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2[\�IXHO�ILULQJ�RI�UHF\FOHG�FXOOHWV�KDYH�DWWUDFWHG�PXFK�DWWHQWLRQ�LQ�WKH�JODVV�LQGXVWU\��$OWKRXJK�WKH�ILULQJ�

KDV� UHPDUNDEOH� DGYDQWDJHV� VXFK� DV� IXHO� VDYLQJ� DQG� 12;� UHGXFLQJ�� WKH� LQIOXHQFH� RI� KLJK� ZDWHU� YDSRU�

SUHVVXUH��DERXW�����DWP��RYHU�WKH�PHOW�PDNHV�FKDQJH�LQ�WKH�ZDWHU�FRQWHQW�LQ�JODVVHV��2Q�WKH�RWKHU�KDQG��WKH�

XVH�RI� UHF\FOHG� FXOOHWV� LV� XVXDOO\� DFFRPSDQLHG�E\� DGGLWLRQ�RI�1D�62�� DV� D� ILQLQJ� DJHQW� WR� HOLPLQDWH�JDV�
EXEEOHV�GXULQJ�WKH�JODVV�PHOWLQJ�� �

,Q� WKLV� VWXG\�� DV� WKH� PRGHO� RI� WKH� FXOOHW� PHOWLQJ� E\� R[\�IXHO� ILULQJ�� VRGD�OLPH�VLOLFD� JODVV� FXOOHWV�

FRQWDLQLQJ�GLIIHUHQW�62��FRQWHQW��62��IUHH�DQG�����ZW��62���ZHUH�UHPHOWHG�DW������
R
&�DQG������

R
&��EHORZ�

DQG� DERYH� WKH� GLVVRFLDWLRQ� WHPSHUDWXUH� RI� 62��� XQGHU� ZHW� DWPRVSKHUH� �S+�2�  � ���� DWP��� 7KH� 2+�

FRQFHQWUDWLRQ�SURILOHV�RI�JODVV�VDPSOHV�ZHUH�PHDVXUHG�E\� VFDQQLQJ�D�EHDP�VSRW�RI��PP�GLDPHWHU� LQ� WKH�

GLUHFWLRQ�IURP�WKHLU�VXUIDFH�WR�LQVLGH�XVLQJ�WKH�)7�,5�VSHFWURPHWHU��7KH�62��SURILOHV�ZHUH�DOVR�SORWWHG�E\�

VXFFHVVLYHO\�SROLVKLQJ�DQG�UHPRYLQJ�WKH�VXUIDFH�OD\HUV�RI�JODVV�VDPSOHV�DQG�PHDVXUHG�WKH�FRQWHQW�E\�;�UD\�

IOXRUHVFHQFH��,Q�WKH�62��IUHH�JODVVHV��DIWHU�PHOWLQJ��WKH\�VKRZHG�WKH�QRUPDO�GLIIXVLRQ�FRQWUROOHG�SURILOHV�RI�
2+��,Q�WKH�JODVVHV�FRQWDLQLQJ�62���DIWHU�PHOWLQJ�DW������

R
&��WKH�2+�FRQWHQW�LQFUHDVHG�UHPDUNDEO\�IURP�����

WR�����SSP�DORQJ�ZLWK�GHFUHDVLQJ�RI�62��IURP�����WR������ZW���)RU�FRPSDULVRQ��DIWHU�PHOWLQJ�DW������
R
&��

62��GLG�QRW�GHFUHDVH�� �
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5HFHQWU\�� WKH�R[\�IXHO�ILULQJ�KDV�EHHQ�ZLGHO\�XVHG� LQ� WKH�JODVV� LQGXVWU\� IRU�VDYLQJ�IXHO�DQG�
UHGXFLQJ�12;�HPLVVLRQV��7KH�ILULQJ��KRZHYHU��PDNHV�FKDQJH�LQ�WKH�ZDWHU�FRQWHQW�LQ�JODVVHV�
E\�WKH�LQIOXHQFH�RI�KLJK�SUHVVXUH�RI�ZDWHU�YDSRU��S+�2� �����DWP��RYHU�WKH�PHOW��*HQHUDOO\��
ZDWHU� LQFRUSRUDWLRQ� LQIOXHQFHV� WKH� JODVV�SURSHUWLHV�E\� ORZHULQJ� WKH� YLVFRVLW\� DQG� FKDQJLQJ�
WKH� UHGR[� VWDWH� RI� WKH�PHOWV�� 2Q� WKH� RWKHU� KDQG�� UHF\FOHG� FXOOHWV� DUH� XVXDOO\�PHOWHG� ZLWK�
1D�62�� DV� D� ILQLQJ� DJHQW� WR� HOLPLQDWH� JDV� EXEEOHV� GXULQJ� WKH� JODVV�PHOWLQJ�� 7KH� SUHYLRXV�
SDSHUV�SRLQWHG�RXW�WKH�FORVH�UHODWLRQ�RI�ZDWHU�LQFRUSRUDWLRQ�DQG�62��LQ�VRGD�OLPH�VLOLFD�JODVV�
PHOWV�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�LVVXHV�LQ�WKH�JODVV�LQGXVWU\�� �

$ONDOL� VLOLFDWH� JODVV� FXOOHWV� ZLWK� ���� ZW�� 62�� ZHUH� UHPHOWHG� DQG� FKDQJH� LQ� WKH�
IRDPLQJ� WHPSHUDWXUH�ZDV� LQYHVWLJDWHG�ZLWK� LQFUHDVLQJ� WKH� SDUWLDO� SUHVVXUH� RI�ZDWHU� YDSRU��
�WKH� WHPSHUDWXUH�GHFUHDVHG�IURP������ R&��S+�2� ���� WR������

R&��S+�2� ������ IRU���1D�2�
��6L2��PHOW�

���,Q�VRGD�OLPH�VLOLFD�JODVV�FXOOHWV�FRQWDLQLQJ�62���LQFUHDVLQJ�WKH�SDUWLDO�SUHVVXUH�
RI�ZDWHU�YDSRU�DOVR�ORZHUHG�WKH�IRDPLQJ�WHPSHUDWXUH��7KH�62��FRQWHQW�GHFUHDVHG�DW������a�
�����R&��DORQJ�ZLWK�WKH�LQFUHDVH�RI�ZDWHU�FRQWHQW�XS�WR������SSP��7KXV��ZDWHU�YDSRU�LQ�WKH�
ILULQJ� DWPRVSKHUH� HQKDQFHG� WKH� VXOIDWH� GLVVRFLDWLRQ��� 6LQFH� WKH�PHDVXUHPHQWV� RI�2+� DQG�
62�� FRQFHQWUDWLRQ�SURILOHV�QHHG� WKH� HODERUDWH� WHFKQLTXHV�� WKH� FRQWHQW�GDWD�RI� WKH� VDPSOHV�
ZHUH�DOZD\V�WKH�DYHUDJH�YDOXHV�LQ�WKHVH�SUHYLRXV�SDSHUV�� �

,Q� WKLV� VWXG\�� DV� WKH�PRGHO�RI� WKH� FXOOHW�PHOWLQJ�E\�R[\�IXHO� ILULQJ�� 62��FRQWDLQLQJ�
VRGD�OLPH�VLOLFD� JODVV� FXOOHWV�ZHUH� UHPHOWHG� XQGHU� ZHW� DWPRVSKHUH� �S+�2�  � ���� DWP���$IWHU�
UHPHOWLQJ� FRQFHQWUDWLRQ� SURILOHV� RI� 2+� DQG� 62�� ZHUH� PHDVXUHG� LQ� WKHVH� VDPSOHV�� 7KH�
UHODWLRQ� RI� WKH� R[\�IXHO�ILULQJ� DWPRVSKHUH� DQG� WKH� ZDWHU� LQFRUSRUDWLRQ� LQWR� WKH� 62��
FRQWDLQLQJ�VRGD�OLPH�VLOLFD�JODVV�PHOW�ZDV�LQYHVWLJDWHG�� �
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7KH� 62��IUHH� DQG� ���� ZW�� 62��FRQWDLQLQJ� VRGD�OLPH�VLOLFD� JODVVHV� ZHUH� SUHSDUHG� E\� WKH�
FRQYHQWLRQDO�PHOWLQJ� DQG�TXHQFKLQJ� WHFKQLTXH��*ODVVHV�ZHUH�SUHSDUHG� IURP�UHDJHQW� JUDGH�
6L2���1D�&2��DQG�&D&2���)RU�WKH�����ZW��62��JODVV�������RI�1D�&2��ZDV�VXEVWLWXWHG�IRU�
1D�62���7KH�EDWFKHV�ZHUH�PHOWHG�LQ�3W�FUXFLEOHV�DW������

R&�XQGHU�GU\�DWPRVSKHUH�WR�ORZHU�
WKH�2+�FRQWHQW��7KH�FRPSRVLWLRQV�RI�REWDLQHG�JODVVHV�DUH�OLVWHG�LQ�7DEOH���� �

7DEOH����&RPSRVLWLRQV�RI�JODVV�FXOOHWV�GHWHUPLQHG�E\�;�UD\�IOXRUHVFHQFH��

 � 6L2���ZW��� 1D�2��ZW��� &D2��ZW��� 62���ZW��� 2+��SSP��

62��IUHH� ��� ��� �� �� ���

����ZW��62�� ��� ��� �� ���� ����

�

*ODVV�FXOOHWV�RI����J�LQ�ZHLJKW�ZHUH�UHPHOWHG�LQ�DQ�DOPLQD�FUXFLEOH�XVLQJ�DQ�DSSDUDWXV�
DV�VKRZQ�LQ�)LJ�����7KH�JODVV�PHOW�LQ�WKH�FUXFLEOH�ZDV���PP�LQ�GHSWK��7HPSHUDWXUH�SURJUDPV�
DUH� VKRZQ� LQ� )LJ�� ��� 7KH� UHPHOWLQJ� WHPSHUDWXUHV� ZHUH� FKRVHQ� WR� EH� ����� R&� RU� ����� R&�
�EHORZ�DQG�DERYH�WKH�GLVVRFLDWLRQ�WHPSHUDWXUH�RI�62����*ODVV�FXOOHWV�ZHUH�KHDWHG�XS�WR������
R&��RU������R&��XQGHU�GU\�DWPRVSKHUH�DQG�NHSW�IRU����PLQ��7KHQ�WKH�DWPRVSKHUH�FKDQJHG�WR�
ZHW� �S+�2� � ���� DWP�� DW� WKH� VDPH� WHPSHUDWXUH� IRU� �� KRXUV� �RU� ���PLQ��� DQG� WKH�PHOW�ZDV�
DOORZHG� WR� FRRO� LQ� DLU�� 7KH� REWDLQHG� JODVV� VDPSOHV� ZHUH� FXW� DQG� SROLVKHG� IRU� WKH�
PHDVXUHPHQWV�� �

�

)LJ�����6FKHPDWLF�LOOXVWUDWLRQ�RI�WKH�DSSDUDWXV�IRU�FRQWUROOLQJ�JDV�VXSSO\��

�

)LJ�����7HPSHUDWXUH�SURJUDPV��



7KH�FRQFHQWUDWLRQ�RI�ZDWHU��2+��LQ�JODVV�ZDV�GHWHUPLQHG�E\�WKH�RSWLFDO�DEVRUSWLRQ�
VSHFWUXP�LQ�WKH�LQIUDUHG�ZDYHOHQJWK�UHJLRQ�PHDVXUHG�E\�)7�,5�VSHFWURPHWHU��6+,0$'=8��
0RGHO� )7�,5����3&��� )ROORZLQJ� WKH� SURFHGXUH� UHFRPPHQGHG� E\� 7&��� RI� ,&* � �� WKH�
FRQFHQWUDWLRQ�RI�ZDWHU�LQ�JODVV�&��PRO�O��ZDV�GHWHUPLQHG�E\�WKH�HTXDWLRQ������ �






 −+−=
���

������

���

������

�

��

εε
$$$$

G
& � � � � � � � � � � � � � � � � � � � � � � � ����

ZKHUH�$L�LV�WKH�RSWLFDO�DEVRUEDQFH��G�LV�WKH�VDPSOH�WKLFNQHVV��εL�LV�WKH�H[WLQFWLRQ�FRHIILFLHQW��
6XEVFULSWV� SUHVHQW� WKH� ZDYHOHQJWK� LQ� PLFURPHWHU�� 7R� REWDLQ� WKH� 2+� SURILOHV� RI� JODVV�
VDPSOHV��)7�,5�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�PRYLQJ�D�EHDP�VSRW�RI���PP�GLDPHWHU� LQ�
WKH�GLUHFWLRQ� IURP� WKHLU� VXUIDFH� WR� LQVLGH��7KH� JODVV� VDPSOHV�ZHUH�SROLVKHG� WR� UHPRYH� WKH�
VXUIDFH� OD\HU� DQG� WKHQ� PHDVXUHG� E\� ZDYHOHQJWK� GLVSHUVLYH� ;�UD\� IOXRUHVFHQFH� �3+,/,36��
0RGHO�3:�������&RQFHQWUDWLRQ�SURILOHV�RI�62��LQ�JODVVHV�ZHUH�GHWHUPLQHG�E\�UHSHDWLQJ�WKH�
SROLVK�PHDVXUH�SURFHGXUHV�� �
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7KH� FRQFHQWUDWLRQ� SURILOHV� RI� 2+� DQG� 62�� LQ� UHPHOWHG� JODVVHV� DUH� VKRZQ� LQ� )LJ�� ��� $V�
VKRZQ�LQ�)LJ�����D��DQG��E���WKH�2+�SURILOHV�RI�WKH�62��IUHH�JODVVHV�UHPHOWHG�DW�ERWK������

R&�
DQG������R&�ZHUH�IDLUO\�ILWWHG�ZLWK�WKH�VHPL�LQILQLWH�GLIIXVLRQ�PRGHO�GHVFULEHG�DV� �
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ZKHUH�&�[�W��LV�WKH�FRQFHQWUDWLRQ�DW�GHSWK�[�DIWHU�WLPH�W��&��LV�WKH�FRQFHQWUDWLRQ�DW�VXUIDFH��
DQG� '� LV� WKH� GLIIXVLRQ� FRHIILFLHQW�� 7KH� GLIIXVLRQ� FRHIILFLHQWV� GHULYHG� IURP� WKH� ILWWLQJ�
WHFKQLTXH�ZLWK� WKH� HTXDWLRQ� ���� DUH� VKRZQ� LQ�)LJ���� �WKH� UHVXOWV�RI�0F*LQQLV� DQG�6KHOE\���
ZKLFK�ZHUH�HVWLPDWHG�IURP�WKH�WRWDO�2+�FRQWHQW�DV�D�IXQFWLRQ�RI�WKH�H[SRVXUH�WLPH��DUH�DOVR�
LQYROYHG�LQ�WKH�ILJXUH���7KH�GLIIXVLRQ�FRHIILFLHQWV�RI�62��IUHH�JODVVHV�DJUHH�ZHOO�ZLWK�WKRVH�LQ�
WKH�UHI�����7KHUHIRUH��WKH�ZDWHU�LQFRUSRUDWLRQ�IURP�WKH�R[\�IXHO�ILULQJ�DWPRVSKHUH�LQWR�62��
IUHH�JODVV�PHOWV�FDQ�EH�FRQVLGHUHG�WR�IROORZ�WKH�GLIIXVLRQ�PRGHO�HYHQ�DW������R&��,W�VKRXOG�
EH�QRWHG�WKDW�WKH�2+�FRQWHQW�YDOXHV�DW�YHU\�QHDU�WKH�VXUIDFH�RI�WKH�JODVVHV��UHPHOWHG�DW������
R&�� GLG� QRW� ILWWHG� WKH� GLIIXVLRQ� FXUYH�� 7KH� SODXVLEOH� H[SODQDWLRQ� LV� WKDW� WKH� GHK\GUDWLRQ�
RFFXUUHG�ZKLOH� FRROLQJ�SURFHVV��7KXV�� WKH�KLJK�FRQWHQW�2+�QHDU� WKH� VXUIDFH� LQFRUSRUDWHG�
IURP�ZDWHU�YDSRU�LV�HDVLO\�HYDFXDWHG�ZKHQ�WKH�PHOW�LV�NHSW�LQ�GU\�DWPRVSKHUH�� �

� ,Q�)LJ�����F��DQG��G���WKH�SURILOHV�IRU�����ZW��62��JODVVHV�DUH�VKRZQ��7KH�VKDSHV�RI�
2+�SURILOHV�RI�WKH�����ZW��62��JODVVHV�UHPHOWHG�DW������

R&�DQG������R&�ZHUH�UHPDUNDEO\�
GLIIHUHQW�IURP�WKRVH�RI�62��IUHH�JODVVHV��$IWHU������

R&�UHPHOWLQJ�IRU���KRXUV��WKH�WRWDO�2+�
FRQWHQW� LQ� WKH� ���� ZW�� 62��JODVV� ZDV� WZR� WLPHV� DV� KLJK� DV� WKDW� RI� 62��IUHH� JODVV�� 7KH�
FRQFHQWUDWLRQV�RI�62���KRZHYHU��GLG�QRW�GHFUHDVHG�FRPSDUHG�ZLWK�WKH�LQLWLDO�YDOXH��7KH�GDWD�
VKRZV� WKDW� 62�� LQIOXHQFHG� WKH�2+�SHQHWUDWLRQ� LQWR� WKH�PHOW� HYHQ� EHORZ� WKH� GLVVRFLDWLRQ�
WHPSHUDWXUH�RI�62��� �



�

�

)LJ�����&RQFHQWUDWLRQ�SURILOHV�RI�2+�DQG�62��LQ�UHPHOWHG�JODVVHV��

�

)LJ�����'LIIXVLRQ�FRHIILFLHQWV�RI�2+��



� $IWHU������R&�UHPHOWLQJ�IRU����PLQ��WKH�WRWDO�2+�FRQWHQW�LQ�WKH�����ZW��62��JODVV�
LQFUHDVHG� UHPDUNDEO\� WR� VHYHQ� WLPHV� DV� KLJK� DV� WKRVH� RI� 62��IUHH� JODVV�� DORQJ� ZLWK� WKH�
GHFUHDVH�RI�WKH�62��IURP�����WR������ZW���,Q�DGGLWLRQDO�H[SHULPHQW��LQ�WKH�JODVV�UHPHOWHG�DW�
�����R&�IRU����PLQ�XQGHU�GU\�DWPRVSKHUH��62��FRQWHQW�GHFUHDVHG�WR�����ZW���7KXV��DERYH�
WKH�IRDPLQJ�WHPSHUDWXUH��62��HYROYHG�IURP�WKH�PHOWV�DQ\ZD\��)LJ�����G��DOVR�VKRZV�WKDW�WKH�
R[\�IXHO� ILULQJ�FDXVH�QRWHZRUWK\�ZDWHU�SHQHWUDWLRQ� LQWR� WKH�JODVV�PHOWV� DQG� WKH�KLJK�ZDWHU�
FRQWHQWV� LQ� WKH� PHOWV� SURPRWHG� WKH� GLVVRFLDWLRQ� RI� 62��� 6HYHUDO� H[SODQDWLRQV� IRU� WKH�
UHPDUNDEOH�ZDWHU�LQFRUSRUDWLRQ�DUH�SRVVLEOH��VWURQJ�EXEEOLQJ�RI�62��DFFHOHUDWH�WKH�VWLUULQJ��
ERXQGDU\�RI� WKH�EXEEOH� LV�HDVLO\�2+�SHQHWUDWLRQ�DV�VXJJHVWHG�E\�%HHUNHQV�DQG�/DLPE|FN��
DQG� VR�RQ�� ,W� VKRXOG�EH�QRWHG� WKDW� WKH� VWHHS�GHFUHDVH�RI�2+�DW� WKH�QHDU� VXUIDFH�ZDV� DOVR�
REVHUYHG�LQ�62��FRQWDLQLQJ�JODVV��)LJ�����G���� �

� $V�SRLQWHG�RXW�LQ�WKH�UHI�����DQG�WKH�GDWD�LQ�WKH�H[SHULPHQWV��LQ�PHOWLQJ�RI�VRGD�OLPH�
VLOLFD�JODVV�FXOOHWV�E\�WKH�R[\�IXHO�ILULQJ��DQ�DGGLWLRQ�RI�1D�62��UHVXOWV�LQ�WKH�GUDVWLF�LQFUHDVH�
RI� WKH�ZDWHU� FRQWHQW� LQ� JODVV�PHOWV��(VSHFLDOO\�� DERYH� WKH� IRDPLQJ� WHPSHUDWXUH�� WKH�ZDWHU�
ULFK�OD\HU��!�����SSP��LV�IRUPHG�RQ�WKH�VXUIDFH�RI�WKH�PHOWV��7KH�LQFUHDVH�RI�2+�FRQWHQW�
ZRXOG�PDNH�XQGHVLUDEOH�LQIOXHQFH�RQ�WKH�SURSHUWLHV�RI�UHVXOWDQW�JODVVHV�IURP�WKH�LQGXVWULDO�
YLHZSRLQW�� %\� SORWWLQJ� WKH� 2+� DQG� 62�� SURILOHV� XVLQJ� QHZ� WHFKQLTXH�� WKH� GLIIHUHQFHV�
EHWZHHQ� 62��IUHH� �GLIIXVLRQ�FRQWUROOHG� SK\VLFDO� SKHQRPHQD�� DQG� 62��FRQWDLQLQJ� JODVVHV�
�LQYROYLQJ�WKH�FKHPLFDO�UHDFWLRQ��FDQ�EH�KLJKOLJKWHG��7KH�UHDVRQ�ZK\�VXFK�DQ�2+�LQFUHDVH�
RFFXUUHG�EHORZ�DQG�DERYH�WKH�IRDPLQJ�WHPSHUDWXUH�LV�VWLOO�XQVROYHG��EXW�WKH�SURILOH�SORWWLQJ�
WHFKQLTXHV� ZLOO� FRQWULEXWH� WR� JLYH� DQVZHU�� %RQXV� UHVXOWV� ZHUH� DOVR� REWDLQHG�� DIWHU� ILQLQJ�
SURFHVV�XVLQJ�1D�62��� LI�PHOWV�IORZ�WR�GU\�DWPRVSKHUH�VHFWLRQ�� WKH�2+�FRQWHQW�GHFUHDVHG�
UDSLGO\��DV�VKRZQ�LQ�)LJ�����G���
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��0��&DEOH�DQG�&��*��5DVXO��-��$P��&HUDP��6RF������S��������������

��.��3��+DQNH�DQG�+��6FKRO]H��*ODVWHFK��%HU������S��������������

��)��*HRWWL�%LDQFKLQL��+��*HL�OHU��)��.UlPHU�DQG�,��+��6PLWK��*ODVWHFK��%HU��*ODVV�6FL��7HFKQRO��
����S��������������

��3��%��0F*LQQLV�DQG�-��(��6KHOE\��-��1RQ�FU\VW��6ROLGV������S��������������

��5��%HHUNHQV�DQG�3��/DLPE|FN��&HUDP��(QJLQHHU��6FL��3URF������S�������������
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