RI�WKLV�VROXWLRQ�DUH�WKH�IROORZLQJ�

�����Ø������HT�/�IURP�+&2�
�

��Ø������Ø�����  �����Ø������HT�/�IURP�&2�
��

�����Ø������HT�/�IURP�2+�

DON� �����Ø����� HT�/

'LVVROYHG�,QRUJDQLF�&DUERQ�DQG�$ONDOLQLW\

7KH�YDOXHV�JLYHQ�DERYH�FDQ�EH�XVHG�WR�VKRZ�WKDW�DW�WKH�VDPH�DONDOLQLW\�YDOXH�WKH
FRQFHQWUDWLRQ�RI�WRWDO�GLVVROYHG�LQRUJDQLF�FDUERQ��>&@�

>&@  �>&2�@���>+&2�
�@���>&2�

��@ �������

YDULHV�ZLWK�S+��$W�S+������

>&@S+��  �������Ø����� �������Ø���������� ������Ø����� ��������

ZKHUHDV�DW�S+�������

>&@S+���  �����������Ø�������������Ø������ ������Ø����� ��������

7KH�FDOFXODWLRQ�DERYH�VKRZV�WKDW�WKH�GLVVROYHG�LQRUJDQLF�FDUERQ�FRQFHQWUDWLRQ�DW
S+� ������ LV� RQO\� DERXW� KDOI� WKDW� DW� S+� ������ 7KLV� LV� EHFDXVH� DW� S+� ��� PDMRU
FRQWULEXWLRQV�WR�DONDOLQLW\�DUH�PDGH�E\�&2�

���LRQ��HDFK�RI�ZKLFK�KDV�WZLFH� WKH�DOND�
OLQLW\�RI�HDFK�+&2�

��LRQ��DQG�E\�2+���ZKLFK�GRHV�QRW�FRQWDLQ�DQ\�FDUERQ��7KH�ORZHU
LQRUJDQLF�FDUERQ�FRQFHQWUDWLRQ�DW�S+���� VKRZV� WKDW� WKH� DTXDWLF� V\VWHP� FDQ� GRQDWH
GLVVROYHG�LQRUJDQLF�FDUERQ�IRU�XVH�LQ�SKRWRV\QWKHVLV�ZLWK�D�FKDQJH�LQ�S+�EXW�QRQH�LQ
DONDOLQLW\��7KLV�S+�GHSHQGHQW�GLIIHUHQFH�LQ�GLVVROYHG�LQRUJDQLF�FDUERQ�FRQFHQWUDWLRQ
UHSUHVHQWV�D�VLJQLILFDQW�SRWHQWLDO�VRXUFH�RI�FDUERQ�IRU�DOJDH� JURZLQJ� LQ�ZDWHU�ZKLFK
IL[�FDUERQ�E\�WKH�RYHUDOO�UHDFWLRQV

&2������+�2�����KႮ ȝ ^&႐�႘` �����2� ��������

DQG

+&2�
������+�2�����KႮ ȝ��̂ &႐�႘` �����2+������2� ��������

$V�GLVVROYHG�LQRUJDQLF�FDUERQ�LV�XVHG� XS� WR� V\QWKHVL]H� ELRPDVV�� ^&+�2`�� WKH
ZDWHU�EHFRPHV�PRUH�EDVLF��7KH�DPRXQW� RI� LQRUJDQLF� FDUERQ� WKDW� FDQ� EH� FRQVXPHG
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EHIRUH�WKH�ZDWHU�EHFRPHV�WRR�EDVLF�WR�DOORZ�DOJDO�UHSURGXFWLRQ�LV�SURSRUWLRQDO�WR�WKH
DONDOLQLW\�� ,Q� JRLQJ� IURP� S+� ����� WR� S+� ������� WKH� DPRXQW� RI� LQRUJDQLF� FDUERQ
FRQVXPHG�IURP������/�RI�ZDWHU�KDYLQJ�DQ�DONDOLQLW\�RI������Ø������HT�/�LV�

>&@S+�� Ø���/���>&@S+��� Ø���/  ��

�����Ø������PRO��������Ø������PRO�� ������Ø������PRO� ��������

7KLV�WUDQVODWHV�WR�DQ�LQFUHDVH�RI�����Ø����� PRO�/�RI�ELRPDVV��6LQFH�WKH�IRUPXOD
PDVV� RI� ^&+�2`� LV� ���� WKH� ZHLJKW� RI� ELRPDVV� SURGXFHG� DPRXQWV� WR� ��� PJ�/�
$VVXPLQJ�QR�LQSXW�RI�DGGLWLRQDO�&2���DW�KLJKHU�DONDOLQLW\�PRUH�ELRPDVV� LV� SURGXFHG
IRU�WKH�VDPH�FKDQJH�LQ�S+��ZKHUHDV�DW�ORZHU�DONDOLQLW\�OHVV� LV�SURGXFHG��%HFDXVH�RI
WKLV�HIIHFW��ELRORJLVWV�XVH�DONDOLQLW\�DV�D�PHDVXUH�RI�ZDWHU�IHUWLOLW\�

,QIOXHQFH�RI�$ONDOLQLW\�RQ�&2��6ROXELOLW\

7KH�LQFUHDVHG�VROXELOLW\�RI�FDUERQ�GLR[LGH�LQ�ZDWHU�ZLWK�DQ�HOHYDWHG�DONDOLQLW\�FDQ
EH�LOOXVWUDWHG�E\�FRPSDULQJ�LWV�VROXELOLW\�LQ�SXUH�ZDWHU��DONDOLQLW\����WR�LWV�VROXELOLW\�LQ
ZDWHU�LQLWLDOO\�FRQWDLQLQJ������Ø� �����0�1D2+� �DONDOLQLW\� �����Ø� ����� HT�/��� 7KH
QXPEHU� RI� PROHV� RI� &2�� WKDW� ZLOO� GLVVROYH� LQ� D� OLWHU� RI� SXUH� ZDWHU� IURP� WKH
DWPRVSKHUH�FRQWDLQLQJ�����SSP�FDUERQ�GLR[LGH�LV

6ROXELOLW\�� ��>&2��DT�@���>+&2�
�@ ��������

6XEVWLWXWLQJ�YDOXHV�FDOFXODWHG�LQ�6HFWLRQ�����JLYHV

6ROXELOLW\�� ��������Ø����� �������Ø������ �������Ø����� 0

7KH�VROXELOLW\�RI� &2��LQ�ZDWHU�� LQLWLDOO\������Ø� �����0� LQ�1D2+�� LV�DERXW�����IROG
KLJKHU�EHFDXVH�RI�XSWDNH�RI�&2��E\�WKH�UHDFWLRQ

&2��DJ������2+
� � ȝ��+&2�

� ��������

VR�WKDW

6ROXELOLW\�� ��>&2��DT�@���>+&2�
�@

 �������Ø����� �������Ø�����  �������Ø����� 0 ��������

���� &$/&,80�$1'�27+(5�0(7$/6�,1�:$7(5

0HWDO�LRQV�LQ�ZDWHU�� FRPPRQO\� GHQRWHG�0Q��� H[LVW� LQ� QXPHURXV� IRUPV��$�EDUH
PHWDO�LRQ��&D���IRU�H[DPSOH��FDQQRW� H[LVW� DV� D� VHSDUDWH� HQWLW\� LQ�ZDWHU�� ,Q� RUGHU� WR
VHFXUH� WKH� KLJKHVW� VWDELOLW\� RI� WKHLU� RXWHU� HOHFWURQ� VKHOOV��PHWDO� LRQV� LQ� ZDWHU� DUH
ERQGHG�� RU� FRRUGLQDWHG�� WR� RWKHU� VSHFLHV��7KHVH�PD\�EH�ZDWHU� PROHFXOHV� RU� RWKHU
VWURQJHU�EDVHV��HOHFWURQ�GRQRU�SDUWQHUV��WKDW�PLJKW�EH�SUHVHQW��7KHUHIRUH��PHWDO�LRQV
LQ�ZDWHU�VROXWLRQ�DUH�SUHVHQW�LQ�IRUPV�VXFK�DV� WKH�K\GUDWHG�PHWDO�FDWLRQ�0�+�2�[

Q��
0HWDO�LRQV� LQ� DTXHRXV� VROXWLRQ� VHHN� WR� UHDFK�D� VWDWH�RI�PD[LPXP�VWDELOLW\� WKURXJK
FKHPLFDO�UHDFWLRQV�LQFOXGLQJ�DFLG�EDVH�
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)H�+�2��
�� � ȝ��)H2+�+�2��

�������+� �������

SUHFLSLWDWLRQ�

)H�+�2��
�� � ȝ��)H�2+���V�������+�2������+

� �������

DQG�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV�

)H�+�2��
�� � ȝ��)H�2+���V�������+�2�����H

�������+� �������

7KHVH�DOO�SURYLGH�PHDQV�WKURXJK�ZKLFK�PHWDO�LRQV�LQ�ZDWHU�DUH�WUDQVIRUPHG�WR�PRUH
VWDEOH�IRUPV��%HFDXVH�RI�UHDFWLRQV�VXFK�DV�WKHVH�DQG�WKH�IRUPDWLRQ�RI�GLPHULF�VSHFLHV�
VXFK�DV�)H��2+��

����WKH�FRQFHQWUDWLRQ�RI�VLPSOH�K\GUDWHG�)H�+�2��
�� LRQ�LQ�ZDWHU�LV

YDQLVKLQJO\�VPDOO��WKH�VDPH�KROGV�WUXH�IRU�PDQ\�RWKHU�K\GUDWHG�PHWDO�LRQV�GLVVROYHG
LQ�ZDWHU�

+\GUDWHG�0HWDO�,RQV�DV�$FLGV

+\GUDWHG�PHWDO�LRQV��SDUWLFXODUO\�WKRVH�ZLWK�D�FKDUJH�RI����RU�PRUH�� WHQG�WR�ORVH
+��LRQ�IURP�WKH�ZDWHU�PROHFXOHV�ERXQG�WR�WKHP�LQ�DTXHRXV�VROXWLRQ��DQG�ILW�WKH�GHILQ�
LWLRQ�RI�%U|QVWHG�DFLGV��DFFRUGLQJ� WR�ZKLFK�DFLGV�DUH�+�� GRQRUV� DQG� EDVHV� DUH�+�

DFFHSWRUV��7KH� DFLGLW\� RI� D� PHWDO� LRQ� LQFUHDVHV� ZLWK� FKDUJH� DQG� GHFUHDVHV� ZLWK
LQFUHDVLQJ�UDGLXV��$V�VKRZQ�E\�WKH�UHDFWLRQ�

)H�+�2��
�� � ȝ )H�+�2��2+

�������+� �������

K\GUDWHG�LURQ�,,,��LRQ�LV�DQ�DFLG��D�UHODWLYHO\�VWURQJ�RQH�ZLWK�D�.D��RI�����Ø� ��
���� VR

WKDW�VROXWLRQV�RI�LURQ�,,,��WHQG�WR�KDYH�ORZ�S+�YDOXHV��+\GUDWHG�WULYDOHQW�PHWDO�LRQV�
VXFK�DV�LURQ�,,,���JHQHUDOO\�DUH�PLQXV�DW�OHDVW�RQH�K\GURJHQ�LRQ�DW�QHXWUDO�S+�YDOXHV� RU
DERYH��)RU�WHWUDYDOHQW�PHWDO�LRQV��WKH�FRPSOHWHO\�SURWRQDWHG� IRUPV��0�+�2�[

���� DUH
UDUH�HYHQ�DW�YHU\�ORZ�S+�YDOXHV��&RPPRQO\��2���LV�FRRUGLQDWHG�WR�WHWUDYDOHQW�PHWDO
LRQV��DQ�H[DPSOH�LV�WKH�YDQDGLXP�,9��VSHFLHV��92����*HQHUDOO\��GLYDOHQW�PHWDO�LRQV�GR
QRW�ORVH�D�K\GURJHQ�LRQ�DW�S+�YDOXHV�EHORZ����ZKHUHDV�PRQRYDOHQW�PHWDO�LRQV�VXFK�DV
1D��GR�QRW�DFW�DV�DFLGV�DW�DOO��DQG�H[LVW�LQ�ZDWHU�VROXWLRQ�DV�VLPSOH�K\GUDWHG�LRQV�

7KH�WHQGHQF\� RI� K\GUDWHG�PHWDO� LRQV� WR� EHKDYH� DV� DFLGV�PD\� KDYH� D� SURIRXQG
HIIHFW�XSRQ� WKH� DTXDWLF� HQYLURQPHQW�� $� JRRG� H[DPSOH� LV� DFLG� PLQH� ZDWHU� �VHH
&KDSWHU� ���� ZKLFK� GHULYHV� SDUW� RI� LWV� DFLGLF� FKDUDFWHU� IURP� WKH� DFLGLF� QDWXUH� RI
K\GUDWHG�LURQ�,,,��

)H�+�2��
�� � ȝ )H�2+���V�������+

� ����+�2 �������
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+\GUR[LGH��2+���ERQGHG�WR�D�PHWDO�LRQ��PD\�IXQFWLRQ�DV�D�EULGJLQJ�JURXS�WR�MRLQ
WZR� RU�PRUH�PHWDOV� WRJHWKHU� DV� VKRZQ� E\� WKH� IROORZLQJ� GHK\GUDWLRQ�GLPHUL]DWLRQ
SURFHVV�

�)H�+�2��2+
�� ȝ��+�2��)H )H�+�2��

2

2

+

+

� �
���+�2 �������

$PRQJ�WKH�PHWDOV�RWKHU�WKDQ�LURQ�,,,��IRUPLQJ�SRO\PHULF�VSHFLHV�ZLWK�2+��DV�D�EULGJ�
LQJ�JURXS�DUH�$O�,,,���%H�,,���%L�,,,���&H�,9���&R�,,,���&X�,,���*D�,,,���0R�9���3E�,,��
6F�,,���6Q�,9���DQG�8�9,���$GGLWLRQDO�K\GURJHQ�LRQV�PD\�EH�ORVW�IURP�ZDWHU�PROHFXOHV
ERQGHG�WR�WKH�GLPHUV��IXUQLVKLQJ�2+��JURXSV�IRU�IXUWKHU�ERQGLQJ�DQG�OHDGLQJ�WR�WKH
IRUPDWLRQ�RI�SRO\PHULF�K\GURO\WLF�VSHFLHV��,I�WKH�SURFHVV�FRQWLQXHV��FROORLGDO�K\GUR[\
SRO\PHUV�DUH�IRUPHG�DQG��ILQDOO\��SUHFLSLWDWHV�DUH�SURGXFHG��7KLV�SURFHVV�LV� WKRXJKW� WR
EH�WKH�JHQHUDO�RQH�E\�ZKLFK�K\GUDWHG�LURQ�,,,��R[LGH��)H�2��[�+�2����DOVR�FDOOHG�IHUULF
K\GUR[LGH��)H�2+�����LV�SUHFLSLWDWHG�IURP�VROXWLRQV�FRQWDLQLQJ�LURQ�,,,��

&DOFLXP�LQ�:DWHU

2I�WKH�FDWLRQV�IRXQG�LQ�PRVW�IUHVK�ZDWHU�V\VWHPV��FDOFLXP�JHQHUDOO\�KDV�WKH�KLJK�
HVW�FRQFHQWUDWLRQ��7KH�FKHPLVWU\�RI�FDOFLXP��DOWKRXJK�FRPSOLFDWHG�HQRXJK��LV�VLPSOHU
WKDQ� WKDW�RI� WKH� WUDQVLWLRQ�PHWDO� LRQV� IRXQG� LQ�ZDWHU��&DOFLXP� LV�D� NH\� HOHPHQW� LQ
PDQ\�JHRFKHPLFDO�SURFHVVHV��DQG�PLQHUDOV�FRQVWLWXWH�WKH�SULPDU\�VRXUFHV�RI�FDOFLXP
LRQ�LQ�ZDWHUV��$PRQJ�WKH�SULPDU\�FRQWULEXWLQJ�PLQHUDOV� DUH� J\SVXP��&D62���+�2�
DQK\GULWH�� &D62��� GRORPLWH��&D0J�&2����� DQG� FDOFLWH� DQG� DUDJRQLWH�� ZKLFK� DUH
GLIIHUHQW�PLQHUDO�IRUPV�RI�&D&2��

&DOFLXP� LRQ�� DORQJ�ZLWK�PDJQHVLXP�DQG� VRPHWLPHV� LURQ�,,�� LRQ�� DFFRXQWV� IRU
ZDWHU�KDUGQHVV��7KH�PRVW� FRPPRQ�PDQLIHVWDWLRQ�RI�ZDWHU� KDUGQHVV� LV� WKH� FXUG\
SUHFLSLWDWH�IRUPHG�E\�VRDS�LQ�KDUG�ZDWHU��7HPSRUDU\�KDUGQHVV�LV�GXH�WR�WKH�SUHVHQFH
RI�FDOFLXP�DQG�ELFDUERQDWH�LRQV�LQ�ZDWHU�DQG�PD\�EH�HOLPLQDWHG�E\�ERLOLQJ�WKH�ZDWHU�

&D��������+&2�
� � ȝ��&D&2��V������&2��J������+�2 �������

,QFUHDVHG�WHPSHUDWXUH�PD\�IRUFH�WKLV�UHDFWLRQ�WR�WKH�ULJKW�E\�HYROYLQJ�&2��JDV��DQG�D
ZKLWH�SUHFLSLWDWH�RI�FDOFLXP�FDUERQDWH�PD\�IRUP�LQ�ERLOLQJ�ZDWHU�KDYLQJ� WHPSRUDU\
KDUGQHVV�

:DWHU�FRQWDLQLQJ�D�KLJK�OHYHO�RI�FDUERQ�GLR[LGH�UHDGLO\�GLVVROYHV�FDOFLXP�IURP�LWV
FDUERQDWH�PLQHUDOV�

&D&2��V������&2��DT����+�2��� ȝ &D��������+&2�
� �������

:KHQ� WKLV� UHDFWLRQ� LV� UHYHUVHG�DQG�&2�� LV� ORVW� IURP� WKH� ZDWHU�� FDOFLXP� FDUERQDWH
GHSRVLWV�DUH�IRUPHG��7KH�FRQFHQWUDWLRQ�RI�&2��LQ�ZDWHU�GHWHUPLQHV�WKH�H[WHQW�RI�GLV�
VROXWLRQ�RI�FDOFLXP�FDUERQDWH��7KH�FDUERQ� GLR[LGH� WKDW� ZDWHU� PD\� JDLQ� E\� HTXLOL�
EUDWLRQ�ZLWK� WKH� DWPRVSKHUH� LV� QRW� VXIILFLHQW� WR� DFFRXQW� IRU� WKH� OHYHOV� RI� FDOFLXP
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GLVVROYHG�LQ�QDWXUDO�ZDWHUV��HVSHFLDOO\�JURXQGZDWHUV��5DWKHU��WKH�UHVSLUDWLRQ�RI�PLFUR�
RUJDQLVPV�GHJUDGLQJ�RUJDQLF�PDWWHU�LQ�ZDWHU��VHGLPHQWV��DQG�VRLO�

^&+�2`�������2� ȝ ���&2������+�2 �������

DFFRXQWV�IRU�WKH�YHU\�KLJK�OHYHOV�RI�&2��DQG�+&2�
��REVHUYHG� LQ�ZDWHU� DQG� LV� YHU\

LPSRUWDQW�LQ�DTXDWLF�FKHPLFDO�SURFHVVHV�DQG�JHRFKHPLFDO�WUDQVIRUPDWLRQV�

'LVVROYHG�&DUERQ�'LR[LGH�DQG�&DOFLXP�&DUERQDWH�0LQHUDOV

7KH�HTXLOLEULXP�EHWZHHQ�GLVVROYHG�FDUERQ�GLR[LGH�DQG�FDOFLXP�FDUERQDWH�PLQHUDOV
LV� LPSRUWDQW� LQ� GHWHUPLQLQJ� VHYHUDO� QDWXUDO� ZDWHU� FKHPLVWU\� SDUDPHWHUV� VXFK� DV
DONDOLQLW\��S+��DQG�GLVVROYHG�FDOFLXP�FRQFHQWUDWLRQ��)LJXUH�������)RU�IUHVK�ZDWHU� WKH
W\SLFDO�ILJXUHV�TXRWHG�IRU�WKH�FRQFHQWUDWLRQV�RI�ERWK�+&2�

��DQG�&D���DUH

6HGLPHQW

&2�

&2�

�&D&2����&2����+�2��������&D
���� �+&2�

�

&D&2�

&D��

&2�
��

)LJXUH�������&DUERQ�GLR[LGH�FDOFLXP�FDUERQDWH�HTXLOLEULD�

�����Ø������0��,W�PD\�EH�VKRZQ�WKDW�WKHVH�DUH�UHDVRQDEOH�YDOXHV�ZKHQ�WKH�ZDWHU�LV�LQ
HTXLOLEULXP�ZLWK�OLPHVWRQH��&D&2���DQG�ZLWK�DWPRVSKHULF�&2���7KH�FRQFHQWUDWLRQ�RI
&2��LQ�ZDWHU�LQ�HTXLOLEULXP�ZLWK�DLU�KDV�DOUHDG\�EHHQ�FDOFXODWHG�DV�������Ø������0�
7KH�RWKHU�FRQVWDQWV�QHHGHG�WR�FDOFXODWH�>+&2�

�@�DQG�>&D��@�DUH�WKH�DFLG�GLVVRFLDWLRQ
FRQVWDQW�IRU�&2��

.D�� ��
>+�@>+&2�

�@ �� �������Ø����� ��������
>&2�@

WKH�DFLG�GLVVRFLDWLRQ�FRQVWDQW�RI�+&2�
�
�

.D�� ��
>+�@>&2�

��@ �� �������Ø������ ��������
>+&2�

�@

DQG�WKH�VROXELOLW\�SURGXFW�RI�FDOFLXP�FDUERQDWH��FDOFLWH��

.VS� ���>&D
��@>&2�

��@� �������Ø����� ��������

7KH�UHDFWLRQ�EHWZHHQ�FDOFLXP�FDUERQDWH�DQG�GLVVROYHG�&2��LV
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&D&2��V������&2��DT����+�2��� ȝ &D��������+&2�
� ��������

IRU�ZKLFK�WKH�HTXLOLEULXP��H[SUHVVLRQ�LV�WKH�IROORZLQJ�

.
� ��
�>&D��@>+&2�

�@�
�� ���

.VS.D�  ������Ø����� ��������
>&2�@����������������������.D�

7KH�VWRLFKLRPHWU\�RI�5HDFWLRQ��������JLYHV�D�ELFDUERQDWH�LRQ�FRQFHQWUDWLRQ�WKDW�LV
WZLFH�WKDW�RI�FDOFLXP��6XEVWLWXWLRQ�RI�WKH�YDOXH�RI�&2��FRQFHQWUDWLRQ�LQWR�WKH�H[SUHV�
VLRQ�IRU�.
�\LHOGV�YDOXHV�RI������Ø������0�IRU�>&D��@�DQG������Ø������IRU� >+&2�

� @�
6XEVWLWXWLRQ LQWR WKH�H[SUHVVLRQ IRU� .VS� \LHOGV� �����Ø� ����� 0� IRU� >&2�

��@��:KHQ
NQRZQ�FRQFHQWUDWLRQV�DUH�VXEVWLWXWHG�LQWR�WKH�SURGXFW�.D�.D��

.D�.D�� ��
>+�@�>&2�

��@ �� ��������Ø������ ��������
>&2�@

D�YDOXH�RI������Ø������0�LV�REWDLQHG�IRU�>+�@��S+��������7KH�DONDOLQLW\�LV�HVVHQWLDOO\
HTXDO�WR�>+&2�

�@��ZKLFK�LV�PXFK�KLJKHU�WKDQ�>&2�
��@�RU�>2+�@�

7R� VXPPDUL]H�� IRU� ZDWHU� LQ� HTXLOLEULXP� ZLWK� VROLG� FDOFLXP� FDUERQDWH� DQG
DWPRVSKHULF�&2���WKH�IROORZLQJ�FRQFHQWUDWLRQV�DUH�FDOFXODWHG�

>&2�@  �������Ø������0 >&D��@  �������Ø������0

>+&2�
�@  �������Ø������0 >+�@  �������Ø������0

>&2�
��@  �������Ø������0 S+  ������

)DFWRUV� VXFK� DV� QRQHTXLOLEULXP� FRQGLWLRQV�� KLJK� &2�� FRQFHQWUDWLRQV� LQ� ERWWRP
UHJLRQV�� DQG� LQFUHDVHG�S+�GXH� WR� DOJDO�XSWDNH�RI�&2��FDXVH�GHYLDWLRQV�IURP�WKHVH
YDOXHV��1HYHUWKHOHVV��WKH\�DUH�FORVH�WR�WKH�YDOXHV�IRXQG�LQ�D�ODUJH�QXPEHU�RI�QDWXUDO
ZDWHU�ERGLHV�

����� &203/(;$7,21�$1'�&+(/$7,21

7KH�SURSHUWLHV�RI�PHWDOV�GLVVROYHG� LQ�ZDWHU�GHSHQG� ODUJHO\�XSRQ� WKH� QDWXUH� RI
PHWDO�VSHFLHV�GLVVROYHG�LQ�WKH�ZDWHU��7KHUHIRUH��VSHFLDWLRQ� RI�PHWDOV�SOD\V�D�FUXFLDO
UROH�LQ�WKHLU�HQYLURQPHQWDO�FKHPLVWU\�LQ�QDWXUDO�ZDWHUV�DQG�ZDVWHZDWHUV��,Q�DGGLWLRQ�WR
WKH� K\GUDWHG� PHWDO� LRQV�� IRU� H[DPSOH�� )H�+�2��

�� DQG� K\GUR[\� VSHFLHV� VXFK� DV
)H2+�+�2��

���GLVFXVVHG�LQ�WKH�SUHFHGLQJ�VHFWLRQ��PHWDOV�PD\�H[LVW� LQ�ZDWHU� UHYHUV�
LEO\�ERXQG�WR�LQRUJDQLF�DQLRQV� RU� WR� RUJDQLF� FRPSRXQGV� DV�PHWDO� FRPSOH[HV�� )RU
H[DPSOH��D�F\DQLGH�LRQ�FDQ�ERQG�WR�GLVVROYHG�LURQ�,,��

)H�+�2��
�������&1� � ȝ��)H&1�+�2��

������+�2 ��������
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$GGLWLRQDO�F\DQLGH�LRQV�PD\�ERQG�WR�WKH�LURQ�WR�IRUP�)H�&1����)H�&1��
���)H�&1��

���
)H�&1��

����DQG�)H�&1��
����ZKHUH� WKH�ZDWHU�PROHFXOHV�VWLOO�ERXQG� WR� WKH� LURQ�,,��DUH

RPLWWHG� IRU� VLPSOLFLW\��7KLV� SKHQRPHQRQ� LV� FDOOHG�FRPSOH[DWLRQ�� WKH� VSHFLHV� WKDW
ELQGV�ZLWK� WKH�PHWDO� LRQ�� &1�� LQ� WKH� H[DPSOH� DERYH�� LV� FDOOHG� D� OLJDQG�� DQG� WKH
SURGXFW�LQ�ZKLFK�WKH�OLJDQG�LV�ERXQG�ZLWK�WKH�PHWDO�LRQ�LV�D�FRPSOH[��FRPSOH[� LRQ�
RU�FRRUGLQDWLRQ�FRPSRXQG��$�VSHFLDO�FDVH�RI�FRPSOH[DWLRQ�LQ�ZKLFK�D�OLJDQG�ERQGV
LQ�WZR�RU�PRUH�SODFHV�WR�D�PHWDO�LRQ�LV�FDOOHG�FKHODWLRQ��,Q�DGGLWLRQ�WR�EHLQJ�SUHVHQW
DV�PHWDO�FRPSOH[HV��PHWDOV�PD\�RFFXU�LQ�ZDWHU�DV�RUJDQRPHWDOOLF� FRPSRXQGV�FRQ�
WDLQLQJ�FDUERQ�WR�PHWDO�ERQGV��7KH� VROXELOLWLHV�� WUDQVSRUW�SURSHUWLHV�� DQG�ELRORJLFDO
HIIHFWV�RI�VXFK�VSHFLHV�DUH�RIWHQ�YDVWO\�GLIIHUHQW� IURP� WKRVH� RI� WKH�PHWDO� LRQV� WKHP�
VHOYHV��6XEVHTXHQW�VHFWLRQV�RI� WKLV�FKDSWHU�FRQVLGHU�PHWDO�VSHFLHV�ZLWK�DQ�HPSKDVLV
XSRQ�PHWDO�FRPSOH[DWLRQ��HVSHFLDOO\�FKHODWLRQ�� LQ� ZKLFK� SDUWLFXODUO\� VWURQJ� PHWDO
FRPSOH[HV�DUH�IRUPHG�

,Q�WKH�H[DPSOH�DERYH��WKH�F\DQLGH�LRQ�LV�D�XQLGHQWDWH� OLJDQG��ZKLFK�PHDQV�WKDW
LW�SRVVHVVHV�RQO\�RQH�VLWH�WKDW�ERQGV�WR�D�PHWDO�LRQ��&RPSOH[HV�RI�XQLGHQWDWH�OLJDQGV
DUH�RI�UHODWLYHO\�OLWWOH�LPSRUWDQFH�LQ�VROXWLRQ�LQ�QDWXUDO�ZDWHUV��2I�FRQVLGHUDEO\�PRUH
LPSRUWDQFH�DUH�FRPSOH[HV�ZLWK�FKHODWLQJ�DJHQWV��$�FKHODWLQJ� DJHQW� KDV�PRUH� WKDQ
RQH� DWRP� WKDW�PD\� EH� ERQGHG� WR� D� FHQWUDO�PHWDO� LRQ� DW� RQH� WLPH� WR� IRUP� D� ULQJ
VWUXFWXUH��7KXV�� S\URSKRVSKDWH� LRQ�� 3�2�

���� ERQGV� WR� WZR� VLWHV� RQ� D� FDOFLXP� LRQ� WR
IRUP�D�FKHODWH�

��23 3

2 2

&D

22
2 2

,Q�JHQHUDO�� VLQFH� D� FKHODWLQJ� DJHQW�PD\�ERQG� WR� D�PHWDO� LRQ� LQ�PRUH� WKDQ� RQH
SODFH VLPXOWDQHRXVO\��)LJXUH��������FKHODWHV�DUH�PRUH�VWDEOH�WKDQ�FRPSOH[HV�LQYROY��

1

0��
�

2

&+�

&
+�&

&

+�&

&
2

2

2

2
�

��

2�

)LJXUH��������1LWULORWULDFHWDWH�FKHODWH�RI�D�GLYDOHQW�PHWDO�LRQ�LQ�D�WHWUDKHGUDO�FRQILJXUDWLRQ�

LQJ XQLGHQWDWH OLJDQGV��6WDELOLW\ WHQGV WR LQFUHDVH ZLWK WKH�QXPEHU�RI�FKHODWLQJ� VLWHV
DYDLODEOH�RQ�WKH�OLJDQG��6WUXFWXUHV�RI�PHWDO�FKHODWHV�WDNH�D�QXPEHU�RI�GLIIHUHQW�IRUPV�
DOO�FKDUDFWHUL]HG�E\�ULQJV� LQ�YDULRXV�FRQILJXUDWLRQV��7KH�VWUXFWXUH�RI�D� WHWUDKHGUDOO\
FRRUGLQDWHG�FKHODWH�RI�QLWULORWULDFHWDWH�LRQ�LV�VKRZQ�LQ�)LJXUH������

7KH�OLJDQGV� IRXQG� LQ� QDWXUDO� ZDWHUV� DQG� ZDVWHZDWHUV� FRQWDLQ� D� YDULHW\� RI
IXQFWLRQDO� JURXSV�ZKLFK� FDQ�GRQDWH� WKH� HOHFWURQV� UHTXLUHG� WR� ERQG� WKH� OLJDQG� WR� D
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PHWDO�LRQ�� $PRQJ�WKH�PRVW�FRPPRQ�RI�WKHVH�JURXSV�DUH�

&

2

2��5 &

2��
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+

+
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2
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&DUER[\ODWH���+HWHURF\FOLF���3KHQR[LGH��$OLSKDWLF�DQG����3KRVSKDWH
��������������������QLWURJHQ��������������������������DURPDWLF�DPLQR

1

7KHVH�OLJDQGV�FRPSOH[�PRVW�PHWDO�LRQV�IRXQG�LQ�XQSROOXWHG�ZDWHUV�DQG�ELRORJLFDO�V\V�
WHPV��0J����&D����0Q����)H����)H����&X����=Q����92�����7KH\� DOVR�ELQG� WR� FRQWDP�
LQDQW�PHWDO�LRQV�VXFK�DV�&R����1L����6U����&G����DQG�%D���

&RPSOH[DWLRQ�PD\�KDYH�D�QXPEHU�RI�HIIHFWV��LQFOXGLQJ�UHDFWLRQV�RI�ERWK� OLJDQGV
DQG�PHWDOV��$PRQJ�WKH�OLJDQG�UHDFWLRQV�DUH�R[LGDWLRQ�UHGXFWLRQ��GHFDUER[\ODWLRQ��DQG
K\GURO\VLV��&RPSOH[DWLRQ�PD\�FDXVH�FKDQJHV�LQ�R[LGDWLRQ�VWDWH�RI�WKH�PHWDO�DQG�PD\
UHVXOW�LQ�D�PHWDO�EHFRPLQJ�VROXELOL]HG�IURP�DQ�LQVROXEOH�FRPSRXQG��7KH�IRUPDWLRQ�RI
LQVROXEOH�FRPSOH[�FRPSRXQGV�UHPRYHV�PHWDO�LRQV�IURP�VROXWLRQ�

&RPSOH[�FRPSRXQGV�RI�PHWDOV�VXFK�DV�LURQ��LQ�KHPRJORELQ��DQG�PDJQHVLXP��LQ
FKORURSK\OO��DUH�YLWDO�WR�OLIH�SURFHVVHV��1DWXUDOO\�RFFXUULQJ�FKHODWLQJ�DJHQWV��VXFK�DV
KXPLF� VXEVWDQFHV� DQG� DPLQR� DFLGV�� DUH� IRXQG� LQ� ZDWHU� DQG� VRLO�� 7KH� KLJK
FRQFHQWUDWLRQ�RI�FKORULGH�LRQ� LQ� VHDZDWHU� UHVXOWV� LQ� WKH� IRUPDWLRQ� RI� VRPH� FKORUR
FRPSOH[HV�� �6\QWKHWLF� FKHODWLQJ� DJHQWV� VXFK� DV� VRGLXP� WULSRO\SKRVSKDWH�� VRGLXP
HWK\OHQHGLDPLQHWHWUDDFHWDWH� �('7$��� VRGLXP� QLWULORWULDFHWDWH� �17$��� DQG� VRGLXP
FLWUDWH�DUH�SURGXFHG�LQ�ODUJH�TXDQWLWLHV�IRU�XVH�LQ�PHWDO�SODWLQJ�EDWKV��LQGXVWULDO�ZDWHU
WUHDWPHQW�� GHWHUJHQW� IRUPXODWLRQV�� DQG� IRRG� SUHSDUDWLRQ�� 6PDOO� TXDQWLWLHV� RI� WKHVH
FRPSRXQGV�HQWHU�DTXDWLF�V\VWHPV�WKURXJK�ZDVWH�GLVFKDUJHV�

2FFXUUHQFH�DQG�,PSRUWDQFH�RI�&KHODWLQJ�$JHQWV�LQ�:DWHU

&KHODWLQJ�DJHQWV�DUH�FRPPRQ�SRWHQWLDO� ZDWHU� SROOXWDQWV�� 7KHVH� VXEVWDQFHV� FDQ
RFFXU�LQ�VHZDJH�HIIOXHQW�DQG�LQGXVWULDO�ZDVWHZDWHU�VXFK�DV�PHWDO�SODWLQJ�ZDVWHZDWHU�
&KHODWHV� IRUPHG�E\� WKH� VWURQJ�FKHODWLQJ�DJHQW�HWK\OHQHGLDPLQHWHWUDDFHWDWH��('7$�
VWUXFWXUH� LOOXVWUDWHG�DW� WKH�EHJLQQLQJ�RI�6HFWLRQ������� KDYH� EHHQ� VKRZQ� WR� JUHDWO\
LQFUHDVH�WKH�PLJUDWLRQ�UDWHV�RI�UDGLRDFWLYH���&R� IURP� SLWV� DQG� WUHQFKHV� XVHG� E\� WKH
2DN� 5LGJH� 1DWLRQDO� /DERUDWRU\� LQ� 2DN� 5LGJH�� 7HQQHVVHH�� IRU� GLVSRVDO� RI
LQWHUPHGLDWH�OHYHO�UDGLRDFWLYH�ZDVWH���('7$�ZDV�XVHG�DV�D�FOHDQLQJ�DQG�VROXELOL]LQJ
DJHQW� IRU� WKH� GHFRQWDPLQDWLRQ� RI� KRW� FHOOV�� HTXLSPHQW�� DQG� UHDFWRU� FRPSRQHQWV�
$QDO\VLV�RI�ZDWHU�IURP�VDPSOH�ZHOOV�LQ�WKH�GLVSRVDO�SLWV�VKRZHG�('7$�FRQFHQWUDWLRQV
RI�����Ø������0��7KH�SUHVHQFH�RI�('7$�������\HDUV�DIWHU�LWV�EXULDO�DWWHVWV�WR�LWV�ORZ
UDWH� RI� ELRGHJUDGDWLRQ�� ,Q� DGGLWLRQ� WR� FREDOW�� ('7$� VWURQJO\� FKHODWHV� UDGLRDFWLYH
SOXWRQLXP�DQG�UDGLRLVRWRSHV�RI�$P����&P����DQG�7K����6XFK�FKHODWHV�ZLWK�QHJDWLYH
FKDUJHV�DUH�PXFK�OHVV�VWURQJO\�VRUEHG�E\�PLQHUDO�PDWWHU�DQG�DUH�YDVWO\�PRUH�PRELOH
WKDQ�WKH�XQFKHODWHG�PHWDO�LRQV�

&RQWUDU\� WR� WKH� DERYH� ILQGLQJV�� RQO\� YHU\� ORZ� FRQFHQWUDWLRQV� RI� FKHODWDEOH
UDGLRDFWLYH�SOXWRQLXP� ZHUH� REVHUYHG� LQ� JURXQGZDWHU� QHDU� WKH� ,GDKR� &KHPLFDO
3URFHVVLQJ�3ODQW¶V�ORZ�OHYHO�ZDVWH�GLVSRVDO�ZHOO���1R�SOXWRQLXP�ZDV�REVHUYHG�LQ�ZHOOV
DW�DQ\�VLJQLILFDQW�GLVWDQFH�IURP�WKH�GLVSRVDO�ZHOO�� 7KH� ZDVWH� SURFHVVLQJ� SURFHGXUH
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