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2I�DOO�WKH�(DUWK©V�ZDWHU�����SHUFHQW�LV�VDOW�ZDWHU�IURP�WKH�RFHDQV�DQG���SHUFHQW�LV�IUHVK��2I
WKH�ODWWHU�����SHUFHQW�LV�LQ�JODFLHUV�DQG����SHUFHQW�LV�XQGHUJURXQG��%XURV���������:KLOH�WKH
(DUWK©V� VDOW�ZDWHU� UHVRXUFHV� VXSSRUW� FRPPHUFLDOO\� LPSRUWDQW� DFWLYLWLHV� VXFK� DV� ILVKLQJ� DQG
WUDQVSRUW��LW�LV�W\SLFDOO\�XQDEOH�WR�VXSSRUW�KXPDQ�OLIH�RU�IDUPLQJ��:LWK�WKH�VFDUFLW\�RI�IUHVK
ZDWHU� LQ� VRPH� SDUWV� RI� WKH� ZRUOG�� GHVDOLQDWLRQ� WHFKQLTXHV� KDYH� FDSWXUHG� DWWHQWLRQ� DV� DQ
DOWHUQDWLYH�RSWLRQ�WR�LQFUHDVH�WKH�UDQJH�RI�ZDWHU�UHVRXUFHV�DYDLODEOH�

7KH� JUHDW� SRWHQWLDO� RI� GHVDOLQDWLRQ� ZDV� ILUVW� UHDOLVHG� GXULQJ� ::,,� DQG� WKH� WHFKQRORJ\
XQGHUZHQW� LWV� ILUVW� LQWHQVLYH�SHULRG�RI�GHYHORSPHQW� IROORZLQJ� WKH�ZDU��%\� WKH� ODWH� ����©V�
FRPPHUFLDO�VFDOH�SODQWV�XVLQJ�GLVWLOODWLRQ�SURFHVVHV�WR�GHVDOW�ZDWHU�ZHUH�FRPPRQ�SODFH��ZLWK
FDSDFLWLHV�RI�XS�WR�������N/�GD\��%XURV��������EHLQJ�DFKLHYDEOH��,Q�WKH�����©V��FRPPHUFLDO
VFDOH�GHVDOLQDWLRQ�SURFHVVHV�XVLQJ�PHPEUDQHV�WR�ILOWHU�ZDWHU��VXFK�DV�5HYHUVH�2VPRVLV��52�
DQG� (OHFWURGLDO\VLV� �('�� ZHUH� LQWURGXFHG� DQG� XVHG� PRUH� H[WHQVLYHO\�� $V� WKH� WHFKQRORJ\
SURJUHVVHG� DQG� RSHUDWLRQDO� H[SHULHQFH� LQFUHDVHG� WKURXJK� WKH� ��©V� DQG� ��©V�� WKH� FRVW� RI
FRQVWUXFWLRQ� DQG� RSHUDWLRQ� UHGXFHG� VLJQLILFDQWO\�� 7KLV� ZDV� SDUWLFXODUO\� WKH� FDVH� IRU� WKH
PHPEUDQH� WHFKQRORJLHV� ZKLFK� DUH� QRZ� D� FRQVLGHUDEO\� FKHDSHU� SURVSHFW� IRU� FHUWDLQ
DSSOLFDWLRQV�WKDQ�WKH�WULHG�DQG�WUXVWHG�GLVWLOODWLRQ�DSSURDFKHV��%XURV��������

7KH� ,QWHUQDWLRQDO� 'HVDOLQDWLRQ�$VVRFLDWLRQ©V� �,'$�� ������PRVW� UHFHQW� DXGLW� RI� ZRUOGZLGH
GHVDOWLQJ�FDSDFLW\� VWDWHV�D� WRWDO� LQVWDOOHG� ILJXUH�RI� DSSUR[LPDWHO\��������0/�GD\�RI�ZKLFK
DERXW����SHUFHQW� LV� VWLOO� LQ�RSHUDWLRQ��$OPRVW�KDOI�RI� WKH�ZRUOG©V�FDSDFLW\� LV�XVHG� WR�GHVDOW
VHDZDWHU� LQ� WKH�0LGGOH�(DVW� DQG�1RUWK�$IULFD� IRU�PXQLFLSDO�ZDWHU� VXSSOLHV�� 6DXGL�$UDELD
UDQNV�ILUVW�LQ�WRWDO�FDSDFLW\�LQVWDOOHG��DSSUR[LPDWHO\����SHUFHQW�RI�WRWDO�ZRUOG�FDSDFLW\���ZLWK
WKH�8QLWHG�6WDWHV�VHFRQG�����SHUFHQW���$V�RI�6HSWHPEHU�������WKH�WRWDO�LQVWDOOHG�FDSDFLW\�LQ
$XVWUDOLD�RI�GHVDOLQDWLRQ�SODQWV�JUHDWHU�WKDQ����N/�GD\�ZDV���0/�GD\��:DWHU�&RUSRUDWLRQ�
�������RU�DSSUR[LPDWHO\����RI�ZRUOGZLGH�FDSDFLW\�

7KH� ODUJHVW� GHVDOLQDWLRQ� SODQW� LQ� $XVWUDOLD� LV� D� ��0/�GD\� 52� SODQW� DW� %D\VZDWHU�� 16:
ZKLFK�GHVDOLQDWHV�GLVFKDUJH�ZDWHU�IURP�D�SRZHU�VWDWLRQ�EHIRUH�UHF\FOLQJ�LW�EDFN�WR�WKH�SODQW
IRU�UHXVH��$�VXEVWDQWLDO�QXPEHU�RI�PLQHV�DQG�SRZHU�VWDWLRQV�LQ�$XVWUDOLD�XVH�GHVDOLQDWLRQ�IRU
VLPLODU� SXUSRVHV� WR� FRPSO\�ZLWK� ]HUR� GLVFKDUJH� FRPPLWPHQWV��$� OLPLWHG� QXPEHU� RI� VPDOO
GHVDOLQDWLRQ�SODQWV�DUH�XVHG�IRU�SXEOLF�ZDWHU�VXSSOLHV�LQ�$XVWUDOLD��SULPDULO\�GXH�WR�WKH�FRVW
RI�GHVDOLQDWHG�ZDWHU�EHLQJ�KLJKHU�WKDQ�WKH�FRVW�RI�ZDWHU�YLD�FRQYHQWLRQDO�PHDQV�
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,Q� DQ� DULG� FRQWLQHQW� OLNH� $XVWUDOLD�� VXSSOLHV� RI� SRWDEOH� ZDWHU� DUH� D� YHU\� OLPLWHG� UHVRXUFH�
5HFHQW� VWXGLHV� XQGHUWDNHQ� DV� SDUW� RI� WKH� 0XUUD\�'DUOLQJ� %DVLQ� 6DOLQLW\� $XGLW� DQG� WKH
1DWLRQDO� /DQG� DQG� :DWHU� 5HVRXUFHV� $XGLW� KDYH� KLJKOLJKWHG� WKH� SRWHQWLDO� GHFOLQH� LQ� WKH
TXDOLW\� RI�ZDWHU� VXSSOLHV� RYHU� WKH� QH[W� ILIW\� \HDUV� DULVLQJ� IURP� WKH� LPSDFWV� RI� VDOLQLW\� RQ
JURXQGZDWHU� DQG� VXUIDFH� ZDWHU� UHVRXUFHV�� 5LVLQJ� VDOLQH� JURXQGZDWHU� DOVR� WKUHDWHQV� WR
VHYHUHO\�GDPDJH�RU�GHVWUR\�LQIUDVWUXFWXUH��XUEDQ�HQYLURQPHQWV�DQG�NH\�HQYLURQPHQWDO�DVVHWV
DV�ZHOO�DV�UHGXFLQJ�WKH�SURGXFWLYH�SRWHQWLDO�RI�WKH�ODQG�

7KH�1DWLRQDO�$FWLRQ�3ODQ� �1$3�� IRU�6DOLQLW\�DQG�:DWHU�4XDOLW\� WR�DGGUHVV�VDOLQLW\� UHODWHG
SUREOHPV� KDV� LGHQWLILHG� ��� SULRULW\� UHJLRQV�ZLWKLQ�ZKLFK� VDOLQLW\� DQG� LWV�PDQDJHPHQW� LV� D
SDUWLFXODU�SULRULW\��)LJXUH���LOOXVWUDWHV�WKH�JHQHUDO�ORFDWLRQ�RI�WKHVH�DUHDV�

7KH� WHFKQLFDO� XQGHUVWDQGLQJ� RI� KRZ� GU\ODQG� VDOLQLW\� RFFXUV� LQ� $XVWUDOLD� KDV� LPSURYHG
VLJQLILFDQWO\� LQ� UHFHQW� \HDUV�� 7KH� FRQFHSW� RI� *URXQGZDWHU� )ORZ� 6\VWHPV� �*)6�� ZDV
GHYHORSHG�RXW�RI�WKH�1DWLRQDO�/DQG�DQG�:DWHU�5HVRXUFHV�$XGLW�DQG�UHFRJQLVHV�WKDW�GU\ODQG
VDOLQLW\� LV� KLJKO\� FRUUHODWHG� WR� D� ODQGVFDSH©V� XQGHUO\LQJ� JHRORJLFDO� FKDUDFWHULVWLFV� DQG
ODQGIRUP�� *)6©V� DUH� QRZ� XVHG� DV� D� EDVLF� FULWHULD� ZKHQ� GHWHUPLQLQJ� DQ� DSSURSULDWH
PDQDJHPHQW�UHVSRQVH�WR�GU\ODQG�VDOLQLW\�

$� UDQJH� RI� ELRORJLFDO� UHVSRQVHV� DLPHG� DW� XVLQJ� JUHDWHU� TXDQWLWLHV� RI� UDLQIDOO� DQG�RU
LQWHUFHSWLQJ�JURXQGZDWHU�WKHUHE\�UHGXFLQJ�OLNHOLKRRG�RI�GU\ODQG�VDOLQLW\�LQ�WKH�1$3�UHJLRQV
KDYH� EHHQ� SURSRVHG�� :KHUH� WKH� SUREOHP� LV� VR� JUHDW� WKDW� LW� LV� QHLWKHU� WHFKQLFDOO\� QRU

)LJXUH���¤�1DWLRQDO�$FWLRQ�3ODQ�3ULRULW\�5HJLRQV



ILQDQFLDOO\� IHDVLEOH� WR� XVH� ELRORJLFDO�PDQDJHPHQW� VWUDWHJLHV�� DGDSWLQJ� WR� DQG� ¨OLYLQJ�ZLWK©
VDOLQLW\�PD\�EH�DQRWKHU�VXLWDEOH�RSWLRQ�

(QJLQHHULQJ� DSSURDFKHV� WR� LQWHUFHSW� VDOLQH� VXUIDFH� DQG� JURXQGZDWHU� UHVRXUFHV� LV� DQRWKHU
RSWLRQ� IRU�PDQDJLQJ� WKH� VDOLQLW\� SUREOHP��*URXQGZDWHU� SXPSLQJ� WR� SURYLGH� IHHGZDWHU� IRU
GHVDOLQDWLRQ�SURFHVVHV�SURYLGHV�QRW�RQO\�D�VRXUFH�RI�IUHVK�ZDWHU�IRU�KXPDQ�XVH�EXW�DOVR�KDV
WKH�SRWHQWLDO� WR�SURYLGH�HQYLURQPHQWDO�EHQHILWV�YLD�GUDZGRZQV� LQ� VDOW\�JURXQGZDWHU� OHYHOV
DQG� WKH� UHVXOWDQW� SURWHFWLRQ� WKLV� DIIRUGV� WR� LQIUDVWUXFWXUH�� XUEDQ� HQYLURQPHQWV� DQG� NH\
HQYLURQPHQWDO�DVVHWV�

327(17,$/�86(56�2)�'(6$/,1$7,21

7KH�XVHUV�RI�GHVDOLQDWLRQ�DUH�PDQ\�DQG�YDULHG��)RU�IUHVK�ZDWHU��GHVDOLQDWLRQ�SODQWV�KDYH�WKH
SRWHQWLDO�WR�VXSSO\�GULQNLQJ�TXDOLW\�ZDWHU�DQG�ZDWHU�IRU�QRQ�FRQVXPSWLYH�XVHV��HJ��ZDVKLQJ�
FOHDQLQJ��IRU�SRSXODWLRQV�UDQJLQJ�LQ�VL]H�IURP�LQGLYLGXDO�KRXVHKROGV�ULJKW�XS�WR�VPDOO�FLWLHV�
0RVW� RZQHUV�RSHUDWRUV� RI� WKLV� W\SH� RI� GHVDOLQDWLRQ� SODQW� DUH� LQGLYLGXDOV�� KRXVHKROGV� RU
SULYDWH� FRPSDQLHV� SURYLGLQJ�ZDWHU� IRU� UHPRWH�PLQH� VLWHV� DQG� EDVH� FDPSV�� KRZHYHU� ZDWHU
VXSSO\��WUHDWPHQW�DQG�GLVWULEXWLRQ�FRUSRUDWLRQV�DUH�DOVR�SRWHQWLDO�XVHUV�IRU�WKH�ODUJHU�FDSDFLW\
XQLWV�

,UULJDWLRQ� VFKHPHV�� SRZHU� VWDWLRQV�� LQGXVWULDO� SODQWV� DQG� RWKHU� ERGLHV� RYHUVHHLQJ� WKH
GLVFKDUJH� RI� HIIOXHQW� ZDWHU� PD\� FKRRVH� WR� LQYHVW� LQ� GHVDOLQDWLRQ� SODQWV� WR� PHHW� WKHLU
GLVFKDUJH�UHJXODWLRQV��7KLV� LV�HVSHFLDOO\� WKH�FDVH�ZKHUH� WKHLU�HIIOXHQW�ZDWHU�FDQ�SRWHQWLDOO\
IORZ�LQ�WR�GULQNLQJ�ZDWHU�VXSSOLHV��7KHVH�JURXSV�PD\�DOVR�EH�LQWHUHVWHG�LQ�GHVDOLQDWLRQ�DW�WKH
RWKHU� HQG� RI� WKHLU� RSHUDWLRQV�� ZKHUH� SDUWLFXODUO\� FOHDQ� IHHGZDWHU� LV� UHTXLUHG� �HJ�� SRZHU
VWDWLRQV��KLJKO\�VDOW�VHQVLWLYH�DQG�KLJK�YDOXH�KRUWLFXOWXUDO�SURGXFWV��

7KHUH�DUH�D�JUHDW�QXPEHU�RI�RUJDQLVDWLRQV�LQ�$XVWUDOLD�ZKRVH�UROH�LW�LV�WR�PDQDJH�DQG�SURWHFW
WKH� HQYLURQPHQW�� 7KHVH� UHSUHVHQW� DQRWKHU� W\SH� RI� XVHU� ZKRVH� PDLQ� LQWHUHVW� OLHV� LQ
GHVDOLQDWLRQ©V�DELOLW\�WR�JHQHUDWH�HQYLURQPHQWDO�EHQHILWV��*RYHUQPHQWV�RI�DOO�OHYHOV�PDNH�XS
WKH�PDMRULW\�RI� WKLV� JURXS�� DV�ZHOO� DV�JRYHUQPHQW� IXQGHG�RUJDQLVDWLRQV� VXFK� DV� FDWFKPHQW
PDQDJHPHQW� DXWKRULWLHV�� 3ULYDWH� ILUPV� ORRNLQJ� WR� JHQHUDWH� ¨NXGRV©� IRU� WKHLU� HQYLURQPHQWDO
VWHZDUGVKLS�PD\�DOVR�VHH�PHULW�LQ�RZQLQJ�RSHUDWLQJ�D�GHVDOLQDWLRQ�SODQW�GHVLJQHG�SULPDULO\
IRU�HQYLURQPHQWDO�RXWFRPHV�
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'HVDOLQDWLRQ�LV�D�SURFHVV�WKDW�UHPRYHV�GLVVROYHG�PLQHUDOV��LQFOXGLQJ�EXW�QRW�OLPLWHG�WR�VDOW�
IURP� IHHGZDWHU� VRXUFHV� VXFK� DV� VHDZDWHU�� EUDFNLVK� ZDWHU� RU� WUHDWHG�ZDVWHZDWHU�� 'LIIHUHQW
FDWHJRULHV�RI�GHVDOLQDWLRQ�PD\�EH�FODVVLILHG�DFFRUGLQJ�WR�WKH�SURFHVV�SULQFLSOH�XVHG�

x� 3URFHVV�EDVHG�RQ�D�SK\VLFDO�FKDQJH�LQ�VWDWH�RI�WKH�ZDWHU�¤�L�H��GLVWLOODWLRQ�RU�IUHH]LQJ�

x� SURFHVV�XVLQJ�PHPEUDQHV�¤�L�H��UHYHUVH�RVPRVLV�RU�HOHFWURGLDO\VLV��DQG

x� SURFHVV�DFWLQJ�RQ�FKHPLFDO�ERQGV�¤�L�H��LRQ�H[FKDQJH�

3URFHVVHV�EDVHG�RQ�FKHPLFDO�ERQGV�DUH�PDLQO\�XVHG�WR�SURGXFH�H[WUHPHO\�KLJK�TXDOLW\�ZDWHU
IRU�LQGXVWULDO�SXUSRVHV�DQG�DUH�WKHUHIRUH�QRW�VXLWHG�WR�WKH�FRQWH[W�RI�WKLV�VWXG\��7KH�RWKHU�WZR
SURFHVVHV��EDVHG�RQ�SK\VLFDO�FKDQJH�RI�WKH�ZDWHU�DQG�ILOWHULQJ�YLD�PHPEUDQHV��DUH�UHJXODUO\
XVHG�WR�WUHDW�VHDZDWHU�DQG�EUDFNLVK�ZDWHU�DQG�KDYH�EHHQ�GHYHORSHG�RYHU�PDQ\�\HDUV�LQ�ODUJH
VFDOH� FRPPHUFLDO� DSSOLFDWLRQV��7KHUH� DUH� DOVR� VRPH�DOWHUQDWLYH�SURFHVVHV� WKDW� KDYH�QRW� \HW
UHDFKHG� FRPPHUFLDO� RU� ZLGHVSUHDG� DFFHSWDQFH� EXW� ZKLFK� LQ� FHUWDLQ� FLUFXPVWDQFHV� DUH
FRQVLGHUHG�SRWHQWLDOO\�XVHIXO��7KH�GHVDOLQDWLRQ�SURFHVVHV�LQYHVWLJDWHG�LQ�WKLV�VWXG\�DUH�OLVWHG
EHORZ�



0DMRU�3URFHVVHV�

0HPEUDQH

x� 5HYHUVH�2VPRVLV

x� (OHFWURGLDO\VLV

'LVWLOODWLRQ

x� 0XOWL�6WDJH�)ODVK�'LVWLOODWLRQ

x� 0XOWLSOH�(IIHFW�'LVWLOODWLRQ

x� 9DSRXU�&RPSUHVVLRQ�'LVWLOODWLRQ

$OWHUQDWLYH�3URFHVVHV�

x� 5HQHZDEOH�HQHUJ\�SRZHUHG�FRQYHQWLRQDO�GHVDOLQDWLRQ

x� 6RODU�+XPLGLILFDWLRQ

x� )UHH]LQJ��DQG�RWKHUV���

0HPEUDQH�SURFHVVHV

0HPEUDQHV� DUH� DEOH� WR� GLIIHUHQWLDWH� DQG� VHOHFWLYHO\� VHSDUDWH� VDOWV� DQG� ZDWHU�� 5HYHUVH
2VPRVLV� LV� D� SUHVVXUH� GULYHQ� SURFHVV�� ZKHUHE\� ZDWHU� LV� IRUFHG� WKURXJK� WKH� PHPEUDQH� WR
VHSDUDWH� WKH� VDOWV� DQG� IUHVK� ZDWHU�� (OHFWURGLDO\VLV� LV� D� YROWDJH� GULYHQ� SURFHVV�� DQG� XVHV
HOHFWULFDO�SRWHQWLDO�WR�VHOHFWLYHO\�PRYH�LRQLF�VDOWV�WKURXJK�WKH�PHPEUDQH��OHDYLQJ�WKH�SURGXFW
ZDWHU�EHKLQG��)LJXUH���SURYLGHV�D�EDVLF�LOOXVWUDWLRQ�RI�WKH�SURFHVVHV�

)LJXUH�����%DVLF�LOOXVWUDWLRQ�RI�0HPEUDQH�SURFHVVHV

52� V\VWHPV� DUH� IRXQG� WR� EH�PRVW� VXLWDEOH� IRU� XVH� LQ� UHJLRQV� ZKHUH� VHDZDWHU� RU� EUDFNLVK
JURXQGZDWHU�LV�UHDGLO\�DYDLODEOH��VXFK�DV�WKURXJKRXW�WKH�1$3�UHJLRQV�RI�$XVWUDOLD��52�LV�E\
IDU� WKH� PRVW� ZLGHO\� XVHG� SURFHVV� IRU� GHVDOLQDWLRQ� LQ� $XVWUDOLD� ����� RI� WRWDO� QDWLRQDO
FDSDFLW\��� ([DPSOHV� LQFOXGH� DW� 3HQQHVKDZ� RQ� .DQJDURR� ,VODQG� 6$�� 5DYHQVWKRUSH� LQ
VRXWKHUQ�:$��'HQKDP�QRUWK�RI�3HUWK��5RWWQHVW� ,VODQG��DQG�VRPH�RI� WKH�UHPRWH�URDGKRXVHV
DORQJ�WKH�KLJKZD\�EHWZHHQ�$GHODLGH�DQG�3HUWK�LQ�WKH�*UHDW�$XVWUDOLDQ�%LJKW�

7KH� ('� SURFHVV� LV� XVXDOO\� RQO\� VXLWDEOH� IRU� EUDFNLVK� IHHGZDWHUV� ZLWK� D� VDOLQLW\� RI� XS� WR
�������PJ�/�7'6��:LWK�KLJKHU�VDOLQLWLHV�WKH�SURFHVV�UDSLGO\�EHFRPHV�PRUH�FRVWO\�WKDQ�RWKHU
SURFHVVHV��7KLV�LV�EHFDXVH�WKH�FRQVXPSWLRQ�RI�SRZHU�LV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�VDOLQLW\�RI
WKH�ZDWHU�WR�EH�WUHDWHG�

'LVWLOODWLRQ�SURFHVVHV

'LVWLOODWLRQ�SURFHVVHV�PLPLF�WKH�QDWXUDO�ZDWHU�F\FOH�LQ�WKDW�VDOLQH�ZDWHU�LV�KHDWHG��SURGXFLQJ
ZDWHU� YDSRXU��ZKLFK� LV� LQ� WXUQ� FRQGHQVHG� WR� IRUP� IUHVK�ZDWHU�� $SSUR[LPDWHO\� KDOI� RI� WKH
ZRUOG©V�GHVDOLQDWLRQ�FDSDFLW\� LV�EDVHG�RQ� WKH�0XOWLVWDJH�)ODVK�GLVWLOODWLRQ�SULQFLSOH� �06)�



�%XURV�� ������� +RZHYHU�� WKLV� LV� UHIOHFWLQJ� D� FRQWLQXLQJ� GHFOLQH� LQ� WKH� PDUNHW�� ZLWK� RWKHU
ZDWHU�GLVWLOODWLRQ� WHFKQRORJLHV�VXFK�DV�0XOWL�(IIHFW� �0('��DQG�9DSRXU�&RPSUHVVLRQ� �9&�
GLVWLOODWLRQ��UDSLGO\�H[SDQGLQJ�DQG�DQWLFLSDWHG�WR�KDYH�D�PRUH�LPSRUWDQW�UROH�LQ�WKH�IXWXUH�DV
WKH\�EHFRPH�PRUH�DFFHSWHG�DQG�XQGHUVWRRG�

06)�DQG�0('�DUH�JHQHUDOO\�XVHG� LQ�PRVW�RI� WKH� ODUJHU�VFDOH�VHDZDWHU�GHVDOLQDWLRQ�SODQWV�
7KHVH�SURFHVVHV�UHTXLUH�KLJK�DPRXQWV�RI�HQHUJ\�WR�GHVDOLQDWH�ZDWHU�UHJDUGOHVV�RI�WKH�OHYHO�RI
VDOW�FRQFHQWUDWLRQ��KHQFH�EUDFNLVK�ZDWHU�GHVDOLQDWLRQ��ZKLFK�UHTXLUHV�OHVV�HQHUJ\��LV�XVXDOO\
QRW�D�YLDEOH�RSWLRQ�IRU�WKLV�WHFKQRORJ\�

7KH�GLVWLOODWLRQ�SURFHVVHV�UHTXLUH�WKHUPDO�RU�PHFKDQLFDO�HQHUJ\�WR�SURGXFH�HYDSRUDWLRQ��DQG
DV�D�UHVXOW�WHQG�WR�KDYH�RSHUDWLQJ�FRVW�DGYDQWDJHV�ZKHQ�ORZ�FRVW�WKHUPDO�HQHUJ\�LV�DYDLODEOH�
HJ��IURP�D�QHLJKERXULQJ�SRZHU�SODQW�RU�RWKHU�KHDW�JHQHUDWLQJ�LQGXVWULDO�SURFHVV�

$OWHUQDWLYH�SURFHVVHV

9DULDWLRQV� LQ� WKH� DSSOLFDWLRQ� RI� WKH� WZR� PDMRU� GHVDOLQDWLRQ� SURFHVVHV� KDYH� OHG� WR� WKH
GHYHORSPHQW� RI� D� QXPEHU� RI� DOWHUQDWLYH� ZD\V� WR� GHVDOLQDWH� VDOLQH� ZDWHU�� 7KHVH� SURFHVVHV
KDYH� QRW� DV� \HW� DFKLHYHG� WKH� OHYHO� RI� FRPPHUFLDO� VXFFHVV� DQG� YLDELOLW\� WKDW� WKH� DERYH
PHQWLRQHG�SURFHVVHV�KDYH�

x� 5HQHZDEOH�HQHUJ\�DXJPHQWHG�GHVDOLQDWLRQ

0DQ\�UHPRWH�WRZQV�DQG�FRPPXQLWLHV�UHO\�RQ�FRVWO\�DQG�RIWHQ�OLPLWHG�VXSSOLHV�RI�GLHVHO�IXHO
IRU� WKHLU� HQHUJ\� QHHGV�� 7KHVH� DQG� RWKHU� IRUPV� RI� IRVVLO� IXHOV� DUH� VRPHWLPHV� KHDYLO\
VXEVLGLVHG� E\� JRYHUQPHQW� WR� PHHW� FRPPXQLW\� VHUYLFH� REOLJDWLRQV� �:DWHU� &RUSRUDWLRQ�
�������0RVW� GHVDOLQDWLRQ� WHFKQLTXHV� FRQVXPH� D� ODUJH� DPRXQW� RI� HQHUJ\�� WKHUHIRUH� ILQGLQJ
PHWKRGV�RI�XVLQJ�UHQHZDEOH�HQHUJ\�WR�SRZHU�WKH�GHVDOLQDWLRQ�SURFHVV�LV�GHVLUDEOH�

6RODU�FROOHFWRUV�RU�ZLQG�HQHUJ\�GHYLFHV�FDQ�EH�XVHG�WR�SURYLGH�WKH�KHDW�RU�HOHFWULFDO�HQHUJ\
UHTXLUHPHQWV� WR� RSHUDWH� D� VWDQGDUG� 52�� ('� RU� GLVWLOODWLRQ� GHVDOLQDWLRQ� SODQW�� ,Q� UHPRWH
ORFDWLRQV� DQG�RU�ZKHUH� HQHUJ\� FRVWV� DUH� KLJK�� GHVDOLQDWLRQ� SODQWV� H[LVW� WKDW� HLWKHU� IXOO\� RU
SDUWO\�UHO\�RQ�UHQHZDEOH�VRXUFHV�IRU�WKHLU�HQHUJ\��7KH�HFRQRPLF�YLDELOLW\�RI�RSHUDWLQJ�WKHVH
SODQWV�LV�KLJKO\�FRUUHODWHG�WR�WKH�FRVW�RI�SURGXFLQJ�WKH�VRODU�RU�ZLQG�HQHUJ\��KHQFH�WKH\�DUH
EHVW�ORFDWHG�ZKHUH�VRODU�LQVRODWLRQ�LV�KLJK�RU�ZKHUH�SUHYDLOLQJ�ZLQGV�DUH�VWURQJ�

$�ODUJH�H[DPSOH�RI�VRODU�SRZHU�GHVDOLQDWLRQ�LV�WKH�$EKX�'KDEL�VRODU�GLVWLOODWLRQ�SODQW�LQ�WKH
8QLWHG�$UDE�(PLUDWHV��7KLV�SODQW�ZDV�FRPPLVVLRQHG�LQ������DQG�KDV�DQ�RXWSXW�RI����N/�GD\
RI�IUHVK�ZDWHU��7KH�VRODU�FROOHFWRUV�WDNH�XS�DQ�DUHD�RI�������P��

0XFK� VPDOOHU� VL]HG� VRODU� SRZHUHG�52� GHVDOLQDWLRQ� XQLWV� KDYH� EHHQ� GHYHORSHG� DQG� DUH� LQ
RSHUDWLRQ�LQ�UXUDO�DUHDV�RI�$XVWUDOLD��7KHVH�FDQ�W\SLFDOO\�GHVDOLQDWH����/�GD\�IURP�EUDFNLVK
VDOLQLW\� ZDWHU� RI� XS� WR� ������ PJ�/� 7'6�� 7KLV� LV� HQRXJK� WR� SURYLGH� �� SHRSOH� ZLWK� WKHLU
FRPSOHWH�GDLO\�ZDWHU�UHTXLUHPHQWV��ZDVKLQJ��FRRNLQJ��EDWKLQJ��DQG�GULQNLQJ���$OWHUQDWLYHO\�
WKLV�TXDQWLW\�FDQ�EH�XVHG�WR�DXJPHQW�H[LVWLQJ�ZDWHU�VXSSOLHV�RU�XVHG�IRU�RQH�RU�WZR�SXUSRVHV
RQO\�LQ�ZKLFK�FDVH�LW�FDQ�VHUYLFH�PDQ\�PRUH�SHRSOH�

&XUUHQWO\�� WKH� XVH� RI� FRQYHQWLRQDO� HQHUJ\� VXFK� DV� PDLQV� HOHFWULFLW\�� WR� GULYH� GHVDOLQDWLRQ
GHYLFHV�LV�VWLOO�JHQHUDOO\�PRUH�FRVW�HIIHFWLYH�WKDQ�XVLQJ�ZLQG�DQG�VRODU�SRZHU��%XURV��������
+RZHYHU�� DV� WHFKQRORJ\� LPSURYHV� DQG� WKH� FRVW� RI� WUDGLWLRQDO� VRXUFHV� RI� IUHVK� ZDWHU� DQG
HQHUJ\� ULVH�� WKHQ� UHQHZDEOH� HQHUJ\� SRZHUHG� GHVDOLQDWLRQ� XQLWV� DUH� OLNHO\� WR� EHFRPH�PRUH
ZLGHVSUHDG�� 7KLV� LV� SDUWLFXODUO\� WKH� FDVH� LQ� UHPRWH� DUHDV� ZLWKRXW� DFFHVV� WR� UHOLDEOH� DQG
DIIRUGDEOH� VRXUFHV� RI� HQHUJ\� ZKHUH� VRPH� VRODU� SRZHUHG� GHVDOLQDWLRQ� SODQWV� KDYH� DOUHDG\
EHHQ�VKRZQ�WR�EH�WKH�RSWLPDO�FKRLFH��:LQWHU��������

x� 6RODU�+XPLGLILFDWLRQ



6RODU� KXPLGLILFDWLRQ� KDV� EHHQ� D� OHJLWLPDWH� RSWLRQ� IRU� GHVDOLQDWLQJ� ZDWHU� VLQFH� WKH� ��WK

FHQWXU\� �.XQ]H�� ������%XURV�� ������� ,Q�::,,� WKH� XVH� RI� VPDOO� VRODU� VWLOOV� RQ� OLIH� UDIWV� WR
SURYLGH� IUHVK�ZDWHU�ZDV� LQYHVWLJDWHG��6RODU� KXPLGLILFDWLRQ� LQYROYHV� WKH� GLUHFW� XVH� RI� VRODU
HQHUJ\�IRU�KHDWLQJ�VDOLQH�ZDWHU�WR�LQFUHDVH�WKH�SURGXFWLRQ�RI�ZDWHU�YDSRXU��7KH�ZDWHU�YDSRXU
LV�WKHQ�FRQGHQVHG�RQ�D�FRRO�VXUIDFH��DQG�WKH�FRQGHQVDWH�FROOHFWHG�DV�IUHVK�SURGXFW�ZDWHU��$
JUHHQ�KRXVH�VRODU�VWLOO�LV�D�JRRG�H[DPSOH�RI�WKLV�SURFHVV�DV�LOOXVWUDWHG�LQ�)LJXUH���

)LJXUH�����%DVLF�LOOXVWUDWLRQ�RI�WKH�VRODU�KXPLGLILFDWLRQ�SURFHVV

$V� D� JHQHUDO� UXOH� RI� WKXPE�� ZHOO�PDQDJHG� DQG� PDLQWDLQHG� VRODU� VWLOOV� UHTXLUH� D� VRODU
FROOHFWLRQ� DUHD� RI� DERXW� RQH� VTXDUH� PHWUH� IRU� HYHU\� WKUHH� WR� IRXU� OLWUHV� RI� IUHVK� ZDWHU
SURGXFHG�SHU�GD\��.XQ]H���������7KXV��IRU�DQ����/�G�IDFLOLW\��UHSUHVHQWLQJ�WRWDO�GDLO\�ZDWHU
UHTXLUHPHQWV� IRU� IRXU� SHRSOH��� D� ODQG� DUHD� UDQJLQJ� IURP� �������P�� ZRXOG� EH� UHTXLUHG
GHSHQGLQJ�RQ�HIILFLHQF\��1HZ�EUHDNWKURXJKV�LQ�VRODU�VWLOO�WHFKQRORJ\�VXFK�DV�KHDW�UHFRYHU\
DQG�DLU�PDVV� FLUFXODWLRQ�FDQ� UHSXWHGO\� LPSURYH� WKH�SURGXFWLRQ� UDWLR�XS� WR���/�P��GD\� DQG
WKXV�UHGXFH�WKH�DUHD�UHTXLUHG�WR�SURYLGH�D�JLYHQ�DPRXQW�RI�ZDWHU��LELG���

7KH�DGYDQWDJHV�RI� WKH� VRODU�KXPLGLILFDWLRQ�SURFHVV� LV� LWV� UHODWLYH� VLPSOLFLW\� WR�RSHUDWH� DQG
VHUYLFH� DQG� REYLRXVO\� LWV� DELOLW\� WR� XVH� VRODU� RU� RWKHU� UHQHZDEOH� SRZHU� DV� LWV� VRXUFH� RI
HQHUJ\��KHQFH�RSHUDWLQJ�FRVWV�DUH�YHU\�ORZ��+RZHYHU�WKHUH�DUH�UHVWULFWLRQV�LQ�WKH�XVH�RI�WKLV
WHFKQLTXH� IRU� ODUJH� VFDOH� SURGXFWLRQ� VXFK� DV� ODUJH� VRODU� FROOHFWLRQ� DUHD� UHTXLUHPHQWV�� KLJK
FDSLWDO�FRVW��DQG�YXOQHUDELOLW\�WR�ZHDWKHU�UHODWHG�GDPDJH�

x� )UHH]H�'HVDOLQDWLRQ

7KH� SURFHVV� RI� IUHH]H� GHVDOLQDWLRQ� LV� EDVHG� RQ� WKH� IDFW� WKDW� GLVVROYHG� VDOWV� DUH� QDWXUDOO\
LQLWLDOO\�H[FOXGHG�GXULQJ� WKH� IRUPDWLRQ�RI� LFH�FU\VWDOV��7KH�QRQ�IUR]HQ�VDOLQH�FRPSRQHQW� LV
UHPRYHG�DW�WKH�DSSURSULDWH�WLPH�LQ�WKH�IUHH]LQJ�SURFHVV��DQG�WKH�IUR]HQ��IUHVK��ZDWHU�ZDVKHG
DQG�ULQVHG�WR�UHPRYH�DQ\�UHPDLQLQJ�VDOWV�DGKHULQJ�WR�WKH�LFH�FU\VWDOV��7KH�LFH�LV�WKHQ�PHOWHG
WR�SURGXFH�IUHVK�SURGXFW�ZDWHU�

7KHUH�KDYH�EHHQ�D�VPDOO�QXPEHU�RI�SODQWV�GHYHORSHG�DQG�FRQVWUXFWHG�RYHU�WKH�SDVW����\HDUV
�:DWHU�&RUSRUDWLRQ���������KRZHYHU�WKH�SURFHVV�KDV�QRW�EHHQ�FRPPHUFLDOO\�GHYHORSHG�LQ�WKH
SURGXFWLRQ� RI� SRWDEOH� ZDWHU� IRU� PXQLFLSDO� SXUSRVHV�� $W� WKLV� VWDJH�� IUHH]LQJ� GHVDOLQDWLRQ
WHFKQRORJ\�VWLOO�KDV�D�EHWWHU�DSSOLFDWLRQ�LQ�WKH�WUHDWPHQW�RI�LQGXVWULDO�ZDVWHV�UDWKHU�WKDQ�LQ�WKH
SURGXFWLRQ�RI�PXQLFLSDO�ZDWHU��SHUV��FRPP���1��:HQGH��
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7KUHH�GHVDOLQDWLRQ� WHFKQRORJLHV�ZHUH� VHOHFWHG� IRU�PRUH�GHWDLOHG� FRQVLGHUDWLRQ� LQ� WKH� VWXG\
XQGHUO\LQJ� WKLV� SDSHU�� DV� WKHVH� DUH� WKH� WHFKQRORJLHV� WKDW� DUH� PRVW� OLNHO\� WR� EH� ILQDQFLDOO\
YLDEOH� IRU� WKH� ORZ�FDSDFLW\� SURGXFWLRQ� UHJLPHV� W\SLFDO� LQ� WKH� 1$3� UHJLRQV�� 7KHVH
WHFKQRORJLHV� DUH� 5HYHUVH� 2VPRVLV� 0HPEUDQH� V\VWHPV� �52��� (OHFWURGLDO\VLV� 5HYHUVDO
0HPEUDQH�V\VWHPV��('5��DQG�0XOWL�(IIHFW�'LVWLOODWLRQ�V\VWHPV��0('��

,Q�JHQHUDO��52�SODQWV�DUH�FKHDSHU�WR�EXLOG�DQG�RSHUDWH�WKDQ�DQ\�GLVWLOODWLRQ�SODQW�RI�D�VLPLODU
FDSDFLW\��EXW�SDUWLFXODUO\�IRU�SODQWV�VPDOOHU�WKDQ�����WR�����N/�GD\�FDSDFLWLHV��'LVWLOODWLRQ�LV
W\SLFDOO\� RQO\� YLDEOH� IRU� SODQWV� RI� KLJKHU� FDSDFLW\� WKDQ� WKLV�� DQG� SDUWLFXODUO\�ZKHUH� D� ORZ
FRVW��KLJK�TXDOLW\�ZDVWH�KHDW�VRXUFH�LV�UHDGLO\�DYDLODEOH�

,I� WKH� IHHGZDWHU�7'6�LV�JUHDWHU� WKDQ��������PJ�/�7'6�DQG�D� ORZ�FRVW��KLJK�TXDOLW\�ZDVWH
KHDW� VRXUFH� LV� DYDLODEOH�� WKDQ� WKH�0('�SURFHVV� LV�JHQHUDOO\� VHOHFWHG��2WKHU� WKDQ� WKH�ZDVWH
KHDW�VFHQDULR��GLVWLOODWLRQ�SURFHVVHV�VXFK�DV�0('�DUH�RQO\�UHDOO\�FRQVLGHUHG�ZKHUH�YHU\�KLJK
IHHGZDWHU�7'6�YDOXHV�JUHDWHU�WKDQ��������PJ�/�7'6�RFFXU��DQG�RU�IRU�KLJK�FDSDFLW\�SODQWV
JUHDWHU�WKDQ�����WR�����N/�GD\�

('5�V\VWHPV�WHQG�WR�EH�PRUH�FRVWO\�WKDQ�52�V\VWHPV��KRZHYHU�WKLV�EHFRPHV�OHVV�RI�DQ�LVVXH
DV�WKH�SODQW�FDSDFLW\�LQFUHDVHV���('5�V\VWHPV�DUH�W\SLFDOO\�RQO\�����KLJKHU�LQ�FRVWV�WKDQ�52
V\VWHPV� IRU� SODQWV� JUHDWHU� WKDQ� ���� N/�GD\�� ('5� V\VWHPV� KDYH� D� IHHGZDWHU� 7'6� OLPLW� RI
������� PJ�/� 7'6�� DQG� DUH� JHQHUDOO\� RQO\� FRQVLGHUHG� ZKHQ� KLJK� VFDOLQJ� IHHGZDWHUV� DUH
SUHVHQW��('5�V\VWHPV�DUH�WKHUHIRUH�RQO\�HFRQRPLFDOO\�YLDEOH�RYHU�DQ�52�V\VWHP�ZKHQ�WKH
IHHGZDWHU�7'6� LV� EHWZHHQ�������PJ�/� WR��������PJ�/�� DQG� WKH�SODQW� FDSDFLW\� UHTXLUHG� LV
JUHDWHU� WKDQ� ���� N/�G�� DQG� WKH� IHHGZDWHU� LV� KLJK� VFDOLQJ�� 7KH� WHFKQLFDO� RSHUDWLRQDO
ERXQGDULHV�RI�WKH�WKUHH�GHVDOLQDWLRQ�WHFKQRORJLHV�DUH�VXPPDULVHG�LQ�7DEOH���

7DEOH�����6XPPDU\�RI�WKH�DSSOLFDWLRQ�RI�PDMRU�GHVDOLQDWLRQ�WHFKQRORJLHV

3DUDPHWHU 6HDZDWHU�52 %UDFNLVK�52 0(' ('5

)HHG�:DWHU�6DOLQLW\

�PJ�/�7'6�

!������� �������� !������� ������¤�������

3URGXFW�:DWHU�6DOLQLW\

�PJ�/�7'6�
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0LQLPXP�3URGXFW

:DWHU�9ROXPH

����/�GD\ ����/�GD\ ���N/�GD\ ���N/�GD\

��5HFRYHU\ d�� t�� ������� !���

(QHUJ\�5HTXLUHG (OHFWULFDO

(QHUJ\

(OHFWULFDO

(QHUJ\

(OHFWULFDO�(QHUJ\

RU�:DVWH�+HDW

(QHUJ\

(OHFWULFDO�(QHUJ\

RU�:DVWH�+HDW

(QHUJ\

)DFWRUV�DIIHFWLQJ�WHFKQRORJ\�VHOHFWLRQ

7KHUH�DUH�PDQ\�IDFWRUV�WR�FRQVLGHU�WKDW�FDQ�VLJQLILFDQWO\�LQIOXHQFH�WKH�FRVW�DQG�VHOHFWLRQ�RI�D
GHVDOLQDWLRQ�WHFKQRORJ\��6RPH�RI�WKH�PDMRU�LVVXHV�LQFOXGH�

x� 'LVSRVDO� RI� ZDVWHZDWHU� ¤� GLVSRVDO� RI� WKH� KLJKO\� VDOLQH� ZDVWHZDWHU� VWUHDP� IURP
GHVDOLQDWLRQ� SODQWV� LV� RIWHQ� YHU\� FRVWO\�� VR�PXFK� VR� DV� WR� DGYHUVHO\� DIIHFW� WKH� RYHUDOO
IHDVLELOLW\�RI� WKH�GHVDOLQDWLRQ�SODQW��)RU� FRDVWDO�SODQWV�� GLVSRVDO� LV� FRPPRQO\� DFKLHYHG
YLD� WKH� VHD� DQG� IRU� LQODQG� VLWHV�� GLVSRVDO�PD\�EH� LQ� WKH� IRUP�RI� ULYHUV� RU� VWUHDPV�� VDOW
SRQGV�RU�LPSRXQGLQJ�XQGHUJURXQG�



x� )HHGZDWHU� TXDOLW\� �� WKH� SRWHQWLDO� \LHOG� �TXDQWLW\�� RI� WKH� VRXUFH� DQG� LWV� FKHPLFDO� DQG
SK\VLFDO�FRPSRVLWLRQ�DUH�DOO�LPSRUWDQW�IDFWRUV�LQ�DVVHVVLQJ�WKH�YLDELOLW\�RI�D�GHVDOLQDWLRQ
SODQW�DQG�WKH�SDUWLFXODU�WHFKQRORJ\�WR�EH�XVHG��7KLV�LVVXH�LV�HVSHFLDOO\�UHOHYDQW�JLYHQ�WKH
VDOLQLW\�FRQWH[W�RI�WKLV�VWXG\�DQG�WKH�LPSDFW�RI�JURXQGZDWHU�IORZ�V\VWHPV��7KRVH�UHJLRQV
ZLWK� LQWHUPHGLDWH� RU� UHJLRQDO� JURXQGZDWHU� IORZ� V\VWHPV� DUH� PRVW� OLNHO\� WR� FRQWDLQ
DTXLIHUV�ZLWK�VXLWDEO\�ODUJH�IORZ�UDWHV�WR�VXSSRUW�GHVDOLQDWLRQ�SODQW�UHTXLUHPHQWV��1'63�
������SHUV��FRPP���*�:DONHU��

x� (QHUJ\� VRXUFHV� ¤� HQHUJ\� LV� RIWHQ� WKH� ODUJHVW� FRPSRQHQW� RI� WRWDO� RSHUDWLQJ� FRVWV�
'HVDOWHG� ZDWHU� FRVWV� DUH� VHQVLWLYH� WR� HQHUJ\� SULFHV�� WKHUHIRUH� FKHDSHU� HQHUJ\� LV� YHU\
LPSRUWDQW�

x� /RFDWLRQ���LI�WKH�SODQW�LV�WR�EH�UHPRWHO\�ORFDWHG��WKH�WHFKQRORJ\�VKRXOG�EH�UREXVW�DQG�DV
PDLQWHQDQFH� IUHH� DV� SRVVLEOH�� ,Q� WKLV� FDVH�� WKH� ORZHVW� HQHUJ\� UHTXLUHPHQW� PD\� QRW
QHFHVVDULO\�EH�WKH�PRVW�VLJQLILFDQW�IDFWRU�

x� 3UHWUHDWPHQW� ¤� WKLV� GLIIHUV� EHWZHHQ� SURFHVVHV� DQG� FDQ� LQIOXHQFH� WKH� UHODWLYH� FRVWV�
3UHWUHDWPHQW�LQFUHDVHV�WKH�FRVW�RI�GHVDOWHG�ZDWHU��SDUWLFXODUO\�ZLWK�52�

x� )UHVKZDWHU� TXDOLW\� UHTXLUHG� �� WKLV� KDV� D� VPDOO� HIIHFW�� EXW� LW� FDQ� DOWHU� WKH� QXPEHU� RI
VWDJHV�LQ�GHVDOLQDWLRQ�SURFHVVHV��7KH�UHTXLUHG�TXDOLW\�ZLOO�YDU\�IURP�ORFDWLRQ�WR�ORFDWLRQ�
GXH�WR�FXVWRPHU�SUHIHUHQFHV�DQG�LQGXVWU\�XVHV�
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6LQFH�DOO�GHVDOLQDWLRQ�SURFHVVHV�FDQ�XVH�DQ\�W\SH�DQG�FRPELQDWLRQ�RI�HQHUJ\�VRXUFHV�DQG�WKH
GHVLJQ� YDULHG� LQ� DQ\� QXPEHU� RI� ZD\V� IRU� WKH� VSHFLILF� FRQGLWLRQV� IDFHG� RQ� VLWH�� QRQ�FDVH
VSHFLILF� FRPSDULVRQV� DUH� GLIILFXOW� WR�PDNH� DQG� DUH� JHQHUDOO\� QRW� XQGHUWDNHQ� �%XURV�� �����
:DWHU� &RUSRUDWLRQ�� ������ :LQWHU�� 7�� ������� 7KH� XVHUV� RI� WKH� GHVDOLQDWHG� ZDWHU� DQG� DQ\
SRWHQWLDO�HQYLURQPHQWDO�EHQHILWV�DUH�DOVR�KLJKO\�VLWH�VSHFLILF��KHQFH�TXDQWLWDWLYH�HVWLPDWHV�RI
EHQHILWV�FDQQRW�EH�JHQHUDOLVHG�QRU�H[WUDSRODWHG� WR�RWKHU�VWXGLHV�VXFK�DV� WKLV�RQH��)RU� WKHVH
UHDVRQV�� WKH� FRVW� DQDO\VLV� SUHVHQWHG� KHUH� PRUH� DFFXUDWHO\� UHVHPEOHV� D� ILQDQFLDO� FRVW
FRPSDULVRQ�EHWZHHQ� WKUHH�RI� WKH�PRVW�DSSOLFDEOH� WHFKQRORJLHV� UDWKHU� WKDQ�D� IXOO\�VSHFLILHG
HFRQRPLF�DQDO\VLV�RI�DOO�GHVDOLQDWLRQ�RSWLRQV�

7KH� ILQDQFLDO� FKDUDFWHULVWLFV� RI� D� GHVDOWLQJ� SODQW� DUH� XVXDOO\� H[SUHVVHG� LQ� WZR� ZD\V�� WKH
FDSLWDO�FRVWV�DQG�WRWDO�DQQXDO�RSHUDWLQJ�FRVWV�SHU�XQLW�RI�LQVWDOOHG�FDSDFLW\��DQG�DUH�PHDVXUHG
LQ�XQLWV�VXFK�DV�GROODUV�SHU�N/�SHU�GD\��7DEOH���SUHVHQWV�FRQVWUXFWLRQ�DQG�RSHUDWLQJ�FRVWV�RQ
WKLV�EDVLV�IRU�WKH�WKUHH�PDMRU�GHVDOLQDWLRQ�SURFHVVHV�H[DPLQHG�LQ�WKLV�VWXG\��:KHUH�D�UDQJH�RI
FRVWV�LV�SUHVHQWHG��WKH�ORZHU�HQG�RI�WKH�UDQJH�JHQHUDOO\�UHSUHVHQWV�FRVWV�IRU�KLJKHU�FDSDFLW\
SODQWV�GHVDOLQDWLQJ�ORZHU�VDOLQLW\�IHHG�ZDWHU�

7DEOH�����6XPPDU\�RI�DSSOLFDWLRQ�RI�GHVDOLQDWLRQ�WHFKQRORJLHV

3DUDPHWHU 6HDZDWHU�52 %UDFNLVK�52 0(' ('5
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5HGXFLQJ� WKH� FRVW� RI� GHVDOLQDWLRQ� FDQ� EH� DFKLHYHG� E\� LPSURYHPHQWV� LQ� GHVDOLQDWLRQ
WHFKQRORJ\��UHGXFWLRQV�LQ�WKH�FRVW�RI�HQHUJ\�RU�LQFUHDVHG�XVH�RI�UHQHZDEOH�HQHUJ\��RU
E\� YDOXH� DGGLQJ� WR� WKH� ZDVWH� VWUHDP�� ,W� LV� D� IDFW� WKDW� WKH� FRVW� RI� GHVDOLQDWLRQ�
SDUWLFXODUO\� IRU� PHPEUDQH� WHFKQRORJ\�� KDV� IDOOHQ� FRQVLGHUDEO\� RYHU� WKH� ODVW� IHZ
GHFDGHV��%XURV���������(QHUJ\�FRVWV�YDU\�E\�ORFDWLRQ�EXW�JHQHUDOO\�KDYH�DOVR�IDOOHQ
LQ�UHDO�WHUPV�

9DOXH� DGGLQJ� WR� WKH� ZDVWH� VWUHDP� LV� D� PDMRU� RSSRUWXQLW\� WR� UHGXFH� WKH� FRVW� RI
GHVDOLQDWLRQ�DQG�LQFUHDVH�LWV�FRPSHWLWLYHQHVV�DJDLQVW�WUDGLWLRQDO�PHDQV�RI�VXSSO\LQJ
ZDWHU��2SWLRQV�LQFOXGH�VDOW�DQG�RWKHU�PLQHUDO�KDUYHVWLQJ��LUULJDWLRQ��DTXDFXOWXUH��DQG
HQHUJ\��VRODU�SRQGV���,QGLYLGXDO�FDVH�VWXGLHV�RI�WKHVH�FDQ�EH�IRXQG�LQ�WKH�2SWLRQV�IRU�WKH
3URGXFWLYH�8VH�RI�6DOLQLW\��2386��GDWDEDVH�DW�KWWS���ZZZ�QGVS�JRY�DX�RSXV�PHQX�KWP�

2WKHU�RSWLRQV�WR�UHGXFH�FRVWV�LQFOXGH�SURGXFWLRQ�RQ�UHFODLPHG�ODQG��DQG�VDOW�FUHGLWV�

&RPSDULVRQ�ZLWK�WUDGLWLRQDO�VRXUFHV�RI�ZDWHU�VXSSO\

7KH�FRVW�FRPSHWLWLYHQHVV�RI�GHVDOLQDWLRQ�DV�D�VRXUFH�RI�IUHVK�ZDWHU�LV�EDVHG�RQ�D�FRPSDULVRQ
RI� LWV� FRVWV� RI� RSHUDWLRQ� ZLWK� WKH� WDULIIV� FKDUJHG� IRU� H[LVWLQJ� WUDGLWLRQDO� IRUPV� RI� ZDWHU
VXSSO\��$� IXOO\� VSHFLILHG� HFRQRPLF� DQDO\VLV�ZRXOG� FRQVLGHU� WKH� QHW� FRVW� RI� ERWK� IRUPV� RI
VXSSO\��7KDW� LV�� IRU� GHVDOLQDWLRQ�� WKH� HQWLUH� SURFHVV� LQFOXGLQJ�ZDWHU� VRXUFLQJ� DQG� GHOLYHU\�
EULQH� GLVSRVDO�� RIIVHWWLQJ� EHQHILWV� DQG� FRVWV�� RU� H[WHUQDO� FRVWV�� DQG� IRU� WUDGLWLRQDO� PDLQV
VXSSOLHV�RI�ZDWHU��WKH�WUXH�QRQ�VXEVLGLVHG�FRVW�RI�SURYLVLRQ�DQG�DOORZDQFH�IRU�LQIUDVWUXFWXUH
GHSUHFLDWLRQ��7KLV�DSSURDFK�LV�RXWVLGH�WKH�VFRSH�RI�WKLV�VWXG\�

)LJXUH��� LOOXVWUDWHV� WKH� FRVW�RI� SLSHG�ZDWHU� IRU� UHVLGHQWLDO� SXUSRVHV� LQ�6RXWK�$XVWUDOLD� DQG
:HVWHUQ�$XVWUDOLD�DQG�FRPSDUHV� WKLV� WR� WKH�RSHUDWLRQDO�FRVWV�RI� WKH�GHVDOLQDWLRQ�RSWLRQV�DV
VXPPDULVHG�LQ�7DEOH���

� ��� � ��� � ��� �

3ULFH����N/�

6$�UXUDO�	�XUEDQ�XVHUV

6$�UDLOZD\�WRZQ�XVHUV

:$�DOO�XVHUV

0('��ZLWK�KHDW�
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0('��ZLWKRXW�KHDW�

)LJXUH�����&RVW�FRPSDULVRQ�RI�GHVDOLQDWHG�DQG�SLSHG�IUHVK�ZDWHU

7KH� PLQLPXP� FRVWV� VKRZQ� IRU� GHVDOLQDWLRQ� WHFKQRORJLHV� UHODWH� WR� ODUJHU� FDSDFLW\� SODQWV
GHVDOLQDWLQJ�IHHGZDWHU�DW�LWV�ORZHVW�GHVLJQ�RSWLPXP��ZKLOH�WKH�XSSHU�UDQJH�RI�FRVWV�UHODWH�WR
WKH�RSSRVLWH�VFHQDULR��,W�VKRXOG�EH�QRWHG�WKDW�0('�GHVDOLQDWLRQ�ZLWK�ZDVWH�KHDW�LV�OLNHO\�WR

0DLQV�:DWHU�6RXUFHV

'HVDOLQDWLRQ�2SWLRQV



EH�D� UHDOLVWLF�RSWLRQ� LQ�YHU\� IHZ� LQVWDQFHV��JLYHQ� WKH� VPDOO�QXPEHU�RI� LQGXVWULDO� FHQWUHV� LQ
1$3�UHJLRQV�WKDW�FRQWDLQ�WKH�LQGXVWULDO�SURFHVVHV�QHHGHG�WR�SURYLGH�ZDVWH�KHDW�

7KH�UDQJH�RI�SULFHV�LOOXVWUDWHG�IRU�PDLQV�ZDWHU�UHIOHFW�WKH�GLIIHULQJ�WDULIIV�FKDUJHG�E\�ZDWHU
XWLOLWLHV�IRU�SDUWLFXODU�TXDQWLWLHV�RI�ZDWHU�XVH��)RU�H[DPSOH��LQ�6$�UXUDO�DQG�XUEDQ�DUHDV�WKHUH
LV�D�WZR�SDUW�WDULII�FKDUJHG�HLWKHU�VLGH�RI����./�RI�ZDWHU�XVHG�SHU�\HDU���������./�IRU� WKH
ILUVW� ���./� DQG� ������ IRU� DOO� XVDJH� WKHUHDIWHU�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� DYHUDJH� \HDUO\
XVDJH�RI�ZDWHU�E\�WKH�YDVW�PDMRULW\�RI�UHVLGHQWLDO�XVHUV�LV�VXFK�WKDW�WKH\�ZRXOG�EH�SD\LQJ�DW
RU�RQO\�VOLJKWO\�DERYH�WKH�ORZHU�HQG�RI�WKH�IORDWLQJ�EDUV�LOOXVWUDWHG�LQ�)LJXUH���

)LJXUH� �� LOOXVWUDWHV� WKDW� WKH� OHDVW� H[SHQVLYH� IRUPV� RI� 52� GHVDOLQDWLRQ� DUH� WKH� PRVW� FRVW
FRPSHWLWLYH�ZLWK�WUDGLWLRQDO�PDLQV�ZDWHU�VXSSOLHV��EXW�RQO\�LQ�WKRVH�LQVWDQFHV�ZKHUH�XVHUV�DUH
DOUHDG\�SD\LQJ�D�\HDUO\�DYHUDJH�RI�DSSUR[LPDWHO\�������N/�IRU�WKHLU�PDLQV�ZDWHU��7KH�OHDVW
H[SHQVLYH�52�SODQWV�DUH�WKRVH�WKDW�DUH�GHVDOLQDWLQJ�VHD�ZDWHU�IHHGZDWHUV�DW�UHDVRQDEO\�ODUJH
TXDQWLWLHV� ���N/�GD\�RU� HQRXJK� IRU� DOO� GDLO\�XVHV�RI� ����SHRSOH��� ,Q� D�PRUH� UHDOLVWLF�1$3
VHWWLQJ��JURXSV�RI�DSSUR[LPDWHO\����RU�PRUH�SHRSOH��FRPPXQLWLHV�RU�D�FROOHFWLRQ�RI�KRXVHV�LQ
D�VPDOO�WRZQ��ZRXOG�W\SLFDOO\�UHTXLUH�D�TXDQWLW\�RI�ZDWHU���N/�GD\�DQG�XS��WKDW�LV�DEOH�WR�EH
VXSSOLHG� E\� 52� RU� ('5� SODQWV� DW� D�PLQLPXP� RI� ������� 7KLV� LV� DQ� XQDWWUDFWLYH� RSWLRQ� LQ
FRPSDULVRQ�WR�PDLQV�ZDWHU�IRU�DOO�EXW�WKH�PRVW�UHPRWH�UXUDO�ZDWHU�XVHUV�

1RWH�WKDW�WKH�FRPSDULVRQ�LQ�)LJXUH���FRQWDLQV�HOHPHQWV�RI�ELDV��7KH�FRVWV�IRU�GHVDOLQDWLRQ�DUH
SRWHQWLDOO\� VLJQLILFDQWO\� XQGHUYDOXHG� DV� WKH\� SXUHO\� UHODWH� WR� SODQW� RSHUDWLRQ� DQG� GR� QRW
LQFOXGH�DOORZDQFH�IRU�WKH�FRVWV�RI�ZDWHU�GHOLYHU\��EULQH�GLVSRVDO��FDSLWDO�GHSUHFLDWLRQ�DQG�DOO
RWKHU�QRQ�RSHUDWLRQDO�FRVWV��(YHQ�ZLWK�WKLV�XQGHUHVWLPDWLRQ��)LJXUH���VKRZV�WKDW�WUDGLWLRQDO
VRXUFHV�RI�IUHVK�ZDWHU�DUH�PRUH�DIIRUGDEOH�IRU�WKH�JUHDW�PDMRULW\�RI�ZDWHU�XVHUV�

+RZHYHU�� WKH� SULFHV� OLVWHG� IRU�PDLQV�ZDWHU� GR� QRW� LQFOXGH� VXSSO\� FKDUJHV� DQG� LW� LV� KLJKO\
OLNHO\�WKDW�WKH�WUXH�FRVW�RI�SURYLGLQJ�PDLQV�ZDWHU��SDUWLFXODUO\�IRU�UHPRWH�DQG�UXUDO�XVHUV��LV
QRW�DFWXDOO\�EHLQJ�FKDUJHG��7KH�WUXH�XQVXEVLGLVHG�FRVW�RI�SURYLGLQJ�PDLQV�ZDWHU�ZRXOG�YDU\
EHWZHHQ� UHJLRQV��KRZHYHU�� LQ� VRPH� LQVWDQFHV� LW�KDV�EHHQ�VKRZQ� WKDW�H[LVWLQJ�SULFHV�ZRXOG
KDYH�WR�GRXEOH�WR�FRYHU�WKH�FRVWV�RI�SURYLVLRQ�DQG�D�UHWXUQ�RQ�FDSLWDO��$$76(��������

$V� WUDGLWLRQDO� IRUPV� RI�ZDWHU� VXSSO\� EHFRPH� VFDUFH� DQG�ZDWHU�PDUNHWV� GHYHORS�� WKH� SULFH
FKDUJHG�IRU�PDLQV�ZDWHU�LV�OLNHO\�WR�ULVH��$V�GHVDOLQDWLRQ�FRQWLQXHV�WR�EH�XVHG�DQG�GHYHORSHG�
LWV�SULFH�ZLOO�IXUWKHU�UHGXFH�PDNLQJ�GHVDOLQDWHG�ZDWHU�DV�D�VRXUFH�RI�GULQNLQJ�ZDWHU�PRUH�FRVW
FRPSHWLWLYH�LQ�D�ZLGHU�UDQJH�RI�VFHQDULRV�

&21&/86,21

7KLV�SDSHU�KDV� VXPPDULVHG� WKH� WHFKQLFDO� DQG� ILQDQFLDO� DVSHFWV� RI� GHVDOLQDWLRQ� LQ�$XVWUDOLD
DQG�WKH�ZRUOG�DV�D�VRXUFH�RI�IUHVK�ZDWHU�IRU�D�YDULHW\�RI�XVHV�DQG�DV�D�VDOLQLW\�PDQDJHPHQW
WRRO��%HLQJ�D�QRQ�FDVH�VSHFLILF�VWXG\��WKLV�VWXG\�FDQQRW�SUHVHQW�D�GHWDLOHG�FRQVLGHUDWLRQ�RI�DOO
WKH�DVSHFWV�RI�GHVDOLQDWLRQ��%XW�RQ� WKH�EDVLV�RI� D� OLPLWHG�TXDQWLILFDWLRQ�DQG�FRPSDULVRQ�RI
FRVWV� IRU� WKH� PDMRU� GHVDOLQDWLRQ� WHFKQRORJLHV�� LW� LV� DSSDUHQW� WKDW� WKHUH� DUH� RQO\� D� OLPLWHG
QXPEHU�RI�VFHQDULRV�LQ�ZKLFK�GHVDOLQDWLRQ�UHSUHVHQWV�D�FRVW�HIIHFWLYH�RSWLRQ�

7KH�LQVWDQFHV�ZKHUH�GHVDOLQDWLRQ�LV�FRQVLGHUHG�D�FRVW�HIIHFWLYH�RSWLRQ�DUH�GHSHQGDQW�RQ�WKH
DEVHQFH�DQG�RU�KLJK�FRVW�RI�WUDGLWLRQDO�IRUPV�RI�ZDWHU�VXSSO\��7KHVH�DUH�PDLQO\�LQ�WKH�PRUH
UHPRWH�UXUDO�DUHDV��VRPH�RI�ZKLFK�DUH�ORFDWHG�LQ�WKH�1$3�UHJLRQV�RI�$XVWUDOLD��'HVDOLQDWLRQ
GRHV� QRW� DSSHDU� WR� VWDFN� XS� DV� SXUHO\� D� VDOLQLW\� PDQDJHPHQW� WRRO�� +RZHYHU�� WKHUH� DUH� D
QXPEHU� RI� ZD\V� WR� UHGXFH� WKH� QHW� FRVW� RI� FRQVWUXFWLQJ� DQG� RSHUDWLQJ� D� GHVDOLQDWLRQ� SODQW
ZKLFK�ZLOO�LQFUHDVH�LWV�FRPSHWLWLYHQHVV�DJDLQVW�WUDGLWLRQDO�IRUPV�RI�ZDWHU�VXSSO\�DQG�LWV�FRVW
HIIHFWLYHQHVV� DV� D� VDOLQLW\� PDQDJHPHQW� WRRO�� /LNHZLVH�� DV� WKH� VFDUFLW\� DQG� FRVW� RI� PDLQV
ZDWHU�LQFUHDVHV��VR�WR�GRHV�WKH�DWWUDFWLYHQHVV�RI�GHVDOLQDWLRQ��5HJXODWRU\��PDUNHW�DQG�SROLF\
FKDQJHV�WKDW�HQDEOH�WKH�SULFH�RI�ZDWHU�WR�UHIOHFW�LWV�WUXH�YDOXH�ZLOO�DFFHOHUDWH�WKLV�SURFHVV�



)XUWKHU�VWXG\�LV�QHHGHG�WR�

x� &RPSLOH�YLVXDO�JXLGHV�DQG�PDSV�WKDW�RYHUOD\�H[LVWLQJ�JHR�UHIHUHQFHG�GDWDVHWV�RI�FULWHULD
WKDW� LQIOXHQFH� WKH� FKRLFH� RI� GHVDOLQDWLRQ�� )RU� H[DPSOH�� GHPDQG�� VXSSO\� DQG� SULFH� RI
WUDGLWLRQDO� IRUPV� RI�ZDWHU� VXSSO\�� SUHVHQFH� DQG� W\SH� RI� HQHUJ\� �LQFOXGLQJ� UHQHZDEOH��
KLJK� \LHOGLQJ� *)6©V�� HWF�� 7KHVH� ZLOO� KLJKOLJKW� WKRVH� DUHDV� WKDW� DUH� PRVW� VXLWDEOH� IRU
GHVDOLQDWLRQ�DQG�SURPSW�GHFLVLRQ�PDNHUV�LQ�WKRVH�DUHDV�WR�FRQVLGHU�XVLQJ�LW�

x� 3UHSDUH�IXOO\�VSHFLILHG�%&$�RI�DQ�H[LVWLQJ�GHVDOLQDWLRQ�SODQW�RU�VLWH�VSHFLILF�GHVDOLQDWLRQ
SODQW�SURSRVDO��7KLV�ZRXOG�HQDEOH�D�PRUH�DFFXUDWH�DVVHVVPHQW�RI� WKH�FRVW�HIIHFWLYHQHVV
RI�GHVDOLQDWLRQ�

x� ,QWHJUDWH�ELRSK\VLFDO�DQG�HFRQRPLF�PRGHOV�WKDW�SURFHVV�XVHU�HQWHUHG�GDWD�WR�UHFRPPHQG
DSSURSULDWH� GHVDOLQDWLRQ� WHFKQRORJLHV� IRU� SDUWLFXODU� VFHQDULRV�� 7KHVH� H[LVW� IRU� RWKHU
FRXQWULHV�EXW�KDYH�QRW�EHHQ�GHYHORSHG�IRU�$XVWUDOLD�

x� )XUWKHU� WKH� WHFKQLFDO� GHYHORSPHQW� RI� UHQHZDEOH� HQHUJ\� DXJPHQWHG� GHVDOLQDWLRQ� SODQWV
DQG� WHFKQRORJLHV� WKDW� UHTXLUH� OLWWOH� PDLQWHQDQFH� DQG� WHFKQLFDO� NQRZ�KRZ� WR� RSHUDWH�
7KHVH�W\SHV�RI�SODQWV�DUH�OLNHO\�WR�EH�VXLWDEOH�IRU�PDQ\�RI�WKH�1$3�UHJLRQV�LQ�$XVWUDOLD�

5()(5(1&(6

$$76(���������:DWHU�DQG�WKH�$XVWUDOLDQ�(FRQRP\��$XVWUDOLDQ�$FDGHP\�RI�7HFKQRORJLFDO
6FLHQFHV�DQG�(QJLQHHULQJ��$SULO�

%XURV��2�.����������7KH�$%&©V�RI�'HVDOWLQJ��6HFRQG�(GLWLRQ��3URGXFHG�E\�WKH�6DOLQH�:DWHU
&RQYHUVLRQ�&RXQFLO�IRU�WKH�,QWHUQDWLRQDO�'HVDOLQDWLRQ�$VVRF���5L\DGK��6DXGL�$UDELD�

'DPHV�	�0RRUH���������'HVDOLQDWLRQ�&RVWLQJ�6WXG\��IRU�:DWHU�$XWKRULW\�RI�:HVWHUQ

$XVWUDOLD��-XQH�

,'$���������,'$�:RUOGZLGH�'HVDOWLQJ�3ODQWV�,QYHQWRU\�¤�5HSRUW�1R������,QWHUQDWLRQDO
'HVDOLQDWLRQ�$VVRFLDWLRQ�

.XQ]H��+����������¦$�QHZ�DSSURDFK�WR�VRODU�GHVDOLQDWLRQ�IRU�VPDOO�DQG�PHGLXP�VL]H�XVH�LQ
UHPRWH�DUHDV§��'HVDOLQDWLRQ��YRO������SS��������

/DQG�DQG�:DWHU�5HVRXUFHV�5HVHDUFK�DQG�'HYHORSPHQW�&RUSRUDWLRQ���������$VVHVVPHQW�RI
WKH�(IILFDF\�RI�(QJLQHHULQJ�2SWLRQV�IRU�WKH�0DQDJHPHQW�RI�'U\ODQG�6DOLQLW\�

0LFNOH\��0����Q�G����(QYLURQPHQWDO�&RQVLGHUDWLRQV�IRU�WKH�'LVSRVDO�RI�'LVWLOODWLRQ
&RQFHQWUDWHV��>2QOLQH@�KWWS���ZZZ�PLFNOH\DVVRF�FRP�GLVSRVDO�KWPO

1DWLRQDO�'U\ODQG�6DOLQLW\�3URJUDP���������2SWLRQV�IRU�WKH�3URGXFWLYH�8VH�RI�6DOLQLW\
�2386���3UHSDUHG�E\�6.0�(	,�3W\�/WG��IRU�1'63�

3DQQHO��'�-����������7UDQVFULSW�RI�SUHVHQWDWLRQ�WR�6HOHFW�&RPPLWWHH�RQ�6DOLQLW\�6HPLQDU�
,QYHVWLQJ�RQ�6ROXWLRQV�WR�6DOLQLW\��6\GQH\���WK�$SULO�

SHUV��FRPP���*OHQ�:DONHU��&6,52�/DQG�	�:DWHU��$GHODLGH�

:DWHU�&RUSRUDWLRQ���������'HVDOLQDWLRQ��$�9LDEOH�5HVRXUFH��$�6WUDWHJLF�5HYLHZ�RI
'HVDOLQDWLRQ�3RVVLELOLWLHV�IRU�:HVWHUQ�$XVWUDOLD��6HSWHPEHU�

:LQWHU��7���3DQQHOO��'�-��DQG�0F&DQQ��/����������¦7KH�HFRQRPLFV�RI�GHVDOLQDWLRQ�DQG�LWV
SRWHQWLDO�DSSOLFDWLRQ�LQ�$XVWUDOLD§��LQ�6($�:RUNLQJ�3DSHU��������$5(��8:$�


