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$EVWUDFW

7ULKDORPHWKDQHV��7+0��DV�WKH�PDLQ�E\�SURGXFWV�RI�GLVLQIHFWLRQ�DUH�IRUPHG�ZKHQ�FKORULQH�DFWV�ZLWK�RUJDQLF�
PDWWHU�FRQWDLQHG�LQ�GULQNLQJ�ZDWHU��7+0V�DW�KLJK�FRQFHQWUDWLRQV�DUH�YHU\�KDUPIXO�DQG�PD\�EH�FDQFHURJHQLF�WR�WKH�
OLYHU��SDQFUHDV��QHUYRXV�V\VWHP��GHYHORSLQJ�RUJDQV��ZKLOH�LQ�ZRPHQ�WKH\�PD\�FDXVH�DERUWLRQ��7KHUHIRUH��7+0V�
KDYH�ORQJ�GLVWXUEHG�WKH�VFLHQWLILF�DQG�SXEOLF�RSLQLRQ��%HFDXVH RI�WKLV��7+0V�VKRXOG�EH�PRQLWRUHG�FRQWLQXRXVO\��
7+0V� DUH� PDLQO\� GHWHUPLQHG� ZLWK� WKH� PHWKRG� RI� JDV� FKURPDWRJUDSK\�� ZKLFK� LV� D� GLIILFXOW� DQG� YHU\� FRVWO\�
SURFHGXUH��7R�DYRLG�WKLV��WKH�PDWKHPDWLFDO�PRGHOV�XVHG�WR�SUHGLFW�7+0V�LQ�GULQNLQJ�ZDWHU�KDYH�EHHQ�XVHG�LQ�UHFHQW�
\HDUV��%\�TXLFNO\�PHDVXULQJ�WKH�YDOXHV�RI�VRPH�VLPSOH�SDUDPHWHUV�RI�GULQNLQJ�ZDWHU�TXDOLW\�DQG�UHSODFLQJ�WKHP�LQ�
PDWKHPDWLFDO�PRGHOV��7+0V�FRQWHQW�FDQ�EH�SUHGLFWHG��7KH�SXUSRVH�RI�WKLV�DUWLFOH�LV�WR�SUHGLFW�WKH�FRQWHQW�RI�7+0V�
LQ�WKH�GULQNLQJ�ZDWHU�RI�WKH�FLW\�RI�7HWRYD�IRU�WKH�VSULQJ�VHDVRQ������DW�WKH�WKUHH�VLWHV�7���7��DQG�7���7KH�PHDVXUHG�
SDUDPHWHUV�DQG�WKHLU�DYHUDJH�VWDQGDUG�GHYLDWLRQ�YDOXHV�ZHUH��ZDWHU�WHPSHUDWXUH�������r �����q&���UHVLGXDO�FKORULQH�
������r �����PJ�/���S+�������r �������HOHFWULFDO�FRQGXFWLYLW\���������r �������6�FP���FKHPLFDO�R[\JHQ�GHPDQG�
������r �����PJ�/��� WRWDO�GLVVROYHG�VROLGV���������r �������DQG�FKORULGHV�������r �����PJ�/��UHVSHFWLYHO\��7KH�
DYHUDJH�YDOXHV�DUH�WKHQ�SODFHG�LQ�PDWKHPDWLFDO�PRGHOV�DQG�E\�FDOFXODWLRQ� WKH�FRQWHQW�RI�7+0V�LQ�GULQNLQJ�ZDWHU�
LV�SUHGLFWHG��7HQ�PDWKHPDWLFDO�PRGHOV�ZHUH�XVHG� IRU� WKH�SUHGLFWLRQ�DQG� WKHLU�DYHUDJH�YDOXH�RI� WKH�7+0V�ZLWK�
VWDQGDUG�GHYLDWLRQ�ZDV��������������ȝJ�/��7KLV�UHVXOW�ZDV�YHU\�FORVH�WR�WKH�RQH�H[SHULPHQWDOO\�PHDVXUHG�LQ�WKH�
VSULQJ�RI���������������������J�/���)URP�WKH�UHVXOW� ZH�FDQ�FRQFOXGH�WKDW�WKH�PRGHOV�XVHG�IRU�7+0V�SUHGLFWLRQ�
KDYH�\LHOGHG�VXFFHVVIXO�UHVXOWV�DQG�WKLV�FRQWHQW�RI�7+0V�GRHV�QRW�SRVH�D�KHDOWK�ULVN�WR�WKH�SRSXODWLRQ�

.H\ZRUGV� 7+0V��SK\VLFR�FKHPLFDO�SDUDPHWHUV��GULQNLQJ�ZDWHU��PRGHOV�IRU�7+0V�SUHGLFWLRQ��KHDOWK�

���,QWURGXFWLRQ

'LVLQIHFWLRQ�E\�SURGXFWV��'%3V��DUH�D�FODVV�RI�FKHPLFDOV�WKDW�DUH�IRUPHG�ZKHQ�GLVLQIHFWDQWV�UHDFW�ZLWK�RUJDQLF�
FRPSRXQGV�RI�GULQNLQJ�ZDWHU��6RPH�RI�WKH�'%3V PD\�EH�FDUFLQRJHQLF�DQG�VRPH�DUH�VXVSHFWHG�RI�FDXVLQJ�DFXWH�KHDOWK�
HIIHFWV��7KH\�DUH�XQGHVLUDEOH�FKHPLFDO�FRPSRXQGV�WKDW�DUH�FUHDWHG�DV�D�UHVXOW�RI�ZDWHU�GLVLQIHFWLRQ�DQG�R[LGDWLRQ��
$FFRUGLQJ�WR�.UDVQHU�HW�DO���'%3V DUH�FODVVLILHG�LQWR�IRXU�PDMRU�FODVVHV��WULKDORPHWKDQHV��7+0V���KDORDFHWLF�DFLGV�
�+$$V���KDORDFHWRQLWULOHV��+$1V��DQG�KDORFHWRQHV��+.V���.UDVQHU�HW�DO���������6R��D�VSHFLDO�FODVV�RI�'%3V DUH�7+0V��
ZKLFK�LQ�DGGLWLRQ�WR�FDUERQ�FRQWDLQ�FKORULQH�DQG�EURPLQH�
7+06�ZHUH�GLVFRYHUHG�LQ������E\�5RRN��1HWKHUODQGV��DQG�%HOODU��86$���7KH\�ILUVW�LGHQWLILHG�FKORURIRUP��&+&O����

ZKLFK�LV�WKH�PDLQ�7+0V�LQ�GLVLQIHFWHG�GULQNLQJ�ZDWHU�DQG�LV�XVXDOO\�SUHVHQW�DW�KLJKHU�FRQFHQWUDWLRQV��6WXGLHV�KDYH�
IRXQG�WKDW�7+0V�LQ�FKORULQDWHG�GULQNLQJ�ZDWHU�DUH�LQ�WUDFH�FRQFHQWUDWLRQV��ȝJ�/���$IWHU�WKDW�GDWH��PDQ\�RWKHU�'%3V
ZHUH�LGHQWLILHG�LQ�FKORULQDWHG�GULQNLQJ�ZDWHU��HJ��EURPLQDWHG�7+0V��KDORDFHWLF�DFLGV��KDORFHWRQHV�HWF��0RUH�WKDQ�����
'%3V KDYH�EHHQ�LGHQWLILHG�LQ�WDS�ZDWHU�DQG�VLQFH������WKH\�KDYH�UDLVHG�JUHDW�FRQFHUQ�GXH�WR�WKH�IDFW�WKDW�WKH\�FDXVH�
VLGH�HIIHFWV�LQ�KXPDQ�KHDOWK��FDQFHU�DQG�UHSURGXFWLYH�GLVRUGHUV��*UDYHV�HW�DO��������
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,QWHUHVW� LQ� VWXG\LQJ� RUJDQLF� VXEVWDQFHV� LQ� GULQNLQJ� ZDWHU� EHJDQ� LQ� ����� ZLWK� WKH� GHWHFWLRQ� RI� KDORIRUPV� RU�
WULKDORPHWKDQHV�E\�5RRN�-��GXULQJ�WKH�TXDOLW\�FRQWURO�RI�ZDWHU�WUHDWPHQW�DW�WKH�%HUHQSODDW�SODQW��1HWKHUODQGV��5RRN��
�������7+0�DV�V\QWKHWLF�RUJDQLF�FRPSRXQGV�DUH�FUHDWHG�E\�WKH�UHSODFHPHQW�RI�WKUHH�K\GURJHQ�DWRPV�LQ�WKH�PHWKDQH�
PROHFXOH�ZLWK� WKH�DWRPV�RI� WKH�KDORJHQ�HOHPHQWV��&KORURIRUP�RU� WULFKORURPHWKDQH��&+&O����EURPRFKORURPHWKDQH�
�&+%U&O����GLEURPRFKORURPHWKDQH��&+%U�&O��DQG�EURPRIRUP�RU�WULEURPRPHWKDQH��&+%U���FDQ�EH�IRUPHG�GXULQJ�
FKORULQDWLRQ�� 7KHLU� IRUPDWLRQ� GXULQJ� FKORULQDWLRQ� UHSUHVHQWV� D� YHU\� VHULRXV� KHDOWK� SUREOHP� DV� FKORURIRUP�� PDLQ�
VXEVSHFLHV�RI�7+0V�IRUPHG�LQ�WKLV�SURFHVV��LPSOLFDWHG�LQ�VHYHUDO�W\SHV�RI�FDQFHUV�LQ�ODERUDWRU\�DQLPDOV�
,Q�UHFHQW�\HDUV��PRGHOLQJ�IRU�SUHGLFWLQJ�WKH�7+0�FRQFHQWUDWLRQ�LV�WKH�FRQWHPSRUDU\�WUHQG��5HOHYDQW�PRGHOV�DUH�

GHYHORSHG�ZLWK�DGHTXDWH�VWDWLVWLFDO�SURFHVVLQJ�RI�7+0V�GDWD�ZLWK�WKH�KHOS�RI�VWDWLVWLFDO�SURJUDPV��6WDWLVWLFDO�VRIWZDUH�
XVHG�IRU�WKLV�SXUSRVH�DUH��6WDWLVWLFDO�3DFNDJH�IRU�WKH�6RFLDO�6FLHQFHV��6366���6WDWJUDSKLFV�HWF�7KH�PRGHOV�FRQILUP�WKH�
HPSLULFDO�RU�PHFKDQLFDO�FRUUHODWLRQ�EHWZHHQ�7+0V�FRQWHQWV�LQ�GULQNLQJ�ZDWHU�DQG�ZDWHU�TXDOLW\�SDUDPHWHUV�DQG�WKHLU�
FRQWURO�PD\�EH�UHODWHG�WR�WKH�IRUPDWLRQ�RI�7+0V��7KHVH�PRGHOV�DUH�DSSOLHG�EDVHG�RQ�URXWLQH�PHDVXUHPHQWV�RI�VRPH�
GULQNLQJ�ZDWHU�SDUDPHWDUDYH�DQG�ZLWK� WKHLU�KHOS�SUHGLFW� �FDOFXODWH�� WKH�FRQFHQWUDWLRQ�RI�7+0V� LQ�GULQNLQJ� ZDWHU��
PRGHOV�FDQ�DOVR�XVH�D�VLPSOH�ZRUNHU�LQ�WKH�GULQNLQJ�ZDWHU�SODQWV�WR�DVVHVV�WKH�FRQFHQWUDWLRQ�RI�7+0V�LQ�HYHU\�PRPHQW��
7KHVH�PRGHOV�FDQ�DOVR�XVH�D�VLPSOHU�ZRUNHU�LQ�WKH�GULQNLQJ�ZDWHU�SODQW�WR�HVWLPDWH�WKH�FRQFHQWUDWLRQ�RI�7+0�DW�DQ\�
PRPHQW�
$�QXPEHU RI�PRGHOV�KDYH�EHHQ�GHYHORSHG� WR�SUHGLFW�PDWKHPDWLFDOO\� WKH� WRWDO� WULKDORPHWKDQHV��77+0V��IURP�WKH�
ZDWHU� VRXUFH� FKDUDFWHULVWLFV�� 7KLV� HQDEOHV� WKH� FDOFXODWLRQ� RI� 77+0V� ZLWKRXW� WKH� QHHG� IRU� LQWHQVLYH� VDPSOLQJ��
*ROILQRSRXORV�HW�DO���GHYHORSHG�D�PRGHO�IRU�77+0V�GHSHQGLQJ�RQ�FKORURSK\OO�D��S+��EURPLQH�FRQFHQWUDWLRQ��VHDVRQ��
WHPSHUDWXUH�� DQG�FKORULQH�FRQFHQWUDWLRQ� �*ROILQRSRXORV�HW� DO���������7KH�PRGHO� VKRZHG� WKDW� WKH�FRQFHQWUDWLRQ�RI�
77+0V� LQFUHDVHV� ZLWK� WKH� FRQFHQWUDWLRQ� RI� FKORURSK\OO� D�� EURPLQH� LRQ� FRQFHQWUDWLRQ�� WHPSHUDWXUH�� FKORULQH�
FRQFHQWUDWLRQ��DQG�ZKHWKHU�WKH�VDPSOHV�ZHUH�WDNHQ�LQ�VSULQJ�RU�VXPPHU��$FFRUGLQJ�WR�KLP�77+0V�FRQFHQWUDWLRQ�
GHFUHDVHV�ZLWK�S+�DQG�WHPSHUDWXUH�RI�WKH�VDPSOHV� LQ�WKH�VSULQJ�DQG�VXPPHU��5RGULTXH]�DQG�6HURGHV�GHYHORSHG�D�
PRGHO�IRU�SUHGLFWLQJ�77+0V�LQ�ILQLVKHG�ZDWHU�LQ�WKUHH�SODQWV�DQG�77+0V�SURGXFLQJ�DW�GLVWULEXWLRQ�V\VWHP�SRLQWV�
�5RGULJXH]�DQG�6HURGHV���������,Q�WZR�SODQWV�LW�ZDV�IRXQG�WKDW�WKH�WHPSHUDWXUH�ZDV�WKH�RQO\�VLJQLILFDQW�YDULDEOH�DQG�
77+0V�FRQFHQWUDWLRQ� LQFUHDVHG�ZLWK� WKH� WHPSHUDWXUH��)RU� WKH� WKLUG�SODQW� WKH� WHPSHUDWXUH��S+�DQG� IORZ�UDWH�ZHUH�
LPSRUWDQW�YDULDEOHV��,W�ZDV�QRWHG�WKDW�WKH�FRQFHQWUDWLRQ�RI�77+0V�LQFUHDVHV�ZLWK�WKH�WHPSHUDWXUH��DQG�GHFUHDVH�ZLWK�
S+�DQG�IORZ��9LOODQRYD�HW�DO� GHYHORSHG�D�PRGHO�LQ�WZR�7RUUHV�ULYHU�ZDWHU�WUHDWPHQW�SODQWV�LQ�WKH�FLW\�RI�6DODPDQFD��
6SDLQ� �9LOODQXHYD� HW� DO�� ������� 7KLV� RQH�\HDU� UHVHDUFK� VKRZHG� WKDW� WHPSHUDWXUH� DQG� S+�ZHUH� WKH� RQO\� YDULDEOHV�
LPSRUWDQW�IRU�WKH�IRUPDWLRQ�RI�FKORURIRUP��2EVHUYHG�UHVXOWV�YHUVXV�FDOFXODWHG�YDOXHV�KDG�D�KLJK�YDOXH�RI�5�  �������
$V�\RX�FDQ�VHH��VLPSOH�DQG�VRPH�YHU\�FRPSOLFDWHG�PRGHOV�IRU�WKH�7+0V�SUHGLFWLRQ�KDYH�EHHQ�GHYHORSHG��
6WDWLVWLFDO�DQDO\VLV�RI�UHVXOWV�ZLWK�PXOWLIDFWRU�YDULDQFH�DQDO\VLV�KDV�UHYHDOHG�WKH�LQIOXHQFH�RI�WKH�SDUDPHWHUV�VWXGLHG�

LQ�WKH�IRUPDWLRQ�RI�7+0V��7KH�VLPSOH�DQG�PXOWLSOH�UHJUHVVLRQ�ZHUH�XVHG�WR�GHYHORS�SUHGLFWLYH�PRGHOV�IRU�7+0V�
IRUPDWLRQ��7KHVH�PRGHOV�VHUYH�WR�SUHGLFW�FRQFHQWUDWLRQV�RI�7+0V�LQ�GULQNLQJ�ZDWHU�DIWHU�PRQLWRULQJ�WKH�7+0V�DQG�
IROORZLQJ� UHOHYDQW� H[SHULPHQWV� RQ� WKH� LPSDFW� RI� YDULRXV� IDFWRUV� RQ�7+0V� FRQFHQWUDWLRQ� LQ� GULQNLQJ�ZDWHU�� (DFK�
GHYHORSHG�PRGHO�LV�VXLWDEOH�RQO\�IRU�GULQNLQJ�ZDWHU�ZLWK�VLPLODU�FKDUDFWHULVWLFV��6R��D�VLPLODU�PRGHO�FDQ�QRW�EH�XVHG�
WR�SUHGLFW�7+0V�LQ�GULQNLQJ�ZDWHU�RI�GLIIHUHQW�ORFDWLRQV�ZLWK�GLIIHUHQW�FKDUDFWHULVWLFV�DQG�TXDOLWLHV��
7KXV� (OVKRUEDJ\� KDV� PRGHOHG� WKH� IRUPDWLRQ� RI� GLIIHUHQW� 7+0V� XQGHU� VWULFWO\� H[WUHPH� FRQGLWLRQV� RI� FKORULQH�

FRQFHQWUDWLRQ�� WHPSHUDWXUH� DQG� EURPLQH� LRQ� FRQFHQWUDWLRQ� �(OVKRUEDJ\�� ������� &ODUN� DQG� 0DQR� GHYHORSHG� D�
PDWKHPDWLFDO�PRGHO�WKDW�SUHGLFWV�7+0V�FRQFHQWUDWLRQ�DV�D�IXQFWLRQ�RI�S+��WHPSHUDWXUH��LQLWLDO�FKORULQH�FRQFHQWUDWLRQ�
DQG�WRWDO�RUJDQLF�FDUERQ��72&���&ODUN�DQG�0DQR���������0RQWJRPHU\�:DWVRQ�&RQVXOWLQJ�(QJLQHHULQJ�PRGHOHG�WKH�
7+0V� IRUPDWLRQ� DVVRFLDWHG� ZLWK� 72&�� S+�� WHPSHUDWXUH�� FKORULQH� FRQFHQWUDWLRQ�� EURPLQH� LRQ� FRQFHQWUDWLRQ� DQG�
FRQWDFW�WLPH��0RQWJRPHU\���������6RPH�RWKHU�UHVHDUFKHUV�VXFK�DV�&ODUN�HW�DO� VWXGLHG�WKH�HIIHFW�RI�WKH�EURPLQH�LRQ�
FRQFHQWUDWLRQ�RQ�7+0V�IRUPDWLRQ��&ODUN�HW�DO���������2WKHU�UHVHDUFKHUV�VWXG\LQJ�WKH�HIIHFW�RI�RWKHU�IDFWRUV�LQ�7+0V�
IRUPDWLRQ��.DULPL�DQG�6LQJHU�UHSRUWHG�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ�DOJDH�SURGXFWLYLW\�DQG�7+0�IRUPDWLRQ�SRWHQWLDO�
�7+03)���.DULPL�DQG�6LQJHU���������&DQDOH�HW�DO� OLQN�7+03)�ZLWK�FKORURSK\OO��]RRSODQNWRQ��ZDWHU�GHSWK��GLVVROYHG�
R[\JHQ�DQG�WRWDO�SKRVSKRUXV��&DQDOH�HW�DO��������

���0DWHULDOV�DQG�0HWKRGV

�����6DPSOLQJ�VWDWLRQV��SHULRGV�DQG�VDPSOLQJ
6DPSOLQJ�VWDWLRQV�IRU�VDPSOLQJ�GULQNLQJ�ZDWHU�LQ�WKH�FLW\�RI�7HWRYD�DUH�DSSURSULDWHO\�VHOHFWHG��7KH\�ZHUH��7�� �

7HOHIHULNX��7��� )DFXOW\�RI�0DWKHPDWLFDO�DQG�1DWXUDO�6FLHQFHV�DQG�7��� )DFXOW\�RI�$UWV��)URP�WKH�PHQWLRQHG�VWDWLRQV��
GULQNLQJ�ZDWHU�VDPSOHV�ZHUH�WDNHQ�HYHU\�WZR�ZHHNV�LQ�0DUFK��$SULO��0D\�DQG�-XQH�������VSULQJ�VHDVRQ��WR�GHWHUPLQH�
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WKH�YDOXHV�RI�VRPH�RI�WKH�PRVW�QHFHVVDU\�SDUDPHWHUV�RI�GULQNLQJ�ZDWHU�TXDOLW\��3DUDPHWHUV�KDYH�EHHQ�QHHGHG�WR�SUHGLFW�
7+0V�FRQFHQWUDWLRQ�ZLWK�PDWKHPDWLFDO�PRGHOV��7KH�PHWKRG�RI�VDPSOLQJ�KDV�D�PDMRU�LPSDFW�RQ�WKH�REWDLQHG�UHVXOWV�
RI� WKH� DQDO\VLV�� 7KHLU� DFTXLVLWLRQ� ZDV� PDGH� DIWHU� WKH� FDUHIXO� GHWHUPLQDWLRQ� RI� WKH� VWDWLRQV� DQG� DFFRUGLQJ� WR� WKH�
UHFRPPHQGDWLRQV�RI�WKH�6WDWH�'ULNLQJ�:DWHU�5HJXODWLRQ�RI�WKH�5HSXEOLF�RI�0DFHGRQLD��*RYHUQPHQW�RI�WKH�5HSXEOLF�
RI�0DFHGRQLD�� �������ZKLFK� LV� KDUPRQL]HG�ZLWK�:+2� �:+2�� ������ DQG�(8� UHFRPPHQGDWLRQV��'ULQNLQJ�ZDWHU�
VDPSOHV�ZHUH�WDNHQ�LQ�SRO\HWK\OHQH�DQG�JODVV�ERWWOHV�ZLWK�D�YROXPH�RI���/��WKH\�DUH�ULQVHG�����WLPHV�ZLWK�ZDWHU�VDPSOH�
DQG�DUH�ILOOHG�XS�FDS�VSDFH�DQG�ZLWKRXW�DLU�EXEEOHV�LQ�WKH�VDPSOH�

�����0HDVXUHG�SDUDPHWHUV��UHDJHQWV�DQG�LQVWUXPHQWV
7KH�H[SHULPHQWDO�SDUW�RI�WKH�UHVHDUFK�ZDV�FDUULHG�RXW�RQ�WKH�ILHOG�XVLQJ�UHOHYDQW�SRUWDEOH�LQVWUXPHQWV��ZKLOH�WKH�

SDUDPHWHUV�FKHPLFDO�R[LJHQ�GHPDQGH��&2'��DQG�FKORULGHV�ZHUH�PHDVXUHG�LQ�WKH�ODERUDWRULHV�RI�WKH�8QLYHUVLW\�RI�
7HWRYD��,Q�WKLV�UHVHDUFK��LQ�WKH�VSULQJ�VHDVRQ�LV�FDUULHG�RXW�PRQLWRULQJ�RI�VHYHQ�NH\�SDUDPHWHUV�RI�GULQNLQJ�ZDWHU��
ZDWHU�WHPSHUDWXUH��:7���UHVLGXDO�FKORULQH��5&���S+��HOHFWULFDO�FRQGXFWLYLW\��(&���WKH�WRWDO�GLVVROYHG�VROLGV��7'6���
&2'��DQG�FKORULGHV�
)RU�SDUDPHWHUV�GHWHUPLQDWLRQ��WKH�IROORZLQJ�UHDJHQWV�ZHUH�XVHG��WHWUD�PHWK\O�EHQ]LGLQH�DV�D�UHDJHQW�IRU�5&��EXIIHU�

VROXWLRQV�ZLWK�S+������DQG���IRU�S+�PHWHU�FDOLEUDWLRQ��VWDQGDUG�VROXWLRQ�RI�.&O�IRU�FDOLEUDWLRQ�RI�FRQGXFWRPHWHU��IRU�
&2'�GHWHUPLQDWLRQ�ZHUH�XVHG��VROXWLRQ�RI�+�62� �������.0Q2� VROXWLRQ�ZLWK�F  �������PRO�GP� DQG�VROXWLRQ�RI�
R[DOLF�DFLG��+�&�2���ZLWK�F  �������PRO�GP�������.�&U2� VROXWLRQ�DV�LQGLFDWRU�IRU�FKORULGHV�GHWHUPLQDWLRQ��ZKHUHDV�
DV�VWDQGDUG�UHDJHQW�IRU�FKORULGHV�WLWUDWLRQ��$J12� VROXWLRQ�ZDV�XVHG�ZLWK�F  ��������PRO�GP��
7KH�IROORZLQJ�LQVWUXPHQWV�ZHUH�XVHG�IRU�WKH�GHWHUPLQDWLRQ�RI�WKH�GULQNLQJ�ZDWHU�SDUDPHWHUV�DW�WKH�VWDWLRQV��IRU�:7�

PHDVXUHPHQW��D�WKHUPRPHWHU��LQWHJUDO�SDUW�RI�WKH�FRQGXFWRPHWHU��ZDV�XVHG��WKH�SRUWDEOH�FRQGXFWRPHWHU�:7:�/)�����
ZDV� XVHG� IRU� (&� DQG� 7'6� PHDVXUHPHQW�� S+� PHDVXUHPHQW� LV� GRQH� ZLWK� SRUWDEOH� S+�PHWHU� ���L��:7:�� 5&� LV�
PHDVXUHG�FRORULPHWULFDOO\�ZLWK�D�FRPSDUDWRU��&2'� LV�GHWHUPLQHG�ZLWK� VWDQGDUG�SURFHGXUH�XVLQJ�R[LGDQW� UHDJHQWV�
.0Q2� DQG�+�&�2���FKORULGHV�DUH�GHWHUPLQHG�E\�DUJHQWRPHWULF�WLWUDWLRQ�

���5HVXOWV�DQG�'LVFXVVLRQ

3UHVHQWDWLRQ�RI�PHDVXUHPHQW�UHVXOWV�DUH�JLYHQ�LQ�WKH�)LJXUH���DQG�7DEOHV���± ��

�����:DWHU�7HPSHUDWXUH��:7�
:7�SOD\V�D�GHFLVLYH� UROH� LQ� WKH�SK\VLFDO�FKHPLFDO�DQG�ELRORJLFDO�EHKDYLRU�RI� WKH�DTXDWLF� V\VWHP��'ZLYHGL�DQG�

6DQWRVKL���������:7�LV�D�FULWLFDO�SDUDPHWHU�IRU�DTXDWLF�OLIH�DQG�KDV�DQ�LPSDFW�RQ�RWKHU�ZDWHU�TXDOLW\�SDUDPHWHUV�VXFK�
DV�GLVVROYHG�R[\JHQ�FRQFHQWUDWLRQ�DQG�EDFWHULDO�DFWLYLW\�LQ�ZDWHU��&KHPLFDO�UHDFWLRQV�GHSHQG�RQ�WKH�:7�DQG�LW�FRQWUROV�
WKH�PHWDEROLF� DQG� UHSURGXFWLYH� SURFHVVHV� RI� DTXDWLF VSHFLHV�� 6RPH� IDFWRUV�PD\� KDYH� DQ� LPSDFW� RQ�:7�� VXFK� DV�
YHJHWDWLRQ��ZDWHU�IORZ�UDWH��VRLO�VXUIDFH��WKHUPDO�GLVFKDUJHV��JURXQGZDWHU��HWF��
7KH�GULQNLQJ�ZDWHU�RI�WKH�DQDO\]HG�VDPSOHV�RI�WKH�FLW\�RI�7HWRYD�KDYH�KDG�YDU\LQJ�WHPSHUDWXUHV��7KH�WHPSHUDWXUH�

UDQJH ZDV������ �����q&��7KH�ORZHVW�:7�ZDV�IRXQG�LQ�0D\�DW�7��VWDWLRQ��ZKLOH�WKH�KLJKHVW�:7�ZDV�DVFHUWDLQHG�LQ�
-XQH�DW�7��VWDWLRQ��7KH�DYHUDJH�YDOXHV�RI�:7�LQ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH�������������������DQG������� q&��
UHVSHFWLYHO\��7KH�ORZHVW�DYHUDJH�:7�ZDV�DW�7��VWDWLRQ�LQ�0DUFK�DW�����q&��ZKLOH�WKH�KLJKHVW�DYHUDJH�:7�ZDV������
q&�LQ�-XQH�DW�7��VWDWLRQ��7KH�DYHUDJH�VHDVRQDO�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�RI�:7�ZDV������r �����q&��7KH�YDOXHV�
RI�WKLV�SDUDPHWHU�ZHUH�ZLWKLQ�WKH�VWDWH�UHJXODWLRQV�IRU�GULQNLQJ�ZDWHU��ZLWK�PLQRU�H[FHSWLRQV��)LJ���D��

�����5HVLGXDO�FKORULQH��5&�
5&�KDV�JUHDW�LPSRUWDQFH�LQ�HOLPLQDWLQJ�PLFURRUJDQLVPV�LQ�GULQNLQJ�ZDWHU��+LV�SUHVHQFH�LQ�GULQNLQJ�ZDWHU�VKRZV�

WKDW�D�VXIILFLHQW�DPRXQW�RI�FKORULQH�LV�ILUVW�DGGHG�WR�ZDWHU�WR�LQDFWLYDWH�EDFWHULD�DQG�VRPH�YLUXVHV�WKDW�FDXVH�GLDUUKHD�
DQG�DOVR�ZDWHU�LV�SURWHFWHG�IURP�UH�FRQWDPLQDWLRQ�GXULQJ�VWRUDJH��7KH�SUHVHQFH�RI�IUHH�UHVLGXDO�FKORULQH�LQ�GULQNLQJ�
ZDWHU�LV�FRUUHODWHG�ZLWK�WKH�DEVHQFH�RI�GLVHDVH�FDXVLQJ�RUJDQLVPV��DQG�WKXV�LV�D�PHDVXUH�RI�ZDWHU�SRWDELOLW\�
7KH�UDQJH�IRU�.5�KDV�EHHQ������WR������PJ�/��7KH�ORZHVW�YDOXH�ZDV�PHDVXUHG�DW�7��LQ�$SULO�DQG�-XQH��ZKLOH�WKH�

KLJKHVW�YDOXH�ZDV�PHDVXUHG�DW�7��LQ�0D\�DQG�-XQH��7KH�DYHUDJH�YDOXHV�LQ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH�������
�����������DQG������PJ�/��UHVSHFWLYHO\��7KH�ORZHVW�PHDQ�RI������PJ�/�ZDV�7���$SULO�DQG�-XQH���ZKLOH�WKH�VWDWLRQ�ZLWK�
WKH�KLJKHVW�PHDQ������PJ�/�ZDV�7��LQ�-XQH��)LJXUH��E���7KH�DYHUDJH�VHDVRQDO�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�RI�5&�
ZDV������r �����PJ�/�DQG�LW�ZDV�ORZHU�WKDQ�WKH�UHFRPPHQGHG�YDOXH�RI�WKH�VWDWH�UHJXODWLRQ��)LJ���E��
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�����S+�YDOXH
7KH�S+�YDOXH�RI�DTXDWLF�HFRV\VWHPV�GHSHQGV�RQ�WKH�FKHPLFDO�DQG�ELRORJLFDO�DFWLYLW\�RI�ZDWHU��1DWXUDO�ZDWHUV�XVXDOO\�

KDYH�D�S+�YDOXH�KLJKHU�WKDQ����1DWXUDO�ZDWHUV�XVXDOO\�KDYH�S+�YDOXH�KLJKHU�WKDQ����,W�LV�GHULYHG�IURP�&2� IURP�WKH�
DWPRVSKHUH�DQG�WKRVH�ZKR�OLEHUDWHG�IURP�WKH�GHFRPSRVLWLRQ�RI�RUJDQLF�VXEVWDQFHV�DV�ZHOO�DV�E\�KXPDQ�DFWLYLW\��&2�

GLVVROYHV�LQ�ZDWHU�DQG�FUHDWH�FDUERQLF�DFLG��+�&2����7KLV�DFLG�UHDFWV�ZLWK�&D&2� RI�VXUIDFH�ZDWHU�DQG�IRUPV�FDOFLXP�
ELFDUERQDWH��&D+&2���DQG�FRQVHTXHQWO\�QDWXUDO�ZDWHUV�KDYH�D�S+�YDOXH�!���
6DPSOHV�RI�WKH�DQDO\]HG�ZDWHUV�KDG�GLIIHUHQW�S+�YDOXHV��ZLWK�D�UDQJH�RI������������7KH�ORZHVW�YDOXH�ZDV�LQ�0DUFK�

DW�7���0DUFK���7���$SULO��DQG�7���0D\���ZKLOH�WKH�KLJKHVW�YDOXH�RI�S+�ZDV�PHDVXUHG�LQ�-XQH�DW�7���7KH�DYHUDJH�
YDOXHV�LQ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH������������������DQG�������UHVSHFWLYHO\��7KH�ORZHVW�DYHUDJH�YDOXH�ZDV������
LQ�7���0DUFK���ZKLOH�WKH�KLJKHVW������DW�7���-XQH��VHH�)LJ���F��6HDVRQDO�PHDQ�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�RI�S+�
ZDV������r �����DQG�LW�ZDV�ZLWKLQ�VWDWH�UHJXODWLRQ��)LJ���F��

�����(OHFWULFDO�FRQGXFWLYLW\��3(�
&OHDQ�FKHPLFDOO\�ZDWHU�KDV�KLJK�UHVLVWDQFH��7KH�JUHDWHU�WKH�FRQGXFWLYLW\�RI�QDWXUDO�ZDWHU�LV�WKH�PRVW�SROOXWHG�LW�ZLOO�

EH�� ,Q� QDWXUDO� ZDWHUV� UHVHPEOH�PLQHUDOL]DWLRQ� UHDFWLRQV� DQG� SURGXFWLYLW\�� 1DWXUDO� ZDWHU� ZLOO� KDYH� IHZHU� RU�PRUH�
PLQHUDO� VXEVWDQFHV� GHSHQGLQJ� RQ� ZKHQ� WKHVH� WZR� SURFHVVHV� GRPLQDWH��:DWHU� FRQGXFWLYLW\� LQGLFDWHV� WKH� JHQHUDO�
SUHVHQFH�RI�FKHPLFDO�FRPSRXQGV�DQG�LV�DQ�LQGLFDWRU�RI�ZDWHU�SROOXWLRQ�
7KLV�SDUDPHWHU�DW�WKUHH�VWDWLRQV�KDV�EHHQ�GLIIHUHQW�EXW�QRW�WRR�SURQRXQFHG��7KH�VOLJKWO\�KLJKHU�YDOXHV�DUH�UHFRUGHG�

DW�7��VWDWLRQ��7KXV�WKH�(&�YDOXHV�KDYH�EHHQ�H[WHQGHG�IURP�����WR�����ȝ6�FP��7KH�ORZHVW�YDOXH�ZDV�PHDVXUHG�LQ�$SULO�
DW�7���DQG�WKH�KLJKHVW�YDOXH�LQ�-XQH�DW�7���7KH�DYHUDJH�YDOXHV�LQ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH�����������������
�������DQG��������ȝ6�FP��UHVSHFWLYHO\��)LJ���G���7KH�DYHUDJH�VHDVRQDO�YDOXH�RI�3(�ZLWK�VWDQGDUG�GHYLDWLRQ�ZDV��������
r ������ȝ6�FP�DQG�LW�ZDV�ZLWKLQ�WKH�DOORZHG�VWDWH�UXOH�YDOXHV��)LJ���G��

�����&KHPLFDO�2[\JHQ�'HPDQG��&2'�
&2'� LV� FRPPRQO\�XVHG� IRU� LQGLUHFW�PHDVXUHPHQW�RI� WKH� DPRXQW�RI� RUJDQLF� FRPSRXQGV� LQ�ZDWHU��7KH�SULPDU\�

DSSOLFDWLRQ�RI�&2'�LV�WR�GHWHUPLQH�WKH�DPRXQW�RI�RUJDQLF�SROOXWDQWV�IRXQG�LQ�VXUIDFH�ZDWHUV�RU�VHZDJH��PDNLQJ�&2'�
D�XVHIXO�PHDVXUH�RI�ZDWHU�TXDOLW\��&2'�LV�WKH�DPRXQW�RI�R[\JHQ�UHTXLUHG�WR�FDUU\�RXW�R[LGDWLRQ�RI�RUJDQLF�SROOXWLRQ�
XVLQJ�VWURQJ�R[LGL]LQJ�DJHQWV��,QYHVWLJDWLRQV�UHODWHG�WR�RUJDQLF�FRQWDPLQDWLRQ�RI�GULQNLQJ�ZDWHU�DQG�OLYHU�FDQFHU�KDYH�
VKRZQ�WKDW�PRUWDOLW\�GXH�WR�OLYHU�FDQFHU�LV�LQ�D�SRVLWLYH�FRUUHODWLRQ�ZLWK�&2'�RI�GULQNLQJ�ZDWHU�
7KH�&2'�PHDVXUHPHQWV�KDYH�FKDQJHG PRQWKO\�ZLWK�D�UDQJH�RI������� �����PJ�/��6R�WKH�ORZHVW�YDOXH�ZDV�DW�7��

VWDWLRQ�LQ�0DUFK��ZKLOH�WKH�KLJKHVW�YDOXH�ZDV�DW�7��VWDWLRQ�LQ�-XQH��$YHUDJH�YDOXHV�GXULQJ�0DUFK��$SULO��0D\�DQG�
-XQH�ZHUH� ������ ������ ����� DQG� �����PJ�/�� UHVSHFWLYHO\�� 7KH� VWDWLRQ�ZLWK� WKH� ORZHVW� DYHUDJH� �����PJ�/�ZDV� 7��
�0DUFK���ZKLOH�WKH�VWDWLRQ�ZLWK�WKH�KLJKHVW�DYHUDJH������PJ�/�ZDV�7��LQ�-XQH��)LJ���H���7KH�VHDVRQDO�PHDQ�YDOXH�ZLWK�
VWDQGDUG�GHYLDWLRQ�RI�&2'�ZDV������r �����PJ�/��ZKLFK�LV�ZLWKLQ�WKH�DOORZHG�VWDWH�UXOH�YDOXHV��)LJ���H��

�����7KH�WRWDO�GLVVROYHG�VROLGV��7'6�
7'6�LV�WKH�WHUP�XVHG�IRU�UHVLGXDO�ZDVWH�LQ�D�YHVVHO�IRU�PHDVXULQJ�WKH�PDVV�DIWHU�WKH�VDPSOH�KDV�SDVVHG�WKURXJK�D�

VWDQGDUG�JODVV�ILEHU�ILOWHU�DQG�GULHV�LQ�FRQVWDQW�PDVV�DW�����WR������&�RU�����WR������&��0DQ\�VXEVWDQFHV�GLVVROYHG�LQ�
ZDWHU�DUH�XQGHVLUDEOH��'LVVROYHG�PLQHUDOV��JDVHV�DQG�RUJDQLF�LQJUHGLHQWV�FDQ�SURGXFH�WKH�FRORU��WDVWH�DQG�DHVWKHWLFDOO\�
XQGHVLUDEOH�RGRU��+LJK�7'6�FRQWHQW�RIWHQ�KDV�D�OD[DWLYH�HIIHFW�DQG�VRPHWLPHV�DGYHUVH�HIIHFW�RQ�LQGLYLGXDOV�ZKRVH�
ERGLHV�GR�QRW�ILW�LQ�ZLWK�WKHP��7'6�LV�PDLQO\�FRPSRVHG�RI�&D����0J����ELFDUERQDWHV��FDUERQDWHV��VXOSKDWHV��FKORULGHV��
QLWUDWHV�DQG�RWKHU�VXEVWDQFHV��7KH�KLJK�FRQFHQWUDWLRQ�RI�7'6�DURXQG������PJ�/�FDQ�DOVR�FDXVH�DQLPDO�FRQFHUQ�
7KLV�SDUDPHWHU�LQ�WKUHH�VWDWLRQV�KDV�EHHQ�GLIIHUHQW�EXW�QRW�WRR�SURQRXQFHG��7KXV�WKH�YDOXHV�DUH�IURP�����WR�����

PJ�/��7KH�ORZHVW�YDOXH�ZDV�PHDVXUHG�LQ�0DUFK�DW�7���ZKLOH�WKH�KLJKHVW�YDOXH�ZDV�LQ�-XQH�DW�7���7KH�ORZHVW�DYHUDJH�
����PJ�/�VWDWLRQ�ZDV�7���0DUFK���ZKLOH� WKH� VWDWLRQ�ZLWK� WKH�KLJKHVW�DYHUDJH�����PJ�/�ZDV�7�� LQ�-XQH��)LJ���I���
$YHUDJH�YDOXHV�GXULQJ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH������������������������DQG��������PJ�/��UHVSHFWLYHO\��7KH�
VHDVRQDO�PHDQ�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�RI�WKH�7'6�ZDV��������r ������PJ�/�DQG�LW�ZDV�ZLWKLQ�WKH�DOORZHG�VWDWH�
UXOH�YDOXHV��)LJ���I��

�����&KORULGHV
&KORULGHV�DUH�WKH�OHDVW�GDQJHURXV�SROOXWDQWV�RI�GULQNLQJ�ZDWHU��$FFRUGLQJ�WR�WKH�DOORZHG�VWDQGDUGV��WKHLU�FRQWHQW�LQ�

GULQNLQJ� ZDWHU� LV� TXLWH� KLJK�� &KORULGH� LRQV� IRXQG� QDWXUDOO\� LQ� JURXQGZDWHU� DQG� VXUIDFH�ZDWHU�� &RQFHQWUDWLRQV� RI�
FKORULGHV�KLJKHU�WKDQ�QRUPDO�LQ�IUHVKZDWHU�DUH�GHWULPHQWDO�WR�ZDWHU�TXDOLW\��
7KH�UHVXOWV�RI�WKH�FKORULGHV�LQ�WKH�GULQNLQJ�ZDWHU�RI�WKH�FLW\�RI�7HWRYD�LQ�WKH�VSULQJ�VHDVRQ�DUH�VKRZQ�LQ�)LJXUHV��I��

7KHLU�FRQFHQWUDWLRQ�UDQJHV IURP������WR�����PJ�/��7KH�ORZHVW�YDOXH�ZDV�PHDVXUHG�DW�7��LQ�0DUFK��ZKLOH�WKH�KLJKHVW�
YDOXH�PHDVXUHG�LQ�0D\�ZDV�DW�7���$YHUDJH�YDOXHV�GXULQJ�0DUFK��$SULO��0D\�DQG�-XQH�ZHUH������������������DQG������
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��

PJ�/��UHVSHFWLYHO\��7KH�ORZHVW�PHDQ�VWDWLRQ�RI������PJ�/�ZDV�7���0DUFK���ZKLOH�WKH�KLJKHVW�PHDQ�VWDWLRQ�RI������
PJ�/�ZDV�7���0D\���6HDVRQDO�PHDQ�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�ZDV������r �����PJ�/�DQG�LW�ZDV�ZLWKLQ�WKH�DOORZHG�
VWDWH�UXOH�YDOXHV��)LJ���J��

�����&DOFXODWLRQ�RI�7+0�FRQWHQW�SUHGLFWLRQ�LQ�GULQNLQJ ZDWHU�RI�WKH�FLW\�RI�7HWRYD�E\�PDWKHPDWLFDO�PRGHOV
7+0V�SUHGLFWLRQ�PRGHOV�DUH�LPSOHPHQWHG�EDVHG�RQ�URXWLQH�PHDVXUHPHQWV�RI�VRPH�GULQNLQJ�ZDWHU�SDUDPHWHUV�DQG�

ZLWK�WKHLU�KHOS� WKH�FRQFHQWUDWLRQ�RI�7+0V�LQ�GULQNLQJ�ZDWHU�LV�FDOFXODWHG��7KHVH�SUHGLFWLYH�PRGHOV�FRQWDLQ�GLIIHUHQW�
ZDWHU�TXDOLW\�SDUDPHWHUV�DQG�LQGLYLGXDO�PRGHOV�W\SLFDOO\�XVH�WKUHH�WR�HLJKW�SDUDPHWHUV��%DEDHL�HW�DO���������)RU�WKH�
7+0V� SUHGLFWLRQ� LQ� WKH� GULQNLQJ� ZDWHU� RI� 7HWRYD�� ZH� KDYH� XVHG� WKH� HTXDWLRQV� RI� WKH� WHQ� PDWKHPDWLFDO� PRGHOV�
GHYHORSHG�E\��'XUPLVKL���������0DWKHPDWLFDO�PRGHOV�DQG�WKHLU�VWDWLVWLFDO�SHUIRUPDQFH�DUH�JLYHQ�LQ�7DEOH����ZKLOH�
PDWKHPDWLFDO�PRGHO�HTXDWLRQV�DQG�WKH�FDOFXODWLRQ�RI�7+0V�FRQWHQW�HVWLPDWLRQ�DUH�LQ�7DEOH����,Q�RUGHU�WR�REWDLQ�D�
PRUH�UHOLDEOH�UHVXOW�IRU�WKH�SUHGLFWLRQ�RI�7+0V�FRQWHQW�IRU�WKH�VSULQJ�VHDVRQ�ZH�KDYH�REWDLQ�WKH�DYHUDJH�YDOXH�ZLWK�
VWDQGDUG�GHYLDWLRQ���������������J�/��7DEOH���DQG�����7KLV�UHVXOW�ZDV�YHU\�FORVH�WR�WKH�VHDVRQDOO\�DYHUDJH�RI�7+0�
��������������ȝJ�/��PHDVXUHG�H[SHULPHQWDOO\�LQ�������

7DEOH��� 6WDWLVWLFDO�FKDUDFWHULVWLFV�RI�WKH�XVHG�PRGHOV�

0RGHO 5 5�6TXDUH $GMXVWHG�5�6TXDUH 6WG��(UURU�RI�WKH�(VWLPDWH
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7DEOH��� &DOFXODWLRQ�RI�WKH�DYHUDJH�YDOXH�ZLWK�VWDQGDUG�GHYLDWLRQ�RI�WKH�7+0V�FRQWHQW�IURP�WHQ�PRGHOV�

0RGHO
3UHGLFWHG�FRQWHQW�YDOXHV�RI�7+0V�FRQWHQW�

DFFRUGLQJ�WR�PRGHOV���J�/�

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

$YHUDJH�YDOXH�� �����

6WDQGDUG�'HYLDWLRQ� ����

&RQWHQW�RI 7+0V� �������������



7DEOH���0DWKHPDWLFDO�PRGHO�HTXDWLRQV�DQG�FDOFXODWLRQ�RI�7+0V�FRQWHQW�SUHGLFWLRQ�

0RGHO 0DWKHPDWLFDO�PRGHO�HTXDWLRQ�DQG�FDOFXODWLRQ�RI�7+0V�FRQWHQW�SUHGLFWLRQ

�
7+0  �±���������������:7������������5&������������S+����������(&�����������&2'������������&KORULGHV��± /LQHDU�0RGHO
7+0  �±���������������������������������������������������������������������������������������������������� �
 �±�������������������������������������������������������������� ��±���������������� ��������J�/

�
7+0  ���������������&KORULGHV����������(&�����������5&��± /LQHDU�0RGHO
7+0  ���������������������������������������������������� �������������������������������� ��������J�/

�

ORJ�7+0�� ��������������ORJ�:7���������ORJ�5&���������ORJ�(&��± �����ORJ�7'6���������ORJ�&KORULGHV���������ORJ�S+��± /RJDULWKPLF�0RGHO
ORJ�7+0�� ��������������ORJ��������������ORJ��������������ORJ���������± �����ORJ����������������ORJ��������������ORJ������� ���������������[����������������
���������������[�������± ������[�������������� [���������������[������� ���������������� ��������������± ���������������������� ������� ��������  ��������J�/
$IWHU�WUDQVIRUPDWLRQ��WKH�H[SRQHQWLDO�PRGHO�ZDV�DFTXLUHG�
ܯܪܶ ൌ ͳͲ଴Ǥଵହଶ ൉ ሺܹܶሻଵǤଵସ଻ ൉ ሺܴܥሻ଴Ǥଵହ଼ ൉ ሺܥܧሻ଴Ǥସହ଼ ൉ ሺݏ݁݀݅ݎ݋݈݄ܥሻ଴Ǥଶହଶ ൉ ሺܪ݌ሻ଴Ǥଶସ଴Ȁሺܶܵܦሻ଴Ǥହହ଻ ൌ ܯܪܶ ൌ ͳͲ଴Ǥଵହଶ ൉ ሺͻǤͺͳሻଵǤଵସ଻ ൉ ሺͲǤͳ͵ሻ଴Ǥଵହ଼ ൉
ሺʹͷͻǤͷͶሻ଴Ǥସହ଼ ൉ ሺʹǤ͵ʹሻ଴Ǥଶହଶ ൉ ሺ͹ǤͶ͹ሻ଴Ǥଶସ଴ȀሺͶͷʹǤͺͺሻ଴Ǥହହ଻ ൌ ͳǤͶͳͻ ൉ ͳ͵Ǥ͹ʹ͵ ൉ ͲǤ͹ʹͶ ൉ ͳʹǤ͹ͷ͸ ൉ ͳǤʹ͵͸ ൉ ͳǤ͸ʹͲȀ͵ͲǤͳͷ͹ ൌ
��������������� ��������J�/������������������������������

�
ܯܪܶ ൌ ͳǤͶͳͻሺܹܶሻଵǤଵସ଻ ൉ ሺܴܥሻ଴Ǥଵହ଼ ൉ ሺܥܧሻ଴Ǥସହ଼ ൉ ሺݏ݁݀݅ݎ݋݈݄ܥሻ଴Ǥଶହଶ ൉ ሺܪ݌ሻ଴Ǥଶସ଴ ൉ ሺܶܵܦሻି଴Ǥହହ଻ ± ([SRQHQWLDO�0RGHO
ܯܪܶ ൌ ͳǤͶͳͻሺͻǤͺͳሻଵǤଵସ଻ ൉ ሺͲǤͳ͵ሻ଴Ǥଵହ଼ ൉ ሺʹͷͻǤͷͶሻ଴Ǥସହ଼ ൉ ሺʹǤ͵ʹሻ଴Ǥଶହଶ ൉ ሺ͹ǤͶ͹ሻ଴Ǥଶସ଴ ൉ ሺͶͷʹǤͺͺሻି଴Ǥହହ଻ � ͳǤͶͳͻ ൉ ͳ͵Ǥ͹ʹ͵ ൉ ͲǤ͹ʹͶ ൉ ͳʹǤ͹ͷ͸ ൉ ͳǤʹ͵͸ ൉
ͳǤ͸ʹͲ ൉ ͲǤͲ͵͵  ���������J�/������������������������������������������������������������������������������������������

�
ORJ�7+0�� ��������������ORJ�&KORULGHV��± 6WHSZLVH�0RGHO�
ORJ�7+0�� ��������������ORJ������� ���������������[������� ��������������� ������� ��������� ��������J�/

�
ORJ�7+0�� ��������������ORJ�&KORULGHV��������ORJ�:7� � 6WHSZLVH�0RGHO�
ORJ�7+0�� ��������������ORJ�������������ORJ������� ���������������[��������������[������� ����������������������� �
 ������� ��������  ��������J�/

�
ORJ�7+0�� ��������������ORJ�&KORULGHV���������ORJ�:7��± �����ORJ�7'6��± 6WHSZLVH�0RGHO
ORJ�7+0�� ��������������ORJ��������������ORJ�������± �����ORJ��������� �
 ���������������[���������������[�������± ������[������� �����������������������± ������ ������ ��������  ��������J�/�

�

ORJ�7+0�� �������������ORJ�&KORULGHV���������ORJ�:7��± �����ORJ�7'6���������ORJ�(&��± 6WHSZLVH�0RGHO
ORJ�7+0�� �������������ORJ��������������ORJ�������± �����ORJ����������������ORJ��������� 
 ���������������[���������������[�������± ������[���������������[������� 
 �����������������������± �������������� ������� �������  ��������J�/�

�

ORJ�7+0�� ��������������ORJ�&KORULGHV���������ORJ�:7��± �����ORJ�7'6���������ORJ�(&��������ORJ�5&��� 6WHSZLVH�0RGHO
ORJ�7+0�� ��������������ORJ��������������ORJ�������± �����ORJ����������������ORJ���������������ORJ������� ��
 ���������������[���������������[�������± ������[���������������[��������������[��± ������� ��
 �����������������������± ��������������± ������ ������� ��������  ��������J�/�

��
ܯܪܶ ൌ ʹǤͳͺͺሺݏ݁݀݅ݎ݋݈݄ܥሻ଴Ǥଶହ଼ ൉ ሺܹܶሻଵǤ଴ଷ଴ ൉ ሺܥܧሻ଴Ǥସ଻଻ ൉ ሺܴܥሻ଴Ǥଵହଷ ൉ ሺܶܵܦሻି଴Ǥହଵ଺ ± ([SRQHQWLDO�0RGHO
ܯܪܶ ൌ ʹǤͳͺͺሺʹǤ͵ʹሻ଴Ǥଶହ଼ ൉ ሺͻǤͺͳሻଵǤ଴ଷ଴ ൉ ሺʹͷͻǤͷͶሻ଴Ǥସ଻଻ ൉ ሺͲǤͳ͵ሻ଴Ǥଵହଷ ൉ ሺͶͷʹǤͺͺሻି଴Ǥହଵ଺  �
 �ʹǤͳͺͺ ൉ ͳǤʹͶʹ ൉ ͳͲǤͷͲ͸ ൉ ͳͶǤͳ͹͹ ൉ ͲǤ͹͵ʹ ൉ ͲǤͲͶ͵  ��������J�/�
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���&RQFOXVLRQV

)URP�WKH�UHVXOWV�REWDLQHG�GXULQJ�WKH�DQDO\VLV�RI�WKH�SK\VLFDO�FKHPLFDO�SDUDPHWHUV��QDPHO\�WKH�7+0�IRUHFDVW�DW�
WKH�WKUHH�VDPSOLQJ�VWDWLRQV�RI�7HWRYD��ZH�FDQ�FRQFOXGH�WKDW�

x 7KH� YDOXHV� RI� DOO� SDUDPHWHUV� LQ� WKH� WKUHH� PHDVXULQJ� VWDWLRQV� KDYH� EHHQ� FRQVLVWHQW� DQG� ZLWKLQ� WKH�
UHFRPPHQGHG� YDOXHV� RI� WKH� 6WDWH� 5HJXODWLRQ� DQG� WKH\� PHHW� WKH� VWDQGDUGV� IRU� GULQNLQJ� ZDWHU� TXDOLW\�
�H[FHSW�UHVLGXDO�FKORULQH�WKDW�KDV�EHHQ�VHDVRQDOO\�DYHUDJHG�ORZHU�WKDQ�����PJ�/��

x :H�DSSHDO�WR�WKH�7HWRYD�ZDWHU�XWLOLW\�WR�XQGHUWDNH�SUHYHQWLYH�PHDVXUHV�WR�PDLQWDLQ�UHVLGXDO�FKORULQH�LQ�
GULQNLQJ�ZDWHU�ZLWKLQ�WKH�UHFRPPHQGHG�YDOXH������� ����PJ�/��

x $FFRUGLQJ�WR�WKH�FRQWHQW�RI�LQRUJDQLF�DQG�RUJDQLF�PDWHULDOV��GULQNLQJ�ZDWHU�IURP�WKH�FLW\�RI�7HWRYD�LV�RI�
JRRG�TXDOLW\�DQG�FDQ�EH�XVHG�IRU�GULQNLQJ�ZLWKRXW�FDXVLQJ�KHDOWK�SUREOHPV�

x 0RGHOV�XVHG�IRU�7+0V�SUHGLFWLRQ�KDYH�\LHOGHG�VXFFHVVIXO�UHVXOWV�
x 7KH�SUHGLFWLRQ�FRQWHQW�RI�7+0V�IRU�WKH�VSULQJ�VHDVRQ������ZDV��������������ȝJ�/�DQG�ZDV�YHU\�FORVH�WR�

WKH�7+0V�VHDVRQDO�DYHUDJH�RI������H[SHULPHQWDOO\�PHDVXUHG���������������ȝJ�/��
x 7KH�SUHGLFWLRQ�UHVXOWV�RI�7+0V�FRQWHQW�KDYH�EHHQ�ZLWKLQ�WKH�VWDWH�UHJXODWLRQ�DQG�IRU�WKH�UHVHDUFK�SHULRG�

GR�QRW�SRVH�D�ULVN�WR�WKH�KHDOWK�RI�WKH�SRSXODWLRQ�
x %HFDXVH�ORQJ�WHUP�FRQVXPSWLRQ�RI�GULQNLQJ�ZDWHU�ZLWK�7+0V�FDQ�FDXVH�KHDOWK�SUREOHPV��ZH�UHFRPPHQG�

WKH�UHOHYDQW�DXWKRULWLHV�WR�XQGHUWDNH�SUHYHQWLYH�VWHSV�WR�NHHS�7+0V�XQGHU�FRQWURO�EHFDXVH�LW�LV�NQRZQ�WKDW�
GXULQJ�WKH�KRWWHVW�PRQWKV�RI�WKH�\HDU�WKH�YDULDWLRQ�LQ�WKHLU�FRQWHQW�LV�PXFK�KLJKHU�

x :H�DOVR� UHFRPPHQG� WKDW� LQ� WKH� IXWXUH�FRQWLQXRXV�PRQLWRULQJ�RI� WKH�SK\VLFDO�FKHPLFDO�DQG� WKH�7+0V�
SUHGLFWLRQ�LQ�WKH�GULQNLQJ�ZDWHU�RI�WKH�FLW\�RI�7HWRYD�PXVW�EH�GRQH�WR�KDYH�D�FOHDUHU�SLFWXUH�RI�WKHLU�LPSDFW�
RQ�WKH�KHDOWK�RI�WKH�SRSXODWLRQ�

5HIHUHQFHV

>�@� $OL� $NEDU� %DEDHL�� /HLOD� $WDUL��0HKGL� $KPDGL�� .DPEL]� $KPDGLDQJDOL��0LU]DPDQ� =DPDQ]DGHK� DQG�
1DGDOL� $ODYL�� ������ 7ULKDORPHWKDQHV� IRUPDWLRQ� LQ� ,UDQLDQ� ZDWHU� VXSSO\� V\VWHPV�� SUHGLFWLQJ� DQG�
PRGHOLQJ��-RXUQDO�RI�:DWHU�DQG�+HDOWK�������������± ���

>�@� %XMDU�+��'XUPLVKL�� ������7KH� VWXG\�RI� WKH� WULKDORPHWKDQHV� �7+0V��FRQWHQW�YDULDWLRQ�ZLWK�DGYDQFHG�
DQDO\WLFDO�PHWKRGV�LQ�WKH�GULQNLQJ�ZDWHU�LQ�WKH�FLW\�RI�7HWRYD��3K�'��'LVHUWDWLRQ��8QLYHUVLW\�RI�7LUDQD��
5HSXEOLF�RI�$OEDQLD����������

>�@� &DQDOH��5���&KDSDUD��&���$P\��*���DQG�(GZDUGV��0���������7ULKDORPHWKDQH�3UHFXUVRU�0RGHO�IRU�/DNH�
<RXQJV��:DVKLQJWRQ�-RXUQDO�RI�(QYLURQPHQWDO�(QJLQHHULQJ��$6&(�������������������

>�@� &ODUN��5��0���DQG�6LYDJDQHVDQ�0DQR��������3UHGLFWLQJ�&KORULQH�5HVLGXDOV�DQG�)RUPDWLRQ�RI�77+0V�LQ�
'ULQNLQJ�:DWHU��-��(QYLURQ��(QJUJ�����������������������

>�@� &ODUN�� 5�� 0��� 3RXUPRJKDGGDV�� +���:\PHU�� /��� DQG� 'UHVVPDQ�� 5��� ������ 0RGHOLQJ� WKH� .LQHWLFV� RI�
&KORULQDWLRQ�%\�SURGXFWV�)RUPDWLRQ��7KH�(IIHFWV�RI�EURPLGH��-��657�DTXD�����������������

>�@� 'ZLYHGL� 3DGPDQDEK� DQG� 6RQDU� 6DQWRVKL�� ������ (YDOXDWLRQ� RI� SK\VLFDO�FKHPLFDO� DQG� ELRORJLFDO�
SDUDPHWHUV�LQ�ZDWHU�UHVHUYRLU�DURXQG�KLOOV��'RLPXNK��'LVWULFW�3DSXP�3DUH��$UXQDQFKDO�3UDGHVK��3ROO��
5HV�����������������

>�@� (OVKRUEDJ\��:���������.LQHWLFV�RI�7+0�6SHFLHV�LQ�)LQLVKHG�:DWHU��-��:DWHU�5HVRXU��3OQJ��DQG�0JPW���
$6&(�����������������

>�@� *ROILQRSRXORV��6S\URV�.��1LNRV�.��;LORXUJLGLV��0DULD�1��.RVWRSRXORX��DQG�7KHPLVWRNOHV�'��/HNNDV��
������8VH�RI�D�PXOWLSOH�UHJUHVVLRQ�PRGHO�IRU�SUHGLFWLQJ�WULKDORPHWKDQH�IRUPDWLRQ���:DWHU�5HVRXUFHV��
����1XPEHU��������������

>�@� *RYHUQPHQW�RI�WKH�5HSXEOLF�RI�0DFHGRQLD��������6WDWH�'ULQNLQJ�:DWHU�5HJXODWLRQ��2IILFLDO�*D]HWWH�1R��
�������� *RYHUQPHQW�RI�WKH�5HSXEOLF�RI�0DFHGRQLD��6NRSMH�

>��@� *UDYHV��&��*���0DWDQRVNL��*��0���7DUGLII��5��*���������:HLJKW�RI�HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�EHWZHHQ�
DGYHUVH� UHSURGXFWLYH�DQG�GHYHORSPHQWDO�HIIHFWV�DQG�H[SRVXUHV� WR�GLVLQIHFWLRQ�E\�SURGXFWV��$�FULWLFDO�
UHYLHZ��5HJXO�7R[LFRO�3KDUPDFRO����������±����

>��@� .DULPL��$���DQG�6LQJHU��3���������7ULKDORPHWKDQH�)RUPDWLRQ�LQ�2SHQ�5HVHUYRLUV��-��$::$������������
���
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>��@� .UDVQHU��6��:���0F*XLUH��0��-���-DFDQJHOR��-��*���3DWDQLD��1��/���5HDJDQ��.��0���DQG�$LHWD��0��(���������
7KH�2FFXUUHQFH�RI 'LVLQIHFWLRQ�%\�SURGXFWV�LQ�86�'ULQNLQJ�:DWHU��-RXUQDO�RI�$PHULFDQ�:DWHU�:RUNV�
$VVRFLDWLRQ�����������������

>��@� 0RQWJRPHU\��:���������0DWKHPDWLFDO�PRGHOOLQJ�RI�WKH�IRUPDWLRQ�RI�7+0V�DQG�+$$V�LQ�FKORULQDWHG�
QDWXUDO�ZDWHUV� 'HQYHU��&RORUDGR��$::�

>��@� 5RGULJXH]��0��-���DQG�6HURGHV��-��%���������6SDWLDO�DQG�WHPSRUDO�HYROXWLRQ�RI�WULKDORPHWKDQHV�LQ�WKUHH�
ZDWHU�GLVWULEXWLRQ�V\VWHPV��:DWHU�5HVHDUFK����������������±�����

>��@� 5RRN��-��-���������)RUPDWLRQ�RI�KDORIRUPV�GXULQJ�FKORULQDWLRQ�RI�QDWXUDO�ZDWHU��:DWHU�7UHDW��([DP������
��������

>��@� 9LOODQXHYD�&��0���&DQWRU�.�� 3���*ULPDOW� -��2���&DVWDxR�9LQ\DOV�*���0DODWV�1��� 6LOYHUPDQ�'��� ������
$VVHVVPHQW�RI�OLIHWLPH�H[SRVXUH�WR�WULKDORPHWKDQHV�WKURXJK�GLIIHUHQW�URXWHV��2FFXS�(QYLURQ�0HG������
���±��

>��@� :+2�� ������ 7ULKDORPHWKDQHV� LQ� GULQNLQJ�ZDWHU�� EDFNJURXQG� GRFXPHQW� IRU� GHYHORSPHQW� RI� ZKR�
JXLGHOLQHV�IRU�GULQNLQJ�ZDWHU�TXDOLW\��:+2�6'(�:6+���������� *HQHYD��:+2�


