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([SRUW�RI�DLUFUDIW�H[KDXVW�XOWUDILQH�SDUWLFOHV�IURP�7RN\R�,QWHUQDWLRQDO��+DQHGD��$LUSRUW�

1��7DNHJDZD�

�*UDGXDWH�6FKRRO�RI�6FLHQFH��7RN\R�0HWURSROLWDQ�8QLYHUVLW\��-DSDQ�

+LJK FRQFHQWUDWLRQV RI XOWUDILQH SDUWLFOHV �8)3V� GLDPHWHU � ��� QP� KDYH DGYHUVH HIIHFWV RQ KXPDQ KHDOWK >�@� -HW DLUFUDIW
HPLVVLRQV DUH VLJQLILFDQW VRXUFHV RI 8)3V DURXQG DLUSRUWV DQG LQ WKH XSSHU WURSRVSKHUH� +RZHYHU� WKH HPLVVLRQV DQG
GLVSHUVLRQ RI 8)3V RULJLQDWLQJ IURP MHW DLUFUDIW XQGHU UHDO�ZRUOG RSHUDWLQJ FRQGLWLRQV DUH QRW ZHOO XQGHUVWRRG� 7KH SXUSRVH
RI WKLV VWXG\ ZDV WR HVWLPDWH WKH QXPEHU IOX[ RI 8)3V H[SRUWHG IURP 7RN\R ,QWHUQDWLRQDO �+DQHGD� $LUSRUW �+1'� XVLQJ
PRELOH�PHDVXUHPHQW�GDWD�

0RELOH PHDVXUHPHQWV ZHUH SHUIRUPHG LQ WKH YLFLQLW\ RI +1' RQ 0DUFK � DQG �� RI ����� )HEUXDU\ �� DQG �� RI �����
2FWREHU �� RI ����� DQG 0DUFK � RI ����� $ SRUWDEOH &3& �0RGHO ����� 76,� ZDV PDLQO\ XVHG IRU WKH PHDVXUHPHQWV RI
SRO\GLVSHUVH SDUWLFOH QXPEHU FRQFHQWUDWLRQV �!�� QP�� 7KH EDVLF SHUIRUPDQFH RI WKH &3& ���� KDV EHHQ H[WHQVLYHO\
HYDOXDWHG XVLQJ ILHOG PHDVXUHPHQW GDWD REWDLQHG DW .REH $LUSRUW >�� �@� $ SRUWDEOH VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU
�1DQR6FDQ� 0RGHO ����� 76,� DQG DQ RSWLFDO SDUWLFOH FRXQWHU �++3& ��� %HFNPDQ &RXOWHU� ZHUH WHPSRUDULO\ XVHG WR
HVWLPDWH WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQV DERYH WKH 8)3 VL]H UDQJH� )XUWKHUPRUH� D FDUERQ GLR[LGH �&2�� VHQVRU �/,�����
/L�&RU� ZDV WHPSRUDULO\ XVHG WR GHULYH WKH HIIHFWLYH SDUWLFOH QXPEHU HPLVVLRQ LQGLFHV �(,V�� +HUH� WKH WHUP ³HIIHFWLYH´
LQFOXGHV WKH VSDWLDOO\ DQG WHPSRUDOO\ DYHUDJHG QRQYRODWLOH �FRPEXVWLRQ�JHQHUDWHG� SDUWLFOHV DQG YRODWLOH SDUWLFOHV IRUPHG
GXULQJ SOXPH H[SDQVLRQ� 7KH QXPEHU IOX[ RI 8)3V H[SRUWHG IURP +1' FDQ EH HVWLPDWHG XVLQJ WKH HIIHFWLYH QXPEHU (,V RI
8)3V�DQG�DQ�HPLVVLRQ�LQYHQWRU\�IRU�&2��

)LJXUH � VKRZV DQ H[DPSOH WLPH VHULHV RI WKH QXPEHU FRQFHQWUDWLRQV DQG VL]H GLVWULEXWLRQV RI DHURVRO SDUWLFOHV� 7KH GLVWDQFH
IURP WKH QHDUHVW UXQZD\ WR WKH REVHUYDWLRQ SRLQW DORQJ WKH ZLQG GLUHFWLRQ ZDV a� NP� 7KH KLJK SDUWLFOH QXPEHU
FRQFHQWUDWLRQV PHDVXUHG E\ WKH &3& ZHUH DVVRFLDWHG ZLWK WKH HQKDQFHG IUDFWLRQ RI WKH VPDOOHVW WKUHH VL]H ELQV RI WKH
1DQR6FDQ �� �� QP�� LQGLFDWLQJ WKH VLJQLILFDQFH RI VXE��� QP SDUWLFOHV LQ DLUFUDIW H[KDXVW SOXPHV H[SRUWHG IURP DLUSRUWV�
7KH YDULDELOLW\ LQ WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQV DQG HVWLPDWHV RI WKH QXPEHU IOX[ RI 8)3V DUH GLVFXVVHG LQ GHWDLO LQ WKH
SUHVHQWDWLRQ�

$FNQRZOHGJPHQWV� 7KLV VWXG\ ZDV IXQGHG E\ WKH (QYLURQPHQW 5HVHDUFK DQG 7HFKQRORJ\ 'HYHORSPHQW )XQG RI WKH
0LQLVWU\ RI WKH (QYLURQPHQW �-30((5)��������� -30((5)��������� DQG E\ WKH 6WHHO )RXQGDWLRQ IRU (QYLURQPHQWDO
3URWHFWLRQ�7HFKQRORJ\�

�

�

)LJ�����([DPSOH�WLPH�VHULHV�RI�WKH�QXPEHU�FRQFHQWUDWLRQV�DQG�VL]H�GLVWULEXWLRQV�RI�DHURVRO�SDUWLFOHV�REWDLQHG�LQ�WKH
YLFLQLW\�RI�+DQHGD�$LUSRUW�RQ�0DUFK����������

>�@ :+2 JOREDO DLU TXDOLW\ JXLGHOLQHV� KWWSV���LULV�ZKR�LQW�KDQGOH�������������� >�@ 1� 7DNHJDZD� $HURVRO 6FL�
7HFKQRO�����������������±������>�@�1��7DNHJDZD��<��0XUDVKLPD��DQG�+��6DNXUDL��$HURVRO�$LU�4XDO��5HV����������������
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'LVSHUVLRQ�RI�XOWUDILQH�SDUWLFOHV�RULJLQDWHG�IURP�D�PHGLXP�ODUJH�LQWHUQDWLRQDO�DLUSRUW�

7��/HSLVW|���-��9��1LHPL���/��6DOR���9��6LOYRQHQ���+��7LPRQHQ���7��5|QNN|�

�$HURVRO�3K\VLFV�/DERUDWRU\��3K\VLFV�8QLW��7DPSHUH�8QLYHUVLW\��������7DPSHUH��)LQODQG����+HOVLQNL�5HJLRQ�(QYLURQPHQWDO
6HUYLFHV�$XWKRULW\�+6<��3�2��%R[������),��������)LQODQG���$WPRVSKHULF�FRPSRVLWLRQ�UHVHDUFK��)LQQLVK�0HWHRURORJLFDO

,QVWLWXWH��3�2��%R[������),��������)LQODQG��

8OWUDILQH SDUWLFOHV �8)3V�� L�H� DHURVRO SDUWLFOHV ZLWK D GLDPHWHU VPDOOHU WKDQ ��� QP� DUH KDUPIXO WR KXPDQ KHDOWK� $V WKH
HPLVVLRQ DQG DLU TXDOLW\ UHJXODWLRQV KDYH PDLQO\ EDVHG RQ SDUWLFOH PDVV �H�J�� 30����� H[SRVXUH WR 8)3V FDQ VWLOO EH KLJK
HVSHFLDOO\ LQ XUEDQ DUHDV� 8)3V DUH VXJJHVWHG WR EH WKH PRVW LPSRUWDQW FRQWULEXWRU RQ SUHPDWXUH GHDWKV IURP DLU SROOXWLRQ LQ
(XURSH LQ ���� >�@� KLJKOLJKWLQJ WKH QHHG WR XQGHUVWDQG WKH VRXUFHV DQG FRQFHQWUDWLRQV RI 8)3V LQ XUEDQ DUHDV� $LUSRUWV
KDYH EHHQ QRWHG DV LPSRUWDQW VRXUFHV RI 8)3V �H�J� >�@�� /RQJ�WHUP DLU TXDOLW\ LPSDFWV RI DLUSRUWV DV ZHOO DV WKH
FKDUDFWHULVWLFV DQG GLVSHUVLRQ RI WKH DLUSRUW�RULJLQDWHG 8)3V DUH� KRZHYHU� QRW ZHOO XQGHUVWRRG� )RU H[DPSOH� WKH
FRQWULEXWLRQ RI DLUSRUWV RQ �±�� QP SDUWLFOHV� +HUH >�@� ZH PHDVXUHG DLUSRUW�RULJLQDWHG SDUWLFOHV ZLWK WKH $HURVRO DQG 7UDFH�
JDV 0RELOH /DERUDWRU\ �$70R�/DE� QHDU DQ LQWHUQDWLRQDO DLUSRUW LQ +HOVLQNL� )LQODQG� )HEUXDU\ ����� 7KH $70R�/DE ZDV
HTXLSSHG ZLWK IRXU FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&� ZLWK FXW�RII VL]HV RI ��� QP� � QP� �� QP DQG �� QP� DQ HOHFWULFDO
ORZ SUHVVXUH LPSDFWRU �(/3,��� DQ $(�� $HWKDORPHWHU� D 3DUWHFWRU ��� 3UR DQG &2� PHDVXUHPHQW� 'ULYLQJ PHDVXUHPHQW
URXWHV SHUSHQGLFXODU WR WKH DLUSRUW �DSSUR[� �±�� NP� ZHUH GULYHQ VR WKDW WKH ZLQG ZDV EORZLQJ IURP WKH DLUSRUW WR WKH
GLUHFWLRQ RI WKH PHDVXUHPHQW URXWHV� ,Q DGGLWLRQ� GDWD IURP VWDWLRQDU\ DLU TXDOLW\ PHDVXUHPHQW VLWHV ���� NP DZD\ IURP WKH
DLUSRUW�ZHUH�XWLOLVHG��$W�D�VLWH���NP�DZD\��WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�ZDV�PHDVXUHG�GRZQ�WR�WKH�VL]H�RI�����QP�

,Q WKH GULYLQJ PHDVXUHPHQWV >�@� WKH GRZQZLQG SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&� H[SRQHQWLDOO\ LQFUHDVHG ZKHQ WKH
GLVWDQFH WR WKH DLUSRUW GHFUHDVHG� DQG HOHYDWHG 31& ZDV VWLOO FOHDUO\ REVHUYDEOH �� NP DZD\ IURP WKH DLUSRUW �)LJXUH�� 7KH
GRZQZLQG 31& �! ��� QP� H[FHHGHG WKH :+2¶V GHILQLWLRQ IRU KLJK VKRUW�WHUP FRQFHQWUDWLRQ ��� ��� ��FP�� �±� NP DZD\
IURP WKH DLUSRUW� 5RXJKO\ �� � RI WKH DLUSRUW�RULJLQDWHG SDUWLFOHV ZHUH VPDOOHU WKDQ �� QP� DQG �� � VPDOOHU WKDQ �� QP�
7KH HIIHFW RI DLUSRUW RQ EODFN FDUERQ RU 30��� ZDV PLQLPDO� 7KH DLUSRUW ZDV HVWLPDWHG WR FRQWULEXWH WR ���±� ��� ��FP

�

\HDUO\�LQFUHDVHV�RI�31&��!����QP���±��NP�DZD\�IURP�WKH�DLUSRUW��VKRZLQJ�WKH�LPSRUWDQFH�RI�8)3V�QHDU�DLUSRUWV�

7KH VWXG\ LV SDUW RI *,$17 �������������� DQG 0(7(&+ �������������� �SURMHFWV IXQGHG E\ %XVLQHVV )LQODQG�
SDUWLFLSDWLQJ FRPSDQLHV DQG PXQLFLSDOLWLHV� DV ZHOO DV 81,&�SURMHFW �+RUL]RQ (XURSH� ����������� :H WKDQN DOO WKH
FROODERUDWRUV�LQ�WKH�PHDVXUHPHQW�FDPSDLJQ�

�

�

>�@�+lQQLQHQ��HW�DO����������(QYLURQPHQW�,QWHUQDWLRQDO��'2,����������M�HQYLQW������������
>�@�.HXNHQ��HW�DO����������$WPRVSKHULF�(QYLURQPHQW�������'2,����������M�DWPRVHQY������������
>�@�/HSLVW|�HW�DO���LQ�UHYLHZ��(QYLURQPHQWDO�,QWHUQDWLRQDO��
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8OWUDILQH�SDUWLFOH�H[SRVXUH�IURP�LQGLYLGXDO�DLUFUDIWV�DSSURDFKLQJ�,QQVEUXFN�DLUSRUW�

$��+DQVHO���/��6WDUN���/��)RUHU���&��/DPSUHFKW���7��.DUO�

�8QLYHUVLW\�RI�,QQVEUXFN��'HSDUWPHQW�RI�,RQ��DQG�$SSOLHG�3K\VLFV��7HFKQLNHUVWUDVVH����������,QQVEUXFN��$XVWULD���

8QLYHUVLW\�RI�,QQVEUXFN��'HSDUWPHQW�RI�$WPRVSKHULF�DQG�&U\RVSKHULF�6FLHQFHV��$&,11���,QQUDLQ���I�������,QQVEUXFN�
$XVWULD�

$LUFUDIW HQJLQHV SURGXFH HPLVVLRQV VLPLODU WR WKRVH IURP RWKHU IRVVLO IXHO FRPEXVWLRQ VRXUFHV� FRQWULEXWLQJ WR DLU SROOXWLRQ�
,Q DGGLWLRQ� WKH\ HPLW ODUJH QXPEHUV RI XOWUDILQH SDUWLFOHV �8)3V� DFURVV D ZLGH UDQJH RI RSHUDWLQJ FRQGLWLRQV� 6WXGLHV KDYH
VKRZQ WKDW H[SRVXUH WR 8)3V FDQ KDYH DGYHUVH KHDOWK HIIHFWV� DV WKHVH SDUWLFOHV FDQ HQWHU WKH EORRGVWUHDP DQG DFW DV FDUULHUV
RI WR[LF VXEVWDQFHV ���� :KLOH WKHUH LV QR JXLGHOLQH OHYHO IRU 8)3 E\ :+2� DQ KRXUO\ 3DUWLFOH 1XPEHU &RQFHQWUDWLRQ �31&�
DERYH �� ��� SDUWLFOHV�FFP LV FRQVLGHUHG ³KLJK´ ���� ,Q WKLV ZRUN ZH GHSOR\HG D ZHDWKHU VWDWLRQ� D PLFURSKRQH� WZR PRELOH
8)3 VHQVRUV DQG UHFHQWO\ D IDVW &2� VHQVRU RQ WKH URRI RI D VFKRRO EXLOGLQJ ORFDWHG DSSUR[LPDWHO\ � NP IURP WKH UXQZD\ RI
WKH ,QQVEUXFN DLUSRUW �LQ WKH GLUHFWLRQ RI WKH FLW\ FHQWHU WR WKH (DVW�� 7KH SRUWDEOH 8)3 VHQVRUV �3DUWHFWRU� DQ 3DUWHFWRU� 3UR
IURP 1DQHRV 3DUWLFOH 6ROXWLRQV *PE+� 6ZLW]HUODQG� DOORZV FKDUDFWHUL]LQJ SDUWLFOH FRQFHQWUDWLRQ DQG VL]H YLUWXDOO\ LQ UHDO
WLPH� :H FDUULHG RXW ORQJ WHUP PHDVXUHPHQWV RYHU PRUH WKDQ D \HDU WR FDSWXUH WKH GLXUQDO DQG VHDVRQDO LPSDFW RI UHDO�ZRUOG
DLUFUDIW VSHFLILF 8)3 HPLVVLRQV� :H REVHUYH 8)3 SOXPHV ZLWK 31& RI VHYHUDO KXQGUHG WKRXVDQG SDUWLFOHV�FFP RI LQGLYLGXDO
DLUFUDIWV DSSURDFKLQJ WKH DLUSRUW SUHYDLOLQJO\ IURP WKH (DVW DV VKRZQ LQ )LJXUH �� $V DQ H[DPSOH� LQ )HEUXDU\ ���� 31&
FRQFHQWUDWLRQV GXULQJ WKH GD\ H[FHHGHG WKH :+2 ³KLJK´ FODVVLILFDWLRQ OLPLW DOPRVW HYHU\ GD\ ZKHQ ZLQG VSHHGV DUH OHVV
WKDQ �� P�V� $ FRPSUHKHQVLYH UHDO�ZRUOG GDWDVHW RQ DLUFUDIW�VSHFLILF HPLVVLRQV ZLOO EH SUHVHQWHG� SURYLGLQJ FULWLFDO LQVLJKWV
LQWR SOXPH GLVSHUVLRQ GXULQJ ODQGLQJ DQG WDNH�RII� 7KLV ZRUN ZDV VXSSRUWHG E\ 2H$' 6SDUNOLQJ 6FLHQFH �3URMHFW $WHPOXIW��

�

�

)LJXUH �� ,Q�VLWX REVHUYDWLRQV RI 31&� ,QVHW VKRZV LQGLYLGXDO SOXPHV DVVRFLDWHG ZLWK DLUFUDIW ODQGLQJ RSHUDWLRQV ���
(XURSHDQ $YLDWLRQ (QYLURQPHQWDO 5HSRUW ����� 'RL� ��������������� DQG UHIHUHQFHV WKHUHLQ� ��� :02 ������ :+2
JOREDO DLU TXDOLW\ JXLGHOLQHV� SDUWLFXODWH PDWWHU �30��� DQG 30���� R]RQH� QLWURJHQ GLR[LGH� VXOIXU GLR[LGH DQG FDUERQ
PRQR[LGH���
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,PSDFW�RI�6HDVRQDO�9DULDWLRQV�RQ�-HW�(QJLQH�(PLVVLRQV�IURP�D�%XVLQHVV�-HW�5XQQLQJ�RQ�)RVVLO�DQG�6XVWDLQDEOH
$YLDWLRQ�)XHOV��

7��6FKULSS���'��%HOO���5��6XDUH]�%HUWRD���6��+RIVWHWWHU���2��/LSS���7��5LQGOLVEDFKHU�

�&HQWHU�IRU�$YLDWLRQ��=XULFK�8QLYHUVLW\�IRU�$SSOLHG�6FLHQFHV��=+$:���:LQWHUWKXU��6ZLW]HUODQG���36,�&HQWHU�IRU�(QHUJ\
DQG�(QYLURQPHQWDO�6FLHQFHV��9LOOLJHQ�36,��6ZLW]HUODQG���(XURSHDQ�&RPPLVVLRQ��-RLQW�5HVHDUFK�&HQWUH��-5&���,VSUD��,WDO\�
�3LODWXV�)OXJ]HXJZHUNH��6WDQV��6ZLW]HUODQG���,QVWLWXWH�RI�&KHPLVWU\�DQG�%LRWHFKQRORJ\��=+$:���:lGHQVZLO��6ZLW]HUODQG�

�6ZLVV�)HGHUDO�2IILFH�IRU�&LYLO�$YLDWLRQ��)2&$���%HUQ��6ZLW]HUODQG�
&KDUDFWHUL]LQJ DLUFUDIW HQJLQH SDUWLFOH HPLVVLRQV LV FULWLFDO IRU DVVHVVLQJ DYLDWLRQ¶V FOLPDWH LPSDFW� :KLOH VLJQLILFDQW
SURJUHVV KDV EHHQ PDGH LQ FHUWLI\LQJ ODUJH�WKUXVW HQJLQHV �!���� N1 WKUXVW�� VXEVWDQWLDO GDWD JDSV UHPDLQ IRU QRQ�UHJXODWHG�
VPDOOHU HQJLQHV� )XUWKHUPRUH� ZKLOH WKH LQIOXHQFHV RI IXHO FRPSRVLWLRQ DQG DPELHQW FRQGLWLRQV DUH NQRZQ WR DIIHFW
HPLVVLRQV��WKHVH�IDFWRUV�DUH�UDUHO\�TXDQWLILHG�IRU�VPDOOHU�WXUERIDQV�XQGHU�YDU\LQJ�VHDVRQDO�FRQGLWLRQV�

7KLV VWXG\ SUHVHQWV HPLVVLRQ PHDVXUHPHQWV IURP D 3LODWXV 3&��� DLUFUDIW HTXLSSHG ZLWK :LOOLDPV )-����$ WXUERIDQ
HQJLQHV� 8VLQJ WKH 6ZLVV 0RELOH $LUFUDIW (PLVVLRQ 0HDVXUHPHQW 6\VWHP �60$57(0,6�� ZH PHDVXUHG WKH PDVV� QXPEHU�
DQG VL]H GLVWULEXWLRQ RI QRQ�YRODWLOH SDUWLFOHV� DV ZHOO DV RUJDQLF HPLVVLRQV� ERWK DW WKH HQJLQH H[LW DQG LQ WKH QHDU�ILHOG
�)LJXUH ��� 7R LVRODWH WKH HIIHFWV RI HQYLURQPHQWDO YDULDEOHV DQG IXHO SURSHUWLHV� WZR FDPSDLJQV ZHUH FRQGXFWHG� D �VXPPHU
FDPSDLJQ� �$XJXVW ����� DW HOHYDWHG DPELHQW WHPSHUDWXUHV DQG D �ZLQWHU FDPSDLJQ� �-DQXDU\ ����� DW ORZ WHPSHUDWXUHV�
7HVWLQJ�FRPSDUHG�VWDQGDUG�IRVVLO�NHURVHQH�DJDLQVW�D�����+\GURSURFHVVHG�(VWHUV�DQG�)DWW\�$FLGV��+()$��EOHQG�

5HVXOWV LQGLFDWH WKDW D UHGXFWLRQ LQ IXHO DURPDWLF FRQWHQW IURP ���� Y� WR ���� Y� �FRUUHVSRQGLQJ WR D �� P� LQFUHDVH LQ
K\GURJHQ FRQWHQW�� GHVSLWH D VPDOO LQFUHDVH LQ QDSKWKDOHQH FRQWHQW IURP ���� Y� WR ���� Y�� \LHOGHG D VRRW QXPEHU
UHGXFWLRQ RI XS WR �� �� 1RWDEO\� WKLV UHGXFWLRQ HIILFLHQF\ GLPLQLVKHG DV HQJLQH WKUXVW LQFUHDVHG� %H\RQG HVWDEOLVKLQJ WKH
HPLVVLRQ SURILOH� WKLV VWXG\ GHPRQVWUDWHV WKH SDUWLFOH UHGXFWLRQ SRWHQWLDO RI VPDOO WXUERIDQ HQJLQHV DQG SURYLGHV XQLTXH
HPSLULFDO GDWD RQ DPELHQW WHPSHUDWXUH VHQVLWLYLW\� ILOOLQJ D FULWLFDO NQRZOHGJH JDS WKDW UHPDLQV XQUHVROYHG IRU ODUJHU HQJLQH
FODVVHV�

�

�

)LJXUH����6HWXS�RI�WKH�MHW�HQJLQH�PHDVXUHPHQW�GXULQJ�WKH�VXPPHU�FDPSDLJQ�
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([SHULPHQWDO�VWXG\�RQ�WKH�LPSDFW�RI�+92�DGGLWLRQ�WR�-HW�$���RQ�QRQ�YRODWLOH�SDUWLFXODWH�PDWWHU�HPLVVLRQV�

3��.XU]DZVND�3LHWURZLF]�

�)DFXOW\�RI�&LYLO�DQG�7UDQVSRUW�(QJLQHHULQJ��3R]QDQ�8QLYHUVLW\�RI�7HFKQRORJ\�

:KLOH 6XVWDLQDEOH $YLDWLRQ )XHOV �6$)V� KDYH EHHQ ZLGHO\ VWXGLHG UHJDUGLQJ WKHLU DELOLW\ WR ORZHU SDUWLFOH HPLVVLRQV
FRPSDUHG WR FRQYHQWLRQDO MHW IXHOV� WKHUH LV VWLOO D QHHG WR H[SORUH DGGLWLRQDO RSWLRQV IRU UHSODFLQJ WUDGLWLRQDO DYLDWLRQ IXHOV
LQ WKH QHDU IXWXUH�2QH RI WKH FHUWLILHG 6$)V LV +()$�63. �+\GURSURFHVVHG (VWHUV DQG )DWW\ $FLGV 6\QWKHWLF 3DUDIILQLF
.HURVHQH�� GHULYHG PRVWO\ IURP XVHG FRRNLQJ RLO� ZDVWH DQG UHVLGXHV >�@� +RZHYHU� WKH SURGXFWLRQ SURFHVV LV FRPSOH[ DQG
UHTXLUHV DGYDQFHG WHFKQRORJLHV� PDNLQJ ODUJH�VFDOH LPSOHPHQWDWLRQ LQ DYLDWLRQ FKDOOHQJLQJ LQ WKH VKRUW WHUP� &XUUHQWO\�
WKHUH LV DOVR ZHOO LPSODQWHG +\GURWUHDWHG 9HJHWDEOH 2LO �+92� ZKLFK LV GHGLFDWHG WR GLHVHO HQJLQHV� KRZHYHU WKH
SURGXFWLRQ SURFHVV DQG SK\VLFRFKHPLFDO SDUDPHWHUV DUH VLPLODU WR +()$�63.� $FFRUGLQJ WR RWKHU UHVHDUFKHV� WKH +92 DQG
+()$�63.�DUH�RIWHQ�XVHG�LQWHUFKDQJHDEO\�LQ�DQDO\VHV�>�@�

7KLV UHVHDUFK IRFXVHV RQ DQDO\]LQJ WKH HIIHFW RI DGGLQJ +92 WR -HW $�� IXHO DQG HYDOXDWLQJ WKHLU LPSDFW RQ 30
HPLVVLRQV IURP D ODERUDWRU\�VFDOH MHW HQJLQH� +92 IXHO ZDV EOHQGHG ZLWK -HW $�� DW D YROXPHWULF UDWLR RI ��� �+92����
��� �+92��� DQG ��� �+92��� ZLWK WKH UHPDLQGHU FRQVLVWLQJ RI -HW $��� $OVR WHVW ZHUH FDUULHG RXW ZLWK QHDW -HW $�� IXHO
DV D UHIHUHQFH IXHO� 7KH H[SHULPHQWV ZHUH FRQGXFWHG XVLQJ D *70 ��� MHW HQJLQH XQGHU IRXU RSHUDWLRQDO FRQGLWLRQV� ����
����������DQG�����RI�PD[LPXP�HQJLQH�SRZHU�

�

�

)RU HDFK WHVWHG HQJLQH RSHUDWLRQ SRLQW� HPLVVLRQ LQGLFHV VXFK DV QY30 1XPEHU (PLVVLRQ ,QGH[ >��NJ@ DQG QY30 0DVV
(PLVVLRQ ,QGH[ >PJ�NJ@� DV ZHOO DV 3DUWLFOH 6L]H 'LVWULEXWLRQ �36'� RI (,1 >��NJ@ DQG (,0 >PJ�NJ@ ZHUH SUHVHQWHG� 2QH RI
WKH UHVXOWV LV WKDW WKH DGGLWLRQ RI +92 WR -HW $�� OHG WR D GHFUHDVH LQ (,1 DW ��� DQG ��� RI WKH PD[LPXP WKUXVW� ZLWK WKH
KLJKHVW�YDOXH�REVHUYHG�IRU�QHDW�-HW�$���DQG�WKH�ORZHVW�IRU�+92����

>�@ 0DQQLRQ /�$� 5HGLQJWRQ &�� .HOO\ 0�� %HOO $�� 'RROH\ 6�� 7KH HIIHFW RI XVHG FRRNLQJ RLO FRPSRVLWLRQ RQ WKH
VSHFLILF�&2�H�HPLVVLRQV�HPERGLHG�LQ�+()$�63.�SURGXFWLRQ��%LRIXHOV��%LRSURGXFWV�DQG�%LRUHILQLQJ�������

>�@ 0ROGDQRYi -�� +DOOTXLVW $�0�� 3ULHVWOH\ 0�� 'DQqO .�� )DOOHQLXV %�� $EGDODO 2�� 3RWWHU $�� 6WUDQGEHUJ %��
&KDUDFWHUL]DWLRQ RI HPLVVLRQV IURP D WXUERMHW HQJLQH UXQQLQJ RQ VXVWDLQDEOH DYLDWLRQ IXHOV� EOHQGV DQG FRQYHQWLRQDO MHW $��
$WPRVSKHULF�(QYLURQPHQW�������
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3K\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�QRQ�YRODWLOH�DQG�YRODWLOH�QDQRSDUWLFOHV�HPLWWHG�IURP�WXUERIDQ�MHW�HQJLQHV�

$��)XVKLPL���<��)XMLWDQL���/��'XUGLQD�����-��*��$QHW�����&��6SLULJ���-��(GHEHOL���+��6DNXUDL���<��0XUDVKLPD���.��6DLWRK���1�
7DNHJDZD�

�1DWLRQDO�,QVWLWXWH�IRU�(QYLURQPHQWDO�6WXGLHV��-DSDQ���=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��6ZLW]HUODQG���*UHHQ/HW
5HVHDUFK��6ZLW]HUODQG���8PZHOW��DQG�*HVXQGKHLWVVFKXW]�=�ULFK��&LW\�RI�=�ULFK��6ZLW]HUODQG���1DWLRQDO�,QVWLWXWH�RI

$GYDQFHG�,QGXVWULDO�6FLHQFH�DQG�7HFKQRORJ\��-DSDQ���(QYLURQPHQWDO�6FLHQFH�$QDO\VLV�	�5HVHDUFK�/DERUDWRU\��-DSDQ���

7RN\R�0HWURSROLWDQ�8QLYHUVLW\��-DSDQ�

7KHUH LV ZRUOGZLGH FRQFHUQ DERXW WKH HIIHFWV RI DLUFUDIW H[KDXVW SDUWLFOHV RQ KXPDQ KHDOWK DQG WKH FOLPDWH� 7KH SDUWLFOH
QXPEHU FRQFHQWUDWLRQV LQ H[KDXVW SOXPHV RI WXUERIDQ MHW HQJLQHV� ZKLFK DUH FRPPRQO\ XVHG LQ FLYLO DYLDWLRQ� DUH JHQHUDOO\
GRPLQDWHG E\ YRODWLOH SDUWLFOHV UDWKHU WKDQ QRQYRODWLOH SDUWLFOHV �PRVWO\ VRRW�� +RZHYHU� WKH PHFKDQLVPV RI HPLVVLRQ DQG
IRUPDWLRQ RI YRODWLOH SDUWLFOHV DUH XQFOHDU� :H H[DPLQHG WKH H[KDXVW SDUWLFOHV IURP LQ�VHUYLFH FRPPHUFLDO WXUERIDQ HQJLQHV
DW WKH HQJLQH H[LW DQG �� P GRZQVWUHDP LQ D WHVW FHOO DW 65 7HFKQLFV� =XULFK $LUSRUW� 7KH WDUJHW HQJLQHV ZHUH 3:���� DQG
&)0��� 5HDO�WLPH PHDVXUHPHQWV RI SDUWLFOH VL]H GLVWULEXWLRQV DQG JDVHV �H�J�� &2�� ZHUH SHUIRUPHG� DV ZHOO DV ILOWHU�EDVHG
VDPSOLQJ� DQG VXEVHTXHQW KLJK�UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ DQG FKHPLFDO DQDO\VHV �H�J�� RUJDQLF VSHFLHV
ZLWK WKHUPDO GHVRUSWLRQ JDV FKURPDWRJUDSK\�PDVV VSHFWURPHWU\ �7'�*&�06��� $W WKH HQJLQH H[LW� WKH WXUERVWUDWLF �VRRW�
SDUWLFOHV ZHUH GRPLQDQW� ZKLFK PRVWO\ H[LVWHG DV DJJORPHUDWHV >�@� ,Q GRZQVWUHDP VDPSOHV� WKH QXPEHU RI VRRW SDUWLFOHV
ZDV ��� RI WKH WRWDO QXPEHU RI SDUWLFOHV DQDO\]HG� 7KH UHPDLQLQJ IUDFWLRQ SUHGRPLQDQWO\ FRQWDLQHG WUDFH DPRUSKRXV�
DPRUSKRXV� DQG RQLRQ�OLNH SDUWLFOHV WKDW SDUWLDOO\ FRQWDLQ JUDSKHQH�OLNH VSKHULFDO OD\HUV� 7KH PLFURSK\VLFDO VWUXFWXUHV RI
WKHVH WKUHH W\SHV RI SDUWLFOHV LQ DLUFUDIW H[KDXVW SOXPHV ZHUH QHZO\ LGHQWLILHG� 7KH\ ZHUH PDLQO\ VLQJOH VSKHULFDO SDUWLFOHV
ZLWK GLDPHWHUV RI DSSUR[LPDWHO\ ��í�� QP� VXJJHVWLQJ WKDW WKH\ ZHUH IRUPHG YLD QXFOHDWLRQ DQG SDUWLDO S\URO\VLV DQG ZHUH
QRW VLJQLILFDQWO\ DIIHFWHG E\ FRDJXODWLRQ ZLWK SUHH[LVWLQJ VRRW SDUWLFOHV� 7KH RUJDQLF DQDO\VLV UHYHDOHG WKDW WKH
FRQFHQWUDWLRQV RI OXEULFDWLRQ RLO PDUNHUV �L�H�� IDWW\ DFLG HVWHUV RI SHQWDHU\WKULWRO� DQG WULFUHV\O SKRVSKDWH� LQ WKH EXON
SDUWLFXODWH VDPSOHV ZHUH PXFK KLJKHU GRZQVWUHDP WKDQ DW WKH HQJLQH H[LW� 7KH UHVXOWV VXJJHVW WKDW WKH K\GURFDUERQV LQ
GRZQVWUHDP�QDQRSDUWLFOHV�ZHUH�PDLQO\�FRPSRVHG�RI�OXEULFDWLRQ�RLO��)LJ��

�

�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�(QYLURQPHQW�5HVHDUFK�DQG�7HFKQRORJ\�'HYHORSPHQW�)XQG��-30((5)���������DQG
-30((5)����������RI�WKH�0LQLVWU\�RI�WKH�(QYLURQPHQW��-DSDQ��WKH�6FLHQWLILF�([FKDQJHV�*UDQW�RI�WKH�6ZLVV�1DWLRQDO
6FLHQFH�)RXQGDWLRQ��,=6(=�B���������DQG�WKH�6ZLVV�)HGHUDO�2IILFH�RI�&LYLO�$YLDWLRQ��)2&$��3URMHFWV��$*($,5�6)/9
���������DQG�$*($,5���6)/9�����������

>�@ $� )XVKLPL� <� )XMLWDQL� /� 'XUGLQD� -�*� $QHW� &� 6SLULJ� -� (GHEHOL� +� 6DNXUDL� <� 0XUDVKLPD� .� 6DLWRK� 1� 7DNHJDZD�
$&6�(67�$LU�������������������
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6285&(�))5��5HFHQW�DFWLYLWLHV�ZLWKLQ�WKH�8)3�H[SRVXUH�VWXG\�LQ�WKH�)UDQNIXUW�5KLQH�0DLQ�UHJLRQ�

6��6FKPLWW���)��8QJHKHXHU���*��0HQ]HO���&��7DW]HOW���)��+RO]lSIHO���&��:ROI���&��$VEDFK���7��*UHLQ���1��*DLVHU���/��%RQGRUI��
0��5DPDFKHU���0��.DUO���%��.U�JHU�GH�+RODQGD���)��'LWDV���'��5RVH���$��9RJHO���0��+HUPDQQ�
��0��.|KOHU�
�

�,QVWLWXWH�RI�&RPEXVWLRQ�7HFKQRORJ\��*HUPDQ�$HURVSDFH�&HQWHU��'/5���6WXWWJDUW��*HUPDQ\���,QVWLWXWH�IRU�$WPRVSKHULF�DQG
(QYLURQPHQWDO�6FLHQFHV��*RHWKH�8QLYHUVLW\�)UDQNIXUW��)UDQNIXUW��*HUPDQ\���$WPRVSKHULF�0LFURSK\VLFV�'HSDUWPHQW�
/HLEQL]�,QVWLWXWH�IRU�7URSRVSKHULF�5HVHDUFK��752326���/HLS]LJ��*HUPDQ\���,QVWLWXWH�RI�$WPRVSKHULF�3K\VLFV��*HUPDQ

$HURVSDFH�&HQWHU��'/5���2EHUSIDIIHQKRIHQ��*HUPDQ\���)LOWUDWLRQ�	�$HURVRO�5HVHDUFK�'HSDUWPHQW��,QVWLWXW�I�U�8PZHOW�	
(QHUJLH��7HFKQLN�	�$QDO\WLN�H�9���,87$���'XLVEXUJ��*HUPDQ\���,QVWLWXWH�RI�&RDVWDO�(QYLURQPHQWDO�&KHPLVWU\��+HOPKROW]�
=HQWUXP�+HUHRQ��*HHVWKDFKW��*HUPDQ\���'HSDUWPHQW�RI�$PELHQW�$LU�4XDOLW\��+HVVLDQ�$JHQF\�IRU�1DWXUH�&RQVHUYDWLRQ�

(QYLURQPHQW�DQG�*HRORJ\��:LHVEDGHQ��*HUPDQ\�

2YHU WKH SDVW \HDUV� WKH HPLVVLRQV DQG LPSDFWV RI XOWUDILQH SDUWLFOHV �8)3� KDYH UHFHLYHG LQFUHDVHG DWWHQWLRQ� HVSHFLDOO\ LQ
GHQVHO\ SRSXODWHG DQG XUEDQL]HG DUHDV FORVH WR D ZLGHVSUHDG KLJKZD\ QHW DQG ODUJH DLUSRUWV� OLNH WKH )UDQNIXUW 5KLQH�0DLQ
UHJLRQ� 7KH SURMHFW 6285&( ))5 �6WXG\ 2Q 8OWUDILQH 3DUWLFOHV LQ WKH )UDQNIXUW $LUSRUW 5HJLRQ�
KWWSV���ZZZ�XOWUDIHLQVWDXE�VWXGLH�GH�HQ�� ZDV FRPPLVVLRQHG E\ WKH 8PZHOW� XQG 1DFKEDUVFKDIWVKDXV �81+� LQ RUGHU WR
SURYLGH D VFLHQWLILF EDVLV IRU IXUWKHU GLVFXVVLRQV� 7KH VWXG\ LV GLYLGHG LQWR DQ 8)3 H[SRVXUH VWXG\ SUHVHQWHG KHUH DQG DQ
LPSDFW�VWXG\�ZKLFK�VWDUWHG�LQ�6HSWHPEHU������

6LQFH )UDQNIXUW $LUSRUW LV RQH SURPLQHQW VRXUFH RI 8)3 LQ WKH UHJLRQ� WZR HPLVVLRQ PHDVXUHPHQW FDPSDLJQV ZHUH
SHUIRUPHG DW IRXU GLIIHUHQW SRVLWLRQV RQ WKH DLUSRUW DSURQ� 3DUW RI WKLV GDWD ZDV XVHG WR REWDLQ UHDO�ZRUOG HPLVVLRQ LQGLFHV
�(,¶V� E\ DVVLJQLQJ PHDVXUHG H[KDXVW SOXPHV WR VSHFLILF DLUFUDIW� 7KHVH (,¶V FRQWDLQ HPLVVLRQ LQIRUPDWLRQ RI ERWK QRQ�
YRODWLOH DQG WRWDO SDUWLFOH QXPEHU FRQFHQWUDWLRQV DQG DUH XVHG DV DQ LQSXW IRU WKH GLVSHUVLRQ PRGHOOLQJ DIWHU WKH FOXVWHULQJ RI
WKH GDWD DFFRUGLQJ WR DLUFUDIW HQJLQH W\SHV�$VLGH IURP 8)3 HPLVVLRQV GLUHFWO\ DW WKH DLUSRUW� D SXEOLF FRQFHUQ LV WKH SRWHQWLDO
IRU WKH WUDQVSRUWDWLRQ RI 8)3 LQ WKH GRZQZDUG GLUHFWLRQ YLD WKH ZDNH YRUWLFHV JHQHUDWHG E\ DLUFUDIW RQ WKH JOLGH SDWKV� 7KLV
TXHVWLRQ ZDV DVVHVVHG E\ SHUIRUPLQJ ZDNH YRUWH[ SUHGLFWLRQV FRQVLGHULQJ ZLQG FRQGLWLRQV SUHYDLOLQJ LQ ���� DQG WKH
UHVSHFWLYH WUDIILF PL[ RI )UDQNIXUW $LUSRUW� 5HVXOWV LQGLFDWH RQO\ D PLQRU FRQWULEXWLRQ RI ZDNH YRUWLFHV WR WKH DPELHQW
SDUWLFOH�FRQFHQWUDWLRQV�FORVH�WR�WKH�DLUSRUW�DQG�QR�VLJQLILFDQW�LQIOXHQFH�RQ�WKH�VXUURXQGLQJ�DUHD�

7R FKDUDFHWHUL]H WKH VSDWLDO DQG WHPSRUDO GLVWULEXWLRQ RI 8)3 �QXPEHU VL]H GLVWULEXWLRQV DPRQJ RWKHU SDUDPHWHUV� LQ WKH
VWXG\ DUHD� LPPLVVLRQ PHDVXUHPHQWV ZHUH FDUULHG RXW DW WHQ ORFDWLRQV LQ ERWK XSZLQG DQG GRZQZLQG ORFDWLRQV� FRQVLGHULQJ
WKH PRVW SUHYDOHQW ZLQG GLUHFWLRQV� :KLOH SDUWLFOH VL]HV LQ VRPH FDVHV DOORZ IRU FRQFOXVLRQV WR EH GUDZQ RQ 8)3 VRXUFHV�
IXUWKHU LQIRUPDWLRQ LV QHHGHG IRU D FOHDU VRXUFH DSSRUWLRQPHQW� 7DNLQJ DGYDQWDJH RI WKH FKDUDFWHULVWLF FRPSRXQGV SUHVHQW LQ
DLUFUDIW HQJLQH RLOV� FRPSUHKHQVLYH FKHPLFDO DQDO\VHV IDFLOLWDWHG WKH LGHQWLILFDWLRQ RI DLUFUDIW�UHODWHG HPLVVLRQV GHVSLWH WKH
PDQLIROG 8)3 VRXUFHV LQ WKH DUHD �H�J� JURXQG WUDIILF� LQGXVWU\� GRPHVWLF IXHO HWF��� 7KH TXDQWLILFDWLRQ RI WKHVH HQJLQH RLOV LQ
SDUWLFOH�ILOWHU�VDPSOHV�SURYLGHV�YDOXHDEOH�LQVLJKW�LQWR�WKH�GLVWULEXWLRQ�DQG�GLVSHUVLRQ�RI�WKH�HPLVVLRQV�ZLWKLQ�WKH�VWXGLHG�DUHD�

7KH GLVSHUVLRQ PRGHOOLQJ DLPV IRU DQ DFFXUDWH DQG GHWDLOHG GHVFULSWLRQ RI DLU TXDOLWL\ SDUDPHWHUV LQ ERWK WLPH DQG VSDFH� ,W
UHOLHV RQ ERWK HPLVVLRQ PHDVXUHPHQW UHVXOWV SURYLGHG E\ WKH SURMHFW FRQVRUWLXP DQG HPLVVLRQ GDWD RI WKLUG�SDUW\ SURYLGHUV
DV LQSXW SDUDPHWHUV� 5HVXOWV RI WKH DIRUHPHQWLRQHG LPPLVVLRQ PHDVXUHPHQWV VHUYH DV D YDOLGDWLRQ WDUJHW WR LQYHVWLJDWH WKH
TXDOLW\ RI WKH PRGHO RXWSXW� 7KLV SUHVHQWDWLRQ DLPV WR JLYH DQ RYHUYLHZ RQ WKH SURMHFW E\ VKRZLQJ VHOHFWHG UHVXOWV �HPLVVLRQ
PHDVXUHPHQWV��YRUWH[�PRGHOOLQJ��FKHPLFDO�FKDUDFWHULVDWLRQ��
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$�³�QG´��!�����QP��6L]H�0RGH�LQ�$LUFUDIW�*DV�7XUELQH�(QJLQH�([KDXVW��1HZ�$QDO\VLV�

'��.LWWHOVRQ���$��=HOHQ\XN�

�8QLYHUVLW\�RI�0LQQHVRWD��0LQQHDSROLV��01���������86$���3DFLILF�1RUWKZHVW�1DWLRQDO�/DERUDWRU\��5LFKODQG��:$��������
86$�

:H KDYH EHHQ SXUVXLQJ WKLV SURMHFW IRU VHYHUDO \HDUV� DQG ODVW \HDU ZH UHSRUWHG RXU SURJUHVV DW WKH ��WK (7+�1DQRSDUWLFOHV
&RQIHUHQFH� 7KDW SUHVHQWDWLRQ IRFXVHG RQ GHWDLOHG H[SHULPHQWDO REVHUYDWLRQV EXW GLG QRW \HW RIIHU D WKHRUHWLFDO
LQWHUSUHWDWLRQ� ,Q WKLV SUHVHQWDWLRQ� ZH LQWURGXFH QHZ DQDO\VHV WKDW SURYLGH IUHVK LQVLJKW LQWR WKH PHFKDQLVPV UHVSRQVLEOH IRU
WKH�IRUPDWLRQ�RI�WKH�VHFRQG�PRGH�

3LVWRQ�HQJLQH H[KDXVW SDUWLFOH VL]H GLVWULEXWLRQV �36'� W\SLFDOO\ H[KLELW WKUHH PRGHV� D ���� QP QXFOHDWLRQ PRGH RI VHPL�
YRODWLOH PDWHULDO� D ������ QP VRRW PRGH RI FDUERQDFHRXV DJJUHJDWHV� DQG D FRDUVH PRGH RI ODUJHU PHFKDQLFDOO\ JHQHUDWHG
SDUWLFOHV IURP RLO DWRPL]DWLRQ DQG VXUIDFH UH�HQWUDLQPHQW� 0HDVXULQJ 36'V IURP FRPPHUFLDO DLUFUDIW JDV�WXUELQH HQJLQHV LV
PXFK PRUH FKDOOHQJLQJ WKDQ ZLWK SLVWRQ HQJLQHV GXH WR PRUH H[WUHPH FRQGLWLRQV� H[KDXVW WHPSHUDWXUHV XS WR ��� �&� QHDU�
0DFK�� YHORFLWLHV� 7KH ORQJ VDPSOLQJ OLQHV UHTXLUHG VXSSUHVV QXFOHDWLRQ�PRGH IRUPDWLRQ� 7XUELQH�HQJLQH VRRW DJJUHJDWHV
DUH VPDOOHU ������ QP *0'�� DQG FRDUVH SDUWLFOHV ZHUH QRW H[SHFWHG JLYHQ OLPLWHG H[KDXVW±VXUIDFH LQWHUDFWLRQV DQG WKH
DEVHQFH RI SLVWRQ ULQJV� 1HYHUWKHOHVV� XQGHU VRPH FRQGLWLRQV²SDUWLFXODUO\ DW ORZ VRRW FRQFHQWUDWLRQV²ZH REVHUYHG D
GLVWLQFW ³�QG PRGH´ RI SDUWLFOHV ODUJHU WKDQ a��� QP� 'DLO\ ]HUR FKHFNV DQG VWHS�FKDQJH WHVWV VKRZHG QR HYLGHQFH WKDW
WKHVH�SDUWLFOHV�ZHUH�GXH�WR�VDPSOLQJ�V\VWHP�SDUWLFOH�VKHGGLQJ�

7KHVH UHVXOWV ZHUH REWDLQHG GXULQJ WKH (3$�86$) 9$5,$Q7 �±� PHDVXUHPHQW FDPSDLJQV� GHVLJQHG WR UHILQH PHWKRGV IRU
TXDQWLI\LQJ QRQ�YRODWLOH DLUFUDIW�HQJLQH SDUWLFOHV� 7KH ILQGLQJV UHSRUWHG KHUH GUDZ RQ 9$5,$Q7 � DQG �� XVLQJ D *( -���
WXUERMHW DQG /LEE\ :HOGLQJ *7��� DQG /*7��� WXUELQH VWDUW FDUWV RSHUDWHG DFURVV D UDQJH RI FRQGLWLRQV DQG IXHOV� 3DUWLFOH
VL]H��FRQFHQWUDWLRQ��DQG�FRPSRVLWLRQ�ZHUH�PHDVXUHG�ZLWK�PXOWLSOH�LQVWUXPHQWV�

36' PHDVXUHPHQWV HPSOR\HG 6036� ((36� DQG '06��� V\VWHPV� VXSSOHPHQWHG E\ $HURG\QH &$36 3066$
H[WLQFWLRQ�VFDWWHULQJ PHDVXUHPHQWV LQ ERWK FDPSDLJQV DQG PLQL63/$7 VLQJOH�SDUWLFOH PDVV VSHFWURPHWU\ LQ 9$5,$Q7 ��
7KH �QG PRGH ZDV TXDQWLILHG XVLQJ YROXPH DERYH ��� QP �9���� DQG D ELPRGDO ORJQRUPDO ILW RI VRRW PRGH DQG �QG PRGH�
9��� DQG WKH ILWWHG YROXPH LQ WKH �QG PRGH� 9�QG� ZHUH ZHOO FRUUHODWHG� :LWK WKH -���� 9�QG�9WRWDO UDWLRV DSSURDFKHG ��� LQ
VRPH WHVWV DQG JHQHUDOO\ GHFUHDVHG ZLWK LQFUHDVLQJ HQJLQH ORDG DQG WRWDO PDVV HPLVVLRQV� 7KH PRGH ZDV IDU PRUH
SURQRXQFHG�IRU�WKH�-����WKDQ�IRU�WKH�VWDUW�FDUWV�

,WV IRUPDWLRQ DOVR FRLQFLGHG ZLWK LQFUHDVHG VLQJOH�VFDWWHULQJ DOEHGR DQG WKH DSSHDUDQFH RI SDUWLFOHV ZLWK GLVWLQFW
FRPSRVLWLRQV�DQG�PRUSKRORJLHV�LQ�WKH�PLQL63/$7�GDWD�
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&KDUDFWHUL]LQJ�$YLDWLRQ�&RQWULEXWLRQV�WR�3DUWLFXODWH�0DWWHU�QHDU�=XULFK�$LUSRUW�XVLQJ�&KHPLFDO�&RPSRVLWLRQ�DQG

6RXUFH�$SSRUWLRQPHQW�

6��0LVKUD���=��&��'HFNHU�����3��$OSHUW���0��%DXHU���6��7LQRUXD���0��*|WVFK���$��6��3UpY{W���-��6LQWHUPDQQ���0��*\VHO�%HHU��
%��7��%UHP���-��*��6ORZLN�

�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$���&DQWRQ�RI�=XULFK��$:(/���$PW�I�U�$EIDOO��:DVVHU�

(QHUJLH�XQG�/XIW�������=�ULFK��6ZLW]HUODQG�

$LUFUDIW HPLVVLRQV DUH D PDMRU VRXUFH RI SDUWLFXODWH PDWWHU �30� DQG XOWUDILQH SDUWLFOHV �8)3� GXULQJ WDNHRII� ODQGLQJ�
WD[LLQJ� DQG LGOLQJ� GHJUDGLQJ DLU TXDOLW\ QHDU DLUSRUWV� :LWK JOREDO DLU WUDIILF SURMHFWHG WR JURZ E\ a���� DQQXDOO\ DQG
SRWHQWLDOO\ GRXEOLQJ E\ ���� �,$7$� ����D�� DYLDWLRQ�UHODWHG 30 UHSUHVHQWV DQ LQFUHDVLQJ SXEOLF KHDOWK FRQFHUQ GXH WR LWV
OLQNV WR UHVSLUDWRU\ DQG FDUGLRYDVFXODU HIIHFWV� $LUSRUW HPLVVLRQV FRQWULEXWH WR ERWK SULPDU\ DQG VHFRQGDU\ 30 DQG FDQ
LQIOXHQFH DLU TXDOLW\ ZHOO EH\RQG DLUSRUW ERXQGDULHV� ZLWK LPSDFWV REVHUYHG XS WR �� NP GRZQZLQG �+XGGD HW DO�� ������
:LWKLQ WKH $335235,$7( SURMHFW� D PRQWK�ORQJ ILHOG FDPSDLJQ ZDV FRQGXFWHG LQ IDOO ���� DW D GRZQZLQG VLWH a� NP HDVW
RI =�ULFK $LUSRUW� XVLQJ /7R)�$06 DQG ((6,�/7R) WR FKDUDFWHUL]H UHDO�ZRUOG DLUFUDIW HPLVVLRQV� 30) DQDO\VLV RI /7R)�
$06 GDWD UHVROYHG QLQH 30��� IDFWRUV �)LJXUH ��� LQFOXGLQJ WZR R[\JHQDWHG RUJDQLF DHURVRO �22$� IDFWRUV� SULPDU\
FRPEXVWLRQ�UHODWHG FRPSRQHQWV �+2$ DQG &2$�� WZR ELRPDVV EXUQLQJ IDFWRUV� D QLWURJHQ�FRQWDLQLQJ RUJDQLF DHURVRO
�12$�� DQ RUJDQLF QLWURJHQ±ULFK IDFWRU� DQG DQ HYHQW�UHODWHG IDFWRU� &RPSDUHG WR WKH VHYHQ IDFWRUV UHVROYHG E\ /X HW DO�
������ $&3�� WZR DGGLWLRQDO IDFWRUV ZHUH LGHQWLILHG� RQH VKRZLQJ VWURQJ FRUUHODWLRQV ZLWK DLUFUDIW OXEULFDWLRQ RLO PDUNHUV
�<X HW DO�� ������ LQGLFDWLQJ D GLVWLQFW SULPDU\ DYLDWLRQ�UHODWHG RUJDQLF DHURVRO VRXUFH� DQG DQRWKHU GRPLQDWHG E\
RUJDQRQLWUDWHV� 7KH HYHQW�UHODWHG IDFWRU FRQWULEXWHG ����� GXULQJ WKH ILUVW FDPSDLJQ ZHHN ��� 2FWREHU±� 1RYHPEHU� DQG
����� RYHU WKH IXOO VDPSOLQJ SHULRG� 2QJRLQJ LQWHJUDWLRQ RI FRPSOHPHQWDU\ PROHFXODU� DQG JDV�SKDVH PHDVXUHPHQWV ZLOO
IXUWKHU UHILQH VRXUFH DWWULEXWLRQ DQG LPSURYH VHSDUDWLRQ RI DLUSRUW HPLVVLRQV IURP RWKHU DQWKURSRJHQLF DQG ELRJHQLF
LQIOXHQFHV�

�

�

)LJXUH����)DFWRU�VROXWLRQ�IRU������FDPSDLJQ�ZLWK�IDFWRU�WLPH�VHULHV��IDFWRU�SURILOHV�DQG�GLXUQDO�YDULDWLRQ

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�

+XGGD��1���)UXLQ�6�$���(QYLURQPHQWDO�6FLHQFH�	�7HFKQRORJ\�����������������������

4L� /�� &KHQ� 0�� 6WHIHQHOOL� *�� 3RVSLVLORYD� 9�� 7RQJ� <�� %HUWUDQG� $�� +XHJOLQ� &�� *H� ;�� %DOWHQVSHUJHU� 8�� 3UpY{W� $�
6��+���DQG�6ORZLN��-��*��$WPRV��&KHP��3K\V�������������±����

=KHQKRQJ� <�� 6FRWW &�� +�� /XNH '�� =� 0LFKDHO 7�� 7�� 'DYLG 6�� /�� %UXFH (�� $�� DQG 5LFKDUG &�� 0�� (QYLURQPHQWDO
6FLHQFH�	�7HFKQRORJ\������������������������
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��6HVVLRQ����(PLVVLRQV��DIWHUWUHDWPHQW���UHDO�ZRUOG�RSHUDWLRQ���DOWHUQDWLYH�IXHOV��7DON
��

(PLVVLRQV�IURP�IXHO�RSHUDWHG�DX[LOLDU\�KHDWHUV�RI�SDVVHQJHU�FDUV�

+��2LNDULQHQ���7��<OL�-XXWL���6��0LNNRQHQ�
��3��.DUMDODLQHQ�
�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��������.XRSLR��)LQODQG���'HSDUWPHQW
RI�7HFKQLFDO�3K\VLFV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��������.XRSLR��)LQODQG���$HURVRO�3K\VLFV�/DERUDWRU\��7DPSHUH

8QLYHUVLW\��������7DPSHUH��)LQODQG�

'XH WR URDG WUDQVSRUW HPLVVLRQV EHLQJ VLJQLILFDQW VRXUFH RI ERWK GLUHFW SDUWLFOH HPLVVLRQV DQG SUHFXUVRUV RI VHFRQGDU\
SDUWLFOHV LQ DGGLWLRQ WR RWKHU KDUPIXO VXEVWDQFHV VXFK DV FDUERQ PRQR[LGH� QLWURXV R[LGHV DQG EHLQJ PDMRU FRQWULEXWRU WR
JOREDO ZDUPLQJ GXH WR KLJK FDUERQ GLR[LGH HPLVVLRQV� WKHUH KDYH EHHQ ERWK QDWLRQDO DQG LQWHUQDWLRQDO HIIRUWV WR UHVWULFW DQG
UHGXFH HPLVVLRQV IURP YHKLFOHV� +RZHYHU FXUUHQW UHJXODWLRQV PRVWO\ DFFRXQW IRU GLUHFW HQJLQH HPLVVLRQV DQ DSSURDFK ZKLFK
RPLWV DX[LOLDU\ VRXUFHV RI FRPEXVWLRQ HPLVVLRQV LI WKH\ DUH HPLWWHG E\ KHDWHU XQLW VHSDUDWHG IURP WKH HQJLQH� 7KHVH VHSDUDWH
KHDWLQJ GHYLFHV DUH FDOOHG DX[LOLDU\ KHDWHUV �$+�� $+V DUH W\SLFDOO\ LQVWDOOHG LQWR JDVROLQH DQG GLHVHO YHKLFOHV LQ FROGHU
FOLPDWHV WR ERWK SURYLGH DGGLWLRQDO FRPIRUW WR SDVVHQJHUV DQG LPSURYH RSHUDWLRQ RI WKH HQJLQH E\ SUHKHDWLQJ LW EHIRUH
GULYLQJ��ZKLFK�ZRXOG�RWKHUZLVH�VXIIHU�IURP�UHGXFHG�SHUIRUPDQFH�DQG�LQFUHDVHG�ZHDU�DQG�WHDU�GXH�WR�WKH�FROG�VWDUWHG�HQJLQH�

+RZHYHU�$+V�KDYH�LQ�EHHQ�REVHUYHG�WR�SURGXFH�VLJQLILFDQW�DPRXQW�RI�HPLVVLRQV�UHODWLYH�WR�PRUH�VWULFWO\�UHJXODWHG�HQJLQH
HPLVVLRQV�ZLWK�VLQJOH����PLQXWH�SUHKHDWLQJ�F\FOH�ZLWK�IXHO�RSHUDWHG�$+�SURGXFLQJ�DV�PXFK�31���HPLVVLRQV�DV����RU���
NLORPHWHUV�RI�GULYLQJ�IRU�GLHVHO�DQG�JDVROLQH�IXHOHG�$+V�UHVSHFWLYHO\�LI�GULYLQJ�ZRXOG�SURGXFH�DV�PXFK�31���DV�LV
DOORZHG�E\�UHJXODWLRQ�>�@�%HQHILWV�RI�SUHKHDWLQJ�ZLWK�$+�WR�GULYLQJ�HPLVVLRQV�ZHUH�KDYH�EHHQ�IRXQG�WR�EH�VPDOOHU�WKDQ
H[SHFWHG�ZLWK�QR�REVHUYDEOH�UHGXFWLRQV�LQ�31�HPLVVLRQV�DQG�RQO\�PLQRU�UHGXFWLRQV�LQ�30�LQ�VRPH�FDVHV�>�@�VR�IXHO
RSHUDWHG�$+V�KDYH�PRVWO\�QHJDWLYH�HIIHFW�RQ�WKH�WRWDO�HPLVVLRQV�RI�YHKLFOH�ZLWK�$+V�LQVWDOOHG�GXH�WR�DGGLWLRQDO�GLUHFW
HPLVVLRQV�JHQHUDWHG�E\�$+��3UHKHDWLQJ�ZLWK�$+V�ZHUH�IRXQG�WR�KDYH�QHJOLEOH�EHQHILWV�WR�IXHO�HFRQRP\�GXULQJ�GULYLQJ
DQG�LI�IXHO�FRQVXPHG�GXULQJ�WKH�SUHKHDWLQJ�LV�DFFRXQWHG�IRU�IXHO�RSHUDWHG�$+V�LQFUHDVHG�RYHUDOO�IXHO�FRQVXPSWLRQ�RI
GULYLQJ������NP�DIWHU�SUHKHDWLQJ�E\�DURXQG������>�@��,Q�DGGLWLRQ�WR�UHODWLYHO\�KLJK�GLUHFW�HPLVVLRQV�$+V�ZHUH�REVHUYHG�WR
SURGXFH�RQH�WR�WKUHH�RUGHUV�RI�PDJQLWXGH�JUHDWHU�VHFRQGDU\�SDUWLFOH�HPLVVLRQV�FRPSDUHG�WR�GLUHFW�HPLVVLRQV�>�@�&XUUHQW
$+V�ODFN�HPLVVLRQ�DIWHUWUHDWPHQW�GHYLFHV�FRPSDUDEOH�WR�WKRVH�XVHG�WR�PLWLJDWH�HQJLQH�HPLVVLRQV�DQG�E\�DFFRXQWLQJ�$+
HPLVVLRQV�DV�SDUW�RI�UHJXODWHG�YHKLFOH�HPLVVLRQV�ZRXOG�SURYLGH�DSSURSULDWH�LQFHQWLYH�WR�ERWK�YHKLFOH�DQG�KHDWHU
PDQXIDFWXUHUV�WR�RSWLPL]H�KHDWHUV�WR�PLWLJDWH�WKHLU�HPLVVLRQV�

>�@ 2LNDULQHQ� +�� HW DO� ³3DUWLFOH QXPEHU� PDVV� DQG EODFN FDUERQ HPLVVLRQV IURP IXHO�RSHUDWHG DX[LOLDU\ KHDWHUV LQ UHDO
YHKLFOH�XVH�´�$WPRVSKHULF�(QYLURQPHQW��;��������������������
>�@ 2OLQ� 0�� HW DO� ³(QJLQH SUHKHDWLQJ XQGHU UHDO�ZRUOG VXEIUHH]LQJ FRQGLWLRQV SURYLGHV OHVV WKDQ H[SHFWHG EHQHILWV WR
YHKLFOH�IXHO�HFRQRP\�DQG�HPLVVLRQ�UHGXFWLRQ�IRU�OLJKW�GXW\�YHKLFOHV�´�$SSOLHG�(QHUJ\����������������������
>�@ 2LNDULQHQ� +�� HW DO� ´7KH UROH RI IXHO DQG HQYLURQPHQWDO FRQGLWLRQV RQ WKH DPRXQW DQG FRPSRVLWLRQ RI SULPDU\� IUHVK�
DQG DJHG DHURVRO HPLVVLRQV RULJLQDWLQJ IURP GLHVHO� DQG JDVROLQH�RSHUDWHG DX[LOLDU\ KHDWHUV RI SDVVHQJHU FDUV�´ $WPRVSKHULF
0HDVXUHPHQW�7HFKQLTXHV�����������������±�����
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��6HVVLRQ����(PLVVLRQV��DIWHUWUHDWPHQW���UHDO�ZRUOG�RSHUDWLRQ���DOWHUQDWLYH�IXHOV��7DON
��

,QIOXHQFH�RI�/XEULFDQW�$VK�&RQWHQW�RQ�'3)�3HUIRUPDQFH�LQ�0HGLXP�6SHHG�'LHVHO�(QJLQHV�

6��0HOHNLGLV���'��3HLW]���$��1HLGHO���/��9HUEHHNH���0��'H�:HHUGW�

�+XJ�(QJLQHHULQJ��&+������(OVDX��6ZLW]HUODQG���&KHYURQ�/XEULFDQWV��%(������*KHQW��%HOJLXP�

0HGLXP�VSHHG PDULQH GLHVHO HQJLQHV KDYH RQO\ UHFHQWO\ EHHQ HTXLSSHG ZLWK GLHVHO SDUWLFXODWH ILOWHUV �'3)�� GHVSLWH WKHLU
UHOHYDQFH IRU SDUWLFOH HPLVVLRQ UHGXFWLRQ� :KLOH '3) WHFKQRORJ\ KDV EHHQ VXFFHVVIXOO\ DSSOLHG WR VPDOOHU KLJK�VSHHG
PDULQH HQJLQHV FRPSDUDEOH WR RII�URDG PDFKLQHU\� HDUO\ DWWHPSWV RQ ODUJH PHGLXP�VSHHG HQJLQHV ZHUH QRW VXFFHVVIXO >�@�
0RUH UHFHQWO\� YHVVHOV RSHUDWLQJ PHGLXP�VSHHG HQJLQHV HTXLSSHG ZLWK FRPELQHG '3) DQG VHOHFWLYH FDWDO\WLF UHGXFWLRQ
�6&5��V\VWHPV�KDYH�HQWHUHG�VHUYLFH��DFKLHYLQJ�XQSUHFHGHQWHGO\�ORZ�HPLVVLRQV�IRU�WKLV�HQJLQH�FODVV�>�@�

$V KHDY\�GXW\� PHJDZDWW�VFDOH PHGLXP�VSHHG PDULQH GLHVHO HQJLQHV W\SLFDOO\ RSHUDWH IRU VHYHUDO WKRXVDQG KRXUV SHU \HDU�
GRZQWLPH DVVRFLDWHG ZLWK '3) DVK FOHDQLQJ FDQ EHFRPH D FULWLFDO RSHUDWLRQDO SDUDPHWHU� (YHQ ZKHQ VZLWFKLQJ IURP KHDY\
IXHO RLO WR PDULQH GLVWLOODWH IXHOV� VXOIXU OHYHOV UHPDLQ KLJKHU WKDQ LQ RQ�URDG DSSOLFDWLRQV� 7KLV DOVR DSSOLHV WR SDUWLDO
VXEVWLWXWLRQ ZLWK ELR�� ZDVWH�GHULYHG� RU V\QWKHWLF GLVWLOODWHV ZLWK UHGXFHG &2� IRRWSULQW� 7R HQVXUH VXIILFLHQW FRUURVLRQ
SURWHFWLRQ� PDULQH OXEULFDWLQJ RLOV WKHUHIRUH UHTXLUH HOHYDWHG EDVH QXPEHUV� &RQVHTXHQWO\� OXEULFDWLQJ RLO IRUPXODWLRQ DQG
RLO FRQVXPSWLRQ UDWH EHFRPH WKH GRPLQDQW IDFWRUV JRYHUQLQJ DVK DFFXPXODWLRQ LQ WKH '3) DQG� WKHUHIRUH� WKH DFKLHYDEOH
PDLQWHQDQFH�LQWHUYDO�

,Q WKLV VWXG\� WKH LQIOXHQFH RI OXEULFDWLQJ RLO VXOIDWHG DVK FRQWHQW RQ '3) SHUIRUPDQFH� SUHVVXUH GURS HYROXWLRQ� DQG SDUWLFOH
HPLVVLRQ FKDUDFWHULVWLFV LV LQYHVWLJDWHG� /DERUDWRU\ H[SHULPHQWV ZHUH FRQGXFWHG XVLQJ D &DPEXVWLRQ 'LHVHO 3DUWLFXODWH
*HQHUDWRU WR H[SRVH D PDULQH�UHOHYDQW '3) WR SDUWLFOH�ODGHQ H[KDXVW JDV XQGHU FRQWUROOHG IORZ DQG WKHUPDO FRQGLWLRQV�
7KUHH WUXQN SLVWRQ HQJLQH RLOV ZLWK VXOIDWHG DVK FRQWHQWV RI ��� ZW� �ORZ�DVK UHIHUHQFH RLO�� ���� ZW� �VWDQGDUG DVK�� DQG
��� ZW� �XOWUD�ORZ DVK� ZHUH HYDOXDWHG XQGHU LGHQWLFDO FRQGLWLRQV� $FFHOHUDWHG WHVWLQJ VLPXODWHG DSSUR[LPDWHO\ �����
HTXLYDOHQW�RSHUDWLQJ�KRXUV�ZLWKLQ�D�UHGXFHG�WHVW�GXUDWLRQ�

7KH UHVXOWV UHYHDO D FOHDU DVK�GHSHQGHQW WUHQG LQ '3) EHKDYLRU� +LJKHU VXOIDWHG DVK OHYHOV OHG WR D IDVWHU LQFUHDVH LQ '3)
SUHVVXUH GURS GXH WR DVK DFFXPXODWLRQ� SRUH EORFNDJH� DQG SDUWLDO FKDQQHO SOXJJLQJ� )LHOG GDWD IURP PHJDZDWW�VFDOH HQJLQHV
HTXLSSHG ZLWK '3)�6&5 V\VWHPV FRQILUP VXVWDLQHG SDUWLFOH QXPEHU �31� DQG SDUWLFOH PDVV UHGXFWLRQ HIILFLHQFLHV DERYH ��
��RYHU�RSHUDWLQJ�SHULRGV�H[FHHGLQJ�������K�ZKHQ�XVLQJ�ORZ�DVK�OXEULFDWLQJ�RLOV�>�@�

&RPSDUHG WR >�@� WKH SUHVHQW ZRUN H[WHQGV ODERUDWRU\ LQYHVWLJDWLRQV E\ LQFRUSRUDWLQJ UHDO�OLIH 31 HPLVVLRQ GDWD IURP D
YHVVHO ZLWK D PHGLXP�VSHHG HQJLQH DQG D '3)�6&5 V\VWHP >�@� 2Q�ERDUG PHDVXUHPHQWV XVLQJ D +LJK &RQFHQWUDWLRQ ±
1DQR�3DUWLFOH�(PLVVLRQ�7HVWHU�HQDEOH�GLUHFW�FRPSDULVRQ�EHWZHHQ�ODERUDWRU\�H[SHULPHQWV�DQG�UHDO�ZRUOG�HPLVVLRQV�

7KHVH ILQGLQJV GHPRQVWUDWH WKDW OXEULFDWLRQ RLO IRUPXODWLRQ� SDUWLFXODUO\ VXOIDWHG DVK FRQWHQW� LV D NH\ IDFWRU JRYHUQLQJ '3)
OLIHWLPH�DQG�ORQJ�WHUP�SDUWLFOH�HPLVVLRQ�FRQWURO�LQ�PDULQH�GLHVHO�DSSOLFDWLRQV�

>�@�3HWHU�/DXHU��(7+�&RQIHUHQFH�RQ�&RPEXVWLRQ�*HQHUDWHG�1DQRSDUWLFOHV�������
>�@�.RHQ�&KULVWLDQHQ�HW�DO���&,0$&�3DSHU������&,0$&�:RUOG�&RQJUHVV�������
>�@�6WHIDQRV�0HOHNLGLV�HW�DO���&,0$&�3DSHU������&,0$&�:RUOG�&RQJUHVV�������
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��6HVVLRQ����(PLVVLRQV��DIWHUWUHDWPHQW���UHDO�ZRUOG�RSHUDWLRQ���DOWHUQDWLYH�IXHOV��7DON
��
1DQRSDUWLFOH�DQG�VHFRQGDU\�DHURVRO�HPLVVLRQV�RI�(852�G�SDVVHQJHU�FDUV�IXHOHG�ZLWK�JDVROLQH��GLHVHO�DQG�QDWXUDO

JDV��7KH�UROH�RI�H[KDXVW�DIWHU�WUHDWPHQW�E\SURGXFWV�

2��6LSSXOD�����3��6LPRQHQ�����*��0XVWDID�����$��+DUWLNDLQHQ���0��6RPHUR���7��.RNNROD���0��,KDODLQHQ���5��=LPPHUPDQQ���3�
.DUMDODLQHQ�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG����'HSDUWPHQW�RI�&KHPLVWU\�DQG
6XVWDLQDEOH�7HFKQRORJ\��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG���$HURVRO�3K\VLFV�/DERUDWRU\��3K\VLFV�8QLW��7DPSHUH�8QLYHUVLW\���

,QVWLWXWH�RI�&OLPDWH�DQG�(QHUJ\�6\VWHPV��,&(����7URSRVSKHUH��)RUVFKXQJV]HQWUXP�-�OLFK�*PE+���8QLYHUVLW\�RI�5RVWRFN�
,QVWLWXW�I�U�&KHPLH�

7KH ODWHVW (852� HPLVVLRQ FODVVLILFDWLRQV KDYH OHG WR VLJQLILFDQW UHGXFWLRQV LQ SULPDU\ SDUWLFXODWH HPLVVLRQV IURP
SDVVHQJHU FDUV� +RZHYHU� VHYHUDO VWXGLHV UHSRUW (852� SDVVHQJHU YHKLFOHV DV LPSRUWDQW VRXUFHV RI VHFRQGDU\ DHURVRO
SUHFXUVRU HPLVVLRQV� SRWHQWLDOO\ OHDGLQJ WR VHYHUDO RUGHUV RI PDJQLWXGH KLJKHU VHFRQGDU\ DHURVRO HPLVVLRQV LQ FRPSDULVRQ WR
SULPDU\ HPLVVLRQV �H�J� +DUWLNDLQHQ HW DO�� ������ 0RUHRYHU� PHWKDQH IXHO� RULJLQDWLQJ HLWKHU DV QDWXUDO JDV� ELRJDV RU H�
PHWKDQH� KDV EHHQ SURSRVHG DV D PHWKRG WR LPSURYH DLU TXDOLW\ DQG GHFUHDVH FOLPDWH SROOXWDQWV� +RZHYHU� XOWUDILQH SULPDU\
SDUWLFOH�HPLVVLRQV�DQG�VHFRQGDU\�DHURVRO�IRUPDWLRQ�SRWHQWLDOV�RI�PHWKDQH�RSHUDWHG�FDUV�KDYH�QRW�EHHQ�H[WHQVLYHO\�UHSRUWHG�

:H PHDVXUHG WKH GLUHFW SDUWLFOH HPLVVLRQV DQG VHFRQGDU\ DHURVRO �6$� IRUPDWLRQ SRWHQWLDO RI WKUHH (XUR �G�OHYHO SDVVHQJHU
YHKLFOHV� RQH JDVROLQH YHKLFOH HTXLSSHG ZLWK JDVROLQH SDUWLFXODWH ILOWHU �*3)�� RQH GLHVHO YHKLFOH ZLWK GLHVHO SDUWLFXODWH ILOWHU
�'3)�� DQG RQH FRPSUHVVHG QDWXUDO JDV �&1*� YHKLFOH ZLWKRXW SDUWLFOH ILOWHU� 7KH YHKLFOHV ZHUH UHSHDWHGO\ GULYHQ ��KRXU
GULYLQJ F\FOHV RQ D ZKHHO G\QDPRPHWHU� $W OHDVW �� F\FOHV ZHUH UXQ IRU HDFK YHKLFOH FRUUHVSRQGLQJ WR PRUH WKDQ ���� NP
GULYLQJ GLVWDQFH� 7KH SDUWLFOH QXPEHU HPLVVLRQV ZHUH PHDVXUHG ZLWK WZR FRQGHQVDWLRQ SDUWLFOH FRXQWHUV ZLWK FXW�RII VL]HV
RI ��� QP DQG � QP� DQG SDUWLFOH VL]H GLVWULEXWLRQV ZLWK LQVWUXPHQWDWLRQ FRYHULQJ VL]H UDQJH RI � ± ��� QP� 7KH 6$
IRUPDWLRQ SRWHQWLDO ZDV PHDVXUHG XVLQJ 3($5 R[LGDWLRQ IORZ UHDFWRU� 7KH IRUPHG VHFRQGDU\ DHURVRO PDVV DQG FRPSRVLWLRQ
ZDV GHWHUPLQHG XVLQJ $HURVRO 0DVV 6SHFWURPHWHU �$HURG\QH 5HVHDUFK ,QF�� DQG VL]H GLVWULEXWLRQ PHDVXUHPHQWV� 9RODWLOH
RUJDQLFV ZHUH PRQLWRUHG E\ D 375 PDVV VSHFWURPHWHU �375�7R) ����� ,RQLFRQ� XWLOL]LQJ WZR GLIIHUHQW LRQL]DWLRQ PRGHV�
7KH�RYHUDOO�JDV�SKDVH�FRPSRVLWLRQ�ZDV�PRQLWRUHG�XVLQJ�DQ�)7,5�DQDO\]HU��*DVPHW�';������

7KH KLJKHVW SULPDU\ SDUWLFXODWH QXPEHU HPLVVLRQV ZHUH PHDVXUHG IRU WKH &1* YHKLFOH LQ PRVW GULYLQJ FRQGLWLRQV� ZKHUHDV
WKH GLHVHO YHKLFOH HPLVVLRQV ZHUH FORVH WR GHWHFWLRQ OLPLW� +RZHYHU� WKH '3) UHJHQHUDWLRQ HYHQWV JHQHUDWHG YHU\ KLJK
HPLVVLRQV GXULQJ ORQJ GLVWDQFH RSHUDWLRQ� ILQDOO\ OHDGLQJ WR WKH KLJKHVW SDUWLFOH QXPEHU HPLVVLRQV IRU WKH GLHVHO YHKLFOH�
&RPSDUDEOH 6$ IRUPDWLRQ SRWHQWLDOV LQ WKH UDQJH ��� PJ�NP ZHUH PHDVXUHG IRU HDFK RI WKH YHKLFOH� ZKLFK LV URXJKO\ ����
WLPHV PRUH WKDQ WKH SULPDU\ SDUWLFOH PDVV HPLVVLRQ� 7KH PDMRU LGHQWLILHG VHFRQGDU\ RUJDQLF DHURVRO SUHFXUVRUV ZHUH
DURPDWLF K\GURFDUERQV IRU JDVROLQH H[KDXVW� EXW ORQJ�FKDLQ DOLSKDWLFV IRU WKH GLHVHO H[KDXVW� $PPRQLXP QLWUDWH ZDV D
GRPLQDQW 6$ FRPSRQHQW IRU JDVROLQH DQG &1* HPLVVLRQV� 7KLV LV GXH WR WKH JHQHUDWLRQ RI DPPRQLD HPLVVLRQV LQ WKH WKUHH�
ZD\ FDWDO\VW RI WKH YHKLFOHV� DQG VXEVHTXHQW UHDFWLRQ RI DPPRQLD DQG 12[ GXULQJ R[LGDWLYH DJLQJ� 2YHUDOO� WKLV ZRUN
KLJKOLJKWV WKH UROH RI HPLVVLRQ DIWHU�WUHDWPHQW E\SURGXFWV LQ ERWK SULPDU\ SDUWLFOH HPLVVLRQV DQG VHFRQGDU\ DHURVRO
IRUPDWLRQ�SRWHQWLDO�RI�WKH�HPLVVLRQV�

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

5HDO�ZRUOG�SDUWLFOH�QXPEHU�HPLVVLRQ�IDFWRUV�RI�KHDY\�GXW\�YHKLFOHV��&RQWULEXWLRQ�RI�VXE����QP�SDUWLFOHV�

+��/LQWXVDDUL�����<��=KDQJ���/��6DOR�����&��9DUFRH���-��5RFKXVVHQ���6��5RJDN���7��5|QNN|�
��1��=LPPHUPDQ�
�

�$HURVRO�3K\VLFV�/DERUDWRU\��3K\VLFV�8QLW��7DPSHUH�8QLYHUVLW\��7DPSHUH��)LQODQG���'HSW��RI�0HFKDQLFDO�(QJLQHHULQJ�
8QLYHUVLW\�RI�%ULWLVK�&ROXPELD��9DQFRXYHU��&DQDGD�

0RUH HYLGHQFH LV HPHUJLQJ RQ WKH KDUPIXO EUDLQ LPSDFWV RI KXPDQ H[SRVXUH WR XOWUDILQH SDUWLFOHV �8)3V� ���� QP� >���@�
7KH VPDOOHVW 8)3V �VXE��� QP� GHSRVLW HIILFLHQWO\ LQ KXPDQ H[WUDWKRUDFLF DLUZD\V >�@� OHDGLQJ WR D SRWHQWLDO QRVH�WR�EUDLQ
SDWKZD\ YLD WKH ROIDFWRU\ EXOE >�@� 7UDIILF LV D PDMRU VRXUFH RI 8)3V LQ XUEDQ HQYLURQPHQWV >�@� ZLWK KHDY\�GXW\ YHKLFOHV
FRQWULEXWLQJ VLJQLILFDQWO\ >�@� <HW� HYHQ WKH VWULQJHQW (8 HPLVVLRQ UHJXODWLRQV GR QRW DGGUHVV VXE��� QP SDUWLFOHV LQ FXUUHQW
DQG IRUWKFRPLQJ OHJLVODWLRQV �(XUR ��� ,Q WKLV VWXG\� ZH GHWHUPLQHG UHDO�ZRUOG SDUWLFOH QXPEHU HPLVVLRQ IDFWRUV �()V� IRU
KXQGUHGV�RI�SDVVLQJ�KHDY\�GXW\�YHKLFOHV��ZLWK�D�SDUWLFXODU�IRFXV�RQ�WKH�VXE����QP�VL]H�UDQJH�

0HDVXUHPHQWV ZHUH FRQGXFWHG RQ WKH FDXVHZD\ WR *OREDO &RQWDLQHU 7HUPLQDOV 'HOWDSRUW LQ 9DQFRXYHU� &DQDGD� XVLQJ WKH
8%& 3/80( 9DQ� D PRELOH ODERUDWRU\� RYHU VHYHQ GD\V LQ 2FWREHU�1RYHPEHU ����� 7KH FDXVHZD\ ZDV GRPLQDWHG E\
JRRGV�PRYHPHQW WUDIILF� ZLWK PLQLPDO LQIOXHQFH IURP RWKHU SROOXWLRQ VRXUFHV GXH WR LWV PDULQH VXUURXQGLQJV� 7KH VHWXS
LQFOXGHG D &2� DQDO\VHU DQG WZR ZDWHU�EDVHG FRQGHQVDWLRQ SDUWLFOH FRXQWHUV �&3&V� ZLWK GLIIHUHQW FXW�RII VL]HV �� QP DQG �
QP�� HQDEOLQJ ��V PHDVXUHPHQWV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQV IRU SDUWLFOHV !� QP DQG !� QP� &2��EDVHG SDUWLFOH
QXPEHU ()V ZHUH GHULYHG XVLQJ WZR DSSURDFKHV� LQGLYLGXDO &2� SOXPH DQDO\VLV WR REWDLQ () GLVWULEXWLRQV DQG IOHHW�
DYHUDJHV� DQG FRUUHODWLRQ�EDVHG IOHHW�DYHUDJH () HVWLPDWLRQ� $GGLWLRQDO JDVHRXV DQG SDUWLFXODWH LQVWUXPHQWV RI WKH EURDGHU
FDPSDLJQ�SURYLGHG�FRQWH[W�RQ�SROOXWDQW�HPLVVLRQV��LQFOXGLQJ�QRQ�H[KDXVW�SDUWLFOH�HPLVVLRQV�

$FFRUGLQJ WR WKH SUHOLPLQDU\ UHVXOWV� WKH ()V VKRZHG YHU\ ODUJH YDULDELOLW\� UDQJLQJ IURP ]HUR WR ���� ���NJ IXHO�� 7KH IOHHW�
DYHUDJH () IRU SDUWLFOHV !� QP ZDV DSSUR[LPDWHO\ WZLFH DV ODUJH DV WKH IOHHW�DYHUDJH () IRU SDUWLFOHV !� QP� KLJKOLJKWLQJ
WKH VLJQLILFDQW FRQWULEXWLRQ RI VXE��� QP SDUWLFOHV WR WRWDO SDUWLFOH QXPEHU HPLVVLRQV� %RWK () FDOFXODWLRQ PHWKRGV
SURGXFHG IOHHW�DYHUDJH ()V RI VLPLODU PDJQLWXGH� RQ WKH RUGHU RI ���� ���NJ IXHO�� 7KHVH REVHUYDWLRQV XQGHUOLQH WKDW KHDY\�
GXW\ YHKLFOHV FDQ KDYH D VXEVWDQWLDO LPSDFW RQ 8)3 FRQFHQWUDWLRQV LQ XUEDQ HQYLURQPHQWV ZKHQ RSHUDWLQJ RQ XUEDQ VWUHHWV�
HYHQ�WKRXJK�FOHDQHU�YHKLFOHV�DOVR�H[LVW�

0HDVXUHPHQWV ZHUH SDUW RI WKH 8UEDQ )UHLJKW 6\VWHP (PLVVLRQV SURJUDP IXQGHG E\ (QYLURQPHQW DQG &OLPDWH &KDQJH
&DQDGD¶V �(&&&� &OLPDWH $FWLRQ DQG $ZDUHQHVV )XQG �&$$)�� /LQWXVDDUL
V UHVHDUFK YLVLW WR 8%& ZDV VXSSRUWHG E\ WKH
.$87( )RXQGDWLRQ WKURXJK WKH 5HVHDUFKHUV $EURDG SURJUDP� %RWK 6DOR DQG /LQWXVDDUL ZHUH VXSSRUWHG E\ WKH *,$17
SURMHFW IXQGHG E\ %XVLQHVV )LQODQG �JUDQW QXPEHU �������������� +HOVLQNL 5HJLRQ (QYLURQPHQWDO $JHQF\ +6<� DQG
VHYHUDO )LQQLVK PXQLFLSDOLWLHV DQG FRPSDQLHV� 7KLV UHVHDUFK ZDV XQGHUWDNHQ� LQ SDUW� WKDQNV WR IXQGLQJ IURP WKH &DQDGD
5HVHDUFK�&KDLUV�3URJUDP�

>�@�0DUtD�GH�/RV�$QJHOHV�$QGUDGH�2OLYD�HW�DO���,QKDO��7R[LFRO��������������±���
>�@�0DULD�9LROD�0DUWLNDLQHQ�HW�DO���-��(QYLURQ��5HV��3XEOLF��+HDOWK����������������
>�@�,&53��,&53�3XEOLFDWLRQ�������������±��
>�@�*XLOKHUPH�-��0��*DUFLD��-HIIU\�'��6FKURHWHU��-XOLD�6��.LPEHOO��,QKDO��7R[LFRO����������������±����
>�@�7RSL�5|QNN|�HW�DO���31$6�����������������±�����
>�@�6KHQJ�;LDQJ�HW�DO���$HURVRO�$LU�4XDO��5HV�����������������±�����
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��6HVVLRQ����(PLVVLRQV��DIWHUWUHDWPHQW���UHDO�ZRUOG�RSHUDWLRQ���DOWHUQDWLYH�IXHOV��7DON
��

$PPRQLXP�1LWUDWH�1DQRSDUWLFOHV�IURP�$PPRQLD�&RPEXVWLRQ�LQ�(QJLQHV�DQG�%XUQHUV�

:��1RUWKURS���7��3DWLO�

�8QLYHUVLW\�RI�0LQQHVRWD�

$PPRQLD LV JHQHUDOO\ DVVXPHG WR HPLW QR IXHO�GHULYHG QDQRSDUWLFOHV ZKHQ FRPEXVWHG EHFDXVH LW FRQWDLQV QR FDUERQ� 7KLV
SUHVHQWDWLRQ GHEXQNV WKDW DVVXPSWLRQ� UHYHDOLQJ WKURXJK D ERG\ RI H[SHULPHQWDO LQYHVWLJDWLRQV� WKH IRUPDWLRQ RI SDUWLFXODWH�
SKDVH DPPRQLXP QLWUDWH �$1� IURP FRPEXVWLRQ LQ ERWK IODPHV DQG HQJLQHV� ([SHULPHQWDO UHVHDUFK ZDV FRQGXFWHG RQ DQ
HQJLQH SODWIRUP >�@ DQG LQ WXUEXOHQW >�@ DQG ODPLQDU >�@ IODPH VHWXSV� ,Q DOO FDVHV� JDVHRXV HPLVVLRQV ZHUH PHDVXUHG XVLQJ D
)RXULHU 7UDQVIRUP ,QIUDUHG �)7,5� DQDO\]HU� ZKLOH SDUWLFOH VL]H GLVWULEXWLRQ ZDV DVVHVVHG XVLQJ D VFDQQLQJ PRELOLW\ SDUWLFOH
VL]HU �6036� IROORZLQJ D GXDO�VWDJH GLOXWLRQ V\VWHP� 7KH HQJLQH ZDV RSHUDWHG RQ SXUH DPPRQLD DW ���� DQG ���� USP�
��� ORDG� %XUQHU H[SHULPHQWV ZHUH FRQGXFWHG RYHU D UDQJH RI HTXLYDOHQFH UDWLRV DQG WKHUPDO LQSXW OHYHOV� 6L]H�VHSDUDWHG
SDUWLFOHV ZHUH FROOHFWHG XVLQJ D 028', LPSDFWRU DQG FKDUDFWHUL]HG IRU FKHPLFDO FRPSRVLWLRQ XVLQJ DWWHQXDWHG WRWDO
UHIOHFWDQFH�)7,5� 5DPDQ VSHFWURVFRS\� DQG ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\� $GGLWLRQDOO\� SDUWLFOH PRUSKRORJ\ ZDV
VWXGLHG XVLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� ZKLOH HQHUJ\�GLVSHUVLYH ;�UD\ VSHFWURVFRS\ PDSSLQJ ZDV SHUIRUPHG WR
FRQILUP HOHPHQWDO FRPSRVLWLRQ� ,Q ERWK HQJLQH DQG EXUQHU H[SHULPHQWV� SDUWLFOH VL]H GLVWULEXWLRQV ZHUH PRQRPRGDO
ORJQRUPDO��ZLWK�GLDPHWHUV�UDQJLQJ�IURP���QP�WR�����QP�DV�VKRZQ�LQ�)LJXUH���

�

�

&KDUDFWHUL]DWLRQ�UHVXOWV�LQGLFDWH�WKDW�PHDVXUHG�QDQRSDUWLFOH�HPLVVLRQV�SULPDULO\�FRQVLVW�RI�$1��EXW�GR�QRW�FRQFOXVLYHO\
SURYH�ZKHUH�LQ�WKH�H[KDXVW�V\VWHP�$1�LV�IRUPHG��)URP�WKH�HQJLQH�GDWD��HOHPHQWDO�PDSV�VKRZ�QLWURJHQ�DQG�R[\JHQ�
LQGLFDWLQJ�WKH�SUHVHQFH�RI�QLWUDWHV��DORQJ�ZLWK�VXOIXU��PDJQHVLXP��SRWDVVLXP��DQG�FDOFLXP��OLNHO\�RULJLQDWLQJ�IURP
OXEULFDQW�RLO�DGGLWLYHV��2QH�IRUPDWLRQ�PHFKDQLVP�LV�EHOLHYHG�WR�LQYROYH�KHWHURJHQHRXV�QXFOHDWLRQ��GXULQJ�ZKLFK�SDUWLFOHV
DGVRUE�RQWR�OXEULFDQW�RLO�GHULYHG�DVK�SDUWLFOHV��%XUQHU�QDQRSDUWLFOHV�FRQWDLQ�QR�DVK�QXFOHL��VXJJHVWLQJ�WKDW�$1�FDQ�DOVR
IRUP�YLD�KRPRJHQHRXV�FKHPLFDO�QXFOHDWLRQ��ZLWK�DPPRQLD�GULYLQJ�SDUWLFOH�FRQFHQWUDWLRQ��12��FRQWULEXWLQJ�WR�FOXVWHU
IRUPDWLRQ��DQG�ZDWHU�YDSRU�SURPRWLQJ�SDUWLFOH�JURZWK�YLD�KHWHURJHQHRXV�FRQGHQVDWLRQ��7KLV�SUHVHQWDWLRQ�ZLOO�FOHDUO\
UHYLHZ�WKHVH�FRPSUHKHQVLYH�UHVXOWV�DQG�SURYLGH�DQ�RXWORRN�IRU�$1�PLWLJDWLRQ�LQ�IXWXUH�DPPRQLD�FRPEXVWLRQ�V\VWHPV�

>�@7�6��3DWLO��7��6���$�5��9RULV��6�3��.DQH�	�:�)��1RUWKURS��:��)���������-RXUQDO�RI�$HURVRO�6FLHQFH���������
>�@�7�6��3DWLO��&�)��*RHUWHPLOOHU�	�:�)��1RUWKURS��,Q�5HYLHZ��-RXUQDO�RI�$PPRQLD�(QHUJ\�
>�@�7�6��3DWLO��&�)��*RHUWHPLOOHU�	�:�)��1RUWKURS��,Q�5HYLHZ�������,QWHUQDWLRQDO�6\PSRVLXP�RQ�&RPEXVWLRQ�
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��6HVVLRQ����(PLVVLRQV��DIWHUWUHDWPHQW���UHDO�ZRUOG�RSHUDWLRQ���DOWHUQDWLYH�IXHOV��7DON
��

(IIHFWV�RI�([WUHPH�&ROG�&OLPDWH�RQ�3DUWLFXODWH�(PLVVLRQV�RI�/LJKW�'XW\�*DVROLQH�9HKLFOHV��

1��5D]]DJKL���9��+RVVHLQL�
�

�6FKRRO�RI�6XVWDLQDEOH�(QHUJ\�(QJLQHHULQJ��6LPRQ�)UDVHU�8QLYHUVLW\��9DQFRXYHU��&DQDGD�

([WUHPH FROG ZHDWKHU DIIHFWV WUDIILF DFWLYLW\ DQG YHKLFOH HPLVVLRQ FKDUDFWHULVWLFV� \HW WKH LPSDFWV DUH QRW UHSUHVHQWHG LQ
XUEDQ RQ�URDG HPLVVLRQ LQYHQWRULHV� 7KH HIILFLHQF\ RI FDWDO\WLF FRQYHUWHUV GHSHQGV RQ WHPSHUDWXUH� DQG DFKLHYLQJ RSWLPDO
RSHUDWLQJ WHPSHUDWXUHV LQ FROG ZHDWKHU LV FKDOOHQJLQJ >�@� 86 (3$ 7LHU � VWDQGDUGV KDYH UHFHQWO\ LQWURGXFHG D 30 OLPLW RI
��� PJ�PL WKDW UHTXLUHV D FROG WHPSHUDWXUH WHVW DW ���& >�@� +RZHYHU� LQ PDQ\ SDUWV RI WKH ZRUOG� H[WUHPHO\ FROG ZHDWKHU
WHPSHUDWXUHV JR EHORZ WKLV OLPLW YDOXH� 7KLV VWXG\ TXDQWLILHV WKH HIIHFW RI FROG ZHDWKHU RQ H[KDXVW DLU HPLVVLRQV ZLWK D IRFXV
RQ OLJKW�GXW\ YHKLFOHV IRU XUEDQ SDVVHQJHU WUDQVSRUW� 8VLQJ WKH &LW\ RI (GPRQWRQ� &DQDGD� DV D FDVH VWXG\� OLQN�OHYHO WUDIILF
DFWLYLW\ GDWD� PHWHRURORJLFDO REVHUYDWLRQV� DQG WHPSHUDWXUH�GHSHQGHQW HPLVVLRQ IDFWRUV ZHUH FRPELQHG LQ D ERWWRP�XS
HPLVVLRQ LQYHQWRU\ PRGHO EDVHG RQ 8�6� (3$¶V 029(6� 7HFKQRORJ\� DQG PRGHO�\HDU�VSHFLILF HPLVVLRQ UDWH PXOWLSOLHUV
ZHUH DSSOLHG WR DFFRXQW IRU GLIIHUHQFHV EHWZHHQ JDVROLQH SRUW IXHO LQMHFWLRQ �3),� DQG JDVROLQH GLUHFW LQMHFWLRQ �*',�
YHKLFOHV�DQG�IRU�FKDQJHV�DVVRFLDWHG�ZLWK�HPLVVLRQ�FRQWURO�VWDQGDUGV�
5HVXOWV VKRZ WKDW FROG�ZHDWKHU FRQGLWLRQV LQFUHDVH UXQQLQJ�H[KDXVW HPLVVLRQV IRU YHKLFOHV SULRU WR WKH 7LHU � UHJXODWRU\ HUD�
ZLWK WKH PDJQLWXGH RI LQFUHDVH YDU\LQJ E\ SROOXWDQW DQG PRGHO�\HDU� )RU 30���� DYHUDJH FROG�WR�EDVHOLQH HPLVVLRQ UDWH
UDWLRV DUH KLJKHVW IRU SUH����� YHKLFOHV ������ DQG UHPDLQ HOHYDWHG IRU FDUV SURGXFHG EHWZHHQ ���� DQG ���� ������� 7KHVH
UHVXOWV GHPRQVWUDWH WKDW DGYDQFHV LQ HPLVVLRQ FRQWURO WHFKQRORJLHV KDYH UHGXFHG ERWK DEVROXWH HPLVVLRQ UDWHV DQG WKHLU
VHQVLWLYLW\�WR�FROG�DPELHQW�FRQGLWLRQV�IRU�SDUWLFXODWH�PDWWHU��ZKLOH�ROGHU�YHKLFOHV�UHPDLQ�DIIHFWHG�E\�ZLQWHU�RSHUDWLRQ��

�

�

>�@�'DUGLRWLV�&��0DUWLQL�*��0DURWWD�$��0DQIUHGL�8��$SSOLHG�(QHUJ\��������������±�����
>�@�'LHVHO1HW��8�6��OLJKW�GXW\�YHKLFOH�HPLVVLRQ�VWDQGDUGV��7LHU�����'LHVHO1HW��(FRSRLQW�,QF
>�@�&OHDQ�$LU�6WUDWHJLF�$OOLDQFH��5RDGVLGH�2SWLFDO�9HKLFOH�(PLVVLRQV�5HSRUWHU��529(5��,,,�)LQDO�5HSRUW�������
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��6HVVLRQ����$PELHQW�DLU��ELRPDVV�EXUQLQJ�DQG�ZLOGILUHV��HQYLURQPHQWDO�LPSDFWV��7DON
��

'LUHFW�UDGLDWLYH�SURSHUWLHV�RI�PRGHUQ�(XURSHDQ�ZRRGVWRYH�HPLVVLRQV��HIIHFW�RI�SKRWRFKHPLFDO�DJLQJ�DQG�DQ
HOHFWURVWDWLF�SUHFLSLWDWRU�

$��0XNKHUMHH���$��3DXO���0��,KDODLQHQ���0��6RPHUR���6��%DVQHW���$��9LUNNXOD���5��=LPPHUPDQQ�
��2��6LSSXOD�
�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��.XRSLR���������)LQODQG���

'HSDUWPHQW�RI�FKHPLVWU\��$DUKXV�XQLYHUVLW\�������$DUKXV��'HQPDUN���$WPRVSKHULF�&RPSRVLWLRQ�5HVHDUFK��)LQQLVK
0HWHRURORJLFDO�,QVWLWXWH���������+HOVLQNL��)LQODQG���&KDLU�RI�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�5RVWRFN��5RVWRFN��������

*HUPDQ\�

5HVLGHQWLDO ZRRG FRPEXVWLRQ �5:&� LV D PDMRU VRXUFH RI FDUERQDFHRXV DHURVROV LQ (XURSH� \HW ODUJH XQFHUWDLQWLHV UHPDLQ
LQ DVVHVVLQJ WKH FOLPDWH LPSDFWV RI HPLVVLRQV IURP PRGHUQ ZRRG VWRYHV� :H LQYHVWLJDWHG WKH SK\VLFDO� FKHPLFDO� DQG RSWLFDO
SURSHUWLHV RI DHURVROV HPLWWHG IURP FRPEXVWLRQ RI EHHFK ZRRGORJV LQ DQ DLU�VWDJHG FKLPQH\ VWRYH� (DFK H[SHULPHQW ODVWHG
IRU � KRXUV DQG FRQVLVWHG RI WKH EXUQLQJ RI � EDWFKHV RI ORJZRRG� )UHVK HPLVVLRQV ZHUH FKDUDFWHUL]HG ZLWK DQG ZLWKRXW DQ
HOHFWURVWDWLF SUHFLSLWDWRU �(63� 2HNRWXEH�� ,Q DGGLWLRQ� HPLWWHG DHURVROV ZHUH SKRWRFKHPLFDOO\ DJHG XVLQJ DQ R[LGDWLRQ IORZ
UHDFWRU �3($5� XQGHU WZR GLIIHUHQW 2+ H[SRVXUHV FRUUHVSRQGLQJ WR HTXLYDOHQW DJLQJ XSWR a��� �VKRUW DJLQJ� DQG a�
�PHGLXP�DJLQJ��DWPRVSKHULF�GD\V�

(PLVVLRQV RI &2�� &2 DQG PDMRU QRQ�PHWKDQH 92&V ZHUH PRQLWRUHG XVLQJ DQ RQOLQH )RXULHU�7UDQVIRUP ,QIUD�5HG
VSHFWURSKRWRPHWHU �)7,5�� 7KH WHPSRUDO HYROXWLRQ RI &2� DQG &2 ZDV XVHG WR FDOFXODWH WLPH VHULHV RI PRGLILHG FRPEXVWLRQ
HIILFLHQF\� DV ZHOO DV WR GHILQH GLVWLQFW FRPEXVWLRQ SKDVHV� QDPHO\ LJQLWLRQ� IODPLQJ DQG UHVLGXDO FKDU EXUQLQJ >�@�/LJKW
DEVRUSWLRQ �ȕDEV� DQG VFDWWHULQJ FRHIILFLHQWV �ȕVFD� RI IUHVK DQG DJHG DHURVROV ZHUH PHDVXUHG XVLQJ D PXOWL�ZDYHOHQJWK
DHWKDORPHWHU �$(��� DQG LQWHJUDWLQJ QHSKHORPHWHU� UHVSHFWLYHO\� (TXLYDOHQW EODFN FDUERQ �H%&� FRQFHQWUDWLRQ DQG IUDFWLRQ
RI WRWDO OLJKW DEVRUSWLRQ E\ EURZQ FDUERQ �%U&� ZHUH DOVR HVWLPDWHG IURP $(��� &KHPLFDO FRPSRVLWLRQ RI RUJDQLF �2$� DQG
LQRUJDQLF DHURVRO ZHUH HVWLPDWHG E\ DQ DHURVRO PDVV VSHFWURPHWHU� 7LPHVHULHV RI DHURVRO SDUWLFOH VL]H GLVWULEXWLRQV ZHUH
PHDVXUHG E\ D VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036�� DV ZHOO DV DQ HOHFWULFDO ORZ�SUHVVXUH LPSDFWRU �(/3,�� )LQDOO\�
6LPSOH IRUFLQJ HIILFLHQF\ �6)(� : J��� RI IUHVK DQG DJHG DHURVROV RYHU ERWK DYHUDJH JOREDO WHUUDLQ DQG IUHVK VQRZ VXUIDFH
ZHUH�HVWLPDWHG�DV�SHU�SUHYLRXV�OLWHUDWXUH�>�@�XVLQJ�DOEHGR�YDOXHV�RI������DQG�����UHVSHFWLYHO\�

)UHVK�HPLVVLRQV�ZHUH�GRPLQDWHG�E\�VRRW�ULFK�SDUWLFOHV�ZLWK�ORZ�VLQJOH�VFDWWHULQJ�DOEHGR��66$��DQG�KLJK�PDVV�DEVRUSWLRQ
FRHIILFLHQWV��0$&���SDUWLFXODUO\�GXULQJ�IODPLQJ�FRPEXVWLRQ�SKDVHV��:H�DOVR�REVHUYHG�SUHVHQFH�RI�GDUN�%U&��RU�VWURQJO\
DEVRUSWLYH�%U&��LQ�HPLVVLRQV�IURP�IODPLQJ�FRPEXVWLRQV��7KH�(63�UHGXFHG�RYHUDOO�2$�DQG�H%&�HPLVVLRQV�UHVSHFWLYHO\�E\
DSSUR[LPDWHO\�����DQG������EXW�DOWHUHG�SDUWLFOH�VL]H�GLVWULEXWLRQV�DQG�LQFUHDVHG�PHDQ�YROXPH�GLDPHWHU��90'��RI�IUHVK
HPLVVLRQV�GXH�WR�VL]H�DQG�SDUWLFOH�FRPSRVLWLRQ�GHSHQGHQW�FROOHFWLRQ�HIILFLHQF\��$V�D�UHVXOW��IUHVK�5:&�HPLVVLRQ�ZDV
PRUH�VRRW�ULFK�\HW�UHODWLYHO\�PRUH�VFDWWHULQJ��ZLWK�����KLJKHU�66$�����LQ�SUHVHQFH�RI�(63��3KRWRFKHPLFDO�DJLQJ�OHG�WR
VXEVWDQWLDO�VHFRQGDU\�RUJDQLF�DHURVRO��62$��IRUPDWLRQ��LQFUHDVLQJ�2$�H%&�UDWLRV�DV�ZHOO�DV�90'��GXH�WR�FRQGHQVDWLRQ
RI�62$��$V�D�UHVXOW��ZH�REVHUYHG�HQKDQFHG�ȕVFD�DQG�UHGXFHG�ȕDEV�LQ�DJHG�HPLVVLRQV�FRPSDUHG�WR�IUHVK�HPLVVLRQV�
&RQVHTXHQWO\��VKRUW�DQG�PHGLXP�DJLQJ�GHFUHDVHG�6)(�HVWLPDWHG�RYHU�DYHUDJH�JOREDO�WHUUDLQ�E\�����DQG����
UHVSHFWLYHO\��FRPSDUHG�WR�WKDW�RI�IUHVK�5:&�HPLVVLRQ������������:�J�����+RZHYHU��HVWLPDWHG�6)(�YDOXHV�ZHUH�VWLOO
SRVLWLYH�HYHQ�DIWHU�DJLQJ��VXJJHVWLQJ�VLJQLILFDQW�ZDUPLQJ�SRWHQWLDO�RI�5:&�HPLWWHG�SDUWLFOHV�IURP�PRGHUQ�ZRRGVWRYHV�

>�@�0XNKHUMHH��$���HW�DO���6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW��������������������
>�@�&KHQ��<��DQG�%RQG��7�&���$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV������������������������
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��

6SDWLRWHPSRUDO�PRGHOOLQJ�RI�DPELHQW�FRQFHQWUDWLRQ�RI�XOWUDILQH�SDUWLFOHV�LQ�6ZLW]HUODQG�

(��3��7ZRPH\�����-��.HOOHU�����6��/RXS�����0��*U�QLJ�����0��'LMN���-��.HUFNKRIIV���.��GH�+RRJK���0��5||VOL���
��0��(HIWHQV���


�8QLYHUVLW\�RI�%DVHO��)DFXOW\�RI�6FLHQFH���(SLGHPLRORJ\��%DVHO��%DVHO�6WDGW��6ZLW]HUODQG���6ZLVV�7URSLFDO�DQG�3XEOLF�+HDOWK
,QVWLWXWH��(QYLURQPHQWDO�(SLGHPLRORJ\��$OOVFKZLO��%DVHO�/DQG��6ZLW]HUODQG���'LYLVLRQ�RI�(QYLURQPHQWDO�(SLGHPLRORJ\�

,QVWLWXWH�IRU�5LVN�$VVHVVPHQW�6FLHQFHV��8WUHFKW�8QLYHUVLW\��8WUHFKW��WKH�1HWKHUODQGV�

.H\ZRUGV��8OWUDILQH�SDUWLFOHV��DLU�SROOXWLRQ��VSDWLRWHPSRUDO�PRGHOOLQJ��SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ��UDQGRP�IRUHVW

,QWURGXFWLRQ
'HVSLWH PHFKDQLVWLF HYLGHQFH IURP WR[LFRORJLFDO VWXGLHV� ODUJH�VFDOH HSLGHPLRORJLFDO HYLGHQFH IRU KHDOWK HIIHFWV RI XOWUDILQH
SDUWLFOHV �8)3� UHPDLQV OLPLWHG GXH WR VSDUVH PRQLWRULQJ� 8)3 H[KLELW ODUJH VSDWLDO DQG WHPSRUDO FRQWUDVWV� DQG ZKLOH
VHYHUDO VSDWLDO PRGHOV KDYH EHHQ SXEOLVKHG� IHZ VR IDU LQFRUSRUDWH WHPSRUDO YDULDELOLW\� :LWKLQ WKH IUDPHZRUN RI WKH
0$5.232/2 �³0DUNHUV RI 3ROOXWLRQ´� SURMHFW � ZH DLPHG WR GHYHORS D QDWLRQDO� WKUHH�VHDVRQ� KLJK�UHVROXWLRQ �GDLO\�
��[��P��VSDWLRWHPSRUDO�PRGHO�ZKLFK�FDQ�EH�KDUQHVVHG�WR�HVWLPDWH�H[SRVXUH�IRU�FRKRUWV�DFURVV�6ZLW]HUODQG��

0HWKRGV
7KH SURMHFW LV FRQGXFWLQJ 8)3 PHDVXUHPHQWV LQ 6ZLW]HUODQG ZLWK QDWLRQDO FRYHUDJH EHWZHHQ -XQH ���� DQG $SULO ����
XVLQJ D PRELOH SODWIRUP� YLVLWLQJ DOO PDMRU FLWLHV� PDQ\ VPDOOHU WRZQV DQG D VHOHFWLRQ RI PLQRU YLOODJHV� EDODQFLQJ
SRSXODWLRQ FRYHUDJH DQG FDSWXULQJ WKH IXOO UDQJH RI FRQFHQWUDWLRQ FRQWUDVWV� 8OWUDILQH SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&�
ZDV PHDVXUHG XVLQJ DQ (3& ���� DW ��VHFRQG LQWHUYDOV � DORQJVLGH FR�SROOXWDQWV �30���� 12�� EODFN FDUERQ�� *36
SRVLWLRQ� WHPSHUDWXUH DQG UHODWLYH KXPLGLW\� 5DQGRP IRUHVW PRGHOV ZHUH GHYHORSHG WR SUHGLFW ORJJHG 31& XVLQJ VSDWLDO DQG
WHPSRUDO�HQYLURQPHQWDO�SUHGLFWRUV�VXFK�DV�DOWLWXGH��PHWHRURORJ\��ODQG�XVH�DQG�URDG�W\SH�GDWD�

�

�

)LJXUH �� 0HDVXUHG YHUVXV SUHGLFWHG 8)3 QXPEHU FRQFHQWUDWLRQ� 7KH GDVKHG OLQH LQGLFDWHV WKH ��� UDWLR� 7KH UHG OLQH
LQGLFDWHV D VOLJKW W\SLFDO XQGHUHVWLPDWLRQ RI WKH PRGHO DV FRPSDUHG WR PHDVXUHG FRQFHQWUDWLRQV� 7KLV LV GXH WR VFDWWHU RQ WKH
ORZHU ULJKW HQG RI WKH JUDSK� ZKLFK UHVXOWV IURP KLJK�H[SRVXUH RXWOLHUV RQ URDGV� 7KHVH DUH FKDOOHQJLQJ WR SUHGLFW GXH WR
KLJKO\�VSHFLILF�ORFDO�RU�WHPSRUDU\�HPLVVLRQV�RU�FRQGLWLRQV��ZKLFK�DUH�QRW�FDSWXUHG�E\�DQ\�RI�WKH�SUHGLFWRUV�

)LJXUH �� 6ZLVV�ZLGH SUHGLFWLRQ RI 8)3 QXPEHU FRQFHQWUDWLRQ DFURVV 6ZLW]HUODQG RQ � FRQVHFXWLYH GD\V LQ -XO\ �����
&RQFHQWUDWLRQV DUH VKRZQ DV WKH ORJ�XOWUDILQH SDULFOH QXPEHU FRQFHQWUDWLRQ >�SDUWLFOHV�FP�@�� 3UHGLFWHG FRQFHQWUDWLRQV
UDQJH�URXJKO\�EHWZHHQ�H��§������SDUWLFOHV�P��DQG�H���§��������SDUWLFOHV�P��

5HVXOWV
'XULQJ WKH VXPPHU PHDVXUHPHQW SHULRG ��� -XQH ± � $XJXVW ������ �� GD\V DQG ����NP RI GDWD FDSWXUHG RQ 6ZLVV URDGV
\LHOGHG D PHGLDQ OHYHO RI ���� SDUWLFOHV�P� >LQWHUTXDUWLOH UDQJH ��������� SDUWLFOHV�P�@� :H PHDVXUHG ZLWKLQ ���P RI WKH
KRPHV RI ���� RI WKH 6ZLVV SRSXODWLRQ� 7KH SHUIRUPDQFH RI RXU SUHOLPLQDU\ 6ZLVVZLGH PRGHO \LHOGHG DQ RYHUDOO 5� RI ����
�)LJXUH ��� 5RDG OHQJWK RI PRWRUZD\V DQG WUDIILF LQWHQVLW\ LQ EXIIHUV RI �������P DQG ZHDWKHU�UHODWHG YDULDEOHV
�WHPSHUDWXUH� KXPLGLW\� ZHUH WKH PRVW LPSRUWDQW SUHGLFWRUV� ([DPSOH SUHGLFWLRQV IRU IRXU FRQVHFXWLYH VXPPHU GD\V DUH
VKRZQ�LQ�)LJXUH���

&RQFOXVLRQ
:H SURYLGH VRPH RI WKH ILUVW VSDWLRWHPSRUDO QDWLRQDO FRQFHQWUDWLRQ PRGHOV IRU XOWUDILQH 31&� DOORZLQJ WLPHYDU\LQJ
H[SRVXUH�DVVHVVPHQW�IRU�KHDOWK�VWXGLHV�

�

)
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+RZ�FRDWLQJ�SDWKZD\�FRQWUROV�OLJKW�DEVRUSWLRQ�E\�EODFN�FDUERQ�

&��-RXUGDLQ�����-��6\PRQGV���=��6XQ���0��*\VHO�%HHU���$��%RLHV���

�0HFKDQLFDO�(QJLQHHULQJ�'HSDUWPHQW��6WDQIRUG�8QLYHUVLW\������(VFRQGLGR�0DOO���������6WDQIRUG��86$���'HSDUWPHQW�RI
(QJLQHHULQJ��8QLYHUVLW\�RI�&DPEULGJH��7UXPSLQJWRQ�6W��&DPEULGJH�&%���3=��8.���&DPEXVWLRQ�/WG������&KHUU\�+LQWRQ
5RDG��&DPEULGJH��&%���'+��8.���36,�&HQWHU�IRU�(QHUJ\�DQG�(QYLURQPHQWDO�6FLHQFHV�������9LOOLJHQ�36,��6ZLW]HUODQG�

FODVV �0VR1RUPDO� VW\OH �WH[W�DOLJQ� MXVWLI\��!%ODFN FDUERQ �%&� DHURVROV DUH DPRQJ WKH PRVW LPSRUWDQW FOLPDWH�IRUFLQJ
DJHQWV LQ WKH (DUWK¶V DWPRVSKHUH� \HW WKH LQWHUDFWLRQ RI OLJKW ZLWK LQGLYLGXDO %& FRUHV DQG WKHLU FRDWLQJ UHPDLQV DFWLYHO\
GHEDWHG >�@� $IWHU HPLVVLRQ� %& SDUWLFOHV UDSLGO\ PL[ ZLWK QRQ� RU ZHDNO\�DEVRUELQJ PDWHULDO WKURXJK FRQGHQVDWLRQ DQG
FRDJXODWLRQ� DOWHULQJ WKHLU PRUSKRORJ\� UDGLDWLYH SURSHUWLHV� DQG DWPRVSKHULF OLIHWLPH >�@� +RZHYHU� WKH LPSDFW RI WKHVH
GLVWLQFW�FRDWLQJ�SDWKZD\V�LV�GLIILFXOW�WR�GLVHQWDQJOH�LQ�DPELHQW�REVHUYDWLRQV�

+HUH� ZH LQGHSHQGHQWO\ LQYHVWLJDWH FRQGHQVDWLRQ� DQG FRDJXODWLRQ�GULYHQ FRDWLQJ PHFKDQLVPV XVLQJ FRQWUROOHG ODERUDWRU\
H[SHULPHQWV FRPELQHG ZLWK QXPHULFDO RSWLFDO PRGHOLQJ� 7ZR FXVWRP�EXLOW DHURVRO FKDPEHUV DUH XVHG WR JHQHUDWH PL[HG
%& SDUWLFOHV E\ FRDWLQJ VRRW ZLWK DQ DWPRVSKHULF OLTXLG VXUURJDWH YLD HLWKHU HYDSRUDWLRQ±FRQGHQVDWLRQ RU FRDJXODWLRQ
ZLWK RSSRVLWHO\ FKDUJHG GURSOHWV� 7KH UHVXOWLQJ SDUWLFOHV DUH FKDUDFWHUL]HG LQ UHDO WLPH LQ WHUPV RI VL]H� PDVV� DQG
ZDYHOHQJWK�GHSHQGHQW RSWLFDO DEVRUSWLRQ� ,Q SDUDOOHO� VLQJOH�SDUWLFOH RSWLFDO SURSHUWLHV DUH VLPXODWHG XVLQJ WKH GLVFUHWH
GLSROH�DSSUR[LPDWLRQ�DQG�PXOWL�VSKHUH�7�PDWUL[�PHWKRGV�

:H ILQG WKDW WKH FRDWLQJ SDWKZD\ JRYHUQV SDUWLFOH PRUSKRORJ\ DQG� FRQVHTXHQWO\� RSWLFDO DEVRUSWLRQ� &RQGHQVDWLRQ OHDGV
WR HQFDSVXODWHG� QHDU�VSKHULFDO %& SDUWLFOHV� ZKHUHDV FRDJXODWLRQ SURGXFHV LUUHJXODUO\�VKDSHG DJJUHJDWHV� 7KH PDVV
DEVRUSWLRQ FURVV�VHFWLRQ �0$&� RI FRQGHQVHG %& LQFUHDVHV V\VWHPDWLFDOO\ ZLWK FRDWLQJ PDVV DW ���� ���� DQG ��� QP�
ZLWK VWURQJHU HQKDQFHPHQW DW VKRUWHU ZDYHOHQJWKV �H�J�� 0$&��� QP  ���� PðJ�ï DW D PDVV UDWLR RI ��� ,Q FRQWUDVW� WKH
0$& RI FRDJXODWHG %& UHPDLQV ODUJHO\ LQVHQVLWLYH WR FRDWLQJ DPRXQW DQG RQO\ VOLJKWO\ H[FHHGV WKDW RI IUHVK %& �H�J��
0$&��� QP  ���� PðJ�ï DW D PDVV UDWLR RI ��� &RQVHTXHQWO\� HYHQ OLJKWO\ FRQGHQVHG %& H[KLELWV KLJKHU DEVRUSWLRQ WKDQ
FRDJXODWHG�%&��D�WUHQG�FRQVLVWHQWO\�UHSURGXFHG�LQ�RSWLFDO�VLPXODWLRQV�

7KHVH UHVXOWV GHPRQVWUDWH WKDW FRDWLQJ PRUSKRORJ\� UDWKHU WKDQ FRDWLQJ PDVV DORQH� FRQWUROV %& DEVRUSWLRQ HQKDQFHPHQW�
$FFRXQWLQJ IRU FRDWLQJ�GHSHQGHQW VKDSH DQG PL[LQJ VWDWH FDQ KHOS UHFRQFLOH GLVFUHSDQFLHV LQ ILHOG�GHULYHG DEVRUSWLRQ
HQKDQFHPHQWV�DQG�UHGXFH�XQFHUWDLQWLHV�LQ�%&�UHSUHVHQWDWLRQ�LQ�UHJLRQDO�DQG�JOREDO�FOLPDWH�PRGHOV�

>�@�&��'��&DSSD�HW�DO���6FLHQFH�����������������������
>�@�7��&��%RQG��5��:��%HUJVWURP��$HURVRO�6FLHQFH�DQG�7HFKQRORJ\�������������±���
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��
7UDQVLHQW�IRUPDWLRQ�RI�RUJDQLF�JDVHRXV�HPLVVLRQV�LQ�UHVLGHQWLDO�ZRRG�FRPEXVWLRQ�ZLWK�DQG�ZLWKRXW�DQ�HOHFWURVWDWLF

SUHFLSLWDWRU�

$��+DUWLNDLQHQ���$��0XNKHUMHH���0��6RPHUR���=��)DQJ���<��5XGLFK���5��=LPPHUPDQQ�����2��6LSSXOD���
�

�'HSW��RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��),��������.XRSLR��)LQODQG���'HSW��RI�(DUWK
DQG�3ODQHWDU\�6FLHQFH��:HL]PDQQ�,QVWLWXWH�RI�6FLHQFH����������5HKRYRW��,VUDHO���$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI

5RVWRFN��'�������5RVWRFN��*HUPDQ\���+HOPKROW]�=HQWUXP�0�QFKHQ��'�������1HXKHUEHUJ��*HUPDQ\���'HSW��RI�&KHPLVWU\�
8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��),�������-RHQVXX��)LQODQG�

5HVLGHQWLDO ZRRG FRPEXVWLRQ FDQ EH D PDMRU VRXUFH RI DWPRVSKHULF RUJDQLF DHURVROV HPLWWHG LQ ERWK JDVHRXV DQG SDUWLFOH
SKDVHV� ,Q WKLV ZRUN� ZH DLPHG WR UHVROYH WKH WHPSRUDO EHKDYLRU RI WKH JDVHRXV RUJDQLF HPLVVLRQV DQG GHWHUPLQH WKH LPSDFWV
RI DQ HOHFWURVWDWLF SUHFLSLWDWRU �(63� RQ WKHLU UHOHDVH� %DWFKHV RI EHHFK ORJV ZHUH FRPEXVWHG LQ DQ DLU�VWDJHG FKLPQH\ VWRYH
�� EDWFKHV SHU � K H[SHULPHQW�� )RU KDOI RI WKH H[SHULPHQWV� DQ 2HNR7XEH �2HNRVROYH� µHOHFWURVWDWLF SUHFLSLWDWRU LQVLGH¶
�XQLW ZDV LQVWDOOHG LQ WKH IOXH JDV VWDFN �Q � ZLWK (63 RII� Q � ZLWK (63 RQ�� 9RODWLOH RUJDQLFV ZHUH PRQLWRUHG E\ D SURWRQ
WUDQVIHU UHDFWRU � WLPH RI IOLJKW � PDVV VSHFWURPHWHU �375�7R) ����� ,RQLFRQ� DORQJVLGH H[WHQVLYH SDUWLFOH SKDVH
PHDVXUHPHQWV��

7KH RUJDQLF JDVHRXV HPLVVLRQV ZHUH DW WKHLU KLJKHVW GXULQJ EDWFK LJQLWLRQ� $V WKH FRPEXVWLRQ SURJUHVVHG WR IODPLQJ
FRQGLWLRQV DQG WKH FRPEXVWLRQ WHPSHUDWXUH LQFUHDVHG� RUJDQLF JDVHV ZHUH HIIHFWLYHO\ R[LGL]HG LQ WKH IODPH� OHDGLQJ WR
S\URV\QWKHVLV RI WKH RUJDQLFV DQG LQFUHDVH LQ WKH SDUWLFXODWH HPLVVLRQV >�@� 6ORZHU LJQLWLRQ LQ WKH FROG VWRYH GXULQJ WKH ILUVW
EDWFK OHG WR D GLVWLQFWO\ GLIIHUHQW HPLVVLRQ SURILOH FRPSDUHG WR WKH ODWHU EDWFKHV� 7KH WRWDO RUJDQLF JDVHRXV HPLVVLRQV
LQFUHDVHG DJDLQ IRU WKH ODWHU �IRXUWK WR VL[WK� EDWFKHV� OLNHO\ GXH WR WKH IDVWHU FRPEXVWLRQ UDWH GULYHQ E\ WKH LQFUHDVHG
WHPSHUDWXUH��

)LYH GLVWLQFW IDFWRUV ZHUH UHVROYHG IURP WKH PDVV VSHFWUD WLPH VHULHV E\ QRQ�QHJDWLYH PDWUL[ IDFWRUL]DWLRQ �10)�� ,JQLWLRQ
SKDVHV ZHUH OLQNHG WR WZR IDFWRUV� RQH SURPLQHQW IRU WKH FROG LJQLWLRQ RI ILUVW EDWFK �GRPLQDWHG E\ DFHWLF DFLG�� RQH IRU WKH
KLJK WHPSHUDWXUH LJQLWLRQ RI ODWHU EDWFKHV �GRPLQDWHG E\ EHQ]HQH�� $ IDFWRU FRPSULVHG GRPLQDQWO\ RI QLWURPHWKDQH ZDV
OLQNHG ZLWK WKH IODPLQJ SKDVH DQG FRUUHODWHG EHVW ZLWK WKH SDUWLFXODWH EURZQ FDUERQ HPLVVLRQV� 7KH IRXUWK IDFWRU PD\ EH
OLQNHG WR GLUHFW FHOOXORVH GHSRO\PHUL]DWLRQ SURGXFWV� DV LW FRQWDLQHG WKH IXUDQ HPLVVLRQV� 7KH ILIWK IDFWRU FRQWDLQHG ERWK
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V� DQG R[LGL]HG DURPDWLFV� ,Q FRQWUDVW WR WKH RWKHU IDFWRUV� LWV FRQFHQWUDWLRQ JUHZ
WRZDUGV�WKH�HQG�RI�HDFK�EDWFK���

7KH RYHUDOO HPLVVLRQ SURILOH ZDV VLPLODU ZLWK RU ZLWKRXW WKH (63� +RZHYHU� WKH HPLVVLRQ IDFWRUV RI 3$+V DQG R[\JHQDWHG
SRO\F\FOLF FRPSRXQGV �R�3$+V� ZHUH VWDWLVWLFDOO\ VLJQLILFDQWO\ KLJKHU ZLWK WKH (63 RQ IRU DOO WKH FRPEXVWLRQ SKDVHV� ZLWK
EDWFKZLVH HQKDQFHPHQW UDWLRV RI ��� DQG ��� IRU 3$+V DQG R�3$+V� UHVSHFWLYHO\� 7KH LQFUHDVH ZDV PRVW SURPLQHQW WRZDUGV
WKH HQG RI FRPEXVWLRQ �µHPEHU SKDVH¶�� ZKHQ WKH (63 UHGXFHG SDUWLFXODWH HPLVVLRQV HVSHFLDOO\ HIILFLHQWO\ >�@� DQG OLNHO\
FDXVHG�E\�WKH�GHFUHDVHG�DGVRUSWLRQ�RI�SRO\F\FOLF�FRPSRXQGV�RQWR�SDUWLFOH�SKDVH�ZKHQ�SDUWLFOH�HPLVVLRQV�ZHUH�UHGXFHG��

>�@���0XNKHUMHH�$��HW�DO���6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW�������������������
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��

'\QDPLFV�RI�XUEDQ�SDUWLFOH�QXPEHU�VL]H�GLVWULEXWLRQV�LQ�6WRFNKROP��6ZHGHQ�

'��6FKOHVLQJHU�����6��6LOYHUJUHQ���0��1RUPDQ���g��$[HOVVRQ�����6��/��+DVOHWW�
�

�6/%�DQDO\V��(QYLURQPHQW�DQG�+HDOWK�$GPLQLVWUDWLRQ��&LW\�RI�6WRFNKROP��6ZHGHQ���'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�
6WRFNKROP�8QLYHUVLW\��6WRFNKROP��6ZHGHQ���&HQWUH�IRU�2FFXSDWLRQDO�DQG�(QYLURQPHQWDO�0HGLFLQH��5HJLRQ�6WRFNKROP�

6WRFNKROP��6ZHGHQ���,QVWLWXWH�RI�(QYLURQPHQWDO�0HGLFLQH��.DUROLQVND�,QVWLWXWH��6WRFNKROP��6ZHGHQ�

$LU SROOXWLRQ KDV D VWURQJ LPSDFW RQ KXPDQ KHDOWK >�@� $OWKRXJK JURZLQJ VFLHQWLILF HYLGHQFH VKRZV WKDW WKH VPDOOHVW
SDUWLFOHV ² VR�FDOOHG XOWUDILQH SDUWLFOHV �8)3�²DUH HVSHFLDOO\ KDUPIXO WR KXPDQ KHDOWK� LW LV PDLQO\ WKH FRDUVH SDUWLFOH
IUDFWLRQV �30�� DQG 30���� WKDW DUH UHJXODUO\ PHDVXUHG DJDLQVW VWDQGDUGV DQG UHSRUWHG LQ FLWLHV ZRUOGZLGH� $V D
FRQVHTXHQFH��GDWD�DERXW�8)3�LQ�XUEDQ�HQYLURQPHQWV�LV�VWLOO�YHU\�OLPLWHG�

7KH (QYLURQPHQW DQG +HDOWK $GPLQLVWUDWLRQ RI WKH &LW\ RI 6WRFNKROP KDV PHDVXUHG 8)3 LQ WKH XUEDQ EDFNJURXQG DQG LQ
VWUHHW FDQ\RQV VLQFH ����� DQG WKH WLPH�VHULHV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&� IRU 6WRFNKROP FDQ QRZ EH FRQVLGHUHG
RQH RI WKH ORQJHVW LQ (XURSH� &RPSOHPHQWDU\ PHDVXUHPHQWV RI WKH SDUWLFOH QXPEHU VL]H GLVWULEXWLRQV �316'� KDYH EHHQ
FRQGXFWHG XVLQJ D 'LIIHUHQWLDO 0RELOLW\ 3DUWLFOH 6L]HU �'036� RYHU FHUWDLQ SHULRGV DQG LQ GLIIHUHQW HQYLURQPHQWV� LQ
FROODERUDWLRQ ZLWK 6WRFNKROP 8QLYHUVLW\� 7KH G\QDPLFV REVHUYHG LQ WKH XUEDQ 316' LV VXEMHFW WR FRQWLQXHG DQDO\VLV HIIRUWV
>�@�

�

�

)LJXUH��6FDYHQJLQJ��$��DQG�SDUWLFOH�JURZWK��%��HYHQWV�LQ�WKH�XUEDQ�EDFNJURXQG�RI�6WRFNKROP��6ZHGHQ�

,Q�WKH�SUHVHQW�ZRUN��ZH�IRFXV�RQ�WKH�LPSDFW�RI�GLIIHUHQW�PHWHRURORJLFDO�SDUDPHWHUV�IURP�FR�ORFDWHG�PHDVXUHPHQWV�
SDUWLFXODUO\�SUHFLSLWDWLRQ��RQ�WKH�316'�LQ�WKH�XUEDQ�EDFNJURXQG�LQ�6WRFNKROP��6ZHGHQ�WR�EHWWHU�XQGHUVWDQG�LWV�G\QDPLFV�
7KHVH�UHVXOWV�ZLOO�KHOS�WR�GLVHQWDQJOH�IDFWRUV�LPSDFWLQJ�WKH�316'�YDULDELOLW\�

>�@�:RUOG�+HDOWK�2UJDQLVDWLRQ��:+2���$LU�4XDOLW\�*XLGHOLQHV�����
>�@ 3� .UHFO� &� -RKDQVVRQ� 0� 1RUPDQ� 6� 6LOYHUJUHQ� /� %XUPDQ� (� 0� 0ROOLQHGR� $� &UpVR 7DUJLQR� (QYLURQPHQWDO
3ROOXWLRQ������������������
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$Q�HTXDWLRQ�GHVFULELQJ�WKH�ZDYHOHQJWK�GHSHQGHQFH�RI�EURZQ�FDUERQ�OLJKW�DEVRUSWLRQ�DW�DOO�ZDYHOHQJWKV�

-��&��&RUELQ���7��$��6LSNHQV�
�

�$HURVRO�DQG�*DV�0HWURORJ\��1DWLRQDO�5HVHDUFK�&RXQFLO�&DQDGD��2WWDZD��&DQDGD�

1DWXUDO FDUERQDFHRXV SDUWLFOHV IURP FRPEXVWLRQ FDQ SRVVHVV D UDQJH RI OLJKW�DEVRUELQJ SURSHUWLHV� UDQJLQJ IURP EODFN VRRW
WR EURZQ RUJDQLFV �WKH ³EURZQ�EODFN FRQWLQXXP´�� 7KLV OLJKW DEVRUSWLRQ LV RIWHQ GHVFULEHG LQ WHUPV RI WKH DEVRUSWLRQ
$QJVWURP H[SRQHQW �$$(� SRZHU ODZ� WKH QHJDWLYH VORSH RI D ORJ�ORJ SORW RI OLJKW DEVRUSWLRQ YHUVXV ZDYHOHQJWK� %ODFN
FDUERQ KDV D IL[HG $$( RI §��� DW DOO ZDYHOHQJWKV� +RZHYHU� GLIIHUHQW YDOXHV RI $$( IRU EURZQ FDUERQ DUH REVHUYHG DW
GLIIHUHQW ZDYHOHQJWKV �0RRVPXOOHU HW DO�� ������ 7KLV ZDYHOHQJWK�GHSHQGHQW $$( LV SUHGLFWHG E\ WKH 7DXF PRGHO �6XQ HW
DO�� ������ ZKLFK HPSOR\V WZR WKHRUHWLFDO SDUDPHWHUV ILUVW GHULYHG IRU VHPLFRQGXFWRU PDWHULDOV� +HUH� ZH UHIRUPXODWH WKLV
7DXF PRGHO XVLQJ HDVLO\ PHDVXUHG DHURVRO SURSHUWLHV� PDVV�VSHFLILF OLJKW DEVRUSWLRQ �0$&� DQG $$(� $Q HTXDWLRQ LV
SURYLGHG WR H[WUDSRODWH WKH 0$& DQG $$( DW DQ\ DUELWUDU\ ZDYHOHQJWK� JLYHQ WKHVH SURSHUWLHV DW D UHIHUHQFH ZDYHOHQJWK LQ
WKH YLVLEOH� 1RWDEO\� XVLQJ WKH EODFN�FDUERQ 0$& DQG $$( DV UHIHUHQFH DFFXUDWHO\ GHVFULEHV WKH DYDLODEOH OLWHUDWXUH GDWD�
LQFOXGLQJ VRRW� S\URO\]HG FDUERQ� FKDU� DQG ELRPDVV�EXUQLQJ WDUEDOOV� )XWXUH ZRUN PLJKW DSSO\ WKLV IUDPHZRUN WR TXDQWLI\
WKH�VSHFWUDOO\�LQWHJUDWHG�OLJKW�DEVRUSWLRQ�RI�EURZQ�FDUERQ�IURP�XQNQRZQ�DWPRVSKHULF�VDPSOHV�

0RRVP�OOHU� +� &KDNUDEDUW\� 5� .�� (KOHUV� .� 0�� $UQRWW� :� 3� $EVRUSWLRQ $QJVWURP FRHIILFLHQW� EURZQ FDUERQ� DQG
DHURVROV��EDVLF�FRQFHSWV��EXON�PDWWHU��DQG�VSKHULFDO�SDUWLFOHV��$WPRV��&KHP��3K\V�����������������������

6XQ +�� %LHGHUPDQQ /�� %RQG 7�&� &RORU RI EURZQ FDUERQ� $ PRGHO IRU XOWUDYLROHW DQG YLVLEOH OLJKW DEVRUSWLRQ E\ RUJDQLF
FDUERQ�DHURVRO��*HRSK\V��&KHP��/HWW�����/��������������
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��6HVVLRQ����1DQRSDUWLFOHV��LQVWUXPHQWDWLRQ��PHWURORJ\��IXQGDPHQWDOV��7DON
��

&KDUDFWHUL]DWLRQ�RI�D�QRYHO��PLG�FRVW�GHYLFH�IRU�DPELHQW�PRQLWRULQJ�RI�XOWUDILQH�SDUWLFOHV�

8��7ULYDQRYLF���.��$XGHUVHW���)��+�ZH���.��9DVLODWRX�
�

�3DUWLFOHV�DQG�$HURVROV�/DERUDWRU\��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6��%HUQ��&+�������6ZLW]HUODQG����1DQR'867
*PE+��������$VFKDIIHQEXUJ��*HUPDQ\�

'HVSLWH WKH SRWHQWLDOO\ VLJQLILFDQW KHDOWK LPSDFWV RI XOWUDILQH SDUWLFOHV �8)3�� WKH\ DUH QRW URXWLQHO\ PHDVXUHG DW DLU TXDOLW\
PRQLWRULQJ VWDWLRQV� 2QH EDUULHU WR URXWLQH PRQLWRULQJ RI 8)3 LV WKH UHODWLYHO\ KLJK FRVW DQG FRPSOH[LW\ RI PHDVXULQJ VROLG
DQG WRWDO SDUWLFOH QXPEHU �V31 	 W31� GRZQ WR �� QP DV LV UHTXLUHG E\ WKH QHZ (XURSHDQ $LU 4XDOLW\ GLUHFWLYH�
)XUWKHUPRUH� DPELHQW PRQLWRULQJ RI WKH VDPH PHWULFV XVHG IRU WDLOSLSH HPLVVLRQV ZRXOG DOORZ VWDNHKROGHUV WR EHWWHU DVVHVV
WKH HIIHFWLYHQHVV RI HPLVVLRQV UHJXODWLRQV DQG KHDOWK LPSDFWV RI VXFK SDUWLFOHV� 7R DGGUHVV WKLV� D QRYHO� PLG�FRVW GHYLFH IRU
PHDVXULQJ�8)3V�GRZQ�WR����QP�LV�FKDUDFWHUL]HG�KHUH�

7KH $LU31�� IURP QDQR'867 *PE+ PHDVXUHV SDUWLFOH QXPEHU �31� ZLWK D GLIIXVLRQ FKDUJLQJ �'&� EDVHG SDUWLFOH
FRXQWHU� DOUHDG\ DSSURYHG IRU PHDVXULQJ SDUWLFOH QXPEHU �31� LQ GLHVHO H[KDXVW� DGDSWHG IRU DPELHQW PRQLWRULQJ� 7KH
VDPSOH DHURVRO SDVVHV WKURXJK D VHULHV RI SUHFRQGLWLRQLQJ VWHSV EHIRUH UHDFKLQJ WKH GHWHFWRU� 7KLV LQFOXGHV D VWDJH ZLWK D
KLJK WHPSHUDWXUH ]RQH WR UHPRYH YRODWLOHV VXFK WKDW WKH V31 FDQ EH PHDVXUHG� $ VZLWFK LV XVHG WR E\�SDVV WKH KLJK
WHPSHUDWXUH ]RQH SHULRGLFDOO\ VXFK WKDW V31 DQG W31 DUH PRQLWRUHG SURYLGLQJ VRPH LQIRUPDWLRQ RQ SDUWLFOH FRPSRVLWLRQ� ,Q
DGGLWLRQ� WKH WZR�VWDJH '& VHQVRU DOORZV IRU WKH JHRPHWULF PHDQ PRELOLW\ GLDPHWHU �*0'PRE� RI WKH SDUWLFOHV WR EH
HVWLPDWHG� 7KH GHYLFH ZDV WHVWHG ZLWK SRO\GLVSHUVH VRRW SDUWLFOHV IURP D ���� 7\SH %& PLQL&$67 VRRW JHQHUDWRU� 7KLV
JHQHUDWRU SURGXFHV SDUWLFOHV ZLWK D YHU\ ORZ YRODWLOH FRQWHQW� WKHUHIRUH� V31 DQG W31 ZHUH HTXDO ZLWKLQ WKH PHDVXUHPHQW
YDULDELOLW\� 9DULRXV VL]H GLVWULEXWLRQV ZHUH XVHG ZLWK *0'PRE RI ��� ��� ��� ��� ��� ��� DQG ��� QP WR VSDQ WKH RSHUDWLQJ
UDQJH RI WKH GHYLFHV ��� WR ��� QP�� 7KH FRXQWLQJ HIILFLHQF\ �&(� RI WKH $LU31�� ZDV DVVHVVHG E\ FRPSDULQJ WKH V31 DQG
W31 YDOXHV WR WKDW PHDVXUHG E\ D &RQGHQVDWLRQ 3DUWLFOH &RXQWHU �&3&� 76, ������ 7KH UHVXOWV ZHUH LQ H[FHOOHQW DJUHHPHQW
IRU DHURVROV ZLWK *0'PRE IURP �� ± ��� QP DW FRQFHQWUDWLRQV DERYH DSSUR[LPDWHO\ ���� FP��� ZLWK KLJKHU YDULDELOLW\ DW
YHU\ ORZ FRQFHQWUDWLRQV �FD� ���� FP���� $W �� DQG ��� QP� WKH &( ZDV VOLJKWO\ UHGXFHG EXW WKH GHYLFH ZDV VWLOO DEOH WR
GHWHFW WKHVH SDUWLFOHV DW &( RI DSSUR[LPDWHO\ ��� DQG ���� UHVSHFWLYHO\� 7KH *0'PRE ZDV LQ H[FHOOHQW DJUHHPHQW ZLWK WKDW
PHDVXUHG E\ D 6FDQQLQJ 0RELOLW\ 3DUWLFOH 6SHFWURPHWHU �6036� 76, ���� DQG ����� H[FHSW DW ��� QP ZKHUH WKH VL]H ZDV
VOLJKWO\�RYHUHVWLPDWHG��FD������RYHUHVWLPDWLRQ��
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��6HVVLRQ����1DQRSDUWLFOHV��LQVWUXPHQWDWLRQ��PHWURORJ\��IXQGDPHQWDOV��7DON
��

(QVXULQJ�WKH�FRPSDUDELOLW\�RI�QDQRSDUWLFOH�PHDVXUHPHQWV�E\�WKH�LQWHUQDWLRQDO�PHWURORJ\�FRPPXQLW\�

$��%URZQ���$��1RZDN���$��:DKHHG���-��7LSOHU���.��9DVLODWRX���+��.LP���-��/LX���7��6LSNHQV�

�$LU�4XDOLW\�	�$HURVRO�0HWURORJ\�*URXS��1DWLRQDO�3K\VLFDO�/DERUDWRU\��7HGGLQJWRQ��7:����/:��8QLWHG�.LQJGRP���

$LUERUQH�1DQRSDUWLFOHV�*URXS��3K\VLNDOLVFK�7HFKQLVFKH�%XQGHVDQVWDOW��37%���������%UDXQVFKZHLJ��*HUPDQ\���

'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRORJ\��)HGHUDO�,QVWLWXWH�RI�0HWURORJ\�0(7$6��%HUQ��������6ZLW]HUODQG���'LYLVLRQ�RI
&KHPLFDO�DQG�0DWHULDO�0HWURORJ\��.RUHD�5HVHDUFK�,QVWLWXWH�RI�6WDQGDUGV�DQG�6FLHQFH��.5,66���'DHMHRQ��������5HSXEOLF�RI
.RUHD���&HQWHU�IRU�(QYLURQPHQWDO�0HWURORJ\��1DWLRQDO�,QVWLWXWH�RI�0HWURORJ\�&KLQD��%HLMLQJ���������&KLQD���$HURVRO�DQG

*DV�0HWURORJ\��15&�&DQDGD��2WWDZD��.�$��5���&DQDGD�

7KH LQWHUQDWLRQDO FRPSDUDELOLW\ RI PHDVXUHPHQWV LV XQGHUSLQQHG E\ WKH 0XWXDO 5HFRJQLWLRQ $UUDQJHPHQW RI WKH
,QWHUQDWLRQDO &RPPLWWHH IRU :HLJKWV DQG 0HDVXUHV �WKH &,30 05$�� 7KLV LV WKH IUDPHZRUN WKURXJK ZKLFK 1DWLRQDO
0HWURORJ\ ,QVWLWXWHV �10,V� GHPRQVWUDWH WKH JOREDO HTXLYDOHQFH RI WKHLU PHDVXUHPHQW VWDQGDUGV DW WKH KLJKHVW PHWURORJLFDO
OHYHO� $ FUXFLDO DFWLYLW\ LQ VXSSRUWLQJ WKH &3,0 05$ LV WKH GHOLYHU\ RI IRUPDO FRPSDULVRQ H[HUFLVHV EHWZHHQ 10,V DQG�
ZKHUH�DSSURSULDWH��'HVLJQDWHG�,QVWLWXWHV��',V��DQG�RWKHU�UHIHUHQFH�ODERUDWRULHV�
,Q 1RYHPEHU ����� WHQ ODERUDWRULHV SDUWLFLSDWHG LQ WKH H[SHULPHQWDO FDPSDLJQ IRU WKH &&40�.����3��� FRPSDULVRQ DW
37%�%UDXQVFKZHLJ� *HUPDQ\� 7KH ODERUDWRULHV �ZKLFK FDQQRW DOO EH QDPHG KHUH WR D OLPLW RQ WKH QXPEHU RI FR�DXWKRUV�
ZHUH� 13/ �8.�� 37% �*HUPDQ\�� .5,66 �.RUHD�� 0(7$6 �6ZLW]HUODQG�� 1,0 �&KLQD�� $
67$5 �6LQJDSRUH�� 10,-
�-DSDQ�� 15& �&DQDGD�� 8%$ �*HUPDQ\� DQG 752326 �*HUPDQ\�� 7KH FRPSDULVRQ� ZKLFK ZDV FRRUGLQDWHG E\ 13/�
UHTXLUHG�WKH�SDUWLFLSDWLQJ�ODERUDWRULHV�WR�PHDVXUH�DOO�RU�VRPH�RI�

3DUWLFOH�QXPEHU�FRQFHQWUDWLRQ�RI����DQG����QP�PRQRGLVSHUVH�VRRW�DW�VL[�QXPEHU�FRQFHQWUDWLRQV�IURP�������WR����
����FP���XVLQJ�FRQGHQVDWLRQ�SDUWLFOH�FRXQWHUV��&3&V��
3DUWLFOH�FKDUJH�FRQFHQWUDWLRQ�RI����DQG����QP�PRQRGLVSHUVH�VRRW�DW�VL[�FKDUJH�FRQFHQWUDWLRQV�EHWZHHQ������DQG
�����I&�FP���XVLQJ�DHURVRO�HOHFWURPHWHUV�
3DUWLFOH�QXPEHU�FRQFHQWUDWLRQ�RI����QP�SRO\GLVSHUVH�VRRW�DW�IRXU�QXPEHU�FRQFHQWUDWLRQV�IURP�������WR��������
FP���XVLQJ�&3&V�

+HUH� ZH EULHIO\ RXWOLQH WKH UROH RI WKH &,30 05$ LQ HQVXULQJ LQWHUQDWLRQDO FRPSDUDELOLW\ EHIRUH SUHVHQWLQJ WKH UHVXOWV
IURP WKH &&40�.����3��� FRPSDULVRQ� ZKLFK FRYHUHG D PXFK ZLGHU UDQJH RI FRQFHQWUDWLRQV WKDQ SUHYLRXV VXFK
FRPSDULVRQV �PRVW UHFHQWO\ >�@�� %\ FRPSDULQJ WKH UHVXOWV IURP &&40�.����3��� DJDLQVW WKRVH IURP WKHVH HDUOLHU
FRPSDULVRQV� ZH KLJKOLJKW WKH VWULGHV WKDW WKH 10, FRPPXQLW\ KDV PDGH LQ DGYDQFLQJ QDQRSDUWLFOH PHDVXUHPHQWV VLQFH WKH
ILUVW QDQRSDUWLFOHV FRPSDULVRQ QHDUO\ �� \HDUV DJR� :H DOVR LGHQWLI\ VRPH NH\ UHPDLQLQJ FKDOOHQJHV UHYHDOHG E\ WKH UHVXOWV
RI WKH FRPSDULVRQ� LQFOXGLQJ WKH QHHG WR LPSURYH DQG KDUPRQLVH WKH XVH RI GLOXWLRQ GHYLFHV� ZKLFK LI DGGUHVVHG ZLOO IXUWKHU
LPSURYH�FRPSDUDELOLW\�LQ�WKH�IXWXUH�
)LQDOO\� ZH GHVFULEH WKH RQJRLQJ DFWLYLWLHV RI DQ LQWHUQDWLRQDO $HURVRO 0HWURORJ\ 7DVN *URXS� ZKLFK ZDV HVWDEOLVKHG LQ
���� WR EULQJ WKH 10,�', QDQRSDUWLFOH FRPPXQLW\ FORVHU WRJHWKHU DQG GHOLYHU LPSURYHG DQG FRRUGLQDWHG HQJDJHPHQW ZLWK
WKH JOREDO DHURVRO VFLHQFH VWDNHKROGHU FRPPXQLW\� ,Q DGGLWLRQ WR GHOLYHULQJ FRPSDULVRQV� WKH 7DVN *URXS LV KDUPRQLVLQJ WKH
WHUPLQRORJ\ DQG QRPHQFODWXUH XVHG LQ DHURVRO PHWURORJ\� XQGHUWDNLQJ VWDNHKROGHU HQJDJHPHQW DFWLYLWLHV DQG GHYHORSLQJ D
UHVHDUFK�URDGPDS�IRU�DHURVRO�PHWURORJ\�

>�@ $� %URZQ HW DO�� 13/ 5HSRUW (19 ��� ,QWHUQDWLRQDO &RPSDULVRQ &&40�.���� 3DUWLFOH QXPEHU FRQFHQWUDWLRQ ���� WR ��
����FP����DQG�SDUWLFOH�FKDUJH�FRQFHQWUDWLRQ�������WR���I&�FP����
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��6HVVLRQ����1DQRSDUWLFOHV��LQVWUXPHQWDWLRQ��PHWURORJ\��IXQGDPHQWDOV��7DON
��

'\QDPLF�FKHPLFDO�HYROXWLRQ�RI�LQFLSLHQW�VRRW��$Q�)7�,5&�06�EDVHG�LQYHVWLJDWLRQ�

7��0LWUD���$��)DFFLQHWWR���9��6DPDUDV���0��&RPPRGR���3��0LQXWROR���;��0HUFLHU���$��'¶$QQD���:��/��5REHUWV�

�&OHDQ�(QHUJ\�5HVHDUFK�3ODWIRUP��3K\VLFDO�6FLHQFHV�DQG�(QJLQHHULQJ�'LYLVLRQ��.LQJ�$EGXOODK�8QLYHUVLW\�RI�6FLHQFH�DQG
7HFKQRORJ\��.$867���7KXZDO�������������6DXGL�$UDELD���8QLYHUVLWp�GH�/LOOH��&156��805��������3&�$���3K\VLFRFKLPLH
GHV�3URFHVVXV�GH�&RPEXVWLRQ�HW�GH�O¶$WPRVSKqUH��)�������/LOOH��)UDQFH���,VWLWXWR�GL�6FLHQ]H�H�7HFQRORJLH�SHU�O¶(QHUJLD�H�OD
0RELOLWj�6RVWHQLELOL��&15��3�OH�7HFFKLR�����,�������1DSROL��,WDO\���'LSDUWLPHQWR�GL�,QJHJQHULD�&KLPLFD��GHL�0DWHULDOL�H

GHOOD�3URGX]LRQH�,QGXVWULDOH��8QLYHUVLWj�GHJOL�6WXGL�GL�1DSROL�)HGHULFR�,,��3�OH�7HFFKLR�����,�������1DSROL��,WDO\�

,Q IODPH FRPEXVWLRQ� WKH LQFHSWLRQ RI FDUERQ QDQRSDUWLFOHV LV EHOLHYHG WR EH SULPDULO\ GULYHQ E\ NLQHWLFV� +RZHYHU�
H[SHULPHQWDO GDWD RQ WKH FRQFHQWUDWLRQ RI VSHFLHV LQ WKH JDV SKDVH VHHP WR FKDOOHQJH WKLV YLHZ� :KLOH DFFXUDWH NQRZOHGJH RI
WKH FKHPLFDO FRPSRVLWLRQ RI LQFLSLHQW VRRW LV HVVHQWLDO IRU UHVROYLQJ WKLV RQJRLQJ GHEDWH� PHDVXULQJ WKH SURSHUWLHV RI
WUDQVLHQW�VSHFLHV�LQ�D�UHDFWLYH�PHGLXP�DW�KLJK�WHPSHUDWXUH�UHPDLQV�H[WUHPHO\�FKDOOHQJLQJ�

7KH DFFXUDWH GHWHUPLQDWLRQ RI VWUXFWXUH DQG FRQFHQWUDWLRQ RI WUDQVLHQW VSHFLHV ZLWK PLQLPXP LQWHUIHUHQFH RI WKH VDPSOLQJ
SURFHVV LV SRVVLEOH E\ PHDQV RI LQOLQH PROHFXODU EHDP V\QFKURWURQ�EDVHG GLDJQRVWLFV� +RZHYHU� WKH FRPSOH[LW\ RI WKLV
DSSURDFK PDNHV LW IHDVLEOH RQO\ IRU D IHZ VHOHFWHG VSHFLHV� 7R FDSWXUH WKH HQVHPEOH RI WKH VSHFLHV JHQHUDWHG GXULQJ WKH
QDQRSDUWLFOH LQFHSWLRQ SURFHVV� H[ VLWX PDVV VSHFWURPHWU\�EDVHG GLDJQRVWLFV DUH RIWHQ HPSOR\HG� ,Q WKLV ZRUN� WKH FKHPLFDO
FRPSRVLWLRQ RI LQFLSLHQW VRRW LV LQYHVWLJDWHG RQ D ODPLQDU SUHPL[HG HWK\OHQH�DLU IODPH ZLWK XQSUHFHGHQWHG GHWDLO E\ PHDQV
RI�D�6RODUL[�;5�)RXULHU�7UDQVIRUP�,RQ�&\FORWURQ�5HVRQDQFH�0DVV�6SHFWURPHWHU�KDYLQJ�!����0�QRPLQDO�UHVROYLQJ�SRZHU�

7KH DGYDQFHG PHWKRGRORJ\ SURSRVHG LQ WKLV ZRUN UHYHDOV DW OHDVW WKUHH GLVWLQFW W\SHV RI K\GURFDUERQV LQ LQFLSLHQW
QDQRSDUWLFOHV� SURYLGLQJ QHZ PROHFXODU�OHYHO LQVLJKWV LQWR WKH LQFHSWLRQ SURFHVV� 7KH ILQGLQJV LQGLFDWH WKDW� DV WKH LQFLSLHQW
QDQRSDUWLFOHV HYROYH� G\QDPLF LQWHUDFWLRQV HVWDEOLVK DPRQJ R[\JHQDWHG K\GURFDUERQV� FORVHG�VKHOO SRO\F\FOLF DURPDWLF
K\GURFDUERQV� DQG K\GURFDUERQV FDSDEOH RI XQGHUJRLQJ HDV\ GHK\GURJHQDWLRQ WKDW PD\ JHQHUDWH VSHFLHV VXFK DV UHVRQDQFH
VWDELOL]HG UDGLFDOV� 7KHVH ILQGLQJV ZLOO FRQWULEXWH WR HOXFLGDWH WKH IXQGDPHQWDO PHFKDQLVPV RI FDUERQ QDQRSDUWLFOHV
LQFHSWLRQ��DQG�DVVLVW�LQ�WKH�GHYHORSPHQW�RI�PRUH�DFFXUDWH�SUHGLFWLRQ�PRGHOV�
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��6HVVLRQ����1DQRSDUWLFOHV��LQVWUXPHQWDWLRQ��PHWURORJ\��IXQGDPHQWDOV��7DON
��
/DERUDWRU\�,QWHUFRPSDULVRQ�LQ�*HUPDQ\��&DOLEUDWLRQ�RI�SDUWLFOH�FRXQWHUV�IRU�WKH�QDWLRQDO�SHULRGLFDO�WHFKQLFDO

LQVSHFWLRQ�

6��3UDW]OHU���-��5RVDKO���0��-DKQ�

�:RUNLQJ�*URXS�7UDQVSRUW�(PLVVLRQV�

7KH PHDVXULQJ RI WKH SDUWLFOH QXPEHU FRQFHQWUDWLRQ KDV EHHQ PDQGDWRU\ LQ *HUPDQ\ VLQFH ���� IRU DOO GLHVHO YHKLFOHV IURP
HPLVVLRQ FODVV ��9, DV SDUW RI WKH QDWLRQDO SHULRGLFDO WHFKQLFDO LQVSHFWLRQ �37,�� 7KH PHWURORJLFDOO\ WUDFHDEOH FDOLEUDWLRQ RI
WKHVH SDUWLFOH FRXQWHUV LV D IXQGDPHQWDO UHTXLUHPHQW IRU WKH FRPSDUDELOLW\ RI 37, PHDVXUHPHQWV RQ GLHVHO YHKLFOHV DQG WKXV
IRU�WKH�HYDOXDWLRQ�RI�WKH�IXQFWLRQ�RI�WKH�LQVWDOOHG�GLHVHO�SDUWLFXODWH�ILOWHU�
7KH DQQXDO FDOLEUDWLRQ RI 37, SDUWLFOH FRXQWHUV LV OHJDOO\ UHTXLUHG LQ *HUPDQ\ DQG LV FDUULHG RXW E\ LQGHSHQGHQW FDOLEUDWLRQ
ODERUDWRULHV� 7KH ODERUDWRULHV UHTXLUH DFFUHGLWDWLRQ IURP WKH *HUPDQ $FFUHGLWDWLRQ %RG\ �'$NN6� LQ DFFRUGDQFH ZLWK ,62
����� >�@� 7KH\ PXVW IXOILO WKH *HUPDQ FDOLEUDWLRQ JXLGHOLQH >�@� ZKLFK IRUPV WKH IUDPHZRUN DQG EDVLF UHTXLUHPHQWV IRU
VWDQGDUGL]HG�FDOLEUDWLRQ��0RUH�WKDQ��������FDOLEUDWLRQV�RI�SDUWLFOH�FRXQWHUV�DUH�FDUULHG�RXW�LQ�*HUPDQ\�SHU�\HDU�
1HYHUWKHOHVV� ODERUDWRULHV KDYH IUHHGRP LQ WKH GHVLJQ RI WKH FDOLEUDWLRQ� VXFK DV LQ WKH VHOHFWLRQ RI WKH FDOLEUDWLRQ DHURVRO�
WKH UHIHUHQFH GHYLFHV RU WKH WUDFHDELOLW\ FKDLQ� 7KH\ PD\ FDUU\ RXW FDOLEUDWLRQV ERWK LQ WKH SHUPDQHQW RU PRELOH ODERUDWRU\
DQG LQ WKH ZRUNVKRSV RQ VLWH� 6RPH FDOLEUDWLRQ ODERUDWRULHV IRUP D IXUWKHU LQWHUQDO WUDFHDELOLW\ OHYHO E\ FDOLEUDWLQJ RWKHU
ZRUNLQJ VWDQGDUGV ZLWK DQ H[WHUQDOO\ FDOLEUDWHG UHIHUHQFH VWDQGDUG �H�J� IURP DQ 10,�� 'HSHQGLQJ RQ WKH SURFHGXUH DQG
WUDFHDELOLW\� WKH FDOLEUDWLRQ ODERUDWRULHV FDOFXODWH LQGLYLGXDO PHDVXUHPHQW XQFHUWDLQWLHV IRU WKHLU FDOLEUDWLRQV DFFRUGLQJ WR WKH
*XLGH WR WKH H[SUHVVLRQ RI XQFHUWDLQW\ LQ PHDVXUHPHQW� *80 >�@� $V SDUW RI WKH DFFUHGLWDWLRQ DVVHVVPHQWV� WKH DFKLHYDEOH
PHDVXUHPHQW�XQFHUWDLQWLHV�DUH�FRQILUPHG�E\�LQGHSHQGHQW�DVVHVVRUV�
7KH RUJDQL]DWLRQ DQG UHVSRQVLELOLW\ IRU YHULILFDWLRQ RI SDUWLFOH FRXQWHUV LQ WKH ILHOG LQ *HUPDQ\ GLIIHUV IURP WKDW SURYLGHG LQ
WKH (8 5HFRPPHQGDWLRQ >�@� ,W LV PDLQO\ GXH WR WKH ODUJH QXPEHU RI FDOLEUDWLRQV DQG LV EDVHG RQ WKH HVWDEOLVKHG V\VWHP RI
DFFUHGLWDWLRQ�
:LWK WKH DLP RI HYDOXDWLQJ WKH FRPSDUDELOLW\ RI WKH GLIIHUHQW FDOLEUDWLRQ SURFHGXUHV RI $8 SDUWLFOH FRXQWHUV� 37% KDV EHHQ
FDUU\LQJ RXW D ODERUDWRU\ LQWHUFRPSDULVRQ LQ FRRSHUDWLRQ ZLWK WKH $6$ $VVRFLDWLRQ �*HUPDQ $VVRFLDWLRQ RI 0DQXIDFWXUHUV
DQG ,PSRUWHUV RI $XWRPRWLYH 6HUYLFH (TXLSPHQW� VLQFH 2FWREHU ����� 7ZHOYH FDOLEUDWLRQ ODERUDWRULHV DQG 37% DV WKH SLORW
ODERUDWRU\ DUH WDNLQJ SDUW LQ WKH FRPSDULVRQ PHDVXUHPHQW� (DFK ODERUDWRU\ FDOLEUDWHV D WRWDO RI � PHDVXULQJ LQVWUXPHQWV RI
GLIIHUHQW PDQXIDFWXUHUV DQG W\SHV� DFFRUGLQJ WR WKHLU UHVSHFWLYH FDOLEUDWLRQ SURFHGXUHV DQG ZLWK WKH LQGLYLGXDO DFFUHGLWHG
PHDVXUHPHQW�XQFHUWDLQW\��7KH�PHDVXUHPHQWV�ZLOO�UXQ�IURP�2FWREHU������WR�0DUFK������

�

�

,GHDOO\��WKH�DLP�RI�WKH�LQWHUFRPSDULVRQ�LV�WR�FRQILUP�WKDW�WKH�FDOLEUDWLRQ�UHVXOWV�RI�WKH�LQGLYLGXDO�ODERUDWRULHV�DJUHH�ZLWKLQ
WKH�VFRSH�RI�WKHLU�DFFUHGLWHG�PHDVXUHPHQW�XQFHUWDLQW\��3RWHQWLDO�V\VWHPDWLF�GHYLDWLRQV�ZLOO�EH�LGHQWLILHG�IURP�WKH�UHVXOWV
DQG�UHFRPPHQGDWLRQV�IRU�WKH�IXUWKHU�GHYHORSPHQW�RI�FDOLEUDWLRQ�SURFHGXUHV�ZLOO�EH�GHYHORSHG�
7KH�ILUVW�UHVXOWV�RI�WKH�LQWHUFRPSDULVRQ�DUH�H[SHFWHG�LQ�$SULO���0D\�������7KH\�ZLOO�EH�SXEOLVKHG�LQ�DQRQ\PL]HG�IRUP�
7KH�FRPSDUDWLYH�PHDVXUHPHQW�ZLOO�FRQWULEXWH�WR�WKH�KDUPRQL]DWLRQ�RI�FDOLEUDWLRQV�DQG�WR�LPSURYLQJ�WKH�WUDFHDELOLW\�RI�WKH
SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ�IRU�WKH�SHULRGLF�HPLVVLRQV�WHVW�RQ�GLHVHO�YHKLFOHV�LQ�WKH�VHFRQG�DQG�WKLUG�WUDFHDELOLW\�VWDJH�

>�@�',1�(1�,62�,(&���������������*HQHUDO�UHTXLUHPHQWV�IRU�WKH�FRPSHWHQFH�RI�WHVWLQJ�DQG�FDOLEUDWLRQ�ODERUDWRULHV
>�@ 5LFKWOLQLH ]XU .DOLEULHUXQJ YRQ $EJDVPHVVJHUlWHQ� GLH I�U GLH 8QWHUVXFKXQJ GHU $EJDVH YRQ .UDIWIDKU]HXJHQ QDFK
1XPPHU ����� GHU $QODJH 9OOOD 679=2 HLQJHVHW]W ZHUGHQ �Ä$8�*HUlWH .DOLEULHUULFKWOLQLH��� 9HUNHKUVEODWW ���� +HIW ���
1U�������JHlQGHUW�GXUFK�9HUNHKUVEODWW������+HIW�����1U�����
>�@�-&*0�*80���������*XLGH�WR�WKH�H[SUHVVLRQ�RI�XQFHUWDLQW\�LQ�PHDVXUHPHQW
>�@ &RPPLVVLRQ 5HFRPPHQGDWLRQ �(8� �������� RI �� 0DUFK ���� RQ SDUWLFOH QXPEHU PHDVXUHPHQW IRU WKH SHULRGLF
WHFKQLFDO�LQVSHFWLRQ�RI�YHKLFOHV�HTXLSSHG�ZLWK�FRPSUHVVLRQ�LJQLWLRQ�HQJLQHV���2-�/����������������S�����
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��6HVVLRQ����1DQRSDUWLFOHV��LQVWUXPHQWDWLRQ��PHWURORJ\��IXQGDPHQWDOV��7DON
��

12�7ULJJHUHG�52�0HGLDWHG�3URSDJDWLRQ�LQ�WKH�2+�2[LGDWLRQ�RI�D�6DWXUDWHG�&\FOLF�$ONDQH�

6��)DUKRXGLDQ���5��$VJKHU���6��%DUXD���$��.XPDU���0��5LVVDQHQ���
�

�7DPSHUH�8QLYHUVLW\���8QLYHUVLW\�RI�+HOVLQNL�

+LJKO\ R[\JHQDWHG RUJDQLF PROHFXOHV �+20V� IRUPHG GXULQJ JDV�SKDVH R[LGDWLRQ RI YRODWLOH RUJDQLF FRPSRXQGV SOD\ D NH\
UROH LQ VHFRQGDU\ RUJDQLF DHURVRO �62$� IRUPDWLRQ DQG SDUWLFOH JURZWK� :KLOH +20 IRUPDWLRQ LV FRPPRQO\ DWWULEXWHG WR
UDSLG XQLPROHFXODU DXWR[LGDWLRQ RI SHUR[\ UDGLFDOV �52��� WKLV PHFKDQLVP LV RIWHQ NLQHWLFDOO\ FRQVWUDLQHG LQ VDWXUDWHG
K\GURFDUERQV� SDUWLFXODUO\ RQ VKRUW DWPRVSKHULF WLPHVFDOHV� ,Q WKLV ZRUN� ZH LQYHVWLJDWH WKH HDUO\�VWDJH 2+�LQLWLDWHG
R[LGDWLRQ RI FLV�GHFDOLQ� D UHSUHVHQWDWLYH ELF\FOLF DQWKURSRJHQLF DONDQH� XQGHU FRQWUROOHG ODERUDWRU\ FRQGLWLRQV WR HOXFLGDWH
KRZ�UDGLFDO�SURSDJDWLRQ�SURFHHGV�ZKHQ�XQLPROHFXODU�52��LVRPHUL]DWLRQ�LV�VORZ�

([SHULPHQWV ZHUH FRQGXFWHG LQ D TXDUW] IORZ�WXEH UHDFWRU DW DPELHQW WHPSHUDWXUH DQG SUHVVXUH ZLWK UHVLGHQFH WLPHV
EHWZHHQ ��� DQG ��� VHFRQGV� 2[LGDWLRQ SURGXFWV ZHUH FKDUDFWHUL]HG XVLQJ D KLJK�UHVROXWLRQ 2UELWUDS PDVV VSHFWURPHWHU
FRXSOHG WR D PXOWL�VFKHPH FKHPLFDO LRQL]DWLRQ LQOHW HPSOR\LQJ EURPLGH DQG QLWUDWH UHDJHQW LRQV� 7KLV GXDO�LRQL]DWLRQ
DSSURDFK HQDEOHG VLPXOWDQHRXV GHWHFWLRQ RI HDUO\�JHQHUDWLRQ R[LGDWLRQ SURGXFWV DQG KLJKO\ R[\JHQDWHG VSHFLHV� LQFOXGLQJ
DFFUHWLRQ�SURGXFWV�

,Q WKH DEVHQFH RI 12� FLV�GHFDOLQ R[LGDWLRQ SURGXFHG RQO\ PLQLPDO OHYHOV RI R[\JHQDWHG SURGXFWV ZLWKLQ WKH VWXGLHG
WLPHVFDOH� LQGLFDWLQJ WKDW 2+ LQLWLDWLRQ DORQH LV LQVXIILFLHQW WR VXVWDLQ PXOWLJHQHUDWLRQDO R[LGDWLRQ� ,Q FRQWUDVW� WKH
LQWURGXFWLRQ RI 12 OHG WR D SURQRXQFHG HQKDQFHPHQW LQ R[LGDWLRQ� PDUNHG E\ WKH UDSLG DSSHDUDQFH RI KLJKO\ R[\JHQDWHG
PRQRPHUV FRQWDLQLQJ XS WR WHQ R[\JHQ DWRPV DV ZHOO DV &�� DFFUHWLRQ SURGXFWV DW ORQJHU UHVLGHQFH WLPHV� 3URGXFW
GLVWULEXWLRQV H[KLELWHG D VWURQJ� QRQ�OLQHDU GHSHQGHQFH RQ 12 FRQFHQWUDWLRQ� ZLWK PD[LPXP R[LGDWLRQ REVHUYHG DW
PRGHUDWH�12�OHYHOV�DQG�VXSSUHVVLRQ�XQGHU�KLJK�12�FRQGLWLRQV�

7KHVH REVHUYDWLRQV GHPRQVWUDWH WKDW 12 SURPRWHV R[LGDWLRQ QRW PHUHO\ WKURXJK WHUPLQDWLRQ EXW E\ FRQYHUWLQJ 52� WR
DONR[\ UDGLFDOV �52�� WKHUHE\ HQDEOLQJ 52�PHGLDWHG VWUXFWXUDO UHDUUDQJHPHQW� ULQJ RSHQLQJ� DQG VXEVHTXHQW 2� DGGLWLRQ�
7KLV ELPROHFXODU UDGLFDO F\FOLQJ E\SDVVHV NLQHWLF OLPLWDWLRQV DVVRFLDWHG ZLWK VORZ 52� +�VKLIWV DQG DOORZV HIILFLHQW
SURSDJDWLRQ RI R[LGDWLRQ RQ VHFRQG WLPHVFDOHV� 7KH UHVXOWV UHYHDO WKDW VDWXUDWHG F\FOLF DONDQHV FDQ UDSLGO\ IRUP ORZ�
YRODWLOLW\��PXOWLIXQFWLRQDO�SURGXFWV�XQGHU�SROOXWHG�FRQGLWLRQV�ZKHQ�52�PHGLDWHG�SURSDJDWLRQ�LV�DFWLYH�

2YHUDOO� WKLV VWXG\ KLJKOLJKWV WKH FULWLFDO UROH RI ELPROHFXODU UDGLFDO FKHPLVWU\ LQ FRQWUROOLQJ +20 IRUPDWLRQ IURP
DQWKURSRJHQLF K\GURFDUERQV DQG SURYLGHV QHZ PHFKDQLVWLF LQVLJKW LQWR 62$ IRUPDWLRQ SDWKZD\V LQ FRPEXVWLRQ�LQIOXHQFHG
DQG�XUEDQ�DWPRVSKHUHV�

>�@ %DUXD� 6�� .XPDU� $�� 6HDO� 3�� %H]DDWSRXU� 0�� -KD� 6�� 0\OO\V� 1�� ,\HU� 6�� 5LVVDQHQ� 0� 5DSLG )RUPDWLRQ RI $HURVRO
3UHFXUVRUV IURP WKH $XWR[LGDWLRQ RI $URPDWLF &DUERQ\OV DQG WKH 5HPDUNDEOH (QKDQFLQJ ,QIOXHQFH RI 12 $GGLWLRQ� ,Q
5HYLHZ�$XJXVW�����������KWWSV���GRL�RUJ����������UV���UV���������Y�
>�@ 5LVVDQHQ� 0� 3�� 0LNNLOl� -�� ,\HU� 6�� +DNDOD� -� 0XOWL�6FKHPH &KHPLFDO ,RQL]DWLRQ ,QOHW �0,21� IRU )DVW 6ZLWFKLQJ RI
5HDJHQW ,RQ &KHPLVWU\ LQ $WPRVSKHULF 3UHVVXUH &KHPLFDO ,RQL]DWLRQ 0DVV 6SHFWURPHWU\ �&,06� $SSOLFDWLRQV� $WPRV�
0HDV��7HFK���������������������±������KWWSV���GRL�RUJ���������DPW��������������
>�@ 6PLWK /HZLQ� &�� .XPDU� $�� +HUELQHW� 2�� $UQRX[� 3�� $VJKHU� 5�� %DUXD� 6�� %DWWLQ�/HFOHUF� )�� )DUKRXGLDQ� 6�� *DUFLD�
*��$���7UDQ��/��6���9DQKRYH��*���1DKRQ��/���5LVVDQHQ��0���%RXUJDODLV��-�
>�@ %DUXD� 6�� .XPDU� $�� 6HDO� 3�� ,\HU� 6�� 5LVVDQHQ� 0� 5DSLG )RUPDWLRQ RI 6HFRQGDU\ $HURVRO 3UHFXUVRUV IURP WKH
$XWR[LGDWLRQ RI &� ±&� Q�$OGHK\GHV� *DVHV�/DERUDWRU\ 6WXGLHV�7URSRVSKHUH�&KHPLVWU\ �FKHPLFDO FRPSRVLWLRQ DQG
UHDFWLRQV��2FWREHU�����������KWWSV���GRL�RUJ���������HJXVSKHUH�����������
>�@ 5LYD� 0�� 'D 6LOYD %DUERVD� 7�� /LQ� <��+�� 6WRQH� (� $�� *ROG� $�� 6XUUDWW� -� '� &KHPLFDO &KDUDFWHUL]DWLRQ RI
2UJDQRVXOIDWHV LQ 6HFRQGDU\ 2UJDQLF $HURVROGHULYHG IURP WKH 3KRWRR[LGDWLRQ RI $ONDQHV� $WPRV� &KHP� 3K\V� ����� ��
�����������±�������KWWSV���GRL�RUJ���������DFS���������������
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��6HVVLRQ����%UHDN�ZHDU�DQG�7\UH�ZHDU��7DON
��

'I7�%UDNH�	�7\UH�3URJUDPPH�3KDVH����,PSDFW�RI�5HJHQHUDWLYH�%UDNLQJ�DQG�9HKLFOH�0DVV�RQ�%UDNH�3DUWLFOH
(PLVVLRQV�$FURVV�,&(��3+(9�	�(9�3ODWIRUPV�

-��$QGHUVVRQ���/��.UDPHU���-��6RXWKJDWH���,��0DUVKDOO���0��&DPSEHOO���6��GH�9ULHV���*��:DLWH�

�5LFDUGR�8.��$	,��6KRUHKDP�7HFKQLFDO�&HQWUH��6KRUHKDP�E\�6HD��:HVW�6XVVH[��%1����)*��8.���5LFDUGR�&OHDQ�(QHUJ\
DQG�(QYLURQPHQWDO�6ROXWLRQV��7KH�*HPLQL�%XLOGLQJ�)HUPL�$YHQXH��+DUZHOO��+DUZHOO�&DPSXV�2;����45��8.���5LFDUGR
$	,��0LGODQGV�7HFKQLFDO�&HQWUH�����6RXWKDP�5RDG��5DGIRUG�6HPHOH��/HDPLQJWRQ�6SD��:DUZLFNVKLUH��&9����)4�

%UDNH DQG W\UH ZHDU DUH QRZ PDMRU FRQWULEXWRUV WR QRQ�H[KDXVW SDUWLFXODWH HPLVVLRQV� LQFOXGLQJ 30��� 30���� DQG 31���
ZKLFK DUH LQFUHDVLQJO\ UHOHYDQW IRU DLU TXDOLW\ DQG (XUR � UHJXODWLRQV� 7KLV VWXG\� SDUW RI WKH 8. 'HSDUWPHQW IRU 7UDQVSRUW¶V
%UDNH DQG 7\UH 3URJUDPPH 3KDVH �� LQYHVWLJDWHV WKH LQIOXHQFH RI UHJHQHUDWLYH EUDNLQJ DQG YHKLFOH PDVV RQ EUDNH SDUWLFOH
HPLVVLRQV IURP LQWHUQDO FRPEXVWLRQ HQJLQH �,&(�� SOXJ�LQ K\EULG �3+(9�� DQG EDWWHU\ HOHFWULF YHKLFOHV �(9�� 8VLQJ D
FRQWUROOHG FKDVVLV G\QDPRPHWHU HQYLURQPHQW DQG FRPPRQ EUDNH KDUGZDUH DFURVV YHKLFOHV� HPLVVLRQV ZHUH PHDVXUHG XQGHU
UHSUHVHQWDWLYH GULYH F\FOHV �3*�� DQG 5'(� DW WHVW PDVVHV UDQJLQJ IURP ���� NJ WR ���� NJ� 5HVXOWV VKRZ WKDW UHJHQHUDWLYH
EUDNLQJ VLJQLILFDQWO\ UHGXFHV 30��� DQG 30�� HPLVVLRQV FRPSDUHG WR IULFWLRQ�RQO\ EUDNLQJ� ZLWK (9 DQG 3+(9
RXWSHUIRUPLQJ ,&( YHKLFOHV HYHQ DW OLJKWHU PDVVHV� &RQYHUVHO\� 31�� HPLVVLRQV H[KLELWHG PLQLPDO VHQVLWLYLW\ WR HLWKHU
UHJHQHUDWLYH EUDNLQJ RU PDVV FKDQJHV� LQGLFDWLQJ GRPLQDQFH RI QRQ�YRODWLOH SDUWLFOH VRXUFHV� 7KH ILQGLQJV VXJJHVW WKDW
UHJHQHUDWLYH EUDNLQJ GHOLYHUV D JUHDWHU EHQHILW IRU 30 UHGXFWLRQ WKDQ D a��� UHGXFWLRQ LQ YHKLFOH PDVV� SULPDULO\ WKURXJK
ORZHU EUDNH WHPSHUDWXUHV DQG UHGXFHG YRODWLOH PDWHULDO ORVV� 7KHVH LQVLJKWV VXSSRUW WKH GHYHORSPHQW RI HIIHFWLYH PLWLJDWLRQ
VWUDWHJLHV�DQG�HPLVVLRQV�IDFWRUV�IRU�IXWXUH�EUDNH�HPLVVLRQV�FRQWUROV�

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


��6HVVLRQ����%UHDN�ZHDU�DQG�7\UH�ZHDU��7DON
��
1RQ�([KDXVW�(PLVVLRQV�IURP�%UDNHV��&RPSDUDWLYH�$VVHVVPHQW�RI�3K\VLFR�&KHPLFDO�3URSHUWLHV�LQ�1DQRPHWULF�DQG

0LFURPHWULF�3DUWLFXODWHV�

$��0DQFLQL���%��7V\XSD���&��(��&DPSLJOLR���$��&RORPER���,��&DUORPDJQR���$��%RQIDQWL�
��8��2ORIVVRQ�
�

�*&)�5HVHDUFK�	�'HYHORSPHQW��%UHPER�1�9���9LDOH�(XURSD����������6WH]]DQR��%*���,WDO\���'HSDUWPHQW�RI�0DQDJHPHQW�
,QIRUPDWLRQ�DQG�3URGXFWLRQ�(QJLQHHULQJ��8QLYHUVLW\�RI�%HUJDPR��������'DOPLQH��%*���,WDO\���'HSDUWPHQW�RI

(QYLURQPHQWDO�+HDOWK�6FLHQFHV��,VWLWXWR�GL�5LFHUFKH�)DUPDFRORJLFKH�µµ0DULR�1HJUL¶¶��,5&&6��9LD�0DULR�1HJUL���������
0LODQR��,WDO\���(OHWWUD�6LQFURWURQH�7ULHVWH��;5)�%HDPOLQH��%DVRYL]]D��������7ULHVWH��76���,WDO\����.7+�5R\DO�,QVWLWXWH�RI

7HFKQRORJ\��'HSDUWPHQW�RI�(QJLQHHULQJ�'HVLJQ���������6WRFNKROP��6ZHGHQ�

5HVXOWV IURP OLWHUDWXUH UHYLHZ VKRZ WKDW VSHFLILF VWXGLHV RQ QDQRPHWULF SDUWLFOHV JHQHUDWHG E\ DXWRPRWLYH EUDNHV DUH
H[WUHPHO\ OLPLWHG� 7KHUHIRUH� WKLV FRQWULEXWLRQ IRFXVHV RQ� L� WKH JHQHUDWLRQ DQG WKH SK\VLFR�FKHPLFDO SURSHUWLHV RI
QDQRPHWULF EUDNHV HPLVVLRQV� LL� WKH FRUUHODWLRQ RI WKHLU FRPSRVLWLRQ ZLWK WKH PDWHULDOV FRPSRVLQJ WKH RULJLQ IULFWLRQ SDLU�
DQG LLL� WKH DVVHVVPHQW RQ HYHQWXDO FRPSRVLWLRQDO GLIIHUHQFHV EHWZHHQ QDQRSDUWLFXODWHV DQG FRUUHVSRQGLQJ FRDUVHU
SDUWLFXODWHV� )LYH GLIIHUHQW DXWRPRWLYH EUDNHV IULFWLRQ SDLUV DUH WHVWHG IROORZLQJ VWDQGDUG SURFHGXUHV IRU HPLVVLRQ
DVVHVVPHQW RI GLVF EUDNH V\VWHPV� 1DQR�SDUWLFXODWHV DUH FROOHFWHG DQG ZHLJKHG WR GHWHUPLQH FRUUHVSRQGLQJ FRQFHQWUDWLRQ
UDQJHV RI ������ DQG ������ PJ P�� DW D IORZ UDWH RI ��� Pñ�K� 6HYHUDO DQDO\WLFDO WHFKQLTXHV DUH GHSOR\HG WR LQYHVWLJDWH WKH
SK\VLFR�FKHPLFDO FKDUDFWHULVWLFV RI WKH FROOHFWHG SDUWLFXODWHV� LQFOXGLQJ VFDQQLQJ HOHFWURQ PLFURVFRS\� HQHUJ\ GLVSHUVLYH
VSHFWURVFRS\� PDVV VSHFWURVFRS\ JDV FKURPDWRJUDSK\ DQG ;�UD\ DEVRUSWLRQ VSHFWURVFRS\� 0DLQ UHVXOWV RI WKLV VWXG\
KLJKOLJKW VLJQLILFDQW GLIIHUHQFHV LQ WKH SK\VLFR�FKHPLFDO FRPSRVLWLRQ RI QDQRPHWULF SDUWLFXODWHV FRPSDUHG WR FRDUVHU RQHV�
&OHDU LQFUHDVH LQ FDUERQ FRQWHQW LV LGHQWLILHG ZKHQ GHFUHDVLQJ SDUWLFOH VL]H GLVWULEXWLRQ� &RQYHUVHO\� WKH DPRXQW RI LURQ
GHFUHDVHV LQ ILQHU SDUWLFXODWHV� ZKLOH LWV R[LGDWLRQ OHYHO LQFUHDVHV� ,Q DGGLWLRQ� VHYHUDO &U� &X DQG =Q FRPSRXQGV DUH
LGHQWLILHG LQ LQYHVWLJDWHG SDUWLFXODWHV� VXFK DV FKURPLWH� WHQRULWH DQG ]LQFLWH� )LQDOO\� IRU QDQRSDUWLFXODWH HPLVVLRQV WKH
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V� FRQFHQWUDWLRQV YDU\ ODUJHO\ UDQJLQJ IURP �� � ���� �J J�� DQG WKH R[\JHQDWHG
SRO\F\FOLF DURPDWLF K\GURFDUERQV �23$+� FRQFHQWUDWLRQV UDQJHV IURP � WR ��� �J J��� &RPSDUDWLYHO\� ORZHU 3$+V DQG
23$+V�YDOXHV�DUH�PHDVXUHG�LQ�SDUWLFXODWHV�IURP�FRDUVHU�IUDFWLRQV�

>�@�$��0DQFLQL��%��7V\XSD��0��/HRQDUGL��3��'HOOD�%HOOD��6��5XVVR��HW�DO���:HDU������������������������
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��6HVVLRQ����%UHDN�ZHDU�DQG�7\UH�ZHDU��7DON
��

1DQRSDUWLFOH�JHQHUDWLRQ�SRWHQWLDO�RI�VXPPHU�DQG�ZLQWHU�W\UHV�DW�YDU\LQJ�DPELHQW�WHPSHUDWXUHV�

&��1HXNLUFKHQ���(��(FNHQEHUJHU���0��5��6DUDML�%R]RUJ]DG���*��6��&RRQH\���0��0lGHU���7��$GDP�
�

�,QVWLWXWH�RI�FKHPLVWU\�DQG�HQYLURQPHQWDO�HQJLQHHULQJ��8QLYHUVLW\�RI�WKH�%XQGHVZHKU���+'&�6ROXWLRQV�*PE+��.ULHJVVWUDVVH
�����������,QJROVWDGW��*HUPDQ\�

$XWRPRWLYH QRQ�H[KDXVW HPLVVLRQV� VXFK DV EUDNH� DQG W\UH ZHDU DUH RI ULVLQJ LQWHUHVW� VLQFH WKH\ ZLOO EH UHJXODWHG IRU WKH
ILUVW WLPH ZLWK WKH (852 � UHJXODWLRQ� :KLOH WKH PDMRULW\ RI WKH SDUWLFOH PDVV RI WKHVH DEUDVLRQ GHULYHG SDUWLFOHV LV EHWZHHQ
� DQG �� �P� D FRQVLGHUDEOH SHUFHQWDJH RI WKH SDUWLFOH QXPEHU LV DOVR JHQHUDWHG LQ WKH QDQRSDUWLFOH UDQJH >�@� 7KHVH
SDUWLFOHV FDQ SHQHWUDWH GHHS LQWR WKH OXQJV� ZKHUH WKH\ GHSRVLW LQ WKH DOYHROL DQG HYHQWXDOO\ UHDFK WKH EORRGVWUHDP YLD WKH
EORRG�DLU EDUULHU >�@� ,Q WKLV VWXG\ SDUWLFOHV JHQHUDWHG IURP VXPPHU DQG ZLQWHU DQG DOO�VHDVRQ W\UHV PHDVXUHG RQ D QHZO\
GHYHORSHG�FXVWRP�EXLOW�G\QDPRPHWHU��ZKLFK�LV�GHSLFWHG�LQ�ILJXUH���ZHUH�FKDUDFWHUL]HG��

�

�

$OO�W\UH�W\SHV�ZHUH�PHDVXUHG�DW�DPELHQW�G\QDPRPHWHU�WHPSHUDWXUHV�RI����&�DQG����&�DQG�D�ODUJH�FKDQJH�LQ�HPLWWHG
SDUWLFOH�QXPEHUV��31��ZDV�REVHUYHG�ZKHQ�FKDQJLQJ�WR�ZDUPHU�WHPSHUDWXUHV��7KH�ODUJH�LQFUHDVH�LQ�31�ZDV�UHYHDOHG�WR�EH
LQ�WKH�QDQRPHWHU�VL]H�UDQJH��ZKLFK�ZDV�FRQILUPHG�VLPXOWDQHRXVO\�E\�D�'06����DQG�D�6036��%HVLGHV�DPELHQW
WHPSHUDWXUHV��WKH�W\UHV�FRPSRVLWLRQ�SOD\HG�D�NH\�UROH�LQ�WKH�QDQRPHWHU�JHQHUDWLRQ�SRWHQWLDO��ZLWK�VRIWHU�ZLQWHU�W\UHV
HPLWWLQJ�VLJQLILFDQWO\�PRUH�QDQRSDUWLFOHV�WKDQ�VXPPHU�W\UHV��7KH�RULJLQ�RI�WKH�HPLWWHG�QDQRSDUWLFOHV�ZDV�LQYHVWLJDWHG�WR
GHYHORS�SRWHQWLDO�PLWLJDWLRQ�VWUDWHJLHV�IRU�IXWXUH�SROLFLHV��$YHUDJH�VL]H�GLVWULEXWLRQV�RI�WKH�ZLQWHU�DQG�DOO�VHDVRQ�W\UH�DW
���&�DQG�D�VWHDG\�VSHHG�RI�����NP�K�DV�PHDVXUHG�ZLWK�WKH�'06����DUH�SORWWHG�LQ�ILJXUH���

�

�

>�@�7��*ULJRUDWRV�DQG�*��0DUWLQL��(QYLURQPHQWDO�6FLHQFH�DQG�3ROOXWLRQ�5HVHDUFK�,QWHUQDWLRQDO������������������±����
>�@�*��%DFKOHU�HW�DO���3DUWLFOH�DQG�)LEUH�7R[LFRORJ\������������������
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��6HVVLRQ����%UHDN�ZHDU�DQG�7\UH�ZHDU��7DON
��

&KHPLFDO�2ULJLQ�RI�7\UH�1DQRSDUWLFOHV�LQ�D�7XEH�)XUQDFH�

6��6DODGLQ���-��+DVVLP���$��%RLHV�
��&��*LRULR�
�

�8QLYHUVLW\�RI�&DPEULGJH��7ULQLW\�/Q��&DPEULGJH�&%���71��8QLWHG�.LQJGRP�

6LQFH WKH ����V� LW KDV EHHQ K\SRWKHVLVHG WKDW DLUERUQH QDQRSDUWLFOHV IURP W\UH ZHDU RULJLQDWH IURP KHDW�GULYHQ HYDSRUDWLRQ
DQG FRQGHQVDWLRQ RI DQ XQLGHQWLILHG W\UH FRPSRQHQW� 7\UH H[WHQGHU RLO KDV ORQJ EHHQ VXVSHFWHG DV D VRXUFH� +HUH� ZH UHYLVLW
WKLV K\SRWKHVLV DQG SURYLGH D PHFKDQLVWLF FKDUDFWHULVDWLRQ RI W\UH QDQRSDUWLFOHV JHQHUDWHG IURP FU\RPLOOHG W\UH WUHDG XQGHU
FRQWUROOHG WKHUPDO FRQGLWLRQV LQ D WXEH IXUQDFH� 5HPRYDO RI H[WUDFWDEOH FRPSRQHQWV VXFK DV H[WHQGHU RLO VXEVWDQWLDOO\
UHGXFHG QDQRSDUWLFOH IRUPDWLRQ� 7KHVH UHVXOWV VXJJHVW WKDW YRODWLOH RUJDQLF DGGLWLYHV� UDWKHU WKDQ WKH UXEEHU LWVHOI� DUH WKH
SULPDU\ VRXUFH RI WKH W\UH QDQRSDUWLFOHV LQ RXU VWXG\� ([SHULPHQWV ZLWK W\UH H[WHQGHU RLO FRQILUPHG LWV DELOLW\ WR HPLW
XOWUDILQH SDUWLFOHV ZKHQ KHDWHG WR VLPLODU WHPSHUDWXUHV� 1DQRSDUWLFOHV FROOHFWHG IURP ERWK W\UH WUHDG DQG H[WHQGHU RLO ZHUH
FKHPLFDOO\ FKDUDFWHULVHG XVLQJ 105 VSHFWURVFRS\ DQG IRXQG WR FRQVLVW SUHGRPLQDQWO\ RI VDWXUDWHG K\GURFDUERQV� FORVHO\
PDWFKLQJ WKH SULVWLQH H[WHQGHU RLO� 7KHVH ILQGLQJV SURYLGH WKH ILUVW H[SHULPHQWDO FRQILUPDWLRQ OLQNLQJ W\UH QDQRSDUWLFOH
FKHPLVWU\ WR W\UH H[WHQGHU RLO� RIIHULQJ D PHFKDQLVWLF EDVLV WR LQWHUSUHW W\UH QDQRSDUWLFOH HPLVVLRQV DQG VXSSRUW ULVN
DVVHVVPHQWV�
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��6HVVLRQ����%UHDN�ZHDU�DQG�7\UH�ZHDU��7DON
��
0LFKHOLQ¶V�ODWHVW�UHVXOWV�RQ�TXDQWLILFDWLRQ�RI�DLUERUQH�7LUH�5RDG�:HDU�3DUWLFXOHV��IURP�YHKLFXOH�XVDJH�WR�PLFUR�

*��/HPDVVRQ���)��%LHVVH�

�0,&+(/,1�5HVHDUFK�FHQWHU�

0LFKHOLQ ZRUNV VLQFH GHFDGHV WR UHGXFH DOO WKH HQYLURQPHQWDO LPSDFWV RI LWV SURGXFWV� DQG 7LUH 5RDG :HDU 3DUWLFOHV
�75:3� DUH RQH RI WKH LPSDFWV RI WLUHV� LQWHQVLYHO\ VWXGLHG LQ RXU UHVHDUFK FHQWHU� 2YHU DOPRVW D GHFDGH RI UHVHDUFK� ZH
KDYH�GHOYHG�HYHU�GHHSHU�LQWR�WKLV�VXEMHFW��IURP�WKH�QDQR�DQG�PLFUR�VFDOHV�RI�WKHVH�SDUWLFOHV�WR�WKHLU�WUDQVSRUW�

7KLV SUHVHQWDWLRQ H[SORUHV WKH VLJQLILFDQFH RI 75:3 HPLVVLRQV LQ WKH FRQWH[W RI VXVWDLQDEOH PRELOLW\ DQG HQYLURQPHQWDO
LPSDFW� LW ZLOO SURYLGH LQVLJKWV LQWR WKH ODWHVW UHVHDUFK PHWKRGRORJLHV RI 0LFKHOLQ� DLPHG DW DFFXUDWHO\ PHDVXULQJ 75:3
DLUERUQH�HPLVVLRQV�

.H\ GLVFXVVLRQV ZLOO LQFOXGH WKH IDFWRUV LQIOXHQFLQJ WLUH DEUDVLRQ� VXFK DV GULYLQJ VW\OH RU WLUH GHVLJQ� KLJKOLJKWLQJ KRZ WKHVH
HOHPHQWV LQWHUDFW WR DIIHFW 75:3 HPLVVLRQ UDWHV� $WWHQGHHV ZLOO OHDUQ DERXW FXWWLQJ�HGJH DQDO\WLFDO WHFKQRORJLHV EHLQJ
GHYHORSHG WR LPSURYH WKH SUHFLVLRQ RI DLUERUQH 75:3PHDVXUHPHQWV� LQFOXGLQJ DGYDQFHG PHWKRGRORJLHV OLNH 3\URO\VLV *&�
06� 7KH SUHVHQWDWLRQ ZLOO DOVR IRFXV RQ WKH PHWKRGRORJ\ GHYHORSHG E\ 0LFKHOLQ IRU 75:3 DQDO\VLV� WKH SRWHQWLDO ELDVHV LQ
WKLV�DSSURDFK�DQG�WKH�TXHVWLRQV�WKDW�UHPDLQ�RSHQ�

&RQIOLFW RI LQWHUHVWV � WKH DXWKRUV GHFODUH WKDW WKLV UHVHDUFK ZDV IXQGHG E\ 0DQXIDFWXUH )UDQoDLVH GHV 3QHXPDWLTXHV
0LFKHOLQ��)UDQFH
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��
$LUERUQH�SDWKRJHQ�GHWHFWLRQ�YLD�0$6&�2Q���0DJQHWLF�$QWLERG\�6RUWLQJ�&RXSOHG�ZLWK�IORZ�&\WRPHWU\�2QOLQH�

3��.DUELHQHU���%��8WLQJHU���0��.DOEHUHU�
�

�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH��$WPRVSKHULF�6FLHQFH�*URXS�

��

�

�

,Q OLJKW RI WKH &29,'��� SDQGHPLF� DLUERUQH ELRDHURVRO OLNH EDFWHULD DQG YLUXVHV DUH D PDMRU FRQFHUQ IRU KXPDQ KHDOWK�
7KHUHIRUH� PRQLWRULQJ RI WKH FRQFHQWUDWLRQV RI WKHVH ELRDHURVROV SOD\V D YLWDO UROH LQ XQGHUVWDQGLQJ GLVHDVH WUDQVPLVVLRQ�
5DSLG� DXWRPDWHG� TXDQWLWDWLYH DQG VSHFLILF ELRDHURVRO PRQLWRULQJ ZRXOG DOORZ IRU FRQWLQXRXV DVVHVVPHQW RI DLUERUQH YLUXV
DQG�EDFWHULD�DW�KRVSLWDOV�DQG�VLPLODU�ORFDWLRQV�

,Q WKLV SURRI�RI�FRQFHSW VWXG\� ZH GHYHORS DQG FKDUDFWHULVH D FRQWLQXRXV SDWKRJHQLF ELRDHURVRO VDPSOHU DQG GHWHFWRU� 7KH
VHW�XS FRQVLVWV RI WKUHH PDLQ SDUWV� ,Q D ILUVW VWHS �&ROOHFWLRQ SKDVH�� WKH ELRDHURVRO LV VDPSOHG FRQWLQXRXVO\ YLD D SDUWLFOH
LQWR OLTXLG VDPSOHU� 7KLV ELRDHURVRO OLTXLG IORZ LV PL[HG ZLWK DQ LPPXQRDVVD\ �6HOHFWLRQ SKDVH� DQG WKHQ TXDQWLILHG LQ D
IORZ�F\WRPHWHU��'HWHFWLRQ�SKDVH���

:H KDYH DOUHDG\ VXFFHVVIXOO\ FRQQHFWHG DOO WKUHH SKDVHV LQWR RQH FRQWLQXRXV� DXWRPDWHG� DQG DXWRQRPRXV SURWRW\SH IRU
SDWKRJHQLF ELRDHURVRO PRQLWRULQJ� :LWK D WLPH UHVROXWLRQ RI �� PLQXWHV �RI ZKLFK �� DUH VSHQW RQ VDPSOH DFTXLVLWLRQ� RXU
LQVWUXPHQW FROOHFWV ����� RI QHEXOL]HG (� FROL EDFWHULD FRQWLQXRXVO\� )ORZ F\WRPHWU\ UHVXOWV ZHUH FRQILUPHG ZLWK DJDU SODWH
DQDO\VHV��3ODWLQJ�FDQ�RQO\�DFFRXQW�IRU�FRORQ\�IRUPLQJ�XQLWV��ZKLOH�IORZ�F\WRPHWU\�FDQ�FRXQW�DOO�ODEHOOHG�FHOOV��

:KLOH RWKHU LQVWUXPHQWV IRU DXWRPDWHG SDWKRJHQ GHWHFWLRQ H[LVW� WKHVH WHFKQLTXHV ODFN HLWKHU VSHFLILFLW\� TXDQWLILFDWLRQ�
DXWRPDWLRQ RU WLPH�UHVROXWLRQ� 7KLV QRYHO PL[ RI PHWKRGV DWWHPSWV WR FRPELQH DOO IDFWRUV PHQWLRQHG� 2XU QH[W VWHS LV WR
RSWLPL]H�IXUWKHU�DQG�DSSO\�WKLV�PHWKRG�WR�DLUERUQH�YLUXV�
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��

3K\VLRORJLFDOO\�5HDOLVWLF�6LPXODWLRQ�RI�'(+3�3HQHWUDWLRQ�LQ�WKH�+XPDQ�$LUZD\V�

0��6HGDJKDW���3��$QDJQRVWRSRXORX����/��0�OOHU�����-��1DZURWK�����)��/LQJ������$��3XNDOXN�����6��.DVVLQRV�

�&RPSXWDWLRQDO�6FLHQFHV�/DERUDWRU\��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�0DQXIDFWXULQJ�(QJLQHHULQJ��8QLYHUVLW\�RI�&\SUXV�
1LFRVLD��&\SUXV���5HVSLUDWRU\�3K\VLRORJ\�/DERUDWRU\��0HGLFDO�6FKRRO��8QLYHUVLW\�RI�&\SUXV��1LFRVLD��&\SUXV���'LYLVLRQ�RI
3HGLDWULF�5HVSLUDWRU\�0HGLFLQH�DQG�$OOHUJRORJ\��'HSDUWPHQW�RI�3HGLDWULFV��,QVHOVSLWDO��%HUQ�8QLYHUVLW\�+RVSLWDO��8QLYHUVLW\
RI�%HUQ��%HUQ��6ZLW]HUODQG���/XQJ�3UHFLVLRQ�0HGLFLQH��/30���'HSDUWPHQW�IRU�%LR0HGLFDO�5HVHDUFK��'%05���8QLYHUVLW\�RI
%HUQ��%HUQ��6ZLW]HUODQG���+HOPKROW]�3LRQHHU�&DPSXV��+HOPKROW]�=HQWUXP�0�QFKHQ��1HXKHUEHUJ��*HUPDQ\���,QVWLWXWH�RI

%LRORJLFDO�DQG�0HGLFDO�,PDJLQJ��%LRHQJLQHHULQJ�&HQWHU��+HOPKROW]�=HQWUXP�0�QFKHQ��1HXKHUEHUJ��*HUPDQ\�

,QWURGXFWLRQ� 'L���HWK\OKH[\O� SKWKDODWH �'(+3� LV RQH RI WKH PRVW SUHYDOHQW LQGRRU SKWKDODWHV� SULPDULO\ GXH WR LWV
ZLGHVSUHDG XVH DV D SODVWLFL]HU LQ LQGXVWULDO DQG FRQVXPHU SURGXFWV� 'XULQJ LQKDODWLRQ� DLUERUQH SDUWLFOHV FDQ DFW DV FDUULHUV�
WUDQVSRUWLQJ '(+3 LQWR WKH UHVSLUDWRU\ WUDFW DQG IDFLOLWDWLQJ LWV GHSRVLWLRQ ZLWKLQ WKH DLUZD\ OLQLQJ IOXLG� 7KLV VWXG\ SUHVHQWV
D WKUHH�GLPHQVLRQDO FRPSXWDWLRQDO IUDPHZRUN WR LQYHVWLJDWH WKH SHQHWUDWLRQ RI QDQR�VFDOHG '(+3� IROORZLQJ LWV GLVVROXWLRQ
IURP SDUWLFXODWH PDWWHU� LQWR WKH DLUZD\ VXUIDFH OLTXLG �$6/� RI WKH KXPDQ DLUZD\V XQGHU SK\VLRORJLFDOO\ UHDOLVWLF
FRQGLWLRQV� LQFRUSRUDWLQJ H[SHULPHQWDOO\ GHULYHG FLOLDU\ NLQHPDWLFV DQG PXFXV UKHRORJ\� 0HWKRGV� $ K\EULG LPPHUVHG
ERXQGDU\±ILQLWH GLIIHUHQFH SURMHFWLRQ PHWKRG LV HPSOR\HG WR GLVFUHWL]H DQG VROYH WKH WLPH�GHSHQGHQW JRYHUQLQJ HTXDWLRQV
IRU IOXLG IORZ� WRJHWKHU ZLWK WKH FRQYHFWLRQ±GLIIXVLRQ HTXDWLRQ JRYHUQLQJ PDVV WUDQVIHU ZLWKLQ WKH WUDFKHDO $6/ >�@�
DFFRXQWLQJ IRU WKH GLVVROXWLRQ RI SDUWLFXODWH�ERXQG '(+3 LQWR WKH $6/ �)LJXUH �$�� 7KH LPPHUVHG ERXQGDU\ IUDPHZRUN
HQDEOHV DFFXUDWH UHSUHVHQWDWLRQ RI FLOLD�GULYHQ IOXLG±VWUXFWXUH LQWHUDFWLRQV DV ZHOO DV '(+3±FLOLD LQWHUDFWLRQV�
3K\VLRORJLFDOO\ UHDOLVWLF FLOLDU\ SURSHUWLHV DUH REWDLQHG IURP SULPDU\ QDVDO HSLWKHOLDO FHOOV GHULYHG IURP D KHDOWK\ GRQRU DQG
FXOWXUHG DW WKH DLU�OLTXLG�LQWHUIDFH� &LOLDU\ EHDW SDWWHUQV DUH H[WUDFWHG IURP KLJK�UHVROXWLRQ PLFURVFRS\ LPDJHV DQG
LQFRUSRUDWHG LQWR WKH FRPSXWDWLRQDO PRGHO >�@�)LJXUH �%�� 7KH PXFXV OD\HU LV PRGHOOHG DV D QRQOLQHDU YLVFRHODVWLF IOXLG
XVLQJ D ILYH�PRGH *LHVHNXV FRQVWLWXWLYH PRGHO� 'LIIHUHQWLDO G\QDPLF PLFURVFRS\ >�@ LV DSSOLHG WR TXDQWLI\ WKH IUHTXHQF\�
GHSHQGHQW PLFURUKHRORJLFDO SURSHUWLHV RI PXFXV SURGXFHG E\ HSLWKHOLDO FHOO FXOWXUHV� SURYLGLQJ H[SHULPHQWDOO\ GHULYHG
LQSXWV IRU WKH PXFXV UKHRORJ\ �)LJXUH �& DQG '��5HVXOWV�7KH QXPHULFDO VLPXODWLRQV \LHOG WLPH�UHVROYHG� WKUHH�GLPHQVLRQDO
FRQFHQWUDWLRQ ILHOGV RI '(+3 ZLWKLQ WKH KXPDQ $6/� 7KLV VWXG\ SUHVHQWV� IRU WKH ILUVW WLPH� D SK\VLRORJLFDOO\ UHDOLVWLF
QXPHULFDO IUDPHZRUN WKDW VLPXOWDQHRXVO\ LQFRUSRUDWHV H[SHULPHQWDOO\ PHDVXUHG FLOLDU\ EHDW SDWWHUQV REWDLQHG IURP KLJK�
UHVROXWLRQ PLFURVFRS\ DQG PXFXV YLVFRHODVWLF SURSHUWLHV GHULYHG IURP GLIIHUHQWLDO G\QDPLF PLFURVFRS\� 7KH UHVXOWV SURYLGH
GHWDLOHG LQVLJKW LQWR WKH VSDWLRWHPSRUDO GLVWULEXWLRQ RI '(+3 LQ KHDOWK\ DLUZD\V� DFFRXQWLQJ IRU WKH FRXSOHG HIIHFWV RI
PXFRFLOLDU\�FOHDUDQFH�DQG�SDUWLFOH±FLOLD�LQWHUDFWLRQV�

�

�

>�@ 0� 6HGDJKDW� )� 6W\OLDQRX� HW DO�� 6FLHQWLILF 5HSRUWV� ����� ��� ������ >�@ 5�1� 3RRQ� 7�$� :HVWZRRG� HW DO�� 3K\VLFDO
5HYLHZ�5HVHDUFK�����������/��������>�@�)��/LQJ��$�7��6DKLQ��HW�DO���ELR5[LY�������
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��

/LWKLXP�LRQ�EDWWHU\�WKHUPDO�UXQDZD\�SDUWLFOH�HPLVVLRQV�

(��'H)UDQFH���=��7RXPDVDWRV���(��*RIWDUL���+��/L���9��3UHPQDWK�
��*��.DUDYDODNLV�
�

�8QLYHUVLW\�RI�&DOLIRUQLD��%RXUQV�&ROOHJH�RI�(QJLQHHULQJ��&HQWHU�IRU�(QYLURQPHQWDO�5HVHDUFK�DQG�7HFKQRORJ\��&(�&(57��
�����&ROXPELD�$YHQXH��5LYHUVLGH��&$��������86$���6DQ�'LHJR�6WDWH�8QLYHUVLW\��'HSDUWPHQW�RI�&LYLO��&RQVWUXFWLRQ��DQG

(QYLURQPHQWDO�(QJLQHHULQJ���8/�5HVHDUFK�,QVWLWXWHV�

,Q UHFHQW \HDUV� WKH XVH RI OLWKLXP�LRQ �/L�LRQ� EDWWHULHV KDV VHHQ VLJQLILFDQW JURZWK� GULYHQ E\ WKHLU ZLGHVSUHDG DSSOLFDWLRQ
LQ HOHFWULF YHKLFOHV DQG WKH EURDGHU HQHUJ\ WUDQVLWLRQ� +RZHYHU� WKLV LQFUHDVHG XVH KDV EURXJKW WR WKH IRUHIURQW VDIHW\
FRQFHUQV� SDUWLFXODUO\ UHJDUGLQJ WKHLU VXVFHSWLELOLW\ WR WKHUPDO UXQDZD\� 7KHUPDO UXQDZD\ LV D YLROHQW FKDLQ UHDFWLRQ RI
H[RWKHUPLF FKHPLFDO UHDFWLRQV UHVXOWLQJ LQ DQ XQFRQWUROODEOH LQFUHDVH LQ V\VWHP WHPSHUDWXUH� ZKLFK FDQ OHDG WR D ILUH RU
H[SORVLRQ� %DWWHU\ ILUHV DUH NQRZQ WR SRVH VLJQLILFDQW HQYLURQPHQWDO ULVNV DV WKH\ UHOHDVH DHURVROV DQG YDULRXV WR[LF
FKHPLFDOV WKDW FDQ DOVR DGYHUVHO\ DIIHFW KXPDQ KHDOWK� 0RUHRYHU� WKH PHWKRGV XVHG WR H[WLQJXLVK WKHVH ILUHV FDQ DOWHU WKH
FRPSRVLWLRQ DQG QDWXUH RI WKH HPLVVLRQV� IXUWKHU FRPSOLFDWLQJ WKH ULVNV� )RU WKLV VWXG\� /L�LRQ EDWWHU\ FHOOV ZHUH WULJJHUHG
LQWR WKHUPDO UXQDZD\ YLD RYHUFKDUJLQJ WKHP� 7KH EDWWHU\ FHOOV ZHUH SODFHG LQ D FRQWDLQHU DQG WHPSHUDWXUH DQG SUHVVXUH
ZHUH PRQLWRUHG WKURXJKRXW WKH H[SHULPHQW� 7KH HQWLUH H[SHULPHQW ZDV DOVR PRQLWRUHG ZLWK FDPHUDV� 7ZR H[SHULPHQWV ZHUH
SHUIRUPHG ZKHUH WKH EDWWHU\ ILUH ZDV H[WLQJXLVKHG ZLWK ZDWHU DQG ZLWK D FKHPLFDO VXUIDFWDQW� (PLVVLRQ PHDVXUHPHQWV ZHUH
PDGH IRU DOO H[SHULPHQWDO FRQGLWLRQV� LQFOXGLQJ ILQH SDUWLFOHV FROOHFWHG RQWR ILOWHU PHGLD DQG UHDO�WLPH SDUWLFOH QXPEHU DQG
SDUWLFOH VL]H GLVWULEXWLRQV XVLQJ D 'HNDWL KLJK�UHVROXWLRQ (/3,�� 30 FKHPLFDO FRPSRVLWLRQ LQFOXGHG WKH DQDO\VLV RI PHWDOV
DQG WUDFH HOHPHQWV ZLWK LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �,&3�06�� LQRUJDQLF LRQV �OLWKLXP� DPPRQLXP�
VRGLXP� PDJQHVLXP� SRWDVVLXP� FDOFLXP� IOXRULGH� FKORULGH� QLWUDWH� VXOIDWH� DQG SKRVSKDWH� E\ LRQ FKURPDWRJUDSK\� DQG
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V� E\ JDV FKURPDWRJUDSK\� 1HDU�UHDO�WLPH PHWDOV ZHUH PHDVXUHG ZLWK D WR[LF PHWDO
DHURVRO DQDO\]HU �7$57$�� 7KH PRUSKRORJ\ DQG HOHPHQWDO FRPSRVLWLRQ RI EDWWHU\ ILUH DHURVROV ZHUH DQDO\]HG E\ VFDQQLQJ
HOHFWURQ PLFURVFRS\ �6(0� DQG HQHUJ\�GLVSHUVLYH [�UD\ VSHFWURVFRS\ �('6�� 7KH WR[LFRORJLFDO SURSHUWLHV RI 30 ZHUH DOVR
PHDVXUHG�E\�TXDQWLI\LQJ�WKH�R[LGDWLYH�VWUHVV��PXWDJHQLFLW\��DQG�LQIODPPDWRU\�PDUNHUV��
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��

2FFXSDWLRQDO�GLHVHO�H[KDXVW�H[SRVXUH�DVVHVVPHQW�XVLQJ�PLQLDWXUL]HG�DHURVRO�LQVWUXPHQWV�±�LQWHUFRPSDULVRQ�RI
DHURVRO�LQVWUXPHQWV�LQ�GLIIHUHQW�ZRUNSODFH�HQYLURQPHQWV�

2��1RUYDSDOR���+��.RSRQHQ���3��*UDKQ���$��.DUMDODLQHQ���0��+\WWLQHQ���3��3DVDQHQ���2��6LSSXOD���
�

�)LQH�3DUWLFOH�DQG�$HURVRO�7HFKQRORJ\�/DERUDWRU\��'HSDUWPHQW�RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI
(DVWHUQ�)LQODQG��.XRSLR��),��������)LQODQG���,QGRRU�(QYLURQPHQW�DQG�2FFXSDWLRQDO�+\JLHQH�*URXS��'HSDUWPHQW�RI
(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��.XRSLR��),��������)LQODQG���'HSDUWPHQW�RI

&KHPLVWU\�DQG�6XVWDLQDEOH�7HFKQRORJ\��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��),��������-RHQVXX��)LQODQG�

2FFXSDWLRQDO H[SRVXUH WR GLHVHO H[KDXVW LV UHJXODWHG E\ WKH (XURSHDQ 8QLRQ 'LUHFWLYH ��������(& GXH WR LWV FDUFLQRJHQLF
HIIHFWV� 'LHVHO H[KDXVW H[SRVXUH RI XQGHUJURXQG PLQH ZRUNHUV KDV EHHQ UHSRUWHG LQ PDQ\ UHFHQW VWXGLHV� EXW LW LV QRW ZHOO
TXDQWLILHG LQ RWKHU VHFWRUV� 1HZ PLQLDWXUL]HG LQVWUXPHQWV� VXFK DV PLFUR�DHWKDORPHWHUV DQG XOWUDILQH SDUWLFOH FRXQWHUV� DUH
SRWHQWLDOO\ XVHIXO IRU WKH DVVHVVPHQW RI RFFXSDWLRQDO H[SRVXUH WR SDUWLFOHV� ,Q WKLV VWXG\� RFFXSDWLRQDO H[SRVXUH RI EXV
GULYHUV� EXV GHSRW PHFKDQLFV� VWUHHW PDLQWHQDQFH ZRUNHUV� FRQVWUXFWLRQ ZRUNHUV DQG LQVSHFWLRQ VWDWLRQ ZRUNHUV ZDV
PHDVXUHG� 'LHVHO H[KDXVW H[SRVXUH RI WKH ZRUNHUV ZDV PHDVXUHG DV HOHPHQWDO FDUERQ �(&� DFFRUGLQJ WR 1,26+����
PHWKRG DQG DV HTXLYDOHQW EODFN FDUERQ �H%&� XVLQJ SRUWDEOH PLFUR�DHWKDORPHWHUV �0$���� $HWKODEV�� DQG WKH OXQJ
GHSRVLWHG VXUIDFH DUHD �/'6$� ZDV PHDVXUHG XVLQJ D QDQRSDUWLFOH GHWHFWRU �3DUWHFWRU � 3UR� 1DQHRV�� %DFNJURXQG DLU
TXDOLW\ LQ ZRUNSODFH HQYLURQPHQWV ZDV PHDVXUHG� LQFOXGLQJ PHDVXUHPHQWV RI H%& �DHWKDORPHWHUV $(�� DQG $(��V� 0DJHH
6FLHQWLILF� DQG /'6$ �16$0� 76, DQG (/3,� 'HNDWL�� ,Q DGGLWLRQ� DQ LQWHUFRPSDULVRQ RI WKH LQVWUXPHQWV ZDV FRQGXFWHG LQ
D ODERUDWRU\ VHWWLQJ� 7KH WHVW DHURVRO ZDV SURGXFHG ZLWK D &RPEXVWLRQ $HURVRO 6WDQGDUG �&$67� VRRW JHQHUDWRU �0DWWHU
(QJLQHHULQJ $*� XVLQJ SURSDQH DV IXHO� 'DWD IURP WKH PLQLDWXUL]HG LQVWUXPHQWV ZDV FRPSDUHG WR (& UHVXOWV� GDWD IURP
RWKHU DERYH�PHQWLRQHG LQVWUXPHQWV DV ZHOO DV D VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036� 76,� WKDW ZDV XVHG DV D UHIHUHQFH
LQVWUXPHQW IRU SDUWLFOH VL]H� PDVV DQG QXPEHU FRQFHQWUDWLRQ� 'LHVHO H[KDXVW H[SRVXUH ZDV EHORZ WKH RFFXSDWLRQDO H[SRVXUH
OLPLWV LQ DOO ZRUNSODFHV DQG ZDV FOHDUO\ ORZHU WKDQ WKH H[SRVXUH OHYHOV LQ XQGHUJURXQG PLQHV PHDVXUHG E\ WKH VDPH DXWKRUV
>�@� +LJK PRPHQWDU\ FRQFHQWUDWLRQV ZHUH REVHUYHG SDUWLFXODUO\ GXULQJ EXV PDLQWHQDQFH ZRUNV DW WKH EXV GHSRW� /'6$ DQG
H%& PHDVXUHG LQ WKH DPELHQW DLU RI ZRUNSODFH HQYLURQPHQWV FRUUHODWHG ZHOO� ZKHUHDV WKH FRUUHODWLRQ LQ SHUVRQDO H[SRVXUH
PHDVXUHPHQWV ZDV OHVV FOHDU� cQJVWU|P H[SRQHQW �$$(� YDOXHV IRU PRVW ZRUNHUV ZHUH EHORZ � ZKLFK LQGLFDWHV WKDW WKH
SULPDU\ VRXUFH RI WKH FDUERQDFHRXV DHURVRO ZDV YHKLFXODU H[KDXVW� $ IHZ FRQVWUXFWLRQ ZRUNHUV� VWUHHW PDLQWHQDQFH ZRUNHUV
DQG PHFKDQLFV KDG DQ $$( YDOXH ��� RU KLJKHU� ZKLFK PLJKW LPSO\ WKHUH DUH EODFN FDUERQ VRXUFHV EHVLGHV WUDIILF RU D KLJKHU
FRDWLQJ RI GLHVHO VRRW SDUWLFOHV E\ RUJDQLF PDWWHU >�@� 7KH H%& UHVXOWV REWDLQHG ZLWK PLFURDHWKDORPHWHUV DQG DHWKDORPHWHUV
DJUHHG ZHOO� ZKHUHDV WKH FRPSDUDELOLW\ RI 3DUWHFWRU WR 6036 LQ WHUPV RI SDUWLFOH VL]H� PDVV DQG QXPEHU FRQFHQWUDWLRQ DQG
WR (/3, LQ WHUPV RI /'6$ ZDVQ¶W DV JRRG� $W ORZ FRQFHQWUDWLRQV WKH (&�H%& FRUUHODWLRQ ZDV ZHDN� ZKLFK VKRXOG EH
FRQVLGHUHG ZKHQ XVLQJ DHWKDORPHWHUV IRU DVVHVVLQJ H[SRVXUH WR GLHVHO VRRW� 2YHUDOO� WKH GLHVHO H[KDXVW H[SRVXUH OHYHOV RI WKH
ZRUNHUV ZHUH EHORZ WKH UHJXODWLRQ OLPLW� EXW KLJK PRPHQWDU\ H[SRVXUH SHDNV UHODWHG WR VSHFLILF ZRUN DFWLWLYLWLHV ZHUH
LGHQWLILHG� 7KH FRUUHODWLRQ EHWZHHQ /'6$ DQG H%& LQGLFDWHV WKDW EODFN FDUERQ SOD\V DQ LPSRUWDQW UROH LQ H[SRVXUH WR ILQH
SDUWLFOHV LQ WKH VWXGLHG ZRUNSODFHV� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH )LQQLVK :RUN (QYLURQPHQW )XQG �JUDQW ��������
0HVWDU�.XRSLR�2\��.RLYLVWRQ�$XWR�.XRSLR�2\�DQG�$�.DWVDVWXV�2\��

>�@�.RSRQHQ�HW�DO���-RXUQDO�RI�$HURVRO�6FLHQFH��������������������
>�@�9LUNNXOD��$WPRVSKHULF�0HDVXUHPHQW�7HFKQLTXHV����������������±�����
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��
7KH�0$5.232/2�,QGRRU�2XWGRRU�SURMHFW��5HDO�WLPH�DVVHVVPHQW�RI�UHVLGHQWLDO�XOWUDILQH�SDUWLFOH�H[SRVXUH�LQGRRUV

DQG�RXWGRRUV�

0��(HIWHQV�����)��6WUHLW�����(��7ZRPH\�����0��5||VOL���
�

�6ZLVV�7URSLFDO�DQG�3XEOLF�+HDOWK�,QVWLWXWH��$OOVFKZLO��6ZLW]HUODQG���8QLYHUVLW\�RI�%DVHO��%DVHO��6ZLW]HUODQG�

8OWUDILQH SDUWLFOHV �8)3� ���� QP� DUH RI FRQFHUQ GXH WR WKHLU DELOLW\ WR SHQHWUDWH GHHS LQWR WKH UHVSLUDWRU\ WUDFW DQG
WUDQVORFDWH WR RWKHU RUJDQV� OHDGLQJ WR SRWHQWLDO DGYHUVH KHDOWK HIIHFWV� $V LQGLYLGXDOV VSHQG PXFK RI WKHLU WLPH LQGRRUV�
DFFXUDWH�DVVHVVPHQW�RI�LQGRRU�8)3�H[SRVXUH�LV�HVVHQWLDO�
7KH 0$5.232/2 ��0DUNHUV RI 3ROOXWLRQ�� LQGRRU�RXWGRRU SURMHFW LQYHVWLJDWHV KRZ RXWGRRU FRQFHQWUDWLRQV� UHVLGHQWLDO
EXLOGLQJ FKDUDFWHULVWLFV DQG HYHU\GD\ RFFXSDQW EHKDYLRXU LQIOXHQFH LQGRRU 8)3 QXPEHU FRQFHQWUDWLRQV �31&� XVLQJ UHDO�
WLPH PHDVXUHPHQWV� 7KH VWXG\ DLPV WR LQFOXGH �� 6ZLVV KRXVHKROGV� HDFK PRQLWRUHG GXULQJ WZR RQH�ZHHN SHULRGV GXULQJ
WKH ZDUP DQG FROG VHDVRQV� FDSWXULQJ VHDVRQDO GLIIHUHQFHV LQ EHKDYLRXU� YHQWLODWLRQ� DQG KHDWLQJ FRQGLWLRQV� ,Q HDFK
KRXVHKROG� DLU TXDOLW\ VHQVRUV DUH LQVWDOOHG ERWK LQGRRUV DQG RXWGRRUV VLPXOWDQHRXVO\� PHDVXULQJ 31& DW D WHPSRUDO
UHVROXWLRQ RI � VHFRQG� DQG 30���� &2�� WHPSHUDWXUH DQG UHODWLYH KXPLGLW\ DW ��PLQXWH UHVROXWLRQ� 7KLV FDSWXUHV VKRUW�WHUP
FRQFHQWUDWLRQ�SHDNV�UHVXOWLQJ�IURP�LQGRRU�EHKDYLRXUV�DQG�DFWLYLWLHV�WKDW�ZRXOG�EH�REVFXUHG�LQ�GDLO\�RU�PXOWL�KRXU�DYHUDJHV�
7R OLQN FRQFHQWUDWLRQ G\QDPLFV ZLWK RFFXSDQW DFWLYLWLHV� SDUWLFLSDWLQJ KRXVHKROGV FRPSOHWH D WLPH�DFWLYLW\ GLDU\ ZLWK
���PLQXWH UHVROXWLRQ� GRFXPHQWLQJ DFWLYLWLHV NQRZQ WR LQIOXHQFH LQGRRU SDUWLFOH OHYHOV� VXFK DV FRRNLQJ� FDQGOH EXUQLQJ�
ILUHSODFH XVH� DQG ZLQGRZ RSHQLQJ� 6R IDU� �� KRXVHKROGV FRXOG EH UHFUXLWHG LQ IRXU FDWHJRULHV� �� UHVLGHQFHV ZLWK LQGRRU
ILUHSODFHV� � 0LQHUJLH�FHUWLILHG EXLOGLQJV� � KRXVHKROGV ORFDWHG DORQJ KHDYLO\ WUDIILFNHG URDGV� DQG �� FRQWURO KRXVHKROGV�
ZLWK���KRXVHKROGV�EHORQJLQJ�WR�WZR�FDWHJRULHV�
'DWD FROOHFWLRQ LV VWLOO RQJRLQJ� ,QLWLDO REVHUYDWLRQV VKRZ SURQRXQFHG VKRUW�WHUP LQFUHDVHV LQ LQGRRU 8)3 FRQFHQWUDWLRQV
DVVRFLDWHG ZLWK FRPEXVWLRQ�UHODWHG DFWLYLWLHV� SDUWLFXODUO\ FRRNLQJ DQG FDQGOH EXUQLQJ� 2XWGRRU 31& ZDV VLJQLILFDQWO\
DVVRFLDWHG ZLWK LQGRRU 31&� EXW LQGRRU FRPEXVWLRQ�UHODWHG DFWLYLWLHV� SDUWLFXODUO\ ZRRGEXUQLQJ� FRRNLQJ DQG FDQGOH
EXUQLQJ�DUH�PRUH�VWURQJO\�DVVRFLDWHG�ZLWK�VKRUW�WHUP�LQFUHDVHV�LQ�LQGRRU�31&�
7KH VWXG\ KLJKOLJKWV WKH YDOXH RI UHDO�WLPH PHDVXUHPHQWV IRU DFFXUDWHO\ FKDUDFWHUL]LQJ UHVLGHQWLDO 8)3 H[SRVXUH DQG WKH
HIIHFWV�RI�EXLOGLQJ�SURSHUWLHV�DQG�RFFXSDQW�EHKDYLRXU�

�

�

)LJXUH����3DUWLFOH�QXPEHU�FRQFHQWUDWLRQV�RYHU�WLPH�GXULQJ�VXPPHU�DQG�ZLQWHU��ZLWK�KRXVHKROG�DFWLYLWLHV�ORJJHG�EHORZ�
)LJXUH����'LVWULEXWLRQ�RI�PHDVXUHG�LQGRRU�DQG�RXWGRRU�XOWUDILQH�SDUWLFOH�QXPEHU�FRQFHQWUDWLRQV��31&��DFURVV�UHVLGHQWLDO
FDWHJRULHV�GXULQJ�WKH�ZLQWHU�DQG�VXPPHU�FDPSDLJQ�

�

�
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��6HVVLRQ����,QGRRU�SDUWLFOHV�DQG�RFFXSDWLRQDO�H[SRVXUH��7DON
��
8QGHUJURXQG�5DLO�$LU�4XDOLW\��'HWHUPLQDWLRQ�RI�8)3�DQG�%&�&RQFHQWUDWLRQV�LQ�D�7UDLQ�6WDWLRQ�DQG�LWV�$GMDFHQW

7XQQHO�

'��2EDQGR���8��9RJW���'��.DQDIDQL�

�,QVWLWXW�I�U�(QHUJLHYHUIDKUHQVWHFKQLN�XQG�'\QDPLN�LQ�(QHUJLHV\VWHPHQ�±�,('�

,QWURGXFWLRQ� 5HFRJQL]HG DV D PRUH HQYLURQPHQWDOO\ IULHQGO\ DOWHUQDWLYH WR FDUV DQG DLUSODQHV� UDLO WUDQVSRUW SOD\V D FUXFLDO
UROH LQ FRQQHFWLQJ *HUPDQ\ ZLWK RWKHU (XURSHDQ FRXQWULHV� VHUYLQJ GDLO\ PLOOLRQV RI SDVVHQJHUV RYHU D UDLOZD\ V\VWHP RI
RYHU ������ NP >�@� 1RQHWKHOHVV� WKH JURZLQJ HYLGHQFH WKDW WUDLQ HPLVVLRQV DOVR FRQWULEXWH WR DLU SROOXWLRQ >�� �� �@ KDV QRW
\HW EHHQ PDWFKHG E\ H[WHQVLYH UHVHDUFK� OHDYLQJ WKLV VHFWRU UHODWLYHO\ XQH[SORUHG FRPSDUHG WR URDG WUDQVSRUW� 7KLV ZRUN
VHHNV�WR�FRQWULEXWH�WR�D�GHHSHU�XQGHUVWDQGLQJ�RI�UDLO�UHODWHG�HPLVVLRQV��VSHFLILFDOO\�IRFXVLQJ�RQ�8)3�DQG�%&�

0HWKRGRORJ\� )URP -DQXDU\ WR 0DUFK ����� DLU TXDOLW\ PHDVXUHPHQWV ZHUH FDUULHG RXW DW IRXU VWUDWHJLF ORFDWLRQV DW WKH
%HUOLQ $LUSRUW 7UDLQ 6WDWLRQ� WKH SODWIRUP� WXQQHO� WXQQHO SRUWDO� DQG DQ RXWGRRU EUDFNJURXQG VLWH �VKRZQ LQ )LJXUH ��� $W
HDFK PHDVXUHPHQW VWDWLRQ� WKH FRQFHQWUDWLRQV RI 30�� DQG 30��� ZHUH GHWHUPLQHG JUDYLPHWULFDOO\ YLD VHTXHQWLDO VDPSOHUV�
WKH ILOWHUV ZHUH ODWHU DQDO\]HG IRU %ODFN &DUERQ DQG %URZQ &DUERQ �%& DQG %U&� XVLQJ DQ QRQ�GHVWUXFWLYH 2SWLFDO
7UDQVPLVVRPHWHU� 7KHVH WLPH�DYHUDJHG GDWD ZHUH FRPSOHPHQWHG E\ FRQWLQXRXV PRQLWRULQJ RI FRDUVH�ILQH SDUWLFOHV �OLJKW�
VFDWWHULQJ�� 8)3 �GLIIXVLRQ FKDUJHU�� DQG %& �PLQL�DHWKDORPHWHUV�� )LQDOO\� PHWHRURORJLFDO GDWD VXFK DV WHPSHUDWXUH�
KXPLGLW\� ZLQG VSHHG DQG GLUHFWLRQ ZDV FROOHFWHG WR DVVHVV KRZ QDWXUDO DLUIORZ DQG YHKLFOH�LQGXFHG WXUEXOHQFH JRYHUQHG
SROOXWDQW�GLVSHUVLRQ�ZLWKLQ�WKH�WXQQHO�

5HVXOWV� $V VKRZQ LQ 7DEOH �� %& OHYHOV QHDU WKH UDLOZD\ WUDFNV VLJQLILFDQWO\ H[FHHGHG DPELHQW EDFNJURXQG FRQFHQWUDWLRQV�
%U& OHYHOV� KRZHYHU� UHPDLQHG UHODWLYHO\ VWDEOH DFURVV VLWHV� FRQILUPLQJ WKH DEVHQFH RI LQWHUQDO %U& VRXUFHV DQG VXJJHVWLQJ
WKDW LQGRRU FRQFHQWUDWLRQV DUH SULPDULO\ GULYHQ E\ H[WHUQDO DLU H[FKDQJH� 7KH VWXG\ SHULRG ZDV IXUWKHU PDUNHG E\ WZR
UDLOZD\ VWULNHV DQG RQH DLUSRUW VWULNH� ZKLFK DOORZHG XV WR GLIIHUHQWLDWH WUDIILF�UHODWHG HPLVVLRQV IURP UHJLRQDO EDFNJURXQG
VLJQDOV DQG ILOWHU RXW SRWHQWLDO LQWHUIHUHQFH IURP QHLJKERULQJ DLU WUDIILF� (YDOXDWLRQ RI WKH FRQWLQXRXV 8)3 DQG %& WLPH�
VHULHV�LV�FXUUHQWO\�EHLQJ�ILQDOL]HG�

&RQFOXVLRQV DQG 2XWORRN� 7KLV VWXG\ FRQILUPV WKDW WUDFN�VLGH %& OHYHOV VLJQLILFDQWO\ H[FHHG EDFNJURXQG FRQFHQWUDWLRQV�
GULYHQ E\ WUDIILF DQG WKH SLVWRQ HIIHFW� %U& VWDELOLW\ VXJJHVWV H[WHUQDO LQILOWUDWLRQ UDWKHU WKDQ LQWHUQDO VRXUFHV� 2QJRLQJ KLJK�
UHVROXWLRQ�DQDO\VLV�RI�8)3�DQG�%&�WLPH�VHULHV�ZLOO�IXUWKHU�FODULI\�WKHVH�HPLVVLRQ�SDWWHUQV�DQG�WKHLU�LPSDFW�RQ�DLU�TXDOLW\�

�

�

>�@�'HXWVFKH�%DKQ�$*��,QWHJULHUWHU�%HULFKW������
>�@ 0XJLFD�ÈOYDUH]� 9�� )LJXHURD�/DUD� -�� 5RPHUR�5RPR� 0�� 6HS~OYHGD�6iQFKH]� -�� DQG /ySH]�0RUHQR� 7� �����
$WPRVSKHULF�(QYLURQPHQW��������±����
>�@ 0LQJXLOOyQ� 0� &�� 5HFKH� &�� 0DUWLQV� 9�� $PDWR� )�� 0LJXHO� (� GH� &DSGHYLOD� 0�� &HQWHOOHV� 6�� 4XHURO� ;�� DQG
0RUHQR��7��������(QYLURQPHQWDO�UHVHDUFK���������±����
>�@�6DPDG��$���$UDQJR��.���$OYDUH]�)ORUH]��'���&KRXUGDNLV��,���DQG�9RJW��8��������$WPRVSKHUH��������������
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��6HVVLRQ�����1DQRSDUWLFOH�WR[LFLW\�DQG�KHDOWK�HIIHFWV��7DON
��

&KDUDFWHULVWLFV�RI�%UDNH�:HDU�3DUWLFOHV�DQG�&KHPLFDO�6SHFLDWLRQ�3URILOHV�DQG�3RWHQWLDO�+HDOWK�(IIHFWV�RI�WKH
3DUWLFOHV�LQ�&DOLIRUQLD�

6��<RRQ���2��3DUN���0��'DP���1��-DUHHQ���%��:HOOHU���-��'��+HUQHU�
�

�&DOLIRUQLD�$LU�5HVRXUFHV�%RDUG�

%UDNH�ZHDU HPLVVLRQV KDYH EHFRPH WKH GRPLQDQW VRXUFH RI GLUHFWO\ HPLWWHG SDUWLFOHV IURP PRWRU YHKLFOHV� DV WDLOSLSH
HPLVVLRQV KDYH EHHQ VXEVWDQWLDOO\ UHGXFHG LQ UHVSRQVH WR VWULQJHQW WDLOSLSH HPLVVLRQV VWDQGDUGV LQ &DOLIRUQLD� 8QGHUVWDQGLQJ
WKH FKDUDFWHULVWLFV RI EUDNH�ZHDU SDUWLFOHV� LQFOXGLQJ SDUWLFOH QXPEHU� VL]H GLVWULEXWLRQV� DQG PDVV� DV ZHOO DV WKHLU FKHPLFDO
VSHFLDWLRQ SURILOHV� LV D FUXFLDO VWHS LQ XQGHUVWDQGLQJ WKHLU SRWHQWLDO DGYHUVH KHDOWK HIIHFWV� 7KH SUHVHQFH RI KHDY\ PHWDOV LQ
WKH�SDUWLFOHV�LV�D�FRQFHUQ�IRU�SXEOLF�KHDOWK��SDUWLFXODUO\�LQ�FRPPXQLWLHV�QHDU�PDMRU�XUEDQ�DUWHULDOV�DQG�KLJKZD\V�

7KH &DOLIRUQLD $LU 5HVRXUFHV %RDUG �&$5%� KDV XQGHUWDNHQ LQYHVWLJDWLRQV WR PHDVXUH DLUERUQH EUDNH�ZHDU SDUWLFOHV XQGHU
EUDNH�G\QDPRPHWHU WHVWLQJ FRQGLWLRQV� FKDUDFWHUL]H WKHLU FKHPLFDO VSHFLDWLRQ SURILOHV� DQG DVVHVV WKHLU SRWHQWLDO KHDOWK
HIIHFWV ORFDOO\ DQG UHJLRQDOO\� $LUERUQH EUDNH�ZHDU SDUWLFOHV DUH JHQHUDWHG GXULQJ YHKLFOH EUDNLQJ ZKHQ VKHDU IRUFHV
LQFUHDVH EHWZHHQ WKH IULFWLRQ PDWHULDO DQG WKH GLVN� &$5% DQDO\VLV UHYHDOHG WKDW WKH PDMRU LQRUJDQLF FRQWHQWV RI EUDNH�ZHDU
SDUWLFOHV IURP &DOLIRUQLD OLJKW�GXW\ DQG KHDY\�GXW\ YHKLFOHV LQFOXGH LURQ �)H�� EDULXP �%D�� FRSSHU �&X�� ]LQF �=Q�� DQG
WLWDQLXP �7L�� ZKLOH DSSUR[LPDWHO\ KDOI RI WKH SDUWLFOHV FRQVLVWHG RI QRQ�PHWDOOLF FRPSRQHQWV� 7KH R[LGDWLYH SRWHQWLDOV RI
WKH SDUWLFOHV FROOHFWHG QHDU URDGZD\V ZHUH VLJQLILFDQWO\ JUHDWHU WKDQ WKRVH FROOHFWHG LQ XUEDQ EDFNJURXQG DUHDV� LQGLFDWLQJ
WKDW�EUDNH�ZHDU�SDUWLFOHV�PD\�KDYH�D�JUHDWHU�DGYHUVH�KHDOWK�HIIHFW�LQ�QHDU�URDG�FRPPXQLWLHV�DQG�SRSXODWHG�XUEDQ�DUHDV�
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��6HVVLRQ�����1DQRSDUWLFOH�WR[LFLW\�DQG�KHDOWK�HIIHFWV��7DON
��

6\VWHPDWLF�UHYLHZ�DQG�PHWD�DQDO\VLV�RQ�WKH�KHDOWK�HIIHFWV�RI�ORQJ�WHUP�H[SRVXUH�WR�XOWUDILQH�SDUWLFOHV�

0��%HUJPDQQ�����3��+DGGDG�7KRHONH���+��-HRQJ���5��.DSSHOHU�����+��$OWXJ���/��2EHUZLQVWHU���+��%RRJDDUG���7��3RKO���9�
6RSSD���.��2JXUWVRYD���0��.XWODU�-RVV�����=��-RYDQRYLF�$QGHUVHQ�
��%��+RIIPDQQ�
�

�,QVWLWXWH�RI�2FFXSDWLRQDO��6RFLDO�DQG�(QYLURQPHQWDO�0HGLFLQH��&HQWUH�IRU�+HDOWK�DQG�6RFLHW\��0HGLFDO�)DFXOW\��+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���+RFKVFKXOH�'�VVHOGRUI��'�VVHOGRUI�

*HUPDQ\�

%$&.*5281'� 8OWUDILQH SDUWLFOHV �8)3� ���� QP GLDPHWHU� PD\ KDYH D KLJKHU WR[LFLW\ WKDQ ODUJHU SDUWLFOHV EXW DUH VWLOO
QRW UHJXODWHG QRU SDUW RI URXWLQH DLU SROOXWLRQ PRQLWRULQJ� 6R IDU� KHDOWK HIIHFWV RI ORQJ�WHUP H[SRVXUH WR DPELHQW 8)3 DUH
QRW�ZHOO�XQGHUVWRRG��GXH�WR�D�ODFN�RI�H[SRVXUH�GDWD�DQG�HSLGHPLRORJLFDO�VWXGLHV�

0(7+2'� :H FRQGXFWHG D V\VWHPDWLF UHYLHZ DQG PHWD�DQDO\VLV RQ WKH KHDOWK HIIHFWV RI ORQJ�WHUP H[SRVXUH WR 8)3�
LQFOXGLQJ VWXGLHV SXEOLVKHG XQWLO 'HFHPEHU ����� 0HWD�DQDO\VLV ZDV FRQGXFWHG IRU RXWFRPHV ZLWK DW OHDVW IRXU DYDLODEOH
HIIHFW HVWLPDWHV� &RQILGHQFH LQ WKH ERG\ RI HYLGHQFH ZDV HYDOXDWHG XVLQJ WKH 2IILFH RI +HDOWK $VVHVVPHQW DQG 7UDQVODWLRQ
�2+$7��PHWKRG�

:H LGHQWLILHG �� VWXGLHV LQYHVWLJDWLQJ YDULRXV PRUWDOLW\� PRUELGLW\� DQG VXEFOLQLFDO RXWFRPHV� ,Q PHWD�DQDO\VHV RI VLQJOH�
SROOXWDQW PRGHOV� ZH IRXQG SRVLWLYH DVVRFLDWLRQV ZLWK QDWXUDO PRUWDOLW\ �KD]DUG UDWLR� ���� >��� FRQILGHQFH LQWHUYDO >&,@�
����� ����@� DQG &�UHDFWLYH SURWHLQ ������� LQFUHDVH >��� &,� ������ �����@�� SHU ������ SW�FP� LQFUHDVH LQ ORQJ�WHUP
H[SRVXUH WR 8)3� ZLWK ORZ DQG LQDGHTXDWH OHYHOV RI HYLGHQFH� UHVSHFWLYHO\� 7KH UHPDLQLQJ VWXGLHV UHYHDOHG RYHUDOO OLPLWHG
HYLGHQFH�IRU�DGYHUVH�HIIHFWV�RQ�D�ZLGH�UDQJH�RI�RXWFRPHV��/HVV�WKDQ�KDOI�RI�WKH�VWXGLHV�DGMXVWHG�IRU�FR�SROOXWDQWV�

&21&/86,21� 7KH HYLGHQFH EDVH RQ ORQJ�WHUP KHDOWK HIIHFWV RI 8)3 KDV LQFUHDVHG VXEVWDQWLDOO\ LQ WKH ODVW GHFDGH� ZKLOH
WKH RYHUDOO HYLGHQFH IRU LQGHSHQGHQW HIIHFWV RI ORQJ�WHUP 8)3 H[SRVXUH UHPDLQV LQDGHTXDWH WR ORZ� 0RUH VWXGLHV DUH QHHGHG
WR GUDZ ILUP FRQFOXVLRQV DERXW WKH LQGHSHQGHQW DGYHUVH HIIHFWV RI ORQJ�WHUP 8)3 RQ YDULRXV KHDOWK HQGSRLQWV� ZLWK D VSHFLDO
IRFXV�RQ�WKH�LQIOXHQFH�RI�FR�SROOXWDQW�DGMXVWPHQW�

)81',1*��7KH�SURMHFW�ZDV�ILQDQFHG�E\�WKH�*HUPDQ�)HGHUDO�0LQLVWU\�IRU�WKH�(QYLURQPHQW��1DWXUH�&RQVHUYDWLRQ�
1XFOHDU�6DIHW\�DQG�&RQVXPHU�3URWHFWLRQ�DQG�VXSHUYLVHG�E\�WKH�*HUPDQ�(QYLURQPHQW�$JHQF\��).=��������������7KH
YLHZV�LQ�WKLV�DUWLFOH�DUH�WKRVH�RI�WKH�DXWKRUV�DQG�GR�QRW�QHFHVVDULO\�UHIOHFW�WKH�YLHZV�RI�WKH�+HDOWK�(IIHFWV�,QVWLWXWH�RU�LWV
VSRQVRUV�
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Non-Tailpipe Traffic Emissions and Airway Dysfunction: Evidence from a Real-World Crossover Study (IONA) 

H. Hajmohammadi1, J. Scale1, M. Priestman 2, L. McIlvenna3, A. Tremper2, G. Chen2, I. de Boer 3, H. E. Wood 3, K.
Katsouyanni 2, D. Green2, I. S. Mudway2*, C. J. Griffiths3* 

1Wolfson Institute of Population Health, Queen Mary University of London, 2Environmental Research Group, 3Wolfson
Institute of Population Health (WIPH) 

Background: Non-exhaust traffic emissions from brake, tyre, and road wear are now major contributors to urban particulate
matter (PM), yet remain unregulated and insufficiently characterised in terms of health effects. These mechanically
generated particles are enriched in metals and contain fine and ultrafine fractions. We investigated whether source-resolved
non-tailpipe particles induce airway dysfunction and immune activation in adults with asthma.

 

Methods:
In a randomised crossover study, 38 adults with mild-to-moderate asthma were exposed during intermittent exercise to three
real-world London environments: a stop–go traffic site enriched in brake wear, a high-speed traffic site enriched in tyre/road
wear, and an urban background control site. High-time-resolution aerosol chemical speciation (ACSM), X-ray fluorescence
(Xact), and positive matrix factorisation were used to quantify PM2•5 and PM10 mass and resolve source contributions,
including brake wear, tyre/road wear, train wear, re-suspended dust, and long-range transport. Respiratory outcomes (FEV1,
FVC and Oscillometry indices), fractional exhaled nitric oxide (FeNO), and nasal lavage cytokines (IL-6 primary
inflammatory endpoint) were measured pre-exposure, immediately post-exposure, and the day after the exposure. Nasal
metals were quantified using ICP-MS as biomarkers of airway particle deposition.

Results:
Non-tailpipe–dominated exposures produced delayed impairments in lung function. Compared with the background site,
FEV1 declined by 140–220 mL at the day after the exposure (p<0.05), with parallel reductions in FVC. Tyre/road wear
fractions were associated with next-day reductions in FEV1 and FVC, while brake wear was associated with increased
small airway resistance (R5–R20). PM10 and tyre/road wear were significantly associated with increased nasal IL-6. 

Conclusions:
Short-term exposure to non-exhaust traffic particles leads to delayed airway dysfunction in adults with asthma. These
findings highlight the emerging health relevance of nanoparticle-rich non-tailpipe emissions and the urgent need for
regulatory frameworks addressing evolving urban PM sources.
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