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PHULF LURQ FKORULGH �3,&O� VKRZHG WKDW WKH PDVV IUDFWLRQV RI WKH PD[LPXP SRO\PHULF $O SURGXFHG DW U�2+�$O� ���

DQG )H DW U ����2+�)H� ZHUH ��� DQG ��� RI WKH WRWDO DOXPLQXP DQG LURQ LQ VROXWLRQ� UHVSHFWLYHO\� &RDJXODWLRQ WHVWV

ZHUH FRQGXFWHG XQGHU YDULRXV FRDJXODQW GRVDJHV DQG S+V IRU HDFK FRDJXODQW SUHSDUHG� ,Q FDVH RI 3$&O FRDJXODQWV� D

FRDJXODWLRQ WHVW RQ 1DNGRQJ ULYHU ZDWHUV ZLWK WKUHH 3$&OV �U ���� ���� ����� VKRZHG WKDW WKH HIIHFWLYHQHVV RI

FRDJXODWLRQ ZDV LQ WKH RUGHU� U ���!���!����� FRUUHVSRQGLQJ WR WKH RUGHU RI SRO\PHULF DOXPLQXP FRQWHQWV� $QG� IRU

WKH 3,&O FRDJXODQWV� WKH 3,&O RI U ��� ZDV PRVW HIIHFWLYH IRU WKH UHPRYDO RI WXUELGLW\ DQG 72& IURP WKH UDZ ZDWHU�
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&RDJXODWLRQ KDV EHHQ XVHG WR DVVLVW LQ WKH UHPRYDO RI SDUWLFXODWH

DQG GLVVROYHG PDWHULDOV LQ ZDWHU WUHDWPHQW� &RDJXODWLRQ UHTXLUHV D

XQLTXH FRPELQDWLRQ RI FKHPLFDO UHDFWLRQV DQG SK\VLFDO WUDQVSRUW

SURFHVVHV ZKLFK DUH XVHG WR GHVWDELOL]H DQG DJJUHJDWH VXVSHQGHG

SDUWLFOHV DQG WR SUHFLSLWDWH RU DGVRUE QDWXUDO RUJDQLF VXEVWDQFHV�

7KHUHIRUH� WKH HIIHFWLYHQHVV RI FRDJXODWLRQ LQIOXHQFHV WKH HIILFLHQF\

RI VXEVHTXHQW VHGLPHQWDWLRQ DQG ILOWUDWLRQ SURFHVVHV >2K HW DO�� �����

+XU DQG .LP� ����@�

(DFK \HDU� WKH ZDWHU LQGXVWU\ IDFHV LQFUHDVLQJO\ VWULQJHQW ZDWHU

TXDOLW\ UHJXODWLRQV DQG HYHU PRUH FKDOOHQJLQJ WUHDWPHQW REMHFWLYHV�

7KHUHIRUH� LW LV QHFHVVDU\ WR FRQWURO DQG RSWLPL]H FRDJXODWLRQ SUR�

FHVV WKDW LV HVVHQWLDO ZDWHU WUHDWPHQW XQLW RSHUDWLRQ LQ WKH WUHDW�

PHQW VHTXHQFH�$PRQJ WKH FRDJXODQWV XVHG� DOXP KDV EHHQ WKHPRVW

ZLGHO\ XVHG IRU WKH WUHDWPHQW RI GULQNLQJ ZDWHU� 5HFHQWO\� KRZ�

HYHU� H[LVWLQJ DQG SRWHQWLDO SUREOHPV DVVRFLDWHG ZLWK KLJK FRQFHQ�

WUDWLRQ RI UHVLGXDO DOXPLQXP DQGRUJDQLFV LQ WUHDWHGZDWHU KDYH UDLVHG

FRQFHUQV RYHU WKH XVH RI DOXP LQ WKH WUHDWPHQW RI GULQNLQJ ZDWHU�

$WWHQWLRQ LV WKHUHIRUH LQFUHDVLQJO\ EHLQJ IRFXVHG RQ DOWHUQDWLYH FR�

DJXODQWV WR DOXP� VXFK DV 3$&O DQG )H�,,,� VDOW�

0DQ\ PHWKRGV KDYH EHHQ XWLOL]HG IRU WKH TXDQWLWDWLYH GHWHUPL�

QDWLRQ RI VROXEOH $O� 1XFOHDU PDJQHWLF UHVRQDQFH �105� VSHFWUR�

VFRS\ KDV EHHQ XVHG WR H[DPLQH WKH VWUXFWXUDO� NLQHWLF� DQG HTXLOLE�

ULXP SURSHUWLHV RI PRQRQXFOHDU� SRO\QXFOHDU� DQG FRPSOH[HG DOX�

PLQXP LRQV DQG RI K\GUR[\DOXPLQXP VROLG� EXW LW ODFNV VHQVLWLYLW\

IRU WKH GHWHUPLQDWLRQ RI WKH PRQRQXFOHDU LRQ VWDELOLW\ FRQVWDQW� UH�

ODWLYH WR RWKHUPHWKRGV� /LNHZLVH� 5DPDQ VSHFWURVFRS\ FDQ EH HP�

SOR\HG WR FKDUDFWHUL]H ERQGLQJ SURSHUWLHV RI K\GURO\]HG $O LRQ VSH�

FLHV� EXW FDQQRW GLUHFWO\ VXSSO\ TXDQWLWDWLYH HVWLPDWHV RI WKHUPRG\�

QDPLF SURSHUWLHV IRU VXFK VSHFLHV� 2WKHU VSHFWURVFRSLF WHFKQLTXHV

�,5� HWF�� DUH VLPLODUO\ LQHIIHFWLYH RU LQVHQVLWLYH RZLQJ WR WKHLU UH�

TXLUHPHQWV IRU FRQFHQWUDWHG VROXWLRQ� VROLG VDPSOH� RU PDJQHWLF SUR�

SHUWLHV� +RZHYHU� WKH IHUURQ PHWKRG LV FRQVLGHUDEO\ PRUH FRQYH�

QLHQW WKDQ RWKHU PHWKRGV IRU GLIIHUHQWLDWLQJ $O �RU )H� VSHFLHV LQ

VROXWLRQ� 7KH FKHPLFDO SURSHUWLHV RI 3$&O DUH GHWHUPLQHG ZLWK )HU�

URQ PHWKRG DVVD\LQJ HDFK FRQWHQW RI WKH SRO\PHULF� PRQRPHULF DQG

SUHFLSLWDWH $O LQ V\QWKHVL]HG 3$&O� $QG WKH WKH H[LVWHQFH RI SRO\�

PHULF $O W\SH LQ $O�� W\SH LV DOVR GHWHUPLQHG WR HYDOXDWH WKH FKHP�

LFDO SURSHUWLHV RI 3$&O >$NLWW HW DO�� ����D� E@� ,Q WKH FDVH RI 0XU�

SK\ >����D@� WKH\ ZHUH VXUYH\LQJ WKH FKHPLFDO SURSHUWLHV RI V\Q�

WKHVL]HG 3,&O E\ XVLQJ IHUURQ PHWKRG�

5HFHQWO\� DOVR� D FRPPRQ 3$&O KDV QRW EHHQ FKDUDFWHUL]HG E\ DQ\

PHWKRGV IRU $O �)H� VSHFLHV IUDFWLRQ LQ GRPHVWLF� ,Q WKLV UHVHDUFK�

KRZHYHU� DVVRFLDWHG FKHPLFDO WHVWLQJ PHWKRGV� DOO RI IHUURQ PHWK�

RG� $O�105� )7�,5� DQG;5'� ZHUH XVHG WR JHW PRUH DFFXUDWH DQG

VFLHQWLILF DQDO\VLV GDWD� &RPSDUDWLYH VWXGLHV RI WKHVH DQDO\VLV GDWD

ZLOO EH DEOH WR RSWLPL]H WKH DSSOLFDWLRQ RI FRDJXODQWV�

7KHUHIRUH� WKLV UHVHDUFK IRFXVHV RQ WKH V\QWKHVLV RI SRO\PHULF

PHWDO VDOWV DV FRDJXODQWV� 7KH REMHFWLYHV RI WKLV UHVHDUFK ZHUH ���

WR GHWHUPLQH DSSURSULDWH FRQGLWLRQV IRU WKH SURGXFWLRQ RI SRO\PHULF

PHWDO �$O DQG )H� FRDJXODQWV� ��� WR FKDUDFWHUL]H WKH SK\VLFDO DQG

FKHPLFDO SURSHUWLHV RI FRDJXODQWV SUHSDUHG� DQG ��� WR HYDOXDWH WKHLU

DSSOLFDWLRQV WR GULQNLQJ ZDWHU WUHDWPHQW�

(;3(5,0(17

�� 6\QWKHVLV RI ,QRUJDQLF 3RO\PHULF &RDJXODQWV
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3$&O �SRO\PHULF DOXPLQXP FKORULGH� DQG 3,&O �SRO\PHULF LURQ

FKORULGH� ZHUH V\QWKHVL]HG E\ DGGLQJ D SURSHU DPRXQW RI EDVH WR

WKH VXSHUVDWXUDWHG VROXWLRQ RI DOXPLQXP FKORULGH RU LURQ FKORULGH

LQ D UHDFWRU VKRZQ LQ )LJ� �� $ ��/ GRXEOH ZDOOHG DFU\OLF YHVVHO ZDV

ILWWHG ZLWK DQ DFU\OLF OLG RQ ZKLFK ILYH LQOHWV ZHUH PDGH� DQG IRXU

EDIIOHV ZHUH JOXHG WR WKH UHDFWRU ZDOO� $ S+ HOHFWURGH ZDV LQVHUWHG

WKURXJK RQH LQOHW DQG DQRWKHU RQHZDV IRU DQ DFU\OLF FDSLOODU\� WKURXJK

ZKLFK K\GUDWHG KLJK SXULW\ 1� JDV ZDV EXEEOHG WKURXJK WKH VROX�

WLRQ WR VWULS RII &2�� 7KURXJK DQRWKHU SRUW� DQ DFU\OLF FDSLOODU\ ZDV

ORZHUHG LQWR WKH UHDFWRU WR VORZO\ LQMHFW D EDVH VROXWLRQ� 7KH DSHU�

WXUH DW WKH WLS RI WKH FDSLOODU\ ZDV OHVV WKDQ ����PP LQ GLDPHWHU WR

PLQLPL]H GLIIXVLRQ RI WKH PHWDO VROXWLRQ LQWR WKH FDSLOODU\ GXULQJ

PL[LQJ� $ VWDLQOHVV VKDIW ZLWK SURSHOOHU VWLUUHU ZDV LQVHUWHG LQ DQ�

RWKHU SRUW IRU PL[LQJ RI VROXWLRQV� 7KH VROXWLRQ WHPSHUDWXUH LQ WKH

UHDFWRU ZDV PDLQWDLQHG DW ���� R& E\ FLUFXODWLQJ D WHPSHUDWXUH FRQ�

WUROOHG ZDWHU WKURXJK WKH MDFNHW RI WKH UHDFWLRQ YHVVHO�

)RU WKH V\QWKHVHV RI 3$&O DQG 3,&O� ���0$O&O�Â�+�2 RU ���0

)H&O�Â�+�2 DV SUHFXUVRU� DQG ���0 1D2+ RU ���0 1D�&2� DV

DQ DGGHG EDVHZHUH XVHG� UHVSHFWLYHO\� )RU V\QWKHVLV RI 3,&O�1D�&2�

VROXWLRQ ZDV XVHG IRU QHXWUDOL]DWLRQ UDWKHU WKDQ 1D2+� EHFDXVH WKH

FDUERQDWH UHGXFHV WKH UDWH RI QXFOHDWLRQ DQG SUHFLSLWDWLRQ RI )H�,,,�

VDOW >6FKZ\Q� ����� 6FKQHLGHU DQG 6FKZ\Q� ����@� 7DEOHV � DQG �

VKRZ WKH FRQGLWLRQV IRU WKH V\QWKHVLV RI 3$&O DQG3,&O� UHVSHFWLYHO\�

�� &KDUDFWHUL]DWLRQ RI 3RO\PHULF &RDJXODQWV

)RXU GLIIHUHQW WHFKQLTXHV ZHUH XVHG WR FKDUDFWHUL]H WKH K\GUR�

O\]HG VSHFLDWLRQ RI WKH 3$&O DQG 3,&O VROXWLRQ� 2QH PHWKRG XVHG

D WLPHG FRORULPHWULF UHDFWLRQ E\ XVLQJ IHUURQ ���K\GUR[\���LRGR�

��TXLQROLQH�VXOIRQLF DFLG� DV D FRORULQJ UHDJHQW WR SURYLGH D IUDF�

WLRQDWLRQ RI K\GURO\]HG VSHFLHV EDVHG RQ FKHPLFDO UHDFWLYLW\ >6PLWK�

����� %HUVLOORQ HW DO�� ����� 'DYLG DQG 3DUNHU� ����@� 2WKHU LQVWUX�

PHQWV XVHG WR SURYLGH D FKHPLFDO FKDUDFWHUL]DWLRQ RI K\GURO\]HG

VSHFLHV RI $O DQG )H VDOWV ZHUH )7�105 �)RXULHU 7UDQVIRUPHG1X�

FOHDU0DJQHWLF 5HVRQDQFH�� )7�,5 �)RXULHU 7UDQVIRUPHG�,QIUDUHG��

DQG ;5' �;�UD\ 'LIIUDFWLRQ��

6DPSOHV ZHUH ZLWKGUDZQ IURP WKH UHDFWLRQ YHVVHO DW VHOHFWHG YDO�

XHV RI U� 2+�$O� GXULQJ QHXWUDOL]DWLRQ� $IWHU D GHVLUHG SHULRG RI

DJLQJ� WKH VSHFLDWLRQ RI DOXPLQXP ZDV GHWHUPLQHG E\ WKH UHDFWLRQ

UDWH RI FRDJXODQW ZLWK IHUURQ� 7KLV PHWKRGRORJ\ SURYLGHV D GHWHU�

PLQDWLRQ RI WKH IUDFWLRQV RIPRQRPHULF$O �$OD�� SRO\PHULF $O �$OE��

DQG SUHFLSLWDWHG $O �$OF� LQ D VDPSOH� 7KH NLQHWLFV RI WKLV UHDFWLRQ

ZDV PRQLWRUHG VSHFWURSKRWRPHWULFDOO\ DW D ZDYHOHQJWK RI ��� QP�

,Q DGGLWLRQ� PRGLILHG IHUURQ WHFKQLTXH ZDV HPSOR\HG WR HYDOXDWH

)H VSHFLDWLRQ LQ 3,&O >0XUSK\ HW DO�� ����@� 7KH UHDFWLRQ UDWH ZDV

PHDVXUHG DW ��� QP WR JLYH WKH GLVWULEXWLRQ RI )HD� )HE� DQG )HF�

7RWDO DOXPLQXP DQG LURQ FRQFHQWUDWLRQV ZHUH GHWHUPLQHG E\ ,&3

�,QGXFWLYHO\ FRXSOHG SODVPD� ,&$3 ��(�7UDFH DQDO\]HU��

$OXPLQXP FRRUGLQDWLRQ ZDV GHWHUPLQHG E\ XVLQJ ��$O�105�

7KH VSHFWUD ZHUH REWDLQHG E\ XVLQJ )7�105 VSHFWURVFRS\ �-(2/�

-80�(&3 ���� RSHUDWHG DW ����0+] IRU ��$O� )7�,5 VSHFWURSKR�

WRPHWHU �%UXNHU� ,)6���� ZDV XVHG LQ WKH UDQJH RI ��������� FP−��

6DPSOHV ZHUH SUHSDUHG IRU ,5 DQDO\VLV E\ WKH .%U SHOOHW PHWKRG�

;5' H[SHULPHQWV ZHUH SHUIRUPHG LQ D GLIIUDFWRPHWHU �3KLOLSV�

;¶3HUW� ZLWK &X.α UDGLDWLRQ�

��&RDJXODWLRQ ([SHULPHQWV ZLWK ,QRUJDQLF 3RO\PHULF &RDJ�

XODQWV

&RDJXODWLRQ H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ �/ VTXDUH MDUV

ZLWK VL[�SDGGOH VWLUUHU �3KLSSV DQG %LUG�� $OLTXRWV ���/� RI HDFK

ZDWHU ZHUH GRVHG ZLWK DOXP� 3$&OV� )H&O� RU 3,&OV FRDJXODQW XQGHU

YDULRXV FRDJXODQW GRVHV DQG S+V� 7KH VROXWLRQ ZDV UDSLGO\ PL[HG

DW ��� USP �* ��� VHF−�� IRU �PLQ DIWHU FRDJXODQW DGGLWLRQ� IRO�

ORZHG E\ VORZ PL[LQJ DW �� USP �* �� VHF−�� IRU ��PLQ� $IWHU

��PLQ RI VHWWOLQJ� WKH VXSHUQDWDQW ZDV DQDO\]HG IRU WXUELGLW\� 72&�

)LJ� ��([SHULPHQWDO DSSDUDWXV IRU WKH SUHSDUDWLRQ RI LQRUJDQLF
SRO\PHULF FRDJXODQWV�

7DEOH �� &RQGLWLRQV IRU WKH SUHSDUDWLRQ RI 3$&OV

U �2+�$O� 1D2+ �0� $O&O� �0�
%DVH LQMHFWLRQ

UDWH �PO�KU�
$O �0�
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�� &KDUDFWHUL]DWLRQ RI 3RO\PHULF &RDJXODQWV

���� &KDUDFWHUL]DWLRQ RI 3$&O

7KHPRQRPHULF� SRO\PHULF� DQGSUHFLSLWDWHG$O VSHFLHVZHUH TXDQ�

WLWDWLYHO\ GLIIHUHQWLDWHG ZLWK WKH IHUURQ PHWKRG� $V VKRZQ LQ )LJ� ��

DV WKH U� 2+�$O� YDOXH LQFUHDVHG� WKH VSHFLDWLRQ RI 3$&O VROXWLRQ

ZDV EHFRPLQJ SUHGRPLQDQWO\ SRO\PHULF VSHFLHV� 7KH IUDFWLRQ RI

SRO\PHULF $O VKRZHG D PD[LPXP DW U ���� ��� RI WKH WRWDO DOXPL�

QXP LQ VROXWLRQ� DQG SUHFLSLWDWHG $O VXEVWDQWLDOO\ LQFUHDVHG ZKHQ U

ZDV LQFUHDVHG DERYH ����� 7KLV WHQGHQF\ VKRZV WKDW WKH SUHFLSLWDWHG

$O VSHFLHV ZHUH GLUHFWO\ WUDQVIRUPHG IURP SRO\PHULF $O VSHFLHV

ZLWK LQFUHDVLQJ U YDOXH� +RZHYHU� DOXP �ZLWKRXW DGGHG EDVH� ZDV

PDLQO\ FRPSRVHG RI PRQRPHULF $O VSHFLHV XS WR ����
��$O�105 VSHFWUD ZHUH REWDLQHG DW ����0+] XVLQJ >$O�+�2��@

��

����0$O&O�Â�+�2 VROXWLRQ LQ ���'�2� DV DQ H[WHUQDO UHIHUHQFH�

)LJ� � VKRZV SHDNV ZKRVH LPSRUWDQFH YDULHG ZLWK WKH YDOXH RI U�

7KH SHDN DSSHDULQJ DW � SSP LV DVVLJQHG WR WKH PRQRPHULF $O VSH�

FLHV RI WKH W\SH $O�+�2��
��� $O�2+��+�2��

��� DQG $O�2+���+�2��
��

ZKHUHDV DW U ���� WKH SHDN DW DERXW � SSP LV DVVLJQHG WR WKH GLPHU

$O��2+��
��� $ VLJQDO DSSHDUV DW ���� SSP� FRUUHVSRQGLQJ WR DOXPL�

QXP LRQV LQ WHWUDKHGUDO FRRUGLQDWLRQ� $O��2��2+����+�2���
���

7KLV DQDO\VLV KDV SURYLGHG D GLUHFW HYLGHQFH RQ WKH H[LVWHQFH RI

D QXPEHU RI $O SRO\QXFOHDU VSHFLHV LQ D ZLGH UDQJH RI K\GURO\]HG

$O VROXWLRQV� $QG� WKLV UHVXOW LV FRQVLVWHQW ZLWK WKH RQH REWDLQHG

IURP WKH IHUURQ DQDO\VLV� 0DQ\ RWKHU LQYHVWLJDWRUV DOVR SURYLGHG

GHILQLWLYH HYLGHQFHV IRU WKH XELTXLWRXV SUHVHQFH RI $O��2��2+���
�+�2���

�� VSHFLHV LQ K\GURO\]HG $O VROXWLRQV SUHSDUHG E\ D YDULHW\

RI PHWKRGV >$NLWW DQG )DUWKLQJ� ����� $NLWW HW DO�� ����D� E� %RWWHUR

HW DO�� ����@� $W U ����� WKH SHDN DW � SSP GLVDSSHDUHG EXW D QXP�

EHU RI VPDOOHU SHDNV DSSHDUHG DW ���� SSP� 7KLV SKHQRPHQRQ LP�

SOLHV WKDW WKH SUHFLSLWDWHG $O VSHFLHV ZHUH GLUHFWO\ WUDQVIRUPHG IURP

SRO\PHULF $O VSHFLHV UDWKHU WKDQ IURP PRQRPHULF $O VSHFLHV�

,Q RUGHU WR FRUURERUDWH WKH K\GURO\]HG VSHFLHV RI WKH 3$&OV GH�

WHUPLQHG� ZH WRRN )7�,5 VSHFWUD RI WKH 3$&OV� )LJ� � VKRZV WKH )7�

,5 VSHFWUD RI WKH $O VSHFLHV RI WKH 3$&OV ZLWK GLIIHUHQW U YDOXHV�

7KH EDQGV ZHUH IRUPHG DW ���� ���� ������ DQG ����� FP−�� :LWK

LQFUHDVLQJ U� WKH SHDNV DW ��� DQG ��� FP−� GLPLQLVK� 7KH EDQGV DW

���� ���� DQG ����� FP−�ZHUH DVVLJQHG WR WKH FRPSOH[HV RI FRRUGL�

)LJ� �� 'LVWULEXWLRQ RI K\GURO\]HG $O VSHFLHV IRU HDFK 3$&O�

)LJ� �� ��$O 105 VSHFWUD RI 3$&O ZLWK YDU\LQJ U YDOXHV�
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QDWHG+�2 WR$O�,,,� DQG WKH EDQG DW ����� FP−� UHSUHVHQWV IUHH +�2

PROHFXOH�

7KHUHIRUH� LW LV EHOLHYHG WKDW WKH SHDNV EHFRPLQJ VPDOOHU DW ����

���� DQG ����� FP−�ZHUH UHVXOWHG IURP WKH FKHPLFDO H[FKDQJH EH�

WZHHQ WKH KH[DDTXR� DQG WKH PRQR� DQG GLK\GUR[R PRQRPHULF

$O�,,,� VSHFLHV GXH WR K\GURO\VLV RQ EDVH DGGLWLRQ �L�H�� LQFUHDVLQJ U

YDOXH� DFFRUGLQJ WR WKH UHDFWLRQV ��� DQG ����

$O�+�2��
���+�2çå$O�2+��+�2��

���+�2
� ���

RU

$O�2+��+�2��
���+�2çå$O�2+���+�2��

��+�2
� ���

:LWK LQFUHDVLQJ U� FRQVHTXHQWO\� WKH EDQG DW ����� FP−� UHSUHVHQWV

WKH SRO\PHULF $O�,,,� ZLWK KLJKHU 2+− DQG OHVV +�2 FRQWHQW SHU

PROH RI DOXPLQXP WKDQ PRQRPHULF $O�,,,�� 3DUN HW DO� >����@ DOVR

UHSRUWHG WKDW DW DQ H[WHQW RI GHFRPSRVLWLRQ RI ������ D EDQG DS�

SHDUHG DW ���FP−� LQGLFDWLQJ WKH IRUPDWLRQ RI EDVLF DOXPLQXP FKOR�

ULGH�

���� &KDUDFWHUL]DWLRQ RI 3,&O

)LJ� � VKRZV WKH UHVXOW RI IHUURQ DQDO\VLV IRU )H�,,,� VROXWLRQV QHX�

WUDOL]HG SDUWLDOO\ ZLWK 1D�&2� VROXWLRQ� $V WKH U YDOXH LQFUHDVHG�

PRQRPHULF )H VSHFLHV VXEVWDQWLDOO\ GHFUHDVHG DQG WKH IUDFWLRQ RI

SRO\PHULF )H SURGXFHG DW U ��� VKRZHG D PD[LPXP DW ��� RI WKH

WRWDO LURQ LQ VROXWLRQ� DQG WKH SUHFLSLWDWHG )H ZDV GUDPDWLFDOO\ LQ�

FUHDVHG ZLWK LQFUHDVLQJ U DERYH ���� 7KLV WHQGHQF\ LQGLFDWHV WKDW

WKH SUHFLSLWDWHG )H VSHFLHV ZHUH GLUHFWO\ WUDQVIRUPHG IURP WKHPRQR�

PHULF )H VSHFLHV GXH WR UDSLG K\GURO\VLV UHDFWLRQ� +RZHYHU� )H&O�
�U ���� ZDV SUHGRPLQDQWO\ PRQRPHULF� WKH PRQRPHU FRQWHQW RI

ZKLFK LV DV KLJK DV ����

)LJ� � VKRZV WKH )7�,5 VSHFWUD RI WKH )H VSHFLHV RI WKH 3,&OV ZLWK

GLIIHUHQW U YDOXHV� 7KH EDQGV DSSHDUHG DW ���� ���� ����� DQG �����

FP−�� $V U YDOXH LQFUHDVHG� WKH EDQGV DW ���� ��� DQG ����� FP−�

EHFDPH VPDOOHU� 7KH EDQGV DW ���� ��� DQG �����FP−� UHSUHVHQW WKH

FRPSOH[HV RI FRRUGLQDWHG PROHFXUHV RI +�2 RI K\GUDWLRQ WR )H�,,,�

DQG WKH EDQG DW �����FP−� UHSUHVHQWV IUHH +�2PROHFXOH� $V U YDOXH

LQFUHDVHG� WKH EDQGV DW ���� ��� DQG ����� FP−� GLPLQLVKHG GXH WR

WKH SRO\PHULF )H�,,,� ZLWK KLJKHU 2+− DQG OHVV +�2 SHU PROH RI
)LJ� �� )7�,5 VSHFWUD RI WKH SURGXFWV RI K\GURO\]HG DOXPLQXP LQ

HDFK 3$&O�

)LJ� �� 'LVWULEXWLRQ RI K\GURO\]HG )H�,,,� VSHFLHV IRU D YDULHW\ RI

3,&OV�

)LJ� �� ,5 VSHFWUD RI WKH K\GURO\]HG LURQ LQ 3,&O�

)LJ� �� ;5' SDWWHUQV RI WKH 3,&OV DW GLIIHUHQW U�



6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI 3RO\PHULF ,QRUJDQLF &RDJXODQWV IRU :DWHU 7UHDWPHQW ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

)H�,,,� WKDQ PRQRPHULF )H�,,,�� 7KHUHIRUH� WKH EDQG DW ����� FP−�

RI EDVH LV GXH WR WKH UHSODFHPHQW RI LQLWLDO +�2 PROHFXOHV FRQ�

WDLQHG LQ )H�+�2��
�� E\ 2+− LRQ�

0RUH TXDQWLWDWLYH FRUUHODWLRQV EHWZHHQ WKH FRPSRVLWLRQ RI WKH

K\GURO\]HG )H�,,,� DQG WKH YDULRXV U YDOXHV ZHUH REWDLQHG IURP WKH

;5' SHDN LQWHQVLWLHV� )LJ� � VKRZV ;5' SDWWHUQV RI WKH 3,&OV V\Q�

WKHVL]HG XQGHU GLIIHUHQW U� 7KH SHDNV ZHUH REVHUYHG DW �θ ��R� �θ 
��R� �θ ��R� DQG �θ ��R� $V VHHQ LQ WKLV ILJXUH� WKH LQFUHDVH RI U
UHGXFHV WKH SHDN LQWHQVLW\ DW �θ ��R EXW LQFUHDVHV WKH SHDN DW �θ 
��R� )URP WKH ;5' UHVXOWV� ZH FDQ LQIHU WKDW WKH SRO\PHULF )H VSH�

FLHV ZHUH GLUHFWO\ WUDQVIRUPHG IURP WKH PRQRPHULF )H VSHFLHV E\

WKH DGGLWLRQ RI EDVH�

�� &RDJXODWLRQ 7HVWV ZLWK ,QRUJDQLF &RDJXODQWV

&RDJXODWLRQ H[SHULPHQWV ZLWK WKH V\QWKHVL]HG 3$&OV DQG 3,&OV

FRDJXODQWV ZHUH FDUULHG RXW XVLQJ 1DNGRQJ ULYHU ZDWHU� )LJV� � DQG

� VKRZ WKH 72& DQG WXUELGLW\ UHPRYDO HIILFLHQF\ RI DOXP� $O&O�
�U ����� DQG 3$&OV �U ���� ���� ����� FRDJXODQWV DV D IXQFWLRQ RI

FRDJXODQW GRVH� $V VKRZQ LQ WKHVH ILJXUHV� WKH 3$&O �U ���� FRDJX�

ODQW VKRZV WKH PRVW HIILFLHQW 72& DQG WXUELGLW\ UHPRYDO DPRQJ

WKH FRDJXODQWV XVHG� GXH WR LWV KLJKHVW DPRXQW RI SRO\PHULF $O VSH�

FLHV FRQWDLQHG LQ WKH 3$&O �U ����� $OVR� FRPSDULQJ WKUHH 3$&OV

�U ���� ���� ������ WKH HIIHFWLYHQHVV RI 72& FRDJXODWLRQ UHSUHVHQWV

DV U ���!���!����� ZKLFK LV DOVR WKH RUGHU RI KLJKHU SRO\PHULF DOX�

PLQXP FRQWHQWV�

)LJ� �� VKRZV89��� UHPRYDO HIILFLHQF\ RI )H&O� �U ���� DQG3,&OV

�U ���� ���� ���� ���� FRDJXODQWV DV D IXQFWLRQ RI FRDJXODQW GRVH�

$V VKRZQ LQ )LJ� ��� WKH 3,&O �U ���� U ���� FRDJXODQWV VKRZ

PRUH HIILFLHQW 89��� UHPRYDO WKDQ )H&O� DQG 3,&O �U ���� U ����

GXH WR D KLJKHU SRO\PHULF )H VSHFLHV FRQWDLQHG LQ 3,&OV �U ���� U 

����� ,Q DGGLWLRQ� 3,&OV �U ���� U ��� DQG U ���� FRDJXODQWV VKRZ

WKH GHFUHDVHG 89��� HIILFLHQF\ DW KLJK FRDJXODQW GRVH GXH WR WKH

UHVWDELOL]DWLRQ RI RUJDQLF PDWWHUV�

)LJ� �� VKRZV WXUELGLW\ UHPRYDO DQG ]HWD SRWHQWLDO FKDQJH DV D

IXQFWLRQ RI FRDJXODQW GRVH� $V VKRZQ LQ )LJ� ��� 3,&O �U ���� LV

PRVW HIIHFWLYH LQ WKH WXUELGLW\ UHPRYDO WKDQ WKH RWKHU FRDJXODQWV DW

VPDOO FRDJXODQW GRVH� $OVR� WKH 3,&O FRQWDLQLQJ KLJKHU DPRXQW RI

)LJ� �� &RPSDULVRQ RI $OXP� $O&O�� DQG 3$&O FRDJXODQWV IRU WXU�

ELGLW\ UHPRYDO DQG ]HWD SRWHQWLDO FKDQJH DV D IXQFWLRQ RI
FRDJXODQW GRVH�

)LJ� �� &RPSDULVRQ RI $OXP� $O&O�� DQG 3$&O FRDJXODQWV IRU
72& UHPRYDO DV D IXQFWLRQ RI FRDJXODQW GRVH�

)LJ� ��� &RPSDULVRQ RI 3,&O FRDJXODQWV ZLWK GLIIHUHQW U YDOXHV IRU

89��� UHPRYDO DV D IXQFWLRQ RI FRDJXODQW GRVH�

)LJ� ��� &RPSDULVRQ RI 3,&O FRDJXODQWV ZLWK GLIIHUHQW U YDOXHV IRU

WXUELGLW\ UHPRYDO DQG ]HWD SRWHQWLDO FKDQJH DV D IXQFWLRQ
RI FRDJXODQW GRVH�
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SRO\PHULF )H VSHFLHV DWWDLQHG PRUH HIIHFWLYH FKDUJH QHXWUDOL]DWLRQ

IRU WKH UHPRYDO RI WXUELGLW\ LQ UDZ ZDWHU�

&21&/86,216

7KH IROORZLQJ FRQFOXVLRQV DUH GUDZQ IURP WKLV UHVHDUFK�

�� 7KH IUDFWLRQ RI SRO\PHULF $O VKRZHG D PD[LPXP DW U ����

��� RI WKH WRWDO DOXPLQXP LQ VROXWLRQ� DQG SUHFLSLWDWHG $O VXE�

VWDQWLDOO\ LQFUHDVHG ZKHQ U LQFUHDVHG DERYH �����

�� ��$O�105 VSHFWUD ZHUH UHFRUGHG IRU $O K\GURO\VLV VSHFLHV

XQGHU GLIIHUHQW U YDOXHV� $ SHDN DSSHDULQJ DW � SSP LV DVVLJQHG WR

WKH PRQRPHULF $O VSHFLHV RI WKH W\SH $O�+�2��
��� $O�2+��+�2��

���

DQG $O�2+���+�2��
�� $ VLJQDO DSSHDUV DW ���� SSP� FRUUHVSRQGLQJ

WR DOXPLQXP LRQV LQ WHWUDKHGUDO FRRUGLQDWLRQ� $O��2��2+����+�2���
���

$V WKH U YDOXH LQFUHDVHG� SRO\PHULF $O VSHFLHV ZDV GHWHFWHG DW ����

SSP�

�� 7KH FKDUDFUHUL]DWLRQ RI 3,&O VKRZHG WKDW DV WKH U YDOXH LQ�

FUHDVHG� PRQRPHULF )H VSHFLHV VXEVWDQWLDOO\ GHFUHDVHG DQG WKH IUDF�

WLRQ RI SRO\PHULF )H VKRZHG DPD[LPXP DW U ���� ��� RI WKH WRWDO

LURQ LQ VROXWLRQ� DQG WKH SUHFLSLWDWHG )H ZDV GUDPDWLFDOO\ LQFUHDVHG

ZLWK LQFUHDVLQJ U DERYH ����

�� )7�,5 DQG SRZGHUHG ;5' VSHFWUD ZHUH XVHG WR GHWHUPLQH )H

K\GURO\VLV VSHFLHV XQGHU GLIIHUHQW U YDOXHV� $V U YDOXHV LQFUHDVHG�

EDQGV DW ���� ��� DQG ����� FP−� GLPLQLVKHG GXH WR WKH SRO\PHULF

)H�,,,� ZLWK KLJKHU 2+− DQG OHVV +�2 SHU PROH RI )H�,,,� WKDQ PR�

QRPHULF )H�,,,�� $ SRZGHUHG ;5' LQWHQVLW\ LQGLFDWHG WKDW WKH SRO\�

PHULF )H ZDV GLUHFWO\ WUDQVIRUPHG IURP PRQRPHULF )H E\ WKH DGGL�

WLRQ RI EDVH�

�� 7KH FRDJXODWLRQ WHVWV IRU WKH V\QWKHVL]HG 3$&OV VKRZHG WKDW

WKH 3$&O �U ���� FRDJXODQW VKRZHG WKH PRVW HIILFLHQW 72& DQG WXU�

ELGLW\ UHPRYDO DPRQJ WKH FRDJXODQWV XVHG GXH WR LWV KLJKHVW DPRXQW

RI SRO\PHULF $O VSHFLHV FRQWDLQHG LQ WKH 3$&O �U �����

�� )RU WKH FRDJXODWLRQ WHVWV XVLQJ V\QWKVL]HG 3,&OV� WKH 3,&O �U 

���� U ���� FRDJXODQWV VKRZHG PRUH HIILFLHQW 89��� UHPRYDO WKDQ

)H&O� DQG 3,&O �U ���� U ���� GXH WR D KLJKHU SRO\PHULF $O VSHFLHV

FRQWDLQHG LQ 3,&OV �U ���� U ����� DQG 3,&O �U ���� ZDV WKH PRVW

HIIHFWLYH LQ WKH WXUELGLW\ UHPRYDO DQG FKDUJH QHXWUDOL]DWLRQ�

$&.12:/('*(0(17

7KLV ZRUN ZDV VXSSRUWHG E\ JUDQW 1R� 5������������� IURP

WKH %DVLF 5HVHDUFK 3URJUDP RI WKH .RUHD 6FLHQFH 	 (QJLQHHULQJ

)RXQGDWLRQ�

5()(5(1&(6

$NLWW� -�:� DQG )DUWKLQJ� $�� ³1HZ$O1056WXGLHV RI WKH+\GURO\VLV

RI $OXPLQXP ,RQV�́ -� 0DJ� 5HVRQ�� ��� ��� �������

$NLWW� -�:��*UHHQZRRG�1�1� DQG.KDQGHOZDO� %� /�� ³$OXPLQXP���

1XFOHDU0DJQHWLF 5HVRQDQFH 6WXGLHV RI 6XOSKDWR�&RPSOH[HV RI WKH

+H[D�$TXR $OXPLQXP ,RQ�́ -� &KHP� 6RF� 'DOWRQ 7UDQV�� ����

�����D��

$NLWW� -�:�� *UHHQZRRG� 1�1�� .KDQGHOZDO� %� /� DQG /HVWHU� *�'��

³��$O 1XFOHDU 0DJQHWLF 5HVRQDQFH 6WXGLHV RI WKH +\GURO\VLV DQG

3RO\PHULVDWLRQ RI WKH +H[D�$TXR$OXPLQXP�,,,� &DWLRQ�́ -� &KHP�

6RF� 'DOWRQ 7UDQV�� ��� �����E��

$3+$�$::$�:()� ³6WDQGDUG 0HWKRGV IRU WKH ([DPLQDWLRQ RI

:DWHU DQG:DVWHZDWHU�́ $3+$ $::$:()�� ��WK HGV� �������

%HUVLOORQ� -�� +VX� 3� DQG )LHVVLQJHU� )�� ³&KDUDFWHUL]DWLRQ RI +\GUR[\�

$OXPLQXP 6ROXWLRQ�́ -� 6RLO� 6FL� 6RF� RI $PHU�� ��� � �������

%RWWHUR� -�<�� &DVHV� -�0�� )LHVVLQJHU� )� DQG 3RLUHU� -� (�� ³6WXGLHV RI

+\GURO\]HG $OXPLQXP &KORULGH 6ROXWLRQV ,� 1DWXUH RI $OXPLQXP

6SHFLHV DQG &RPSRVLWLRQ RI $TXHRXV 6ROXWLRQV�́ -� 3K\V� &KHP��

��� ���� �������

'DYLG� 5� DQG 3DUNHU� '�5�� ³,GHQWLILFDWLRQ DQG 4XDQWLILFDWLRQ RI WKH

$O�� 7ULGHFDPHULF 3RO\PHULF 3RO\FDWLRQ XVLQJ )HUURQ�́ (QYLURQ� 6FL�

7HFK�� ������ ��� �������

+XU� -�0� DQG .LP� 6�+�� ³&RPELQHG $GVRUSWLRQ DQG &KHPFLDO 3UH�

FLSLWDWLRQ 3URFHVV IRU 3UHWUHDWPHQW RU 3RVW�7UHDWPHQW RI /DQGILOO

/HDFKDWH�́ .RUHDQ -� &KHP� (QJ�� ��� � �������

0XUSK\�3� -�� 3RVQHU�$�0� DQG4XLUN� -� 3�� ³&KHPLVWU\ RI ,URQ LQ6RLOV�

)HUULF+\GURO\VLV 3URGXFWV�́ $XVWUDOLDQ -� 6RLO 5HV�� ��� ��� �������

2K�0�+�� 6R� -�+�� /HH� -� '� DQG <DQJ� 6�0�� ³3UHSDUDWLRQ RI 6LOLFD

'LVSHUVLRQ DQG LWV 3KDVH 6WDELOLW\ LQ WKH 3UHVHQFH RI 6DOWV�́ .RUHDQ

-� &KHP� (QJ�� ��� � �������

3DUN� .�<�� /HH� .� &� DQG.LP� -�.�� ³0DQXIDFWXUH RI 3$& �3RO\DOX�

PLQXP&KORULGH� E\ 3DUWLDO 'HFRPSRVLWLRQ RI$OXPLQXP&KORULGH

+H[DK\GUDWH�́ +:$+$..21*+$.� ��� � �������

6FKQHLGHU� :� DQG 6FKZ\Q� %�� ³7KH +\GURO\VLV RI ,URQ LQ 6\QWKHWLF�

%LRORJLFDO� DQG$TXDWLF0HGLD�́ $TXDWLF 6XUIDFH&KHPLVWU\ �6WXPP�

:� HGV��� -RKQ:LOH\ DQG 6RQV� 1�<� �������

6FKZ\Q� %�� ³'LH +\GURO\VH YRQ (LVHQ�,,,� β�(LVHQR[\K\GUR[LG� 9RQ
GHU .HLPELOGXQJ ELV ]XU .RDJXODWLRQ�́ 3K�'� GLVVHUWDWLRQ1R� �����

(7+� =�ULFK� 6ZLW]HUODQG �������

6PLWK�5�0�� ³5HODWLRQ$PRQJ(TXLOLEULXP DQG1RQHTXLOLEULXP$TXH�

RXV 6SHFLHV RI $OXPLQXP +\GUR[\ &RPSOH[HV�́ 1RQHTXLOLEULXP

6\VWHPV LQ1DWXUDO:DWHU&KHPLVWU\ �*RXOG�5� )� HGV���$�&�6�$G�

YDQFHV LQ&KHPLVWU\ 6HUHLV 1R� ����:DVKLQJWRQ� '�&�� ��� �������


