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(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�����������������±�����

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.tcpdf.org


��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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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�$LU�4XDO��5HV�����������������±�����
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$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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(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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