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-HW�DLUFUDIW�OXEULFDWLRQ�RLO�GURSOHWV�DV�FRQWUDLO�LFH�IRUPLQJ�SDUWLFOHV

-��3RQVRQE\���/��.LQJ���%��-��0XUUD\���0��(��6WHWWOHU�

�'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��,PSHULDO�&ROOHJH�/RQGRQ��/RQGRQ��6:���$=�
8QLWHG�.LQJGRP���6FKRRO�RI�(DUWK�DQG�(QYLURQPHQW��8QLYHUVLW\�RI�/HHGV��:RRGKRXVH��/HHGV��/6�

�-7��8QLWHG�.LQJGRP

7KH UDGLDWLYH HIIHFWV RI FRQGHQVDWLRQ WUDLOV �FRQWUDLOV� DFFRXQW IRU WKH PDMRULW\ RI SUHVHQW�GD\
ZDUPLQJ DWWULEXWDEOH WR DYLDWLRQ >�@� 7KH UDGLDWLYH FKDUDFWHULVWLFV DQG OLIHWLPH RI FRQWUDLOV DUH
GHSHQGHQW RQ WKH QXPEHU FRQFHQWUDWLRQ RI LFH�IRUPLQJ SDUWLFOHV LQ WKH HQJLQH H[KDXVW SOXPH >�@�
$LUFUDIW JDV WXUELQH HQJLQHV SURGXFH D YDULHW\ RI SDUWLFOHV� \HW LW KDV EHHQ XQGHUVWRRG IURP LQ�VLWX
PHDVXUHPHQWV WKDW QRQ�YRODWLOH EODFN FDUERQ DJJUHJDWHV DUH WKH GRPLQDQW VRXUFH RI LFH�IRUPLQJ
SDUWLFOHV� +RZHYHU� ZLWK FOHDQHU FRPEXVWLRQ WHFKQRORJLHV DQG WKH DGRSWLRQ RI DOWHUQDWLYH IXHOV�
QRQ�YRODWLOH EODFN FDUERQ SDUWLFOH HPLVVLRQV DUH H[SHFWHG WR GHFUHDVH RU HYHQ EH HOLPLQDWHG >�@�
8QGHU WKHVH FRQGLWLRQV� FRQWUDLO SURSHUWLHV ZLOO GHSHQG XSRQ WKH FRQFHQWUDWLRQ DQG FKDUDFWHULVWLFV
RI�SDUWLFOHV�RWKHU�WKDQ�EODFN�FDUERQ�

8OWUDILQH ����� QP� MHW OXEULFDWLRQ RLO GURSOHWV FRQVWLWXWH D VLJQLILFDQW IUDFWLRQ RI WKH WRWDO RUJDQLF
SDUWLFXODWH PDWWHU UHOHDVHG E\ DLUFUDIW >�@� KRZHYHU WKHLU DELOLW\ WR IRUP FRQWUDLO LFH FU\VWDOV LV
KLWKHUWR XQH[SORUHG� ,Q WKLV ZRUN� ZH H[SHULPHQWDOO\ LQYHVWLJDWH WKH DFWLYDWLRQ DQG IUHH]LQJ
EHKDYLRXU RI OXEULFDWLRQ RLO GURSOHWV XVLQJ DQ H[SDQVLRQ FKDPEHU >�@� DVVHVVLQJ WKHLU VLJQLILFDQFH
DV LFH�IRUPLQJ SDUWLFOHV� :H JHQHUDWH OXEULFDWLRQ RLO GURSOHWV ZLWK D JHRPHWULF PHDQ PRELOLW\
GLDPHWHU RI ������ s ���� QP DQG VKRZ WKDW WKHVH DFWLYDWH WR IRUP ZDWHU GURSOHWV� GHVSLWH WKHLU
K\GURSKRELFLW\ �VHH )LJ� �D�� 7KHVH GURSOHWV VXEVHTXHQWO\ IUHH]H KRPRJHQHRXVO\ DW a��� .� DV
VKRZQ LQ )LJ� �E� 7KLV VWXG\ GHPRQVWUDWHV WKDW XOWUDILQH OXEULFDWLRQ RLO GURSOHWV KDYH WKH SRWHQWLDO
WR IRUP FRQWUDLO LFH FU\VWDOV XQGHU W\SLFDO PL[LQJ FRQGLWLRQV EHKLQG DQ DLUFUDIW� :KLOH IXUWKHU ZRUN
LV QHHGHG� WKHVH UHVXOWV ZLOO VXSSRUW WKH XQGHUVWDQGLQJ RI FRQWUDLO SURSHUWLHV DQG WKH LPSDFWV
DVVRFLDWHG ZLWK QHZ FRPEXVWLRQ WHFKQRORJLHV� VXVWDLQDEOH DYLDWLRQ IXHOV DQG K\GURJHQ JDV WXUELQH
HQJLQHV�

>�@�'DYLG�6LPRQ�/HH�HW�DO���$WPRVSKHULF�(QYLURQPHQW�������������������

>�@�8OULFK�6FKXPDQQ�HW�DO���-RXUQDO�RI�$SSOLHG�0HWHRURORJ\�DQG�&OLPDWRORJ\���������������������������

>�@�&KULVWLDQH�9RLJW�HW�DO���&RPPXQLFDWLRQV�(DUWK�	�(QYLURQPHQW���������������

>�@�)ORULDQ�8QJHKHXHU�HW�DO���&RPPXQLFDWLRQV�(DUWK�	�(QYLURQPHQW���������������

>�@�2WWPDU�0¸KOHU�HW�DO���$WPRVSKHULF�0HDVXUHPHQW�7HFKQLTXHV�����������������������
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&RQQHFWLQJ�VL]H�UHVROYHG�DHURVRO�FRPSRVLWLRQ�DQG�JDV�SKDVH�YRODWLOH�HPLVVLRQV�IURP
DLUFUDIW�HQJLQHV�DW�WKH�=¾ULFK�DLUSRUW

=��'HFNHU���3��$��$OSHUW���-��*��6ORZLN���0��%DXHU���/��'XUGLQD���-��(GHEHOL���0��*\VHO�%HHU���$��3U«Y¶W��
&��6SLULJ���%��7RELDV�%UHP���0��$PPDQQ�

�3DXO�6FKHUUHU�,QVWLWXWH��/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\���&HQWHU�IRU�$YLDWLRQ��=+$:

$LUFUDIW DW DLUSRUWV HPLW XOWUD�ILQH SDUWLFOHV �8)3V� LQWR WKH VXUURXQGLQJ FRPPXQLW\� $LUFUDIW
RLO LQFOXGHV PHWDOV DQG SKRVSKDWHV OLQNHG WR QHXURWR[LFLW\ >�@� ,W ZDV RQO\ UHFHQWO\ VXJJHVWHG WKDW
JDV�SKDVH�RLO�PROHFXOHV�QXFOHDWH�8)3V�>�@�

$V SDUW RI WKH $YLDWLRQ 3OXPH 3523H5W,HV $7 SRLQW RI ([SRVXUH �$335235,$7(� UHVHDUFK
FDPSDLJQ� ZH FDUULHG RXW ODERUDWRU\� HQJLQH WHVW VLWH� DQG DLUSRUW DPELHQW ILHOG PHDVXUHPHQWV�
0HDVXUHPHQWV LQFOXGHG 92&86 3URWRQ 7UDQVIHU 5HDFWLRQ 7LPH RI )OLJKW 0DVV 6SHFWURPHWU\
�92&86 375�7R)�06�� ([WUDFWLYH (OHFWURVSUD\ ,RQL]DWLRQ 7R)�06 �((6,�7R)�06� FRXSOHG WR DQ
$HURG\QDPLF $HURVRO &ODVVLILHU �$$&� IRU VL]H�VHOHFWLRQ� $HURVRO 06 �$06�� FDYLW\ ULQJ�GRZQ
GHWHFWLRQ RI �� WUDFH JDVVHV� PXOWL�RULILFH XQLIRUP GHSRVLWLRQ LPSDFWRU �028',�� 30 VL]H
GLVWULEXWLRQ��������QP���DQG�WRWDO�30�QXPEHU��!����QP�DQG�!�����QP��

,Q WKH ODERUDWRU\� ZH WHVWHG WKH JDV DQG FKHPLFDO FRPSRVLWLRQ RI DHURVROL]HG IUHVK DQG
XVHG DLUFUDIW HQJLQH RLOV WR GHWHUPLQH VHYHUDO XQLTXH WUDFHUV� $W WKH HQJLQH WHVW VLWH �65 7HFKQLFV�
6ZLW]HUODQG� ZH VDPSOHG WKH HPLVVLRQV RI QHZO\ RYHUKDXOHG HQJLQHV LQ VHYHUDO RSHUDWLQJ VWDWHV�
)LQDOO\� ZH FRQGXFWHG VL[ ZHHNV RI DPELHQW PHDVXUHPHQWV QHDU D UXQZD\ DW WKH =¾ULFK DLUSRUW
�)LJ���$��

$HURVRO FKHPLFDO PDUNHUV RI XVHG RLO DQG FRPPRQO\ NQRZQ RLO FRPSRQHQWV �H�J� WULFUHV\O
SKRVSKDWH� ZHUH GHWHFWHG DW ERWK WKH WHVW VLWH DQG ILHOG VLWH� :H ZLOO SUHVHQW WKHLU HPLVVLRQ VL]H
GLVWULEXWLRQ ZLWK WKH HQJLQH VWDWH �)LJ� �%� DQG FRQQHFW WKHVH REVHUYDWLRQV ZLWK YRODWLOH JDV�SKDVH
PHDVXUHPHQWV�

)LQDOO\� ZH VKRZ WKDW DPELHQW ILHOG PHDVXUHPHQWV GHWHFWHG VHYHUDO LQGLYLGXDO DLUFUDIW 8)3
SOXPHV �H�J� )LJ� �&� DQG PDQ\ RLO PDUNHUV� :H ZLOO GLVFXVV HIIRUWV WR FRQQHFW WKH REVHUYHG JDV�
SKDVH DQG DHURVRO SKDVH PDUNHUV WR UHODWH WKHVH FRPSRQHQWV WR 8)3 QXFOHDWLRQ PHFKDQLVPV DQG
WKXV�LGHQWLI\�NH\�IDFWRUV�DIIHFWLQJ�ORFDO�DLU�TXDOLW\��

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 6ZLVV )HGHUDO 2IILFH RI &LYLO $YLDWLRQ �6)/9 ���������� :H
ZRXOG OLNH WR DFNQRZOHGJH WKH VXSSRUW IURP 65 7HFKQLFV� )ULWKMRI 6LHJHULVW� DQG WKH =¾ULFK (QY�
3URWHFWLRQ�2IILFH�$:(/�

)LJXUH �� �$� 0DS RI WKH DLUSRUW ILHOG VLWH� �%� 8QLTXH WUDFHUV �ODEHOHG LQ &� GHWHFWHG DW WKH HQJLQH
WHVW VLWH GLIIHU LQ VL]H GLVWULEXWLRQ GHSHQGLQJ RQ WKH HQJLQH RSHUDWLQJ VWDWH� �&� 8QLTXH DLUFUDIW RLO
WUDFHUV GHWHFWHG LQ SDUWLFOHV GRZQZLQG RI WKH =¾ULFK DLUSRUW� 5HVXOWV LQ �%� DQG �&� DUH IURP WKH
$$&���((6,�7R)�06�

>�@�5DKLP��0��)���3DO��'��DQG�$UL\D��3��$��(QYLURQ��3ROOXW���������������������
>�@�8QJHKHXHU�)���HW�DO��&RPPXQ��(DUWK�(QYLURQ������������૯��
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)LHOG�6WXG\�RQ�WKH�,PSDFW�RI�6XVWDLQDEOH�$YLDWLRQ�)XHOV�RQ�+HOLFRSWHU�(QJLQH�(PLVVLRQV

7��6FKULSS���7��*UHLQ���0��%HXVH���%��6FKQHLGHU�

�,QVWLWXWH�RI�&RPEXVWLRQ�7HFKQRORJ\��*HUPDQ�$HURVSDFH�&HQWHU��'/5����$'$&�/XIWUHWWXQJ�J*PEK

,Q FRQWUDVW WR DLUFUDIW MHW HQJLQH HPLVVLRQV� WKH QXPEHU RI VWXGLHV UHSRUWLQJ HPLVVLRQ IDFWRUV RI
KHOLFRSWHUV DUH OLPLWHG GXH WR GLIIHUHQW FHUWLILFDWLRQ SURFHGXUHV� 1HYHUWKHOHVV� WKH HPLVVLRQV IURP
KHOLFRSWHU HQJLQHV PD\ FRQWULEXWH WR WKH LPSDFW RI DLUSRUWV RQ ORFDO DLU TXDOLW\� :LWK UHJDUG WR WKH
HPLVVLRQ RI QRQ�YRODWLOH SDUWLFOHV� WKH DSSOLFDWLRQ RI VXVWDLQDEOH DYLDWLRQ IXHOV �6$)� KDV SURYHQ WR
EH EHQHILFLDO LQ MHW HQJLQHV ZKHQ FRPSDULQJ WR IRVVLO -HW $�� ZLWK ORZHU IXHO K\GURJHQ FRQWHQW�
7KHUHIRUH� LW LV RI LQWHUHVW LI VLPLODU REVHUYDWLRQV DUH WUXH IRU KHOLFRSWHU HQJLQHV DV KDV EHHQ
LQGLFDWHG E\ WHVW ULJ VWXGLHV XVLQJ 6$) RU DOWHUQDWLYH IXHO FRPSRQHQWV >�@� 7KH SUHVHQW VWXG\
GHVFULEHV LQ�ILHOG PHDVXUHPHQWV RQ DQ $LUEXV +��� KHOLFRSWHU WKDW LV RSHUDWHG E\ WKH *HUPDQ
$'$& DLU UHVFXH VHUYLFH� 7KH KHOLFRSWHU LV RSHUDWHG RQ D ��� 6$) EOHQG IRU VHYHUDO PRQWKV� 7KH
FRPSDULVRQ�RQ�HPLVVLRQ�SURSHUWLHV�EDVHV�RQ�D�UHJXODU�IRVVLO�-HW�$���

�

)LJXUH����6DPSOLQJ�SUREH�EHKLQG�WKH�HQJLQH�GXULQJ�WKH�WHVW�UXQV

6DPSOLQJ RQ WKH KHOLFRSWHU KDV EHHQ SHUIRUPHG ZLWK D SUREH EHKLQG WKH VWDUERDUG HQJLQH DW D
GLVWDQFH RI DSSUR[� � P WR WKH HQJLQH H[LW SODQH� 7KH DHURVRO LV WUDQVSRUWHG YLD D �� P KHDWHG
VDPSOLQJ OLQH WR D QHDUE\ YDQ HTXLSSHG ZLWK LQVWUXPHQWV IRU DHURVRO DQG JDV FKDUDFWHUL]DWLRQ� 7KH
SDUWLFOH QXPEHU FRQFHQWUDWLRQ DQG SDUWLFOH VL]H GLVWULEXWLRQ ZHUH PRQLWRUHG YLD D '06���
�&DPEXVWLRQ� DQG D 6FDQQLQJ 0RELOLW\ 3DUWLFOH 6L]HU �76,�� :LWKLQ D VWDEOH SRZHU VHWWLQJ RI WKH
HQJLQH� WKH LQVWUXPHQWV ZHUH VZLWFKHG EHWZHHQ UHJXODU VDPSOLQJ DQG FDWDO\WLF VWULSSHUV �&6���
&6���� &DWDO\WLF ,QVWUXPHQWV� WR UHPRYH WKH YRODWLOH IUDFWLRQ �QY30�� )XUWKHU WKH FRQFHQWUDWLRQV RI
&2� DQG 12[ ZHUH FRQWLQXRXVO\ PRQLWRUHG� 7KH HQJLQH ZDV RSHUDWHG DW WKUHH GLIIHUHQW SRZHU
VHWWLQJV WKDW URXJKO\ FRUUHVSRQG WR ૺLGOHૻ� ૺFUXLVHૻ DQG ૺWDNH�RIIૻ FRQGLWLRQV� 7KH H[SHULPHQW ZDV
SHUIRUPHG ZLWK WZR GLIIHUHQW IXHOV� D ��� 6$) EOHQG DQG D IRVVLO -HW $��� 'XULQJ WKH GLIIHUHQW IXHO
UXQV� D VKLIW LQ WKH SDUWLFOH VL]H GLVWULEXWLRQ ZDV REVHUYHG ZKLFK KLQGHUV D GLUHFW FRPSDULVRQ EDVHG
RQ QY30BQXPEHU� 7KLV VKLIW PLJKW EH FDXVHG E\ DJJORPHUDWLRQ LQ WKH VDPSOLQJ V\VWHP� 7KH
FRPSDULVRQ EDVHG RQ WKH QY30BYROXPH� KRZHYHU� UHYHDOV D VLJQLILFDQW UHGXFWLRQ LQ SDUWLFOH
HPLVVLRQ ZKHQ FKDQJLQJ IURP IRVVLO -HW $�� WR WKH 6$) EOHQG� )XUWKHU GHWDLOV RQ WKH H[SHULPHQW ZLOO
EH�SUHVHQWHG�LQ�WKH�FRQIHUHQFH�FRQWULEXWLRQ�

>�@ $OH[DQGHU 5DEO� &KULVWRSKHU 0XOO� 0DUWLQ +¦UWO� &KULVWLDQ +HOFLJ� 9RONHU *¾PPHU� ([SHULPHQWDO
,QYHVWLJDWLRQ RI 3HUIRUPDQFH DQG 6RRW (PLVVLRQV RI 2[\JHQDWHG )XHO %OHQGV LQ D 6PDOO $HUR
(QJLQH��������VXEPLWWHG�IRU�SXEOLFDWLRQ�
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6ZLVV�UHVHDUFK�RI�SDUWLFOH�HPLVVLRQV�UHGXFWLRQ�ZLWK�VXVWDLQDEOH�DYLDWLRQ�IXHOV

/��'XUGLQD���-��(GHEHOL���&��6SLULJ���7��)ULVFKNQHFKW���%��%UHP���7��5LQGOLVEDFKHU���-��$QHW�

�=+$:��&HQWUH�IRU�$YLDWLRQ���36,��/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\���6ZLVV�)HGHUDO�2IILFH�RI
&LYLO�$YLDWLRQ��)2&$�

,W LV WKH \HDU ����� 0U� DQG 0UV� 6ZLVV DUH IO\LQJ IRU D ORQJ WULS IDU DZD\� 7KHLU DLUFUDIW LV IXHOHG
ZLWK D EOHQG RI IRVVLO DQG VXVWDLQDEOH DYLDWLRQ IXHO �6$)� IURP D ELRJHQLF IHHGVWRFN� IRU ZKLFK WKH\
SDLG D SUHPLXP� +RZ PXFK ORZHU DUH WKH QRQ�YRODWLOH 30 �QY30� HPLVVLRQV RQ WKH JURXQG DQG DW
FUXLVH�ZLWK�GLIIHUHQW�6$)�EOHQGV�FRPSDUHG�WR�D�IRVVLO�MHW�IXHO�WRGD\"

7R DQVZHU WKLV TXHVWLRQ� ZH ILUVW ORRN DW IXHO SDUDPHWHUV XVHG IRU FRUUHODWLQJ IXHO FRPSRVLWLRQ
HIIHFWV IRU QY30 DQG UHVXOWV RI HPLVVLRQ WHVW FDPSDLJQV ZLWK 6$) XVLQJ WKH 6ZLVV 0RELOH $LUFUDIW
(PLVVLRQV 0HDVXUHPHQW 6\VWHP �60$57(0,6�� 7KH HPLVVLRQ WHVWV ZLWK GLIIHUHQW IXHOV ZHUH GRQH LQ
DQ HQJLQH WHVW FHOO DW 65 7HFKQLFV� =XULFK DLUSRUW� DQG LQ D JURXQG WHVW RI DQ HQJLQH LQVWDOOHG RQ
DLUFUDIW� 7KH H[KDXVW VDPSOH ZDV H[WUDFWHG � � P GRZQVWUHDP RI WKH HQJLQH H[KDXVW QR]]OH�
HLWKHU ZLWK D VLQJOH�KROH WUDYHUVDEOH SUREH RU D PXOWL�KROH FUXFLIRUP IL[HG SUREH� 60$57(0,6
VDPSOLQJ DQG PHDVXUHPHQW GRZQVWUHDP RI WKH SUREHV ZDV GRQH LQ FRPSOLDQFH ZLWK WKH QY30 DQG
JDVHRXV�HPLVVLRQV�FHUWLILFDWLRQ�VWDQGDUGV�>�@�

7KH VHPLQDO ZRUN RI %UHP HW DO� ���� >�@ LQYHVWLJDWHG WKH HIIHFWV RI GLIIHUHQW W\SHV RI IXHO
DURPDWLFV DQG FRQILUPHG WKH SRZHU�GHSHQGHQW HIIHFW RI WKH IXHO FRPSRVLWLRQ RQ QY30 PDVV DQG
QXPEHU IRU D FRPPRQ ODUJH WXUERIDQ HQJLQH� 7KH VDPH HQJLQH W\SH ZDV XVHG IRU WKH ILUVW�HYHU
WHVW ZLWK D 6$) EOHQG LQ D FRPPHUFLDO HQJLQH GRQH LQ 6ZLW]HUODQG >�@� 7KH 6$) PDGH XVLQJ
K\GURWUHDWHG HVWHUV DQG IDWW\ DFLGV �+()$� ZDV WHVWHG DW YROXPHWULF EOHQGLQJ UDWLRV RI ��� ����
DQG ���� %RWK WKHVH FDPSDLJQV SURYLGHG GDWD IRU WKH GHYHORSPHQW RI D VWDQGDUGL]HG IXHO
FRPSRVLWLRQ FRUUHFWLRQ QRZ XWLOL]HG LQ WKH QY30 HPLVVLRQV FHUWLILFDWLRQ SURFHGXUH >�@� :KLOH WKLV
FRUUHFWLRQ LV EDVHG RQ QXPHURXV GDWDVHWV� PRUH ZRUN LV QHHGHG WR FRQILUP LWV DSSOLFDELOLW\ IRU
YDULRXV HQJLQH W\SHV DQG KLJKHU 6$) EOHQGLQJ UDWLRV� 0RVW UHFHQWO\� ZH SHUIRUPHG HPLVVLRQ WHVWV
RI D VPDOO WXUERIDQ HQJLQH RI D EXVLQHVV MHW IXHOHG ZLWK UHJXODU -HW $�� DQG D +()$�6$) EOHQG FORVH
WR�WKH�FXUUHQWO\�KLJKHVW�SHUPLWWHG�EOHQGLQJ�UDWLR�RI�����

7KHVH ILQGLQJV ZLOO KHOS XV IXUWKHU GHYHORS WKH QY30 PHDVXUHPHQW PHWKRGRORJ\� HPLVVLRQV
SUHGLFWLRQV� DQG KHDOWK HIIHFW DVVHVVPHQW� 0RUHRYHU� ZH LQWHQG WR SRSXODUL]H WKH 6$) EHQHILWV
EH\RQG�OLIHF\FOH�&2��WR�IRVWHU�SURGXFWLRQ�VFDOLQJ�DQG�LQIRUP�WKH�IXWXUH�WUDYHOHUV�LQ�RXU�VWRU\�

>�@ $QQH[ �� WR WKH &RQYHQWLRQ RQ ,QWHUQDWLRQDO &LYLO $YLDWLRQ� (QYLURQPHQWDO 3URWHFWLRQ� 9RO� ,, ૱
$LUFUDIW�(QJLQH�(PLVVLRQV���WK�HG���,&$2��0RQWUHDO��&$�������

>�@�%HQMDPLQ�%UHP�HW�DO���(QYLURQPHQWDO�6FLHQFH�	�7HFKQRORJ\���������������������૱������

>�@�/XNDV�'XUGLQD�HW�DO���(QYLURQPHQWDO�6FLHQFH�	�7HFKQRORJ\���������������������૱��������
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'HYHORSPHQW�DQG�(YDOXDWLRQ�RI�D�+LJK�)ORZ�5DWH�&DVFDGH�,PSDFWRU�IRU�WKH�&ROOHFWLRQ�RI
&RDUVH��)LQH��DQG�8OWUDILQH�3DUWLFXODWH�0DWWHU�RQ�*HODWLQ�)LOWHUV

&��6LRXWDV���0��$OGHNKHHO���9��)DUDKDQL�

�8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD

7KLV VWXG\ SUHVHQWHG WKH GHYHORSPHQW RI D KLJK�IORZ�UDWH FDVFDGH LPSDFWRU WKDW XVHV ZDWHU�
VROXEOH JHODWLQ ILOWHUV IRU WKH FROOHFWLRQ RI PXOWL�VL]HG DPELHQW 30� 7KH JHODWLQ FDVFDGH LPSDFWRU
�*&,� ZDV GHVLJQHG ZLWK DQ RSHUDWLQJ IORZ UDWH RI ��� OSP DQG WZR LPSDFWLRQ VWDJHV ZLWK FXW�
SRLQWV RI ��� wP DQG ��� wP� /DERUDWRU\ WHVWV ZLWK DUWLILFLDOO\�SURGXFHG DHURVROV ZHUH FRQGXFWHG
WR REWDLQ WKH SDUWLFOH FROOHFWLRQ HIILFLHQF\ FXUYHV RI WKH *&,V LPSDFWLRQ VWDJHV� ,Q DGGLWLRQ� ILHOG
WHVWV ZHUH FDUULHG RXW XVLQJ WKH *&, ZLWK D SHUVRQDO FDVFDGH LPSDFWRU VDPSOHU �3&,6�
VLPXOWDQHRXVO\ WR FROOHFW DPELHQW 30��� IRU IXUWKHU WR[LFLW\ WHVWV� LQFOXGLQJ GLWKLRWKUHLWRO
FRQVXPSWLRQ �'77� DQG PDFURSKDJH�EDVHG UHDFWLYH R[\JHQ VSHFLHV �526�� 7KH ILQGLQJV VKRZHG
WKDW WKH H[SHULPHQWDOO\ GHWHUPLQHG FXW SRLQWV RI WKH WZR LPSDFWLRQ VWDJHV PDWFKHG WKH WKHRUHWLFDO
FDOFXODWLRQV� HYHQ ZLWK WKH XVH RI DOWHUQDWLYH VXEVWUDWHV �H�J�� TXDUW] ILOWHUV� LQVWHDG RI JHODWLQ
VXEVWUDWHV� $GGLWLRQDOO\� WKH *&, ZDV GHPRQVWUDWHG WR PRUH HIIHFWLYHO\ FROOHFW WR[LF 30
FRQVWLWXHQWV FRPSDUHG WR WKH 3&,6� DV HYLGHQFHG E\ LWV KLJKHU �L�H�� ��� WLPHV� 526 DQG '77
DFWLYLWLHV �L�H�� ���� ͐J =\PRVDQ 8QLWV�PJ 30 DQG ���� QPRO�PLQ�PJ 30� UHVSHFWLYHO\�� 7KH *&,V
DELOLW\ WR FROOHFW ODUJH DPRXQWV RI WR[LF 30 FRQVWLWXHQWV� DV ZHOO DV LWV XVH RI ZDWHU�VROXEOH ILOWHUV
IRU ���� SDUWLFOH H[WUDFWLRQ HIILFLHQF\� KDV PDGH LW D YDOXDEOH WHFKQRORJ\ IRU DHURVRO VDPSOLQJ DQG
LQKDODWLRQ�WR[LFLW\�VWXGLHV�
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3DUWLFXODWH�PDWWHU�DQG�&2�HT��HPLVVLRQV�IURP�WKUHH�(XUR��G�EL�IXHO�/3*�SDVVHQJHU�FDUV�
IHG�E\�DQ�LQQRYDWLYH�/3*�'0(��������9�9��EOHQG

6��/L[L���6��&DVDGHL���'��)DHGR���0��0DUWLQL���7��5RVVL�

�,QQRYKXE���66,��6XVWDLQDEOH�0RELOLW\�7HDP��9LD�*��*DOLOHL�����������6DQ�'RQDWR�0LODQHVH��0LODQR�
,WDO\

([KDXVW HPLVVLRQV RI SDUWLFXODWH PDWWHU DQG JDVHRXV VSHFLHV� ERWK UHJXODWHG DQG XQUHJXODWHG�
DOVR HYDOXDWHG DV &2�HTXLYDOHQW� ZHUH PHDVXUHG GXULQJ ODERUDWRU\ DQG RQ�URDG WHVWV RQ EL�IXHO
/3*�JDVROLQH SDVVHQJHU FDUV IHG E\ ERWK JDVROLQH DQG DQ LQQRYDWLYH /3*�'0( EOHQG� ZKLFK
UHSUHVHQWV D SRWHQWLDO UHQHZDEOH IXHO VLQFH /3* DQG '0( FDQ ERWK EH SURGXFHG IURP ELRPDVV DQG
UHQHZDEOH VRXUFHV� )RU WKLV UHDVRQ� '0( �'LPHWK\O HWKHU� KDV EHHQ FRQVLGHUHG E\ WKH (8 DV D SDUW
RI LWV ELRIXHO HQHUJ\ PL[ RI ���� DQG LW LV WKHQ PHQWLRQHG LQ WKH 5HQHZDEOH (QHUJ\ 'LUHFWLYH �5('�
,, >�@� ,WV XVH KDV EHHQ LQYHVWLJDWHG DV D EOHQG FRPSRQHQW LQ GLHVHO HQJLQHV� EXW QRW PDQ\ VWXGLHV
KDYH EHHQ FRQGXFWHG RQ LWV XVH IRU VSDUN LJQLWLRQ HQJLQHV� 7KH WHVWHG EOHQG ��� /3* DQG ���
'0(� ZKLFK ZDV GHWHUPLQHG WKURXJK &)5 HQJLQH WHVWV� ZDV FRPSOLDQW ZLWK WKH (1 ��� (8
6WDQGDUG� 7KUHH (XUR �G EL�IXHO YHKLFOHV �WZR VPDOO DQG RQH PHGLXP VHJPHQW� ZHUH WHVWHG LQ
ODERUDWRU\� IROORZLQJ WKH KRPRORJDWLRQ :/7& DQG WKH KRW�VWDUW &$'& GULYLQJ F\FOHV� 7KH VROLG
3DUWLFOH 1XPEHU HPLVVLRQ �31�303 FRPSOLDQW� ZDV PHDVXUHG DQG WKH WRWDO SDUWLFOH VL]H GLVWULEXWLRQ
ZDV GHWHUPLQHG XVLQJ DQ (QJLQH ([KDXVW 3DUWLFOH 6L]HU �((36�� 7KH SDUWLFXODWH PDWWHU PDVV �30�
ZDV PHDVXUHG DV ZHOO� $GGLWLRQDOO\� WKH &2�HTXLYDOHQW ZDV GHWHUPLQHG IURP &2�� 1�2 DQG &+�
GHWHFWLRQV� XVHIXO IRU DQ /&$ WKDW LV XQGHU GHYHORSPHQW� 'XULQJ WKH RQ�URDG WHVWV� FDUULHG RXW LQ
WKH FLW\ RI 0LODQ LQ FRPSOLDQFH ZLWK UHDO GULYLQJ HPLVVLRQ �5'(� UHJXODWLRQ� WKH &2�HTXLYDOHQW DQG
31 PHDVXUHPHQWV ZHUH GHWHUPLQHG XVLQJ D 3RUWDEOH (PLVVLRQV 0HDVXUHPHQW 6\VWHP �3(06��
(PLVVLRQ IDFWRUV IRU JDVROLQH DQG IRU /3*�'0( IXHOLQJ ZHUH FDOFXODWHG DQG FRPSDUHG� 7KH XVH RI
/3*�'0( IXHO OHG WR D GHFUHDVH RI VROLG SDUWLFOHV HPLVVLRQV �ZLWKLQ ��QP����wP UDQJH�� DV VKRZQ
LQ WKH )LJXUH �$� EHORZ� 6LPLODU VROLG DQG YRODWLOH SDUWLFOHV HPLVVLRQV ZLWKLQ �������QP UDQJH ZHUH
GHWHFWHG E\ ((36�PHDVXUHPHQWV XVLQJ HLWKHU JDVROLQH RU WKH /3*�'0( EOHQG� $QDO\]LQJ WKH
SDUWLFOH VL]H GLVWULEXWLRQV� D KLJKHU SURGXFWLRQ RI VRPH XOWUDILQH SDUWLFOHV �� ��QP� ZDV QRWHG E\
WHVWLQJ FDUV DW KLJK VSHHGV� ZKLOH ORZHU VSHHGV LPSDFWHG WKH SURGXFWLRQ RI VOLJKWO\ ELJJHU SDUWLFOHV
�! �� QP�� 'XULQJ WKH KRW�VWDUW F\FOH� D QRWLFHDEOH GHFUHDVH ZDV IRXQG GXULQJ WKH 8UEDQ SKDVH RI
WKH F\FOH ZKHQ WKH FDUV ZHUH IHG E\ /3*�'0(� DV VKRZQ LQ WKH )LJXUH �%� EHORZ� ,W LV LPSRUWDQW WR
XQGHUOLQH KRZ XUEDQ URXWHV KDYH WKH JUHDWHVW LPSDFW RQ KXPDQ KHDOWK VLQFH WKH H[SRVXUH WR WKH
SDUWLFXODWH PDWWHU LV JUHDWHU� 5'( WHVWV FRQILUPHG D ORZHU SURGXFWLRQ RI VROLG SDUWLFOHV XVLQJ WKH
LQQRYDWLYH IXHO EOHQG� :KHQ WKH FDUV ZHUH IHG E\ /3*�'0(� ORZHU HPLVVLRQV RI &2� HTXLYDOHQW
ZHUH PHDVXUHG ERWK LQ ODERUDWRU\ DQG RQ URDG� ,Q FRQFOXVLRQ� WKH UHVXOWV RI WKH ZRUN VKRZ WKDW WKH
LQQRYDWLYH DQG SRWHQWLDOO\ UHQHZDEOH /3*�'0( ����� �9�9� EOHQG FDQ EH KHOSIXO LQ WHUPV RI ORZHU
31 HPLVVLRQV DQG HVSHFLDOO\ ORZHU *+* HPLVVLRQV� EHVLGHV EHLQJ IXOO\ FRPSOLDQW ZLWK (1��� DQG
ZLWK�(XUR���H[KDXVW�HPLVVLRQ�VWDQGDUGV��ZLWK�LQWHUHVWLQJ�SHUVSHFWLYHV�WRZDUGV�WKH�(XUR���RQHV�

>�@�'LUHFWLYH��(8�������������SDJ����
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$Q�XSGDWHG�PHFKDQLVP�RI�SDUWLFOH�IRUPDWLRQ�LQ�QRQ�SUHPL[HG�K\GURJHQ�FRPEXVWLRQ�LQ
LQWHUQDO�FRPEXVWLRQ�HQJLQHV

/��7DUWDNRYVN\���%��%��+ROW]HU���$��7KDZNR���0��6KDSLUR�

�7HFKQLRQ���,VUDHO�,QVWLWXWH�RI�7HFKQRORJ\

,QWURGXFWLRQ 	 %DFNJURXQG� *DVHRXV MHW G\QDPLFV LV D PDMRU IDFWRU DIIHFWLQJ IRUPDWLRQ RI
SDUWLFXODWH PDWWHU DQG JDVHRXV SROOXWDQWV LQ FRPEXVWLRQ RI K\GURJHQ RU K\GURJHQ�ULFK UHIRUPDWHV�
0LWLJDWLRQ RI SDUWLFXODWH PDWWHU IRUPDWLRQ LV HVVHQWLDO WR HQVXUH SHQHWUDWLRQ RI D QRYHO KLJK�
HIILFLHQF\ SURSXOVLRQ F\FOH ZLWK +LJK�3UHVVXUH 7KHUPRFKHPLFDO 5HFXSHUDWLRQ ZKLFK KDV EHHQ
GHYHORSHG LQ WKH 7HFKQLRQ� 7KH ODWWHU LV EDVHG RQ WKH XWLOL]DWLRQ RI WKH ZDVWH KHDW WR SURGXFH D
K\GURJHQ�ULFK UHIRUPDWH WKURXJK HQGRWKHUPLF UHDFWLRQV RI D SULPDU\ IXHO UHIRUPLQJ� 7KH UHFHQW
H[SHULPHQWDO VWXGLHV IRXQG HOHYDWHG SDUWLFOH HPLVVLRQV LQ D QRQ�SUHPL[HG K\GURJHQ DQG K\GURJHQ�
ULFK UHIRUPDWH FRPEXVWLRQ FRPSDUHG WR YDULRXV K\GURFDUERQ IXHOV LQ D ZLGH UDQJH RI GLUHFW�
LQMHFWLRQ �',� VSDUN�LJQLWLRQ �6,� HQJLQH RSHUDWLRQ UHJLPHV� 7KLV GLVFRYHU\ FRQWUDGLFWV DOO SUHYLRXVO\
SXEOLVKHG GDWD RQ SDUWLFOH IRUPDWLRQ LQ K\GURJHQ FRPEXVWLRQ� 7KH PDLQ JRDO RI WKH UHSRUWHG VWXG\
ZDV LV WR SURYLGH D FRQFHSWXDO GHVFULSWLRQ RI SDUWLFOH IRUPDWLRQ PHFKDQLVP LQ QRQ�SUHPL[HG
K\GURJHQ FRPEXVWLRQ LQ LQWHUQDO FRPEXVWLRQ HQJLQHV �,&(� WKDW HQDEOHG XV WR PDWFK WKH SUHYLRXVO\
SXEOLVKHG�DQG�QHZO\�JDLQHG�GDWD�

0HWKRGRORJ\� :H KDYH DFFRPSOLVKHG WKH LQWHUOLQNHG VHULHV RI IXQGDPHQWDO DQG HQJLQH�EDVHG
H[SHULPHQWV ZKLFK DOORZHG XV XQGHUVWDQGLQJ DQG GHVFULELQJ WKH SK\VLFV EHKLQG WKH REVHUYHG
SHFXOLDULWLHV LQ SDUWLFOH IRUPDWLRQ� 2SWLFDO LPDJLQJ WHFKQLTXHV� DV KLJK�VSHHG 6FKOLHUHQ DQG 3DUWLFOH
,PDJH 9HORFLPHWU\� ZHUH HPSOR\HG WR FKDUDFWHUL]H WKH IORZ ILHOG RI DQ XQGHUH[SDQGHG LPSLQJLQJ
WUDQVLHQW JDVHRXV MHW LQ D FRQILQHG �HQJLQH�OLNH� HQYLURQPHQW� DQG D ODERUDWRU\ UHVHDUFK HQJLQH
ZDV XVHG IRU GHWDLOHG FRPEXVWLRQ DQG SDUWLFOH HPLVVLRQ DQDO\VLV� 7KH HQJLQH ZDV EDVHG RQ D VLQJOH�
F\OLQGHU /LVWHU�3HWWHU $'� ��VWURNH HQJLQH ZLWK D KLJK FRPSUHVVLRQ UDWLR �U ����� PRGLILHG IRU 6,
RSHUDWLRQ� 3DUWLFOH QXPEHU FRQFHQWUDWLRQ DQG VL]H GLVWULEXWLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG ZLWK
76, PRGHO ���� (QJLQH ([KDXVW 3DUWLFOH 6L]HU 6SHFWURPHWHU� ([KDXVW SDUWLFOHV ZHUH FKDUDFWHUL]HG
XVLQJ WKH ,QGXFWLYHO\ &RXSOHG 3ODVPD 6SHFWURVFRS\� 'LIIHUHQW IXHO VXSSO\ PHWKRGV �3), DQG ',� DQG
JDVHRXV�IXHOV��K\GURJHQ��PHWKDQH��DQG�WKH�UHIRUPDWH��ZHUH�H[SHULPHQWDOO\�FRPSDUHG�

5HVXOWV 	 &RQFOXVLRQV� 7KH JDLQHG UHVXOWV VKRZHG WKDW QRQ�SUHPL[HG K\GURJHQ FRPEXVWLRQ LQ
,&( PD\ HQKDQFH SDUWLFOH IRUPDWLRQ� ZKLFK LV VXEVWDQWLDOO\ PRUH LQWHQVLYH FRPSDUHG WR
K\GURFDUERQ IXHO FRPEXVWLRQ� 7KLV SKHQRPHQRQ LV D UHVXOW RI D FRPELQHG LQIOXHQFH RI WKH
K\GURJHQV ORZ IODPH TXHQFKLQJ GLVWDQFH WKDW LQWHQVLILHV OXEULFDQW HYDSRUDWLRQ� DQG WKH
LQWHUDFWLRQ EHWZHHQ WKH OXEULFDQW YDSRU IRUPHG QHDU WKH F\OLQGHU VXUIDFH� DQG WKH JDVHRXV MHW� 7KH
REWDLQHG H[SHULPHQWDO GDWD VKRZHG WKDW JDVHRXV IXHO YRUWH[ HYROYHG DIWHU MHW LPSLQJHPHQW ZLWK
WKH F\OLQGHU ZDOO VXEVHTXHQWO\ FOLPEV RYHU WKH OLQHU ZDOO� WKHUHE\ VZHHSLQJ DZD\ WKH OXEULFDQW
YDSRU LQWR WKH FRPEXVWLRQ FKDPEHU EXON� 7KLV HQWUDLQPHQW PHFKDQLVP ZDV IRXQG WR EH VWURQJHU
FRPSDUHG ZLWK WKH OXEULFDQW HQWUDLQPHQW LQ WKH IUHH�MHW UHJLRQ� 7KH H[FHVVLYH HQWUDLQPHQW RI
OXEULFDQW YDSRU LQWR WKH FKDPEHU EXON ZLWK LWV VXEVHTXHQW LQYROYHPHQW LQ WKH FRPEXVWLRQ SURFHVV�
UHVXOWV LQ WKH HOHYDWHG SDUWLFOH IRUPDWLRQ� 7KH ORZHU VSHFLILF /+9 RI WKH UHIRUPDWH IXHO FRPSDUHG WR
K\GURJHQ� UHTXLUHV ORQJHU LQMHFWLRQ GXUDWLRQ DQG�RU KLJKHU LQMHFWLRQ SUHVVXUH� 7KHVH FRQWULEXWH WR
ORQJHU DQG PRUH LQWHQVLYH YRUWH[ IORZ DORQJ WKH F\OLQGHU ZDOO� WKXV H[SODLQLQJ WKH SUHYLRXVO\
REVHUYHG�KLJKHU�SDUWLFOH�IRUPDWLRQ�DULVLQJ�IURP�UHIRUPDWH�FRPEXVWLRQ��FRPSDUHG�WR�K\GURJHQ��
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7KH�RSWLFDO�SURSHUWLHV�RI�FRPEXVWLRQ�JHQHUDWHG�SDUWLFOHV�IURP���'�K\GURJHQ�GRSHG
HWK\OHQH�IODPHV

6��Y��5LMQ�����0��Y��+HOWHQ�����-��-RRVWHQ�����$��0RNKRY���8��'XVHN�

�8QLYHUVLW\�RI�*URQLQJHQ��(65,*��&HQWUH�IRU�,VRWRSH�5HVHDUFK���8QLYHUVLW\�RI�*URQLQJHQ��(65,*�
(QHUJ\�&RQYHUVLRQ

,W LV ZHOO NQRZQ WKDW EODFN FDUERQ �%&� KDV D ODUJH ZDUPLQJ HIIHFW RQ WKH FOLPDWH GXH WR WKH
DEVRUSWLRQ LQ D ZLGH UDQJH RI ZDYHOHQJWKV >�@� 7KH HIIHFWV RI FRORXUHG RUJDQLF FDUERQ �DOVR NQRZQ
DV EURZQ FDUERQ �%U&�� DUH DOVR VLJQLILFDQW� DV LQ VRPH VWXGLHV WKH\ DFFRXQW IRU ��� WR ��� RI WKH
QHDU DWPRVSKHULF 89 DEVRUSWLRQ >�@� 'XH WR WKH FRPSOH[ QDWXUH RI EURZQ FDUERQ� LW LV QRW YHU\
NQRZQ \HW ZKLFK FRPEXVWLRQ FRQGLWLRQV OHDG WR WKH IRUPDWLRQ RI EURZQ FDUERQ� $ VWXG\ LV GRQH WR
H[DPLQH WKH RSWLFDO SURSHUWLHV RI FRPEXVWLRQ JHQHUDWHG FDUERQDFHRXV DHURVROV� 9DULRXV SUHPL[HG
EXUQHU�VWDELOL]HG ��' IODW IODPHV RI PL[WXUHV RI HWK\OHQH �&�+�� DQG K\GURJHQ �+�� DUH DQDO\VHG
E\ YDU\LQJ +��&�+� UDWLR DQG H[LW YHORFLW\� 7KH HTXLYDOHQFH UDWLR LV NHSW FRQVWDQW DW ���� 7KH H[LW
YHORFLWLHV UDQJH IURP � FP�V WR �� FP�V� ZKLOH WKH K\GURJHQ IUDFWLRQ LQ IXHO UDQJHV IURP �� WR
���� $Q $(�� DHWKDORPHWHU LV XVHG WR PHDVXUH WKH H[WLQFWLRQ FRHIILFLHQW DW GLIIHUHQW ZDYHOHQJWKV�
8VLQJ DQ H[WUDSRODWLRQ RI WKH PHDVXUHG H[WLQFWLRQ FRHIILFLHQW E\ WKH $EVRUSWLRQ $QJVWURP
([SRQHQW D TXDOLWDWLYH GLVWLQFWLRQ FDQ EH PDGH EHWZHHQ WKH DEVRUSWLRQ FRQWULEXWLRQ E\ %& DQG
%U&� $ UHSUHVHQWDWLRQ RI VXFK D GLVWLQFWLRQ LV VKRZQ LQ WKH OHIW ILJXUH� ZKHUH RQH DUELWUDU\ VDPSOH LV
XVHG�WR�GLVSOD\�WKH�FRQWULEXWLRQ�RI�%&�DQG�%U&�WR�WKH�WRWDO�ZDYHOHQJWK�GHSHQGLQJ�DEVRUSWLRQ��

$GGLWLRQDOO\� WKH IODPH WHPSHUDWXUH DV D IXQFWLRQ RI KHLJKW DERYH WKH EXUQHU �+$%� LV PRGHOOHG
XVLQJ WKH 6DQ 'LHJR PHFKDQLVP� 7KH LQ�VLWX VRRW YROXPH IUDFWLRQ LV DOVR PHDVXUHG XVLQJ /DVHU
/LJKW ([WLQFWLRQ �//(� DW GLIIHUHQW +$%V� 7KH SUHOLPLQDU\ H[SHULPHQWDO UHVXOWV VKRZ WKDW D ORZHU
WHPSHUDWXUH DQG D KLJKHU K\GURJHQ FRQWHQW LQ WKH IXHO UHVXOW LQ KLJKHU %U& YDOXHV� 7KH VRRW
YROXPH IUDFWLRQ LQ IODPH LV IRXQG WR EH WKH ORZHVW IRU D KLJKHU K\GURJHQ FRQWHQW DQG D KLJKHU H[LW
YHORFLW\� $ SUHYLHZ RI VRPH UHVXOWV LV VHHQ LQ WKH ULJKW ILJXUH� ZKHUH WKH ZDYHOHQJWK GHSHQGLQJ
DEVRUEDQFH IRU D IL[HG IXHO FRPSRVLWLRQ ���� HWK\OHQH� ��� +�� LV VKRZQ IRU H[LW YHORFLWLHV
UDQJLQJ�IURP�Y� ���WR����FP�V�

>�@�%RQG�HW�DO��-��*HRSK\V��5HV��$WPRV����������������������

>�@�.XPDU�HW�DO��$WPRV��&KHP��3K\V������������������������
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&DWDO\WLF�VROXWLRQV�IRU�WKH�FOHDQVLQJ�RI�ZRRG�VWRYH�HPLVVLRQV��D�SK\VLFR�FKHPLFDO
FKDUDFWHUL]DWLRQ�RI�HIIOXHQWV�JHQHUDWHG�E\�ZRRG�FRPEXVWLRQ�DQG�WKHLU�PDWXUDWLRQ�LQ

WKH�DWPRVSKHUH

0��/DERXUHXU�����'��%HOO���%��<DQJ���7��%DUDNDW���/��*DULQ���%��6X���7��'XTXHVQH�

�/DERUDWRU\�RI�,QRUJDQLF�0DWHULDOV�&KHPLVWU\��&0,����1DPXU�,QVWLWXWH�RI�6WUXFWXUHG�0DWWHU��1,60��
8QLYHUVLW\�RI�1DPXU�����UXH�GH�%UX[HOOHV��%������1DPXU��%HOJLXP���/DERUDWRU\�RI�$WPRVSKHULF
&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��������6ZLW]HUODQG���6WXY�6�$���5XH�5LYHUUH�������

%�������)ORUHIIH��%HOJLXP

,Q WKLV WLPH RI HQHUJ\ FULVLV ZLWK VXSSO\ LQVWDELOLW\� ELRPDVV FRPEXVWLRQ KDV EHHQ VHHQ E\
QXPHURXV FLWL]HQV DV DQ DOWHUQDWLYH ZD\ IRU KHDWLQJ WKHLU KRPH� 7KLV SDUDGLJP VKLIW ZDV UHIOHFWHG
LQ WKH LQFUHDVH LQ VDOHV RI ZRRG VWRYHV� $W WKH VDPH WLPH� LW ZDV HVWLPDWHG E\ &OHDQ $LU )RU (XURSH
�&$)(� LQ ���� WKDW GRPHVWLF ZRRG VWRYHV HPLW ��� RI 30���� ,Q WKLV FRQWH[W� LQWHUQDWLRQDO DQG
QDWLRQDO UHJXODWLRQ FRPPLVVLRQV DUH ZRUNLQJ RQ QHZ QRUPV VXFK DV (FRGHVLJQ RU %ODXHU (QJHO WR
SURPSW D GHFUHDVH LQ HPLVVLRQ RI QHZ SURGXFWV� 7R FRPSO\ ZLWK WKHVH HPLVVLRQ OLPLWV� QHZ
DEDWHPHQW WHFKQRORJLHV KDYH EHHQ GHYHORSHG� 2QH RI WKH PRVW SURPLVLQJ WHFKQRORJLHV LV WKH
FDWDO\WLF�R[LGDWLRQ�

7KH %DR�/LDQ 6XV JURXS KDV H[SHULHQFH ZLWK WKH FDWDO\WLF R[LGDWLRQ RI YRODWLOH RUJDQLF FRPSRXQGV
�92&� DQG UHFHQWO\ WKH\ KDYH GHYHORSHG D FDWDO\WLF VROXWLRQ IRU ZRRG VWRYHV� 7KLV SDWHQWHG
WHFKQRORJ\ KDV EHHQ XVHG WR FUHDWH D VSLQ�RII FRPSDQ\ WKDW VSHFLDOLVHV LQ WKH GHYHORSPHQW RI
FDWDO\WLF V\VWHPV� $ ILUVW DSSURDFK WR HYDOXDWH WKH FDWDO\VWV SHUIRUPDQFH ZDV GRQH DFFRUGLQJ WR
WKH QRUP (1������ ,W ZDV PHDVXUHG UHVSHFWLYHO\ D GHFUHDVH LQ ���� ��� DQG ��� RI &2� WRWDO
K\GURFDUERQV �7+&� DQG WRWDO VXVSHQGHG SDUWLFOHV �763�� +RZHYHU� WKH UHGXFWLRQ LQ 7+& GRHV QRW
WDNH LQWR FRQVLGHUDWLRQ WKH JHQHUDWHG SURGXFWV DQG WKH IRUPDWLRQ RI VHFRQGDU\ RUJDQLF DHURVRO
�62$��

)XUWKHU WHVWLQJV ZHUH GRQH RQ WR DFKLHYH D EHWWHU XQGHUVWDQGLQJ RI WKH LPSDFW RI WKH FDWDO\VW RQ
IXPHV� 2QH RI WKHP ZDV D VWXG\ VKRZLQJ WKDW SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V�� NQRZQ IRU
WKHLU WR[LFLW\� ZHUH UHGXFHG E\ ��� ZKHQ RXU FDWDO\VW ZDV LQ SODFH� &RUUHVSRQGLQJO\� WKHUH ZDV
DOVR D ��� UHGXFWLRQ LQ FHOO PRUDWLOLW\� ZKHQ FHOOV ZHUH H[SRVHG WR HPLVVLRQV WKDW ZHUH SDVVHG
WKURXJK WKH FDWDO\VW� 7KXV� WKH FDWDO\VW ZH GHYHORSHG ZDV HIIHFWLYH DW UHPRYLQJ SULPDU\ HPLVVLRQV
DQG�UHGXFLQJ�WKH�WR[LFLW\�RI�WKH�SULPDU\�HPLVVLRQV�

+RZHYHU WKHVH VWXGLHV GLG QRW SUREH WKH HIIHFW RI DJLQJ RI 92&V QRU WKH SURGXFWLRQ RI 62$� ZKLFK
:HLWHNDPS HW DO� ������ KDV VKRZQ WKDW LQFUHDVHV WKHLU WR[LFLW\� 7KH SKRWRFKHPLFDO WUDQVIRUPDWLRQ
RI 92&V ZLWK 2+ UDGLFDOV FUHDWHV 62$� 7R KDYH D KROLVWLF YLHZ RI WKH HIIHFW RI WKH FDWDO\VW ZH KDYH
GHYHORSHG� LW LV QHFHVVDU\ WR VLPXODWH DQG DQDO\]H WKH IRUPDWLRQ RI 62$ LQ VWDWH�RI�WKH�DUW
IDFLOLWLHV� ,Q WKLV FRQWH[W� WKH DWPRVSKHULF FKHPLVWU\ ODERUDWRU\ RI WKH 3DXO 6FKHUUHU ,QVWLWXWH
LQWHUQDWLRQDOO\�UHFRJQL]HG�IRU�LWV�H[SHUWLVH�RQ�62$��KDYH�EHHQ�FRQWDFWHG�

,Q FRQFOXVLRQ� WKLV PXOWLGLVFLSOLQDU\ VWXG\ ZLOO GHWDLO WKH LPSDFW RI D QRYHO FDWDO\VW RQ WKH
FRPSRVLWLRQ RI 692& IURP D ZRRG VWRYH DQG LQYHVWLJDWH WKHLU 62$ SRWHQWLDO� )URP DQ LQGXVWULDO
SRLQW RI YLHZ� WKLV ZRUN ZLOO SURYLGH XQSUHFHGHQWHG LQVLJKW LQWR WKH HIILFDF\ RI RXU FDWDO\VW DQG LWV
XVH ZLWK D ZRRG VWRYH XQGHU UHDO FRQGLWLRQV DQG DVVLVW RXU VSLQ�RII FRPSDQ\ WR EHWWHU XQGHUVWDQG
WKLV�WHFKQRORJ\�DQG�KLJKOLJKW�WKH�UHDO�LPSDFW�RI�WKH�LPSOHPHQWDWLRQ�RI�WKLV�FDWDO\VW�
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5HGXFWLRQ�RI�3DUWLFXODWH�(PLVVLRQV�IURP�/RJZRRG�6WRYHV�E\�DQ�(OHFWURVWDWLF
3UHFLSLWDWRU�DQG�WKH�,QIOXHQFH�RI�7KHLU�3RVLWLRQ�LQ�WKH�)OXH�*DV�'XFW�DQG�6WRYH

2SHUDWLRQ�&RQGLWLRQV

/��)HLNXV���'��:RKWHU���3��*��4XLFNHU�

�5:7+�$DFKHQ�8QLYHUVLW\��8QLW�RI�7HFKQRORJ\�RI�)XHOV

7KH )OXH JDV DHURVRO IURP ORJZRRG VWRYHV FRQVLVWV RI D ZLGH UDQJH RI SDUWLFXODWH DQG JDVHRXV
SROOXWDQWV� $FFRUGLQJ WR SURMHFWLRQV RI WKH *HUPDQ (QYLURQPHQWDO 3URWHFWLRQ $JHQF\
�8PZHOWEXQGHVDPW �8%$�� WKRVH VWRYHV DUH UHVSRQVLEOH IRU DERXW �� � RI 30���� PRVW RI ZKLFK
DUH XOWUDILQH SDUWLFOHV �8)3�� HPLWWHG LQ *HUPDQ\ >�@� 7KLV ZRUN DGGUHVVHV WKH SRWHQWLDO RI
HOHFWURVWDWLF SUHFLSLWDWRUV �(63V� WR UHGXFH WKH HPLWWHG ILQH DQG XOWUDILQH SDUWLFOHV RI ORJZRRG
VWRYHV� 7KH IRFXV LV RQ WKH LQIOXHQFH RI WKH SRVLWLRQ RI WKH (63 LQ WKH IOXH JDV GXFW DQG VWRYH
RSHUDWLRQ FRQGLWLRQV� $Q (63 VKRZV GHSRVLWLRQ UDWHV RI ! ��� UHJDUGLQJ SDUWLFOH QXPEHU
FRQFHQWUDWLRQ RI ILQH DQG XOWUDILQH SDUWLFOHV� +RZHYHU� WKH UHGXFWLRQ HIILFLHQF\ FDQ GHFUHDVH
VLJQLILFDQWO\�GXH�WR�QHJDWLYH�LPSDFW�RI�WKH�DERYH�PHQWLRQHG�LQIOXHQFHV�

7KH UHGXFWLRQ HIIHFW WRZDUGV SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&� RI WKH (63V DW GLIIHUHQW SRVLWLRQV
LQ WKH IOXH JDV GXFW ZDV LQYHVWLJDWHG� (63 � ZDV SRVLWLRQHG DW WKH RXWOHW RI WKH VWRYH �DYHUDJH
WHPSHUDWXUH� ��� r&� DQG (63� � P GRZQVWUHDP WKH IXUQDFH �DYHUDJH WHPSHUDWXUH� ������� r&��
$GGLWLRQDOO\ WKH UHGXFWLRQ HIILFLHQF\ IRU JRRG DQG EDG VWRYH RSHUDWLRQ FRQGLWLRQV ZDV
FRPSDUHG� 7KH UHVXOWV VKRZ D VLPLODU UHGXFWLRQ�SRWHQWLDO IRU ERWK (63�SRVLWLRQV XQGHU JRRG VWRYH
RSHUDWLRQ FRQGLWLRQV ZLWK UHGXFWLRQ UDWHV RI DERXW �� � IRU ERWK (63V� :LWK GHWHULRUDWLRQ RI WKH
RSHUDWLRQ FRQGLWLRQV WKH UHGXFWLRQ�UDWH IRU (63� GHFUHDVHV GRZQ WR �� � XQGHU EDG FRQGLWLRQV�
)RU (63� WKH FKDQJHV DUH PXFK OHVV SURQRXQFHG� ZLWK D GHFUHDVH RI WKH UHGXFWLRQ UDWH GRZQ WR
�� �� )LJXUH� VKRZV WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ UHJDUGLQJ ILQH DQG XOWUDILQH SDUWLFOHV IRU
(63� DQG (63� RYHU WKH GXUDWLRQ RI RQH EDWFK IRU WKH EHVW DQG WKH ZRUVW RSHUDWLRQ�FRQGLWLRQ�
FDWHJRULHV� 7KH FXUYHV IRU HDFK SRLQW RI LQYHVWLJDWLRQ UHIOHFW WKH GLIIHUHQW SHUIRUPDQFH RI WKH (63V
XQGHU FKDQJLQJ FRQGLWLRQV� ,W LV ZHOO NQRZQ WKDW WHPSHUDWXUHV EHWZHHQ ������� r& QHJDWLYHO\
DIIHFW GXVW UHVLVWDQFH� DWWHQXDWLQJ WKH UHGXFWLRQ HIILFLHQF\ >�@� :KLFK OLNHO\ FRQWULEXWHV WR WKH
KLJKHU GHFUHDVH RI WKH SHUIRUPDQFH RI (63�� 'XH WR WKH ORZHU WHPSHUDWXUH DW 3RVLWLRQ �� WKHUH LV
DOVR DQ H[SHFWHGO\ KLJKHU FRQFHQWUDWLRQ RI FRQGHQVHG DQG DGVRUEHG RUJDQLF FRPSRXQGV �H�J��
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V�� ERXQG WR WKH SDUWLFOHV WKDQ DW 3RVLWLRQ ��7KLV OLNHO\ OHDGV
WR FKDQJHV LQ GXVW UHVLVWDQFH� DQG WKXV� DOVR HIIHFWV WKH UHGXFWLRQ HIILFLHQF\� 7R LQYHVWLJDWH WKH
WZR DVVXPSWLRQV� ZH PHDVXUHG WKH FXUUHQW RI WKH (63V DW WKH WZR SRVLWLRQV DQG WKH SDUWLFOH VL]H
GLVWULEXWLRQ RI WKH HPLWWHG SDUWLFOHV� :H GLVFXVV FRQQHFWLRQV EHWZHHQ WKH REVHUYDWLRQV PDGH DQG
SUHVHQW�DQ�DSSURDFK�WR�LPSURYH�SUHFLSLWDWLRQ�DW�3RVLWLRQ���

WKH GDWD UHIHUV WR HPLVVLRQV GXH WR UHVLGHQWLDO ZRRG FRPEXVWLRQ DQG VPDOO IXUQDFHV� WKH PDMRULW\ RI WKH HPLVVLRQV �30���� LQ WKLV JURXS LV
DWWULEXWDEOH�WR�ORJZRRG�ILUHG�VWRYHV�

>�@ 8PZHOWEXQGHVDPW� (PLVVLRQHQ DXVJHZ¦KOWHU /XIWVFKDGVWRIIH QDFK 4XHOONDWHJRULHQ� 1DWLRQDOH
7UHQGWDEHOOHQ I¾U GLH GHXWVFKH %HULFKWHUVWDWWXQJ DWPRVSK¦ULVFKHU (PLVVLRQHQ VHLW �����
(PLVVLRQVHQWZLFNOXQJ������ELV������������

>�@�6WDFNHOEHUJ��-��YRQ�DQG�6FKPRFK��+DQGEXFK�(OHNWURILOWHU��6SULQJHU�)DFKPHGLHQ�:LHVEDGHQ��:LHVEDGHQ�
�����
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5HDOL]DWLRQ�RI�(IILFLHQW�DQG�(QYLURQPHQWDOO\�6XVWDLQDEOH�&RPEXVWLRQ�RI�6DUJDVVXP�DQG
:DVWH�%LRPDVV

%��0��%DLOH\�

�*OREDO�&OHDQ�'LHVHO

$EVWUDFW�IRU������(7+

7KH UHDOL]DWLRQ RI HFRQRPLFDO ELR�RLO XWLOL]DWLRQ YLD KHDW HQJLQH FRPEXVWLRQ �OHVV IXHO SURFHVVLQJ�
LV DFFRPSOLVKHG WKURXJK HIILFLHQW GLUHFW FRPEXVWLRQ� 7KLV HIIHFWLYHO\ UHPRYHV WKH FRVWO\ XSJUDGLQJ
DQG VXEVHTXHQW WUDQVSRUWDWLRQ UHTXLUHPHQWV� /LPLWHG IXHO SURFHVVLQJ DQG GLUHFW HQHUJ\ XWLOL]DWLRQ�
QHDU WKH ELRPDVV ORFDWLRQ� DUH KHQFH UHDOL]HG� *OREDO DWWHQWLRQ KDV UHFHQWO\ EHHQ VKHG RQ WKH
HFRORJLFDO FKDOOHQJHV RI WKH !�� PLOOLRQ PHWULF WRQV RI 6DUJDVVXP ORFDWHG LQ WKH $WODQWLF 2FHDQ�
*OREDO &OHDQ 'LHVHO� *&' KDV KDG WKHLU ORQJ�WHUP JRDO IRFXVHG RQ PHHWLQJ VXFK FKDOOHQJHV ZLWK DQ
HFRQRPLF�ERXQG�WHFKQRORJ\�HQDEOLQJ�UHDO�ZRUOG�JOREDO�ZDUPLQJ�UHGXFWLRQ�RSSRUWXQLWLHV�

*&'V SUHVHQWDWLRQ ZLOO IRFXV RQ KRZ ELRFUXGH FDQ DFKLHYH QHJDWLYH HPLVVLRQV RI 3DUWLFXODWH
0DWWHU �30� ZKLOH DFKLHYLQJ HIILFLHQW RSHUDWLRQ� 8QEXUQHG K\GURFDUERQV DQG 30 DUH HIILFLHQWO\
FDSWXUHG DQG UHF\FOHG EDFN LQWR WKH +7/ ELRIXHO SURGXFWLRQ F\FOH� +\GURWKHUPDO /LTXHIDFWLRQ� +7/
RI WKH ELRPDVV LQ FRPELQDWLRQ ZLWK WKHLU JOREDOO\ SDWHQWHG XOWUD HIILFLHQW H[KDXVW DIWHUWUHDWPHQW
&RRO 3DUWLFXODWH 5HJHQHUDWLRQ �&35� WHFKQRORJ\� QH[W JHQHUDWLRQ SURGXFWLRQ *DVROLQH 3DUWLFXODWH
)LOWHUV �*3)V�� DQG VRSKLVWLFDWHG FDWDO\VWV DSSOLHG GLUHFWO\ WR WKH 'LHVHO 3DUWLFXODWH )LOWHU �'3)� DUH
WKH WHFKQRORJ\ HQDEOHUV WR EH KLJKOLJKWHG� /DERUDWRU\ WHVWLQJ UHVXOWV ZLOO EH SUHVHQWHG IRU
GLVFXVVLRQ�

:LOO�SURYLGH�UHIHUHQFHV�
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'HYHORSLQJ�UHDO�ZRUOG�HPLVVLRQ�IDFWRUV�IRU�LQGLYLGXDO�YHKLFOHV�XVLQJ�ORZ�FRVW�VHQVRUV

+��&��3KXOHULD�����1��5DSDUWKL���$��%DUXGJDU���0��&KX���=��1LQJ�

�(QYLURQPHQWDO�6FLHQFH�	�(QJLQHHULQJ�'HSDUWPHQW��,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%RPED\�
0XPEDL��,1',$���'LYLVLRQ�RI�(QYLURQPHQW�DQG�6XVWDLQDELOLW\��7KH�+RQJ�.RQJ�8QLYHUVLW\�RI�6FLHQFH
DQG�7HFKQRORJ\��+RQJ�.RQJ��&+,1$���,QWHUGLVFLSOLQDU\�3URJUDPPH�LQ�&OLPDWH�6WXGLHV��,QGLDQ

,QVWLWXWH�RI�7HFKQRORJ\�%RPED\��0XPEDL��,1',$

9HKLFXODU H[KDXVW HPLVVLRQV DUH NQRZQ WR EH RQH RI WKH SULPDU\ FRQWULEXWRUV WR WKH SRRU DLU
TXDOLW\ LQ XUEDQ DUHDV� +RZHYHU� TXDQWLILFDWLRQ RI UHDO�ZRUOG YHKLFXODU HPLVVLRQV LV TXLWH OLPLWHG LQ
ORZ� DQG PLGGOH�LQFRPH FRXQWULHV VXFK DV ,QGLD� 'HYHORSLQJ UHDO�ZRUOG YHKLFOH HPLVVLRQ IDFWRUV
�()V� XVLQJ UHIHUHQFH�JUDGH LQVWUXPHQWV UHTXLUHV D VLJQLILFDQW DPRXQW RI UHVRXUFHV� 7KLV VWXG\
DLPV WR GHYHORS WKH LQGLYLGXDO DQG IOHHW YHKLFOH ()V DQG WKH IUDFWLRQ RI KLJK�HPLWWLQJ YHKLFOHV XVLQJ
KLJK�WLPH UHVROXWLRQ� ORZ�FRVW VHQVRUV IURP QHDU�URDG PHDVXUHPHQWV ૱ D ILUVW�RI�LWV�NLQG VWXG\ LQ
,QGLD� 7UDIILF DQG DLU SROOXWDQW PHDVXUHPHQWV ZHUH FRQGXFWHG DW WKH NHUEVLGH RI D VWUHHW FDQ\RQ LQ
0XPEDL� ,QGLD� 7KH LQGLYLGXDO YHKLFOH IXHO�EDVHG ()&2 DQG ()12[ ZHUH HVWLPDWHG XVLQJ WKH SOXPH�
LGHQWLILFDWLRQ WHFKQLTXH FRXSOHG ZLWK WKH LQIRUPDWLRQ REWDLQHG IURP WKH YHKLFOH UHJLVWUDWLRQ
QXPEHU SODWHV� 7KH IOHHW PHDQ �s6'� ()&2� ()12� DQG ()12� ZHUH ���� �s������ ���� �s������ DQG
���� �s����� J�NJ� UHVSHFWLYHO\� ZKLOH IRU ()30�� ()30��� DQG ()30�� ZHUH ���� �s������ ���� �s�����
DQG ���� �s����� J�NJ� UHVSHFWLYHO\� 7KH GHYHORSHG LQGLYLGXDO YHKLFOH ()&2 DQG ()12[ ZHUH JUHDWO\
YDULHG ZLWKLQ HDFK YHKLFOH W\SH GXH WR GLIIHUHQFHV LQ HPLVVLRQ FRQWURO WHFKQRORJ\� HQJLQH VL]H� DQG
WKH SUHYDOHQFH RI ૺVXSHU�HPLWWHUVૻ� $SSUR[LPDWHO\ ��� RI YHKLFOHV LQ WKH IOHHW ZHUH LGHQWLILHG DV
VXSHU�HPLWWHUV� UHVSRQVLEOH IRU ������ RI WRWDO HPLVVLRQV� SULPDULO\ IURP SULYDWH SDVVHQJHU
YHKLFOHV VXFK DV FDUV DQG WZR�ZKHHOHUV� 7KH ()&2 DQG ()12[ IURP WKHVH VXSHU�HPLWWHUV ZHUH � WR
�� WLPHV JUHDWHU WKDQ WKH ODERUDWRU\�UHSRUWHG HPLVVLRQV� 2XU VWXG\ KLJKOLJKWV WKH LPSRUWDQFH RI
VWULQJHQW YHKLFOH LQVSHFWLRQ DQG PDLQWHQDQFH SURJUDPV LQ DGGLWLRQ WR LPSURYLQJ HPLVVLRQ
VWDQGDUGV�WR�FRQWURO�WDLOSLSH�HPLVVLRQV�IURP�YHKLFOHV�
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3DUWLFOH�(PLVVLRQV�IURP�%UDNH�DQG�7\UH�:HDU�૱�5HVXOWV�IURP�WKH�3KDVH���VWXG\�IRU�WKH
8.�'I7

-��$QGHUVVRQ���0��&DPSEHOO���,��0DUVKDOO���-��1RUULV���-��6RXWKJDWH���*��:DLWH���6��GH�9ULHV�

�5LFDUGR�8.��$XWRPRWLYH�DQG�,QGXVWULDO���5LFDUGR�(QHUJ\�DQG�(QYLURQPHQW

5LFDUGR ZDV FRQWUDFWHG E\ WKH 8. 'HSDUWPHQW IRU 7UDQVSRUW �'I7�� WR GHYHORS D ૺSURRI�RI�FRQFHSWૻ
V\VWHP IRU PHDVXULQJ PDVV DQG QXPEHU RI QRQ�H[KDXVW HPLVVLRQV �1((� SDUWLFOHV� XQGHU UHDO�
ZRUOG GULYLQJ FRQGLWLRQV� 7KH SURMHFW LV SODQQHG WR FRPSULVH WKUHH SKDVHV� 7KH LQLWLDO� UHFHQWO\
FRPSOHWHG SKDVH� VDZ WKH GHYHORSPHQW RI RQ�ERDUG DSSURDFKHV WR VDPSOH DQG PHDVXUH EUDNH DQG
W\UH�ZHDU�SDUWLFOHV�IURP�OLJKW�GXW\�YHKLFOHV�

7\UH ZHDU SDUWLFOHV ZHUH VDPSOHG IURP D 9: &DGG\ YDQ� XVLQJ DQ RSHQ GXFW VLWXDWHG LPPHGLDWHO\
EHKLQG WKH FRQWDFW SDWFK EHWZHHQ W\UH DQG URDG� ZKLOH EUDNH ZHDU SDUWLFOHV ZHUH VDPSOHG IURP DQ
HQFORVHG IL[HG YROXPH FUHDWHG E\ HQFORVLQJ WKH SDG DQG GLVF� ,Q ERWK FDVHV� SDUWLFOHV ZHUH
WUDQVSRUWHG QHDU�LVRNLQHWLFDOO\ IURP WKH SRLQW RI UHOHDVH WR D VDPSOH WXQQHO� ZKHUH PHDVXUHPHQWV
RI QXPEHU�ZHLJKWHG SDUWLFOH VL]H GLVWULEXWLRQV ZHUH GHWHUPLQHG E\ WZR 'HNDWL (/3,� V\VWHPV� 2QH
(/3,� ZDV KHDWHG� ZLWK WKH RWKHU DW DPELHQW WHPSHUDWXUH� DOORZLQJ GLVFULPLQDWLRQ EHWZHHQ
SDUWLFOH YRODWLOLWLHV� $ 'HNDWL H)LOWHU ZDV XVHG WR SURYLGH D UHDO�WLPH PDVV VLJQDOV DQG FXPXODWLYH
30�PDVV�VDPSOHV��WKH�ODWWHU�ZHUH�SKRWRJUDSKHG�DQG�VXEMHFWHG�WR�EDVLF�FKHPLFDO�DQDO\VHV�

7R DYRLG SDUWLFOH ORVVHV IURP WKH EUDNH HQFORVXUH� DQG WR PDQDJH WHPSHUDWXUHV� D FRQVWDQW VWUHDP
RI +(3$ ILOWHUHG DLU ZDV VXSSOLHG WR PRYH SDUWLFOHV WR D VDPSOH WXQQHO� WKLV DOVR SURYLGLQJ EUDNH
V\VWHP FRROLQJ� SRVLWLYH SUHVVXUH ZLWKLQ WKH HQFORVXUH DQG SUHYHQWLQJ SDUWLFOH LQJUHVV IURP
DPELHQW�DLU�

0HDVXUHPHQWV ZHUH PDGH RQ WKH FKDVVLV G\QDPRPHWHU IURP D EHVSRNH GULYH F\FOH FRQVWUXFWHG WR
SURGXFH KLJK SDUWLFOH HPLVVLRQV� IURP URDG WHVWV LQ WKH XUEDQ DUHD DQG IURP UHSHDWHG PRGHUDWH
DQG�DJJUHVVLYH�EUDNLQJ�HYHQWV�RQ�D�WHVW�WUDFN�

5HVXOWV VKRZHG VWURQJ VLJQDOV RI SDUWLFOH UHOHDVH IURP EUDNHV DQG W\UHV LQ UHVSRQVH WR EUDNLQJ
HYHQWV� ZLWK ERWK VROLG DQG YRODWLOH SDUWLFOHV SURGXFHG� 3DUWLFOH QXPEHU HPLVVLRQV IURP EUDNHV
ZHUH RI D VLPLODU RUGHU WR SXEOLVKHG YDOXHV IURP EUDNH G\QDPRPHWHU WHVWLQJ� ZKLOH PDVV HPLVVLRQV
VDPSOLQJ DSSHDUHG WR EH FRQVLVWHQW ZLWK FROOHFWLQJ 30���� 7\UH HPLVVLRQV VDPSOLQJ SURYHG PRUH
FKDOOHQJLQJ WKDQ EUDNH VDPSOLQJ� ZLWK EDFNJURXQG FRQWULEXWLRQV RIWHQ GRPLQDWLQJ RYHUDOO FROOHFWHG
PDVVHV�
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(YDOXDWLRQ�RI�7DLOSLSH�6ROLG�3DUWLFOH�1XPEHU�0HDVXUHPHQW�0HWKRGRORJLHV

<��.KDQ���1��$JDUZDO���7��5DJXSDWK\�����1��6FRWW���0��5DKPDQ���7��6DOHPPH�

�&XPPLQV�,QF����:HVWHUQ�0LFKLJDQ�8QLYHUVLW\���+RULED�,QVWUXPHQWV�,QF�

7KH PHDVXUHPHQW RI VROLG SDUWLFOHV GRZQ WR �� QP LV EHLQJ LQFRUSRUDWHG LQWR WKH JOREDO WHFKQLFDO
UHJXODWLRQV �*75� DQG DOVR EHLQJ SURSRVHG IRU (XUR � UHJXODWLRQV� &XUUHQWO\� WKHVH PHDVXUHPHQWV
FDQ RQO\ EH PDGH HLWKHU IURP FRQVWDQW YROXPH VDPSOHU �&96� WXQQHO RU IURP SDUWLDO IORZ GLOXWLRQ
V\VWHP �3)'6�� +RZHYHU� WKHUH KDV EHHQ LQWHUHVW LQ XQGHUVWDQGLQJ LI WDLOSLSH PHDVXUHPHQWV RI
631 VKRXOG EH DOORZHG DQG VXEVHTXHQWO\ UHFRPPHQGHG WR (XURSHDQ &RPPLVVLRQ� 7KXV� WKLV VWXG\
LV WKH PDMRU FRQWULEXWRU ZRXOG EH FULWLFDO LQ GHFLGLQJ WKH WDLOSLSH 631 PHDVXUHPHQWV IRU
FHUWLILFDWLRQ WHVWLQJ� 7KLV H[WHQVLYH VWXG\ HYDOXDWHV WZR GLIIHUHQW WDLOSLSH PHDVXUHPHQW
PHWKRGRORJLHV� 2QH PHWKRGRORJ\ DGGV WKH ��� P KHDWHG OLQH W\SLFDOO\ DW ���r& XSVWUHDP RI 31
V\VWHP� 7KH RWKHU V\VWHP DGGV D KHDWHG GLOXWHU FORVH WR WKH VDPSOLQJ SRLQW PDLQWDLQHG DW ���r&
IROORZHG E\ D � WR � P KHDWHG WUDQVIHU WXEH� 2YHUDOO� PHDVXUHPHQWV IURP WZR 31 V\VWHPV ZLWK
GLIIHUHQW WDLOSLSH PHWKRGRORJ\ DQG ZLWK FDSDELOLW\ WR PHDVXUH GRZQ WR �� QP ZHUH FRPSDUHG
DJDLQVW HDFK RWKHU DQG DJDLQVW UHIHUHQFH PHDVXUHPHQW DW &96 RU 3)'6� LI DYDLODEOH� 6R IDU�
PHDVXUHPHQWV KDYH EHHQ WDNHQ IURP WKUHH QDWXUDO JDV �1*� DQG WKUHH GLHVHO HQJLQHV� ,Q FDVH RI
1* �� FROG GLOXWLRQ 31 V\VWHP ZDV DW WDLOSLSH DQG UHIHUHQFH ZDV DW 3)'6� /DWHU� ��� KHDWHG OLQH
ZDV DGGHG WR WKH UHIHUHQFH DQG VDPSOHG IURP WKH VLPLODU ORFDWLRQ DV FROG GLOXWLRQ 31 V\VWHP� ,W
ZDV IRXQG WKDW WKH KHDWHG OLQH WHPSHUDWXUH PD\ QHHG WR EH UHGXFHG WR HQVXUH WKDW WKH VDPSOH
LQOHW WHPSHUDWXUH UHPDLQV OHVV WKDQ ���r& GXH WR 1* HQJLQH H[KDXVW WHPSHUDWXUH XS WR ���r&
ZKLFK UHVXOWHG LQ VLJQLILFDQW WKHUPRSKRUHWLF ORVVHV� $FFRUGLQJO\� PHDVXUHPHQWV ZHUH PDGH ZLWK
���r& DQG UHVXOWV ZHUH FRPSDUHG DJDLQVW FROG GLOXWLRQ 31 V\VWHP� )RU 1* � 	 �� ERWK 31 V\VWHPV
ZLWK FROG GLOXWLRQ DQG KHDWHG OLQH DW WDLOSLSH ZHUH FRPSDUHG DJDLQVW WKH UHIHUHQFH 31 V\VWHP ZLWK
�� QP FRQGHQVDWLRQ SDUWLFOH FRXQWHU �&3&� DQG DGGLWLRQDO ��� QP &3&� 5HIHUHQFH 31 V\VWHP ZLWK
��� QP &3& JDYH LQVLJKW RQ ZKLFK WDLOSLSH PHWKRGRORJ\ FRXOG EH PRUH DFFXUDWH IRU D JLYHQ EUDNH�
VSHFLILF 31 OHYHO� ,Q FDVH RI GLHVHO � 	 �� DOO WDLOSLSH 31 V\VWHPV �ZLWKRXW KHDWHG OLQH DQG FROG
GLOXWLRQ� DQG UHIHUHQFH 31 V\VWHP ZLWK �� QP DQG ��� QP &3&V ZHUH LQVWDOOHG DW WKH &96 WXQQHO�
7KLV ZDV GRQH WR HQVXUH WKDW V\VWHPV DUH LQ ZLWKLQ PHDVXUHPHQW YDULDWLRQ RI HDFK RWKHU DQG
GLIIHUHQFHV REVHUYHG DW WKH WDLOSLSH DUH RQO\ GXH WR WKH DGGLWLRQDO ORVVHV RI WDLOSLSH NLW DQG GXH WR
FRPSOH[LW\ RI WDLOSLSH PHDVXUHPHQWV� 'DWD IURP GLHVHO � ZDV FROOHFWHG IURP WKH WDLOSLSH ORFDWLRQ
DQG UHIHUHQFH V\VWHP ZLWK WZR GLIIHUHQW &3&V ZDV VLWXDWHG DW 3)'6� 0RUH GDWD KDV EHHQ FROOHFWHG
ZKLFK ZLOO KHOS LQ DQVZHULQJ IROORZLQJ TXHVWLRQV� :KDW FDXVHV WKH GLIIHUHQFH EHWZHHQ WZR WDLOSLSH
PHWKRGRORJLHV DQG LPSDFW RI VDPSOLQJ ORFDWLRQ" 'RHV LQFUHDVH LQ VXE��� QP IUDFWLRQ LPSDFWV WKH
WDLOSLSH PHDVXUHPHQW" 'RHV WDLOSLSH 631 FRQFHQWUDWLRQ LPSDFW WKH WDLOSLSH PHDVXUHPHQW" $UH
WDLOSLSH PHWKRGRORJLHV LQGHSHQGHQW RI HQJLQH WHFKQRORJLHV" $QG ILQDOO\� DUH GLIIHUHQFHV REVHUYHG
WKURXJK�WDLOSLSH�ZLWKLQ�DFFHSWDEOH�PHDVXUHPHQW�YDULDWLRQ"

�

�
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%UDNH�DQG�W\UH�ZHDU��RQ�FRPEXVWLRQ�HPLVVLRQV��&RQWULEXWHG�/HFWXUH

(YDOXDWLRQ�RI�D�PLQLDWXUL]HG�H[KDXVW�HPLVVLRQ�PHDVXULQJ�V\VWHP�XVLQJ�DQ�RSWRDFRXVWLF
%&�VHQVRU�DQG�ORZ�FRVW�JDV�VHQVRUV

,��5DSWLV���,��1WDPSRV���1��.RXVLDV���/��+DHGULFK�����/��1W]LDFKULVWRV���9��1W]LDFKULVWRV���

�$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL��'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��7KHVVDORQLNL�������
*UHHFH���(0,6,$�6$��7KHVVDORQLNL��������*UHHFH���7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK��6FKRRO�RI
0HGLFLQH��&KDLU�RI�%LRORJLFDO�,PDJLQJ��������0XQLFK��*HUPDQ\���+HOPKROW]�=HQWUXP�0¾QFKHQ

�*PE+���,QVWLWXWH�RI�%LRORJLFDO�DQG�0HGLFDO�,PDJLQJ��������1HXKHUEHUJ��*HUPDQ\

,QWURGXFWLRQ
7KH 3RUWDEOH (PLVVLRQV 0HDVXUHPHQW 6\VWHPV �3(06� LV XVHG WR PHDVXUH YHKLFOH HPLVVLRQV ZKLOH
RSHUDWLQJ LQ UHDO�GULYLQJ FRQGLWLRQV� 7KH KLJK FRVW RI SXUFKDVLQJ� DV ZHOO DV WKH HODERUDWH WHVWLQJ
XVLQJ 3(06� LQGLFDWH WKH QHHG WR GHYHORS VLPSOH V\VWHPV WKDW FRXOG EH XVHG DV VFUHHQLQJ WRROV�
7KH FXUUHQW VWXG\ DLPV WR DVVHVV ZKHWKHU D VLPSOH VHQVRU�EDVHG HPLVVLRQ PHDVXUHPHQW V\VWHP
�6(06�� ZKLFK XVHV D QRYHO RSWRDFRXVWLF EODFN FDUERQ �%&� VHQVRU FRPELQHG ZLWK ORZ�FRVW JDV
VHQVRUV� FDQ RIIHU FRPSOHPHQWDULW\ WR FRPPHUFLDO 3(06� 7KLV VWXG\ IRFXVHV RQ WKH VHQVLWLYLW\ DQG
UREXVWQHVV�RI�WKH�LPSOHPHQWDWLRQ��XVLQJ�RQ�URDG�WHVWV�DV�UHIHUHQFH�
0HWKRGRORJ\
7KH 6(06 V\VWHP KDV EHHQ ILUVW HYDOXDWHG LQ WKH ODE VKRZLQJ YHU\ JRRG FRUUHODWLRQ ZLWK UHIHUHQFH
LQVWUXPHQWV� :LWKLQ WKH IUDPHZRUN RI WKLV VWXG\� D VDPSOLQJ V\VWHP KDV EHHQ GHVLJQHG� FRQVLVWLQJ
RI D FXVWRP�PDGH KHDWHG OLQH DQG D GLOXWLRQ V\VWHP WR HQDEOH WHVWLQJ XQGHU RQ�URDG PHDVXUHPHQW
FRQGLWLRQV� )LJ� SUHVHQWV WKH H[SHULPHQWDO VHWXS IRU WKH RQ�URDG PHDVXUHPHQWV DQG WKH VHQVRUV
VSHFLILFDWLRQV RI WKH 6(06� $ 3LWRW WXEH�EDVHG H[KDXVW IORZ PHWHU �()0� KDV EHHQ LQVWDOOHG DW WKH
YHKLFOHV�WDLOSLSH�ZKHUH�ERWK�WKH�3(06�DQG�WKH�6(06�VDPSOLQJ�SUREHV�DUH�GLUHFWO\�PRXQWHG�

5HVXOWV�	�&RQFOXVLRQV
7KH UHVXOWV DLP WR FRPSDUH WKH PHDVXUHPHQWV IURP WKH WZR GHYLFHV IRU HDFK SROOXWDQW LQ WHUPV RI
DYHUDJH GHYLDWLRQ� UHVSRQVH WLPH DQG RYHUDOO DELOLW\ WR FDSWXUH IOXFWXDWLRQV DQG WUHQGV� 7KH
PHDVXUHPHQWV SHUIRUPHG LQFOXGHG UHSUHVHQWDWLYH URXWHV DQG GULYLQJ EHKDYLRUV� DFFRUGLQJ WR DQG
EH\RQG WKH 5'( SURILOH� 6LQFH WKH 3(06 V\VWHP PHDVXUHV 31 DQG WKHUH LV QR RWKHU GHYLFH WKDW FDQ
PHDVXUH WDLOSLSH %& RQ URDG� DQ HVWLPDWLRQ FDQ EH PDGH DERXW WKH SHUFHQWDJH RI WRWDO SDUWLFOHV
WKDW DUH %& XQGHU RQ�URDG WHVWLQJ� 2YHUDOO� IRU WKH ILUVW WLPH D 6(06 V\VWHP WKDW FDQ DOVR PHDVXUH
%& FRQFHQWUDWLRQ ZDV GHPRQVWUDWHG GXULQJ UHDO�GULYLQJ FRQGLWLRQV DQG VKRZHG VDWLVIDFWRU\
RSHUDWLRQ IRU VFUHHQLQJ KLJK HPLWWLQJ YHKLFOHV� 7KLV ILUVW FDPSDLJQ LQGLFDWHG WKH QHHG IRU IXUWKHU
PLQLDWXUL]DWLRQ�DQG�RSWLPL]DWLRQ�RI�WKH�VDPSOLQJ�V\VWHP�
$FNQRZOHGJPHQWV
7KLV UHVHDUFK KDV EHHQ FR૮ILQDQFHG E\ WKH (8 DQG *UHHN QDWLRQDO XQGHU WKH FDOO 5(6($5&+ ૱
&5($7( ૱ ,1129$7( �SURMHFW FRGH� 7�('.������� DQG E\ WKH (XURSHDQ 8QLRQV +RUL]RQ ����
UHVHDUFK�DQG�LQQRYDWLRQ�SURJUDPPH�XQGHU�JUDQW�DJUHHPHQW�1R���������56(16(�
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%UDNH�DQG�W\UH�ZHDU��RQ�FRPEXVWLRQ�HPLVVLRQV��&RQWULEXWHG�/HFWXUH

(OHPHQWDO�FRQWHQW�RI�EUDNH�DQG�WLUH�ZHDU�30����DQG�30���DW�1HDU�5RDG�(QYLURQPHQWV�

%��/RSH]���;��:DQJ���$��&KHQ���7��0D���'��0HQGH]�-LPHQH]���/��&XL�&REE���&��)UHGHULFNVRQ���4��<DR��
6��<RRQ���+��-XQJ���

�&(�&(57��8QLYHUVLW\�RI�&DOLIRUQLD�5LYHUVLGH���'HVHUW�5HVHDUFK�,QVWLWXWH���8QLYHUVLW\�RI�1HYDGD��/DV
9HJDV���*RYHUQPHQW�RI�WKH�6WDWH�RI�&DOLIRUQLD���&DOLIRUQLD�$LU�5HVRXUFHV�%RDUG

%UDNH DQG WLUH ZHDU SDUWLFXODWH PDWWHU �30� KDYH EHFRPH WKH GRPLQDWLQJ VRXUFH RI WUDIILF�UHODWHG
HPLVVLRQV LQ &DOLIRUQLD� 86$� 7KH (0LVVLRQ )$&WRU �(0)$&� PRGHO IURP &DOLIRUQLD $LU 5HVRXUFHV
%RDUG SUHGLFWV WKHVH QRQ�WDLOSLSH HPLVVLRQV WR UHPDLQ GRPLQDQW FRQWULEXWRUV RI RQ�URDG 30� %UDNH
DQG WLUH ZHDU FRQWDLQ WUDFHV RI KHDY\ PHWDOV� WKHUHIRUH PD\ GRPLQDWH PHWDO HPLVVLRQV QHDU PDMRU
URDGZD\V DQG KLJKZD\V� 7KLV FUHDWHV FRQFHUQ DV WKHVH SDUWLFXODWH VRXUFHV FDQ LQFUHDVH WR[LFLW\
DQG�LPSDFW�WKH�KHDOWK�RI�H[SRVHG�SRSXODWLRQV�DQG�QHDUE\�FRPPXQLWLHV�

7KH REMHFWLYH RI WKLV VWXG\ LV WR DVVHVV WKH OHYHO RI H[SRVXUH WR QRQ�WDLOSLSH HPLVVLRQV LQ QHDU�URDG
HQYLURQPHQWV� 7KH VWXG\ LQYHVWLJDWHV PHWDO FRQWHQWV DQG VL]H GLVWULEXWLRQV IRXQG LQ 30��� DQG
30���PHDVXUHPHQWV�QH[W�WR�WZR�PDMRU�KLJKZD\V�LQ�&DOLIRUQLD��86$�

5HDO�WLPH DQG JUDYLPHWULF PHDVXUHPHQWV RFFXUUHG RYHU D WZR�ZHHN SHULRG LQ WKH ZLQWHU RI ����
SULRU WR WKH &29,'��� SDQGHPLF� 30 PHDVXUHPHQWV ZHUH FROOHFWHG DW WKH SUR[LPLW\ RI ERWK VLGHV
RI WKH KLJKZD\V WR VXEWUDFW XUEDQ EDFNJURXQG DW WKH PHDVXUHPHQW ORFDWLRQ� 7KLV VWXG\ LV SDUW RI D
5HDO�:RUOG 7LUH DQG %UDNH :HDU (PLVVLRQV 3URMHFW IXQGHG E\ WKH &DOLIRUQLD $LU 5HVRXUFHV %RDUG�
7KH UHVXOWV RI WKLV DQDO\VLV DUH LQ FRQMXQFWLRQ WR FKHPLFDO DQDO\VLV� VRXUFH DSSRUWLRQPHQW� DQG
KHDOWK HIIHFWV RI WKH SDUWLFOHV LQ WKH QHDU URDG HQYLURQPHQW VWXGLHV E\ SURMHFW FROODERUDWRUV >���@�
7KH SUHVHQWDWLRQ LQFOXGHV WKH VLJQDWXUH EUDNH PRGH LQ SDUWLFOH VL]H GLVWULEXWLRQV PHDVXUHG DW QHDU
URDG��VL]H�VSHFLDWHG�HOHPHQWDO�DQDO\VLV�WR�LGHQWLI\�PDUNHUV�IRU�EUDNH��WLUH��DQG�URDG�GXVW�

�

�

>�@�&KHQ��/���:��$QWRQ\��;LDROLDQJ�:DQJ��%UHQGD�/RSH]��*XR\XDQ�:X��6WHYHQ�6DL�+DQJ�+R��-XGLWK�&��&KRZ�
-RKQ�*��:DWVRQ��4L�<DR��6HXQJMX�<RRQ��DQG�+HHMXQJ�-XQJ��������ૺ&RQWULEXWLRQV�RI�1RQ�7DLOSLSH�3DUWLFOHV�WR
1HDU�5RDG�30����DQG�30����$�&KHPLFDO�0DVV�%DODQFH�6WXG\��,Q�5HYLHZ�ૻ

>�@�+ZDQJ��%ULDQ��7LQJ�)DQJ��5DQG\�3KDP��-LQODL�:HL��6WHYHQ�*URQVWDO��%UHQGD�/RSH]��&KDV�)UHGHULFNVRQ��HW
DO��������ૺ(QYLURQPHQWDOO\�3HUVLVWHQW�)UHH�5DGLFDOV��5HDFWLYH�2[\JHQ�6SHFLHV�*HQHUDWLRQ��DQG�2[LGDWLYH
3RWHQWLDO�RI�+LJKZD\�30����ૻ�$&6�(DUWK�DQG�6SDFH�&KHPLVWU\������������૱���
KWWSV���GRL�RUJ���������DFVHDUWKVSDFHFKHP��F������

>�@�:DQJ��;LDROLDQJ��6WHYHQ�*URQVWDO��%UHQGD�/RSH]��+HHMXQJ�-XQJ��/���:��$QWRQ\�&KHQ��*XR\XDQ�:X�
6WHYHQ�6DL�+DQJ�+R��HW�DO��������ૺ(YLGHQFH�RI�1RQ�7DLOSLSH�(PLVVLRQ�&RQWULEXWLRQV�WR�30����DQG�30��
QHDU�6RXWKHUQ�&DOLIRUQLD�+LJKZD\V�ૻ�(QYLURQPHQWDO�3ROOXWLRQ������-DQXDU\����������
KWWSV���GRL�RUJ���������M�HQYSRO�������������

>�@�/RSH]��%UHQGD�DQG�:DQJ��;LDROLDQJ�DQG�&KHQ��$QWRQ\�DQG�0D��7LDQ\L�DQG�0HQGH]�-LPHQH]��'DYLG�DQG
&REE��/LQJ�&XL�DQG�)UHGHULFNVRQ��&KDV�DQG�<DR��4L�DQG�<RRQ��6HXQJMX�DQG�-XQJ��+HHMXQJ��0HWDO�&RQWHQWV
DQG�6L]H�'LVWULEXWLRQV�RI�%UDNH�DQG�7LUH�:HDU�3DUWLFOHV�'LVSHUVHG�LQ�WKH�1HDU�5RDG�(QYLURQPHQW�
KWWS���G[�GRL�RUJ���������VVUQ��������
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%UDNH�DQG�W\UH�ZHDU��RQ�FRPEXVWLRQ�HPLVVLRQV��&RQWULEXWHG�/HFWXUH

&$5%�XSGDWHV�WR�(0)$&�EUDNH�HPLVVLRQV�IDFWRUV�XVLQJ�G\QDPRPHWHU�WHVWV�IRU�OLJKW�
GXW\�YHKLFOHV

&��(��$JXGHOR���'��1LHPDQQ���$��+RUWHW�

�/LQN�(QJLQHHULQJ�&R����/LQN�(QJLQHHULQJ�&RPSDQ\�*PE+���/LQN�(QJLQHHULQJ�&RPSDQ\

7KH SURMHFWLRQ RI WKH HQYLURQPHQWDO HIIHFWV RI SDUWLFXODWH PDWWHU HPLWWHG E\ OLJKW YHKLFOHV
 EUDNHV
PXVW UHO\ RQ FXUUHQW DQG UHSUHVHQWDWLYH PHWKRGV� 7R DFFRPSOLVK WKLV REMHFWLYH� WKH &DOLIRUQLD $LU
5HVRXUFHV %RDUG HPEDUNHG RQ D SURMHFW WR XVH D GHGLFDWHG GULYLQJ F\FOH DV SDUW RI WKH ODERUDWRU\
PHDVXUHPHQWV WR XSGDWH WKH (0LVVLRQV )$&WRU PRGHO �(0)$&� ����� $IWHU DQ RYHUYLHZ RI WKH WHVW
FDPSDLJQ��WKLV�SUHVHQWDWLRQ�IRFXVHG�RQ�WKUHH�DVSHFWV�RI�WKH�SURMHFW�

�� 'HWDLOHG FRPSDULVRQ RI WKH &DOLIRUQLD %UDNH '\QDPRPHWHU &\FOH �&%'&� WR WKH :RUOGZLGH
+DUPRQLVHG /LJKW 9HKLFOH 7HVW 3URFHGXUH �:/73� %UDNH &\FOH GHYHORSHG E\ WKH (XURSHDQ
&RPPLVVLRQ DV SDUW RI WKH *53(������H� LQFOXGLQJ GLIIHUHQFHV LQ HPLVVLRQV IDFWRUV GXULQJ
ODERUDWRU\�WHVWLQJ

�� 2YHUYLHZ DQG H[DPSOHV RI WKH XSGDWHV WR WKH (0)$& PRGHO IRU /LJKW�'XW\ 9HKLFOHV
LQFRUSRUDWLQJ WKH UHVXOWV IURP FXUUHQW YHKLFOHV� IULFWLRQ IRUPXODWLRQV� DQG XVLQJ D ODERUDWRU\ VHWXS
DOLJQHG�ZLWK�WKH�303�VHWXS�IRU�SDUWLFOH�PDVV�DQG�SDUWLFOH�QXPEHU�PHDVXUHPHQWV

�� 2YHUYLHZ RI WKH WUDFH PHWDOV DQG FKHPLFDO FRPSRVLWLRQ DQDO\VLV RQ EUDNH ZHDU SDUWLFXODWH
PDWWHU�HPLVVLRQV

7KH SUHVHQWDWLRQ UHOLHV RQ YHKLFOH PHDVXUHPHQWV� LQHUWLD G\QDPRPHWHU WHVWLQJ� DQG FKHPLFDO
DQDO\VLV�DW�WKH�&$5%�ODERUDWRULHV�

�
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%UDNH�DQG�W\UH�ZHDU��RQ�FRPEXVWLRQ�HPLVVLRQV��&RQWULEXWHG�/HFWXUH

,QWHJUDWLQJ�D�SDUWLFXODWH�ILOWHU�V\VWHP�LQ�WKH�IURQWHQG��D�VWHS�WRZDUGV�DFKLHYLQJ
HPLVVLRQ�QHXWUDO�YHKLFOHV

(��7K«EDXOW���%��-XQJLQJHU���0��'RV�6DQWRV�$VFHQVDR���4��0RQWDLJQH���)��.HOOHU�

�0$11���+800(/�*PE+��/XGZLJVEXUJ��*HUPDQ\���/+(($�ODE���(&1�&156���1DQWHV��)UDQFH

7KH (XURSHDQ (QYLURQPHQWDO $JHQF\ �(($� KDV LGHQWLILHG ILQH GXVW DV D PDMRU HQYLURQPHQWDO
WKUHDW WR KXPDQ KHDOWK >�@� :KLOH FXUUHQW UHJXODWLRQV IRFXV SULPDULO\ RQ YHKLFOH H[KDXVW HPLVVLRQV�
XS WR ��� RI ILQH GXVW HPLVVLRQV FRPH IURP XQUHJXODWHG VRXUFHV VXFK DV EUDNHV� WLUHV� DQG URDG
DEUDVLRQ�>�@�

7R DGGUHVV WKLV LVVXH� D FRPSUHKHQVLYH DSSURDFK KDV EHHQ GHYHORSHG WKDW LQYROYHV DQ LQWHJUDWHG
ILQH GXVW SDUWLFOH ILOWHU� 7KLV ILOWHU FDQ EH LQVWDOOHG LQ XQXVHG VSDFHV LQ WKH IURQW HQG RI YHKLFOHV DQG
LV DQ HIIHFWLYH DQG VXVWDLQDEOH ZD\ WR LPSURYH WKH HPLVVLRQ EDODQFH RI YHKLFOHV DQG SURPRWH
EHWWHU�DLU�TXDOLW\��UHJDUGOHVV�RI�WKH�GULYH�V\VWHP�XVHG�

+RZHYHU� WKH LPSOHPHQWDWLRQ RI WKLV ILOWHU UHTXLUHV WKH GHYHORSPHQW RI VSHFLILF� KLJK�HIILFLHQF\
ILOWHU HOHPHQWV WKDW KDYH D ORZ�SUHVVXUH ORVV OHYHO WR HQVXUH SURSHU WKHUPDO PDQDJHPHQW�
$GGLWLRQDOO\� WKH ILOWHU PXVW KDYH D KLJK GXVW KROGLQJ FDSDFLW\ WR HQVXUH FXVWRPHU�IULHQGO\ VHUYLFH
LQWHUYDOV��DQG�PXVW�EH�UHLQIRUFHG�WR�ZLWKVWDQG�KDUVK�RSHUDWLQJ�FRQGLWLRQV�

7KH LQWHJUDWHG ILQH GXVW SDUWLFOH ILOWHU V\VWHP PDNHV LW SRVVLEOH IRU DOO W\SHV RI YHKLFOHV WR EHFRPH
30���HPLVVLRQ�QHXWUDO�LQ�D�FHQWUDO�(XURSH�UHSUHVHQWDWLYH�XVH�FDVH�

>�@ (($� +HDOWK\ (QYLURQPHQW� +HDOWK\ /LYHV� +RZ WKH (QYLURQPHQW ,QIOXHQFHV +HDOWK DQG :HOO�
%HLQJ�LQ�(XURSH������
>�@ %DUORZ� 7�-�� HW DO�� 1RQ�H[KDXVW SDUWLFXODWH PDWWHU HPLVVLRQV IURP URDG WUDIILF� VXPPDU\ UHSRUW�
3XEOLVKHG�SURMHFW�UHSRUW�335���������
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

(YROXWLRQ�RI�QDQR�VFDOH�SDUWLFOH�VWUXFWXUHV�ZLWKLQ�D�SLORW�PDLQ�LQMHFWHG�MHW�IXHO�IODPH�LQ
D�VPDOO�ERUH�RSWLFDO�GLHVHO�HQJLQH

6��.RRN���7��$L]DZD���.��6��.LP���&��.ZHRQ�

�7KH�8QLYHUVLW\�RI�1HZ�6RXWK�:DOHV���0HLML�8QLYHUVLW\���'(9&20�$UP\�5HVHDUFK�/DERUDWRU\

)RU D VXUURJDWH MHW IXHO VSHFLILFDOO\ IRUPXODWHG IRU QDQRSDUWLFOH VWXGLHV LQ DQ RSWLFDOO\ DFFHVVLEOH
VPDOO�ERUH GLHVHO HQJLQH� FRPEXVWLRQ JHQHUDWHG VRRW SDUWLFOHV DUH VDPSOHG IURP PXOWLSOH LQ�IODPH
SRLQWV DQG WKHLU VWUXFWXUDO HYROXWLRQ LV DQDO\VHG� 7KH IXHO FRQWDLQV ��� DURPDWLFV� VLPLODU ZLWK D
FRQYHQWLRQDO GLHVHO IXHO� KRZHYHU� LWV FHWDQH QXPEHU LV RQO\ ��� SRVLQJ D VLJQLILFDQW FKDOOHQJH IRU
LJQLWLRQ DQG FRPEXVWLRQ FRQWURO >�@� ,W LV D W\SH RI ORZ�UHDFWLYLW\ MHW IXHO XVHG LQ XQPDQQHG DHULDO
YHKLFOHV IRU YDULRXV WDFWLFDO UHDVRQV� ZKLFK UHTXLUHV SLORW LQMHFWLRQ SULRU WR WKH PDLQ LQMHFWLRQ DQG
WKXV SURGXFHV PRUH VRRW SDUWLFOHV GXULQJ FRPEXVWLRQ� 7KH VRRWLQJ IODPH WUDMHFWRU\ LV ILUVW
LGHQWLILHG E\ SHUIRUPLQJ SODQDU ODVHU�LQGXFHG LQFDQGHVFHQFH LPDJLQJ DQG KLJK�VSHHG VRRW
OXPLQRVLW\ PRYLH UHFRUGLQJ� $ORQJ WKLV WUDMHFWRU\� IRXU VRRW VDPSOLQJ SUREHV DUH LQVWDOOHG RQ WKH
SLVWRQ�ERZO ZDOO ZLWK ��r VSDFLQJ DQJOHV IRU VLPXOWDQHRXV VDPSOLQJ IURP WKH VDPH ILULQJ F\FOHV
>�@� 7KH ILUVW VDPSOLQJ SRLQW UHSUHVHQWV D MHW�ZDOO LPSLQJHPHQW UHJLRQ �-:� IURP ZKLFK D MHW IODPH
VWDUWV WR WUDYHO DORQJ WKH ERZO ZDOO ZKLOH LQWHUDFWLQJ ZLWK WKH VZLUO IORZ WR ERWK XS�VZLUO DQG GRZQ�
VZLUO GLUHFWLRQV� 7KUHH PRUH VDPSOLQJ SRLQWV WKHUHIRUH DUH VHOHFWHG IRU DQ XS�VZLUO SRLQW �86�� D
GRZQ�VZLUO SRLQW � �'6�� DQG D GRZQ�VZLUO SRLQW � �'6��� 7KH VRRW SDUWLFOHV GHSRVLWHG RQ
WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH �7(0� JULGV YLD WKHUPRSKRUHVLV DUH LPDJH SRVW�SURFHVVHG WR
H[WUDFW YDULRXV PRUSKRORJ\ SDUDPHWHUV VXFK DV WKH VL]H RI VRRW DJJUHJDWHV� SULPDU\ SDUWLFOHV DQG
IUDFWDO GLPHQVLRQ DV ZHOO DV FRQFHQWULFLW\ >�@� OHQJWK� WRUWXRVLW\ DQG JDS RI WKH FDUERQ�OD\HU
IULQJHV� 7KH UHVXOWV LQGLFDWH D ODUJH DPRXQW RI VPDOO VRRW DJJUHJDWHV IRUP DW -: SRLQW GXH WR IXHO�
ULFK PL[WXUHV� 7KHVH DJJUHJDWHV JURZ LQ VL]H ZKLOH WKH QXPEHU FRXQWV GHFOLQH� VXJJHVWLQJ WKH
DJJUHJDWH�WR�DJJUHJDWH DJJORPHUDWLRQ DQG VRRW R[LGDWLRQ RFFXU DW WKH VDPH WLPH� 7KLV SURFHVV LV
DFFHOHUDWHG RQ WKH XS�VZLUO VLGH GXH WR WKH FRXQWHU�IORZ FRQGLWLRQ� VKRZLQJ VLPLODU SDUDPHWHU
YDOXHV EHWZHHQ 86 DQG '6� SRLQWV� ,QWHUHVWLQJO\� WKH SULPDU\ SDUWLFOHV VKRZ PLQLPDO FKDQJHV RQ
ERWK XS�VZLUO DQG GRZQ�VZLUO SRLQWV� KRZHYHU� WKH VLJQLILFDQW VRRW SDUWLFOH R[LGDWLRQ LV HYLGHQW LQ
WKH VXEQDQR�VFDOH FDUERQ OD\HU IULQJHV ZLWK LQFUHDVHG OHQJWK DQG GHFUHDVHG WRUWXRVLW\�JDS� 7KH
FRQFHQWULFLW\ DOVR LQGLFDWHV WKH VRRW SDUWLFOHV EHFRPH D FOHDUHU FRUH�VKHOO VWUXFWXUH DV WKH\ IORZ
DORQJ WKH ERZO ZDOO� 7KLV WUHQG LV DOVR PRUH HYLGHQW RQ WKH XS�VZLUO VLGH� LQGLFDWLQJ D VLJQLILFDQW
HIIHFW�RI�LQFUHDVHG�IORZ�WXUEXOHQFH�RQ�VRRW�HYROXWLRQ�

�

�

>�@�6��.RRN��<��=KDQJ��&RPEXVWLRQ�DQG�)ODPH�������������������

>�@�7��$L]DZD��<��7R\DPD��5��.XVDNDUL��,QWHUQDWLRQDO�-RXUQDO�RI�(QJLQH�5HVHDUFK����������������૱�����
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

3K\VLFDO�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�WKH�SDUWLFOHV�HPLWWHG�E\�D�K\GURJHQ�IXHOHG�',
6,�HQJLQH��WKH�UROH�RI�OXEH�RLO

6��'L�,RULR���)��&DWDSDQR���&��5XVVR���3��6HPHQWD���$��7UHJURVVL���%��9DJOLHFR9DJOLHFR���$��0DJQR��
%��$SLFHOOD�

�,QVWLWXWH�RI�6FLHQFH�DQG�7HFKQRORJ\�IRU�6XVWDLQDEOH�(QHUJ\�DQG�0RELOLW\��67(06����&15��1DSROL�
,WDO\

7KH XVH RI ORZ�]HUR FDUERQ IXHOV VXFK DV K\GURJHQ KDV JUHDW SRWHQWLDO LQ UHGXFLQJ SDUWLFOH
HPLVVLRQV� 6LQFH WKH FDUERQ LV QRW SUHVHQW LQ WKH VWUXFWXUH RI K\GURJHQ� WKH OXEH RLO SOD\V D
VWUDWHJLF UROH RQ SDUWLFOH IRUPDWLRQ� $ WKRURXJK H[DPLQDWLRQ RI WKH LPSDFW RI OXEULFDWLQJ RLO RQ
SDUWLFOH HPLVVLRQV DQG KLJK OHYHOV RI KD]DUGRXV SROOXWDQWV ZDV PDGH SRVVLEOH LQ WKH SUHVHQW VWXG\
E\ WKH FRPELQDWLRQ RI WZR GLVWLQFW DQDO\WLFDO DSSURDFKHV� RQ�OLQH DQG RII�OLQH� RQ JDV DQG
FRQGHQVHG H[KDXVW� UHVSHFWLYHO\� ([SHULPHQWV ZHUH FDUULHG RXW RQ D VLQJOH F\OLQGHU� ��� FP�

GLUHFW LQMHFWLRQ VSDUN LJQLWLRQ HQJLQH IXHOHG ZLWK K\GURJHQ� 3DUWLFOHV ZHUH FKDUDFWHUL]HG RQ�OLQH LQ
WHUPV RI QXPEHU DQG VL]H WKURXJK DQ (QJLQH ([KDXVW 3DUWLFOH 6L]HU FRXSOHG WR D VLQJOH GLOXWHU� 2II�
OLQH FKHPLFDO FKDUDFWHUL]DWLRQ E\ VHYHUDO DQDO\WLFDO WHFKQLTXHV ZDV FDUULHG RXW RQ WKH FRQGHQVHG
H[KDXVW DQG SDUWLFOHV� FROOHFWHG WKURXJK D FRQGHQVDWLRQ VDPSOLQJ OLQH FRQQHFWHG WR WKH WDLOSLSH�
3DUWLFOHV ZHUH GHWHFWHG DW H[KDXVW H[FHSW IRU WKH FRQGLWLRQ DW ���� USP KLJK ORDG ZKHUH WKH VL]H
GLVWULEXWLRQ LV ZLWKLQ WKH OLPLW YDOXHV RI WKH VSHFWURPHWHU� )LJXUH �D� 7KH H[WHQW RI WKH SDUWLFOHV
YDULHV DFFRUGLQJ WR WKH HQJLQH VSHHG DQG ORDG HYLGHQFLQJ WKH GLIIHUHQW UROH RI WKH RLO EHFDXVH RI
WKH HQYLURQPHQWDO FRQGLWLRQV� 7KH PROHFXODU ZHLJKW �0:� GLVWULEXWLRQ HYDOXDWHG RII�OLQH RQ
FRQGHQVHG H[KDXVW ZLWK 6L]H ([FOXVLRQ &KURPDWRJUDSK\ �6(&�� UHSRUWHG LQ )LJXUH �E� RIIHUV
FRPSOHPHQWDU\ LQIRUPDWLRQ ZLWK UHVSHFW WR WKH RQ�OLQH SDUWLFOH QXPEHU DQG VL]H GHWHFWLRQ� $ JRRG
DJUHHPHQW ZDV REVHUYHG EHWZHHQ 0: DQG WKH 36' LQ WKH FRPPRQ VL]H UHJLRQ� HYLGHQFLQJ KLJKHU
FRQFHQWUDWLRQ RI SDUWLFOHV LQ // FRQGLWLRQ DQG DW ����USP� 0RUHRYHU� DW ���� USP WKH 0:
GLVWULEXWLRQ LV VKLIWHG WRZDUG ELJJHU VL]HV ZLWK ERWK WKH WHFKQLTXHV� )XUWKHU� WKH 6(& DQDO\VLV LV
PRUH VHQVLEOH DV LW DOORZV GHWHFWLQJ WKH SUHVHQFH DOVR RI WKH SDUWLFOHV DW ���� +/� ZKLFK EHFDXVH
RI WKH ORZ FRQFHQWUDWLRQ DUH QRW UHVROYDEOH ZLWK WKH ((36� 7KLV VWXG\ KLJKOLJKWHG WKDW WKH XVH RI
K\GURJHQ DV IXHO IRU ,&(V FDQ UHVXOW LQ WKH FRQWDPLQDWLRQ QRW RQO\ RI WKH DWPRVSKHUH EXW DOVR RI
ZDWHU DQG VRLO WKXV UHYHOLQJ WKH QHFHVVLW\ RI RSWLPL]LQJ WKH OXEULFDWLRQ FKDUDFWHULVWLFV RI K\GURJHQ
IXHOHG�HQJLQHV�

)LJXUH �� D� 3DUWLFOH QXPEHU DQG VL]H E� 0: GLVWULEXWLRQ SURILOHV RI FRQGHQVHG H[KDXVW IURP 6(&
DFTXLUHG�ZLWK�89�9LVLEOH�GHWHFWRU�DW�����QP
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

2II�&\FOH�(PLVVLRQV�RI�3DUWLFOH�1XPEHU�IURP�*DVROLQH�DQG�'3)�GLHVHO�SDVVHQJHU�FDUV�LQ
H[WUHPHO\�ORZ�WHPSHUDWXUH�DQG�KLJK�ORDG�FRQGLWLRQV

+��<DPDGD���+��.RQQR���<��.RQGR�

�7RN\R����1DWLRQDO�,QVWLWXWH�RI�(QYLURQPHQWDO�6WXG\

7R HYDOXDWH UHJXODWHG JDVHV DQG VROLG SDUWLFOH QXPEHU �631� HPLVVLRQV LQ KLJK�ORDG RII�F\FOH
FRQGLWLRQV� WZR GLHVHO YHKLFOHV ZLWK D GLHVHO SDUWLFXODWH ILOWHU �'3)� DQG D XUHD VHOHFWLYH FDWDO\WLF
UHGXFWLRQ �6&5� V\VWHP� UHVSHFWLYHO\� DQG IRXU JDVROLQH SRUW IXHO LQMHFWLRQ �3),� YHKLFOHV ZHUH
WHVWHG ZLWK WKH ZRUOGZLGH OLJKW�GXW\ WHVW F\FOH� LQFOXGLQJ DQ ([�KL SKDVH� $OO WKH WHVWHG YHKLFOHV
ZHUH GHYHORSHG IRU WKH -DSDQHVH PDUNHW DQG GLG QRW FRPSO\ ZLWK WKH ([�KL SKDVH� $OO YHKLFOHV
H[KLELWHG KLJKHU &2� HPLVVLRQV LQ WKH ([�KL SKDVH WKDQ LQ ORZ� PLG DQG KLJK SKDVHV� ,QFUHDVHG 12[
DQG 631����� HPLVVLRQV ZHUH REVHUYHG ZLWK WKH '3) YHKLFOH� 7KHVH LQFUHDVHG HPLVVLRQV ZHUH GXH
WR WKH RFFXUUHQFH RI SDVVLYH UHJHQHUDWLRQ RI WKH '3)� DQG WKH XUHD 6&5 V\VWHP ZDV VWRSSHG DV D
UHVXOW� 7KH VPDOO JDVROLQH 3), FDUV VKRZHG LQFUHDVHG &2 DQG 631 HPLVVLRQV LQ WKH ([�KL SKDVH�
7KHVH HPLVVLRQV ZHUH GXH WR HQULFKPHQW FRQWURO ZKLFK RFFXUUHG LQ D TXLWH KLJK ORDG RSHUDWLRQ
FRQGLWLRQ� 7KH IHDWXUH RI HPLVVLRQV ZLWK HQULFKPHQW FRQWURO GLIIHUHG IURP WKDW REVHUYHG LQ D
ZDUPLQJ XS SURFHVV RI FROG VWDUW PRGH� 631�� ZHUH PDLQO\ LQFUHDVHG LQ WKH ZDUPLQJ XS SURFHVV�
DOWKRXJK 631����� LQFUHDVHG LQ WKH ([�KL SKDVH ZLWK HQULFKPHQW FRQWURO� +\EULG YHKLFOHV VHHPV WR
KDYH�OHVV�RSSRUWXQLWLHV�WR�VKRZ�WKH�HQULFKPHQW�FRQWURO�GXH�WR�D�PRWRU�DVVLVW�
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

+25,=21�$HUR6ROIG�SURMHFW��5HWURILW�)LOWUDWLRQ�'HYLFHV�IRU�&OHDQHU�8UEDQ�0RELOLW\��
)RFXV�RQ�KLJKO\�HIILFLHQW�ILOWHU�V\VWHPV�IRU�ODUJH�VFDOH�SHWURO�HQJLQH�UHWURILW

/��5XELQR���$��0D\HU���-��&]HUZLQVNL����7��/XW]���/��/DUVHQ�

�9(57�$VVRFLDWLRQ���9(57�$VVRFLDWLRQ

+25,=21 $HUR6ROIG LV DQ (8 FR�IXQGHG SURMHFW WKDW ZLOO GHOLYHU DIIRUGDEOH� DGDSWDEOH� DQG
HQYLURQPHQWDOO\ IULHQGO\ UHWURILW VROXWLRQV WR UHGXFH WDLOSLSH HPLVVLRQV� EUDNH HPLVVLRQV DQG
SROOXWLRQ LQ VHPL�FORVHG HQYLURQPHQWV� 9(57� DFFRUGLQJ WR WKH ORQJ H[SHULHQFH RQ UHWURILW DQG
QDQRSDUWLFOH HPLVVLRQV UHGXFWLRQ VWUDWHJLHV� ZLOO IRFXV RQ UHGXFLQJ HPLVVLRQV DW WDLOSLSH RI JDVROLQH
YHKLFOHV E\ XVLQJ EHVW DYDLODEOH UHWURILW WHFKQRORJ\� 9(57 ZLOO XVH GHPR UHWURILW V\VWHPV XVLQJ
ODWHVW DYDLODEOH *3) WHFKQRORJ\ LQ WKUHH KLJK PLOHDJH IOHHWV� LQ *HUPDQ\� 6ZLW]HUODQG DQG ,VUDHO�
7KH SURMHFW ZLOO DOVR VHUYH DV D SODWIRUP WR FRQWLQXH UHVHDUFK RQ 31 HPLVVLRQV DQG VHFRQGDU\
HPLVVLRQV IURP *', DV ZHOO DV 3), 3HWURO HQJLQHV� ,Q DGGLWLRQ� WKH ૺKLJK HPLWWHU SKHQRPHQDૻ ZLOO
EH IXUWKHU DQDO\]HG ZLWK D 137, WHVWLQJ FDPSDLJQ RI ���� JDVROLQH YHKLFOHV� LQFOXGLQJ *',� 3), DQG
*3)�HTXLSSHG�YHKLFOHV�

�
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

7KH�,QIOXHQFH�RI�D�'LHVHO�3DUWLFXODWH�)LOWHU�ZLWK�/RZ�7HPSHUDWXUH�5HJHQHUDELOLW\�RQ
'LHVHO�(QJLQH�(PLVVLRQV

-��3��6DQWRV���<��&��+VX���/��&��:DQJ�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�(QJLQHHULQJ��&KXQJ�<XDQ�&KULVWLDQ�8QLYHUVLW\��7DR\XDQ������
7DLZDQ

,QWURGXFWLRQ

7KH GLHVHO SDUWLFXODWH ILOWHU �'3)� HIIHFWLYHO\ VXSSUHVVHV WKH HPLVVLRQ RI SDUWLFXODWH PDWWHU IURP
GLHVHO HQJLQHV PRVWO\ WKURXJK UHJHQHUDWLRQ� 7KHUH DUH PDLQ � W\SHV� DFWLYH UHJHQHUDWLRQ ZKLFK
XVHV IXHO EXUQHUV RU HOHFWULF KHDWLQJ GHYLFHV WR SURGXFH D KLJK WHPSHUDWXUH VXFK WKDW SDUWLFXODWH
GHSRVLWV ZLOO EH R[LGL]HG DQG EXUQHG RII� DQG SDVVLYH UHJHQHUDWLRQ ZKLFK XWLOL]HV WKH LQQDWH KLJK
WHPSHUDWXUH RI WKH H[KDXVW JHQHUDWHG E\ D FRQVWDQW UXQ RI WKH HQJLQH� ,W LV DLGHG E\ FDWDO\VWV WR
ORZHU WKH WHPSHUDWXUH UHTXLUHPHQW DV FHUWDLQ H[WHUQDO FRQGLWLRQV �L�H� VKRUW GLVWDQFH WUDYHO�
SUHYHQW WKH VFHQDULR WR HQDEOH UHJHQHUDWLRQ� $QG IRU GLHVHO HQJLQHV� LQHIIHFWLYH UHJHQHUDWLRQ
PHDQV KLJK VRRW DFFXPXODWLRQ OHDGLQJ WR VHYHUH EDFNSUHVVXUH XOWLPDWHO\ UHGXFLQJ WKH SRZHU
JHQHUDWHG�E\�WKH�HQJLQH�ZKLFK�FRXOG�KDYH�GHWULPHQWDO�FRQVHTXHQFHV�

5HJUHWWDEO\� WKH RSHUDWLRQ RI '3) WULJJHUV WKH IRUPDWLRQ RI GLR[LQV GXH WR LQFRPSOHWH FRPEXVWLRQ�
VRRW DFFXPXODWLRQ� DQG WHPSHUDWXUH ZLQGRZV ����r& WR ���r& GH QRYR V\QWKHVLV� ���r& WR ���r&
KRPRJHQRXV SDWKZD\V�� $ '3) UHJHQHUDWLQJ ZLWK D KLJK 30 FRQWHQW LQ WKH ILOWHU VDZ DQ
DSSUR[LPDWHO\ ����IROG LQFUHDVH LQ WKH 3&''�) FRQFHQWUDWLRQV �&KHQ HW DO�� ������ +HQFH� D '3)
FDSDEOH RI UHJHQHUDWLQJ DW ���r& LV GHYHORSHG WR E\SDVV WKLV SUREOHP� 7KH DIWHUWUHDWPHQWV DUH
DVVHVVHG RQ WKH IROORZLQJ FRQGLWLRQV� �L� QHZ '3)� �LL� GXULQJ UHJHQHUDWLRQ� DQG �LLL� SRVW�
UHJHQHUDWLRQ� $IWHUZDUG� WKH LQYHVWLJDWLRQ IRU 30� JDVHRXV SROOXWDQWV� 3$+V� DQG 323V
FRPPHQFHG��

�� 0HWKRGRORJ\

7KH HQJLQH� &XPPLQV ,6& ���� LV DWWDFKHG ZLWK D G\QDPRPHWHU DQG LV DVVHVVHG XQGHU 86 )73
7UDQVLHQW &\FOH 3URFHGXUH� $ORQJVLGH LW� '2& � '3) DUH LQVWDOOHG� DQG WKH HQJLQH LV WKHQ OHIW LGOH
IRU �� KRXUV WR DFFXPXODWH WKH VRRW DQG IRUFH WKH UHJHQHUDWLRQ� /DVWO\� 5'( ZDV JXLGHG E\ (XUR 9,�
& ZKLFK VXJJHVWV SURSHU YHORFLWLHV IRU GLIIHUHQW WHVW WHUUDLQV� ZKLOH WKH 5'' WHVW UDQ WKH HQJLQH IRU
������NP ZKLFK DOORZV WKH PHDVXUHPHQW RI WKH GLIIHUHQFH LQ SRZHU JHQHUDWHG E\ WKH HQJLQH RYHU
D�VLJQLILFDQW�SHULRG�RI�WLPH�

�� �5HVXOWV

7KH UHVXOW VKRZV WKH XVH RI '2&�'3) UHGXFHG WKH DPRXQW RI 30 E\ DW OHDVW ����� ZKLOH LWV
PD[LPXP HIIHFWLYHQHVV UHDFKHG ����� ZKLFK PHDQV WKDW LW PHW WKH (XUR 6WDJH � VWDQGDUGV� )RU
JDVHRXV SROOXWDQWV� &2 KDV VHHQ D PLQLPXP UHGXFWLRQ RI ������ ZKLOH ����� IRU 7+&� 7KH KLJK
FRQYHUVLRQ RI ERWK &2 DQG 7+& VXJJHVWV WKDW WKH '2& XVHG SHUIRUPHG ZHOO ZKLFK LV DOVR UHIOHFWHG
LQ WKH 30 UHPRYDO HIILFLHQF\ DV WKH FDSDELOLW\ RI '2& WR SXULI\ 12 WR EHFRPH 12� KHOSHG LQ
UHGXFLQJ WKH WHPSHUDWXUH UHTXLUHPHQW RI 32& IRU LWV UHJHQHUDWLRQ� 7KH 3&''�)V PDQDJHG D
UHPRYDO HIILFLHQF\ RI ����� � ����� LQGLFDWLQJ WKDW SDVVLYH UHJHQHUDWLRQ FDQ EH VWDUWHG DW ���r&�
/DVWO\� WKH 5'( KDV VKRZQ WKDW DIWHU ���NP� �DERXW � KRXUV� RI GULYLQJ� D ������ ������ DQG
����� UHGXFWLRQ RFFXUUHG IRU 30� 7+&� DQG &2� UHVSHFWLYHO\� )RU 5'' WHVWV� ������NP �DERXW �
PRQWKV� ZRUWK RI GULYLQJ UHYHDOHG WKDW WKH VPRNH RSDFLW\ RI WKH H[KDXVW LV VWLOO � P�� DIWHU WKH '2&
��'3)�ZDV�LQVWDOOHG�

&KHQ� &��<�� /HH� :��-�� :DQJ� /��&�� &KDQJ� <��&�� <DQJ� +��+�� <RXQJ� /��+�� /X� -��+�� 7VDL� <� ,��
&KHQJ��0��7���	�0ZDQJL��-��.���$SSOLHG�(QHUJ\������������������

�
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(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

30�0DVV�%DVHG�6WDQGDUG�IRU�$FKLHYLQJ�30�(PLVVLRQV�&RPPHQVXUDWH�ZLWK�0RGHO�<HDU
�����*3)�7HFKQRORJ\�IRU�/LJKW�'XW\�DQG�0HGLXP�'XW\�9HKLFOHV

6��%RKDF�

�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\

7KH SUHVHQWDWLRQ EHJLQV ZLWK DQ RYHUYLHZ RI FULWHULD HPLVVLRQV VWDQGDUGV SURSRVHG E\ (3$ LQ $SULO
���� IRU OLJKW�GXW\ DQG PHGLXP�GXW\ YHKLFOHV LQ ���������� 7KH WDON WKHQ IRFXVHV RQ WKH WDLOSLSH
30 VWDQGDUG DQG WHVW SURFHGXUHV� ZKRVH DLP LV WR UHTXLUH 30 HPLVVLRQV EHORZ RU FRPPHQVXUDWH
ZLWK PRGHO \HDU ���� VHULHV SURGXFWLRQ *3) WHFKQRORJ\� 7KH SURSRVHG 30 VWDQGDUG LV ��� PJ�PL�
ZKLFK�PXVW�EH�PHW�DFURVV�WKUHH�WHVW�F\FOHV����r&�)73��86����DQG���r&�)73�

(XURSHDQ� &KLQHVH� DQG ,QGLDQ UHJXODWLRQV KDYH XVHG VROLG SDUWLFOH QXPEHU �31� VWDQGDUGV WR GULYH
WKH XVH RI JDVROLQH SDUWLFXODWH ILOWHUV �*3)� RQ OLJKW�GXW\ YHKLFOHV VLQFH ����� ����� DQG �����
UHVSHFWLYHO\� DQG WKH 3DUWLFOH 0HDVXUHPHQW 3URJUDPPH �303� DIIRUGV YHU\ JRRG VHQVLWLYLW\ IRU WKLV
SXUSRVH� ,Q FRQWUDVW� OLJKW�GXW\ DQG PHGLXP�GXW\ YHKLFOH 30 VWDQGDUGV LQ WKH 8�6�� LQFOXGLQJ WKH
SURSRVHG (3$ UXOH IRU ���������� DUH EDVHG RQ PDVV HPLVVLRQV� (3$ FKRVH PDVV�EDVHG HPLVVLRQV
VWDQGDUGV LQ WKH SURSRVHG UXOH EHFDXVH KHDOWK EHQHILWV FDQ EH PRUH GLUHFWO\ TXDQWLILHG XVLQJ
HSLGHPLRORJLFDO VWXGLHV WKDW XVH DPELHQW DLU PDVV 30���� DQG EHFDXVH 30 PDVV LQFOXGHV VHPL�
YRODWLOH 30� 7KH VROLG QXPEHU 31 VWDQGDUG JLYHV VXEVWDQWLDOO\ PRUH FRQVLGHUDWLRQ WR VPDOO
SDUWLFOHV� ZKLFK SDVV WKURXJK WKH DOYHRODU�FDSLOODU\ EDUULHU� ZKLOH WKH 30 PDVV VWDQGDUG LQFOXGHV
VHPLYRODWLOH�30��ZKLFK�FDQ�KDYH�KLJK�WR[LFLW\�DQG�LV�HPLWWHG�HYHQ�IURP�*3)�HTXLSSHG�YHKLFOHV�

30 PDVV PHDVXUHPHQWV ZHUH FRQGXFWHG DFFRUGLQJ WR H[LVWLQJ (3$ WHVW SURFHGXUHV ��� &)5 3DUW
��� ����� DQG ����� XVLQJ ILYH YHKLFOHV ����� )���� ���� )���� ���� &RUROOD� ���� )��� +(9�
���� )���� WHVWHG DFURVV WKUHH RUJDQL]DWLRQV �(3$� (&&&� DQG )(9� ZLWKRXW *3)� ZLWK 0<���� *3)
WHFKQRORJ\� DQG ZLWK 0<���� *3) WHFKQRORJ\� .H\ HOHPHQWV RI WKH (3$ WHVW SURFHGXUHV DUH
GHVFULEHG� LQFOXGLQJ WKH SXUSRVH RI HDFK RI WKH WKUHH WHVW F\FOHV� 5HVXOWV VKRZ WKDW H[LVWLQJ (3$
WHVW SURFHGXUHV� ZKLFK XVH 37)( PHPEUDQH ILOWHUV DQG DOSKD HPLWWHU FKDUJH QHXWUDOL]HUV VXFK DV
3R���� FDQ UHVROYH 30 PDVV HPLVVLRQV WR ZHOO EHORZ ��� PJ�PL� ,W LV GHPRQVWUDWHG WKDW OLJKW�GXW\
DQG PHGLXP�GXW\ YHKLFOHV HPSOR\LQJ 0< ���� *3) WHFKQRORJ\ FDQ PHHW WKH ��� PJ�PL VWDQGDUG
DFURVV�DOO�WKUHH�WHVW�F\FOHV����r&�)73��86����DQG���r&�)73��ZLWK�D�ODUJH�FRPSOLDQFH�PDUJLQ�
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+25,=21�$HUR6ROIG�SURMHFW��5HWURILW�)LOWUDWLRQ�'HYLFHV�IRU�&OHDQHU�8UEDQ�0RELOLW\��
)RFXV�RQ�KLJKO\�HIILFLHQW�ILOWHU�V\VWHPV�IRU�ODUJH�VFDOH�SHWURO�HQJLQH�UHWURILW

/��5XELQR���$��0D\HU���-��&]HUZLQVNL���7��/XW]���/��/DUVHQ���9��+HQVHO���'��(QJHOPDQQ���0��/HKPDQQ�

�9(57�$VVRFLDWLRQ���9(57�$VVRFLDWLRQ���$XULJQD���8QLYHUVLW\�RI�$SSOLHG�6FLHQFH�%LHO���0DQQ��
+XPPHO

+25,=21 $HUR6ROIG LV DQ (8 FR�IXQGHG SURMHFW WKDW ZLOO GHOLYHU DIIRUGDEOH� DGDSWDEOH� DQG
HQYLURQPHQWDOO\ IULHQGO\ UHWURILW VROXWLRQV WR UHGXFH WDLOSLSH HPLVVLRQV� EUDNH HPLVVLRQV DQG
SROOXWLRQ LQ VHPL�FORVHG HQYLURQPHQWV� 9(57� DFFRUGLQJ WR WKH ORQJ H[SHULHQFH RQ UHWURILW DQG
QDQRSDUWLFOH HPLVVLRQV UHGXFWLRQ VWUDWHJLHV DQG ILOWUDWLRQ� ZLOO IRFXV RQ UHGXFLQJ HPLVVLRQV DW
WDLOSLSH RI JDVROLQH YHKLFOHV E\ XVLQJ WKH EHVW DYDLODEOH UHWURILW WHFKQRORJ\� 9(57 ZLOO XVH GHPR
UHWURILW V\VWHPV XVLQJ WKH ODWHVW DYDLODEOH *3) WHFKQRORJ\ LQ WKUHH KLJK PLOHDJH YHKLFOH IOHHWV� LQ
*HUPDQ\� 6ZLW]HUODQG DQG ,VUDHO� 7KH SURMHFW ZLOO DOVR VHUYH DV D SODWIRUP WR FRQWLQXH UHVHDUFK RQ
31 HPLVVLRQV DQG VHFRQGDU\ HPLVVLRQV IURP *', DV ZHOO DV 3), 3HWURO HQJLQHV� ,Q DGGLWLRQ� WKH
ૺKLJK HPLWWHU SKHQRPHQDૻ ZLOO EH IXUWKHU DQDO\]HG ZLWK D 137, WHVWLQJ FDPSDLJQ RI ���� JDVROLQH
YHKLFOHV��LQFOXGLQJ�*',��3),�DQG�*3)�HTXLSSHG�YHKLFOHV�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


(PLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV��&RQWULEXWHG�/HFWXUH

,PSURYLQJ�FRXQWLQJ�HIILFLHQF\�DQG�OLQHDULW\�EH\RQG�WKH�RQ�URDG�HPLVVLRQ�PHDVXUHPHQW
UHJXODWLRQV�IRU�3RUWDEOH�(PLVVLRQV�0HDVXUHPHQW�6\VWHPV��3(06�

$��1RZDN���0��.D]HPLPDQHVK���7��+DPPHU���$��%HVFRQG���.��9DVLODWRX���-��6DWXUQR�

�3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��37%����$LU�4XDOLW\�DQG�$HURVRO�0HWURORJ\�*URXS��1DWLRQDO
3K\VLFDO�/DERUDWRU\��13/����3DUWLFOHV�DQG�$HURVROV�/DERUDWRU\��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\

�0(7$6����/DERUDWRLUH�1DWLRQDO�GH�0«WURORJLH�HW�GHV�(VVDLV��/1(�

3DUWLFOH GLDPHWHU DQG SDUWLFOH QXPEHU FRQFHQWUDWLRQ DUH WKH NH\ SK\VLFDO SDUDPHWHUV RI LQWHUHVW
WDUJHWHG E\ VHYHUDO UHJXODWLRQV RQ YHKLFXODU HPLVVLRQV� LQFOXGLQJ WKH FXUUHQW (XURSHDQ UHDO GULYLQJ
HPLVVLRQV �5'(� UHJXODWLRQ >�@� +RZHYHU� PHWURORJLFDO YDOLGDWLRQ RI 3(06 LV FXUUHQWO\ ODFNLQJ�
&RPSDUHG WR ODE�JUDGH LQVWUXPHQWV OLNH UHIHUHQFH SDUWLFOH QXPEHU FRXQWHUV� 3(06 DUH OLNHO\ WR
KDYH ODUJHU PHDVXUHPHQW XQFHUWDLQW\ RU ELDV GXH WR WKHLU VPDOO VL]H DQG VLPSOHU GHVLJQ� 7KXV� LW LV
FULWLFDO WR XQGHUVWDQG WKLV PHDVXUHPHQW XQFHUWDLQW\ WR VXSSRUW WKH DFFXUDF\ DQG FRPSDUDELOLW\ RI
FRQIRUPLW\ IDFWRUV� 7KH 0HWUR3(06 SURMHFW RQ YHKLFOH H[KDXVW TXDQWLILFDWLRQ E\ SRUWDEOH HPLVVLRQ
PHDVXUHPHQW V\VWHPV VWDUWHG LQ ���� DQG KDV GHYHORSHG FDOLEUDWLRQ PHWKRGV IRU WKH UHTXLUHG
OLQHDULW\ DQG FRXQWLQJ HIILFLHQF\� ,Q WKLV VWXG\� ZH XVHG 31 UHIHUHQFH LQVWUXPHQWV DYDLODEOH DW
GLIIHUHQW 1DWLRQDO 0HWURORJ\ ,QVWLWXWHV �10,V� IRU DQ LQWHU�FRPSDULVRQ H[HUFLVH ZLWK D JROGHQ 3(06�
D 3(06 GHYLFH DLPHG WR EH FDOLEUDWHG ZLWK WKH SULPDU\ VWDQGDUGV DW QDWLRQDO DXWKRULWLHV� WR
GHWHUPLQH WKH EHVW SRVVLEOH OLQHDULW\ DQG FRXQWLQJ HIILFLHQF\ RI WKH WDUJHW XQLW �JROGHQ 3(06�� 7KH
DHURVRO VRXUFH ZDV D SURSDQH FRPEXVWLRQ IODPH JHQHUDWRU �PLQL&$67� -LQJ /WG�� DQG SDUWLFOHV ZHUH
SRO\GLVSHUVH ��� QP� IRU OLQHDULW\ PHDVXUHPHQWV DQG VL]H�VHOHFWHG ZLWK D '0$ �PRQRGLVSHUVH� IRU
FRXQWLQJ HIILFLHQF\ �&(� PHDVXUHPHQWV� /LQHDULW\ ZDV PHDVXUHG IURP ������ XS WR ������� FP��

DQG &( ZDV PHDVXUHG IRU SDUWLFOHV RI ��� ��� ��� ��� ��� DQG ��� QP �PRELOLW\ GLDPHWHU��
'LIIXVLRQ ORVVHV� IORZ FRUUHFWLRQ IDFWRUV DQG PXOWLSOH FKDUJH FRUUHFWLRQ IDFWRUV ZHUH DSSOLHG WR WKH
31 FRQFHQWUDWLRQ UHVXOWV� DQG DQ XQFHUWDLQW\ EXGJHW ZDV FDOFXODWHG� $V VKRZQ LQ )LJ� �� FRXQWLQJ
HIILFLHQFLHV GHWHUPLQHG E\ WKH JROGHQ FDOLEUDWLRQ PHWKRG ZHUH ZLWKLQ WKH UHJXODWLRQ WKUHVKROGV
DQG SODWHDX ZHUH UHDFKHG DW DERXW ��� � IRU SDUWLFOHV ODUJHU WKDQ �� QP� 7KH H[SDQGHG
XQFHUWDLQWLHV �N  �� ZHUH RQ WKH RUGHU RI s ��� WR �� � IRU WKH FRXQWLQJ HIILFLHQF\� /LQHDULW\ FKHFN
ZDV GRQH XS WR ������� FP૯� ZLWK D UHVXOWLQJ H[SDQGHG XQFHUWDLQW\ �N  �� RI �� � IRU KLJK
FRQFHQWUDWLRQ�OHYHOV�

7KLV VWXG\ VHWV WKH FXUUHQW VWDWH�RI�WKH�DUW RI 31 PHDVXUHPHQWV DW 10, OHYHO DQG SURSRVHV D VHULHV
RI UHFRPPHQGDWLRQV WR LPSURYH FXUUHQW 3(06 FDOLEUDWLRQV DQG WR DGGUHVV IXWXUH UHJXODWRU\
FKDOOHQJHV�

7KLV SURMHFW KDV UHFHLYHG IXQGLQJ IURP WKH (03,5 ��(19�� 0HWUR3(06 SURMHFW �0HWUR3(06�� (03,5
LV FR�ILQDQFHG E\ WKH 3DUWLFLSDWLQJ 6WDWHV DQG IURP WKH (XURSHDQ 8QLRQਃV +RUL]RQ ���� UHVHDUFK
DQG�LQQRYDWLRQ�SURJUDPPH�

>�@�*LHFKDVNLHO��%���0HODV��$���0DUWLQL��*���'LODUD��3���1W]LDFKULVWRV��/���������$WPRVSKHUH���������
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0RQLWRULQJ�YHKLFOH�HPLVVLRQV�ZLWK�WKH�RQ�URDG�FKDVLQJ�PHWKRG�RYHU�D�GHFDGH

,��-HŀHN�%UHFHOM���/��=JRQLN���0��,YDQÏLÏ���%��$OI¸OG\���7��5XWDU���*��0RÏQLN���$��*UHJRULÏ�����0�
5LJOHU�

�$HURVRO�G�R�R���/MXEOMDQD��6ORYHQLD���8QLYHUVLW\�RI�1RYD�*RULFD��1RYD�*RULFD��6ORYHQLD

$OO QHZ YHKLFOHV VROG LQWR WKH (8 PDUNHW PXVW FRPSO\ ZLWK FHUWDLQ UHJXODWLRQV ZLWK WKH DLP RI
UHGXFLQJ HPLVVLRQV IURP WUDIILF DOO� $PRQJ UHJXODWHG SROOXWDQWV DUH QLWURJHQ R[LGHV� SDUWLFOH
PDWWHU� DQG SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31�� 2YHU WKH \HDUV QHZ DQG VWULFWHU VWDQGDUGV ZHUH
LQWURGXFHG� ,Q ���� WKH ૺ'LHVHOJDWHૻ VFDQGDO SURPSWHG H[WHQVLYH HPLVVLRQV WHVWLQJ RI (XUR � DQG
(XUR � GLHVHO SDVVHQJHU FDUV� ZKLFK VKRZHG H[FHVV 12[ HPLVVLRQV DFURVV QHDUO\ DOO PDQXIDFWXUHUV�
9HKLFOHV VKRZLQJ FRPSOLDQW OHYHOV RI 12[ GXULQJ RIILFLDO ODERUDWRU\ WHVWLQJ KDG PXFK KLJKHU
HPLVVLRQV ZKHQ RSHUDWLQJ RQ WKH URDG� )ROORZ�XS DFWLRQ E\ DXWKRULWLHV ZDV YHU\ OLPLWHG� DQG PDQ\
RI WKHVH YHKLFOHV FRQWLQXH WR RSHUDWH WRGD\� ,&&7 UHSRUWHG D VXPPDU\ RI ����� WRWDO WHVWV
FRQGXFWHG XQGHU FRQWUROOHG VHWWLQJV E\ JRYHUQPHQW DXWKRULWLHV� ZKHUH ��� RI WHVWV RQ (XUR �
YHKLFOHV DQG ��� RI WHVWV RQ SUH�5HDO 'ULYLQJ (PLVVLRQV �5'(� (XUR � YHKLFOHV H[FHHGHG WKH
VXVSLFLRXV�HPLVVLRQV�WKUHVKROG�>�@�

7KH () GHWHUPLQHG ZLWK WKH FKDVLQJ PHWKRG FDQ SURYLGH XVHIXO LQVLJKW LQWR LQGLYLGXDO YHKLFOH
HPLVVLRQV�GXULQJ�RQ�URDG�RSHUDWLRQV�ZKHQ�YHKLFOHV�FDQQRW�GHWHFW�WKDW�WHVWLQJ�LV�RFFXUULQJ�

:H VKRZ KRZ WKH UHVXOWV RI WKUHH RQ�URDG PHDVXUHPHQW FDPSDLJQV FRQGXFWHG LQ ���� �SXEOLVKHG
>�@�� ����� DQG ���� FRPSDUH� ,Q DOO WKUHH ZH XVHG WKH FKDVLQJ PHWKRG WR PHDVXUH WKH HPLVVLRQ
IDFWRUV �()� RI UDQGRP LQGLYLGXDO YHKLFOHV E\ FKDVLQJ WKHP RQ WKH URDG� :H LQVWDOOHG LQVWUXPHQWV
ZLWK KLJK�WLPH PHDVXUHPHQW UHVROXWLRQ LQ RXU PHDVXUHPHQW SODWIRUP� :H PHDVXUHG &2�� 12[� 31�
DQG�%&�

:H VKRZ KRZ WKH HPLVVLRQ IDFWRUV IRU GLIIHUHQW YHKLFOH JURXSV �JDVROLQH FDUV� GLHVHO FDUV� DQG
JRRGV YHKLFOHV� FKDQJHG RYHU WKH GHFDGH� :H VKRZ KRZ VRPH RI WKH QHZ WHFKQRORJLHV LPSURYHG
WKH HPLVVLRQV L�H�� %& DQG 31 HPLVVLRQ IDFWRUV ZHUH UHGXFHG LQ DOO YHKLFOH JURXSV ZLWK WKH
LQWURGXFWLRQ RI SDUWLFOH ILOWHUV LQ (852 � VWDQGDUG ZKLOH UHGXFLQJ 12[ ZDV QRW DV HIILFLHQW� :H DOVR
VKRZ KRZ WKH LQWURGXFWLRQ RI QHZ WHVW VWDQGDUGV LQ ���� ZLWK 5'( KDV DIIHFWHG YHKLFOH HPLVVLRQV
DV�GHWHUPLQHG�E\�WKH�RQ�URDG�FKDVLQJ�PHWKRG�

>�@�,&&7���������5HDVVHVVPHQW�RI�H[FHVV�12[�IURP�(XURSHDQ�GLHVHO�FDUV

>�@�-HŀHN��,���HW�DO����������$WPRV��0HDV��7HFK��������૱���
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Emission control of combustion engines, Contributed Lecture

New Proposed Light-Duty PM Mass Regulations in the USA: Can it be Controlled and
Measured

I. Khalek1

1Southwest Research Institute

Current Tier 3 EPA regulation compliance requires light-duty vehicles to meet particulate matter
(PM) emissions of 3 mg/mi. CARB LEV III regulations mandate PM emissions reduction from 3
mg/mi to 1 mg/mi by 2025. A new US EPA proposed regulations for light and medium duty vehicles
includes PM mass emissions of 0.5 mg/mi starting in 2027. Since 2017, EU light-duty vehicles are
meeting a PM emission level of less than 1 mg/mi indirectly through the enforcement of GPFs to
meet EU solid particle number stringent regulations. In the USA, however, using solid particle
number emissions as a regulatory metric might not be feasible for now (although accepted for
aircraft), without an epidemiological study showing a link between solid particle number and
health effects. Thus, it is of high interest to regulators and stakeholders to study the feasibility of
measuring and controlling low PM MASS emissions below 0.5 mg/mi. PM mass will need to be
collected on a PM filter that is maintained at 47 oC, and pre- and post-weighed using a high
sensitivity microbalance with 0.1 microgram sensitivity.

In this presentation, the new regulations will be discussed in more details and in context with the
current and future regulations in the US, California, and the EU. Furthermore, measurement
variability and examples of PM emissions control via gasoline particle filters (GPF) and E-Fuel with
ultra-low PM index will be shown.
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)LOWUDWLRQ�RI�FRPEXVWLRQ�DQG�ELRJHQLF�QDQRSDUWLFOHV��&RQWULEXWHG
/HFWXUH

(IIHFWV�RI�*3)�VXEVWUDWH�VWUXFWXUH�RQ�SUHVVXUH�GURS�DQG�ILOWUDWLRQ�HIILFLHQF\

.��<DPDPRWR�

�1DJR\D�8QLYHUVLW\

$OWKRXJK JDVROLQH GLUHFW LQMHFWLRQ �*',� HQJLQHV DUH PRUH IXHO HIILFLHQW� WKH\ HPLW D ODUJH DPRXQW
RI SDUWLFXODWH PDWWHU �30� LQFOXGLQJ VRRW� 7KXV� D JDVROLQH SDUWLFXODWH ILOWHU �*3)� LV QHHGHG� 6LQFH
WKH XVH RI WKH *3) ZRXOG LQFUHDVH WKH ILOWHU EDFN SUHVVXUH DQG GHFUHDVH WKH IXHO HIILFLHQF\� WKH
ILOWHU ZLWK ORZHU SUHVVXUH GURS LV GHVLUDEOH� 6R IDU� ZH KDYH FRQGXFWHG QXPHULFDO VLPXODWLRQV RI
*3)V XVLQJ D ODWWLFH %ROW]PDQQ PHWKRG �/%0�� ,Q WKLV VWXG\� ZH LQYHVWLJDWHG WKH HIIHFW RI WKH
VXEVWUDWH VWUXFWXUH RQ SUHVVXUH GURS DQG ILOWUDWLRQ HIILFLHQF\� )LJXUH � VKRZV WKH GLVWULEXWLRQV RI
SRURVLW\ DGRSWHG LQ WKH VLPXODWLRQ� 7KH LQQHU VWUXFWXUH RI WKH EDUH �RULJLQDO� ILOWHU ZDV REWDLQHG E\
DQ ;�UD\ &7� 7KHQ� ZH FUHDVHG WKUHH PRUH ILOWHUV E\ LQFUHDVLQJ RU GHFUHDVLQJ WKH RULJLQDO SRURVLW\�
8QLTXHO\� WKH ILOWHU RI WKH IURQW WKLFN UHDU WKLQ ZDV WKH VDPSOH IRU LPSURYLQJ WKH ILOWUDWLRQ HIILFLHQF\
E\ GHFUHDVLQJ WKH SRURVLW\ LQ WKH XSVWUHDP UHJLRQ RI WKH ILOWHU� ZKLOH WKH SRURVLW\ ZDV LQFUHDVHG LQ
WKH GRZQVWUHDP UHJLRQ IRU UHGXFLQJ WKH SUHVVXUH GURS� )LJXUH � VKRZV WKH IORZ ILHOG RI WKH RULJLQDO
ILOWHU� 7KH LQOHW YHORFLW\ DFURVV WKH ILOWHU ZDV VHW WR EH � FP�V� :KHQ WKH H[KDXVW JDV SDVVHV
WKURXJK WKH ILOWHU ZDOO� WKH IORZ FKDQJHV VLJQLILFDQWO\ DQG WKH PD[LPXP YHORFLW\ LV DSSUR[LPDWHO\
�� WLPHV� )LJXUH � VKRZV WKH GLVWULEXWLRQV RI WKH PD[LPXP YHORFLW\ RI IRXU ILOWHUV� :KHQ WKH
SRURVLW\ LV GHFUHDVHG� WKH PD[LPXP YHORFLW\ LV URXJKO\ WZLFH WKDW RI WKH RULJLQDO YHORFLW\� 7KH
PD[LPXP YHORFLW\ EHFRPHV VPDOOHU DV WKH SRURVLW\ LV LQFUHDVHG� ([SHFWHGO\� WKH SUHVVXUH GURS
ZRXOG EH VLPXOWDQHRXVO\ DIIHFWHG WKURXJK WKH FKDQJH LQ WKH IORZ ILHOG� )LJXUH � VKRZV WKH LQLWLDO
SUHVVXUH GURS DQG WKH ILOWUDWLRQ HIILFLHQF\� 7KH LQLWLDO SUHVVXUH GURS FDQ EH UHGXFHG E\ GHFUHDVLQJ
WKH SRURVLW\� EXW WKH LQLWLDO ILOWUDWLRQ HIILFLHQF\ LV DOVR VPDOOHU� ,W LV LQWHUHVWLQJ WR QRWH WKDW ERWK WKH
SUHVVXUH GURS DQG WKH ILOWUDWLRQ HIILFLHQF\ RI WKH IURQW WKLFN UHDU WKLQ DUH DOPRVW WKH VDPH DV WKRVH
RI WKH RULJLQDO ILOWHU� HYHQ WKRXJK WKH SRURVLW\ GLVWULEXWLRQ LV GLIIHUHQW� ,Q WKH SUHVHQWDWLRQ� PRUH
UHVXOWV RI VRRW ILOWUDWLRQ VLPXODWLRQV ZLOO EH JLYHQ IRU IXUWKHU GLVFXVVLRQ RQ WKH *3) VXEVWUDWH
VWUXFWXUH�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


+HDOWK�HIIHFWV��&RQWULEXWHG�/HFWXUH

1DQR��DQG�PLFURSDUWLFOHV�LQ�EDELHV�EUDLQ�LQ�6,'6�FDVHV

$��*DWWL����6��0RQWDQDUL���$��/DYH]]L�

�1DQRGLDJQRVWLFV�)RXQGDWLRQ��6DQ�9LWR��������0RGHQD��,WDO\���)RQGD]LRQH�/LQR�5RVVL��8QLYHUVLW\�RI
0LODQ��0LODQR��,WDO\

7KH VWXG\ SURSRVHV D QRYHO DXWRSV\ DSSURDFK ZKLFK FRQVLVWV RI QHXURSDWKRORJLFDO DQDO\VLV
SURFHGXUHV FRPELQHG ZLWK ('6�)(*�(6(0 �(QHUJ\ 'LVSHUVLYH 6SHFWURVFRS\� )LHOG (PLVVLRQ *XQ
(QYLURQPHQWDO 6FDQQLQJ (OHFWURQ 0LFURVFRS\� LQYHVWLJDWLRQV LPSOHPHQWHG RQ �� 6,'6�6,8'6 FDVHV
�6XGGHQ ,QIDQW 'HDWK 6\QGURPH �6XGGHQ ,QWUDXWHULQH 'HDWK 6\QGURPH� >���@� $V FRQWURO VDPSOHV�
�� FDVHV RI IHWDO �RU LQIDQW� GHDWKV ZHUH FRQVLGHUHG� 7KH VWXG\ ZDV DLPHG WR YHULI\ WKH SUHVHQFH
RI LQRUJDQLF PLFUR� DQG QDQR�VL]HG HQWLWLHV LQ WKH EUDLQ WLVVXH� 7KH SUHVHQFH RI LQRUJDQLF GHEULV�
QHYHU LQYHVWLJDWHG� FRXOG EH D SRWHQWLDO FR�IDFWRU WKDW FRPSURPLVHV WKH EUDLQ WLVVXH IXQFWLRQDOLW\
DQG LWV SURSHU IXQFWLRQV� 7KHLU FKHPLFDO FRPSRVLWLRQ� VRPHWLPHV� LQGXFHG WKH DXWKRUV WR
K\SRWKHVL]H D SRVVLEOH H[WHUQDO VRXUFH� 3K\VLFDO DEQRUPDOLWLHV RI WKH EUDLQ ZHUH DVVRFLDWHG ZLWK
IRUHLJQ ERGLHV SUHVHQFH� $OWKRXJK QDQRSDUWLFOHV ZHUH SUHVHQW DV ZHOO LQ FRQWURO VDPSOHV� WKH\
ZHUH QRW DVVRFLDWHG ZLWK KLVWRORJLFDO GHIRUPLWLHV� DV ZDV WKH FDVH LQ 6,'6�6,8'6� 7KH SUHVHQFH RI
LQRUJDQLF SDUWLFOHV LQ WKH EUDLQ WLVVXH GHPRQVWUDWHG WKHLU DELOLW\ WR FURVV WKH KDHPDWR�HQFHSKDOLF
EDUULHU DQG WR LQWHUDFW ZLWK WLVVXHV DQG FHOOV LQ DQ XQNQRZQ� \HW SDWKRORJLF� IDVKLRQ� 7KLV JLYHV D
UDWLRQDOH�WR�FRQVLGHU�WKHP�DV�FR�IDFWRUV�RI�OHWKDOLW\�

>�@ $QWRQLHWWD 0� *DWWL� HW DO� 1RYHO FKHPLFDO�SK\VLFDO DXWRSV\ LQYHVWLJDWLRQ LQ VXGGHQ LQIDQW GHDWK
DQG VXGGHQ LQWUDXWHULQH XQH[SODLQHG GHDWK V\QGURPHV 1DQRPHGLFLQH �/RQG� ����
�HE���������������

>�@�$QWRQLHWWD�0��*DWWL��HW�DO�6LOYHU�QDQRSDUWLFOHV�LQ�WKH�IHWDO�EUDLQ��QHZ�SHUVSHFWLYHV�LQ�XQGHUVWDQGLQJ�WKH
SDWKRJHQHVLV�RI�XQH[SODLQHG�VWLOOELUWKV�1DQRPHGLFLQH��/RQG�������)HE��������������
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1DQR��DQG�PLFURSDUWLFOHV�LQ�KXPDQ�EORRG��$Q�DQDO\VLV�RI�WKH�HOXDWH�IURP�GRXEOH
ILOWUDWLRQ�SODVPDSKHUHVLV

)��6FKRONPDQQ�����$��0��*DWWL�

�%LRPHGLFDO�2SWLFV�5HVHDUFK�/DERUDWRU\��'HSDUWPHQW�RI�1HRQDWRORJ\��8QLYHUVLW\�+RVSLWDO�=XULFK�
8QLYHUVLW\�RI�=XULFK�������=XULFK��6ZLW]HUODQG���1DQRGLDJQRVWLFV�)RXQGDWLRQ��6DQ�9LWR�������

0RGHQD��,WDO\���6FKRONPDQQ�'DWD�$QDO\VLV�6HUYLFHV��6FLHQWLILF�&RQVXOWLQJ�DQG�3K\VLFDO�(QJLQHHULQJ�
�����=XULFK��6ZLW]HUODQG

7KH VWXG\ RI WKH SUHVHQFH DQG FKDUDFWHULVWLFV RI PLFUR� DQG QDQRSDUWLFOHV LQ EORRG LV DQ LPSRUWDQW
DUHD RI UHVHDUFK� :H LQYHVWLJDWHG ZKLFK SDUWLFOHV FDQ EH IRXQG LQ WKH EORRG SODVPD� L�H� WKH
UHVLGXH RI ILOWHUHG EORRG SODVPD �HOXDWH� REWDLQHG E\ EORRG XVLQJ GRXEOH�ILOWUDWLRQ SODVPDSKHUHVLV
�')33�� ,Q RXU FDVH VWXG\� ZH XVHG ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRS\�HQHUJ\�GLVSHUVLYH
;�UD\ DQDO\VLV �)(�6(0�(';� WR H[DPLQH LI WKH HOXDWH REWDLQHG E\ D VSHFLILF W\SH RI ')33
�,186SKHUHVLV ZLWK D 7.0�� ILOWHU� FRQWDLQV QDQR� DQG PLFURSDUWLFOHV DQG ZKDW FKHPLFDO
FRPSRVLWLRQ WKHVH SDUWLFOHV KDYH� 0LFUR� DQG QDQRSDUWLFOHV RI YDULRXV VL]HV DQG FKHPLFDO
FRPSRVLWLRQ ZHUH IRXQG� LQFOXGLQJ SDUWLFOHV KLJK LQ WKH FRQFHQWUDWLRQ RI FDOFLXP� LURQ� VLOLFRQ�
DOXPLQLXP DQG WLWDQLXP� ,Q DGGLWLRQ� WKUHDG�OLNH REMHFWV ZHUH LGHQWLILHG� :H GLVFXVV WKH SRVVLEOH
RULJLQ RI WKH SDUWLFOHV DQG REMHFWV� WKHLU SRWHQWLDO SDWKRSK\VLRORJLFDO UHOHYDQFH DV ZHOO DV WKH
SRWHQWLDO RI )(�6(0�('; DQDO\VLV RI WKH HOXDWH ZLWK UHJDUG WR GLDJQRVWLFV DQG WKHUDS\ IRU
HQYLURQPHQWDO PHGLFLQH DSSOLFDWLRQV RQ SDWLHQWV� $ GHWDLOHG GHVFULSWLRQ RI RXU LQYHVWLJDWLRQ KDV
EHHQ�SXEOLVKHG�>�@�

>�@�)HOL[�6FKRONPDQQ��$QWRQLHWWD�0��*DWWL��&RPSRXQGV����������������������
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(DUO\�OLIH�KHDOWK�LPSDFW�RI�GLHVHO�H[KDXVW�SDUWLFOHV��8QUDYHOOLQJ�SODFHQWDO�DFFXPXODWLRQ�
IHWDO�WUDQVIHU�DQG�LQWHUIHUHQFH�ZLWK�PDWHUQDO�IHWDO�FRPPXQLFDWLRQ

7��%XHUNL�7KXUQKHUU���%��'XJHUVKDZ�.XU]HU�����-��%RVVDUW�����3��1RZDN�6OLZLQVND�����-��5��YDQ
%HLMQXP���$��:��*ULIILRHQ���6��0DMRVWKXVPDQQ���(��=¾KU���(��)ULWVFKH���5��+RUQXQJ���

�/DERUDWRU\�IRU�3DUWLFOHV�%LRORJ\�,QWHUDFWLRQV��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG
7HFKQRORJ\��(PSD���6W��*DOOHQ��6ZLW]HUODQG����,QVWLWXWH�RI�3KDUPDFHXWLFDO�6FLHQFHV�RI�:HVWHUQ
6ZLW]HUODQG��*HQHYD��6ZLW]HUODQG���$QJLRJHQHVLV�/DERUDWRU\��'HSDUWPHQW�RI�0HGLFDO�2QFRORJ\�
$PVWHUGDP�80&�ORDFDWLRQ�9ULMH�8QLYHUVL�WHLW�$PVWHUGDP��$PVWHUGDP��7KH�1HWKHUODQGV����,8)��
/HLEQL]�5HVHDUFK�,QVWLWXWH�IRU�(QYLURQPHQWDO�0HGLFLQH��'XHVVHOGRUI��*HUPDQ\���'HSDUWPHQW�RI
*\QDHFRORJ\�DQG�2EVWHWULFV��.DQWRQVVSLWDO�6W�*DOOHQ��6W��*DOOHQ��6ZLW]HUODQG���'HSDUWPHQW�RI
+HDOWK�6FLHQFHV�DQG�7HFKQRORJ\��(7+�=XULFK��=XULFK��6ZLW]HUODQG���6FKRRO�RI�3KDUPDFHXWLFDO

6FLHQFHV��8QLYHUVLW\�RI�*HQHYD��*HQHYD��6ZLW]HUODQG

3UHQDWDO DLU SROOXWLRQ H[SRVXUH� LQ SDUWLFXODU WR WUDIILF�UHODWHG FRPEXVWLRQ SDUWLFOHV� LV DVVRFLDWHV
ZLWK DGYHUVH SUHJQDQF\ DQG IHWDO RXWFRPHV EXW WKH PHFKDQLVPV XQGHUO\LQJ WKH REVHUYHG
GHYHORSPHQWDO WR[LFLW\ UHPDLQ HOXVLYH� ,Q SDUWLFXODU� WKH LPSDFW RI FRPEXVWLRQ SDUWLFOHV RQ WKH
SODFHQWD��DV�FHQWUDO�PHGLDWRU�RI�PDWHUQDO�IHWDO�FURVVWDON��LV�ODUJHO\�XQH[SORUHG�

:H WKHUHIRUH LQYHVWLJDWHG WKH DFFXPXODWLRQ DQG WUDQVORFDWLRQ RI GLHVHO H[KDXVW SDUWLFOHV �'(3V� LQ
KXPDQ SHUIXVHG SODFHQWD XVLQJ ODEHO�IUHH GHWHFWLRQ E\ IHPWRVHFRQG�SXOVHG ODVHU LOOXPLQDWLRQ >�@�
,Q DGGLWLRQ� ZH VWXGLHG WKH HIIHFWV RI '(3V RQ PDWHUQDO�IHWDO FRPPXQLFDWLRQ LQ SODFHQWDO H[SODQW
FXOWXUHV IURP HDUO\ DQG ODWH VWDJH SUHJQDQF\ LQFOXGLQJ WDUJHWHG DQG JOREDO VHFUHWRPH SURILOLQJ
DQG FRPSDUHG WKHP WR RWKHU H[SRVXUH�UHOHYDQW QDQRSDUWLFOHV �7L2�� 6L2� 13V�� 7R XQGHUVWDQG
SRWHQWLDO GRZQVWUHDP LPSDFWV RQ DQJLRJHQHVLV DQG QHXURGHYHORSPHQW� FRQGLWLRQHG PHGLD �&0�
ZHUH GHSOHWHG RI 13V DQG DSSOLHG LQ +89(& VSKHURLG VSURXWLQJ DVVD\V� WR FKLFNHQ FKRULRDOODQWRLF
PHPEUDQH�PRGHO�DQG�WR�KXPDQ�QHXUDO�SURJHQLWRU�FHOO��13&V��EDVHG�QHXURVSKHUHV�

7KH UHVXOWV VKRZHG DQ DFFXPXODWLRQ RI '(3V LQ SODFHQWDO FHOOV� HVSHFLDOO\ LQ WKH
V\QF\WLRWURSKREODVW OD\HU PHGLDWLQJ PRVW HVVHQWLDO SODFHQWDO IXQFWLRQV� DQG ORZ IHWDO WUDQVORFDWLRQ�
'(3V LQGXFHG H[WHQVLYH SUHJQDQF\�VWDJH GHSHQGHQW DOWHUDWLRQV LQ WKH VHFUHWLRQ RI SODFHQWDO
VLJQDOLQJ IDFWRUV� ZKLFK ZHUH GLIIHUHQW IURP WKRVH LQGXFHG E\ 7L2�� 6L2� 13V� 0RUHRYHU� 13�LQGXFHG
DOWHUDWLRQV LQ WKH SODFHQWDO VHFUHWRPH HOLFLWHG DQWL�DQJLRJHQLF HIIHFWV LQ YLWUR DQG LQ YLYR EXW KDG
RQO\�OLPLWHG�LPSDFW�RQ�QHXURGHYHORSPHQWDO�SURFHVVHV�

,Q FRQFOXVLRQ� RXU ZRUN VXJJHVWV D NH\ UROH RI SODFHQWDO VLJQDOLQJ WR PHGLDWH LQGLUHFW
GHYHORSPHQWDO WR[LFLW\ RI '(3V LQ DGGLWLRQ WR GLUHFW IHWRWR[LF HIIHFWV IURP WUDQVORFDWHG SDUWLFOHV�
DQG�SURYLGHV�D�ULFK�VRXUFH�RI�OHDG�FDQGLGDWHV�IRU�IXUWKHU�VWXGLHV�

>�@�(YD�%RQJDHUWV��HW�DO���-RXUQDO�RI�1DQRELRWHFKQRORJ\����������������
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7LUH�ZHDU�DQG�DPELHQW�WHPSHUDWXUH���7KHLU�DFFHOHUDWLQJ�HIIHFW�RQ�QHXURGHJHQHUDWLYH
GLVHDVHV�DQG�DJLQJ�LQ�WKH�DQLPDO�PRGHO�&DHQRUKDEGLWLV�HOHJDQV

,��6FKDUSI���$��/LPNH���)��%OHVLQJ���$��YRQ�0LNHF]�

�,8)���/HLEQL]�5HVHDUFK�,QVWLWXWH�IRU�(QYLURQPHQWDO�0HGLFLQH

5HFHQW VWXGLHV OLQN DLU SROOXWLRQ WR QHXURGHJHQHUDWLYH GLVHDVHV OLNH $O]KHLPHUV �$'� DQG
3DUNLQVRQV GLVHDVH �3'�� /DUJH FRKRUW VWXGLHV ZHUH FRQGXFWHG WKDW VKRZHG SRVLWLYH DVVRFLDWLRQV
EHWZHHQ OLYLQJ FORVH WR KHDY\ WUDIILF URDGV� DLU SROOXWLRQ DQG WKH SUHYDOHQFH RI GHPHQWLD DQG 3'�
$QRWKHU HPHUJLQJ DQJOH RI DLU SROOXWLRQ DQG LWV DGYHUVH KHDOWK HIIHFWV LV WKH FRQWULEXWLRQ RI ULVLQJ
WHPSHUDWXUHV LQ KHDYLO\ EXLOW XS UHVLGHQWLDO DUHDV GXH WR FOLPDWH FKDQJH� +RZHYHU� WKH XQGHUO\LQJ
PROHFXODU PHFKDQLVPV DUH VWLOO XQNQRZQ� 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ DQG IUDFWDO DQDO\VLV
LGHQWLILHG IUDFWDO�OLNH DJJUHJDWHV FRPSRVHG RI VROLG QDQRSDUWLFOHV LQ XUEDQ DHURVROV� 6LPLODU
DJJUHJDWHV�RI�QDQRSDUWLFOHV�ZHUH�IRXQG�LQ�QRQ�H[KDXVW�HPLVVLRQV�OLNH�WLUH�DQG�EUDNH�ZHDU�

+HUH� ZH XWLOL]H PRGHOV RI QHXURGHJHQHUDWLYH GLVHDVHV LQ WKH QHPDWRGH &� HOHJDQV WR HOXFLGDWH ELR�
LQWHUDFWLRQV RI GLIIHUHQW VLOLFD QDQRSDUWLFOHV �VLOLFD 13V� LQFOXGLQJ JHQXLQH WLUH ZHDU FRPSRQHQWV�
:H LQFOXGH WKH QRQ�FKHPLFDO IDFWRU DPELHQW WHPSHUDWXUH WR LQYHVWLJDWH LQWHUDFWLRQV EHWZHHQ
DGYHUVH KHDOWK HIIHFWV RI VLOLFD 13V DQG FOLPDWH� 7KH ZRUP SRVVHVVHV D QHXUDO V\VWHP WKDW
FRPSULVHV RQO\ ��� QHXURQV� EXW ZLWK NQRZQ SDWWHUQV RI V\QDSWLF FRQQHFWLYLW\� &� HOHJDQV LV
SDUWLFXODUO\ VXLWHG WR DQDO\]H 13�HIIHFWV LQ DQ DJH�UHVROYHG PDQQHU� VLQFH LWV OLIH VSDQ DV DQ DGXOW
KHUPDSKURGLWH ZRUP ODVWV IRU ��� ZHHNV� :H GHWHUPLQH QDQRSDUWLFOH�RUJDQLVP LQWHUDFWLRQV WKDW
PDQLIHVW�ODWHU�LQ�DGXOW�OLIH��H�J��LQ�\RXQJ��PLGGOH�DJHG�DQG�ROG�ZRUPV�

6LOLFD 13 H[SRVLWLRQ LQ ZLOG�W\SH� $' DQG 3' ZRUP PRGHOV VLJQLILFDQWO\ UHGXFHG ORFRPRWRU\ ILWQHVV�
EXW WKH $' GLVHDVH PRGHO ZDV PRUH VXVFHSWLEOH WR WKH SROOXWDQW WKDQ ZLOG�W\SH QHPDWRGHV� ,Q
DGGLWLRQ� ZH IRXQG WKDW GLIIHUHQW VLOLFD 13V� LQFOXGLQJ JHQXLQH WLUH ZHDU FRPSRQHQWV� LQGXFHG
QHXURGHJHQHUDWLRQ LQ GRSDPLQHUJLF QHXURQV� ZKLFK LV D KDOOPDUN RI 3'� +HUH WKH SKHQRW\SH
GHQGULWLF EHDGLQJ ZDV REVHUYHG LQ WKH VLQJOH SRVWHULRU GHLULG QHXURQ �3'(�� :LWK LQFUHDVLQJ
WHPSHUDWXUH VLOLFD 13�LQGXFHG QHXURGHJHQHUDWLRQ DQG UHGXFHG ORFRPRWRU\ ILWQHVV ZDV DJJUDYDWHG�
3DUWLFXODUO\ PLGGOH�DJHG FRKRUWV ZHUH GHWHUPLQHG DV PRVW YXOQHUDEOH� 2YHUDOO RXU VWXG\ LQGLFDWHV
WKDW WKH H[SRVRPH IDFWRU WHPSHUDWXUH FULWLFDOO\ LPSDFWV WKH VXVFHSWLELOLW\ DJDLQVW SROOXWDQWV LQ $'
DQG�3'�

7KLV VWXG\ UHSUHVHQWV D VWDUWLQJ SRLQW IRU LQYHVWLJDWLRQ RI WKH QHXUDO GHFOLQH SDWKZD\V E\ QRQ�
H[KDXVW SROOXWDQWV LQ &� HOHJDQV $' DQG 3' PRGHOV� 7KH LGHD LV WR FRPSDUDWLYHO\ LQWHUURJDWH
GHILQHG FKHPLFDO FRQVWLWXHQWV RI QRQ�H[KDXVW DLU SROOXWLRQ� XUEDQ DHURVRO VDPSOHV DQG QRQ�
FKHPLFDO H[SRVRPH IDFWRUV VXFK DV WHPSHUDWXUH� :H UHFHQWO\ VKRZHG WKDW VLOLFD 13V DQG RWKHU
QHXURWR[LFDQWV FRUUXSW WKH UHVLOLHQFH SDWKZD\V RI DJLQJ� ,W ZLOO EH LPSRUWDQW WR OHDUQ LI WKHVH
UHVLOLHQFH SDWKZD\V DUH OLNHZLVH WDUJHWHG E\ QDQRSDUWLFXODWH WLUH ZHDU DQG DPELHQW WHPSHUDWXUH LQ
&��HOHJDQV�PRGHOV�RI�$'�DQG�3'�DV�ZHOO�DV�KXPDQ�FRKRUWV�

�

/LPNH�$��6FKDUSI�,��%OHVLQJ�)��YRQ�0LNHF]�$��7LUH�FRPSRQHQWV��DJH�DQG�WHPSHUDWXUH�DFFHOHUDWH
QHXURGHJHQHUDWLRQ�LQ�&��HOHJDQV�PRGHOV�RI�$O]KHLPHU
V�DQG�3DUNLQVRQ
V�GLVHDVH��(QYLURQ�3ROOXW�������
GRL���������M�HQYSRO�������������
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7R[LFLW\�RI�5HVSLUDEOH�3DUWLFXODWH�0DWWHU�RI�7UDIILF�2ULJLQ��(IIHFW�RI�'LIIHUHQW�'ULYLQJ
&RQGLWLRQV�DQG�)OHHW�&KDUDFWHULVWLFV

6��'XEH\���6��'HEEDUPD���1��5DSDUWKL���+��&��3KXOHULD�

�,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%RPED\

8UEDQ DLU SROOXWLRQ FDXVHG E\ YHKLFXODU HPLVVLRQV LV D VLJQLILFDQW KHDOWK KD]DUG� HVSHFLDOO\ LQ ,QGLD�
ZKHUH HOHYDWHG OHYHOV RI 30�� DUH REVHUYHG� 7R EHWWHU XQGHUVWDQG WKH DGYHUVH HIIHFWV RI WKHVH
SROOXWDQWV� R[LGDWLYH SRWHQWLDO �23� DQDO\VLV FDQ EH KHOSIXO� DV LW TXDQWLILHV WKH UHDFWLYH R[\JHQ
VSHFLHV �526� LQGXFHG E\ 30� OHDGLQJ WR LQIODPPDWLRQ DQG R[LGDWLYH VWUHVV� ,Q WKLV VWXG\� 30��
ZDV PHDVXUHG DW IRXU GLIIHUHQW WUDIILF VLWHV LQ DQG QHDU 0XPEDL� ,QGLD� LQFOXGLQJ WZR URDGZD\
WXQQHOV� DQG WZR NHUEVLGH ORFDWLRQV� WR H[DPLQH WKH WR[LFLW\ RI 30�� DQG LWV UHODWLRQVKLS ZLWK
GULYLQJ FRQGLWLRQV DQG IOHHW FKDUDFWHULVWLFV� .DPVKHW�, WXQQHO �.7� RQ WKH 0XPEDL�3XQH H[SUHVVZD\
KDV ��� KHDY\�GXW\ YHKLFOHV �+'9V� ZLWK �� NP�KU DYHUDJH VSHHG ZKLOH WKH (DVWHUQ IUHHZD\
WXQQHO �()7� LV GRPLQDWHG E\ /LJKW�GXW\ YHKLFOHV �/'9V� UXQQLQJ DW �� NP�KU� 7KH NHUEVLGH ORFDWLRQ
DW /DO %DKDGXU 6KDVKWUL �/%6� URDG LV GRPLQDWHG E\ PRWRUL]HG WZR�ZKHHOHUV DQG DXWRPRELOHV DW
����� NP�KU ZKLOH WKH RWKHU ORFDWLRQ DW WKH 0XOXQG 7ROO 3OD]D �073� KDV FUHHSLQJ WUDIILF ZLWK D
VSHHG '77 �'LWKLRWKUHLWRO�� DQG 23$$ �DVFRUELF DFLG� IRU H[DPLQLQJ WR[LFLW\� IROORZHG E\ HOHPHQWDO
DQDO\VLV WKURXJK ,QGXFWLYHO\ FRXSOHG SODVPD�0DVV VSHFWURPHWU\ �,&3�06�� 7KH WUDIILF YROXPH DQG
FKDUDFWHULVWLFV ZHUH DQDO\VHG WKURXJK YLGHR VXUYHLOODQFH DQG UDQGRP YHKLFOH UHJLVWUDWLRQ SODWHV DW
DOO IRXU ORFDWLRQV�23'77 DW WKH HQWU\ RI WKH .7 �0HDQs 6�'� ����s���� QPRO PLQ�� wJ��� DQG ()7
�����s���� QPRO PLQ�� wJ��� DUH �� DQG ��� KLJKHU WKDQ WKH H[LW� UHVSHFWLYHO\� 7KH WXQQHO H[LW LV
UHSUHVHQWDWLYH RI XQFRQWDPLQDWHG WUDIILF HPLVVLRQV� ZKLOH WKH WXQQHO HQWU\ KDV HPLVVLRQV IURP
PL[HG VRXUFHV �ERWK SULPDU\ DQG VHFRQGDU\� OLNHO\ UHVSRQVLEOH IRU WKH KLJKHU 23'77� )XUWKHU� WKH
HQKDQFHG UHVXVSHQGHG URDG GXVW GXH WR KLJKHU VSHHGV GXULQJ QRQ�SHDN KRXUV FRQWULEXWHG WR WKH
LQFUHDVHG 23'77 LQ WXQQHOV� ZKLOH WKH KLJK WUDIILF YROXPH DORQJ ZLWK ORZHU GULYLQJ VSHHGV GXULQJ WKH
UXVK KRXUV UHVXOWHG LQ PRUH 23'77 DW WKH NHUEVLGH DV GHSLFWHG LQ )LJXUH �� ,Q FRQWUDVW� .7 DQG /%6
VKRZ FRPSDUDEOH 23$$ GXULQJ SHDN DQG QRQ�SHDN KRXUV� VXJJHVWLQJ WKH JHQHUDWLRQ RI
KRPRJHQHRXV 526 LQ ERWK WLPH SHULRGV� ()7 VKRZV D KLJKHU 23$$ DW H[LW SHDN KRXUV ZKLFK LV
JUHDWO\ FRQWULEXWHG E\ SULPDU\ DHURVRO HPLVVLRQV GXH WR VLJQLILFDQW WUDIILF YROXPH �U �����
S������� +LJKHU 23$$ ZDV REVHUYHG DW 073 GXULQJ QRQ�SHDN KRXUV GXH WR WKH LGOLQJ FRQGLWLRQ E\ !
���+''9 �+HDY\ GXW\ GLHVHO YHKLFOHV� IUDFWLRQV� 2XU ILQGLQJV VXJJHVW WKDW YHKLFXODU IOHHW� YROXPH�
DQG GULYLQJ VSHHG DUH WKH VLJQLILFDQW GULYHUV RI 30�LQGXFHG 526 DFWLYLW\� &XUUHQWO\� HOHPHQWDO
FKDUDFWHUL]DWLRQ�LV�XQGHUZD\�WR�JDLQ�IXUWKHU�LQVLJKW�LQWR�WKHVH�UHVXOWV�
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+HWHURJHQHRXV�LFH�QXFOHDWLRQ�RI�VRRW�SDUWLFOHV��PHDVXUHPHQWV��SUHGLFWLRQV�DQG
LPSOLFDWLRQV

&��0DUFROOL���)��0DKUW���%��.¦UFKHU�

�,QVWLWXWH�IRU�$WPRVSKHULF�DQG�&OLPDWH�6FLHQFH��(7+�=XULFK��6ZLW]HUODQG���/DERUDWRU\�RI
$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��6ZLW]HUODQG���,QVWLWXW�I¾U�3K\VLN�GHU�$WPRVSK¦UH�

'/5�2EHUSIDIIHQKRIHQ��*HUPDQ\

&RSLRXV DPRXQWV RI VRRW SDUWLFOHV DUH HPLWWHG LQWR WKH DWPRVSKHUH GXH WR LQFRPSOHWH FRPEXVWLRQ�
6RRW SDUWLFOHV SOD\ D FULWLFDO UROH IRU DLU TXDOLW\� KXPDQ KHDOWK DQG FOLPDWH� 7KH\ DIIHFW FOLPDWH
GLUHFWO\ E\ DEVRUSWLRQ DQG VFDWWHULQJ RI UDGLDWLRQ DQG LQGLUHFWO\ E\ DFWLQJ DV VHHGV IRU FORXGV�
'HVSLWH H[WHQVLYH SUHYLRXV ZRUN� RXU XQGHUVWDQGLQJ RI WKH FOLPDWH HIIHFWV RI VRRW UHPDLQV
LQFRPSOHWH� $ NH\ H[DPSOH DUH WKH DHURVRO�FORXG LQWHUDFWLRQV RI VRRW SDUWLFOHV IURP DYLDWLRQ
HPLVVLRQ� 'XULQJ IOLJKWV� DLUFUDIW VRRW SDUWLFOHV DUH GLUHFWO\ HPLWWHG LQWR WKH XSSHU WURSRVSKHUH�
ZKHUH FLUUXV FORXG FRQGLWLRQV SUHYDLO� $W WKHVH DOWLWXGHV� VRRW SDUWLFOHV FDQ QXFOHDWH LFH DQG
WKHUHE\ PRGLI\ IRUPDWLRQ RI FLUUXV FORXGV� (VWLPDWHV RI WKH WRWDO FOLPDWH LPSDFW DVVRFLDWHG ZLWK
WKHVH DHURVRO�FORXG LQWHUDFWLRQV� XVXDOO\ H[SUHVVHG LQ WHUPV RI UDGLDWLYH IRUFLQJ �5)�� UDQJH IURP D
QHW SRVLWLYH �ZDUPLQJ� WR D QHW QHJDWLYH �FRROLQJ� 5)� 7KHVH XQFHUWDLQWLHV UHIOHFW WKH SRRUO\
FRQVWUDLQHG�DELOLW\�RI�VRRW�SDUWLFOHV�WR�QXFOHDWH�LFH��
+HUH� ZH LQWHJUDWH ODERUDWRU\ PHDVXUHPHQWV RI LFH QXFOHDWLRQ RQ VRRW SDUWLFOHV� WKHRU\ DQG FORXG
PRGHOOLQJ WR DGGUHVV WKH LFH QXFOHDWLRQ PHFKDQLVP DQG DELOLW\ RI VRRW SDUWLFOHV� 6WDUWLQJ IURP LFH
QXFOHDWLRQ ODERUDWRU\ PHDVXUHPHQWV WKDW HYLGHQFHG D SRUH FRQGHQVDWLRQ DQG IUHH]LQJ �3&)�
SURFHVV >�@� ZH GHYHORSHG D QRYHO IUDPHZRUN WKDW LQFRUSRUDWHV NH\ VRRW SDUWLFOH SK\VLFRFKHPLFDO
SURSHUWLHV� VXFK DV DJJUHJDWH DQG SULPDU\ SDUWLFOH VL]H� LQ WKH GHVFULSWLRQ RI WKHLU LFH QXFOHDWLRQ
DELOLWLHV E\ 3&) >�@� 7KLV IUDPHZRUN FDQ HDVLO\ EH DGMXVWHG WR VRRW SDUWLFOHV ZLWK RWKHU
FKDUDFWHULVWLFV� H�J� WKRVH IURP DYLDWLRQ HPLVVLRQV� ,PSOHPHQWLQJ WKH VRRW�3&) IUDPHZRUN LQWR D
QRYHO FLUUXV SDUDPHWHUL]DWLRQ VFKHPH� ZH VWXGLHG KRZ DLUFUDIW�HPLWWHG VRRW SDUWLFOHV FDQ QXFOHDWH
LFH LQ WKH SUHVHQFH RI OLTXLG VROXWLRQ GURSOHWV DQG PLQHUDO GXVW SDUWLFOHV >�@� ,Q RXU VLPXODWLRQV
DLUFUDIW VRRW� OLTXLG VROXWLRQ GURSOHWV� PLQHUDO GXVW SDUWLFOHV DQG XSGUDIW YHORFLW\ ZHUH UHSUHVHQWHG
E\ FKDUDFWHULVWLF GLVWULEXWLRQV EDVHG RQ DWPRVSKHULF PHDVXUHPHQW GDWD� 7R UHSUHVHQW DWPRVSKHULF
YDULDELOLW\ LQ RXU PRGHOOLQJ� ZH DQDO\VHG ���� GLIIHUHQW FRPELQDWLRQV RI VRRW SDUWLFOH� OLTXLG
VROXWLRQ GURSOHW DQG PLQHUDO GXVW QXPEHU FRQFHQWUDWLRQV DQG XSGUDIW YHORFLWLHV� E\ UDQGRPO\
VDPSOLQJ�IURP�WKHLU�UHVSHFWLYH�GLVWULEXWLRQV�
2XU UHVXOWV GHPRQVWUDWH WKDW ZKHQ ERWK VRRW DQG PLQHUDO GXVW SDUWLFOHV FRH[LVWV ZLWK OLTXLG
VROXWLRQ GURSOHWV LQ WKH VDPH DLU PDVV� GXVW SDUWLFOHV PRVW RIWHQ SUHYHQW LFH QXFOHDWLRQ E\ DLUFUDIW
VRRW� :H IXUWKHU ILQG WKDW DYLDWLRQ VRRW SDUWLFOHV RQO\ DIIHFW FLUUXV SURSHUWLHV LI XSGUDIWV DUH ZHDN�
VRRW SDUWLFOHV DUH ODUJH DQG LI WKHLU QXPEHU FRQFHQWUDWLRQV DUH FRQVLGHUDEO\ KLJKHU WKDQ WKRVH
W\SLFDOO\�REVHUYHG�LQ�HPLVVLRQ�VWXGLHV�
2YHUDOO� RXU UHVXOWV HOXFLGDWH WKH UROH RI VRRW LQ FLUUXV FORXG IRUPDWLRQ DQG KDYH LPSRUWDQW
LPSOLFDWLRQV IRU WKH FOLPDWH LPSDFW RI DYLDWLRQ� ,Q SDUWLFXODU� RXU FRPELQHG H[SHULPHQWDO DQG
PRGHOOLQJ UHVXOWV VKRZ WKDW ZKHQ DVVHVVHG XQGHU LQFUHDVLQJO\ UHDOLVWLF FRQGLWLRQV� VRRW LFH
QXFOHDWLRQ LV RIWHQ RXWFRPSHWHG E\ PLQHUDO GXVW� 7KLV VXJJHVWV WKDW DYLDWLRQ VRRW RQO\ SOD\V D
PLQRU UROH LQ DHURVRO�FLUUXV LQWHUDFWLRQV� FKDOOHQJLQJ UHVXOWV IURP SUHYLRXV VWXGLHV WKDW UHSRUWHG
ODUJH�5)�YDOXHV�DVVRFLDWHG�ZLWK�DYLDWLRQ�VRRW�FLUUXV�LQWHUDFWLRQV�

>�@ )DELDQ 0DKUW� &ODXGLD 0DUFROOL� 5REHUW 2� 'DYLG� 3KLOLSSH *U¸QTXLVW� (V]WHU -� %DUWKD]\ 0HLHU�
8OULNH�/RKPDQQ��DQG�=DPLQ�$��.DQML��$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV������������������������

>�@�&ODXGLD�0DUFROOL��)DELDQ�0DKUW��%HUQG�.¦UFKHU��$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV�����������
����������

>�@�%HUQG�.¦UFKHU��&ODXGLD�0DUFROOL��)DELDQ�0DKUW��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK��$WPRVSKHUHV�������
�����H����-'�������
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0LOOLRQV�RI�6RRW�)LOWHUV�PLWLJDWLQJ�&OLPDWH�&KDQJH

$��&��0D\HU��

�9(57

0LOOLRQV�RI�6RRW�)LOWHUV�PLWLJDWLQJ

&OLPDWH &KDQJH 'XH WR WKHLU EODFN FRORXU� VRRW SDUWLFOHV ILQHO\ GLVSHUVHG LQ WKH DWPRVSKHUH DEVRUE
UDGLDQW HQHUJ\ IURP WKH VXQ� KHDW XS� DQG WKHQ LPPHGLDWHO\ UHOHDVH WKH KHDW LQWR WKH VXUURXQGLQJ
DLU� 7KLV HIIHFW RFFXUV LPPHGLDWHO\ DIWHU HPLVVLRQ� DQG FHDVHV LPPHGLDWHO\ DIWHU WKHVH SDUWLFOHV
KDYH EHHQ ZDVKHG RXW RI WKH DWPRVSKHUH RU ORVH WKHLU DEVRUSWLRQ DFWLYLW\� 0DUN -DFREVRQ RI
6WDQIRUG 8QLYHUVLW\ KDV FDOFXODWHG WKHVH HIIHFWV LQ D FRPSUHKHQVLYH DWPRVSKHULF PRGHO LQFOXGLQJ
WKH DOEHGR UHGXFWLRQ HIIHFWV RQ SRODU LFH DQG JODFLHUV DQG KDV QXPHULFDOO\ GHWHUPLQHG WKH JOREDO
ZDUPLQJ HTXLYDOHQFH RI %&�&2� WR EH ���
�������
��� E\ PDVV� +H KDV SUHVHQWHG WKLV DW WKH (7+
1DQRSDUWLFOH &RQIHUHQFH LQ ����� $W WKLV WLPH ZH VWLOO KDW PDQ\ 'LHVHOV KHDYLO\ VPRNLQJ DQG KDUGO\
DQ\ SDUWLFOH ILOWHUV LQ SODFH� 7KLV KDV FKDQJHG GUDPDWLFDOO\ � 6ZLW]HUODQG LPSOHPHQWHG '3) RIIURDG
DQG RQURDG IRU SXEOLF WUDQVSRUW IURP ����� (8 IROORZHG IRU GLHVHO FDUV LQ ����� ODWHU IRU +'9� LQ
���� IRU JDVROLQH GLUHFW LQMHFWLRQ �*',� FDUV� 7UXFNV ZHUH XVLQJ H[KDXVW ILOWHUV LQ WKH 86 VLQFH
����� &KLQD LPSOHPHQWHG ODZV ���� �QRZ ��� '3)� DQG ,QGLD ����� VR WKH VL]H RI WKH ILOWHUHG
YHKLFOH IOHHW EHFDPH TXLWH ODUJH� PDUNHW UHVHDFK UHVXOWV LQ DURXQG ��� 0LR� '3) DQG *3) VROG XQWLO
WRGD\ DQG DQG DERXW ��� 0LR PLJKW EH LQ RSHUDWLRQ GXULQJ ODVW �� \HDUV LQ (XURSH� *LYHQ WKHVH
QXPEHUV ZH HVWLPDWH WKH PDVV RI VRRW QRW HPLWWHG GXH WR WKH OHJDO XVH RI SDUWLFOH ILOWHUV
LPSOHPHQWHG LQ (XURSH RYHU WKH ODVW GHFDGH IRU 'LHVHO /'9 DQG +'9� DOVR IRU 1500 DQG *',
DVVXPLQJ D ILOWHU HIILFLHQF\ QHDU ���� WR EH DERXW ���� 0LR WRQ RI %& GXULQJ WKH ODVW GHFDGH DQG
���� 0LR WRQV IRU HDFK IROORZLQJ \HDU� :H FDQ KRZHYHU� QRW DSSO\ -DFREVRQV HSLVRGH HTXLYDOHQFH
IDFWRUV %&�&2� RI ���
��� �� EHFDXVH ZH PXVW UHVSHFW WKH GLIIHUHQW UHVLGHQFH WLPH RI VRRW LQ WKH
DWPRVSKHUH� ZKLFK PLJKW EH RQH ZHHN WR RQH PRQWK GHSHQGLQJ RQ SUHFLSLWDWLRQ ZKLOH &2� PLJKW
UHPDLQ �� \HDUV RU ORQJHU DFWLYH LQ WKH DWPRVSKHUH� :H DUH ILQGLQJ WKH IROORZLQJ SURSRVDOV IRU DQ
HIIHFWLYH�HTXLYDOHQFH�UDWLRQ�%&�&2��

,&&7��0�:DOVK�����������������

$WODQWLF�FRQVXOW����������������

9(57����������������

675(�0�-DFREVRQ����������������������

:LWK ���� �� WKH \HDUO\ ���� 0LR WRQ RI %& QRW HPLWWHG LQ (XURSH DUH HTXLYDOHQW WR WKH HIIHFW RI
��� 0LOOLRQ &2� SHU \HDU� )RU FRPSDULVRQ� WKLV LV HTXDO WR WKH WDUJHW RI *HUPDQ\ IRU ����� (8
PHPEHU�VWDWHV�WRGD\�HPLW�\HDUO\�DSSUR[����ELOOLRQ�WRQV�&2���WKH�ZRUOG����ELOOLRQ�WRQV�

5HWURILWWLQJ PRUH FRPEXVWLRQ HQJLQHV ZLWK '3) DQG *3) PLJKW EH WKH IDVWHW DQG FKHDSHVW ZD\ WR
PLWLJDWH JOREDO ZDUPLQJ ZKLOH DW WKH VDPH WLPH DYRLGLQJ PLOOLRQV RI SUHPDWXUH GHDWK E\ FDQFHU�
VWURNH RU KDUW DWWDFN� 2QH WRRO WR EH UHFRPPHQGHG LV &2� FUHGLWV WR HQJLQH VRRW DYRLGHG E\
ILOWUDWLRQ� ZKLFK FRPHV IRU D +'9�OLIH WR ��� WRQ &2� HTXLYDOHQW� ZLWK �� ��WRQ WKLV SD\V IRU WKH
ILOWHU�DQG�NHHSV�WKH�WUXFN�SHUIHFWO\�HPLVVLRQ�IUHH�������������$�0D\HU��9(57
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$HURVRO�RSWLFDO�SURSHUWLHV�PHDVXUHG�IURP�WZR�KHWHURJHQRXV�PL[�RI�,QGLDQ�YHKLFXODU
IOHHWV

6��'HEEDUPD���+��&��3KXOHULD���

�,QWHUGLVFLSOLQDU\�3URJUDPPH�LQ�&OLPDWH�6WXGLHV��,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�%RPED\��0XPEDL�
,QGLD����(QYLURQPHQWDO�6FLHQFH�DQG�(QJLQHHULQJ�'HSDUWPHQW��,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\

%RPED\��0XPEDL��,QGLD

2Q�URDG YHKLFXODU HPLVVLRQV DUH VLJQLILFDQW DQG JURZLQJ FRQWULEXWRU WR FDUERQDFHRXV DHURVROV�
HVSHFLDOO\ LQ ODUJH XUEDQ FRQJORPHUDWHV� 7KHVH DHURVROV GLUHFWO\ DIIHFW WKH DWPRVSKHULF�UDGLDWLRQ
EDODQFH OHDGLQJ WR YLVLELOLW\ GHJUDGDWLRQ DQG DOWHUDWLRQ RI FORXG OLIHWLPH >�@� :KLOH RUJDQLF FDUERQ
�2&� LV OLJKW VFDWWHULQJ DQG FDXVHV DWPRVSKHULF FRROLQJ� EODFN FDUERQ �%&� DQG VRPH RI WKH OLJKW
DEVRUELQJ 2&� DOVR NQRZQ DV EURZQ FDUERQ �%U&� FDXVH ZDUPLQJ RI WKH DWPRVSKHUH >�@� 7KH
RSWLFDO SURSHUWLHV RI DHURVROV IURP YHKLFXODU HPLVVLRQV DUH QRW IXOO\ XQGHUVWRRG� VSHFLILFDOO\ LQ
,QGLDQ FRQWH[W� 7KLV VWXG\ DQDO\VHV WKH DEVRUSWLRQ DQG VFDWWHULQJ SURSHUWLHV RI DHURVROV PHDVXUHG
IURP RQ�URDG YHKLFOHV DQG KRZ WKH\ DUH LPSDFWHG E\ YDU\LQJ IOHHW FRPSRVLWLRQ DQG GULYLQJ
FRQGLWLRQV� /RZ WR LQWHUPHGLDWH VSHHG� LQFOXGLQJ LGOLQJ� RI YHKLFOHV SOD\ VLJQLILFDQW SDUW RI ,QGLDQ
'ULYLQJ &\FOH �,'&� LQ XUEDQ DUHDV GXH WR WKH WUDIILF IDU OHVVHU REVHUYHG LQ GHYHORSHG FRXQWULHV�
$HURVRO PHDVXUHPHQWV ZHUH FDUULHG RXW DW WKH NHUEVLGH RI WZR PDMRU DUWHULDO URDGV ZLWK GLVWLQFW
WUDIILF FKDUDFWHULVWLFV DQG DQ XUEDQ EDFNJURXQG ORFDWLRQ LQ ,QGLDV ELJJHVW PHWURSROLWDQ FLW\�
0XPEDL� 0HDVXUHPHQWV FRYHUHG PRUQLQJ SHDN DQG DIWHUQRRQ QRQ�SHDN WUDIILF KRXUV IRU D ZHHN
HDFK DW ��� /%6 URDG �'HF ������ ZLWK DQ KRXUO\ DYHUDJH WUDIILF YROXPH RI ����s��� YHKLFOHV
FRPSULVLQJ ��� OLJKW�GXW\ YHKLFOHV �/'9� DQG �� KHDY\�GXW\ GLHVHO YHKLFOHV �+''9� DW DQ DYHUDJH
VSHHG RI ����� NP�KU��� DQG ��� 0XOXQG WROO SOD]D �073� �0DU ������ ZLWK KLJKHU WUDIILF YROXPH
�����s��� YHK�KU��� FRPSULVLQJ WZLFH WKH +''9 IUDFWLRQ DW D ORZHU VSHHG �LGOLQJ WR �� NP�KU����
5HDO�WLPH DHURVRO OLJKW DEVRUSWLRQ FRHIILFLHQW �EDEV�͏� DQG OLJKW VFDWWHULQJ FRHIILFLHQW �VVS� ZHUH
PHDVXUHG XVLQJ $HWKDORPHWHU �$(���� DQG 1HSKHORPHWHU� UHVSHFWLYHO\� *UDYLPHWULF 30��� ZDV
FROOHFWHG XVLQJ D ORZ�YROXPH DLU VDPSOHU �� /�PLQ��� DQG WKH OLJKW DEVRUSWLRQ SURSHUWLHV ZHUH
DQDO\]HG XVLQJ WKH 2SWLFDO 7UDQVPLVVRPHWHU �27���� IRU WRWDO 30��� DQG 89�YLV VSHFWURSKRWRPHWHU
E\ H[WUDFWLQJ 30��� LQ ZDWHU DQG PHWKDQRO WR H[DPLQH WKH OLJKW DEVRUSWLRQ RI %U&� .HUEVLGH
DHURVROV DW ERWK WKH URDGV KDG VLJQLILFDQWO\ KLJKHU EDEV DW ��� DQG ���QP DV FRPSDUHG WR WKH
FRUUHVSRQGLQJ EDFNJURXQG DHURVROV �S������ �)LJ���� +RZHYHU� OLJKW DEVRUELQJ FRHIILFLHQW RI WKH
DHURVROV DW 073 ZDV ��� WR � WLPHV PRUH� WKDQ DW /%6 URDG� OLNHO\ GXH WR WKH SUHVHQFH RI KLJKHU
GLHVHO� +''9� DQG VXSHU�HPLWWHU �KLJK�HPLWWLQJ YHKLFOHV� IUDFWLRQ DW 073 OHDGLQJ WR WKH UHOHDVH RI
KLJKHU VRRW HPLVVLRQV� 7KH EDEV���� DW 073 ZDV ��� WLPHV KLJKHU GXULQJ WKH DIWHUQRRQ SHULRG ZKHQ
WKH +''9 IUDFWLRQ ZDV ��� KLJKHU GXH WR WKH UHVWULFWHG HQWU\ RI VXFK YHKLFOHV GXULQJ PRUQLQJ
SHDN KRXUV� ,Q FDVH RI OLJKW DEVRUSWLRQ RI %U&� EDEV�%U&���� ZDV JUHDWHU LQ PHWKDQRO H[WUDFWV WKDQ LQ
ZDWHU H[WUDFWV� LQGLFDWLQJ WKDW ZDWHU�LQVROXEOH %U& ZDV OLNHO\ DQ LPSRUWDQW FRQWULEXWRU WR OLJKW
DEVRUSWLRQ E\ RUJDQLF DHURVROV� 7KH EDEV�%U&���� DW /%6 ZDV ��� WLPHV KLJKHU WKDQ DW 073 ZKLFK FRXOG
EH GXH WR WKH KLJKHU JDVROLQH YHKLFOH IUDFWLRQ DW /%6 ZKLFK LV NQRZQ WR HPLW PRUH 2& WKDQ GLHVHO
YHKLFOHV� 7KH DYHUDJH PDVV DEVRUSWLRQ FURVV�VHFWLRQ �0$&� RI ZDWHU VROXEOH�%U& DQG PHWKDQRO�
VROXEOH�%U& ZDV LQ WKH UDQJH RI ��� WR ���� ZKLFK LV FRPSDUDEOH WR WKH SUHYLRXVO\ UHSRUWHG YDOXHV
IRU YHKLFOH HPLVVLRQV DQG LV OHVV WKDQ ELRPDVV HPLVVLRQV� $YHUDJH DEVRUSWLRQ $ʻQJVWURʹP H[SRQHQWV
�$$(� ZDV KLJKHU DW EDFNJURXQG ���� WR ���� WKDQ DW URDGVLGHV ���� WR ���� ZKLFK LQGLFDWHV WKH
GRPLQDQFH RI WKH RWKHU VRXUFHV OLNH UHVLGHQWLDO HPLVVLRQV DW WKH EDFNJURXQG ORFDWLRQ� 6LQJOH
VFDWWHULQJ DOEHGR �66$� ೩��� LQGLFDWHG WKDW WKH DHURVROV IURP RQ�URDG YHKLFOHV DUH DWPRVSKHULF
ZDUPLQJ DHURVROV� 7KH DVVRFLDWLRQ RI RSWLFDO SURSHUWLHV ZLWK FKHPLFDO FKDUDFWHULVWLFV LV EHLQJ
IXUWKHU LQYHVWLJDWHG� 7KLV ZRUN ZLOO DGG WR WKH SRRO RI OLWHUDWXUH WR DOORZ LQIRUPHG SROLF\
LQWHUYHQWLRQV�LQ�PLWLJDWLQJ�YHKLFXODU�HPLVVLRQV�DQG�WKHLU�LPSDFWV�RQ�FOLPDWH�

>�@ +DRER 7DQ� /L /LX� 6KDRMLD )DQ� )HL /L� <DQ <LQ� 0LQJIX &DL� 3�:� &KDQ� $WPRVSKHULF
(QYLURQPHQW���������������������
>�@ +XL]KHQJ &KH� ;LDQJDR ;LD� +XMLD =KDR� 2OHJ 'XERYLN� %UHQW 1� +ROEHQ� 3KLOLSSH *RORXE� (PLOLR
&XHYDV�$JXOOµ� 9LFWRU (VWHOOHV� <DTLDQJ :DQJ� -XQ =KX� %LQJ 4L� :HL *RQJ� +RQJORQJ <DQJ� 5HQMLDQ
=KDQJ� /HLNX <DQJ� -LQJ &KHQ� +RQJ :DQJ� <X =KHQJ� .H *XL� ;LDRFKXQ =KDQJ� ;LDR\H =KDQJ�
$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV������������������������

�

�
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+HDOWK�ULVN�DVVHVVPHQW�RI�6XE�0LFURQ�3DUWLFOHV�DQG�+HDY\�0HWDOV�RQ�&KLOGUHQ�LQ�1RUWK
,QGLDQ�,QGRRU�$LU����$Q�,QWHULP�$QDO\VLV

$��/DZUHQFH�

�'HSDUWPHQW�RI�&KHPLVWU\��,VDEHOOD�7KREXUQ�&ROOHJH��/XFNQRZ��,QGLD

7KH SUHVHQW VWXG\ GHSLFWV D UHODWLRQVKLS EHWZHHQ SDUWLFXODWH�ERXQG KHDY\ PHWDOV DQG FKLOGUHQ
V
KHDOWK� 7KH LQGRRU DLU TXDOLW\ RI WKH XUEDQ FLW\ KRXVHKROGV LQ QRUWKHUQ ,QGLD ZDV PRQLWRUHG IRU IRXU
30 VL]HV QDPHO\ 30�������� 30��������� 30���������� DQG 30����� LQ PDMRU VHDVRQV REVHUYHG LQ WKH FLW\�
VXPPHU DQG ZLQWHU� )XUWKHU � KHDY\ PHWDOV YL]� &U� &X� )H� 0Q� 1L� 3E� DQG =Q ZHUH DQDO\]HG LQ
30����� VDPSOHV� 0RUHRYHU� VWDWLVWLFDO WRROV VXFK DV 3&$ DQG ZLONV WHVW ZHUH DSSOLHG� ,Q 3&$ WKH
ILUVW IDFWRU ZDV IRXQG WR EH ODUJHO\ GRPLQDQW DV LW H[SUHVVHV LWVHOI LQ ������� ������� DQG ������
LQ WKH WKUHH PLFURHQYLURQPHQWV VHOHFWHG GXULQJ WKH VWXG\� 7KHVH D[HV SUHVHQW DQ DPRXQW RI
LQHUWLD JUHDWHU WKDQ WKRVH REWDLQHG E\ WKH �����TXDQWLOH RI UDQGRP GLVWULEXWLRQV� )XUWKHU KHDOWK
ULVN DVVHVVPHQW ZDV SHUIRUPHG XVLQJ PDWKHPDWLFDO PRGHOV IRU DVVHVVLQJ GHUPDO DGVRUEHG GRVH
�'$'�� FKURQLF GDLO\ LQWDNH �&',�� H[SRVXUH FRQFHQWUDWLRQ �(&� DQG 033' PRGHO 9���� IRU GRVH
HVWLPDWLRQ� $FFRUGLQJ WR WKH UHVXOWV �)LJ���� IRU WKH ODUJHVW SDUWLFOH VL]H L�H�� 30������� WKH KLJKHVW
GHSRVLWLRQ ZDV LQ WKH KHDG UHJLRQ ������� IROORZHG E\ SXOPRQDU\ ������� DQG 7% UHJLRQ �������
ZKHUHDV� IRU RWKHU SDUWLFOH VL]HV GHSRVLWLRQ YDULHG� 7KH VWXG\ LV WKH ILUVW RI LWV NLQG DV LW DGGUHVVHV
WKH JDS EHWZHHQ LQGRRU DLU TXDOLW\ DQG FKLOGUHQV KHDOWK DFFRUGLQJO\ ZLWK DJH� $OVR� WKH
PLFURHQYLURQPHQW VHOHFWHG LQ WKH VWXG\ LV WKH DUFKHW\SH GHSLFWLQJ WKH HIIHFW RI WKH ]RQDO QDWXUH RI
WKH RXWGRRU HQYLURQPHQW RQ WKH FRQFHQWUDWLRQ RI LQGRRU SROOXWDQWV WKHUHE\� SURYLGLQJ SRVVLEOH
SROLF\�UHFRPPHQGDWLRQV�IRU�FXOWLYDWLQJ�FKLOGUHQV�ZHOO�EHLQJ�
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7KH�DLUERUQH�WUDQVPLVVLRQ�RI�UHVSLUDWRU\�SDWKRJHQV��WKH�LPSRUWDQFH�RI�YHQWLODWLRQ�DQG
DLU�GLVWULEXWLRQ�LQ�WKH�LQIHFWLRQ�ULVN

*��%XRQDQQR���

�8QLYHUVLW\�RI�&DVVLQR�DQG�6RXWKHUQ�/D]LR���4XHHQVODQG�8QLYHUVLW\�RI�7HFKQRORJ\��$XVWUDOLD

7KH &29,'��� SDQGHPLF KDV DIIHFWHG RXU VRFLHW\ DQG WKH HFRQRP\ RQ DQ XQSUHFHGHQWHG JOREDO
VFDOH� :KLOH PXFK KDV EHHQ GRQH WR XQGHUVWDQG WKH WUDQVPLVVLRQ RI UHVSLUDWRU\ LQIHFWLRQV� OLWWOH RI
WKLV NQRZOHGJH KDV EHHQ DSSOLHG WR EXLOGLQJV V\VWHPV WR FRPEDW LW DQG WR FUHDWH VSDFHV ILOOHG ZLWK
FOHDQ LQGRRU DLU� 7KH UDSLG JURZWK LQ RXU XQGHUVWDQGLQJ RI WKH PHFKDQLVPV EHKLQG UHVSLUDWRU\
LQIHFWLRQ WUDQVPLVVLRQ VKRXOG GULYH D SDUDGLJP VKLIW LQ KRZ ZH YLHZ DQG DGGUHVV WKH WUDQVPLVVLRQ
RI UHVSLUDWRU\ LQIHFWLRQV WR SURWHFW DJDLQVW XQQHFHVVDU\ VXIIHULQJ DQG HFRQRPLF ORVVHV� 2QH IRFXV
RI WKLV SUHVHQWDWLRQ FRQFHUQV WKH PRGHOOLQJ RI DLUERUQH ULVN DVVHVVPHQW RI 6$56�&R9��� 0RGHOOLQJ
FDQ L� GHPRQVWUDWH EXLOGLQJ�VSHFLILF DQG DFWLYLW\�VSHFLILF IDFWRUV WR EH XQGHUVWRRG� DQG SRWHQWLDOO\
PRGLILHG WR UHGXFH ULVN� LL� EH PDGH DFFHVVLEOH WR QRQ�WHFKQLFDO SHUVRQV DQG DFFRPPRGDWH PRUH
VRSKLVWLFDWHG XVHUV DV ZHOO� LLL� SHUPLW VHQVLWLYLW\ DQDO\VHV WR EH VLPSO\ FDOFXODWHG DQG LY� SURYLGH
YDOXDEOH SXEOLF KHDOWK JXLGDQFH IRU GHFLVLRQ�PDNHUV� 7KH LPSRUWDQFH RI WKHVH IDFWRUV ZLOO EH
GLVFXVVHG LOOXVWUDWLQJ WKH $LUERUQH ,QIHFWLRXV 5LVN &DOFXODWRU �$,5&� DQG LWV YDOLGDWLRQ� 7KH
GHYHORSPHQWV RI ULVN DVVHVVPHQW IRU VKRUW �ૺFRQYHUVDWLRQDOૻ� RU ORQJHU GLVWDQFHV DIWHU HPLVVLRQ
IURP DQ LQIHFWHG SHUVRQ WRJHWKHU ZLWK DGYDQFHG YHQWLODWLRQ DQG WKH PDQDJHPHQW RI DLU
GLVWULEXWLRQ�IRU�UHGXFWLRQ�RI�DLUERUQH�WUDQVPLVVLRQ�LQGRRUV�ZLOO�EH�GLVFXVVHG�
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&RPSDULVRQ�RI�RXWGRRU�DQG�LQGRRU�HPLVVLRQV�RI�XOWUDILQH�SDUWLFOHV��8)3V��JHQHUDWHG�E\
FRPEXVWLRQ

3��$��6HUPRQ�

�%UXQHO�8QLYHUVLW\

&RPSDULVRQ�RI�RXWGRRU�DQG�LQGRRU�HPLVVLRQV�RI�XOWUDILQH�SDUWLFOHV��8)3V��JHQHUDWHG�E\�FRPEXVWLRQ

5DMLY 3DGPDQ� 3DXO $� 6HUPRQ� :LOOLDP -RKQVRQ 1DQRHQJLQHHUHG 6ROLGV DQG $SSOLFDWLRQV
/DERUDWRU\��%UDJJ�%XLOGLQJ��&('36��%UXQHO�8QLYHUVLW\��8[EULGJH��8%���3+��8.

$LU SROOXWLRQ DQG 8)3V KDYH FRQWULEXWHG WR KXPDQ GHDWKV� (OOD .LVVL�'HEUDK� ZKR OLYHG QHDU WKH
6RXWK &LUFXODU 5RDG LQ /HZLVKDP� VRXWK HDVW /RQGRQ� GLHG DW WKH DJH RI � LQ ���� DIWHU KDYLQJ
VHL]XUHV IRU WKUHH \HDUV� 7KH +LJK &RXUW KDV LQGLFDWHG WKDW DLU SROOXWLRQ ZDV D FRQWULEXWRU\ IDFWRU�
-RFHO\Q &RFNEXUQ� D SDUWQHU DW WKH ODZ ILUP +RGJH -RQHV 	 $OOHQ� ZKR UHSUHVHQWV 5RVDPXQG .LVVL�
'HEUDK� VDLG LQ 0D\ ���� WKDW DLU SROOXWLRQ LV FRVWLQJ SHRSOHV OLYHV DQG WKRVH PRVW YXOQHUDEOH DUH
FKLOGUHQ�

+HUH ZH FRPSDUH WKH QDWXUH� FRQFHQWUDWLRQ �8)3V�PP�� DQG HIIHFW RI 8)3V HPLWWHG IURP
(���IXHOOHG YHKLFOHV DQG ODZQPRZHUV DQG JDUGHQ ERQILUHV DQG ZLWKLQ URRPV ZLWK D QLJKW FDQGOH�
JDV FRRNHU KRE RU ZRRG EXUQHUV DQG VKRZ KRZ QDQRHQJLQHHUHG VROXWLRQV FRXOG PLQLPLVH WKHLU
SURGXFWLRQ�DQG�LPSDFW�
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%LRPRQLWRULQJ�RI�DLUERUQH��DQG�ZDWHUERUQH��XOWUDILQH�SDUWLFOHV��8)3��HPLWWHG�IURP
FRPEXVWLRQ

3��$��6HUPRQ�

�%UXQHO�8QLYHUVLW\

%LRPRQLWRULQJ�RI�DLUERUQH��DQG�ZDWHU�ERUQH��XOWUDILQH�SDUWLFOHV��8)3�HPLWWHG�IURP�FRPEXVWLRQ

8�.�2QZXNZH��3�$�6HUPRQ��DQG�,�$�-DDIIHU�$/�7LPLPL�

+ROGJDWH >�@ VXJJHVWHG PDQ\ \HDUV DJR WKDW SROOXWDQWV KDYH WDUJHWV WKDW LQFOXGH SHRSOH� DQLPDO�
HFRORJLFDO V\VWHPV� DQG KXPDQ DUWHIDFWV WR ZKLFK WKH\ GLIIXVH DQG ZKHUH WKH\ PD\ FDXVH GDPDJH
WR UHFHSWRUV WKDW FDQ EH DFXWH RU FKURQLF RU V\QHUJLVWLF� +H VXJJHVWHG WKDW OLYLQJ WDUJHWV LQWHJUDWH
WKH�LQIOXHQFH�RI�WKH�SROOXWDQWV�

:H UHSRUW WKH LPSDFW RQ DQG WKH HIIHFW RI FRPEXVWLRQ�JHQHUDWHG XOWUDILQH SDUWLFOHV DQG WKHLU
IUDFWDO DJJUHJDWHV RQ EORRG� OXQJ HIILFLHQF\� PRVVHV� VSRUHV DQG SODQW OHDYHV DQG ZH VXJJHVW KRZ
WKHVH�FDQ�EH�WHFKQLFDOO\�PLQLPLVHG�WHPSRUDOO\�DQG�VSDWLDOO\�E\�QDQRHQJLQHHUHG�VROXWLRQV�

>�@ 0�:�+ROGJDWH 7DUJHWV RI SROOXWDQWV LQ WKH DWPRVSKHUH 3KLO�7UDQV�5R\�6RF� /RQGRQ ���$�
��������������
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1DQRSDUWLFOH�FKHPLVWU\�DQG�WR[LFRORJ\��&RQWULEXWHG�/HFWXUH

,QWHUDFWLRQV�RI�3$+V�DQG�QDQRSDUWLFOHV�ZLWK�ELRORJLFDO�V\VWHPV

$��9LROL���3��(OYDWL�

�8QLYHUVLW\�RI�0LFKLJDQ

8QGHUVWDQGLQJ WKH SHUPHDWLRQ WLPH RI SROOXWDQWV LQWR FHOOXODU PHPEUDQHV DV ZHOO DV WKHLU
SURSHQVLW\ WR LQWHUDFW ZLWK ELRORJLFDO V\VWHPV FDQ KHOS XV DVVHVV WKH SRWHQWLDO HQYLURQPHQWDO
LPSDFW RI WKHVH SROOXWDQWV� :KLOH VHYHUDO PRGHOV KDYH EHHQ GHYHORSHG WR SUHGLFW WKH LQWHUDFWLRQ RI
VSHFLILF ELRORJLFDO FRPSRQHQWV� WKH\ XVH V\VWHP�VSHFLILF LQIRUPDWLRQ WKDW KLQGHUV WKHLU DSSOLFDWLRQ
WR PRUH JHQHUDO PDWHULDOV� +HUH� ZH SUHVHQW 1H&/$6� D JHQHUDO DQG HIILFLHQW PDFKLQH OHDUQLQJ
SLSHOLQH WKDW SUHGLFWV WKH ORFDWLRQ RI QDQRVFDOH LQWHUDFWLRQV� SURYLGLQJ KXPDQ�LQWHOOLJLEOH
SUHGLFWLRQV�

1H&/$6 LV XVHG WR SUHGLFW WKH LQWHUDFWLRQV RI FDUERQ�EDVHG QDQRSDUWLFOHV ZLWK SURWHLQV� 1H&/$6
RXWSHUIRUPV FXUUHQW QDQRVFDOH SUHGLFWLRQ PRGHOV IRU JHQHULF QDQRSDUWLFOHV XS WR ����� QP�
UHSURGXFLQJ LQWHUDFWLRQV IRU ELRORJLFDO DQG QRQ�ELRORJLFDO V\VWHPV� 7ZR DVSHFWV FRQWULEXWH WR WKHVH
UHVXOWV��D�ORZ�GLPHQVLRQDO�UHSUHVHQWDWLRQV�RI
QDQRSDUWLFOHV DQG PROHFXOHV �WR UHGXFH WKH HIIHFW RI GDWD XQFHUWDLQW\�� DQG HQYLURQPHQWDO IHDWXUHV
�WR HQFRGH WKH SK\VLFR�FKHPLFDO QHLJKERUKRRG DW PXOWLSOH VFDOHV�� :H UHSRUW RQ WKH LQWHUDFWLRQV RI
3$+ DQG QDQRSDUWLFOHV ZLWK FHOOXODU PHPEUDQHV DV ZHOO DV FDUERQ�EDVHG QDQRSDUWLFOHV ZLWK
YDULRXV SURWHLQV� 7KLV IUDPHZRUN KDV VHYHUDO DSSOLFDWLRQV� IURP EDVLF UHVHDUFK WR UDSLG SURWRW\SLQJ
DQG�GHVLJQ�LQ�QDQRELRWHFKQRORJ\�
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��&RQWULEXWHG
/HFWXUH

'HWHUPLQLQJ�WKH�,PSDFW�RI�6XOIXU�([SRVXUH�RQ�&DWDO\WLF�6WULSSHU�3HUIRUPDQFH�8VLQJ
3URSDQH�2[LGDWLRQ�(IILFLHQF\�0HDVXUHPHQWV

9��%HUJHU���+��6FKXO]���$��%RLHV�����8��6RQNDPEOH���-��6ZDQVRQ���

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R��.*��*HUPDQ\���8QLYHUVLW\�RI�&DPEULGJH��8QLWHG�.LQJGRP���
0LQQHVRWD�6WDWH�8QLYHUVLW\��8QLWHG�6WDWHV

&DWDO\WLF 6WULSSHUV �&6� DUH FRPPRQO\ XVHG WR UHPRYH VHPL�YRODWLOH FRPSRXQGV IURP DHURVROV�
ZKHQ RQO\ QRQ�YRODWLOH SDUWLFOHV DUH WR EH PHDVXUHG� 2IIHULQJ PRUH VDIHW\ DJDLQVW PHDVXUHPHQW
DUWLIDFWV� WKH XVH RI D &6 ZLOO EH PDQGDWRU\ LQ IXWXUH (8 YHKLFOH UHJXODWLRQV >�@� ,W KDV EHHQ SRLQWHG
RXW WKDW WKH VXOIXU VWRUDJH FDSDFLW\ RI D &6 VKRXOG QRW EH H[FHHGHG� DV LW PLJKW LPSDLU LWV R[LGDWLRQ
HIILFLHQF\ >�@ RU SURGXFH SDUWLFOHV >�@� 2EVHUYDWLRQV RI VXOIXU SRLVRQLQJ LQ DXWRPRWLYH HPLVVLRQ
WHVWLQJ DUH OLPLWHG� DV H[KDXVW VXOIXU OHYHOV DUH ORZ �FDOFXODWHG WR EH LQ WKH UDQJH RI ��� SSE WR
��� SSE IRU GLHVHO DQG JDVROLQH HQJLQHV XVLQJ IXHO ZLWK �� SSP VXOIXU FRQWHQW� GHSHQGHQW RQ
HQJLQH DLU�IXHO�UDWLR�� DQG H[KDXVW LV XVXDOO\ GLOXWHG DW OHDVW ���� EHIRUH HQWHULQJ WKH &6� ,W LV QRW
NQRZQ LI ORQJ WHUP XVDJH RI &6 LQ WKHVH FRQGLWLRQV LV LPSDFWHG GXH WR VXOIXU VWRUDJH� &RQFHUQV
KDYH EHHQ H[SUHVVHG ZKHQ PHDVXULQJ LQ PDULQH DSSOLFDWLRQV XVLQJ KHDY\ IXHO RLO �+)2� ZLWK IXHO
VXOIXU FRQWHQWV �)6&� RI XS WR ���� SSP >�@� ZKHUH &6 VHUYLFH OLIH VHHPV WR EH OLPLWHG >�@� ,W LV WKH
PRWLYDWLRQ�RI�WKLV�ZRUN�WR�LQYHVWLJDWH�&6�SHUIRUPDQFH�XQGHU�VXOIXU�H[SRVXUH�LQ�PRUH�GHWDLO�

3URSDQH R[LGDWLRQ HIILFLHQF\ �32(� ZDV PHDVXUHG IRU GLIIHUHQW &6 PRGHOV ZLWK WKH JRDO RI
HVWDEOLVKLQJ D TXLFN DQG UHOLDEOH PHWKRG IRU WKH GHWHFWLRQ RI GHWHULRUDWHG FDWDO\VWV� $ IODPH
LRQLVDWLRQ GHWHFWRU �),'� ZDV XVHG WR PHDVXUH SURSDQH FRQFHQWUDWLRQ XSVWUHDP DQG GRZQVWUHDP
RI WKH &6� 3URSDQH LQ DLU LV DYDLODEOH LQ FDOLEUDWLRQ JDV ERWWOHV DQG WKHUHIRUH WKH SURSDQH
FRQFHQWUDWLRQ LV FRQVWDQW� LPSURYLQJ PHDVXUHPHQW DFFXUDF\ DQG UHSHDWDELOLW\� $Q XSVWUHDP
FRQFHQWUDWLRQ RI �� SSP RI SURSDQH LQ DLU ZDV FKRVHQ LQ RUGHU WR REWDLQ KLJK 32(V IRU IUHVK
FDWDO\VWV� DQG WKHUHIRUH DFKLHYH WKH EHVW VHQVLWLYLW\ IRU ORZHUHG 32(V� 5HSHDWDELOLW\ RI WKH PHWKRG
DQG VLPLODU SHUIRUPDQFH RI GLIIHUHQW XQLWV RI WKH VDPH &6 PRGHO DUH GHPRQVWUDWHG� 7R VWXG\ WKH
LPSDFW RI VXOIXU H[SRVXUH RQ &6 SHUIRUPDQFH� FDWDO\VWV ZHUH H[SRVHG WR �� SSP 62� JDV LQ DLU DW
QRPLQDO IORZ UDWH RI HDFK &6� 7KH 62� FRQFHQWUDWLRQ ZDV FKRVHQ WR DSSUR[LPDWHO\ PDWFK WKH
FDOFXODWHG H[KDXVW 62� FRQFHQWUDWLRQ RI D PDULQH GLHVHO HQJLQH UXQQLQJ RQ +)2 ZLWK WKH
PD[LPXP DOORZHG )6& RI ���� SSP� 7R LQYHVWLJDWH ZKHWKHU 32( PHDVXUHPHQWV FDXVH D SDUWLDO
UHJHQHUDWLRQ RI WKH &6� WZR GLIIHUHQW H[SRVXUH VWUDWHJLHV ZHUH FDUULHG RXW� WKH ILUVW VWUDWHJ\
PHDVXUHV 32( DIWHU HYHU\ KRXU RI 62� H[SRVXUH� WKH VHFRQG RQO\ RQFH DIWHU ILYH KRXUV� (DFK
VWUDWHJ\ ZDV SHUIRUPHG RQ D IUHVK &6 RI WKH VDPH W\SH� 7R FRUUHODWH 32( WHVWLQJ ZLWK 3DUWLFOH
0HDVXUHPHQW 3URJUDPPH �303� VWDQGDUGV� WHWUDFRQWDQH UHPRYDO WHVWV ZHUH SHUIRUPHG ZLWK IUHVK
DQG VXOIXU�H[SRVHG &6� 7KH UHQHZHG 303 WHWUDFRQWDQH WHVW UHTXLUHV ����� UHPRYDO RI
WHWUDFRQWDQH SDUWLFOHV ZLWK D FRXQW PHGLDQ GLDPHWHU ODUJHU WKDQ �� QP DQG PDVV DERYH � PJ�Pu
IRU D FRPSOHWH YRODWLOH SDUWLFOH UHPRYHU �935� VHWXS� L� H� LQFOXGLQJ D PLQLPXP GLOXWLRQ RI ����
EHIRUH�WKH�&6��)RU�PRUH�VHQVLWLYLW\��WKLV�WHVW�LV�SHUIRUPHG�ZLWK�WKH�&6�RQO\��ZLWKRXW�GLOXWLRQ�
7KH HIIHFW RI UHJHQHUDWLQJ VXOIXU�SRLVRQHG &6 DW HOHYDWHG WHPSHUDWXUHV XQGHU SURSDQH
DWPRVSKHUH�ZDV�LQYHVWLJDWHG�E\�VXEVHTXHQW�32(�PHDVXUHPHQWV�

>�@�%��*LHFKDVNLHO��$��'��0HODV��7��/¦KGH��*��0DUWLQL��9HKLFOHV�������������������
>�@ -� 6ZDQVRQ� $� %RLHV� +� 6FKXO]� ��WK (7+ &RQIHUHQFH RQ &RPEXVWLRQ *HQHUDWHG 3DUWLFOHV�
=¾ULFK�������
>�@ 6� $PDQDWLGLV� /� 1W]LDFKULVWRV� 3� .DUMDODLQHQ� (� 6DXNNR� 3� 6LPRQHQ� 1� .XLWWLQHQ� 3� $DNNR�
6DNVD� +� 7LPRQHQ� 7� 7RSL 5¸QNN¸� -� .HVNLQHQ� $HURVRO 6FLHQFH DQG 7HFKQRORJ\� ����� �����
��������
>�@�,QWHUQDWLRQDO�0DULWLPH�2UJDQL]DWLRQ��5(62/87,21�0(3&����������/RQGRQ�������
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��&RQWULEXWHG
/HFWXUH

,PSDFW�RI�2SHUDWLQJ�&RQGLWLRQV�RQ�WKH�3HUIRUPDQFH�RI�D�6LOYHU�3DUWLFOH�*HQHUDWRU

+��6FKXO]���9��%HUJHU���7��+DPPHU���$��%RLHV�����8��6RQNDPEOH���-��6ZDQVRQ�����.��9DVLODWRX�

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R��.*��*HUPDQ\���)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6�
6ZLW]HUODQG���8QLYHUVLW\�RI�&DPEULGJH��8QLWHG�.LQJGRP���0LQQHVRWD�6WDWH�8QLYHUVLW\��8QLWHG�6WDWHV

6LOYHU XOWUDILQH SDUWLFOHV KDYH EHHQ XVHG LQ D EURDG YDULHW\ RI DSSOLFDWLRQV IRU \HDUV >�����@ DQG
GHPDQG LQ LQGXVWU\ DQG DFDGHPLD LV LQFUHDVLQJ� SDUWLFXODUO\ IRU EHWWHU FRQWURO DQG PRUH
UHSURGXFLEOH VLOYHU SDUWLFOH VRXUFHV >�@� )LQGLQJ PDWHULDOV IRU FDOLEUDWLRQ SXUSRVHV� WKDW VKRZ D
VLPLODU GHWHFWLRQ DQG FRXQWLQJ SUREDELOLW\ DV WKH PDWHULDO EHLQJ LQYHVWLJDWHG� PDLQWDLQV D PDMRU
FKDOOHQJH� (QYLURQPHQWDO DHURVROV� FRQVLVWLQJ RI D ZLGH UDQJH RI RUJDQLF� QRQ�RUJDQLF� VRRW�OLNH�
PHWDO� LRQ� DQG VHPL�YRODWLOH PDWHULDOV� DUH EHVW WR EH GHWHFWHG ZKHQ D &3& LV FDOLEUDWHG ZLWK D
VRXUFH RI VLOYHU SDUWLFOHV �,62 ������������ 6LPLODUO\ VLOYHU SDUWLFOHV KDYH EHHQ DFFHSWHG IRU
FDOLEUDWLRQ RI &3&V IRU EUDNH ZHDU HPLVVLRQ PHDVXUHPHQWV �(&(�75$16�:3����*53(���������
&XUUHQWO\ WKH FDOLEUDWLRQ RI &3&V IRU VRRW PHDVXUHPHQWV RI XOWUDILQH SDUWLFOHV IURP FRPEXVWLRQ
SURFHVVHV� VXFK DV FRPEXVWLRQ HQJLQHV� WXUELQH HQJLQHV� VWRYHV DQG RSHQ ILUHSODFHV LV VWLOO QRW
XQLTXHO\ UHJXODWHG� 0DQ\ &3&V DUH FDOLEUDWHG ZLWK HPHU\ RLO >�@� ZKLFK GHPRQVWUDWHG GLIIHUHQFHV
LQ WKH GHWHFWLRQ SUREDELOLW\� RU VRRW� JHQHUDWHG LQ D VRRW JHQHUDWRU ZLWK RSWLRQDO SRVW WUHDWPHQW WR
UHPRYH RUJDQLF FRPSRXQGV� 6LOYHU LV KLJKO\ VXLWDEOH GXH WR LWV LQHUW SURSHUW\ DV ZHOO DV WKH VKDSH
RI�QRQ�VSKHULFDO�DJJORPHUDWHV�DW�ODUJHU�VL]HV��VLPLODU�WR�VRRW�SDUWLFOHV�>�@�

:H SUHVHQW D VLOYHU SDUWLFOH JHQHUDWRU� WKDW VHUYHV DV D KLJKO\ VWDEOH SDUWLFOH VRXUFH RI VLOYHU
QDQRSDUWLFOHV� WKDW DOORZ D VL]H UDQJH EHWZHHQ � WR ��� QP WR FRYHU DOO QHHGV IRU FDOLEUDWLRQ RI
&3&V� DOORZV FDOLEUDWLRQ ZLWK VSKHULFDO VLOYHU QDQRSDUWLFOHV� DQG FDQ JXDUDQWHH D GLVWLQFW
FDOLEUDWLRQ ZLWK RQO\ RQH HOHPHQW � VLOYHU � ZKHQ XVLQJ QLWURJHQ DV D FDUULHU JDV� 2XU UHVXOWV VKRZ
WKDW DJJORPHUDWHG SDUWLFOHV FDQ EH PDGH VSKHULFDO E\ VLQWHULQJ� 7KH JHQHUDWHG SDUWLFOH VL]H
GLVWULEXWLRQ LV VWDEOH ZLWKLQ s � � LQ *0'� DQG s ���� � LQ WRWDO FRQFHQWUDWLRQ �s �͗� UHVSHFWLYHO\�
RYHU �� KRXUV RI RSHUDWLRQ� 7KH GD\�WR�GD\ YDULDWLRQ LV OHVV WKDQ s �� � IRU *0' DQG WRWDO
FRQFHQWUDWLRQ�

>�@�-��$QNLORY��$WPRVSKHULF�5HVHDUFK������������,VVXHV��������������
>�@ %� *LHFKDVNLHO� ;� :DQJ� +��*� +RUQ� -� 6SLHOYRJHO� &� *HUKDUW� -� 6RXWKJDWH� /� -LQJ� 0� .DVSHU� <�
'URVVLQRV��$��.UDVHQEULQN��$HURVRO�6FLHQFH�DQG�7HFKQRORJ\�������������������������
>�@ 7� +DPPHU� 0� ,UZLQ� -� 6ZDQVRQ� 9� %HUJHU� 8� 6RQNDPEOH� $� %RLHV� +� 6FKXO]� .� 9DVLODWRX�
-RXUQDO�RI�$HURVRO�6FLHQFH��������������������
>�@�:��/LX��%��/��2VPRQGVRQ��2��)��%LVFKRI��*��-��6HP��6$(�7UDQVDFWLRQV��������������
>�@ $� :LHGHQVRKOHU� $� :LHVQHU� .� :HLQKROG� :� %LUPLOL� 0� +HUUPDQQ� 0� 0HUNHO� 7� 0¾OOHU� 6�
3IHLIHU� $� 6FKPLGW� 7� 7XFK� )� 9HODUGH� 3� 4XLQFH\� 6� 6HHJHU� $� 1RZDN� $HURVRO 6FLHQFH DQG
7HFKQRORJ\����������������������
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��&RQWULEXWHG
/HFWXUH

7KH�0�$6���0DVV�DQG�0RELOLW\�$HURVRO�6SHFWURPHWHU

.��6��5HDYHOO���-��+DVVLP���6��+RFKJUHE�

�&DPEXVWLRQ�/WG��&%���'+��8.���8QLYHUVLW\�RI�&DPEULGJH��(QJLQHHULQJ�'HSDUWPHQW��&%���3=��8.

,Q WKLV SUHVHQWDWLRQ ZH GHVFULEH WKH 0�$6� D QHZ V\VWHP IRU WKH PHDVXULQJ DHURVRO SDUWLFOH
PDVVHV� 0HDVXUHPHQW RI WKH PDVV RI DHURVRO SDUWLFOHV KDV VLJQLILFDQW DGYDQWDJHV RYHU
FRQYHQWLRQDO�SDUWLFOH�GLDPHWHU�PHWULFV�

)RU�QRQ�VSKHULFDO�SDUWLFOHV��GLDPHWHU�PHDVXUHPHQWV�DUH�GHSHQGHQW�RQ�ERWK�WKH�SDUWLFOH�VL]H�DQG
LWV�VKDSH�ZKHUHDV�WKH�PDVV�LV�DOZD\V�ZHOO�GHILQHG�
'LIIHUHQW�GLDPHWHU�PHWULFV��H�J��PRELOLW\�GLDPHWHU��DHURG\QDPLF�GLDPHWHU��PHDVXUHG�E\�GLIIHUHQW
LQVWUXPHQWV�DUH�GLIIHUHQWO\�GHSHQGHQW�RQ�GHQVLW\��ZKLFK�LV�RIWHQ�QRW�ZHOO�NQRZQ�IRU�UHDO�ZRUOG
DHURVROV�
,Q�PDQ\�DUHDV�VXFK�DV�KHDOWK�HIIHFWV�DQG�SKDUPDFHXWLFDOV��WKH�PDVV�RI�PDWHULDO�LQ�WKH�SDUWLFOH�LV�RI
SULPDU\�LPSRUWDQFH�RQ�LWV�HIIHFWV�RQ�WKH�KXPDQ�ERG\�

:LWK LQVWUXPHQWV VXFK DV WKH &30$ &HQWULIXJDO 3DUWLFOH 0DVV $QDO\VHU RU $30 XVHG DORQJVLGH D
'0$� RU E\ FRPSDULVRQ RI GLIIHUHQW HTXLYDOHQW GLDPHWHU PHWULFV� LW LV SRVVLEOH WR GHWHUPLQH SDUWLFOH
PDVVHV EXW WKLV UHTXLUHV D ORQJ H[SHULPHQW ZLWK PXOWLSOH VFDQV DQG FRUUHFWLRQ IRU PXOWLSOH
HOHFWULFDO�FKDUJH�SHDNV�>�@�

7KH 0�$6 FRQVLVWV RI D XQLSRODU FKDUJHU IHHGLQJ D &30$ ZLWK WKH VHOHFWHG DHURVRO PHDVXUHG E\ D
&3& DQG D QHZ LQVWUXPHQW� WKH 06( 0RELOLW\ 6HSDUDWRU � (OHFWURPHWHU� 7KH DHURVRO PDVV
GLVWULEXWLRQ LV PHDVXUHG LQ D VLQJOH VFDQ RI WKH &30$� 7KH KLJK FRQFHQWUDWLRQ XQLSRODU LRQ
FKDUJLQJ SURGXFHV D FKDUJH GLVWULEXWLRQ ZKLFK LV HIIHFWLYHO\ FRQWLQXRXV DQG WKLV DOORZV WKH FKDUJH
VWDWH WR EH FDOFXODWHG IURP WKH UDWLR RI HOHFWURPHWHU DQG &3& FRXQWV UDWKHU WKDQ UHTXLULQJ D SULRU
DVVXPSWLRQ� 7KXV WKH SDUWLFOH PDVV DW DQ\ SRLQW LQ WKH VFDQ FDQ EH XQDPELJXRXVO\ FDOFXODWHG IURP
WKH�&30$�VHOHFWHG�PDVV���FKDUJH�UDWLR�

7KH 0RELOLW\ 6HSDUDWRU LV D FODVVLILHU ZKLFK GLYLGHV WKH DHURVRO RXWSXW IURP WKH &30$ LQWR WZR
VWUHDPV DFFRUGLQJ WR WKHLU HOHFWULFDO PRELOLW\� HDFK VWUHDP LV IHG WR D VHSDUDWH HOHFWURPHWHU
GHWHFWRU� 7KH FODVVLILFDWLRQ YROWDJH UHTXLUHG WR PDLQWDLQ D JLYHQ UDWLR RI WKHVH WZR HOHFWURPHWHU
VLJQDOV LV GLUHFWO\ SURSRUWLRQDO WR WKH PHGLDQ HOHFWULFDO PRELOLW\ RI WKH DHURVRO� )URP WKLV DQG WKH
FKDUJH VWDWH WKH PHFKDQLFDO PRELOLW\ LV WKXV REWDLQHG� 7KLV DOORZV WKH &30$ WUDQVIHU IXQFWLRQ
ZLGWK WR EH FDOFXODWHG� ZKLFK LV UHTXLUHG WR DFFXUDWHO\ GHWHUPLQH WKH LQSXW DHURVRO FRQFHQWUDWLRQ
IURP WKH &3& PHDVXUHPHQW� 7KH PRELOLW\ GLDPHWHU LV DOVR FDOFXODWHG IURP WKH PRELOLW\� DQG WKXV
WKH�SDUWLFOH�GHQVLW\�LV�DOVR�FDOFXODWHG�

'DWD LV SUHVHQWHG VKRZLQJ WKH PHDVXUHPHQW RI WKH PDVV DQG PRELOLW\ GLDPHWHU GLVWULEXWLRQV RI D
UDQJH RI DHURVROV IURP OLTXLG� FRPEXVWLRQ� DQG SRZGHU VRXUFHV� DQG FRPSDULVRQ ZLWK RWKHU
PHDVXUHPHQW�PHWKRGV�

>�@�7LPRWK\�6LSNHQV��-DVRQ�2OIHUW��6WHYH�5RJDN��-RXUQDO�RI�$HURVRO�6FLHQFH��������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��&RQWULEXWHG
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$�1HZ�:RUNLQJ�)OXLG�IRU�&RQGHQVDWLRQ�3DUWLFOH�&RXQWHUV�ZLWK�3URSULHWDU\�%HQHILWV

3��:HEHU�����2��)��%LVFKRI�����0��%HUJ���-��6FKPLWW���*��6WHLQHU���/��.HFN���%��)LVFKHU���$��3HW]ROG�����8�
%XQGNH�

�)RUVFKXQJV]HQWUXP�-¾OLFK�*PE+��,QVWLWXWH�RI�(QHUJ\�DQG�&OLPDWH�5HVHDUFK���૱�7URSRVSKHUH
�,(.�����-¾OLFK��*HUPDQ\���*5,00�$HURVRO�7HFKQLN�$LQULQJ�*PE+�	�&R��.*��'RUIVWUD¡H���������

$LQULQJ��*HUPDQ\���,QVWLWXWH�RI�$WPRVSKHULF�DQG�(QYLURQPHQWDO�5HVHDUFK��8QLYHUVLW\�RI�:XSSHUWDO�
������:XSSHUWDO��*HUPDQ\����76,�*PE+��3DUWLFOH�,QVWUXPHQWV��$DFKHQ��*HUPDQ\

:H PDGH WKH GLVFRYHU\ RI D QHZ ZRUNLQJ IOXLG ZKHQ IDFHG ZLWK SHQGLQJ UHVWULFWLRQV RI SDVVHQJHU
DLUFUDIW RSHUDWRUV WKDW ZLOO SURKLELW WKH XVH RI EXWDQRO DV WKH ZRUNLQJ IOXLG LQ FRQGHQVDWLRQ SDUWLFOH
FRXQWHUV �&3&� DV SDUW RI WKH ,$*26 UHVHDUFK LQIUDVWUXFWXUH� 7KH ZRUNLQJ IOXLG LV HVVHQWLDO IRU D
FRQGHQVDWLRQ SDUWLFOH FRXQWHU WR RSHUDWH DV VSHFLILHG� %XWDQRO LV FRPPRQO\ XVHG LQ DOFRKRO�EDVHG
&3&V� DOWKRXJK LW KDV VHYHUDO GLVDGYDQWDJHV� 7KHVH LQFOXGH LWV SXQJHQW� XQSOHDVDQW RGRXU�
QHJDWLYH HIIHFWV ZKHQ LQKDOHG RYHU SURORQJHG SHULRGV� DQG IODPPDELOLW\� (YHQ VR� LW KDV SURYHQ LWV
SHUIRUPDQFH�RYHU�WKH�SDVW�DOPRVW�ILYH�GHFDGHV�

2XU UHVHDUFK OHG WR WKH GLVFRYHU\ RI 'LPHWK\O VXOIR[LGH �'062� DV D VXEVWLWXWH ZRUNLQJ IOXLG WKDW
PHHWV WKH UHVWULFWLRQV RI VWULFW VDIHW\ UHJXODWLRQV� '062 LV DQ RGRXUOHVV� QRQ�IODPPDEOH� QRQ�WR[LF
VXEVWDQFH WKDW LV HDVLO\ DFFHVVLEOH DQG LQH[SHQVLYH� ,Q RXU H[SHULPHQWV� ZH FRXOG VKRZ WKDW WKH
QHZ ZRUNLQJ IOXLG EHKDYHV HTXLYDOHQW WR EXWDQRO ZKHQ XVHG WR RSHUDWH D &3& LQ WHUPV RI WKH
LQVWUXPHQWCV FRXQWLQJ HIILFLHQF\� '�� FXW�RII GLDPHWHU DQG FRQFHQWUDWLRQ OLQHDULW\� :H WHVWHG WKH
QHZ VXEVWDQFH ZLWK IRXU GLIIHUHQW W\SHV RI WHVW DHURVROV DQG DPELHQW DLU DV VKRZQ LQ )LJ� ��
$QRWKHU IRFXV RI RXU SUHVHQWDWLRQ ZLOO EH WKH FKHPLFDO FKDUDFWHULVWLFV RI WKH VXEVWDQFH DQG LWV
FRPSDWLELOLW\�ZLWK�WKH�HQYLURQPHQW�DQG�LQVWUXPHQW�

:H XVHG WKH VDPH H[SHULPHQWDO VHW�XS DV %XQGNH HW DO� ���� DQG %LVFKRI HW DO� ����� 7KH SDUWLFOH
VL]H ZDV VHOHFWHG XVLQJ D GLIIHUHQWLDO PRELOLW\ DQDO\VHU �0RGHO 0�'0$ ���8� *ULPP $HURVRO
7HFKQLN� $LQULQJ� *HUPDQ\�� $W WKH VDPH WLPH� DQ HOHFWURPHWHU �0RGHO ������ *ULPP $HURVRO
7HFKQLN� $LQULQJ� *HUPDQ\� ZDV RSHUDWHG DV D UHIHUHQFH LQVWUXPHQW IRU WKH SDUWLFOH QXPEHU
FRQFHQWUDWLRQ� 2XU QHZ ZRUNLQJ IOXLG ZDV RSHUDWHG RQ WKUHH &3& XQLWV UHSUHVHQWLQJ WZR GLIIHUHQW
PRGHOV� 7KRVH XQLWV LQFOXGH WZR 6N\�&3&V �0RGHO ���� 6N\�&3&� *ULPP $HURVRO 7HFKQLN� $LQULQJ�
*HUPDQ\��DQG�D�&3&������&(1��76,�,QF���6KRUHYLHZ��01��86$���

)LJXUH �� &RPSDULVRQ RI WKH SDUWLFOH FRQFHQWUDWLRQ PHDVXUHG E\ WZR 6N\�&3&V RSHUDWHG ZLWK WZR
GLIIHUHQW�ZRUNLQJ�IOXLGV��'��'062��%��%XWDQRO��GXULQJ�ILHOG�RSHUDWLRQ�

3DUWV RI WKLV ZRUN ZHUH VXSSRUWHG E\ ,$*26�' �*UDQW $JUHHPHQW 1R� ��/.����$�� DQG +,7(&
*UDGXDWH�6FKRRO�IRU�(QHUJ\�DQG�&OLPDWH�

8��%XQGNH�HW�DO���������7HOOXV�%��������������

2��)��%LVFKRI�HW�DO����������(PLVV��&RQWURO�6FL��7HFKQRO������������
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��&RQWULEXWHG
/HFWXUH

(OHFWURFKHPLFDO�6\QWKHVLV�RI�$PPRQLD�E\�=LQF�2[LGH�(OHFWURFDWDO\VWV

.��.XQHQH�����$��%UDXQ�

�(PSD��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\���(7+�=¾ULFK��'HSDUWPHQW
RI�$FDGHPLF�6HUYLFHV

$PPRQLD LV DQ LPSRUWDQW SUHFXUVRU RI IHUWLOL]HUV DQG QLWURJHQ FRPSRXQGV� DQG LW LV DOVR D SRWHQWLDO
HQHUJ\ VWRUDJH PHGLXP DQG DOWHUQDWLYH IXHO IRU YHKLFOHV >�@� 7KH PDLQ DPPRQLD SURGXFWLRQ
SURFHVV LV WKH +DEHU૱%RVFK SURFHVV� ZKLFK LV HQHUJ\� DQG FDSLWDO�LQWHQVLYH >�@� 7KHUHIRUH� LW LV
FUXFLDO WR ILQG DQ DOWHUQDWLYH PHWKRG IRU WKH V\QWKHVLV RI DPPRQLD� ,Q WKLV ZRUN� ZH UHSRUWHG D ]LQF
R[LGH HOHFWURFDWDO\VW �=Q2� IRU WKH HOHFWURFKHPLFDO V\QWKHVLV RI DPPRQLD� =Q2 ZDV V\QWKHVL]HG
YLD DQ HOHFWURFKHPLFDO PHWKRG DQG FKDUDFWHUL]HG E\ ;�UD\ GLIIUDFWLRQ �;5'� DQG 89�9LVLEOH
VSHFWURVFRS\ �89�9LV�� $PPRQLD ZLOO EH V\QWKHVL]HG IURP K\GURJHQ DQG QLWURJHQ XQGHU
DWPRVSKHULF SUHVVXUH XVLQJ =Q2 DV FDWDO\VW DW WKH FDWKRGH DQG ��� 0 SRWDVVLXP K\GUR[LGH �.2+�
DV WKH HOHFWURO\WH� :H EHOLHYH WKDW WKLV ZRUN ZLOO SURYLGH D QHZ RSSRUWXQLW\ WR GHVLJQ D QHZ
FDWDO\VW IRU WKH QLWURJHQ UHGXFWLRQ UHDFWLRQ �155� DQG DOVR RSHQ D QHZ URXWH WR VROYH WKH JOREDO
HQHUJ\ DQG HFRORJLFDO FULVLV� 7KH DXWKRUV DFNQRZOHGJH VXSSRUW IURP 'XUEDQ 8QLYHUVLW\ RI
7HFKQRORJ\� DQG IURP WKH 6ZLVV 6(5, DV 6ZLVV *RYHUQPHQW ([FHOOHQFH 6FKRODUVKLS� ('$�6%), QRr
��������� � 6¾GDIULND � 23� 7KLV SURMHFW RULJLQDWHV IURP WKH 6ZLVV 6RXWK $IULFDQ -RLQW 5HVHDUFK
3URJUDPPH��66$-53��

>�@� $UWXU %UDXQ� 'HEDMHHW %RUD� /DUV /DXWHUEDFK� (OLVDEHWK /HWWDX� +RQJ[LQ :DQJ� 6WHSKHQ
&UDPHU��)HLSHQJ�<DQJ��-LQJKXD�*XR��&DWDO\VLV�7RGD\��������������������

>�@� 1ºUVNRY -HQV� &KHQ -LQJJXDQJ� 0LUDQGD 5DXO� )LW]VLPPRQV 7LP� 6WDFN 5REHUW� '2( 5RXQGWDEOH
5HSRUW� 'LVFXVVLRQ KHOG )HEUXDU\ ��� ����� 'XOOHV� 9$� ����� 8�6� 'HSDUWPHQW RI (QHUJ\� 2IILFH RI
6FLHQFH�

�

�
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��&RQWULEXWHG�/HFWXUH

+LJK�WKURXJKSXW�JHQHUDWLRQ�RI�DLUFUDIW�OLNH�VRRW��'\QDPLFV�RI�VRRW�VXUIDFH�JURZWK�DQG
DJJORPHUDWLRQ�E\�HQFORVHG�VSUD\�FRPEXVWLRQ�RI�MHW�IXHO

8��7ULYDQRYLF���*��$��.HOHVLGLV���6��(��3UDWVLQLV�

�3DUWLFOH�7HFKQRORJ\�/DERUDWRU\��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK�
�1DQRVFLHQFH�DQG�$GYDQFHG�0DWHULDOV�5HVHDUFK�&HQWHU��6FKRRO�RI�3XEOLF�+HDOWK��5XWJHUV�8QLYHUVLW\
$LUFUDIWV FRQVWLWXWH DQ LPSRUWDQW VRXUFH RI XOWUDILQH VRRW� +LJK FRVWV DQG OLPLWHG DFFHVV� KRZHYHU�
PDNH LW GLIILFXOW WR SHUIRUP URXWLQH FKDUDFWHUL]DWLRQ RI VRRW JHQHUDWHG IURP DLUFUDIW HQJLQHV� 6R�
KLJK�WKURXJKSXW� ODERUDWRU\ XQLWV IRU JHQHUDWLRQ RI DLUFUDIW�OLNH VRRW DUH QHHGHG WR XQGHUVWDQG WKH
LPSDFW RI VXFK HPLVVLRQV RQ SXEOLF KHDOWK DQG FOLPDWH FKDQJH� +HUH� HQFORVHG VSUD\ FRPEXVWLRQ
�(6&� RI MHW IXHO LV XVHG WR JHQHUDWH KLJK FRQFHQWUDWLRQV RI VRRW ZLWK FKDUDFWHUVWLFV VLPLODU WR VRRW
IURP DLUFUDIW HQJLQHV >�@� 7KH FKDUDFWHULVWLFV RI VXFK VRRW DUH FRQWUROOHG E\ WKH (6& (IIHFWLYH
H4XLYDOHQFH 5DWLR �(45�� $W ORZ (45� VRRW KDG VLPLODU PRELOLW\� SULPDU\ SDUWLFOH GLDPHWHU� RUJDQLF
FDUERQ WR WRWDO FDUERQ UDWLR DQG 5DPDQ VSHFWUD WR WKDW PHDVXUHG IURP UHDO DLUFUDIWV� 7R WKLV HQG�
VRRW IRUPDWLRQ GXULQJ (6& RI MHW IXHO DORQJ WKH FHQWHUOLQH RI WKH IODPH >�@ LV LQYHVWLJDWHG DW KHLJKWV
DERYH WKH EXUQHU �+$%� � ૱ �� FP DQG (45 ���� ૱ ����� $W UHVLGHQFH WLPHV� W � �� PV DQG +$% �
� FP� VRRW JURZV ODUJHO\ E\ VXUIDFH JURZWK� 7KHQ� DJJORPHUDWLRQ GRPLQDWHV DQG LQFUHDVHV WKH
PHGLDQ PRELOLW\ GLDPHWHU� GP� XS WR �� QP DW +$%  �� FP� ZKLOH WKH PHGLDQ SULPDU\ SDUWLFOH �33�
GLDPHWHU� GS� UHPDLQV FRQVWDQW� :KLOH GS LV FRQVWDQW DW (45 ೩ ����� LQFUHDVLQJ WKH (45 XS WR ����
LQFUHDVHV WKH GS WR �� QP� 6LPXOWDQHRXVO\� WKH 5DPDQ '�* GHFUHDVHG IURP ��� DW (45  ���� WR
��� DW (45  ���� VXJJHVWLQJ WKDW ODUJHU 33V KDYH PRUH JUDSKLWLF QDQRVWUXFWXUH WKDQ VPDOOHU
RQHV� DV VKRZQ SUHYLRXVO\ >�@� 7R FRQILUP WKLV� ;�UD\ GLIIUDFWLRQ ZDV XVHG WR REWDLQ WKH VRRW
FU\VWDOOLWH OHQJWK� /F �)LJ� �� WULDQJOHV� DQG LQWHUOD\HU GLVWDQFH� G��� �)LJ� �� FLUFOHV�� )LJ� � VKRZV D
FOHDU FRUUHODWLRQ EHWZHHQ ERWK G��� DQG /F RI VRRW DV D IXQFWLRQ RI GS� 6R� WKH RUGHUHG
QDQRVWUXFWXUH DWWDLQHG E\ ODUJH VRRW QDQRSDUWLFOHV UHVXOWV LQ VPDOO R[LGDWLRQ UDWHV >�@ DQG ODUJH
OLJKW�DEVRUSWLRQ�>�@�DIIHFWLQJ�ERWK�LWV�F\WRWR[LFLW\�>�@�DQG�UDGLDWLYH�IRUFLQJ�>�@�

)LJ� �� &U\VWDOOLWH OHQJWK� /F DQG PHDQ LQWHUOD\HU GLVWDQFH� G��� RI VRRW IURP HQFORVHG VSUD\
FRPEXVWLRQ��(6&��RI�MHW�IXHO�WKDW�PDWFKHV�WKH�FKDUDFWHULVWLFV�RI�DLUFUDIW�VRRW�DV�D�IXQFWLRQ�RI�GS�

>�@�8��7ULYDQRYLF��*$��.HOHVLGLV��6�(��3UDWVLQLV��$HURVRO�6FL��7HFKQRO����������������૱���
>�@ 8� 7ULYDQRYLF� 0� 3HUHLUD 0DUWLQV� 6� %HQ]� *�$� .HOHVLGLV� 6�(� 3UDWVLQLV� )XHO� ����� ����
�������
>�@�$��%DOGHOOL��6�1��5RJDN��$WPRV��0HDV��7HFK��'LVFXVV�����������������૱����
>�@�)�3��+DJHQ��'��.UHW]OHU��7��+¦EHU��+��%RFNKRUQ��5��6XQW]��'��7ULPLV��&DUERQ����������������૱���
>�@�)�5��&DVVHH��0�(��+«URX[��0�(��*HUORIV�1LMODQG��)�-��.HOO\��,QKDO��7R[LFRO����������������૱���
>�@ *�$� .HOHVLGLV� '� 1HXEDXHU� /�6� )DQ� 8� /RKPDQQ� 6�(� 3UDWVLQLV� (QYLURQ� 6FL� 7HFKQRO�� �����
��������૱����
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��&RQWULEXWHG�/HFWXUH

)RUPDWLRQ��*URZWK��DQG�3KRWRFKHPLFDO�$JLQJ�RI�/DERUDWRU\�*HQHUDWHG�1DQRSDUWLFOHV

$��3LJQDWHOOL���)��6DVVR���)��3LFFD���0��&RPPRGR���3��0LQXWROR���$��'
$QQD�

�'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLW¢�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,��1DSROL���������,WDO\���
'LSDUWLPHQWR�GL�,QJHJQHULD�&KLPLFD��GHL�0DWHULDOL�H�GHOOD�3URGX]LRQH�,QGXVWULDOH��8QLYHUVLW¢�GHJOL
6WXGL�GL�1DSROL�)HGHULFR�,,��1DSROL���������,WDO\���&HQWUR�6HUYL]L�0HWURORJLFL�H�7HFQRORJLFL�$YDQ]DWL�
8QLYHUVLW¢�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,��1DSROL���������,WDO\���,VWLWXWR�GL�6FLHQ]H�H�7HFQRORJLH

SHU�O
(QHUJLD�H�OD�0RELOLW¢�6RVWHQLELOL��&15��1DSROL���������,WDO\

$WPRVSKHULF DHURVRO QDQRSDUWLFOHV KDYH LPSRUWDQW LPSOLFDWLRQV IRU JOREDO ZDUPLQJ� FOLPDWH FKDQJH
DQG KXPDQ KHDOWK >�@� 7KH FKDUDFWHUL]DWLRQ RI WKH G\QDPLFV FRQWULEXWLQJ WR WKH IRUPDWLRQ RI
DWPRVSKHULF DHURVRO QDQRSDUWLFOHV LV FUXFLDO WR UHGXFH WKH DQWKURSRJHQLF IRRWSULQW RQ WKH (DUWK� ,Q
WKLV VHQVH� D FHQWUDO UROH LV RFFXSLHG E\ WKH LGHQWLILFDWLRQ RI WKH SUHFXUVRUV RI WKHVH FRPSRXQGV WR
IXUWKHU�LQYHVWLJDWH�QDQRSDUWLFOHV�IRUPDWLRQ��JURZWK��DQG�R[LGDWLRQ�SURFHVVHV�
,Q WKLV ZRUN� WKURXJK DQ H[SHULPHQWDO V\VWHP VLPXODWLQJ VHFRQGDU\ DHURVRO �62$� IRUPDWLRQ� L�H��
WKRVH SDUWLFOHV WKDW DUH IRUPHG LQ WKH HQYLURQPHQW DIWHU WKH LQWHUDFWLRQ RI VRODU UDGLDWLRQ ZLWK
SULPDU\ HPLWWHG SROOXWDQWV >�@� WKH FKHPLFDO DQG SK\VLFDO SUHFXUVRUV RI QDQRSDUWLFOHV DUH
LQYHVWLJDWHG� 7KH IRUPDWLRQ DQG JURZWK SURFHVVHV DUH VWXGLHG WKURXJK WKH DQDO\VLV RI H[KDXVW
JDVHV RI DQ HWK\OHQH�ULFK SUHPL[HG ODPLQDU IODPH� 7KH SURGXFWV RI WKH SUH�PHQWLRQHG V\VWHP�
FROOHFWHG DW GLIIHUHQW KHLJKWV DERYH WKH EXUQHU� DUH FRQYH\HG LQWR DQ R[LGDWLRQ IORZ UHDFWRU
�'2)570�� VLPXODWLQJ YDULRXV DWPRVSKHULF FRQGLWLRQV� 'LIIHUHQW DJLQJ WLPHV LQ WKH DWPRVSKHUH DUH
UHSURGXFHG� 7R LQYHVWLJDWH WKH QXFOHDWLRQ JURZWK RI QHZ�ERUQ SDUWLFOHV DQG WR IROORZ WKH HYROXWLRQ
RI SDUWLFOH VL]H GLVWULEXWLRQ� D 6FDQQLQJ 0RELOLW\ 3DUWLFOH VL]HU �6036� V\VWHP DQG D +LJK
5HVROXWLRQ� 7LPH RI )OLJKW� $HURVRO 0DVV 6SHFWURPHWHU �+5�7R)�$06� DUH XVHG� 7KH SURGXFWV RI WKH
DQDO\VHG V\VWHP DUH H[WUDFWHG E\ D WXEXODU GLOXWLRQ SUREH SRVLWLRQHG DW GLIIHUHQW UHVLGHQFH WLPHV
LQ WKH IODPH� UHSUHVHQWLQJ SDUWLFOH QXFOHDWLRQ ]RQH DQG PDWXUH VRRW SDUWLFOHV� ,Q WKH SORW� WKH
HIIHFWV RI GLIIHUHQW R]RQH FRQFHQWUDWLRQV DUH VKRZQ IRU WKH FRQGLWLRQ LQ ZKLFK PDWXUH VRRW LV
ZLWKGUDZQ IURP WKH IODPH �+HLJK $ERYH %XUQHU RI ��PP�� $V R[LGDWLRQ SURFHHGV LQ WKH DJHLQJ
UHDFWRU� WKH VL]H GLVWULEXWLRQ RI WKH SDUWLFOHV FKDQJHV DQG D QHZ SDUWLFOH PRGH DSSHDUV DW ORZ
VL]HV� WKHVH QHZO\ SDUWLFOHV DUH IRUPHG LQ WKH R[LGDWLRQ IORZ UHDFWRU� PDVV VSHFWUD VKRZ DQ
LQFUHDVH RI ORZ P�] VLJQDOV� SUREDEO\ GXH WR DQ R[\JHQ�LQGXFHG IUDJPHQWDWLRQ RI WKH SULPDU\
ODUJHU SDUWLFOHV� 0HDVXUHPHQWV SHUIRUPHG RQ ELRIXHO�EDVHG IODPHV DUH XQGHU LQYHVWLJDWLRQ WR
XQGHUVWDQG�LI�WKH�VDPH�PHFKDQLVP�LV�H[KLELWHG�DOVR�E\�VXVWDLQDEOH�IXHOV�

>�@ 3UDVKDQW .XPDU� $ODQ 5RELQV� 6RWLULV 9DUGRXODNLV� 5H[ %ULWWHU� $WPRVSKHULF (QYLURQPHQW� �����
���������������
>�@�-HVVH�+��.UROOD��-RKQ�+��6HLQIHOG��$WPRVSKHULF�(QYLURQPHQW����������������૱�����
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��&RQWULEXWHG�/HFWXUH

&KHPLFDOO\�UHVROYHG�YRODWLOLW\�RI�ELRPDVV�EXUQLQJ�HPLVVLRQ

-��=KDQJ���.��/L���7��:DQJ���0��6XUGX���6��%RJOHU���,��(,�+DGGDG���-��6ORZLN���'��%HOO���$��3UHYRW�

�/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��������6ZLW]HUODQG

3ULPDU\ RUJDQLF DHURVRO �32$� HPLWWHG IURP ELRPDVV EXUQLQJ FRQWULEXWHV D ODUJH IUDFWLRQ RI
FDUERQDFHRXV DHURVRO DQG WUDFH JDVHV RQ UHJLRQDO DQG JOREDO VFDOH� 7KHVH HPLVVLRQV SOD\ DQ
LPSRUWDQW UROH LQ DLU TXDOLW\� FOLPDWH� DQG KXPDQ KHDOWK� 9RODWLOLW\ GLFWDWHV WKH SDUWLWLRQLQJ RI
FRPSRXQGV EHWZHHQ WKH JDV DQG SDUWLFOH SKDVH� 5HFHQWO\� PDQ\ PHWKRGV DUH DYDLODEOH IRU
HVWLPDWLQJ WKH YRODWLOLW\ RI FRPSRXQGV RQ WKH EDVLV RI PROHFXODU IRUPXOD>�@� +RZHYHU� WKHUH DUH
ODUJH XQFHUWDLQWLHV ZKHQ DSSO\LQJ SDUDPHWHUL]DWLRQV WR HVWLPDWH WKH YRODWLOLW\ RI WKH VDPH
FRPSRXQGV IURP GLIIHUHQW VRXUFHV RI 2$� )XUWKHU� WKH YRODWLOLW\ FDQ EH GHSHQGHQW XSRQ WKH
PL[WXUH RI PROHFXOHV WKDW DUH SUHVHQW GXH WR GHYLDWLRQV IURP 5DRXOWV /DZ� 7KHUHIRUH� WKH YRODWLOLW\
RI ELRPDVV EXUQLQJ 2$� DV D ODUJH FRQWULEXWRU WR JOREDO 2$� VKRXOG EH IXUWKHU FODULILHG� +HUH� WKH
WKHUPRGHXQGHU �7'� LV DSSOLHG WR LQYHVWLJDWH WKH HYDSRUDWLRQ EHKDYLRU RI EHHFK ORJV EXUQLQJ
FRPELQHG ZLWK WKH H[WUDFWLYH HOHFWURVSUD\ LRQL]DWLRQ WLPH�RI�IOLJKW PDVV VSHFWURPHWHU �((6,�72)�>�@
ZKLFK DFKLHYHV UHDO�WLPH DQG PROHFXODU IRUPXOD PHDVXUHPHQW RI ZDWHU VROXEOH FRQVWLWXHQWV RI 2$�
$Q HYDSRUDWLRQ�NLQHWLFV PRGHO ZDV XVHG WR UHWULHYH WKH HIIHFWLYH VDWXUDWLRQ FRQFHQWUDWLRQ �&�
ZKLFK ZDV FRQVWUDLQHG E\ WKH HPSLULFDO UHODWLRQVKLS EHWZHHQ & DQG +YDS� $OPRVW DOO WKH 32$
HYDSRUDWHG LQ WKH 7' DW ���  ZLWK WKH HIIHFWLYH UHVLGHQFH WLPH DW � V� 7KH ODUJHU FRPSRXQGV
HYDSRUDWHG JHQHUDOO\ VORZHU WKDQ FRPSRXQGV KDYLQJ VPDOOHU PROHFXODU ZHLJKW� 7KH ORJ��& RI
FRPSRXQGV IURP EHHFK ORJV EXUQLQJ YDULHG IURP �� WR � XJ�P� FRPELQHG ZLWK +YDS LQ WKH UDQJH RI
a��� WR a��� N- PRO��� $V VKRZQ LQ )LJXUH �� PRUH WKDQ KDOI RI WKH ELRPDVV EXUQLQJ 32$ LV
FRPSRVHG RI ORZ�YRODWLOLW\ RUJDQLF FRPSRXQGV �VDWXUDWLRQ FRQFHQWUDWLRQ RI ���� ͐JPಗ��� 7KH
PRGHOOHG YRODWLOLW\ LV FRPSDUHG ZLWK RWKHU HVWLPDWLRQV LQ WKH OLWHUDWXUH� DQG WKH QHZ
SDUDPHWUL]DWLRQ�IRU�%%2$�LV�SURSRVHG�EDVHG�RQ�PROHFXODU�IRUPXOD�

:H�DFNQRZOHGJH�WKH�VXSSRUW�RI�WKH�61)�JUDQW�02/25*��������B��������

>�@�/L��<���3¸VFKO��8���DQG�6KLUDLZD��0���$WPRV��&KHP��3K\V�����������������������

>�@�/RSH]�+LOILNHU��)��'���3RVSLVLORYD��9���+XDQJ��:���.DOEHUHU��0���0RKU��&���6WHIHQHOOL��*���7KRUQWRQ��-��$��
%DOWHQVSHUJHU��8���3UHYRW��$��6��+���DQG�6ORZLN��-��*���$WPRV��0HDV��7HFK�����������������������
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��&RQWULEXWHG�/HFWXUH

,QYHVWLJDWLQJ�WKH�WUDQVLWLRQ�IURP�JDV�SKDVH�VSHFLHV�WR�QDQRSDUWLFOH�IRUPDWLRQ�LQ�KLJK
WHPSHUDWXUH�UHJLPHV

$��9LROL���-��6DOGLQJHU���3��(OYDWL���0��5D\PRQG�

�8QLYHUVLW\�RI�0LFKLJDQ

�

8QGHUVWDQGLQJ WKH IRUPDWLRQ RI SRO\F\FOLF DURPDWLF FRPSRXQGV �3$&V� LQ FRPEXVWLRQ QRW RQO\
EULGJHV WKH NQRZOHGJH JDS EHWZHHQ WKH VPDOO JDV�SKDVH VSHFLHV DQG LQFLSLHQW VRRW SDUWLFOHV� EXW
PD\ DOVR KHOS DGGUHVV WKH JOREDO HPLVVLRQ LVVXHV RI ERWK 3$&V DQG VRRW� ,Q WKLV ZRUN� ZH SUHVHQW D
VWRFKDVWLF PRGHOLQJ FRGH� QDPHG 61DS6�� WR VWXG\ WKH FKHPLFDO SURFHVVHV WKDW OLQN JDV�SKDVH
VSHFLHV WR QDQRSDUWLFOH IRUPDWLRQ� 61DS6� XWLOL]HV NLQHWLF 0RQWH &DUOR VFKHPH DQG D NLQHWLF
PHFKDQLVP�RI�����JHQHULF�UHDFWLRQV�

,Q DGGLWLRQ WR WKH FKHPLFDO JURZWK� WKH SK\VLFDO FOXVWHULQJ RI SRO\F\FOLF DURPDWLF FRPSRXQGV
�3$&V� LV D FHQWUDO VWHS LQ WKH WUDQVLWLRQ RI JDV�SKDVH PROHFXOHV WR PDWXUH VRRW SDUWLFOHV� 3URSHUO\
DFFRXQWLQJ IRU WKHVH SKHQRPHQD UHTXLUHV D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH HQHUJ\ EDUULHUV
ZKLFK�FRQWURO�WKH�3$&�GLPHUL]DWLRQ�SURFHVV�

,Q WKLV ZRUN� ZH GHPRQVWUDWH KRZ PDFKLQH OHDUQLQJ FDQ XVH EDVLF PROHFXODU IHDWXUHV WR DFFXUDWHO\
SUHGLFW WKH GLPHU GLVVRFLDWLRQ HQHUJ\ EDUULHU� ZKLFK FDQ EH GLUHFWO\ UHODWHG WR WKH GLPHUL]DWLRQ UDWH
DQG�UHYHUVLELOLW\�RI�WKH�VRRW�LQFHSWLRQ�SURFHVV�

)RU D GLYHUVH VHW RI 3$&V DW PXOWLSOH WHPSHUDWXUHV� ZH SHUIRUP PROHFXODU G\QDPLFV VLPXODWLRQV WR
REWDLQ WKH IUHH HQHUJ\ VXUIDFHV RI WKH GLPHUL]DWLRQ SURFHVV� 8VLQJ WKLV GDWD� ZH WKHQ VKRZ WKDW DW
PXOWLSOH WHPSHUDWXUHV� PDFKLQH OHDUQLQJ FDQ SUHGLFW IUHH HQHUJ\ EDUULHUV VLJQLILFDQWO\ PRUH
DFFXUDWHO\�WKDQ�FRPPRQO\�XVHG�PDVV�FRUUHODWLRQV�

,Q PDNLQJ LWV SUHGLFWLRQV� WKH PDFKLQH OHDUQLQJ DOJRULWKP DXWRPDWLFDOO\ LGHQWLILHV D VHW RI VSHFLILF
PROHFXODU GHVFULSWRUV ZKLFK FDQ ERWK TXDQWLWDWLYHO\ EH UHODWHG WR WKH HQHUJ\ EDUULHU DQG
TXDOLWDWLYHO\ UHODWHG WR LQWHUSUHWDEOH SURSHUWLHV LPSRUWDQW WR WKH GLPHUL]DWLRQ SURFHVV VXFK DV VL]H�
VXUIDFH�DUHD��SUHVHQFH�RI�IXQFWLRQDO�JURXSV��DQG�R[\JHQDWLRQ�

7KH PDFKLQH OHDUQLQJ RI HQHUJ\ EDUULHUV LQ WKLV ZRUN RIIHUV VRRW LQFHSWLRQ PRGHOV D PHDQV RI
WDNLQJ LQWR DFFRXQW FRPSOH[ 3$& FKHPLFDO IHDWXUHV WR GHULYH DFFXUDWH SK\VLFDO DJJUHJDWLRQ UDWHV
DW�PLQLPDO�FRPSXWDWLRQDO�FRVW�

�
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3HULRGLFDO�WHFKQLFDO�LQVSHFWLRQ�IRU�LQ�XVH�YHKLFOHV��&RQWULEXWHG
/HFWXUH

5RDGVLGH�GHWHFWLRQ�RI�H[FHVV�SDUWLFOH�HPLWWHUV��SUDFWLFDO�OLPLWV�	�SRWHQWLDO�IRU��JDUDJH�
JUDGH��LQVWUXPHQWV

0��9RMWLVHN�����0��3HFKRXW���/��'LWWULFK�

�&]HFK�8QLYHUVLW\�RI�/LIH�6FLHQFHV�LQ�3UDJXH��'HSW��RI�9HKLFOHV�DQG�*URXQG�7UDQVSRUW���7HFKQLFDO
8QLYHUVLW\�RI�/LEHUHF��)DFXOW\�RI�0HFKDWURQLFV�DQG�,QWHUGLVFLSOLQDU\�6WXGLHV���&]HFK�7HFKQLFDO

8QLYHUVLW\�LQ�3UDJXH��&HQWHU�IRU�6XVWDLQDEOH�0RELOLW\

,Q WKLV ZRUN� WKH SUDFWLFDO OLPLWV RI UHPRWHO\ GHWHFWLQJ GHIXQFW SDUWLFOH ILOWHUV E\ URDGVLGH
LQVWUXPHQW DUH UHYLHZHG� DQG WKH SRWHQWLDO IRU WKH XVH RI ૺJDUDJH�JUDGHૻ SDUWLFOH LQVWUXPHQWV
LQWHQGHG�IRU�QHZ�SHULRGLF�WHFKQLFDO�LQVSHFWLRQ��137,��LV�H[DPLQHG�

:LWK QHDUO\ DOO FRPEXVWLRQ HQJLQHV HTXLSSHG ZLWK SDUWLFOH ILOWHUV� DQ LQFUHDVLQJ SRUWLRQ RI H[KDXVW
HPLVVLRQV RI FRPSRXQGV KD]DUGRXV WR KXPDQ KHDOWK LV DWWULEXWDEOH WR D UHODWLYHO\ VPDOO SRUWLRQ RI
YHKLFOHV ZLWK HPLVVLRQV PDOIXQFWLRQV� 5HPRWH VHQVLQJ RI YHKLFOH HPLVVLRQV E\ RSHQ�SDWK
VSHFWURPHWHUV� XVHIXO LQ FDSWXULQJ KLJK HPLWWHUV RI JDVHRXV SROOXWDQWV� KDV D SUDFWLFDO OLPLW RQ
SDUWLFOH PHDVXUHPHQW� DV LW LV LQVHQVLWLYH WR SDUWLFOHV VPDOOHU WKDQ VHYHUDO KXQGUHGV RI
QDQRPHWHUV� $V DQ DOWHUQDWLYH� LQVWUXPHQWV VDPSOLQJ IURP WKH VLGH RI WKH URDG >�@� IURP EULGJHV
>�@� PDQKROHV� RU D GULYH�WKURXJK HQFORVXUH >�@ ZHUH SURSRVHG WR GHWHFW YHKLFOHV ZLWK GHIHFWLYH RU
DEVHQW SDUWLFOH ILOWHUV EXW OLWWOH RU QR YLVLEOH VPRNH� 7\SLFDOO\� SDUWLFOH FRQFHQWUDWLRQV PHDVXUHG E\
FRXQWHUV� GLIIXVLRQ FKDUJHUV� FODVVLILHUV� SKRWRDFRXVWLF RU ODVHU LQGXFHG LQFDQGHVFHQFH GHWHFWRUV
ZHUH GLYLGHG E\ &2� FRQFHQWUDWLRQV PHDVXUHG E\ LQIUDUHG DQDO\]HUV� SURGXFLQJ D IXHO�VSHFLILF
HPLVVLRQV�IDFWRU��SDUWLFOH�QXPEHU�RU�PDVV���NJ�IXHO��

2YHUDOO� WKH ILQLWH VSHHG DQG WKH YDULDELOLW\ RI SOXPH GLVSHUVLRQ SRVH D SUDFWLFDO OLPLW RQ PLQLPXP
YHKLFOH VSDFLQJ RI VHYHUDO �PLG XQLWV RI� VHFRQGV� KLJKHU WKDQ ERWK WKH UDQJH RI W\SLFDO OLJKW�GXW\
YHKLFOH VSDFLQJ DQG WKH VDIH GLVWDQFH RI DSSUR[LPDWHO\ � VHFRQGV� HIIHFWLYHO\ UHVWULFWLQJ WKH
PHWKRG WR KHDY\ YHKLFOHV �DV LQ >�@� RU WR PHWHUHG DFFHVV DUHDV VXFK DV D GULYH�WKURXJK WHQW >�@�
7KH OLPLW RI TXDQWLILFDWLRQ RI WKH HPLVVLRQ IDFWRU LV DIIHFWHG ERWK E\ WKH H[KDXVW GLOXWLRQ UDWLR �&2�
FRQFHQWUDWLRQ� DQG E\ WKH SDUWLFOH FRQFHQWUDWLRQ GHWHFWLRQ OLPLW� ZKLFK LV LQKHUHQWO\ OLPLWHG E\
EDFNJURXQG�SDUWLFOH�FRQFHQWUDWLRQV��LQFOXGLQJ�WHPSRUDU\�VSLNHV�IURP�YHU\�KLJK�HPLWWHUV�

,W LV WKH RSLQLRQ RI WKH DXWKRUV WKDW WKH SDUWLFOH EDFNJURXQG OHYHOV DQG RWKHU IDFWRUV SRVH PXFK
KLJKHU LQKHUHQW OLPLWDWLRQV WKDQ WKH WHFKQLFDO FDSDELOLWLHV RI ORZ�FRVW SRUWDEOH GLIIXVLRQ FKDUJHUV�
DQG WKDW ZLWK FDUHIXO VHOHFWLRQ RI WKH PHDVXUHPHQW ORFDWLRQ DQG SODFHPHQW RI WKH VDPSOLQJ LQOHW�
UHPRWH GULYH�E\ ILOWHU LQWHJULW\ WHVWV FDQ EH GRQH� IRU H[DPSOH� DW JDWHG HQWUDQFHV WR XQLYHUVLW\
FDPSXVHV DQG VLPLODU DUHDV ZLWK 137,�VW\OH SDUWLFOH FRXQWHUV DQG RWKHU UHODWLYHO\ VLPSOH DQG ORZ�
FRVW�LQVWUXPHQWV�

7KLV ZRUN ZDV IXQGHG E\ WKH (XURSHDQ &RPPLVVLRQ SURMHFW QR� ���������� /(16� /�YHKLFOHV
(PLVVLRQV DQG 1RLVH PLWLJDWLRQ 6ROXWLRQV� 3ULRU WHVWV E\ DXWKRUV ZHUH IXQGHG E\ WKH &LW\ RI 3UDJXH
�������DQG�E\�WKH�(XURSHDQ�&RPPLVVLRQ�SURMHFW�&LW\�$LU�5HPRWH�(PLVVLRQV�6HQVLQJ�������������

>�@�6KHQ��<���HW�DO��6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW�������������������

>�@�3UHEOH��&����������0HDVXULQJ�UHDO�ZRUOG�HPLVVLRQV�IURP�WKH�RQ�URDG�KHDY\�GXW\�WUXFN�IOHHW��&DOLIRUQLD
$LU�5HVRXUFHV�%RDUG�&RQWUDFW���������
KWWSV���ZZ��DUE�FD�JRY�VLWHV�GHIDXOW�ILOHV�FODVVLF�UHVHDUFK�DSU�SDVW��������SGI

>�@�%LVKRS��*��$���HW�DO��(QYLURQPHQWDO�VFLHQFH�	�WHFKQRORJ\�������������������������

�
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