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'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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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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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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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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��6HVVLRQ����3RVWHU�6HVVLRQ�%��%UDNH�DQG�W\UH�ZHDU��QRQ�FRPEXVWLRQ�HPLVVLRQV���3RVWHU 6��3RVWHU�%
��

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�
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  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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��

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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%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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