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PDNH�WKLV�ZDVWH�FDUU\�D�KD]DUGRXV�ULVN�IRU�WKH�HQYLURQPHQW�DQG�OLYLQJ�RUJDQLVPV��+HUHLQ�ZH�UHSRUW�D�UDSLG

PHWKRG� IRU� UHF\FOLQJ� FLJDUHWWHV� EXWWV� LQWR�PRUH� HQYLURQPHQ�WDOO\�PDWHULDO�� &HOOXORVH� ZDV� IDEULFDWHG� E\

GHDFHW\ODWLRQ�RI�FLJDUHWWH�EXWWV�ZLWK�1D2+�VROXWLRQ�DW�YDULRXV�WLPHV�������������DQG����PLQXWHV�LQ�DXWRFODYH�

&HOOXORVH�ZDV�RSWLPL]HG�E\�D�GHJUHH�RI�GHDFHW\ODWLRQ��''���DQG�ZDV�IXUWKHU�FKDUDF�WHUL]HG�E\�)7,5��6(0�

7*$��DQG�'6&�DQDO\VLV��7KH�''��DQG�)7,5�UHVXOWV�FRQILUPHG�WKH�FRPSOHWH�FRQYHUVLRQ�RI�FHOOX�ORVH�DFHWDWH

IURP�FLJDUHWWH�EXWWV�WR�FHOOXORVH�ZLWKLQ����PLQXWHV��&HOOXORVH�PRUSKRORJ\�XQGHU�6(0�VKRZHG�WKH�VXUIDFH

EHFDPH�URXJKHU�DQG�WH[WXUHG�DIWHU�DXWRFODYH�WUHDWPHQW��7KH�UHVXOWV�RI�DXWRFODYH�DVVLVWHG�GHDFHW\ODWLRQ�DUH

FRPSDUDEOH�ZLWK�WKH�FRQYHQWLRQDO�GHDFHW\ODWLRQ��2XU�UDSLG�PHWKRG�RIIHUV�VXEVWDQWLDOO\�UHGXFHG�GHDFHW\ODWLRQ

IURP� ��� KRXUV� WR� MXVW� ���PLQXWHV�� 7KLV� VWXG\� KDV� VKRZQ� WKDW� WKH� QHZ� DQG� VWUDLJKWIRUZDUG�PHWKRG� IRU

GHDFHW\ODWLRQ�FHOOXORVH�DFHWDWH�DQG�LW�LV�SRWHQWLDO�DV�DQ�DOWHUQDWLYH�PHWKRG�IRU�UHF\FOLQJ�FLJDUHWWH�EXWWV�ZDVWH�LQ

WKH�IXWXUH�
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52.2.�0(1-$',�6(/8/26$��0DWHULDO�EHUEDVLV�VHOXORVD�DVHWDW��&$��VHSHUWL�SXQWXQJ�URNRN��&%���PHQMDGL

VDODK�VDWX�VDPSDK�\DQJ�SDOLQJ�XPXP�GL�GXQLD��=DW�EHUDFXQ�\DQJ�WHUNDQGXQJ�GLGDODPQ\D�PHPEXDW�VDPSDK�LQL

PHPEDZD�ULVLNR�EHUEDKD\D�EDJL�OLQJNXQJDQ�GDQ�PDNKXN�KLGXS��3DGD�SHQHOLWLDQ�LQL�NDPL�PHODSRUNDQ�PHWRGH

\DQJ�FHSDW�XQWXN�GDXU�XODQJ�SXQWXQJ�URNRN�PHQMDGL�PDWUHULDO�\DQJ�OHELK�UDPDK�OLQJNXQJDQ��3XQWXQJ�URNRN�GL

NRQYHUVL�PHQMDGL�VHOXORVD�GHQJDQ�FDUD�GHDVHWLODVL�PHQJJXQDNDQ�ODUXWDQ�1D2+�GHQJDQ�EHUEDJDL�YDULDVL�ZDNWX�

������������GDQ����PHQLW�PHQJJXQDNDQ�DXWRNODI��.RQYHUVL�VHOXORVD�DVHWDW�GL�EXNWLNDQ�GHQJDQ�SHUKLWXQJDQ

GHUDMDW�GHDVHWLODVL��''���GLODQMXWNDQ�GHQJDQ�DQDOLVLV�)7,5��6(0��7*$��GDQ�'6&��+DVLO�''��GDQ�)7,5

PHQJNRQILUPDVL�NRQYHUVL�OHQJNDS�VHOXORVD�DVHWDW�GDUL�SXQWXQJ�PHQMDGL�VHOXORVD�GDODP�ZDNWX����PHQLW��0RUIRORJL

VHOXORVD�KDVLO�NRQYHUVL�PHQJJXQDNDQ�DXWRNODI�GHQJDQ�6(0�PHQXQMXNNDQ�SHUPXNDDQ�\DQJ�OHELK�NDVDU�GDQ

EHUWHNVWXU��6HOXORVD�\DQJ�GLSHUROHK�GDUL�KDVLO�GHDVHWLODVL�PHQJJXQDNDQ�DXWRNODI�VHEDQGLQJ�GHQJDQ�GHDVHWLODVL
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$XWRFODYH�$VVLVWHG�'HDFHW\ODWLRQ��$�5DSLG�0HWKRG�WR�5HF\FOLQJ�&LJDUHWWH�%XWWV�LQWR�&HOOXORVH��3XWUL�$PDQGD�

,1752'8&7,21

&LJDUHWWH�EXWWV��&%V���WKH�FRPPRQ�QDPH�IRU�WKH

UHPDLQV�RI�D�FLJDUHWWH�DIWHU�VPRNLQJ��LV�RQH�RI�WKH�PRVW

FRPPRQ�W\SHV�RI�OLWWHU�LQ�WKH�ZRUOG�>�@��7KHVH�ZDVWHV�DUH

VPDOO� EXW� DUH� VDWXUDWHG� ZLWK� WR[LF� FRPSRXQGV�

$SSUR[LPDWHO\�PRUH� WKDQ�D� WKRXVDQG� FKHPLFDOV� KDYH

EHHQ�UHSRUWHG�LQ�&%V��7KHVH�LQ�FOXGH�KHDY\�PHWDOV��HWK\O

SKHQRO��QLFRWLQH��FDUERQ�PRQR[LGH��K\GURJHQ�F\DQLGH�

QLWURJHQ� R[LGHV�� DQG� RWKHU� SRO\F\FOLF� DURPDWLF

K\GURFDUERQV��ZKLFK�DUH�NQRZQ�WR�EH�FDUFLQRJHQLF�WR

KXPDQV>�@�>�@��7KHVH� FKHPLFDOV� DUH� UHOHDVHG� LQWR� WKH

HQYLURQPHQW��GH�SHQGLQJ�RQ�WKH�FRQGLWLRQV�DQG�FKHPLFDO

SURSHUWLHV��7KHQ���WKH\�FRQWDPLQDWH�VRLO�DQG�EH�OHDFKHG

E\�UDLQZDWHU�DQG�EURXJKW�WR�VXUIDFH�ZDWHU�DQG�FRQWDP�

LQDWH�DTXDWLF�HQYLURQPHQWV�>�@��>�@��7KH�HQYLURQ�PHQWDO

LPSDFW� RI� FLJDUHWWH� EXWWV� LV� UHODWHG� WR� LWV� FKHPLFDO

FRPSRVLWLRQ��,Q�FRQVHTXHQFH��WKH� WR[LFLW\�RI�FLJDUHWWH

EXWWV�ZDV�VLJQLILFDQWO\�LQIOXHQFLQJ�HQ�YLURQPHQWDO�DQG

SXEOLF�KHDOWK�DUHDV�>�@��>�@�

$OWKRXJK� JRYHUQPHQWV�ZRUOGZLGH� LPSOH�PHQW

OHJLVODWLRQ�WRZDUG�UHGXFLQJ�FLJDUHWWH�FRQ�VXPSWLRQ�DQG

UHGXFH� FLJDUHWWH�EXWWV� DV� VRXUFHV� RI� OLWWHU�� WKHUH� LV� DQ

XUJHQW� QHHG� WR� UHF\FOH� WKLV� KD]�DUGRXV�SROOXWDQW� >�@�

7RUNDVKYDQG�	�)DU]DGNLD�������>�@��UHYLHZHG�YDULRXV

VROXWLRQV�IRU�FLJDUHWWH�EXWW�PDQDJHPHQW��7KH\�SUHVHQW

D�FULWLFDO�UHYLHZ�RI�WKH�UHVHDUFK�DYDLODEOH�LQ�WKH�OLWHUDWXUH

RQ�WKH�UHF\�FOLQJ�RI�&%V�DV�DQ�LQHUW�FRPSRQHQW�RI�RWKHU

KLJK�YDOXH�DGGHG�PDWHULDOV��%DQGL�HW�DO��������>�@�DQG

0RKDMHUDQL� HW�DO� ������� >��@� ,GHQWLILHG� D� UHF\FOLQJ

PHWKRGRORJ\�IRU� WKLV�NLQG�RI�ZDVWH�ZRXOG� UHGXFH� WKH

UHOHDVH�RI�GDQJHURXV�PDWHULDOV�LQWR�WKH�HQYL�URQPHQW�DQG

WKH� HFRV\VWHP� DQG� HQFRXUDJH� WKH� UH�F\FOLQJ� RI

UHVRXUFHV�

$OPRVW�����RI�DOO�FLJDUHWWHV�ILOWHUV�LQ�WKH�ZRUOG

DUH�PDQXIDFWXUHG�ZLWK� FHOOXORVH� DFHWDWH� �&$�� ILEHUV

H[FHSW�LQ�-DSDQ��9HQH]XHOD��6RXWK�.R�UHD��DQG�+XQJDU\

>��@�DQG�*O\FHURO�WULDFHWDWH�DV�SODVWLFL]HUV�DUH�DSSOLHG�WR

ERQG�WKH�ILEHUV�>��@��&HO�OXORVH�DFHWDWHV�DUH�LPSRUWDQW

HVWHUV�RI�FHOOXORVH�REWDLQHG�IURP�QDWXUDO�SRO\PHU�ZLWK�D

ZLGH�UDQJH�RI�SURSHUWLHV�>��@�>��@��$OWKRXJK�&$�FDQ�EH

SUR�GXFHG�ZLWK�D�UDQJH�RI�GHJUHHV�RI�VXEVWLWXWLRQ��'6��

WKH�PRVW�FRPPRQ�OHYHO�RI�'6�LV�����GXH�WR�JRRG�VROXELOLW\

LQ� FRPPRQ� VROYHQWV�� PROHFXODU� ZHLJKWV�� DQG�PHOW

SURSHUWLHV� >��@�� &LJDUHWWH� EXWWV� KDYH� D� GH�JUHH� RI

VXEVWLWXWLRQ�DERXW������ WKLV�KLJK�GHJUHH�RI�DFHW\ODWLRQ

PDNHV�&%V� FKDOOHQJLQJ� WR� GHJUDGH��5H�VHDUFK� VKRZV

WKDW� FHOOXORVH� DFHWDWH�EDVHG� FLJDUHWWH� EXWWV� GR� QRW

ELRGHJUDGH�XQGHU�PRVW�FLUFXPVWDQFHV�EHFDXVH�RI�WKHLU

FRPSUHVVHG�PDNHXS� DQG� WKH� SUHV�HQFH� RI� DFHW\O

PROHFXOHV�>�@��>�@��>��@��)RU�&$�GHJ�UDGDWLRQ��WKH�'6�PXVW

UHGXFH�IURP�����WR����,Q�WKH�HQYLURQPHQW��'6�UHGXFWLRQ

RU� GHDFHW\ODWLRQ� SUR�FHHG� E\� K\GURO\VLV�� DQG� &$

K\GURO\VLV�LV�D�VORZ�SURFHVV�DW�DPELHQW�FRQGLWLRQ�>��@�

6HYHUDO�PHFKD�QLVPV� DUH� NQRZQ� VXFK� DV� FKHPLFDO�

HQ]\PDWLF� >��@� SKRWRGHJUDGDWLRQ�� DQG� WKHUPDO

GHJUDGDWLRQ�>��@�IRU�WKH�GHDFHW\ODWLRQ�RI�&$��5HJDUGLQJ

FLJDUHWWH�EXWWV��WKH�KLJKO\�HQWDQJOHG�QHWZRUN�RI�WKH�ILEHUV

PL[HG�ZLWK�SODVWLFL]HUV�PDGH�WKH�GLVLQWHJUDWLRQ�RI�EXWWV

YHU\�VORZ�DQG�FKDOOHQJLQJ�

'HDFHW\ODWLRQ�LV�RQH�RI�WKH�SRVVLEOH�WUHDWPHQWV

RI�&%V�WR�PDNH�WKHP�OHVV�KDUPIXO�DQG�WR�JLYH�WKH�ZDVWH

D�VHFRQG�OLIH�WKURXJK�WKH�SURGXFWLRQ�RI�VHF�RQGDU\�UDZ

PDWHULDOV� RU� SURGXFWV� WKDW� DUH� DOUHDG\� XVDEOH� RQ� WKH

PDUNHW��&$�LQ�&%V�FDQ�EH�HDVLO\�GHDFHW\ODWHG�DQG�FRQYHUW

WR�FHOOXORVH�E\�K\GURO\�VLV��&$
V�GHDFHW\ODWLRQ�LV�XVXDOO\

SHUIRUPHG�WKURXJK�D�K\GURO\VLV�PHWKRG�XVLQJ�DONR[LGH�

DFLG�LF��RU�DONDOL�VROXWLRQV�>��@�>��@��HLWKHU�DTXHRXV�RU

DOFRKROLF�DONDOL�VROXWLRQV�>��@

7KH�GHJUHH�RI�WKH�GHDFHW\ODWLRQ�DQG�WKH�WLPH�WR

DFKLHYH� WKH� GHDFHW\ODWLRQ�GHSHQG�RQ� VHYHUDO� IDF�WRUV�

LQFOXGLQJ�VROYHQW�W\SH��DONDOL�FRQFHQWUDWLRQ�DQG�OLTXRU

WR�ILEHU�UDWLR��/LX�DQG�+VLHK�UHSRUWHG�WKDW�UHDFWLRQ�WLPH

ZDV�FUXFLDO�IRU�WKH�GHDFHW\OD�WLRQ�UHVXOWV�>��@��;XH]KRQJ

+H� LQYHVWLJDWHG� WKH� GHDFHW\ODWLRQ�&$� DQG� WKH� UHVXOW

VKRZHG� WKDW� WKH� LPSRUWDQFH� RI� WKH� GHDFHW\ODWLRQ

SDUDPHWHUV�ZDV� VRUWHG� DV�6ROXWLRQ�!�6ZHOOLQJ� WLPH�!

5HDFWLRQ�WLPH�!�&RQFHQWUDWLRQ�>��@�

7KH�UHDFWLRQ�WLPH�KDV�VLJQLILFDQW�LQIOXHQFHV�RQ

WKH� GHDFHW\ODWLRQ� UHVXOWV�� DQG� WKLV� LV� UHODWHG� WR� WKH

VZHOOLQJ�WLPH�RI�&$��6ZHOOLQJ�WLPH�LV�IDVW��VR�WKH�UHDFWLRQ

WLPH�ZLOO�EH�IDVW�EHFDXVH�WKH�DFHW\O�JURXS�LV�PRUH�HDVLO\

VHFDUD�NRQYHQVLRQDO��0HWRGD�LQL�PHQDZDUNDQ�SURVHV�GHDVHWLODVL�\DQJ�OHELK�FHSDW�\DLWX�EHUNXUDQJ�GDUL����MDP

PHQMDGL����PHQLW��3HQHOLWLDQ�LQL�PHQXQMXNNDQ�SHQJJXQDDQ�DXWRNODI�GDSDW�PHQMDGL�FDUD�EDUX�GDODP�GHDDVHWLODVL

VHOXORVD�DVHWDW�GDUL�SXQWXQJ�URNRN�GDQ�EHUSRWHQVL�VHEDJDL�PHWRGD�DOWHUQDWLI�XQWXN�GDXU�XODQJ�VDPSDK�SXQWXQJ

URNRN�GLPDVD�GHSDQ�

.DWD�NXQFL��3XQWXQJ�URNRN��6HOXORVD�DVHWDW��'HDVHWLODVL��$XWRNODI
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LQ� FRQWDFW� ZLWK� DQ� DONDOLQH� VROXWLRQ�� +HQFH� WKH

GHDFHW\ODWLRQ�UHDFWLRQ�RFFXUV�PRUH�TXLFNO\�>��@�

$KPHG�HW�DO��������>��@�UHSRUWHG�D�UDSLG�PHWKRG

IRU� WKH� GHDFHW\ODWLRQ� RI� &$� QDQRILEHUV� WR� SURGXFH

FHOOXORVH� QDQRILEHUV� XVLQJ� H[WHUQDO� IRUFH� NQRZQ� DV

XOWUDVRQLF�HQHUJ\��7KH�HQHUJ\�PDNHV�&$
V�VZHOOLQJ�IDVWHU

WKDQ� XVLQJ� WKH� FRQYHQWLRQDO�PHWKRG� DQG� WKLV�PHWKRG

RIIHUV�VXEVWDQWLDOO\�UH�GXFHG�GHDFHW\ODWLRQ�WLPH�IURP���

KRXUV�WR�MXVW���KRXU�

,Q�WKLV�UHVHDUFK��ZH�SURSRVHG�D�QRYHO�PHWKRG�WR

SURYLGH�D�IDVW�DQG�HIIHFWLYH�URXWH�WR�IDEULFDWH�FHOOXORVH

IURP�&%V�E\�K\GURWKHUPDO�PHWKRG�XVLQJ�DQ�DXWRFODYH�

)URP�WKHUPRG\QDPLFV�RI�SRO\PHU�QHWZRUNV��LW�LV�NQRZQ

WZR�RSSRVLQJ�IDFWRUV��GULYH�WKDW�GHJUHH�RI�VZHOOLQJ��RQH

LQYROYHV�WKH�VROYHQW�SRO\PHU�LQWHUDFWLRQ�ZKLFK�UHVXOWV

LQ�FKDQJHV�LQ�WKH�PL[LQJ�IUHH�HQHUJ\�RI�WKH�V\VWHP��DQG

DQRWKHU�IDFWRU�LV�GXH�WR�HODVWLF�IRUFHV�ZLWKLQ�WKH�SRO\PHULF

QHWZRUN��FDXVHG�E\�LQFUHDVLQJ�ZDWHU�FRQWHQW�ZLWK�LQ�LW

>��@��'XH� WR� WKH�DQDO\VLV�SULQFLSOH��ZKLFK� LV�GLIIHUHQW

IRUP�SUHYLRXV� HVWDEOLVK�PHWKRG�� WKH� XVH�RI� DXWRFODYH

FDQ� VSHHG�XS� WKH� UHDFWLRQ� WLPH�DQG� WKHQ� VSHHGLQJ� XS

WKH� GHDFHW\ODWLRQ� SURFHVV�

:H�XVH�VHYHUDO�FKDUDFWHUL]DWLRQV�VXFK�DV�TXDOL�

WDWLYH�WHVWLQJ��)RXULHU�7UDQVIRUP�,QIUDUHG�VSHFWURVFRS\

�)7,5� IRU� FHOOXORVH� FKHPLFDO� VWUXF�WXUHV�� VFDQQLQJ

HOHFWURQ�PLFURVFRSH��6(0��WR�LQ�YHVWLJDWH�WKH�FKDQJH

RI�PRUSKRORJ\��DQG�WKHUPDO�DQDO\VLV�ZLWK�7*$�DQG�'6&

WR�FRQILUP�WKH�VXF�FHVVIXO�RI�WKLV�PHWKRG�

� 7KLV� PHWKRG� FDQ� EH� DQ� DOWHUQDWLYH� VWHS� LQ

PDQDJLQJ�FLJDUHWWH�EXWWV�ZDVWH��DQG�LW�LV�PRUH�VXLW�DEOH

IRU�ODUJH�VFDOH�SURGXFWLRQ�RI�FHOOXORVH�IURP�&%V�

(;3(5,0(17$/�0(7+2'

0DWHULDOV�DQG�,QVWUXPHQWV

&LJDUHWWH�EXWWV��&%V��ZHUH�FROOHFWHG�RQ�&LELQRQJ

6FLHQFH�&HQWUH�±�%RWDQLFDO�JDUGHQ��&6&�%*��&LELQRQJ�

GLPHWK\OIRUPDPLGH��'0)��$&6�UHDJHQW�JUDGH��6LJPD�

$OGULFK���(WKDQRO� ��&
�
+

�
2+���������6LJPD�$OGULFK��

VRGLXP� K\GUR[LGH� SHOOHWV� �1D2+�� 6LJPD��$OGULFK��

VXOIXULF� DFLG� �+
�
62��� ����6LJPD�$OGULFK��� 6RGLXP

&KORULGH��1D&O��6LJPD�$OGULFK��DQG�6RGLXP�+\SRFKORULWH

VROXWLRQ�ZLWK� FKORULQH� FRQWHQW� ���� �1D&O2�� 6LJPD�

$OGULFK���$OO�FKHPLFDOV�ZHUH�XVHG�DV�UHFHLYHG�

0HWKRG�DQG�3URFHGXUH

3UHSDUDWLRQ�RI�&LJDUHWWHV�EXWWV

7KH� ILOWHUV�ZHUH� ILUVW�PDQXDOO\� VHSDUDWHG� IURP

SDSHU�DQG�WREDFFR��)LOWHUV��FD�����J��ZHUH�WKHQ�VRDNHG

DQG�ZDVKHG�ZLWK� ZDWHU�� GUDLQHG� DQG� H[WUDFWHG�ZLWK

HWKDQRO�����P/�J��IRU����K�DW�URRP�WHPSHUDWXUH��$IWHU

H[WUDFWLRQ��WKH�REWDLQHG�FHOOXORVH�DFHWDWH�ZDV�EOHDFKHG

XVLQJ� �� Z�Y��1D2&O� ���� P/�J�� IRU� �� K� DW� URRP

WHPSHUDWXUH�DQG�WKHQ�GULHG�DW�URRP�WHPSHUDWXUH�IRU����K

>�@�

'HDFHW\ODWLRQ� RI�&LJDUHWWH�%XWWV

7KH�REWDLQHG�GULHG�&%V�ZDV�GHDFHW\ODWHG�XVLQJ

�����0�1D2+�VROXWLRQ�����P/�J�� LQ�DXWRFODYH�DW�WKH

WHPSHUDWXUHV�RI�����&�ZLWK�WKH�YDULDWLRQ�RI�WLPHV���������

��� DQG� ���PLQXWHV�� )RU� FRPSDULVRQ�� FRQYHQWLRQDO

GHDFHW\ODWLRQ�ZDV�DOVR�FDUULHG�RXW�XVLQJ�(WKDQROLF�1D2+

�&HO�(W2+�1D2+��DW�URRP�WHPSHUDWXUH�IRU����KRXUV��$OO

WKH� FHOOXORVH� VDPSOHV�ZHUH� WKRURXJKO\� ULQVHG�RII� LQ

GLVWLOOHG�ZDWHU� XQWLO� WKHLU� S+� UHDFKHG� WR�QHXWUDO�� 7KH

SHUFHQWDJH� \LHOG� RI� WKH� &HOOXORVH� ZDV� GHWHUPLQHG

JUDYLPHWULFDOO\�

'HJUHH� RI�'HDFHW\ODWLRQ� �''��

7KH�GHJUHH�RI�GHDFHW\ODWLRQ��''���RI�&%V�ZDV

PHDVXUHG�XVLQJ�FRPSDUH�GHJUHH�RI�VXEVWLWXWLRQ�RI�DFHW\O

&%V� EHIRUH� DQG� DIWHU� GHDFHW\ODWLRQ�� 'HJUHH� RI

VXEVWLWXWLRQ� RI� DFHW\O� �'6
DFHW\O

�� ZDV�PHDVXUHG� XVLQJ

HTXDWLRQ�����>��@�

$FHW\O����� �

'6
DFHW\O

 ���� �����������������

:KHUH��:�LV�WKH�VDPSOH�ZHLJKW��$�DQG�%�DUH�WKH

YROXPH�1D2+�VROXWLRQ�WR�WLWUDWLRQ�VDPSOH�DQG�EODQN��&

DQG�'�DUH�WKH�YROXPH�+&O��VROXWLRQ�WR�WLWUDWLRQ�VDPSOH

DQG�EODQN��DQG�1D�DQG�1E�DUH�FRQFHQWUDWLRQ�RI�1D2+

DQG�+&O�

�&KDUDFWHUL]DWLRQV

7KH�PRUSKRORJ\�RI�HDFK�VDPSOH�ZDV�GHWHUPLQHG

XQGHU� WKH� VFDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(0�� E\

+LWDFKL�68������ZLWK�DQ�DFFHOHUDWLQJ�YROWDJH�RI������N9

DQG�D�PD[LPXP�PDJQLILFDWLRQ�RI�����î�,Q�RUGHU�WR�FRQILUP

&%V� WR� FHOOXORVH� FRQYHUVLRQ�� WKH� &HOOXORVH� ZHUH

H[DPLQHG�XVLQJ�)RXULHU�7UDQVIRUP�,QIUDUHG�VSHFWURVFRS\

�)7,5��3HUNLQ�(OPHU�6SHFWUXP�7ZR��$OO�WKH�QDQRILEHU

VDPSOHV�ZHUH�DQDO\VHG�DW�$75�)7,5�PRGH��$�TXDOLWDWLYH

WHVW� ZDV� DOVR� FRQGXFWHG� IRU� FRQILUPDWLRQ� RI� &%� WR

FHOOXORVH�FRQYHUVLRQ��FRQVLGHULQJ�WKH�VROXELOLW\�RI�&%
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DQG�LQVROXELOLW\�RI�&HOOXORVH�LQ�'0)��7KH�LQVROXELOLW\�RI

WKH�VDPSOH�FRQILUPV�&%�WR�FHOOXORVH�FRQYHUVLRQ�VLQFH

&HOOXORVH�LV�LQVROXEOH�LQ�WKH�'0)��'6&�DQG�7*$�ZHUH

SHUIRUPHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�WKHUPDO�SURSHUWLHV

RI�ERWK�VDPSOHV��7KHUPRJUDYLPHWULF�DQDO\VLV��7*$��ZDV

FDUULHG�RXW�XVLQJ�3HUNLQ�(OPHU�������7KH�DQDO\VHV�ZHUH

FRQGXFWHG�XVLQJ�D�VDPSOH�PDVV�LQ�WKH�UDQJH�����PJ�LQ�D

QLWURJHQ�DWPRVSKHUH��IORZ�UDWH�RI����P/�PLQ��ZLWK�D

FRQVWDQW�KHDWLQJ�UDWH�RI����R&��PLQ�DQG�DW�WHPSHUDWXUH�RI

��±����R&��'6&�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�D�3HUNLQ�

(OPHU�'6&������ZLWK�3\ULV���DQDO\VHU��DW�WHPSHUDWXUH�RI

��±����R&�

5(68/7�$1'�',6&866,21

'HJUHH�RI�'HDFHW\ODWLRQ��''���RI�&%V

)LJXUH���VKRZV�WKH�HIIHFW�RI�GLIIHUHQW�WLPH�����

�������DQG����PLQXWHV��DQG�WUHDWPHQW��FRQYHQWLRQDO�DQG

DXWRFODYH�GHDFHW\ODWHG��RQ�''��GXULQJ�WKH�DXWRFODYHG

DVVLVWHG�GHDFHW\ODWLRQ��$$�GHDFHW\ODWLRQ��RI�&%V��,W�FDQ

EH�VHHQ�IURP�)LJXUH����,Q�JHQHUDO��DIWHU�GHDFHW\ODWLRQ�WKH

''��RI� DOO� UHVXOWV� RI� GHDFHW\ODWLRQ�&%V� UHVLGHV� DW� D

UDQJH�RI� ��������7KH�DXWRFODYH� WUHDWPHQW� VKRZV� WKH

)LJXUH� ���7KH�''�� RI� FRQYHQWLRQDO� GHDFHW\ODWHG� DQG

$XWRFODYH� DVVLVWHG� GHDFHW\ODWHG� RI� FLJDUHWWH� EXWWV�

''�� KDYH� VLPLODU� YDOXHV� WR� WKH� FRQYHQWLRQDO

GHDFHW\ODWLRQ��7KLV�UHYHDOHG�WKDW�DXWRFODYHG�WUHDWPHQW

FRXOG�EH�XVHG�LQ�WKH�GHDFHW\ODWHG�SURFHVV�RI�&%V�

4XDOLWDWLYH�DVVHVVPHQW�RI�&HOOXORVH�VROXELO�

LW\�WHVW

4XDOLWDWLYH� WHVWLQJ�ZLWK�'0)�VROXWLRQ�ZDV� WKH

PRVW� VWUDLJKWIRUZDUG�ZD\� WKDW�ZH� FKRRVH� WR� VHH� WKH

VXFFHVV� RI� FRQYHUVLRQ� &%V� LQWR� FHOOXORVH�� 6LPLODU

TXDOLWDWLYH� WHVWLQJ� LV� DOVR� SHUIRUPHG�E\�$KPHG� HW� DO�

�����>��@�RQ�GHDFHW\ODWHG�HOHFWURVSLQQLQJ�RI�FHOOXORVH

DFHWDWH��&HOOXORVH�KDV�D�VWURQJ�K\GURJHQ�ERQG�WKDW�PDNHV

LQVROXEOH� LQ� WKH� RUJDQLF� VROYHQW� VXFK� DV�'0)� >��@�

+RZHYHU��'0)� LV� D�JRRG� VROYHQW� IRU�&$� EHFDXVH� LWV

VROXELOLW\�SDUDPHWHU�LV�FRPSDUDEOH�WR�WKDW�RI�&$��7KH

+LOGHEUDQG�VROXELOLW\�SDUDPHWHUV�DUH������03D�����DQG�����

03D���� IRU� &$� DQG� '0)� UHVSHFWLYHO\� >��@��$OO� WKH

GHDFHW\ODWLRQ� UHVXOWV� RI�&%V�ZHUH� LQVROXEOH� LQ�'0)�

SURYLQJ� WKH� FRQYHUVLRQ� WR� FHOOXORVH�ZDV� VXFFHVVIXO�

)XUWKHUPRUH��ZH�IRXQG�WKH�LQWHUHVWLQJ�UHVXOW�WKDW�FDQ�EH

VHHQ�LQ�)LJXUH����7KH�''��RI�$$�GHDFHW\ODWLRQ�SURFHVV

DW����PLQXWHV�DQG����PLQXWHV�VKRZHG�QRW�VLJQLILFDQWO\

GLIIHUHQW��������DQG�������UHVSHFWLYHO\��7KLV�YDOXH�GRHV

QRW�GLIIHU�FRQVLGHUDEO\��FRPSDUHG�WR�WKH�WLPH�WKDW�LV�VDYHG

DURXQG� LI� RQO\� GR� DXWRFODYH� IRU� ���0LQXWHV�� 6R�� ��

PLQXWHV�RI�VDPSOH�WUHDWPHQW�LQ�WKH�DXWRFODYH�ZDV�FKRVHQ

IRU�IXUWKHU�LQYHVWLJDWLRQ�

&KHPLFDO�6WUXFWXUH�RI�&HOOXORVH

7KH� )7,5� VSHFWUD� RI� &%�� &HOOXORVH� IURP

FRQYHQWLRQDO� GHDFHW\ODWLRQ� DQG� DXWRFODYHG� DVVLVWHG

GHDFHW\ODWLRQ� �&HO�(W2+�1D2+� DQG�&HO�$$��ZLWK

YDULDWLRQV� RI� WLPH� DUH� VKRZQ� LQ� )LJXUH� ��� 7KH

FKDUDFWHULVWLF� DEVRUSWLRQ� SHDNV� RI� FHOOXORVH� DFHWDWH

)LJXUH����)7,5� 6SHFWUD�RI�&%V� DQG� GHDFHW\ODWHG�&%V�
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DWWULEXWHG�WR�WKH�YLEUDWLRQV�RI��FDUERQ\O��& 2���VWUHWFKLQJ

RI�HVWHU�&�+�LQ�2��& 2��&+
�
�DQG�VWUHWFKLQJ�RI�DFHW\O

JURXSV� DW� ����� FP´��� ����� FP´��� DQG� ����� FP´�� DUH

REVHUYHG�LQ�WKH�&%��FRQILUP�WKDW�WKH�FLJDUHWWH�EXWWV�ZHUH

PDGH�RI�FHOOXORVH�DFHWDWH��7KHVH�FKDUDFWHULVWLFV�SHDNV

RI� &$� GLVDSSHDUHG� LQ� WKH� GHDFHW\ODWHG� &%V� E\

FRQYHQWLRQDO� DQG� DXWRFODYH� DVVLVWHG� GHDFHW\ODWLRQ�

)XUWKHUPRUH��WKH�DEVRUSWLRQ�SHDN�DW�������������FP´�

DWWULEXWHG�WR�2�+�JURXSV�GHWHFWHG�LQ�ERWK�VDPSOHV��)7,5

6SHFWUD�IRU�&%�LQGLFDWH�EURDG�VSHFWUXP�FHQWHULQJ�DURXQG

���������� FP��� DQG� ZLWK� SURJUHVVLYH� DTXHRXV

K\GURO\VLV�� WKH�K\GUR[\O� SHDN� EURDGHQV� DQG� VKLIWV� WR

ORZHU�ZDYHQXPEHUV������FP����VXJJHVWLQJ�WKH�IRUPDWLRQ

RI�K\GURJHQ�ERQGLQJ��7KH�GLVDSSHDUDQFH�&$�SHDNV�DQG

WKH�HPHUJHQFH�RI�QHZ��2+�SHDNV�LQ�DOO�GHDFHW\ODWHG�&%V

FRQILUP�WKDW�WKH�&%�KDV�EHHQ�FRQYHUWHG�LQWR�FHOOXORVH��,W

DOVR�VKRZHG�LQ�)LJ�����WKDW�WKH�)7,5�VSHFWUD�RI�&HO�$$

GHDFHW\ODWLRQ�VKRZHG�VLPLODU�VSHFWUD�WR�WKH�&HO�(W2+�

1D2+�� ,W� LV� VKRZQ� WKDW� WKH� FKDUDFWHULVWLF� EDQGV� RI

FHOOXORVH� UHPDLQ� XQFKDQJHG� DIWHU� DXWRFODYH� DVVLVWHG

GHDFHW\ODWLRQ�� WKLV� GHWHUPLQHV� WKDW� DXWRFODYH� DVVLVWHG

KDV� QR� QHJDWLYH� HIIHFW� RQ� WKH� FKHPLFDO� VWUXFWXUH� RI

FHOOXORVH�

(IIHFW�RI�DXWRFODYH�DVVLVWHG�GHDFHW\ODWLRQ

RQ�FHOOXORVH�PRUSKRORJ\

7R� VWXG\� WKH� HIIHFW� RI� DXWRFODYH�DVVLVWHG

GHDFHW\ODWLRQ�RQ�FHOOXORVH¶V�PRUSKRORJ\��WKH�VDPSOHV�

&%V��&HO�$$���DQG�&HO�(W2+�1D2+�ZHUH�DQDO\]HG�E\

6FDQQLQJ�(OHFWURQ�0LFURVFRS\��6(0��WHFKQLTXH���)LJXUH

�� �D�� ±� �F�� VKRZV� WKH� VXUIDFH� PRUSKRORJ\� RI� &%�

FRQYHQWLRQDO�GHDFHW\ODWHG�&%V��DQG�$XWRFODYH�DVVLVWHG

GHDFHW\ODWLRQ�&%V�� �$IWHU� GHDFHW\ODWLRQ� DVVLVWHG� E\

DXWRFODYH��&%V�EHFDPH�URXJKHU�DQG�WH[WXUHG��)LJ���F��

7KH�URXJK�FHOOXORVH�VXUIDFH�LV�EHFDXVH�LQ�K\GURWKHUPDO

SURFHVVHV�VXFK�DV�WKH�DXWRFODYH��WKH�VDPSOH�LV�H[SRVHG

WR�SUHVVXUH�DQG�KHDW�UHVXOWLQJ�LQ�VXEVWDQWLDO�EUHDN�GRZQ

RI�WKH�FHOOXORVH�VWUXFWXUH�

7KHUPDO�$QDO\VLV�RI�&HOOXORVH

)LJXUH����6(0� LPDJHV�RI� �D��&&%� �E��&HO�(W2+�1D2+� �F�� &HO�$$���

7*$�DQG�'6&�WKHUPRJUDPV�ZHUH�HPSOR\HG�WR

LQYHVWLJDWHV�WKH�WKHUPDO�EHKDYLRU�RI�&%V�DQG�&HO�$$���

7*$�WKHUPRJUDPV�LQ�)LJXUH����VKRZHG�WKDW�ERWK�VDPSOHV

KDYH� VLPLODU� WKHUPDO� GHJUDGDWLRQ�PHFKDQLVPV� EXW

GLIIHUHQW�LQ�GHJUDGDWLRQ�UDWH��7*$�UHVXOWV�VKRZHG�WZR

PDLQ�WKHUPDO�VWHSV�LQ�&%V��GHVRUSWLRQ�RI�ZDWHU�DGVRUEHG

DQG�HYDSRUDWLRQ�RI�YRODWLOH�FRPSRXQGV��EHWZHHQ����&

DQG�����&��DQG�S\URO\WLF�GHFRPSRVLWLRQ�RI�&$�SRO\PHU

FKDLQ�VNHOHWRQ�IROORZHG�E\�EHWZHHQ�����&�DQG�����&

ZLWK�PD[LPXP�GHJUDGDWLRQ�DW�����&�ZLWK�ZHLJKW�ORVV

DERXW���������'HVRUSWLRQ�ZDWHU�RI�&%V�UHSUHVHQWHG�RQO\

�����RI�WKH�WRWDO�ORVV�RI�PDVV�LQ�WKH�7*$�DQDO\VLV�

,Q�&HO�$$����GHVRUSWLRQ�ZDWHU�LV�������RI�WKH

WRWDO�ORVV�RI�PDVV��7KLV�UHVXOW�KLJKHU�WKDQ�WKH�&%�ORVV

PDVV��,W�LV�EHFDXVH�WKH�GHDFHW\ODWLRQ�UHDFWLRQ�PDGH�WKH

DPRXQW� RI� K\GUR[\O� JURXS� LQ� FHOOXORVH� LQFUHDVH�� 7KH

PD[LPXP�GHJUDGDWLRQ�RFFXUV�DW�D�WHPSHUDWXUH�RI����R&

ZLWK�D�ZHLJKW�ORVV�RI������7KLV�YDOXH�LV�QRW�PXFK�GLIIHUHQW

DV�2JXQGDUH�HW�DO��UHSRUWHG�LQ�������ZKHUH�FHOOXORVH�IURP

FLJDUHWWH�EXWWV�KDG�D�PD[LPXP�GHJUDGDWLRQ�WHPSHUDWXUH

DW����R&��)LJXUH���RQO\�VKRZV�WKH�WKHUPRJUDP�RI�FHOOXORVH

IURP�FRQYHQWLRQDO�GHDFHW\ODWLRQ��&HO�(W2+�1D2+���,W

FDQ� EH� VHHQ� WKDW� &HO�$$��� VKRZHG� VLPLODU� WKHUPDO

FKDUDFWHULVWLFV�ZLWK�&HO�(W2+�1D2+��ZKLFK�SURYHV�WKDW

WKH� DXWRFODYH� DVVLVWHG� LQ� GHDFHW\ODWLRQ� SURFHVV� GRHV

QRW� GDPDJH� WKH� FKHPLFDO� VWUXFWXUH� DV� HYLGHQFHG� E\

VLPLODU�WKHUPDO�SURSHUWLHV�ERWK�RI�VDPSOH�

7KH�PD[LPXP�GHJUDGDWLRQ�WHPSHUDWXUH�RI�&%V�LV

KLJKHU�WKDQ�WKH�PD[LPXP�GHJUDGDWLRQ�WHPSHUDWXUH�RI�&HO�

$$���� LQGLFDWHG� WKDW� FHOOXORVH� KDV� ORZ� WKHUPDO

GHJUDGDWLRQ�� +RZHYHU�� FHOOXORVH� KDV� KLJKHU� WKHUPDO

UHVLVWDQFH��HYLGHQFHG�E\�ORZHU�GHJUDGDWLRQ�UDWH�VR�WKDW

WKH�SHUFHQWDJH�RI� FHOOXORVH� HQG�ZHLJKW� LV� KLJKHU� WKDQ

WKDW�RI�FHOOXORVH�DFHWDWH�FLJDUHWWH�EXWWV�

7KH� WKHUPDO� SURSHUWLHV� RI� FHOOXORVH� IURP

GHDFHW\ODWHG�FLJDUHWWH�EXWWV�FDQ�DOVR�EH�VHHQ�IURP�WKH

'6&�PHDVXUHPHQW�UHVXOWV��,Q�)LJXUH����WKH�WKHUPRJUDP

'6&�RI�&%V�LV�VKRZQ�WKH�PHOWLQJ�SRLQW�DW�����R&�DV�DQ

LQGLFDWLRQ�RI�WKH�RFFXUUHQFH�RI�SKDVH�WUDQVLWLRQV�
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)LJXUH� ���7KHUPRJUDYLPHWULF� DQDO\VLV� �7*$�� WKHUPR�

JUDPV� RI�&%�� &HO�(W2+�1D2+�DQG�&HOO�$$���
)LJXUH����7KH�'6&�WKHUPRJUDPV�RI�&%��&HO�(W2+�1D2+

DQG� &HOO�$$���

2Q� WKH� FRQWUDU\�� WKH� &%V� DIWHU� EHLQJ�$$�

GHDFHW\ODWLRQ�GLG�QRW�VKRZ�DQ\�IXVLRQ�SHDNV�RU�SKDVH

WUDQVLWLRQV� GXH� WR� LWV� DPRUSKRXV� FKDUDFWHULVWLFV�� LQ

DGGLWLRQ� WKHVH� WKHUPRJUDP�KDYH�VLPLODU�FKDUDFWHULVWLF

ZLWK�'6&�WKHUPRJUDP�RI�&HO�(W2+�1D2+���7KLV�SURYHV

WKDW� DXWRFODYHG� DVVLVWHG� GHDFHW\ODWLRQ� VXFFHVVIXOO\

FRQYHUWV�&%V�LQWR�FHOOXORVH�

&21&/86,21

5HF\FOLQJ� RI� &LJDUHWWH� EXWWV� KDYH� EHHQ

VXFFHVVIXOO\�FDUULHG�RXW� WKURXJK�GHDFHW\ODWHG�UHDFWLRQ

ZLWK�1D2+�VROXWLRQ�DVVLVWHG�E\�DXWRFODYH��'HDFHW\ODWHG

DVVLVWHG�E\�DXWRFODYH�IRU����PLQXWHV�FDQ�DOUHDG\�UHPRYH

����RI�WKH�DFHW\O�JURXS��)7,5�UHVXOWV�VKRZHG�WKH�UHPRYDO

RI� DFHW\O� JURXSV� DQG� WKH� DSSHDUDQFH� RI� ±2+� JURXSV

DIWHU�DXWRFODYHG¤�DVVLVWHG�GHDFHW\ODWLRQ�FRQILUPV� WKDW

WKH�FRQYHUVLRQ�RI�FHOOXORVH�DFHWDWH�IURP�FLJDUHWWH�EXWWV

LQWR� FHOOXORVH�� 6XUIDFH�PRUSKRORJ\� RI� UHJHQHUDWHG

FHOOXORVH�XQGHU�6(0�VKRZHG�WKH�VXUIDFH�EHFDPH�URXJKHU

DQG� WH[WXUHG� LQ� WKH� FDVH� RI� DXWRFODYHG� DVVLVWHG

GHDFHW\ODWLRQ��:H�FRQFOXGHG�WKDW�WKH����KRXUV�WUHDWPHQW

WLPH�RI�FRQYHQWLRQDO�GHDFHW\ODWLRQ�VXEVWDQWLDOO\�UHGXFHG

WR����PLQXWHV�ZLWK�DXWRFODYHG�GXULQJ�WKH�GHDFHW\ODWLRQ�

2XU�QHZ�PHWKRG�RIIHUV�D�UDSLG�WUHDWPHQW�IRU�FHOOXORVH

DFHWDWH� FRQYHUVLRQ� LQWR� FHOOXORVH�� WKHUHE\� HQVXULQJ� D

QHZ�PHWKRG� IRU� UHF\FOLQJ�FLJDUHWWH�EXWW�ZDVWH��7KHVH

UHVXOWV�FDQ�EH�RI�JUHDW�LQWHUHVW�WR�WHUULWRULHV�DURXQG�WKH

ZRUOG��7KH\�FDQ�LQVSLUH�WKH�DSSOLFDWLRQ�RI�ZDVWH�GLVSRVDO

VROXWLRQV� DQG� WHFKQRORJLHV� WKDW� KDYH� D� VXEVWDQWLDO

HQYLURQPHQWDO�LPSDFW�DQG�KHOS�GHYHORS�RWKHU�SURGXFWV

DFFRUGLQJ�WR�WKH�FLUFXODU�HFRQRP\�SDUDGLJP�

$&.12:/('*(0(17

7KH�DXWKRUV�DFNQRZOHGJH�WKH�IDFLOLWLHV��DQG�WKH

VFLHQWLILF� DQG� WHFKQLFDO� DVVLVWDQFH� RI� WKH� ,QWHJUDWHG

/DERUDWRU\�RI�%LRSURGXFWV�DW� WKH� ,QGRQHVLDQ� ,QVWLWXWH

RI�6FLHQFH´�

5()(5(1&(6

>�@ :+2��7REDFFR�DQG�LWV�HQYLURQPHQWDO�LPSDFW��DQ

RYHUYLHZ��:+2��*HQHYD�������

>�@ )��;��-RO\�DQG�0��&RXOLV��³&RPSDULVRQ�RI�FHOOXORVH

YV�� SODVWLF� FLJDUHWWH� ILOWHU� GHFRPSRVLWLRQ� XQGHU

GLVWLQFW� GLVSRVDO� HQYLURQPHQWV�´� :DVWH

0DQDJHPHQW��YRO������SS�����±����������

>�@ (��$EX�'DQVR��$�� %DJKHUL�� DQG�$�� %KDWQDJDU�

³)DFLOH� IXQFWLRQDOL]DWLRQ� RI� FHOOXORVH� IURP

GLVFDUGHG� FLJDUHWWH� EXWWV� IRU� WKH� UHPRYDO� RI

GLFORIHQDF� IURP�ZDWHU�´�&DUERK\GUDWH�3RO\PHU�

YRO�������SS����±���������

>�@ (�� 6ODXJKWHU��5��0��*HUVEHUJ��.��:DWDQDEH�� -�

5XGROSK��&��6WUDQVN\��DQG�7��(��1RYRWQ\��³7R[LFLW\

RI�FLJDUHWWH�EXWWV��DQG�WKHLU�FKHPLFDO�FRPSRQHQWV�

WR�PDULQH�DQG�IUHVKZDWHU�ILVK�´�7REDFFR�&RQWURO�

YRO������QR����6833/��SS����±���������

>�@ 0��-��%HQDYHQWH��0��-��$��&DEDOOHUR��*��6LOYHUR��,�

/ySH]�&RFD��DQG�9��*��(VFREDU��³&HOOXORVH�$FHWDWH

5HFRYHU\�IURP�&LJDUHWWH�%XWWV�´�3URFHHGLQJV��YRO�

���QR������S�������������

>�@ 7��(��1RYRWQ\�DQG�(��6ODXJKWHU��³7REDFFR�3URGXFW

:DVWH����$Q�(QYLURQPHQWDO�$SSURDFK�WR�5HGXFH

7REDFFR� 7REDFFR� 3URGXFW� :DVWH�� $Q

(QYLURQPHQWDO�$SSURDFK� WR� 5HGXFH� 7REDFFR

&RQVXPSWLRQ�´�&XUUHQW� (QYLURQPHQWDO� +HDOWK

5HSRUWV��YRO�����QR�����SS�����������0D\������

>�@ 6��$��2JXQGDUH��9��0RRGOH\��DQG�:��(��YDQ�=\O�

³1DQRFU\VWDOOLQH�FHOOXORVH�LVRODWHG�IURP�GLVFDUGHG

FLJDUHWWH�ILOWHUV�´�&DUERK\GUDWH�3RO\PHU��YRO������

SS�����±����������

>�@ -��7RUNDVKYDQG�DQG�0��)DU]DGNLD��³$�V\VWHPDWLF
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UHYLHZ� RQ� FLJDUHWWH� EXWW� PDQDJHPHQW� DV� D

KD]DUGRXV�ZDVWH�DQG�SUHYDOHQW�OLWWHU��FRQWURO�DQG

UHF\FOLQJ�´�(QYLURQPHQWDO�6FLHQFH�DQG�3ROOXWLRQ

5HVHDUFK��YRO������SS���������������$SU�������
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