
EŐŚŝġŶ�ĐӈƵ ŬŚŽĂ�ŚҸĐ�ĐƀŶŐ�ŶŐŚҵ

dҢƉ�ĐŚş�<ŚŽĂ�ŚҸĐ�ǀă��ƀŶŐ�ŶŐŚҵ ŶŚŝҵƚ�ĜӀŝ͕�^Һ Ϯϯ͕�ϬϵͲϮϬϮϭϲϬ

35(3$5$7,21�2)�$�+<'523+2%,&�$1'�0,&52325286
0(0%5$1(�)25�0(0%5$1(�',67,//$7,21�86,1*�

7+(�'5<�:(7�3+$6(�,19(56,21�7(&+1,48(
'821*�&21*�+81*������1*8<(1�.,0�7+$1+������&$2�+$,�7+821*������1*2�7+,�/$1����

���,1752'8&7,21
,Q�UHFHQW�\HDUV��PHPEUDQH�GLVWLOODWLRQ��0'��KDV�UHFHLYHG�LQFUHDVLQJ�DWWHQWLRQ�

DV�D�SURPLVLQJ�SURFHVV� IRU� VHDZDWHU�GHVDOLQDWLRQ� WR�DXJPHQW� IUHVK�ZDWHU� VXSSO\� LQ�
PDQ\� DUHDV� DURXQG� WKH� ZRUOG�� LQFOXGLQJ� 9LHWQDP� >���@�� &RPSDUHG� WR� RWKHU�
GHVDOLQDWLRQ� SURFHVVHV��0'� SRVVHVVHV� VHYHUDO� LPSRUWDQW� DWWULEXWHV� WKDW�PDNH� LW� DQ�
LGHDO� FDQGLGDWH� IRU� VHDZDWHU�GHVDOLQDWLRQ�DSSOLFDWLRQV� DW� VPDOO�VFDOH� DQG� LQ� UHPRWH�
DUHDV�� 7KH� DGYDQWDJHV� RI�0'� RYHU� RWKHU� GHVDOLQDWLRQ� SURFHVVHV� LQFOXGH� ���� KLJK�
UHMHFWLRQ� RI� GLVVROYHG� VDOWV� DQG� LQYRODWLOH� FRQWDPLQDQWV�� ���� ORZ� SURSHQVLW\� WR�
PHPEUDQH�IRXOLQJ�DQG�VFDOLQJ�DQG�WKHUHIRUH�OHVV�IHHG�ZDWHU�SUH�WUHDWPHQW�UHTXLUHG��
DQG� ���� WKH� DELOLW\� WR� FRXSOH�ZLWK� UHQHZDEOH� HQHUJ\� VRXUFHV� VXFK� DV� VRODU� WKHUPDO�
HQHUJ\�DQG�ZDVWH�KHDW�IURP�RWKHU�SURFHVVHV�>���@��*LYHQ�WKHVH�DGYDQWDJHV��0'�KDV�
EHHQ� H[SORUHG� IRU� VHDZDWHU� GHVDOLQDWLRQ� WR� SURYLGH� SRWDEOH� ZDWHU� LQ� PDQ\� SODFHV�
VXFK�DV�RQ�FUXLVH�VKLSV�DQG�RQ�UHPRWH�LVODQGV�>����@�

2QH� LQWHJUDO� FRPSRQHQW� RI� WKH�0'�SURFHVV� LV� WKH� K\GURSKRELF�PLFURSRURXV�
PHPEUDQH�>����@��,Q�WKH�VHDZDWHU�0'�GHVDOLQDWLRQ�SURFHVV��WKLV�PHPEUDQH�DFWV�DV�D
SK\VLFDO�EDUULHU�WR�VHSDUDWH�D�KRW�VHDZDWHU�VWUHDP�IURP�D�FRRO�IUHVK�GLVWLOODWH�VWUHDP��
'XH�WR�LWV�K\GURSKRELF�DQG�PLFURSRURXV�QDWXUH��WKH�PHPEUDQH�SUHYHQWV�OLTXLG�ZDWHU�
WR�SHQHWUDWH�WKURXJK�EXW�DOORZV�ZDWHU�YDSRU�WR�WUDQVIHU�DFURVV�LWV�SRUHV�IURP�WKH�KRW
VHDZDWHU�VWUHDP�WR�WKH�FRRO�IUHVK�GLVWLOODWH��$V�ORQJ�DV�WKH�PHPEUDQH�SRUHV�UHPDLQ�
GU\� DQG� D� WHPSHUDWXUH� GLIIHUHQFH� LV� PDLQWDLQHG� EHWZHHQ� WKH� WZR� VLGHV� RI� WKH�
PHPEUDQH�� WKH� 0'� SURFHVV� FDQ� DFKLHYH� SXUH� GLVWLOODWH� GLUHFWO\� IURP� VHDZDWHU�
ZLWKRXW�WKH�QHHG�IRU ERLOLQJ�VHDZDWHU�DV�UHTXLUHG�LQ�FRQYHQWLRQDO�WKHUPDO�GLVWLOODWLRQ�
PHWKRGV��*LYHQ�WKLV�ZRUNLQJ�SULQFLSOH��WKH�PHPEUDQH�DQG�LWV�FKDUDFWHULVWLFV�SOD\�D�
YLWDO�UROH�LQ�GHWHUPLQLQJ�WKH�ZDWHU�IOX[�DQG�VDOW�UHMHFWLRQ�RI�WKH�0'�SURFHVV�IRU�WKH�
VHDZDWHU�GHVDOLQDWLRQ�DSSOLFDWLRQ�>����@�

0RVW� RI� 0'� PHPEUDQHV� DUH� SUHSDUHG� IURP� K\GURSKRELF� SRO\PHUV� XVLQJ� WKH�
SKDVH�LQYHUVLRQ�SURFHVV�>�����@��7KH�K\GURSKRELF�SRO\PHUV�XVHG�IRU�WKH�SUHSDUDWLRQ�RI�
0'�PHPEUDQHV�LQFOXGH�IXUWKHU�SRO\HWK\OHQH��3(���SRO\SURS\OHQH��33���SRO\WHWUDIOXRUR�
HWK\OHQH� �37)(��� DQG� SRO\YLQ\OLGHQH� GLIOXRULGH� �39')��� $PRQJVW� WKHVH� SRO\PHUV��
39')�LV�WKH�PRVW�ZLGHO\�UHSRUWHG�SRO\PHU�XVHG�IRU�0'�PHPEUDQH�SUHSDUDWLRQ�GXH�WR�
LWV�H[FHOOHQW�SK\VLR�FKHPLFDO�DQG�WKHUPDO�VWDELOLW\�DQG�WKH�HDVH�RI�SURFHVVLQJ�>�����@��
'XULQJ�WKH�SKDVH�LQYHUVLRQ�SURFHVV�WR�SUHSDUH�0'�PHPEUDQHV��D�KRPRJHQRXV�VROXWLRQ�
RI� WZR� RU� PRUH� SRO\PHUV� LV� WUDQVIRUPHG� WR� D� VROLG� VWDWH� LQ� ZKLFK� PHPEUDQH� ULJLG�
VWUXFWXUH� DQG� SRUHV� DUH� IRUPHG� DV� D� UHVXOW� RI� WKH� SKDVH� LQYHUVLRQ�� 7KHUH� DUH� VHYHUDO�
WHFKQLTXHV�WR�DFKLHYH�SKDVH�LQYHUVLRQ��EXW�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ��L�H��DOVR�FDOOHG�
DV� WKH�/RHE�6RXULUDMDQ�� LV� WKH�PRVW� FRPPRQO\�XVHG� WHFKQLTXH� IRU� WKH�SUHSDUDWLRQ�RI�
39')�EDVHG�0'�PHPEUDQHV�>��@��'XULQJ�WKH�SKDVH�LQYHUVLRQ�WR�IRUP�WKH�PHPEUDQH��
PDQ\�IDFWRUV�FDQ�DIIHFW�WKH�FKDUDFWHULVWLFV�RI�WKH�SUHSDUHG�PHPEUDQH��7KH�PRVW�QRWDEOH�
IDFWRUV�DUH�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�DQG�WKH�DPELHQW�PRLVWXUH�
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7KLV� VWXG\� DLPV� WR� WULDO� WKH� SUHSDUDWLRQ� RI� K\GURSKRELF� PLFURSRURXV� 0'�
PHPEUDQHV�IURP�39')�SRO\PHU�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH��0'�
PHPEUDQHV� ZHUH� ILUVW� SUHSDUHG� XVLQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ� WHFKQLTXH� DW�
GLIIHUHQW� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW� PRLVWXUH�� 7KH� SUHSDUHG�
PHPEUDQHV�ZHUH�WKHQ�FKDUDFWHUL]HG�XVLQJ�YDULRXV�DQDO\WLFDO�PHWKRGV�WR�H[DPLQH�WKH�
HIIHFWV� RI� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW� PRLVWXUH� RQ� WKH� PHPEUDQH�
VWUXFWXUDO�DQG�PRUSKRORJLFDO�SURSHUWLHV��

���0$7(5,$/6�$1'�0(7+2'6

�����0DWHULDOV

&KHPLFDOV� XVHG� WR� SUHSDUH� 0'� PHPEUDQHV� LQ� WKLV� VWXG\� LQFOXGHG� SRO\�
YLQ\OLGHQH� IOXRULGH� �39')�� �ZLWK� PROHFXODU� ZHLJKW� RI� a���� N'D��� WUL�HWK\OHQH�
SKRVSKDWH� �7(3�� ��������� ��SURSDQRO� ��������� DQG� HWKDQRO� ������� $OO� FKHPLFDOV�
ZHUH�ODERUDWRU\�JUDGH�DQG�SURYLGHG�E\�$OID�$HVDU��'HLRQL]HG��',��ZDWHU�ZDV�XVHG�
WR�SUHSDUH�WKH�FRDJXODWLRQ�EDWK�ZLWK���SURSDQRO��L�H�����PO�RI���SURSDQRO�ZDV�PL[HG�
ZLWK� ���� PO� RI� ',� ZDWHU��� $QRWKHU� FKHPLFDO� �Q�EXWDQRO� ����� ZDV� XVHG� IRU� WKH�
PHDVXUHPHQW�RI�PHPEUDQH SRURVLW\�

�����7KH�SUHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�WKH�PHPEUDQH

0'�PHPEUDQHV� ZHUH� SUHSDUHG� XVLQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ� WHFKQLTXH�
>��@��)LUVWO\��D����ZW���SRO\PHU�VROXWLRQ�ZDV�SUHSDUHG�E\�GLVVROYLQJ�39')�LQ�7(3�
ZLWK�PDJQHWLF�DJLWDWLRQ�DW���q&�SULRU�WR�RYHUQLJKW�FRROLQJ�LQ�D�UHIULJHUDWRU��7KHQ��WKH�
SRO\PHU� VROXWLRQ� ZDV� FDVWHG� XVLQJ� D� PHPEUDQH� FDVWLQJ� PDFKLQH� �)LJ�� ���� 7KH�
PHPEUDQH�FDVWLQJ�PDFKLQH�ZDV�SURYLGHG�E\�0HPFDVW��IURP�7KH�1HWKHUODQGV���DQG LW�
ZDV�DEOH�WR�UHJXODWH�WKH�FDVWLQJ�WHPSHUDWXUH��7KH�WKLFNQHVV�RI�WKH�FDVWHG�PHPEUDQH�
ZDV�FRQWUROOHG�XVLQJ�D�FDVWLQJ�NQLIH�ZLWK�GLIIHUHQW�HGJH�JDSV��7R�UHJXODWH�WKH�PRLVWXUH
RI�WKH�DPELHQW�DLU�GXULQJ�WKH�PHPEUDQH�FDVWLQJ�SURFHVV��WKH�FDVWLQJ�PDFKLQH�ZDV�SXW�
LQ�DQ�HQYLURQPHQWDO�FKDPEHU�LQ�ZKLFK�WKH�DLU�PRLVWXUH�ZDV�UHJXODWHG�XVLQJ�QLWURJHQ�
JDV�IORZ��$�JODVV�SODWH�ZDV�XVHG�DV�D�EDVH�IRU�PHPEUDQH�FDVWLQJ�

$IWHU� FDVWLQJ� WKH� SRO\PHU� VROXWLRQ� RQ� WKH� JODVV� SODWH� DW� UHJXODWHG� SRO\PHU�
VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW� PRLVWXUH�� WKH� JODVV� SODWH� ZLWK� WKH� PHPEUDQH�
IRUPHG�RQ�LWV�VXUIDFH�ZDV�WUDQVIHUUHG�WR�DQG�LPPHUVHG�LQ�WKH�FRDJXODWLRQ�EDWK��WKH�
������ VROXWLRQ� RI� ��SURSDQRO� LQ�',�ZDWHU�� LQ� ��PLQXWHV� �L�H�� WKH� FRDJXODWLRQ� EDWK�
ZDV� DOVR� NHSW� LQ� WKH� HQYLURQPHQWDO� FKDPEHU��� 7KHQ� WKH� JODVV� SODWH� DQG� WKH�
PHPEUDQH�ZHUH�ZLWKGUDZQ�IURP�WKH�HQYLURQPHQWDO�FKDPEHU�DQG�LPPHUVHG�LQ�D�',�
ZDWHU�EDWK�RYHUQLJKW�WR�FRPSOHWHO\�UHPRYH�WKH�UHVLGXDO�RI�VROYHQW��6XEVHTXHQWO\��WKH�
JODVV� SODWH� DQG� WKH�PHPEUDQH�ZHUH� GULHG� LQ� DQ� RYHQ� DW� ��q&� IRU ��� KRXUV��$IWHU�
GU\LQJ� LQ� WKH� RYHQ�� WKH� PHPEUDQH� ZDV� JHQWO\� UHPRYHG� IURP� WKH� JODVV� SODWH� E\�
SDUWLDOO\� VSUD\LQJ� WKH�PHPEUDQH� DQG� WKH� SODWH� ZLWK� WKH� ���� HWKDQRO� LQ� ',�ZDWHU�
VROXWLRQ�� 7KH� PHPEUDQH� ZDV� DLU� GULHG� SULRU� WR� LWV� VWUXFWXUDO� DQG� PRUSKRORJLFDO�
FKDUDFWHUL]DWLRQ�DQDO\VHV�
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)LJXUH��� 7KH�SKRWR�RI�WKH�0(0&$67�PHPEUDQH�FDVWLQJ�PDFKLQH�XVHG IRU�WKH�
SUHSDUDWLRQ�RI�WKH�PHPEUDQH�LQ�ODERUDWRU\�

7KH�VWUXFWXUDO�DQG�PRUSKRORJLFDO�SURSHUWLHV�RI�WKH�SUHSDUHG�PHPEUDQHV ZHUH�
FKDUDFWHUL]HG� XVLQJ� )RXULHU� WUDQVIRUP� LQIUDUHG� VSHFWURVFRS\� �)7�,5��� ;�5D\�
GLIIUDFWLRQ� �;5'��� VFDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(0��� DQG� FRQWDFW� DQJOH�
PHDVXUHPHQW� �&$0��� 7KH� )7�,5� DQG� FRQWDFW� DQJOH� PHDVXUHPHQW� DQDO\VHV� ZHUH�
FRQGXFWHG�XVLQJ�D�6SHFWUXP�7ZR�)7�,5�6SHFWURPHWHU�DQG�&$0������UHVSHFWLYHO\�
DW� WKH� )DFXOW\� RI� 3K\VLR�&KHPLFDO� (QJLQHHULQJ� RI� /H� 4X\� 'RQ 7HFKQLFDO�
8QLYHUVLW\��ZKLOH�WKH�;5'�DQG�6(0�DQDO\VHV�ZHUH�FRQGXFWHG�XVLQJ�WKH�6,(0(16�
'�����%UXNHU�DQG�60�����/9�DW�9LHWQDP�$FDGHP\�RI�6FLHQFH�DQG�7HFKQRORJ\�

7KH�SRURVLW\�RI�WKH�SUHSDUHG�PHPEUDQHV�ZDV�GHWHUPLQHG�XVLQJ�WKH�JUDYLPHWULF�
PHWKRG��%ULHIO\��D�GULHG�PHPEUDQH�FRXSRQ�ZDV�ZHLJKWHG�XVLQJ�DQ�DQDO\WLFDO�EDODQFH�
DQG� WKHQ� WRWDOO\� VXEPHUJHG� LQ� Q�EXWDQRO� LQ� D� JODVV� EHDNHU� IRU� �� KRXUV�� 7KHQ�� WKH�
ZHWWHG�PHPEUDQH�FRXSRQ�ZDV�WDNHQ�RXW�RI�WKH�EHDNHU��7KH�H[FHVVLYH�Q�EXWDQRO�RQ�
WKH� ZHWWHG� PHPEUDQH� VXUIDFHV� ZHUH� UHPRYHG� XVLQJ� Q\ORQ� IDEULFV�� 7KH� ZHWWHG�
PHPEUDQH�ZDV�WKHQ�TXLFNO\�ZHLJKWHG�XVLQJ�WKH�DQDO\WLFDO�EDODQFH��7KH�SRURVLW\�RI�
WKH�PHPEUDQH�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�>��@�
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ZKHUH�H ZDV�WKH�PHPEUDQH�SRURVLW\������PO DQG�PS ZHUH�WKH�ZHLJKW�RI�WKH�ZHWWHG�
DQG�GU\�PHPEUDQH�FRXSRQ��DQG�UO DQG�USZHUH�WKH GHQVLW\�RI�Q�EXWDQRO�DQG�39')�
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���5(68/76�$1'�',6&866,216

�����7KH�IRUPDWLRQ�RI�39')�FU\VWDOV�GXULQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ

39')� FU\VWDOV� H[LVW� LQ� IRXU� GLIIHUHQW� VWUXFWXUHV�� LQFOXGLQJ� Į�� ȕ�� Ȗ�� DQG� į�
GHSHQGLQJ� RQ� WKHLU� IRUPDWLRQ� FRQGLWLRQV�� 7KH� ;5'� DQDO\VHV� RI� WKH� PHPEUDQHV�
SUHSDUHG�LQ�WKLV�VWXG\�GHPRQVWUDWH�WKH�GRPLQDQW�VWUXFWXUHV�RI�39')�FU\VWDOV�IRUPHG�
GXULQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�SURFHVV�ZHUH�Į�DQG�ȕ�� ,Q�WKH�;5'�VSHFWUXP�RI�
WKH�SUHSDUHG�0'�PHPEUDQH� �)LJ������SHDNV� ��������DQG� ��������DW� WKH �T YDOXH�RI�
a����q UHSUHVHQW� WKH� Į� SKDVH� FU\VWDOV� �PRQRFOLQLF�� VSDFH� JURXS� 3���F��� ZKLOH� WKH�
SHDN���������DW�WKH��T RI�����q LV�IRU�WKH�ȕ�SKDVH�FU\VWDOV��RUWKRUKRPELF�VSDFH�JURXS�
&P�P���7KH�)7�,7�VSHFWUXP�VKRZQ�LQ�)LJ����DOVR�FRQILUPV�WKH�IRUPDWLRQ�RI�Į�DQG�
ȕ�VWUXFWXUH� 39')� FU\VWDOV� GXULQJ� WKH� SUHSDUDWLRQ� RI� WKH�0'�PHPEUDQH� XVLQJ� WKH�
GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH��7KH�SHDNV�DQG�YLEUDWLRQ�EDQGV�FRUUHVSRQGLQJ�IRU�
Į� DQG� ȕ� FU\VWDOV� SUHVHQWHG� LQ� )LJ�� �� PDWFK� ZLWK� WKRVH� UHSRUWHG� LQ� WKH� VWXG\� E\�
*UHJRULR�HW�DO��>��@�

)LJXUH��� 7KH�;5'�VSHFWUXP�RI�WKH�0'�PHPEUDQH�SUHSDUHG�XVLQJ�WKH�GU\�ZHW�
SKDVH�LQYHUVLRQ�WHFKQLTXH��7KH�;5'�DQDO\VLV�ZDV�FRQGXFWHG�XVLQJ�WKH�6,(0(16�

'�����%UXNHU�DW�9LHWQDP�$FDGHP\�RI�6FLHQFH�DQG�7HFKQRORJ\�

7KH� VWUXFWXUDO� DQDO\VHV� RI� WKH� 0'� PHPEUDQH� SUHSDUHG� LQ� WKLV� VWXG\� DUH�
FRQVLVWHQW�ZLWK�WKH�UHVXOWV�UHSRUWHG�LQ�WKH�VWXG\�E\�%XRQRPHQQD�HW�DO��>��@ LQ�ZKLFK�
D�39')�EDVHG�0'�PHPEUDQH�ZDV�DOVR SUHSDUHG�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�
WHFKQLTXH� EXW� ZLWK� WZR� GLIIHUHQW� FRDJXODWLRQ� VROXWLRQV� LQFOXGLQJ� GLPHWK\O�
DFHWDPPLGH� �'0$��ZDWHU� DQG� '0$�DOFRKRO�� 7KH� 39')�EDVHG� 0'� PHPEUDQH�
UHSRUWHG� LQ� WKH� VWXG\� >��@ DOVR�H[LVWHG� LQ�FU\VWDO� VWUXFWXUHV�RI�Į� DQG�ȕ��GHVSLWH� WKH�
YDU\LQJ� UDWLR� EHWZHHQ� WKHVH� WZR� FU\VWDO� VWUXFWXUHV� ZKHQ� WKH� FDVWLQJ� FRQGLWLRQV�
FKDQJHG�� 7KH� IRUPDWLRQ� RI� Į� DQG� ȕ� FU\VWDOV� GXULQJ� WKH� SUHSDUDWLRQ� RI� WKH� 0'�
PHPEUDQHV� SUHSDUHG� LQ� WKLV� VWXG\�PLJKW� EH� DOVR� VXEMHFWHG� WR� WKH� SKDVH� LQYHUVLRQ�
FRQGLWLRQV��SDUWLFXODUO\�WKH�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�DQG�WKH�DPELHQW�PRLVWXUH��
7KLV�ZLOO�EH�HOXFLGDWHG�LQ�WKH�QH[W�VHFWLRQV�
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)LJXUH��� 7KH�)7�,5�VSHFWUXP�RI�WKH�0'�PHPEUDQH�SUHSDUHG�XVLQJ�WKH
GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH��7KH�)7�,5�DQDO\VLV�ZDV�FRQGXFWHG�XVLQJ�
WKH�6SHFWUXP�7ZR�)7�,5�6SHFWURPHWHU�DW�WKH�)DFXOW\�RI�3K\VLR�&KHPLFDO

(QJLQHHULQJ�RI�/H�4X\�'RQ�7HFKQLFDO�8QLYHUVLW\

����� (IIHFWV� RI� WKH� SUHSDUDWLRQ� FRQGLWLRQV� RQ� WKH� FU\VWDO� VWUXFWXUHV� DQG�
SRURVLW\�RI�WKH�39')�PHPEUDQH

)DFWRUV� WKDW� FDQ� DIIHFW� WKH� IRUPDWLRQ� RI� 39')� FU\VWDOV� GXULQJ� WKH� 0'�
PHPEUDQH�SUHSDUDWLRQ�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH�LQFOXGH�SRO\PHU�
VROXWLRQ� FRPSRVLWLRQ� DQG� WHPSHUDWXUH�� DPELHQW� PRLVWXUH�� FRDJXODWLRQ� FRQGLWLRQV�
�H�J�� FRDJXODWLRQ� PL[WXUH� FRPSRVLWLRQ� DQG� FRDJXODWLRQ� WLPH��� DQG� WKHUPDO� SRVW�
WUHDWPHQW� RI� WKH� PHPEUDQH� DIWHU� WKH� FRDJXODWLRQ� VWHS�� 3UHYLRXV� VWXGLHV� KDYH�
LQYHVWLJDWHG� WKH� HIIHFWV� RI� SRO\PHU� VROXWLRQ� DQG� FRDJXODWLRQ� FRPSRVLWLRQV� DQG� WKH�
FRDJXODWLRQ�GXUDWLRQ�DQG� WKHUPDO�SRVW�WUHDWPHQW RQ� WKH� VWUXFWXUDO� SURSHUWLHV�RI� WKH�
39')�EDVHG�0'�PHPEUDQHV� >�����@��7KHUHIRUH�� WKLV� VWXG\�RQO\� DLPV� WR� H[DPLQH�
WKH� HIIHFWV� RI� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW� PRLVWXUH� RQ� WKH� FU\VWDO�
VWUXFWXUHV�DQG�SRURVLW\�RI�WKH�39')�EDVHG�0'�PHPEUDQHV�SUHSDUHG�XVLQJ�WKH�GU\�
ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH�

$V�GHPRQVWUDWHG�LQ�)LJ�����HOHYDWLQJ�WKH�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�UHVXOWHG�
LQ�LQFUHDVHV�LQ�WKH�SRURVLW\�RI�WKH�0'�PHPEUDQHV�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�
WHFKQLTXH��7KH�SRURVLW\�RI�WKH�0'�PHPEUDQHV�LQFUHDVHG�IURP�������WR�QHDUO\�����
ZKHQ�WKH�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�ZDV�HOHYDWHG�IURP���q&�WR���q&��UHJDUGOHVV�
HLWKHU� D RU� E FU\VWDOV� ZHUH� IRUPHG� GXULQJ� WKH� SKDVH� LQYHUVLRQ� RI� 39')�� 7KH�
LQFUHDVHG� PHPEUDQH� SRURVLW\� DW� HOHYDWHG� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� PLJKW� EH�
DWWULEXWHG� WR� WKH� UHGXFHG� YLVFRVLW\� RI� WKH� SRO\PHU� VROXWLRQ� EXW� LQFUHDVHG� PDVV�
WUDQVIHU�RI�VROYHQW��L�H��7(3��IURP�WKH�SRO\PHU�VROXWLRQ�WR�WKH�FRDJXODWLRQ�EDWK��7KH�
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PRUH� SRO\PHU� VROYHQW� WUDQVIHUUHG� WR� WKH� FRDJXODWLRQ� EDWK�� WKH� PRUH� YRLGV� ZHUH�
IRUPHG� GXULQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ�� DQG� KHQFH� WKH� PRUH� SRURXV� 0'�
PHPEUDQH�ZDV�FUHDWHG��7KH�SRURVLW\�LV�D�YLWDO�VWUXFWXUDO�SURSHUW\�RI�0'�PHPEUDQHV�
DV� LW� GHWHUPLQHV� VHYHUDO� LPSRUWDQW� PHPEUDQH� FKDUDFWHULVWLFV� VXFK� DV� ZDWHU�
SHUPHDELOLW\��WKHUPDO�FRQGXFWLYLW\��DQG�PHFKDQLFDO�VWUHQJWK�>�����@��,W�LV�QRWHZRUWK\�
WKDW� WKH� SRURVLW\� RI� WKH� SUHSDUHG� 0'� PHPEUDQHV� UHSRUWHG� LQ� WKLV� VWXG\� ZDV�
PHDVXUHG�DQG�WKHQ�FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ�����ZKLFK�LQYROYHG�WKH�GHQVLW\�RI�
39')��$V�E 39')�FU\VWDO�KDV�KLJKHU�GHQVLW\�WKDQ�D RQH��L�H�������YHUVXV��������WKH�
FDOFXODWHG� SRURVLW\� RI� WKH�E�39')�PHPEUDQH�ZDV� VOLJKWO\� KLJKHU� WKDQ� WKDW� RI�D�
39')�PHPEUDQH��)LJ�����

)LJXUH��� 7KH�HIIHFWV�RI�WKH�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�SRURVLW\�RI�WKH�
SUHSDUHG�0'�PHPEUDQHV�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�DW�DPELHQW�PRLVWXUH�RI����

7KH�;5'�DQDO\VHV�RI� WKH�SUHSDUHG�0'�PHPEUDQHV� UHYHDO� WKDW�HOHYDWLQJ� WKH�
SRO\PHU�VROXWLRQ�WHPSHUDWXUH�IDYRUHG�WKH�IRUPDWLRQ�RI�D FU\VWDOV�RYHU�WKH�E FU\VWDOV��
,Q� WKH� ;5'� VSHFWUD� VKRZQ� LQ� )LJXUH� ��� WKH� PLGGOH� SHDNV� UHSUHVHQW� WKH� RYHUODS�
VSHFWUD�RI�D DQG�E FU\VWDOV��2Q�WKH�VSHFWUD�RI�0����WKH�PHPEUDQH�SUHSDUHG�DW� WKH�
SRO\PHU� VROXWLRQ� WHPSHUDWXUH� RI� ��q&��� WKH�PLGGOH� SHDN� DSSURDFKHG� FORVHU� WR� WKH�
OLQH�RI�����q��ZKLFK�LV�WKH��T YDOXH�IRU�E FU\VWDOV���ZKHUHDV�WKH�PLGGOH�SHDN�RI�WKH�
0���PRYHG�WRZDUGV�WKH�����q FRUUHVSRQGLQJ�WR�WKH�D FU\VWDOV��7KLV�PHDQV�WKDW�PRUH�
E FU\VWDOV�ZHUH�IRUPHG�LQ�WKH�0���WKDQ�LQ�WKH�0����,Q�RWKHU�ZRUGV��PRUH�E FU\VWDOV�
DQG� OHVV� D FU\VWDOV� ZHUH� IRUPHG� GXULQJ� WKH� SKDVH� LQYHUVLRQ� DW� ORZHU� SRO\PHU�
VROXWLRQ� WHPSHUDWXUH��7KLV� WUHQG�ZDV�FRQILUPHG�E\� WKH�)7�,5�DQDO\VHV�RI� WKH�0���
DQG�0���PHPEUDQHV�VKRZQ�LQ�)LJXUH���
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)LJXUH��� 7KH�;5'�VSHFWUD�RI�WZR�0'�PHPEUDQHV�SUHSDUHG�DW�SRO\PHU�VROXWLRQ�
WHPSHUDWXUH�RI���q&��0����DQG�RI���q&��0�����DQG�DPELHQW�PRLVWXUH�RI����

)LJXUH��� 7KH�)7�,5�VSHFWUD�RI�PHPEUDQHV�SUHSDUHG�XVLQJ�WKH�GU\�ZHW�SKDVH�
LQYHUVLRQ�WHFKQLTXH�DW�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�RI���q �0����DQG�RI���q&�

�0�����DQG�DPELHQW�PRLVWXUH�RI����

8QOLNH�SRO\PHU�VROXWLRQ� WHPSHUDWXUH��DPELHQW�PRLVWXUH�QHJDWLYHO\�DIIHFWHG� WKH�
SRURVLW\� RI� WKH� SUHSDUHG� 0'� PHPEUDQHV�� 7KH� PHPEUDQH� SUHSDUHG� DW� WKH� SKDVH�
LQYHUVLRQ� DPELHQW�PRLVWXUH� RI� ����KDG�SRURVLW\� RI� �������ZKLFK�ZDV�PXFK�KLJKHU�
WKDQ� WKH� SRURVLW\� RI� WKH� PHPEUDQH� SUHSDUHG� DW� WKH� DPELHQW� PRLVWXUH� RI� ����� 7KH�
GHFUHDVHG� SRURVLW\� RI� WKH SUHSDUHG� PHPEUDQH� DW� KLJKHU� SKDVH� LQYHUVLRQ� DPELHQW�
PRLVWXUH�PLJKW� EH� EHFDXVH� RI� WKH� UDSLG� FU\VWDOOL]DWLRQ� RI� WKH�39')� FU\VWDOV� DW� KLJK�
DPELHQW�PRLVWXUH��'XH�WR�WKH�KLJK�DIILQLW\�RI�WKH�7(3�VROYHQW��PRLVWXUH��ZDWHU�YDSRU��
ZDV�DEVRUEHG�WR�WKH�SRO\PHU�VROXWLRQ�GXULQJ�WKH�FDVWLQJ�RI�WKH�PHPEUDQH�RQ�WKH�JODVV�
SODWH��$V� D�QRQ�VROYHQW��ZDWHU� IDFLOLWDWHG� WKH� FU\VWDOOL]DWLRQ�RI� WKH�39')��DQG�KHQFH�
DFFHOHUDWHG�WKH�IRUPDWLRQ�RI�FU\VWDO�QXFOHL�RYHU�WKH�JURZWK�RI�IRUPHG�FU\VWDOV��UHVXOWLQJ�
LQ�WKH�IRUPDWLRQ�RI�PRUH�VPDOO�FU\VWDOV��7KH�39')�EDVHG�0'�PHPEUDQH�ZLWK�VPDOOHU�
FU\VWDOV�KDG�ORZHU�SRURVLW\�WKDQ�WKDW�ZLWK�ODUJHU�FU\VWDOV��7KLV�ZLOO�EH�PDQLIHVWHG�ODWHU�
E\�DQDO\]LQJ�WKH�PLFURVFRSH�DQG�6(0�LPDJHV�RI�WKH�SUHSDUHG�0'�PHPEUDQHV�
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)LJXUH��� (IIHFW�RI�WKH�DPELHQW�PRLVWXUH�GXULQJ�WKH�SKDVH�LQYHUVLRQ�RQ�WKH�SRURVLW\�
RI�WKH�SUHSDUHG�PHPEUDQH��SRO\PHU�VROXWLRQ�WHPSHUDWXUH�RI���q&�

7KH�)7�,5�DQDO\VLV�RI�WKH�SUHSDUHG�0'�PHPEUDQHV�DOVR�UHYHDOV�WKDW�DW�KLJKHU�
DPELHQW�PRLVWXUH��D FU\VWDOV�WHQGHG�WR�EH�IRUPHG�PRUH�WKDQ�E RQHV��)LJ������7KH�)7�
,5�VSHFWUXP�RI�WKH�PHPEUDQH�SUHSDUHG�DW�WKH�DPELHQW�PRLVWXUH�RI������0����ZDV�
DOZD\V� EHORZ� WKH� VSHFWUXP� RI� WKH�PHPEUDQH� SUHSDUHG� DW� WKH� DPELHQW�PRLVWXUH� RI�
�����0�����LQGLFDWLQJ�WKDW�PRUH�D FU\VWDOV�ZHUH�IRUPHG�DW�KLJKHU�DPELHQW�PRLVWXUH��
ZKHUHDV�ORZ�DPELHQW�PRLVWXUH�ZDV�IDYRUDEOH�IRU�WKH�IRUPDWLRQ�RI�E FU\VWDOV��&U\VWDO�
VWUXFWXUHV�RI� WKH�39')�EDVHG�0'�PHPEUDQHV�QRW�RQO\� DIIHFWHG� WKHLU�SRURVLW\�EXW�
DOVR�GHWHUPLQHG�WKHLU�PRUSKRORJLFDO�SURSHUWLHV��7KH�QH[W�VHFWLRQ�ZLOO�SURYLGH�PRUH�
GHWDLOV�DERXW�WKLV��

)LJXUH��� 7KH�)7�,5�VSHFWUD�RI�PHPEUDQHV�SUHSDUHG�DW�DPELHQW�PRLVWXUH�RI�����
�0����DQG�RI������0�����SRO\PHU�VROXWLRQ�WHPSHUDWXUH�RI���q&�
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�����7KH�PRUSKRORJLFDO�SURSHUWLHV�RI�WKH�SUHSDUHG�0'�PHPEUDQHV

6XUIDFH� DQDO\VHV� RI� WKH� SUHSDUHG� 0'� PHPEUDQHV� XQGHUSLQ� WKH� SURIRXQG�
HIIHFWV�RI�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�DQG�DPELHQW�PRLVWXUH�RQ�WKH�PRUSKRORJ\�RI�
WKH� PHPEUDQHV��:KHQ� FRQGXFWLQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ� DW� KLJKHU� SRO\PHU�
VROXWLRQ� WHPSHUDWXUH� DQG�DPELHQW�PRLVWXUH��39')�EDVHG�PHPEUDQHV�ZLWK�PRUH�D
FU\VWDOV� ZHUH� IRUPHG�� WKHUHIRUH�� 0'� PHPEUDQHV� SUHSDUHG� DW� WKHVH� FRQGLWLRQV�
DSSHDUHG� WR� KDYH� SDUWLFXODWH� PRUSKRORJ\� �L�H�� FRUUHVSRQGLQJ� WR� WKH� SDUWLFOH� D
FU\VWDOV�� �)LJ�� �� $	%��� 2Q� WKH� RWKHU� KDQG�� UHGXFLQJ� WKH� SRO\PHU� VROXWLRQ�
WHPSHUDWXUH�DQG�DPELHQW�PRLVWXUH�SURPRWHG� WKH�IRUPDWLRQ�RI�E�39')�PHPEUDQHV�
DQG� KHQFH� WKH\� H[KLELWHG�PRUH� FHOOXODU� VWUXFWXUH� �)LJ�� �� &	'��� 7KH� 39')�EDVHG�
0'�PHPEUDQHV�ZLWK�FHOOXODU�VWUXFWXUH�SRVVHVV�KLJKHU�PHFKDQLFDO�VWUHQJWK�WKDQ�WKH�
SDUWLFXODWH�VWUXFWXUH� PHPEUDQHV� ZLWK� WKH� VLPLODU� PHPEUDQH� SRURVLW\�� 7KXV�� WKH�
UHVXOWV�UHSRUWHG�KHUH�KLJKOLJKW�WKH�QHHG�WR�FRQGXFW�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�VWHS�
DW� ORZ� SRO\PHU� VROXWLRQ� DQG� DPELHQW� PRLVWXUH� WR� REWDLQ� 39')�EDVHG� 0'�
PHPEUDQHV�ZLWK�EHWWHU�PHFKDQLFDO�VWUHQJWK�

7KH� 6(0� DQDO\VHV� DOVR� FRQILUP� WKDW� PLFURSRURXV� 0'� PHPEUDQHV� ZHUH�
DFKLHYHG�DIWHU�WKH�SUHSDUDWLRQ�SURFHVV�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH��
7KH� REWDLQHG� PHPEUDQHV� ZHUH� SRURXV� ZLWK� SRUH VL]HV� LQ� WKH� PP� UDQJH� IRU� ERWK�
SDUWLFXODWH�DQG�FHOOXODU�VWUXFWXUH��)LJ����%	'��

)LJXUH���0LFURVFRSH�DQG�6(0�LPDJHV�RI�WKH�0'�PHPEUDQHV�SUHSDUHG�DW�GLIIHUHQW�
SRO\PHU�VROXWLRQ�WHPSHUDWXUH�DQG�DPELHQW�PRLVWXUH���$��	��%��SRO\PHU�VROXWLRQ�
WHPSHUDWXUH� ���q&��DPELHQW�PRLVWXUH������DQG��&��	��'��SRO\PHU�VROXWLRQ�

WHPSHUDWXUH� ���q&��DPELHQW�PRLVWXUH����

�$� �%�

�&� �'�
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7KH�FRQWDFW�DQJOH�PHDVXUHPHQWV�RI�WKH�39')�EDVHG�0'�PHPEUDQHV�SUHSDUHG�
LQ�WKLV�VWXG\�FRQILUP�WKHLU�K\GURSKRELFLW\��7KH�PHPEUDQH�ZDWHU�FRQWDFW�DQJOH�RI�WKH�
0���PHPEUDQH�ZDV�VOLJKWO\�ORZHU�WKDQ�WKDW�RI�WKH�0���PHPEUDQH��L�H�����q YHUVXV�
���q��� EXW� ERWK� ZHUH� IDU� KLJKHU� WKDQ� ��q�� ZKLFK� LV� WKH� EHQFKPDUN� ZDWHU� FRQWDFW�
DQJOH� IRU� 0'� PHPEUDQHV� XVHG� IRU� GHVDOLQDWLRQ� SXUSRVHV�� 7KHUHIRUH�� WKH� 0'�
PHPEUDQHV�SUHSDUHG�XVLQJ� WKH�GU\�ZHW�SKDVH� LQYHUVLRQ� WHFKQLTXH� LQ� WKLV� VWXG\�DUH�
VXLWDEOH�IRU�VHDZDWHU�GHVDOLQDWLRQ�DSSOLFDWLRQV��+RZHYHU��IXUWKHU�VWXGLHV�DUH�UHTXLUHG�
WR� H[DPLQH� WKH� WKHUPDO� DQG� PHFKDQLFDO� VWDELOLW\� RI� WKHVH� PHPEUDQHV� DQG� WKHLU�
SHUIRUPDQFH�LQ�0'�V\VWHPV�XQGHU�UHDO�FRQGLWLRQV�

���&21&/86,216

,Q� WKLV� VWXG\�� 39')�EDVHG� K\GURSKRELF� PLFURSRURXV� 0'� PHPEUDQHV� ZHUH�
VXFFHVVIXOO\�SUHSDUHG�XVLQJ�WKH�GU\�ZHW�SKDVH�LQYHUVLRQ�WHFKQLTXH��7KH�VWUXFWXUDO�DQG�
PRUSKRORJLFDO�DQDO\VHV�RI�WKH�SUHSDUHG�0'�PHPEUDQHV�GHPRQVWUDWH�SURIRXQG�HIIHFWV�
RI� WKH� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW� PRLVWXUH� RQ� WKH� IRUPV� RI� 39')�
FU\VWDOV� DQG� WKH� PHPEUDQH� SRURVLW\�� 7KH� 39')�EDVHG� SUHSDUHG� 0'� PHPEUDQHV�
H[LVWHG� LQ� FU\VWDO� IRUPV�RI�D DQG�E�� DQG� UHGXFLQJ�SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG�
DPELHQW�PRLVWXUH� SURPRWHG� WKH� IRUPDWLRQ�RI�E�39')�FU\VWDOV��7KH�0'�PHPEUDQHV�
SUHSDUHG� DW� ORZ� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� DPELHQW�PRLVWXUH� WHQGHG� WR� KDYH�
PRUH� E FU\VWDOV� DQG� H[KLELWHG� FHOOXODU� VWUXFWXUH�� ZKLOH� WKH� SDUWLFXODWH� D�39')�
PHPEUDQHV�ZHUH�REWDLQHG�DW�KLJK�SRO\PHU�VROXWLRQ�WHPSHUDWXUH�DQG�DPELHQW�PRLVWXUH�

5()(5(1&(6

�� 6DLVDL�/LQ��+DL\DQJ�=KDR��/LSLQJ�=KX��7DR�+H��6KHQJIX�&KHQ��&RQJMLH�*DR��
DQG�/LQ�=KDQJ��6HDZDWHU�GHVDOLQDWLRQ�WHFKQRORJ\�DQG�HQJLQHHULQJ�LQ�&KLQD��$�
UHYLHZ��'HVDOLQDWLRQ�������������������

�� +XQJ�&RQJ�'XRQJ��&RQJ�1JX\HQ�1JX\HQ��8DQ�.KDF�'R��DQG�6RQ�7KDQK�/H��
0HPEUDQH�SURFHVVHV�DQG�WKHLU�SRWHQWLDO�DSSOLFDWLRQV�IRU�IUHVK�ZDWHU�SURYLVLRQ�
LQ�9LHWQDP��7ҥS�FKt�+yD�KӑF�������������������

�� +XQJ�&RQJ�'XRQJ��1KDQ�'XF� 3KDQ�� 7LQK�9DQ�1JX\HQ�� 7KDR�0DQK�3KDP��
DQG�1JX\HQ�&RQJ�1JX\HQ��0HPEUDQH�GLVWLOODWLRQ� IRU� VHDZDWHU� GHVDOLQDWLRQ�
DSSOLFDWLRQV�LQ�9LHWQDP��SRWHQWLDO�DQG�FKDOOHQJHV��7ҥS�FKt�.KRD�KӑF�Yj�&{QJ�
QJKӋ�9LӋW�1DP������� �����������

�� *D\DWKUL� 1DLGX�� /HRQDUG� 7LMLQJ�� 0�$�+�� -RKLU�� +RN\RQJ� 6KRQ�� DQG�
6DUDYDQDPXWKX� 9LJQHVZDUDQ�� +\EULG� PHPEUDQH� GLVWLOODWLRQ�� 5HVRXUFH��
QXWULHQW� DQG� HQHUJ\� UHFRYHU\�� -RXUQDO� RI� 0HPEUDQH� 6FLHQFH�� ������
�����������

�� 6FKZDQWHV 5���&LSROOLQD $���*URVV )���.RVFKLNRZVNL -���3IHLIOH '���5ROOHWVFKHN
0� DQG� 6XELHOD 9��� 0HPEUDQH� GLVWLOODWLRQ�� 6RODU� DQG� ZDVWH� KHDW� GULYHQ�
GHPRQVWUDWLRQ�SODQWV�IRU�GHVDOLQDWLRQ��'HVDOLQDWLRQ�������������������
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�� 4LQ� =KDR�� +RXFKHQJ� =KDQJ�� =L\DQJ� +X�� DQG� 6KXMLQ� +RX�� $� VRODU� GULYHQ�
K\EULG� SKRWRYROWDLF� PRGXOH�GLUHFW� FRQWDFW� PHPEUDQH� GLVWLOODWLRQ� V\VWHP� IRU�
HOHFWULFLW\� JHQHUDWLRQ� DQG� ZDWHU� GHVDOLQDWLRQ�� (QHUJ\� &RQYHUVLRQ� DQG�
0DQDJHPHQW�������������������

�� <LQJ�;X��%DR�NX�=KX��DQG�<RX�\L�;X��3LORW�WHVW�RI�YDFXXP�PHPEUDQH�GLVWLOODWLRQ�
IRU�VHDZDWHU�GHVDOLQDWLRQ�RQ�D�VKLS��'HVDOLQDWLRQ��������������������

�� 5XELQD� %DKDU� DQG� .LP� &KRRQ� 1J�� )UHVK� ZDWHU� SURGXFWLRQ� E\� PHPEUDQH�
GLVWLOODWLRQ� �0'�� XVLQJ� PDULQH� HQJLQH¶V� ZDVWH� KHDW�� 6XVWDLQDEOH� (QHUJ\�
7HFKQRORJLHV�DQG�$VVHVVPHQWV������������������

�� $EGXOODK�$ONKXGKLUL��1DLI�'DUZLVK��DQG�1LGDO�+LODO��0HPEUDQH�GLVWLOODWLRQ��$�
FRPSUHKHQVLYH�UHYLHZ��'HVDOLQDWLRQ�����������������

��� 0RKDPPHG� .DUDPD� $OVHEDHDL� DQG� $EGXO� /DWLI� $KPDG�� 0HPEUDQH�
GLVWLOODWLRQ�� 3URJUHVV� LQ� WKH� LPSURYHPHQW� RI� GHGLFDWHG� PHPEUDQHV� IRU�
HQKDQFHG�K\GURSKRELFLW\�DQG�GHVDOLQDWLRQ�SHUIRUPDQFH��-RXUQDO�RI�,QGXVWULDO�
DQG�(QJLQHHULQJ�&KHPLVWU\�����������������

��� -HJDQHV�5DYL��0RKG�+DIL]�']DUIDQ�2WKPDQ��7DNHVKL�0DWVXXUD��0XKDPPDG�
5R
LO�%LODG��7��+��(O�EDGDZ\��)DUKDQD�$]L]��$��)��,VPDLO��0XNKOLV�$��5DKPDQ��
DQG� -XKDQD� -DDIDU�� 3RO\PHULF� PHPEUDQHV� IRU� GHVDOLQDWLRQ� XVLQJ� PHPEUDQH�
GLVWLOODWLRQ��$�UHYLHZ��'HVDOLQDWLRQ�������������������

��� 1LFN� *XDQ� 3LQ� &KHZ�� 6KDQVKDQ� =KDR�� &KDQGUHVK�0DOGH�� DQG� 5RQJ�:DQJ��
3RO\YLQ\OLGHQH�IOXRULGH�PHPEUDQH�PRGLILFDWLRQ�YLD�R[LGDQW�LQGXFHG�GRSDPLQH�
SRO\PHUL]DWLRQ� IRU� VXVWDLQDEOH� GLUHFW�FRQWDFW� PHPEUDQH� GLVWLOODWLRQ�� -RXUQDO�
RI�0HPEUDQH�6FLHQFH������������������

��� )LGD� 7LEL�� $PLQH� &KDUIL�� -LQZRR� &KR�� DQG� -HRQJKZDQ�.LP��)DEULFDWLRQ� RI�
SRO\PHULF�PHPEUDQHV� IRU�PHPEUDQH� GLVWLOODWLRQ� SURFHVV� DQG�DSSOLFDWLRQ� IRU�
ZDVWHZDWHU� WUHDWPHQW�� &ULWLFDO� UHYLHZ�� 3URFHVV� 6DIHW\� DQG� (QYLURQPHQWDO�
3URWHFWLRQ��������������������

��� %XRQRPHQQD 0�*��� 0DFFKL 3��� 'DYROL 0� DQG� 'ULROL (��� 3RO\�YLQ\OLGHQH�
IOXRULGH��PHPEUDQHV�E\�SKDVH�LQYHUVLRQ��WKH�UROH�WKH�FDVWLQJ�DQG�FRDJXODWLRQ�
FRQGLWLRQV� SOD\� LQ� WKHLU� PRUSKRORJ\�� FU\VWDOOLQH� VWUXFWXUH� DQG� SURSHUWLHV��
(XURSHDQ�3RO\PHU�-RXUQDO���������������������

��� 0RKDPHG�.KD\HW�DQG�7DNHVKL�0DWVXXUD��3UHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�
SRO\YLQ\OLGHQH� IOXRULGH� PHPEUDQHV� IRU� PHPEUDQH� GLVWLOODWLRQ�� ,QGXVWULDO� 	�
(QJLQHHULQJ�&KHPLVWU\�5HVHDUFK���������������������

��� 6LDPDN�1HMDWL��&KDQKHH�%RR��&KLQHGXP�2��2VXML��DQG�0HQDFKHP�(OLPHOHFK��
(QJLQHHULQJ� IODW� VKHHW� PLFURSRURXV� 39')� ILOPV� IRU� PHPEUDQH� GLVWLOODWLRQ��
-RXUQDO�RI�0HPEUDQH�6FLHQFH��������������������

��� -U�5LQDOGR�*UHJRULR�DQG�0DUFHOR�&HVWDUL��(IIHFW�RI�FU\VWDOOL]DWLRQ�WHPSHUDWXUH�
RQ�WKH�FU\VWDOOLQH�SKDVH�FRQWHQW�DQG�PRUSKRORJ\�RI�SRO\�YLQ\OLGHQH�IOXRULGH���
-RXUQDO�RI�3RO\PHU�6FLHQFH�3DUW�%��3RO\PHU�3K\VLFV�������������������

��� $VKRRU %�%���0DQVRXU 6��� *LZD $��� 'XIRXU 9� DQG�+DVDQ 6�:���3ULQFLSOHV�
DQG� DSSOLFDWLRQV� RI� GLUHFW� FRQWDFW� PHPEUDQH� GLVWLOODWLRQ� �'&0'��� $�
FRPSUHKHQVLYH�UHYLHZ��'HVDOLQDWLRQ��������������������
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,Q� UHFHQW� \HDUV��PHPEUDQH� GLVWLOODWLRQ� �0'�� KDV� EHHQ� LQFUHDVLQJO\� H[SORUHG�
IRU� VHDZDWHU� GHVDOLQDWLRQ� WR� DXJPHQW� IUHVK�ZDWHU� VXSSO\� DURXQG� WKH�ZRUOG� DQG� LQ�
9LHWQDP�� ,Q� D�0'� V\VWHP�� WKH� K\GURSKRELF�PLFURSRURXV�PHPEUDQH� SOD\V� D� YLWDO�
UROH�� SURIRXQGO\� DIIHFWLQJ� WKH� ZDWHU� IOX[� DQG� VDOW� UHMHFWLRQ� RI� WKH� V\VWHP�� ,Q� WKLV�
VWXG\�� SRO\� YLQ\OLGHQH� GLIOXRULGH� �39')��EDVHG� K\GURSKRELF� PLFURSRURXV� 0'�
PHPEUDQHV� ZHUH� SUHSDUHG� XVLQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ� WHFKQLTXH� WR�
LQYHVWLJDWH�WKH�HIIHFWV�RI�WKH�SUHSDUDWLRQ�FRQGLWLRQV�RQ�WKH�PHPEUDQH�VWUXFWXUH�DQG�
VXUIDFH�PRUSKRORJ\��7KH�H[SHULPHQWDO�UHVXOWV�VKRZ�WKDW�E\�XVLQJ�WKH�GU\�ZHW�SKDVH�
LQYHUVLRQ� WHFKQLTXH�� WKH� SUHSDUHG� 39')�PHPEUDQHV� H[LVWHG� LQ� FU\VWDO� IRUPV� RI� D�
DQG� E�� DQG� WKH� FDVWLQJ� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� WKH� DPELHQW� PRLVWXUH�
H[KLELWHG�SURIRXQG�HIIHFWV�RQ�WKH�IRUPDWLRQ�RI�FU\VWDOV�DQG�WKH�PHPEUDQH�SRURVLW\��
,QGHHG�� UHGXFLQJ� WKH� SRO\PHU� VROXWLRQ� WHPSHUDWXUH� DQG� WKH� DPELHQW� PRLVWXUH�
IDYRXUHG� WKH� IRUPDWLRQ� RI� WKH� E� FU\VWDOV� DQG� WKH� UHVXOWDQW� FHOOXODU� PHPEUDQHV��
)LQDOO\�� PRUSKRORJLFDO� DQDO\VHV� �H�J�� PLFURVFRSH�� VFDQQLQJ� HOHFWUR� PLFURVFRSH�
�6(0�� DQG�FRQWDFW� DQJOH�PHDVXUHPHQW��SURYHG� WKDW� WKH�SUHSDUHG�0'�PHPEUDQHV�
XVLQJ� WKH� GU\�ZHW� SKDVH� LQYHUVLRQ� WHFKQLTXH� ZHUH� K\GURSKRELF� DQG� PLFURSRURXV��
KDYLQJ�D�OLTXLG�PHPEUDQH�VXUIDFH�FRQWDFW�DQJOH�RI����q����q DQG�PHPEUDQH�SRUHV�
ZLWK�PP�VL]HV�

.H\ZRUGV�0HPEUDQH�GLVWLOODWLRQ��VHDZDWHU�GHVDOLQDWLRQ��PHPEUDQH�SUHSDUDWLRQ��
SKDVH�LQYHUVLRQ��PHPEUDQH�FKDUDFWHUL]DWLRQ��FK˱QJ�F̭W�PjQJ� NK͵�P̿Q�Q˱ͣF�EL͋Q�
FK͇�W̩R�PjQJ� ÿ̫R�SKD� ÿ̿F�WU˱QJ�PjQJ�O͕F�

1K̵Q�EjL�QJj\��� WKiQJ�� QăP�����

3K̫Q�EL͏Q�[RQJ�QJj\��� WKiQJ�� QăP�����

+RjQ�WKL͏Q�QJj\��� WKiQJ�� QăP�����

��� /H�4X\�'RQ�7HFKQLFDO�8QLYHUVLW\


