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$EVWUDFW��
)RU WKH LQYHVWLJDWLRQ RI WKH VROYHQW LPSDFW RQ WKH HQ]\PHV� OLSDVHV IURP WKH GLIIHUHQW VRXUFHV

�3VHXGRPRQDV IOXRUHVFHQFHV� 5KL]SRXV MDYDQLFXV� 5KL]RSXV QLYHXV� &DQGLGD UXJRVD DQG

3RUFLQH SDQFUHDV� ZHUH XVHG� 6WDELOLW\ DQG DFWLYLW\ RI WKHVH OLSDVHV LQ DTXHRXV PHGLXP LQ

VXSHUFULWLFDO &2� DQG OLTXLG SURSDQH DW ��� EDU DQG �� q& ZHUH VWXGLHG�

2Q WKH EDVLV RI SUHYLRXV UHVXOWV OLSDVHV ZHUH XVHG IRU WKHLU DSSOLFDWLRQ LQ WZR GLIIHUHQW

V\VWHPV� 7KH DSSOLFDWLRQ RI WKH SRO\VXOSKRQH PHPEUDQH LQ WKH FRQWLQXRXV VWLUUHG WDQN

PHPEUDQH UHDFWRU ZDV VWXGLHG RQ WKH PRGHO V\VWHP RI WKH K\GURO\VLV RI ROH\O ROHDWH LQ

SURSDQH DW KLJK SUHVVXUH� $V D FDWDO\VW WKH &DQGLGD UXJRVD OLSDVH ZDV XVHG� 7KH QH[W

XWLOL]DWLRQ RI OLSDVHV ZDV WKH XVH RI RQ VLOLFD DHURJHO VHOI�LPPRELOL]HG OLSDVH IURP 3RUFLQH

SDQFUHDV DV FDWDO\VW IRU HVWHULILFDWLRQ UHDFWLRQ LQ QHDU�FULWLFDO SURSDQH DW �� �& DQG ��� EDU�

,QWURGXFWLRQ��
0DQ\�HQ]\PHV�DUH�VWDEOH�DQG�FDWDO\]H�UHDFWLRQV�LQ�VXSHUFULWLFDO�IOXLGV��MXVW�DV�WKH\�

GR� LQ� RWKHU� QRQ� �� RU� PLFURDTXHRXV� HQYLURQPHQWV�
�
� 7ZR� W\SHV� RI� FKDQJHV� LQ� SURWHLQ�

VWUXFWXUH� PD\� RFFXU� XQGHU� H[WUHPH� FRQGLWLRQV�� 6SDWLDO� VWUXFWXUH� RI� PDQ\� SURWHLQV� LV�

VLJQLILFDQWO\�DOWHUHG�DQG�WKH\�DUH�GHQDWXUDWHG�ZLWK�D�ORVV�LQ�DFWLYLW\��2Q�WKH�RWKHU�KDQG��DW�

OHVV� GDPDJLQJ� FRQGLWLRQV� SURWHLQ� VWUXFWXUH� LV� UHWDLQHG� RQ� WKH� ZKROH� DQG� RQO\� ORFDO�

FKDQJHV� RFFXU�� 6RPHWLPHV� WKLV� ORFDO� FKDQJHV� OHDG� WR� DQRWKHU� DFWLYH� VWDWH� RI� D� SURWHLQ�

ZKLFK�PD\�SRVVHV�DQ�DOWHUHG�DFWLYLW\��VSHFLILFLW\��DQG�VWDELOLW\�
�
��

(Q]\PH�VWDELOLW\�DQG�DFWLYLW\�GHSHQG�RQ�WKH�HQ]\PH�VSHFLHV��WKH�VXSHUFULWLFDO�IOXLG��

WKH� ZDWHU� FRQWHQW� RI� WKH� HQ]\PH�VXSSRUW�UHDFWLRQ� PL[WXUH�� DQG� RQ� WKH� SUHVVXUH� DQG�

WHPSHUDWXUH�RI�WKH�UHDFWLRQ�V\VWHP�
�
�

)RU� WKH� LQYHVWLJDWLRQ� RI� WKH� VROYHQW� LPSDFW� RQ� HQ]\PHV�� OLSDVHV� IURP� GLIIHUHQW�

VRXUFHV�ZHUH�FKRVHQ��3VHXGRPRQDV�IOXRUHVFHQFHV��5KL]SRXV�MDYDQLFXV��5KL]RSXV�QLYHXV��

&DQGLGD�UXJRVD�DQG�3RUFKLQH�SDQFUHDV��7KH�PRGHO�UHDFWLRQV�ZHUH�HVWHULILFDWLRQV�RI�Q�

EXW\ULF�DFLG�ZLWK�HWKDQRO�DQG� LVR�DP\O�DOFRKRO� LQ�FDUERQ�GLR[LGH�DQG�SURSDQH��%XW\ULF�
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DFLG�HVWHUV�DUH�FRPPRQO\�XVHG�DV�PDMRU�DURPD�FRPSRQHQWV�RI�GLIIHUHQW�IUXLWV��SLQHDSSOH��

EDQDQD��VWUDZEHUULHV��DSSOHV��HWF��
�
�

2Q�WKH�EDVLV�RI�JRRG�OLSDVH�VWDELOLW\�LQ�QHDU�FULWLFDO�SURSDQH�RXU�UHVHDUFK�ZRUN�ZDV�

IRFFXVHG�RQ�FRPELQLQJ�VXSHUFULWLFDO�IOXLGV�DQG�XOWUDILOWUDWLRQ�PHPEUDQHV�LQ�GHYHORSLQJ�

WKH�PHPEUDQH�ELRUHDFWRU�XVLQJ�SRO\VXOSKRQH�PHPEUDQH��RSHUDWLQJ�DW�KLJK�SUHVVXUH�XS�WR�

����EDU�LQ�SURSDQH��$�PHPEUDQH�ELRUHDFWRU�LV�VLPXOWDQHRXVO\�DFFRPSOLVKLQJ�WKUHH�XQLW�

RSHUDWLRQV� LQ� D� VLQJOH� SLHFH� RI� SURFHVV� HTXLSPHQW�� 7KH� FRXSOLQJ� RI� D� ELRFKHPLFDO�

FRQYHUVLRQ�ZLWK�WKH�VHSDUDWLRQ�SURFHVV�LV�LQYROYHG�LQ�SURGXFW�SXULILFDWLRQ��WKXV�OHDGLQJ�

WR�VHYHUDO�DGYDQWDJHV��

7KH� LPPRELOL]DWLRQ� RI� WKH� HQ]\PH�RQ� D� VROLG� VXSSRUW� LV� RQH�RI� WKH�PRVW�ZLGHO\�

HPSOR\HG�PHWKRGV� IRU�XVLQJ� WKHP� LQ� FRQWLQXRXV�RSHUDWHG�SDFNHG�EHG� DQG� VWLUUHG� WDQN�

UHDFWRU��HVSHFLDOO\�IRU�ODUJH�VFDOH�RSHUDWLRQ��LW�LV�XVXDOO\�YHU\�HDV\�WR�VHSDUDWH�WKH�HQ]\PH�

IURP� WKH� SURGXFW� VROXWLRQ�
���
� 6LQFH� HQ]\PHV� DUH� QRUPDOO\� QRW� VROXEOH� LQ� RUJDQLF� RU�

VXSHUFULWLFDO�PHGLD� WKHUH� LV�QR�QHHG� IRU�FRYDOHQW� OLQNDJHV�EHWZHHQ� WKH�VXSSRUW�DQG� WKH�

HQ]\PH�� ,W� LV� DGYDQWDJHRXV� WR�XVH� D�SRURXV� VXSSRUW� VR� WKDW� WKH� HQ]\PH� LV� VSUHDG�RQ� D�

ODUJH� VXUIDFH� DUHD�
���
� ,Q� WKH� SUHVHQW� ZRUN� WKH� DSSOLFDWLRQ� RI� VRO�JHO� HQFDSVXODWLRQ�

WHFKQLTXH� IRU� WKH� LPPRELOL]DWLRQ� RI� OLSDVH� IURP�3RUFKLQH� SDQFUHDV� LQWR� VLOLFD� DHURJHO�

PDWUL[�DQG�WKH�DFWLYLW\�RI�LPPRELOL]HG�OLSDVHV�LQ�HVWHULILFDWLRQ�UHDFWLRQV�LQ�VXSHUFULWLFDO�

IOXLGV�KDYH�EHHQ�VWXGLHG��

0DWHULDOV�DQG�PHWKRGV�

(Q]\PH�SUHSDUDWLRQV�

/LSDVHV� IURP��3VHXGRPRQDV� IOXRUHVFHQFHV��5KL]SRXV� MDYDQLFXV��&DQGLGD�UXJRVD��

5KL]RSXV�QLYHXV�DQG�3RUFLQH�SDQFUHDV��ZHUH�SURGXFWV�RI�%LRFDWDO\VLV��(QJODQG��

/LSDVH�DFWLYLW\�

7KH�DFWLYLWLHV�RI� WKH�XVHG�OLSDVHV�ZHUH�GHWHUPLQHG�DV�LQLWLDO�UDWHV�LQ�HVWHULILFDWLRQ�

UHDFWLRQV�RI�EXW\ULF�DFLG�ZLWK�HWKDQRO�DQG�LVR�DP\O�DOFRKRO�
�
��

*DVHV��

&DUERQ�GLR[LGH�����DQG�SURSDQH�����ZHUH�VXSSOLHG�E\�0HVVHU�0*�5XãH��6ORYHQLD���

�
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6\QWKHVLV�LQ�D�%DWFK�6WLUUHG�7DQN�5HDFWRU��%675��DW�DWPRVSKHULF�SUHVVXUH��

6\QWKHVHV�ZHUH�SHUIRUPHG�LQ�D�URXQG�ERWWRP�IODVN�ZLWK�PDJQHWLF�VWLUUHU�LQ�D�ZDWHU�

EDWK� DW� FRQVWDQW� WHPSHUDWXUHV�� 7KH� YROXPH� RI� WKH� UHDFWRU� ZDV� ��� PO�� ,QLWLDOO\�� WKH�

UHDFWLRQ�PL[WXUH�WKDW�FRQVLVWHG�RI�EXW\ULF�DFLG�DQG�DOFRKRO��������LQ�PRO�IUDFWLRQV��ZDV�

SODFHG�LQWR�WKH�UHDFWRU��7KHQ������J�RI�HQ]\PH�DQG�����J�RI�ZDWHU�ZDV�DGGHG��'XULQJ�WKH�

UHDFWLRQ� WKH�VDPSOHV�ZHUH�WDNHQ�IURP�WKH�UHDFWRU��7KH�DPRXQW�RI�IUHH�EXW\ULF�DFLG�ZDV�

GHWHUPLQHG� YROXPHWULF�
�
� ,QLWLDO� UHDFWLRQ� UDWHV� ZHUH� GHWHUPLQHG� E\� PRQLWRULQJ� WKH�

VXEVWUDWHV�FRQFHQWUDWLRQ�YHUVXV�WLPH���

�

6\QWKHVLV�LQ�D�+LJK�3UHVVXUH�%DWFK�6WLUUHG�7DQN�5HDFWRU��+3�%675��

7KH�YROXPH�RI�WKH�UHDFWRU��GHVLJQHG�IRU�RSHUDWLRQ�XS�WR�����EDU�DQG������&��ZDV�

���PO�
�����

��

�

)LJXUH����7KH�GHVLJQ�RI� WKH�DSSDUDWXV� IRU�KLJK�SUHVVXUH�HVWHULILFDWLRQ����±� UHDFWRU���� ��
VHSDUDWRU��

�

7KH�ZKROH�V\VWHP�ZDV�WHUPRVWDWHG�DW�D�GHVLUHG�WHPSHUDWXUH��,QLWLDOO\��WKH�UHDFWLRQ�

PL[WXUH�WKDW�FRQWDLQHG�EXW\ULF�DFLG�DQG�DOFRKRO��������LQ�PRO�IUDFWLRQV��ZDV�SODFHG�LQWR�

WKH�UHDFWRU��7KHQ������J�RI�HQ]\PH�SUHSDUDWLRQ�ZDV�DGGHG��)LQDOO\��&2��RU�SURSDQH�ZDV�

SXPSHG�LQWR�WKH�UHDFWRU�ZLWK�D�KLJK�SUHVVXUH�SXPS��XS�WR� WKH�GHVLUHG�SUHVVXUH��'XULQJ�

WKH�UHDFWLRQ��VDPSOHV�ZHUH�WDNHQ�IURP�WKH�UHDFWRU�LQ�D�WUDS��7KH�DPRXQW�RI�IUHH�EXW\ULF�

3,

*DV

�

�
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DFLG�ZDV�GHWHUPLQHG�YROXPHWULF�
�
�,QLWLDO�UHDFWLRQ�UDWHV�ZHUH�GHWHUPLQHG�DV�GHVFULEHG�IRU�

EDWFK�VWLUUHG�UHDFWRU�DW�DWPRVSKHULF�SUHVVXUH���

�

+LJK�3UHVVXUH�&RQWLQXRXV�6WLUUHG�7DQN�0HPEUDQH�5HDFWRU�

3RO\VXOIRQH� PHPEUDQHV� ZHUH� SUHSDUHG� �/DE�� RI� RUJDQLF� FKHPLVWU\� RI� 81,�

0DULERU��E\�PL[LQJ�D�FHUWDLQ�DPRXQW�RI�SRO\VXOIRQH�LQ�D�VROYHQW��GLPHWK\ODFHWDPLG�
��
��

)URP�WKLV�VROXWLRQ�D�VROLG�ILOP�RI�D�GHVLUDEOH�WKLFNQHVV�ZDV�IRUPHG��7KH�VWDELOLW\�RI�WKH�

PHPEUDQHV�ZDV�HYDOXDWHG�E\�H[SRVLQJ�WKHP�WR�6&�&2� DQG�OLTXLG�SURSDQH�DW����q&�DQG�

���� EDU�� 7KH� SURSHUWLHV� RI� WKH� PHPEUDQHV�� H[SRVHG� WR� KLJK� SUHVVXUH� DQG� WKH� FRQWURO�

PHPEUDQH� �QRW� KLJK� SUHVVXUH� WUHDWHG��� ZHUH� GHWHUPLQHG� ZLWK� PHDVXUHPHQWV� RI�

K\GURG\QDPLF� UHVLVWDQFH� DQG�0:&2� YDOXH� E\� VWDQGDUG�PHWKRGV� DQG� WKHQ� FRPSDUHG��

7KH�UHVXOWV�VKRZHG�WKDW�WKHUH�ZDV�QR�GLIIHUHQFH�EHWZHHQ�WKH�PHPEUDQHV�H[SRVHG�WR�KLJK�

SUHVVXUH� DQG� WKH� FRQWURO� PHPEUDQH�� 7KH� PLFUR�VWUXFWXUH� RI� WKH� PHPEUDQHV� ZHUH�

H[DPLQHG�ZLWK� HOHFWURQLF�PLFURVFRSH��7KH� WRS� DQG� WKH�ERWWRP�VXUIDFH� DQG� FURVVFXW�RI�

WKH�PHPEUDQHV�WKDW�ZHUH�XVHG�LQ�6&�&2���SURSDQH�DQG�WKRVH�QRW�WUHDWHG�DW�KLJK�SUHVVXUH�

ZHUH�FRPSDUHG�
��
�7KHUH�ZHUH�QR�FKDQJHV�LQ�FURVVFXWV��ZKLFK�PHDQV�WKDW�WKH�VWUXFWXUH�RI�

WKH� PHPEUDQH� UHPDLQHG� WKH� VDPH� DQG� WKDW� DOVR� SURYHG� WKHLU� XQFKDQJHG� SK\VLFDO�

SURSHUWLHV��7KH� WRS�DQG� WKH�ERWWRP�VXUIDFHV�RI� WKH� WUHDWHG�PHPEUDQHV� ORRNHG�GLIIHUHQW�

�PRUH� FRPSDFW�� ZLWK� UHVSHFW� WR� XQWUHDWHG�� 7KH� UHDVRQ� LV� SUREDEO\� EHFDXVH� WKH�

PHPEUDQHV�GU\�RXW�YHU\�IDVW��:DWHU�ZDV�XVHG�DV�D�QRQ�VROYHQW�LQ�SRO\VXOIRQH�PHPEUDQH�

SURGXFWLRQ� WHFKQRORJ\� DQG� PHPEUDQHV� ZHUH� XVXDOO\� VWRUHG� LQ� ZDWHU�� 7KH� PHPEUDQHV�

ZHUH� DOVR� WHVWHG� RQ� SUHVVXUH� FKDQJHV� VWDELOLW\�� )DVW� DQG� VORZ� SUHVVXUH� FKDQJHV� ZHUH�

SHUIRUPHG�LQ�D�FRQWLQXRXV�VWLUUHG�WDQN�PHPEUDQH�UHDFWRU�DQG�LW�ZDV�IRXQG�RXW�WKDW�WKH�

SK\VLFDO�SURSHUWLHV�RI�WKH�PHPEUDQHV�GLG�QRW�FKDQJH�
��
��

7KH� DSSDUDWXV� LV� SUHVHQWHG� RQ� )LJXUH� ��� 7KH� PHPEUDQH� ���� PP� GLDPHWHU�� ZDV�

SODFHG� EHWZHHQ� WZR� VLQWHUHG� SODWHV� DQG� ILWWHG� LQ� WKH� UHDFWRU�ZLWK� ���PP� GLDPHWHU�� $�

FHUWDLQ� DPRXQW� RI� WKH� FDWDO\VW� � �K\GUDWHG� HQ]\PH� SUHSDUDWLRQ�� �J� ZDWHU��J� HQ]\PH�

SUHSDUDWLRQ�� ZDV� SXW� LQ� WKH� UHDFWRU� �9 ��P/��� 7KH� DXWRFODYH� ZDV� HOHFWULFDOO\� KHDWHG�

ZLWK�D�KHDWLQJ�MDFNHW�WR�r�����q&��7KH�WHPSHUDWXUH�ZDV�PHDVXUHG�ZLWK�DQ�DFFXUDF\�RI�r�

����q&�ZLWK�D�WKHUPRFRXSOH��7KH�VXEVWUDWHV�DQG�WKH�JDV�ZHUH�SXPSHG�LQWR�WKH�PHPEUDQH�
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UHDFWRU� ZLWK� WKH� KLJK� SUHVVXUH� SXPS�� 7KH� SUHVVXUH� ZDV� FRQWUROOHG� ZLWK� D� PDQRPHWHU�

'LJLEDU�3(�����+RWWLQJHU�%DOGZLQ� WR�r� ������� �7KH�SURGXFWV�DQG�XQUHDFWHG�VXEVWUDWHV�

ZHUH�FROOHFWHG�LQ�WKH�VHSDUDWRU��7KH�FDWDO\VW�UHPDLQHG�LQ�WKH�UHDFWRU��*DV�OHIW�WKH�V\VWHP�

DIWHU�WKH�IORZ�UDWH�PHDVXUHPHQWV���

�

)LJXUH����+LJK�SUHVVXUH�FRQWLQXRXV�VWLUUHG�WDQN�PHPEUDQH�UHDFWRU����JDV����VXEVWUDWHV��
��PDJQHWLF� VWLUUHU�� ��PHPEUDQH� UHDFWRU�� ��VHSDUDWRU�� 3�KLJK� SUHVVXUH� SXPS�� +�KHDWHU��

3,�SUHVVXUH�LQGLFDWRU��7,5�WHPSHUDWXUH�UHJXODWRU�DQG�LQGLFDWRU��

�

�

5HVXOWV�DQG�GLVFXVVLRQ��
�

6WDELOLW\�RI�OLSDVHV�LQ�VXSHUFULWLFDO�FDUERQ�GLR[LGH�DQG�QHDU�FULWLFDO�SURSDQH��

%HIRUH� SHUIRUPLQJ� UHDFWLRQV� LQ� GLIIHUHQW� QRQ�FRQYHQWLRQDO� VROYHQWV� OLSDVHV� IURP�

3VHXGRPRQDV�IOXRUHVFHQFHV��5KL]SRXV�MDYDQLFXV��5KL]RSXV�QLYHXV�DQG�3RUFLQH�SDQFUHDV�

ZHUH� LQFXEDWHG� LQ�FDUERQ�GLR[LGH�DQG�SURSDQH�DW�����EDU�DQG���� �&�IRU����KRXUV��7KH�

VDPH�OLSDVH�SUHSDUDWLRQV�ZHUH�UHFRYHUHG�IURP�WKH�UHDFWRU�DIWHU�VORZ�GHSUHVVXULVDWLRQ�DQG�

XVHG�DV�FDWDO\VWV�IRU�HVWHULILFDWLRQ�UHDFWLRQV�LQ�DTXHRXV�V\VWHP�DW�����&�DQG�DWPRVSKHULF�

SUHVVXUH��7KH�VWDELOLW\�RI�OLSDVHV��SUHYLRXVO\�H[SRVHG�WR�GHQVH�JDVHV��ZDV�GHWHUPLQHG�DV�D�

GLIIHUHQFH�LQ�FRQYHUVLRQ�DIWHU���K�EHWZHHQ�UHDFWLRQV�FDWDO\]HG�E\�IUHVK�OLSDVHV�DQG�WKRVH�

FDWDO\]HG�E\�OLSDVHV��WUHDWHG�ZLWK�FDUERQ�GLR[LGH�DQG�SURSDQH���

3,
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)LJXUH� �� VKRZV� WKH� VWDELOLW\� GDWD� IRU� OLSDVHV� IURP� 3VHXGRPRQDV� IOXRUHVFHQFHV��

5KL]RSXV� QLYHXV� DQG� 5KL]RSXV� MDYDQLFXV�� XVHG� DV� FDWDO\VWV� RI� HVWHULILFDWLRQ� EHWZHHQ�

EXW\ULF� DFLG� DQG� HWKDQRO� DQG� IRU� 3RUFLQH� SDQFUHDV� OLSDVH�� IRU� HVWHULILFDWLRQ� EHWZHHQ�

EXW\ULF�DFLG�DQG�LVRDP\O�DOFRKRO��7KH�UHVXOWV�VKRZ�WKDW�WKHUH�ZDV�QR�DFWLYLW\�FKDQJH�IRU�

DQ\�RI�WKH�OLSDVHV��ZKHQ�H[SRVHG�WR�6&�&2��DQG�QHDU�FULWLFDO�SURSDQH��%HFDXVH�RI�WKHLU�

JRRG� VWDELOLWLHV� LQ�6&�&2�� DQG�QHDU�FULWLFDO� SURSDQH�� OLSDVHV�ZHUH�XVHG� DV� FDWDO\VWV� LQ�

WKHVH�WZR�PHGLD��

�

�

�

�

�

�

�

�

�

�

�

�

)LJXUH����&RQYHUVLRQV�IRU�HVWHULILFDWLRQ�UHDFWLRQV�RI�Q�EXW\ULF�DFLG�LQ�DTXHRXV�PHGLXP�
DW� ���&� DQG� DWPRVSKHULF� SUHVVXUH�� FDWDO\]HG� E\�3VHXGRPRQDV� IOXRUHVFHQFHV��5KL]SRXV�

MDYDQLFXV��5KL]RSXV�QLYHXV��DQG�3RUFLQH�SDQFUHDV�OLSDVHV�WKDW�ZHUH�SUHYLRXVO\�H[SRVHG�

WR�6&�&2��DQG�QHDU�FULWLFDO�SURSDQH�DW�����EDU�DQG�����&��DQG�IUHVK��XQWUHDWHG��OLSDVHV���

�

7KHUPDO� VWDELOLW\� RI� 3RUFLQH� SDQFUHDV� OLSDVH� LQ� ZDWHU� DW� DWPRVSKHULF� SUHVVXUH� DQG�

QHDU�FULWLFDO��SURSDQH��

7KH� WKHUPDO� VWDELOLW\� RI� HQ]\PHV� VHHPV� WR� EH� JHQHUDOO\� JUHDWHU� LQ�PLFURDTXHRXV�

PHGLD�� LQFOXGLQJ� VXE�� DQG� VXSHUFULWLFDO� IOXLGV� �VXFK� DV� SURSDQH��� WKDQ� LQ� EXIIHUHG�

DTXHRXV� VROXWLRQ�� 7R� VWXG\� WHPSHUDWXUH� LQIOXHQFH� RQ� HQ]\PH� VWDELOLW\�� HVWHULILFDWLRQ�

EHWZHHQ� EXW\ULF� DFLG� DQG� LVR�DP\O� DOFRKRO�� FDWDO\]HG� E\� 3RUFLQH� SDQFUHDV� OLSDVH� LQ�

DTXHRXV�PHGLXP�DW�DWPRVSKHULF�SUHVVXUH�DQG�LQ�SURSDQH�DW�����EDU� LQ� WKH�WHPSHUDWXUH�

UDQJH� IURP� ��� �&� WR� ��� �&��ZDV� GRQH��$V� FDQ� EH� VHHQ� IURP�)LJXUH� �� WKH� WHPSHUDWXUH�

�

�

��

��

��

��

��
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RSWLPXP�LQ�DTXHRXV�PHGLXP���WHPSHUDWXUH�DW�ZKLFK�WKH�KLJKHVW��LQLWLDO�UHDFWLRQ�UDWH�ZDV�

DFKLHYHG���PRYHG�WR�D�KLJKHU�YDOXH�LQ�SURSDQH��IURP����.�LQ�ZDWHU�WR����.�LQ�SURSDQH���

7KLV�LQGLFDWHV�WKDW�WKH�3RUFLQH�SDQFUHDV�OLSDVH�LV�PRUH�WKHUPRVWDEOH�LQ�SURSDQH�WKDQ�LQ�

ZDWHU�� 7KLV� SUREDEO\� LV� D� FRQVHTXHQFH� RI� WKH� HIIHFW� RI� SURWHLQ� VWUXFWXUDO� DQG�

FRQIRUPDWLRQDO� ULJLGLW\� LQ� SURSDQH�
��
� 3URWHLQ� PROHFXOHV� DUH� JHQHUDOO\� YHU\� ODELOH� LQ�

ZDWHU�� LQ� RUJDQLF� RU�� DV� KHUH�� SURSDQH�PHGLD� WKLV� ODELOLW\� LV� ORVW�� 7KH� RXWVLGH� OD\HU� RI�

DPLQR�DFLGV� LV�GDPDJHG�DQG�IRUPV�D�VRUW�RI�D�SURWHFWLRQ� OD\HU� IRU�SURWHLQ�RQ�WKH�LQQHU�

VLGH� RI� WKH� PROHFXOH�� 7KHUHIRUH� WHPSHUDWXUH� GRHV� QRW� GHQDWXUL]H� SURWHLQ� DV� IDVW� DV� LW�

KDSSHQV�LQ�DTXHRXV�PHGLXP��

�

�

�

�

�

�

�
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�

�

�

�

)LJXUH����7KHUPDO�VWDELOLW\�RI�3RUFLQH�SDQFUHDV� OLSDVH��HVWHULILFDWLRQ�UHDFWLRQ�EHWZHHQ�
Q�EXW\ULF�DFLG�DQG�LVR�DP\O�DOFRKRO�LQ�DTXHRXV�PHGLXP�DQG�DWPRVSKHULF�SUHVVXUH��DQG�LQ�

QHDU�FULWLFDO�SURSDQH�DW�����EDU���

�

�

7KHUPDO� DFWLYDWLRQ� DQG� GHDFWLYDWLRQ� �HQHUJ\� RI� DFWLYDWLRQ� DQG� GHDFWLYDWLRQ�

HQWKDOS\� UHVSHFWLYHO\�� ZHUH� GHWHUPLQHG� IURP� WKH� $UUKHQLXV� GLDJUDP�� 5HVXOWV� DUH�

SUHVHQWHG�LQ�7DEOH����'HDFWLYDWLRQ�FRQVWDQW�IRU�HQ]\PH�LV�H[SUHVVHG�DV�WKH�UDWLR�EHWZHHQ�

WKH� DPRXQW� RI� HQ]\PH� LQ� LWV� LQDFWLYH� DQG� DFWLYH� IRUP� DW� WKH� WHPSHUDWXUH� DW�ZKLFK� WKH�

�
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����

LQLWLDO�UHDFWLRQ�UDWH�ZDV�WKH�JUHDWHVW��7KH�FDOFXODWHG�.G�VKRZHG�WKDW�WKHUH�ZDV�PRUH�WKDQ�

WZLFH� DV�PXFK� RI� LQDFWLYH� HQ]\PH�DV� DFWLYH� LQ� H[DPLQHG� HQ]\PH�SUHSDUDWLRQ� LQ�ZDWHU�

ZKLOH�WKLV�UDWLR�LV���LQ�SURSDQH��$V�FDQ�EH�VHHQ�WKH�KLJKHU�(D�DQG�û+G�LQ�ZDWHU�LQGLFDWHV�

WKDW�HQ]\PH�DFWLYLW\�ZDV�PRUH�LQIOXHQFHG�E\�WHPSHUDWXUH�LQ�ZDWHU�WKDQ�LQ�SURSDQH��7KH�

GHDFWLYDWLRQ� HQWURSK\� DQG� IUHH�*LEE
V� HQHUJ\� RI� GHDFWLYDWLRQ�ZHUH� DOVR� GHWHUPLQHG� E\�

XVLQJ�WKH�H[SUHVVLRQ�
���

.G�7PD[�� ��(�57PD[�����û+G�(�57PD[���������������������������������������

.G� �H[S��û*G�57�� �H[S�û+G�57�H[S�û6G�5�������������������������������

$V�WKH�WHPSHUDWXUH�DW�IL[HG�SUHVVXUH�ZDV�LQFUHDVHG�WKH�GHQVLW\�RI�WKH�FRPSUHVVLEOH�

VROYHQW� SURSDQH� GHFUHDVHG�� 7KHVH� UHVXOWV� VXJJHVW� WKDW� WKH� DFWLYDWLRQ� RI� OLSDVHV� E\�

WHPSHUDWXUH�DW� FRQVWDQW�SUHVVXUH� LV� VROHO\�D� WHPSHUDWXUH�HIIHFW� LQ�SURSDQH�ZKHUHDV� WKLV�

WHPSHUDWXUH�HIIHFW� LV�FRPELQHG�ZLWK�RQH�PHGLDWHG�E\�FKDQJHV�LQ�VROYDWDWLRQ�GXH�WR�WKH�

FKDQJHV�LQ�GHQVLW\���

�

7DEOH� ��� (QHUJ\� RI� DFWLYDWLRQ� �(D��� GHDFWLYDWLRQ� HQWKDOS\� �û+G�� DQG� GHDFWLYDWLRQ�
FRQVWDQW� �.G�� IRU� HVWHULILFDWLRQ� EHWZHHQ� EXW\ULF� DFLG� DQG� LVR�SHQWDQRO�� FDWDO\]HG� E\�

3RUFKLQH�SDQFUHDV�OLSDVH�LQ�DTXHRXV�PHGLXP�DW�DWPRVSKHULF�SUHVVXUH�DQG�LQ�QHDU�FULWLFDO�

SURSDQH�DW�����EDU��

� (D�-�PRO�� û+G�-�PRO�� .G�7PD[��

DTXHRXV�PHGLXP� ������ ������� �����

SURSDQH� ������ ������ �����

�

+\GURO\VLV� RI� � ROH\O� ROHDWH� LQ� D� KLJK� SUHVVXUH� FRQWLQXRXV� VWLUUHG� WDQN� PHPEUDQH�

ELRUHDFWRU��

2Q� WKH� EDVLV� RI� SUHYLRXV� UHVXOWV� RXU� UHVHDUFK� ZRUN� ZDV� RULHQWHG� LQ� FRPELQLQJ�

VXSHUFULWLFDO� IOXLGV� DQG� XOWUDILOWUDWLRQ�PHPEUDQHV� LQ� GHYHORSLQJ� WKH�PHPEUDQH� UHDFWRU�

XVLQJ�SRO\VXOIRQH�PHPEUDQH��RSHUDWLQJ�DW�KLJK�SUHVVXUH�XS�WR�����EDU�LQ�SURSDQH���

7KH�DSSOLFDWLRQ�RI�WKH�SRO\VXOIRQH�PHPEUDQH�LQ�WKH�UHDFWLRQ�V\VWHP�ZDV�VWXGLHG�RQ�WKH�

PRGHO�V\VWHP�RI�WKH�K\GURO\VLV�RI�ROH\O�ROHDWH�HVWHU��HVWHU�RI�ROHLF�DFLG�DQG�ROH\O�DOFRKRO��

LQ� QHDU� FULWLFDO� SURSDQH�� 7KH� K\GURO\VLV� ZDV� SHUIRUPHG� LQ� WKH� FRQWLQXRXV� VWLUUHG� WDQN�
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PHPEUDQH�UHDFWRU�DW� �����EDU�DQG����q&��$V�D�FDWDO\VW� WKH�&DQGLGD�UXJRVD� OLSDVH�ZDV�

XVHG�� �7KH�DLP�RI�RXU�H[SHULPHQWV�ZDV� WR� VHSDUDWH� WKH�HQ]\PH� �ZDWHU� VROXEOH�SURWHLQ��

PROHFXODU�ZHLJKW� DURXQG� ������ J�PRO�� IURP� WKH� UHDFWLRQ�PL[WXUH� �HVWHU�� ZDWHU� EXIIHU�

DQG�SURSDQH��IRU�WKH�SXUSRVH�RI�WKH�HQ]\PH�UHXVH�LQ�WKH�UHDFWRU��7KH�WLPH�FRXUVH�RI�WKH�

UHDFWLRQ�LV�SUHVHQWHG�RQ�)LJXUH����

,W�ZDV�IRXQG�RXW�WKDW�WKH�FRQYHUVLRQ�UHDFKHV�LWV�HTXLOLEULXP�DIWHU�����PLQXWHV�DQG�

UHPDLQV� WKH� VDPH� IRU� DQRWKHU� ���� PLQXWHV�� 7KDW� PHDQV� WKDW� WKH� FDWDO\VW� �HQ]\PH��

UHWDLQHG�LQ�WKH�UHDFWRU�DQG�WKH�VHSDUDWLRQ�ZDV�VXFFHVIXOO\�SHUIRUPHG�ZKLFK�ZDV�SURRYHG�

E\�WKH�XQFKDQJHG�OHYHO�RI�WKH�FRQYHUVLRQ�

)LJXUH� ��� 7LPH� FRXUVH� RI� � HVWHU� K\GURO\VLV� � SHUIRUPHG� LQ� FRQWLQXRXV� VWLUUHG� WDQN�
PHPEUDQH� UHDFWRU�RSHUDWLQJ� DW� KLJK�SUHVVXUH�RI�SURSDQH� �����EDU�� ��� q&��XVLQJ� OLSDVH�

IURP�&DQGLGD�UXJRVD�DV�FDWDO\VW��)ORZ�UDWH�RI�SURSDQH�ZDV�����/�PLQ�DQG�IORZ�UDWH�RI�

UHDFWDQWV�ZDV�����P/�PLQ��

�

6LOLFD�DHURJHO�DV�D�VXSSRUW�IRU�HQ]\PH�FDWDO\]HG�UHDFWLRQ�

7KH� QH[W� XWLOL]DWLRQ� RI� HQ]\PHV� ZDV� WKH� XVH� RI� VHOI�LPPRELOL]HG� OLSDVH� IURP�

3RUFLQH�SDQFUHDV�RQ�VLOLFD�DHURJHO�
��
�6XFK� LPPRELOL]HG� OLSDVH�ZDV�XVHG�IRU�FDWDO\]LQJ�

WKH�HVWHULILFDWLRQ�UHDFWLRQ�EHWZHHQ�EXW\ULF�DFLG�DQG�LVR�DP\O�DOFRKRO�LQ�VXSHUFULWLFDO�&2��

DQG�QHDU�FULWLFDO�SURSDQH�DW�����&�DQG�����EDU��

�

�
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7KH� UHVXOWV� SUHVHQWHG� DV� WKH� FRQYHUVLRQ� GHSHQGLQJ� RQ� WKH� W\SH� RI� PHGLXP� DQG�

HQ]\PH�SUHSDUDWLRQV�DUH�RQ�)LJXUH���DQG�FDQ�EH�H[SODLQHG�DV�IROORZV���

x� 5HODWLYH�DFWLYLW\�LQ�6&�&2��LV�����7KH�LPPRELOL]HG�OLSDVH�RQ�VLOLFD�DHURJHO�LV�PRUH�

DFWLYH�WKDQ�IUHH�OLSDVH�IURP�WKH�VDPH�VRXUFH�EHFDXVH�LPPRELOL]HG�OLSDVH�LV�HQWUDSSHG�

DQG� WKHUHIRUH� SURWHFWHG� LQ� VRO�JHO�PDWUL[�� 6XSHUFULWLFDO� &2�� DV� D� UHDFWLRQ�PHGLXP�

GHDFWLYDWHV�IUHH�OLSDVH���

x� 5HODWLYH�DFWLYLW\�LQ�SURSDQH�LV������7KH�LPPRELOL]HG�OLSDVH�LV�����WLPHV�PRUH�DFWLYH�

LQ� SURSDQH� WKDQ� IUHH� HQ]\PH�� 7KH� IUHH� OLSDVH� LV� QRW� VROXEOH� LQ� SURSDQH�� ,W� IRUPV�

DJJUHJDWHV�� ZKLFK� KDYH� OHVV� DFFHVVLEOH� DFWLYH� VLWHV�� :LWK� WKH� LPPRELOL]DWLRQ� WKH�

HQ]\PH� LV�VSUHDG�RXW� LQ� WKH�PDWUL[�SRUHV�DQG�PRUH�DFWLYH�VLGHV�DUH�DFFHVVLEOH��7KH�

UHVXOW�LV�D�KLJKHU�FRQYHUVLRQ��

�

�

�

�

�

�

�

�

�

)LJXUH� ��� ,QIOXHQFH� RI� WKH� LPPRELOL]DWLRQ� DQG� UHDFWLRQ� PHGLXP� RQ� WKH� FRQYHUVLRQ��
HVWHULILFDWLRQ� EHWZHHQ� EXW\ULF� DFLG� DQG� LVR�DP\O� DOFRKRO�� FDWDO\]HG� E\� WKH� 3RUFLQH�

SDQFUHDV�OLSDVH��

�

:KHQ�LPPRELOL]DWLRQ�WHFKQLTXHV�DUH�VWXGLHG��WKH�GDWD�DERXW�WKH�VWDELOLW\�RI�LPPRELOL]HG�

HQ]\PH�SUHSDUDWLRQ�DUH�YHU\�LPSRUWDQW��)LJXUH���VKRZV�WKH�FKDQJHV�LQ�FRQYHUVLRQV�RI�WKH�

HVWHULILFDWLRQ� UHDFWLRQV� EHWZHHQ� EXW\ULF� DFLG� DQG� LVR�DP\O� DOFRKRO�ZLWK� WKH� QXPEHU� RI�

UHDFWLRQ� F\FOHV�� 2QH� F\FOH� PHDQV� RQH� UHDFWLRQ� SHUIRUPHG� LQ� WKH� EDWFK� VWLUUHG� WDQN�

UHDFWRU��ZKLFK�ODVWHG�IRU���K��$IWHU�HDFK�UHDFWLRQ�HQ]\PH�SUHSDUDWLRQ�ZDV�ZDVKHG�WKUHH�

WLPHV�ZLWK�KH[DQH�DQG�ZDWHU��
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5HDFWLRQ F\FOH

SURSDQH

&2�

)RU�RXU�PRGHO�UHDFWLRQ��HVWHULILFDWLRQ�EHWZHHQ�EXW\ULF�DFLG�DQG�LVRDP\O�DOFRKRO��SURSDQH�

VHHPV� WR� EH� PRUH� DSSURSULDWH� VROYHQW� WKDQ� 6&� &2��� ,Q� WKH� FRPELQDWLRQ� ZLWK�

LPPRELOL]HG� OLSDVH� IURP� 3RUFLQH� SDQFUHDV� RQ� VLOLFD� DHURJHO� WKH� FRQYHUVLRQ� LV� �����

$IWHU�WKH�IRXUWK�F\FOH�WKH�FRQYHUVLRQ�LV�VWLOO�DERYH������ZKLOH�WKH�FRQYHUVLRQ�LQ�6&�&2��

LV�PXFK�ORZHU��$IWHU�ILIWK�F\FOH�WKH�FRQYHUVLRQ�LV�FRPSDUDEOH�ZLWK�WKH�RQH�LQ�6&�&2���,W�

UHPDLQV�VWDEOH�DQG�LV�VWLOO�KLJKHU�WKDQ�LQ�DTXHRXV�PHGLXP��

�

���

)LJXUH� ��� 6WDELOLW\� RI� WKH� LPPRELOL]HG�3RUFLQH� SDQFUHDV� OLSDVH� LQ� 6&�&2�� DQG� QHDU�

FULWLFDO�SURSDQH�

&RQFOXVLRQV��
/LSDVHV� IURP� 3VHXGRPRQDV� IOXRUHVFHQFHV�� 5KL]SRXV� MDYDQLFXV�� 5KL]RSXV� QLYHXV��

DQG� 3RUFLQH� SDQFUHDV� DUH� VWDEOH� LQ� VXSHUFULWLFDO� FDUERQ� GLR[LGH� DQG� � QHDU�FULWLFDO�

SURSDQH� ����� EDU� DQG� ��� �&��� 7KHLU� DFWLYLW\� UHPDLQV� WKH� VDPH� HYHQ� DIWHU� ��� KRXUV� RI�

LQFXEDWLRQ�DW�PHQWLRQHG�FRQGLWLRQV��

,Q� QHDU�FULWLFDO� SURSDQH� WKHUPDO� VWDELOLW\� RI� WKH�3RUFLQH� SDQFUHDV� OLSDVH� LV� KLJKO\�

LPSURYHG��

3RO\VXOSKRQH� PHPEUDQHV� ZHUH� VXFFHVIXOO\� XVHG� DV� D� VHSDUDWLRQ� XQLW� LQ� WKH�

FRQWLQXRXV�VWLUUHG�WDQN�PHPEUDQH�ELRUHDFWRU�RSHUDWLQJ�DW�����EDU�DQG����q&�LQ�SURSDQH�

DWPRVSKHUH��

7KH� LPPRELOL]DWLRQ� WHFKQLTXH� RI� OLSDVH� IURP� IURP� 3RUFLQH� SDQFUHDV� LQWR� VLOLFD�

DHURJHO�PDWUL[�KDV�SURYHG�WR�EH�YHU\�DSSOLFDEOH�ZKHQ�VXSHUFULWLFDO�RU�QHDU�FULWLFDO�IOXLGV�
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����

DUH�XVHG�DV�UHDFWLRQ�PHGLD��:LWK�WKH�LPPRELOL]DWLRQ�WKH�GHDFWLYDWLRQ�RI�IUHH�HQ]\PH�LQ�

6&�&2�� DQG� DJJORPHUDWLRQ� LQ� QHDU�FULWLFDO� SURSDQH� LV� RYHUFRPH�� 7KH� UHDVRQ� IRU� YHU\�

KLJK� UHODWLYH� HQ]\PH� DFWLYLWLHV� LQ� WKH� FDVH� RI� GHQVH� JDVHV� DV� UHDFWLRQ� PHGLD� LV� KLJK�

GLVSHUVLRQ�RI�WKH�OLSDVHV�LQ�WKH�VLOLFD�DHURJHO�PDWUL[���

5HIHUHQFHV�DQG�1RWHV��
�� $DOWRQHQ� 2� ,Q� &KHPLFDO V\QWKHVLV XVLQJ VXSHUFULWLFDO IOXLGV� (GV�� -HVVRS� 3�*�� /HLWQHU� :�� �����

S� ����

�� 0R]KDHY� 9�9�� .XGU\DVKRYD� (�9�� %HF� 1� +LJK 3UHVVXUH %LRVFLHQFH DQG %LRWHFKQRORJ\� (GV��

+D\DVKL� 5�� %DOQ\� &�� (OVHYLHU 6FLHQFH� ����� S ����

�� %XUJHU� $�0� ,Q� 'LH QDW�UOLFKHQ XQG N�QVWOLFKHQ $URPHQ� 'U� $OIUHG +XWLQJ 9HUODJ� +HLGHOEHUJ�

����� S ����

�� 5HHW]� 0�7� $GYDQFHG PDWHULDOV ����� ������ ����

�� 5HHW]� 0�7�� =RQ� $�� 6LPSHONDPS� -�� 5XILQVND� $�� 7HVFKH� %� -� RI 6RO�*HO 6FL� DQG 7HFKQRO� �����

�� ���

�� %DOOHVWURV� $�� %RUQVFKHXHU� 8�� &DSHZHOO� $�� &RPEHV� '�� &RQGRUHW� -�6�� .RHQLJ� .�� .ROLVLV� )�1��

0DUW\� $�� 0HQJH� 8�� 6FKHSSHU� 7�� 6WDPDWLV� +�� ;HQDNLV� $� %LRFDWDO\VLV DQG %LRWUDQVIRUPDWLRQV

����� ��� ��

�� &DEUDO� -�0�6�� %HVW� '�� %DUURV� /�� 7UDPSHU� -� $SSOLHG %LRFDWDO\VLV� +DUZRRG $FDGHPLF 3XEOLVKHU�

6ZLW]HUODQG� �����

�� +DEXOLQ� 0�� .UPHOM� 9�� .QH]� ä� )LIWK &RQIHUHQFH RQ 6XSHUFULWLFDO )OXLGV DQG 7KHLU $SSOLFDWLRQV�
*DUGD� 9HURQD� 3DGRYD� ����� SS� ��������

�� /HLWJHE� 0�� .QH]� ä� -� $P� 2LO &KHP� 6RF� ����� ��� ��������
��� .QH]� ä�� +DEXOLQ� 0�� .UPHOM� 9� - 6XSHUFULW� )OXLGV� ����� ��� ������
��� +DEXOLQ� 0�� .UPHOM� 9�� .QH] ä� -� $JULF� )RRG� &KHP� ����� ������ ��������
��� .DLVHU� 9�� 6WURSQLN� ý� .RYLQH ]OLW� WHKQRO� ����� �������� ��������
��� &KHU\DQ� 0� ,Q� 8OWUDILOWUDWLRQ KDQGERRN� 3XEOLVKLQJ &RPSDQ\� /DQFDVWHU� ����� S� ���
��� .UPHOM� 9�� +DEXOLQ� 0�� 9DVLþ�5DþNL� ��� .QH]� ä� ,Q� 3URFHHGLQJV RI WKH �WK ,QWHUQDWLRQDO

V\PSRVLXP RQ VXSHUFULWLFDO IOXLGV� $WODQWD� *HRUJLD� 86$� �����
��� .RVNLQHQ� $�0�3�� .OLEDQRY� $�0� (Q]\PDWLF UHDFWLRQV LQ RUJDQLF PHGLD� %ODFNLH $FDGHPLF 	

3URIHVVLRQDO� /RQGRQ� �����
��� %DLOH\� -�(�� 2OOLV� '�)� ,Q� %LRFKHPLFDO HQJLQHHULQJ IXQGDPHQWDOV� (GV�� &DUEHUU\� -�-�� )DLU� -�5��

3HWHUV� 0�6�� 6FKRZDOWHU� :�5�� :HL� -� 0F *UDZ�+LOO %RRN &RPSDQ\� 1HZ <RUN� ����� S ���
��� 1RYDN� =�� .UPHOM� 9�� +DEXOLQ� 0�� .QH]� ä�� %DXPDQ� '� ,Q� 3URFHHGLQJV RI WKH �WK ,QWHUQDWLRQDO

V\PSRVLXP RQ VXSHUFULWLFDO IOXLGV� $WODQWD� *HRUJLD� 86$� �����

3RY]HWHN��
=D ãWXGLMR YSOLYD WRSLO QD HQFLPH VPR L]EUDOL OLSD]H L] UD]QLK YLURY �3VHXGRPRQDV

IOXRUHVFHQFHV� 5KL]RSXV MDYDQLFXV� 5KL]RSXV QLYHXV� &DQGLGD UXJRVD LQ 3URFKLQH

SDQFUHDV�� 8JRWDYOMDOL VPR VSUHPHPEH Y DNWLYQRVWL R]� VWDELOQRVWL RPHQMHQLK OLSD] Y

YRGQHP PHGLMX SUL DWPRVIHUVNHP WODNX� Y VXSHUNULWLþQHP &2� LQ VXE�NULWLþQHP SURSDQX�

1D RVQRYL GREOMHQLK UH]XOWDWRY VPR OLSD]H XSRUDELOL NRW NDWDOL]DWRUMH Y GYHK UD]OLþQLK

VLVWHPLK� 8SRUDER SROLVXOIRQVNLK PHPEUDQ Y NRQWLQXLUDQHP PHãDOQHP PHPEUDQVNHP

UHDNWRUMX VPR ãWXGLUDOL V SRPRþMR PRGHOQHJD VLVWHPD KLGUROL]H ROHLO ROHDWD Y VXE�NULWLþQHP

SURSDQX� .RW NDWDOL]DWRU VPR XSRUDELOL OLSD]R L] FDQGLGD UXJRVH� 'UXJD DSOLNDFLMD SD MH ELOD

XSRUDED 3RUFKLQH SDQFUHDV OLSD]H� NL VPR MR SUHGKRGQR VDPL LPRELOL]LUDOL QD VLOLFLMHYHP

DHURJHOX� ]D NDWDOL]R HVWHULILNDFLMH Y VXE�NULWLþQHP SURSDQX�


