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/XLV 5� %� 5REOHV

&ODXGLR 5XJJLHUL

'HSDUWPHQW RI 1DYDO $UFKLWHFWXUH DQG 2FHDQ (QJLQHHULQJ� 8QLYHUVLW\ RI 6mR 3DXOR

6mR 3DXOR� 63 �����ï���� (�PDLO� FUXJJL#XVS�EU� %UD]LO

$EVWUDFW ï7KLV VWXG\ H[WHQGV WKH :HLEXOO VWUHVV DSSURDFK WR DGGUHVV HIIHFWV RI ZHOG VWUHQJWK PLVPDWFK

RQ PDFURVFRSLF IUDFWXUH WRXJKQHVV RI ZHOGPHQWV� 2XU DSSURDFK EXLOGV RQ WKH %HUHPLQ PRGHO WR HVWDE�

OLVK D UHODWLRQVKLS EHWZHHQ WKH PLFURUHJLPH RI IUDFWXUH DQG PDFURVFRSLF FUDFN GULYLQJ IRUFHV IRU ELPDW�

HULDO PHGLD E\ DGRSWLQJ WKH :HLEXOO VWUHVV �¹Z� DV D SUREDELOLVWLF IUDFWXUH SDUDPHWHU� 3ODQH�VWUDLQ�

VPDOO VFDOH \LHOGLQJ �66<� UHIHUHQFH ILHOGV IRU VWDWLRQDU\ LQWHUIDFH FUDFNV DUH SUHVHQWHG WR SURYLGH DPHD�

VXUH RI PLVPDWFK HIIHFWV� 7KH DQDO\VHV VKRZ WKH VWURQJ HIIHFW RI WKH PLVPDWFK OHYHO RQ WKH PDJQLWXGH

RI QHDU�WLS VWUHVV ILHOGV ZKLFK TXDQWLILHV WKH OHYHO RI FRQVWUDLQW �DVVRFLDWHG ZLWK VWUHQJWK PLVPDWFK� RYHU

GLVWDQFHV RI D IHZ &72'V DKHDG RI FUDFN WLS� &RPSXWDWLRQ RI WKH :HLEXOO VWUHVV IRU WKHVH VPDOO VFDOH

\LHOGLQJ DQDO\VHV XQGHU YDU\LQJ OHYHOV RI VWUHQJWK PLVPDWFK SURYLGH YDOXDEOH LQVLJKW DERXW WKH HIIHFWV

RI ZHOG VWUHQJWK PLVPDWFK RQ IUDFWXUH UHVLVWDQFH� 2XU 66< UHVXOWV H[KLELW WKH HVVHQWLDO IHDWXUHV RI WKH

PLFURPHFKDQLFV DSSURDFK LQ FRUUHODWLQJ PDFURVFRSLF IUDFWXUH WRXJKQHVV ZLWK VWUHQJWK PLVPDWFK YDUL�

DWLRQV�

.H\ ZRUGV� FOHDYDJH IUDFWXUH� ZHOGPHQWV� VWUHQJWK PLVPDWFK� VWDWLVWLFDO HIIHFWV� ORFDO

DSSURDFK� :HLEXOO VWUHVV
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%ULWWOH IUDFWXUH RI VWHHO ZHOGPHQWV �ZHOG PHWDO DQG KHDW DIIHFWHG ]RQH � +$=� UHPDLQV D NH\

LVVXH IRU WKH VDIHW\ DVVHVVPHQW RI FULWLFDO ZHOGHG VWUXFWXUHV� LQFOXGLQJ RIIVKRUH DQG SLSHOLQH

IDFLOLWLHV� ([SHULPHQWDO DQG LQ VLWX REVHUYDWLRQV FRQVLVWHQWO\ UHYHDO WKH RFFXUUHQFH RI FUDFN�

OLNH GHIHFWV LQ WKHZHOGHG UHJLRQZKLFKDUH HLWKHU SODQDU �H�J�� KRW RU FROG FUDFNLQJ� ODFN RI SHQH�

WUDWLRQ� XQGHUFXW� RU YROXPHWULF �H�J�� SRURVLW\ DQG HQWUDSSHG VODJ�� 7R DGGUHVV WKH SRWHQWLDO

GHOHWHULRXV HIIHFWV RI VXFK GHIHFWV RQ WKH VWUXFWXUDO LQWHJULW\� PDQ\ FRGHV DQG FXUUHQW IDEULFD�

WLRQSUDFWLFHV UHTXLUH WKHXVH RIZHOGPHQWVZLWKZHOGPHWDO VWUHQJWKKLJKHU WKDQ WKH EDVHPHW�

DO VWUHQJWK� D FRQGLWLRQ UHIHUUHG WR DV RYHUPDWFKLQJ� 2YHUPDWFK ZHOGV JHQHUDOO\ FDXVH ODUJH

SODVWLF GHIRUPDWLRQ LQWR WKH ORZHU VWUHQJWK EDVH SODWH ZKLFK �SUHVXPDEO\� LQFUHDVHV WKH ORDG

FDUU\LQJ FDSDFLW\ RI WKH ZHOGHG MRLQW�

+RZHYHU� H[SHULPHQWDO LQYHVWLJDWLRQV �VHH� H�J�� >���@ IRU LOOXVWUDWLYH GDWD� GHPRQVWUDWH

WKDW RYHUPDWFKHG ZHOGV� ZKLOH XVHG HIIHFWLYHO\ LQ ORZHU VWUHQJWK JUDGH VWHHOV� PD\ DFWXDOO\

KDYH D GHWULPHQWDO HIIHFW RQ WKH IUDFWXUH EHKDYLRU RI KLJK VWUHQJWK ORZDOOR\ �+/6$� VWHHOV� )RU

WKHVHPDWHULDOV� IUDFWXUH WHVWLQJ RI VSHFLPHQV ZLWK D FUDFN ORFDWHG ZHOO LQVLGH WKH +$= UHJLRQ



FRQVLVWHQWO\ UHYHDOV ORZ WRXJKQHVV YDOXHV �-F RU &72' �� 7KH RYHUPDWFKLQJ FRQGLWLRQ PDJQL�

ILHV WKH LPSDFW RI HPEULWWOHG PLFURVWUXFWXUHV LQ WKH +$= UHJLRQ ZKLFK FRQWULEXWHV WR LQFUHDVH

WKH SURSHQVLW\ WR WULJJHU FOHDYDJH EHIRUH JURVV \LHOG VHFWLRQ RI WKH VWUXFWXUH� 5HDOLVWLF SURFH�

GXUHV IRU GHIHFW DVVHVVPHQWV PXVW LQFOXGH WKH FRPSOH[ LQWHUSOD\ EHWZHHQ WKH HIIHFWV RI ZHOG

VWUHQJWK PLVPDWFK DQG WKH YDULDELOLW\ RI FOHDYDJH UHVLVWDQFH DW WKH PLFURVWUXFWXUDO OHYHO IRU

WKH GLIIHUHQW UHJLRQV RI VWHHO ZHOGPHQWV�

7KLV VWXG\ H[WHQGV WKH :HLEXOO VWUHVV DSSURDFK SUHVHQWHG LQ SUHYLRXV LQYHVWLJDWLRQV >���@

WR DGGUHVV HIIHFWV RIZHOG VWUHQJWKPLVPDWFK RQPDFURVFRSLF IUDFWXUH WRXJKQHVV RIZHOGPHQWV�

2XU DSSURDFK EXLOGV RQ WKH%HUHPLQPRGHO >���@ WR HVWDEOLVK D UHODWLRQVKLS EHWZHHQ WKHPLFUR�

UHJLPH RI IUDFWXUH DQGPDFURVFRSLF FUDFN GULYLQJ IRUFHV �VXFK DV WKH -ïLQWHJUDO� IRU ELPDWHULDO

PHGLD E\ DGRSWLQJ WKH:HLEXOO VWUHVV �¹Z� DV D SUREDELOLVWLF IUDFWXUH SDUDPHWHU� 3ODQH�VWUDLQ�

VPDOO VFDOH \LHOGLQJ �66<� UHIHUHQFH ILHOGV IRU VWDWLRQDU\ LQWHUIDFH FUDFNV DUH SUHVHQWHG WR SUR�

YLGH DPHDVXUH RI PLVPDWFK HIIHFWV� 7KH DQDO\VHV VKRZ WKH VWURQJ HIIHFW RI WKH PLVPDWFK OHYHO

RQ WKH PDJQLWXGH RI QHDU�WLS VWUHVV ILHOGV ZKLFK TXDQWLILHV WKH OHYHO RI FRQVWUDLQW �DVVRFLDWHG

ZLWK VWUHQJWKPLVPDWFK� RYHU GLVWDQFHV RI D IHZ&72'VDKHDG RI FUDFN WLS� &RPSXWDWLRQ RI WKH

:HLEXOO VWUHVV IRU WKHVH VPDOO VFDOH \LHOGLQJ DQDO\VHV XQGHU YDU\LQJ OHYHOV RI VWUHQJWK PLV�

PDWFK SURYLGH YDOXDEOH LQVLJKW DERXW WKH HIIHFWV RI ZHOG VWUHQJWKPLVPDWFK RQ IUDFWXUH UHVLVW�

DQFH� 2XU 66< UHVXOWV H[KLELW WKH HVVHQWLDO IHDWXUHV RI WKH PLFURPHFKDQLFV DSSURDFK LQ FRUUH�

ODWLQJ PDFURVFRSLF IUDFWXUH WRXJKQHVV ZLWK VWUHQJWK PLVPDWFK YDULDWLRQV�
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7KH:HLEXOO VWUHVV �¹Z� >���@ ZDV GHULYHG LQ SUHYLRXV ZRUN >���@ DV D SUREDELOLVWLF IUDFWXUH SD�

UDPHWHU WR SURYLGH D UREXVW FRXSOLQJ EHWZHHQ WKH PLFURUHJLPH RI IUDFWXUH �ZKLFK LQFOXGHV D

ORFDO IDLOXUH FULWHULRQ DQG WKH VWUHVVHV WKDW GHYHORS DKHDG RI DPDFURVFRSLF FUDFN� ZLWKPDFUR�

VFRSLF �UHPRWH� ORDGLQJ �VXFK DV WKH - LQWHJUDO�� )RU D VWDWLRQDU\PDFURVFRSLF FUDFN O\LQJ LQ KR�

PRJHQHRXV PDWHULDOV� WKH :ULEXOO VWUHVV LV JLYHQ E\ LQWHJUDWLRQ RI WKH �ORFDO� SULQFLSDO VWUHVV

RYHU WKH IUDFWXUH SURFHVV ]RQH LQ WKH IRUP >�����@
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ZKHUH ¹
�
LV WKHPD[LPXPSULQFLSDO VWUHVV� � GHQRWHV WKH YROXPH RI WKH �QHDU�WLS� IUDFWXUH SUR�

FHVV ]RQH GHILQHG E\ WKH ORFL ¹
�
� ²¹

�
ZLWK ²� �� DQG SDUDPHWHUP �WKH:HLEXOO PRGXOXV� GH�

ILQH WKH PLFURFUDFN GLVWULEXWLRQ�

)RU ELPDWHULDO V\VWHPV� VXFK DV WKH LQWHUIDFLDO FUDFN DORQJ WKH ERXQGDU\ EHWZHHQ WKHZHOG

PHWDO DQG WKH EDVH SODWH VFKHPDWLFDOO\ UHSUHVHQWHG LQ )LJ� �� WKH IUDFWXUH SURFHVV PD\ UHVXOW

IURP D FRPSOH[ LQWHUSOD\ RI WKH RSHUDWLYH IDLOXUH PHFKDQLVP IRU HDFK LQGLYLGXDO PDWHULDO� )RU

D JLYHQ UHPRWH ORDGLQJ� WKHPLVPDWFK LQ PHFKDQLFDO SURSHUWLHV� VXFK DV (�¹
�
DQG ´� EHWZHHQ

ERWK PDWHULDOV SURGXFH FUDFN�WLS VWUHVV DQG VWUDLQ ILHOGV TXLWH GLIIHUHQW WKDQ WKH ILHOGV WKDW

DULVH LQ FRUUHVSRQGLQJKRPRJHQHRXVPDWHULDO�0RUHRYHU�ZLWK LQFUHDVHG OHYHOV RI VWUHQJWKPLV�

PDWFKEHWZHHQERWKPHGLD� WKH IUDFWXUHSURFHVV ]RQH IRU HDFKPDWHULDO GLIIHU VLJQLILFDQWO\ IURP

WKRVH RI D KRPRJHQHRXV PDWHULDO�

,Q WKH SUHVHQW ZRUN� ZH DGRSW D VLPSOLILHG IRUP IRU ¹Z DSSOLFDEOH WR ELPDWHULDO V\VWHPV�

5HIHUULQJ WR )LJ� �ZKLFK VKRZV D FUDFN O\LQJ DORQJ DQ LQWHUIDFH VHSDUDWLQJPDWHULDO � DQGPD�

WHLDO �� ZH GHILQH WKH :HLEXOO VWUHVV FRUUHVSRQGLQJ WR HDFK PHGLD DV
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)LJ� �� 6FKHPDWLF UHSUHVHQWDWLRQ IRU DQ LQWHUIDFH �PDFURVFRSLF� FUDFN LQ D ELPDWHULDO
V\VWHP�
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ZKHUH WKH VXEVFULSW N GHQRWHV WKH N�WK PDWHULDO� �
N
LV WKH IUDFWXUH SURFHVV ]RQH IRU PDWHULDO

NDQGP
N
GHQRWHV WKH:HLEXOOPRGXOXV IRUPDWHULDO N� 6LQFH WKH:HLEXOO VWUHVV FDQEHDVVRFLDWHG

ZLWK D FUDFN�WLS GULYLQJ IRUFH LQFRUSRUDWLQJ D ORFDO IDLOXUH FULWHULRQ �VHH 5XJJLHUL DQG 'RGGV

>�����@�� WKH SUHVHQW GHILQLWLRQ IRU ¹Z LPSOLHV WKDW IUDFWXUH RI WKH HQWLUH ELPDWHULDO V\VWHP

WDNHV SODFH LQ RQO\ RQH PDWHULDO� L�H�� RQO\ RQH PDWHULDO FRQWUROV IDLOXUH� $V GHPRQVWUDWHG E\

H[WHQVLYH H[SHULPHQWDOZRUNRI7R\RGDDQGFR�ZRUNHV �VHH >���@ IRU LOOXVWUDWLYHGDWD�� VXFKGHIL�

QLWLRQ LV VXIILFLHQWO\ UHDOLVWLF ZKHQ DVVHVVLQJ WKH IUDFWXUH EHKDYLRU RI +6/$ VWHHO ZHOGPHQWV

ZKLOH� DW WKH VDPH WLPH� SURYLGLQJ YDOXDEOH LQVLJKW DERXW HIIHFWV RI ZHOG VWUHQJWK PLVPDWFK

RQ IUDFWXUH UHVLVWDQFH RI ZHOGPHQWV�
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7KH PRGLILHG ERXQGDU\ OD\HU PRGHO �0%/� >��@ VLPSOLILHV WKH JHQHUDWLRQ RI QXPHULFDO VROX�

WLRQV IRU VWDWLRQDU\ LQWHUIDFH FUDFNV XQGHU ZHOO�GHILQHG 66< FRQGLWLRQV ZLWK YDU\LQJ OHYHOV RI

VWUHQJWK PLVPDWFK� )LJXUH � VKRZV WKH SODQH�VWUDLQ ILQLWH HOHPHQW PRGHO IRU DQ LQILQLWH GR�

PDLQ� VLQJOH�HQGHG LQWHUIDFH FUDFN ZLWK DQ LQLWLDOO\ EOXQWHG QRWFK �ILQLWH URRW UDGLXV�

Õ
 ��³P�� 7KH 66<PRGHO KDV RQH WKLFNQHVV OD\HU RI ���� ��QRGH� ��' HOHPHQWV ZLWK SODQH�

VWUDLQ FRQVWUDLQWV LPSRVHG RQ DOO QRGHV�

:LWK WKH SODVWLF UHJLRQ OLPLWHG WR D VPDOO IUDFWLRQ RI WKH GRPDLQ UDGLXV� 5S�5��� �5 LV WKH

UDGLXV RI WKH RXWHU FLUFXODUERXQGDU\�� WKHJHQHUDO IRUPRI WKH DV\PSWRWLF FUDFN�WLS VWUHVV ILHOGV

ZHOO RXWVLGH WKH SODVWLF UHJLRQ LV JLYHQ E\ >��@
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)LJ� �� 66<PRGHO IRU DQ LQWHUIDFH FUDFNZLWK �.� 7� ILHOGV LPSRVHG RQ ERXQGDU\�
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:HOG 0HWDO

%DVH 0HWDO
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ZKHUH . LV WKH VWUHVV LQWHQVLW\ IDFWRU� ILM�»� GHILQH WKH DQJXODU YDULDWLRQV RI LQ�SODQH VWUHVV FRP�

SRQHQWV� DQG WKH QRQ�VLQJXODU WHUP 7 UHSUHVHQWV D WHQVLRQ �RU FRPSUHVVLRQ� VWUHVV SDUDOOHO WR

WKH FUDFN� ,Q WKH SUHVHQW LQYHVWLJDWLRQ� QXPHULFDO VROXWLRQV IRU 7  � DUH JHQHUDWHG E\ LPSRV�

LQJ GLVSODFHPHQWV RI WKH HODVWLF� 0RGH , VLQJXODU ILHOG RQ WKH RXWHU FLUFXODU ERXQGDU\ �U
 5�

ZKLFK HQFORVHV WKH FUDFN
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7KH HODVWLF�SODVWLFPDWHULDO HPSOR\HG LQ WKH DQDO\VHV IROORZV D -
�
IORZ WKHRU\ZLWK FRQYHQWLRQ�

DO 0LVHV SODVWLFLW\� 7KH XQLD[LDO WUXH VWUHVV�ORJDULWKPLF VWUDLQ FXUYH REH\V D VLPSOH SRZHU�

KDUGHQLQJ PRGHO LQ WKH IRUP
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ZKHUH ¹�
DQG Ó� DUH WKH UHIHUHQFH �\LHOG� VWUHVV DQG VWUDLQ� DQG Q LV WKH VWUDLQ KDUGHQLQJ H[SR�

QHQW�

7KH ILQLWH HOHPHQW DQDO\VHV FRQVLGHUPDWHULDO IORZ SURSHUWLHV IRU WKH EDVHPHWDO �PDWHULDO

�� UHSUHVHQWLQJ D W\SLFDO VWUXFWXUDO VWHHO ZLWK Q
�� �PRGHUDWH KDUGHQLQJ� DQG (�¹
�

����



)URP WKHVH PHFKDQLFDO SURSHUWLHV IRU WKH EDVH PHWDO� WKH PDWUL[ DQDO\VLV IRU WKH ZHOG �EDVH
PHWDO V\VWHP LV FRQVWUXFWHG E\ DGRSWLQJ WKH IORZ SURSHUWLHV IRU WKH ZHOG PHWDO �PDWHULDO �� DV

VKRZQ RQ 7DEOH ��
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7DEOH � 0HFKDQLFDO SURSHUWLHV IRU WKH ELPDWHULDO V\VWHP HPSOR\HG LQ WKH DQDO\VHV�

7KH UDQJHV RI SURSHUWLHV SUHVHQWHG RQ 7DEOH � UHIOHFW WKH XSZDUG WUHQG LQ \LHOG VWUHVV ZLWK

WKH GHFUHDVH LQ VWUDLQ KDUGHQLQJ H[SRQHQW FKDUDFWHULVWLF RI IHUULWLF VWHHOV� ,Q DOO DQDO\VHV�

(
��� *3D DQG ´
����

���� ����#� �����# �&!���$&�"

7KH WKUHH�GLPHQVLRQDO FRPSXWDWLRQV UHSRUWHG KHUH DUH JHQHUDWHG XVLQJ WKH UHVHDUFK FRGH

:$53�' >��@ ZKLFK� ��� LPSOHPHQWV D0LVHV FRQVWLWXWLYHPRGHOV LQ D ILQLWH�VWUDLQ IUDPHZRUN�

��� VROYHV WKH HTXLOLEULXP HTXDWLRQV DW HDFK LWHUDWLRQ XVLQJ D OLQHDU SUH�FRQGLWLRQHG FRQMXJDWH

JUDGLHQW �/3&*� PHWKRG LPSOHPHQWHG ZLWKLQ DQ HOHPHQW�E\�HOHPHQW �(%(� VRIWZDUH DUFKL�

WHFWXUH� ��� HYDOXDWHV WKH -�LQWHJUDO XVLQJ D FRQYHQLHQW GRPDLQ LQWHJUDO SURFHGXUH DQG ��� DQD�

O\]HV IUDFWXUH PRGHOV FRQVWUXFWHG ZLWK WKUHH�GLPHQVLRQDO� ��QRGH WUL�OLQHDU KH[DKHGUDO HOH�

PHQWV�

(YDOXDWLRQ RI WKH :HLEXOO VWUHVV UHTXLUHV LQWHJUDWLRQ RYHU WKH SURFHVV ]RQH� LQFOXGLQJ WKH

UHJLRQ DV U@ �� 7KH 66< DQG DOO RWKHU FUDFN PRGHOV SUHYLRXVO\ GHVFULEHG KDYH D VPDOO LQLWLDO

URRW UDGLXV DW WKH FUDFN IURQW �EOXQW WLS� ZKLFK SURYLGHV WZR QXPHULFDO EHQHILWV� ��� LW DFFHOHU�

DWHV FRQYHUJHQFH RI WKH ILQLWH�VWUDLQ SODVWLFLW\ DOJRULWKPV GXULQJ WKH LQLWLDO VWDJH RI EOXQWLQJ�

DQG ��� LWPLQLPL]HVQXPHULFDO SUREOHPVGXULQJ FRPSXWDWLRQ RI WKH:HLEXOO VWUHVV RYHUPDWHUL�

DO LQFLGHQW RQ WKH FUDFN WLS�
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)LJXUHV � DQG �SURYLGH NH\ UHVXOWV WR DVVHVV HIIHFWV RIZHOG VWUHQJWKPLVPDWFK RQ WKH FUDFN�WLS

VWUHVV ILHOGV IRU WKHELPDWHULDO V\VWHPHPSOR\HG LQ WKH DQDO\VHV�)LJXUHV ��D�G� VKRZV WKHQHDU�

WLS VWUHVV GLVWULEXWLRQ �RSHQLQJ VWUHVV� LQ WKH EDVHPHWDO VLGH XQGHU LQFUHDVLQJ GHIRUPDWLRQ IRU

DOO OHYHOV RI VWUHQJWK PLVPDWFK� 6LPLODUO\� )LJV� ��D�G� VKRZV WKH QHDU�WLS VWUHVV GLVWULEXWLRQ

�RSHQLQJ VWUHVV� LQ WKH ZHOG PHWDO VLGH XQGHU LQFUHDVLQJ GHIRUPDWLRQ IRU DOO OHYHOV RI VWUHQJWK

PLVPDWFK� ,Q WKHVH SORWV� WKH QRUPDOL]LQJ VWUHVV FRUUHVSRQGV WR WKH \LHOG VWUHVV IRU PDWHULDO

XSRQ ZKLFK WKH RSHQLQJ VWUHVVHV DUH FRPSXWHG� L�H�� GLVWDQFHV DOO VFDOH ZLWK �.
,
�¹N

�
��ZKHUHDV

WKH RSHQLQJ VWUHVVHV DUH QRUPDOL]HG E\ ¹
N

�
ZLWK N
�� ��

$W YHU\ ORZ UHPRWH ORDGLQJ IRU DOO OHYHOV VWUHQJWK PLVPDWFK �.
,

 ��� ��03D P¯ �� WKH

QHDU�WLS VWUHVVHV LQFUHDVH DV WKH SURFHVV RI FUDFN�WLS EOXQWLQJ WDNHV SODFH� $IWHU WKH QRWFK URRW



UDGLXV LQFUHDVHV WR VHYHUDO WLPHV WKH LQLWLDO UDGLXV Õ� D VWHDG\ VWDWH VROXWLRQ GHYHORSV VR WKDW

WKH QHDU�WLS ILHOGV XQGHU 66< FRQGLWLRQV DUH VLPSO\ D FRQWLQXRXV VHULHV RI VHOI�VLPLODU VWDWHV�

7KHVH SODQH�VWUDLQ ILHOGV WKXV GHILQH D IDPLO\ RI UHIHUHQFH ILHOGV IRU VWDWLRQDU\ FUDFNV ZKHUH

VSHFLILHG YDOXHV IRU .,
XQLTXHO\ GHILQH WKH HODVWLF�SODVWLF ILHOGV DORQJ WKH FUDFN WLSZKHQ D YDQ�

LVKLQJO\ VPDOO SODVWLF ]RQH HQFORVHV WKH WLS�

7KH FHQWUDO IHDWXUH RI WKH UHVXOWV GLVSOD\HG LQ WKRVH SORWV LV WKH VWURQJ HIIHFW RI VWUHQJWK

PLVPDWFK RQ WKH PDJQLWXGH RI WKH QHDU�WLS RSHQLQJ VWUHVVHV� &RPSDUHG WR WKH KRPRJHQHRXV

FDVH �HYHQPDWFKHGPDWHULDO V\VWHPïVHH)LJV� ��D� DQG ��D��� VWUHQJWK RYHUPDWFKLQJ SURGXFHV

D VLJQLILFDQW LQFUHDVH RI WKH QHDU�WLS RSHQLQJ VWUHVVHV LQ WKH EDVHPHWDO VLGH ZKHUHDV VWUHQJWK

XQGHUPDWFKLQJ FDXVHV DQ LQFUHDVH RI WKH QHDU�WLS RSHQLQJ VWUHVVHV LQ WKHZHOGPHWDO VLGH ïVHH

)LJ� ��G�� 7KHVH WUHQGV DUH FRQVLVWHQW ZLWK SUHYLRXV QXPHULFDO DQDO\VHV LQ WKDW VWUHQJWK PLV�

PDWFK DOWHU VLJQLILFDQWO\ WKH FUDFN�WLS VWUHVV ILHOGV IRU DQ LQWHUIDFH FUDFNZKHQ FRPSDUHGZLWK

WKRVH IRU D FUDFN LQ D KRPRJHQHRXV PDWHULDO >��@� ,Q VXPPDU\� WKHVH UHSUHVHQWDWLYH DQDO\VHV

FOHDUO\ GHPRQVWUDWH WKDW VWUHQJWKPLVPDWFK EHWZHHQ WKH ZHOGPHWDO DQG EDVH SODWH SURPRWHV

DQ LQFUHDVH LQ WKH PDJQLWXGH RI WKH VWUHVVHV WKDW GHYHORS DKHDG RI D �PDFURVFRSLF� LQWHUIDFH

FUDFN IRU WKH ZHDNHU PDWHULDO�

+� ��
� �� ����(�� ������
� �� ���
�	� �������


7KH VLPSOLILHG IRUP RI WKH :HLEXOO VWUHVV� JLYHQ E\ (T� ���� SURYLGHV WKH EDVLV WR DVVHVV HIIHFWV

RI VWUHQJWK PLVPDWFK RQ WKH IUDFWXUH UHVLVWDQFH IRU ELPDWHULDO V\VWHPV� VXFK DV WKH RQH GH�

SLFWHG LQ )LJ� �� 7KH SURFHGXUH UHOLHV RQ WKH QRWLRQ RI ¹Z DV WKH FUDFN�WLS GULYLQJ IRUFH >�����@

ZKLFK HVWDEOLVKHV D UREXVW FRXSOLQJ EHWZHHQ WKH DSSOLHG ORDG DQG OHYHO RI PLVPDWFK WKHUHE\

GHVFULELQJ WKH ORFDO� FUDFN�WLS UHVSRQVH IRU FOHDYDJH IUDFWXUH�

)LJXUH �GLVSOD\V WKH HYROXWLRQ RI WKH:HLEXOO VWUHVV QRUPDOL]HG E\ WKH \LHOG VWUHVV ¹
N

�
�N
��

�� �QRWH WKDW WKH QRUPDOL]LQJ VWUHVV FRUUHVSRQGV WR WKH PDWHULDO XSRQ ZKLFK ¹Z LV FRPSXWHG�

ZLWK LQFUHDVHG ORDGLQJ�)RUDOO OHYHOV RIPLVPDWFKDQGPDWHULDO FRPELQDWLRQ� WKH:HLEXOO VWUHVV

LQFUHDVHVPRQRWRQLFDOO\ZLWK WKH.�OHYHOV�7KHPRVW VWULNLQJ IHWXUHRI WKHVH UHVXOWV LV WKHGHYHO�

RSPHQW RI ¹Z ZLWK LQFUHDVLQJ ORDGLQJ IRU WKH PLVPDWFKHG FRQGLWLRQV �VHH )LJV� ��E�G�� 7KH

QRUPDOL]HG OHYHOV RI ¹Z IRU WKHZHDNHUPDWHULDO DUH FRQVLVWHQWO\ KLJKHU WKDQ WKH FRUUHVSRQGLQJ

¹Z�OHYHOV IRU WKH VWURQJHUPDWHULDO LQ DOOPDWHULDO FRPELQDWLRQV� ,Q WKH FRQWH[W RI WKHPLFURPH�

FKDQLFV DSSURDFK DGRSWHG LQ WKH SUHVHQWZRUN� VXFK UHVXOWV SURYLGH LPSRUWDQW IHDWXUHV DVVRFL�

DWHG ZLWK WKH IUDFWXUH UHVLVWDQFH RI ZHOGPHQWV �DQG JHQHUDO ELPDWHULDO V\VWHPV DV ZHOO�� 7KH

SK\VLFDO VLJQLILFDQFH LV WKLV� VWUHQJWKRYHUPDWFKDQGVWUHQJWKXQGHUPDWFKSURPRWHV UHGXFWLRQ

LQ WKH IUDFWXUH UHVLVWDQFH IRU WKH EDVHPHWDO VLGH� ,Q SDUWLFXODU� WKH HIIHFW RI VWUHQJWKRYHUPDWFK

RQ WKH IUDFWXUH UHVLVWDQFH RI ZHOGPHQWV KDV LPSRUWDQW LPSOLFDWLRQV IRU WKH IUDFWXUH EHKDYLRU

RI+$=�QRWFKHGZHOGHG MRLQWV�:HOGRYHUPDWFK�ZKLOH ¶¶VKLHOGLQJ·· WKHZHOGPHWDO UHJLRQ� FDXVHV

VXEVWDQWLDO LQFUHDVH LQ WKH FUDFN�WLS GULYLQJ IRUFH IRU WKH+$= UHJLRQ �DV TXDQWLILHG E\ ¹Z�� %H�

FDXVH WKLV UHJLRQ PD\ FRQWDLQ D ODUJH DPRXQW RI EULWWOH FRQVWLWXHQWV �ZKLFK H[KLELW YHU\ ORZ

IUDFWXUH UHVLVWDQFH�� WKH ORDG�FDUU\LQJ FDSDFLW\ RI WKH ZHOGHG MRLQW PD\ EH VLJQLILFDQWO\ UH�

GXFHG�

,� 
��
�	���( ����)�

:H KDYH SUHVHQWHG D PLFURPHFKDQLFV�EDVHG IUDPHZRUN WR DVVHVV WKH HIIHFWV RI VWUHQJWK PLV�

PDWFK RQ IUDFWXUH UHVLVWDQFH RI ZHOGPHQWV ZKLFK KDV VWURQJ LPSOLFDWLRQ RQPDFURVFRSLF PHD�

VXUHV RI FOHDYDJH IUDFWXUH WRXJKQHVV �-F� ªF� IRUZHOGHG MRLQWV DQGZHOGHG FRPSRQHQWV� 7R LQFRU�

SRUDWH WKH SURQRXQFHG HIIHFWV RI VWUHQJWK PLVPDWFK RQ WKH FUDFN�WLS VWUHVV ILHOGV DQG RQ WKH

QHDU�WLS VWUHVVHG YROXPH �L�H�� WKH IUDFWXUH SURFHVV ]RQH DKHDG RI WKH FUDFN� ZH HPSOR\ WKH:HL�

EXOO VWUHVV� ¹Z� DV D QHDU�WLS� RU ORFDO� IUDFWXUH SDUDPHWHU� 7KH VWUHQJWK PLVPDWFK DIIHFWV WKH
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HYROXWLRQ RI ¹Z XQGHU LQFUHDVLQJ DSSOLHG ORDG ZKLFK UHIOHFWV RQ IUDFWXUH UHVLVWDQFH RI ZHOG�

PHQWV� 2XU UHSUHVHQWDWLYH DQDO\VHV KDYH FOHDUO\ GHPRQVWUDWHG WKDW VWUHQJWK PLVPDWFK EH�

WZHHQ WKHZHOGPHWDO DQGEDVHSODWHSURPRWHVDQ LQFUHDVH LQ WKHPDJQLWXGHRI WKH VWUHVVHV WKDW

GHYHORS DKHDG RI D �PDFURVFRSLF� LQWHUIDFH FUDFN IRU WKH ZHDNHUPDWHULDO� &RQVHTXHQWO\� ZHOG

RYHUPDWFKPD\ UHGXFH VXEVWDQWLDOO\ WKH ORDG�FDUU\LQJ FDSDFLW\ RI +$=�QRWFKHG ZHOGHG MRLQWV

ZLWK ZHOG PHWDO RYHUPDWFK� :KLOH ZH KDYH QRW H[SORUHG DQ H[WHQVLYH UDQJH RI PDWHULDO FRP�

ELQDWLRQV� WKH UHODWLYH RSHUDWLRQDO VLPSOLFLW\ DQG UREXVWQHVV RI WKH:HLEXOO VWUHVVDSSURDFKHQ�

FRXUDJHV IXUWKHU LQYHVWLJDWLRQV LQ SURFHGXUHV IRU IUDFWXUH DVVHVVPHQWV RI ZHOGHG VWUXFWXUHV�

)XUWKHUZRUN LV LQ SURJUHVV WR GHYHORS DPRUH UHILQHG IUDPHZRUN HPSOR\LQJ WKH:HLEXOO VWUHVV

PRUH DSSOLFDEOH WR ELPDWHULDO DQG WULPDWHULDO V\VWHPV�

$FNQRZOHGJHPHQWV

7KLV LQYHVWLJDWLRQ ZDV VXSSRUWHG E\ JUDQWV SULQFLSDOO\ IURP WKH 6FLHQWLILF )RXQGDWLRQ RI WKH 6WDWH RI

6mR 3DXOR �)$3(63� XQGHU *UDQW ����������� $FFHVV WR WKH 6*,�2ULJLQ ��� DW WKH +LJK 3HUIRUPDQFH

&RPSXWLQJ &HQWHU �/&&$� RI WKH 8QLYHUVLW\ RI 6mR 3DXOR LV JUDWHIXOO\ DFNQRZOHGJHG�

��-�&����"

�� 0LQDPL� )�� 7R\RGD�0� DQG5XJJLHUL� &� � ¶¶6LJQLILFDQFH RI 6KDOORZ1RWFK&72'7HVW LQ )UDFWXUH3HUIRUPDQFH
(YDOXDWLRQ RI:HOGHG -RLQW�µ LQ2IIVKRUH0HFKDQLFV DQG $UWLF (QJLQHHULQJ &RQIHUHQFH �20$(�� 9RO�,,,�%� SS�
�������� ����� *ODVJRZ�

�� :HEVWHU� 6� (� DQG :DONHU� (� )�� � ¶¶7KH 6LJQLILFDQFH RI /RFDO %ULWWOH =RQHV WR WKH ,QWHJULW\ RI /DUJH :HOGHG
6WUXFWXUHV�µ LQ 2IIVKRUH 0HFKDQLFV DQG $UWLF (QJLQHHULQJ &RQIHUHQFH �20$(�� ����� +RXVWRQ�

�� 6X]XNL� 6�� %HVV\R� .�� 7R\RGD� 0� DQG 0LQDPL� )�� � ¶¶3URSHUW\ 'LVWULEXWLRQ 0DS WR 8QGHUVWDQG +$= &72'
7RXJKQHVV�µ LQ 2IIVKRUH 0HFKDQLFV DQG $UWLF (QJLQHHULQJ &RQIHUHQFH �20$(�� 9RO�,,,�%� SS� �������� �����
*ODVJRZ�

�� 7KDXORZ�&��3DDXZ�$�-��+DXJH�0��7R\RGD�0DQG0LQDPL� � ¶¶)UDFWXUH3URSHUW\ RI+$=�1RWFKHG:HOG-RLQW
ZLWK 0HFKDQLFDO 0LVPDWFKLQJ�µ LQ 6\PSRVLXP RI 0LV�0DWFKLQJ RI :HOGV �(GV� 6FKZDOEH DQG .RoDN�� SS�
�������� �����

�� 5XJJLHUL�&�� ¶¶$)UDPHZRUNWR&RUUHODWH(IIHFWVRI&RQVWUDLQW/RVVDQG'XFWLOH7HDULQJRQ)UDFWXUH7RXJKQHVV
ï 3DUW ,� 3UREDELOLVWLF $SSURDFK�µ ��WK%UD]LOLDQ &RQJUHVV RI 0HFKDQLFDO (QJLQHHULQJ �&REHP ���� ÉJXDV GH
/LQGyLD� %UD]LO �������

�� 5XJJLHUL�&�DQG7URYDWR�(� ¶¶$)UDPHZRUNWR&RUUHODWH(IIHFWVRI&RQVWUDLQW/RVVDQG'XFWLOH7HDULQJRQ)UDF�
WXUH7RXJKQHVVï3DUW,,�)UDFWXUH8QGHU6PDOO6FDOH<LHOGLQJ&RQGLWLRQV�µ��WK%UD]LOLDQ&RQJUHVVRI0HFKDQ�
LFDO (QJLQHHULQJ �&REHP ���� ÉJXDV GH /LQGyLD� %UD]LO �������

�� 5XJJLHUL�&�� ¶¶$)UDPHZRUNWR&RUUHODWH(IIHFWVRI&RQVWUDLQW/RVVDQG'XFWLOH7HDULQJRQ)UDFWXUH7RXJKQHVV
ï3DUW ,,,� 3DUDPHWHU &DOLEUDWLRQ DQG )UDFWXUH 7HVWLQJ�µ ��WK%UD]LOLDQ &RQJUHVV RI 0HFKDQLFDO (QJLQHHULQJ
�&REHP ���� ÉJXDV GH /LQGyLD� %UD]LO �������

�� %HUHPLQ� )�0� ¶¶$ /RFDO &ULWHULRQ IRU &OHDYDJH )UDFWXUH RI D 1XFOHDU 3UHVVXUH 9HVVHO 6WHHO�µ0HWDOOXUJLFDO
7UDQVDFWLRQV� 9RO� ��$� SS� ����ï����� �����

�� 0XGU\� )�� ����� ¶¶$ /RFDO $SSURDFK WR &OHDYDJH )UDFWXUHµ� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ� 9RO� ���� SS�
��ï���

��� 5XJJLHUL� &� DQG'RGGV� 5�+�� ¶¶$ 7UDQVIHUDELOLW\0RGHO IRU %ULWWOH )UDFWXUH ,QFOXGLQJ&RQVWUDLQW DQG'XFWLOH
7HDULQJ (IIHFWV� $ 3UREDELOLVWLF $SSURDFK�µ ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH� 9RO� ��� SS� �������� �����

��� 5XJJLHUL� &� DQG'RGGV� 5�+�� ¶¶3UREDELOLVWLF0RGHOLQJ RI %ULWWOH )UDFWXUH ,QFOXGLQJ ��'(IIHFWV RQ&RQVWUDLQW
/RVV DQG 'XFWLOH 7HDULQJ�µ -RXUQDO GH 3K\VLTXH� 9RO� �����

��� 5XJJLHUL� &� DQG'RGGV� 5�+�� ¶¶:675(665HOHDVH ���� 1XPHULFDO &RPSXWDWLRQ RI 3UREDELOLVWLF )UDFWXUH 3D�
UDPHWHUV IRU ��' &UDFNHG 6ROLGV�µ %7ï319ï���7HFKQLFDO 5HSRUW�� (3863� 8QLYHUVLW\ RI 6mR 3DXOR� �����

��� 5XJJLHUL� &� DQG 'RGGV� 5� +�� ¶¶1XPHULFDO &RPSXWDWLRQ RI 3UREDELOLVWLF )UDFWXUH 3DUDPHWHUV 8VLQJ
:675(66�µ (QJLQHHULQJ &RPSXWDWLRQV� 9RO� ��� SS� ������ �����

��� 5XJJLHUL�&��'RGGV�5�+�DQG:DOOLQ�.�� ¶¶&RQVWUDLQWV(IIHFWVRQ5HIHUHQFH7HPSHUDWXUH�7�� IRU)HUULWLF6WHHOV
LQ WKH 7UDQVLWLRQ 5HJLRQ�µ (QJLQHHULQJ )UDFWXUH 0HFKDQLFV� 9RO� ��� SS� ������ �����

��� .RSSHQKRHIHU�.��*XOOHUXG�$��5XJJLHUL�&��'RGGV�5�DQG+HDO\�%�� ¶¶:$53�'�'\QDPLF1RQOLQHDU$QDO\VLV
RI6ROLGV8VLQJD3UHFRQGLWLRQHG&RQMXJDWH*UDGLHQW6RIWZDUH$UFKLWHFWXUHµ�6WUXFWXUDO5HVHDUFK6HULHV�656�
���� 8,/8ï(1*ï��ï�����8QLYHUVLW\ RI ,OOLQRLV DW 8UEDQDï&KDPSDLJQ� �����

��� :LOOLDPV�0�/�� ¶¶2Q WKH 6WUHVV'LVWULEXWLRQ DW WKH%DVH RI D 6WDWLRQDU\&UDFNµ�-RXUQDO RI $SSOLHG0HFKDQLFV�
9RO� ��� SS� ���ï���� �����

��� /DUVVRQ� 6�*� DQG&DUOVVRQ�$�-�� ¶¶,QIOXHQFHRI1RQï6LQJXODU6WUHVV7HUPVDQG6SHFLPHQ*HRPHWU\ RQ6PDOO
6FDOH<LHOGLQJDW&UDFNï7LSVLQ(ODVWLFï3ODVWLF0DWHULDOVµ�-RXUQDORI WKH0HFKDQLFVDQG3K\VLFVRI6ROLGV�9RO�
��� SS� ���ï���� �����

��� 5XJJLHUL� &�� 0LQDPL� )� DQG 7R\RGD� 0� ¶¶(IIHFW RI :HOG 6WUHQJWK 0LVPDWFK LQ +$=�1RWFKHG :HOGHG -RLQWV
6XEMHFWHG WR %HQGLQJ DQG 7HQVLRQ�µ-RXUQDO RI WKH 6RFLHW\ RI 1DYDO$UFKLWHFWV RI -DSDQ� 9RO� ���� SS� ���ï����
�����


