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

�&,5(6���%RXOGHU��&2��86$�

$LUFUDIW SDUWLFOH HPLVVLRQV DW WKH HQJLQH H[LW DUH ODUJHO\ FRPSRVHG RI 8OWUD )LQH 3DUWLFOHV �8)3V� GLDPHWHU RI ���� QP�� 'XH
WR�WKHLU�VPDOO�VL]H��8)3V�DUH�WUDQVSRUWHG�GHHSHU�LQ�WKH�KXPDQ�ERG\��FDXVLQJ�DGYHUVH�KHDOWK�HIIHFWV���

,Q WKH IUDPHZRUN RI WKH $YLDWLRQ 3OXPH 3523H5W,HV $7 SRLQW RI ([SRVXUH �$335235,$7(� SURMHFW� D VWDWH�RI�WKH�DUW VHW
RI JDV� DQG DHURVRO�SKDVH LQVWUXPHQWDWLRQ ZDV GHSOR\HG � NP DW WKH HDVW�VLGH RI =�ULFK DLUSRUW WR FKDUDFWHUL]H DLUFUDIW 8)3V
GXULQJ � PRQWK LQ IDOO ����� 7KH ((6,�7R) PDVV VSHFWURPHWHU ZDV XVHG WR PHDVXUH WKHLU FKHPLFDO FRPSRVLWLRQ DW D
PROHFXODU OHYHO� XVLQJ SUHYLRXVO\ UHSRUWHG RLO WUDFHUV �� 0HDVXUHPHQWV VKRZHG WKDW DLUSRUW DFWLYLWLHV DUH WKH SULQFLSDO
FRQWULEXWRU WR WKH 8)3V PHDVXUHG DW WKH VLWH� WKXV GULYLQJ WKHLU PHGLDQ GLDPHWHU �DURXQG ���� QP� DQG EULQJLQJ KLJK QXPEHU
FRQFHQWUDWLRQV �! ����� FP���� :KLOH WKH OLWHUDWXUH WHQGV WR LGHQWLI\ 8)3V IURP DYLDWLRQ E\ WKHLU W\SLFDO VPDOO GLDPHWHU� ZH
KLJKOLJKWHG WKDW WKHLU PRGDO GLDPHWHU FDQ JURZ XS WR �� QP E\ FRQGHQVDWLRQ DQG�RU FRDJXODWLRQ SURFHVVHV� )LJXUH � VKRZV
WKH WRWDO SDUWLFOH QXPEHU �31� FRQFHQWUDWLRQ ± PRVWO\ PDGH RI 8)3V � DV D IXQFWLRQ RI WKH ((6,�7R) VLJQDO LQWHQVLW\ IRU WZR
OXEH�RLO WUDFHUV �WKH WULFUHV\O�3KRVSKDWH 7&3� DQG D &�� HVWHU�� $Q LQFUHDVH RI WKH 31 FRQFHQWUDWLRQ ZLWK WKH OXEH�RLO VLJQDO
KDV EHHQ IRXQG� 7KLV ILQGLQJ KLJKOLJKWV WKDW RQOLQH GHWHFWLRQ RI OXEH�RLO WUDFHUV FDQ EH XVHG DV D SUHGLFWRU IRU KLJK 8)3V
FRQFHQWUDWLRQV�IURP�WKH�DLUSRUW�

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 6ZLVV )HGHUDO 2IILFH RI &LYLO $YLDWLRQ �6)/9 ���������� :H DFNQRZOHGJH )ULWKMRI
6LHJHULVW� WKH =+$: &HQWUH IRU $YLDWLRQ� (PSD DQG WKH &LW\ RI .ORWHQ IRU WKHLU VXSSRUW ZLWK ORJLVWLFV� LQVWUXPHQWDWLRQ� DQG
WKH�VDPSOLQJ�VLWH�

�

�

>�@ %HQGWVHQ� .� 0�� %HQJWVHQ� (�� 6DEHU� $� 7�� 9RJHO� 8� $ 5HYLHZ RI +HDOWK (IIHFWV $VVRFLDWHG ZLWK ([SRVXUH WR -HW
(QJLQH�(PLVVLRQV�LQ�DQG�DURXQG�$LUSRUWV��(QYLURQPHQWDO�+HDOWK������������������
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3UpY{W��$��6��+���4L��/���6ORZLN��-��*���6SLULJ��&���7LQRUXD��6���8QJHKHXHU��)���9RJHO��$���=KDQJ��-���%UHP��%��7��(PLVVLRQ
DQG�)RUPDWLRQ�RI�$LUFUDIW�(QJLQH�2LO�8OWUDILQH�3DUWLFOHV��$&6�(67�$LU������
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*DVHRXV�DQG�1RQ�9RODWLOH�3DUWLFXODWH�(PLVVLRQV�IURP�D�3ULYDWH�-HW�8VLQJ�)RVVLO�-HW�$���DQG�D�����+()$�63.

%OHQG�

/��'XUGLQD�����=��&��'HFNHU�����-��(GHEHOL���&��6SLULJ���7��)ULVFKNQHFKW���-��*��$QHW���%��7��%UHP���)��6LHJHULVW���7�
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�

�*UHHQ/HW�5HVHDUFK��2EHUJODWW�=+��6ZLW]HUODQG���&HQWUH�IRU�$YLDWLRQ��=+$:�=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�
&+�������:LQWHUWKXU��6ZLW]HUODQG���/DERUDWRU\�IRU�$WPRVSKHULF�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��&+������
6ZLW]HUODQG����12$$�&KHPLFDO�6FLHQFHV�/DERUDWRU\��%RXOGHU��&2���������8�6�$���65�7HFKQLFV�6ZLW]HUODQG�$*��=XULFK�

$LUSRUW��&+�������6ZLW]HUODQG���6ZLVV�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ��,WWLJHQ��&+�������6ZLW]HUODQG�

6PDOO WXUERIDQ HQJLQHV ������ N1 WKUXVW�� ZLGHO\ XVHG LQ SULYDWH DQG EXVLQHVV DYLDWLRQ� UHPDLQ H[HPSW IURP HPLVVLRQV
UHJXODWLRQV GHVSLWH WKHLU JURZLQJ FRQWULEXWLRQ WR DYLDWLRQ¶V HQYLURQPHQWDO LPSDFW� 7KLV VWXG\ H[DPLQHV JDVHRXV DQG QRQ�
YRODWLOH SDUWLFXODWH PDWWHU �QY30� HPLVVLRQV IURP D SRSXODU VPDOO WXUERIDQ HQJLQH XVLQJ IRVVLO -HW $�� �WZR EDWFKHV� DQG D
��� +\GURSURFHVVHG (VWHUV DQG )DWW\ $FLGV 6\QWKHWLF 3DUDIILQLF .HURVHQH �+()$�63.� EOHQG� &RPSDUHG WR WKH IRVVLO
IXHOV� WKH +()$�63. EOHQG FRQWDLQHG XS WR �� IHZHU DURPDWLFV E\ YROXPH� DERXW KDOI WKH QDSKWKDOHQH FRQWHQW� DQG XS WR
����OHVV�VXOIXU��7KH�IXHO�K\GURJHQ�FRQWHQW�RI�WKH�+()$�63.�EOHQG�ZDV�a������KLJKHU�

0HDVXUHPHQWV DW JURXQG OHYHO� SHUIRUPHG ZLWK DGYDQFHG LQVWUXPHQWDWLRQ DQG D VWDQGDUGL]HG H[KDXVW VDPSOLQJ DQG
PHDVXUHPHQW V\VWHP� UHYHDOHG VLJQLILFDQW UHGXFWLRQV LQ QY30 HPLVVLRQV ZLWK WKH VXVWDLQDEOH DYLDWLRQ IXHO �6$)� EOHQG� 7KH
QY30 PDVV DQG QXPEHU HPLVVLRQ LQGLFHV �(,V� ZHUH UHGXFHG E\ a��� DQG a��� DW LGOH� UHVSHFWLYHO\� 7KH UHGXFWLRQV ZHUH
OHVV SURQRXQFHG DW KLJKHU WKUXVW VHWWLQJV� DOLJQLQJ ZLWK NQRZQ WUHQGV IRU IXHO FRPSRVLWLRQ HIIHFWV� 62� HPLVVLRQV ZHUH
SURSRUWLRQDO WR WKH EOHQG¶V ORZHU VXOIXU FRQWHQW� ZKLOH 92& DQDO\VLV KLJKOLJKWHG UHGXFHG HPLVVLRQV RI FRPSOH[ XQVDWXUDWHG
K\GURFDUERQV GXH WR ORZHU DURPDWLF FRQWHQW� 1RWDEO\� QY30 QXPEHU (,V DW FUXLVH ZHUH HVWLPDWHG WR GHFUHDVH E\ a����
VXJJHVWLQJ D FRUUHVSRQGLQJ UHGXFWLRQ LQ FRQWUDLO LFH SDUWLFOH FRQFHQWUDWLRQV� 7KHVH ILQGLQJV XQGHUVFRUH 6$)¶V SRWHQWLDO WR
PLWLJDWH FOLPDWH DQG DLU TXDOLW\ LPSDFWV RI VPDOO WXUERIDQ HQJLQHV ZKLOH KLJKOLJKWLQJ WKH QHHG IRU LPSURYHG SUHGLFWLYH
PRGHOV�RI�IXHO�FRPSRVLWLRQ�HIIHFWV�RQ�QY30�HPLVVLRQV�
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(IIHFWV�6$)�XVH�	�)XHO�FRPSRVLWLRQ�RQ�9RODWLOH�DQG�QRQ�9RODWLOH�30�DYLDWLRQ�HPLVVLRQV�

5��&��0LDNH�/\H���%�������HFR'HPRQVWUDWRU�7HDP���*�������*����6$)�7HVW�7HDP�

�$HURG\QH�5HVHDUFK���%RHLQJ�&RPPHUFLDO�$LUSODQHV���*XOIVWUHDP�$HURVSDFH�&RUSRUDWLRQ�

5HFHQW RQ�ZLQJ PHDVXUHPHQWV RI 3DUWLFXODWH 0DWWHU �30� HPLVVLRQV KDYH EHHQ PDGH XVLQJ 6XVWDLQDEOH $YLDWLRQ )XHOV
�6$)V� DQG ORZ )XHO 6XOIXU &RQWHQW �)6&� MHW IXHOV� 7KHVH WHVWV KDYH DFKLHYHG PLQLPDO WR QR VXOIXU FRQWDPLQDWLRQ RI ����
6$)� DOORZLQJ WKH LPSRUWDQFH RI )6& DW OHYHOV EHORZ D IHZ SSPP WR EH H[DPLQHG� 7KH GUDPDWLF FKDQJHV ZKHQ VXOIXU
HPLVVLRQV DUH QR ORQJHU VLJQLILFDQW GHPRQVWUDWH WKH SRWHQWLDO RI ���� QHDW 6$) IRU LPSURYLQJ ORFDO DLU TXDOLW\ QHDU DLUSRUWV�
7KHVH UHVXOWV DOVR LQGLFDWH WKDW WKHUH PD\ EH SRVVLEOH EHQHILWV RI UHGXFLQJ WKH IRUPDWLRQ RI FRQGHQVDWLRQ WUDLOV ZLWK YHU\ ORZ
)6& IXHOV� ,Q DOO UHFHQW WHVWV RI FXUUHQW DLUFUDIW HQJLQHV� WKH FRQWULEXWLRQV RI RLO DUH D PDMRU FRPSRQHQW DQG FDQQRW EH
LJQRUHG��HVSHFLDOO\�DV�DLUFUDIW�HQJLQH�FRPEXVWLRQ�HPLVVLRQV�FRQWLQXH�WR�GHFUHDVH�
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$�³�QG´��!�����QP��6L]H�0RGH�LQ�$LUFUDIW�*DV�7XUELQH�(QJLQH�([KDXVW�

'��.LWWHOVRQ���$��=HOHQ\XN�

�'HSDUWPHQW�RI�0HFKDQFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�0LQQHVRWD��0LQQHDSROLV��01���������86$���8�6��'HSDUWPHQW�RI
(QHUJ\��3DFLILF�1RUWKZHVW�1DWLRQDO�/DERUDWRU\��5LFKODQG��:$���������86$�

6HYHUDO \HDUV DJR� ZH SUHVHQWHG SUHOLPLQDU\ ZRUN RQ WKLV WRSLF� 7KLV UHSRUW LV D GHVFULEHV DGGLWLRQDO DQDO\VLV DQG
LQWHUSUHWDWLRQ RI RXU UHVXOWV� 0RWRU YHKLFOH SLVWRQ HQJLQH H[KDXVW SDUWLFOH VL]H GLVWULEXWLRQV �36'� W\SLFDOO\ VKRZ WKUHH
GLVWLQFW PRGHV� D QXFOHDWLRQ PRGH EHWZHHQ DERXW � DQG �� QP GLDPHWHU FRQVLVWLQJ PDLQO\ RI VHPL�YRODWLOH PDWHULDO� DQ
DFFXPXODWLRQ RU VRRW PRGH EHWZHHQ DERXW �� DQG ��� QP GLDPHWHU FRQVLVWLQJ PDLQO\ RI FDUERQDFHRXV DJJUHJDWHV� DQG D
FRDUVH PRGH FRQVLVWLQJ RI ODUJHU PHFKDQLFDOO\ JHQHUDWHG SDUWLFOHV ± IURP RLO DWRPL]DWLRQ DQG UH�HQWUDLQPHQW IURP LQ�
F\OLQGHU DQG H[KDXVW VXUIDFHV� 0HDVXUHPHQW RI SDUWLFOHV IURP FRPPHUFLDO DLUFUDIW JDV WXUELQH HQJLQHV LV PXFK PRUH
FKDOOHQJLQJ WKDQ IURP JURXQG�EDVHG YHKLFOHV ZLWK H[KDXVW WHPSHUDWXUHV DV KLJK DV ��� & RU PRUH DQG H[KDXVW YHORFLWLHV
DSSURDFKLQJ 0DFK �� 7KLV QHFHVVLWDWHV WKH XVH RI YHU\ ORQJ VDPSOLQJ OLQHV WKDW FRPSOLFDWH SDUWLFOH PHDVXUHPHQWV� 7KHVH
OLQHV WHQG WR DGVRUE PXFK RI WKH VHPL�YRODWLOH PDWHULDO DQG VXSSUHVV WKH IRUPDWLRQ RI D QXFOHDWLRQ PRGH� 7KH FDUERQDFHRXV
DJJUHJDWHV LQ WKH VRRW PRGH DUH VPDOOHU WKDQ IURP W\SLFDO SLVWRQ HQJLQHV ZLWK GLDPHWHUV LQ WKH �� WR �� QP UDQJH� &RPSDUHG
WR SLVWRQ HQJLQHV WKHUH LV OHVV RSSRUWXQLW\ IRU WKH H[KDXVW WR LQWHUDFW ZLWK VXUIDFHV DQG WKHUH DUH QR SLVWRQ ULQJV WR DWRPL]H
RLO VR FRDUVH SDUWLFOHV ZHUH QRW H[SHFWHG WR EH DQ LVVXH� +RZHYHU� XQGHU VRPH FRQGLWLRQV� HVSHFLDOO\ ZKHQ VRRW
FRQFHQWUDWLRQV ZHUH ORZ� ZH REVHUYHG D GLVWLQFW VL]H PRGH� D ³�QG PRGH´� LQ WKH FRDUVH PRGH VL]H UDQJH FRQVLVWLQJ RI
SDUWLFOHV ODUJHU WKDQ DERXW ��� QP� $OVR QRWH WKDW QR HYLGHQFH ZDV IRXQG IRU PHFKDQLFDO JHQHUDWLRQ E\ SDUWLFOH VKHGGLQJ
IURP WKH VDPSOLQJ V\VWHP DV GHPRQVWUDWHG GXULQJ WKH GDLO\ SUH�WHVW ]HUR FKHFNV RI WKH V\VWHP DQG UHVSRQVH WR VWHS FKDQJHV
LQ FRQFHQWUDWLRQ� 7KH UHVXOWV UHSRUWHG KHUH ZHUH REVHUYHG GXULQJ D VHULHV RI PHDVXUHPHQW FDPSDLJQV� 9$5,$Q7 ����
FRQGXFWHG E\ WKH 8� 6� (QYLURQPHQWDO 3URWHFWLRQ $JHQF\ LQ FROODERUDWLRQ ZLWK WKH 8� 6� $LU )RUFH¶V $UQROG (QJLQHHULQJ
'HYHORSPHQW &RPSOH[� 7KH PDLQ SXUSRVH RI WKHVH FDPSDLJQV ZDV WR UHILQH PHWKRGRORJ\ IRU PHDVXUHPHQW RI QRQ�YRODWLOH
SDUWLFOHV IURP DLUFUDIW HQJLQHV� 7KH UHVXOWV SUHVHQWHG KHUH DUH EDVHG RQ WKH ODVW WZR FDPSDLJQV� 9$5,$Q7 � DQG �� $
*HQHUDO (OHFWULF -��� WXUERMHW DQG /LEE\ :HOGLQJ 0RGHO *7��� DQG /*7��� WXUELQH SRZHUHG VWDUW FDUWV UXQQLQJ ZLWK D
UDQJH RI WHVW FRQGLWLRQV DQG IXHOV ZHUH XVHG DV SDUWLFOH VRXUFHV� 3DUWLFOH VL]H� FRQFHQWUDWLRQ� DQG FRPSRVLWLRQ PHDVXUHPHQWV
ZHUH PDGH XVLQJ D UDQJH RI LQVWUXPHQWV� 7KH IRFXV RI WKHVH VWXGLHV ZDV PHDVXUHPHQW RI DFFXPXODWLRQ PRGH VRRW
DJJUHJDWHV� 7KH FRDUVH PRGH ZDV XQH[SHFWHG� 36' PHDVXUHPHQWV ZHUH PDGH XVLQJ D UDQJH RI LQVWUXPHQWV� ,Q 9$5,$Q7 ��
WZR 76, 6036V �� � ��� QP� DQG D 76, ((36 �� � ��� QP� ZHUH XVHG� ,Q 9$5,$Q7 �� WKUHH 6036V �� � ��� QP�� D ORZ
IORZ 6036 ��� � ��� QP�� D 76, ((36 �� � ��� QP� DQG D &DPEXVWLRQ '06��� �� � ���� QP� ZHUH XVHG� $GGLWLRQDO
PHDVXUHPHQWV UHODWHG WR WKH FRDUVH PRGH ZHUH PDGH XVLQJ DQ $HURG\QH &$36 3066$ WKDW PHDVXUHV OLJKW H[WLQFWLRQ DQG
VFDWWHULQJ LQ ERWK FDPSDLJQV� ,Q 9$5,$17 �� D VLQJOH SDUWLFOH ODVHU DEODWLRQ PDVV VSHFWURPHWHU �PLQL63/$7� WKDW PHDVXUHV
SDUWLFOH VL]H� PRUSKRORJ\� FRPSRVLWLRQ DQG PDVV ZDV DOVR XVHG� :H GHILQH WKH �QG PRGH LQ WZR ZD\V� 9ROXPH DERYH ���
QP �9���� DQG 9 �QG� ZKHUH 9 �QG LV GHWHUPLQHG E\ ILWWLQJ WKH 36' WR D ELPRGDO ORJQRUPDO GLVWULEXWLRQ� 9 �QG DQG 9���
DUH ZHOO FRUUHODWHG� :LWK WKH -���� 9 �QG�9WRWDO UDWLRV RI QHDUO\ ��� ZHUH REVHUYHG LQ VRPH WHVWV� ,Q PRVW FDVHV� 9
�QG�9WRWDO UDWLRV YDULHG LQYHUVHO\ ZLWK HQJLQH ORDG DQG WRWDO YROXPH �PDVV� HPLVVLRQV� )RUPDWLRQ RI WKH PRGH ZDV PXFK
PRUH SURQRXQFHG ZLWK WKH -��� WKDQ ZLWK WKH VWDUW FDUWV� 7KH IRUPDWLRQ RI WKH �QG PRGH ZDV DOVR DVVRFLDWHG ZLWK DQ LQFUHDVH
LQ WKH VLQJOH VFDWWHULQJ DOEHGR �66$� PHDVXUHG E\ WKH &$36 DQG DSSHDUDQFH RI SDUWLFOHV ZLWK GLIIHUHQW FRPSRVLWLRQV DQG
PRUSKRORJLHV�LQ�WKH�PLQL63/$7�GDWD�
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