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2Q�URDG�	�ILHOG�PHDVXUHPHQW�RI�H[KDXVW�IORZ�RI�VPDOO�HQJLQHV���

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

5HDO GULYLQJ HPLVVLRQV PHDVXUHPHQWV� DIWHU EHLQJ VXFFHVVIXOO\ LPSOHPHQWHG RQ OLJKW DQG KHDY\ RQ�
URDG YHKLFOHV� DUH EHLQJ FRQVLGHUHG IRU /�FDWHJRU\ YHKLFOHV VXFK DV PRSHG DQG PRWRUF\FOHV� DQG
IRU VPDOO QRQ�URDG HQJLQHV� 6XFFHVVIXO UHDO�ZRUOG PHDVXUHPHQW QHFHVVLDWHV PDVWHULQJ ERWK
H[KDXVW JDV FRQFHQWUDWLRQV DQG IORZ GHWHUPLQDWLRQ� 1HLWKHU RI WKH WZR GRPLQDQW DSSURDFKHV�
GLUHFW IORZ PHDVXUHPHQW E\ 3LWRW WXEH DQG FDOFXODWLRQ IURP LQWDNH DLU IORZ PHDVXUHPHQWV� LV
UHDGLO\ DSSOLFDEOH IRU VLPSOLVWLF VLQJOH�F\OLQGHU HQJLQHV� 'LUHFW H[KDXVW IORZ PHDVXUHPHQW E\ 3LWRW
WXEH LV VXEMHFW WR VHYHUH RVFLOODWLRQV DQG UHYHUVDOV RI WKH H[KDXVW IORZ� $LU IORZ DQG IXHO IORZ
PHWHUV DUH W\SLFDOO\ WRR EXON\ IRU LQVWDOODWLRQ RQ VPDOO HTXLSPHQW� DQG VSHHG�GHQVLW\ PHWKRG ODFNV
VXIILFLHQW�DFFXUDF\�GXH�WR�WKH�UHODWLYHO\�ORZ�YROXPHWULF�HIILFLHQF\�RI�VPDOO�HQJLQHV�

,Q WKLV ZRUN� GLIIHUHQW DSSURDFKHV IRU H[KDXVW IORZ PHDVXUHPHQWV RQ VPDOO HQJLQHV ZLOO EH
UHYLHZHG� DQG LPSURYLVHG PHDVXUHPHQW VHWXSV GHYHORSHG E\ WKH DXWKRUV ZLOO EH SUHVHQWHG� 2QH
VXFK VHWXS LV DQ ,PSURYLVHG IXOO�IORZ GLOXWLRQ WXQQHO� XVLQJ D FRPPHUFLDO YDFXXP FOHDQHU WXUELQH
DV D EORZHU DQG D VHW RI JDUDJH�JUDGH JDV DQDO\]HUV� VXLWDEOH IRU VPDOO JDUGHQ PDFKLQHU\� $QRWKHU
VHWXS LV D 3LWRW WXEH ZLWK IDVW�UHVSRQVH �N+] UDQJH� SUHVVXUH VHQVRUV� PHDVXULQJ ERWK IRUZDUG DQG
UHYHUVH H[KDXVW IORZV� DSSOLFDEOH WR PRWRUF\FOH HQJLQHV� <HW DQRWKHU DSSURDFK LV WKH VSHHG�
GHQVLW\ PHWKRG� ZKHUH WKH HQJLQH YROXPHWULF HIILFLHQF\ RI D PRSHG HQJLQH PDSSHG RQ D FKDVVLV
G\QDPRPHWHU XVLQJ D GLUHFW IXHO IORZ PHDVXUHPHQW� ([DPSOHV RI PHDVXUHPHQW VHWXSV DQG UHVXOWV
RI�FRPSDULVRQ�PHDVXUHPHQWV�ZLOO�EH�SUHVHQWHG�

7KLV ZRUN ZDV IXQGHG E\ WKH (XURSHDQ &RPPLVVLRQ SURMHFW QR� ���������� /(16� /�YHKLFOHV
(PLVVLRQV�DQG�1RLVH�PLWLJDWLRQ�6ROXWLRQV�
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3HUIRUPDQFH�(YDOXDWLRQ�0HWKRGV�IRU�$LU�&OHDQHUV

<��.XR���&��/LQ���6��+XDQJ���&��&KHQ�


��&KXQJ�+ZD�8QLYHUVLW\�RI�0HGLFDO�7HFKQRORJ\��'HSDUWPHQW�RI�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK���
1DWLRQDO�7DLZDQ�8QLYHUVLW\��,QVWLWXWH�RI�(QYLURQPHQWDO�DQG�2FFXSDWLRQDO�+HDOWK�6FLHQFHV

,Q $16,�$+$0 $&�������� &OHDQ $LU 'HOLYHU\ 5DWH �&$'5� LV D PHDVXUH RI WKH DSSOLDQFH૷V DELOLW\ WR
UHGXFH DHURVRO SDUWLFOHV� 7KH &$'5& PHDVXUHPHQW PXVW EH FDUULHG RXW LQ D VWDQGDUG $+$0
FKDPEHU� IROORZLQJ D WHGLRXV DQG WLPH�FRQVXPLQJ SURFHGXUH� $Q DOWHUQDWLYH PHWKRG LV XVLQJ WKH
SURGXFW RI WKH IORZ UDWH DQG WKH ILOWUDWLRQ HIILFLHQF\ RI WKH DLU FOHDQHU� 7KLV SURGXFW LV QDPHG
HTXLYDOHQW &$'5 RU &$'5(� 7KH SUHVHQW VWXG\ FRPSDUHV DQG DQDO\]HV WKH SURV DQG FRQV RI WKHVH
WZR PHWKRGV� $ VPDOO FKDPEHU ZDV EXLOW WR VXEVWLWXWH WKH VWDQGDUG $+$0 FKDPEHU� $ FRQVWDQW
RXWSXW DHURVRO JHQHUDWRU ZDV XVHG WR JHQHUDWH '(+6 SDUWLFOHV� 7KH LQLWLDO FRQFHQWUDWLRQ ZDV
FRQWUROOHG DW DERXW ��� RU ����� ��FP� ZKHQ XVLQJ PRQRGLVSHUVH DQG SRO\GLVSHUVH DHURVRO�
UHVSHFWLYHO\� 7KH QDWXUDO GHFD\ UDWH �NQ� DQG WKH WRWDO GHFD\ UDWH �NH� ZHUH WKHQ PHDVXUHG XVLQJ D
FRQGHQVDWLRQ SDUWLFOH FRXQWHU WR GHWHUPLQH WKH &$'5&� 7KH DHURVRO QXPEHU FRQFHQWUDWLRQ DQG VL]H
GLVWULEXWLRQ XSVWUHDP DQG GRZQVWUHDP RI WKH DLU FOHDQHU ZHUH PHDVXUHG XVLQJ D VFDQQLQJ PRELOLW\
SDUWLFOH VL]HU WR REWDLQ WKH ILOWUDWLRQ HIILFLHQF\ DV D IXQFWLRQ RI SDUWLFOH VL]H� 7KH IORZ UDWH RI DLU
FOHDQHU ZDV PHDVXUHG XVLQJ D JDV PHWHU ZLWK D XQLTXH GHVLJQ WR RIIVHW DQG EDODQFH WKH DLU
UHVLVWDQFH RI WKH JDV PHWHU� )RU D JLYHQ ILOWHU� WKH ILOWUDWLRQ HIILFLHQF\ LQFUHDVHV ZLWK GHFUHDVLQJ
YHORFLW\ EHFDXVH RI D ORQJHU UHWHQWLRQ WLPH ZLWKLQ WKH ILOWHU PHGLD� 7KLV LV SDUWLFXODUO\ WUXH IRU
VXEPLFURQ DHURVROV EHFDXVH WKH SULPDU\ ILOWUDWLRQ PHFKDQLVP LV GLIIXVLRQ� 1RWLFH WKDW WKH &$'5(
DQG &$'5& VKRXOG EH LGHQWLFDO LI WKH WHVW DHURVRO LV PRQRGLVSHUVH� 7KH &$'5( LV DOZD\V ORZHU ����
LQ WKLV ZRUN� WKDQ WKH &$5'& LI EDVHG RQ WKH 0336� ,I WKH ZKROH VL]H GLVWULEXWLRQ RI WKH FKDOOHQJH LV
LQFOXGHG� WKH &$'5( LV ��� KLJKHU WKDQ &$'5&� 7KLV PLVPDWFK EHFRPHV PRUH VLJQLILFDQW LI WKH
VSUHDG RI WKH WHVW DHURVRO LQFUHDVHV� L�H�� KLJKHU JHRPHWULF VWDQGDUG GHYLDWLRQ� 7KURXJK VLPXODWLRQ�
WKH ORQJHU WKH RSHUDWLRQ RI WKH DLU FOHDQHU� WKH SDUWLFOH GLVWULEXWLRQ PRYHV WRZDUG 0336�
$GGLWLRQDOO\� &$'5& ZRXOG EH RYHUHVWLPDWHG LI WKH WHVWLQJ DHURVRO LV IDU IURP 0336� 7KH UHVXOWV
VKRZ WKDW ERWK SHUIRUPDQFH WHVWLQJ PHWKRGV FRUUHODWH ZHOO� 7KH ILOWUDWLRQ FXUYH VKRXOG EH
PHDVXUHG WR LGHQWLI\ WKH 0336� +HQFH� ZH FDQ KDYH D PRUH FRQVHUYDWLYH &$'5( EDVHG RQ 0336�
2YHUDOO� WKH &$'5( LV PRUH UREXVW� FRQVHUYDWLYH� XQLYHUVDO� DQG IDVWHU WKDQ WKH &$'5&� EDVHG RQ
WKH�WUDGLWLRQDO�FKDPEHU�WHVW�PHWKRG�
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&RPSDULVRQ�RI�FKDUJLQJ�PHFKDQLVP��WKH�HIILFLHQF\�RI�SDUWLFOH�PDWWHU�FDSWXUH�DQG
JHQHUDWLRQ�RI�E\SURGXFWV�IURP�GLIIHUHQW�LRQL]DWLRQ�EDVHG�LQGRRU�SROOXWLRQ�FRQWURO

WHFKQRORJLHV

$��$��.XPDU�

�(QYLURQPHQW�VFLHQFH�DQG�HQJLQHHULQJ

,QGRRU DLU TXDOLW\ LV D VLJQLILFDQW FRQFHUQ LQ WKH PRGHUQ HQYLURQPHQW DV SHRSOH HVSHFLDOO\ WKRVH LQ
XUEDQ DUHDV VSHQG ������ RI WKHLU WLPH LQ OLYLQJ� ZRUNLQJ SDFHV D ZHOO GLIIHUHQW PHDQV RI
WUDQVSRUWDWLRQ DQG DOVR GXH WR WKH FRQVWUXFWLRQ RI WLJKWO\ VHDOHG EXLOGLQJV LQ GHYHORSLQJ DQG
SRSXODWHG FRXQWULHV� $PRQJ GLIIHUHQW LQGRRU SROOXWDQWV� SDUWLFXODWH PDWWHU �30� LV D VLJQLILFDQW
FRQFHUQ WR KXPDQ KHDOWK GXH WR LWV VPDOOHU VL]H DQG HDV\ DWWDFKPHQW WR GLIIHUHQW FKHPLFDO
VSHFLHV� $OWKRXJK WKHUH DUH GLIIHUHQW 30 FRQWURO WHFKQRORJLHV LQ WKH PDUNHW DV ZHOO DV LQ ODE�VFDOH
WKH\ KDYH VHYHUDO GUDZEDFNV OLNH LQFUHDVHG HQHUJ\ FRQVXPSWLRQ GXH WR SUHVVXUH GURS�
VXVWDLQDELOLW\ LVVXHV UHJDUGLQJ ILOWHU GLVSRVDO� ELRIRXOLQJ LVVXHV IRU ILOWUDWLRQ DQG ODFN RI LQIRUPDWLRQ
UHJDUGLQJ UHPRYDO PHFKDQLVP DQG SHUIRUPDQFH LQ WKH UHDO LQGRRU HQYLURQPHQW D ZHOO DV
JHQHUDWLRQ RI E\SURGXFWV IRU HPHUJLQJ 30 FRQWURO WHFKQRORJLHV OLNH QRQWKHUPDO SODVPD DQG
ELRILOWUDWLRQ ,Q WKLV UHJDUG� LRQLVDWLRQ�EDVHG GHYLFHV OLNH HOHFWURVWDWLF SUHFLSLWDWRUV �(63� DV ZHOO
LRQL]HUV ILQG WKHLU DSSOLFDELOLW\ LQ FOHDQLQJ LQGRRU HQYLURQPHQWV ZLWK EHQHILWV OLNH KLJKO\ HIILFLHQW
30 FDSWXUH� PLQLPDO HQHUJ\ FRQVXPSWLRQ GXH WR UHGXFHG SUHVVXUH GURS RZLQJ WR WKHLU GHVLJQ�
HDVH RI PDLQWHQDQFH DV ZHOO RI WKH IOH[LELOLW\ RI NHHSLQJ DV HLWKHU VWDQG�DORQH RU GXFW XQLW DV ZHOO
DORQJ ZLWK LWV HIILFLHQF\ LQ UHPRYLQJ PXOWLSOH LQGRRU SROOXWDQWV OLNH ELRDHURVROV DQG KD]DUGRXV
YRODWLOH RUJDQLF FRPSRXQGV �792&�� 7KHUHIRUH� WKH FXUUHQW VWXG\ LV RQ FRPSDULVRQ RI FKDUJLQJ
PHFKDQLVP� HIILFLHQF\ LQ 30 FDSWXUH� SHUIRUPDQFH LQ UHPRYLQJ PXOWLSOH LQGRRU SROOXWDQWV DQG
JHQHUDWLRQ RI E\SURGXFWV OLNH R]RQH� QLWURJHQ R[LGH DQG XOWUDILQH 30 RI GLIIHUHQW LRQLVDWLRQ�EDVHG
GHYLFHV� %HVW SHUIRUPLQJ LRQLVDWLRQ�EDVHG SURGXFWV OLNH ZLUH SODWH (63� EUXVK W\SH LRQLVHUV�
LRQLVLQJ DLU JXQV� LRQ SHQV DQG VWDWLF LRQL]LQJ EDUV ZKLFK ZRUN RQ GLIIHUHQW SRODULW\� KDYLQJ
GLIIHUHQW GHVLJQV RI LRQ HPLWWHUV WKDW HPLW GLIIHUHQW FRQFHQWUDWLRQV RI LRQV ZKLOH RSHUDWLQJ LQ
GLIIHUHQW YROWDJHV ZHUH VHOHFWHG DQG FRPSDUHG LQ D FORVHG FKDPEHU� 7KLV FRXOG KHOS FXVWRPHUV LQ
VHOHFWLQJ WKH PRVW VXLWDEOH WHFKQRORJ\ EDVHG RQ WKHLU UHTXLUHPHQWV� $GGLWLRQDOO\� WKH VWXG\ DOVR
H[SORUHG WKH PRVW LQIOXHQFLQJ IDFWRUV ZKLFK DIIHFW WKH SHUIRUPDQFH RI DQ LRQLVDWLRQ�EDVHG
WHFKQRORJ\ ZKLFK FRXOG DVVLVW LQ WKH GHVLJQ DV ZHOO DV WKH GHYHORSPHQW RI WKH PRVW HIILFLHQW
LRQL]HU IRU LQGRRUV� $OO WHVWHG LRQLVHUV DQG (63 FDSWXUHG VWDQGDUG DHURVROV DV ZHOO DV 30 HPLWWHG
IURP PDMRU UHDO HQYLURQPHQWV OLNH FDQGOHV� PRVTXLWR FRLOV� LQFHQVH VWLFNV� PL[HG DHURVROV DV ZHOO
ELRDHURVROV OLNH P\FREDFWHULXP VPHJPDWLV DV ZHOO (VFKHULFKLD &ROL DV ZHOO DPELHQW LQILOWUDWHG 30
KDYH GLIIHUHQW VL]H GLVWULEXWLRQ UDQJLQJ IURP ��QP WR �XP ZLWK HIILFLHQF\ UDQJH IURP �� WR �����
$PRQJ DOO WHVWHG GHYLFHV� WKH VWDWLF EDU VKRZHG WKH KLJKHVW SHUIRUPDQFH LQ 30 FDSWXUH DQG
WKHUHIRUH ZDV UHGHVLJQHG DV SHU RXU UHTXLUHPHQW IRU D VPDOOHU GLDPHWHU DV ZHOO DV DQ LQFUHDVHG
QXPEHU RI LRQ HPLWWHUV LQ DOO GLUHFWLRQV� (YHQ WKRXJK WKH SULPDU\ IXQFWLRQ RI LQGRRU FRQWURO
WHFKQRORJ\ LV WR FDSWXUH 30 VHFRQGDU\ FRQVHTXHQFHV OLNH HQHUJ\ FRVW� E\SURGXFW HPLVVLRQ DQG
UHPRYDO RI PXOWLSOH SROOXWDQW UHPRYDO DIIHFW WKH ORQJ UXQ RI XVDJH� 8QIRUWXQDWHO\� PDQ\ RI WKH
WHVWHG LRQLVHUV JHQHUDWHG R]RQH DERYH UHJXODWRU\ VWDQGDUGV EXW LW FRXOG EH UHGXFHG E\ WKH XVH RI
D VXLWDEOH DGVRUEHQW DV WKH HQWLUH V\VWHP LV D FORVHG HQFORVXUH� 7KH HQHUJ\ FRVW� HIILFLHQF\ RI WKH
GHVLJQHG VWDWLF EDU ZDV IRXQG WR EH FRPSDUDEOH ZLWK FRPPHUFLDO +(3$ DLU SXULILHUV� 7KH HPLVVLRQ
RI R]RQH IURP WKH EDU ZDV IDU OHVV WKDQ UHJXODWRU\ OLPLWV DQG WKHUH LV QR HPLVVLRQ RI RWKHU
E\SURGXFWV OLNH QLWURJHQ R[LGHV DQG XOWUDILQH 30� $GGLWLRQDOO\� WKH QRQ�WKHUPDO SODVPD PHFKDQLVP
LQ LRQLVDWLRQ�EDVHG GHYLFHV ZDV IRXQG WR EH FDSDEOH RI GHDFWLYDWLQJ ELRDHURVROV E\ ��� DQG
GHJUDGLQJ KD]DUGRXV YRODWLOH RUJDQLF FRPSRXQGV OLNH IRUPDOGHK\GH WR OHVV WR[LF SURGXFWV E\ ����
:H DUH LQWHJUDWLQJ LRQLVDWLRQ ZLWK WKH SKRWRFDWDO\VLV SURFHVV ZLWK QDQRPDWHULDOV IRU LPSURYHG
GHDFWLYDWLRQ HIILFLHQF\ IRU ELRDHURVRO FDSWXUH DQG GHJUDGDWLRQ HIILFLHQF\ IRU 792& DERYH ���
ZKLFK�ZLOO�KHOS�LQ�FRPLQJ�DV�D�FRPPHUFLDO�LQGRRU�DLU�SXULILHU�
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

2QOLQH�4XDQWLILFDWLRQ�RI�2[LGDWLYH�3RWHQWLDO�IURP�DQG�5HVLGHQWLDO�:RRG�&RPEXVWLRQ
�5:&��DQG�&DU�([KDXVW�$HURVRO

%��8WLQJHU���$��%DUWK���6��-��&DPSEHOO�����DHUR+(/$7+�FRQVRUWLXP���0��.DOEHUHU�


�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVHO��%DVHO��������6ZLW]HUODQG���
'HSDUWPHQW�RI�$WPRVSKHULF�DQG�2FHDQLF�6FLHQFHV��8QLYHUVLW\�RI�&DOLIRUQLD�DW�/RV�$QJHOHV��/RV
$QJHOHV��&$�������������8QLWHG�6WDWHV�RI�$PHULFD���*HUPDQ�,VUDHOL�+HOPKROW]�,QWHUQDWLRQDO

/DERUDWRU\�DHUR+($/7+��ZZZ�DHURKHDOWK�HX�

$LU SROOXWLRQ SDUWLFOHV DUH WKH VLQJOH KLJKHVW HQYLURQPHQWDO KHDOWK ULVN DQG KDYH DGYHUVH HIIHFWV RQ
KXPDQ KHDOWK ZLWK RYHU � PLOOLRQ SUHPDWXUH GHDWKV SHU \HDU� 'HVSLWH WKHVH QHJDWLYH HIIHFWV� PDQ\
SK\VLFDO DQG FKHPLFDO SURSHUWLHV RI SDUWLFXODWH PDWWHU �30� DQG WKHLU HIIHFW RQ KXPDQ KHDOWK VWLOO
UHPDLQ XQFOHDU� 7KH R[LGDWLYH SRWHQWLDO �23� KDV ZLGHO\ EHHQ VXJJHVWHG DV SUR[\ WR PHDVXUH
WR[LFLW\ LQ 30� 'LIIHUHQW DVVD\V KDYH EHHQ GHYHORSHG WR TXDQWLI\ 23 RYHU WKH UHFHQW \HDUV� 0RVW RI
WKHP PHDVXUH WKH 23 RIIOLQH IURP DHURVRO WKDW LV FROOHFWHG RQ D ILOWHU DQG DQDO\]HG ZLWK D WLPH
GHOD\�IURP�GD\V�WR�PRQWK�

:H FRXOG VKRZ IRU D ELRJHQLF VHFRQGDU\ RUJDQLF DHURVRO XVLQJ ͅ�SLQHQH DV SUHFXUVRU� WKDW WKH 23�
DFWLYH FRPSRXQGV GHFD\ ZLWK D KDOI�OLIH IURP VHFRQGV WR KRXUV� OHDGLQJ WR WKH DVVXPSWLRQ WKDW WKH
23 LQ ILOWHU VDPSOHV� LV SRWHQWLDOO\ KLJKO\ XQGHUHVWLPDWHG� 7KHUHIRUH� ZH EXLOW DQ RQOLQH LQVWUXPHQW
WKDW FDQ TXDQWLI\ 23 ZLWK D KLJK WLPH UHVROXWLRQ XVLQJ D SK\VLRORJLFDO UHOHYDQW DVVD\� :LWK WKLV
RQOLQH LQVWUXPHQW DQG WKH FRUUHVSRQGLQJ RIIOLQH DVVD\� ZH FKDUDFWHUL]HG VHYHUDO DHURVRO W\SHV�
ZKHUH ZH FRXOG VKRZ WKDW WKHUH LV QRW RQO\ DQ 23 GHFD\ GXULQJ WKH RIIOLQH DQDO\VLV� EXW WKDW WKLV
GHFD\�LV�DOVR�KLJKO\�YDULDEOH�IRU�GLIIHUHQW�DHURVRO�V\VWHPV�

:LWK WKH RQOLQH LQVWUXPHQW ZH DOVR PHDVXUHG SULPDU\ �IUHVK� DQG VHFRQGDU\ �DJHG� HPLVVLRQV
IURP 5:& DQG FDU H[KDXVW WR LQYHVWLJDWH WKH GLIIHUHQFHV LQ DJLQJ WLPHV DQG FRPSRVLWLRQDO WR[LFLW\
RI WKH GLIIHUHQW DHURVRO V\VWHPV� :H FRXOG VKRZ D KLJKO\ WLPH UHVROYHG VLJQDO DV ZHOO DV WKDW IRU
5:& KLJK SKRWRFKHPLFDO DJHV OHDG WR D ORZHU PDVV�QRUPDOL]HG 23� FRPSDUHG WR FDU H[KDXVW
HPLVVLRQV ZKHUH D KLJKHU DJLQJ OHDGV WR D VOLJKWO\ KLJKHU 23� $JHG 5:& JLYHV� FRPSDUHG WR DJHG
FDU�H[KDXVW��DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�23�VKRZLQJ�WKDW�DJHG�5:&�LV�SRWHQWLDOO\�PRUH�WR[LF�
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

0LFURELDO�,QGRRU�$LU�&RQWDPLQDQWV�DQG�,WV૷�+HDOWK�5LVN�$VVHVVPHQW�LQ�GLIIHUHQW
PLFURHQYLURQPHQWV�RI�/XFNQRZ��FDSLWDO�RI�PRVW�SROOXWHG�6WDWH�RI�,QGLD

$��7DXVKLED�����5��.KDQ���

�'HSDUWPHQW�RI�&KHPLVWU\�,VDEHOOD�7KREXUQ�&ROOHJH�/XFNQRZ��,QGLD���'HSDUWPHQW�RI�(QYLURQPHQWDO
6FLHQFHV��,QWHJUDO�8QLYHUVLW\

([SRVXUH WR PLFURELDO RUJDQLVPV LQ LQGRRU DLU KDV EHHQ UHODWHG WR HIIHFWV RQ UHVSLUDWRU\ DQG RYHUDOO
KHDOWK� 7KH SUHYDOHQFH RI PROG LQ LQGRRU VSDFHV VXFK DV KRVSLWDOV� KRXVHKROGV� HWF� H[SUHVVHV
ZRUULHV DERXW ORQJ�WHUP QHJDWLYH KHDOWK FRQVHTXHQFHV DQG GHWHULRUDWLRQ RI H[LVWLQJ OXQJ
FRQGLWLRQV� 7KH FXUUHQW VWXG\ DLPHG WR TXDQWLI\ WKH VHDVRQDO YDULDWLRQ RI PLFURELDO FRQWDPLQDQWV
�EDFWHULD DQG IXQJL� ZLWKLQ KRXVHKROGV ORFDWHG LQ ,QGXVWULDO� 5HVLGHQWLDO DQG &RPPHUFLDO DUHDV DQG
DVVHVVPHQW RI KHDOWK ULVNV� 7HPSHUDWXUH DQG UHODWLYH KXPLGLW\ ZHUH PHDVXUHG WR GHWHUPLQH KRZ
WKH\ DIIHFWHG PLFURELDO VXUYLYDO� %DFWHULD DQG IXQJL LQ HDFK PLFURHQYLURQPHQW ZHUH DVVHVVHG E\
GLIIHUHQW SODWHV FRQWDLQLQJ PHGLD XVLQJ WKH JUDYLWDWLRQDO VHWWOLQJ PHWKRG� )ROORZLQJ WKH
LGHQWLILFDWLRQ RI PLFURRUJDQLVPV XVLQJ FRQYHQWLRQDO PLFURELRORJLFDO WHFKQLTXHV� ELRFKHPLFDO WHVWV�
DQG PROHFXODU DSSURDFKHV ZHUH XVHG� 7KH ILQGLQJV LQGLFDWHG WKDW WKH VXEVWDQFHV LQ LQGRRU DLU DUH
D FRPSOH[ EOHQG RI SK\VLFDO� DQG PLFURELRORJLFDO FRQWDPLQDQWV LQ HDFK DUHD� 7KH UHVXOW UHYHDOV
WKDW WKH KLJKHVW EDFWHULD FRQFHQWUDWLRQV LQ WKH UHVLGHQWLDO DUHD UDQJHG EHWZHHQ �������� �������
&)8�P� LQ WKH VSULQJ VHDVRQ DQG IXQJL FRQFHQWUDWLRQV ZHUH IRXQG LQ WKH VSULQJ VHDVRQ LQ WKH
FRPPHUFLDO DUHD ������ FRPSDUHG WR WKH ZLQWHU VHDVRQ ������ &)8�P�� %DVHG RQ LQGRRU IXQJDO
FKDUDFWHUL]DWLRQ� $VSHUJLOOXV QLJHU� $VSHUJLOOXV IODYXV &ODGRVSRULXP� $OWHUQDULD�
)XVDULXP� DQG 3HQLFLOOLXP� ZHUH WKH PRVW SUHGRPLQDQW JHQHUD IRXQG LQ DQ LQGRRU HQYLURQPHQW�
7KH SURSHU UXOHV VKRXOG EH IROORZHG IRU PDQDJHG HQYLURQPHQWV LQ UHVLGHQWLDO VHWWLQJV�
)XUWKHUPRUH� LQWHUQDWLRQDO UHJXODWRU\ DJHQFLHV GHQ\ WKH SUHVHQFH RI PLFURELRORJLFDO SROOXWDQWV LQ
LQGRRU HQYLURQPHQWV� ZKLFK KDYH EHHQ UHSHDWHGO\ OLQNHG WR WKH WUDQVPLVVLRQ RI OHWKDO GLVHDVHV LQ
KXPDQV�
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

1DQR�GU\�VDOW�GHSRVLWLRQ�RQ�HOHFWUHW�QRQZRYHQ�FRQIHUV�DQWLFRURQDYLUDO�HIIHFW�ZKLOH
UHWDLQLQJ�DHURVRO�ILOWUDWLRQ�SHUIRUPDQFH

$��3LUL���'��3DUN���-��&KRL���-��+ZDQJ�
��-��%\HRQ�


�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��<RQVHL�8QLYHUVLW\��6HRGDHPXQ�JX��6HRXO��������5HSXEOLF
RI�.RUHD���'HSDUWPHQW�RI�6XVWDLQDEOH�(QYLURQPHQW�5HVHDUFK��.RUHD�,QVWLWXWH�RI�0DFKLQHU\�	

0DWHULDOV��'DHMHRQ��������.RUHD���'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��<HXQJQDP�8QLYHUVLW\�
*\HRQJVDQ��������5HSXEOLF�RI�.RUHD

6DIH�E\�GHVLJQ FRQFHSWV IRU DQWLFRURQDYLUDO IXQFWLRQV DUH LPSRUWDQW LQ WKH SURGXFWLRQ RI DLU ILOWHUV�
IDFH PDVNV� DQG WRXFK VXEVWUDWHV EHFDXVH WKHVH LQWHUYHQWLRQV PD\ EH HIIHFWLYH LQ DOORZLQJ
FRQWLQXHG VRFLRHFRQRPLF DFWLYLW\ DQG DOOHYLDWLRQ RI WKH JOREDO UHFHVVLRQ� 5HFHQW DWWHPSWV WR
SURYLGH DQWLFRURQDYLUDO IXQFWLRQV KDYH LQYROYHG DOWHUQDWLYH FRPSRVLWLRQV DQG DUFKLWHFWXUHV DLPHG
DW SURGXFLQJ QDQRVFDOH FRPSRXQGV IRU KLJKO\ HIIHFWLYH DQWLFRURQDYLUDO DFWLYLWLHV� +RZHYHU�
WUDQVODWLQJ WKH QDQRFRPSRXQGV WR WKH ILHOG UHTXLUHV FRQVLGHUDEOH LQYHVWPHQW DQG WLPH DV ZHOO DV
DFWXDO WULDOV� WKXV� WKH\ PD\ QRW EH D YLDEOH RSWLRQ IRU WLPHO\ GHSOR\PHQW GXULQJ WKH &29,'���
SDQGHPLF� :LWK WKHVH FRQVLGHUDWLRQV LQ PLQG� ZH KDYH XVHG VRGLXP FKORULGH� ZKLFK LV JHQHUDOO\
UHFRJQL]HG DV VDIH �*5$6�� WR IXQFWLRQDOL]H QRQZRYHQ VKHHWV DV IUHTXHQWO\ WRXFKHG VXUIDFHV�
6SHFLILFDOO\� ZH SURGXFHG QDQR�GU\�VDOW �1'6� SDUWLFOHV WKURXJK &ROOLVRQ�W\SH DWRPL]DWLRQ DQG
VXEVHTXHQW GLIIXVLRQ GU\LQJ� DQG WKHVH 1'6 SDUWLFOHV ZHUH ILQDOO\ GHSRVLWHG RQ HOHFWUHW PHOWEORZQ
QRQZRYHQV LQ D VLQJOH�SDVV DLU IORZ� 7KH UHVXOWLQJ *5$6 1'6 GHSRVLWHG HOHFWUHW QRQZRYHQV ZHUH
H[DPLQHG IRU HIIHFWLYHQHVV LQ DQWLFRURQDYLUDO IXQFWLRQ DQG DHURVRO ILOWUDWLRQ ZLWK SUHVVXUH GURS�
7KH WUHDWHG QRQZRYHQV H[KLELWHG VLJQLILFDQW LQDFWLYDWLRQ RI DLUERUQH KXPDQ FRURQDYLUXVHV
�VXUURJDWHV RI 6$56�&R9��� ZKLOH UHWDLQLQJ WKH RULJLQDO ILOWUDWLRQ SHUIRUPDQFH� HYHQ XQGHU VDOLYD
GURSOHW DQG GXVW H[SRVXUHV� 6HYHUDO UHDOL]DEOH SODWIRUPV FDQ WKXV EH SUHVHQWHG WR TXLFNO\
LQFRUSRUDWH�1'6�GHSRVLWLRQ�LQ�FRQYHQWLRQDO�QRQZRYHQ�SURGXFWLRQ�

>�@ 'DH +RRQ 3DUN� -LVRR &KRL� $PLQ 3LUL� -XQJKR +ZDQJ� -HRQJ +RRQ %\HRQ� (QYLURQPHQWDO 6FLHQFH�
1DQR���������������������
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

$HUR�PDQXIDFWXUH�RI�QDQREXOJHV�IRU�DQ�LQ�SODFH�DQWLFRURQDYLUDO�RQ�DLU�ILOWHUV

$��3LUL���-��&KRL���.��3RXGHO���.��1DP���$��5LYHUD૱3L]D���6��.X���-��.LP���-��+ZDQJ�
��-��%\HRQ�


�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��<RQVHL�8QLYHUVLW\��6HRGDHPXQ�JX��6HRXO��������5HSXEOLF
RI�.RUHD���&ROOHJH�RI�3KDUPDF\��<HXQJQDP�8QLYHUVLW\��*\HRQJVDQ��������5HSXEOLF�RI�.RUHD���
'HSDUWPHQW�RI�%LRWHFKQRORJ\��&ROOHJH�RI�/LIH�6FLHQFH�DQG�%LRWHFKQRORJ\��.RUHD�8QLYHUVLW\��6HRXO
�������.RUHD���&ROOHJH�RI�.RUHDQ�0HGLFLQH��'DHJX�+DDQ\�8QLYHUVLW\��*\HRQJVDQ�������5HSXEOLF�RI
.RUHD���'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��<HXQJQDP�8QLYHUVLW\��*\HRQJVDQ��������5HSXEOLF

RI�.RUHD

�

7KH LQWHUHVW LQ UHPRYLQJ FRQWDJLRXV YLUXVHV IURP LQGRRU DLU XVLQJ YHQWLODWLRQ DQG ILOWUDWLRQ V\VWHPV
LV LQFUHDVLQJ UDSLGO\ EHFDXVH SHRSOH VSHQG PRVW RI WKH GD\ LQGRRUV� 7KH GHYHORSPHQW RI DQ
HIIHFWLYH SODWIRUP WR UHJHQHUDWH WKH DQWLYLUDO IXQFWLRQ RI DLU ILOWHUV GXULQJ XVH DQG VDIH DEURJDWLRQ
RI XVHG ILOWHUV FRQWDLQLQJ LQIHFWLRXV YLUXVHV LV D FKDOOHQJLQJ WDVN� EHFDXVH DQ RQ�GHPDQG VDIH�E\�
GHVLJQ PDQXIDFWXUH V\VWHP LV HVVHQWLDO IRU LQ�SODFH DQWLYLUDO FRDWLQJV� EXW LW KDV EHHQ UDUHO\
LQYHVWLJDWHG� :LWK WKHVH FRQVLGHUDWLRQV� DQ HOHFWULFDOO\ RSHUDEOH GLVSHQVHU ZDV SUHSDUHG IRU
GHFRUDWLQJ FRQWLQXRXV XOWUDILQH )H૱=Q� )H૱$J� RU )H૱&X SDUWLFOHV RQWR 6L2� QDQREHDGV WR IRUP
QDQREXOJHV �L�H�� QDQRURXJKQHVV IRU HQJDJLQJ FRURQDYLUXV VSLNHV� LQ WKH DHURVRO VWDWH IRU � PLQ
GLUHFW GHSRVLWLRQ RQ WKH DLU ILOWHU VXUIDFHV� 7KH UHVXOWLQJ QDQREXOJHV ZHUH H[SRVHG WR KXPDQ
FRURQDYLUXVHV �+&R9� VXUURJDWHV RI 6$56�&R9��� WR DVVHVV DQWLYLUDO IXQFWLRQ� 7KH UHVXOWV ZHUH
FRPSDUHG ZLWK VLPLODU�VL]HG LQGLYLGXDO =Q� $J� DQG &X SDUWLFOHV� 7KH QDQREXOJHV H[KLELWHG
FRPSDUDEOH DQWLYLUDO DFWLYLW\ WR =Q� $J� DQG &X SDUWLFOHV ZKLOH UHWDLQLQJ ELRVDIHW\ LQ ERWK LQ
YLWUR DQG LQ YLYR PRGHOV EHFDXVH RI WKH VLJQLILFDQWO\ VPDOOHU PHWDOOLF IUDFWLRQV� 7KLV VXJJHVWV WKDW
WKH ELPHWDOOLF EXOJH VWUXFWXUHV JHQHUDWH UHDFWLYH R[\JHQ VSHFLHV DQG )HQWRQ�PHGLDWHG K\GUR[\O
UDGLFDOV�IRU�LQDFWLYDWLQJ�+&R9�

>�@ -LVRR &KRL� .LVKZRU 3RXGHO� .DQJ 6LN 1DP� $PLQ 3LUL� $GULDQD 5LYHUD૱3L]D� 6DH
.ZDQJ .X� -XQJKR +ZDQJ� -RQJ 2K .LP� -HRQJ +RRQ %\HRQ� -RXUQDO RI +D]DUGRXV 0DWHULDOV� �����
������������
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

2QOLQH�0HDVXUHPHQWV�RI�2[LGDWLYH�3RWHQWLDO�DQG�3DUWLFOH�ERXQG�5HDFWLYH�2[\JHQ
6SHFLHV�RI�$LUFUDIW�7XUELQH�DQG�6KLS�(QJLQH�3DUWLFXODWH�(PLVVLRQV

$��%DUWK���%��8WLQJHU���5��=LPPHUPDQQ���
��0��.DOEHUHU�


�8QLYHUVLW\�RI�%DVHO���8QLYHUVLW\�RI�5RVWRFN���+HOPKROW]�=HQWUXP�0¾QFKHQ

$PELHQW SDUWLFXODWH PDWWHU �30� LV RQH RI WKH OHDGLQJ FDXVHV RI SUHPDWXUH GHDWKV DQG LV RQO\
VXUSDVVHG E\ RWKHU ULVN IDFWRUV OLNH KLJK EORRG SUHVVXUH RU WREDFFR XVH� $V D ZLGHO\ VXJJHVWHG
SDUWLFOH PHWULF WKDW PLJKW H[SODLQ SDUWLFOH WR[LFLW\� WKH R[LGDWLYH SRWHQWLDO �23� UHIHUV WR WKH LQ�VLWX
FDWDO\WLF SURGXFWLRQ RI UHDFWLYH R[\JHQ VSHFLHV �526� LQ WKH OXQJV XSRQ H[SRVXUH FDXVHG E\ 30
FRQVWLWXHQWV OLNH TXLQRQHV� SRO\DURPDWLF K\GURFDUERQV �3$+V�� UHGR[�DFWLYH WUDQVLWLRQ PHWDOV �L�H�
LURQ��FRSSHU���UDGLFDOV��DQG�SHUR[LGHV��526�FDQ�DOVR�EH�SUHVHQW�LQ�RU�RQ�30�EHIRUH�LQKDODWLRQ�

:H KDYH GHYHORSHG WZR RQOLQH LQVWUXPHQWV WR TXDQWLI\ 23 DQG SDUWLFOH�ERXQG 526� 7KH 2QOLQH
2[LGDWLYH 3RWHQWLDO $VFRUELF $FLG ,QVWUXPHQW �223$$,� XVHV DVFRUELF DFLG �$$� R[LGDWLRQ ZKLFK LV
KLJKO\ VHQVLWLYH WRZDUGV 30 FRPSRQHQWV OLNH UHGR[�DFWLYH PHWDOV DQG D UDQJH RI RUJDQLFV�
:KHUHDV WKH 2QOLQH 3DUWLFOH�ERXQG 5HDFWLYH 2[\JHQ 6SHFLHV ,QVWUXPHQW �23526,� XWLOL]HV WKH
����GLFKORURIOXRURVFLQ �'&)+� DVVD\ WR GHWHFW 526 OLNH +�2� DQG RUJDQLF SHUR[LGHV� 7KHVH
LQVWUXPHQWV FDQ SURYLGH UDSLG �WLPH UHVROXWLRQ RI ���� PLQXWHV� DQG DFFXUDWH PHDVXUHPHQWV�
7UDGLWLRQDO ILOWHU�EDVHG RIIOLQH PHWKRGV RIWHQ KDYH VLJQLILFDQWO\ ORQJHU WLPH GHOD\V EHWZHHQ
VDPSOLQJ DQG DQDO\VLV OHDGLQJ WR SRWHQWLDO VDPSOH GHJUDGDWLRQ� 7KLV LV RI LPSRUWDQFH VLQFH VRPH
23 DQG 526 DFWLYH FRPSRXQGV DUH KLJKO\ UHDFWLYH DQG VKRUW�OLYHG� $V SDUW RI WKH 8/WUDILQH
SDUWLFOHV IURP 75DQVSRUWDWLRQ ૱ +HDOWK $VVHVVPHQW RI 6RXUFHV �8/75+$6� SURMHFW D PHDVXUHPHQW
FDPSDLJQ ZDV FRQGXFWHG DW WKH 8QLYHUVLW\ RI 5RVWRFN� *HUPDQ\� WR LQYHVWLJDWH 30 HPLVVLRQV
RULJLQDWLQJ IURP WKH FRPEXVWLRQ FKDPEHU RI DQ DLUFUDIW WXUELQH RSHUDWHG ZLWK -HW $�� IXHO DV ZHOO
DV IURP D PDULQH IRXU�VWURNH VLQJOH F\OLQGHU UHVHDUFK HQJLQH UXQQLQJ RQ PDULQH JDV RLO �0*2� DQG
KHDY\ IXHO RLO �+)2�� ,Q DGGLWLRQ WR PHDVXULQJ WKH HPLVVLRQV GLUHFWO\� WKH HPLVVLRQV ZHUH DOVR
GLUHFWHG WKURXJK WKH 3KRWRFKHPLFDO (PLVVLRQ $JLQJ IORZ WXEH 5HDFWRU �3($5� WR VLPXODWH
DWPRVSKHULF�DJLQJ�E\�R]RQH�DQG�2+�WR�DFKLHYH�SKRWRFKHPLFDO�DJHV�UDQJLQJ�IURP�����WR���GD\V�

%RWK LQVWUXPHQWV REVHUYHG G\QDPLF FKDQJHV LQ 23 DQG 526� )RU H[DPSOH� PHDVXULQJ DJHG VKLS
HPLVVLRQV� WKH KLJKHVW 526 FRQFHQWUDWLRQV ZHUH PHDVXUHG GXULQJ WKH ORZHVW ORDG XVLQJ 0*2 �)LJ�
��� %RWK LQVWUXPHQWV DOVR GHWHFWHG GLIIHUHQFHV EHWZHHQ IUHVK DQG DJHG HPLVVLRQV� ZKHUH WKH
DJHLQJ LQFUHDVHG WKH 23 DQG 526� 7KH 223$$, DQG 23526, GHPRQVWUDWHG WKHLU FDSDELOLW\ WR
FDSWXUH IDVW FKDQJHV LQ 30 WR[LFLW\ FKDUDFWHULVWLFV WKDW GHSHQG RQ IXHO DV ZHOO DV FRPEXVWLRQ DQG
DJHLQJ�FRQGLWLRQV��
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

$LU�WR�/LTXLG�,QWHUIDFH��$/,��FHOO�H[SRVXUH�XQGHU�WUDQVLHQW�GULYLQJ�RI�JDVROLQH�YHKLFOHV�

3��%DOW]RSRXORX���(��3DSDLRDQQRX���'��'HORJORX���*��7VDNRQDV���5��6WDPDWLRX���$��/D]RX�
��=�
6DPDUDV�


�&3(5,�&(57+���/$7�$87+���%LRORJ\�'HS��$87+

,QWURGXFWLRQ�DQG�%DFNJURXQG

$LU SROOXWLRQ� LQFOXGLQJ H[KDXVW HPLVVLRQV� HVSHFLDOO\ LQ XUEDQ DUHDV� KDV EHHQ VXJJHVWHG DV RQH
SRVVLEOH FDXVH RI WKH LQFUHDVHG ULVN RI UHVSLUDWRU\ DQG FDUGLRYDVFXODU GLVHDVHV� LQFOXGLQJ DVWKPD�
OXQJ FDQFHU� DQG VWURNH� ,Q SDUWLFXODU� WKH XOWUDILQH SDUWLFOHV �8)3V� SUHVHQW LQ HPLVVLRQV DUH
SDUWLFXODUO\ KDUPIXO GXH WR WKHLU VPDOO VL]H� ZKLFK DOORZV WKHP WR SHQHWUDWH GHHS LQWR WKH OXQJV
DQG HYHQ SDVV LQWR WKH EORRGVWUHDP� EUDLQ DQG SODFHQWD >86 (3$� +HDOWK (IIHFWV RI $LU 3ROOXWLRQ�
����@ >/HLNDXI� *�'�� HW DO�� ([S� 	 0RO� 0HGLFLQH� ����@� +HDOWK HIIHFWV PD\ EH LQIOXHQFHG E\ WKH
YHKLFOH
V HPLVVLRQ VWDQGDUG DQG WKH GULYLQJ F\FOH XVHG GXULQJ WKH H[SRVXUH >(8 (QY� $JHQF\� $LU
TXDOLW\�LQ�(XURSH������@�

0HWKRGRORJ\

7ZR $LU /LTXLG ,QWHUIDFH �$/,� LQ�YLWUR FHOO H[SRVXUH FKDPEHUV RI GLIIHUHQW GHVLJQV DUH XVHG LQ FHOO
H[SRVXUH H[SHULPHQWV WR HPLVVLRQV RI RWKHU JDVROLQH YHKLFOHV DW WUDQVLHQW GULYLQJ FRQGLWLRQV� 7KH
PDLQ GLIIHUHQFH EHWZHHQ WKH H[SRVXUH FKDPEHUV LV WKH GLUHFWLRQ RI WKH H[KDXVW IORZ FRQFHUQLQJ
WKH FHOO VXUIDFH� ,Q WKH ILUVW RQH ૱ WKH 0XOWLFXOWXUH LQ�YLWUR &HOO H[SRVXUH &KDPEHU �0(&�
>$VLPDNRSRXORX� $�� HW DO�� -� RI 3K\VLFV� ����@ � WKH IORZ LV SDUDOOHO WR WKH ELRORJLFDO VDPSOHV� DQG
SDUWLFXODWHV DUH GHSRVLWHG GXH WR GLIIXVLRQ� ,Q WKH VHFRQG RQH� WKH IORZ LV SHUSHQGLFXODU� DQG
SDUWLFXODWHV DUH GHSRVLWHG GXH WR GLIIXVLRQ ZLWK PLQRU HQKDQFHPHQW FDXVHG E\ WKH VWDJQDWLRQ
SRLQW IORZ� $��� KXPDQ HSLWKHOLDO FHOOV ZHUH H[SRVHG WR GLOXWHG H[KDXVW HPLVVLRQV RI WZR VWDWH�RI�
WKH�DUW SDVVHQJHU YHKLFOHV� D *DVROLQH 'LUHFW ,QMHFWLRQ �*',� YHKLFOH HTXLSSHG ZLWK D *DVROLQH
3DUWLFOH )LOWHU �*3)� DQG D JDVROLQH 3RUW )XHO ,QMHFWLRQ �3),� K\EULG YHKLFOH� 7ZR GULYLQJ F\FOHV ZHUH
SHUIRUPHG� HDFK EDVHG RQ UHDO GULYLQJ FRQGLWLRQV� D PLOG RQH �05'( GULYLQJ F\FOH� DQG D PRUH
G\QDPLF RQH �&RPELQHG GULYLQJ F\FOH�� (DFK YHKLFOH ZDV WHVWHG DW ERWK F\FOHV GXULQJ FROG
VWDUW� 7KH GRVHV RI SDUWLFOHV GXULQJ WKH FHOO H[SRVXUH DUH GHWHUPLQHG DFFRUGLQJ WR WKH GHSRVLWLRQ
HIILFLHQF\ RI HDFK V\VWHP DQG DUH HTXLYDOHQW WR KXPDQ LQKDODWLRQ GXULQJ UHDOLVWLF GDLO\ H[SRVXUH
>3DXU��+��5���HW��DO���-$6������@��

�5HVXOWV�DQG�&RQFOXVLRQV

&HOO H[SRVXUH ZLWK SDUDOOHO IORZ �0(&� FRUUHVSRQGV WR ORZHU SDUWLFXODWH GRVHV �HTXLYDOHQW WR GDLO\
UHDOLVWLF DPELHQW H[SRVXUH�� ZKLOH FHOO H[SRVXUH ZLWK SHUSHQGLFXODU IORZ UHVXOWV LQ [� SDUWLFXODWH
GRVHV �HTXLYDOHQW WR H[SRVXUH LQ D PRUH SROOXWHG HQYLURQPHQW�� '\QDPLF GULYLQJ RI *', YHKLFOH
FDXVHG ��� KLJKHU FHOO PRUWDOLW\ WKDQ PLOG GULYLQJ ZKHQ FHOOV DUH H[SRVHG WR ORZ SDUWLFXODWH
GRVHV� +LJKHU GRVLQJ ��[� � DFKLHYHG ZLWKLQ WKH SHUSHQGLFXODU IORZ H[SRVXUH FKDPEHU � UHVXOWHG LQ
�� DQG ��� FHOO PRUWDOLW\ DW G\QDPLF DQG PLOG GULYLQJ� UHVSHFWLYHO\� 'LIIHUHQFHV LQ WKH G\QDPLFV
RI GULYLQJ WKH K\EULG 3), JDVROLQH YHKLFOH GLG QRW FDXVH VLJQLILFDQW GLIIHUHQFHV LQ FHOO YLDELOLW\�
$OWKRXJK WKH GRVLQJ LQ WKH WZR H[SRVXUH GHYLFHV FRUUHVSRQGV WR LQKDODWLRQ DW GLIIHUHQW SROOXWLRQ
OHYHOV� PLOG GULYLQJ FDXVHG ��� FHOO YLDELOLW\ LQ ERWK V\VWHPV� ZKLOH G\QDPLF GULYLQJ UHGXFHV FHOO
YLDELOLW\�WR��������

�

�
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+HDOWK�HIIHFWV��3RVWHU�3UHVHQWDWLRQ

+HDY\�PHWDO�FKDUDFWHULVWLFV�DQG�KHDOWK�ULVN�DVVHVVPHQW�RI�30����RYHU�'HOKL��,QGLD

6��-DLQ���9��*RHO���9��6LQJK���0��.XPDU�

�'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��,,7�'HOKL���0HFKDQLFDO�(QJLQHHULQJ�'HSDUWPHQW��,,7�'HOKL

+XPDQ KHDOWK ULVN DVVHVVPHQW LV WKH HYDOXDWLRQ RI WKH SUREDELOLW\ RI DGYHUVH KHDOWK HIIHFWV
LPSDFWLQJ VSHFLILF JURXSV RI WKH SRSXODWLRQ RYHU D VSHFLILHG WLPH SHULRG� ,W LV FODVVLILHG LQWR KD]DUG
LGHQWLILFDWLRQ� WR[LFLW\ HYDOXDWLRQ� H[SRVXUH DVVHVVPHQW� DQG ULVN FKDUDFWHUL]DWLRQ� ,Q RUGHU WR
LGHQWLI\ WKH FRQWULEXWLRQ RI YDULRXV HPLVVLRQ VRXUFHV WR KHDOWK ULVNV� WKH SUHVHQW VWXG\ DLPV WR
LQYHVWLJDWH DQQXDO DQG VHDVRQDO YDULDWLRQV LQ 30��� PDVV DQG FRQFHQWUDWLRQV RI WKH DVVRFLDWHG
WUDFH HOHPHQWV RYHU 'HOKL ZLWK FRPSOH[ SROOXWLRQ VRXUFHV� 7KH DLP ZDV WR TXDQWLWDWLYHO\ DVVHVV
WKH LPSDFW RI KHDY\ PHWDOV RQ KXPDQ KHDOWK� ,Q WKLV VWXG\� WKH FKHPLFDO FRPSRVLWLRQ GDWD ZHUH
REWDLQHG WR HVWLPDWH WKH KHDOWK ULVNV �QRQ�FDUFLQRJHQLF DQG FDUFLQRJHQLF� SRVHG WR FKLOGUHQ DQG
DGXOWV YLD LQKDODWLRQ� LQJHVWLRQ� DQG GHUPDO FRQWDFW SDWKZD\V� LQ DQ XUEDQ HQYLURQPHQW� 7KH
UHIHUHQFH WR[LFLW\ SDUDPHWHUV �UHIHUHQFH FRQFHQWUDWLRQV DQG GRVHV IRU QRQFDUFLQRJHQLF� LQKDODWLRQ
XQLW ULVNV� DQG RUDO VORSH IDFWRUV IRU FDUFLQRJHQLF� KDYH EHHQ UHWULHYHG IURP WKH (3$ ,QWHJUDWHG
5LVN $VVHVVPHQW 6\VWHP �,5,6� GDWDEDVH� 7KH VRXUFH DSSRUWLRQPHQW ZDV DOVR GRQH WR REWDLQ WKH
ULVN FRQWULEXWLRQ RI GLIIHUHQW VRXUFHV IRU GLIIHUHQW VHDVRQV� 7KH FDUFLQRJHQLF DQG QRQ�FDUFLQRJHQLF
ULVN YDOXHV OLQNHG ZLWK DOO PHWDOV ZHUH ZLWKLQ VDIH OLPLWV LQ WKLV VWXG\ H[FHSW &KURPLXP� &DGPLXP�
DQG 9DQDGLXP �LQ VRPH FDVHV�� 7KH KLJKHVW FDUFLQRJHQLF DQG QRQ�FDUFLQRJHQLF ULVN LV REVHUYHG
GXULQJ WKH SRVW�PRQVRRQ VHDVRQ� 7KH VWXG\ ZRXOG KHOS LQ LGHQWLI\LQJ WKH FRQWULEXWLRQV RI
LQGLYLGXDO VRXUFHV DQG FKHPLFDOV WR KHDOWK ULVNV XQGHU GLIIHUHQW VHDVRQV� ZKLFK FDQ EH XQGHUVWRRG
WR VXSSRUW WKH GHYHORSPHQW RI HIIHFWLYH FRQWURO VWUDWHJLHV� )XUWKHU GHWDLOHG DQDO\VLV RI ULVNV
DVVRFLDWHG�ZLWK�VRXUFHV�GXULQJ�GLIIHUHQW�VHDVRQV�ZLOO�EH�GLVFXVVHG�GXULQJ�WKH�SUHVHQWDWLRQ��
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,QGRRU�SDUWLFOHV��3RVWHU�3UHVHQWDWLRQ

,QGRRU�SDUWLFOH�SROOXWLRQ�IURP�UHVLGHQWLDO�ZRRG�VWRYHV

-��$��-RKDQVHQ���.��3UHVV�.ULVWHQVHQ�
��7��1��0LNNHOVHQ�


�7HFKQLFDO�8QLYHUVLW\�RI�'HQPDUN��'78�6XVWDLQ����&RXQFLO�RI�KHDOWK\�LQGRRU�FOLPDWH

%DFNJURXQG� 6PDOO UHVLGHQWLDO ZRRG VWRYHV DUH D ZHOO�NQRZQ VRXUFH WR RXWGRRU DLU SROOXWLRQ ZLWK
ILQH SDUWLFXODWH PDWWHU �30����� XOWUDILQH SDUWLFOHV �30����� DQG RWKHU NH\ SROOXWDQWV� +RZHYHU� DQ
LQFUHDVLQJ QXPEHU RI UHFHQW VWXGLHV DOVR GRFXPHQW ZRRG VWRYHV DV D VLJQLILFDQW VRXUFH RI LQGRRU
DLU SROOXWLRQ� 7KLV SROOXWLRQ LV SUREDEO\ FDXVHG E\ SDUWLFOHV HVFDSLQJ WKURXJK DQ RSHQ VWRYH GRRU
�ZKHQ ILUHZRRG LV DGGHG�� OHDNDJH IURP WKH VWRYH DQG�RU WKH VWRYHSLSH �RFFXUULQJ ZKHQ KRW DQG
H[SDQGLQJ�� GUDXJKW GRZQ WKH FKLPQH\ LQWR WKH OLYLQJ URRP �H�J� ZKHQ RSHQLQJ D ZLQGRZ RU D GRRU
LQ WKH KRXVH ૱ RU ZKHQ WXUQLQJ RQ WKH FRRNHU KRRG�� DQG�RU GXVW EXUQLQJ RQ KRW VWRYH VXUIDFHV�
/RZ LQGRRU DLU SROOXWLRQ LV FUXFLDO VLQFH SHRSOH LQ (XURSH VSHQG D VLJQLILFDQW SDUW RI WKHLU OLIH LQVLGH
WKHLU KRPH� 6WLOO� QHZ ZRRG VWRYHV KDYH QR OLPLWV IRU LQGRRU DLU SROOXWLRQ� +RZHYHU� QHZ
WHFKQRORJLHV FRPELQLQJ HOHFWURVWDWLF SUHFLSLWDWRUV ZLWK VPRNH H[WUDFWRUV SURPLVH WR UHGXFH ERWK
RXWGRRU DQG LQGRRU DLU SROOXWLRQ IURP ZRRG VWRYHV� 6HYHUDO VWXGLHV FRQILUP UHGXFWLRQ LQ RXWGRRU DLU
SROOXWLRQ EXW QRW PXFK GRFXPHQWDWLRQ H[LVW IRU LQGRRU DLU SROOXWLRQ� 3XUSRVH� 7R SHUIRUP
V\VWHPDWLF PHDVXUHPHQWV RI LQGRRU SDUWLFOH SROOXWLRQ �30��� DQG 30���� IURP ZRRG VWRYHV DQG WR
LQYHVWLJDWH LI HOHFWURVWDWLF SUHFLSLWDWRUV ZLWK VPRNH H[WUDFWRUV UHGXFH LQGRRU SDUWLFOH SROOXWLRQ IURP
ZRRG VWRYHV� 0HWKRGV� ,QGRRU SDUWLFOH SROOXWLRQ LQ �� KRXVHV ZLWK ZRRG VWRYHV ZDV PHDVXUHG
ZLWK QHZO\ FDOLEUDWHG 3�7UDNV DQG 'XVW7UDNV IURP 76,� 7ZR RI WKHVH KRXVHV KDG HOHFWURVWDWLF
SUHFLSLWDWRUV ZLWK VPRNH H[WUDFWRUV� ,Q RQH KRXVH� PHDVXULQJ EHIRUH�DIWHU LQVWDOOLQJ DQ
HOHFWURVWDWLF SUHFLSLWDWRU ZLWK D VPRNH H[WUDFWRU ZDV SRVVLEOH� %DFNJURXQG PHDVXUHPHQWV ZHUH
GRQH IRU �� PLQXWHV LQ WKH OLYLQJ URRP EHIRUH XVLQJ WKH ZRRG VWRYH� 3ROOXWLRQ PHDVXUHPHQWV ZHUH
GRQH IRU DERXW WKUHH KRXUV GXULQJ WKH QRUPDO XVH RI WKH ZRRG VWRYH �E\ WKH KRXVH RZQHU�� ,QGRRU
PHDVXUHPHQWV ZHUH WDNHQ LQ D UHDOLVWLF GLVWDQFH IURP WKH ZRRG VWRYHV L�H� DW ORFDWLRQV ZKHUH WKH
UHVLGHQWV ZRXOG W\SLFDOO\ VWD\ ZKHQ WKH VWRYH ZDV LQ XVH� H�J� RQ QHDUE\ FRIIHH WDEOH RU GLQLQJ
WDEOH HWF� 5HVXOWV� 7KLV VWXG\ FRQILUPV VLJQLILFDQW LQGRRU DLU SROOXWLRQ ZLWK ILQH DQG XOWUDILQH
SDUWLFOHV IURP VRPH ZRRG VWRYHV DQG WKDW WKH SROOXWLRQ FDQ EH FDXVHG E\ PDQ\ GLIIHUHQW IDFWRUV�
1HZ HFR�ODEHOOHG ZRRG VWRYHV ZHUH QRW IRXQG WR SROOXWH OHVV WKDQ ROG ZRRG VWRYHV� (OHFWURVWDWLF
SUHFLSLWDWRUV ZLWK VPRNH H[WUDFWRUV ZHUH QRW IRXQG WR UHGXFH LQGRRU SDUWLFOH SROOXWLRQ� 5HVLGHQWV
FDQQRW VPHOO WKH LQGRRU SROOXWLRQ �VPRNH� IURP WKHLU VWRYHV DQG DUH QRW DZDUH RI WKH KHDOWK
KD]DUGRXV DLU SROOXWLRQ WKH\ LQKDOH� 5HFRPPHQGDWLRQV $XWKRULWLHV VKRXOG LQIRUP DERXW WKH ULVN
RI WR[LF LQGRRU DLU SROOXWLRQ IURP ZRRG VWRYHV� 7KH (8 (FRGHVLJQ UHTXLUHPHQWV DQG RWKHU HFR�
ODEHOV IRU ZRRG VWRYHV VKRXOG LQFOXGH OLPLWV IRU LQGRRU DLU SROOXWLRQ� 3HRSOH VKRXOG FKDQJH WR
HOHFWULF�ILUHSODFHV�WR�DYRLG�KHDOWK�KD]DUGRXV�DLU�SROOXWLRQ�

�

$FNQRZOHGJHPHQW� 7KHVH UHVXOWV FRXOG QRW KDYH EHHQ SUHVHQWHG ZLWKRXW ILQDQFLDO VXSSRUW RI
&2:,IRQGHQ�	�%LUGOLIH�(XURSH�

$ERXW�WKH�DXWKRUV�

-XOLH $PDOLH -RKDQVHQ� %6F LQ HQYLURQPHQWDO HQJLQHHULQJ IURP WKH 7HFKQLFDO 8QLYHUVLW\ RI
'HQPDUN��MXDMR#GWX�GN

.§UH 3UHVV�.ULVWHQVHQ KDV D PDVWHU
V DQG 3K�'� LQ HQYLURQPHQWDO HQJLQHHULQJ IURP WKH 7HFKQLFDO
8QLYHUVLW\ RI 'HQPDUN� +H KDV EHHQ WHDFKLQJ DLU SROOXWLRQ IRU �� \HDUV DW WKH XQLYHUVLW\ �UHFHQW
\HDUV DV H[WHUQDO�� +H ZRUNV DV VHQLRU DLU TXDOLW\ DGYLVRU LQ &RXQFLO RI KHDOWK\ LQGRRU FOLPDWH�
NDDUH#UJR�GN

7HLV 1ºUJDDUG 0LNNHOVHQ� 06F DQG 3K�'� LQ HQYLURQPHQWDO VFLHQFH IURP WKH 8QLYHUVLW\ RI
&RSHQKDJHQ� +H ZRUNV DV DQ $VVRFLDWH 3URIHVVRU DW WKH 7HFKQLFDO 8QLYHUVLW\ RI 'HQPDUN�
�WHPL#GWX�GN

�
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,QGRRU�SDUWLFOHV��3RVWHU�3UHVHQWDWLRQ

3K\VLFDO�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�LQGRRU�SDUWLFOH�VRXUFHV

(��&DUDFFL���$��,DQQRQH�����)��&DUULHUD�����3��$YLQR���/��6WDELOH���*��%XRQDQQR���

�'HSDUWPHQW�RI�&LYLO�DQG�0HFKDQLFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�&DVVLQR�DQG�6RXWKHUQ�/D]LR�
&DVVLQR��)5��,WDO\���'HSDUWPHQW�RI�$JULFXOWXUDO��(QYLURQPHQWDO�DQG�)RRG�6FLHQFHV��8QLYHUVLW\�RI
0ROLVH��&DPSREDVVR��,WDO\���,QWHUQDWLRQDO�/DERUDWRU\�IRU�$LU�4XDOLW\�DQG�+HDOWK��4XHHQVODQG

8QLYHUVLW\�RI�7HFKQRORJ\��%ULVEDQH��$XVWUDOLD

7KH KD]DUGRXVQHVV RI LQGRRU SDUWLFOH VRXUFHV LV ZLGHO\ NQRZQ� ,QGHHG� WKH KXPDQ H[SRVXUH LQ
LQGRRU HQYLURQPHQWV FKDUDFWHUL]HG E\ LQGRRU VRXUFHV ZLWK KLJK HPLVVLRQ UDWHV FDQ OHDG WR WKH
RFFXUUHQFH RI FDQFHU� 7KH FDUFLQRJHQLF HIIHFW LV GXH WR WKH WUDQVSRUWDWLRQ RI FKHPLFDO FRPSRXQGV
�H�J�� KHDY\ PHWDOV RU SRO\F\FOLF DURPDWLF K\GURFDUERQV� LQ GLIIHUHQW DHURVRO PHWULFV >�@� 7R GDWH�
WKH ODFN RI VWXGLHV WKDW FRQWH[WXDOO\ FKDUDFWHUL]H WKH SK\VLFDO DQG FKHPLFDO FRPSRVLWLRQ RI LQGRRU
SDUWLFOH�DHURVRO�VRXUFHV�DQG��HVSHFLDOO\��LQ�WKH�VXE�PHWULF�UDQJH��VXJJHVWV�LQYHVWLJDWLQJ�WKLV�ILHOG�

,Q WKLV ZRUN� D SK\VLFDO DQG FKHPLFDO FKDUDFWHUL]DWLRQ IRU GLIIHUHQW LQGRRU VRXUFHV �H�J�� FDQGOHV�
ZDV FRQGXFWHG� 1XPEHU FRQFHQWUDWLRQV DQG SDUWLFOH QXPEHU VL]H GLVWULEXWLRQV ZHUH PHDVXUHG ZLWK
FRQGHQVDWLRQ SDUWLFOH FRXQWHU �&3&� DQG VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036�� UHVSHFWLYHO\� WR
HYDOXDWH WKH HPLVVLRQ QXPEHU UDWHV� &KHPLFDO IUDFWLRQ VL]H�VHJUHJDWHG ZHUH REWDLQHG FROOHFWLQJ
SRO\FDUERQDWH VXEVWUDWHV WKRXJK D ORZ�SUHVVXUH FDVFDGH LPSDFWRU �(/3,�ழ� LQ WKH UDQJH RI � QP ૱
�� wP� 7KH VXEVHTXHQW DQDO\VLV DGRSWHG ZHUH LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �,&3�
06� DQG JDV FKURPDWRJUDSK\ FRXSOHG PDVV VSHFWURPHWU\ �*&�06�� 7KH UHVXOWV VKRZ WKH SUHVHQFH
RI KHDY\ PHWDOV DQG SRO\F\FOLF DURPDWLF K\GURFDUERQV HVSHFLDOO\ LQ WKH VXE�PHWULF UDQJH DQG LQ
GLIIHUHQW�VL]H�UDQJHV��LQFOXGLQJ�XOWUDILQH�SDUWLFOHV�

>�@ &DUDFFL� (�� 6WDELOH� /�� 	 %XRQDQQR� *� ������� $ VLPSOLILHG DSSURDFK WR HYDOXDWH WKH OXQJ
FDQFHU ULVN UHODWHG WR DLUERUQH SDUWLFOHV HPLWWHG E\ LQGRRU VRXUFHV� %XLOGLQJ DQG (QYLURQPHQW� ����
�������
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/HJLVODWLRQ�DQG�HQIRUFHPHQW��3RVWHU�3UHVHQWDWLRQ

[(9�)XHO�(FRQRP\�3ROLF\�IRU�5HSXEOLF�RI�.RUHD

0��1RK�����-��.LP���+��3DUN���'��.LP�����'��/LP���-��/HH���-��$KQ�


�.RUHD�(QHUJ\�$JHQF\���&KXQJEXN�1DWLRQDO�8QLYHUVLW\

*OREDO SULPDU\ HQHUJ\ VXSSO\ KDV LQFUHDVHG LQ OLQH ZLWK JOREDO HFRQRPLF JURZWK� UHDFKLQJ ����
ELOOLRQ 72( LQ ����� 2LO DFFRXQWV IRU ��� RI WKLV VXSSO\� ZLWK WUDQVSRUWDWLRQ XVLQJ ����� RI LW�
6RXWK .RUHD LV WKH ZRUOG
V HLJKWK�ODUJHVW HQHUJ\ FRQVXPHU� ZLWK WKH WUDQVSRUW VHFWRU DFFRXQWLQJ
IRU ����� RI LWV FRQVXPSWLRQ LQ ����� ��� RI ZKLFK LV VSHQW RQ URDGV� 7R LPSURYH HQHUJ\
HIILFLHQF\ LQ WKH URDG VHFWRU� WKH 5HSXEOLF RI .RUHD LV SURPRWLQJ WKUHH PDMRU SROLFLHV PDQDJHG E\
WKH�0LQLVWU\�RI�7UDGH��,QGXVWU\��DQG�(QHUJ\��ZLWK�WKH�.RUHD�(QHUJ\�$JHQF\�LQ�FKDUJH�RI�WKH�V\VWHP�

7KH ILUVW SROLF\ LV WKH &RUSRUDWH $YHUDJH )XHO (FRQRP\ �&$)(� IRU YHKLFOHV� UHTXLULQJ DXWRPDNHUV
WR FRPSO\ ZLWK JRYHUQPHQW�VHW VWDQGDUGV IRU DYHUDJH IXHO HFRQRP\ DQG DYHUDJH JUHHQKRXVH JDV
HPLVVLRQV RI YHKLFOHV VROG LQ 6RXWK .RUHD� ,W DSSOLHV WR OLJKW�GXW\ YHKLFOHV DQG KDV EHHQ LQ HIIHFW
VLQFH ����� %\ ����� SDVVHQJHU FDUV DQG YDQV �ZLWK �� SHRSOH RU OHVV� ZLOO QHHG WR DFKLHYH ����
NP�/��ZKLOH�YDQV��ZLWK�������SHRSOH��DQG�VPDOO�WUXFNV�ZLOO�QHHG�WR�DFKLHYH������NP�/�

7KH VHFRQG SROLF\ LV WKH IXHO HFRQRP\ ODEHO� ZKLFK LV DQ LQGLUHFW UHJXODWLRQ WKDW KHOSV FRQVXPHUV
FKRRVH YHKLFOHV ZLWK JRRG IXHO HFRQRP\� ,W KDV EHHQ UHTXLUHG IRU OLJKW�GXW\ YHKLFOHV VLQFH ����
DQG GLVSOD\V XUEDQ� KLJKZD\� DQG FRPELQHG IXHO HFRQRP\� &DUV XVLQJ LQWHUQDO FRPEXVWLRQ HQJLQHV
�,&(9V� DQG K\EULG HOHFWULF YHKLFOHV �+(9V� DUH JLYHQ � WR � HIILFLHQF\ JUDGHV GHSHQGLQJ RQ WKHLU
IXHO�HFRQRP\�

7KH WKLUG SROLF\ LV WKH KLJK�HIILFLHQF\ HFR�IULHQGO\ YHKLFOH VXSSRUW V\VWHP� H[HPSWLQJ FRQVXPHUV
IURP SD\LQJ WD[HV ZKHQ SXUFKDVLQJ KLJK�HIILFLHQF\ YHKLFOHV� LQFOXGLQJ +(9V� 3+(9V� %(9V� DQG
)&(9V��ZLWK�XS�WR�����PLOOLRQ�ZRQ����������UHGXFWLRQ�

7KH V\VWHP IRU LPSURYLQJ YHKLFOH HQHUJ\ HIILFLHQF\ LV PDQDJHG WKURXJK YHKLFOH IXHO HFRQRP\
GDWD� )XHO HFRQRP\ RI YHKLFOHV LV PHDVXUHG WKURXJK WHVWLQJ E\ DQ DXWKRUL]HG WHVWLQJ DJHQF\ RU
PDQXIDFWXUHU૷V WHVWLQJ IDFLOLW\ DSSURYHG E\ WKH JRYHUQPHQW� 7HVWV LQYROYH UXQQLQJ WKH )HGHUDO
7HVW 3URFHGXUH �)73� DQG WKH +LJKZD\ )XHO (FRQRP\ 7HVW �+:)(7� F\FOHV RQ WKH FKDVVLV
G\QDPRPHWHU� ,&(9V XVH WKH &DUERQ %DODQFH PHWKRG� DQDO\]LQJ YHKLFOH HPLVVLRQV DQG FDOFXODWLQJ
IXHO FRQVXPSWLRQ LQYHUVHO\� +(9V DQG 3+(9V XVH WKH &DUERQ %DODQFH PHWKRG� FRQVLGHULQJ EDWWHU\
1HW (QHUJ\ &KDQJH� %(9V
 IXHO HFRQRP\ LV FDOFXODWHG E\ PHDVXULQJ WKH FKDUJH�GLVFKDUJH HQHUJ\
RI�WKH�EDWWHU\�

6RXWK .RUHD LV SUHSDULQJ WR LPSOHPHQW D KHDY\�GXW\ YHKLFOH IXHO HFRQRP\ V\VWHP WR PDQDJH
HQHUJ\ HIILFLHQF\ EOLQG VSRWV LQ WKH WUDQVSRUWDWLRQ VHFWRU� +HDY\�GXW\ YHKLFOHV XVH D ORW RI HQHUJ\
GXH WR WKHLU ORQJ PLOHDJH DQG ORZ IXHO HFRQRP\� (YDOXDWLQJ KHDY\�GXW\ YHKLFOH IXHO HFRQRP\
LQFOXGHV VLPXODWLRQ DQG FKDVVLV G\QDPRPHWHU WHVWLQJ� ZLWK WKH ODWWHU SURYLGLQJ DFFXUDWH IXHO
HFRQRP\�LQIRUPDWLRQ�WR�FRQVXPHUV�
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1DQRSDUWLFOH�FKHPLVWU\�DQG�WR[LFRORJ\��3RVWHU�3UHVHQWDWLRQ

�'�KH[DJRQDO�ERURQ�QLWULGH�DQG�OXQJ�H[SRVXUH��([SORULQJ�FHOOXODU�LQWHUDFWLRQ�DQG
SRWHQWLDO�KHDOWK�HIIHFWV�LQ�EURQFKLDO�DQG�DOYHRODU�DLUZD\�HSLWKHOLDO�FHOO�PRGHOV

*��*XSWD���9��0��.LVVOLQJ���3��:LFN�
��7��%XHUNL�7KXUQKHUU�


�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��(PSD���/DERUDWRU\�IRU�3DUWLFOHV�
%LRORJ\�,QWHUDFWLRQV��6W��*DOOHQ��������6ZLW]HUODQG

,QKDODWLRQ LV RQH RI WKH PRVW SHUWLQHQW URXWHV RI H[SRVXUH WR QDQRVFDOH PDWHULDOV LQ RFFXSDWLRQDO
VHWWLQJV� +H[DJRQDO ERURQ QLWULGH �K%1� LV DQ HPHUJLQJ �' PDWHULDO DWWUDFWLQJ VLJQLILFDQW DWWHQWLRQ
GXH WR LWV VXSHULRU HOHFWULFDO� FKHPLFDO DQG WKHUDSHXWLF SURSHUWLHV� )RU D VXFFHVVIXO FRPPHUFLDO
DSSOLFDWLRQ RI �'�K%1� LW LV RI NH\ LPSRUWDQFH WR XQGHUVWDQG LWV VDIHW\ LQ RFFXSDWLRQDO VHWWLQJV�
+RZHYHU� ELRORJLFDO LQWHUDFWLRQV RI �'�K%1 DQG LWV EHKDYLRU DW WKH FHOOXODU OHYHO KDV QRW EHHQ
VWXGLHG ZHOO� +HUH� DQ LQYHVWLJDWLRQ RI KRZ �'�K%1 �REWDLQHG IURP WKH *UDSKHQH )ODJVKLS
FRQVRUWLXP� LQWHUDFWV ZLWK EURQFKLDO �&DOX��� DQG DOYHRODU �$���� HSLWKHOLDO FHOOV XQGHU DLUಗOLTXLG
LQWHUIDFH�EDVHG H[SRVXUH ZDV FRQGXFWHG� 2XU UHVXOWV UHYHDOHG WKDW �'�K%1 ZDV UHDGLO\ WDNHQ XS
E\ WKH FHOOV� EXW GLG QRW WULJJHU F\WRWR[LF HIIHFWV �H�J�� GDPDJH RI HSLWKHOLDO EDUULHU LQWHJULW\ RU FHOO
PHPEUDQH� DW WHVWHG GRVH UDQJHV ��� � DQG �� wJ�FP�� IRU �� K� 7R XQGHUVWDQG FHOOXODU
LQWHUDFWLRQV� VXE�FHOOXODU GLVWULEXWLRQ DQG FR�ORFDOL]DWLRQ RI �'�K%1 DW RUJDQHOOHV� WKH SDUWLFOHV
ZHUH ODEHOHG ZLWK JUHHQ IOXRUHVFHQW �),7&�� ERYLQH VHUXP DOEXPLQ �%6$� DQG WUDFNHG LQWUDFHOOXODUO\
RYHU WLPH XVLQJ FRQIRFDO PLFURVFRS\ DQG IORZ F\WRPHWU\� ,Q DGGLWLRQ� WKH FHOOXODU LQWHUDFWLRQ RI �'�
K%1 ZDV IXUWKHU YDOLGDWHG E\ DSSO\LQJ ODEHO�IUHH GHWHFWLRQ PHWKRGV VXFK DV WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ �7(0� DQG FRQIRFDO�5$0$1 PLFURVFRS\� 7KH UHVXOW VKRZHG LQWUDFHOOXODU GHSRVLWLRQ RI
K%1 LQ WKH HQGRVRPHV DQG O\VRVRPHV DIWHU �� K� :H DOVR REVHUYHG DQ HQKDQFHG DFFXPXODWLRQ RI
OLSLG GURSOHWV� ZKLFK ODWHU WULJJHUHG OLSRSKDJ\� 2YHUDOO� RXU GDWD LQGLFDWH D SRWHQWLDO HIIHFW RI �'�
K%1�H[SRVXUH�RQ�FHOOXODU�OLSLG�PHWDEROLVP�LQ�DLUZD\�HSLWKHOLDO�FHOOV�

.H\ZRUGV� �' PDWHULDO� 3XOPRQDU\ H[SRVXUH� /XQJ LQ YLWUR PRGHO� /DEHO�IUHH GHWHFWLRQ�
/LSRSKDJ\

)XQGLQJ LQIRUPDWLRQ� 7KLV ZRUN LV VXSSRUWHG E\ WKH (XURSHDQ 8QLRQ �(8� �WK )UDPHZRUN
3URJUDP IRU 5HVHDUFK DQG 7HFKQRORJLFDO 'HYHORSPHQW� *UDSKHQH )ODJVKLS SURMHFW �+�����)(7�
*UDSKHQH&RUH�������������
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1DQRSDUWLFOH�FKHPLVWU\�DQG�WR[LFRORJ\��3RVWHU�3UHVHQWDWLRQ

3RWHQWLDO�HFRWR[LFLW\�RI�ELRPDVV�FRPEXVWLRQ�GHULYHG�ILQH�DQG�XOWUDILQH�SDUWLFOHV

.��.¸E¸ORY£���7��6LWHN���-��3RVS¯ģLO���9��$GDPHF�

�%UQR�8QLYHUVLW\�RI�7HFKQRORJ\

,QWURGXFWLRQ 	 %DFNJURXQG� $LU SROOXWLRQ LV WKH JUHDWHVW HQYLURQPHQWDO KHDOWK ULVN LQ WKH ��VW
FHQWXU\ >�@� 2QH RI WKH VLJQLILFDQW VRXUFHV RI DLU SROOXWLRQ ZRUOGZLGH LV ELRPDVV EXUQLQJ� 'HVSLWH
WKH XQGHQLDEOH EHQHILWV RI ELRIXHOV DV D JUHHQ HQHUJ\ VRXUFH� WKH SROOXWDQWV UHOHDVHG GXULQJ WKH
FRPEXVWLRQ SURFHVV PXVW QRW EH IRUJRWWHQ� %HVLGHV JDVHRXV SROOXWDQWV �&2� &[+\ DQG 12[�� D JUHDW
QXPEHU RI SDUWLFXODWH PDWWHU �30� LV SURGXFHG >�@� 30 SROOXWLRQ KDV EHHQ VKRZQ WR KDYH QRW RQO\
DGYHUVH HIIHFWV RQ KXPDQ KHDOWK EXW DV ZHOO DV WKH HQYLURQPHQW� )RU WKH UHDVRQV JLYHQ DERYH� WKH
DXWKRUV RI WKLV VWXG\ IRFXVHG RQ WKH SRVVLEOH HFRWR[LFLW\ RI 30 SURGXFHG GXULQJ WKH GRPHVWLF
FRPEXVWLRQ SURFHVV� (FRWR[LFLW\ ZDV DVVHVVHG XVLQJ ]RRSODQFWRQLF 'DSKQLD PDJQD DFXWH WR[LFLW\
LPPRELOLW\ DVVD\� $FFRUGLQJ WR WKH DXWKRUV
 NQRZOHGJH� WKLV LV WKH ILUVW FDVH VWXG\ RI WKH XVH RI
LPPRELOLW\�DVVD\�IRU�FRQWULEXWLRQ�RI�DHURVRO�SROOXWLRQ�WR�WKH�HQYLURQPHQWDO�LPSDFW�

0HWKRGRORJ\� 7KH FRPEXVWLRQ WHVWV ZHUH FDUULHG RXW RQ D PDQXDO ORJ IHHG VWRYH IURP WKH &]HFK
PDQXIDFWXUHU $%;� PRGHO *U¸QODQG� VSHFLDOO\ DGDSWHG IRU H[SHULPHQWDO SXUSRVHV� 7KH IXHO XVHG LV
EDUNOHVV EHHFK ZRRG EHDPV ���������� PP� ZLWK D PRLVWXUH FRQWHQW RI DURXQG ��� �� DQG DVK
FRQWHQW ZDV ��� � RI UDZ ELRPDVV� ,W ZDV IHG LQ F\FOHV ZLWK DQ LQWHUYDO RI �� � �� PLQXWHV DQG WKH
ZHLJKW RI WKH IXHO DGGHG SHU F\FOH ZDV � NJ� 7KH 30 VDPSOLQJ ZDV FDUULHG RXW DFFRUGLQJ WR Î61 (1
�������� TXDUW] ILOWHU �SRURVLW\ ��� ͐P�� $QRWKHU W\SH RI VDPSOH ZDV D OLTXLG FRQGHQVDWH RI
SDUWLFOHV DIWHU FRROLQJ WKH IOXH JDV EHORZ LWV GHZ SRLQW� 7KH 'DSKQLD PDJQD DVVD\ ZDV SHUIRUPHG
DFFRUGLQJ WR 2(&' ���� 7KH FRPSRVLWLRQ RI WKH VDPSOHV ZDV GHWHUPLQHG E\ ,&3 VSHFWURPHWHU
$5&26 �6SHFWUR� DQG *6�0& PHWKRG XQGHU VWDQGDUG FRQGLWLRQV RQ D *&06�43���� 8OWUD
�6KLPDG]X��

5HVXOWV 	 &RQFOXVLRQ� 30 FRQGHQVDWH ZDV WHVWHG ZLWK DQG ZLWKRXW SDUWLFOHV� ,Q ERWK FDVHV WKH
PRUWDOLW\ DIWHU �� KRXUV ZDV ��� �� 7KLV PHDQV WKDW LW LV WKH GLVVROYHG FRPSRQHQWV WKDW VWURQJO\
FRQWULEXWH WR WKH WR[LF HIIHFW� 7KH ��K(&�� YDOXH ZDV �� � DQG WKH ��K(&�� YDOXH ZDV
GHWHUPLQHG WR EH �� �� 7KH WR[LFLW\ RI 30 RQ WKH ILOWHUV ZDV LQYHVWLJDWHG XVLQJ DTXHRXV OHDFKDWH
DQG D FRQWDFW WHVW� 7KH PRUWDOLW\ LQ WKH FDVH RI DTXHRXV OHDFKDWH ZDV � �� 7KH UHVXOWV RI WKH
FRQWDFW WHVW �30 FDSWXUHG RQ ILOWHU DQG 30 WUDQVIHUUHG WR WKH GLOXWLRQ VROXWLRQ� ZHUH WKH VDPH�
ZKHUH WKH PRUWDOLW\ SHUFHQWDJH DIWHU �� KRXUV RI H[SRVXUH ZDV ��� LQ DOO FDVHV� DQG WKH VDPSOHV
ZHUH WKHUHIRUH DVVHVVHG DV WR[LF� &RPSDULQJ WKH UHVXOWV RI WKHVH WHVWV� LW FDQ EH VWDWHG� WKDW WKH
SUHVHQFH RI 30 SOD\V D NH\ UROH LQ WKH WR[LF HIIHFWV RQ WKH RUJDQLVP� 7KH FRPSRVLWLRQ RI 30 ZDV
VLPLODU WR WKH FRQGHQVDWH SDUWLFOHV� 7KH PDLQ GLIIHUHQFH ZDV LQ VROXEOH DQG LQVROXEOH LRQV� 7KH
FRQFHQWUDWLRQ RI ZDWHU�VROXEOH LRQV LV ORZHU WKDQ LQ FRQGHQVDWH� 7KH SUHVHQFH RI &X� )H� 6U DQG 3E
LQGLFDWHV D SRVVLEOH KDUPIXO HIIHFW RI WKHVH SDUWLFOHV� $ KLJK DPRXQW RI RUJDQLF FRPSRXQGV� PDLQO\
3$+V ZHUH LGHQWLILHG LQ WKH VDPSOHV� 7KH VL[WHHQ�SULRULW\ FRPSRXQG IURP 86 (3$ KDV EHHQ IRXQG
DPRQJ WKH 3$+V� 7KH HPLWWHG 30 IURP ELRPDVV FRPEXVWLRQ FDQ OHDG WR D WR[LF HIIHFW� +HDY\
HOHPHQWV DQG 3$+V PLJKW EH NH\ WR[LF FRPSRQHQWV RI 30� 2[LGDWLYH VWUHVV LV VXJJHVWHG DV WKH
PHFKDQLVP RI WR[LFLW\� 7R XQGHUVWDQG WKH LPSDFW RQ KXPDQ KHDOWK DQG WKH HQYLURQPHQW� WKHUH LV D
QHHG�WR�LQYHVWLJDWH�IXUWKHU�

$FNQRZOHGJHPHQW� 7KLV SDSHU KDV EHHQ VXSSRUWHG E\ SURMHFWV 7-�������� �7$Î5� DQG )6,�
6����������%87��

>�@ +HDOWK 2UJDQL]DWLRQ� :�� ����� $PELHQW DLU SROOXWLRQ� D JOREDO DVVHVVPHQW RI H[SRVXUH DQG
EXUGHQ�RI�GLVHDVH��&OHDQ�$LU�-�����������

>�@�3RO£ÏLN��-��HW��DO��(PLVVLRQ�RI�)LQH�3DUWLFOHV�IURP�5HVLGHQWLDO�&RPEXVWLRQ�RI�:RRG��&RPSDULVRQ�RI
$XWRPDWLF�%RLOHU��0DQXDO�/RJ�)HHG�6WRYH�DQG�7KHUPR�*UDYLPHWULF�$QDO\VLV��-��&OHDQ�
3URG�������������GRL���������M�MFOHSUR�������������
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��3RVWHU
3UHVHQWDWLRQ

'HYHORSPHQW�DQG�,QWHU�&RPSDULVRQ�RI�$HURVRO�3DUWLFOH�/RVV�0HDVXUHPHQW
0HWKRGRORJLHV�IRU�$LUFUDIW�*DV�7XUELQH�&RPEXVWLRQ�(QJLQH�QY30

)��2��/LGVWRQH�/DQH���3��,��:LOOLDPV���
��$��/HD�/DQJWRQ�


�8QLYHUVLW\�RI�0DQFKHVWHU���1DWLRQDO�&HQWUH�IRU�$WPRVSKHULF�6FLHQFH

,Q UHFHQW \HDUV� WKHUH KDV EHHQ D JURZLQJ FRQFHUQ RI WKH HIIHFWV RI DYLDWLRQ JDV WXUELQH
FRPEXVWLRQ HQJLQH HPLVVLRQV� ZLWK DQ HVWLPDWHG ������ SUHPDWXUH GHDWKV SHU \HDU >�@� ,Q DGGLWLRQ�
FRPEXVWLRQ JHQHUDWHG QY30 DYLDWLRQ HPLVVLRQV DUH WKRXJKW WR EH WKH PDLQ VRXUFH RI
DQWKURSRJHQLF SDUWLFXODWHV LQ WKH XSSHU DWPRVSKHUH >�@� 'XH WR WKHVH FRQFHUQV� WKH ,&$2 KDV
UHFHQWO\�LQWURGXFHG�D�JOREDO�QY30�HPLVVLRQV�UHSRUWLQJ�VWDQGDUG�>�@�

$LUFUDIW JDV WXUELQH FRPEXVWLRQ HPLVVLRQV FRPSULVH RI D FRPSOH[ PL[ RI JDVHV� VHPL�YRODWLOH� DQG
QRQ�YRODWLOH VROLG SDUWLFOHV �QY30�� )RU PRGHUQ HQJLQHV� WKH VROLG SDUWLFOHV DUH XVXDOO\ EHORZ ���
QP�LQ�GLDPHWHU��DQG�FRQVLVW�RI�VROLG�FDUERQDFHRXV�IDFWXDO�DJJUHJDWHV�>�@�

'XH WR WKH KDUVK HQYLURQPHQW DW WKH DLUFUDIW HQJLQH H[LW� ORQJ VDPSOLQJ WXELQJ DUH XVHG WR
WUDQVSRUW WKH H[KDXVW VDPSOH WR WKH PHDVXUHPHQW V\VWHPV� $V KDV SUHYLRXVO\ EHHQ LQYHVWLJDWHG�
WKHUH DUH QXPHURXV PHFKDQLVPV WKDW FDXVH WKH ORVV RI QY30 WR WKH ZDOOV RI WKH VDPSOLQJ WXELQJ
�+LQGV� ������ 7KH TXDQWLILFDWLRQ DQG UHGXFWLRQ RI WKH QY30 ORVV WKURXJK WKH VDPSOLQJ WXEHV LV
SDUWLFXODUO\ LPSRUWDQW WR GHWHUPLQH WKH UHDO QY30 HPLVVLRQV DW WKH DLUFUDIW HQJLQH H[LW >�@� 3UHYLRXV
VWXGLHV XVH VHYHUDO PHWKRGRORJLHV WR GHWHUPLQH WKH QY30 ORVV WKURXJK UHSUHVHQWDWLYH VDPSOLQJ
WXEHV�>�@�DQG�H[LVWLQJ�DLUFUDIW�HQJLQH�HPLVVLRQV�UHJXODWLRQ�PHDVXUHPHQW�VDPSOLQJ�WXEHV�>�@�

7KLV VWXG\ ORRNV WR FRPSDUH FXUUHQW PHWKRGRORJLHV WR PHDVXUH QY30 ORVV WKURXJK VDPSOLQJ WXEHV
DJDLQVW QHZO\ SURSRVHG PHWKRGRORJLHV� 6L[ PHWKRGV ZHUH FRPSDUHG� 6036 IXOO VFDQV� 6036 VL]H
VHOHFWLQJ SUH�&3& PHDVXUHPHQWV� &3& PHDVXUHPHQWV ZLWK 6036 VL]H VHOHFWLQJ SUH VDPSOLQJ WXEH �
ZLWK WKHVH WKUHH PHWKRGV XVLQJ ERWK GXDO &3& V\VWHP DQG RQH &3& V\VWHP XSVWUHDP DQG
GRZQVWUHDP� 7KH VWXG\ ZDV FRQGXFWHG XVLQJ VLOYHU QDQRSDUWLFOHV ���� ૱ �� QP� DV D SUR[\ WR
IUHVKO\ HPLWWHG DYLDWLRQ JDV WXUELQH FRPEXVWLRQ HQJLQH QY30� DV VXFK� D EULHI FRPSDULVRQ RI WKH
VLOYHU�QDQRSDUWLFOHV�DJDLQVW�QY30�ZLOO�DOVR�EH�LQFOXGHG�

�

>�@�4XDQGURV��)��'��$��6QHOOHQ��0��	�'HGRXVVL��,��&����������(QYLURQ�5HV�/HWW���������

>�@�-RQVGRWWLU��+��5��'HODYDO��0��/HQL��=��HW�DO����������&RPPXQ�%LRO����

>�@�,&$2����������$QQH[����৽�(QYLURQPHQWDO�3URWHFWLRQ�9ROXPH�,,�৽�$LUFUDIW�(QJLQH�(PLVVLRQV��,&$2�

>�@�%RLVH��$��0��6WHWWOHU��0��(��-��6ZDQVRQ��-��-��HW�DO���������-��$HURVRO��6FL��������������

>�@�'XUDQG��(��)��&UD\IRUG��$��3��-RKQVRQ��0���������-��$HURVRO��6FL���������������

>�@�.LWWHOVRQ��'��%��6ZDQVRQ��-��$OGULGJH��0��HW�DO���������-��$HURVRO��6FL�����������
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8SFRPLQJ�VWDQGDUGL]DWLRQ�IRU�FKDUJH�FRQGLWLRQHUV�XVHG�LQ�SDUWLFOH�FKDUDFWHUL]DWLRQ�DQG
IRU�WKH�JHQHUDWLRQ�RI�FDOLEUDWLRQ�DQG�WHVW�DHURVROV�૱�,62������

-��6SLHOYRJHO���+��6DNXUDL���7��0HPEHUV�RI�,62�7&����6&���:*����

�76,�*PE+���1DWLRQDO�,QVWLWXWH�RI�$GYDQFHG�,QGXVWULDO�6FLHQFH�DQG�7HFKQRORJ\���0HWURORJ\�,QVWLWXWH
RI�-DSDQ���9DULRXV�DIILOLDWLRQV

&KDUJH FRQGLWLRQLQJ RI DHURVRO SDUWLFOHV E\ DWWDFKPHQW RI JHQHUDWHG DLUERUQH LRQV LV WKH NH\
SURFHVV WR HVWDEOLVK D NQRZQ VL]H�GHSHQGHQW FKDUJH GLVWULEXWLRQ LQ DQ DHURVRO� )RU VRPH WLPH QRZ
FKDUJH FRQGLWLRQHUV RWKHU WKDQ WKH WUDGLWLRQDO UDGLRDFWLYH VRXUFHV RU FRURQD FKDUJHUV H[LVW DQG
PD\ VKRZ GLIIHUHQW SHUIRUPDQFHV� 7R DGGUHVV WKLV D QHZ VWDQGDUG >�@ LV FXUUHQWO\ ILQDOL]HG WKDW
SURYLGHV JXLGDQFH RQ SHUIRUPDQFH FKDUDFWHUL]DWLRQ� WHVW DQG FDOLEUDWLRQ RI FKDUJH FRQGLWLRQHUV
ZKHQ XVHG IRU SDUWLFOH VL]H FODVVLILFDWLRQ RU IRU JHQHUDWLRQ RI VXE PLFURPHWHU WHVW DHURVROV� )RU D
JLYHQ SDUWLFOH VL]H� WKH SDUWLFOHV૷ HOHFWULFDO PRELOLW\ LV SURSRUWLRQDO WR WKH QHW QXPEHU RI HOHPHQWDU\
FKDUJHV RQ WKH SDUWLFOH� 7KHUHIRUH� WKH NQRZOHGJH RI WKH SDUWLFOH FKDUJH GLVWULEXWLRQ LV DQ HVVHQWLDO
UHTXLUHPHQW IRU SDUWLFOH VL]H FODVVLILFDWLRQ ZLWK GLIIHUHQWLDO HOHFWULFDO PRELOLW\ DQDO\]LQJ V\VWHPV
�'0$6��>���@�

7KLV VWDQGDUG SURYLGHV DQ RYHUYLHZ RI WKH PDLQ LRQL]DWLRQ VRXUFHV� VXFK DV UDGLRLVRWRSHV� VRIW�;�
UD\ VRXUFHV DQG FRURQD GLVFKDUJH GHYLFHV DQG GHWDLOV WKHLU GLIIHUHQW FKDUJLQJ SHUIRUPDQFHV DORQJ
ZLWK VHYHUDO LQIOXHQFLQJ IDFWRUV� VXFK DV IRU H[DPSOH SDUWLFOH VL]H DQG VXUIDFH DUHD DQG FDUULHU JDV
FKDUDFWHULVWLFV� 7KH VWDQGDUG SURYLGHV VHYHUDO TXDQWLWDWLYH PHWULFV IRU WKH SHUIRUPDQFH RI FKDUJH
FRQGLWLRQHUV DORQJ ZLWK UHODWLYHO\ IDVW SHUIRUPDQFH SURFHGXUHV ZLWK WHVW DHURVROV DQG PRUH
HODERUDWH WHVW PHWKRGV� H� J� ZLWK DPELHQW DHURVROV� ,W PD\ EH XVHG WR VSHFLI\ WKH SHUIRUPDQFH RI
FKDUJH FRQGLWLRQHUV DQG IRU DGHTXDWH TXDOLW\ FRQWURO RI '0$6� 7KH VWDQGDUG DOVR FRQWDLQV
UHFRPPHQGDWLRQV�IRU�WKH�GRFXPHQWDWLRQ�RI�WHVW�UHVXOWV�

)XUWKHUPRUH� RSHUDWLRQDO SDUDPHWHUV DUH GHILQHG WKDW VKRXOG EH VSHFLILHG LQ DFFRPSDQ\LQJ
GRFXPHQWDWLRQ� 7KLV LQFOXGHV IRU H[DPSOH WKH PD[LPXP SDUWLFOH QXPEHU FRQFHQWUDWLRQ� WKH IORZ
UDWH�UDQJH��WKH�DOORZHG�W\SH�RI�FDUULHU�JDV��DQG�WKH�UHFRPPHQGHG�SDUWLFOH�VL]H�UDQJH�

>�@ ,62 ����� ૺ&KDUJH FRQGLWLRQLQJ RI DHURVRO SDUWLFOHV IRU SDUWLFOH FKDUDFWHUL]DWLRQ DQG WKH
JHQHUDWLRQ�RI�FDOLEUDWLRQ�DQG�WHVW�DHURVROVૻ��LQ�SUHSDUDWLRQ

>�@�,62�������ૺ'HWHUPLQDWLRQ�RI�SDUWLFOH�VL]H�GLVWULEXWLRQ�૲�'LIIHUHQWLDO�HOHFWULFDO�PRELOLW\�DQDO\VLV�IRU
DHURVRO�SDUWLFOHVૻ

>�@�,62�������ૺ$HURVRO�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ�૲�&DOLEUDWLRQ�RI�FRQGHQVDWLRQ�SDUWLFOH�FRXQWHUVૻ
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&DUERQ�%ODFN�YV�%ODFN�&DUERQ�૱�$SSOLFDWLRQ�RULHQWHG�$QDO\VLV�RI�1DQRPDWHULDOV

)��)ULHEHO���-��:LHGHU���.��5HDYHOO�

�)HPWR*�$*���&DPEXVWLRQ�/WG

7KH SURGXFWLRQ RI FDUERQ EODFN ��� PLR WRQ�D� JUHDWO\ H[FHHGV WKH JOREDO DQWKURSRJHQLF HPLVVLRQV
RI EODFN FDUERQ �� PLR WRQ�D�� 'HVSLWH WKHLU VLPLODULWLHV� ERWK PDWHULDOV DUH XVXDOO\ FKDUDFWHUL]HG E\
GLIIHUHQW FRPPXQLWLHV� ZLWK GLIIHUHQW DLPV DQG ZLWK GLIIHUHQW WHFKQLTXHV� :H DGRSW PHDVXUHPHQW
WHFKQLTXHV GHYHORSHG IRU H[KDXVW SDUWLFOH HPLVVLRQV IRU WKH DSSOLFDWLRQ�RULHQWHG DQDO\VLV RI
HQJLQHHUHG�QDQRPDWHULDOV��(10V���VXFK�DV�FDUERQ�EODFN�

7KH QHZO\ GHYHORSHG 0DVV 	 0RELOLW\ $HURVRO 6SHFWURPHWHU �0�$6� LV FDSDEOH RI VLPXOWDQHRXVO\
PHDVXULQJ WKH SDUWLFOH PDVV DQG WKH PRELOLW\ GLDPHWHU WKURXJKRXW WKH ZKROH SDUWLFOH GLVWULEXWLRQ
ZLWKLQ � WR �� PLQXWHV� ,Q FRPELQDWLRQ ZLWK D KLJK�LQWHQVLW\ SRZGHU�GHDJJORPHUDWLRQ VHWXS� WKH
UHOHYDQW VWUXFWXUDO OHYHO RI DQ (10 �H�J�� FDUERQ EODFN DJJUHJDWHV� FDQ EH DQDO\VHG GLUHFWO\� 7KH
NQRZOHGJH RI SDUWLFOH QXPEHU GLVWULEXWLRQ ZLWK UHVSHFW WR VL]H DQG PDVV DOORZV IRU GHULYLQJ NH\
SHUIRUPDQFH�LQGLFDWRUV�UHOHYDQW�IRU�WKH�UHVSHFWLYH�PDWHULDO�

:H SUHVHQW VXFK GDWD IRU FDUERQ EODFNV SURGXFHG IRU WKH XVDJH LQ WLUHV� UXEEHU JRRGV� LQNV DQG
SDLQWV DQG FRPSDUH UHVXOWV ZLWK 7(0�LPDJHV DQG RWKHU DSSOLFDWLRQ�RULHQWHG PHWULFV VXFK DV WKH RLO�
DEVRUSWLRQ�QXPEHU��2$1���)RU�FRPSDULVRQ��ZH�SUHVHQW�GDWD�RQ�GLHVHO�HQJLQH�VRRW�

%\ SORWWLQJ WKH HIIHFWLYH GHQVLW\ DV D IXQFWLRQ RI WKH FDUERQ EODFN DJJUHJDWH PDVV DW WKH VL]H�
GLVWULEXWLRQ PHGLDQ YDOXHV �)LJXUH � ULJKW�� LQIRUPDWLRQ RQ WKH ૺRSHQQHVVૻ RI WKH VWUXFWXUH� WKH
DJJUHJDWLRQ OHYHO DQG RWKHU LQIRUPDWLRQ FDQ EH JDLQHG� 0RUHRYHU� VLQJOH YDOXHV VXFK DV WKH
QXPEHU�RI�DJJUHJDWHV�SHU�JUDP�RU�D�WKHRUHWLFDO�VLQJOH�DJJUHJDWH�OD\HU�FDQ�EH�FDOFXODWHG�

)RU WKUHH EODFN SLJPHQWV �5HJXODU &RORXU )XUQDFH %ODFNV � 5&)� JUHHQ V\PEROV�� 7(0 LPDJHV DUH
VKRZQ �)LJXUH � OHIW� DQG DUH FRPSDUHG ZLWK WKH RLO�DEVRUSWLRQ QXPEHU �2$1�� D PHWULF IRU WKH
DJJUHJDWH SRUH YROXPH� $V FDQ EH VHHQ� WKHVH 5&)૷V KDYH LGHQWLFDO SULPDU\ SDUWLFOH GLDPHWHUV RI
��QP� )URP 5&)�$ WR 5&)�% WKH DJJUHJDWLRQ OHYHO DQG SRUH YROXPH LQFUHDVH� 7KHVH GLIIHUHQFHV
FDQ EH HTXDOO\ ZHOO� EXW PXFK IDVWHU GHWHFWHG E\ DQ LQFUHDVH LQ WKH PHGLDQ DJJUHJDWH PDVV DQG
GLDPHWHU�DQG�D�GHFUHDVH�LQ�WKH�HIIHFWLYH�DJJUHJDWH�GHQVLW\�

�
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$VVHVVLQJ�WKH�SRWHQWLDO�WR�LPSURYH�SRODULPHWULF�DHURVRO�SURSHUW\�UHWULHYDOV�IRU�EODFN
FDUERQ�DHURVRO

4��;X���%��%HUWR]]L���$��0RDOOHPL���5��/��0RGLQL���%��7��%UHP���3��*LDFFDUL���0��*\VHO�%HHU�

�/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ�36,��6ZLW]HUODQG���0LFRV
(QJLQHHULQJ�*PE+��'¾EHQGRUI��6ZLW]HUODQG

$QJXODU GLVWULEXWLRQ DQG SRODUL]DWLRQ GHSHQGHQFH RI OLJKW VFDWWHUHG E\ DHURVROV DOORZ WKH UHWULHYDO
RI WKHLU PLFURSK\VLFDO SURSHUWLHV XVLQJ LQYHUVLRQ DOJRULWKPV� +RZHYHU� V\VWHPDWLF ELDV LQ UHWULHYHG
SURSHUWLHV LV NQRZQ IRU OLJKW�DEVRUELQJ DHURVRO �H�J�� EODFN FDUERQ� %&� RZLQJ WR VLPSOLILHG DHURVRO
UHSUHVHQWDWLRQ� 7KHUHIRUH� HYDOXDWLQJ LI XVLQJ DQ DHURVRO PRGHO WDLORUHG WRZDUGV FRPEXVWLRQ
DHURVRO�LPSURYHV�%&�UHWULHYDO�TXDOLW\�LV�ZRUWKZKLOH�

7KLV VWXG\ H[SORUHV WKLV XVLQJ WKH X1HSK� D QHZ SURWRW\SH RI ODVHU LPDJLQJ SRODU
QHSKHORPHWHU� 7KH X1HSK LV GHVLJQHG WR SHUIRUP LQ VLWX PHDVXUHPHQWV RI WKH SKDVH DQG SRODUL]HG
SKDVH IXQFWLRQV RI DHURVROV DW ���QP� :H SUREHG KRPRJHQHRXV VSKHULFDO �36/� QLJURVLQ� DQG QRQ�
VSKHULFDO �IXOOHUHQH VRRW� $TXDGDJ� DHURVROV ZLWK GLIIHUHQW RSWLFDO SURSHUWLHV� $Q DOJRULWKP EDVHG
RQ OHDVW VTXDUH PLQLPL]DWLRQ DQG DVVXPLQJ VSKHULFDO SDUWLFOHV� L�H�� XVLQJ 0LH WKHRU\� ZDV DSSOLHG
WR LQIHU WKH VL]H GLVWULEXWLRQ SDUDPHWHUV DQG WKH FRPSOH[ UHIUDFWLYH LQGH[� $ JRRG DJUHHPHQW
EHWZHHQ 0LH FXUYHV DQG WKH X1HSK PHDVXUHPHQW LV DFKLHYHG IRU 36/ VSKHUHV DQG OLJKW�DEVRUELQJ
VSKHULFDO QLJURVLQ SDUWLFOHV� 7KH UHWULHYHG FRPSOH[ UHIUDFWLYH LQGH[ ZDV LQGHSHQGHQW RI SUREHG
SDUWLFOH GLDPHWHU DQG LQ DJUHHPHQW ZLWK OLWHUDWXUH GDWD �)LJ� �E�� *RRG DJUHHPHQW ZDV DOVR
DFKLHYHG IRU DHURVRO QXPEHU DQG YROXPH FRQFHQWUDWLRQ� %\ FRQWUDVW� LW LV QRW SRVVLEOH WR ILW 0LH
FXUYHV WKDW PDWFK ERWK SKDVH IXQFWLRQ DQG SRODUL]HG SKDVH IXQFWLRQ PHDVXUHG E\ WKH X1HSK IRU
QRQ�VSKHULFDO $TXDGDJ DQG IXOOHUHQH VRRW VDPSOHV� &RQVHTXHQWO\� WKH UHWULHYHG JHRPHWULF PHDQ
GLDPHWHU�LV�KLJKO\�ELDVHG�FRPSDUHG�WR�LQGHSHQGHQW�GDWD��)LJ���D��

)XWXUH ZRUN ZLOO IRFXV RQ L� PHDVXUHPHQW RI PRUH UHDOLVWLF VRRW JHQHUDWHG XQGHU ZHOO�
FRQVWUDLQHG FRQGLWLRQV� LL� D EHWWHU IRUZDUG PRGHO WKDW FDQ PDWFK X1HSK REVHUYDWLRQV KHQFH
SURYLGLQJ PRUH DFFXUDWH UHWULHYDOV� ,QVLJKWV IURP ODE H[SHULPHQWV VKDOO ODWHU EH DSSOLHG WR DPELHQW
DHURVRO�WR�DVVHVV�WKH�SRWHQWLDO�IRU�LPSURYHG�UHWULHYDO�RI�OLJKW�DEVRUSWLRQ�IURP�SRODULPHWULF�GDWD�
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6WDQGDUGLVDWLRQ�RI�%ODFN�&DUERQ�DHURVRO�PHWULFV�IRU�DLU�TXDOLW\�DQG�FOLPDWH�PRGHOOLQJ
�(30�6WDQ%&�3URMHFW�

.��9DVLODWRX���$��%HVFRQG���(��$VPL���*��0RÏQLN������-��6DWXUQR���.��(OHIWKHULDGLV���.��&LXSHN���7�
0¾OOHU���(��:HLQJDUWQHU���*��6PDOOZRRG��

�)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6���/DERUDWRLUH�QDWLRQDO�GH�P«WURORJLH�HW�G
HVVDLV���)LQQLVK
0HWHRURORJLFDO�,QVWLWXWH���,QVWLWXW�-RŀHI�6WHIDQ���3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW���1DWLRQDO
&HQWHU�IRU�6FLHQWLILF�5HVHDUFK����1DWLRQDO�3K\VLFDO�/DERUDWRU\���/HLEQL]�,QVWLWXWH�IRU�7URSRVSKHULF
5HVHDUFK���8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�1RUWKZHVWHUQ�6ZLW]HUODQG����15&�&DQDGD����+D]H

,QVWUXPHQWV

%ODFN FDUERQ �%&� FRQWULEXWHV WR FOLPDWH IRUFLQJ DQG LV DQ DLU SROOXWDQW LPSDFWLQJ KHDOWK�
(TXLYDOHQW %ODFN &DUERQ �H%&� PDVV FRQFHQWUDWLRQV DUH W\SLFDOO\ PHDVXUHG LQ UHDO WLPH ZLWK OLJKW
DEVRUSWLRQ SKRWRPHWHUV� %HLQJ YHU\ VHQVLWLYH WR FKDQJHV LQ HPLVVLRQV� H%& PDVV FRQFHQWUDWLRQ
PLJKW EH UHJXODWHG LQ WKH IXWXUH DV D PHWULF IRU VRRW�OLNH FRPEXVWLRQ E\�SURGXFWV� +RZHYHU�
QHLWKHU H%& PDVV QRU WKH UHODWHG DHURVRO OLJKW DEVRUSWLRQ PHDVXUHPHQWV KDYH EHHQ VWDQGDUGLVHG�
WUDFHDELOLW\�LV�LQFRPSOHWH�DQG�XQFHUWDLQWLHV�DUH�QRW�DGHTXDWHO\�XQGHUVWRRG�

7KH QHZ (8 SURMHFW 6WDQ%& ����������� ZLOO DLP DW GHYHORSLQJ QHZ VWDQGDUGV IRU DHURVRO OLJKW
DEVRUSWLRQ FRHIILFLHQW DQG PDVV DEVRUSWLRQ FURVV�VHFWLRQ� ZKRVH FRPELQDWLRQ OHDGV WR H%& PDVV
FRQFHQWUDWLRQ��7KH�VSHFLILF�WHFKQLFDO�REMHFWLYHV�DUH�WKH�IROORZLQJ�

�� 7R�VWDQGDUGLVH�LQ�VLWX�UHIHUHQFH�PHWKRGV�IRU�DHURVRO�OLJKW�DEVRUSWLRQ�FRHIILFLHQW��H[WLQFWLRQ�PLQXV
VFDWWHULQJ�DQG�SKRWR�WKHUPDO�LQWHUIHURPHWU\��DQG�GHYHORS�D�UREXVW�XQFHUWDLQW\�EXGJHW�HVWLPDWLRQ
DV�D�IXQFWLRQ�RI�WKH�ZDYHOHQJWK�DQG�DPELHQW�DHURVRO�SURSHUWLHV��H�J��VLQJOH�VFDWWHULQJ�DOEHGR�
66$��

�� 7R�VWDQGDUGLVH�PHWKRGV�IRU�WKH�PHDVXUHPHQW�RI�WKH�DHURVRO�PDVV�DEVRUSWLRQ�FURVV�VHFWLRQV��0$&�
�L�H��DW�YDULRXV�ZDYHOHQJWKV��EDVHG�RQ�WUDFHDEOH�PHDVXUHPHQWV�RI�OLJKW�DEVRUSWLRQ�DQG�(&�PDVV�

�� 7R�GHYHORS�SURFHGXUHV�IRU�FDOLEUDWLQJ�ILOWHU�EDVHG�OLJKW�DEVRUSWLRQ�SKRWRPHWHUV�DJDLQVW�WKH
UHIHUHQFH�PHWKRGV�XVLQJ�D�VHULHV�RI�ZHOO�GHILQHG�V\QWKHWLF�DHURVROV�JHQHUDWHG�LQ�WKH�ODERUDWRU\�
7KH�66$�RI�WKH�V\QWKHWLF�DHURVROV�ZLOO�VSDQ�WKH�ZKROH�UDQJH�IURP

�� 7R�GHYHORS�D�QHZ�&(1�VWDQGDUG�ZKLFK�GHVFULEHV��D��7UDFHDEOH�UHIHUHQFH�PHWKRGV�IRU�GHWHUPLQLQJ
DHURVRO�OLJKW�DEVRUSWLRQ�FRHIILFLHQWV�DQG�E��3URFHGXUHV�DQG�PDWHULDOV�IRU�FDOLEUDWLQJ�ILOWHU�EDVHG
SKRWRPHWHUV�DJDLQVW�WKH�UHIHUHQFH�PHWKRG�V��

)XQGLQJ

7KH 6WDQ%& SURMHFW LV IXQGHG E\ (30 �(XURSHDQ 3DUWQHUVKLS RQ 0HWURORJ\�� (30 LV FR�ILQDQFHG E\
WKH 3DUWLFLSDWLQJ 6WDWHV DQG IURP WKH (XURSHDQ 8QLRQ૷V +RUL]RQ UHVHDUFK DQG LQQRYDWLRQ
SURJUDPPH�

�
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7UDFHDEOH�VL]H�PHDVXUHPHQW�RI�SRO\VW\UHQH�SDUWLFOHV�IRU�FDOLEUDWLRQ�RI�SDUWLFOH�FRXQWHUV
XVLQJ�6(0�LQ�WUDQVPLVVLRQ�PRGH

7��.OHLQ���$��1RZDN���'��+¾VHU���'��%HUJPDQQ���(��%XKU�

�3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��%UDXQVFKZHLJ��*HUPDQ\

,QWURGXFWLRQ� 1DQRSDUWLFOH HPLVVLRQV IURP FDUV DUH RI FRQVLGHUDEOH LPSRUWDQFH IRU (XURSHDQ
HPLVVLRQ UHJXODWLRQV VXFK DV (8� DQG 37,� DV WKH\ GRPLQDWH WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ LQ
PRVW XUEDQ DWPRVSKHUHV� 7KHVH QDQRSDUWLFOHV DUH FRXQWHG E\ GLIIHUHQW W\SHV RI SDUWLFOH QXPEHU
LQVWUXPHQWV� 7KHUHIRUH� UHIHUHQFH SDUWLFOH FRXQWHUV QHHG WR EH FDOLEUDWHG E\ QDWLRQDO DXWKRULWLHV�
7KHVH PHDVXUHPHQWV PXVW EH WUDFHDEOH WR 6, XQLWV� LQFOXGLQJ WKH WUDFHDEOH GHWHUPLQDWLRQ RI
JHRPHWULF GLDPHWHU IRU PRQRGLVSHUVH QDQRSDUWLFOH VDPSOHV >�@� 7KLV LV DFKLHYHG E\ LPDJLQJ WKH
SDUWLFOHV XVLQJ D VFDQQLQJ HOHFWURQ PLFURVFRSH LQ WUDQVPLVVLRQ PRGH �67(0�LQ�6(0�� IROORZHG E\
DQ LPDJH DQDO\VLV URXWLQH WKDW LV EDVHG RQ WKH UHVXOWV RI 0RQWH &DUOR VLPXODWLRQV RI WKH 67(0�LQ�
6(0�VLJQDOV�
7UDFHDELOLW\ FKDLQ� )RU WKH UHDOL]DWLRQ RI WKH 6, XQLW PHWHU� D KHOLXP�QHRQ ODVHU LV XVHG DV D SDUW
RI D GLIIUDFWRPHWHU WR GHWHUPLQH WKH DYHUDJH SLWFK RI WZR�GLPHQVLRQDO JUDWLQJ VWDQGDUGV >�@� 7KHVH
JUDWLQJV DUH WKHQ XVHG WR GHWHUPLQH WKH SL[HO VL]HV RI WKH VFDQQLQJ HOHFWURQ PLFURVFRSH �6(0��
ZKLFK DUH DGDSWHG WR WKH VSHFLILF SDUWLFOH VL]HV� XOWLPDWHO\ OHDGLQJ WR WUDFHDEOH VL]H PHDVXUHPHQWV
RI�QDQRSDUWLFOHV�
,PDJH DQDO\VLV� )RU VL]H GHWHUPLQDWLRQ� WKH LPDJH SL[HOV EHORQJLQJ WR D SDUWLFOH PXVW EH
VHSDUDWHG IURP WKH EDFNJURXQG SL[HOV� 7R DFKLHYH KLJKO\ DFFXUDWH PHDVXUHPHQWV� WKH VLJQDO
SURILOHV DUH OLQHDUO\ LQWHUSRODWHG DQG DQ LQGLYLGXDO WKUHVKROG GHSHQGHQW RQ WKH SDUWLFOH VL]H LV XVHG
>�@� )RU UHODWLYHO\ ODUJH SRO\VW\UHQH SDUWLFOHV� WKH WKUHVKROG DW WKH SDUWLFOH ERXQGDU\ OLHV LQ WKH
RXWHU� QRQ�OLQHDU SDUW RI WKH VLJQDO SURILOH� 7KHUHIRUH� D WZR�VWHS DSSURDFK KDV EHHQ FKRVHQ� VHH
)LJ� �� )LUVW� D SUHOLPLQDU\ VL]H YDOXH LV GHWHUPLQHG LQ WKH OLQHDU UHJLRQ RI WKH VLJQDO SURILO DW ����
6XEVHTXHQWO\��WKH�ILQDO�VL]H�LV�REWDLQHG�E\�DGGLQJ�D�WDEXODWHG�YDOXH�GHWHUPLQHG�E\�VLPXODWLRQV�
0RQWH &DUOR VLPXODWLRQV� 7R VLPXODWH WKH LPDJLQJ SURFHVV ZH GHYHORSHG *HDQW�6(0 E\ DGGLQJ
RXU RZQ SK\VLFV FODVVHV IRU VLQJOH HOHFWURQ VFDWWHULQJ SURFHVVHV WR WKH SRZHUIXO RSHQ VRXUFH
0RQWH &DUOR IUDPHZRUN *HDQW�� 7KH HODVWLF VFDWWHULQJ FURVV VHFWLRQV ZHUH FDOFXODWHG XVLQJ (/6(3$
>�@� )RU WKH LQHODVWLF VFDWWHULQJ FURVV VHFWLRQV ZH KDYH LPSOHPHQWHG D SKHQRPHQRORJLFDO PRGHO
DSSUR[LPDWLQJ�WKH�GLHOHFWULF�IXQFWLRQ�RI�SRO\VW\UHQH�
5HVXOWV 	 &RQFOXVLRQV� :H PHDVXUHG SRO\VW\UHQH SDUWLFOHV ZLWK QRPLQDO VL]HV UDQJLQJ IURP ��
QP �36/��� XS WR ��� QP �36/����� )LJ� � VKRZV RXU UHVXOWV LQ EOXH� LQFOXGLQJ WKH H[SDQGHG
XQFHUWDLQWLHV �N �� W\SH %� LQ FRPSDULVRQ WR WKH UHIHUHQFH YDOXHV DQG H[SDQGHG UHIHUHQFH
XQFHUWDLQWLHV �LQ EODFN� RI WZR LQWHUQDWLRQDO LQWHUFRPSDULVRQV >�� �� 36/���� PDQXIDFWXUHU
V GDWD
VKHHW@��7KH�UHVXOWV�VKRZ�YHU\�JRRG�DJUHHPHQW�RYHU�WKH�HQWLUH�VL]H�UDQJH�
>�@ ,62����������� >�@ (� %XKU HW DO�� 0HDV� 6FL� 7HFKQRO�� ����� ��� ���� >�@ 7� .OHLQ HW DO�� 0HDV� 6FL� 7HFKQRO�� ����� ��� ������� >�@ )� 6DOYDW HW

DO�� &RPSXW� 3K\V� &RPPXQ�� ����� ���� ������� >�@ )� 0HOL HW DO�� 0HDV� 6FL� 7HFKQRO�� ����� ��� ������� >�@ +��/� /LQ HW DO�� 0HWURORJLD� ����� ���

�����

)LJXUH����7KH�SUHOLPLQDU\�SDUWLFOH�VL]H�DW�����VLJQDO�OHYHO�LV�DGMXVWHG�E\��̩�WR�REWDLQ�WKH�ILQDO�VL]H��)LJXUH����6HH�6HFWLRQ��5HVXOWV�	�&RQFOXVLRQV��
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1DQRSDUWLFOH�PHWURORJ\�DQG�FKHPLFDO�FKDUDFWHUL]DWLRQ��3RVWHU
3UHVHQWDWLRQ

6L]H�UHVROYHG�HOHPHQWDO�DQDO\VLV�RI�ELPHWDOOLF�QDQRSDUWLFOHV�XVLQJ�6036�,&306

$��$JDUZDO�����/��7RUUHQW���&��'��.RROHQ�����$��=¾WWHO�����&��/XGZLJ���


�3DXO�6FKHUUHU�,QVWLWXWH��36,�����FROH�3RO\WHFKQLTXH�)«G«UDOH�'H�/DXVDQQH��(3)/����(PSD�0DWHULDOV
6FLHQFH�	�7HFKQRORJ\

1DQRSDUWLFOHV �13V� VL]H DQG FRPSRVLWLRQ KDYH VKRZQ WR SOD\ D UROH LQ GLIIHUHQW SK\VLFDO DQG
FKHPLFDO SURFHVVHV� WKHUHIRUH WKHLU FKDUDFWHULVWLFV PXVW EH ZHOO GHILQHG� >�@ 7KH VLPXOWDQHRXV
DQDO\VLV RI SK\VLFDO DQG FKHPLFDO SURSHUWLHV RI QDQRSDUWLFOHV LV FULWLFDO IRU VHYHUDO DSSOLFDWLRQV
LQFOXGLQJ DLU TXDOLW\ FRQWURO� FRPEXVWLRQ SURFHVVHV� DQG SURGXFWLRQ RI HQJLQHHUHG QDQRSDUWLFOHV�
6FDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036� LQ FRPELQDWLRQ ZLWK LQGXFWLYHO\ FRXSOHG SODVPD PDVV
VSHFWURPHWHU �,&3�06� KDV EHHQ GHPRQVWUDWHG WR JLYH VL]H UHVROYHG HOHPHQWDO FRPSRVLWLRQ DQG
FRQFHQWUDWLRQ RI PHWDOOLF DHURVRO� >�@ ,Q WKLV FRQWULEXWLRQ� WKH FDSDELOLWLHV RI WKH K\SKHQDWHG 6036�
,&3�06 V\VWHP KDV EHHQ H[WHQGHG WR FKDUDFWHUL]H QDQRSDUWLFOH VXVSHQVLRQV� DQG WKH SHUIRUPDQFH
IRU�DQDO\]LQJ�ELPHWDOOLF�QDQRSDUWLFOHV�ZDV�HYDOXDWHG�

&RPPHUFLDOO\ DYDLODEOH JROG QDQRSDUWLFOHV DQG LQ�KRXVH V\QWKHVL]HG FRSSHU QDQRSDUWLFOHV ZHUH
XVHG WR WHVW WKH V\VWHP� )LUVWO\� WKH DHURVROV ZHUH JHQHUDWHG XVLQJ DQ XOWUDVRQLF QHEXOL]HU IURP
WKH SDUWLFOH VXVSHQVLRQV� 7KHQ XVLQJ D URWDWLQJ GLVN GLOXWHU �5''�� WKH IORZ RI WKH DHURVRO ZDV
LQWURGXFHG LQWR WKH 6036�,&3�06 V\VWHP� 7KH 5'' V\VWHP QRW RQO\ GLOXWHV WKH LQFRPLQJ DHURVRO�
EXW DOVR DFWV DV D JDV H[FKDQJH GHYLFH� 7KH 6036 SURYLGHV LQIRUPDWLRQ RQ VL]H GLVWULEXWLRQ DQG
QXPEHU FRQFHQWUDWLRQ RI WKH DHURVRO� ZKLOH ,&306 DOORZV IRU GHWHUPLQDWLRQ RI HOHPHQWDO
FRPSRVLWLRQ ZLWK H[FHOOHQW GHWHFWLRQ OLPLWV DQG D ZLGH G\QDPLF PHDVXULQJ UDQJH� %\ FRXSOLQJ
WKHVH WZR WHFKQLTXHV� ZH DUH DEOH WR VLPXOWDQHRXVO\ REWDLQ VL]H DQG FKHPLFDO LQIRUPDWLRQ RQ
QDQRSDUWLFOHV� ,Q RUGHU WR YHULI\ WKH UHVXOWV� WKH &X13V ZHUH DOVR DQDO\]HG ZLWK VLQJOH�SDUWLFOH
LQGXFWLYHO\ FRXSOHG SODVPD PDVV�VSHFWURPHWU\ �VS�,&3�06� DQG ORZ�UHVROXWLRQ WUDQVPLVVLRQ
HOHFWURQ PLFURFRS\ �/5�7(0�� 7KH UHVXOWV ZHUH LQ DJUHHPHQW ZLWKLQ WKH WKUHH DQDO\WLFDO
WHFKQLTXHV�

)XUWKHU FRSSHU�VLOYHU QDQRSDUWLFOHV ZHUH V\QWKHVL]HG DQG DQDO\]HG XVLQJ WKH 6036�,&3�06 VHWXS�
,QIRUPDWLRQ DERXW WKH SDUWLFOH VL]H GLVWULEXWLRQ DQG WKH UHODWLYH HOHPHQWDO FRPSRVLWLRQ FRXOG EH
GHWHUPLQHG� 6FDQQLQJ 7(0 HQHUJ\�GLVSHUVLYH ;�UD\ VSHFWURVFRS\ DQDO\VLV ZDV DOVR FDUULHG RXW DQG
WKH�UHVXOWV�ZHUH�LQ�DJUHHPHQW�ZLWK�WKH�K\SKHQDWHG�VHWXS�

,Q FRQFOXVLRQ� WKLV VWXG\ VKRZV WKDW 6036�,&3�06 FDQ EH XVHG WR FKDUDFWHUL]H ELPHWDOOLF 13V LQ
KLJKO\ FRQFHQWUDWHG VXVSHQVLRQV� ZLWK WKH SURPLVH RI EHLQJ XVHG DV D FRPSOHPHQWDU\ DQDO\WLFDO
WRRO�IRU�WKH�DQDO\VLV�RI�QDQRPDWHULDOV�

>�@ &HGULF 'DYLG .RROHQ� /DXUD 7RUUHQW� $\XVK $JDUZDO� 2OJD 0HLOL�%RURYLQVND\D� 1DWDOLD *DVLORYD�
0R�/L��:HQ�/XR��$QGUHDV�=¾WWHO��$&6�1DQR��������������������૱�����

>�@�$GULDQ�+HVV��0RKDPHG�7DULN��&KULVWLDQ�/XGZLJ��-RXUQDO�RI�$HURVRO�6FLHQFH�������������������
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��3RVWHU�3UHVHQWDWLRQ

&U\VWDOOL]DWLRQ�RI�$J�$X�DOOR\HG�1DQRSDUWLFOHV�E\�0ROHFXODU�'\QDPLFV

0��6FKHQNHU���<��:DQJ���6��(��3UDWVLQLV�


�3DUWLFOH�7HFKQRORJ\�/DERUDWRU\��,QVWLWXWH�RI�(QHUJ\�	�3URFHVV�(QJLQHHULQJ��'HSDUWPHQW�RI
0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK��=¾ULFK��&+�������6ZLW]HUODQG

%LPHWDOOLF QDQRSDUWLFOHV SRVVHVV XQLTXH SURSHUWLHV UHVXOWLQJ IURP WKH V\QHUJLVWLF HIIHFWV RI WKHLU
FRQVWLWXHQW PHWDOV�>�@ 7KH DUUDQJHPHQW RI FU\VWDO GRPDLQV DQG VXUIDFH FKDUDFWHULVWLFV RI WKHVH
QDQRSDUWLFOHV UHVXOW LQ WXQDEOH RSWLFDO DQG FDWDO\WLF DFWLYLW\ DV ZHOO DV LPSURYHG R[LGDWLRQ
UHVLVWDQFH�>�@ 6LOYHU�JROG �$J�$X� DOOR\HG QDQRSDUWLFOHV DUH SDUWLFXODUO\ DGYDQWDJHRXV LQ FDWDO\WLF
V\QWKHVLV DQG ELRPHGLFDO DSSOLFDWLRQV GXH WR WKHLU SODVPRQLF SURSHUWLHV�>�@ $GGLQJ $X WR $J
QDQRSDUWLFOHV GXULQJ WKHLU SUHSDUDWLRQ FDQ VLJQLILFDQWO\ UHGXFH WKHLU VXUIDFH R[LGDWLRQ DQG OLPLW
OHDFKLQJ RI WR[LF $J� LRQV� ZKLOH SUHVHUYLQJ WKHLU PRVW GHVLUDEOH VXUIDFH UHDFWLYLW\ DQG SODVPRQLF
SURSHUWLHV�>�@

7KLV VWXG\ HPSOR\HG PROHFXODU G\QDPLFV ZLWK WKH PDQ\�ERG\ HPEHGGHG�DWRP PHWKRG �($0�
SRWHQWLDO ZKLFK KDV EHHQ ZLGHO\ XVHG LQ GHVFULSWLRQ RI SXUH $X RU $J VLQWHULQJ DQG FU\VWDOOL]DWLRQ�>�@
)RU H[DPSOH� GXULQJ FRROLQJ� VXUIDFH $X DWRPV JUDGXDOO\ GLIIXVH LQWR WKH FRUH RI DQ $J�$X SDUWLFOH
DW D GHFUHDVLQJ UDWLR RI ��� �� XQWLO WKH SKDVH WUDQVIRUPDWLRQ RFFXUV DURXQG ��� . �)LJ� ���
VKRZLQJ WKH LQIOXHQFH RI EXON $X UDWLR RQ FU\VWDOOL]DWLRQ DQG D FOHDU GHFUHDVH RI VXUIDFH $X �\HOORZ�
DWRPV� 7KH HIIHFWV RI FRROLQJ UDWH DQG DQQHDOLQJ WHPSHUDWXUH RQ VXUIDFH $X UDWLR DUH LQYHVWLJDWHG�
7KH FU\VWDO VL]HV DUH FDOFXODWHG WKURXJK ;�UD\ GLIIUDFWLRQ SDWWHUQ DQDO\VLV IRU SDUWLFOHV KDYLQJ $X
IUDFWLRQV EHWZHHQ �� WR �� � DQG SDUWLFOH VL]H RI ��� QP DQG FRPSDUHG ZLWK H[SHULPHQWDO
UHVXOWV�>����@

)LJXUH �� 6XUIDFH $X UDWLR GXULQJ FRROLQJ IURP ���� . WR ��� . E\ � .�QV IRU � QP $X�$J DOOR\HG
13��ZLWK�WKH�EXON�UDWLRV�RI�$X�DW�������EOXH��DQG�������RUDQJH��

>�@�6LQIHOW��-RKQ�+��6FLHQWLILF�$PHULFDQ������������������

>�@�7RUHLV��1RUHGGLQH��HW�DO��6XUIDFH�6FLHQFH�������������������

>�@�6RWLULRX��*HRUJLRV�$��:LOH\�,QWHUGLVFLSOLQDU\�5HYLHZV��1DQRPHGLFLQH�DQG�1DQRELRWHFKQRORJ\���������
�����

>�@�6RWLULRX��*HRUJLRV�$���HW�DO��&KHPLFDO�&RPPXQLFDWLRQV����������������������

>�@�(RP��1DPVRRQ��HW�DO��$&6�QDQR��������������������
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1DQRSDUWLFOH�IRUPDWLRQ�DQG�WUDQVIRUPDWLRQ��3RVWHU�3UHVHQWDWLRQ

&U\VWDOOL]DWLRQ�2QVHW�RI�$HURVRO�$X�1DQRSDUWLFOHV

<��:DQJ���6��(��3UDWVLQLV�


�3DUWLFOH�7HFKQRORJ\�/DERUDWRU\��,QVWLWXWH�RI�(QHUJ\�	�3URFHVV�(QJLQHHULQJ��'HSDUWPHQW�RI
0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ

*ROG QDQRSDUWLFOHV KDYH D ZLGH UDQJH RI DSSOLFDWLRQV� LQFOXGLQJ FDWDO\VLV� VHQVLQJ� PHGLFLQH�
QDQROLWKRJUDSK\ DQG LRQ GHWHFWLRQ >�@� $OWKRXJK WKH ZHW�SKDVH �7XUNHYLFK� SURFHVV LV FRPPRQO\
XVHG IRU FRPPHUFLDO $X QDQRSDUWLFOH SURGXFWLRQ� JDV�SKDVH �IODPH� SODVPD� ODVHU� HWF�� SURFHVVHV
DUH DGYDQWDJHRXV IRU WKHLU VFDODELOLW\� XQLTXH SDUWLFOH PRUSKRORJ\ DQG KLJK SXULW\ >�@� 7KH FU\VWDO
VWUXFWXUH RI $X QDQRSDUWLFOHV LQIOXHQFHV WKHLU SHUIRUPDQFH LQ SODVPRQLF DQG SKRWRQLF DSSOLFDWLRQV�
PDNLQJ LPSRUWDQW WKH XQGHUVWDQGLQJ RI WKHLU FU\VWDOOL]DWLRQ DQG FRQWURO RI WKH UHVXOWLQJ FU\VWDO
VWUXFWXUHV�

7KH PHOWLQJ SRLQW IRU GLIIHUHQW SDUWLFOH VL]HV LV XVHG WR YDOLGDWH RXU PHWKRG >�@� 7KH VXSHUFRROHG
VROLGLI\LQJ WHPSHUDWXUH �7V� LV GHWHUPLQHG� UHYHDOLQJ D PHWDVWDEOH UHJLRQ EHWZHHQ WKH OLTXLG DQG
VROLG SKDVH� 7KH RQVHW RI FU\VWDOOL]DWLRQ LV UHYHDOHG E\ WUDFNLQJ WKH ODUJHVW FOXVWHU VL]H DQG LWV
UHWDLQHG DWRPV IUDFWLRQ �5$)� GXULQJ FU\VWDOOL]DWLRQ� ,QLWLDOO\� WKH 5$) IOXFWXDWHV DURXQG � �� D
FKDUDFWHULVWLF RI VXEFULWLFDO FOXVWHU G\QDPLFV� IROORZHG E\ D UDSLG LQFUHDVH XS WR �� � �)LJ� �� UHG
OLQH�� 7KH ODUJHVW FOXVWHU VL]H DOVR IOXFWXDWHV EHIRUH WKDW LQFUHDVH RI 5$)� HYHQWXDOO\ HQFRPSDVVLQJ
DOPRVW WKH HQWLUH QDQRSDUWLFOH� 7KH RQVHW RI FU\VWDOOL]DWLRQ LV LGHQWLILHG ZKHQ WKH 5$) VWDUWV WR
LQFUHDVH� ZLWK WKH FRUUHVSRQGLQJ FULWLFDO FU\VWDO FRQWDLQLQJ� IRU H[DPSOH� � � � DWRPV DW ��� . DQG
�� � � DWRPV DW ��� . �)LJ� �� JUHHQ GDVK OLQH�� 7KH �'�VQDSVKRWV RI FU\VWDO FRPSRVLWLRQ LQVLGH WKH
$X SDUWLFOH DW 5$)  ��� ��� �� DQG �� � UHYHDOV WKDW FU\VWDOOL]DWLRQ WDNHV SODFH E\ ૺFDWDVWURSKLFૻ
QXFOHDWLRQ DQG FRDJXODWLRQ IDU EHORZ 7V �)LJ� �D� ��� .�� ZKLOH WKURXJK QXFOHDWLRQ DQG JUDGXDO
DFFUHWLRQ WR D VLQJOH FU\VWDO QHDU 7V �)LJ �E� ��� .�� 7KH FU\VWDOOL]DWLRQ RQVHW LV DOVR PDUNHG E\ D
VKDUS GURS LQ SRWHQWLDO HQHUJ\ DQG WKH DPRUSKRXV SDUWLFOH IUDFWLRQ GXULQJ ZKLFK WKH VXEFULWLFDO
QXFOHL WUDQVIRUP LQWR VXSHU�FULWLFDO FU\VWDOV� $GGLWLRQDOO\� FU\VWDOV DUH IRXQG WR JURZ YLD ERWK
DFFUHWLRQ DQG FOXVWHU PHUJLQJ� ZLWK FU\VWDO GRPDLQ UHRUJDQL]DWLRQ DIWHU WKH FU\VWDOOLQH
WUDQVIRUPDWLRQ LV FRPSOHWHG� DV UHYHDOHG E\ WKH FDOFXODWHG ;�UD\ GLIIUDFWLRQ �;5'� SDWWHUQV� 7KH
ILQDO DYHUDJH FU\VWDO VL]H LV FDOFXODWHG DQG FRPSDUHG XVLQJ ERWK ;5' SDWWHUQV DQDO\VLV DQG GLUHFW
WUDFLQJ RI FU\VWDOV� VKRZLQJ WKH LQIOXHQFH RI FU\VWDOOL]DWLRQ WHPSHUDWXUH� ZLWK WKH ODUJHVW FU\VWDO
VL]H�REWDLQHG�DW�WHPSHUDWXUHV�QHDU�7V�

)LJXUH �� 1XPEHU RI DWRPV LQ WKH ODUJHVW FOXVWHU �EODFN OLQH� OHIW D[LV� DQG LWV UHWDLQHG DWRPV
IUDFWLRQ �5$)� UHG OLQH� ULJKW D[LV� RI D �� QP $X SDUWLFOH DW �D� ��� DQG �E� ��� . ZLWK �'�
VQDSVKRWV�RI�LWV�FURVV�VHFWLRQ��FRORUHG�E\�FU\VWDOOLQH�GLVRUGHU�IUDFWLRQ�RI�HDFK�DWRP��

�

>�@�*RXGHOL��(��DQG�3UDWVLQLV��6��(���$,&K(�-RXUQDO�����������������
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