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$OHNVDQGDU�&YHWNRYVNL���(OHQD�'UDNDOVND��%LVWUD�$QJHORYVND

$EVWUDFW

0DQ\� RI� ORZ� ZDWHU� VROXEOH� GUXJV�� IURP� WKH� JURXS� RI� VPDOO� VL]H� PROHFXOHV�� RQFH� EHLQJ� DGPLQLVWHUHG� DV� VLQJOH� WKHUDSHXWLF�
GRVHV��QRW�RIWHQPD\�UHDFK�WKHLU�SODVPD�FRQFHQWUDWLRQV�WR�DVVRFLDWH�WR�WKH�WKHUDSHXWLFV�UHVSRQG��&\FORGH[WULQV��&'���WKH�VXJDU¶V�
F\FOL]HG�GHULYDWLYHV�� WKDW� SOD\� D� UROH� DV� IXQFWLRQDOL]HG� H[FLSLHQWV� LQ�SKDUPDFHXWLFDO� IRUPXODWLRQV�� HQKDQFH� WKH�GUXJ� VROXELOLW\�
WRZDUG�WKH�IRUPDWLRQ�RI�LQFOXVLRQ�FRPSOH[HV�E\�QRQFRODYHOW�LQWHUPROHFXODU�LQWHUDFWLRQV�EHWZHHQ�WKH�PROHFXOHV�RI�&'�DQG�GUXJ��
7KH�YDOXH�RI�WKH�ELQGLQJ�DIILQLW\�FRQVWDQW�RI�LQFOXVLRQ�FRPSOH[�IRUPDWLRQ�LPSO\�WR�WKH�VWRLFKLRPHWULF�UDWLR�RI�&'�DQG�GUXJ�LQ
LQFOXVLRQ�FRPSOH[�DQG�LWV�ZDWHU�VROXELOLW\�
7KH� UHSUHVHQWDWLYH� FDVH� VWXG\� UHODWHV� WR� ELQDU\� DQG� WHUQDU\� VROLG� V\VWHPV� IRUPHG� RI� ȕ�&'� DQG� DQWL� HSLOHSWLF� GUXJ�

FDUEDPD]HSLQH��&%=���DQG�ȕ�&'�DQG�&%=��UHVSHFWLYHO\��%RWK�VROLG�V\VWHPV�DUH�IRUPHG�E\�XVLQJ�HDFK�RI�WZR�SRO\PRUSKLF�IRUP�
RI�&%=��IRUP�,�DQG�IRUP�,,,��UHVSHFWLYHO\��
7KH� GLVVROXWLRQ� SURILOHV�� JDLQHG� E\� SHUIRUPLQJ� WKH� WHVW� IRU� WKH� ,QWULQVLF� 'LVVROXWLRQ� UDWH� �,'5��� DQG� FRQWULEXWHV� E\� WKH�

WKHUPRG\QDPLF�GDWD�IURP�WKH�WKHUPDO�DQDO\VHV� LQGLFDWH�WKDW�ȕ�&'�DQG�+30&�LQIOXHQFH�WKH�SKDVH�WUDQVLWLRQ�RI�PHWDVWDEOH�&%=�
IRUP�,�WR�VWDEOH�&%=�IRUP�,,,��7KRXJK�WKH�&%=�IRUP�,�H[HUW�KLJKHU�ZDWHU�VROXELOLW\�WKHQ�&%=�IRUP�,,,��ERWK�SRO\PRUSKLF�IRUPV�
LQ�ZDWHU�PHGLXP�XQGHUJR�WR�WUDQVIRUPDWLRQ�LQ�&%=�GHK\GUDWH��WKDW�ZDWHU�VROXELOLW\�LV�ORZHU�FRPSDULQJ�WR�VROXELOLW\�RI�D�ERWK�
DQK\GURXV�&%=�SRO\PRUSKV�����

.H\ZRUGV� 6ROXELOLW\��,QFOXVLRQ�&RPSOH[HV�&\FORGH[WULQV��SRO\PRUSKV��SKDVH�WUDQVLWLRQ

,QWURGXFWLRQ

'XH� WR� GUDZEDFNV� RI�PDQ\� GUXJV�� SHUFHLYHG� GXULQJ� WKH� FOLQLFDO� WULDOV��ZKHQ� WKH\� IDLO�� DQG� WKXV� QRW� EHLQJ� SXUVXHG� E\� IXUWKHU�
UHJXODWRU\� DSSURYDO� DQG� SRVW�PDUNHWLQJ� SURFHGXUHV�� WKH� LPPHQVH� RI� LQYHVWPHQW� FRVW� �'L0DVL� HW� DO�� ������ GXULQJ� WKH� GUXJ�
GHYHORSPHQW�OLIH�F\FOH�FDQQRW�EH�UHLPEXUVHG�ZLWK�KLVWRULFDOO\�ORZ�UHWXUQ�UDWH�RI�LQYHVWPHQW�RI�QHZ�ODXQFKHG�WKHUDSLHV��6PLHWDQD�
HW�DO����������7KH�PDLQ�UHDVRQ�IRU�HUUDWLF�SKDUPDFRNLQHWLFV�SURILOHV�IRU�����GUXJV�WKDW�KDYH�EHHQ�ZLWKGUDZQ�IURP�WKH�FOLQLFDO�WULDOV�
PDLQO\�LV�FDXVHG�E\�LQFRQVLVWHQFH�RI�$'0(��$EVRUSWLRQ��(OLPLQDWLRQ��0HWDEROLVP�	�(OLPLQDWLRQ��SURSHUWLHV��GLUHFWO\�UHODWHG�WR�
GUXJ�VROXELOLW\�± DEVRUSWLRQ�FRUUHODWLRQ��WKDW�LV�WKH�ILUVW�OLQH�FULWHULD�IRU�DVVHVVPHQW�RI�GUXJ�ELRDYDLODELOLW\��
$PRQJ�WKH�1(&��1HZ�&KHPLFDO�(QWLWLHV��WKDW�HQWHU�DV�GUXJ�FDQGLGDWH�LQ SLSHOLQH�RI�SUH�FOLQLFDO�GUXJ�GHYHORSPHQW��QHDUO\�����

RI� WKHP� EHORQJ� WR� WKH� &ODVV� ,,� �SRRU� VROXELOLW\� DQG� JRRG� SHUPHDELOLW\�� RI� WKH� %LRSKDUPDFHXWLFV� &ODVVLILFDWLRQ� 6\VWHP� �%&6���
,QFRQVLVWHQW�WKHUDS\�UHJLPHQV�ZLWK�WKHVH�GUXJV��EHFDXVH�RI�WKHLU�SRRU�ELRDYDLODELOLW\��YDULDEOH�SKDUPDFRNLQHWLFV��WKDW�DUH�DIIHFWHG�
E\�IRRG�LQWDNH��DUH�GLUHFWO\�UHODWHG�WR�ORZ�ZDWHU�VROXELOLW\��6XEMHFW�WR�IRRG�HIIHFWV��7KHUDSLHV�IURP�QRQ�RSWLPL]HG�GUXJ�SURGXFWV�
GHYHORSHG�ZLWK�WKHVH�FRPSRXQGV�FDQ�UDQJH�IURP�VXE�WKHUDSHXWLF�SKDUPDFRWKHUDS\��WR�FDVHV�ZKHUH�SDWLHQWV�FDQ�EH�H[SRVHG�WR�WR[LF�
OHYHOV�RI� WKH�GUXJ��%HQHW���������,Q�RUGHU�WR�UDWLRQDOO\�VHOHFW�WKH�WHFKQRORJ\�IRU�HQKDQFH�WKH�GUXJ�VROXELOLW\�%XWOHU�	�'UHVVPDQ�
�������SURSRVHG�WKH�'HYHORSDELOLW\�&ODVVLILFDWLRQ�6\VWHP��'&6��DV�D�UHJXODWRU\�DVVHVVPHQW�WRRO�WKDW�HQFRPSDVVHG�GUXJV ZKRVH�
DEVRUSWLRQ�LV�GLVVROXWLRQ�UDWH�OLPLWHG��,,D���DQG�IRU�WKRVH�ZKRVH�DEVRUSWLRQ�LV�VROXELOLW\�OLPLWHG��,,E���
&DUEDPD]HSLQH�� ZLGHO\� VSUHDG� DQWLHSLOHSWLF� GUXJ�� NQRZQ� E\� WUDGHPDUN� 7HJUHWRO� �&LED�*HLJ\��� GXH� WR� LWV� OLSRSKLOLFLW\��

GHWHUPLQHG�E\� LWV�PROHFXODU�VWUXFWXUH�� LQ�VROLG�VWDWH��H[HUWLQJ�DV� WKUHH�SRO\PRUSKLF�IRUPV��/RZHV�HW�DO���������.RED\DVKL�HW�DO��
����� *U]HVLDN�HW�DO�� ������DQG�RQH�GHK\GUDWH��0F0DKRQ�HW�DO�� �������H[KLELW�JRRG�SHUPHDELOLW\�DQG ORZ�ZDWHU�VROXELOLW\�WKDW�
DUH�KXUGOH�IRU�LWV�SDVVDJH�WKURXJK�EORRG�EUDLQ�EDUULHU��DQG�UHDFKLQJ�WKH�UHFHSWRU�VLWHV��$ODYLMHK 6�$��HW�DO� ������0DUFKL��1���HW�DO���
������8SDGK\D\��������

)DFXOW\�RI�0HGLFDO�6FLHQFHV��8QLYHUVLW\�*RFH�'HOFHY��.UVWH�0LVLUNRY�EE������
6WLS��5��0DFHGRQLD


&RUUHVSRQGLQJ�$XWKRU���DOHNVDQGDU�FYHWNRYVNL#XJG�HGX�PN
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%HVLGH�RI�PDQ\�SUHYLRXVO\�ODXQFKHG�WHFKQRORJLHV�IRU�DFFHOHUDWLQJ�ZDWHU�GUXJ�VROXELOLW\�WKDW�DUH�EDVHG�RQ�VROLG�GLVSHUVLRQ�RI�GUXJ�
LQ�SRO\PHU�PDWUL[��%DJKHO�HW�DO�� ������4LD�HW�DO�� ������/XPDU�HW�DO�� ������DQG�FXUUHQWO\�WUHQG�IRU�DSSO\LQJ�FRFU\VWDOL]DWLRQ�IRU�
LPSURYLQJ�WKH�GUXJ�SHUIRUPDQFH��6XQ��������/LSHUW�HW�DO�� ������%R[�HW�DO���������.DOH�HW�DO�� �������WHFKQRORJLHV�WKDW�DUH�EDVHG�RQ�
IRUPDWLRQ�RI�LQFOXVLRQ�FRPSOH[HV�ZLWK�VXJDU�GHULYDWLYHV��F\FORGH[WULQHV��:HQ]	0RQIOLHU���������KDYH�VWLOO�EHHQ�XWLOL]HG��PDLQO\�
EHFDXVH�RI�ZLGH�UDQJH�RI�YHUVDWLOH�QRQ�FRYDOHQW�LQWHUDFWLRQV�EHWZHHQ�GUXJ�PRGHO�DQG�F\FORGH[WULQ��WKDW�OHDG�WR�HQKDQFLQJ�WKH�GUXJ�
VROXELOLW\��*|NW�UN�HW�DO� ������DQG�ELRDYDLODELOLW\��&DUULHU�HW DO��������%HLJ�HW�DO���������7yWK�HW�DO�� �����������
7KH�DLP�RI�WKLV�UHVHDUFK�LV�WR�SXW�H[DPLQH�WKH�LQIOXHQFH�RI�QDWLYH�ȕ�F\FORGH[WULQ��ȕ�&'��RQ�SKDVH�WUDQVLWLRQ�RI�HQDQWLRWURSLFDOO\�

UHODWHG�SRO\PRUSKV�,,,�DQG�,�RI�FDUEDPD]HSLQ��&%=��DQG�WKHLU�WUDQVIRUPDWLRQ�LQ�GL\GUDWH�IRUPV��

0DWHULDOV�DQG�PHWKRGV

7KH�VROLG�VDPSOHV��LQFOXGHG�LQ�7DEOH����KDYH�EHHQ�SUHSDUHG�E\�PL[LQJ�WKH�SRZGHU�FRPSRQHQW�LQ�SK\VLFDO�PL[WXUHV��NQHDGLQJ�WKH�
SK\VLFDO�PL[WXUHV�ZLWK�ZDWHU��HWKDQRO�VROXWLRQ��������9�9���GU\LQJ�DQG�VLHYLQJ WKH�NQHDGHG�VDPSOHV�LQ�IRUP�RI�SRZGHUV��SDUW�RI�
ZKLFK�ZDV�XVHG� IRU�VROLG�VWDWH�FKDUDFWHUL]DWLRQ��DQG�RQH�SDUW� IRU�SUHSDULQJ�FRPSUHVVHV� IRU� WHVWLQJ� WKH�,QWULQVLF�'LVVROXWLRQ� 5DWH�
�,'5��RI�&%=��3RO\PRUSK�IRUP�,,,�LV�WKH�FRPPHUFLDOO\�DYDLODEOH�FDUEDPD]HSLQ��3RO\PRUSK�IRUP�,�ZDV�SUHSDUHG�E\�KHDWLQJ�&%=�
IRUP�,,,�RQ����R&�GXULQJ� WKH���KRXUV��'LK\GUDWHG�&%=�ZDV�REWDLQHG�E\� ILOWUDWLRQ�DQG�GU\LQJ� WKH� VHGLPHQW� IURP�VOXUU\�RI�&%=�
IRUP�,,,�LQ�ZDWHU��$OO�FKHPLFDOV�ZHUH�VXSSOLHG�E\�6LJPD�$OGULFK��7KH�'LVVROXWLRQ�WHVW�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�863���±1)���
�86� 3KDUPDFRSHLD�� DQG� 'LIIHUHQW� 6FDQQLQJ� &DORURLPHWU\� LV� UXQ� XVLQJ� WKH� 0HWWOHU� '6&� ���H� ZLWK� 67$5H� VRIWZDUH� �0HWWOHU�
7ROHGR��

7DEOH���%LFRPSRQHQW�VDPSOHV�RI�&%=�SRO\PRUSKLF�IRUP���ȕ�&'��SUHSDUHG��LQ�GLIIHUHQW�PRODU�UDWLR��0�0�

3UHSDUHG�VDPSOHV
&%=�
SRO\PRUSKV
PRO

ȕ�&'
PRO

3K\VLFDO�PL[WXUHV�&%=�)RUP�,��ȕ�&' � � ��� �

.QHDGHG�&%=�)RUP�,��ȕ�&' � � ��� �

&RPSUHVVHG�&%=�)RUP�,��ȕ�&' � � ��� �

3K\VLFDO�PL[WXUHV�&%=�)RUP�,,,��ȕ�&' � � ��� �

.QHDGHG�&%=�)RUP�,,,��ȕ�&' � � ��� �

&RPSUHVVHG�&%=�)RUP�,,,��ȕ�&' � � ��� �

5HVXOWV�DQG�GLVFXVVLRQ

,QFUHDVLQJ�YDOXHV�RI�HQWKDOSLHV�RI�IXVLRQ�IRU�SK\VLFDO�PL[WXUHV�RI�&%=�IRUP�,��ȕ�&'�LQ�UHODWLRQ�WR�LQFUHDVLQJ�WKH�PRODU�VKDUH�RI�
ȕ�&'�LQGLFDWH�WKDW�ORZHU�YDOXH�IRU�WKH�VDPSOH�RI�����0�0�&%=�)RUP�,��ȕ�&'�LV�UHVXOW�WR�GHFUHDVLQJ�WKH�FU\VWDOOLQLW\�RI�WKH�V\VWHP�
GXH� WR� KLJKHU� LQWHUDFWLRQ� EHWZHHQ� PROHFXOHV� RI� &%=� IRUP� ,� �PHWDVWDEOH� IRUP� DW� URRP� WHPSHUDWXUH�� DQG� ȕ�&'�� WKDW� OHDG� WR�
IRUPDWLRQ�RI�DPRUSKRXV�LQFOXVLRQ�FRPSOH[�&%=�)RUP�,��ȕ�&'�GXULQJ�WKH�KHDWLQJ�F\FOH�� LQ�VLWX FRQGLWLRQ�LQ�'LIIHUHQW�6FDQQLQJ�
&DORULPHWU\��'6&��PHDVXUHPHQWV��&YHWNRYHNL�HW�DO����������+RZHYHU�� LQFUHDVLQJ� WKH�PRODU�VKDUH�RI�ȕ�&'�LQ�SK\VLFDO�PL[WXUHV�
ZLWK� WKH�PRUH� VWDEOH�&%=� IRUP�,,,�� DW� URRP� WHPSHUDWXUH�� LQGLFDWH� WKDW�ȕ�&'� LQIOXHQFH� WR� WKH�GHFUHDVLQJ� WKH�SKDVH� WUDQVLWLRQ�RI�
&%=�IRUP�,,,� WR�IRUP�,� �HQDQWLRWURSLFDOO\�UHODWHG�SDLU���EHIRUH� UHDFKLQJ� WKH�ILUVW�PHOWLQJ�SRLQW�RI�PHWDVWDEOH� IRUP�,,,��DERYH� WKH�
WUDQVLWLRQ�WHPSHUDWXUH�RI����R&��%HKPH�	�%URRNH���������,Q�ERWK�JURXS�RI�NQHDGHG�VDPSOHV��&%=�)RUP�,��ȕ�&'�DQG�&%=�)RUP�
,,,��ȕ�&'��ORZHU�YDOXHV�IRU�HQWKDOS\�RI�IXVLRQ�IRU�����0�0 DQWLFLSDWH�WR�PRUH�IDYRUDEOH�PRODU�UDWLRQ�IRU�QRQ�FRYDOHQW�LQWHUDFWLRQV�
WKDW� OHDG� WR� IRUPDWLRQ�RI� DPRUSKRXV� LQFOXVLRQ� FRPSOH[�&%=��ȕ�&'�� LQ� VSLWH�RI� WKH�SURSHQVLW\�RI� ERWK� DQK\GURXV�SRO\PRUSKLF�
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