
��6HVVLRQ����3RVWHU�6HVVLRQ�$��$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV���3RVWHU
��

3DUWLFOH�(PLVVLRQV�IURP�6PDOO�-HW�(QJLQH�IXHOHG�ZLWK�6$)�

+��<DPDGD���7��.DQHNR�

�7RN\R�'HQNL�8QLYHUVLW\�*UDGXDWH�6FKRRO�

(IIHFWV RQ 6XVWDLQDEOH $YLDWLRQ )XHO �6$)� PL[HG ZLWK WUDGLWLRQDO -HW IXHO �-HW $�� RQ SDUWLFOH QXPEHU HPLVVLRQV RYHU ��
QP DQG WKRVH RYHU �� QP KDYH EHHQ HYDOXDWHG ZLWK D VPDOO JDV WXUELQH HQJLQH ZKLFK PD[LPXP RXW SXW LV ��� 1� 7KH WHVWHG
HQJLQH ZDV VPDOO FRQSDUHG ZLWK JDV WXUELQH HQJLQH XVHG IRU DLUFUDIW� KRZHYHU 12[ DQG SDUWLFOH QXPEHU HPLVVLRQV IDFWRU RI
WHVWHG�HQJLQH�ZHUH�DOPRVW�WKH�VDPH�OHYHO�ZLWK�WKRVH�RI�DFWXDO�DLUFUDIW�MHW�HQJLQHV�

$V IRU 6$)� +\GURWUHDWHG (VWHUV DQG )DWW\ $FLGV �)()$� DQG &DWDO\WLF +\GURWKHUPRO\VLV -HW �&+-� ZHUH WHVWHG� +()$
FRQVLVWV PDLQO\ RI SDUDILQH DQG QR DURPDWLFV DUH FRQWDLQHG� 2Q WKH RWKHU KDQGV� &+- FRQWDLQV DURPDWLFV RYHU �� �� ,Q DOO
H[SHULPHQWV� 631�� HPLVVLRQV ZHUH TXLWH KLJKHU WKDQ 631�� VXJJHVWLQJ SDUWLFOH HPLWWHG IURP -HW HQJLQH ZHUH PDLQO\
EHORZ �� QP� 631�� HPLVVLRQV ZLWK 6$) ZHUH ORZHU WKDQ WKDW ZLWK QRUPDO -HW $�� IXHO� 'HJUHH RI UHGXFWLRQ ZLWK )()$
ZDV�KLJKHU�WKDQ�WKDW�ZLWK�&+-��(PLVVLRQV�RI�631���ZLWK�����)()$�ZHUH����WR�����ORZHU�WKDQ�WKDW�ZLWK�QRUPDO�-HW�$���

12[�HPLVVLRQV�ZHUH�QRW�DIIHFWHG�FKDQJLQJ�IXHOV�LQ�WKLV�VWXG\�

6RRW�PDVVHV�ZHUH�EHORZ�GHWHFWLRQ�OLPLWV�LQ�DOO�H[SHULPHQWV�

�

�

�

7KLV�UHVHDUFK�ZDV�SHUIRUPHG�E\�WKH�(QYLURQPHQW�5HVHDUFK�DQG�7HFKQRORJ\�'HYHORSPHQW�)XQG��-0((5)����������RI
WKH�(QYLURQPHQWDO�5HVWRUDWLRQ�DQG�&RQVHUYDWLRQ�$JHQF\�SURYLGHG�E\�0LQLVWU\�RI�WKH�(QYLURQPHQW�RI�-DSDQ�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV���3RVWHU 6��3RVWHU�$
��
$GYDQFHPHQWV�LQ�$LUFUDIW�(QJLQH�0HDVXUHPHQW��7KH�1HZ�65�7HFKQLFV�7HVW�&HOO�(PLVVLRQ�0RQLWRULQJ�6\VWHP�

7��6FKULSS���0��$OLJ���-��*��%HOO���-��(GHEHOL���0��6WlKHOLQ���)��6LHJHULVW���7��5LQGOLVEDFKHU�

�&HQWHU�IRU�$YLDWLRQ��=XULFK�8QLYHUVLW\�IRU�$SSOLHG�6FLHQFHV��=+$:����65�7HFKQLFV�6ZLW]HUODQG�$*��.ORWHQ���)HGHUDO
2IILFH�RI�&LYLO�$YLDWLRQ��)2&$��

$LUFUDIW HQJLQH HPLVVLRQV KDYH EHFRPH D SURPLQHQW UHVHDUFK IRFXV LQ UHFHQW \HDUV� H[WHQGLQJ EH\RQG MXVW FDUERQ GLR[LGH
HPLVVLRQV� 6LJQLILFDQW DGYDQFHPHQWV KDYH EHHQ DFKLHYHG LQ PHDVXUHPHQW WHFKQRORJLHV� FHUWLILFDWLRQ SURFHVVHV� DQG D GHHSHU
XQGHUVWDQGLQJ RI WKH LPSDFWV RI GLIIHUHQW IXHO FRPSRVLWLRQV� 1HYHUWKHOHVV� FRQGXFWLQJ FRPSUHKHQVLYH WHVW EHQFK� ILHOG� DQG
IOLJKW PHDVXUHPHQW FDPSDLJQV RQ DLUFUDIW HQJLQHV LV KLJKO\ H[SHQVLYH� 7KLV UHVXOWV LQ HPLVVLRQ GDWD EH\RQG WKH VWDQGDUG
HPLVVLRQ SURILOHV� W\SLFDOO\ SURYLGHG E\ PDQXIDFWXUHUV� EHLQJ VFDUFH� $GGLWLRQDOO\� WHVWLQJ QHZ PHDVXUHPHQW PHWKRGV RQ
UHDO�DLUFUDIW�HQJLQH�H[KDXVW�LV�UDUHO\�IHDVLEOH�GXH�WR�WKHVH�FRVWV�DQG�ORJLVWLFDO�FKDOOHQJHV�

6LQFH ����� 65 7HFKQLFV KDV VXSSRUWHG GHYHORSPHQW RI QHZ JOREDO DLUFUDIW JDV WXUELQH HPLVVLRQ VWDQGDUGV E\ LQVWDOODWLRQ RI
SURWRW\SH HPLVVLRQ PHDVXUHPHQW V\VWHPV LQ WKHLU HQJLQH WHVW FHOOV� ZKHUH HQJLQHV DUH FKHFNHG DIWHU PDLQWHQDQFH DQG
RYHUKDXO� 657 LV VHW WR FRPPLVVLRQ D QHZ VWDWH�RI�WKH�DUW WHVW FHOO IRU WKH ODWHVW DLUFUDIW HQJLQHV� LQFOXGLQJ OHDQ�EXUQ HQJLQHV
DQG ODVW JHQHUDWLRQ JHDUHG WXUERIDQ �*7)� HQJLQHV� DW WKH VWDUW RI ����� 7KLV WHVW FHOO LV HTXLSSHG ZLWK D SHUPDQHQW SUREH
LQVWDOOHG LQ WKH H[KDXVW WXQQHO� HQDEOLQJ FRQWLQXRXV PRQLWRULQJ RI HQJLQH HPLVVLRQ SHUIRUPDQFH ZLWKRXW LQWHUIHULQJ ZLWK WKH
HVVHQWLDO SHUIRUPDQFH PHDVXUHPHQWV� 7KH H[KDXVW JDVHV DUH DQDO\VHG XVLQJ D PHDVXULQJ V\VWHP GHVLJQHG IRU FRQWLQXRXV
RSHUDWLRQ� ZKLFK EXLOGV XSRQ WKH H[LVWLQJ ³6ZLVV 0RELOH $LUFUDIW (PLVVLRQ 0HDVXUHPHQW 6\VWHP´ �60$57(0,6�� 7KH
V\VWHP SURYLGHV GHWDLOHG GDWD RQ YDULRXV HPLVVLRQ IDFWRUV� LQFOXGLQJ SDUWLFOH VL]H GLVWULEXWLRQ �PHDVXUHG YLD 6036� DQG VRRW
PDVV �PHDVXUHG YLD $HWKDORPHWHU�� ,W DOVR PHDVXUHV FULWLFDO FRPEXVWLRQ JDVHV VXFK DV FDUERQ GLR[LGH �&2�� DQG QLWURJHQ
R[LGHV��12[��ZLWK�KLJK�WLPH�UHVROXWLRQ�RYHU�WKH�IXOO�HQJLQH�WKUXVW�UDQJH�

7KH VRSKLVWLFDWHG H[SHULPHQWDO VHWXS RIIHUV XQLTXH RSSRUWXQLWLHV IRU LQ�GHSWK VWXGLHV RQ WKH YDULDELOLW\ RI HPLVVLRQ GDWD
IURP IUHVKO\ VHUYLFHG HQJLQHV DQG WKH HPLVVLRQ FKDUDFWHULVWLFV RI PRGHUQ HQJLQHV EH\RQG HQJLQH HPLVVLRQ FHUWLILFDWLRQ� ,W
IDFLOLWDWHV WKH LQYHVWLJDWLRQ RI QHZ PHDVXUHPHQW PHWKRGV� VXFK DV WR[LFRORJLFDO VWXGLHV DQG UHVHDUFK LQWR DHURVRO DJLQJ� DQG
YRODWLOH�SDUWLFOH�HPLVVLRQV��XVLQJ�UHDO�DLUFUDIW�HQJLQH�HPLVVLRQV�

7KLV LQQRYDWLYH DSSURDFK QRW RQO\ HQKDQFHV RXU XQGHUVWDQGLQJ RI HPLVVLRQV IURP PRGHUQ DLUFUDIW HQJLQHV� ZKLFK ZLOO IHHG
LQWR DWPRVSKHULF VFLHQFH� EXW DOVR SDYHV WKH ZD\ IRU PRUH FRPSUHKHQVLYH WHVWLQJ RI QHZ WHFKQRORJLHV DLPHG DW UHGXFLQJ
HQYLURQPHQWDO LPSDFW� %\ FRQWLQXRXVO\ PRQLWRULQJ DQG DQDO\]LQJ HPLVVLRQV LQ UHDO�WLPH� UHVHDUFKHUV FDQ JDWKHU LQYDOXDEOH
GDWD�WR�LQIRUP�IXWXUH�UHJXODWRU\�VWDQGDUGV�DQG�WHFKQRORJLFDO�DGYDQFHPHQWV�LQ�WKH�DYLDWLRQ�LQGXVWU\�

7KLV�ZRUN�LV�VXSSRUWHG�E\�WKH�6ZLVV�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ�LQ�WKH�IUDPHZRUN�RI�WKH�SURMHFW�³$'9,6$5´�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV���3RVWHU 6��3RVWHU�$
��

&KDUDFWHUL]DWLRQ�DQG�FRQWURO�RI�DVK�IURP�GLHVHO�HQJLQH�H[KDXVW�

$��$SLODLQHQ���.��/HKWRUDQWD���+��9HVDOD���<��*H�

�7UDQVSRUW�(PLVVLRQ�&RQWURO��977�7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG�/WG��(VSRR��)LQODQG���7UDQVSRUW�(PLVVLRQ�&RQWURO�
977�7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG�/WG���1XFOHDU�GHFRPPLVVLRQLQJ�DQG�ZDVWH�PDQDJHPHQW��977�7HFKQLFDO

5HVHDUFK�&HQWUH�RI�)LQODQG�/WG���$GYDQFHG�PDWHULDOV�IRU�QXFOHDU�HQHUJ\��977�7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG�/WG�

���,QWURGXFWLRQ
6KLS HPLVVLRQV� SDUWLFXODUO\ ILQH SDUWLFXODWH PDWWHU �30����� KDYH D QHJDWLYH LPSDFW RQ DLU TXDOLW\ DQG SRVH VHULRXV KHDOWK
ULVNV� 7KLV VWXG\ H[DPLQHV ZKHWKHU D GLHVHO JHQHUDWRU FDQ SURGXFH SDUWLFXODWH HPLVVLRQV VLPLODU WR WKRVH RI D PDULQH HQJLQH
DQG WKH SRVVLELOLW\ WR XVH WKH JHQHUDWRU LQ IXUWKHU UHVHDUFK UHODWHG WR GLHVHO SDUWLFXODWH ILOWHUV �'3)�� 7KH SULPDU\ JRDO RI WKH
VWXG\ ZDV WR FKDUDFWHUL]H WKH DVK SURGXFHG E\ WKH GLHVHO HQJLQH� 'LHVHO H[KDXVW DVK LV D QRQ�FRPEXVWLEOH UHVLGXH UHVXOWLQJ
IURP�WKH�FRPEXVWLRQ�RI�GLHVHO�IXHO��OXEULFDWLQJ�RLO��DQG�HQJLQH�ZHDU�

���0DWHULDOV�DQG�PHWKRGV
,Q WKH H[SHULPHQWDO SDUW RI WKH VWXG\� H[KDXVW DVK ZDV JHQHUDWHG XVLQJ D GLHVHO JHQHUDWRU UXQQLQJ RQ '0% IXHO �D GLVWLOODWH
PDULQH IXHO EOHQG� PL[HG ZLWK DVK�IRUPLQJ OXEULFDWLQJ RLO� 7KH TXDQWLW\ DQG TXDOLW\ RI DVK ZDV PHDVXUHG� 7KH SK\VLFDO
SURSHUWLHV DQG WKH FKHPLFDO FRPSRVLWLRQ RI WKH H[KDXVW DVK ZHUH DQDO\]HG XVLQJ VFDQQLQJ HOHFWURQ PLFURVFRS\ �6(0��
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0�� DQG HQHUJ\�GLVSHUVLYH ;�UD\ VSHFWURVFRS\ �('6�� $GGLWLRQDOO\� JDV HPLVVLRQV�
VRRW�OHYHOV��DQG�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ�DQG�GLVWULEXWLRQ�ZHUH�PHDVXUHG�

���5HVXOWV
7KH DQDO\VLV IRXQG WKDW XVLQJ OXEULFDWLQJ RLO GRSHG IXHO LQFUHDVHG WKH QXPEHU RI SDUWLFOHV LQ WKH H[KDXVW JDV� 0RUSKRORJLFDO
VWXGLHV LGHQWLILHG YDULRXV SDUWLFOH W\SHV� LQFOXGLQJ QDQR�VL]HG IXHO SDUWLFOHV� VSKHULFDO OXEULFDWLQJ RLO SDUWLFOHV FRQWDLQLQJ
FDOFLXP DQG DJJORPHUDWHG VRRW SDUWLFOHV� $GGLQJ OXEULFDWLQJ RLO WR WKH IXHO UHGXFHG VRRW HPLVVLRQV SUHVXPDEO\ EHFDXVH WKH
PHWDO FRPSRXQGV LQ WKH RLO IDFLOLWDWHG WKH FRPEXVWLRQ RI VRRW SDUWLFOHV� %DVHG RQ ILQGLQJV WKH SURSHUWLHV RI WKH SDUWLFOHV
JHQHUDWHG�E\�WKH�GLHVHO�JHQHUDWRU�UHVHPEOH�WR�WKRVH�REWDLQHG�ZLWK�PDULQH�HQJLQHV�XVLQJ�VLPLODU�IXHOV�

���&RQFOXVLRQV
7KH VWXG\ KLJKOLJKWV WKDW IXHO FRPSRVLWLRQ VLJQLILFDQWO\ LPSDFWV SDUWLFXODWH HPLVVLRQV DQG WKHLU FKDUDFWHULVWLFV� 7KH UHVHDUFK
VXJJHVWV WKDW GLHVHO JHQHUDWRUV FDQ EH XVHG LQ SODFH RI ODUJH VKLS HQJLQHV IRU IXWXUH VWXGLHV RQ DVK SURGXFWLRQ DQG LWV HIIHFWV
RQ '3)� $GGLWLRQDOO\� WKH VWXG\ SRVHV DQ RSSRUWXQLW\ IRU GHYHORSLQJ PRUH SUHFLVH PHWKRGV WR PHDVXUH DVK FRQFHQWUDWLRQ
GLUHFWO\�IURP�H[KDXVW�JDVHV��ZKLFK�FRXOG�KHOS�SUHGLFW�'3)�PDLQWHQDQFH�QHHGV�DQG�RSWLPL]H�UHJHQHUDWLRQ�HYHQWV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV���3RVWHU 6��3RVWHU�$
��
([SHULPHQWDO�LQYHVWLJDWLRQ�RI�XOWUDILQH�SDUWLFOH�ORVV�WKURXJK�IORZ�VSOLWWHUV��IORZ�ILWWLQJV��DQG�FRLOHG�WXEHV�W\SLFDOO\

XVHG�LQ�DLUFUDIW�QY30�VDPSOLQJ�V\VWHPV�

)��/LGVWRQH�/DQH���3��:LOOLDPV���$��/HD�/DQJWRQ���0��-RKQVRQ�

�8QLYHUVLW\�RI�0DQFKHVWHU���5ROOV�5R\FH�

,W LV HVWLPDWHG WKDW ������ SUHPDWXUH GHDWKV DUH FDXVHG E\ DYLDWLRQ HPLVVLRQV DQQXDOO\>�@� ,Q UHVSRQVH WR WKH JURZLQJ
FRQFHUQV RI DLUFUDIW HPLVVLRQV� WKH UHJXODWRUV KDYH LQWURGXFHG D JOREDO QY30 HPLVVLRQV UHSRUWLQJ VWDQGDUG WR UHJXODWH WKH
HPLWWHG FRQFHQWUDWLRQV RI QY30� 7KH VWDQGDUG LV UHOHYDQW IRU DOO LQ�SURGXFWLRQ DQG QHZ JDV WXUELQH HQJLQHV DERYH ����
N1>�@��

'XH WR WKH KDUVK HQYLURQPHQW DW WKH DLUFUDIW HQJLQH H[LW� ORQJ VDPSOLQJ WXELQJ LV XVHG WR WUDQVSRUW WKH H[KDXVW VDPSOH WR WKH
PHDVXUHPHQW LQVWUXPHQWV� 7UDQVSRUWLQJ WKH QY30 VDPSOH WKURXJK WKH ORQJ VDPSOLQJ WXEHV UHVXOWV LQ ODUJH QY30 ORVVHV�
ZKLFK�FDQ�EH�GHVFULEHG�E\�PDQ\�DHURVRO�ORVV�PHFKDQLVPV>�@�

7R FRPEDW WKH HIIHFW RI QY30 ORVV RQ WKH ILQDO UHSRUWHG PHDVXUHPHQWV� YDULRXV GHVLJQ DQG FRUUHFWLRQ PHWKRGRORJLHV DUH
XVHG� ZKLFK DUH RXWOLQHG LQ WKH V\VWHP GHVLJQ UHTXLUHPHQWV>�@ DQG UHFRPPHQGDWLRQV>�@� 2QH H[DPSOH UHTXLUHPHQW UHIHUV WR
WKH SHUPLVVLEOH EHQG DQJOH �FRLOLQJ� RI D WXEH� ZKLFK VKRXOG QRW H[FHHG �� WLPHV WKH LQWHUQDO GLDPHWHU RI WKH WXELQJ� DV LV
DVVXPHG WR PLWLJDWH SDUWLFOH ORVVHV WKURXJK EHQW WXEHV>�@� +RZHYHU� OLPLWHG UHVHDUFK KDV EHHQ FRQGXFWHG WR YDOLGDWH WKLV
UHTXLUHPHQW IRU W\SLFDO SDUWLFOH VL]HV REVHUYHG IRU DLUFUDIW QY30 �EHORZ ��� QP LQ PRELOLW\ GLDPHWHU�� 7KH VDPH FDQ EH VDLG
DERXW�RWKHU�HOHPHQWV�LQ�WKH�V\VWHP��VXFK�DV�IORZ�ILWWLQJV��XQLRQV��YDOYHV��HWF����DQG�IORZ�VSOLWWHUV�

7KLV VWXG\ DLPV WR H[SHULPHQWDOO\ TXDQWLI\ WKH SDUWLFOH ORVVHV WKURXJK FRLOHG WXEHV� IORZ ILWWLQJV� DQG IORZ VSOLWWHUV W\SLFDOO\
XVHG IRU DLUFUDIW QY30 PHDVXUHPHQWV IRU SDUWLFOH VL]H UDQJHV DQG IORZUDWH YDOXHV REVHUYHG ZLWKLQ DLUFUDIW QY30 VDPSOLQJ
DQG PHDVXUHPHQW V\VWHPV� 8VLQJ WKH H[SHULPHQWDO UHVXOWV DQG FRPSDULQJ WKHP DJDLQVW WKH UHJXODWRU\ XVHG GLIIXVLRQDO ORVV
PRGHO� DQ DVVHVVPHQW RI WKH SRWHQWLDO DGGLWLRQDO SDUWLFOHV ORVVHV WKDW WKHVH HOHPHQWV PD\ SRVH LQ QY30 VDPSOLQJ V\VWHPV
ZDV�GHWHUPLQHG�

�

�

)LJXUH����3DUWLFOH�SHQHWUDWLRQ�WKURXJK�ó´�2'�VWUDLJKW�DQG�FRLOHG�WXEHV�

,W ZDV GHWHUPLQHG WKDW JHQHUDOO\ IORZ ILWWLQJ GLG QRW UHVXOWV LQ DGGLWLRQDO ORVVHV� KRZHYHU� WKHUH ZDV VRPH LQGLFDWLRQ WKDW
DGGLWLRQDO SDUWLFOH ORVVHV ZHUH FDXVHG WKURXJK IORZ VSOLWWHUV DQG FRLOHG WXEHV� ,QWHUHVWLQJO\� HYHQ ZKHQ WKH WXEHV ZHUH FRLOHG
OHVV WKDQ WKH OLPLWHG SURSRVHG E\ UHJXODWLRQV �VWDWHG DERYH�� DGGLWLRQDO SDUWLFOH ORVVHV ZHUH REVHUYHG� RQ DYHUDJH ���� IRU
ODPLQDU IORZ �)LJXUH���� 7KLV UHVXOW FRXOG LQGLFDWH WKDW WKHUH DUH VRPH DGGLWLRQDO XQTXDQWLILHG SDUWLFOH ORVVHV LQ QY30
VDPSOLQJ�V\VWHPV�

>�@�4XDGURV��)��'��6��HW�DO��(QYLURQ��5HV��/HWW��������������
>�@�,&$2��$QQH[����±�HQYLURQPHQWDO�SURWHFWLRQ�±�YROXPHQ�,,�±�DLUFUDIW�HPLVVLRQV���������WK�(GLWLRQ
>�@�+LQGV��:��&��$HURVRO�WHFKQRORJ\��SURSHUWLHV��EHKDYLRXU��DQG�PHDVXUHPHQW�RI�DLUERUQH�SDUWLFOHV���������UG�(GLWLRQ
>�@�6$(�,QWHUQDWLRQDO��$53�����������
>�@�.XONDUQL��3��HW�DO��$HURVRO�PHDVXUHPHQW��SULQFLSOHV��WHFKQLTXHV��DQG�DSSOLFDWLRQ���������UG�(GLWLRQ
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$LUFUDIW��PDULQH�DQG�RWKHU�QRQ�URDG�VRXUFHV���3RVWHU 6��3RVWHU�$
��

7UDFLQJ�$YLDWLRQ�,PSDFWV�RQ�$LU�4XDOLW\��30�&KHPLFDO�&RPSRVLWLRQ�DQG�6RXUFH�DSSRUWLRQPHQW�QHDU�=�ULFK
DLUSRUW�

6��0LVKUD���%��7��%UHP���=��&��'HFNHU���-��*��6ORZLN���3��$��$OSHUW���0��$PPDQQ���$��6��3UHYRW���0��%DXHU���6��0�
7LQRUXD���0��*|WVFK���-��6LQWHUPDQQ���0��*��%HHU��

�36,�&HQWHU�IRU�(QHUJ\�DQG�(QYLURQPHQWDO�6FLHQFHV�������9LOOLJHQ�36,��6ZLW]HUODQG���12$$�&6/�	�&RRSHUDWLYH�,QVWLWXWH
IRU�5HVHDUFK�LQ�(QYLURQPHQWDO�6FLHQFHV��&,5(6���%RXOGHU��&2��86$���$:(/��$PW�I�U�$EIDOO��:DVVHU��(QHUJLH�XQG�/XIW�

�����=�ULFK��6ZLW]HUODQG�

$LUFUDIW HPLVVLRQV VLJQLILFDQWO\ FRQWULEXWH WR SDUWLFXODWH PDWWHU �30� DQG XOWUDILQH SDUWLFOHV �8)3� GXULQJ WDNHRII� ODQGLQJ�
WD[LLQJ� DQG LGOLQJ� QHJDWLYHO\ LPSDFWLQJ DLU TXDOLW\ QHDU DLUSRUWV� :LWK DLU WUDIILF SURMHFWHG WR LQFUHDVH E\ ���� DQQXDOO\�
GRXEOLQJ SUH�SDQGHPLF OHYHOV E\ ���� �,$7$� ����D�� WKH HQYLURQPHQWDO DQG KHDOWK LPSOLFDWLRQV DUH VHULRXV� $LUSRUWV
FRQWULEXWH WR ERWK SULPDU\ DQG VHFRQGDU\ 30� DIIHFWLQJ DLU TXDOLW\ XS WR �� NP GRZQZLQG IURP PDMRU DLUSRUWV OLNH /$;
�+XGGD�HW�DO���������

7KH $YLDWLRQ 3OXPH 3523H5W,HV $7 3RLQW RI ([SRVXUH �$335235,$7(� SURMHFW DW =�ULFK $LUSRUW VHHNV WR DGGUHVV WKHVH
HQYLURQPHQWDO DQG KHDOWK FRQFHUQV� ,W FRPELQHV ODE H[SHULPHQWV� WHVW FHOO VWXGLHV� DQG ILHOG FDPSDLJQV WR EHWWHU XQGHUVWDQG
WKH LPSDFW RI DYLDWLRQ RQ DLU TXDOLW\ DQG SXEOLF KHDOWK� $ NH\ SDUW RI WKH SURMHFW ZDV DQ LQWHQVLYH� PRQWK�ORQJ PHDVXUHPHQW
FDPSDLJQ LQ IDOO ����� FRQGXFWHG DW D VLWH LQ .ORWHQ� DERXW � NP HDVW RI WKH DLUSRUW �GRZQZLQG VLGH�� 7KH VLWH ZDV HTXLSSHG
ZLWK DGYDQFHG VXLWH RI JDV� DQG DHURVRO�SKDVH PHDVXULQJ LQVWUXPHQWV OLNH /72)�$06� ((6,� DQG 92&86 WR DQDO\]H
HPLVVLRQV�IURP�DLUFUDIW�HQJLQHV�

7KH�/72)�$06�GHWHFWHG�QRQ�UHIUDFWRU\�30��LQFOXGLQJ�RUJDQLFV��QLWUDWH��VXOIDWH��DPPRQLXP��DQG�FKORULGH��,QLWLDO�$06
UHVXOWV�UHYHDOHG�RUJDQLF�IUDJPHQWV��LQGLFDWLQJ�WKH�SUHVHQFH�RI�DLUFUDIW�RLO��VSHFLILFDOO\�LQ�WKH�P�]����WR�P�]����UDWLR��IRU
ZKLFK�YDOXHV�DERYH������KDYH�EHHQ�VXJJHVWHG�WR�UHIOHFW�RLO�HPLVVLRQV��<X�HW�DO���������7KHVH�UHVXOWV�VXJJHVW�WKDW�DLUSRUW
HPLVVLRQV�LPSDFW�ORFDO�DLU�TXDOLW\�FRQVLGHUDEO\��7KH�PXOWL�LQVWUXPHQW�DSSURDFK��ZLOO�HQKDQFH�VRXUFH�DSSRUWLRQPHQW
DQDO\VHV�DQG�SURYLGH�D�FOHDUHU�SLFWXUH�RI�DLUSRUW�HPLVVLRQV�LQ�WKLV�UHJLRQ�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�6ZLVV�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ��6)/9������������:H�DFNQRZOHGJH�WKH�VXSSRUW
IURP�=+$:��(03$��)ULWKMRI�6LHJHULVW��657HFKQLFV���DQG�WKH�&LW\�RI�.ORWHQ�

,$7$�������D���*OREDO�2XWORRN�IRU�$LU�7UDQVSRUW���$�ORFDO�VZHHW�VSRW�

+XGGD�1��)UXLQ�6$��,QWHUQDWLRQDO�$LUSRUW�,PSDFWV�WR�$LU�4XDOLW\��6L]H�DQG�5HODWHG�3URSHUWLHV�RI�/DUJH�,QFUHDVHV�LQ
8OWUDILQH�3DUWLFOH�1XPEHU�&RQFHQWUDWLRQV��(QYLURQ�6FL�7HFKQRO�������$SU������������������GRL�
��������DFV�HVW��E�������(SXE������0DU�����30,'�����������

=��<X��6��&��+HUQGRQ��/��'��=LHPED��0��7��7LPNR��'��6��/LVFLQVN\��%��(��$QGHUVRQ��HW�DO��,GHQWLILFDWLRQ�RI�/XEULFDWLRQ
2LO�LQ�WKH�3DUWLFXODWH�0DWWHU�(PLVVLRQV�IURP�(QJLQH�([KDXVW�RI�,Q�6HUYLFH�&RPPHUFLDO�$LUFUDIW��(QYLURQPHQWDO�6FLHQFH
	�7HFKQRORJ\�������9RO�����,VVXH�����3DJHV����������

�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$PELHQW�DLU�SDUWLFOHV��VHFRQGDU\�SROOXWDQWV���3RVWHU 6��3RVWHU�$
��

2SWLPL]LQJ�WKH�$HWKDORPHWHU�VRXUFH�DSSRUWLRQPHQW�PRGHO�WKURXJK�PXOWL�VLWH�FRPSDULVRQ�

$��*UHJRULþ�����0��,YDQþLþ���&��)UDQFKLQD���,��-��%UHFHOM���%��$OIROG\���0��5LJOHU��

�$HURVRO�G�R�R���/MXEOMDQD��6ORYHQLD���&HQWHU�IR�$WPRVSKHULF�5HVHDUFK��8QLYHUVLW\�RI�1RYD�*RULFD��6ORYHQLD���8QLYHUVLW\�RI
0LODQR�%LFRFFD��0LODQ��,WDO\�

7KH $HWKDORPHWHU VRXUFH DSSRUWLRQPHQW PRGHO >�@ KDV EHHQ D YDOXDEOH WRRO IRU VHYHUDO \HDUV LQ GHWHUPLQLQJ WKH
FRQWULEXWLRQV RI VROLG IXHO �6)� DQG OLTXLG IXHO �/)� WR HTXLYDOHQW %ODFN &DUERQ �%&� FRQFHQWUDWLRQV� 7KLV PRGHO XWLOL]HV WKH
ZDYHOHQJWK GHSHQGHQFH RI WKH DEVRUSWLRQ FRHIILFLHQW PHDVXUHG E\ $HWKDORPHWHUV �$(��� $(��� RU $(��V� $HURVRO 0DJHH
6FLHQWLILF�� DORQJVLGH SUH�GHILQHG YDOXHV RI WKH DEVRUSWLRQ cQJVWU|P H[SRQHQW �$$(� VSHFLILF WR HDFK VRXUFH� 7\SLFDOO\� WKH
$$(�IRU�/)�LV�DURXQG����ZKLOH�WKH�$$(�IRU�6)�YDULHV�EDVHG�RQ�FRPEXVWLRQ�HIILFLHQF\�DQG�ZRRG�W\SH�
$ NH\ UHTXLUHPHQW RI WKH PRGHO LV D VWDEOH VRXUFH�VSHFLILF $$( SDLU� PDNLQJ LW DSSURSULDWH IRU %& VRXUFH DSSRUWLRQPHQW LQ
XUEDQ VHWWLQJV� ,W LV HVVHQWLDO WR RSWLPL]H WKH $$( SDLU IRU HDFK ORFDWLRQ WR DFFXUDWHO\ UHIOHFW WKH XQLTXH RSWLFDO SURSHUWLHV RI
ERWK IXHO VRXUFHV� 9DULRXV PHWKRGV DQG ELRPDVV EXUQLQJ WUDFHUV KDYH EHHQ HPSOR\HG LQ WKLV RSWLPL]DWLRQ SURFHVV VR IDU >�@�
>�@�
,Q WKLV VWXG\� ZH SURSRVH DQ DOWHUQDWLYH PHWKRG WKDW FRPSDUHV VRXUFH�VSHFLILF %& PHDVXUHPHQWV WDNHQ VLPXOWDQHRXVO\ DW
GLIIHUHQW VLWHV ZLWKLQ WKH VDPH FLW\� YDU\LQJ GLVWDQFHV IURP WUDIILF HPLVVLRQV� 7KH RSWLPL]DWLRQ RI %& VRXUFH DSSRUWLRQPHQW
ZDV FRQGXFWHG DW IRXU PHDVXUHPHQW VLWHV LQ \� XWLOL]LQJ D ��\HDU GDWDVHW� %&6) LV KRPRJHQHRXVO\ GLVWULEXWHG DFURVV DOO
ORFDWLRQV��ZKLOH�%&/)�FRQWULEXWLRQ�YDULHV�EDVHG�RQ�WKH�SUR[LPLW\�WR�WKH�WUDIILF�VRXUFH�
7KH PHWKRG \LHOGV D VRXUFH�VSHFLILF $$( SDLU ZLWKRXW D QHHG IRU DGGLWLRQDO FRVWO\ RII�OLQH ILOWHU DQDO\VLV� DQG WKXV D PRUH
DFFXUDWH�VRXUFH�DSSRUWLRQPHQW�LQ�WKH�LQYHVWLJDWHG�DUHD�

�

�

>�@ -� 6DQGUDGHZL HW DO�� µ8VLQJ $HURVRO /LJKW $EVRUSWLRQ 0HDVXUHPHQWV IRU WKH 4XDQWLWDWLYH 'HWHUPLQDWLRQ RI :RRG
%XUQLQJ DQG 7UDIILF (PLVVLRQ &RQWULEXWLRQV WR 3DUWLFXODWH 0DWWHU 8VLQJ $HURVRO /LJKW $EVRUSWLRQ 0HDVXUHPHQWV IRU WKH
4XDQWLWDWLYH 'HWHUPLQDWLRQ RI :RRG %XUQLQJ DQG 7UDIILF¶� (QYLURQ 6FL 7HFKQRO� YRO� ��� QR� �� SS� ����±����� ����� GRL�
��������HV������P�
>�@ *� :� )XOOHU� $� +� 7UHPSHU� 7� '� %DNHU� .� (� <WWUL� DQG '� %XWWHUILHOG� µ&RQWULEXWLRQ RI ZRRG EXUQLQJ WR 30�� LQ
/RQGRQ¶��$WPRV�(QYLURQ��YRO������SS����±����������GRL����������M�DWPRVHQY�������������
>�@ 3� =RWWHU HW DO�� µ(YDOXDWLRQ RI WKH DEVRUSWLRQ cQJVWU|P H[SRQHQWV IRU WUDIILF DQG ZRRG EXUQLQJ LQ WKH $HWKDORPHWHU�
EDVHG VRXUFH DSSRUWLRQPHQW XVLQJ UDGLRFDUERQ PHDVXUHPHQWV RI DPELHQW DHURVRO¶� $WPRV &KHP 3K\V� YRO� ��� QR� �� SS�
����±������������GRL����������DFS��������������
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Particle Number Size Distribution in Istanbul Atmosphere 
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Particle numbers (PN) between 10 to 400 nm were measured in the atmosphere of urban background in 
Istanbul using a NanoScan SMPS during three weeks in four seasons. PN measurement was performed for 
the first time in Turkiye and Istanbul in this study. TSI nano scanning mobility particle sizer 
(NanoScanSMPS 3910) with dryer was used to measure PN in the size range 10-400 nm. The average 
number counts and contributions of each PN fraction (Nucleation: <30 nm, Aitken: 30-100 nm, 
Accumulation: 100-400 nm) are given in Figure 1. The average total PN levels were 5.7×103 ± 2.4×103 
≠/cm3. Generally, the winter and spring time PN levels were slightly higher than in the autumn and 
summer. The average contribution of ultrafine particles (UFPs) to the total numbers is 77 % with higher 
values in spring and lowest in autumn. But their contribution to volume is the highest in winter and 
summer (< 25%). According to published studies, UFP contributions in this study are higher than the Asian 
cities ˜49 % [1] and approximately same or slightly lower in European cities >80 % [2]. Wu and Boor [3] 
analysed the particle number size distribution (PNSD) around the globe and reported that the PNSD in 
Europe, North America, Australia, and New Zealand are dominated by UFP, while in Asia they are 
dominated by the substantial contribution from the accumulation mode. 
 

   
 

Figure 1: Particle numbers in the nucleation, Aitken and accumulation modes at the traffic site in 
Istanbul.  

This study was funded by Scientific Research Projects Coordination Unit of Istanbul University-
Cerrahpasa (FBA-2024-36086 ) and by the Scientific and Technical Research Council of Türkiye (TUBITAK 
122Y079). 
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[2] Vu, T.V., et al., Atmos. Environ. 2015, 122, 114–132.  
[3] Wu, T. and Boor, B. E., Atmos. Chem. Phys. 2021, 21, 8883–8914 
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��$PELHQW�DLU�SDUWLFOHV��VHFRQGDU\�SROOXWDQWV���3RVWHU 6��3RVWHU�$
��

6RXUFH�$SSRUWLRQPHQW�RI�/LJKW�$EVRUELQJ�&DUERQDFHRXV�$HURVROV�LQ�%ODQW\UH��0DODZL�8VLQJ�/RFDOO\�'HULYHG
$EVRUSWLRQ�cQJVWU|P�([SRQHQW�9DOXHV�

6��9LMD\���+��&KLOXQJD���/��6FK|ELW]���(��7LOOH\�

�*OREDO�+HDOWK�(QJLQHHULQJ��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=�ULFK��=�ULFK��������6ZLW]HUODQG���

'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH�DQG�,QIRUPDWLRQ�7HFKQRORJ\��0DODZL�8QLYHUVLW\�RI�%XVLQHVV�	�$SSOLHG�6FLHQFH�
%ODQW\UH�������0DODZL�

/LJKW�DEVRUELQJ FDUERQDFHRXV �/$&� DHURVROV� SDUWLFXODUO\ EODFN FDUERQ �%&�� SRVH VLJQLILFDQW KHDOWK DQG FOLPDWH ULVNV� ,Q
VXE�6DKDUDQ $IULFD �66$�� /$& VRXUFHV UHPDLQ XQGHUVWXGLHG� OLPLWLQJ HIIHFWLYH PLWLJDWLRQ VWUDWHJLHV� 7KLV VWXG\ SUHVHQWV
WKH ILUVW VRXUFH DSSRUWLRQPHQW RI /$& DHURVROV LQ 0DODZL� XWLOL]LQJ ORFDOO\ GHWHUPLQHG $EVRUSWLRQ cQJVWU|P ([SRQHQW
�$$(� YDOXHV WR GLVWLQJXLVK EHWZHHQ IRVVLO IXHO DQG ELRPDVV EXUQLQJ HPLVVLRQV� :H ILUVW FRQGXFWHG FRQWUROOHG ILHOG
H[SHULPHQWV WR HVWDEOLVK $$( WKUHVKROGV IRU ORFDO SROOXWLRQ VRXUFHV� )RVVLO IXHO�UHODWHG HPLVVLRQV �YHKLFXODU� ����������
SODVWLF EXUQLQJ� ���������� V\QWKHWLF WH[WLOHV� ���������� KDG $$( YDOXHV FORVHU WR �� ZKLOH ELRPDVV EXUQLQJ VRXUFHV
�JDUGHQ ZDVWH� ���������� FDUGERDUG� ���������� ILUHZRRG� ���������� KDG YDOXHV FORVHU WR �� $ VWDWLVWLFDOO\ VLJQLILFDQW
GLIIHUHQFH �S � ����� DOORZHG XV WR SURSRVH VRXUFH�VSHFLILF $$( WKUHVKROGV� ����� IRU IRVVLO IXHOV� !���� IRU ELRPDVV
EXUQLQJ� DQG ����±���� IRU PL[HG VRXUFHV� 8VLQJ WKHVH WKUHVKROGV� ZH FRQGXFWHG VRXUFH DSSRUWLRQPHQW RI H%&
FRQFHQWUDWLRQV REWDLQHG IURP PRELOH DQG VWDWLRQDU\ PRQLWRULQJ LQ %ODQW\UH EHWZHHQ 0D\ DQG $XJXVW ����� 0RELOH
PRQLWRULQJ DFURVV HLJKW VHWWOHPHQWV DQG KLJKZD\V UHYHDOHG H%& FRQFHQWUDWLRQV UDQJLQJ IURP ��� WR ��� �J P�ñ LQ
VHWWOHPHQWV DQG ���� �J P�ñ RQ KLJKZD\V� 6WDWLRQDU\ PRQLWRULQJ UHFRUGHG PHDQ H%& OHYHOV RI ��� � ��� �J P�ñ LQ SODQQHG
DQG ��� � ��� �J P�ñ LQ XQSODQQHG VHWWOHPHQWV� %LRPDVV EXUQLQJ FRQWULEXWHG ��±��� RI WRWDO H%&� ZKLOH IRVVLO IXHO
HPLVVLRQV DFFRXQWHG IRU ��±���� ZLWK YDULDWLRQV DFURVV ORFDWLRQV� %ODQW\UH¶V H%& OHYHOV ZHUH KLJKHU WKDQ WKRVH UHSRUWHG LQ
PRVW (XURSHDQ FLWLHV DQG FRPSDUDEOH WR VRPH PDMRU 66$ XUEDQ FHQWHUV� XQGHUVFRULQJ WKH UHJLRQ¶V DLU TXDOLW\ FKDOOHQJHV�
7KH VWXG\ HPSKDVL]HV DUHD�VSHFLILF LQWHUYHQWLRQV DQG GHPRQVWUDWHV D WUDQVIHUDEOH VRXUFH DSSRUWLRQPHQW PHWKRGRORJ\ IRU
GLYHUVH�XUEDQ�FRQWH[WV�JOREDOO\�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��%LRPDVV���ELRIXHO��DQG�V\QIXHO�FRPEXVWLRQ���3RVWHU 6��3RVWHU�$
��
'HYHORSPHQW�RI�SHURYVNLWH�EDVHG�FDWDO\VW�IRU�WKH�HOLPLQDWLRQ�RI�SROOXWDQWV�VXFK�DV�92&��&2�DQG�30�HPLWWHG�E\

ZRRG�VWRYHV�

/��*DULQ�����&��+LHUQDX[�����7��%DUDNDW���%��6X����

�/DERUDWRU\�RI�,QRUJDQLF�0DWHULDOV�&KHPLVWU\��&0,���8QLYHUVLW\�RI�1DPXU��1DPXU��%HOJLXP���6WXY�6�$���)ORUHIIH��%HOJLXP�
�1DPXU�,QVWLWXWH�RI�6WUXFWXUHG�0DWWHU��1,60���8QLYHUVLW\�RI�1DPXU��1DPXU��%HOJLXP�

%DFNJURXQG DQG PRWLYDWLRQ� :LWK WKH LQFUHDVH LQ JOREDO KXPDQ DFWLYLW\� DLU SROOXWLRQ OHYHOV DUH UHDFKLQJ GDQJHURXV
WKUHVKROGV� OHDGLQJ WR ��� PLOOLRQ SUHPDWXUH GHDWKV�\HDU ZRUOGZLGH� 3ROOXWDQWV LQFOXGH QRWDEO\ &2� 92&V DQG 30� ZKLFK
DUH SULPDULO\ HPLWWHG E\ ZRRG FRPEXVWLRQ LQ ZRRG VWRYHV XVHG IRU UHVLGHQWLDO KHDWLQJ� %HFDXVH RI LWV HIILFLHQF\ DQG FRVW�
HIIHFWLYHQHVV� FDWDO\WLF R[LGDWLRQ KDV HPHUJHG DV D SURPLVLQJ VROXWLRQ IRU WKH GHJUDGDWLRQ RI WKHVH SROOXWDQWV LQWR OHVV
KDUPIXO SURGXFWV VXFK DV &2� DQG +�2� 3HURYVNLWH�EDVHG FDWDO\VWV DUH IDYRUDEOH IRU WKLV SXUSRVH GXH WR WKHLU R[\JHQ
YDFDQF\ SURSHUWLHV DQG UHGR[ FDSDFLW\ >���@� ,Q DGGLWLRQ� WKH LQFRUSRUDWLRQ RI DONDOL FDWLRQV ZLWKLQ WKH VWUXFWXUH SURPRWHV WKH
R[LGDWLRQ RI VRRW� ZKLFK LV GLIILFXOW WR UHPRYH GXH WR LWV VROLG IRUP DQG FRPSOH[ FRPSRVLWLRQ >���@� )LQDOO\� FRPELQLQJ
SHURYVNLWH ZLWK D =60�� ]HROLWH DOUHDG\ HIIHFWLYH ZRXOG FRQVLGHUDEO\ LPSURYH WKH FDWDO\VW
V RYHUDOO SHUIRUPDQFH LQ
GHJUDGLQJ SROOXWDQWV HPLWWHG E\ ZRRG VWRYHV� 7KLV UHVHDUFK SURMHFW IRFXVHV RQ WKH GHYHORSPHQW RI D SHURYVNLWH�EDVHG
FDWDO\VW ZKRVH SURSHUWLHV DUH RSWLPL]HG IRU VRRW R[LGDWLRQ� ZLWK ZKLFK D ]HROLWH SUHYLRXVO\ WHVWHG DQG VKRZQ WR EH HIIHFWLYH
LQ�GHJUDGLQJ�JDVHRXV�SROOXWDQWV�ZRXOG�EH�FRPELQHG�

0DWHULDOV DQG PHWKRGV� /D��[.[0Q2� SHURYVNLWH ZDV V\QWKHVL]HG XVLQJ WKH FODVVLFDO FLWUDWH VRO�JHO PHWKRG� 0HWDO QLWUDWHV
ZHUH XVHG DV SUHFXUVRUV DQG ZHUH PL[HG LQ DSSURSULDWH SURSRUWLRQV LQ GLVWLOOHG ZDWHU� ZLWK DQ DPRXQW RI FLWULF DFLG
HTXLYDOHQW WR WKH PHWDO FDWLRQV� $IWHU GLVVROXWLRQ RI WKH UHDJHQWV� 1+�2+ ����� ZDV DGGHG WR WKH VROXWLRQ XQWLO WKH S+
UHDFKHG �� 7KH VROXWLRQ ZDV WKHQ HYDSRUDWHG WR GU\QHVV DW ���&� DQG WKH UHVXOWLQJ SURGXFW� DIWHU JULQGLQJ� ZDV FDOFLQHG DW
����& IRU � KRXUV� 7KH ]HROLWH�EDVHG FDWDO\VW ZDV GHSRVLWHG RQ D FHUDPLF VXEVWUDWH VSHFLILFDOO\ XVHG IRU FDWDO\WLF WHVWLQJ RQ
ZRRG�VWRYHV��XVLQJ�WKH�ZHW�LPSUHJQDWLRQ�PHWKRG

5HVXOWV DQG GLVFXVVLRQ� 7KH SHURYVNLWH�EDVHG FDWDO\VW ZDV VXFFHVVIXOO\ V\QWKHVL]HG� DFFRUGLQJ WR ;5' UHVXOWV� ,WV WH[WXUDO
DQG PRUSKRORJLFDO SURSHUWLHV ZHUH GHWHUPLQHG E\ 1� SK\VLVRUSWLRQ DQG 6(0 DQDO\VLV DQG DUH LQ DJUHHPHQW ZLWK WKH UHVXOWV
IRXQG LQ WKH OLWHUDWXUH �6%(7  ���� P

��J��� QR SRURVLW\ DQG LUUHJXODU VKDSH�� 7KH ]HROLWH FDWDO\VW FRQYHUWV WKH &2 DQG 92&V
HPLWWHG�E\�ZRRG�FRPEXVWLRQ�E\�����DQG�����UHVSHFWLYHO\�

�

�

>�@�5R\HU��6��HW�DO��&KHPLFDO�5HYLHZV����������������������±������
>�@�=KX��-��HW�DO��$&6�&DWDO\VLV������������������±�����
>�@�/HJXWNR��3��HW�DO��$&6�&DWDO\VLV�������������������±�����
>�@�0HL��;��HW�DO��&XLKXD�;XHEDR�&KLQHVH�-RXUQDO�RI�&DWDO\VLV������������������±����
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��%LRPDVV���ELRIXHO��DQG�V\QIXHO�FRPEXVWLRQ���3RVWHU 6��3RVWHU�$
��
8OWUDILQH�SDUWLFOH�([SRVXUH�IURP�GLIIHUHQW�KHDWLQJ�VWRYHV�DQG�)XHOV�LQ�+RPHV��$�&DVH�6WXG\�LQ�*XLOGIRUG��8QLWHG

.LQJGRP�

$��7��.X\H���3��.XPDU���

�*OREDO�&HQWUH�IRU�&OHDQ�$LU�5HVHDUFK��*&$5(���6FKRRO�RI�6XVWDLQDELOLW\��&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ�
8QLYHUVLW\�RI�6XUUH\��6WDJKLOO�5HFHSWLRQ��*XLOGIRUG��6XUUH\���%,QVWLWXWH�IRU�6XVWDLQDELOLW\��8QLYHUVLW\�RI�6XUUH\��*XLOGIRUG

*8���;+��6XUUH\��8QLWHG�.LQJGRP�

7UDGLWLRQDO KHDWLQJ VWRYHV HPLW KLJK FRQFHQWUDWLRQV RI SDUWLFXODWH PDWWHU �30���� WR WKH HQYLURQPHQW� (IIRUWV WR DGGUHVV WKHVH
FRQFHUQV KDYH OHG WR WKH GHYHORSPHQW RI LPSURYHG ZRRG VWRYHV GHVLJQHG WR EXUQ ZRRG PRUH HIILFLHQWO\ DQG HPLW OHVV 30����
+RZHYHU� ZKLOH WKHVH VWRYHV VXFFHHG LQ UHGXFLQJ 30��� HPLVVLRQV� VWXGLHV KDYH VKRZQ WKDW WKH\ PD\ LQDGYHUWHQWO\ LQFUHDVH
WKH HPLVVLRQV RI XOWUDILQH SDUWLFOHV �8)3V� �SDUWLFOHV � ��� QP�� ZKLFK DUH HYHQ VPDOOHU DQG FDQ FURVV ELRORJLFDO EDUULHUV�
SRWHQWLDOO\ HQWHULQJ WKH EORRGVWUHDP DQG FDXVLQJ RWKHU KHDOWK LPSDFWV� 7KLV VWXG\ HYDOXDWHV WKH HIIHFWV RI ILYH GLIIHUHQW VROLG
IXHO W\SHV XQGHU WKH LPSURYHG ZRRG�EXUQLQJ VWRYHV DQG RSHQ ILUHSODFHV RQ LQGRRU DLU TXDOLW\ �,$4�� :H HYDOXDWHG LQGRRU
H[SRVXUH OHYHOV WR 8)3� 30��� 30���� EODFN FDUERQ �%&�� DQG FDUERQ PRQR[LGH �&2� DFURVV ILYH QRQ�VPRNLQJ KRXVHKROGV LQ
*XLOGIRUG� 8QLWHG .LQJGRP� XVLQJ KDQGKHOG PRQLWRUV SODFHG LQ D FRPPRQ OLYLQJ DUHD ZKHUH D VWRYH ZDV ORFDWHG GXULQJ WKH
ZLQWHU PRQWKV� (DFK KRXVHKROG ZDV HTXLSSHG ZLWK D GLIIHUHQW W\SH RI FRPPHUFLDOO\ DYDLODEOH ZRRG VWRYH �HFR�GHVLJQ�
PXOWLIXHO HFR�GHVLJQ� FOHDU VNLHV VWDJH �Y�� DQG RSHQ ILUHSODFH� XVHG IRU IRXU GLIIHUHQW IXHO W\SHV� VHDVRQHG ZRRG �6:�� NLOQ�
GULHG ZRRG �.':�� VPRNHOHVV FRDO �6&�� DQG ZRRG EULTXHWWH �:%�� ([SRVXUH SURILOHV RI WKH URRP RFFXSDQWV VKRZHG WKDW
WKH IXHO W\SH� URRP YROXPH� VWRYH W\SH� DQG DYHUDJH EXUQLQJ WLPH ZHUH WKH PDMRU IDFWRUV LQIOXHQFLQJ WKH ,$4 OHYHOV�
FRPELQHG ZLWK LQDGHTXDWH YHQWLODWLRQ� 2SHQ�ILUH VWRYHV VKRZHG WKH KLJKHVW H[SRVXUH FRQFHQWUDWLRQV� IROORZHG E\ PXOWLIXHO
HFR�GHVLJQ� HFR�GHVLJQ� DQG FOHDU VNLHV VWDJH �Y� VWRYH W\SHV� 'XULQJ WKH EXUQLQJ SHULRGV� UHDO�WLPH LQGRRU PHGLDQ
�LQWHUTXDUWLOH UDQJH� IRU 8)3 ���� ����� î��� � FP���� 30��� ����� ������ �J P

���� 30�� ����� ������ �JP
��� DQG %& ���� �����

�J P�� �� $V H[SHFWHG� LW ZDV KLJKHVW IRU DQ RSHQ ILUHSODFH� $PRQJ WKH LPSURYHG VWRYHV� WKH PXOWLIXHO HFR�GHVLJQ VWRYH XVHG
DV D SULPDU\ KHDW VRXUFH KDV WKH KLJKHVW H[SRVXUH FRQFHQWUDWLRQ� 8)3 ���� ����� î��� � FP���� 30��� ����� ������ �J P

����
30�� ����� ������ �JP�� � DQG %& ���� ����� �J P���²IROORZHG E\ HFR�GHVLJQ DQG FOHDU VNLHV VWDJH �Y� VWRYHV� :RRG
EULTXHWWHV VKRZHG WKH KLJKHVW H[SRVXUH FRQFHQWUDWLRQV� IROORZHG E\ VPRNHOHVV FRDO� NLOQ�GULHG ZRRG� DQG VHDVRQHG ZRRG
W\SHV� )RU H[DPSOH� PDQXIDFWXUHG IXHOV �ZRRG EULTXHWWHV� GXULQJ WKH EXUQLQJ SHULRG LQFUHDVHG 30��� DQG 8)3
FRQFHQWUDWLRQV E\ �� DQG ����WLPHV� UHVSHFWLYHO\� FRPSDUHG WR VHDVRQHG ZRRG� 7KH PHDQ &2 FRQFHQWUDWLRQ ZDV ��� SSP IRU
DQ RSHQ ILUHSODFH� ZKLFK ZDV EHORZ WKH ���KRXU DYHUDJH :RUOG +HDOWK 2UJDQLVDWLRQ �:+2� JXLGHOLQH YDOXH RI � SSP� 7KH
VSDFH ZLWK WKH VPDOOHU YROXPH ���� P�� DQG WKH KLJKHVW EXUQLQJ GXUDWLRQ LQFUHDVHG SROOXWDQW H[SRVXUH E\ �� DQG ��WLPHV
FRPSDUHG ZLWK WKHLU ODUJHU�YROXPH FRXQWHUSDUWV �!�� P��� $OVR� DOO WKH KRPHV KDYH ORZ $LU &KDQJHV SHU +RXU �$&+� �����
K��� WR DOORZ WKH DFFXPXODWLRQ RI LQGRRU SROOXWDQWV� 2XU ILQGLQJV LQGLFDWH WKDW UHVLGHQWLDO ZRRG EXUQLQJ XVLQJ VROLG IXHOV
VLJQLILFDQWO\ LQFUHDVHV VKRUW�WHUP H[SRVXUH WR HOHYDWHG FRQFHQWUDWLRQV RI DLU SROOXWDQWV� LQFOXGLQJ XOWUDILQH SDUWLFOHV �8)3��
30���� EODFN FDUERQ �%&�� DQG FDUERQ PRQR[LGH �&2�� SRVLQJ SRWHQWLDO KHDOWK ULVNV WR RFFXSDQWV� 7KHVH UHVXOWV XQGHUVFRUH
WKH LPSRUWDQFH RI SULRULWLVLQJ KHDOWK�IRFXVHG VWUDWHJLHV ZKHQ FRQVLGHULQJ ZRRG EXUQLQJ DV D KHDWLQJ RSWLRQ LQ D GRPHVWLF
VHWWLQJ�

�

�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��(PLVVLRQ�DQG�HPLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV
�DIWHUWUHDWPHQW����3RVWHU

6��3RVWHU�$

��
$JHG�HPLVVLRQV�RI�SDVVHQJHU�FDUV�VWXGLHG�ZLWK�DQ�R[LGDWLRQ�IORZ�UHDFWRU��'2)5��

$��$UIIPDQ���0��1LNND���(��/DDNNRQHQ���.��.\OlPlNL���7��5|QNN|���:��+RQNLV]���3��%LHODF]\F���-��7RSLQND���7��ýHUYHQi��
+��7LPRQHQ���0��$XUHOD���6��6DDULNRVNL���$��-lUYLQHQ���3��$DNNR�6DNVD��

�'HNDWL�/WG���.DQJDVDOD��)LQODQG����7DPSHUH�8QLYHUVLW\��7DPSHUH��)LQODQG����%RVPDO�/WG���%LHOVNR�%LDOD��3RODQG����,(0
,QVWLWXWH�RI�([SHULPHQWDO�0HGLFLQH��3UDJXH��&]HFK�5HSXEOLF����)LQQLVK�0HWHRURORJLFDO�,QVWLWXWH��+HOVLQNL��)LQODQG����977

7HFKQLFDO�5HVHDUFK�&HQWUH�RI�)LQODQG�/WG���(VSRR��)LQODQG��

6HFRQGDU\ SDUWLFOH HPLVVLRQV RI YHKLFOHV DUH LQFUHDVLQJO\ LPSRUWDQW DVSHFW IRU WKH KXPDQ KHDOWK DQG HQYLURQPHQW DV WKH
SULPDU\ SDUWLFOH HPLVVLRQV KDYH EHHQ HIILFLHQWO\ FXW GRZQ GXULQJ ODVW WZR GHFDGHV E\ LQWURGXFLQJ SDUWLFOH ILOWHUV WR YHKLFOHV
DIWHU WUHDWPHQWV� ,Q WKLV VWXG\� ZH XVHG D QHZ FRPPHUFLDOO\ DYDLODEOH 2)5 FDOOHG 'HNDWL 2[LGDWLRQ )ORZ 5HDFWRU �'2)5�
IRU DJHLQJ SDVVHQJHU FDU HPLVVLRQV RQ D FKDVVLV G\QDPRPHWHU DQG LQ ORZ LGOH FRQGLWLRQV� 7KH '2)5 KDV D GHVLJQ VLPLODU WR
WKH SUHYLRXVO\ LQWURGXFHG 7DPSHUH 8QLYHUVLW\ 6HFRQGDU\ $HURVRO 5HDFWRU �76$5� E\ 6LPRQHQ HW DO� >�@ XVLQJ 2+�UDGLFDO
DV WKH PDLQ R[LGL]HU� 7KH ILUVW SDUW RI WKH VWXG\ ZDV WR XVH WKH FRPELQDWLRQ RI '2)5 UHDFWRU DQG WKH VDPSOLQJ XQLW WR
PHDVXUH WKH IUHVK DQG DJHG HPLVVLRQV RYHU VLPXODWHG 5'( GULYLQJ F\FOH RQ D FKDVVLV G\QDPRPHWHU DW %RVPDO /WG� HPLVVLRQ
ODERUDWRU\� ,Q WKH VHFRQG SDUW� WKH HPLVVLRQV RI FDUV UXQQLQJ LQ ORZ LGOH DIWHU WKH FROG VWDUW DQG ZLWK ZDUPHG XS HQJLQHV ZHUH
FRPSDUHG� 7KH H[KDXVW DJHLQJ LQVLGH WKH '2)5 ZDV DOVR PRGHOOHG ZLWK D VLPSOH WLPH GHSHQGHQW PRGHO EDVHG RQ WKH PRGHO
SUHVHQWHG�E\�/L�HW�DO��>�@�

7KH LGOH HQJLQH PHDVXUHPHQWV VKRZHG WKDW WHVWHG JDVROLQH YHKLFOHV FRXOG SURGXFH � WR � RUGHUV RI PDJQLWXGH PRUH 6$ PDVV
FRPSDUHG WR WKH SULPDU\ PDVV ZLWK D FROG HQJLQH� $Q H[DPSOH RI FKDVVLV G\QDPRPHWHU PHDVXUHPHQW UHVXOWV LV VKRZQ LQ
)LJXUH �� 7KH DJHG HPLVVLRQV ZHUH IRXQG WR EH RUGHUV RI PDJQLWXGH KLJKHU WKDQ WKH IUHVK HPLVVLRQV GXULQJ WKH XUEDQ�
PRXQWDLQ��KLJKZD\��DQG�UXUDO�GULYLQJ�VLPXODWLRQ�SDUWV�

�

�

)LJXUH����7KH�IUHVK�DQG�DJHG�30��RI�D�3+(9�SDVVHQJHU�FDU�RYHU�D�VLPXODWHG�5'(�GULYLQJ�F\FOH�

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

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�(XURSHDQ�8QLRQ¶V�+RUL]RQ�(XURSH�UHVHDUFK�DQG�LQQRYDWLRQ�SURJUDPPH�XQGHU�JUDQW
DJUHHPHQW�1R�����������3$5(03,��3DUWLFOH�HPLVVLRQ�SUHYHQWLRQ�DQG�LPSDFW��IURP�UHDO�ZRUOG�HPLVVLRQV�RI�WUDIILF�WR
VHFRQGDU\�30�RI�XUEDQ�DLU��

>�@ 6LPRQHQ� 3�� 6DXNNR�(�� .DUMDODLQHQ� 3�� 7LPRQHQ� +�� %ORVV� 0�� $DNNR�6DNVD� 3�� 5|QNN|�7�� .HVNLQHQ� -�� 'DO 0DVR�
0��������$WPRV��0HDV��7HFK�����������±�����

>�@�/L��5���3DOP��%���%���2UWHJD��$���0���+O\ZLDN��-���+X��:���3HQJ��=���'D\��'���$���.QRWH��&���%UXQH��:���+���GH�*RXZ��-��
$���-LPHQH]��-���/�������7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�$���������������������

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


��6HVVLRQ����3RVWHU�6HVVLRQ�$��(PLVVLRQ�DQG�HPLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV
�DIWHUWUHDWPHQW����3RVWHU

6��3RVWHU�$

��
*3)�IRU�3DVVHQJHU�&DUV���9(57�NQRZOHGJH�SULRU�WR�$HUR6ROIG������

-��&]HUZLQVNL���$��0D\HU���7��/XW]���/��5XELR���/��/DUVHQ���3��&RPWH�

�9(57�$VVRFLDWLRQ��$HPHWVWUD�H����&+������1LHGHUZHQLQJHQ���%HUQHU�)DFKKRFKVFKXOH��7HFKQLN�XQG�,QIRUPDWLN�7,�
$EJDVSU�IVWHOOH��$)+%���&+������1LGDX�

3DUWLFOH QXPEHU FRQFHQWUDWLRQ �31� LQ H[KDXVW JDV IURP YHKLFOHV DQG LQ WKH DPELHQW DLU UHODWHV WR WKH XOWUDILQH SDUWLFOHV
�8)3� EHORZ ���QP� ZKLFK DUH UHFRJQL]HG DQG OHJDOO\ OLPLWHG LQ VHYHUDO FRXQWULHV DV D WR[LF DQG FDUFLQRJHQLF SROOXWLRQ
FRPSRQHQW�1XFOHL RI PHWDOV� DVKHV DV ZHOO DV RUJDQLFV FRQWULEXWH FRQVLGHUDEO\ WR WKH XOWUDILQH SDUWLFOH VL]H IUDFWLRQV DQG
WKXV�WR�WKH�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ�

7KH H[KDXVW JDV ILOWUDWLRQ LV LQFUHDVLQJO\ DSSOLHG ZRUOGZLGH WR UHGXFH VLJQLILFDQWO\ WKLV SROOXWLRQ� ERWK RQ 'LHVHO� �'3)� DQG
RQ JDVROLQH� �*3)� HQJLQHV� ,Q UHFHQW \HDUV� WKH (8 KDV DZDUGHG UHVHDUFK SURMHFWV WKDW GHDO ZLWK WKH SRVVLELOLWLHV RI
UHWURILWWLQJ JDVROLQH YHKLFOHV ZLWK *3)� 7RJHWKHU ZLWK YDULRXV SDUWQHUV� 9(57 LV ZRUNLQJ RQ DQ (8 SURMHFW� $HUR6ROIG� LQ
ZKLFK�WKH�VXLWDELOLW\�DQG�HIILFLHQF\�RI�*3)�IRU�UHWURILWWLQJ�WKH�JDVROLQH�YHKLFOH�IOHHW�ZDV�GHPRQVWUDWHG�

7KLV SRVWHU �SUHVHQWDWLRQ� VKRZV WKH HDUOLHU UHVHDUFK DFWLYLWLHV RI 9(57�$)+% DQG VRPH RI WKH UHVXOWV WKDW ZHUH ODUJHO\
FRQILUPHG�LQ�WKH�FXUUHQW�ZRUN�

7KH�PRVW�LPSRUWDQW�WKLQJV�WR�QRWH�DUH�WKDW�

WKH�JDVROLQH�YHKLFOHV�ZLWK�03,�FDQ�HPLW�D�FRQVLGHUDEOH�DPRXQW�RI�31�
ZLWK�WKH�*3)¶V�IURP�SUHYLRXV�GHFDGH�LW�LV�SRVVLEOH�WR�ORZHU�WKH�HPLVVLRQV�EHORZ�WKH�DFWXDO�(XURSHDQ�OLPLW�YDOXH
RI�����[�������NP�
WKH�UHWURILWWHG��QRQ�FDWDO\]HG��DGG�RQ�*3)V�DV�ZHOO�DV�WKH��:&�ZRUN�GXUDEO\�DQG�ZLWK�QR�SUREOHPV�LQ�WKH�UHDO
ZRUOG�DSSOLFDWLRQ�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��(PLVVLRQ�DQG�HPLVVLRQ�FRQWURO�RI�FRPEXVWLRQ�HQJLQHV
�DIWHUWUHDWPHQW����3RVWHU

6��3RVWHU�$

��
2Q�URDG�PHDVXUHPHQW�RI�DOO�(XUR���JDVHRXV�HPLVVLRQV�IURP�PRWRUF\FOHV�XVLQJ�D�ULGHU�ZRUQ�SRUWDEOH�)7,5�DQDO\]HU

0��9RMWLVHN�/RP�����0��3HFKRXW���/��'LWWULFK�����)��0HMGU���9��/LVND���9��9REU���0��.RWHN�

�'HSDUWPHQW�RI�9HKLFOHV�DQG�*URXQG�7UDQVSRUW��&]HFK�8QLYHUVLW\�RI�/LIH�6FLHQFHV�LQ�3UDJXH���,QVWLWXWH�RI�([SHULPHQWDO
0HGLFLQH�RI�WKH�&]HFK�$FDGHP\�RI�6FLHQFHV���'HSDUWPHQW�RI�0HFKDWURQLFV�DQG�&RPSXWHU�(QJLQHHULQJ��7HFKQLFDO

8QLYHUVLW\�RI�/LEHUHF���&UHD7HFK��2KQLVWDQ\��&]HFK�5HSXEOLF�

)RXULHU�WUDQVIRUP LQIUD�UHG �)7,5� VSHFWURPHWHUV KDYH EHHQ FRPPRQO\ XVHG WR DQDO\]H HQJLQH H[KDXVW IRU JDVHRXV
SROOXWDQWV� PDQ\ RI ZKLFK DUH SUHFXUVRUV WR VHFRQGDU\ DHURVROV� 6HYHUDO )7,5 KDYH EHHQ DGRSWHG� LQFOXGLQJ WKUHH E\ WKLV
JURXS� IRU WKH XVH LQ PRYLQJ YHKLFOHV� ZKLFK LV FKDOOHQJLQJ GXH WR WKH HIIHFWV RI YLEUDWLRQV RQ SUHFLVLRQ PXOWLSDWK ORZ�
YROXPH�RSWLFDO�FHOOV�XVHG�WR�DFKLHYH�D�IDVW�UHVSRQVH�WLPH��

,Q WKLV ZRUN� D %UXNHU 0DWUL[ )7,5 ZLWK D ��PHWHU KHDWHG FHOO DQG OLTXLG QLWURJHQ FRROHG 0&7 GHWHFWRU� SURYLGLQJ VSHFWUD DW
� +] DQG ��� FP�� RSWLFDO UHVROXWLRQ ZLWK D W�� WLPH UHVSRQVH XQGHU � VHFRQGV� KDV EHHQ H[WHQVLYHO\ PRGLILHG LQWR D URDG�
UHDG\� VHOI�FRQWDLQHG ��[��[�� FP� �� NJ SDFNDJH LQFOXGLQJ KHDWHG VDPSOLQJ OLQH� ILOWHU DQG SXPS� FRQVXPLQJ ���� :
ZKHQ RSHUDWLQJ DW ���& DPELHQW WHPSHUDWXUH� )RU PRWRUF\FOH WHVWV� WKH )7,5 KDV EHHQ ILWWHG LQWR DQ LQ�KRXVH IDEULFDWHG
H[WHUQDO�IUDPH�EDFNSDFN�ZRUQ�E\�WKH�PRWRUF\FOH�ULGHU��ZLWK�EXON�RI�WKH�ZHLJKW�UHVWLQJ�RQ�WKH�PRWRUF\FOH�SDVVHQJHU�VHDW�

$EVRUSWLRQ VSHFWUD RI H[KDXVW KDYH EHHQ FROOHFWHG GXULQJ RQ�URDG RSHUDWLRQ IURP D UDQJH RI /�FDWHJRU\ YHKLFOHV� LQFOXGLQJ
��FF PRSHGV� HQGXUR ELNHV DQG TXDGV DW DPELHQW WHPSHUDWXUHV �����&� DQG DQDO\]HG IRU DOO JDVHRXV SROOXWDQWV VHW WR EH
UHJXODWHG XQGHU (XUR � � JUHHQKRXVH JDVHV &2�� &+� DQG 1�2� UHDFWLYH QLWURJHQ VSHFLHV 12� 12�� 1+�� DQG UHDFWLYH
JDVHV &2 DQG IRUPDOGHK\GH� ZLWK DQ RSWLRQ WR DQDO\]H H[�SRVW IRU DGGLWLRQDO JDVHV� ([KDXVW IORZ KDV EHHQ FDOFXODWHG IURP
PHDVXUHG IXHO LQMHFWRU SXOVH ZLGWK RU XVLQJ D VSHHG�GHQVLW\ PHWKRG� 7KH YDOLGDWLRQ RI RQ�URDG )7,5 LQVWUXPHQWV W\SLFDOO\
FRQVLVWV RI SDUDOOHO PHDVXUHPHQW ZLWK UHIHUHQFH LQVWUXPHQWV LQ WKH ODERUDWRU\ IRU DOO PHDVXUHG SROOXWDQWV DQG RQ WKH URDG IRU
WKRVH SROOXWDQWV WKDW FDQ EH UHOLDEO\ PHDVXUHG RQ WKH URDG� $ VHW RI YDOLGDWLRQ GDWD� LQFOXGLQJ G\QDPLF FKDVVLV G\QDPRPHWHU
WHVWV RQ D YDULHW\ RI YHKLFOHV DW �� WR ����&� VKRZLQJ D UHDVRQDEOH FRUUHODWLRQ ZLWK VHYHUDO UHIHUHQFH LQVWUXPHQWV� ZLOO EH
SUHVHQWHG�DQG�GLVFXVVHG�

)XQGHG�E\�+RUL]RQ�(XURSH�SURMHFW�����������/(16��/�YHKLFOHV�(PLVVLRQV�DQG�1RLVH�0LWLJDWLRQ�6ROXWLRQV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��+HDOWK�HIIHFWV���3RVWHU
��

6\VWHPDWLF�UHYLHZ�DQG�PHWD�DQDO\VLV�RQ�VKRUW�WHUP�FRQFHQWUDWLRQV�RI�DPELHQW�XOWUDILQH�SDUWLFOHV�DQG�QDWXUDO�
FDUGLRYDVFXODU�DQG�UHVSLUDWRU\�PRUWDOLW\�

0��%HUJPDQQ�����3��+DGGDG�7KRHONH���+��-HRQJ���5��.DSSHOHU�����+��$OWXJ���+��%RRJDDUG���0��.XWODU�-RVV�����<��/LP���6�
/RIW���=��-��$QGHUVHQ���%��+RIIPDQQ�

�,QVWLWXWH�RI�2FFXSDWLRQDO��6RFLDO��DQG�(QYLURQPHQWDO�0HGLFLQH��&HQWUH�IRU�+HDOWK�DQG�6RFLHW\��0HGLFDO�)DFXOW\�DQG
8QLYHUVLW\�+RVSLWDO��+HLQULFK�+HLQH�8QLYHUVLW\�'�VVHOGRUI��*HUPDQ\����6HFWLRQ�RI�(QYLURQPHQWDO�+HDOWK��'HSDUWPHQW�RI
3XEOLF�+HDOWK��8QLYHUVLW\�RI�&RSHQKDJHQ��&RSHQKDJHQ��'HQPDUN���6ZLVV�7URSLFDO�DQG�3XEOLF�+HDOWK�,QVWLWXWH��$OOVFKZLO�

6ZLW]HUODQG���8QLYHUVLW\�RI�%DVHO��%DVHO��6ZLW]HUODQG���+HDOWK�(IIHFWV�,QVWLWXWH��%RVWRQ��0$��8QLWHG�6WDWHV�

%$&.*5281'� $PELHQW XOWUDILQH SDUWLFOHV �8)3� ���� QP� DUH VXVSHFWHG WR FDXVH DGYHUVH KHDOWK HIIHFWV LQGHSHQGHQW
IURP ODUJHU SDUWLFOH IUDFWLRQV� $FFRUGLQJO\� WKHUH LV LQFUHDVLQJ LQWHUHVW LQ WKHLU KHDOWK HIIHFWV� 7KLV SDSHU GHVFULEHV D
V\VWHPDWLF UHYLHZ DQG PHWD�DQDO\VLV RI VWXGLHV LQYHVWLJDWLQJ WKH DVVRFLDWLRQ RI VKRUW�WHUP FRQFHQWUDWLRQV RI 8)3 ZLWK
QDWXUDO��FDUGLRYDVFXODU��DQG�UHVSLUDWRU\�PRUWDOLW\�

0(7+2'6� :H V\VWHPDWLFDOO\ VHDUFKHG IRU HSLGHPLRORJLFDO VWXGLHV SXEOLVKHG EHWZHHQ -DQXDU\ ���� DQG 'HFHPEHU ����
LQ WKH GDWDEDVHV 3XE0HG DQG /8'2. DQG DGGHG VWXGLHV IURP EHIRUH ���� IURP D SUHYLRXV UHYLHZ� :H DVVHVVHG
KHWHURJHQHLW\�DQG�ULVN�RI�ELDV�DQG�SHUIRUPHG�UDQGRP�HIIHFWV�PHWD�DQDO\VLV�ZKHQ�DW�OHDVW�IRXU�HVWLPDWHV�ZHUH�DYDLODEOH�

5(68/76� :H LGHQWLILHG �� VWXGLHV LQ WRWDO� ZLWK ��� ��� DQG �� VWXGLHV RQ QDWXUDO� FDUGLRYDVFXODU� DQG UHVSLUDWRU\
PRUWDOLW\� UHVSHFWLYHO\� 0HWD�DQDO\WLF VXPPDU\ HVWLPDWHV ZHUH ����� ���� &,� ������ ������� ����� ������� ������ DQG
����� ������� ������ IRU QDWXUDO� FDUGLRYDVFXODU� DQG UHVSLUDWRU\ PRUWDOLW\� UHVSHFWLYHO\� SHU ������ SW�FP� LQFUHDVH LQ 8)3 DW
ODJ �� ZKLFK KDG PRVW DYDLODEOH HVWLPDWHV� 2YHUDOO� DVVRFLDWLRQV ZHUH QRQ�VLJQLILFDQW DQG FORVH WR QXOO DFURVV PRVW ODJV� :H
IRXQG�KHWHURJHQHLW\�LQ�8)3�PRQLWRULQJ�DQG�ODJ�UHSRUWLQJ�

&21&/86,21� 7KH QXPEHU RI VWXGLHV RQ WKH DVVRFLDWLRQ EHWZHHQ VKRUW�WHUP 8)3 FRQFHQWUDWLRQV DQG PRUWDOLW\ KDV
LQFUHDVHG VXEVWDQWLDOO\ LQ WKH ODVW \HDUV� +RZHYHU� WKH FXUUHQW HYLGHQFH GRHV QRW FOHDUO\ VXSSRUW DQ DVVRFLDWLRQ EHWZHHQ VKRUW�
WHUP FRQFHQWUDWLRQV RI 8)3 DQG PRUWDOLW\� )XWXUH VWXGLHV VKRXOG LPSURYH DQG KDUPRQL]H 8)3 PRQLWRULQJ WR LPSURYH
LQYHVWLJDWLRQ�RI�KHDOWK�HIIHFWV�DQG�LQIRUP�SROLF\PDNLQJ�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��+HDOWK�HIIHFWV���3RVWHU 6��3RVWHU�$
��

$LU�7R[LF�(PLVVLRQV�$QG�3RWHQWLDO�,PSDFWV�IURP�,QGXVWULDO�&RPSOH[�$QG�3RUW�2SHUDWLRQ�LQ�$�+DUERU�&LW\�LQ
7DLZDQ�

-��76$,���3��<(+�

�3URIHVVRU���0DVWHU�

7KH SRWHQWLDO KHDOWK LPSDFW RQ FRPPXQLW\ LQ WKH YLFLQLW\ RI LQGXVWULDO FRPSOH[ DQG SRUW FDXVHG E\ DLU WR[LFV KDV EHHQ
FRQFHUQHG E\ WKH SXEOLF LQ 7DLZDQ� 7DLZDQ (3$ ������ PRQLWRUHG WKH DPELHQW FRQFHQWUDWLRQV RI 92&V DQG SDUWLFOH�ERXQG
KHDY\ PHWDOV LQ WKH LQGXVWULDO FRPSOH[ LQ .DRKVLXQJ &LW\ DQG SUHVHQWHG D VLJQLILFDQW LPSDFW� 7KLV UHVHDUFK KDG EHHQ
FRQGXFWHG WR HYDOXDWH WKH SRWHQWLDO LPSDFWV RQ WKH QHDUE\ FRPPXQLW\ FDXVHG E\ PXOWLSOH DLU WR[LFV IURP YDULRXV VRXUFHV LQ
WKH /LQKDL LQGXVWULDO FRPSOH[ DQG .DRKVLXQJ SRUW LQ WKH LQGXVWULDO FLW\ LQ VRXWKHUQ 7DLZDQ� 6HYHUDO VSHFLHV RI DLU WR[LFV�
LQFOXGLQJ EHQ]HQH� IRUPDOGHK\GH� ����EXWDGLHQH� YLQ\O FKORULGH� DUVHQLF� DQG GLHVHO SDUWLFXODWH PDWWHU �'30�� IURP YDULRXV
VRXUFHV�LQ�WKH�LQGXVWULDO�FRPSOH[�DQG�SRUW�RSHUDWLRQV�KDG�EHHQ�GHVLJQHG�DV�WDUJHW�DLU�WR[LFV�

(PLVVLRQ LQYHQWRU\ RI WDUJHW DLU WR[LFV IURP LQGXVWULDO VRXUFHV� SRUW RSHUDWLRQ DFWLYLWLHV� VKLSV� DQG LQODQG WUDQVSRUWDWLRQ
ZHUH HVWLPDWHG E\ DFWLYLWLHV DQG HPLVVLRQ IDFWRUV� 7KH *DXVVLDQ GLVSHUVLRQ PRGHO �$('02'� ZDV DSSOLHG WR VLPXODWH WKH
DLUERUQH FRQFHQWUDWLRQ RI HDFK WDUJHW DLU WR[LFV� 5HVLGHQWLDO LQKDODWLRQ ULVN ZDV HYDOXDWHG E\ IROORZLQJ WKH JXLGHOLQH UHOHDVHG
E\ 7DLZDQ (3$ ZKLFK KDG EHHQ UHYLVHG IURP WKH 2(++$ SURWRFRO ������� 3RWHQWLDO LPSDFWV RQ UHVLGHQWV ZDV HYDOXDWHG DW
HDFK�JULG�EDVHG�RQ�PRGHO�VLPXODWLRQ�UHVXOWV�

(PLVVLRQ HVWLPDWLRQ RI WDUJHW DLU WR[LFV IURP DOO VRXUFHV LQGLFDWHG WKDW ����EXWDGLHQH DQG '30 ZHUH GRPLQDQWO\ HPLWWHG
IURP SRUW DFWLYLWLHV DQG RQ�URDG WUDQVSRUWDWLRQ� %HQ]HQH ZDV PDLQO\ HPLWWHG IURP VWDWLRQDU\ VRXUFHV DQG RQ�URDG
WUDQVSRUWDWLRQ� )RUPDOGHK\GH� YLQ\O FKORULGH DQG DUVHQLF ZHUH GRPLQDQWO\ HPLWWHG IURP VWDWLRQDU\ VRXUFHV LQ WKH LQGXVWULDO
FRPSOH[� $LUERUQH FRQFHQWUDWLRQV RI WDUJHW DLU WR[LFV E\ $(502' VLPXODWLRQ LQGLFDWHG WKDW WKHUH ZHUH VHYHUDO KRW VSRWV LQ
WKH YLFLQLW\ RI LQGXVWULDO FRPSOH[ DQG SRUW� 7KH FRQFHQWUDWLRQ RI EHQ]HQH� IRUPDOGHK\GH� ����EXWDGLHQH� YLQ\O FKORULGH DQG
DUVHQLF LQ WKH FRPPXQLW\ ZHUH GRPLQDQWO\ DIIHFWHG E\ VWDWLRQDU\ VRXUFHV� 7KH DLUERUQH FRQFHQWUDWLRQV RI '30 LQ WKH
FRPPXQLWLHV�ZHUH�GRPLQDQWO\�LQIOXHQFHG�E\�SRUW�DFWLYLWLHV�DQG�RQ�URDG�WUDQVSRUWDWLRQ�

7KH UHVXOWV RI SRWHQWLDO FDUFLQRJHQLF ULVN DVVHVVPHQW LQGLFDWHG WKDW WKHUH ZHUH �� FRPPXQLWLHV� ZLWK GLVWDQFH � � NP WR WKH
LQGXVWULDO FRPSOH[ RU SRUW� VKRXOG EH SXW RQ WKH KRW VSRW OLVW� $PRQJ WKHVH FRPPXQLWLHV� WKHUH ZHUH � FRPPXQLWLHV ZKLFK
ZHUH ZLWK GLVWDQFH OHVV WKDQ ���P WR WKH LQGXVWULDO FRPSOH[ RU SRUW� 7KH PD[LPXP SRWHQWLDO FDQFHU ULVN DW WKH KRW VSRW ZDV
DSSUR[LPDWH ������ 7KH SRWHQWLDO FDUFLQRJHQLF ULVN DW WKHVH FRPPXQLWLHV ZHUH GRPLQDQWO\ FDXVHG E\ '30� ����EXWDGLHQH�
DQG�EHQ]HQH��7KH�UHVXOWV�DOVR�LQGLFDWHG�WKDW�'30�ZDV�WKH�FULWLFDO�DLU�WR[LF�LQ�WKH�YLFLQLW\�RI�LQGXVWULDO�FRPSOH[�DQG�SRUW�

>�@�7DLZDQ�(3$��5HSRUW�1R��(3$�����)$�����$������������,Q�&KLQHVH�

>�@�7(3$��7DLZDQ�+$3�(PLVVLRQ�'DWD���������,Q�&KLQHVH�

>�@�2(++$��&RQVROLGDWHG�7DEOH�RI�2(++$���&$5%�$SSURYHG�5LVN�$VVHVVPHQW�+HDOWK�9DOXHV�������
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��+HDOWK�HIIHFWV���3RVWHU 6��3RVWHU�$
��

0HPRULHV�RI�$VEHVWRV��+HDOWK�KD]DUGV�GXH�WR�7RQHU���(PLVVLRQV�IURP�/DVHU�SULQWHUV�DQG�&RSLHUV�

+��.U�JHU���

�1DQR�&RQWURO��,QWHUQDWLRQDO�)RXQGDWLRQ��=XP�+lJHUGRUQ�����������+R\D��*HUPDQ\���+HLNH�NUXHJHU#QDQR�
FRQWURO�RUJ�

��,QWURGXFWLRQ�	�%DFNJURXQG

7KH YROXQWDU\ QDQR�&RQWURO� ,QWHUQDWLRQDO )RXQGDWLRQ� EXLOGLQJ RQ WKH OHJDF\ RI WKH FLWL]HQV
 LQLWLDWLYH ,7*� KDV
EHHQ DGGUHVVLQJ WKH FULWLFDO LVVXH RI LQGRRU DLU SURWHFWLRQ IRU QHDUO\ �� \HDUV²D PDWWHU RI JUHDW LPSRUWDQFH� DV ZH
VSHQG RYHU ��� RI RXU OLYHV LQGRRUV� ,QWHUQDWLRQDO VWXGLHV FRQILUP WKDW ILQH GXVW� LQFOXGLQJ HPLVVLRQV IURP WRQHU�
EDVHG�ODVHU�SULQWHUV��SRVHV�VHULRXV�KHDOWK�ULVNV�

QDQR�&RQWURO LV FRPPLWWHG WR UDLVLQJ DZDUHQHVV� FRQGXFWLQJ UHVHDUFK� DQG PLWLJDWLQJ WKH ULVNV DVVRFLDWHG ZLWK
LQGRRU SDUWLFXODWH PDWWHU SROOXWLRQ� SDUWLFXODUO\ IURP WR[LF HPLVVLRQV SURGXFHG E\ ODVHU SULQWHU GHYLFHV� 7KH
IRXQGDWLRQ�DOVR�SURYLGHV�VXSSRUW�WR�LQGLYLGXDOV�DIIHFWHG�E\�WKHVH�ULVNV�
2YHU WKH SDVW �� \HDUV� QDQR�&RQWURO KDV GRFXPHQWHG UHSRUWV IURP ����� LQGLYLGXDOV� SULPDULO\ LQ *HUPDQ\� ZKR
EHOLHYH WKHLU KHDOWK LVVXHV RULJLQDWH IURP H[SRVXUH WR XOWUDILQH HPLVVLRQV IURP ODVHU SULQWHUV DQG FRSLHUV� 0DQ\ RI
WKHVH LQGLYLGXDOV KDYH VSHQW PRUH WKDQ D GHFDGH VHDUFKLQJ IRU DQVZHUV WR WKHLU FKURQLF KHDOWK SUREOHPV� ZLWK VRPH
QRZ�IDFLQJ�VHYHUH�LOOQHVV�

6HOI�UHSRUWHG 6\PSWRPV $VVRFLDWHG :LWK WKH 8VH RI 3ULQWHU DQG 3KRWRFRSLHU 0DFKLQHV� 5HVXOWV )URP WKH
1DQR�&RQWURO��,QWHUQDWLRQDO�)RXQGDWLRQ�6XUYH\

/DVHU SULQWHUV UHOHDVH ELOOLRQ RI PLFUR� DQG QDQRSODVWLF SDUWLFOHV SHU SULQWLQJ SDJH� FRQWULEXWLQJ WR LQGRRU DLU
SROOXWLRQ�ZLWK�PHWDOOLF�DQG�XOWUDILQH�SDUWLFOHV��7KHVH�SDUWLFOHV�FDQ�FURVV�EORRG�OXQJ	EUDLQ�EDUULHU�
7KH VWDWXWRU\ PLVVLRQ RI QDQR�&RQWURO� ,QWHUQDWLRQDO )RXQGDWLRQ LV WR LQLWLDWH DQG RYHUVHH PHGLFDO� VFLHQWLILF� DQG
WHFKQLFDO UHVHDUFK SURMHFWV� ,Q ����� D V\VWHPDWLF DQDO\VLV RI DQRQ\PL]HG UHSRUWV IURP RYHU ����� LQGLYLGXDOV
�FROOHFWHG ����±����� UHYHDOHG VLJQLILFDQW KHDOWK LPSDFWV DPRQJ ZRUNHUV H[SRVHG WR ODVHU SULQWHU HPLVVLRQV�
�WHFKQLFLDQV� RSHUDWRUV� DQG RIILFH ZRUNHUV� 5HSRUWHG KHDOWK LVVXHV H�J� UHVSLUDWRU\ GLVHDVHV ������ DOOHUJLHV ������
DVWKPD�&23' ������ FDUGLRYDVFXODU DQG QHXURORJLFDO GLVRUGHUV� JDVWURLQWHVWLQDO LVVXHV� PHWDO DOOHUJLHV� DQG VRPH
FDQFHUV� 1RWDEO\� KDOI RI WKH ZRUNHUV H[SHULHQFHG DFXWH UHVSLUDWRU\ DQG VNLQ V\PSWRPV WKDW LPSURYHG GXULQJ
ZHHNHQGV RU KROLGD\V EXW ZRUVHQHG XSRQ UHWXUQLQJ WR ZRUN� KLJKOLJKWLQJ ZRUNSODFH H[SRVXUH DV D NH\ IDFWRU�
9LVLEOH WRQHU GXVW ZDV VWURQJO\ DVVRFLDWHG ZLWK FKURQLF IDWLJXH� EURQFKLDO K\SHUUHDFWLYLW\� DVWKPD�&23'� DQG
FDUGLRYDVFXODU GLVHDVH� ZLWK VWDWLVWLFDOO\ VLJQLILFDQW FRUUHODWLRQV� +HDOWK ULVN ZDUUDQW IXUWKHU LQYHVWLJDWLRQ RI
FDXVHV�
-RXUQDO RI 2FFXSDWLRQDO DQG (QYLURQPHQWDO 0HGLFLQH �������S �������� 1RYHPEHU ����� _ '2,�
��������-20������������������

5HVXOWV

(QVXULQJ�KLJK�VWDQGDUGV�RI�LQGRRU�DLU�TXDOLW\�LV�YLWDO�WR�SURWHFWLQJ�SXEOLF�KHDOWK��UHGXFLQJ�H[SRVXUH�WR�KDUPIXO�SROOXWDQWV�
DQG�HOLPLQDWLQJ�LQKDODEOH�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV��LQFOXGLQJ�3)$6�DQG�RWKHU�WR[LF�VXEVWDQFHV�
)LQGLQJV�UHYHDO�WKDW�WRQHU�DQG�HPLVVLRQV�IURP�ODVHU�SULQWHUV�DQG�FRSLHUV�FDQ�FRQWDLQ�KHDY\�PHWDOV��YRODWLOH�RUJDQLF
FRPSRXQGV��SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��3)$6��DQG�XOWUD�WR[LF�VXEVWDQFHV�OLNH�'%7�DQG�7%7��DV�DOVR�GRFXPHQWHG
WKHVH�LQJUHGLHQWV�LQ�WRQHU�SDWHQWV��6WXGLHV�VKRZ�WKDW�WRQHUV�H[KLELW�JHQRWR[LF�DQG�F\WRWR[LF�HIIHFWV��GDPDJLQJ�DQG
GHVWUR\LQJ�KXPDQ�OXQJ�FHOOV��7RQHU�SDUWLFOHV�KDYH�EHHQ�LGHQWLILHG�LQ�OXQJ�FHOOV�DQG�VXEPHVRWKHOLDO�WLVVXH�

&RQFOXVLRQV

QDQR�&RQWURO�FDOOV�IRU�PDQGDWRU\�UXOHV�RQ�LQGRRU�DLU�TXDOLW\�DQG�DGYRFDWHV�IRU�V\VWDPDWLF�FRQWURO�RYHU�WKH�LQVWDOODWLRQ�DQG
RSHUDWLRQ�RI�WRQHU�EDVHG�GHYLFHV��VXFK�DV�ODVHU�SULQWHUV�DQG�FRSLHUV�

��

>�@��$ELPEROD�2MR

���'KLPLWHU�%HOOR��.DU\Q�+HDYQHU��.XUW�/XFDV��$QLOD�%HOOR
6HOI�UHSRUWHG 6\PSWRPV $VVRFLDWHG :LWK WKH 8VH RI 3ULQWHU DQG 3KRWRFRSLHU 0DFKLQHV� 5HVXOWV )URP WKH 1DQR�
&RQWURO��,QWHUQDWLRQDO�)RXQGDWLRQ�6XUYH\�
-�2FFXS�(QYLURQ�0HG�������1RY�������������������GRL����������-20������������������

�

�

>�@�7KHHJDUWHQ�HW�DO���6XEPHVRWKHOLDO�GHSRVLWLRQ�RI�FDUERQ�QDQRSDUWLFOHV�DIWHU�WRQHU�H[SRVLWLRQ��&DVH�UHSRUW
'LDJQRVWLF�3DWKRORJ\�YROXPH����$UWLFOH�QXPEHU�������������'2,�����������������������

>�@ *PLQVNL HW DO� ,QYHVWLJDWLRQV RQ F\WRWR[LF DQG JHQRWR[LF HIIHFWV RI ODVHU SULQWHU HPLVVLRQV LQ KXPDQ $��� OXQJ
FHOOV��
-DQXDU\��������8PZHOWPHGL]LQ�LQ�)RUVFKXQJ�XQG�3UD[LV

>�@ 3LUHOD HW DO� 1DQRSDUWLFOH H[SRVXUHV IURP QDQR�HQDEOHG WRQHU�EDVHG SULQWLQJ HTXLSPHQW DQG KXPDQ KHDOWK� VWDWH
RI�VFLHQFH�DQG�IXWXUH�UHVHDUFK�QHHGV�
&ULW�5HY�7R[LFRO�������6HS����������������GRL���������������������������������(SXE������0D\����

�

�

�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��+HDOWK�HIIHFWV���3RVWHU 6��3RVWHU�$
��
30����%RXQG�3$+V��6HDVRQDO�7(4�$QDO\VLV�DQG�,/&5�%DVHG�+HDOWK�5LVN�3URILOLQJ�RI�D�UDSLGO\�JURZLQJ�XUEDQ�FLW\�

6��'ZLYHGL���$��/DZUHQFH����

�'HSDUWPHQW�RI�&KHPLVWU\��,VDEHOOD�7KREXUQ�&ROOHJH��/XFNQRZ��,QGLD���$OIUHGBODZUHQFH#\DKRR�FRP�

7KH FXUUHQW VWXG\ LQYHVWLJDWHV WKH FRQFHQWUDWLRQ DQG VHDVRQDO YDULDWLRQV RI 30��� DQG LWV ERXQG SRO\F\FOLF DURPDWLF
K\GURFDUERQV �3$+V� DFURVV LQGXVWULDO� FRPPHUFLDO� DQG UHVLGHQWLDO PLFURHQYLURQPHQWV LQ D UDSLGO\ JURZLQJ FDSLWDO XUEDQ
FLW\ RI 6RXWK $VLDQ SUHFLQFW IRU WKUHH PDMRU VHDVRQV� :LQWHU UHFRUGHG WKH KLJKHVW 30��� FRQFHQWUDWLRQV� SDUWLFXODUO\ LQ
LQGXVWULDO DUHDV ������� � ����� �J�Pñ RXWGRRUV� LQGRRU�RXWGRRU UDWLR ������� IROORZHG E\ FRPPHUFLDO ������� � �����
�J�Pñ� ,�2 ������ DQG UHVLGHQWLDO HQYLURQPHQWV ������� � ����� �J�Pñ� ,�2 ������� 6XPPHU DQG PRQVRRQ VHDVRQV H[KLELWHG
FRPSDUDWLYHO\ ORZHU FRQFHQWUDWLRQV� ZLWK PRQVRRQ VKRZLQJ WKH OHDVW OHYHOV �LQGXVWULDO RXWGRRUV� ����� � ���� �J�Pñ� ,�2
������� ,QGRRU�RXWGRRU UDWLRV DFURVV VHDVRQV DQG HQYLURQPHQWV LQGLFDWH YDU\LQJ LQILOWUDWLRQ UDWHV� ZLWK UHVLGHQWLDO DUHDV
GHPRQVWUDWLQJ D VLJQLILFDQW LQGRRU GRPLQDQFH GXULQJ VXPPHU �,�2 ������ )XUWKHU� HYDOXDWLRQ RI WR[LFLW\ RI 3$+V ZDV GRQH
XVLQJ 7(4� 7(4 ZDV IRXQG WR KLJKHVW IRU %D3 LQ DOO VHDVRQV DQG IRU DOO PLFURHQYLURQPHQWV� ,W UDQJHG EHWZHHQ ����������
2WKHU 3$+V UHSRUWHG ZLWK KLJK 7(4 YDOXHV LQFOXGHG ,Q3� %.)� %E) DQG %D$ LQ LQGRRU DV ZHOO DV RXWGRRU� 0RUHRYHU� ,/&5
YDOXHV ZHUH HYDOXDWHG� $FFRUGLQJ WR WKH UHVXOWV� WKH ,/&5 YDOXHV ZHUH VLJQLILFDQWO\ KLJKHU IRU DOO WKH 3$+V LQ DOO WKH WKUHH
PLFURHQYLURQPHQWV� EXW LQ SDUWLFXODU ZHUH PRUH QRWLFHDEOH LQ LQGXVWULDO PLFURHQYLURQPHQW� 'XULQJ ZLQWHU VHDVRQ� DW
LQGXVWULDO PLFURHQYLURQPHQW� ,/&5 YDOXHV ZHUH QRWDEO\ KLJKHU IRU WKH ��� \HDUV DJH JURXS FRPSDUHG WR ROGHU DJH JURXSV�
)RU LQVWDQFH� WKH ,/&5 YDOXH IRU ��� \HDUV LV ������ ZKLFK GURSV VLJQLILFDQWO\ DV WKH DJH LQFUHDVHV� $FURVV DOO 3$+V� WKHUH LV
D JHQHUDO GHFUHDVLQJ WUHQG LQ ,/&5 YDOXHV ZLWK LQFUHDVLQJ DJH� 7KLV LQGLFDWHV WKDW \RXQJHU FKLOGUHQ DUH DW KLJKHU ULVN GXH WR
KLJKHU H[SRVXUH OHYHOV RU KLJKHU VXVFHSWLELOLW\� 7KH FXUUHQW UHVHDUFK KLJKOLJKWV FULWLFDO VHDVRQDO DQG VSDWLDO YDULDWLRQV LQ
30��� DQG 3$+ OHYHOV� UHYHDOLQJ VHYHUH KHDOWK ULVNV� HVSHFLDOO\ IRU \RXQJ FKLOGUHQ LQ LQGXVWULDO DUHDV� ,W XQGHUVFRUHV WKH
LQGXVWULDO VHFWRU
V UROH LQ SROOXWLRQ DQG WKH XUJHQW QHHG IRU WDUJHWHG LQWHUYHQWLRQV� 7KH ILQGLQJV SURYLGH YDOXDEOH LQVLJKWV IRU
LPSURYLQJ�XUEDQ�DLU�TXDOLW\�DQG�SURWHFWLQJ�SXEOLF�KHDOWK�LQ�UDSLGO\�JURZLQJ�6RXWK�$VLDQ�FLWLHV�

.H\ZRUGV��,QGRRU�DLU�4XDOLW\��3$+V��30�����7(4��,/&5�
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��+HDOWK�HIIHFWV���3RVWHU 6��3RVWHU�$
��
3URSHUWLHV�DQG�+HDOWK�,PSDFW�RI�,QKDODEOH�5HWDLQDEOH�8OWUDILQH�3DUWLFOHV�IURP�&RPEXVWLRQ��([KDXVW�8)3V���,QGRRU

&RPEXVWLRQ��,QGRRU�8)3V��DQG�6RODU�WKHUPDOO\�$JHG�7LUH�:HDU�3DUWLFOHV��7:3�8)3V���

3��$��6HUPRQ���

�%UXQHO�8QLYHUVLW\�

&DUERQ >�@ SDUWLFOH UHWHQWLRQ LQ OXQJV FDQ EH PRGHOOHG >�@ DQG WKHQ IROORZHG LQ SDWKZD\V WKURXJK WKH ERG\ >�@ DIIHFWLQJ
KXPDQ�KHDOWK�>�@�
+HUH WKH FKDUDFWHUL]DWLRQ RI 8)3V IURP FRPEXVWLRQ �ODQG PDFKLQHU\� SRUWDEOH SRZHU JHQHUDWRUV� YHKLFOHV� PDULQH HQJLQHV�
MHW HQJLQHV� ([KDXVW�8)3V�� LQGRRU FRPEXVWLRQ �FDQGOHV� QDWXUDO JDV KREV� DQG ZRRG EXUQLQJ VWRYHV� DQG VRODU�WKHUPDO
DJLQJ RI WLUH�ZHDU SDUWLFOHV �7:3�8)3� LV UHSRUWHG XVLQJ 7(0� 6(0�(';� ;5)� ;5'� 5DPDQ �VS��VS�� )7,5 DQG 732
PHWKRGV��
,Q LQKDODWLRQ�H[KDODWLRQ SURILOHV PHDVXUHG E\ UHDO WLPH ���PV� PDVV VSHFWURPHWU\� LW LV QRWHG WKDW �)LJXUH �D� WKDW 2� �UHG��
+�2 �EOXH� DQG &2� SURILOHV DUH DV H[SHFWHG� EXW 12� SURILOHV UHIOHFW DQ XQH[SHFWHG ELRPDUNHU H[KDODWLRQ� ,QWHUHVWLQJO\�
WKHUH�LV�DQ�����UHWHQWLRQ�RI�8)3V��VHH�)LJXUH��E��
7KLV�QHHGV�IROORZLQJ�XS�ZLWK�GLIIHUHQW�DJHV��JHQGHUV��KHDOWK�FKDUDFWHULVWLFV�
,W�LV�KRSHG�WKDW�RQJRLQJ�UHVHDUFK�ZLOO�GHILQHV�PHFKDQLVPV��SDWKZD\V��GHVWLQDWLRQV�DQG�HIIHFWV�RI�WKHVH�8)3V�

�

�

)LJXUH��D��2��DQG�+�2�LQKDODWLRQ�H[KDODWLRQ�SURILOHV�IRU�D����\HDU�ROG

�

�

)LJXUH��E��8)3�LQKDODWLRQ�H[KDODWLRQ�SURILOHV�IRU�D����\HDU�ROG

7KLV�DEVWUDFW�KDV�13&���7:3�DQG�13&���+HDOWK�UHOHYDQFH�

>�@�.�*DQJXO\��'�(WWHKDGLHK��6�8SDGK\D\��6�7DNHQDND��7�$GOHU��(�.DUJ��)�.URPEDFK��:*�.UHWOLQJ��+�6FKXO]��*
6FKPLG��7�6WRHJHU�3DUWLF�)LEUH�7R[LFRO����������$5��
>�@�96�*U\WWLQJ��7�6NXODQG��-�%DOODQJE\��0�5HIVQHV��0�/DJ��-�2YHUYLN��(�0DULXVVHQ�7R[LFRO�9LWUR���������$5������
>�@�<'�6KDJ��5�&KHQ��5�%DL��-<�7X��/�7LDQ�1DQRLPSDFW���������$5������
>�@�-&�&KRZ�*�:DWVRQ�1DW�5HV�6XVW�'HY�(FRO�+D]������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��&RPEXVWLRQ�GHULYHG�QDQRSDUWLFOHV���3RVWHU 6��3RVWHU�$
��

&)'�PRGHO�IRU�SDUWLFOH�UHPRYDO�DQG�KHDW�UHFRYHU\�LQ�FHQWULIXJDO�ZHW�VFUXEEHU��

:��7KHOLQ���/��/LQ�

�/LQQDHXV�8QLYHUVLW\��'HSDUWPHQW�RI�EXLOW�HQYLURQPHQW�DQG�HQHUJ\�WHFKQRORJ\�

'XULQJ ELRPDVV FRPEXVWLRQ� WZR DHURVRO PRGHV DUH W\SLFDOO\ JHQHUDWHG� FRDUVH SDUWLFOHV ZLWK D SHDN DURXQG � ȝP DQG ILQH
SDUWLFOHV ZLWK D SHDN DURXQG ��� QP� %RWK WKHVH PRGHV DUH KDUPIXO IRU KXPDQ KHDOWK� &RDUVH SDUWLFOHV DUH HDVLO\ FROOHFWHG
E\ F\FORQHV� EXW ILQH SDUWLFOHV UHTXLUH GLIIHUHQW UHPRYDO PHWKRGV� :HW VFUXEEHUV DUH HIIHFWLYH IRU ODUJHU SDUWLFOHV� EXW WKHLU
HIILFLHQF\ LV JHQHUDOO\ ORZ IRU ILQH SDUWLFOHV GXH WR WKH JUHHQILHOG JDS� 7KLV ORZ HIILFLHQF\ JDS RFFXUV ZKHQ SDUWLFOHV DUH WRR
VPDOO IRU UHPRYDO WKURXJK LQHUWLDO LPSDFWLRQ EXW WRR ODUJH IRU UHPRYDO WKURXJK %URZQLDQ GLIIXVLRQ� +RZHYHU� UHFHQW
UHVHDUFK VKRZV WKDW KLJK KHDW WUDQVIHU DQG YDSRU FRQGHQVDWLRQ LQ VFUXEEHUV FDQ VLJQLILFDQWO\ LQFUHDVH UHPRYDO HIILFLHQF\
HYHQ LQ WKHVH UDQJHV >�@� 2XU UHVHDUFK LQYHVWLJDWHV SDUWLFOH UHPRYDO LQ D FHQWULIXJDO ZHW VFUXEEHU XVLQJ D &)'
�&RPSXWDWLRQDO )OXLG '\QDPLFV� VLPXODWLRQ PRGHO DQG RQVLWH PHDVXUHPHQWV� 7KH VFUXEEHU� FRQQHFWHG WR D � 0: JUDWH�
ILUHG ELRPDVV IXUQDFH� LV GHVFULEHG LQ >�@� DORQJ ZLWK SURFHVV GDWD IRU PRGHO YDOLGDWLRQ UHJDUGLQJ KHDW UHFRYHU\� )OXH JDV
SDUWLFOHV ZHUH VDPSOHG EHIRUH DQG DIWHU WKH VFUXEEHU� VHH )LJ� �� 0HDVXUHPHQWV ZHUH WDNHQ ZLWK FDVFDGH LPSDFWRUV �QR
GLOXWLRQ QHHGHG� DQG ZLWK DQ $HURG\QDPLF 3DUWLFOH 6DPSOHU �$36� DQG 6FDQQLQJ 0RELOLW\ 3DUWLFOH 6L]HU �6036� FRXSOHG
ZLWK D &RQGHQVDWLRQ 3DUWLFOH &RXQWHU �&3&�� ZKHUH GLOXWLRQ ZLWK SUHVVXUL]HG DLU ZDV FRQWUROOHG XVLQJ D &2��PHWHU� VHH )LJ�
�D� 7KH RQVLWH PHDVXUHPHQWV VKRZHG SDUWLFOH UHPRYDO RI DURXQG �� � IRU VXEPLFURQ SDUWLFOHV DQG FORVH WR ��� � IRU FRDUVH
SDUWLFOHV� 7KHVH SDUWLFOH PHDVXUHPHQWV ZHUH DOVR XVHG WR YDOLGDWH WKH VLPXODWLRQ PRGHO� 2XU PRGHO SUHGLFWV KHDW UHFRYHU\
ZLWK OHVV WKDQ � � HUURU DQG SDUWLFOH UHPRYDO ZLWK OHVV WKDQ � � HUURU IRU SDUWLFOHV ODUJHU WKDQ � ȝP DQG � � HUURU IRU
VXEPLFURQ SDUWLFOHV� $OWKRXJK WRWDO UHPRYDO LV ZHOO SUHGLFWHG E\ WKH PRGHO� LW LV FOHDU IURP )LJXUH �E WKDW WKH PRGHO GRHV
QRW IROORZ WKH VDPH WUHQG DV PHDVXUHG DW WKH IDFLOLW\� 7KLV LV OLNHO\ GXH WR SDUWLFOH JURZWK WKURXJK FRDJXODWLRQ LQVLGH WKH
VFUXEEHU� ,Q DQ XSFRPLQJ SDSHU� ZH VKRZ KRZ SDUWLFOH JURZWK RI RQO\ D IHZ QDQRPHWHUV FDQ GLVWRUW WKH UHPRYDO HIILFLHQF\
FXUYH OLNH WKLV ZKLOH RQO\ PDUJLQDOO\ LQFUHDVLQJ WRWDO UHPRYDO� 7KH &)'�PRGHO VKRZ JUHDW SURPLVH DV D WRRO IRU IXUWKHU
LQYHVWLJDWLQJ SDUWLFOH UHPRYDO LQ ZHW VFUXEEHUV� +RZHYHU� WR EHWWHU DFFRXQW IRU SDUWLFOH JURZWK� DQRWKHU IXQFWLRQ ZLOO EH
GHYHORSHG�WR�VLPXODWH�SDUWLFOH�FRDJXODWLRQ�

�

�

)LJXUH����D��6FKHPDWLF�VNHWFK�RI�VFUXEEHU�DQG�SDUWLFOH�VDPSOLQJ��E��3DUWLFOH�UHPRYDO�DFFRUGLQJ�WR�DHURG\QDPLF�VL]H�
FRPSDULVRQ�EHWZHHQ�PHDVXUHPHQWV�DQG�VLPXODWLRQ�PRGHO�

>�@�<��)HQJ��<��/L��/��&XL��/��<DQ��&��=KDR��DQG�<��'RQJ��(QHUJ\����������������������
>�@�:��-RKDQVVRQ��-��/L��DQG�/��/LQ��$SSOLHG�7KHUPDO�(QJLQHHULQJ�������������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��&RPEXVWLRQ�GHULYHG�QDQRSDUWLFOHV���3RVWHU 6��3RVWHU�$
��

'HWHFWLQJ�GLHVHO�H[KDXVW�SDUWLFOHV�LQ�OXQJ�FHOOV�XVLQJ�ORFN�LQ�WKHUPRJUDSK\�

5��+H���$����0RUHQR�(FKHYHUUL���$��3HWUL�)LQN�����%��5RWKHQ�5XWLVKDXVHU�

�8QLYHUVLW\�RI�)ULERXUJ��)ULERXUJ��6ZLW]HUODQG���&KHPLVWU\�'HSDUWPHQW��8QLYHUVLW\�RI�)ULERXUJ��)ULERXUJ��6ZLW]HUODQG�

'LHVHO H[KDXVW SDUWLFOHV �'(3V� FDQ GHSRVLW RQ WKH UHVSLUDWRU\ HSLWKHOLDO VXUIDFH XSRQ LQKDODWLRQ� ZLWK IUDFWLRQV HQWHULQJ
FHOOV LQ WKH HSLWKHOLDO WLVVXH YLD HQGRF\WLF SDWKZD\V� 7KH FHOOXODU EXUGHQ RI LQWHUQDOL]HG SDUWLFOHV LV LPSRUWDQW IRU GRVH�
UHVSRQVH UHODWLRQVKLSV LQ WKH FHOOV XVLQJ LQ YLWUR DSSURDFKHV� +RZHYHU� UDSLG� QRQ�GHVWUXFWLYH PHWKRGV WR GHWHFW '(3V LQ
FHOOV DUH VWLOO FKDOOHQJLQJ DQG QRW ZHOO HVWDEOLVKHG� 7KLV VWXG\ H[SORUHV D QRQ�GHVWUXFWLYH SDUWLFOH GHWHFWLRQ WHFKQLTXH�
L�H�� ORFN�LQ WKHUPRJUDSK\ �/,7�� ZKLFK PHDVXUHV WKH WKHUPDO VLJQDWXUH SURGXFHG E\ DQ DEVRUELQJ VDPSOH
�H�J�� FDUERQ�EDVHG SDUWLFOHV� LOOXPLQDWHG E\ OLJKW� ,Q WKLV VWXG\� VWDQGDUG '(3V �650����� ZHUH XVHG WR RSWLPL]H /,7
SDUDPHWHUV� ZLWK D ZDYHOHQJWK RI ��� QP DW D VWLPXODWLRQ IUHTXHQF\ RI � +] LGHQWLILHG DV RSWLPDO IRU GHWHFWLRQ� +XPDQ
HSLWKHOLDO OXQJ $��� FHOOV ZHUH JURZQ IRU � GD\V DQG WKHQ H[SRVHG WR '(3V DW FRQFHQWUDWLRQV UDQJLQJ IURP � WR � ȝJ�P/ IRU
�� KRXUV� IROORZHG E\ H[WHQVLYH ZDVKLQJ ZLWK 3%6 �! � WLPHV� EHIRUH /,7 PHDVXUHPHQW� /,7 VXFFHVVIXOO\ GHWHFWHG WKHUPDO
VLJQDOV RI '(3V LQ WKH FHOO OD\HU DW FRQFHQWUDWLRQV DV ORZ DV � ȝJ�P/� ZLWK VLJQDO LQWHQVLW\ LQFUHDVLQJ ZLWK H[SRVXUH
FRQFHQWUDWLRQ� 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0� IXUWKHU FRQILUPHG '(3 LQWHUQDOL]DWLRQ LQWR FHOOV� 2XU UHVXOWV
GHPRQVWUDWH WKDW /,7 LV D UDSLG� VHQVLWLYH� DQG QRQ�GHVWUXFWLYH PHWKRG IRU GHWHFWLQJ LQWHUQDOL]HG '(3V LQ FHOOV� )XUWKHU
VWXGLHV�DUH�RQJRLQJ�WR�GHWHFW�FDUERQ�EDVHG�SDUWLFOH�LQWHUQDOL]DWLRQ�LQ�DQLPDO�DQG�KXPDQ�OXQJ�WLVVXHV��
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��6HVVLRQ����3RVWHU�6HVVLRQ�$��&RPEXVWLRQ�GHULYHG�QDQRSDUWLFOHV���3RVWHU 6��3RVWHU�$
��

0DWHULDO�&KDUDFWHULVDWLRQ�RI�YHKLFOH�HPLWWHG�ILQH�DQG�XOWUDILQH�SDUWLFOHV�

6��9DOHQWLQL���&��)HUUDUHVH�����'��0DQDUD���'��0HKQ���$��9DOVHVLD���-��3RQWL���1��(��)RQVHFD�*RQ]DOH]���*��6FKLULQ]L���*�
0DUWLQL��

�(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���9LD�(QULFR�)HUPL�������,VSUD��,WDO\���(76,�0LQDV�\�(QHUJtD�
8QLYHUVLGDG�3ROLWpFQLFD�GH�0DGULG��F�5LRV�5RVDV������������0DGULG��6SDLQ�

7KLV SDSHU VXPPDULVHV VRPH UHOHYDQW IHDWXUHV RI 5DPDQ VSHFWUD UHFRUGHG RQ VDPSOHV RI PLFUR� DQG VXE�PLFUR SDUWLFXODWH
HPLWWHG E\ ERWK OLJKW�GXW\ DQG KHDY\�GXW\ YHKLFOHV� 7KH SDUWLFXODWH VDPSOHV ZHUH FROOHFWHG IURP WDLOSLSH H[KDXVW LQ LQWHUQDO
FRPEXVWLRQ HQJLQH YHKLFOHV LQ GHGLFDWHG FKDVVLV�G\QR GULYLQJ WHVWV SHUIRUPHG DW WKH (XURSHDQ &RPPLVVLRQ¶V -RLQW 5HVHDUFK
&HQWUH 9HKLFOH (PLVVLRQ /DERUDWRULHV >�@� ERWK XQGHU VWDQGDUGLVHG W\SH�DSSURYDO FRQGLWLRQV DQG XQGHU H[WHQGHG GULYLQJ
FRQGLWLRQV� LQFOXGLQJ KLJK VSHHG� YDULHG DPELHQW WHPSHUDWXUHV� GLIIHUHQW VLPXODWHG DOWLWXGHV DQG GLHVHO SDUWLFXODWH ILOWHU
UHJHQHUDWLRQ� 9DULRXV FRPSRXQGV RI FDUERQ DUH LGHQWLILHG E\ 5DPDQ VSHFWURVFRS\V� %ODFN FDUERQ PRVWO\ FRQVLVWLQJ RI
GHIHFWLYH JUDSKLWH FU\VWDOV FRQVWLWXWHG WKH PDLQ FRPSRQHQW RI H[KDXVW�HPLWWHG SDUWLFXODWHV� +RZHYHU� GLIIHUHQW VSHFLHV ZHUH
DOVR REVHUYHG� LQFOXGLQJ DPRUSKRXV DQG KLJKO\�FU\VWDOOLQH JUDSKLWH DQG QRQ�FDUERQDFHRXV VSHFLHV� VXFK DV LURQ R[LGHV�
VXOSKDWHV DQG QLWURJHQ FRPSRXQGV� 0RUH UDUHO\ RFFXUULQJ VSHFLHV ZHUH LGHQWLILHG ZLWK WKH KHOS RI 3ULQFLSDO &RPSRQHQW
$QDO\VL� 7KLV VWDWLVWLFDO DSSURDFK SHUPLWV WKH LGHQWLILFDWLRQ RI FOXVWHUV RI 5DPDQ VSHFWUD IURP GLIIHUHQW YHKLFOH W\SHV� IXHOV
DQG LQMHFWLRQ WHFKQRORJLHV� 6RPH VXE�PLFURPHWULF RUGHUHG FDUERQ VWUXFWXUHV ZHUH GHWHFWHG� PRVWO\ ZKHQ SDUWLFXODWH VDPSOHV
ZHUH FROOHFWHG GLUHFWO\ DW WKH YHKLFOH WDLOSLSH DQG QRW GLOXWHG LQ D FRQVWDQW YROXPH VDPSOHU V\VWHP� 7KHVH VXE�PLFURPHWULF
VWUXFWXUHV ZHUH DVVLJQHG WR 0XOWL�:DOO &DUERQ 1DQRWXEHV EDVHG RQ IXUWKHU PDWHULDO FKDUDFWHULVDWLRQ SHUIRUPHG E\
7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\� 7KH FXUUHQW UHVHDUFK FRQILUPV WKDW WKH FKHPLFDO QDWXUH RI H[KDXVW SDUWLFXODWH HPLVVLRQV
FDQ EH FRQYHQLHQWO\ DSSUR[LPDWHG ZLWK EODFN FDUERQ LQ WKH PDMRULW\ RI WKH FDVHV� +RZHYHU� RQH VKRXOG QRW QHJOHFW WKH
SRVVLEOH IRUPDWLRQ RI GLIIHUHQW� DQG SRVVLEO\ KD]DUGRXV� FKHPLFDO VSHFLHV LQ FRPEXVWLRQ SURFHVVHV� 1DQR�VWUXFWXUHG
SDUWLFOHV� DOWKRXJK PRUH FKDOOHQJLQJ WR FKDUDFWHUL]H� FDQ UHVXOW WR EH KLJKO\ GDQJHURXV IRU KXPDQ KHDOWK DQG KDUPIXO IRU WKH
HQYLURQPHQW� )LJXUH � UHSRUWV H[DPSOH FOXVWHUV LGHQWLILHG LQ WKH 3ULQFLSDO &RPSRQHQW $QDO\VLV SHUIRUPHG LQ WKLV ZRUN RQ D
EURDG GDWDEDVH RI 5DPDQ VSHFWUD PHDVXUHG RQ H[KDXVW SDUWLFXODWH HPLWWHG E\ 'LHVHO� JDVROLQH OLTXHILHG SHWUROHXP JDV�
FRPSUHVVHG�QDWXUDO�JDV�DQG�K\GURWUHDWHG�YHJHWDEOH�RLO��+92��IXHO�

�

�

>�@ (XURSHDQ &RPPLVVLRQ� -RLQW 5HVHDUFK &HQWUH� 9DOYHUGH 0RUDOHV� 9�� HW DO�� (XURSHDQ 0DUNHW 6XUYHLOODQFH RI 3ROOXWDQW
(PLVVLRQV IURP ,QWHUQDO &RPEXVWLRQ (QJLQH 9HKLFOHV� 3XEOLFDWLRQV 2IILFH RI WKH (XURSHDQ 8QLRQ� /X[HPERXUJ� �����
KWWSV���GDWD�HXURSD�HX�GRL�����������������-5&������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU 6��3RVWHU�%
��

'LIIXVLRQ�FKDUJLQJ�EDVHG�VHQVRUV�IRU�DPELHQW�DLU�TXDOLW\�PHDVXUHPHQWV�

0��)LHU]���-��%XVVPDQQ���0��+�JL���3��.�U\���'��0HLHU���/��=XEHU�

�1DQHRV�SDUWLFOH�VROXWLRQV�

8OWUDILQH SDUWLFOHV DUH VXVSHFWHG WR EH SDUWLFXODUO\ KHDOWK�UHOHYDQW GXH WR WKHLU VPDOO VL]H� ZKLFK DOORZV WKHP WR SHQHWUDWH
GHHSO\ LQWR WKH OXQJ� DQG WR FURVV FHOOXODU EDUULHUV WKDW ODUJHU SDUWLFOHV FDQQRW FURVV� 6R IDU KRZHYHU� UHJXODWLRQV XVXDOO\ RQO\
FRQVLGHU SDUWLFOH PDVV� ZLWK 30�� DQG 30��� EHLQJ ZLGHO\ PHDVXUHG� DQG FRUUHVSRQGLQJ OLPLW YDOXHV DUH LQ SODFH� 8OWUDILQH
SDUWLFOHV �8)3� LQ DPELHQW DLU KDYH VR IDU RQO\ EHHQ PHDVXUHG RSWLRQDOO\ IRU UHVHDUFK SXUSRVHV� 7KLV LV DERXW WR FKDQJH
WKRXJK ZLWK QHZ :+2 UHFRPPHQGDWLRQV DVNLQJ IRU VSHFLILF 8)3 PHDVXUHPHQWV� LGHDOO\ ZLWK VL]H UHVROXWLRQ� DQG LQ
SDUWLFXODU ZLWK D QHZ (8 GLUHFWLYH ZKLFK PDQGDWHV 8)3 PHDVXUHPHQWV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31� DQG SDUWLFOH
VL]H GLVWULEXWLRQV �36'�� 5HOLDEOH DQG ZHOO�NQRZQ LQVWUXPHQWV WR PHDVXUH WKHVH WZR QHZ PHWULFV H[LVW� WKH FRQGHQVDWLRQ
SDUWLFOH FRXQWHU �&3&� IRU 31� DQG WKH PRELOLW\ SDUWLFOH VL]H VSHFWURPHWHU �0366� IRU 36'� 7KHVH LQVWUXPHQWV ZLOO DOVR EH
XVHG WR LPSOHPHQW WKH QHZ (8 GLUHFWLYH� +RZHYHU� WKLV GLUHFWLYH DVNV IRU D YHU\ ORZ JHRJUDSKLF FRYHUDJH� RQH PHDVXUHPHQW
VLWH PXVW EH LPSOHPHQWHG IRU HDFK � PLOOLRQ LQKDELWDQWV� ,I ZH WUDQVODWH WKLV WR D FRXQWU\ OLNH 6ZLW]HUODQG� LW ZRXOG QHHG
RQO\ WZR VLWHV PHDVXULQJ 8)3V WR IXOILO WKH QHZ GLUHFWLYH � ZKLFK LV REYLRXOV\ IDU WRR OLWWOH WR JDLQ DQ\ XQGHUVWDQGLQJ RI WKH
VSDWLDO GLVWULEXWLRQ RI 8)3� 7KLV ORZ FRYHUDJH LV UDWKHU DEVXUG� VLQFH 8)3V DUH NQRZ WR EH YHU\ LQKRPRJHQRXVO\ GLVWULEXWHG
FRPSDUHG WR 30�EDVHG PHWULFV� 2QH UHDVRQ IRU WKH FXUUHQWO\ ORZ PDQGDWHG VSDWLDO FRYHUDJH LV WKH FRPSOH[LW\ DQG FRVW RI
WKH LQVWUXPHQWV XVHG� 7R XQGHUVWDQG 8)3 DQG WKHLU VSDWLDO GLVWULEXWLRQ EHWWHU� LQVWUXPHQWV DUH QHHGHG ZKLFK DUH FKHDSHU�
HDVLHU WR RSHUDWH� DQG ZKLFK FDQ EH RSHUDWHG RXWVLGH RI WUDGLWLRQDO PHDVXUHPHQW VWDWLRQV� 'LIIXVLRQ�FKDUJLQJ EDVHG
LQVWUXPHQWV FDQ IXOILO WKHVH UHTXLUHPHQWV� DV WKH\ DUH IDU VPDOOHU� FRQVXPH OHVV SRZHU� QHHG QR ZRUNLQJ IOXLG DQG FDQ ZRUN
ZLWKLQ D ODUJH UDQJH RI RSHUDWLQJ WHPSHUDWXUHV� $W QDQHRV� ZH KDYH GHYHORSHG WZR GLIIXVLRQ�FKDUJLQJ EDVHG GHYLFHV IRU
DPELHQW�DLU�PRQLWRULQJ�

�� 7KH 3DUWHFWRU � ZDV RULJLQDOO\ GHVLJQHG IRU HDV\ KDQGKHOG 8)3 PHDVXUHPHQWV� H�J� LQ ZRUNSODFHV� ,W ZDV QRW LQWHQGHG IRU
ORQJHU�WHUP GHSOR\PHQWV� DQG FHUWDLQO\ QRW IRU ���� DPELHQW PRQLWRULQJ IRU ORQJ SHULRGV �H�J� � \HDU� ZLWKRXW VHUYLFH�
+RZHYHU� VRPH RI RXU FXVWRPHUV VWDUWHG XVLQJ LW IRU VXFK PHDVXUHPHQWV� DQG ZH KDYH VLQFH VWDUWHG RXU RZQ WHVWLQJ RI WKH
3DUWHFWRU � 3UR DW GLIIHUHQW PHDVXUHPHQW VLWHV LQ 6ZLW]HUODQG ZKHUH WKH 36' LV PHDVXUHG ZLWK FRQYHQWLRQDO 0366 V\VWHPV�
7KH ILUVW VXFK PHDVXUHPHQWV ZHUH VWDUWHG LQ PLG������ DQG E\ QRZ� ZH KDYH � 3DUWHFWRU � GHYLFHV PHDVXULQJ DW � GLIIHUHQW
VLWHV��=�ULFK��3D\HUQH�DQG�-XQJIUDXMRFK��

�� )RU WKH (8 SURMHFW 1HW�&LWLHV ZH GHYHORSHG DQ HQWLUHO\ QHZ ORZ�FRVW 2(0 VHQVRU ZKLFK RQO\ PHDVXUHV OXQJ�GHSRVLWHG
VXUIDFH DUHD �/'6$�� /'6$ LV QRW DPRQJ WKH QHZO\ PDQGDWHG PHWULFV IRU 8)3� EXW WKHUH DUH WR[LFRORJLFDO DQG DQLPDO
VWXGLHV VKRZLQJ WKDW LW PLJKW UHSUHVHQW KHDOWK HIIHFWV EHWWHU WKDQ HLWKHU SDUWLFOH QXPEHU RU SDUWLFOH PDVV� )URP DQ
LQVWUXPHQWDWLRQ SHUVSHFWLYH� /'6$ LQVWUXPHQWV DUH PXFK VLPSOHU WKDQ GLIIXVLRQ�FKDUJLQJ EDVHG SDUWLFOH QXPEHU
PHDVXUHPHQWV VXFK DV WKH 3DUWHFWRU �� DQG WKHUHIRUH WKH\ DUH FKHDSHU� OHVV SURQH WR IDLOXUH� DQG DOVR IDU PRUH UREXVW� OHDGLQJ
WR PXFK ORZHU WRWDO FRVW RI RZQHUVKLS� 2QH FDQ WKHUHIRUH GHSOR\ D IDU ODUJHU QXPEHU RI VXFK GHYLFHV LQ IDU PRUH SODFHV WR
VWXG\�8)3�WKDQ�ZKHQ�XVLQJ�WUDGLWLRQDO�LQVWUXPHQWV�

:H KDYH DOVR GHVLJQHG DQ DPELHQW HQFORVXUH ZKLFK DFFHSWV HLWKHU WKH 3DUWHFWRU � RU WKH ORZ�FRVW 2(0 VHQVRU� DQG FRPHV
ZLWK LQWHUQHW FRQQHFWLYLW\� VR ERWK V\VWHPV FDQ EH LQVWDOOHG DQ\ZKHUH ZKHUH PDLQV SRZHU LV DYDLODEOH� H�J� RQ D ODPS SRVW�
UDWKHU WKDQ QHHGLQJ D FOLPDWL]HG PHDVXUHPHQW VWDWLRQ� :H ZLOO SUHVHQW FRPSDULVRQV RI RXU GHYLFHV YV 0366 DQG &3&V� DQG
VRPH RI WKH LVVXHV IRXQG LQ WKH ILHOG ZLWK RXU VHQVRUV� DQG PHDVXUHV WDNHQ WR LPSURYH WKH 3DUWHFWRU � IRU ORQJHU WHUP
PRQLWRULQJ�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU 6��3RVWHU�%
��

8VDJH�RI�SRURXV�ILOWHU�DQG�VDOW�VROXWLRQV�IRU�WKH�JHQHUDWLRQ�RI�FRQVWDQW�SDUWLFOH�FRQFHQWUDWLRQV�

3��6FKZDQ]HU���3��6HLIHUW���.��+DUWNRSI�

�6FDOH�07�*PE+�

!.H\ZRUGV���&DOLEUDWLRQ��3DUWLFOH�&RXQWHU��&3&�DQG�'&��'DLO\&KHFN��1DQRSDUWLFOH

3RURXV ILOWHUV ZLWK GHILQHG SRUH VL]HV DUH XVHG LQ D ZLGH UDQJH RI WHFKQLFDO DSSOLFDWLRQV� ,62 ��������� VSHFLILHV FODVVHV IRU
WKH SRUH VL]HV� WKHUHIRUH WKHUH DUH ZHOO HVWDEOLVKHG LQGXVWULDO SURFHVVHV WR SURGXFH KLJK TXDOLW\ VWUXFWXUHV ZLWK GHILQHG SRUH
VL]HV� ,Q RXU VWXG\ ZH DUH XVLQJ D SRURXV VWUXFWXUH LPPHUVHG LQ D OLTXLG ZKLOH DQ DLU VWUHDP LV IORZLQJ WKURXJK WKH SRURXV
VWUXFWXUH� *DV EXEEOHV RI D GHILQHG VL]H GLVWULEXWLRQ DUH IRUPHG E\ WKH SRUHV DQG EXUVW RQ WKH VXUIDFH RI WKH OLTXLG� )LQH
GURSOHWV DUH FUHDWHG LQ WKH DLU VWHDP DERYH WKH OLTXLG UHVHUYRLU� ,I WKDW OLTXLG FRQWDLQV DGGLWLYHV� OLNH PLQHUDOV �IRU H[DPSOH
VDOW� WKHVH GURSOHWV FDQ EH GULHG WR FUHDWH VROLG XOWUDILQH SDUWLFOHV RI D GHILQHG VL]H GLVWULEXWLRQ� GHSHQGLQJ RQ WKH SRUH VL]H
XVHG�LQ�WKH�SRURXV�ILOWHU��1RZ�WKHVH�SDUWLFOHV�FDQ�EH�GHWHFWHG�ZLWK�D�SDUWLFOH�FRXQWHU��'87��

�

�

)RU�RXU�VWXG\�ZH�DUH�YDU\LQJ�WKH�JDV�YROXPH�IORZ�WKURXJK�WKH�SRURXV�VWUXFWXUH�DQG�REVHUYH�WKH�JHQHUDWHG�SDUWLFOH�QXPEHU
FRQFHQWUDWLRQ�WKH�'87�LV�UHSRUWLQJ��,W�WXUQV�RXW�WKDW�WKHUH�LV�D�ZLGH�ZLQGRZ�RI�YROXPH�IORZ��ZKHUH�WKH�SDUWLFOH�QXPEHU
FRQFHQWUDWLRQ�LV�LQGHSHQGHQW�RI�WKH�YROXPH�IORZ�DQG�WKDW�WKH�JHQHUDWHG�SDUWLFOH�FRQFHQWUDWLRQ�LV�UHSHDWDEOH��DV�WKH�VL]HV�RI
WKH�JHQHUDWHG�EXEEOHV�DERYH�WKH�SRURXV�VWUXFWXUH�DUH�XQLIRUP�IRU�WKHVH�JDV�YHORFLWLHV�SDVVLQJ�WKH�SRURXV�VWUXFWXUH��)LJXUH
��VKRZV�WKH�JHQHUDWHG�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ�DV�D�IXQFWLRQ�RI�YROXPH�IORZ�WKURXJK�WKH�SRURXV�VWUXFWXUH�

$SSOLFDWLRQV�DQG�RXWORRN

$�ZHDN�SRLQW�RI�SDUWLFOH�FRXQWHUV�LV�WKDW�LW�LV�YHU\�FRPSOH[�WR�FKHFN�WKHLU�IXQFWLRQ��7R�HQVXUH�WKDW�WKH�UHDGLQJ�RI�31
FRXQWHUV�LV�FRUUHFW��D�FRPSOH[�ODERUDWRU\�VHWXS�ZLWK�D�SDUWLFOH�JHQHUDWRU�DQG�D�UHIHUHQFH�FRXQWHU�LV�UHTXLUHG��8QOLNH�JDV
DQDO\]HUV��WKDW�FDQ�EH�FKHFNHG�ZLWK�D�VSDQ�JDV�ERWWOH��SDUWLFOH�FRXQWHUV�FDQ�RQO\�EH�FKHFNHG�ZLWK�D�+(3$�ILOWHU�RQ�D�GDLO\
EDVLV��WR�ILQG�OHDNV��5HDO�FDOLEUDWLRQV�DUH�XVXDOO\�SHUIRUPHG�RQ�DQ�DQQXDO�EDVLV�DQG�HUURUV�DUH�RQO\�UHFRJQL]HG�DIWHU�WKH
GDWD�FROOHFWLRQ��VR�WKDW�PHDVXUHPHQW�UHVXOWV�EHFRPH�XQXVDEOH�ZKHQ�HUURUV�DUH�IRXQG��:LWK�WKH�SRURXV�ILOWHU�JHQHUDWRU�ZH
IRXQG�D�YHU\�HDV\�DQG�VLPSOH�ZD\�WR�FKHFN�SDUWLFOH�FRXQWHUV�EHIRUH�WKH�PHDVXUHPHQW�LV�SHUIRUPHG�RQ�VLWH��SDWHQW�SHQGLQJ
'(������������������$V�WKH�SRURXV�ILOWHU�JHQHUDWRU�GRHVQ¶W�QHHG�LWV�RZQ�FRPSUHVVHG�DLU�VXSSO\�RU�SXPS��LW�LV�DQ�HDV\
DQG�FKHDS�WRRO�IRU�FKHFNLQJ�WKH�'87�FRXQWHU�EHIRUH�WKH�PHDVXUHPHQW�WDNHV�SODFH�RQ�VLWH��:LWK�VZLWFKLQJ�YDOYHV�WKLV
FKHFN�FDQ�EH�SHUIRUPHG�IXOO\�DXWRPDWHG��&KRRVLQJ�WKH�ULJKW�JHRPHWU\�DQG�SRUH�VL]H��D�VXLWDEOH�JHQHUDWRU�FDQ�EH�GHVLJQHG
IRU�HYHU\�SRVVLEOH�31�PHDVXUHPHQW�DSSOLFDWLRQ�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU 6��3RVWHU�%
��

6\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ�RI�WKLQ�ILOPV�IRU�VHQVLQJ�%LRDHURVROV�

$��%KDWQDJDU���-��0DVLK���5��.XPDU�

�'HSDUWPHQW�RI�&KHPLVWU\�'D\DOEDJK�(GXFDWLRQDO�,QVWLWXWH�$JUD��������,QGLD���'HSDUWPHQW�RI�&KHPLVWU\��:LOVRQ�&ROOHJH�
0XPEDL����������,QGLD���'HSDUWPHQW�RI�&KHPLVWU\��'D\DOEDJK�(GXFDWLRQDO�,QVWLWXWH��$JUD����������,QGLD�

�

$EVWUDFW�

'HWHFWLRQ RI ELRORJLFDO FRPSRQHQWV LQ DPELHQW DLU LV D GLIILFXOW FKDOOHQJH DV WKH PHWKRGV DUH FXPEHUVRPH DQG WLPH WDNLQJ�
+HQFH� WKH GHYHORSPHQW RI IDVW DQG DFFXUDWH PHWKRGV RI GHWHFWLRQ DQG LGHQWLILFDWLRQ V\VWHPV IRU ELRORJLFDO FRPSRQHQWV LQ
WKH HQYLURQPHQW LV RI SDUDPRXQW LPSRUWDQFH LQ WKH UHFHQW VFHQDULR RI WKH LQIHFWLRQ DQG VSUHDG RI SDWKRJHQV� )RU WKDW ZH DUH
V\QWKHVL]LQJ DQG FKDUDFWHUL]LQJ WKH PDWHULDO ZKLFK ZLOO EH XVHG DV D WRRO IRU PDNLQJ SURWRW\SH IRU PLFURELDO ELRVHQVRU
ZKLFK ZLOO EH RI ORZ FRVW� HIILFLHQW� KLJKO\ VHQVLWLYH DQG YHUVDWLOH� =Q2 HOHFWURGHV LQ WKH IRUP RI WKLQ ILOPV ZHUH SUHSDUHG
ZLWK GLIIHUHQW OD\HU FRDWLQJV DQG ODWHU FKDUDFWHUL]HG WR VHH WKH ELRVHQVLQJ SURSHUWLHV VR WKDW ELRVHQVRUV IRU PRQLWRULQJ DQG
PHDVXUHPHQWV RI ELRDHURVROV LQ WKH HQYLURQPHQW FDQ EH IDEULFDWHG� 7KHVH WKLQ ILOPV KDYH EHHQ SUHSDUHG XVLQJ VRO�JHO
PHWKRG DQG FKDUDFWHUL]DWLRQ ZHUH LQYHVWLJDWHG E\ YDULRXV WHFKQLTXHV VXFK DV )(�6(0� 89�9,6 DQG ;5'� 7KH HOHFWULFDO
EHKDYLRU RI WKH HOHFWURGH KDV DOVR EHHQ VWXGLHG DQG SORWWHG LQWR ,�9 FXUYH� UDQJLQJ IURP �� WR � 9 ZKLFK VKRZV WKH
IOXFWXDWLRQ LQ FXUUHQW RQ DSSO\LQJ YROWDJH� ,W LV SUHGLFWHG WKDW �� OD\HU WKLQ ILOPV FDUU\ PRUH FXUUHQW ZKLFK PDNHV LW VXLWDEOH
IRU ELRVHQVLQJ DSSOLFDWLRQ FRPSDUHG WR ��OD\HU ILOPV RQ DSSO\LQJ ELDV� 7KLV LV EHFDXVH LI WKH ��OD\HU FRDWLQJ EHFRPHV WRR
WKLFN��LW�PLJKW�VXIIHU�IURP�KLJKHU�UHVLVWDQFH�WKHUHIRUH�UHGXFLQJ�FXUUHQW�IORZ�

�.H\ZRUGV��$PELHQW�HQYLURQPHQW��ELRDHURVROV��ELRVHQVRUV��QDQRPDWHULDO

��&RUUHVSRQGLQJ�DXWKRU��(�PDLO�DGGUHVV��UNVFKHP#UHGLIIPDLO�FRP
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU 6��3RVWHU�%
��

5HDO�ZRUOG�LPSOHPHQWDWLRQ�RI�DQ�RSWRDFRXVWLF�%ODFN�&DUERQ�6HQVRU�IRU�6KLS�(PLVVLRQV�0HDVXUHPHQW�

1��.RXVLDV�����/��+DHGULFK���-��6��1LHOVHQ���0��/HYLQ���)��%UDHVWUXS���,��5DSWLV���8��6WDKO���9��1W]LDFKULVWRV���/�
1W]LDFKULVWRV��

�$ULVWRWOH�8QLYHUVLW\�RI�7KHVVDORQLNL��'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��7KHVVDORQLNL��������*UHH���0DXUXV�2\�
6XYDQWRNDWX�����������7DPSHUH��)LQODQG���7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK��6FKRRO�RI�0HGLFLQH��&KDLU�RI�%LRORJLFDO

,PDJLQJ��������0XQLFK��*HUPD���)25&(�7HFKQRORJ\��3DUN�$OOH������'.������%U¡QGE\��'HQPDUN�

%ODFN &DUERQ �%&� LV D E\SURGXFW RI FRPEXVWLRQ RI FDUERQ�FRQWDLQLQJ IXHOV� WKDW LV GHILQHG SDUWO\ E\ LWV VWURQJ OLJKW
DEVRUSWLRQ SURSHUWLHV >�@� ,W FRQWULEXWHV VLJQLILFDQWO\ WR FOLPDWH FKDQJH >�@� ZKLOH LW DOVR KDV DGYHUVH HIIHFWV RQ KXPDQ KHDOWK
>�@� &XUUHQWO\� QHZ OHJLVODWLRQ IRU %& HPLVVLRQV IURP VKLSV LQ WKH $UFWLF� LV EHLQJ GLVFXVVHG E\ WKH ,QWHUQDWLRQDO 0DULWLPH
2UJDQL]DWLRQ� $EVRUSWLRQ EDVHG WHFKQLTXHV WKDW FDQ TXDQWLI\ %& DUH UHTXLUHG IRU RQ�ERDUG PRQLWRULQJ� 2SWRDFRXVWLFV� DND
3KRWRDFRXVWLFV��LV�RQH�VXFK�SURPLVLQJ�FDQGLGDWH�WHFKQRORJ\�

:H KDYH SUHYLRXVO\ GHYHORSHG D ORZ�FRVW RSWRDFRXVWLF VHQVRU >�@� $ SRUWDEOH YHUVLRQ RI WKLV VHQVRU ZDV LQVWDOOHG RQ�ERDUG D
5R5R IHUU\ WKDW ZDV WUDQVSRUWLQJ SDVVHQJHUV DQG FDUJR LQ WKH %DOWLF 6HD� 7KH IHUU\ ZDV SRZHUHG E\ IRXU PHGLXP VSHHG
��VWURNH PDLQ HQJLQHV� LW ZDV HTXLSSHG ZLWK 6&5 FDWDO\VWV� DQG LW ZDV RSHUDWLQJ RQ 0*2 IXHO� $ GLOXWHU ZDV XVHG WR
SURYLGH D VDPSOH IURP RQH RI WKH PDLQ HQJLQHV WR WKH VHQVRU� ZKLOH DQ $9/ 066 DQG DQ $9/ 6PRNHPHWHU ZHUH XVHG DV
UHIHUHQFHV�

7KH�UHVXOWV�RI�WKH�FDPSDLJQ�VKRZ�WKDW�WKH�VHQVRU�LV�VXLWDEOH�IRU�%&�PRQLWRULQJ�RI�VKLSV��,W�ZDV�DEOH�WR�PRQLWRU�WKH�%&
PDVV�FRQFHQWUDWLRQ�IURP�WKH�H[KDXVW�VWDFN�ZLWK�YHU\�JRRG�DJUHHPHQW�WR�WKH�066��7KH�6PRNHPHWHU�VHHPV�WR�FRQVLVWHQWO\
RYHUHVWLPDWH�%&�HPLVVLRQV��,QVLJKW�RQ�UHTXLUHG�VDPSOLQJ�SURWRFROV�ZDV�DOVR�JDLQHG��6WDEOH�%&�FRQFHQWUDWLRQV�ZHUH
REVHUYHG�GXULQJ�FUXLVLQJ��DV�H[SHFWHG��'XULQJ�PDQHXYHULQJ��FORVH�WR�WKH�SRUW��ZH�QRWLFHG�UDSLG�DQG�YHU\�ODUJH�SHDNV�RI
%&�ZKLFK�FDQ�RQO\�EH�FDSWXUHG�E\�FRQWLQXRXV�PHDVXUHPHQWV��7KH�XVH�RI�D�GLOXWLRQ�F\FOH�RU�ORQJ�DYHUDJLQJ��W\SLFDOO\
HPSOR\HG�E\�ILOWHU�EDVHG�LQVWUXPHQWV��VKRXOG�EH�DYRLGHG�IRU�DFFXUDWH�HPLVVLRQV�HVWLPDWLRQ�

$FNQRZOHGJHPHQWV
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�(8¶V�+RUL]RQ������SURJUDPPH�XQGHU�JUDQW�DJUHHPHQW�1R���������56(16(��

>�@�$��3HW]ROG�HW�DO���$WPRV��&KHP��3K\V���YRO������QR������SS������±�����������
>�@�7��&��%RQG�HW�DO���-��*HRSK\V��5HV��$WPRV���YRO�������QR������SS������±�����������
>�@�:RUOG�+HDOWK�2UJDQL]DWLRQ��³+HDOWK�HIIHFWV�RI�EODFN�FDUERQ�´������
>�@�$��6W\ORJLDQQLV��HW�DO���6HQVRUV��6ZLW]HUODQG���YRO������QR�����SS���±���������
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��

8UEDQ�$LU�4XDOLW\�0RQLWRULQJ�ZLWK�WKH�$9/�8OWUD)LQH�3DUWLFOH�0RQLWRU��0HDVXUHPHQW�&DPSDLJQV�DQG�.H\
)LQGLQJV�

*��:LPPHU���-��0XUJ���&��&UHVQRYHUK���5��'DYRN���$��3HLQ���%��7VFKRIHQLJ�

�$9/�/LVW�*PE+��*UD]��$XVWULD���$PW�GHU�6WHLHUPlUNLVFKHQ�/DQGHVUHJLHUXQJ��*UD]��$XVWULD�

8OWUDILQH SDUWLFOHV �8)3V� ���� QP� DUH D VLJQLILFDQW FRQFHUQ LQ XUEDQ DLU TXDOLW\ GXH WR WKHLU SRWHQWLDO DGYHUVH KHDOWK
HIIHFWV� 7KH $9/ 8OWUD)LQH 3DUWLFOH 0RQLWRU �8)30� KDV EHHQ GHYHORSHG WR PHHW WKH UHTXLUHPHQWV RI (1 ������ HQVXULQJ
KLJK SUHFLVLRQ LQ DPELHQW 8)3 PRQLWRULQJ� 7KLV VWXG\ SUHVHQWV PHDVXUHPHQW UHVXOWV IURP ORQJ�WHUP XUEDQ PRQLWRULQJ
FDPSDLJQV FRQGXFWHG LQ *UD] DQG 9LHQQD� $XVWULD� SURYLGLQJ LQVLJKWV LQWR VSDWLDO DQG WHPSRUDO YDULDWLRQV RI 8)3
FRQFHQWUDWLRQV� 5HVXOWV LQGLFDWH D VWURQJ FRUUHODWLRQ EHWZHHQ WUDIILF DFWLYLW\ DQG 8)3 OHYHOV� ZLWK FRQFHQWUDWLRQ SHDNV
REVHUYHG GXULQJ PRUQLQJ DQG HYHQLQJ UXVK KRXUV� 1RWDEO\� *UD] H[KLELWV a��� KLJKHU 8)3 FRQFHQWUDWLRQV FRPSDUHG WR
9LHQQD� DWWULEXWHG WR GLIIHUHQFHV LQ WRSRJUDSK\� XUEDQ VWUXFWXUH� DQG SUHYDLOLQJ ZLQG FRQGLWLRQV� +LJK�UHVROXWLRQ
PHDVXUHPHQWV GXULQJ 1HZ <HDU
V (YH IXUWKHU KLJKOLJKW WKH QHHG IRU UHDO�WLPH PRQLWRULQJ WR FDSWXUH UDSLG IOXFWXDWLRQV
FDXVHG E\ WUDQVLHQW HYHQWV VXFK DV ILUHZRUNV� 7KHVH ILQGLQJV HPSKDVL]H WKH LPSRUWDQFH RI FRQWLQXRXV 8)3 PRQLWRULQJ IRU
XUEDQ SODQQLQJ DQG SXEOLF KHDOWK DVVHVVPHQWV� 7KH $9/ 8)30� LQGHSHQGHQWO\ FDOLEUDWHG DQG $&75,6�FRPSDWLEOH�
GHPRQVWUDWHV�LWV�FDSDELOLW\�DV�D�UREXVW�WRRO�IRU�UHJXODWRU\�DQG�UHVHDUFK�DSSOLFDWLRQV�LQ�DLU�TXDOLW\�PDQDJHPHQW�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU 6��3RVWHU�%
��
6HHGHG�*URZWK�RI�6LOYHU�1DQRSDUWLFOHV�E\�+HWHURJHQHRXV�&RQGHQVDWLRQ�LQ�D�7DQGHP�6LOYHU�3DUWLFOH�*HQHUDWRU

6HWXS�

9��%HUJHU���3��%DXHU���(��6RUDQL���+��6FKXO]���$��%RLVHV�����-��6ZDQVRQ���

�&DWDO\WLF�,QVWUXPHQWV�*PE+�	�&R�.*��������5RVHQKHLP��*HUPDQ\���6WDQIRUG�8QLYHUVLW\������(VFRQGLGR�0DOO��6WDQIRUG�
8QLWHG�6WDWHV���0LQQHVRWD�6WDWH�8QLYHUVLW\��0DQNDWR��01��������8QLWHG�6WDWHV�

7KH FDOLEUDWLRQ RI &3&V DQG '0$V QHHGV PRQRGLVSHUVH� VLQJO\ FKDUJHG� VSKHULFDO SDUWLFOHV �:LHGHQVRKOHU HW DO�� ����� (1
������������ $ FRPPRQ ZD\ WR JHQHUDWH WKHVH XVLQJ VLOYHU LV WKH HYDSRUDWLRQ FRQGHQVDWLRQ PHWKRG GHVFULEHG E\ 6FKHLEHO
DQG 3RUVWHQG|UIHU �6FKHLEHO HW DO�� ������ 6LOYHU LV HYDSRUDWHG DW WHPSHUDWXUHV DURXQG ���� �&� 7KH VLOYHU YDSRU QXFOHDWHV WR
SDUWLFOHV ZKHQ FRROLQJ GRZQ� :KHQ JHQHUDWLQJ VXIILFLHQWO\ KLJK FRQFHQWUDWLRQV RI SDUWLFOHV� DJJORPHUDWLRQ RI WKHVH SDUWLFOHV
JHQHUDWHV ODUJHU� IUDFWDO�OLNH SDUWLFOHV� 7R REWDLQ VSKHULFDO SDUWLFOHV� WKHVH DJJORPHUDWHV QHHG WR EH VLQWHUHG� L� H� UHKHDWHG WR
WHPSHUDWXUHV LQ WKH UDQJH RI ��� WR ��� �& �.X HW DO�� ����� =LKOPDQQ HW DO�� ����� 7XFK HW DO�� ����� %HUJHU HW DO�� ������
6LQWHULQJ UHGXFHV HOHFWULFDO PRELOLW\ GLDPHWHU E\ DSSUR[� �� � �=LKOPDQQ HW DO�� ������ DV WKH ORZ�GHQVLW\ DJJORPHUDWHV DUH
FRPSDFWHG LQWR VROLG VSKHUHV� 7KH VLJQLILFDQW UHGXFWLRQ LQ VL]H PDNHV LW FKDOOHQJLQJ WR DFKLHYH VSKHULFDO VLOYHU SDUWLFOHV
ODUJHU WKDQ ��� QP �%HUJHU HW DO�� ������ DV DJJORPHUDWHV ZLWK DQ HOHFWULFDO PRELOLW\ GLDPHWHU ODUJHU WKDQ ��� QP DUH
QHHGHG� $Q DOWHUQDWLYH DSSURDFK IRU WKH JHQHUDWLRQ RI VSKHULFDO VLOYHU QDQRSDUWLFOHV KDV EHHQ SUHVHQWHG �=LKOPDQQ HW DO��
������ 6HHG SDUWLFOHV� JHQHUDWHG LQ D VSDUN GLVFKDUJH JHQHUDWRU� DUH VHQW WKURXJK D WXEH IXUQDFH RSHUDWHG DW ���� �&� $
FUXFLEOH ILOOHG ZLWK VLOYHU LQVLGH WKH WXEH IXUQDFH JHQHUDWHV VLOYHU YDSRU� ,Q WKH FRROHU SDUWV RI WKH WXEH IXUQDFH� WKH VLOYHU
YDSRU KHWHURJHQHRXVO\ FRQGHQVDWHV RQWR WKH VHHG SDUWLFOHV� LQFUHDVLQJ WKHLU VL]H� ,W KDV EHHQ VKRZQ WKDW WKHVH SDUWLFOHV DUH
VSKHULFDO� DQG WKDW SDUWLFOH GLDPHWHUV RI XS WR ��� QP DUH DFKLHYDEOH� ,Q D ILUVW VWHS� WKH ZRUN SUHVHQWHG KHUH DLPV DW
UHSURGXFLQJ WKH UHVXOWV E\ =LKOPDQQ HW DO� ZKLOH XVLQJ WZR 6LOYHU 3DUWLFOH *HQHUDWRUV �63*� E\ &DWDO\WLF ,QVWUXPHQWV *PE+
	�&R��.*��*HUPDQ\��)LJXUH���VKRZV�D�VFKHPDWLF�RI�WKH�H[SHULPHQWDO�VHWXS�

�

�

)LJXUH �� ([SHULPHQWDO VHWXS� 6LOYHU SDUWLFOHV DUH JHQHUDWHG LQ WKH ILUVW 6LOYHU 3DUWLFOH *HQHUDWRU �63* ��� 2SWLRQDOO\� WKH
SDUWLFOHV DUH FKDUJH FRQGLWLRQHG DQG VL]H�VHOHFWHG LQ '0$ �� 6XEVHTXHQWO\� WKH DHURVRO LV IHG LQWR 63* �� ZKHUH VLOYHU YDSRU
FRQGHQVHV KHWHURJHQHRXVO\ RQWR WKH LQFRPLQJ SDUWLFOHV� LQFUHDVLQJ WKHLU VL]H� '0$ � DQG WKH &3& SHUIRUP SDUWLFOH VL]H
GLVWULEXWLRQ VFDQV� 7KH VHFRQG VWHS LV WR IXUWKHU LQYHVWLJDWH WKH SRVVLELOLWLHV RI WKLV 7DQGHP�63* �7�63*� VHWXS� $V WKH 63*
LV TXLFN LQ DGMXVWLQJ LWV RSHUDWLQJ SDUDPHWHUV �WHPSHUDWXUH� FDUULHU JDV IORZ UDWH� GLOXWLRQ IORZ UDWH�� D ODUJH ILHOG RI
WHPSHUDWXUH DQG JDV IORZ FRPELQDWLRQV RI WKH WZR 63*V FDQ EH LQYHVWLJDWHG HIILFLHQWO\� 0DLQ JRDOV RI WKLV LQYHVWLJDWLRQ DUH
WKH XSSHU SDUWLFOH VL]H OLPLW RI WKLV VHWXS� DQG ZKHWKHU D PRQRGLVSHUVH DHURVRO FDQ EH DFKLHYHG IURP SRO\GLVSHUVH VHHGV YLD
VXSHUVDWXUDWLRQ�RI�VLOYHU�YDSRU�

>�@�%HUJHU��9���HW�DO�����WK�(7+�1DQRSDUWLFOHV�&RQIHUHQFH��=XULFK��6ZLW]HUODQG�������

>�@�(1�������������(XURSHDQ�&RPPLWWHH�IRU�6WDQGDUGL]DWLRQ��%UXVVHOV��%HOJLXP��������

>�@�.X��%��.���HW�DO���-RXUQDO�RI�$HURVRO�6FLHQFH��������������������

>�@�6FKHLEHO��+��*���HW�DO���-RXUQDO�RI�$HURVRO�6FLHQFH�����������������������

>�@�7XFK��7���HW�DO���$HURVRO�6FLHQFH�DQG�7HFKQRORJ\����������������������

>�@�:LHGHQVRKOHU��$���HW�DO���$HURVRO�6FLHQFH�DQG�7HFKQRORJ\����������������������

>�@�=LKOPDQQ��6���HW�DO���-RXUQDO�RI�$HURVRO�6FLHQFH������������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU
��

$�)DVW�:LGH�6L]H�5DQJH�&RQGHQVDWLRQ�3DUWLFOH�&RXQWHU�

<��=RX���-��3��6\PRQGV���6��'��3D\QH���0��7RIWV��

�&DPEXVWLRQ��&DPEULGJH��&%���'+��8�.�

7KLV VWXG\ SUHVHQWV D &RQGHQVDWLRQ 3DUWLFOH &RXQWHU �&3&� ZLWK D ZLGH VL]H GHWHFWLRQ UDQJH DQG IDVW WLPH UHVSRQVH� $ IDVW
WLPH UHVSRQVH LV XVHIXO WR UHGXFH VFDQ WLPHV LQ VFDQQLQJ DSSOLFDWLRQV DQG VXSSRUWV UHDO�WLPH PRQLWRULQJ DQG WKH VWXG\ RI
G\QDPLF SURFHVVHV� &3&V JURZ SDUWLFOHV E\ FRQGHQVDWLRQ XQWLO WKH\ DUH ODUJH HQRXJK WR EH GHWHFWHG E\ RSWLFDO VFDWWHU�
DOORZLQJ LW WR FRXQW SDUWLFOHV VPDOOHU WKDQ WKH PLQLPXP GHWHFWDEOH VL]H RI 2SWLFDO 3DUWLFOH &RXQWHUV� +RZHYHU� PDQ\ &3&
PRGHOV KDYH ORZ GHWHFWLRQ HIILFLHQF\ RI ODUJHU SDUWLFOHV �!� �P� GXH WR SDUWLFOH LQHUWLDO ORVVHV LQ EHQGV DQG FRQVWULFWLRQV LQ
WKH�IORZ�SDWKZD\�

7KH SUHVHQWHG &3& XVHV D ODPLQDU PL[LQJ GHVLJQ� ZKHUH SUH�YDSRXULVHG ZRUNLQJ IOXLG LQ D VWUHDP RI ILOWHUHG DLU PL[HV ZLWK
WKH VDPSOH� 7KLV DYRLGV ORVVHV RI ODUJHU DQG VPDOOHU VDPSOHG SDUWLFOHV LQ D VDWXUDWRU� 7KH &3& LV RI D ZKROO\ KRUL]RQWDO
GHVLJQ�WR�DYRLG�EHQGV��DW�WKH�GHVLJQ�FRQGLWLRQV�JUDYLWDWLRQDO�VHWWOLQJ�LV�QRW�VLJQLILFDQW������P�

7KH &3& ZDV WHVWHG IRU ODUJH SDUWLFOH �!� �P� FRXQWLQJ ZLWK FRQGHQVDWLRQ DHURVROV IURP D 6LQFODLU /H 0HU *HQHUDWRU
�PRGLILHG 723$6 6/*����� XVLQJ '(+6 DV D FRQGHQVDWH� %HORZ � �P SDUWLFOHV ZHUH VL]H VHOHFWHG ZLWK D &DPEXVWLRQ
$$&� DQG D 3$/$6 :HODV ����+ DHURVRO VSHFWURPHWHU ZDV XVHG DV QXPEHU UHIHUHQFH� DQG DERYH � �P IRU VL]H� $ 76,
���� &3& ZDV DOVR XVHG DV D FRPSDUDWRU DQG WR FRUUHFW WKH :(/$6 FRXQWV E\ H[DPLQLQJ WKHLU RYHUODS� )RU LQWHUPHGLDWH
VL]HV� D 76, ���� ZDV XVHG DV D UHIHUHQFH� VDPSOLQJ DPELHQW DLU RU DQ RLO DHURVRO� )RU VPDOO SDUWLFOHV ���� QP� XOWUDILQH
VRGLXP FKORULGH DHURVROV� FRQGHQVHG IURP D WXEH IXUQDFH� ZHUH VL]H VHOHFWHG ZLWK D 76, ���� 1DQR'0$� ZKLOH D 3$/$6
&KDUPH�HOHFWURPHWHU�VHUYHG�DV�D�FRXQWLQJ�UHIHUHQFH�

3DUWLFOH FRXQWLQJ UHVXOWV DUH FROODWHG LQ )LJ �D ± WKH '���PLQ ZDV PHDVXUHG WR EH � QP� DQG '���PD[ ZDV JUHDWHU WKDQ �� �P�
7KH�WLPH�UHVSRQVH��7��������ZDV�PHDVXUHG�WR�EH�����PV��)LJ��E��

�

�

)LJXUH����D��3DUWLFOH�FRXQWLQJ�UHVXOWV�RYHU�IXOO�VL]H�UDQJH�RI�&3&��E��WLPH�UHVSRQVH�PHDVXUHPHQW��DWPRVSKHULF�DHURVRO
ZLWK�+(3$�ILOWHU�DGGHG�UHPRYHG��ZKHUH�HDFK�GDWXP�LV����PV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QVWUXPHQWDWLRQ���3RVWHU
��

,QVLJKWV�IURP�RYHU�WZR�\HDUV�RI�XVLQJ�'062�DV�ZRUNLQJ�IOXLG�LQ�FRQGHQVDWLRQ�SDUWLFOH�FRXQWHUV�

6��.LUFKKRII�����2��)��%LVFKRI�����*��6WHLQHU���$��3HW]ROG�����8��%XQGNH���3��:HEHU��

�)RUVFKXQJV]HQWUXP�-�OLFK�*PE+��,QVWLWXWH�RI�&OLPDWH�DQG�(QHUJ\�6\VWHPV���±�7URSRVSKHUH��,&(�����-�OLFK��*HUPDQ\���

,QVWLWXWH�RI�$WPRVSKHULF�DQG�(QYLURQPHQWDO�5HVHDUFK��8QLYHUVLW\�RI�:XSSHUWDO��������:XSSHUWDO��*HUPDQ\����76,�*PE+�
3DUWLFOH�,QVWUXPHQWV��$DFKHQ��*HUPDQ\���*5,00�$HURVRO�7HFKQLN�*PE+��9RUGHUH�$XH����������0XOGHVWDXVHH��*HUPDQ\

&RQGHQVDWLRQ SDUWLFOH FRXQWHUV DUH DQ LQGLVSHQVDEOH PHDVXULQJ LQVWUXPHQW LQ DHURVRO UHVHDUFK� 1DQRSDUWLFOHV VXVSHQGHG LQ
WKH DLU� DOVR NQRZQ DV DHURVROV� SRVH D SRWHQWLDO ULVN WR KXPDQ KHDOWK DQG LQGXVWULDO SURFHVVHV� 3UHFLVH PRQLWRULQJ LV
WKHUHIRUH HVVHQWLDO LQ PDQ\ HQYLURQPHQWV� EXW DOVR LQ KLJK�VHFXULW\ ODERUDWRULHV RU FOHDQ URRPV LQ WKH PDQXIDFWXULQJ
LQGXVWU\� 7KH ZRUNLQJ SULQFLSOH RI FRQGHQVDWLRQ SDUWLFOH FRXQWHUV LV WKH YDSRULVDWLRQ RI D ZRUNLQJ IOXLG ZLWK VXEVHTXHQW
FRQGHQVDWLRQ RQWR WKH DLUERUQH SDUWLFOHV� 7KH VXEVHTXHQW JURZWK RI WKH SDUWLFOHV PHDQV WKDW DOO SDUWLFOHV DFWLYDWHG LQ WKLV
ZD\�FDQ�EH�FRXQWHG�DQG�D�QXPEHU�FRQFHQWUDWLRQ�FDQ�EH�GHWHUPLQHG�

,Q RUGHU WR EH XVHG DV D ZRUNLQJ IOXLG� YDULRXV FKDUDFWHULVWLFV DUH LPSRUWDQW� LQFOXGLQJ YDSRXU SUHVVXUH EHKDYLRXU DW
GLIIHUHQW WHPSHUDWXUHV� 7R�GDWH� EXWDQRO LV WKH PRVW FRPPRQO\ XVHG ZRUNLQJ IOXLG LQ &3&V HYHQW WKRXJK LW LV DVVRFLDWHG
ZLWK D SXQJHQW RGRXU� KHDOWK ULVNV DQG IODPPDELOLW\� /LTXLG '062 �'LPHWK\OVXOIR[LG� GRHV QRW KDYH WKH QHJDWLYH
SURSHUWLHV PHQWLRQHG DERYH� '062� RQ WKH RWKHU KDQG� KDV D VLPLODU YDSRXU SUHVVXUH FXUYH WR EXWDQRO� EXW VKLIWHG E\ DQ
RUGHU RI PDJQLWXGH� UHVXOWLQJ LQ VLJQLILFDQWO\ UHGXFHG FRQVXPSWLRQ IRU WKH VDPH SDUWLFOH VL]H DFWLYDWLRQ �:HEHU� HW DO��
������

�

�

'062�DV�D�ZRUNLQJ�IOXLG�KDV�SURYHQ�LWV�SHUIRUPDQFH�LQ�YDULRXV�H[SHULPHQWV�DQG�D�ZLGH�UDQJH�RI�ZRUNLQJ�FRQGLWLRQV
LQFOXGLQJ�ORZ�SUHVVXUH�HQYLURQPHQWV��$IWHU�WZR�\HDUV�RI�RSHUDWLRQ��ZH�KDYH�JDLQHG�PRUH�H[SHULHQFH�UHJDUGLQJ�WKH
WROHUDQFH�WR�'062�RI�YDULRXV�FRPSRQHQWV�XVHG�LQVLGH�&3&V��'062�ZDV�XVHG�LQVWHDG�RI�EXWDQRO�LQ�WKUHH�0RGHO�����
6N\�&3&��*ULPP�$HURVRO�7HFKQLN��0XOGHVWDXVHH��*HUPDQ\��DQG�D�&3&������&(1��76,�,QFRUSRUDWHG��6KRUHYLHZ��01�
86$��ZLWKRXW�DQ\�PRGLILFDWLRQ�RI�WKH�&3&�KDUGZDUH�

:H�ZLOO�SUHVHQW�RXU�ILQGLQJV�DQG�GLVFXVV�DQ\�TXHVWLRQV�UHJDUGLQJ�DSSOLFDWLRQV�DQG�H[SHULHQFHV�PDGH�GXULQJ�PXOWLSOH�WHVW�
UXQV�DQG�ORQJ�WHUP�PHDVXUHPHQWV�

3DUWV�RI�WKLV�ZRUN�ZHUH�VXSSRUWHG�E\�WKH�)=-�,QQRYDWLRQ�)XQG

�

:HEHU� 3�� %LVFKRI� 2� )�� )LVFKHU� %�� %HUJ� 0�� 6FKPLWW� -�� 6WHLQHU� *�� .HFN� /�� 3HW]ROG� $�� DQG %XQGNH� 8�� $HURVRO
5HVHDUFK������±����KWWSV���GRL�RUJ���������DU����������������
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��

526�SURGXFWLRQ�RI�VRXUFH�VSHFLILF�HPLVVLRQV�IURP�FRPEXVWLRQ��EUDNH��WLUH�DQG�URDG�ZHDU�

9��0DOPERUJ�����6��%HQJWVGRWWHU���0��*XVWDIVVRQ���-��:DKOVWU|P���-��3DJHOV���.��'lOOHQEDFK���<��/\X���8��9RJHO�

�(UJRQRPLFV�DQG�$HURVRO�7HFKQRORJ\��/XQG�8QLYHUVLW\��6ZHGHQ���7KH�1DWLRQDO�5HVHDUFK�&HQWUH�IRU�WKH�:RUNLQJ
(QYLURQPHQW��&RSHQKDJHQ��'HQPDUN���6ZHGLVK�1DWLRQDO�5RDG�DQG�7UDQVSRUW�5HVHDUFK��97,���/LQN|SLQJ��6ZHGHQ���

0DFKLQH�(OHPHQWV��/XQG�8QLYHUVLW\��6ZHGHQ���/DERUDWRU\�RI�$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ�
6ZLW]HUODQG�

*URXSLQJ E\ VLPLODULW\ LV DQ HVWDEOLVKHG PHWKRG IRU H[WUDSRODWLQJ WR[LFLW\ SDWKZD\V IRU FKHPLFDOV LQ JHQHUDO DQG KDV DOVR
EHHQ VXJJHVWHG IRU QDQRPDWHULDOV >�@� 7KHUHIRUH� VXFK JURXSLQJ PD\ DOVR EH D XVHIXO DSSURDFK ZKHQ FRQVLGHULQJ VRXUFH
VSHFLILF HPLVVLRQV� 7KLV ZRUN ZLOO TXDQWLI\ DFHOOXODU 526 SURGXFWLRQ DQG R[LGDWLYH SRWHQWLDO �23� RI LQGLYLGXDO SDUWLFOH
FRPSRQHQWV IURP FRPEXVWLRQ� EUDNH� WLUH� DQG URDG ZHDU� 'HWDLOHG SDUWLFOH FKDUDFWHUL]DWLRQ DOORZV JURXSLQJ E\ VLPLODULW\
DQG LGHQWLILFDWLRQ RI VRXUFH�VSHFLILF PDUNHUV WKDW ZLOO KHOS LPSURYH WKH PHFKDQLVWLF GHVFULSWLRQ RI SDUWLFXODWH 526 DQG 23�
7KLV FDQ VXSSRUW QHZ KHDOWK SROLFLHV DQG HPLVVLRQV OHJLVODWLRQ� :LWKLQ WKH SURMHFW� DHURVRO H[SHULPHQWV DUH SULPDULO\
SHUIRUPHG XQGHU FRQWUROOHG JHQHUDWLRQ LQ ODERUDWRU\ DQG UHDO�VFDOH VLPXODWLRQV� &RPEXVWLRQ SDUWLFOHV ZHUH FROOHFWHG IURP D
PLQL&$67 VRRW JHQHUDWRU� DQ H[SHULPHQWDO KHDY\�GXW\ GLHVHO HQJLQH IXHOHG ZLWK UHQHZDEOH DQG IRVVLO GLHVHO� DQG IURP ILUH
HPLVVLRQV RI UHDO�VFDOH FRPSDUWPHQW ILUHV GXULQJ VLPXODWHG DUVRQ� 7LUH DQG URDG ZHDU SDUWLFOHV ZHUH FROOHFWHG IURP D URDG
VLPXODWRU VHW XS ZLWK VXPPHU� ZLQWHU�IULFWLRQ� DQG VWXGGHG ZLQWHU WLUHV RQ D FHPHQW FRQFUHWH SDYHPHQW� %UDNH HPLVVLRQV
ZHUH FROOHFWHG IURP D SLQ�RQ�GLVF WULERPHWHU XVLQJ GLIIHUHQW SLQ PDWHULDOV� UHOHYDQW WR WKH (8 DQG 86$� RQ D JUH\�FDVW LURQ
GLVF��6FUHHQLQJ�PHWKRGV�IRU�WKH�JHQHUDWLRQ�RI�URDG�HPLVVLRQV�ZLWKRXW�WLUH�SDUWLFOHV�ZLOO�EH�LQYHVWLJDWHG�

�

�

)LJ�����526�SURGXFWLRQ�E\�30����FRPEXVWLRQ�DQG�QRQ�H[KDXVW�SDUWLFOHV�QRUPDOL]HG�WR�3ULQWH[����

3DUWLFOHV�ZHUH�FROOHFWHG�RQ�7HIORQ�ILOWHUV�DQG�H[WUDFWHG�E\�VRQLFDWLRQ���[���PLQ��LQ�PHWKDQRO��)OXRUHVFHQFH�EDVHG
TXDQWLILFDWLRQ�RI�DFHOOXODU�526�SURGXFWLRQ�ZDV�SHUIRUPHG�ZLWK�WKH������GLFKORURGLK\GURIOXRUHVFHLQ�GLDFHWDWH
�'&)+��'$��DVVD\��,Q�DGGLWLRQ��ZH�SODQ�DFHOOXODU�23�PHDVXUHPHQWV�ZLWK�WKH�GLWKLRWKUHLWRO��'77��DVVD\�DQG�D�VHOHFWLRQ
RI�WKH�SDUWLFOH�VDPSOHV�ZLOO�EH�VXEMHFW�WR�LQ�YLWUR�DQG�LQ�YLYR�DQDO\VLV�RI�UHOHYDQW�WR[LFRORJLFDO�HQGSRLQWV��:H�XVH�D�ZHOO�
FKDUDFWHUL]HG�FDUERQ�EODFN�QDQRPDWHULDO��3ULQWH[�����'HJXVVD��'(��ZLWK�KLJK�VSHFLILF�VXUIDFH�DUHD�DV�D�SRVLWLYH�FRQWURO�
ZKLFK�IDFLOLWDWHV�IXUWKHU�FRPSDULVRQ�WR�D�EURDG�UDQJH�RI�FDUERQ�QDQRPDWHULDOV�>�@��3UHOLPLQDU\�UHVXOWV��)LJ�����VXJJHVW�WKDW
DFHOOXODU�526�SURGXFWLRQ�SHU�XQLW�PDVV�ZHUH�RI�VLPLODU�PDJQLWXGH�IRU�WKH�WHVWHG�FRPEXVWLRQ�DQG�WUDIILF�UHODWHG�HPLVVLRQV�
EXW�VLJQLILFDQWO\�ORZHU�WKDQ�WKH�SRVLWLYH�FRQWURO����������)XWXUH�ZRUN�DLPV�WR�JURXS�SDUWLFOH�HPLVVLRQV�E\�VLPLODULW\�ZLWK
UHVSHFW�WR�SK\V�FKHP�FKDUDFWHULVWLFV��526�DQG�23�

>�@ *LXVWL� $�� 5� $WOXUL� 5� 7VHNRYVND� $� *DMHZLF]� 0�'� $SRVWRORYD� &�/� %DWWLVWHOOL� � � � $� +DDVH� 1DQR,PSDFW� �����
�����������

>�@�9��0DOPERUJ��'�$��(ODP��9��'L�%DWWLVWD��-��5LVVOHU��3�$��&ODXVHQ��8��9RJHO��:��:RKOOHEHQ��1�5��-DFREVHQ��&DUERQ�
������������������
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5HDO�WLPH�VLPXOWDQHRXV�PHDVXUHPHQW�RI�FDUERQ�DQG�WUDFH�PHWDOV�LQ�EUDNH�ZHDU�SDUWLFOHV�XVLQJ�,&3�72)06�

+��+DJLQR�

�-DSDQ�$XWRPRELOH�5HVHDUFK�,QVWLWXWH�

7KLV VWXG\ ZDV FRQGXFWHG XQGHU UHDOLVWLF GULYLQJ DQG EUDNLQJ FRQGLWLRQV RI D FXUUHQWO\ XVHG EUDNH V\VWHP� XVLQJ ,&3�
72)06 �,QGXFWLYHO\ FRXSOHG SODVPD WLPH�RI�IOLJKW PDVV VSHFWURPHWU\� WR PHDVXUH HOHPHQWV LQ EUDNH ZHDU SDUWLFOHV LQ UHDO
WLPH� &RQYHQWLRQDO HOHPHQWDO DQDO\VLV WHFKQLTXHV KDYH PDLQO\ IRFXVHG RQ VDPSOHV FROOHFWHG E\ ILOWHUV� EXW WKH ,&3�72)06
HTXLSSHG ZLWK D FRXQWHUIORZ GHQXGHU LQ WKLV VWXG\ VXFFHHGHG LQ UHDO�WLPH HOHPHQWDO DQDO\VLV RI EUDNH ZHDU SDUWLFOHV DV
DHURVROV� ,Q FRQWUDVW WR HOHPHQWDO DQDO\VLV� ZKLFK KDV PDLQO\ IRFXVHG RQ PHWDO DQDO\VLV� WKLV VWXG\ KDV HQDEOHG VLPXOWDQHRXV
GHWHUPLQDWLRQ RI FDUERQ DQG PHWDO E\ DFFXUDWH PDVV DQDO\VLV XVLQJ ,&3�72)06� 6LPXOWDQHRXV UHDO�WLPH GHWHUPLQDWLRQ RI
FDUERQ DQG PHWDO LQ DHURVRO SDUWLFOHV PDNHV LW SRVVLEOH WR PHDVXUH QRW RQO\ EUDNH ZHDU SDUWLFOHV� EXW DOVR WLUH ZHDU SDUWLFOHV�
H[KDXVW JDV SDUWLFOHV� DQG D ZLGH UDQJH RI RWKHU VDPSOH W\SHV� 7KLV VWXG\ ZLOO EH SUHVHQWHG RQ WKH HPLVVLRQ PHFKDQLVP E\
FRPSDULQJ�EUDNH�ORDG��EUDNH�ZHDU�SDUWLFOH�FRPSRVLWLRQ��DQG�QDQRSDUWLFOH�QXPEHU�VL]H�PHDVXUHPHQWV�

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


  Session 7: Poster Session B (Brake and tyre wear, non-combustion emissions), Poster S7-Poster B
  
Characterization of brake wear particles: influence of pad material and braking conditions on particle charging state

S. Bengtsdotter1, J. Hoivala2, Y. Lyu3, V. Malmborg1, T. Rönkkö2, J. Wahlström3, J. Pagels1, P. Wacker1

1Ergonomics and Aerosol Technology, LTH, Lund University, Lund, Sweden, 2Aerosol Physics Laboratory, Physics Unit,
Tampere University, Tampere, 3Machine Elements, LTH, Lund University, Lund, Sweden 

Brake wear particles, generated from the brake pad – disc contact, contribute significantly to particle emissions from vehicle
transport, and as the vehicle fleet transitions to electric, heavier, vehicles and alternative fuels, their relative contribution
may increase. A recent study suggests that brake wear particles are highly charged, which can affect their atmospheric
lifetime and deposition in lungs [1]. Further, determining the charging state of these particles might provide useful
information of their initial formation mechanism. This study investigated how brake pad material and braking conditions
influence the charging state and electrical properties of brake wear particles. We used a pin-on-disc tribometer to study
particles generated from pins from two common brake pad types, low metallic and non-asbestos organic, in contact with a
gray cast iron disc. Mild and harsh braking conditions were simulated with a disc speed of 2 and 5 m/s and a contact
pressure of 0.6 and 0.7 MPa, respectively. The net charge of the aerosol particles was assessed from electric currents
measured with an electrometer. More detailed studies of the charging state were conducted with a scanning mobility particle
sizer with and without the bipolar charger (BPC), to compare the electrical mobility distributions of particles with their
charge state from the tribological interaction retained to that of particles at bipolar charge equilibrium. We also used a
differential mobility analyzer connected to an aerodynamic particle sizer to select particles with a certain, retained, electrical
mobility and measure their aerodynamic size distribution. Connecting a BPC to this setup, we could determine the effective
density used to convert electric mobility equivalent diameters to aerodynamic equivalent diameters. Additionally, number
and mass size distributions were measured across an extensive range of particle sizes. P10 and PM2.5 samples were
collected for chemical analysis.

 

 

Preliminary results indicate that both brake pad type and braking conditions affect the electrical properties of brake wear
particles. For harsh conditions, the electrometer showed a strong negative net charge during the running-in phase, and a
pad dependent net charge during steady-state. There was a strong shift in the electrical mobility size distribution measured
with and without the bipolar charger, indicating that the particles are highly charged, tentatively around 10-20 charges per
particle. The non-asbestos organic pin generated both the highest and lowest mass and number concentrations, during
harsh and mild braking conditions respectively. Notably, harsh braking conditions generated a significant increase in
nucleation-mode particles.

[1] A.E Thomas, P.S Bauer, M. Dam, V. Perraud, L.M Wingen, J.N Smith, Proc. Natl. Acad. Sci. U.S.A., 2024, 121,
e2313897121.
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6L]H�UHVROYHG�(OHPHQWDO�$QDO\VLV�RI�%UDNH�(PLVVLRQV�IURP�3RSXODU�%UDNH�/LQLQJV��

-��+RLYDOD���6��%HQJWVGRWWHU���0��$XUHOD���<��/\X���-��:DKOVWU|P���6��6DDULNRVNL���-��3DJHOV���7��5|QNN|��

�$HURVRO�3K\VLFV�/DERUDWRU\��3K\VLFV�8QLW��7DPSHUH�8QLYHUVLW\��7DPSHUH��)LQODQG���(UJRQRPLFV�DQG�$HURVRO�7HFKQRORJ\�
/7+��/XQG�8QLYHUVLW\��/XQG��6ZHGHQ���$WPRVSKHULF�&RPSRVLWLRQ�5HVHDUFK��)LQQLVK�0HWHRURORJLFDO�,QVWLWXWH��+HOVLQNL�

)LQODQG���0DFKLQH�(OHPHQWV��/7+��/XQG�8QLYHUVLW\��/XQG��6ZHGHQ�

(OHFWULILFDWLRQ LV H[SHFWHG WR KDYH DQ HIIHFW RQ XUEDQ DLU TXDOLW\ DV HOHFWULF YHKLFOHV UHSODFH WUDGLWLRQDO LQWHUQDO FRPEXVWLRQ
SRZHUHG YHKLFOHV� /DFN RI H[KDXVW HPLVVLRQV IURP HOHFWULF YHKLFOHV LV D NH\ FRPSRQHQW LQ WKLV H[FKDQJH� $GGLWLRQDOO\�
HOHFWULFDO YHKLFOHV KDV EHHQ IRXQG WR EH KHDYLHU WKDQ WKHLU WUDGLWLRQDO FRXQWHU SDUWV DQG YHKLFOH ZHLJKW KDV EHHQ UHSRUWHG WR
LQFUHDVH HPLWWHG QRQ�H[KDXVW HPLVVLRQV �1((� >�@� $ FRPPRQ WUDFHU IRU H[KDXVW HPLVVLRQV� FDUERQ GLR[LGH� LV DEVHQW LQ
1((� )LQGLQJ VXFK FRPSRQHQW LV HVVHQWLDO ZKHQ TXDQWLI\LQJ LPSRUWDQFH RI 1(( LQ XUEDQ DLU� ,Q WKHLU UHYLHZ DUWLFOH 7KRUSH
DQG +DUULVRQ >�@ FRQFOXGHG WKDW PXOWLSOH DXWKRUV KDYH SURSRVHG &X�6E UDWLR FRXOG EH XVHG DV D WUDFHU IRU EUDNH HPLVVLRQV�
0DQXIDFWXUHUV KDYH GHYHORSHG QHZ &RSSHU )UHH EUDNH SDGV� ZKLFK ZLOO HIIHFW WKH DELOLW\ RI &X�6E UDWLR WR EH XVHG DV D
WUDFHU�LQ�WKH�IXWXUH�

,Q WKLV VWXG\� ZH XVHG D LQVXODWHG SLQ�RQ�GLVF WULERPHWHU IRU HPLVVLRQV SURGXFWLRQ� 7ZR GLIIHUHQW EUDNH OLQLQJ PDWHULDOV ZHUH
XVHG� 1RQ�DVEHVWRV RUJDQLF �1$2� DQG /RZ�PHWDOOLF �/0�� 7KH SLQ ���PP GLDPHWHU� ZDV FXW IURP D EUDNH SDG HQVXULQJ
VDPH PDWHULDO DV LQ FRPPHUFLDOO\ DYDLODEOH EUDNH OLQLQJV� 6LPLODUO\� WKH GLVF LQ WKH V\VWHP ZDV PDGH RI WKH VDPH PDWHULDO
�FDVW�LURQ� DV DFWXDO EUDNH GLVF� EXW LQ VPDOOHU VFDOH� 7ZR GLIIHUHQW FRQGLWLRQV ZHUH WHVWHG� PLOG �� P�V� ��� 03D� DQG KDUVK
�� P�V ��� 03D�� ZKHUH ERWK GLVF VSHHG DQG FRQWDFW SUHVVXUH YDULHG� :H XVHG D ���VWDJH LPSDFWRU �028', ���5� 76,� WR
FROOHFW ILOWHU VDPSOHV IURP ZKLFK HOHPHQWDO FRPSRVLWLRQ ZDV DQDO\VHG ZLWK DQ ;�UD\ IOXRUHVFHQFH VSHFWURPHWHU �(';5)�
(SVLORQ �� 0DOYHUQ 3DQDO\WLFDO�� 6LPXOWDQHRXVO\� ZH PHDVXUHG ZLWK DQ $HURG\QDPLF 3DUWLFOH 6L]HU �$36 ����� 76,� WR
GHWHUPLQH VL]H GLVWULEXWLRQ� :H IRXQG WKDW WKH UHODWLYH PDVV IUDFWLRQV RI HOHPHQWV YDU\ ZLWK SDUWLFOH VL]H� LQGLFDWLQJ WKDW WKH
HOHPHQWDO�FRPSRVLWLRQ�RI�EUDNH�HPLWWHG�30����GLIIHUV�IURP�30���

�

�

7KLV�UHVHDUFK�ZDV�FRQGXFWHG�DV�SDUW�RI�1(;�(/�SURMHFW��ZZZ�QH[HO�IL��IXQGHG�E\�%XVLQHVV�)LQODQG��JUDQW�QXPEHU
��������������

>�@�$��6LPRQV��,QWHUQDWLRQDO�-RXUQDO�RI�/LIH�&\FOH�$VVHVVPHQW������������������
>�@�$��7KRUSH�	�5��+DUULVRQ��6FLHQFH�RI�7KH�7RWDO�(QYLURQPHQW����������������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��

3K\VLFR�FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�GXVW�JHQHUDWHG�E\�D�EUDNH�IRU�OLJKW�GXW\�YHKLFOH�DSSOLFDWLRQV�

$��0DJQR���%��$SLFHOOD���)��&DWDSDQR���6��'L�,RULR���&��5XVVR���%��9DJOLHFR�

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

,W LV ZHOO GRFXPHQWHG LQ OLWHUDWXUH WKDW WKH H[SRVXUH WR SDUWLFOH HPLVVLRQV KDV D VHYHUH LPSDFW RQ SXEOLF KHDOWK� (PLVVLRQV
IURP YHKLFOHV� LQFOXGLQJ ERWK H[KDXVW DQG QRQ�H[KDXVW VRXUFHV� UHSUHVHQW WKH PDMRU FRQWULEXWLRQ WR DPELHQW SDUWLFXODWH
PDWWHU �30�� ,Q WKH ODVW \HDUV� WKH DGRSWLRQ RI HYHQ PRUH VWULQJHQW UHJXODWRU\ VWDQGDUGV KDV UHVXOWHG LQ DQ HIIHFWLYH UHGXFWLRQ
RI WKH WDLOSLSH HPLVVLRQV IURP YHKLFOHV� 7KH GHFUHDVLQJ WUHQG RI H[KDXVW HPLVVLRQV KDV EHHQ DFFRPSDQLHG E\ D JUDGXDO
LQFUHDVH LQ WKH SURSRUWLRQ RI QRQ�H[KDXVW HPLVVLRQV� $ VLJQLILFDQW VRXUFH RI QRQ�H[KDXVW HPLVVLRQV LV UHSUHVHQWHG E\ WKH
EUDNH ZHDU SDUWLFOHV JHQHUDWHG IURP WKH IULFWLRQ EHWZHHQ WKH EUDNH OLQLQJ DQG WKH URWDWLQJ FRPSRQHQWV >���@� 7KH KD]DUGRXV
HQYLURQPHQWDO LPSDFW RI EUDNH ZHDU SDUWLFOHV KDV DOVR EHHQ UHFRJQL]HG E\ WKH (XURSHDQ &RPPLVVLRQ WKDW KDV LQWURGXFHG D
OLPLW LQ WKH QH[W (XUR� YHKLFOH VWDQGDUGV� 7KH DGYHUVH HIIHFWV RI 30 GHSHQG RQ WZR IDFWRUV WKDW DUH WKH SDUWLFOH VL]H
GLVWULEXWLRQ�DQG�WKHLU�FKHPLFDO�FRPSRVLWLRQ�

7KLV VWXG\ DGGUHVVHV ERWK WKHVH DVSHFWV E\ LQYHVWLJDWLQJ WKH GHEULV JHQHUDWHG E\ WKH ZHDU RI D EUDNH IRU OLJKW GXW\
DSSOLFDWLRQ IURP SK\VLFDO DQG FKHPLFDO SRLQW RI YLHZ� $ FKDUDFWHUL]DWLRQ RI WKH SDUWLFOHV� LQ WHUPV RI QXPEHU DQG VL]H ZDV
SHUIRUPHG XQGHU EUDNLQJ SURILOHV W\SLFDO RI XUEDQ GULYLQJ� 7R WKLV SXUSRVH� D SURSHU H[SHULPHQWDO VHWXS ZDV GHVLJQHG
FRQVLVWLQJ LQ D ER[ ZKHUH WKH EUDNH ZDV HQFORVHG DQG FRQQHFWHG WR DQ LQOHW WXQQHO IRU WKH HQWUDQFH RI ILOWHUHG DLU DQG DQ
RXWOHW WXQQHO IRU WKH HYDFXDWLRQ RI WKH IORZ� 7ZR GLIIHUHQW SULQFLSOH�EDVHG LQVWUXPHQWV ZHUH XVHG WR FKDUDFWHUL]H WKH
SDUWLFOHV LQ D ZLGH GLDPHWHU UDQJH� WKH ((36 IURP ��� WR ��� QP DQG WKH 236 IURP ��� WR �� �P� $Q LQ�GHSWK LQYHVWLJDWLRQ
RI WKH FKHPLFDO FRPSRVLWLRQ DQG PRUSKRORJ\ RI EUDNH ZHDU GXVW� FROOHFWHG DW WKH HQG RI WKH EUDNLQJ WHVW RQ WKH VXUIDFH RI
WKH FKDPEHU ZDV FDUULHG RXW WKURXJK VHYHUDO WHFKQLTXHV� LQFOXGLQJ VSHFWURVFRSLF WRROV� WKHUPRJUDYLPHWULF DQDO\VLV �7*$��
FKURPDWRJUDSK\� PRUSKRORJLFDO DQG HOHPHQWDO DQDO\VLV� 7KLV PHWKRGRORJ\ ZDV DGRSWHG WR DQDO\VH D UHSUHVHQWDWLYH VDPSOH
RI WKH GXVW GHSRVLWHG RQ WKH URDGVLGH VRLO DQG WKHQ UHVXVSHQGHG LQ WKH DWPRVSKHUH� 2Q�OLQH SK\VLFDO LQYHVWLJDWLRQ UHYHDOHG
WKH SUHVHQFH RI SDUWLFOHV ZLWK VL]H YDU\LQJ EHWZHHQ ��� DQG ���� QP �)LJXUH ��D�� 7KH SDUWLFOH VL]H GLVWULEXWLRQ LV
FKDUDFWHUL]HG E\ D ELPRGDO HYROXWLRQ ZLWK D ILUVW SURQRXQFHG SHDN DW ��� QP DQG D VHFRQG PRGH FHQWHUHG DW ���� QP�
4XDQWLILFDWLRQ RI WKH LQRUJDQLF DQG RUJDQLF FRPSRQHQWV LQ WKH VDPSOH �DERXW �� DQG ���� UHVSHFWLYHO\� KDV EHHQ PDGH
SRVVLEOH E\ DQ ('; DQDO\VLV RI WKH FROOHFWHG SRZGHU DQG D WKHUPRJUDYLPHWULF DQDO\VLV LQ R[LGDWLYH FRQGLWLRQV� 7KH
LQRUJDQLF SRUWLRQ RI WKH VDPSOH LV SULPDULO\ PDGH XS RI LURQ DQG LURQ R[LGHV� DV FRQILUPHG E\ ;5'� 5DPDQ DQG ,&3�
)XUWKHUPRUH� 6(0 LPDJHV �)LJXUH ��E� UHYHDO WKDW WKH VPDOOHVW SDUWLFOHV DUH �DWWDFKHG� WR WKH VXUIDFH RI WKH ODUJHVW RQHV�
PRVW OLNHO\ GXH WR R[LGDWLYH ZHDU� 7KHVH VXEPLFURQ SDUWLFOHV PD\ KDYH D JUHDWHU HIIHFW RQ KXPDQ KHDOWK LI LQKDOHG� 5DPDQ
VSHFWURVFRS\�DQDO\VLV�FRQILUPV�WKDW�WKH�VDPSOHV�LV�PDQO\�FRPSRVHG�E\�DQ�DURPDWLF�FDUERQ�EDVHG�SDUW�DQG�LURQ�EDVHG�SDUW�

�

�

>�@��������&DWDSDQR�)��'L�,RULR�6��0DJQR�$��9DJOLHFR�%0���������6$(�7HFK�3DS���������������
>�@��������5XVVR�&��*DXWLHU�GL�&RQILHQJR�*��0DJQDFFD�*��)DJD�0*��$SLFHOOD�%��+HOL\RQ��������H������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��

%DVLF�HYDOXDWLRQ�RI�EUDNH�HPLVVLRQ�FRUUHODWLRQ�EHWZHHQ�FKDVVLV�G\QDPRPHWHU�DQG�EUDNH�G\QDPRPHWHU�

3��/LHQHUWK���.��.RQGR���'��6RDUH���7��$O�:DVLI�5XL]���9��5XL]�7RUUHV���(��%DUUDMyQ�&DWDOiQ���&��%DUULRV���0��6FKU|GHU��

�+25,%$�(XURSH�*PE+��������2EHUXUVHO��*HUPDQ\���5HVHDUFK�&HQWUH�IRU�(QHUJ\��(QYLURQPHQW�DQG�7HFKQRORJ\
�&,(0$7���$YGD��&RPSOXWHQVH�������������0DGUL���,QVWLWXWH�RI�5HVHDUFK��'HYHORSPHQW�DQG�,QQRYDWLRQ�LQ�+HDOWK

%LRWHFKQRORJ\�RI�(OFKH��,'L%(���8QLYHUVL�

7UDQVSRUWDWLRQ VLJQLILFDQWO\ FRQWULEXWHV WR DLU SROOXWLRQ� ZLWK YHKLFOH HPLVVLRQV SOD\LQJ D PDMRU UROH� 7KH :+2 UHSRUWHG ���
PLOOLRQ GHDWKV LQ ���� GXH WR RXWGRRU DLU SROOXWLRQ� ZLWK ILQH SDUWLFXODWH PDWWHU EHLQJ D NH\ IDFWRU� $ UHSRUW E\ WKH (XURSHDQ
(QYLURQPHQW $JHQF\ KLJKOLJKWV WKDW QRQ�H[KDXVW HPLVVLRQV �1((�²IURP WLUH� EUDNH� DQG URDG ZHDU²QRZ H[FHHG H[KDXVW
HPLVVLRQV� 7KH KHDYLHU ZHLJKW RI HOHFWULF YHKLFOHV ZRUVHQV 1((� XQGHUVFRULQJ WKH QHHG IRU HIIHFWLYH PHDVXUHPHQW DQG
PLWLJDWLRQ�

7KH /,)( 1((9( SURMHFW� IXQGHG E\ WKH (8
V /,)( SURJUDP XQGHU &,1($� DLPV WR GHYHORS PHWKRGV WR PHDVXUH DQG
UHGXFH 1(( IURP EUDNHV� WLUHV� DQG URDG LQWHUDFWLRQV� ,W LQWURGXFHV PRELOH PHDVXUHPHQW GHYLFHV DQG LQQRYDWLYH RUJDQRLGV WR
DVVHVV�1((¶V�HIIHFWV�RQ�KXPDQ�OXQJ�DQG�VNLQ�FHOOV�

7R DGYDQFH RQ�ERDUG PHDVXUHPHQW V\VWHP IRU 1(( ZH GHFRXSOH EUDNH HPLVVLRQV IURP WKH WRWDO 1(( RQ D FKDVVLV
G\QDPRPHWHU DQG FRUUHODWH WKH PHDVXUHPHQWV ZLWK WKH HPLVVLRQV PHDVXUHG RQ D EUDNH G\QDPRPHWHU� ZKHUH WKH UHVXOWV DUH
DOVR HYDOXDWHG ZLWK UHVSHFW WR WKH *75 �� EUDNH HPLVVLRQV WHVWLQJ UHJXODWLRQ� 3DUWLFOH QXPEHU DQG SDUWLFXODWH PDVV UHVXOWV
DUH VXSSRUWHG E\ SDUWLFOH VL]H GLVWULEXWLRQ VFDQV DQG HYDOXDWLRQ RI WKH WR[LFRORJ\ RI WKH ILOWHU ORDG WKURXJK WKH DVVHVVPHQW RI
FHOO�VXUYLYDO�DQG�R[LGDWLYH�VWUHVV�LQ�VNLQ�DQG�OXQJ�RUJDQRLGV�

7KH SURMHFW HVWDEOLVKHV D IUDPHZRUN IRU HQKDQFLQJ UHDO�ZRUOG 1(( PHDVXUHPHQW� VXSSRUWLQJ UHJXODWRU\ LPSURYHPHQWV DQG
LQGXVWULDO�DSSOLFDWLRQV�IRU�ERWK�FRPEXVWLRQ�DQG�HOHFWULF�YHKLFOHV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��
6KHGGLQJ��6\QFKURWURQ��/LJKW�RQ�6SHFLDWLRQ�RI�0HWDOV�LQ�%UDNHV�(PLVVLRQV��D�;$1(6�,QYHVWLJDWLRQ�RQ�0LFUR��DQG

1DQR��3DUWLFXODWHV�

$��0DQFLQL���%��7V\XSD�����,��&DUORPDJQR���*��$JRVWLQL���$��%RQIDQWL���8��2ORIVVRQ��

�0DWHULDOV�(QJLQHHULQJ�	�/DERUDWRULHV��*&)�5HVHDUFK�	�'HYHORSPHQW��%UHPER�19��9LDOH�(XURSD����������6WH]]DQR�
,WDO\���'HSDUWPHQW�RI�&KHPLVWU\��0DWHULDOV�DQG�&KHPLFDO�(QJLQHHULQJ��*��1DWWD���3ROLWHFQLFR�GL�0LODQR��,WDO\���;5)
%HDPOLQH��(OHWWUD�6LQFURWURQH�7ULHVWH��$UHD�6FLHQFH�3DUN��������%DVRYL]]D��76���,WDO\���;$)6�%HDPOLQH��(OHWWUD

6LQFURWURQH�7ULHVWH��$UHD�6FLHQFH�3DUN��������%DVRYL]]D��76���,WDO\���'HSDUWPHQW�RI�(QJLQHHULQJ�'HVLJQ��.7+�5R\DO
,QVWLWXWH�RI�7HFKQRORJ\���������6WRFNKROP�6ZHGHQ�

%UDNHV QRQ�H[KDXVW HPLVVLRQV �1((� DUH JDLQLQJ LQFUHDVLQJ DWWHQWLRQ LQ WKH DLU TXDOLW\ GLVFXVVLRQV GXH WR WKH LPPLQHQW
HQIRUFHPHQW RI WKH (852 � OHJLVODWLRQ DQG WKH SURJUHVVLYH HOHFWULILFDWLRQ RI URDG PRELOLW\� ,Q SDUWLFXODU� (852 �
UHJXODWLRQ LQWURGXFHV IRU WKH ILUVW WLPH LQ KLVWRU\ D OLPLWDWLRQ RQ WKH PDVV RI 30�� SDUWLFOHV JHQHUDWHG E\ EUDNHV RI QHZ
SDVVHQJHU FDUV �3&V� DQG /LJKW &RPPHUFLDO 9HKLFOHV �/&9V� HQWHULQJ WKH (8 PDUNHW� VWDUWLQJ IURP -XO\ ����� 7KH
FRUUHVSRQGLQJ OHJLVODWLYH SURFHVV KDV EHHQ VXVWDLQHG LQ WKH ODVW GHFDGH E\ VLJQLILFDQW VFLHQWLILF DQG WHFKQRORJLFDO HIIRUW WR� L�
XQGHUVWDQG PHFKDQLVPV XQGHUOD\LQJ WKH JHQHUDWLRQ RI SDUWLFXODWHV GXULQJ EUDNLQJ� LL� XQYHLO LQIOXHQFLQJ IDFWRUV OHDGLQJ WR
GLIIHUHQW EUDNHV HPLVVLRQ OHYHOV� LLL� GHYHORS UHOLDEOH SURFHGXUHV WR PHDVXUH DQG FKDUDFWHUL]H HPLVVLRQV JHQHUDWHG E\ EUDNH
V\VWHPV� DQG LY� GHVLJQ QHZ DXWRPRWLYH EUDNH FRPSRQHQWV DEOH WR UHGXFH WKH SDUWLFXODWH HPLVVLRQV� 0RUH UHFHQWO\�
SDUWLFXODU DWWHQWLRQ KDV DOVR EHHQ SDLG WR WKH FKHPLFDO FKDUDFWHUL]DWLRQ RI EUDNHV 1((� VLQFH WKLV LV SLYRWDO IRU DVVHVVLQJ WKHLU
WR[LFRORJLFDO DQG HQYLURQPHQWDO EHKDYLRU� $W WKLV VSHFLILF DLP� FXUUHQW VWXGLHV DUH PRUH IUHTXHQWO\ IRFXVHG RQ XQYHLOLQJ WKH
FKHPLFDO VSHFLHV FRPSRVLQJ EUDNHV HPLVVLRQV� ZKLFK DSSHDU PRUH UHOHYDQW WKDQ ORRNLQJ DW WKHLU HOHPHQWDO FRPSRVLWLRQ
RQO\� ,Q SDUWLFXODU� GXH WR EUDNHV 1(( FRPSRVLWLRQDO FKDUDFWHULVWLF IHDWXUHV� LQFOXGLQJ D GRPLQDQW FRQWHQW RI LQRUJDQLF
FRPSRXQGV� ;�5D\ 'LIIUDFWLRQ �;5'� DQDO\VLV KDV EHHQ SURSRVHG DQG VXFFHVVIXOO\ GHSOR\HG LQ WKH ODVW \HDUV IRU HYDOXDWLQJ
WKHLU SKDVH GLVWULEXWLRQ LQ FU\VWDOOLQH IUDFWLRQ� +RZHYHU� LQ VSLWH RI EHLQJ D FRQYHQLHQW WRRO IRU WKH EUDNHV 1(( SKDVH
FRPSRVLWLRQ LQYHVWLJDWLRQV� ;5' SUREH VXIIHUV RI WZR IROORZLQJ PDLQ GUDZEDFNV� L� SRRU GHWHFWLRQ OLPLWV RI DQDO\WHV�
HVSHFLDOO\ ZKHQ OLPLWHG DPRXQW RI PDWHULDO LV DYDLODEOH IRU WKH DQDO\VLV RU QDQRPHWULF SDUWLFOHV DUH LQYHVWLJDWHG� DQG LL�
FRPSOHWH LQVHQVLELOLW\ WR DPRUSKRXV PDWHULDOV� &RQVLGHULQJ WKH DIRUHPHQWLRQHG UHDVRQV� WKLV FRQWULEXWLRQ SURSRVHV ;�5D\
$EVRUSWLRQ 1HDU (GJH 6WUXFWXUH �;$1(6� DV DGGLWLRQDO DQDO\WLFDO SUREH IRU ZLGHQLQJ WKH ILHOG RI LQRUJDQLF FRPSRXQGV
VSHFLDWLRQ LQ EUDNHV 1((� $V FDVH VWXG\� DXWKRUV UHSRUW RQ WKH VSHFLDWLRQ RI 7L� 9� &U� 0Q� )H� 1L� &X� =Q DQG 6Q �EDVHG
FRPSRXQGV FRQWDLQHG LQ EUDNHV 1(( JHQHUDWHG E\ WKH FRXSOLQJ RI D JUH\ FDVW LURQ �*&,� EUDNH GLVF DQG (&( 5�� ORZ
PHWDOOLF EUDNH SDGV� UHSUHVHQWLQJ WKH FXUUHQW VWDQGDUG RI IULFWLRQ SDLULQJV LQ WKH (8 PDUNHW� %UDNHV 1(( LQYHVWLJDWHG LQ WKLV
VWXG\ KDYH EHHQ FROOHFWHG LQ ERWK PLFURPHWULF DQG QDQRPHWULF GLPHQVLRQDO IUDFWLRQV� GXULQJ WHVWV FDUULHG RXW DW D YDULDEOH
LQHUWLD EUDNH G\QDPRPHWHU EHQFK IROORZLQJ WKH PRVW XSGDWHG JXLGHOLQHV UHSRUWHG LQ WKH 8QLWHG 1DWLRQV *OREDO 7HFKQLFDO
5HJXODWLRQ��81�*75��Q����IRU�ODERUDWRU\�PHDVXUHPHQWV�RI�EUDNH�HPLVVLRQV�IRU�OLJKW�GXW\�YHKLFOHV�

$FNQRZOHGJPHQWV

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�(XURSHDQ�&RPPLVVLRQ
V�+RUL]RQ������UHVHDUFK�DQG�LQQRYDWLRQ�SURJUDP��Q3(76��JUDQW
DJUHHPHQW�1R���������KWWSV���ZZZ�QSHWV�SURMHFW�HX����DLPHG�DW�VWXG\LQJ�WKH�VXE�����QP�SDUWLFOHV�HPLWWHG�IURP�GLIIHUHQW
WUDQVSRUW�PRGHV�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��

8OWUDILQH�%UDNH�:HDU�3DUWLFOHV�LQ�5HDO�:RUOG�6FHQDULRV��0RUSKRORJ\�DQG�&RPSRVLWLRQ�

7��$O�:DVLI�5XL]���5��6XiUH]�%HUWRD���-��6iQFKH]�0DUWtQ���&��%DUULRV�6iQFKH]��

�5HVHDUFK�&HQWUH�IRU�(QHUJ\��(QYLURQPHQW�DQG�7HFKQRORJ\��&,(0$7���$YGD��&RPSOXWHQVH������������0DGULG�
6SDLQ���(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���9LD�(QULFR�)HUPL��������������,VSUD��9$���,WDO\�

1RQ�H[KDXVW HPLVVLRQV� VXFK DV EUDNH ZHDU SDUWLFOHV� DUH D JURZLQJ FRQFHUQ GXH WR WKHLU VLJQLILFDQW FRQWULEXWLRQ WR
XUEDQ SDUWLFXODWH PDWWHU SROOXWLRQ DQG DVVRFLDWHG KHDOWK ULVNV� SDUWLFXODUO\ IURP XOWUDILQH SDUWLFOHV WKDW FDQ
SHQHWUDWH GHHSO\ LQWR WKH UHVSLUDWRU\ V\VWHP >�� �@� 7KHVH HPLVVLRQV� LQIOXHQFHG E\ WKH WKHUPDO DQG PHFKDQLFDO
FRQGLWLRQV�RI�EUDNLQJ��UHTXLUH�IXUWKHU�LQYHVWLJDWLRQ�WR�EHWWHU�XQGHUVWDQG�WKHLU�HQYLURQPHQWDO�DQG�KHDOWK�LPSDFWV�>�@�

7KLV VWXG\ DLPV WR EULGJH WKH JDS EHWZHHQ ODERUDWRU\ DQG UHDO�ZRUOG DQDO\VHV E\ GHYHORSLQJ DQ LQQRYDWLYH DSSURDFK
WKDW FRPELQHV LQ VLWX DQG RII�OLQH SDUWLFOH FKDUDFWHUL]DWLRQ� 2Q�URDG WHVWV ZHUH FRQGXFWHG ZLWK D SDVVHQJHU YHKLFOH
XQGHU KDUVK EUDNLQJ FRQGLWLRQV ���±��� NP�K�� DFKLHYLQJ GLVN WHPSHUDWXUHV RI XS WR ��� �&� 5HDO�WLPH
PHDVXUHPHQWV XVLQJ DQ (QJLQH ([KDXVW 3DUWLFOH 6L]HU �((36� UHYHDOHG VLJQLILFDQW FRQFHQWUDWLRQV RI XOWUDILQH
SDUWLFOHV GXULQJ KLJK�WHPSHUDWXUH EUDNLQJ HYHQWV� 2II�OLQH DQDO\VHV XVLQJ 6FDQQLQJ (OHFWURQ 0LFURVFRS\ �6(0� DQG
(QHUJ\�'LVSHUVLYH ;�UD\ 6SHFWURVFRS\ �('6� SURYLGHG GHWDLOHG LQVLJKWV LQWR WKH PRUSKRORJ\ DQG HOHPHQWDO
FRPSRVLWLRQ RI WKH SDUWLFOHV� $GGLWLRQDOO\� 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRS\ �7(0� ZDV HPSOR\HG WR H[SORUH WKHLU
QDQRVFDOH�VWUXFWXUH�

7KH UHVXOWV KLJKOLJKW WKH GHSHQGHQFH RI SDUWLFOH VL]H DQG PRUSKRORJ\ RQ EUDNH GLVN WHPSHUDWXUH� ZLWK WKHUPDO
GHFRPSRVLWLRQ SURFHVVHV OHDGLQJ WR VPRRWKHU� PRUH VSKHULFDO SDUWLFOHV DW KLJKHU WHPSHUDWXUHV� 7KHVH ILQGLQJV DUH
SDUWLFXODUO\ UHOHYDQW IRU VFHQDULRV VXFK DV GHVFHQGLQJ VWHHS GRZQKLOO URDGV� ZKHUH SURORQJHG EUDNLQJ KHDWV WKH
V\VWHP VLJQLILFDQWO\ EHIRUH HQWHULQJ XUEDQ DUHDV� DPSOLI\LQJ HPLVVLRQV� 7KLV ZRUN XQGHUVFRUHV WKH LPSRUWDQFH RI
FRPELQLQJ UHDO�WLPH DQG PLFURVFRSLF DQDO\VHV WR DGYDQFH WKH XQGHUVWDQGLQJ RI EUDNH ZHDU SDUWLFOHV DQG WKHLU
HQYLURQPHQWDO�LPSOLFDWLRQV

>�@ .HOO\� )� -�� 	 )XVVHOO� -� &� ������� 6L]H� VRXUFH DQG FKHPLFDO FRPSRVLWLRQ DV GHWHUPLQDQWV RI WR[LFLW\ DWWULEXWDEOH
WR�DPELHQW�SDUWLFXODWH�PDWWHU��$WPRVSKHULF�(QYLURQPHQW���������±�����KWWSV���GRL�RUJ���������M�DWPRVHQY������������

>�@�2EHUG|UVWHU��*���2EHUG|UVWHU��(���	�2EHUG|UVWHU��-����������1DQRWR[LFRORJ\��$Q�HPHUJLQJ�GLVFLSOLQH�HYROYLQJ
IURP�VWXGLHV�RI�XOWUDILQH�SDUWLFOHV��(QYLURQPHQWDO�+HDOWK�3HUVSHFWLYHV�������������±����

KWWSV���GRL�RUJ���������HKS�����

>�@�%RQGRUI��/���.|KOHU��/���*UHLQ��7���(SSOH��)���3KLOLSSV��)���$LJQHU��0���	�6FKULSS��7����������$LUERUQH�%UDNH�:HDU
(PLVVLRQV�IURP�D�%DWWHU\�(OHFWULF�9HKLFOH��$WPRVSKHUH��������������KWWSV���GRL�RUJ���������DWPRV��������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��

$VVHVVPHQW�RI�$LUERUQH�(PLVVLRQV�IURP�7LUH�:HDU��,QVLJKWV�LQWR�8OWUDILQH�3DUWLFOH�'LVWULEXWLRQ�

/��6FKXEHUW�����*��6WHLQHU���'��+HXEHUJHU���&��/H[�

�$9/�/LVW�*PE+��+DQV�/LVW�3ODW]���������*UD]���,QVWLWXWH�RI�$XWRPRWLYH�(QJLQHHULQJ���*UD]�8QLYHUVLW\�RI�7HFKQRORJ\�
,QIIHOGJDVVH����,,�������*UD]�

6LQFH WLUH ZHDU LV RQH RI WKH ODUJHVW VRXUFHV RI PLFURSODVWLFV LQ WKH HQYLURQPHQW WRGD\� LWV PHDVXUHPHQW DQG PLWLJDWLRQ DUH RI
VLJQLILFDQW SXEOLF DQG UHJXODWRU\ LQWHUHVW� 7LUH ZHDU LV UHJXODWHG LQ WHUPV RI WKH ZHLJKW ORVV RI D WLUH RYHU GLVWDQFH WUDYHOHG�
7KLV LV FXUUHQWO\ WKH SULPDU\ IRFXV RI WKH 81(&( 7DVN )RUFH RQ 7\UH $EUDVLRQ �7)7$�� +RZHYHU� WKH DLUERUQH IUDFWLRQ RI
WLUH�ZHDU�LV�QRW�FRQVLGHUHG�E\�WKH�7)7$�DQG�UHPDLQV�XQNQRZQ�

'XH WR WKH SUHVHQFH RI EDFNJURXQG HPLVVLRQV LQ UHDO�ZRUOG GULYLQJ �EUDNH ZHDU� H[KDXVW HPLVVLRQV� URDG ZHDU�
UHVXVSHQVLRQ�� WKH PHDVXUHPHQW RI WLUH ZHDU SDUWLFOH HPLVVLRQV LV FKDOOHQJLQJ� ,Q WKLV VWXG\� DQ RXWHU GUXP WHVW EHQFK ZLWK
DQ HQFORVXUH DURXQG WKH WLUH ZDV XVHG WR PHDVXUH WKH WLUH
V DLUERUQH HPLVVLRQV LQ D FRQWUROOHG HQYLURQPHQW� 7KH WRWDO SDUWLFOH
QXPEHU �731�� VROLG SDUWLFOH QXPEHU �631�� SDUWLFOH PDVVHV �30��� DQG 30���� DQG WKH VL]H GLVWULEXWLRQ RI WKH DHURVROV
ZHUH�PHDVXUHG�

.H\ ILQGLQJV UHYHDO WKDW D KLJK QXPEHU RI SDUWLFOHV ZHUH LQ WKH XOWUDILQH VL]H UDQJH� ZLWK SDUWLFOH VL]HV DURXQG �� QP� 7KH
UHVXOWV RI WKH WRWDO SDUWLFOH QXPEHU FRPSDUHG WR WKH 631 LQGLFDWH WKDW PRVW RI WKHVH SDUWLFOHV ZHUH YRODWLOH� DV WKH 731 ZDV
VLJQLILFDQWO\�KLJKHU�WKDQ�WKH�631�

)LQDOO\� WKLV VWXG\ XQGHUVFRUHV WKH QHHG IRU IXUWKHU UHVHDUFK LQ WKH ILHOG RI DLUERUQH WLUH ZHDU SDUWLFOHV� 7KLV UHVHDUFK
SURYLGHV D TXDQWLILFDWLRQ RI DLUERUQH WLUH ZHDU SDUWLFOHV DFFRUGLQJ WR GLIIHUHQW PHWULFV� KHOSLQJ WR XQGHUVWDQG WKH SRWHQWLDO
LPSDFW�RI�XOWUDILQH�WLUH�SDUWLFOHV�RQ�KXPDQ�KHDOWK�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��
6RODU�7KHUPDO�$JLQJ�RI�7LUH�:HDU�3DUWLFOHV��7:3��$IIHFWLQJ�7KHLU�3URSHUWLHV�DQG�(QYLURQPHQWDO�+HDOWK�,PSDFWV�

3��$��6HUPRQ���

�%UXQHO�8QLYHUVLW\�

7LUH ZHDU SDUWLFOHV >�@ DUH WR[LF >�@ DQG SURGXFHG LQ ODUJH DPRXQWV SHU YHKLFOH NP� &URVV�GLVFLSOLQDU\ VWXGLHV >�@ VKRZ WKDW
WKH\ YDU\ LQ VL]H DQG FRPSRVLWLRQ� FRQWDLQLQJ KHDY\ PHWDOV� 7KH\ DUH FRPSRQHQWV LQ WR[LF ZDWHU�ERUQH PRWRUZD\ UXQ�RII�
7KH\�KDYH�SDVVHQJHU�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��+HUH�7:3V�KDYH�EHHQ�FROOHFWHG�IURP�8.�PRWRUZD\V�

7KHLU SURSHUWLHV DUH UHSRUWHG DV WKH\ XQGHUJR VRODU�WKHUPDOO\ DJLQJ XVLQJ 7(0� 6(0�(';� ;5)� ;5'� 5DPDQ �VS��VS���
HYROYHG JDV DQDO\VLV� 732� '6&� 7*$ DQG )7,5 PHWKRGV DQG KRZ WKHVH DIIHFW WKHLU HQYLURQPHQWDO DQG KHDOWK LPSDFWV LQ
SDUW�E\�WKH�UHOHDVH�RI�QDQRSDUWLFOHV��13V��DQG�XOWUDILQH�SDUWLFOHV��8)3V��

7KLV�DEVWUDFW�LV�UHOHYDQW�WR�13&����)RFXV�(YHQW�RQ�7LUH�:HDU�3DUWLFOHV�

>�@ 0= =KDQJ� -& /L� + <LQ� ; :DQJ� <& 4LQ� =- <DQJ� < :HQ� -; /XR� '/ <LQ� <6 *H� &+ :DQJ� ;< 6XQ� /; ;X
6FL�7RW�(QYLURQ�����������$5������

>�@�0�*XVWDIVVRQ��*�%ORPTXLVW��$�*XGPXQGVVRQ��$�'DKO��(�6ZLHWOLFNL��0�%RK\DUG�6FL�7RW�(QYLURQ�������������������

>�@�%�%HVVDJQHW��1�$OOHPDQG��-3�3XWDXG��)�&RXYLGDW��-0�$QGUH��'�6LPSVRQ��(�3LVRQL��%1�0XUSK\��3�7KXQLV
$SSOG�6FL�%DVHO���������$5����
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU
��

5HGXFLQJ�%UDNH�:HDU�(PLVVLRQV�LQ�3XEOLF�7UDQVSRUW��,QVLJKWV�IURP�WKH�5(B%5($7+�3URMHFW�

0��/HRQDUGL���0��%HVDQD���6��%HORWWL���0��3DJQRQL���$��6DQWLQL���9��6HPSHUERQL���&��*KH]]L���*��3HUULFRQH�

�%UHPER�1�9��9LD�6WH]]DQR�������������%HUJDPR��%*��,WDO\�

3XEOLF WUDQVSRUW� SDUWLFXODUO\ EXVHV� SOD\V D FUXFLDO UROH LQ PDLQWDLQLQJ JRRG DLU TXDOLW\ LQ FLWLHV E\ UHGXFLQJ WKH QXPEHU RI
FDUV RQ WKH URDG DQG� FRQVHTXHQWO\� WKH DPRXQW RI SROOXWLQJ HPLVVLRQV� LQFOXGLQJ QRQ�H[KDXVW 3DUWLFXODWH 0DWWHU �30��
:LWKLQ WKLV FRQWH[W� WKH /,)( SURJUDP RI WKH (XURSHDQ &RPPLVVLRQ KDV FR�IXQGHG WKH 5(B%5($7+ SURMHFW� ZKLFK VWDQGV
IRU 5HGXFWLRQ RI %UDNH :HDU (PLVVLRQV LQ WKH 7UDQVSRUW VHFWRU� 2QH RI WKH SURMHFW
V REMHFWLYHV LV WR LPSURYH WKH
XQGHUVWDQGLQJ�RI�QRQ�H[KDXVW�SDUWLFOH�HPLVVLRQV�JHQHUDWHG�E\�SXEOLF�WUDQVSRUW�EUDNLQJ�V\VWHPV�

7KH VWXG\ IRFXVHV RQ FROOHFWLQJ FRPSUHKHQVLYH GDWD RQ 30��� 30���� DQG ILQHU SDUWLFOHV WKURXJK 3DUWLFOH 1XPEHU �31�
PHDVXUHPHQWV� :KLOH H[WHQVLYH UHVHDUFK H[LVWV RQ QRQ�H[KDXVW EUDNH HPLVVLRQV IURP /LJKW�'XW\ 9HKLFOHV �/'9V� ZLWK
HVWDEOLVKHG PHDVXUHPHQW SURWRFROV� WKHUH LV D VLJQLILFDQW JDS LQ IRFXV RQ +HDY\�'XW\ 9HKLFOHV �+'9V�� 7R DGGUHVV WKHVH
FKDOOHQJHV��WKH�VWXG\�LV�VWUXFWXUHG�LQWR�IRXU�GLVWLQFW�SKDVHV�

�� ,QVWUXPHQWDWLRQ�DQG�'DWD�$FTXLVLWLRQ���7KLV�SKDVH�LQYROYHV�HTXLSSLQJ�DQ�+'9�ZLWK�WKH�QHFHVVDU\�LQVWUXPHQWV�WR
FROOHFW�GDWD�DQG�DFTXLUH�HVVHQWLDO�PLVVLRQ�SURILOH�LQIRUPDWLRQ�

�� $QDO\VLV�RI�0LVVLRQ�3URILOHV��,Q�WKH�VWXG\��W\SLFDO�PLVVLRQ�SURILOHV�RI�+'9V�DUH�DQDO\]HG�WR�XQGHUVWDQG�WKH
FRQGLWLRQV�XQGHU�ZKLFK�EUDNH�ZHDU�HPLVVLRQV�DUH�JHQHUDWHG�

�� *HQHUDWLRQ�RI�D�5HSUHVHQWDWLYH�'\QDPRPHWULF�%HQFK�3URFHGXUH��%DVHG�RQ�WKH�PLVVLRQ�SURILOHV��D�G\QDPRPHWULF
EHQFK�SURFHGXUH�LV�GHYHORSHG�WR�VLPXODWH�UHDO�ZRUOG�EUDNLQJ�VFHQDULRV�

�� 7HVWLQJ�'LIIHUHQW�0DWHULDOV��9DULRXV�EUDNH�PDWHULDOV�DUH�WHVWHG�WR�GHILQH�HPLVVLRQ�IDFWRUV�IRU�30�����DQG������DQG
31��ZLWK�D�IRFXV�RQ�WKH�ILQHU�IUDFWLRQ�RI�SDUWLFXODWHV�

7KH OLPLWDWLRQV RI WKH VWXG\ KLJKOLJKW WKH QHHG IRU D PRUH GLYHUVH GDWDVHW WR UHSOLFDWH GLIIHUHQW VFHQDULRV� KLJKOLJKWLQJ WKH
SRWHQWLDO IRU IXUWKHU UHVHDUFK DQG UHILQHPHQW� %\ DGGUHVVLQJ WKHVH VKRUWFRPLQJV� WKH 5(B%5($7+ SURMHFW DLPV WR
FRQWULEXWH�WR�WKH�XQGHUVWDQGLQJ�DQG�UHGXFWLRQ�RI�EUDNH�ZHDU�HPLVVLRQV�LQ�SXEOLF�WUDQVSRUW�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��)LOWUDWLRQ�RI�FRPEXVWLRQ�DQG�ELRJHQLF�QDQRSDUWLFOHV��
3RVWHU

6��3RVWHU�%

��
3DUWLFOHV�6L]H�0DQLSXODWLRQ��([SHULPHQWDO�DQG�1XPHULFDO�6WXG\�

.��.XWVKHU���1��+DLNLQ���'��.DWRVKHYVNL��

�(QYLURQPHQWDO�(QJLQHHULQJ��%HQ�*XULRQ�8QLYHUVLW\�RI�WKH�1HJHY��,VUDHO���3K\VLFV�GHSDUWPHQW��15&1�

7KLV VWXG\ LQYHVWLJDWHV WKH HIILFLHQF\ RI WKH SDUWLFOH FOXVWHULQJ PHFKDQLVP ��JURXSLQJ�� XQGHU RVFLOODWRU\ IORZ FRQGLWLRQV�
XWLOL]LQJ ILQH SDUWLFOH SRZGHU DV D UHSUHVHQWDWLYH PRGHO IRU HQYLURQPHQWDO DHURVROV� 7KH H[SHULPHQWDO VHWXS LQFRUSRUDWHV
IORZ RVFLOODWLRQV DQG PRGXODU JHRPHWULHV WR HQKDQFH SDUWLFOH LQWHUDFWLRQV� &RQWLQXRXV SDUWLFOH VL]H PRQLWRULQJ DQG
PLFURVFRSLF DQDO\VLV RI FDSWXUHG SDUWLFOHV UHYHDO D VKLIW LQ VL]H GLVWULEXWLRQ� UHVXOWLQJ LQ WKH IRUPDWLRQ RI ODUJHU DJJUHJDWHV
>�@�

$GGLWLRQDOO\� QXPHULFDO VLPXODWLRQV LGHQWLI\ WZR NH\ PHFKDQLVPV LQIOXHQFLQJ SDUWLFOH G\QDPLFV� RVFLOODWRU\ IORZ
SDUDPHWHUV DQG %URZQLDQ PRWLRQ� 3DUWLFOHV H[SHULHQFH RVFLOODWRU\ IORZ HIIHFWV GHSHQGLQJ RQ WKHLU UHODWLYH SRVLWLRQV ZLWKLQ
WKH IORZ ZDYH� OHDGLQJ WR FRQYHUJHQFH LQ FHUWDLQ UHJLRQV DQG GLVSHUVLRQ LQ RWKHUV� )XUWKHUPRUH� WKH VWRFKDVWLF QDWXUH RI
%URZQLDQ PRWLRQ� SDUWLFXODUO\ VLJQLILFDQW IRU VXEPLFURQ SDUWLFOHV� LQFUHDVHV WKH OLNHOLKRRG RI SDUWLFOH FROOLVLRQV DQG
FRQWULEXWHV WR WKH REVHUYHG JURXSLQJ SKHQRPHQD� 7KH LQWHUSOD\ EHWZHHQ GHWHUPLQLVWLF RVFLOODWRU\ IRUFHV DQG UDQGRP
%URZQLDQ�GLVSODFHPHQWV�IDFLOLWDWHV�FOXVWHULQJ�ZLWKLQ�WKH�H[SHULPHQWDO�V\VWHP
V�UHVLGHQFH�WLPH�

2YHUDOO� SDUWLFOH PDQLSXODWLRQ RIIHUV RSSRUWXQLWLHV WR H[SORUH DQG GHVLJQ PHWKRGV IRU HQKDQFLQJ ILOWUDWLRQ HIILFLHQF\�
LPSURYLQJ�WKH�GHWHFWLRQ�OLPLWV�RI�UHOHYDQW�GLDJQRVWLF�V\VWHPV�DQG�VHJUHJDWLQJ�DQG�VRUWLQJ�SDUWLFOHV�IRU�YDULRXV�DSSOLFDWLRQV�

>�@ +DLNLQ� 1�� 0XOWDQHQ� 9�� /HUPDQ� 6�� .XWVKHU� -�� 9LQRG� $�� 6KHQGDORY� 6�� 7VXU� 2�� +DLPVRQ� $�� 7DGPRU� 5� DQG
.DWRVKHYVNL� '�� ����� ,QFUHDVLQJ SDUWLFOH�VL]H E\ DLU�IORZ PRGLILFDWLRQ±$Q H[SHULPHQWDO VWXG\� 6HSDUDWLRQ DQG
3XULILFDWLRQ�7HFKQRORJ\�������S��������
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QGRRU�SDUWLFOHV�DQG�ZRUNSODFH�DHURVROV���3RVWHU 6��3RVWHU�%
��

0LQLPL]LQJ�,QGRRU�,QIHFWLRQ�5LVN�E\�$LUERUQH�3DWKRJHQV�ZLWK�1DQRILOWUDWLRQ�DQG�9HUWLFDO�)ORZ�

-��&]HUZLQVNL�����+��%XUWVFKHU�

�1DQR&OHDQ$LU���9(57�6FLHQWLILF�&RPPLWWHH���1DQR&OHDQ$LU�

7KH ULVN RI LQIHFWLRQ EHWZHHQ SHRSOH FDQ EH VLJQLILFDQWO\ UHGXFHG ZLWK WDUJHWHG YHUWLFDO IORZ FRQWURO LQ WKH URRP DQG QDQR�
ILOWUDWLRQ�RI�WKH�UHFLUFXODWHG�DLU��7KLV�FDQQRW�EH�DFKLHYHG�ZLWK�DQ\�RWKHU�DLU�SXULILFDWLRQ�GHYLFH�RU�YHQWLODWLRQ�V\VWHP�

,Q WKH ZRUN GHVFULEHG� WKUHH H[DPSOHV RI SUHYHQWLQJ WKH ULVN RI LQIHFWLRQ � D FODVVURRP YHQWLODWLRQ V\VWHP� YHQWLODWLRQ RI DQ
HOHYDWRU�FDELQ�DQG�VHFXULQJ�D�KRVSLWDO�EHG���ZHUH�SK\VLFDOO\�LPSOHPHQWHG�DQG�HYDOXDWHG�H[SHULPHQWDOO\�DQG�QXPHULFDOO\�

,Q DGGLWLRQ WR WKH UHVXOWV RI WKHVH H[DPSOHV� WKH FXUUHQWO\ DSSOLFDEOH UHJXODWLRQV ZHUH FULWLFDOO\ GLVFXVVHG� DV ZHOO DV WKH
GLIILFXOWLHV�LQYROYHG�LQ�WKH�ZLGHVSUHDG�LQWURGXFWLRQ�RI�WKH�LQQRYDWLRQV�GHYHORSHG�
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��6HVVLRQ����3RVWHU�6HVVLRQ�%��,QGRRU�SDUWLFOHV�DQG�ZRUNSODFH�DHURVROV���3RVWHU 6��3RVWHU�%
��

$Q�,QQRYDWLYH�9HUWLFDO�$LUIORZ�6\VWHP�ZLWK�&HUDPLF�)LOWHUV�IRU�5HGXFLQJ�$LUERUQH�3DWKRJHQV�LQ�+HDOWKFDUH
6HWWLQJV�

0��6RXVD�GH�$OPHLGD���$��0D\HU���-��)UH\���$��3HWUL�)LQN�����%��5RWKHQ�5XWLVKDXVHU���+��%XUWVFKHU�

�$GROSKH�0HUNOH�,QVWLWXWH��$0,���8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GHV�9HUGLHUV���������)ULERXUJ��6ZLW]H���1DQR&OHDQ$LU
*PE+��)RKUK|O]OLVWUDVVH���%�������1LHGHUURKUGRUI��6ZLW]HUODQG���9HWVXLVVH�)DFXOW\��8QLYHUVLW\�RI�%HUQ�������%HUQ�

6ZLW]HUODQG���$GROSKH�0HUNOH�,QVWLWXWH��$0,���8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GHV�9HUGLHUV���������)ULERXUJ��6ZLW]HUODQG�
�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GX�0XVpH���������)ULERXUJ��6ZLW]HUODQG���,QVWLWXWH�RI�$HURVRO

DQG�6HQVRU�7HFKQRORJ\��6ZLVV�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�DQG�$UWV�1RUWKZHVWHUQ�6ZLW]HUODQG�

7KH &29,'��� SDQGHPLF XQGHUVFRUHG WKH SLYRWDO UROH RI DHURVRO WUDQVPLVVLRQ LQ WKH VSUHDG RI LQIHFWLRXV GLVHDVHV�
KLJKOLJKWLQJ WKH XUJHQW QHHG IRU HQKDQFHG DLU TXDOLW\ FRQWURO LQ KHDOWKFDUH VHWWLQJV���� ,Q D SUHYLRXV VWXG\ ZH KDYH VKRZQ
WKDW FHUDPLF ZDOO IORZ ILOWHUV FDQ EH XVHG IRU DQ HIILFLHQW ILOWUDWLRQ RI WKH YLUXV VXUURJDWH 06� EDFWHULRSKDJHV�� 7KLV VWXG\
SUHVHQWV D QRYHO YHUWLFDO DLUIORZ GHYLFH� ZKLFK LQWHJUDWHV WKH HDUOLHU GHVFULEHG FHUDPLF ZDOO IORZ ILOWHUV WR PLWLJDWH WKH
VSUHDG RI DLUERUQH SDWKRJHQV LQ KRVSLWDO HQYLURQPHQWV� 3RVLWLRQHG DERYH D SDWLHQW¶V EHG� WKH V\VWHP FDSWXUHV H[KDOHG DLU�
ILOWHUV LW WKURXJK KLJK�HIILFLHQF\ FHUDPLF ILOWHUV� DQG UHGLVWULEXWHV LW EHQHDWK WKH EHG� /DERUDWRU\ HYDOXDWLRQV FRQGXFWHG LQ
ERWK VPDOO ��� Pð� DQG ODUJH ��� Pð� URRPV GHPRQVWUDWHG VLJQLILFDQW UHGXFWLRQV LQ DHURVRO VSUHDG� ZLWK ILOWUDWLRQ HIILFLHQFLHV
XS WR ��� IRU VDOW SDUWLFOHV DQG ��� IRU 06� EDFWHULRSKDJHV XQGHU UHDO�ZRUOG FRQGLWLRQV� 7KH V\VWHP¶V SHUIRUPDQFH ZDV
IXUWKHU WHVWHG LQ FRPELQDWLRQ ZLWK KRVSLWDO FXUWDLQV� ZKLFK� ZKLOH PRGHUDWHO\ HIIHFWLYH RQ WKHLU RZQ� VKRZHG PDUNHG
LPSURYHPHQW ZKHQ XVHG DORQJVLGH WKH GHYLFH� 7KHVH ILQGLQJV KLJKOLJKW WKH V\VWHP
V SRWHQWLDO WR UHGXFH QRVRFRPLDO
LQIHFWLRQV E\ ORZHULQJ ELRDHURVRO FRQFHQWUDWLRQV� 7KH FRPELQDWLRQ RI YHUWLFDO DLUIORZ DQG DGYDQFHG ILOWUDWLRQ WHFKQRORJ\
RIIHUV�D�SUDFWLFDO�DQG�HIIHFWLYH�DSSURDFK�WR�VDIHJXDUGLQJ�SDWLHQWV�DQG�KHDOWKFDUH�ZRUNHUV�LQ�KRVSLWDO�VHWWLQJV�

>�@�*��6FKHXFK��-��$HURVRO�0HG��3XOP��'UXJ�'HOLY���'2,���������MDPS�����������
>�@ +� 1LVKLXUD� +� 2VKLWDQL� 7� .RED\DVKL� 7� 6DLWR� 7� 6XQDJDZD� 7� 0DWVXL� 7� :DNLWD DQG 0� 6X]XNL� PHG5[LY�
'2,�����������������������������
>�@ 7� 5�JJHEHUJ� $� 0LORVHYLF� 3� 6SHFKW� $� 0D\HU� -� )UH\� $� 3HWUL�)LQN� +� %XUWVFKHU DQG %� 5RWKHQ�5XWLVKDXVHU�
$HURVRO�$LU�4XDO��5HV���'2,���������DDTU��������
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