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2SWLFDOO\� WUDQVSDUHQW� SRO\PHUV� DUH� XVHG
ZLGHO\� LQ� SURGXFWLRQ� RI� RSWLFDO� ILEHUV�� OHQV
RSWLFV�� ODVHUV�� OLJKW� JXLGHV�� VFLQWLOODWRUV�
HWF��>�@��7KH�SUHSDUDWLRQ�RI�KLJKO\�WUDQVSDU�
HQW�SRO\PHUV�LV�D�YHU\�GLIILFXOW�WDVN�UHTXLU�
LQJ� D� FRPELQDWLRQ� RI� HIILFLHQW� SXULILFDWLRQ
RI� WKH� LQLWLDO�PRQRPHUV�DQG�RSWLPL]HG�V\Q�
WKHWLF�WHFKQLTXH��7KH�RSWLFDO�SURSHUWLHV�RI�D
SRO\PHU� DUH� DIIHFWHG� VXEVWDQWLDOO\� E\� WKH
SRO\PHU� PDWHULDO� SXULW\� DQG� KRPRJHQHLW\
�LQ� FRPSRVLWLRQ�� VWUXFWXUH�� FKHPLVWU\�
VSDFH�� HWF��� WKDW� GHILQH� ERWK� LWV� WUDQVSDU�
HQF\�DQG�FRORUDWLRQ�DV�ZHOO�DV�WKH�UHIUDFWLYH
LQGH[�LQKRPRJHQHLW\�RYHU�WKH�YROXPH�>�@�

,Q� >�Ü�@�� GHVFULEHG� LV� WKH�SUHSDUDWLRQ�RI
WUDQVOXFHQW� PHODPLQH�IRUPDOGHK\GH� �0)�
SRO\PHUV�KDYLQJ�D�KLJK�WUDQVSDUHQF\�FRHIIL�
FLHQW�� ORZ� UHVLGXDO� VWUHVV�� VKULQNDJH��ZDWHU
DEVRUSWLRQ� OHYHO� DQG� KLJK� SK\VLFDO� DQG�PH�
FKDQLFDO� FKDUDFWHULVWLFV�� +RZHYHU�� WKH
DERYH�PHQWLRQHG�0)�SRO\PHUV�KDYH�D�PXFK
ZRUVH�EXON�OLJKW�DWWHQXDWLRQ��%$/��YDOXH�DV

FRPSDUHG� WR� SRO\VW\UHQH� DQG� SRO\�PHWK\O
PHWKDFU\ODWH�� ���Ü��� FP� DJDLQVW� ��Ü
���� FP��� $SSDUHQWO\� WKLV� LV� GXH� WR� K\GUR�
SKRELF�SURSHUWLHV�RI� WKH�0)�ROLJRPHUV�KDY�
LQJ� WKH� FURVV�OLQNLQJ� H[WHQW� DERYH� ��� �
WKDW� FDXVHV� VRPH� DPRXQW� RI� UHDFWLRQ�ZDWHU
WR�EH�UHWDLQHG�LQ�WKH�KDUGHQHG�0)�SRO\PHUV�
$V�D�UHVXOW��D�PLFUR�LQKRPRJHQHLW\�DSSHDUV
DW� WKH� 0)� SRO\PHU�ZDWHU� LQWHUIDFH� PDQL�
IHVWLQJ� LWVHOI� DV� D� WZLVWLQJ� WKDW� FDXVHV� WKH
OLJKW�VFDWWHU�DQG�ORZ�%$/�OHYHO�

,W� LV� NQRZQ� WKDW� GLPHWK\O� VXOIR[LGH
�'062��� GLPHWK\O� IRUPDPLGH� �'0)$��� DQG
S\ULGLQH� PD\� IRUP� DVVRFLDWHV� ZLWK� ZDWHU
PROHFXOHV� DFFRUGLQJ� WR� D� PHFKDQLVP� GLV�
FXVVHG� LQ� >�@�� ,Q�SDUWLFXODU��'062�IRUPV�D
VWDEOH� FRPSOH[� ZLWK� ZDWHU� DW� WKH� YROXPH
UDWLR� '062�ZDWHU� ������ >�Ü��@�� 7KH� SXU�
SRVH� RI� WKLV�ZRUN� LV� WR� VWXG\� WKH�ZDWHU� LQ�
WHUDFWULRQ� SURFHVVHV� ZLWK� SURWRQ� DFFHSWLQJ
FRPSRXQGV��3$&��LQ�WKH�0)�SRO\PHU�PDWUL[
DQG� WKH� 3$&� LQIOXHQFH� RQ� WKH� RSWLFDO� DQG
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VSHFWUDO� FKDUDFWHULVWLFV� RI� PDWHULDOV� VR� RE�
WDLQHG�� $� VWXG\� GLUHFWHG� WR� HOLPLQDWLRQ� RI
QHJDWLYH�HIIHFW�RI�UHDFWLRQ�ZDWHU�RQ�WKH�RS�
WLFDO�DQG�VSHFWUDO�SURSHUWLHV�RI�0)�SRO\PHUV
E\� LWV� FKHPLFDO� ELQGLQJ� LV� QR� GRXEW� RI� D
VFLHQWLILF�DQG�SUDFWLFDO�LQWHUHVW�

7KH� 0)� ROLJRPHUV� ZHUH� SUHSDUHG� DV� LQ
>�@��'062��'0)$�� DQG�S\ULGLQH�ZHUH�XVHG
LQ�WKLV�ZRUN�WR�ELQG�WKH�UHDFWLRQ�ZDWHU��7KH
0)� SRO\PHUV� ZHUH� VWXGLHG� ZLWK� WKH
ZDWHU�3$&� YROXPH� UDWLR� RI� ����� ����� DQG
������� 7KH� WUDQVSDUHQF\� FRHIILFLHQW� RI� WKH
0)� SRO\PHUV� ZDV� HVWLPDWHG� XVLQJ� WKH� LQ�
WULQVLF�DEVRUSWLRQ�VSHFWUD�LQ�WKH����Ü����QP
UDQJH�REWDLQHG�ZLWK�D�+LWDFKL�8�����VSHFWUR�
SKRWRPHWHU�� 7KH� %$/� ZDV� GHWHUPLQHG� E\
ODVHU� VSHFWURPHWU\� XVLQJ� D� +H±&G� ODVHU
�O� ����� QP��� $� 63(&25'� ��� 85� VSHFWUR�
SKRWRPHWHU� ZDV� XVHG� LQ� ,5� VSHFWURVFRS\� H[�
SHULPHQWV�� 7KHUPRJUDSKLF� DQDO\VLV� RI� SRO\�
PHUV�ZDV� FDUULHG� RXW�XVLQJ� D�4�����'�GHUL�
YDWRJUDSK��020��+XQJDU\���2WKHU�SK\VLFDO
DQG� SK\VLFRFKHPLFDO� FKDUDFWHULVWLFV� ZHUH
GHWHUPLQHG�DFFRUGLQJ�WR�VWDQGDUGV�DQG�SUR�
FHGXUHV�GHVFULEHG� LQ� >������@��7KH�PRLVWXUH
FRQWHQW� LQ� WKH� SRO\PHU� VDPSOHV� ZDV� GHWHU�
PLQHG�XVLQJ�WKH�WLWULPHWULF�.�)LVFKHU�WHFK�
QLTXH�DV�WKH�DUELWUDU\�RQH�DFFRUGLQJ�WR�WKH
SURFHGXUH�GHVFULEHG� LQ� >��@��7KH�ZDWHU�ZDV
H[WUDFWHG� IURP� WKH� VDPSOH� WR� GULHG�PHWKD�
QRO� XQGHU� VWLUULQJ� ZLWK� D� PDJQHWLF� VWLUUHU
IRU���K��7KH�ZRUNLQJ�VROXWLRQ�RI�WKH�.�)LV�
FKHU� UHDJHQW�� VWDQGDUG� ZDWHU� VROXWLRQ� LQ
PHWKDQRO� DQG� WKH� EDFNJURXQG� G\H
�PHWK\OHQH�EOXH��VROXWLRQ�ZHUH�SUHSDUHG�DF�

FRUGLQJ� WR� >��@�� 7KH� WLWUDWLRQ� ZLWK� YLVXDO
GHWHUPLQDWLRQ� RI� WKH� HTXLYDOHQFH� SRLQW�ZDV
FDUULHG�RXW�LQ�D�VHWXS�SURYLGLQJ�WKH�UHDJHQW
DQG� VDPSOH� SURWHFWLRQ� DJDLQVW� WKH� DWPRV�
SKHULF�PRLVWXUH�>��@�

,Q�7DEOH����SUHVHQWHG�DUH�WKH�PDLQ�SK\VL�
FDO� DQG� PHFKDQLFDO� SURSHUWLHV� RI� WKH� 0)
SRO\PHUV�PRGLILHG�ZLWK�GLIIHUHQW�3$&V��7KH
HIIHFW�RI�D�3$&�RQ� WKH�PDLQ�SRO\PHU�FKDU�
DFWHULVWLFV� LV� VHHQ� WR� GHSHQG� RQ� WKH� 3$&
W\SH�DQG�ZDWHU�3$&�YROXPH�UDWLR��7KH�KLJK�
HVW� WUDQVSDUHQF\� FRHIILFLHQWV� DUH� FKDUDF�
WHULVWLF� IRU� WKH�0)�SRO\PHUV�PRGLILHG�ZLWK
'062� ���Ü��� ��� DQG� '0)$� ���Ü��� ���
WKH�RSWLPXP�ZDWHU�3$&�YROXPH�UDWLR�EHLQJ
����� ,Q� DOO� WKH� PRGLILHG� 0)� SRO\PHUV�� WKH
VKULQNDJH� GHFUHDVHV� DQG� ZDWHU� DEVRUSWLRQ
ULVHV� DV� WKH� 3$&� FRQWHQW� LQFUHDVHV�� 7KH
'062�PRGLILHG� SRO\PHUV� VKRZ� D� GHFUHDVHG
GHQVLW\� ZKLOH� WKH� PRGLILFDWLRQ� ZLWK� RWKHU
WZR� 3$&V� UHVXOWV� LQ� DQ� LQFUHDVHG� GHQVLW\�
7KH� GDWD� IURP� WKH� 7DEOH� FRQILUP� WKDW� WKH
0)� SRO\PHUV� ZLWK� WKH� ZDWHU�3$&� YROXPH
UDWLR�����VKRZ�WKH�EHVW�SK\VLFDO�PHFKDQLFDO
SURSHUWLHV�� %RWK� LPSDFW� VWUHQJWK� DQG� IDLO�
XUH� EHQGLQJ� VWUHVV� EHFRPH� UHGXFHG� DV� WKH
DERYH�PHQWLRQHG� UDWLR� LQFUHDVHV� RU� GH�
FUHDVHV� DV�ZHOO� DV�ZKHQ� WZR� WKHU�3$&V�DUH
XVHG�� 7DNLQJ� LQWR� DFFRXQW� WKDW� KLJKHVW
WUDQVSDUHQF\� FRHIILFLHQWV� �XS� WR�������DQG
%$/� YDOXHV� ���� FP�� ZHUH� DWWDLQHG� LQ� WKH
'062� PRGLILHG� 0)� SRO\PHUV�� WKH� ZDWHU
PDWHULDO�EDODQFH�LQ�WKRVH�0)�ROLJRPHUV�DQG
SRO\PHUV�ZDV� VWXGLHG�XVLQJ� WKH�JUDYLPHWU\
DQG�WKHUPRJUDYLPHWU\�DV�ZHOO�DV�WKH�.�)LV�

7DEOH����0DLQ�FKDUDFWHULVWLFV�RI�3$&�PRGLILHG�0)�SRO\PHUV
6DPSOH 'HQVLW\�
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FKHU� WLWUDWLRQ� �VHH� 7DEOH���� WR� GHWHUPLQH
TXDQWLWDWLYHO\�WKH�ZDWHU�ELQGLQJ�

,W� LV� VHHQ� IURP� 7DEOH��� WKDW� LQ� WKH� 0)
SRO\PHUV�ZLWK�ZDWHU�'062�YROXPH�UDWLR�����
DW� WKH� DFWXDO�ZDWHU� FRQWHQW� RI� ������ZW����
WKH�.�)LVFKHU�WLWUDWLRQ�VKRZV�WKH�ZDWHU�DPRXQW
RI� ����������ZW���� �������� RI� IUHH�ZDWHU� LQ
UHODWLYH� XQLWV��� $V� WKH� ZDWHU�'062� YROXPH
UDWLR�LV�LQFUHDVHG�XS�WR������DW�WKH�DFWXDO�ZDWHU
FRQWHQW� RI� ������ ZW�� ��� ���������� ZW�� �
��������RI�IUHH�ZDWHU��KDV�EHHQ�IRXQG�ZKLOH
DV� WKH� DERYH� UDWLRQ� LV� GHFUHDVHG� GRZQ� WR
������� DW� WKH� DFWXDO� ZDWHU� FRQWHQW� RI� ���
��ZW����� WKH� IRXQG�ZDWHU� DPRXQW� LV� �����
����ZW������������RI�IUHH�ZDWHU���:DWHU�LV
ERXQG�PRVW� HIILFLHQWO\� LQ� WKH�0)�SRO\PHUV
ZLWK� ZDWHU�'062� YROXPH� UDWLR� ���� GXH� WR
IRUPDWLRQ�RI�D�VWDEOH�ZDWHU�'062�FRPSOH[�
7KLV� LV� FRQILUPHG� E\� FRQVLGHUDWLRQ� RI� ,5
VSHFWUD� RI� WKH� 0)� SRO\PHUV� ZLWK� GLIIHUHQW
ZDWHU�'062�UDWLRV� LQ�WKH�FKDUDFWHULVWLF�DE�
VRUSWLRQ� UHJLRQ� ������� WR� ������ FPÜ��� RI
ERXQG�DQG�IUHH�ZDWHU�

7KXV�� WKH� XVH� RI� S\ULGLQH� DV� D� PRGLILHU
RI�0)� ROLJRPHUV� KDV� EHHQ� VKRZQ� WR� LPSDLU
WKH� SURSHUWLHV� RI� 0)� SRO\PHUV� ZKLOH� WKH
'062� DQG� '0)� LQWURGXFWLRQ� HQKDQFHV� WKH
PDLQ� FKDUDFWHULVWLFV� WKHUHRI�� +RZHYHU�� WKH
'0)�PRGLILFDWLRQ�GRHV�QRW�SURYLGH�RSWLFDOO\
WUDQVSDUHQW� 0)� SRO\PHUV� ZLWK� VDWLVIDFWRU\
SK\VLFDO�PHFKDQLFDO�SURSHUWLHV��7KH�SRO\PHU
PDWHULDOV�SUHSDUHG�IURP�0)�ROLJRPHUV�ZLWK
ZDWHU�'062� YROXPH� UDWLR� ���� VKRZ� DW� WKH
EHVW� SK\VLFDO�PHFKDQLFDO� SURSHUWLHV�� WKH
WUDQVSDUHQF\� FRHIILFLHQW� RI� ����� DQG� %$/
RI����FP��7KLV�PDNHV�LW�SRVVLEOH�WR�XVH�WKH
PDWHULDOV� LQ� OHQV� RSWLFV�� VFLQWLOODWLRQ� HQJL�
QHHULQJ��DQG�LQ�RWKHU�DSSOLFDWLRQV�UHTXLULQJ
PDWHULDOV�RI�KLJK�RSWLFDO�TXDOLW\�
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� ���%�9�*ULQ\RY�� 7�9�6DNKQR�� 9�*�6HQFKLVKLQ�
2SWLFDOO\� 7UDQVSDUHQW� DQG� )OXRUHVFHQW� 3RO\�
PHUV��.KDUNLY��������>LQ�8NUDLQLDQ@�

� ���9�/�$YUDPHQNR��9�9�/HEHGHY��9�*�6HQFKLVKLQ
HW�DO���.KLP��3URP\VO��8NUDLQ\��������������

� ���9�9�/HEHGHY�� 9LVQ\N� 1DWV��7HNKQ��8QLY�
�.KDUNLY� 3RO\WHNK��,QVW���� 6HU��.KLP��� .KLP�
7HNKQRO��WD�(NRORJLD�����������������

� ���9�9�/HEHGHY�� 9�/�$YUDPHQNR�� 9�(�9LQRJUD�
GRY� HW� DO��� LQ�� 6ERUQ��1DXFKQ��7UXGRY
�.KLPLD� L� 7HNKQRO��3URL]YRGVWY� 2VQ��.KLP�
3URP���� 1,2.+,0�� .KDUNLY�� /;;9�� ���
�������

� ���9�9�/HEHGHY�� 9�/�$YUDPHQNR�� 9�$�.LVHOHY�
3ROLPHUQ��=K�����������������

� ���$�9�.DU\DNLQ��*�$�.ULYHQWVRYD��:DWHU�6WDWH
LQ� 2UJDQLFV� DQG� ,QRUJDQLFV�� 1DXND�� 0RVFRZ
�������>LQ�5XVVLDQ@�

� ���'�2�0LVKXURY��9�/�$YUDPHQNR��3ROLPHUQ��=K��
���������������

� ���'�2�0LVKXURY��9�/�$YUDPHQNR��3ODVWLFK��0DVV\�
�������������

����'�2�0LVKXURY��9�/�$YUDPHQNR��9LVQ\N�.\LY�
1DW��8QLY��7HNKQRO��L�'L]DLQX�����������������

����7�$�*XURYD��7HFKQLFDO�&RQWURO� LQ�3URGXFWLRQ
RI� 3ODVWLFV� DQG� 3URGXFWV�� 9\VVKD\D� 6KNROD�
0RVFRZ��������>LQ�5XVVLDQ@�

����/�6�.DOLQLQD�� 0�$�0RWRULQD�� 1�,�1LNLWLQD� HW
DO��� $QDO\VLV� RI� &RQGHQVDWLRQ� 3RO\PHUV�
.KLPLD��0RVFRZ��������>LQ�5XVVLDQ@�

����7�$�%ODQN��/�3�(NVSHULDQGRYD��/�,�*RURGLORYD
HW�DO���)XQFWLRQDO�0DWHULDOV�����������������

����7�$�%ODQN�� /�3�(NVSHULDQGRYD�� .�6�2VWUDV±�
=K��$QDOLW��.KLP������������������

7DEOH����0DWHULDO�EDODQFH�RI�ZDWHU��ZW����LQ�'062�PRGLILHG�0)�SRO\PHUV�DQG�ROLJRPHUV

6DPSOH :DWHU��ZW���
(YDSRUDWHG

IURP
ROLJRPHU

5HOHDVHG
DV�VXUIDFH
PRLVWXUH

,Q�SRO\PHU
SULRU�WR
DQQHDOLQJ
�.�)LVFKHU�

5HPRYHG
DW�WKH
SRO\PHU
DQQHDOLQJ

,QWURGXFHG
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&DOFXODWHG
LQ�SRO\PHU

)RXQG�E\
.�)LVFKHU
WHFKQ�
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3RO\PHU�ZLWK
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