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7KH�PRVW� LPSRUWDQW�SUREOHP�RI�FHOO�ELRORJ\�DQG
ELRWHFKQRORJ\�LV�WKH�VXEVWLWXWLRQ�RI�H[SHQVLYH�QDWXUDO
SODQW�JURZWK�UHJXODWRUV��SK\WRKRUPRQHV��E\�V\QWKHWLF
FRPSRXQGV� >���@�� 7KH� ZRUOG�ZLGH� H[SHULPHQWV� LQ
VXEVWLWXWLRQ�RI�QDWXUDO�SK\WRKRUPRQHV�ZLWK�DUWLILFLDO
SUHSDUDWLRQV������'��1$$��12$$��%$3��FRQILUP�D
SHUVSHFWLYH�WKLV�DSSURDFK�

$W�WKH�ORQJ�WLPH�LQ�WKH�,QVWLWXWH�RI�2UJDQLF�&KHP�
LVWU\�DQG�,QVWLWXWH�RI�%LRRUJDQLF�DQG�3HWUROHXP�&KHP�
LVWU\�RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�WKH
V\QWKHVLV�DQG�VFUHHQLQJ�RI�SODQW�JURZWK�UHJXODWRUV�DUH
WKH�VLJQLILFDQW�GLUHFWLRQ�RI�VFLHQWLILF�LQYHVWLJDWLRQV�

)RU�WKH�ELRORJLFDO�VFUHHQLQJ�RI�VXEVWDQFHV�ZLWK�JURZWK�
UHJXODWLYH�DFWLYLW\�V\QWKHVL]LQJ�LQ�WKHVH�,QVWLWXWHV�ZH�SUR�
SRVHG�WR�XVH�WKH�FXOWXUHV�RI�LVRODWHG�SODQW�WLVVXHV�RI�IDPLO\
6RODQDFHDH�DV�WHVW�V\VWHP�IRU�ZKLFK�FRQGLWLRQV�RI�LQGXF�
WLRQ�FDOOXV� WLVVXH� IRUPDWLRQ� LQ�YLWUR� IURP�GLIIHUHQWLDWHG
FHOOV��RUJDQRJHQHVLV�DQG�UHJHQHUDWLRQ�RI�SODQWV�IURP�FHOOV
RI�FDOOXV�WLVVXHV�ZHUH�GHWHUPLQHG�LQ�GHWDLO��L�H��FRPSRVL�
WLRQV�RI�QXWULHQW�PHGLD�DQG�ZKLFK�SK\WRKRUPRQHV�RU�LWV
FRPELQDWLRQ�SURGXFH�HDFK�RI�WKHVH�SURFHVVHV��>���@��

5HVXOWV�RI�H[SHULPHQWV��7KH�LQIOXHQFH�RI�7ULDPHORQ
FRQFHQWUDWLRQV���������PJ�O��RQ�WKH�LQGXFWLRQ�RI�FHOO
GLYLVLRQ��WKLV�WHVW�FDQ�EH�FRQVLGHUHG�DV�VSHFLILF�RQH�IRU

F\WRNLQLQ�DFWLYLW\�>����@��ZDV�LQYHVWLJDWHG��:LWK�WKLV
DLP�LQGLFDWHG�TXDQWLWLHV�RI�7ULDPHORQ�LQVWHDG�RI�NL�
QHWLQ�ZHUH� DGGHG� WR�/LQVPDLHU� DQG�6NRRJ�PHGLXP
�/6���DQG�FDOOXV�FXOWXUH�RI�FRUH�SDUHQFK\PD�RI� WR�
EDFFR�VWHP�ZDV�FXOWLYDWHG��7KH�VDPH�PHGLD�ZLWKRXW
NLQHWLQ� DQG� PLQLPXP� HQULFKHG� ZLWK� NLQHWLQ� �/6��
VHUYHG�DV�FRQWURO�VDPSOHV��7KH�LQGH[�HIILFLHQF\�RI�SODQW
JURZWK� UHJXODWRUV� ZDV� HVWLPDWHG� E\� LQFUHDVH� RI� FDOOXV
ELRPDVV� FRXQWHG� IRU� GU\� DQG� KXPLG�PDVV�� 5HVXOWV� RI
H[SHULPHQW�WHVWLI\�WKDW�7ULDPHORQ�HYLQFHV�WKH�F\WRNLQLQ
DFWLYLW\�DW�FRQFHQWUDWLRQ���PJ�O�LQ�WKH�EHVW�ZD\�DQG�XQGHU
WKLV�FRQGLWLRQV�LW�LV�PRUH�HIIHFWLYH�WKDQ�NLQHWLQ�RQ������

,Q� WHVW� H[SHULPHQWV� ZLWK� PH]RSK\OO� SURWRSODVWV� RI
WREDFFR�WKH�SRVVLELOLW\�WR�XVH�7ULDPHORQ��DW�FRQFHQWUDWLRQ
����PJ�O��LQVWHDG�RI�NLQHWLQ�RQ�ERWK�:���PHGLXP��XVVX�
DOO\� DSSOLHG� IRU� IRUPDWLRQ� RI� FHOOVs� FRORQLHV�� DQG�06
PHGLXP� �IRU� LQGXFWLRQ�RI� FDOOXV� WLVVXHV� IRUPDWLRQ�DQG
SURGXFLQJ�RI�SODQWV�UHJHQHUDQWV��ZDV�DOVR�GHPRQVWUDWHG��

7KH�SRVVLELOLW\�WR�VXEVWLWXWH�RI�F\WRNLQLQV�E\�7ULD�
PHORQ�ZDV�VKRZQ�RQ���GLIIHUHQW�PHGLD��WKDW�XVXDOO\
XVHG�IRU�WKH�IRUPDWLRQ�DQG�VXSSRUW�RI�WREDFFR�FDOOXV
LQ�UHJLPH�RI�ORQJ�WHUP�SDVVLQJ�

���50.8���ZKHUH�����PJ�O�RI�7ULDPHORQ�PL[HG
ZLWK���PJ�O�RI�1$$�
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���503���ZKHUH�����PJ�O�RI�7ULDPHORQ�PL[HG�ZLWK
����PJ�O�RI�����'�

���5012���ZKHUH������PJ�O�RI�7ULDPHORQ�PL[HG
ZLWK�����PJ�O�RI�,$$�DQG�ZLWK�����PJ�O�����'�

���5012���ZKHUH������PJ�O�RI�7ULDPHORQ�PL[HG
ZLWK�����PJ�O�RI�1$$�DQG�ZLWK�����PJ�O�����'�

$W� DOO� FRPELQDWLRQV� WKH� JURZWK� DQG� VXSSRUW� RI
FDOOXV�ZHUH�REVHUYHG��7KHUH�KDV�QRW�EHHQ�FDOOXV�JURZWK
LQKLELWLRQ�

$�QH[W�VWDJH�RI�UHVHDUFKHV�ZDV�WR�WHVW�WKH�DFWLRQ�RI
V\QWKHWLF�FRPSRXQGV�LQ�WKH�PHGLD�XVLQJ�IRU�LQGXFWLRQ
RI� RUJDQRJHQHVLV�� 7KH� URRW� IRUPDWLRQ� LQ� FXOWXUHG
WREDFFR�FDOOXV�DQG�DW�IROORZLQJ�SDVVLQJ�x�WKH�IRUPD�
WLRQ�RI�VWHP�EXGV�DQG�WKHQ�OHDIOHWV�ZHUH�REVHUYHG�RQ
502��PHGLXP�FRQWDLQLQJ�D�PL[WXUH�RI���PJ�O�7ULD�
PHORQ�DQG���PJ�O�1$$��ILJXUH����

7KH�IRUPDWLRQ�RI�EXGV�ZDV�IRXQG�RQ�WKH�5023�

PHGLXP�ZLWK�����PJ�O�7ULDPHORQ�DQG�����PJ�O�1$$�
:KHQ�ZH�XVHG�50.8��PHGLXP�ZLWK�����PJ�O�7ULD�
PHORQ�DQG���PJ�O�1$$�SODQWV�UHJHQHUDQWV�JUHZ��$OVR
LW�VKRXOG�EH�QRWLFHG�WKDW�XQGHU�WKH�LQIOXHQFH�RI�OLJKW
FDOOXV�EHFDPH�JUHHQ�EHFDXVH�LQGLFDWHG�FRQFHQWUDWLRQ
RI�7ULDPHORQ�LQGXFHG�WKH�V\QWKHVLV�RI�FKORURSK\OO�DQG
IRUPDWLRQ�RI�FKORURSODVWV�

7KH�VRPDWLF�HPEU\RJHQHVLV�RQ�50.8��PHGLXP
DW�KLJK�FRQFHQWUDWLRQV��������PJ�O��RI�7ULDPHORQ�DQG

RQ�503��PHGLXP�DW�FHUWDLQ�FRPELQDWLRQ�7ULDPHORQ
ZLWK�DUWLILFLDO�DX[LQ�1$$�ZDV�LQGXFHG�

7KH�JRRG�UHVXOW�IRU�DFWLYH�JURZWK�RI�HPEU\RV�DQG
FRQQHFWLQJ� ZLWK� LW� IXUWKHU� HORQJDWLRQ� RI� VWHP� �L�H�
WUDQVLWLRQ�IURP�PHULVWHPDWLF�WLVVXH�WR�SKDVH�RI�DFWLYH
JURZWK�>����@��KDYH�EHHQ�UHFHLYHG�DW�����FRQVLVWHQW
SDVVDJHV�RI�HPEU\RJHQLF�FDOOXV�RQ�WKH�5023��PH�
GLXP��FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV����������PJ�O�
RI� 7ULDPHORQ��7KHQ� FDOOXV� WLVVXH�ZDV� SODFHG� LQ� WKH
PHGLXP�3�ZLWKRXW�KRUPRQHV��ILJXUH����

7KH�DSSHDUDQFH�RI�SODQW�UHJHQHUDQW�ZDV�REVHUYHG
RQ�50%��PHGLXP�FRQWDLQLQJ�QR�DX[LQ��EXW�HQULFKHG
ZLWK���PJ�O�7ULDPHORQ�LQVWHDG�RI���������PJ�O�F\WRNL�
QLQ�%$3� �ILJXUH� ���� 7KLV� WHVW�WXEH� SODQW�UHJHQHUDQW
ZLWK�WKH�DLP�RI�URRW�IRUPDWLRQ�ZDV�SODFHG�LQ�50PLQ�

PHGLXP��ZLWKRXW�SK\WRKRUPRQHV��RU�FRQWDLQLQJ������PJ�O
7ULDPHORQ�LQVWHDG�DX[LQ�1$$�

6FUHHQLQJ� RI� LQGXFWLRQ� RI� FDOOXV� IRUPDWLRQ� DQG
FDOOXV� SDVVLQJ� RI� ZLOG� VSHFLHV� RI� WRPDWR� KDYH� EHHQ
PDGH�RQ�%.�PHGLXP��,Q�WKLV�PHGLXP�WR�WZR�DX[LQV
x�1$$� DQG� ����'�ZH� DGGHG� ����PJ�O� 7ULDPHORQ
LQVWHDG�RI�NLQHWLQ��7KH�VDPH�SURFHGXUH�ZDV�LQYHVWL�
JDWHG�RQ�5023�PHGLXP�FRQWDLQLQJ���PJ�O�RI�7ULD�
PHORQ�� 7R� VXSSRUW� WKH� FDOOXV� RI� FXOWXUDO� VSHFLHV� RI
WRPDWR�ZH�XVHG�50.8�PHGLXP�ZLWK�����PJ�O�7ULD�
PHORQ�

$V�D�UHVXOW�RI�VXEVHTXHQW�PLFURFORQDO�UHSURGXFWLRQ
E\�VKRRWV��WKH�SODQWV��UHJHQHUDQWV�JURZQ�LQ�SUHVHQFH
7ULDPHORQ� SRVVHVV� PRUH� SRZHUIXO� GHYHORSPHQW� RI
YHJHWDWLYH�DQG�JHQHUDWLYH�RUJDQV�WKDQ�WKH�SODQWV�JURZQ
LQ�SUHVHQFH�F\WRNLQLQ�x�NLQHWLQ��)RU�H[DPSOH��ELRPDVV
RI�HOLWH�VRUWV�RI�WREDFFR�LV�PXOWLSOLHG�LQ�����WLPHV��WKH
ZLGWK� RI� OHDI� SODWH� LQFUHDVHV� LQ� ���� WLPHV� DQG� WKH
GLVWDQFH�EHWZHHQ� LQWHUEXQGOHV�EHFRPHV� VKRUW� LQ����
WLPHV�� WKH� FRQWHQW� RI� QLFRWLQH� LQ� WREDFFR� OHDIV� LQ�
FUHDVHV�RQ������WKH�SODQWV�JURZQ�XVLQJ�7ULDPHORQ�DUH
PRUH� VWHDG\� WR�SDWKRJHQV�DQG�XQIDYRUDEOH�HQYLURQ�
PHQWDO�IDFWRUV�

3ODQW�PDWHULDO��7KH�SODQWV�RI�WREDFFR��1LFRWLDQD
WDEDFXP��YDULHWLHV�5����65����YLVFRQVLQLD���ZHUH�XVHG
LQ�WHVW�LQ�YLWUR�

)LJXUH����7KH�VWHP�EXG�IRUPDWLRQ�DQG�WKH�DSSHDUDQFH�
RI�OHDYHV�RQ�WKH�502��PHGLXP�FRQWDLQLQJ���PJ�O�
RI�7ULDPHORQ�DQG���PJ�O�RI�1$$��

)LJXUH����3ODQW�JURZWK�RQ�WKH�5023��PHGLXP�FRQWDLQLQJ
��PJ�O�RI�7ULDPHORQ�DQG�����PJ�O�RI�1$$�

)LJXUH����7KH�UHJHQHUDWLRQ�RI�ZKROH�WREDFFR�
SODQW�RQ�WKH�50%��PHGLXP�FRQWDLQLQJ���PJ�O�
RI�7ULDPHORQ�

¤ÑÎË¾É�ÌÎÁ��Ð¾�Ò¾ÎÊ��Ó�Ê����x�������x�°�����ÀÆÍ�������

��



%HIRUH�LQWURGXFLQJ�LQ�WKH�FXOWXUH�WKH�SODQW�WLVVXHV
�OHDI�RU�VWHP�WLVVXHV��ZHUH�VWHULOL]HG�ZLWK�GLRFLG��RU
K\SRFKORULGH��DQG�����HWKDQRO�DQG�WKHQ�ZDVKHG�ZLWK
VWHULOH�GLVWLOOHG�ZDWHU�

&XOWXUDO�PHGLD� IRU� SODQW� WLVVXHV��0RGLILHG�E\�XV
GLIIHUHQW� QXWULHQW� PHGLD� �50.8�� 503�� 5023�
502��5012��RQ� WKH�EDVLV� RI� HODERUDWHG�E\�0X�
UDVKLJH�DQG�6NRRJ��06��PHGLXP��DV�ZHOO�DV�*DPERUJ
HW� DO�� �%���PHGLXP�DQG�/LQVPDLHU� DQG�6NRRJ� �/6�
PHGLXP�ZHUH�XVHG��1DPHV�DQG�FRPSRVLWLRQV�RI�WKH
PHGLD�ZHUH�WDNHQ�IURP�UHI��>�@��7R�SUHSDUH�WKH�QXWULHQW
PHGLD�WKH�LQLWLDO�FRQFHQWUDWHG�VROXWLRQV�ZHUH�XVHG�

������WLPHV�VROXWLRQ�RI�PDFURVDOWV���������WLPHV�VROXWLRQ
RI�PLFURVDOWV��EHVLGHV�VDOW�VROXWLRQV�RI�&R&O��[��+�2�DQG
&X62��[��+�2�ZHUH�SUHSDUHG�VHSDUDWHO\�E\�D�FRQVLVWHQW
GLVVROYLQJ�RI����PJ�RI�HDFK�VDOW�LQ����PO�RI�ZDWHU��7KHQ
WKH\�ZHUH�XQLWHG�ZLWK�VROXWLRQ�RI�RWKHU�PLFURVDOWV��*HQHUDO
YROXPH�ZDV�LQFUHDVHG�WR�����PO������DQ�LQLWLDO�VROXWLRQ�RI
)H�KHODW�ZDV�SUHSDUHG�E\�D�FRQVLVWHQW�GLVVROYLQJ������J�RI
1D�('7$�DQG������J�RI�)H62��[��+�2�LQ�ZDWHU��WKH�ILQDO
YROXPH�ZDV�OHG�WR���O�DQG�KHDWHG�WR�����&���7R�SUHSDUH
��O�RI�DQ�DJDU�QXWULHQW�PHGLXP�ZH�PL[HG�����PO�RI�WKH
LQLWLDO�VROXWLRQ�RI�PDFURVDOWV�����PO�RI�PLFURVDOWV����PO�RI
)H�KHODW�DQG�FRUUHVSRQGLQJ�TXDQWLWLHV�RI�DJDU��YLWDPLQV�
KRUPRQHV��K\GURFDUERQV��HWF�

9LWDPLQ�VROXWLRQV�ZHUH�SUHSDUHG�MXVW�EHIRUH�H[SHUL�
PHQWV�� $X[LQV� ZHUH� GLVVROYHG� LQLWLDOO\� LQ� D� VPDOO

TXDQWLW\� RI� HWKDQRO� DQG� EURXJKW� WR� WKH� QHFHVVDU\
YROXPH�ZLWK�ZDWHU�XQGHU�KHDWLQJ��F\WRNLQLQ�VROXWLRQV
ZHUH� SUHSDUHG� E\� D� GLVVROYLQJ� RI� D� FRUUHVSRQGLQJ
F\WRNLQLQ�LQ�D�VPDOO�YROXPH�RI����1�+&O�XQGHU�KHDWLQJ
ZLWK�WKH�IROORZLQJ�PL[LQJ�ZLWK�QHFHVVDU\�DPRXQW�RI
ZDWHU�

$JDU�QXWULHQW�PHGLD������J�RI�DJDU���O��EURXJKW�WR
FHUWDLQ�S+�ZHUH�DXWRFODYHG�

,VRODWLRQ�DQG�FXOWLYDWLRQ�RI�PHVRSK\OO�SURWRSODVWV
IURP�OHDI�GLVFV�RI�WREDFFR�ZHUH�UHDOLVHG�E\�PHWKRGV�LQ
GHWDLO�GHVFULEHG�LQ�SURWRFRO�SDUW�RI�WKH�ERRN�>�@�

6XPPDU\

,Q�RXU�H[SHULPHQWV�ZH�VKRZHG�WKDW�7ULDPHORQ�FDQ
EH�XVHG� DV� VXEVWLWXWH� RI� SK\WRKRUPRQHV� DX[LQV� DQG
F\WRNLQLQV� �VXFK� DV� NLQHWLQ� DQG� %$3��� DQG� FDQ� EH
FRPELQHG�ERWK�ZLWK�QDWXUDO�DX[LQ�,$$��LQGROH���DFH�
WLF�DFLG��DQG�ZLWK�V\QWKHWLF�DQDORJXHV�����'�DQG�1$$
�QDSKWKDOHQHDFHWLF�DFLG��LQ�WKH�PHGLD�XVHG�IRU�FXOWL�
YDWLRQ�RI�FDOOXV�DQG�IRU�LQGXFWLRQ�RI�SODQWV�VKRRWV�IURP
XQGLIIHUHQWLDWHG�FDOOXV�FHOOV�DQG�LQ�WKH�PHGLD�XVHG�IRU
DFWLYH� JURZWK� RI� HPEU\RV� DQG� IXUWKHU� GHYHORSPHQW
SODQWV�UHJHQHUDQWV� IURP� HPEU\RJHQLF� WLVVXH� LQ� YLW�
UR�7KH�GDWD�RI�WKLV�ZRUN�DOVR�FRQILUP�WKDW�7ULDPHORQ
FDQ�EH�XVHG�IRU�VHOHFWLRQ�RI�HOLWH�VRUWV�RI�WREDFFR�DQG
WRPDWR�SODQWV�ZLWK�WKH�LPSURYHG�HFRQRPLF�TXDOLWLHV�
LQFOXGLQJ�IRU�WKH�UHFHLSW�RI�YLUXVOHVV�PDWHULDO�
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