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$EVWUDFW�
%\� XVLQJ� ;�UD\� DQDO\VLV� DQG� D� 7(0� HTXLSSHG� ZLWK� D� /LQN� $1������� (';6� DQDO\VLQJ�

V\VWHP� DQG�(';6�ZLWK� DQ�8OWUD�7KLQ�:LQGRZ�6L�/L�� GHWHFWRU�� GLIIHUHQW� FU\VWDO� IRUPV� RI�

&D&2�� FU\VWDOV�ZHUH� FKDUDFWHULVHG��&U\VWDOV�ZHUH�JURZQ� IURP� WDS�ZDWHU� DQG�PRGHO�ZDWHU�

ERWK�ZLWK� DQG�ZLWKRXW� D�PDJQHWLF� ILHOG��7KH� IRUPDWLRQ� RI� VHSDUDWH� DUDJRQLWH� FU\VWDOV�ZDV�

GHPRQVWUDWHG� LQ� WKH� WUHDWHG� ZDWHU� DQG� FOXVWHUV� RI� FDOFLWH� LQ� XQWUHDWHG� ZDWHU�� ,W� ZDV�

GHWHUPLQHG�WKDW�XQGHU�WKH�LQIOXHQFH�RI�D�PDJQHWLF�ILHOG�KLJKHU�WKDQ�����P7�WKH�QXFOHDWLRQ�

DQG�IXUWKHU�JURZWK�RI�DUDJRQLWH�FDQ�EH�VXFFHVVIXOO\�XVHG�DV�D�PHWKRG�DJDLQVW�VFDOLQJ��

7KH�SURWRW\SH�RI�D�PDJQHWLF�ZDWHU�WUHDWPHQW�GHYLFH��0:7'��ZDV�FRQVWUXFWHG�IRU�WHVWLQJ�LQ�

D� SLORW� SODQW� IRU� WKH�PDJQHWLF� WUHDWPHQW� RI� WDS�ZDWHU�� ,W� KDV� EHHQ�XVHG� IRU�PRUH� WKDQ� WZR�

\HDUV� DQG� WKH� UHVXOWV� ORRN� YHU\� SURPLVLQJ� IRU� UHGXFLQJ� WKH� XVH� RI� HQYLURQPHQWDOO\�

GHWULPHQWDO�FKHPLFDOV��7KH�ZHLJKW�JDLQV�RI�KHDW�H[FKDQJHUV��ZKLFK�ZHUH�XVHG�LQ� WKH� WKUHH�

SDUDOOHO�SLSHOLQHV�HTXLSSHG�ZLWK�WKUHH�GLIIHUHQW�GHYLFHV�DJDLQVW�VFDOLQJ��ZHUH�IROORZHG��7KH�

0:7'�GHVLJQHG�DQG�EXLOW�LQ�WKH�,-6�ODERUDWRU\�VKRZHG�RQO\�D�VOLJKWO\�KLJKHU�ZHLJKW�JDLQ�

WKDQ�WKDW�DFKLHYHG�ZLWK�WKH�XVH�RI�FKHPLFDOV���

� �

,QWURGXFWLRQ�

� &D&2��FU\VWDOOLVHV�LQ�WKUHH�GLIIHUHQW�FU\VWDO�IRUPV��FDOFLWH��DUDJRQLWH�DQG�YDWHULWH��

&DOFLWH�LV�XVXDOO\�DVVRFLDWHG�ZLWK�D�KDUG�VFDOH�ZKHUHDV�DUDJRQLWH�DQG�YDWHULWH�JLYH�ULVH�WR�

D�VRIWHU�W\SH�RI�VFDOH�WKDW�LV�HDVLO\�UHPRYHG���

� $QWL�VFDOH� PDJQHWLF� WUHDWPHQW� KDV� D� ORQJ� DQG� FRQWURYHUVLDO� KLVWRU\�� 7KH�

SKHQRPHQRQ�RI�ZDWHU�WUHDWPHQW�E\�DQ�DSSOLHG�PDJQHWLF�ILHOG�KDV�EHHQ�NQRZQ�IRU�VHYHUDO�

\HDUV� DQG� KDV� EHHQ� UHSRUWHG� DV� EHLQJ� HIIHFWLYH� LQ� QXPHURXV� LQVWDQFHV�
���
� ,W� KDV� EHHQ�

HVWDEOLVKHG�WKDW�WKH�QXFOHDWLRQ�DQG�FU\VWDOOLVDWLRQ�RI�FDOFLXP�FDUERQDWH�LQ�KDUG�ZDWHU�FDQ�

EH�LQIOXHQFHG�E\�D�PDJQHWLF�ILHOG�DQG�DV�D�FRQVHTXHQFH�LW�VKRXOG�QR�ORQJHU�EH�QHFHVVDU\�

WR�DOZD\V�ORRN�IRU�FKHPLFDO�PHDQV�WR�SUHYHQW�WKH�DFFXPXODWLRQ�RI�FDOFLXP�FDUERQDWH�RQ�

VXUIDFHV� H[SRVHG� WR� KDUG�ZDWHU�� 7KLV� LV� RI� JUHDW� LPSRUWDQFH� LQ� UHGXFLQJ� WKH� FKHPLFDO�

SROOXWLRQ�RI�WKH�HQYLURQPHQW��
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� 'LIIHUHQW�DXWKRUV�KDYH�HPSKDVLVHG�YDULRXV�SDUDPHWHUV��WHPSHUDWXUH��S+��VWUHQJWK�

DQG�GLUHFWLRQ�RI� WKH�DSSOLHG�ILHOG��DQG� WKH� LPSXULW\�HOHPHQWV�SUHVHQW� LQ� WDS�ZDWHU�� WKDW�

LQIOXHQFH� WKH� HIILFLHQF\�RI� WKH� WUHDWPHQW�ZLWK� D�PDJQHWLF� ILHOG�
����

�0DQ\�DXWKRUV�KDYH�

UHSRUWHG� ODUJH� VDYLQJV� LQ� HQHUJ\�� GHVFDOLQJ� DQG� SURFHVV�GRZQWLPH� FRVWV� DIWHU� WKH�

LQVWDOODWLRQ� RI� PDJQHWLF� ZDWHU�WUHDWPHQW� GHYLFHV� �0:7'�� LQ� UHDO� V\VWHPV�� +RZHYHU��

%DNHU
��
� UHSRUWV� WKDW� LQVWDOOHG� 0:7'V� KDYH� DOVR� RIWHQ� SURYHG� LQHIILFLHQW� LQ� UHDO�

LQVWDOODWLRQV�� WKRXJK� WKH� SUHFLVH� UHDVRQV� IRU� WKHLU� LQHIILFLHQF\� DUH� UDUHO\� H[DPLQHG� LQ�

VXFK�FDVHV���

� ,Q� RXU� SUHYLRXV� ZRUN� WKH� LQIOXHQFH� RI� GLIIHUHQW� SDUDPHWHUV� �VWUHQJWK� DQG�

RULHQWDWLRQ�RI�WKH�PDJQHWLF�ILHOG��WUHDWPHQW�WLPH��RQ�WKH�QXFOHDWLRQ�DQG�FU\VWDOOLVDWLRQ�RI�

FDOFLXP� FDUERQDWH� ZDV� VWXGLHG�
��
� )RU� WKLV� SXUSRVH� D� VSHFLDO� GHYLFH� ZLWK� SHUPDQHQW�

PDJQHWV�EDVHG�RQ�6P�&R�ZDV�GHYHORSHG�DQG�FRQVWUXFWHG�
��
�0RUH�UHFHQW�VWXGLHV�IRFXVHG�

RQ� WKH� LQIOXHQFH� RI� LPSXULWLHV� RI� GLIIHUHQW� HOHPHQWV� RQ� WKH� FU\VWDOOLVDWLRQ� IRUP� RI�

FDOFLXP� FDUERQDWH� LQ� WKH� SUHVHQFH� RI� DQ� DSSOLHG� PDJQHWLF� ILHOG�
��
� +HU]RJ

�
� DQG� FR�

ZRUNHUV� UHSRUWHG� WKH� SRVLWLYH� LQIOXHQFH� RI� )H
��
� RQ� WKH� LQKLELWLRQ� RI� FDOFLWH� DQG� WKH�

SURPRWLRQ�RI�WKH�DUDJRQLWH�FU\VWDO�IRUP��&RHW]HH
�����

�VWXGLHG�WKH�LQIOXHQFH�RI�=Q
��
�LRQV�

LQ� SSE� TXDQWLWLHV� RQ� WKH� SUHIHUHQWLDO� IRUPDWLRQ� RI� DUDJRQLWH� LQ� PDJQHWLFDOO\� WUHDWHG�

ZDWHU��2XU�ZRUN�FRQILUPHG�WKH�UHVXOWV�RI�+HU]RJ�DQG�&RHW]HH��:H�DOVR�VKRZHG�WKDW�WKH�

VDPH�HIIHFW�REVHUYHG�ZLWK�)H
��
�DQG�=Q

��
�LRQV�FRXOG�EH�REWDLQHG�ZLWK��&X

��
��
��
�%XVFK

��
�

UHSRUWHG� D� FKDQJH� LQ� WKH� S+� GLIIHUHQFH� EHWZHHQ� WKH� VXUIDFH� DQG� WKH� EXON� RI� WKH�

PDJQHWLFDOO\� WUHDWHG�ZDWHU��ZKLFK�PLJKW� FRQWULEXWH� WR� WKH� FU\VWDOOLVDWLRQ� FKDQJHV��7KH�

DXWKRUV� FODLP� WKDW� WKH� LPSRUWDQW� IDFWRUV��ZKLFK�SURPRWH�PDJQHWRK\GURG\QDPLF� IRUFHV�

�UHVSRQVLEOH� IRU� WKH� FKDQJHV� LQ� FU\VWDOOLVDWLRQ��� DUH� WKH� FRQGXFWLYLW\� RI� WKH� VROXWLRQ��

OLQHDU�IORZ�YHORFLW\�RI�WKH�IOXLG��DQG�WKH�IOX[�GHQVLW\�RI�WKH�ILHOG��5HFHQW�UHVXOWV�UHSRUWHG�

E\�&RH\�
��
�DW�WKH��������SUREDELOLW\�OHYHO��VKRZ�WKDW�GUDZLQJ�ZDWHU�WKURXJK�D�PDJQHWLF�

ILHOG�LQFUHDVHV�WKH�DUDJRQLWH�FDOFLWH�UDWLR�LQ�WKH�GHSRVLW��

�

([SHULPHQWDO�

,Q� WKLV� VWXG\�ZH� XVHG�PRGHO�ZDWHU�ZKLFK�ZDV� SUHSDUHG� IROORZLQJ� WKH� OLWHUDWXUH�

GDWD� RI� 3DUVRQV
��
� ZKR� UHSRUWHG� WKH� RSWLPDO� FRQFHQWUDWLRQ� RI� &D

��
� LRQV� IRU� WKH� EHVW�

UHVSRQVH��
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WR�WKH�PDJQHWLF�WUHDWPHQW�LV�����SSP��6DPSOH�VROXWLRQV�RI�FDOFLXP�K\GURJHQ�FDUERQDWH�

�&D��+&2�����ZHUH�SUHSDUHG�E\�GLVVROYLQJ�ILQHO\�JURXQG�FDOFLXP�FDUERQDWH�SRZGHU�RI�

DQDO\WLFDO�SXULW\�LQ�GHLRQLVHG�ZDWHU�E\�EXEEOLQJ�WKH�VXVSHQVLRQ�ZLWK�FDUERQ�GLR[LGH�JDV�

WKURXJK�D�SRURXV�IULW��$V�&2��LV�UHPRYHG�IURP�WKH�V\VWHP��E\�EXEEOLQJ�DLU�WKURXJK�WKH�

VROXWLRQ� DW� D� FRQVWDQW� IORZ� UDWH� RI� ���� O�PLQ��� &D&2�� SDUWLFOHV� EHJLQ� WR� SUHFLSLWDWH�

IROORZLQJ�WKH�HTXDWLRQ���

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

([SHULPHQWV�ZHUH�SHUIRUPHG�LQ�SDUDOOHO�UXQV��2QH�RI�WKH�UXQV�ZDV�WUHDWHG�ZLWK�D�

PDJQHWLF� ILHOG� DQG� WKH� RWKHU�ZDV�ZLWKRXW�� )RU� WKH�PDJQHWLF� WUHDWPHQW� DQ� DSSOLHG�'&�

ILHOG�ZDV�XVHG������±�����7���7KH�IOXLG�IORZ�UDWH�ZDV�VHW�DW������O�PLQ�ZKLFK�FRUUHVSRQGV�

WR�D�YHORFLW\�RI�����P�V�DQG�WR�D�ORZ�5H\QROGV�QXPEHU��ODPLQDU�UHJLRQ���7KH�UHPDLQLQJ�

VROLGV�ZHUH�UHPRYHG�E\�ILOWHULQJ�WKH�VXVSHQVLRQ�WKURXJK�D������PP�ILOWHU��7KH�UHVXOWLQJ�

VROXWLRQ�LV�DQ�HTXLOLEULXP�V\VWHP�RI�&D&2��±�&D��+&2����±�+�2��

&U\VWDOV�RI�&D&2��ZHUH�REWDLQHG�E\�D�FRQWUROOHG�GU\LQJ�SURFHGXUH�DW����
R
&�DQG�

��� �� 5�+�� LQ� D� KXPLGLW\� FKDPEHU� �:HLVV��� 7KH� FU\VWDOV� ZHUH� DQDO\VHG� E\� ;�UD\�

VSHFWURVFRS\� XVLQJ� D� 3KLOLSV� ;�UD\� GLIIUDFWRPHWHU� DQG� 7(0�� 6DPSOHV� IRU� WKH� 7(0�

LQYHVWLJDWLRQ�ZHUH�SUHSDUHG�E\�WKH�FU\VWDOOLVDWLRQ�RI�&D&2��SDUWLFOHV�LQ�D�PDJQHWLF�ILHOG��

GLUHFWO\� IURP� WDS�ZDWHU� RQ� D� KROORZ� FDUERQ�FRDWHG�&X� JULG� RU� E\� ILOWHULQJ� RI� FU\VWDOV�

IURP� WKH� PRGHO� ZDWHU� WKURXJK� D� QXFOHRSRU� �����PP�� ILOWHU�� 7KH� SDUWV� RI� WKH� ILOWHUV�

FRQWDLQLQJ�WKH�FU\VWDOV�ZHUH�SODFHG�RQ�WKH�&X�JULG��FRDWHG�ZLWK�D�WKLQ�FDUERQ�ILOP�DQG�

GLVVROYHG�LQ�FKORURIRUP�VR�WKDW�RQO\�WKH�FU\VWDOV�HPEHGGHG�LQ�WKH�FDUERQ�ILOP�UHPDLQHG�

RQ�WKH�&X�JULG��7KH�VDPSOHV�ZHUH�H[DPLQHG�XVLQJ�D�-HRO������);�WUDQVPLVVLRQ�HOHFWURQ�

PLFURVFRSH� RSHUDWHG� DW� ���� N9�� 7KH� FKHPLFDO� FRPSRVLWLRQV� RI� WKH� SKDVHV� ZHUH�

GHWHUPLQHG� XVLQJ� D� /LQN� $1������� (';6� V\VWHP� �(QHUJ\�'LVSHUVLYH� ;�UD\�

6SHFWURVFRS\��ZLWK�DQ�8OWUD��7KLQ�:LQGRZ�6L�/L��GHWHFWRU��FRQQHFWHG�WR�WKH�7(0��

��

5HVXOWV�DQG�GLVFXVVLRQ�

3UHOLPLQDU\�UHVXOWV�IURP�WKH�;�UD\�DQDO\VLV�VKRZHG�D�GLIIHUHQFH�LQ�WKH�DPRXQW�RI�

WKH� WKUHH� FU\VWDOORJUDSKLF� IRUPV� RI� &D&2�� LI� WKH� PRGHO� ZDWHU� ZDV� WUHDWHG� ZLWK� WKH�

PDJQHWLF�ILHOG���
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)LJXUH����VKRZV�WKH�GLIIUDFWLRQ�VSHFWUD�RI�WKH�FU\VWDOV�REWDLQHG�IURP�PDJQHWLFDOO\�

WUHDWHG�DQG�QRQWUHDWHG�VDPSOHV��7KH�UHVXOWV�RI�WKH�TXDQWLWDWLYH�DQDO\VLV�RI�WKHVH�VSHFWUD�

DUH�LQ�7DEOH����

�

)LJXUH����'LIIUDFWLRQ�VSHFWUD�RI�QRQWUHDWHG�����DQG�PDJQHWLFDOO\�WUHDWHG�����PRGHO�ZDWHU�

�

7DEOH����0DVV�SHUFHQWDJHV�RI�GLIIHUHQW�FU\VWDO�IRUPV�RI�FDOFLXP�FDUERQDWH�IRU�VDPSOHV�LQ�

)LJXUH����
�

&U\VWDO�IRUP� &DOFLWH����� $UDJRQLWH���� 9DWHULWH�����

1RQWUHDWHG�VDPSOH�� ���� ���� ����

7UHDWHG�VDPSOH� ���� ���� ����

�

7KH�UHVXOWV�RI�WKH�GLIIUDFWLRQ�DQDO\VLV�VKRZ��

�� VLJQLILFDQWO\�PRUH�DUDJRQLWH�LQ�WKH�PDJQHWLFDOO\�WUHDWHG�VDPSOH��

�� UHODWLYHO\�KLJK�SURSRUWLRQV�RI�YDWHULWH�LQ�ERWK�VDPSOHV��

�

9DWHULWH�LV�D�PHWDVWDEOH�FU\VWDO�PRGLILFDWLRQ�RI�FDOFLXP�FDUERQDWH�WKDW�RIWHQ�SUHFLSLWDWHV�

ILUVW��EXW�XVXDOO\�WUDQVIRUPV�TXLFNO\�WR�FDOFLWH��$FFRUGLQJ�WR�WKH�GDWD�RI�&RHW]HH
�����

�WKH�

WUHDWHG�VROXWLRQV�FRQVLVWHQWO\�SURGXFHG�DUDJRQLWH�DQG�RFFDVLRQDOO\�WUHDWHG�DQG�XQWUHDWHG�

VROXWLRQV�JDYH�ULVH�WR�&D&2��SUHFLSLWDWLQJ�LQ�WKH�YDWHULWH�IRUP��

�

�� �� �� �� �� ��
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7(0�REVHUYDWLRQV�

6DPSOHV�SUHSDUHG�LQ�D�PDJQHWLF�ILHOG����

,Q� VDPSOHV� SUHSDUHG� ZLWK� FU\VWDOOL]DWLRQ� LQ� D� PDJQHWLF� ILHOG� RI� ���� P7�

UHFWDQJXODU� VKDSHG� FDOFLXP�FDUERQDWH� SDUWLFOHV� ZLWK� VL]HV� XS� WR� D� IHZ� PLFURQV� ZHUH�

IRXQG�� ,Q�)LJXUH���$��D�GDUN�ILHOG�7(0�PLFURJUDSK�RI�D� VL[�DQJOHG�&D&2��SDUWLFOH� LV�

VKRZQ��,Q�)LJXUH���%��ZKHUH�D�UHJLRQ�RI�WKH�SDUWLFOH�DW�KLJKHU�PDJQLILFDWLRQ�LV�VKRZQ��

ZH�FDQ�VHH�WKDW�WKH�SDUWLFOH�FRQVLVWV�RI�YHU\�ILQH�FU\VWDOOLWHV�ZLWK�VL]HV�EHWZHHQ���DQG���

QP��)URP� WKH� VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ�SDWWHUQV� �)LJ���$��ZKHUH�PRUH�RU� OHVV�

XQLIRUP�DQG�VOLJKWO\�GLIIXVH�ULQJV�ZHUH�IRXQG�LW�ZDV�FRQFOXGHG�WKDW�WKH�FU\VWDOOLWHV�ZHUH�

UDQGRPO\�RULHQWHG� LQ� WKH� SDUWLFOH��7R� LGHQWLI\� WKH� IRUP�RI� FDOFLXP�FDUERQDWH� WKDW�ZDV�

SUHVHQW�LQ�WKH�SDUWLFOHV�JURZQ�LQ�WKH�PDJQHWLF�ILHOG�ZH�VLPXODWHG��FDOFXODWHG��HOHFWURQ�

GLIIUDFWLRQ�SDWWHUQV�IRU�YDULRXV�SKDVHV�DQG�FRPSDUHG�WKHP�WR�WKH�H[SHULPHQWDO�HOHFWURQ�

GLIIUDFWLRQ� SDWWHUQV�� )RU� FDOFXODWLRQV� WKH� (06� FRPSXWHU� SURJUDP� SDFNDJH� �(OHFWURQ�

0LFURVFRS\� 6LPXODWLRQ� SURJUDP� IURP� 3�� 6WDGHOPDQQ�� (3)/� �� &,0(�� /DXVDQQH��

6ZLW]HUODQG��ZDV� XVHG�
��
� � ,Q� )LJXUH� ��%�� WKH� FRPSDULVRQ� RI� WKH� H[SHULPHQWDO� �D�� DQG�

FDOFXODWHG�GLIIUDFWLRQ�SDWWHUQV��E��ZKHUH�D�PL[WXUH�RI�DUDJRQLWH�DQG�YDWHULWH�SKDVHV�LQ�WKH�

UDWLR�����ZLWK� D� FU\VWDOOLWH� VL]H�RI� ��QP�ZHUH�XVHG� LQ� WKH� FDOFXODWLRQV� DUH� VKRZQ��7KH�

PDWFK�EHWZHHQ�ERWK�SDWWHUQV�ZDV�SDUWLDO��7KH�PDWFK�EHWZHHQ� WKH�H[SHULPHQWDO��D��DQG�

VLPXODWHG��E��SDWWHUQ�IRU� WKH�FDOFLWH�SKDVH�ZDV�ZRUVH��DV�VKRZQ�LQ�)LJXUH���&�� �,W�ZDV�

FRQFOXGHG�WKDW�GXULQJ�WKH�FU\VWDOOL]DWLRQ�RI�&D&2��LQ�D�PDJQHWLF�ILHOG��WKH�PDMRULW\�RI�

SDUWLFOHV�FRQVLVWHG�RI�D�PL[WXUH�RI�DUDJRQLWH�DQG�YDWHULWH�FU\VWDOV��

�

�
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)LJ�����'DUN�ILHOG�7(0�PLFURJUDSK�RI�D�UHJXODUO\�VKDSHG�&D&2��SDUWLFOH�FU\VWDOOL]HG�LQ�

D�PDJQHWLF�ILHOG��$��FRQVLVWLQJ�RI�FU\VWDOOLWHV�XS�WR���QP�ODUJH��%���

� � $� � � � %� � � ���������&�

)LJXUH����$��H[SHULPHQWDO�VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ�SDWWHUQ��LQGH[HG�DV�

DUDJRQLWH���%��WKH�FRPSDULVRQ�RI�WKH�H[SHULPHQWDO��D��DQG�FDOFXODWHG�GLIIUDFWLRQ�SDWWHUQ�

�E��IRU�D�PL[WXUH�RI�DUDJRQLWH�DQG�YDWHULWH�SKDVH���������SDUWLFOHV�VL]H��QP���&�±�WKH�

FRPSDULVRQ�EHWZHHQ�H[SHULPHQWDO��D��DQG�VLPXODWHG��E��HOHFWURQ�GLIIUDFWLRQ�SDWWHUQV�IRU�

FDOFLWH�SKDVH��ZLWK�SDUWLFOH�VL]H��QP���

�

�

$��6DPSOHV�SUHSDUHG�ZLWKRXW�D�PDJQHWLF�ILHOG�

� ,Q� VDPSOHV� SUHSDUHG� ZLWKRXW� D� PDJQHWLF� ILHOG� ZH� REVHUYHG� PRUH� VSKHULFDOO\�

VKDSHG�&D&2��SDUWLFOHV�ZLWK�D�VL]H�RI�DSSUR[LPDWHO\�RQH�PLFURQ��)LJ����$���)URP�GDUN�
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���

ILHOG� 7(0� LPDJLQJ� �)LJ�� �� %�� DQG� HOHFWURQ� GLIIUDFWLRQ� SDWWHUQV� LW� ZDV� IRXQG� WKDW� WKH�

SDUWLFOHV� FRQVLVWHG� RI� ODUJHU� FU\VWDOV� RI� FDOFLWH�� ,Q� )LJ�� �� $� DQ� H[SHULPHQWDO� 6$('�

SDWWHUQ� RI� WKH� FDOFLWH� SKDVH� LQ� WKH� >���@� ]RQH� D[LV�� DQG� LQ� )LJ�� �� %�� D� VLPXODWHG�

GLIIUDFWLRQ� SDWWHUQ� RI� FDOFLWH� LQ� WKH� VDPH� ]RQH� D[HV� DUH� VKRZQ�� 7KH� SRVLWLRQ� DQG� WKH�

LQWHQVLW\�RI�WKH�GLIIUDFWLRQ�VSRWV�LQ�WKH�H[SHULPHQWDO�DQG�VLPXODWHG�SDWWHUQV�PDWFK�YHU\�

ZHOO��

� � � $� � � � � � %����

)LJXUH����7(0�PLFURJUDSK��$�EULJKW�ILHOG���%�GDUN�ILHOG��RI�&D&2��SDUWLFOH��FU\VWDOOL]HG�

ZLWKRXW�PDJQHWLF�ILHOG���

�

�

� � �$�� � � � � ���%�

)LJXUH����([SHULPHQWDO��$��DQG�FDOFXODWHG��%��6$('�SDWWHUQV�RI�FDOFLWH�LQ�]RQH�D[LV�

>���@��
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$SSOLFDWLRQ�

%HVLGHV� WKH� EDVLF� UHVHDUFK� LQ� WKH� ODERUDWRU\�� D� SLORW� SODQW� IRU� PDJQHWLF� ZDWHU��

WUHDWPHQW�ZDV�FRQVWUXFWHG��7KLV�SLORW�SODQW�FRQVLVWV�RI�WKUHH�GLIIHUHQW�OLQHV�IRU�WDS�ZDWHU�

WUHDWPHQW�� D� VWDQGDUG� FKHPLFDO� WUHDWPHQW�� D� PDJQHWLF� ZDWHU� WUHDWPHQW� �0:7�� ZLWK� D�

FRPPHUFLDO� GHYLFH�� D� PDJQHWLF� ZDWHU� WUHDWPHQW� ZLWK� WKH� GHYLFH� FRQVWUXFWHG� LQ� RXU�

ODERUDWRU\��7KH�SLORW�SODQW�KDV�EHHQ�XVHG�IRU�PRUH� WKDQ�WZR�\HDUV�DQG�WKH�UHVXOWV� ORRN�

YHU\�SURPLVLQJ�IRU�UHGXFLQJ�WKH�XVH�RI�HQYLURQPHQWDOO\�GHWULPHQWDO�FKHPLFDOV��7KH�OHYHO�

RI�=Q�DQG�&X�LPSXULWLHV�LQ�WKH�ZDWHU�XVHG�LQ�WKH�DSDUWPHQW�EORFN�WHVWLQJ�ZDV�IRXQG�WR�EH�

�����DQG�����PJ�OLWUH�� �

� )LJXUH���$�VKRZV�WKH�UHVXOWV�REWDLQHG�IURP�D�SLORW�SODQW�LQ�D�GLVWULFW�KHDWLQJ�V\VWHP�

�)LJXUH� ��%��� 7KH�ZHLJKW� JDLQV� RI� WKH� KHDW� H[FKDQJHUV��ZKLFK�ZHUH� XVHG� LQ� WKH� WKUHH�

SDUDOOHO�SLSHOLQHV�HTXLSSHG�ZLWK�WKUHH�GLIIHUHQW�GHYLFHV�DJDLQVW�VFDOLQJ��ZHUH�IROORZHG���

7KH� FRPPHUFLDO� 0:7'� IDLOHG� DIWHU� RQH� \HDU� RI� XVH� DQG� WKH� ZDWHU� SUHVVXUH� LQ� WKH�

SLSHOLQH�GHFUHDVHG�WR�VXFK�D�OHYHO�WKDW�LW�KDG�WR�EH�H[FOXGHG�IURP�WKH�WHVWLQJ�V\VWHP��7KH�

0:7'�FRQVWUXFWHG� LQ� RXU� ODERUDWRU\� VKRZHG�RQO\� D� VOLJKWO\� KLJKHU�ZHLJKW� JDLQ� WKDQ�

WKDW�DFKLHYHG�E\�WKH�FKHPLFDOV���

� � � � $� � � � ���%�

)LJXUH����:HLJKW�JDLQ�RI�KHDW�H[FKDQJHUV��$��LQ�WKUHH�GLIIHUHQW�SLSHOLQHV�HTXLSSHG�ZLWK�

WKUHH�GLIIHUHQW�GHYLFHV�IRU�WKH�WUHDWPHQW�RI�KDUG�ZDWHU��SLORW�SODQW�LQVWDOOHG�LQ�D�GLVWULFW�

KHDWLQJ�V\VWHP��7KUHH�SDUDOOHO�SLSHOLQHV�HTXLSSHG�ZLWK�WZR�GLIIHUHQW�GHYLFHV�IRU�0:7�

FRPSDUHG�ZLWK�FKHPLFDO�WUHDWPHQW���%����

�

:HLJKW LQFUHDVH RI +(

�
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&RQFOXVLRQV�

� &RPSDULQJ� FDOFXODWHG� DQG� H[SHULPHQWDO� 6$('� SDWWHUQV� LW� ZDV� FRQFOXGHG� WKDW�

SDUWLFOHV�RI�FDOFLXP�FDUERQDWH��FU\VWDOOL]HG�LQ� WKH�SUHVHQFH�RI�D�PDJQHWLF�ILHOG��PDLQO\�

FRQVLVWHG� RI� D� PL[WXUH� RI� DUDJRQLWH� DQG� YDWHULWH�� 7KH� PDWFK� EHWZHHQ� FDOFXODWHG� DQG�

H[SHULPHQWDO�SDWWHUQV�LV�QRW�FRPSOHWH�LQGLFDWLQJ�WKDW�VRPH�RWKHU�SKDVHV��SRVVLEO\�FDOFLWH��

ZHUH�DOVR�SUHVHQW��$QRWKHU�UHDVRQ�IRU�WKH�PLVPDWFK�FRXOG�EH�WKH�SRRU�FU\VWDOOL]DWLRQ�RI�

WKH�SKDVHV�DQG�QXPHURXV�GHIHFWV�GXH�WR�LWV�VL]H��3DUWLFOHV�FU\VWDOOL]HG�LQ�WKH�DEVHQFH�RI�

WKH�PDJQHWLF�ILHOG�ZHUH�IRXQG�WR�EH�WKH�ZHOO�FU\VWDOOL]HG�FDOFLWH�SKDVH��

� 7KH� IRUPDWLRQ� RI� DUDJRQLWH� UDWKHU� WKDQ� FDOFLWH� XQGHU� WKH� LQIOXHQFH�RI� DQ� DSSOLHG�

PDJQHWLF� ILHOG� KDV� EHHQ� GHPRQVWUDWHG�� ,W� KDV� SURYHG� WKH� H[LVWHQFH� DQG� SUHIHUHQWLDO�

JURZWK�RI�WKH�FU\VWDO�IRUP��ZKLFK�GRHV�QRW�FDXVH�VFDOLQJ��RU�DW�OHDVW�QRW�WR�VXFK�DQ�H[WHQW�

DV�FDOFLWH��

� 2XU�ZRUN�KDV�DOVR�VKRZQ�D�YHU\�SURPLVLQJ�SUDFWLFDO�DSSOLFDWLRQ�RI�WKLV�HIIHFW�LQ�D�

GLVWULFW�KHDWLQJ� V\VWHP� LQ� WKH� FLW\� RI� /MXEOMDQD�� 7KH� ZDWHU� KDUGQHVV� LQ� /MXEOMDQD� LV�

a��
R
G+� DQG� LW� DOVR� KDV� DQ� DSSURSULDWH� FKHPLFDO� FRPSRVLWLRQ� IRU� XVLQJ� WKH� PDJQHWLF�

GHYLFHV�LQVWHDG�RI�FKHPLFDOV�RU�DW�OHDVW�WR�GLPLQLVK�WKHLU�XVH�WR�D�VLJQLILFDQW�H[WHQW��

� 7KHUH�LV�QR�GRXEW�WKDW�PDJQHWLF�ZDWHU�WUHDWPHQW�ZRUNV��KRZHYHU��PRUH�ZLGHVSUHDG�

DFFHSWDQFH�RI�0:7'V�ZRXOG� UHVXOW� IURP�D�PRUH�FRPSUHKHQVLYH�XQGHUVWDQGLQJ�RI� WKH�

PHFKDQLVP�E\�ZKLFK�WKH�SURFHVV�RSHUDWHV��

�

$FNQRZOHGJHPHQW�� 0LQLVWU\� RI� 6FLHQFH� DQG� 7HFKQRORJ\� RI� 6ORYHQLD� LV� JUDWHIXOO\�

DFNQRZOHGJHG� IRU� ILQDQFLDO� VXSSRUW�� 7HUPRHOHNWUDUQD�7RSODUQD� /MXEOMDQD� DQG� -3�

(QHUJHWLND� /MXEOMDQD� DUH� DFNQRZOHGJHG� IRU� WKHLU� ILQDQFLDO� VXSSRUW� DQG� FRRSHUDWLRQ�

GXULQJ�WKH�SURMHFW��7KH�DXWKRUV�WKDQN�3URI��0HGHQ�IRU�TXDQWLWDWLYH�DQDO\VHV�RI�WKH�;�UD\�

SRZGHU�GLIIUDFWLRQ�GDWD�DQG�6��.QH]�IRU�KLV�H[SHULPHQWDO�ZRUN��

�

5HIHUHQFHV�

��� .��-��.URQHQEHUJ���,(((�7UDQV��RQ�0DJQ���������0$*��������S�������

��� � -��'RQDOGVRQ��6��*ULPHV���1HZ�6FLHQWLVW�������S�����

��� � 5��(��+HU]RJ��4��6KL��-��1��3DWLO��-��/��.DW]���/DQJPXLU�������������S������

��� � ,��-��/LQ��-��<RWYDW���-000����������������S������

��� <��<XH���HW�DO���3URF���WK�:RUNVKRS�5(���&R�3HUPDQHQW�0DJQHWV��&KLQD�$FDGHPLF�3XEOLVKHUV���

%HLMLQJ��������S������

��� .��+LJDVKLWDQL��$��.DJH��6��.DWDPXUD��6��+DWDGH��-��&ROO��,QW��6FL�������������S�����
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��� � ,��'REUHYVNL��0��%RQHYD��%��%RQHY���5XVVLDQ�-��$SSO��&KHP������������S������

��� � (��'DODV��3��*��.RXWVRXNRV���-��&U\VW��*URZWK�����������S������

��� )��7��(OOLQJVHQ��(��$��9LN��3URF����WK�:RUOG�&RQJU��,QW��:DW�6XSSO��$VVRF ���=XULFK�66���������S�����

����� .��+LJDVKLWDQL��.��2NDPXUD��6��+DWDGH���-��&ROO��,QW��6FL�������������S������

���� -��6��%DNHU��6��-��-XGG��:DWHU�5HV���������������S������

���� 6��.REH��$��-HJOLþ��6��1RYDN��%��2UHO���3URF����WK�6\PS��'HY��0DW���6'
����������S������

����� 6��.REH��$��-HJOLþ��)��'LPF��%��2UHO����WK�,QW��:RUNVKRS�RQ�5(�0DJQHWV�	�7KHLU�$SSOLFDWLRQ� �(G��

&�$�)��0DQZDULQJ��'�*�5��-RQHV��$�-��:LOOLDPV�DQG�,�5��+DUULV��%LUPLQJKDP��������S������

����� 3��3��&RHW]HH��0��<DFRE\��6��+RZHOO���:DWHU�6$�������9RO���������S������

����� 3��3��&RHW]HH��0��<DFRE\���6��+RZHOO��6��0XEHQJD���:DWHU�6$�������9RO����������S�����

����� 6��.REH��0��9HGHQLN�1RYDN��%�3ODYãLü��%��2UHO���,FKHP(�5HVHDUFK�(YHQW���������

1HZFDVWOH�8SRQ�7\QH�������$SULO�������,6%1�������������;��

����� .��:��%XVFK��0��%��0��%XVFK��'HVDOLQDWLRQ������������S������

����� -��0��'��&RH\��6��&DVV���-�0�0�0�������������S�����

����� 6��$��3DUVRQV���&RQI��RQ�:DWHU�7UHDWPHQW��������7KH�8QLYHUVLW\�RI�&UDQILHOG��%HGIRUGVKLUH��OHFWXUH��

����� 3��$��6WDGHOPDQQ��8OWUDPLFURVFRS\�����������SS������

�

�

�

3RY]HWHN�

=� XSRUDER� UHQWJHQVNH� GLIUDNFLMH� LQ� 7(0� RSUHPOMHQHJD� ]� DQDOLWVNLP� VLVWHPRP� /LQN� $1�

������ (';6� VPR� GRORþHYDOL� UD]OLþQH� NULVWDOQH� REOLNH� &D&2��� .ULVWDOH� VPR� SULSUDYLOL� V�

NRQWUROLUDQLP�VXãHQMHP�L]�VXURYH�LQ�PRGHOQH�YRGH��NL�VPR�MX�REGHORYDOL�]�PDJQHWQLP�SROMHP�

SULPHUQH�MDNRVWL�LQ�VPHUL��5H]XOWDWH�VPR�SULPHUMDOL�]�UH]XOWDWL�DQDOL]�NULVWDORY�SULSUDYOMHQLK�L]�

QHREGHODQH� YRGH�� 8JRWRYLOL� VPR�� GD� PDJQHWQR� SROMH� YSOLYD� QD� WLS� NULVWDOL]DFLMH� LQ� GD� VH�

VSUHPHQL�UD]PHUMH�DUDJRQLW�YDWHULW�NDOFLW��

,]GHODOL�VPR�SURWRWLS�QDSUDYH�]D�PDJQHWQR�WUHWLUDQMH�YRGH�LQ�JD�SUHL]NXVLOL�Y�SLORWQL�SRVWDML��

NMHU� VPR� REGHORYDOL� VDQLWDUQR� YRGR� GYH� OHWL�� 5H]XOWDWL� VR� SRND]DOL�� GD� SULUDVWHN� WHåH� QD�

WRSORWQLK� L]PHQMHYDOFL� ]DUDGL� QDVWDQND� REORJ�� QL� ELVWYHQR� YHþML� NRW� SUL� XSRUDEL� NHPLMVNLK�

PHKþDOFHY�WUGH�YRGH����

3UL� XSRUDEL� PDJQHWQHJD� SROMD� ]D� REGHORYDQMH� WUGH� YRGH�� NDOFLMHY� NDUERQDW� NULVWDOL]LUD�

SUHWHåQR� Y� NULVWDOQLK� REOLNDK�� NL� QH� WYRULMR� WUGQLK� REORJ� LQ� MH� WDN� QDþLQ� WUHWLUDQMD� YRGH�

SULPHUHQ�]D�XSRUDER�Y�SUDNVL��2EORJH��NL�QDVWDQHMR��VR�SUHWHåQR�DUDJRQLW��YDWHULW�LQ�Y�PDMKQLK�

NROLþLQDK� NDOFLW� LQ� VR� ODKNR� RGVWUDQOMLYH�� 2EGHORYDQMH� WUGH� YRGH� V� IL]LNDOQR� PHWRGR� MH�

HNRORãNR�SRPHPEQR� VDM� VH� MH�PRJRþH�QD� WD� QDþLQ� L]RJQLWL� XSRUDEL� NHPLNDOLM� DOL� SD� MR� YVDM�

ELVWYHQR�]PDQMãDWL���
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