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3KRQH�������������������)D[�����������������

(�PDLO� NHQ]R#QXFO�N\XVKX�X�DF�MS

�� ,QWURGXFWLRQ

,Q�PRVW� FXUUHQW� GHVLJQV� RI�'�7� IXVLRQ� UHDFWRU� EODQNHWV� HPSOR\LQJ� FHUDPLF� EUHHGHU

PDWHULDOV� VXFK� DV� /L�2�� /L$O2��� /L�=U2�� DQG� /L�6L2��� WKH� XVH� RI� D� KHOLXP� VZHHS� JDV

FRQWDLQLQJ� ���� �� RI� K\GURJHQ� LV� FRQWHPSODWHG� WR� H[WUDFW� WULWLXP� HIILFLHQWO\� YLD� LVRWRSLF

H[FKDQJH�UHDFWLRQV��+RZHYHU��DW� ORZHU� WHPSHUDWXUHV�� WKH� UHOHDVH�SURFHVV�RI� WULWLXP�IURP�WKH

EUHHGHUV� LV�GRPLQDWHG�E\� WKH�GHVRUSWLRQ�RI� WULWLDWHG�ZDWHU�DQG�DUH� WKHUHIRUH� UDWKHU�VORZ��)RU

WKLV�UHDVRQ��WKHUH�LV�VWLOO�D�QHHG�WR�GHYHORS�WHFKQLTXHV�WKDW�FRQWULEXWH�WR�WKH�DFFHOHUDWLRQ�RI�WKH

UHFRYHU\�RI�EUHG�WULWLXP�

,Q�RXU�SUHYLRXV�VWXGLHV�� WKH�LVRWRSH�H[FKDQJH�UHDFWLRQV�DQG�ZDWHU�DGVRUSWLRQ�RQ�WKH

VXUIDFH� RI� VHYHUDO� VROLG� EODQNHW�PDWHULDOV�ZHUH� LQYHVWLJDWHG� >���@�� 7KH� UHVXOWV� UHYHDOHG� WKDW

WKHVH�LVRWRSH�H[FKDQJH�UHDFWLRQV�SURFHHG�IDVW�RQO\�DW�PRUH�HOHYDWHG�WHPSHUDWXUHV��%HFDXVH�RI

WKH�VWURQJ�WHPSHUDWXUH�GHSHQGHQFH�RI� WKH�H[FKDQJH�UHDFWLRQV��D�FRQVLGHUDEOH�GHFUHDVH�LQ� WKH

UHDFWLRQ�UDWH� WDNHV�SODFH�DV� WHPSHUDWXUH� LV� ORZHUHG��7DNLQJ� LQWR�FRQVLGHUDWLRQ�WKDW� WKHUH� LV�D

EURDG� WHPSHUDWXUH�GLVWULEXWLRQ�ZLWKLQ�D�EODQNHW�PRGXOH� >�@�� LW� LV� DQWLFLSDWHG� WKDW� WKH� WULWLXP

EUHG� LQ� WKH� UHJLRQV� RI� ORZHU� WHPSHUDWXUH� ZLOO� SUHVXPDEO\� EH� SRRUO\� UHFRYHUHG�� 7KH� UHVXOW

FRXOG�EH�DQ�LQFUHDVHG�RYHUDOO�VWHDG\�VWDWH�WULWLXP�LQYHQWRU\�LQ�WKH�EODQNHW�PRGXOH�

,Q�RUGHU�WR�REWDLQ�DQ�LPSURYHG�UHFRYHU\�RI�WULWLXP�IURP�D�EODQNHW�RYHU�D�EURDG�UDQJH

RI�WHPSHUDWXUHV��WKH�HIIHFW�RI�FDWDO\WLF�DFWLYH�PHWDO�DGGLWLYHV��VXFK�DV�SODWLQXP�DQG�SDOODGLXP�

RQ� WKH� KHWHURJHQHRXV� LVRWRSH� H[FKDQJH� UHDFWLRQV� DW� WKH� EUHHGHU¤VZHHS� JDV� LQWHUIDFH� ZDV

H[DPLQHG�

7KHVH� FDWDO\WLF� DGGLWLYHV� DUH� LUUDGLDWHG� LQ� WKH� ��� 0H9� QHXWURQ� ILHOG� GXULQJ� WKH

RSHUDWLRQ�RI�IXVLRQ�UHDFWRUV��ZKLFK�FRXOG�OHDG�WR�WKH�QXFOHDU�WUDQVPXWDWLRQ�RI�3G�DQG�3W�DQG

WKXV�FKDQJH�LQ�WKH�FKHPLFDO�SURSHUWLHV�RI�WKHVH�QREOH�PHWDOV��0RUHRYHU��WKHUH�LV�D�SRVVLELOLW\

WKDW�QXFOHDU�UHDFWLRQV�FDXVH�LQGXFHG�UDGLRDFWLYLW\�UHODWHG�WR�DGGLWLYH�PHWDOV��7KH�DXWKRUV�DOVR

LQYHVWLJDWH�WKHVH�DVSHFWV�XVLQJ�FURVV�VHFWLRQV�RI�WKH�QXFOHDU�UHDFWLRQV�

���([SHULPHQWDO

3ODWLQXP�DQG�SDOODGLXP�ZHUH�GHSRVLWHG�RQ�VROLG�EUHHGHU�PDWHULDO�SHEEOHV� �/L�6L2��

���������� PP� �DY�� ����� PP�� LQ� GLDPHWHU�� !��� �7'� E\� WKH� LQFLSLHQW� ZHW� LPSUHJQDWLRQ

PHWKRG�JHQHUDOO\�XVHG�IRU�WKH�IDEULFDWLRQ�RI�FDWDO\VWV��7KH�H[DFW�FRQWHQW�RI�WKH�GHSRVLWHG�3W�RU

3G�KDV�QRW�\HW�EHHQ�GHWHUPLQHG��EXW�DFFRUGLQJ�WR�WKH�PDVV�EDODQFH�LQ�WKH�IDEULFDWLRQ�SURFHVV

WKH�FRQFHQWUDWLRQV�FDQ�EH�HVWLPDWHG�EHLQJ�ZLWKLQ�D� UDQJH�RI�����WR���ZHLJKW����WKH�FRQWHQWV

QHYHU�H[FHHG���ZHLJKW���



�� VFKHPDWLF� GLDJUDP� RI� WKH� H[SHULPHQWDO� DSSDUDWXV� LV� VKRZQ� LQ� )LJ�� ��� )RU� D� UXQ

EHWZHHQ�����DQG������J�RI�3W�/L�6L2���3G�/L�6L2��RU�/L�6L2��SHEEOHV�ZHUH�SODFHG�LQ�UHDFWRUV

PDGH� RI� TXDUW]�� 7KH� JDVHRXV� FRPSRVLWLRQV� RI� LQOHW� DQG� RXWOHW� VWUHDPV� RI� WKH� UHDFWRU� ZHUH

DQDO\]HG�ZLWK�UHVSHFW� WR�+���+'�DQG�'��E\�JDV�FKURPDWRJUDSK\��$�K\JURPHWHU�ZDV�XVHG� WR

GHWHUPLQH� WKH�ZDWHU� YDSRU� FRQWHQW� LQ� WKHVH� VWUHDPV�� 7KH� JDV� IORZ� UDWH�ZDV� FRQWUROOHG�ZLWK

FRQYHQWLRQDO� PDVV� IORZ� FRQWUROOHUV�� 7KH� JDVHV� HPSOR\HG� ZHUH� SXULILHG� ZLWK� D� FROG� WUDS

FRQWDLQLQJ��$�PROHFXODU�VLHYH�WKDW�ZDV�FRROHG�ZLWK�DQ�LFH�ZDWHU�PL[WXUH�WR�UHPRYH�UHVLGXDO

ZDWHU� YDSRU�� 7R� DFKLHYH� FRQWUROOHG� FRQFHQWUDWLRQV� RI� GHXWHUDWHG� ZDWHU� LQ� WKH� FDUULHU� JDV

PROHFXODU�GHXWHULXP�ZDV�TXDQWLWDWLYHO\�R[LGL]HG�ZLWK�D�&X2�EHG�KHOG�DW�����°&�
'XULQJ� UXQV�� ZKLFK� ZHUH� FDUULHG� RXW� XQGHU� VWHDG\� VWDWH� FRQGLWLRQV�� WKH� UHDFWRU

WHPSHUDWXUH� ZDV� VWHSZLVH� GHFUHDVHG� IURP� WKH� PD[LPXP� H[SHULPHQWDO� WHPSHUDWXUH�� 7KH

H[SHULPHQWDO� FRQGLWLRQV� HPSOR\HG� DUH� VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� VSDFH� YHORFLW\� �69�� LQ

7DEOH���LV�GHILQHG�DV

9

4
69 = � ���

ZKHUH� 4 �DQG� 9 DUH�WKH�YROXPHWULF�YHORFLW\�RI�WKH�JDV�LQWURGXFHG�WR�WKH�UHDFWRU�DQG�WKH�EHG

YROXPH� RI� WKH� EUHHGHU� PDWHULDOV�� UHVSHFWLYHO\�� $V� VHHQ� LQ� WKH� DERYH� HTXDWLRQ�� 69� LV� WKH

UHFLSURFDO� RI� WKH� UHVLGHQFH� WLPH� RI� WKH� SURFHVV� JDV��7KXV�� WKH�KLJKHU� 69� FRUUHVSRQGV� WR� WKH

ORZHU� UHVLGHQFH� WLPH��$V� VKRZQ� LQ�7DEOH� ��� WKH� H[SHULPHQWV� RQ�3W�/L�6L2�� DQG� 3G�/L�6L2�

ZHUH�SHUIRUPHG�XQGHU�KLJKHU�69�FRQGLWLRQV�WKDQ�WKDW�IRU�WKH�YLUJLQ�PDWHULDO�/L�6L2���$�EODQN

WHVW� ZDV� DOVR� SHUIRUPHG� ZLWK� DQ� HPSW\� UHDFWRU�� DQG� LW� ZDV� FRQILUPHG� WKDW� QR� H[FKDQJH

UHDFWLRQV�WDNH�SODFH�ZLWKLQ�WKH�H[SHULPHQWDO�FRQGLWLRQ�RI�WKLV�ZRUN�

���([SHULPHQWDO�5HVXOWV�DQG�'LVFXVVLRQ

,Q�HDFKwH[SHULPHQW�D�JDVHRXV�PL[WXUH�RI�KHOLXP�FRQWDLQLQJ�+�������−�����SSP��DQG

'�2� ����−���� SSP��ZDV� SDVVHG� WKURXJK� WKH� UHDFWRU� SDFNHG�ZLWK� WKH� EUHHGHU� SHEEOHV�� 7KH

H[WHQW� RI� WKH� H[FKDQJH� UHDFWLRQV� WDNLQJ� SODFH� RQ� WKH� VXUIDFH� RI� WKH� EUHHGHU� PDWHULDOV� ZDV

REWDLQHG� IURP� WKH� FRPSRVLWLRQ� RI� WKH� H[KDXVW� VWUHDP� RI� WKH� UHDFWRU� PHDVXUHG� E\� JDV

FKURPDWRJUDSK\�

7KH�UDWLR�RI�FRQYHUVLRQ�5�LV�GHILQHG�DV

� � � � � � � � � 7DEOH��� � ([SHULPHQWDO�FRQGLWLRQV

/L�6L2� 3W�/L�6L2� 3G�/L�6L2�

$PRXQW >J@ �� ��� ���

*DV YHORFLW\ >PO�PLQ@ ��� ��� ���

%HG GLDPHWHU >PP@ �� ���� ����

6SDFH YHORFLW\ >K
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ZKHUH�
LQ�'

& �DQG�
RXW�'

& �DUH�WKH�PRODU�FRQFHQWUDWLRQ�RI�'�DWRPV�LQ�'�2�LQ�WKH�LQOHW�VWUHDP�DQG

WKH�PRODU�FRQFHQWUDWLRQ�RI�'�DWRPV�LQ�+'�DQG�'��LQ�WKH�RXWOHW�VWUHDP��UHVSHFWLYHO\�

)LJXUH� �� VKRZV� FRQYHUVLRQ� UDWLRV� DV� IXQFWLRQ� RI� WHPSHUDWXUH� IRU� WKH� LQYHVWLJDWHG

EUHHGHU�PDWHULDOV�� ,Q� WKH� FDVH�RI�/L�6L2�� �ZLWKRXW�QREOH�PHWDOV��� D� FRQYHUVLRQ� UDWLR�RI� RQO\

�����ZDV� DWWDLQHG� HYHQ� DW� ���� °&�� 2Q� WKH� FRQWUDU\�� RQ� WKH� VXUIDFH� RI� WKH� OLWKLXP� VLOLFDWH

FRQWDLQLQJ� GLVSHUVHG� SODWLQXP� �3W�/L�6L2���� FRQYHUVLRQ� UDWLRV� RI� QHDUO\� ��� �� �DOPRVW

FRUUHVSRQGLQJ�WR�WKH�HTXLOLEULXP�FRQGLWLRQ�RI�WKH�LVRWRSH�H[FKDQJH�UHDFWLRQ��ZHUH�REWDLQHG�DW

WHPSHUDWXUHV�RI�RQO\�OLWWOH�RYHU�����°&��7KLV�KLJKHU�GHJUHH�RI�FRQYHUVLRQ�ZDV�DWWDLQHG�LQ�VSLWH
RI� HPSOR\LQJ� D� PXFK� KLJKHU� VSDFH� YHORFLW\� WKDQ� LQ� WKH� H[SHULPHQW� ZLWK� /L�6L2�� �YLUJLQ

PDWHULDO���(YHQ�DW����°&�D�FRQYHUVLRQ� UDWLR�RI������ZDV�REWDLQHG�RYHU� WKH�/L�6L2� SHEEOHV

LPSUHJQDWHG� ZLWK� SODWLQXP�� 6LPLODU� UHVXOWV� ZHUH� REWDLQHG� LQ� H[SHULPHQW� ZLWK� 3G�/L�6L2�

SHEEOHV��ZKLFK�LQGLFDWHV�WKDW�SDOODGLXP�LV�DOVR�DQ�HIIHFWLYH�FDWDO\VW�IRU�WKH�HQKDQFHPHQW�RI�WKH

H[FKDQJH�UHDFWLRQ��)RU�FRPSDULVRQ��H[SHULPHQWDO� UHVXOWV�IRU�RWKHU�FHUDPLF�EUHHGHUV� �/L$O2�

DQG� /L�=U2��� DUH� DOVR� VKRZQ� LQ� )LJ�� ��� ZKLFK� LQGLFDWHV� SRRU� FRQYHUVLRQV� HYHQ� DW� KLJKHU

WHPSHUDWXUHV��%\�WKHVH�UHVXOWV�LW�FDQ�EH�FRQFOXGHG�WKDW�LVRWRSH�H[FKDQJH�UHDFWLRQV�SURFHHG�DW

YHU\� IDVW� UDWHV� HYHQ� DW� WHPSHUDWXUHV� EHORZ� ���� °&� ZKHQ� OLWKLXP� VLOLFDWH� SHEEOHV� FRQWDLQ

GLVSHUVHG� FDWDO\WLF� DFWLYH� QREOH� PHWDOV�� 7KH� LPSURYHG� VROLG� EUHHGHU� PDWHULDOV� DUH� KHUH

GHVLJQDWHG� DV� FDWDO\WLF� EUHHGHU� PDWHULDO�� 7KXV�� D� FRQVLGHUDEOH� HQKDQFHPHQW� HIIHFW� IRU� WKH

UHOHDVH�RI�WULWLXP�IURP�FDWDO\WLF�EUHHGHU�PDWHULDOV�LV�H[SHFWHG��2QH�FRXOG�FRQVLGHU�WKH�XVH�RI

WKH�LQVROXEOH�UHVLGXHV�IURP�QXFOHDU�UHSURFHVVLQJ�RI�VSHQW�QXFOHDU�IXHO�WKDW�LV�NQRZQ�WR�FRQWDLQ

ODUJH� DPRXQWV� RI� PHWDOV� OLNH� 3W�� 3G� RU� 5K�� :KLOH� WKHVH� PDWHULDOV� FDQQRW� EH� XWLOL]HG� E\

FRQYHQWLRQDO� LQGXVWULHV�� D�XVH� IRU� WKH� IDEULFDWLRQ�RI�FDWDO\WLF�EUHHGHU�PDWHULDOV� LV� WKRXJKW� WR

EHFRPH�WKHLU�SUDFWLFDO�DSSOLFDWLRQ�

���1HHG�IRU�1XFOHDU�'DWD�RI�&DWDO\WLF�%UHHGHU�0DWHULDOV

1XFOHDU�GDWD� RI� WKH� FDWDO\WLF�PHWDOV� DUH� UHTXLUHG� IRU� WZR� DVSHFWV�� WKH� HYDOXDWLRQ� RI

LQGXFHG�UDGLRDFWLYLW\�DQG�QXFOHDU� WUDQVPXWDWLRQ��7R�HVWLPDWH�WKH�LQGXFHG�UDGLRDFWLYLW\�RI�3G

DQG�3W��ZH�VXUYH\HG�ORQJ�OLYHG�QXFOHL� LQ�WKH�GHFD\�FKDLQ�RI�WKH�QXFOHDU�UHDFWLRQV��$�SDUWLFOH
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HPLVVLRQ� SURFHVV� LV� GRPLQDQW� LQ� WKH� ���0H9� QHXWURQ¤LQGXFHG� UHDFWLRQV�� DQG� WKXV� UHVLGXDO

QXFOHL�SURGXFHG�YLD��Q��Q����Q�S���DQG��Q�α��UHDFWLRQV�DUH�WKH�SDUHQWV�RI�WKH�GHFD\�FKDLQV��)RU
3G� WKH� LPSRUWDQW� QXFOHDU� GHFD\� SURFHVVHV�� ZKLFK� SURGXFH� ORQJ�OLYHG� QXFOHL�� DUH� �7���� GDWD

WDNHQ�IURP�5HI��>�@��

DQG

7KH� ILUVW� SURFHVV� SURGXFH� RQO\� D� VPDOO� DPRXQW� RI� UDGLRDFWLYH� QXFOHL� �
���

3G�� EHFDXVH� WKH

QDWXUDO� DEXQGDQFH� RI�
���

3G� LV� RQO\� ����� ��� DQG� WKH� KDOI� OLIH� RI�
���

5K� LV� QRW� VR� ORQJ� LQ

FRPSDULVRQ�ZLWK�WKH�GXUDWLRQ�RI�RSHUDWLRQ�RI�WKH�IXVLRQ�EODQNHW�PRGXOHV��7KH�VHFRQG�SURFHVV

\LHOGV�D�ORQJ�OLYHG�SURGXFW�
���

3G��7KH�QDWXUDO�DEXQGDQFH�RI�
���

3G�LV��������DQG�WKHUHIRUH�DQ

DFFXUDWH� FURVV� VHFWLRQ� RI� WKH�
���

3G� �Q��Q�� UHDFWLRQ� LV� UHTXLUHG� WR� HVWLPDWH� WKH� LQGXFGHG

UDGLRDFWLYLW\�RI�WKH�FDWDO\WLF�EUHHGHU�PDWHULDOV��7KLV�QXFOHXV�LV�DOVR�SURGXFHG�E\�WKH�FKDLQ

EXW�LWV�\LHOG�LV�H[SHFWHG�WR�EH�VPDOO�VLQFH�WKH��Q�α��UHDFWLRQ�FURVV�VHFWLRQ�DW����0H9�LV����PE

LQ�-(1'/�����

,Q�WKH�FDVH�RI����0H9�QHXWURQ¤LQGXFHG�UHDFWLRQV�RQ�3W��WKH�FKDUJHG�SDUWLFOH�HPLVVLRQ

SURFHVVHV�LV�WKRXJKW�WR�EH�LJQRUDEOH��DQG�WKH��Q��Q��UHDFWLRQ�FRXOG�EH�DQ�LPSRUWDQW�SURFHVV�IRU

WKH�SURGXFWLRQ�RI�ORQJ�OLYHG�QXFOHL��7KH�GHFD\�VFKHPHV�RI�WKH�UHVLGXDO�QXFOHL�DUH�DV�IROORZV�

5HVLGXDO�QXFOHL�RI�WKH�
�������

3W��Q��Q��UHDFWLRQ�DUH�VWDEOH��7KHUHIRUH��D��Q��Q��UHDFWLRQ�RQ�
���

3W�

RI�ZKLFK�QDWXUDO�DEXQGDQFH�LV���������LV�D�PDMRU�SURFHVV�ZLWK�UHJDUG�WR�LQGXFHG�UDGLRDFWLYLW\�

7KH�HYDOXDWHG�QXFOHDU�GDWD�RI�3G�DUH�DYDLODEOH�LQ�-(1'/������ZKHUHDV�QR�GDWD�RQ�3W

DUH� JLYHQ� VR� IDU�� $FFRUGLQJO\� ZH� FDOFXODWHG� WKH� FURVV� VHFWLRQV� RI�
QDW
3W� �Q��Q�� DQG� �Q��Q�

UHDFWLRQV�ZLWK�WKH�*1$6+�FRGH>�@�� � 7KH�PRGHOíSDUDPHWHUV�XVHG�ZHUH�WKH�:DOWHU�DQG�*XVV


JOREDO�RSWLFDO�SRWHQWLDO>�@��DQG�WKH�OHYHO�GHQVLW\�SDUDPHWHUV�SURSRVHG�E\�<DPDPXUR>�@��7KH

FDOFXODWHG�FURVV� VHFWLRQV�RI� �Q��Q�� DQG� �Q��Q�� UHDFWLRQV� DUH� FRPSDUHG�ZLWK� WKH� H[SHULPHQWDO

GDWD>�@�LQ�)LJ�����1R�DWWHPSW�ZDV�PDGH�WR�LPSURYH�WKH�DFFXUDF\�RI�ILWWLQJ�LQ�WKLV�FDOFXODWLRQ�

DQG�WKXV�WKH�FDOFXODWHG�FURVV�VHFWLRQ�LV�DERXW������ODUJHU�WKDQ�WKH�H[SHULPHQWDO�YDOXHV�

:LWK�WKHVH�QXFOHDU�GDWD��RQH�FDQ�HVWLPDWH�WUDQVPXWDWLRQ�UDWHV�RI�QREOH�PHWDOV�LQ�WKH

IXVLRQ� EODQNHW�� $� URXJK� HVWLPDWLRQ� RI� WKH� WUDQVPXWDWLRQ� UDWH� 5 � V
��
� LV� JLYHQ� E\� σΦ=5 �



ZKHUH� Φ �LV�D�IOX[�RI����0H9�QHXWURQV��DQG� σ �LV�D�FURVV�VHFWLRQ�RI�WKH�UHDFWLRQ�LQ�ZKLFK�WKH

UHVLGXDO�QXFOHXV�FKDQJHV�LQWR�RWKHU�DWRPV�ZLWK�GLIIHUHQW�FKHPLFDO�SURSHUW\��7KH�QHXWURQ�IOX[

IRU�WKH�,7(5�GHVLJQ�LV�DERXW���
��
FP

��
V
��
�DW�MXVW�RXWHU�VLGH�RI�WKH�ILUVW�ZDOO��WKHQ�WKH�HVWLPDWHG

5 �LV�OHVV�WKDQ�����SHU����\HDUV�IRU�ERWK�3W�DQG�3G��7KHUHIRUH��WUDQVPXWDWLRQ�RI�QREOH�PHWDOV

LV�D�PLQRU�SUREOHP�IRU�D�GHVLJQ�RI�WKH�FDWDO\WLF�EUHHGHU�PDWHULDOV�

���&RQFOXVLRQV

w &DWDO\WLF� EUHHGHU� PDWHULDOV� ZHUH� SURGXFHG� E\� LPSUHJQDWLQJ� OLWKLXP� VLOLFDWH� ZLWK

HLWKHU�SODWLQXP�RU�SDOODGLXP��7KH�LVRWRSH�H[FKDQJH�UHDFWLRQV�EHWZHHQ�PROHFXODU�SURWLXP�DQG

JDVHRXV�SHUGHXWHUDWHG�ZDWHU�RYHU�WKHVH�QHZ�EUHHGHU�PDWHULDOV�ZHUH�IRXQG�WR�EH�YHU\�IDVW�HYHQ

DW�WHPSHUDWXUHV�IDU�EHORZ�����°&��1XFOHDU�GDWD�RI�QREOH�PHWDOV�ZHUH�VXUYH\HG�WR�HVWLPDWH�WKH

LQGXFHG�UDGLRDFWLYLW\�DQG�WKH�WUDQVPXWDWLRQ�UDWH��,W�ZDV�IRXQG�WKDW�WKH��Q��Q��UHDFWLRQ�SURGXFHV
���

3G� DQG�
���
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