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2SWLPL]DWLRQ�RI�GULOOLQJ�SURFHVV�SDUDPHWHUV�RQ�GHODPLQDWLRQ�IDFWRU�RI�-XWH�UHLQIRUFHG�
XQVDWXUDWHG�SRO\HVWHU�FRPSRVLWH�XVLQJ�%R[�%HKQNHQ�GHVLJQ�RI�H[SHULPHQW
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��)DNXOWL�.HMXUXWHUDDQ�3HPEXDWDQ��8QLYHUVLWL�7HNQLNDO�0DOD\VLD�0HODND��+DQJ�7XDK�-D\D��������'XULDQ�7XQJJDO��0HODND��0DOD\VLD�
��'HSDUWPHQW�RI�3RO\PHU�&RPSRVLWH�3URFHVVLQJ�7HFKQRORJ\��.ROHM�.HPDKLUDQ�7LQJJL�0$5$��������0DVMLG�7DQDK��0HODND��0DOD\VLD�
��&HQWUH�IRU�$GYDQFHG�5HVHDUFK�RQ�(QHUJ\��)DNXOWL�.HMXUXWHUDDQ�0HNDQLNDO��8QLYHUVLWL�7HNQLNDO�0DOD\VLD�0HODND��+DQJ�7XDK�-D\D��
������'XULDQ�7XQJJDO��0HODND��0DOD\VLD�
��6FKRRO�RI�$HURVSDFH�(QJLQHHULQJ��8QLYHUVLWL�6DLQV�0DOD\VLD���������0DOD\VLD�
��,QGXVWULDO�(QJLQHHULQJ�'HSDUWPHQW��)DFXOW\�RI�(QJLQHHULQJ��3ULQFH�6RQJNOD�8QLYHUVLW\��6RQJNKOD���������7KDLODQG�
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-XWH�ILEUH�LV�RQH�RI�WKH�ZLGHO\�XVHG�QDWXUDO�ILEUH�WKDW�FDQ�EH�FRQVLGHUHG�DV�DQ�DOWHUQDWLYH�UHLQIRUFHPHQW�PDWHULDO�WR�
WKH� V\QWKHWLF� ILEUHJODVV� DQG� FDUERQ� ILEUH� RZLQJ� WR� WKHLU� UHODWLYHO\� H[FHOOHQW� VSHFLILF� PHFKDQLFDO� SURSHUWLHV��
ELRGHJUDGDELOLW\��ORZ�SURGXFWLRQ�FRVW�DQG�ORZ�GHQVLW\�>���@��8QVDWXUDWHG�SRO\HVWHU�SURYLGHV�JRRG�GLPHQVLRQDO�VWDELOLW\�
DQG�DIIRUGDEOH�FRVW�>�@�

0DFKLQLQJ�ILEUH�UHLQIRUFHG�FRPSRVLWH�PDWHULDOV�LV�D�FRPSOH[�SURFHVV�GXH�WR�WKHLU�KHWHURJHQHLW\��DQLVRWURS\��DQG�KLJK�
DEUDVLYHQHVV�RI�ILEUHV�>���@��2IWHQ��FRQYHQWLRQDO�GULOOLQJ�SURFHVV�UHVXOWLQJ�LQ�GDPDJH�RI�WKH�FRPSRVLWH�PDWHULDOV�LQ�WKH�
IRUP�RI�GHODPLQDWLRQ��ILEUH�SXOO�RXW��KROH�VKULQNDJH��VSDOOLQJ��IX]]LQJ�DQG�WKHUPDO�GHJUDGDWLRQ�>���@��$OWKRXJK�UHVHDUFKHUV�
KDYH�DSSOLHG�D�YDULHW\�RI�PDFKLQLQJ�WHFKQRORJLHV�VXFK�DV�ODVHU�PDFKLQLQJ�RU�ZDWHUMHW�PDFKLQLQJ�>����@�RQ�WKH�V\QWKHWLF�
ILEUH�FRPSRVLWH�PDWHULDOV� WKH�FRQYHQWLRQDO�GULOOLQJ�WHFKQRORJ\��L�H��XVLQJ�D�VROLG�FXWWLQJ�WRRO��KDV�EHHQ�SRSXODUO\�XVHG�
GXH�WR�ORZ�PDFKLQLQJ�FRVW�DQG�VLPSOLFLW\��$V�WKH�IDEULFDWLRQ�SURFHVV�IRU�MXWH�UHLQIRUFHG�FRPSRVLWH�LV�VLPLODU�WR�WKDW�RI�
V\QWKHWLF�ILEUH��LW�LV�SRVVLEOH�WKDW�GULOOLQJ�LQGXFHG�GDPDJH�FRXOG�DOVR�RFFXU�LQ�WKLV�QDWXUDO�ILEUH�EDVHG�FRPSRVLWHV��7KH�
GDPDJH�WKDW�RFFXUUHG�GXULQJ�WKH�GULOOLQJ�SURFHVV�PDLQO\�LQIOXHQFHG�E\�WKH�FKRLFH�RI�SURFHVV�SDUDPHWHUV��WKH�JHRPHWU\�RI�
WKH�FXWWLQJ�WRRO�DQG�WKH�QDWXUH�RI�FRPSRVLWH�PDWHULDOV�>�@��$PRQJ�WKHVH��WKH�PRVW�FRPPRQ�GDPDJH�LV�GHODPLQDWLRQ��ZKLFK�
LV� WKH�PRVW�SURIRXQG�GDPDJH� LQ�GULOOLQJ�SURFHVV�>����@��$V� WKH�GHODPLQDWLRQ� IRUPHG�RQ� WKH�PDFKLQHG�ZRUNSLHFH�� WKH�
VWUXFWXUDO�LQWHJULW\�RI�WKH�PDWHULDO�LV�UHGXFHG��7KH�IRUPDWLRQ�RI�GHODPLQDWLRQ�LV�FDXVHG�E\�WKH�FRPSOH[�LQWHUDFWLRQ�EHWZHHQ�
WKH�FXWWLQJ�WRRO�DQG�WKH�DQLVRWURSLF�SURSHUW\�RI�WKH�FRPSRVLWHV�>��@��'ULOOLQJ�LQGXFHG�GHODPLQDWLRQ�QRUPDOO\�RFFXUV�ERWK�
DW� WKH� HQWUDQFH� DQG� WKH� H[LW� KROHV�� 7KH� WRRO� JHRPHWU\� DQG�PDFKLQLQJ� SDUDPHWHUV� KDYH� EHHQ� UHFRJQL]HG� DV� WKH�PDMRU�
FRQWULEXWRU�WR�WKH�GHODPLQDWLRQ�GDPDJH�GXULQJ�WKH�GULOOLQJ�SURFHVV�>��@�

,W�KDV�EHHQ�ZHOO�GRFXPHQWHG�WKDW�WKH�WKUXVW�IRUFH��ZKLFK�LV�SULPDULO\�D�IXQFWLRQ�RI�IHHG�UDWH�DQG�WRRO�JHRPHWU\��DUH�WKH�
PDLQ�FDXVH�RI�GHODPLQDWLRQ�>��@��$SDUW�IURP�WKLV��RWKHU�SDUDPHWHUV�LQ�LQGXFLQJ�WKH�GHODPLQDWLRQ�E\�GULOOLQJ�LQFOXGHG�IHHG�
UDWH��VSLQGOH VSHHG�DQG�WKH�GLDPHWHU�RI�WKH�GULOOLQJ�WRRO�>��@��,Q�DGGLWLRQ��W\SH�RI�GULOOLQJ�WRROV��UDQJLQJ�IURP�WKH�DQJOH�RI�
WRRO��PDWHULDOV��QXPEHU�RI�IOXWHV�PD\�DOVR�DIIHFW�WKH�GHODPLQDWLRQ�RI�WKH�FRPSRVLWH�PDWHULDOV��

7KHUHIRUH��LW�LV�FUXFLDO�WR�GHWHUPLQH�WKH�RSWLPXP�GULOOLQJ�SDUDPHWHUV�IRU�WKH�UHLQIRUFHG�SRO\HVWHU�UHVLQ�MXWH�FRPSRVLWH�
ODPLQDWHV��7KH�RSWLPL]DWLRQ�VWXG\�ZLOO�SUHGLFW�WKH�EHVW�IHHG�UDWH��VSLQGOH�VSHHG�DQG�WKH�GLDPHWHU�IRU�SURGXFLQJ�PLQLPDO�
GHODPLQDWLRQ� DQG� SUHYHQWLQJ� WKH� IRUPDWLRQ� RI� IDLOXUH� IURP� GULOOLQJ�� 7KHVH� GULOOLQJ� SURFHVV� SDUDPHWHUV� DUH� FKRVHQ� DV�
VSHFLILHG�IDFWRUV�DV�WKH\�ODUJHO\�LQIOXHQFH�WKH�GHODPLQDWLRQ�IDFWRU�RI�GULOOHG�FRPSRVLWHV�>�������@��'ULOOLQJ�RI�FRPSRVLWH�
ODPLQDWHV�LPSRVHV�VSHFLDO�GHPDQGV�RQ�WKH�JHRPHWU\�DQG�WKH�ZHDU�UHVLVWDQFH�RI�WKH�GULOO�ELW��%HVLGHV��WZLVW�GULOO�ELW��VHYHUDO�

$%675$&7 ± 7KLV�SDSHU�SUHVHQWV�DQ�LQYHVWLJDWLRQ�RQ�WKH�LQIOXHQFH�RI�WKH�GULOOLQJ�SDUDPHWHUV�VXFK�
DV�IHHG�UDWH��VSLQGOH�VSHHG�DQG�GULOO�WRRO�GLDPHWHU�RQWR�WKH�GHODPLQDWLRQ�IDFWRU�RI�WKH�MXWH�UHLQIRUFHG�
XQVDWXUDWHG�SRO\HVWHU�FRPSRVLWH��1DWXUDO� ILEUH�EDVHG�FRPSRVLWH�DUH�PRVWO\�XVHG�IRU�FRPPRGLW\�
DSSOLFDWLRQ�DQG�RIWHQ�VXEMHFWHG�WR�GULOOLQJ�GXULQJ�DSSOLFDWLRQV�DQG�PD\�JHQHUDWH�GHODPLQDWLRQ�RI�
GULOOHG�KROHV�RQ�WKH�ZRUNSLHFH��7KH�FRPSRVLWH�ZDV�IDEULFDWHG�XVLQJ�ZRYHQ�MXWH�ILEUH�YLD�YDFXXP�
EDJJLQJ�PHWKRG�IROORZHG�D�KLJK�WHPSHUDWXUH�FXULQJ�XVLQJ�KRW�SUHVV��7KH�ILEUH�ZDV�NHSW�DW����YRO��
���7KH�PDLQ�HIIHFW�DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�VSHFLILHG�IDFWRUV�RI�IHHG�UDWH��������PP�PLQ���
VSLQGOH� VSHHG� ���������� USP�� DQG� GULOO� WRRO� GLDPHWHU� ����� PP�� ZLWK� GHODPLQDWLRQ� IDFWRU� DV�
FRUUHVSRQGLQJ�UHVSRQG�ZDV�VWUXFWXUHG�YLD�WKH�5HVSRQVH�6XUIDFH�0HWKRGRORJ\��560��EDVHG�RQ�
WKUHH�OHYHO�%R[�%HKQNHQ�GHVLJQ�RI�H[SHULPHQW�DQG�WKH�$129$��7KH�OHYHOV�RI�LPSRUWDQFH�RI�WKH�
SURFHVV�SDUDPHWHUV�RQ�IOH[XUDO�SURSHUWLHV�DUH�GHWHUPLQHG�E\�XVLQJ�$QDO\VLV�RI�9DULDQFH��$129$���
7KH�RSWLPLVHG�GULOOLQJ�SURFHVV�SDUDPHWHUV�REWDLQHG�DV�������PP�PLQ�RI�IHHG�UDWH����������USP�RI�
VSLQGOH�VSHHG�DQG������PP�GULOO�WRRO�GLDPHWHU�DFKLHYHG�WKH�PRVW�PLQLPDO�GHODPLQDWLRQ�IDFWRU��7KH�
IHHG� UDWH� DQG� VSLQGOH� VSHHG�ZHUH� SHUFHLYHG� DV� WKH�PRVW� LQIOXHQWLDO� GULOOLQJ� SDUDPHWHUV� RQ� WKH�
GHODPLQDWLRQ�IDFWRU�RI�WKH�MXWH�UHLQIRUFHG�XQVDWXUDWHG�SRO\HVWHU�FRPSRVLWH�



=��0XVWDID�HW DO� Ň�-RXUQDO�RI�0HFKDQLFDO�(QJLQHHULQJ�DQG�6FLHQFHV�Ň�9RO� ����,VVXH � ������

���� MRXUQDO�XPS�HGX�P\�MPHV Ż

VSHFLDO�GULOO�ELWV�VXFK�DV�VWHS�GULOO�ELW��EUDG�SRLQW�GULOO�ELW��VORW�GULOO�ELW��DQG�VWUDLJKW�IOXWH�GULOO�ELW�DUH�GHYHORSHG�IRU�GULOOLQJ�
RI�FRPSRVLWH�ODPLQDWHV�WR�UHGXFH�GULOOLQJ�LQGXFHG�GHODPLQDWLRQ��2WKHU�WKDQ�WKDW��WKH�WRRO�JHRPHWU\�LQFOXGHV�WKH�QXPEHU�
IOXWH�RI�WKH�GULOO��LQ�ZKLFK���IOXWH�GULOO�ELW�SURGXFHG�OHVV�GHODPLQDWLRQ�FRPSDUHG�WR�WKH���IOXWH�GULOO�ELW���0RUHRYHU��LW�ZDV�
REVHUYHG�WKDW�WKH�DQJOH�RI�FXW�DOVR�DIIHFWV�WKH�GHODPLQDWLRQ�SURGXFHG��7KH�RSWLPL]DWLRQ�LV�FRQGXFWHG�XVLQJ�%R[�%HKQNHQ�
DQG�$129$���

0(7+2'2/2*<�

0DWHULDOV

7KH�MXWH�ILEUH�LQ�WKH�IRUP�RI�ZRYHQ�PDW�LV�QHDUO\�RGRXUOHVV��OLJKW�EURZQ�LQ�FRORXU�LV�VXSSOLHG�E\�&RPSRVLWH�(YROXWLRQ�
IURP�8.�XQGHU�WUDGH�QDPH�%LRWH[�-XWH��8QVDWXUDWHG�SRO\HVWHU�UHVLQ �3&&5�����������LV�XVHG�DV�D�PDWUL[�DQG�VXSSOLHG�
E\�5HYHUWH[�6GQ��%KG��7KH�KDUGHQHU�XVHG�LQ�WKH�FRPSRVLWH�LV�0(.3��0HWK\O�(WK\O�.HWRQH�3HUR[LGH���7KH�SURSHUWLHV�RI�
WKH�PDWHULDOV�DUH�VKRZQ�LQ�7DEOH���

7DEOH����3K\VLFDO��PHFKDQLFDO��DQG�WKHUPDO�SURSHUWLHV�RI�UDZ�PDWHULDOV�

3URSHUWLHV -XWH 3RO\HVWHU
'HQVLW\ ����J�FP� �����J�FP�

7HQVLOH�VWUHQJWK ����03D ���03D
0HOWLQJ�SRLQW ����& ���&

3UH�WUHDWPHQW

7KH�UDZ�MXWH�ILEUHV�ZHUH�WUHDWHG�LQ����1D2+�DV�GHWDLOHG�LQ�>��@��7KH�ILEUHV�ZHUH�WKHQ�FOHDQHG�VHYHUDO�WLPHV�ZLWK�
GLVWLOOHG�ZDWHU�IROORZHG�E\�LPPHUVLRQ�LQ�D�YHU\�GLOXWH�K\GURFKORULF�DFLG�XQWLO�WKH�S+�UHDFKHG�S+����)LQDOO\��WKH�ILEUHV�
ZHUH�DJDLQ�ZDVKHG�VHYHUDO�WLPHV�ZLWK�GLVWLOOHG�ZDWHU�DQG�GULHG�LQ�D�GU\LQJ�RYHQ�DW����&�RYHUQLJKW��

&RPSRVLWH�IDEULFDWLRQ�

7KH�MXWH�PDW�ZDV�KDQG�OD\�XS�LQ�D���� PP�[���� PP�[�� PP�PRXOG�E\�PDLQWDLQLQJ�WKH�ILEUH�YROXPH�IUDFWLRQ�RI������
7KH�XQVDWXUDWHG�3RO\HVWHU�UHVLQ�ZDV�PL[HG�ZLWK�0(.3�KDUGHQHU�DW�D�IDFWRU�VXJJHVWHG�E\�WKH�PDQXIDFWXUHU�DQG�ZDV�SRXUHG�
LQWR�WKH�PRXOG�DQG�GLVWULEXWHG�E\�XVLQJ�EUXVKHV�IROORZHG�E\�YDFXXP�EDJJLQJ�IRU���KRXUV��7KH�PRXOG�ZDV�FRPSUHVVHG�
PRXOGHG�XQGHU�����03D�SUHVVXUH�DW������&�IRU����PLQXWHV�XVLQJ�SDUDPHWHUV�RSWLPLVHG�LQ�RXU�SUHYLRXV�VWXG\�>��@�

'ULOOLQJ�SURFHVV

'ULOOLQJ�RI�WKH�MXWH�ILEUH�UHLQIRUFHG�SRO\HVWHU�FRPSRVLWHV�ZDV�GRQH�XVLQJ�D�&RPSXWHU�1XPHULF�&RQWURO��&1&��0$+2�
9HUWLFDO�0DFKLQLQJ�&HQWUH��;'���$���7KH�PDFKLQH�FHQWUH�KDV�D�PD[LPXP�VSLQGOH�VSHHG�RI �����USP�ZLWK�D�WDEOH�VL]H�
RI������[�����PP��7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�D�VWDQGDUG�KLJK�VSHHG�VWHHO�WZLVW�GULOO�ELW�ZLWK���PP����PP�
DQG���PP�LQ�GLDPHWHU� VXSSOLHG�E\�6DQGYLN� �*HUPDQ\���7KH� UDQJH�RI�GLDPHWHU�XVHG� LV� EDVHG�RQ� WKH� WKLFNQHVV�RI� WKH
FRPSRVLWH�SDQHO�IDFWRU�ZLWK�WKH�GLDPHWHU�RI�WKH�WRRO��7KH�IDFWRU�RI������FRUUHVSRQG�WR�WKH�WKLFNQHVV�RI���PP�WR�� PP�
GLDPHWHU�RI�WKH�GULOO�ELW��$�SURJUDP�LV�ZULWWHQ�LQ�*�FRGHV�WR�GULOO���KROHV�IRU�DOO�RI�WKH�UXQV�ZLWK�WKH�SDUDPHWHUV�FKDQJLQJ��
7KH�SDUDPHWHUV�DUH�WKH�IHHG�UDWH��PP�PLQ���VSLQGOH�VSHHG��530��DQG�WKH�GULOO�GLDPHWHU��PP���'HODPLQDWLRQ�VL]H�ZDV�
PHDVXUHG�XVLQJ�WKH�0LFURVFRS\�65)�DQG�WKH�GDWD�WDEXODWHG�

'HODPLQDWLRQ�)DFWRU�

'HODPLQDWLRQ�LV�IRXQG�ERWK�DW�WKH�KROH�HQWU\�DQG�KROH�H[LW��7KH�HQWU\�UHJLRQ�FDXVHG�E\�SHHO�XS�IRUFH�IURP�WKH�FXWWLQJ�
WRRO�ZKLOHV�WKH�H[LW�UHJLRQ�FDXVHG�E\�SXVK�RXW�IRUFH�>��@��7KH�GHODPLQDWLRQ�DW�WKH�HQWU\�KROH�LV�PRUH�VHYHUH�WKDQ�WKH�H[LW�
KROH�EHFDXVH�RI�WKH�ODUJHU�WKUXVW�IRUFH��7KHUHIRUH��LQ�WKLV�VWXG\��WKH�GHODPLQDWLRQ�JHQHUDWHG�DVVRFLDWHG�ZLWK�WKH�GULOOLQJ�
SURFHVV�LV�REVHUYHG�RQO\�DUH�DW�WKH�HQWUDQFH�RI�WKH�GULOO�KROH��7KH�GHODPLQDWLRQ�IDFWRU�DURXQG�WKH�KROHV��WKH�PD[LPXP�
GLDPHWHU��'PD[��LQ�WKH�GHODPLQDWLRQ�]RQH�ZDV�PHDVXUHG�DV�VKRZQ�LQ�)LJXUH����
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)LJXUH����6FKHPDWLF�GLDJUDP�VKRZLQJ�WKH�PHDVXUHPHQW�RI�GHODPLQDWLRQ�GLDPHWHU��G��LQGXFHG�E\�GULOOLQJ�RI�FRPSRVLWHV�
>��@�

7KH�YDOXH�RI�GHODPLQDWLRQ�IDFWRU��)G��FDQ�EH�GHWHUPLQHG�E\�WKH�IROORZLQJ�(TXDWLRQ������

ௗܨ ൌ
௫ܦ
݀

���

,Q�ZKLFK��'PD[ LV�WKH�PD[LPXP�GLDPHWHU�RI�WKH�GHODPLQDWLRQ�]RQH�LQ�PP�DQG�G LV�WKH�GLDPHWHU�RI�WKH�GULOO�LQ�PP��
7KHUHIRUH��WKH�RSWLPXP�GHODPLQDWLRQ�LV�WKH�GHODPLQDWLRQ�IDFWRU�WKDW�LV�FORVH�RU�HTXDO�WR�)G� �����

2SWLPLVDWLRQ�E\�5HVSRQVH�6XUIDFH�0HWKRGRORJ\��560�

7KH�LPSDFW�RI�VSHFLILHG�GULOOLQJ�SURFHVV�SDUDPHWHUV�LV�VWXGLHG�XVLQJ�5HVSRQVH�6XUIDFH�0HWKRGRORJ\��560��EDVHG�RQ�
WKH�WKUHH�OHYHO�%R[�%HKQNHQ�GHVLJQ�RI�WKH�H[SHULPHQW��7KH�IHHG�UDWH��VSLQGOH�VSHHG�DQG�WRRO�GLDPHWHUV�ZHUH�DVVHVVHG�DW�
WKUHH�OHYHOV��í������DQG����DV�SUHVHQWHG�LQ�7DEOH����$�WRWDO�RI����H[SHULPHQWV��7DEOH����ZHUH�H[HFXWHG�ZLWK���UHSOLFDWLRQV�
IRU�WKH�RSWLPL]DWLRQ�SURFHVV��

7DEOH����3URFHVV�SDUDPHWHUV�DQG�WKHLU�DFWXDO�YDOXHV�IRU�WKH�FRGHG�YDOXHV�LQ�WKH�H[SHULPHQWDO��GHVLJQ�

3URFHVV�SDUDPHWHUV
/HYHOV

��� OHYHO ��OHYHO í��OHYHO
)HHG�5DWH��PP�PLQ� �� �� ���
6SLQGOH�6SHHG��USP� ��� ���� ����
7RRO�'LDPHWHU��PP� � � �

7DEOH����7KUHH�IDFWRU�%R[�%HKQNHQ�GHVLJQ�H[SHULPHQW�ZLWK�WKH�SUHGLFWHG�UHVSRQVH�RI�WKH�GHSHQGHQW�YDULDEOH�
�GHODPLQDWLRQ�IDFWRU��

5XQV )DFWRU��
$��)HHG�5DWH
PP�PLQ

)DFWRU����
%��6SLQGOH�6SHHG��

USP

)DFWRU���
&��7RRO�'LDPHWHU�

PP
� ����� ������� ����
� ����� ������� ����
� ����� ������� ����
� ����� ������� ����
� ����� ������ ����
� ����� ������� ����
� ������ ������ ����
� ����� ������� ����
� ����� ������� ����
�� ����� ������� ����
�� ������ ������� ����
�� ������ ������� ����
�� ����� ������� ����
�� ����� ������ ����
�� ����� ������ ����
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�� ����� ������� ����
�� ������ ������� ����

6WDWLVWLFDO�$QDO\VLV�DQG�0RGHOOLQJ�

7KH�OHYHO�RI�LPSRUWDQFH�RI�WKH�SURFHVV�SDUDPHWHUV�RQ�IOH[XUDO�SURSHUWLHV�LV�GHWHUPLQHG E\�XVLQJ�DQDO\VLV�RI�YDULDQFH�
�$129$��� 7KH�PDLQ� HIIHFWV� DQG� WKHLU� LQWHUDFWLRQV� DUH� DQDO\VHG� LQ� WKH� FXELF�PRGHO� ZLWK� GHODPLQDWLRQ� IDFWRU� DV� WKH�
FRUUHVSRQGLQJ�UHVSRQG��7KH�VWDWLVWLFDO�VRIWZDUH�SDFNDJH��'HVLJQ�([SHUW����6WDW�(DVH��,QF���0LQQHDSROLV��01��86$���ZDV�
XVHG�IRU�WKH�UHJUHVVLRQ�DQDO\VLV�RI�WKH�H[SHULPHQWDO�GDWD�DQG�DOVR�WR�SORW�WKH�WKUHH�GLPHQVLRQDO�UHVSRQVH�VXUIDFH�JUDSKV��
7KH�PXOWLSOH�FRHIILFLHQWV�RI�FRUUHODWLRQ�ܴ DQG�WKH�GHWHUPLQDWLRQ�FRHIILFLHQW�RI�FRUUHODWLRQ�ܴ� ZHUH�FDOFXODWHG�WR�HYDOXDWH�
WKH�SHUIRUPDQFH�RI�WKH�UHJUHVVLRQ�HTXDWLRQ�>��@��7KH�SRLQW�RSWLPL]DWLRQ�PHWKRG�ZDV�HPSOR\HG�LQ�RUGHU�WR�RSWLPL]H�WKH�
OHYHO�RI�HDFK�YDULDEOH�IRU�PLQLPXP�UHVSRQVH��

5(68/76�$1'�',6&866,21

(IIHFW�RI�'ULOOLQJ�3URFHVV�3DUDPHWHUV�RQ�'HODPLQDWLRQ�)DFWRU

7KH�HIIHFW�RI�GULOOLQJ�SDUDPHWHUV�RQ�GHODPLQDWLRQ�IDFWRU�LQ�GULOOLQJ�MXWH�ILEUH�UHLQIRUFHG�FRPSRVLWHV�DUH�SUHVHQWHG�LQ�
WHUPV�RI�WKH�GHODPLQDWLRQ�IDFWRU�DJDLQVW�VSLQGOH�VSHHG��)LJXUHV���DQG����)LJXUH���VKRZV�WKH�HIIHFW�RI�GULOO�WRRO�GLDPHWHU�
ZLWK� UHVSHFW� WR� WKH�GLIIHUHQW� VSLQGOH� VSHHG�RQ�GHODPLQDWLRQ� IDFWRU��7KH� ILJXUH� LQGLFDWHV� WKDW� WKH� LQFUHDVH�RI� GULOO� WRRO�
GLDPHWHU� LQFUHDVHV� WKH�GHODPLQDWLRQ� IDFWRU��RQ� WKH�RWKHU�KDQG�� WKH� LQFUHDVH RI�VSLQGOH�VSHHG�UHGXFHV� WKH�GHODPLQDWLRQ�
IDFWRU�LQ�GULOOLQJ�SURFHVVHV��7KH�LQFUHDVH�RI�GULOO� WRRO�GLDPHWHU�LQFUHDVHV�WKH�ORDG�RQ�WKH�WRRO�DQG�FRQWDFW�EHWZHHQ�WKH�
ZRUN�SLHFH�DQG�WRRO��ZKLFK�LQFUHDVH�WKH�GHODPLQDWLRQ��,Q�WKH�RWKHU�KDQG��DV�WKH�VSLQGOH�VSHHG�LQFUHDVH��WKH�ZDV�D�UHGXFWLRQ�
LQ�GHODPLQDWLRQ�IDFWRU��7KLV�REVHUYDWLRQ�PLJKW�GXH�WR�VRIWHQLQJ�RI�WKH�PDWUL[�DW�WKH�GULOOLQJ�VLWH�GXH�WR�KHDW�JHQHUDWHG�E\�
WRRO�IULFWLRQ�UHVXOWLQJ�LQ�HDVLHU�UHPRYDO�RI�WKH�PDWUL[�

)LJXUH����(IIHFW�RI�GULOO�GLDPHWHU�ZLWK�UHVSHFW�WR�WKH�VSLQGOH�VSHHG�RQ�GHODPLQDWLRQ�IDFWRU�

)LJXUH���VKRZV�WKH�HIIHFW�RI�GULOO�WRRO�GLDPHWHU�ZLWK�UHVSHFW�WR�GLIIHUHQW�IHHG�UDWH�RQ�WKHLU�GHODPLQDWLRQ�IDFWRU��,W�ZDV�
IRXQG�WKDW�LQFUHDVLQJ�WKH�IHHG�UDWH�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�GHODPLQDWLRQ�IDFWRU�LQ�GULOOLQJ��7KH�GULOO�WRRO�GLDPHWHU�LV�D�
PDMRU�LQIOXHQFH�LQ�WKH�GULOOLQJ�RI�FRPSRVLWH�PDWHULDOV��$Q�LQFUHDVH�LQ�WKH�GULOO�WRRO�GLDPHWHU�DQG�IHHG�UDWH�LQFUHDVHV�WKH�
FRQWDFW�EHWZHHQ�WKH�ZRUNSLHFH�KROH�DQG�ORDG�RQ�WKH�WRRO��ZKLFK�LQ�WXUQ�LQFUHDVHV�WKH�GHODPLQDWLRQ�IDFWRU��7KHUHIRUH��WKLV�
LPSOLHV�WKDW�E\�XVLQJ�RSWLPL]HG�GULOOLQJ�SDUDPHWHUV��WKH�GHODPLQDWLRQ�LQ�GULOOLQJ�FDQ�EH�UHGXFHG�

)LJXUH����(IIHFW�RI�GULOO�GLDPHWHU�ZLWK�UHVSHFW�WR�WKH�IHHG�UDWH�RQ�GHODPLQDWLRQ�IDFWRU�
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6WDWLVWLFDO�$QDO\VLV�RI�5HVSRQVH�6WXGLHG

7KH�RSWLPXP�FRQGLWLRQV�IRU�IHHG�UDWH��VSLQGOH�VSHHG�DQG�WRRO�GLDPHWHU�RI�WKH�GULOOLQJ�SURFHVV�ZHUH�GHWHUPLQHG�E\�
PHDQV�RI� WKH�%R[� %HKQNHQ�RI�560��7KH�RYHUDOO� UHVXOWV� DUH� VKRZQ� LQ�7DEOH����7KH�REWDLQHG� UHVSRQVHV�ZHUH�YDULHG�
EHWZHHQ�������DQG�������GHODPLQDWLRQ�IDFWRU��*HQHUDOO\��IURP�WKH�UHVXOWV�REWDLQHG��LW�LV�UHYHDOHG�WKDW�LW�LV�QHFHVVDU\�WR�
HPSOR\� WKH� KLJKHVW� SRVVLEOH� VSLQGOH� VSHHG� ZLWK� ORZHU� YDOXHV� RI� IHHG� UDWH� DQG� WRRO� GLDPHWHU� IRU� PLQLPL]LQJ� WKH�
GHODPLQDWLRQ�LQ WKH�GULOOLQJ�SURFHVV�RI�FRPSRVLWH�PDWHULDOV��+RZHYHU��WKH�UHODWLYH�LPSRUWDQFH�DPRQJ�WKH�GULOOLQJ�SURFHVV�
SDUDPHWHUV�UHTXLUHV�WKH�XVH�RI�$129$�DQDO\VLV��

7DEOH����7KUHH�IDFWRU�%R[�%HKQNHQ�GHVLJQ�H[SHULPHQW�ZLWK�WKH�SUHGLFWHG�UHVSRQVH�RI�GHODPLQDWLRQ�IDFWRU�

5XQV
)DFWRU���

$��)HHG�5DWH�
PP�PLQ

)DFWRU����

%��6SLQGOH�6SHHG��
USP

)DFWRU�������

&��7RRO�'LDPHWHU�
PP

5HVSRQVH���
'HODPLQDWLRQ�

)DFWRU�������

� ����� ������� ���� ����
� ����� ������� ���� �����
� ����� ������� ���� �����
� ����� ������� ���� �����
� ����� ������ ���� �����
� ����� ������� ���� �����
� ������ ������ ���� �����
� ����� ������� ���� �����
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�� ����� ������� ���� ����
�� ������ ������� ���� �����
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�� ����� ������ ���� �����
�� ����� ������� ���� ����
�� ������ ������� ���� �����

7KH�$129$�LV�D�VWDWLVWLFDOO\�EDVHG�REMHFWLYH�GHFLVLRQ�PDNLQJ�WRRO��ZKLFK�KHOSV�LQ�WHVWLQJ�WKH�VLJQLILFDQFH�RI�WKH�
SDUDPHWHUV�E\�FRPSDULQJ�WKH�PHDQ�VTXDUH�DJDLQVW�DQ�HVWLPDWH�RI�WKH�H[SHULPHQWDO�HUURUV�DW�VSHFLILHG�FRQILGHQFH�OHYHOV��
7KH�$129$�IRU�UHVSRQVH�VXUIDFH�FXELF�PRGHO�RI�VSHFLILHG�SDUDPHWHUV�WR�WHVW�WKHLU�DGHTXDF\�DUH�VXPPDUL]HG�LQ�7DEOH����
HYDOXDWHG�E\�WKH�UHJUHVVLRQ�FRHIILFLHQWVܨ���YDOXHV�� YDOXHV��FRUUHODWLRQ�FRHIILFLHQW��ܴ���DQG�WKH�GHWHUPLQDWLRQ�FRHIILFLHQW�
�ܴ����*HQHUDOO\��WKH�SURSRVHG�PRGHO�LV�KLJKO\�VXJJHVWHG�WR�EH�VLJQLILFDQW�DV�WKH�S�YDOXH�OHVV�WKDQ���������$OO�VSHFLILHG�
SDUDPHWHUV�DOVR�LQGLYLGXDOO\�DIIHFW�VLJQLILFDQWO\�WKH�FRUUHVSRQGLQJ�UHVSRQG�DV�S�YDOXH�LV� OHVV�WKDQ���������$�ODUJHU�)�
YDOXH�LQGLFDWHV�WKDW�WKH�YDULDWLRQ�RI�SURFHVV�SDUDPHWHU�PDNHV�D�VLJQLILFDQW�FKDQJH�LQ�WKH�TXDOLW\�FKDUDFWHULVWLF��7KH�0RGHO�
)�YDOXH�RI���������LPSOLHV�WKH�PRGHO�LV�VLJQLILFDQW���7KHUH�LV�RQO\�D�������FKDQFH�WKDW�D��0RGHO�)�YDOXH��WKLV�ODUJH�FRXOG�
RFFXU�GXH�WR�QRLVH��,W�FDQ�EH�REVHUYHG�LQ�7DEOH����IHHG�UDWH�VKRZV� WKH�KLJKHVW�)�YDOXH�IROORZHG�E\�WRRO�GLDPHWHU�DQG�
VSLQGOH�VSHHG��PHDQV�WKDW�LW�LV�WKH�PRVW�VLJQLILFDQW�GULOOLQJ�SURFHVV�SDUDPHWHU�LQ�PLQLPL]LQJ�WKH�GHODPLQDWLRQ�HIIHFW�RI�
FRPSRVLWH�PDWHULDOV��7KH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�YDOXH��ܴ�  ���������LQGLFDWHV�WKDW�WKH�UHVSRQVH�PRGHO�FDQ�H[SODLQ�
DERXW�����RI�WKH�WRWDO�YDULDWLRQV��$GGLWLRQDOO\��WKH�FRHIILFLHQW�RI�DGMXVWHG�GHWHUPLQDWLRQ�YDOXH��$GM�ܴ�  ���������LV�DOVR�
KLJK�HQRXJK�WR�LQGLFDWH�WKH�VLJQLILFDQFH�RI�WKH�VHOHFWHG�PRGHO�

,Q�WKLV�FDVH��WKH�LQGLYLGXDO�HIIHFWV�RI�$��%��&��$���%� DQG�&� DUH�VLJQLILFDQW�PRGHO�WHUPV��$OVR��VLJQLILFDQW� YDOXH����
������ZDV�IRXQG�IRU�WKH�LQWHUDFWLRQ��$%�DQG�$&��EHWZHHQ�WKH�GHVLJQ�IDFWRU��+HQFH��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�IHHG�UDWH�
�$���VSLQGOH�VSHHG��%��DQG�WKH�WRRO�GLDPHWHU��&��KDG�D�VLJQLILFDQW�SRVLWLYH�HIIHFW�LQGLYLGXDOO\�RQ�PLQLPL]LQJ�GHODPLQDWLRQ�
UHVSRQVH�LQ�WKH�GULOOLQJ�SURFHVV��7KLV�PRGHO�FDQ�EH�XVHG�WR�QDYLJDWH�WKH�GHVLJQ�VSDFH�

$� SURSRVHG� VHFRQG� GHJUHH� SRO\QRPLDO� ZDV� ILWWHG� WR� WKH� GDWD� SUHVHQWHG� LQ� $129$� XVLQJ� PXOWLSOH� OLQHDU�
UHJUHVVLRQV�WR�GHWHUPLQH�WKH�RSWLPXP�FRQGLWLRQV�WKDW�UHVXOWHG�LQ�WKH�RSWLPL]H�GHODPLQDWLRQ�IDFWRU��%\�DSSO\LQJ�PXOWLSOH�
UHJUHVVLRQ�DQDO\VLV�RQ�WKH�H[SHULPHQWDO�GDWD��WKH�IROORZLQJ�VHFRQG�GHJUHH�SRO\QRPLDO�ZDV�REWDLQHG�

'HODPLQDWLRQ�DW�HQWUDQFH� ���������������$�� ������%�� �������&�� ������;����� �$��%������� �$� �&� �������;�
���� �%��&����������$� ���������%� ���������&� � �������$� �%���������;����� �$� �&� ������;�������$��%�
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7DEOH����$129$�IRU�UHVSRQVH�VXUIDFH FXELF�PRGHO�RI�GHODPLQDWLRQ�IDFWRU�

6XP�RI 0HDQ ) S�YDOXH
6RXUFH 6TXDUHV GI 6TXDUH 9DOXH 3URE�!�)
0RGHO ����� �� �����(���� ������� �������� VLJQLILFDQW
$�)HHG�5DWH �����(���� � �����(���� ������� ��������
%�6SLQGOH�6SHHG �����(���� � �����(���� ������ ��������
&�7RRO�'LDPHWHU �����(���� � �����(���� ������ ��������
$% �����(���� � �����(���� ����� ������
$& �����(���� � �����(���� ������ ��������
%& �����(���� � �����(���� ���� ������
$� �����(���� � �����(���� ������� ��������
%� �����(���� � �����(���� ������� ��������
&� �����(���� � �����(���� ������ ��������
$%& ����� �
$�% �����(���� � �����(���� ����� ��������
$�& �����(���� � �����(���� ����� ������
$%� �����(���� � �����(���� ����� ������
$&� ����� �
%�& ����� �
%&� ����� �
$� ����� �
%� ����� �
&� ����� �
3XUH (UURU �����(���� � �����(����
&RU�7RWDO ����� ��
6WG��'HY� �����(���� 5�6TXDUHG ������
0HDQ ���� $GM�5�6TXDUHG ������
&�9��� ���� 3UHG�5�6TXDUHG 1�$
35(66 1�$ $GHT�3UHFLVLRQ �������

2SWLPLVDWLRQ�RI�WKH�'HODPLQDWLRQ�)DFWRU�LQ�WKH�'ULOOLQJ�RI�-XWH�)LEUH�5HLQIRUFHG�&RPSRVLWH

7KH�EHVW�ZD\�LQ�RSWLPL]LQJ�WKH�SDUDPHWHUV�WKDW�LQIOXHQFH�WKH�GHODPLQDWLRQ�IDFWRU�ZLWK�WKH�GHVLUDELOLW\�YDOXH�RI������LV�
E\�JHQHUDWLQJ�WKH��'�5HVSRQVH�6XUIDFH�0RGHO��560��LQ�ZKLFK�WKH�FRQWRXU�LQ�WKH�VXUIDFH�SORWV�IURP�WKH�UHJUHVVLRQ�PRGHO�
DQG�RSWLPL]H�WKH�YDULDEOHV��7KH��'�SORWV�ZHUH�JHQHUDWHG�E\�KDYLQJ�RQH�FRQVWDQW�YDULDEOH�DW�WKH�FHQWUH�SRLQW�DQG�YDU\LQJ�
WKH�RWKHUV�ZLWKLQ�WKH�UDQJH��%\�GRLQJ�VR��WKH�HIIHFWV�RQ�WKH�GULOOLQJ�SURFHVV�E\�WKH�IHHG�UDWH��VSLQGOH�VSHHG�DQG�WKH�WRRO�
GLDPHWHU�RQ�WKH�GHODPLQDWLRQ�IDFWRU�FDQ�EH�VRXJKW��)LJXUH���VKRZV�WKH��'�560�DQG�FRQWRXU�SORW�RI�IHHG�UDWH�DQG�VSLQGOH�
VSHHG�LQWHUDFWLRQ�HIIHFW�LQ�ZKLFK�WKH�WRRO�GLDPHWHU�LV�DVVXPHG�WR�EH�D�FRQVWDQW��7KH�DQDO\VLV�RI�WKH��'�VXUIDFH�LQGLFDWHV�
WKDW�LQ�WKH�GULOOLQJ�SURFHVV��WKH�RSWLPXP�GHODPLQDWLRQ�IDFWRU�ZLWK�WKH�GHVLUDELOLW\�RI������FDQ�EH�DFKLHYHG�E\�XVLQJ�WKH�
VSLQGOH�VSHHG�LQ�WKH�UDQJH�RI�����USP�XQWLO������USP�DW�WKH�ORZHVW�IHHG�UDWH�RI�������PP�PLQ�WR�������PP�PLQ��,W�ZDV�
REVHUYHG�IURP�WKH�GLDJUDP�WKDW�WKH�GHODPLQDWLRQ�IDFWRU�LV�QRW�DW�LWV�GHVLUHG�YDOXH�LI�WKH�VSLQGOH�VSHHG�ZDV�LQFUHDVHG�XS�WR�
����USP�ZKHQ�XVLQJ�D�IHHG�UDWH�RI��������PP�PLQ��7KH��'�VXUIDFH�DOVR�VKRZV�WKH�YDOXHV�RI�VSLQGOH�VSHHG�UHODWLYH�WR�WKH�
IHHG�UDWH�LQ�REWDLQLQJ�WKH�GHVLUHG�GHODPLQDWLRQ�IDFWRU�UHSUHVHQWHG�E\�WKH�GDUN�EOXH�FRORXUHG�]RQH��7KH�RSWLPXP�FRQGLWLRQV�
IRU�ERWK�FDQ�EH�REWDLQHG�IURP�WKH�FRQWRXU�GLDJUDP�LQ�)LJXUH���E��

)LJXUH�����'�UHVSRQVH�VXUIDFH�SORW�RI SHHO�RII�GHODPLQDWLRQ���D��FRXSOHG�ZLWK�LWV�FRQWRXU�SORWV��E��DV�D�IXQFWLRQ�RI�IHHG�
UDWH�DQG�VSLQGOH�VSHHG�
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,W�ZDV�REVHUYHG�WKDW�E\�LQFUHDVLQJ�WKH�VSLQGOH�VSHHG�DFFRPSDQLHG�E\�D�UHGXFWLRQ�LQ�WKH�IHHG�UDWH�\LHOGV�LQ�GHODPLQDWLRQ�
IDFWRU�RI��������FORVHVW�WR WKH�RSWLPXP�GHODPLQDWLRQ�UHTXLUHG��WKDW�LV�������7KH�SDUDPHWHUV�IRU�WKH�RSWLPXP�GHODPLQDWLRQ�
LV�DW�������PP�PLQ�WR�������PP�PLQ�IHHG�UDWH�DQG�����USP�WR�����USP�VSLQGOH�VSHHG�XVLQJ�WKH������PP�GLDPHWHU�GULOOLQJ�
WRRO�� 7KH� DQDO\VLV� RI� WKH� �'� VXUIDFH� LQGLFDWHV� WKDW� LQ� WKH� GULOOLQJ� SURFHVV�� WKH� RSWLPXP� 'HODPLQDWLRQ� )DFWRU� ZLWK�
'HVLUDELOLW\�RI�������WKXV�UHTXLULQJ�D�UHGXFWLRQ�LQ�WKH�IHHG�UDWH�WR�D�UDQJH�EHWZHHQ�������PP�DQG�������PP��DV�ZH�QHHG�
WR� VHOHFW� D� GULOOLQJ� WRRO� ZLWK� D� GLDPHWHU� EHWZHHQ� �����PP� DQG� ����� PP�� 7KLV� LPSOLHV� WKDW� WKH� GHVLUHG� YDOXH� RI� WKH�
GHODPLQDWLRQ� IDFWRU� LV��������7KH�SUHFLVH�YDOXH�RI� WKH�RSWLPXP�FRQGLWLRQ� IRU�ERWK�FDQ�EH�REWDLQHG� IURP� WKH�FRQWRXU�
GLDJUDP�LQ�)LJXUH��E�

7KH�HIIHFW�RI�IHHG�UDWH�DQG�WRRO�GLDPHWHU�RQ�WKH�GHODPLQDWLRQ�IDFWRU�RI�WKH�FRPSRVLWH�LV�SUHVHQWHG�LQ�)LJXUH����)URP�
WKH�WUHQG��LW�ZDV�REVHUYHG�WKDW�E\�UHGXFLQJ�WKH�IHHG�UDWH�ZLWK�VHOHFWLQJ�WKH�WRRO�GLDPHWHU�EHWZHHQ������PP�WR������PP�
DQG�IHHG�UDWH�IURP�������PP�PLQ�WR�������PP�PLQ�\LHOGV�WKH�GHODPLQDWLRQ�IDFWRU�RI�������ZKLFK LV�FORVHVW�WR�������7KH�
RSWLPXP�VSLQGOH�VSHHG�IRU�WKHVH�UDQJHV�LV�DW������USP��7KH�DQDO\VLV�RI�WKH��'�VXUIDFH�LQGLFDWHV�WKDW�LQ�WKH�GULOOLQJ�SURFHVV�
WKH�RSWLPXP�GHODPLQDWLRQ�IDFWRU�ZLWK�WKH�GHVLUDELOLW\�RI������FDQ�EH�DFKLHYHG�E\�VHOHFWLQJ�D�GULOOLQJ�WRRO�ZLWK�WKH�GLDPHWHU�
EHWZHHQ� �����PP� DQG� �����PP� DQG� VSLQGOH� VSHHG� EHWZHHQ� ���� USP� WR� ����� USP�� FRQVHTXHQWO\� \LHOGHG� RSWLPLVHG�
GHODPLQDWLRQ� IDFWRU�RI��������7KH�SUHFLVH�YDOXH�RI� WKH�RSWLPXP�FRQGLWLRQ� IRU�ERWK�FDQ�EH�REWDLQHG� IURP� WKH�FRQWRXU�
GLDJUDP�LQ�)LJXUH��E�

)LJXUH�����'�UHVSRQVH�VXUIDFH�SORW�RI�SHHO�RII�GHODPLQDWLRQ��D��FRXSOHG�ZLWK�LWV�FRQWRXU�SORWV��E��DV�D�IXQFWLRQ�RI�IHHG�
UDWH�DQG�WRRO�GLDPHWHU�

7KH�HIIHFW�RI�VSLQGOH�VSHHG�DQG�WRRO�GLDPHWHU�RQ�WKH�'HODPLQDWLRQ�IDFWRU�RI�WKH�FRPSRVLWH�FRXSOHG�ZLWK�LWV�FRQWRXU�
SORW�DUH�SUHVHQWHG�LQ�)LJXUHV����7KH�WUHQG�REVHUYHG�WKDW�E\�LQFUHDVLQJ�WKH�VSLQGOH�VSHHG�ZLWK�VHOHFWLQJ�WKH�WRRO�GLDPHWHU�
EHWZHHQ������PP�DQG������PP�\LHOGV�WKH�GHODPLQDWLRQ�IDFWRU�RI�������ZKLFK�LV�FORVHVW�WR�������7KH�RSWLPXP�IHHG�UDWH�
DW�WKH�UHTXLUHG�SRLQWV�LV�DW�������PP�PLQ��,Q�RUGHU�WR�VHOHFW�WKH�RSWLPXP�FRQGLWLRQV�DQG�WKHLU�UHVSHFWLYH�OHYHOV��WKH�PRGHO�
ZDV�DQDO\VHG��7KH�PLQLPXP�UHVSRQVH�RI�'HODPLQDWLRQ�IDFWRU�RI�WKH�FRPSRVLWH�ZDV�SUHGLFWHG�DW��������7KH�ILQDO�RSWLPLVHG�
SURFHVV�SDUDPHWHUV�WKURXJK�PDJQLILHG�FRQWRXU�DQDO\VLV�DUH�REWDLQHG�DV�������PP�PLQ�RI�IHHG�UDWH����������USP�RI�VSLQGOH�
VSHHG�DQG������PP�GULOO�WRRO�GLDPHWHU�

)LJXUH�����'�UHVSRQVH�VXUIDFH�SORW�RI�SHHO�RII�GHODPLQDWLRQ��D��FRXSOHG�ZLWK�LWV�FRQWRXU�SORWV�
�E��DV�D�IXQFWLRQ�RI�VSLQGOH�VSHHG�DQG�WRRO�GLDPHWHU�
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7KH� HIIHFWV� RI� GULOOLQJ� SURFHVV� SDUDPHWHUV� RQ� WKH� GHODPLQDWLRQ� IDFWRU� RI� MXWH� ILEUH� UHLQIRUFHG� FRPSRVLWHV� DUH�
H[SHULPHQWDOO\�LQYHVWLJDWHG��)URP�WKH�ILQGLQJV��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�IHHG�UDWH�DQG�VSLQGOH�VSHHG�KDYH�WKH�PRVW�
VLJQLILFDQW�HIIHFW�RQ�GHODPLQDWLRQ�IDFWRU�RI�WKH�FRPSRVLWH�PDWHULDO��7KH�GLDPHWHU�JLYHV�D�PLQRU�HIIHFW��KRZHYHU��QRQ�
QHJOLJLEOH��DV LW�LV�EHWWHU�WR�FRPSDUH�ZLWK�ELJJHU�GULOO�WRRO�GLDPHWHU�
,Q�VXPPDU\��LW�FDQ�EH�FRQFOXGHG�WKDW�
�� ,W�LV�IHDVLEOH�WR�XVH�RI��'�UHVSRQVH�VXUIDFH�PHWKRGRORJ\�LQ�RSWLPL]DWLRQ�DQG�FRQWRXU�GLDJUDP�LQ�WKH�VHOHFWHG�SURFHVV�

SDUDPHWHUV� IHHG� UDWH�� VSLQGOH� VSHHG� DQG� WRRO� GLDPHWHU� IRU� REWDLQLQJ� WKH� PLQLPXP� GHODPLQDWLRQ� IDFWRU� RU�
GHODPLQDWLRQ�GDPDJHV�RI�WKH�MXWH�FRPSRVLWH�PDWHULDO�

�� 7KH�GHODPLQDWLRQ�IDFWRU�LV�KLJKO\�LQIOXHQFHG�E\�WKH�IHHG�UDWH�DQG�WKH�VSLQGOH�VSHHG�DQG�WKH�WRRO�GLDPHWHU��
�� 7KH� FXELF� UHJUHVVLRQ�PRGHO�ZDV� IRUPHG�ZLWK� WKH� LQFOXVLRQ� RI� WKH�PHQWLRQHG� SURFHVV� XVLQJ� WKH�%R[�%HKQNHQ�

'HVLJQ�RI�([SHULPHQWV�DQG�WKH�$129$��
�� 7KH�FRPELQDWLRQ�RI�SURFHVV�SDUDPHWHUV�IRU�D�GHODPLQDWLRQ�IDFWRU�DW�LWV�PLQLPXP�RI�������JLYHQ�DW�������PP�PLQ�

RI�IHHG�UDWH����������USP�RI�VSLQGOH�VSHHG�DQG������PP�GULOO�WRRO�GLDPHWHU�ZHUH�XVHG�

$&.12:/('*(0(176

7KH� DXWKRUV� DUH� JUDWHIXO� WR� 0DMOLV� $PDQDK� 5DN\DW� �0$5$�� IRU� ILQDQFLDO� IXQGLQJ� DQG� 0U� 0RKG� (IIHQGL� LQ�
0DQXIDFWXULQJ�'HSDUWPHQW�RI�.ROHM�.HPDKLUDQ�7LQJJL�0$5$��0DVMLG�7DQDK�IRU�WKH�WHFKQLFDO�DVVLVWDQFH�

5()(5(1&(6
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8VLQJ�7DJXFKL�0HWKRG��3URFHGLD�0DWHULDO�6FLHQFH���������������±������
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-RXUQDO�RI�&RPSRVLWH�0DWHULDOV�����������������������
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>�@ .DYDG�%9��3DQGH\�$%��7DGDYL�09�� -DNKDULD�+&��$� UHYLHZ�SDSHU�RQ� HIIHFWV� RI� GULOOLQJ�RQ�JODVV� ILEUH� UHLQIRUFHG� SODVWLF��
3URFHGLD�7HFKQRORJ\���������������� ����

>�@ 5DPHVK�0��3DODQLNXPDU�.��5HGG\�.+��,QIOXHQFH�RI�WRRO�PDWHULDOV�RQ�WKUXVW�IRUFH�DQG�GHODPLQDWLRQ�LQ�GULOOLQJ�VLVDO�JODVV�ILEUH�
UHLQIRUFHG�SRO\PHU��6�*)53��FRPSRVLWHV��3URFHGLD�0DWHULDOV�6FLHQFH��������������������

>��@ 'HHSDN� '�� 3DL� $�� 6WXG\� RQ� DEUDVLYH� ZDWHU� MHW� GULOOLQJ� IRU� JUDSKLWH� ILOOHG� JODVV�HSR[\� ODPLQDWHV�� -RXUQDO� RI� 0HFKDQLFDO�
(QJLQHHULQJ�DQG�6FLHQFHV�������������������������

>��@ $VODQ�=��'DULFLN� )��(IIHFWV� RI�PXOWLSOH� GHODPLQDWLRQV� RQ� WKH� FRPSUHVVLYH�� WHQVLOH�� IOH[XUDO�� DQG�EXFNOLQJ� EHKDYLRXU�RI�(�
JODVV�HSR[\�FRPSRVLWHV��&RPSRVLWHV�3DUW�%��(QJLQHHULQJ��������������������

>��@ .LOLFNDS�(��'HWHUPLQDWLRQ�RI�RSWLPXP�SDUDPHWHUV�RQ�GHODPLQDWLRQ�LQ�GULOOLQJ�RI�*)53�FRPSRVLWHV�E\�7DJXFKL�PHWKRG��,QGLDQ�
-RXUQDO�RI�(QJLQHHULQJ�0DWHULDOV�6FLHQFH������������������±����

>��@ .DUQLN� 65��'HODPLQDWLRQ� DQDO\VLV� LQ� KLJK�VSHHG� GULOOLQJ� RI� FDUERQ� ILEUH� UHLQIRUFHG� SODVWLFV� �&)53��XVLQJ� DUWLILFLDO� QHXUDO�
QHWZRUN�PRGHO��0DWHULDO�	�'HVLJQ������������������ �����

>��@ 1DVLU�$$��$]PL�$,��.KDOLO�$10��0HDVXUHPHQW�DQG�RSWLPLVDWLRQ�RI� UHVLGXDO� WHQVLOH� VWUHQJWK�DQG�GHODPLQDWLRQ�GDPDJH�RI�
GULOOHG�IOD[�ILEUH�UHLQIRUFHG�FRPSRVLWHV��0HDVXUHPHQW��������������������

>��@ 3LFNHULQJ� ./�� (IHQG\� 0$�� /H� 70�� $� UHYLHZ� RI� UHFHQW� GHYHORSPHQWV LQ� QDWXUDO� ILEUH� FRPSRVLWHV� DQG� WKHLU� PHFKDQLFDO�
SHUIRUPDQFH��&RPSRVLWHV�3DUW�$��$SSOLHG�6FLHQFH�DQG�0DQXIDFWXULQJ�������������������

>��@ 3UDNDVK�6��0HUF\�-/��6DOXJX�0.��9LQHHWK�.60��2SWLPL]DWLRQ�RI�GULOOLQJ�FKDUDFWHULVWLFV�XVLQJ�JUH\�UHODWLRQDO�DQDO\VLV �*5$��
LQ�PHGLXP�GHQVLW\�ILEUH�ERDUG��0')���0DWHULDOV�7RGD\��3URFHHGLQJV��������������������������
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>��@ 5DPOL�615��)DG]XOODK�6+60��0XVWDID�=��7KH�HIIHFW�RI�DONDOLQH�WUHDWPHQW�DQG�ILEUH�OHQJWK�RQ�SLQHDSSOH�OHDI�ILEUH�UHLQIRUFHG�
SRO\ODFWLF�DFLG�ELRFRPSRVLWH��-XUQDO�7HNQRORJL�������������������������
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>��@ 0RKDPDG� <DWLP� 1�� 6KDDEDQ� $�� 'LPLQ� 0)�� <XVRI� )�� $EG� 5D]DN� -�� $SSOLFDWLRQ� RI� UHVSRQVH� VXUIDFH� PHWKRGRORJ\� IRU�
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