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6ORYHQLD

/MXGPLOD�)HOH�äLOQLN�
1DWLRQDO ,QVWLWXWH RI &KHPLVWU\� +DMGULKRYD ��� 6,����� /MXEOMDQD� 6ORYHQLD

6LOYR�=XSDQþLþ�
.5.$ 3KDUPDFHXWLFDO DQG &KHPLFDO :RUNV� 1RYR PHVWR� 6ORYHQLD

�
7KLV SDSHU LV GHGLFDWHG WR 3URIHVVRU 5RPDQ 0RGLF DW WKH RFFDVLRQ RI KLV ��

WK
%LUWKGD\

5HFHLYHG�������������

$EVWUDFW�
1�0HWK\OLPLGD]ROH LV XVHG LQ WKH V\QWKHVLV RI YDULRXV RUJDQLF PDWHULDOV DV D FDWDO\VW DQG LQ

VRPH FDVHV DV D VROYHQW� ,Q WKH LQGXVWULDO SURFHVVHV ZKHUH WKH ODUJH TXDQWLWLHV RI

1�PHWK\OLPLGD]ROH DUH XVHG WKH QHHG IRU WKH UHJHQHUDWLRQ DQG UHF\FOLQJ LV REYLRXV EHFDXVH

RI LWV KLJK SULFH DQG HFRORJLFDO UHTXLUHPHQWV�
,Q WKLV ZRUN D PHWKRG IRU VROYHQW UHFRYHU\ IURP ZDWHU � 1�PHWK\OLPLGD]ROH V\VWHP LV

SURSRVHG� )RU WKLV SXUSRVH WKH YDSRXU�OLTXLG HTXLOLEULXP GLDJUDP ZDV GHWHUPLQHG DQG

UHIUDFWRPHWU\ ZDV XVHG DV D FRQYHQLHQW SK\VLFR�FKHPLFDO PHWKRG IRU WKH GHWHUPLQDWLRQ RI

ZDWHU FRQWHQW LQ WKH PL[WXUH�

,QWURGXFWLRQ�

1�0HWK\OLPLGD]ROH� KDV� EHHQ� H[WHQVLYHO\� XVHG� DV� D� FDWDO\VW� LQ� WKH� UHDFWLRQ� RI�

DFHW\ODWLRQ�RI�VRPH�SRO\PHUV�DQG�RWKHU�RUJDQLF�PDWHULDOV�
���
�ZKLOH�LWV�XVH�DV�D�VROYHQW�LV�

UDUH��'XULQJ�WKH�GHYHORSPHQW�RI�D�QHZ�V\QWKHWLF�SURFHGXUH�IRU�WKH�SUHSDUDWLRQ�RI�FHUWDLQ�

FKHPLFDO�DQG�SKDUPDFHXWLFDO�SURGXFWV�1�PHWK\OLPLGD]ROH�LV�XVHG�DV�D�VROYHQW��$IHU�WKLV�

V\QWKHWLF� SURFHGXUH� WKH�PL[WXUH� RI� VROYHQW� DQG�ZDWHU� LV� REWDLQHG��ZKLFK� LV� XVHOHVV� IRU�

IXUWKHU� SURFHVV� ZLWKRXW� SXULILFDWLRQ�� 'XH� WR� WKH� FRVW� RI�1�PHWK\OLPLGD]ROH� DQG� JUHHQ�

WHFKQRORJ\� GHPDQGV� WKH� QHFHVVLW\� RI� UHF\FOLQJ� WKH� VROYHQW� RI� DSSURSULDWH� TXDOLW\� KDV�

EHFRPH�HYLGHQW��

7KH�FKRLFH�RI�WKH�DGHTXDWH�VHSDUDWLRQ�PHWKRG�GHSHQGV�PDLQO\�RQ�WKH�DPRXQW�DQG�

FRPSRVLWLRQ�RI�WKH�PL[WXUH��LWV�SK\VLFR�FKHPLFDO�SURSHUWLHV�DQG�WKH�UHTXLUHG�ILQDO�SXULW\�

RI�WKH�VROYHQW�
�
��

%DWFK�UHFWLILFDWLRQ�KDV�EHHQ�IRXQG�WR�EH�DQ�HIILFLHQW�HQYLURQPHQW�IULHQGO\�PHWKRG�

RI�VROYHQW�UHFRYHU\�LQ�SKDUPDFHXWLFDO�LQGXVWU\�DV�ZHOO�DV�LQ�FKHPLFDO��IRRG�DQG�FRVPHWLF�
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LQGXVWULHV� IRU� VHSDUDWLRQ�RI� VPDOOHU�DPRXQWV�RI� VROYHQWV�
���
�7KLV�PHWKRG�FRXOG�EH�XVHG�

DOVR� IRU� WKH� VHSDUDWLRQ� RI� ZDWHU� �� 1�PHWK\OLPLGD]ROH� PL[WXUH� HQVXULQJ� KLJKO\�

FRQFHQWUDWHG�VROYHQW�ZLWK�PLQLPDO�ZDWHU�FRQWHQW�DV�ZHOO�DV�GLVWLOODWH�±�PRVWO\�FRPSRVHG�

RI�ZDWHU���DFFHSWDEOH�FRUUHVSRQGLQJ�WR�WKH�HFRORJLFDO�FULWHULD��%DWFK�UHFWLILFDWLRQ�FROXPQ�

FDQ� EH� UXQ� LQ� WKUHH� GLIIHUHQW� PRGHV�� ZLWK� FRQVWDQW� UHIOX[� UDWLR�� FRQVWDQW� RYHUKHDG�

FRPSRVLWLRQ� DQG� DV� WLPH� RSWLPDO� EDWFK� UHFWLILFDWLRQ�� ,W� ZDV� VKRZQ
�
� WKDW� WKH� RSHUDWLRQ�

ZLWK� FRQVWDQW� RYHUKHDG� FRPSRVLWLRQ� LV� FORVHU� WR� WKH� RSWLPDO� WKDQ� WR� FRQVWDQW� UHIOX[�

WHFKQLTXH� DQG� DOVR� HDVLHU� WR� FRQWURO� WKDQ� WKH� RSWLPDO� EDWFK� UHFWLILFDWLRQ�� ,Q� RUGHU� WR�

PDLQWDLQ� FRQVWDQW� RYHUKHDG� FRPSRVLWLRQ�� WKH� UHIOX[� UDWLR� VKRXOG� EH� LQFUHDVHG�

FRQWLQXRXVO\��:KHQ�YDULDEOH�UHIOX[�FRQWURO�LV�WR�EH�XVHG�DQG�GHWHUPLQHG�LQ�DGYDQFH��WKH�

VKRUWHVW�WLPH�RSHUDWLRQ�FDQ�EH�DFKLHYHG��

7R� RXU� NQRZOHGJH�� HTXLOLEULXP� GDWD� IRU�ZDWHU� ��1�PHWK\OLPLGD]ROH� V\VWHP�KDYH�

QRW�EHHQ�SXEOLVKHG�\HW��7KH\�DUH�HVVHQWLDO�IRU�WKH�VHOHFWLRQ�DQG�GHVLJQ�RI�WKH�VHSDUDWLRQ�

PHWKRG��7KH�DLP�RI�WKLV�ZRUN�LV�WKHUHIRUH��L��WR�GHYHORS�D�VLPSOH�DQG�HIILFLHQW�PHWKRG�WR�

HVWDEOLVK�WKH�FRPSRVLWLRQ�RQ�WKH�EDVLV�RI�NQRZQ�UHIUDFWLYH�LQGH[HV�IRU�SXUH�FRPSRQHQWV��

�LL�� WR� GHWHUPLQH� WKH� ERLOLQJ� GLDJUDP� IRU� ZDWHU� �� 1�PHWK\OLPLGD]ROH� PL[WXUH�� ZKLFK�

VHUYHV� DV� WKH� EDVLV� IRU� HTXLOLEULXP�GLDJUDP�� DSSURSULDWH� IRU� D�SURFHVV� FDOFXODWLRQ�� DQG�

�LLL�� WR�HVWDEOLVK� WKH�QHFHVVDU\�GDWD� IRU�EDWFK�UHFWLILFDWLRQ�FRPSXWDWLRQ�� L�H�� WKH�GDWD�IRU�

WKH�VROXWLRQ�RI�%RJDUW¶V�LQWHJUDO��

�

0DWHULDOV�DQG�PHWKRGV�

0DWHULDOV�

1�0HWK\OLPLGD]ROH�ZDV�VXSSOLHG�E\�$OGULFK�ZLWK�WKH�SXULW\�JUHDWHU�WKDQ������DQG�ZDV�

UHGLVWLOOHG��7KH�ZDWHU�XVHG�ZDV�GLVWLOOHG��7KH�SXULW\�RI�1�PHWK\OLPLGD]ROH�ZDV�FKHFNHG�

E\�UHIUDFWRPHWU\�DQG�JDV�FKURPDWRJUDSK\��

�

�L��0HDVXUHPHQW�RI�5HIUDFWLYH�,QGH[�

6LQFH� WKH� UHIUDFWLYH� LQGH[HV� RI� SXUH�ZDWHU� DQG� SXUH�1�PHWK\OLPLGD]ROH� DUH� ������ DQG�

������ UHVSHFWLYHO\��ZH� DVVXPHG� WKDW� WKH� UHIUDFWRPHWU\�ZRXOG�EH� DQ�XVHIXO� WRRO� IRU� WKH�

GHWHUPLQDWLRQ� RI� ZDWHU� FRQWHQW� LQ� WKH�PL[WXUH�� )RU� WKLV� SXUSRVH�� WKH� GLJLWDO� DSSDUDWXV�

5HLFKHUW�-XQJ�� $EEH�0DUN� ,,� �&DPEULGJH� ,QVWUXPHQWV�� ,QF��� %XIIDOR�� 86$��ZDV� XVHG��
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5HIUDFWLYH� LQGH[HV� ZHUH� PHDVXUHG� DW� ���
R
&�� /RZ�ZDWHU� FRQWHQWV� ZHUH� GHWHUPLQHG� E\�

FRXORPHWULF� .DUO� )LVFKHU� WLWUDWLRQ� �0HWURKP� ���� .)� &RXORPHWHU�� FHOO� ZLWKRXW�

GLDSKUDJP�� DFFXUDWH� WR� ������� �ZW��� 7KH� VROXWLRQV� ZHUH� SUHSDUHG� E\� XVLQJ� D�0HWWOHU�

EDODQFH��0RGHO�$7������DQG�DLU�WLJKW�VWRSSHUHG�ERWWOHV��

:KHQ� WKH� YDOXHV� RI� UHIUDFWLYH� LQGH[� YHUVXV� ZHLJKW� IUDFWLRQ� RI� ZDWHU� �Z�� LQ� WKH�

PL[WXUH� ZLWK� 1�PHWK\OLPLGD]ROH� DUH� SORWWHG�� OLQHDU� FRUUHODWLRQ� LV� REWDLQHG�� ZKLFK� LV�

SUDFWLFDO�IRU�XVH��&KDUW������

,Q�GLVWLOODWLRQ�PRODU�XQLWV�DUH�FRPPRQ��&RQYHUVLRQ�EHWZHHQ�ZHLJKW�IUDFWLRQV�DQG�

PRODU�IUDFWLRQV�FDQ�EH�HDVLO\�GRQH�XVLQJ�PRODU�ZHLJKWV�RI�ERWK�FRPSRQHQWV��ZKLFK�DUH�

���JPRO
��
�IRU�ZDWHU�DQG����JPRO

��
�IRU�1�PHWK\OLPLGD]ROH�UHVSHFWLYHO\��7KH�FRPSRVLWLRQ�

RI� WKH�PL[WXUH�LV�H[SUHVVHG�E\�PRODU�IUDFWLRQ�[�RI�WKH�PRUH�YRODWLOH�FRPSRQHQW��LQ�WKLV�

FDVH�ZDWHU��
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&KDUW����'HSHQGHQFH�RI�UHIUDFWLYH�LQGH[�RQ�WKH�FRPSRVLWLRQ�RI�WKH�PL[WXUH�

�LL��'HWHUPLQDWLRQ�RI�ERLOLQJ�GLDJUDP�

7KH� YDSRXU�OLTXLG� HTXLOLEULXP� ZDV� PHDVXUHG� XVLQJ� PRGLILHG� G\QDPLF� SKDVH�

HTXLOLEULXP�DSSDUDWXV�/DERGHVW� ���� �)LVFKHU��*HUPDQ\���7KH� WHPSHUDWXUH� UDQJH�RI� WKH�

RSHUDWLRQ�LV�XS�WR�����
R
&��WKH�SUHVVXUH�UDQJH�IURP���EDU�WR�����PEDU��7KH�DSSUR[LPDWH�

DPRXQW� RI�PL[WXUH� ORDGHG� LQ� WKH� FHOO� LV� ��� FP
�
�� 7KH� WHPSHUDWXUH�ZDV� GHWHFWHG�ZLWK� D�

GLJLWDO� SUHFLVLRQ� SODWLQXP� UHVLVWDQFH� WKHUPRPHWHU� �+DUW� 6FLHQWLILF�� 0RGHO� �������

FDOLEUDWHG�DFFRUGLQJ�WR�WKH�0,/�67'�������$�VWDQGDUG�ZLWK�WKH�UHVROXWLRQ�RI��������.�
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DQG� WKH� DFFXUDF\�RI�r�������.��$�SUHVVXUH� WUDQVGXFHU�9.+������FDOLEUDWHG�DJDLQVW� DQ�

0.6�%DUDWURQ�W\SH�����0�6\VWHP��ZDV�HPSOR\HG�WR�PHDVXUH�WKH�SUHVVXUH��7KH�SUHVVXUH�

ZDV�PDLQWDLQHG�DW�LWV�VHW�SRLQW�ZLWK�DQ�HOHFWULF�SUHVVXUH�FRQWUROOHU�ZLWKLQ�r���PEDU��

7KH� YDSRXU�OLTXLG� HTXLOLEULXP� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� RYHU� WKH� HQWLUH�

FRQFHQWUDWLRQ�UDQJH�DW�����PEDU��$IWHU�HDFK�H[SHULPHQW��WKH�PL[WXUH�IURP�WKH�FHOO�ZDV�

UHPRYHG� DQG� WKH� FHOO�ZDV� ULQVHG� VHYHUDO� WLPHV�ZLWK� DFHWRQH�� NHSW� XQGHU�YDFXXP� IRU� D�

ZKLOH�DQG�GULHG��
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&KDUW����%RLOLQJ�GLDJUDP�RI�ZDWHU���1�PHWK\OLPLGD]ROH�PL[WXUH�DW�����PEDU�

�

�

�

&KDUW����(TXLOLEULXP�GLDJUDP�RI�ZDWHU���1�PHWK\OLPLGD]ROH�PL[WXUH�DW�����PEDU�
�
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�LLL��5HIOX[�UDWLR�GHSHQGHQFH�RQ�OLTXLG�FRPSRVLWLRQ�

%\� VWDQGDUG� PHWKRG� GHVFULEHG� LQ� OLWHUDWXUH
���

WKH� UHIOX[� UDWLR� 5� GHSHQGHQFH� RQ�

ERWWRP� FRPSRVLWLRQ� [%� FDQ� EH� IRXQG� E\� JUDSKLFDO� PHWKRG� IRU� WKH� FRQVWUXFWLRQ� RI�

RSHUDWLQJ�OLQHV�DW�GLIIHUHQW�UHIOX[�UDWLRV�LQ�WKH�HTXLOLEULXP�GLDJUDP��&KDUW�����WDNLQJ�LQWR�

DFFRXQW� WKH� YDOXHV� VLPLODU� WR� WKRVH� LQ� WKH� LQGXVWULDO� SURFHVV�� WKH� LQLWLDO�PRODU� ERWWRP�

FRPSRVLWLRQ�[%�  ������WKH�UHTXLUHG�PRODU�ERWWRP�FRPSRVLWLRQ�[%� ���������WKH�GLVWLOODWH�

FRPSRVLWLRQ� ['�  � ����� DQG� WKH� QXPEHU� RI� WKHRUHWLFDO� VWDJHV� QW�  � �� DV� DQ� DFFHSWDEOH�

VWDUWLQJ�WHFKQLFDO�VROXWLRQ��
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&KDUW����5HIOX[�UDWLR��5��DV�D�IXQFWLRQ�RI�ERWWRP�FRPSRVLWLRQ��[%��
�

)RU� WKH� PL[WXUH� XQGHU� FRQVLGHUDWLRQ� E

%
[D5 � � LV� DQ� XVHIXO� H[SUHVVLRQ� IRU� WKH�

VROXWLRQ� RI� %RJDUW¶V� LQWHJUDO�
��
� ZKLFK� GHVFULEHV� WKH� WLPH� GHSHQGHQF\� RQ� ERWWRP�
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³ �

�
�

��
 

%

%

[

[ %'

%%%'

[[

G[[5

9

[[%
W

�

�

��

��

�������
�� ����

ZKHUH�%� LV�WKH�LQLWLDO�PRODU�DPRXQW�RI�WKH�PL[WXUH�LQ�WKH�VWLOO�DQG�9�LV�YDSRXU�IORZ�
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&RUUHODWLRQ�����HQDEOHV�WKH�DQDO\WLFDO�VROXWLRQ�RI�%RJDUW¶V�LQWHJUDO������WDNLQJ�LQWR�

DFFRXQW�VSHFLILF�WHFKQLFDO�GDWD�OLNH�KHDW�IOX[�DQG�YDSRXU�IORZ��

7KLV�VWXG\�FDQ�SUHVHQW�DQ�XVHIXO�EDVLV�IRU�WHFKQRORJ\�GHYHORSPHQW�RI�D�VHSDUDWLRQ�

XQLW�DV�D�SDUW�RI�GUXJ�SURGXFWLRQ�HTXLSPHQW��

�

&RQFOXVLRQV�

,Q�WKLV�SDSHU�HTXLOLEULXP�GDWD�IRU�WKH�V\VWHP�ZDWHU���1�PHWK\OLPLGD]ROH�KDYH�EHHQ�

SUHVHQWHG�� )XUWKHU� UHVHDUFK� LV� VWLOO� LQ� SURJUHVV� DQG� ILQDO� UHVXOWV� ZLOO� EH� XVHG� IRU� WKH�

VHSDUDWLRQ�RI�PL[WXUH�REWDLQHG�IURP�WKH�LQGXVWULDO�SURFHVV��

�

1RWHV�

Q'
��
���LQGH[�RI�UHIUDFWLRQ�

Z�������ZHLJKW�IUDFWLRQ�RI�ZDWHU�

[��������PROH�IUDFWLRQ�RI�WKH�PRUH�YRODWLOH�

FRPSRQHQW��ZDWHU��LQ�WKH�OLTXLG�

SKDVH�

\��������YDSRXU�PROH�IUDFWLRQ�RI�ZDWHU�

%�������DPRXQW�RI�WKH�PL[WXUH�LQ�WKH�VWLOO�

DW�W� ����PROHV��

[%��������ERWWRP�FRPSRVLWLRQ��PROH�

IUDFWLRQ�RI�ZDWHU��DW�W ��

[%��������ERWWRP�FRPSRVLWLRQ��PROH�

IUDFWLRQ�RI�ZDWHU��

9�«���YDSRXU�IORZ�UDWH��PROHV�V
��
��

['�������GLVWLOODWH�FRPSRVLWLRQ��PROH�

IUDFWLRQ�RI�ZDWHU��

5���������UHIOX[�UDWLR�

�

5HIHUHQFHV�
�� 'HH� /� $�� %LJJHUV� %� /�� )LVNH� 0� (� $QDO� &KHP� ����� ��� ��������
�� 3DQGLW� 1� .�� &RQQRUV� .� $� -� 3KDUP� 6FL� ����� ��� ��������
�� &RQQRUV� .� $�� (ERND� &� -� -� 3KDUP� 6FL� ����� ��� ��������

�� *RORE� -�� *ULOF� 9�� *XOLþ� 9�� 5HFHOM� 7� 9HVWQ� 6ORY� .HP� 'UXV� ����� ��� ��������

�� *RORE� -�� *ULOF� 9�� *UDG� $� +HP� ,QG� ����� ��� ��������
�� 5RELQVRQ� (� 5� &KHP�(QJ�6FL� ����� ��� ����������

�� 3HUU\¶V &KHPLFDO (QJLQHHUV¶ +DQGERRN �3HUU\� 5� +�� *UHHQ� '�� (GV��� 9,
WK
(GLWLRQ� 0F*UDZ�+LOO

,QF�� 1HZ <RUN� �����

�� &KHPLFDO (QJLQHHULQJ� 9RO� �� 8QLW 2SHUDWLRQV �&RXOVRQ� -�0�� 5LFKDUGVRQ� -� )�� (GV��� 3HUJDPRQ

3UHVV� 2[IRUG� �����

�� %LOOHW� 5�� ,QGXVWULHOOH 'HVWLOODWLRQ� 9HUODJ &KHPLH� :HLQKHLP� �����
��� %RJDUW� 0� -� 3� 7UDQV� $P� ,QVW� &KHP� (QJ� ����� ��� ����

3RY]HWHN��

1�0HWLOLPLGD]RO XSRUDEOMDMR Y VLQWH]L UD]OLþQLK RUJDQVNLK PDWHULDORY NRW NDWDOL]DWRU SUL
QHNDWHULK UHDNFLMDK DFLOLUDQMD� Y QHNDWHULK SULPHULK SD VOXåL WXGL NRW WRSLOR� 3UL XSRUDEL

YHþMLK NROLþLQ JD MH ]DUDGL YLVRNH FHQH VPLVHOQR UHJHQHULUDWL LQ YUDþDWL Y VLQWH]QL SRVWRSHN�

9 þODQNX VR SUHGVWDYOMHQL UDYQRWHåQL SRGDWNL WHNRþH�SDUD ]D VLVWHP YRGD � 1�PHWLOLPLGD]RO�

NL GRVOHM ãH QLVR ELOL ]QDQL� 8JRWRYLOL VPR� GD MH VHVWDYR ]PHVL PRåQR VSUHPOMDWL ]

PHUMHQMHP ORPQHJD NROLþQLND� NDU MH HQRVWDYQD LQ Y SUDNVL ]HOR XSRUDEQD PHWRGD� 1D
SRGODJL PHULWHY VPR L]EUDOL ãDUåQR UHNWLILNDFLMR NRW QDMSULPHUQHMãR PHWRGR ]D ORþLWHY ]PHVL

YRGD ± 1�PHWLOLPLGD]RO� 3UHGVWDYOMHQL SRGDWNL ERGR VOXåLOL ]D QDþUWRYDQMH LQ SUDNWLþQR

L]YHGER ORþHYDQMD ]PHVL L] LQGXVWULMVNHJD SRVWRSND�


