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&DQ�H[LVWLQJ�SHULRGLF�WHFKQLFDO�LQVSHFWLRQ�LQVWUXPHQWV�PHDVXUH�*',�HQJLQH�HPLVVLRQV"

8��7ULYDQRYLF���7��+DPPHU���.��$XGHUVHW���$��0HODV���%��*LHFKDVNLHO���.��9DVLODWRX��

�3DUWLFOHV�DQG�$HURVROV�/DERUDWRU\��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6��%HUQ��&+�������6ZLW]HUODQG����(XURSHDQ
&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���������,VSUD��,WDO\�

3HULRGLF WHFKQLFDO LQVSHFWLRQ �37,� RI YHKLFOHV LV XVHG LQ VHYHUDO FRXQWULHV� LQFOXGLQJ 6ZLW]HUODQG� WR GHWHFW GHIHFWLYH GLHVHO
SDUWLFXODWH ILOWHUV �'3)�� 7KLV LV DFKLHYHG E\ PHDVXULQJ WKH SDUWLFOH QXPEHU �31� ZLWK 31�37, GHYLFHV WKDW FDQ EH XVHG E\
QRQ�H[SHUWV LQ D JDUDJH VHWWLQJ DW D UHODWLYHO\ ORZ FRVW� *DVROLQH GLUHFW LQMHFWLRQ �*',� HQJLQHV DOVR KDYH SDUWLFXODWH ILOWHUV
WKDW FDQ EH GDPDJHG RU WDPSHUHG ZLWK DQG WKHUHIRUH� FRXOG EHQHILW IURP 31�37, LQVSHFWLRQ� +RZHYHU� H[LVWLQJ GHYLFHV ZHUH
QRW GHVLJQHG IRU JDVROLQH H[KDXVW ZKLFK WHQGV WR KDYH KLJKHU KXPLGLW\ DQG VPDOOHU SDUWLFOH VL]HV FRPSDUHG WR GLHVHO
HQJLQHV� +HUH� ZH LQYHVWLJDWH WKH HIIHFWLYHQHVV RI 31�37, GHYLFHV W\SH�H[DPLQHG IRU GLHVHO YHKLFOHV LQ 6ZLW]HUODQG� WR
GHWHFW HPLVVLRQV IURP *', HQJLQHV ZLWK VLPXODWHG DQG UHDO *', H[KDXVW� /DERUDWRU\ H[SHULPHQWV ZHUH SHUIRUPHG ZLWK
PLQL&$67 VRRW ZLWK JHRPHWULF PHDQ PRELOLW\ GLDPHWHUV LQ WKH UDQJH RI �� ± �� QP ZLWK DQG ZLWKRXW DGGHG KXPLGLW\� )LHOG
PHDVXUHPHQWV ZHUH SHUIRUPHG DW WKH (XURSHDQ &RPPLVVLRQ -RLQW 5HVHDUFK &HQWUH �-5&� ZLWK VL[ GLIIHUHQW JDVROLQH
YHKLFOHV�UXQQLQJ�DW�ORZ�LGOH��ORZ�ORDGHG�LGOH��KLJK�LGOH�DQG�KLJK�ORDGHG�LGOH�

7KH JHRPHWULF PHDQ PRELOLW\ GLDPHWHU �*0'� RI WKH SDUWLFOHV IURP WKH YHKLFOHV VWXGLHG ZHUH PRVW FRPPRQO\ LQ WKH
UDQJH IURP �� ± �� QP� :KLOH DOO RI WKH GHYLFHV ZHUH DEOH WR PHDVXUH SDUWLFOHV LQ WKLV VL]H UDQJH� WKH FRXQWLQJ HIILFLHQF\
�&(� ZDV SRRU DV WKH �� � FXW�RII ZDV DOVR LQ WKH *0' UDQJH RI �� ± �� QP IRU PLQL&$67 VRRW� 7KH UDZ DHURVRO IURP WKH
PLQL&$67 SURYLGHV D UHODWLYHO\ GU\ DHURVRO ZLWK DERXW �� � UHODWLYH KXPLGLW\ DW URRP WHPSHUDWXUH� $OO EXW RQH RI WKH 31�
37, GHYLFHV ZHUH DEOH WR PHDVXUH DW HOHYDWHG KXPLGLW\ OHYHOV VLPLODU WR WKDW REVHUYHG LQ JDVROLQH H[KDXVW� $SSUR[LPDWHO\
KDOI RI WKH GHYLFHV ZHUH XQDIIHFWHG E\ HOHYDWHG KXPLGLW\ ZKLOH WKH RWKHU KDOI VKRZHG DQ LQFUHDVH LQ WKH &(� 7KH WHVWHG 31�
37, GHYLFHV HPSOR\HG YDULDWLRQV RI WKH GLUHFW FKDUJLQJ �'&� SDUWLFOH PHDVXUHPHQW SULQFLSOH� 7KXV� WKH LQFUHDVHG &(
VXJJHVWV WKDW WKH LQFUHDVHG KXPLGLW\ VHHPV WR HQKDQFH WKH DELOLW\ RI WKH '& VHQVRUV WR GHWHFW SDUWLFOHV� 7KHUHIRUH� H[LVWLQJ
31�37, GHYLFHV VHHP FDSDEOH RI PHDVXULQJ *', H[KDXVW KRZHYHU� PRGLILFDWLRQV PD\ EH QHFHVVDU\ WR UHDFK DQ DFFHSWDEOH
&(�LQ�WKH�VL]H�DQG�KXPLGLW\�UDQJHV�UHOHYDQW�WR�JDVROLQH�H[KDXVW�
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&DWDO\WLF�R[LGDWLRQ�RI�&2��92&�DQG�30�LQ�2��ULFK�H[KDXVW�RI�VPDOO�VFDOH�ILUHSODFHV�

6��.XUHWL���0��8OEULFKW�

�78�%HUJDNDGHPLH�)UHLEHUJ�

,Q *HUPDQ\ DURXQG ���� PLOOLRQV RI LQGLYLGXDO URRP KHDWLQJ V\VWHPV VXFK DV ILUHSODFHV DQG VWRYHV H[LVW� 0DQ\ RI WKHP XVH
ELRPDVV DV FRPEXVWLEOH� IRU LQVWDQFH ZRRG� ZKLFK LV RI LPSRUWDQFH WRZDUG WKH GHIRVVLOL]DWLRQ RI WKH HQHUJ\ VHFWRU�
+RZHYHU� LQFRPSOHWH ELRPDVV FRPEXVWLRQ OHDGV WR WKH HPLVVLRQ RI FDUERQ PRQR[LGH �&2�� YRODWLOH RUJDQLF FRPSRXQGV
�92&� DQG SDUWLFXODWH PDWWHU �30�� ,Q WKH FRXUVH RI WKH UHYLVLRQ RI WKH )HGHUDO ,PPLVVLRQ &RQWURO 5HJXODWLRQ �³%,P6FK9´�
HPLVVLRQ OLPLWV IRU &2 �� J P��� DQG 30 ����� J P��� ZHUH LQWURGXFHG� 2[LGDWLRQ FDWDO\VWV� ZKLFK DUH FDSDEOH RI
VLPXOWDQHRXVO\ FRQYHUWLQJ WKHVH SROOXWDQWV� DUH DYDLODEOH IRU QHZ FRPEXVWLRQ V\VWHPV DQG UHWURILWWLQJ� 7KH FDWDO\VWV DUH
EDVHG RQ FRVW�LQWHQVLYH SUHFLRXV PHWDOV VXFK DV SODWLQXP �3W� DQG SDOODGLXP �3G� DQG UHTXLUH PDLQWHQDQFH GXH WR VRRW DQG
DVK UHVLGXHV� 7KXV� WKH SUHVHQW FRQWULEXWLRQ UHSRUWV RQ RXU 5	' GHDOLQJ ZLWK QRYHO ORZ�FRVW DQG VHOI�FOHDQLQJ )H�0Q
FDWDO\VWV�IRU�WKH�DEDWHPHQW�RI�SROOXWDQWV�LQ�WKH�2��ULFK�H[KDXVW�JDV�RI�VPDOO�VFDOH�ILUHSODFHV�

%DUH )H�0Q R[LGH VDPSOHV ZHUH V\VWHPDWLFDOO\ GHYHORSHG E\ YDU\LQJ WKH )H�0Q SURSRUWLRQV DQG SK\VLFR�FKHPLFDO
SURSHUWLHV VXFK DV FU\VWDOOLQLW\ DQG SRURVLW\� 7KH VDPSOHV ZHUH SUHSDUHG LQ�KRXVH� SK\VLFR�FKHPLFDOO\ FKDUDFWHUL]HG DQG
WHVWHG LQ WKH ODERUDWRU\ LQ WKH IRUP DV JUDQXODWHG SRZGHUV ���� � ��� ȝP�� )RU WKH FDWDO\WLF WHVWV� D V\QWKHWLF H[KDXVW ZDV
XVHG FRPSRVHG RI �� YRO�� 2�� �� YRO�� +�2 DQG ��� SSP WROXHQH DV D PRGHO FRPSRXQG IRU RUJDQLF VRRW� )LJXUH �
H[HPSODULO\ VKRZV WKH R[LGDWLRQ SHUIRUPDQFH RI WKH FXUUHQWO\ EHVW )H�0Q R[LGH FDWDO\VW FRPSDUHG ZLWK D $O�2��VXSSRUWHG
3W�3G UHIHUHQFH FDWDO\VW� $V D UHVXOW� ERWK FDWDO\VWV FRPSOHWHO\ R[LGL]H WROXHQH DERYH ����&� ZKLFK RI KLJK UHOHYDQFH IRU DQ
HIILFLHQW UHPRYDO RI RUJDQLF PDWWHU� 7HPSHUDWXUHV RI ����& DQG DERYH DSSHDU DW WKH RXWOHW RI WKH FRPEXVWLRQ FKDPEHU�
0RUHRYHU��WKH�3W�3G�VDPSOH�LV�PRUH�DFWLYH�DW�ORZHU�WHPSHUDWXUH�

&RQFOXVLRQ

)H�0Q R[LGH FDWDO\VWV ZHUH LQYHVWLJDWHG WRZDUG WKH OHDQ R[LGDWLRQ RI WROXHQH DV D PRGHO FRPSRXQG IRU RUJDQLF SDUWLFOHV
SUHVHQW LQ WKH H[KDXVW RI VPDOO�VFDOH ILUHSODFHV� 7KH SUHFLRXV PHWDO�IUHH FDWDO\VW VKRZV D SURPLVLQJ R[LGDWLRQ DFWLYLW\ DW
UHOHYDQW WHPSHUDWXUHV DQG RIIHUV WKH SRVVLELOLW\ WR UHSODFH VWDWH�RI�WKH�DUW 3W�3G FDWDO\VWV� 0RUHRYHU� WKH FRQWULEXWLRQ DW
13&��� ZLOO UHSRUW IXUWKHU UHVXOWV RI RXU V\VWHPDWLF VWXG\ RQ WKH HIIHFW RI FDWDO\VW SURSHUWLHV DQG H[KDXVW JDV FRQGLWLRQV RQ
WKH�UHPRYDO�RI�&2��92&�DQG�30��$GGLWLRQDOO\��VRPH�XS�VFDOLQJ�UHVXOWV�ZLOO�EH�SUHVHQWHG�

�

�

)LJXUH����7ROXHQH�FRQYHUVLRQ�RQ�)H�0Q�R[LGH��EOXH�FXUYH��DQG�3W�3G�UHIHUHQFH�FDWDO\VW��EODFN�FXUYH��LQ�OHDQ�PRGHO
H[KDXVW�RI�VPDOO�VDOH�ILUHSODFH
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,QIOXHQFH�RI�HOHFWURVWDWLF�SUHFLSLWDWRUV�DW�VPDOO�VFDOH�ELRPDVV�FRPEXVWLRQ�V\VWHPV�RQ�SDUWLFOH�QXPEHU�HPLVVLRQV�DQG

SDUWLFOH�VL]H�GLVWULEXWLRQV�

0��0�OOHU���0��.|QLJ���5��%LQGLJ���,��+DUWPDQQ�

�'%)=�'HXWVFKHV�%LRPDVVHIRUVFKXQJV]HQWUXP�JHPHLQQ�W]LJH�*PE+��7RUJDXHU�6WUD�H������������/HLS]LJ�

7KH KDUPIXO HIIHFWV RI XOWUDILQH SDUWLFOHV RXW RI ELRPDVV FRPEXVWLRQ SURYLGHV WKH EDFNJURXQG RI PHDVXUHPHQWV DW GLIIHUHQW
ZRRG FRPEXVWLRQ V\VWHPV HTXLSSHG ZLWK HOHFWURVWDWLF SUHFLSLWDWRUV� 6LPXOWDQHRXVO\� JUDYLPHWULF PHDVXUHPHQWV DFFRUGLQJ WR
9', ���� DQG SDUWLFOH QXPEHU PHDVXUHPHQWV KDYH EHHQ GRQH EHIRUH DQG DIWHU WKH SUHFLSLWDWRUV LQ SDUDOOHO� XVLQJ WKUHH
GLIIHUHQW W\SHV RI GHYLFHV �0366� 13(7� (/3,���� 7R HYDOXDWH WKH FRPSDUDELOLW\ RI WKH GLIIHUHQW PHDVXULQJ GHYLFHV DQG
WKH YDULDQFH� TXDOLW\ DVVXUDQFH DQG FDOLEUDWLRQ DQDO\VHV RI WKH PHDVXULQJ GHYLFHV ZLWK DHURVRO JHQHUDWRUV DQG FRPSDULVRQ
PHDVXUHPHQWV XVLQJ WKH PHDVXULQJ GHYLFHV LQ RQH IOXH JDV PHDVXULQJ VHFWLRQ GXULQJ RSHUDWLRQ RI D ZRRG ORJ VWRYH KDYH
EHHQ FDUULHG RXW� %HVLGH RI WKH SDUWLFOH QXPEHU FKDQJHV LQGXFHG E\ D SUHFLSLWDWRU DOVR WKRVH LQ WKH IOXH JDV SLSH ZLWKRXW WKH
HOHFWURVWDWLF�LQIOXHQFH�ZHUH�DQDO\]HG�

7KH (/3, GHYLFHV VKRZHG WKH KLJKHVW SDUWLFOH QXPEHU FRQFHQWUDWLRQV� IROORZHG E\ 0366 DQG WKHUHDIWHU WKH 13(7 GHYLFHV�
GXH WR WKH GLIIHUHQW PHDVXUHPHQW SULQFLSOHV DQG DV ZHOO VL]H UDQJHV FRYHUHG� 7KH PHDVXUHPHQW GDWD VKRZV WKH UHGXFWLRQ RI
WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ ������ �� LQ FRXUVH RI WKH IOXH JDV SLSH DFFRPSDQLHG E\ D VKLIW RI WKH SDUWLFOH VL]H
GLVWULEXWLRQ WR ELJJHU SDUWLFOHV� 7KH REVHUYDWLRQV DUH UHDVRQHG E\ DJJORPHUDWLRQ DQG FRDJXODWLRQ DQG DV ZHOO GHSRVLWLRQ DW
WKH SLSH ZDOOV� 7KH HOHFWURVWDWLF SUHFLSLWDWRUV ZHUH DEOH WR UHGXFH WKH QXPEHU RI SDUWLFOHV E\ PRUH WKDQ DQ RUGHU RI
PDJQLWXGH LQ VRPH FDVHV� +RZHYHU� WKH UHGXFWLRQ ZDV GLIIHUHQW IRU WKH YDULRXV FRPELQDWLRQV RI IXUQDFH DQG VHSDUDWRU� 7KH
LQYHVWLJDWLRQV SURYLGH D GDWD EDVLV IRU VHYHUDO DVSHFWV OLNH WKH LPSDFW RI SUHFLSLWDWRUV RQ SDUWLFOHV DV ZHOO DV WKH DVVHVVPHQW
RI�RSHUDWLQJ�FRQGLWLRQ�EDVHG�RQ�JUDYLPHWULF�DQG�SDUWLFOH�QXPEHU�PHDVXUHPHQWV�
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5HGXFLQJ�IOHHW�HPLVVLRQV�E\�SHULRGLFDO�WHFKQLFDO�LQVSHFWLRQ�

+��%XUWVFKHU���$��0D\HU�

�)+1:��,QVWLWXH�IRU�6HQVRUV�DQG�(OHFWURQLFV���9(57�$VVRFLDWLRQ��

3DUWLFOH HPLVVLRQV IURP GLHVHO HQJLQHV� HTXLSSHG ZLWK SURSHUO\ ZRUNLQJ SDUWLFOH ILOWHUV DUH YHU\ ORZ� RIWHQ ORZHU WKDQ
DPELHQW FRQFHQWUDWLRQV� +RZHYHU� VPDOO FUDFNV RU PDQLSXODWLRQV PD\ OHDG WR HPLWWHG SDUWLFOH FRQFHQWUDWLRQV� ZKLFK DUH
RUGHUV RI PDJQLWXGHV KLJKHU� $ QXPEHU RI VWXGLHV IURP GLIIHUHQW FRXQWULHV GHPRQVWUDWH WKH VHYHULW\ RI WKLV SUREOHP� 5HFHQW
VWXGLHV VKRZ WKDW WKH VLWXDWLRQ LV YHU\ VLPLODU IRU JDVROLQH HQJLQHV� $V DQ H[DPSOH )LJXUH � VKRZV WKH IUDFWLRQ RI FDUV DQG
WKHLU FRQWULEXWLRQ WR HPLVVLRQV LQ � FRQFHQWUDWLRQ UDQJHV� ,W LV YHU\ REYLRXV WKDW PRVW FDUV D FOHDQ DQG D VPDOO IUDFWLRQ LV
UHVSRQVLEOH IRU PRVW HPLVVLRQV� :H FDOO WKLV WKH µGLUW\ WDLO SDUDGLJP¶� $ VXPPDU\ RI VHYHUDO VWXGLHV LV VKRZQ LQ )LJXUH ��
7KHUH WKH DYHUDJH HPLVVLRQV RI DOO FDUV DUH FRPSDUHG WKRVH RI WKH FDUV EHORZ D OLPLW RI ���¶��� FP��� (PLVVLRQV RI FDUV�
IXOILOOLQJ�WKLV�OLPLW�DUH�PRUH�WKDQ�DQ�RUGHU�RI�PDJQLWXGH�ORZHU��

�

�

7KHVH�KLJK�SROOXWHUV�KDYH�WR�EH�LGHQWLILHG�DQG�RQH�RSWLRQ�WKHUHIRUH�LV�D�SHULRGLF�WHFKQLFDO�,QVSHFWLRQ��1�37,��RI�WKH�31�
HPLVVLRQV��$W�OHDVW�IRU�GLHVHO�HQJLQHV�D�VLPSOH�PHDVXUHPHQW�DW�ORZ�LGOH�LV�ZHOO�FRUUHODWHG�ZLWK�UHVXOWV�IURP�W\SH�DSSURYDO
WHVWLQJ��)RU�JDVROLQH�HQJLQHV�WKLV�FRUUHODWLRQ�LV�QRW�DV�JRRG��WKHUH�PRUH�ZRUN�LV�QHHGHG��,Q�VHYHUDO�FRXQWULHV�37,
PHDQZKLOH�KDV�EHHQ�LQWURGXFHG��DW�OHDVW�IRU�GLHVHO�HQJLQHV��

�

�
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