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([WUDFWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI�&KLWRVDQ�DQG�3UHSDUDWLRQ�
RI�1DQR�FRPSRVLWHV�ZLWK�5HVRUFLQRO�)RUPDOGHK\GH�5HVLQ�

*DQHVK�%KDQGDUL��5DMHVK�3DQGLW�DQG��1HWUD�/DO�%KDQGDUL

&KHPLVWU\�'HSDUWPHQW��7UL�&KDQGUD�0XOWLSOH�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��.DWKPDQGX��1HSDO�
(�PDLO��QHWUD�WX�HGX#JPDLO�FRP�

$EVWUDFW� �

&KLWRVDQ� LV� D� IXQFWLRQDOL]HG� IRUP� RI� 1�GHDFHW\ODWLRQ� RI� FKLWLQ� WKDW� KDV� D� OLQHDU� FKDLQ� RI� ����� ���

JOXFRVDPLQH� �&�+��2�1�Q� H[WUDFWHG� IURP� HGLEOH� FUXVWDFHDQV� VXFK� DV� FUDEV� E\� GHPLQHUDOL]DWLRQ��
GHSURWHLQL]DWLRQ�DQG�1�GHDFHW\ODWLRQ� UHVSHFWLYHO\�� ,W�ZDV� FKDUDFWHUL]HG� � E\�)RXULHU� WUDQVIRUP� LQIUDUHG�
�)7,5�� VSHFWURVFRS\� DQG� ;�5D\� GLIIUDFWLRQ� �;5'�� DQDO\VLV� WKDW� UHYHDOHG� WKH� VL]H� RI� &KLWRVDQ� QDQR�
SDUWLFOHV�DQG�FRQILUP�WKH�SUHVHQFH�RI�PDMRU�IXQFWLRQDO�JURXSV�DV��2+���1+���& 2��&�2�&���&+���DQG�±
&+��'LIIHUHQW�FRPSRVLWLRQ�FRPSRVLWHV�RI� �UHVRUFLQRO� IRUPDOGHK\GH�UHVLQ�RI�FKLWRVDQ�ZDV�SUHSDUHG�ZLWK�
VROXWLRQ�FDVWLQJ�DQG�DUH�FKDUDFWHUL]HG�E\�FRPSUHVVLYH�VWUHQJWK�WHVW��7KH�UHVXOW�VKRZV�WKDW�UHOD\�DERXW�WKH�
GHFUHDVH�LQ�WKH�FRPSUHVVLYH�VWUHQJWK�ZLWK�DGGLWLRQ�RI�FKLWRVDQ�LQ�FRPSRVLWHV��

.H\ZRUGV��&KLWRVDQ�LV�D�IXQFWLRQDOL]HG��1DQR�FRPSRVLWHV��5HVRUFLQRO�)RUPDOGHK\GH�5HVLQ

,QWURGXFWLRQ

%LRSRO\PHUV� VXFK� DV� FKLWLQ�� FROODJHQ�� KHPLFHOOXORVH� DUH� � QDWXUDO� � SRO\PHUV� � WKDW� � DUH� � DEXQGDQWO\��
DYDLODEOH� DQG� H[WUDFWDEOH� IURP� QDWXUDO� VRXUFHV�ZKLFK� DUH� UHSOHQLVKHG� WKURXJK� SODQWDWLRQV� RU� JURZWK� RI��
DQLPDO��SURYLGLQJ��UHQHZDELOLW\��FRPSDUHG��WR�V\QWKHWLF�SRO\PHU��7KH�SUREOHP�DVVRFLDWHG�ZLWK�V\QWKHWLF�
SRO\PHUV� VXFK� DV� WR[LFLW\� DQG�QRQ�ELRGHJUDGDELOLW\� LV� VXSSUHVVHG�E\� WKH�XVH�RI�ELRSRO\PHUV�ZLWK� WKHLU�
LPPXQRJHQLF�EHKDYLRU� ������7KH\�DUH�ELRGHJUDGDEOH�DQG� WKXV�FUHDWH�PLQLPXP�ZDVWHV��7KH\�DUH�GHULYHG�
IURP�ELRORJLFDO�FRPSRVLWLRQV��LQFOXGLQJ�SRO\VDFFKDULGHV��SURWHLQ�DQG�OLSLGV����

3RO\VDFFKDULGH� DUH� WKH� SRO\PHUV� RI� FDUERK\GUDWH�PROHFXOHV� ERXQG� WRJHWKHU� E\� JO\FRVLGLF� OLQNDJHV�
IRXQG�LQ�VWDUFK�DQG�JO\FRJHQ��FHOOXORVH�DQG�FKLWLQ�DQG�ZKHQ�K\GURO\]HG�JLYHV�GLIIHUHQW�W\SHV�RI�ROLJRVDF�
FKDULGHV�DQG�SRO\VDFFKDULGHV�����

&KLWLQ� LV� D� QLWURJHQRXV� ORQJ� FKDLQ� SRO\PHU� RI� DQ� 1�DFHW\O� JOXFRVH� KDYLQJ� D� PROHFXODU� IRUPXOD�

�&�+��2�1�Q��&KLWLQ� KDV� XVHG� IRU� VHYHUDO�PHGLFLQDO�� LQGXVWULDO� DQG� ELRWHFKQRORJLFDO� SXUSRVHV� ��� ,W� LV�
V\QWKHVL]HG� IURP� WKH�1�DFHW\O� �'�JOXFRVDPLQH�� 7KHVH� XQLWV� IRUP� FRYDOHQW� ��� ��� �� OLQDJH� �ZKLFK� LV�
VLPLODU�WR�WKH�OLQNDJHV�EHWZHHQ�WKH�JOXFRVH�XQLWV�RI�FHOOXORVH���

&RUUHVSRQGLQJ�DXWKRU
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6FKHPH����6WUXFWXUH�RI�&KLWLQ

&KLWRVDQ�LV�FKHPLFDOO\�GHILQHG�DV�D�FRSRO\PHU�RI� ��������JOXFRVDPLQH��&�+��2�1��Q��ZLWK�D�YDU\LQJ�
FRQWHQW�RI�1�DFHW\O�JURXSV�SURGXFHG�E\�GHDFHW\ODWLRQ�RI�FKLWLQ��,W�FRQWDLQV�WKH�K\GUR[\O�JURXS���2+��DQG�
PDLQO\�VKRZV�WKH�FKHODWLQJ�DELOLW\�IRU�PDQ\�WUDQVLWLRQ�PHWDO�FRQWDLQLQJ�RUJDQRPHWWDOLF�FRPSRXQGV��

&KLWRVDQ� VKRZV� WKH�SURSHUWLHV� OLNH�ELRFRPSDWLELOLW\��ELRGHJUDGDELOLW\��K\GURSKLOLLFLW\��ELRORJLFDO� DF�
WLYLW\�DQG� ORZ�WR[LFLW\��7KH�ELRORJLFDO�SURSHUWLHV�VKRZQ�E\�FKLWRVDQ�DUH�VSHUPLFLGDO�� ,PPXQR�DGMXYDQW��
IXQJLVWDWLF�DQG�DQWLFKROHVWHUHPLF�EHKDYLRU��7KH���FKDUDFWHULVWLFV���RI���FKLWRVDQ���LQ���VROXWLRQV���GHSHQG���RQ���
WKH���GHJUHH���RI�GHDFHW\ODWLRQ���,W�LV�D�FRORUOHVV��FU\VWDOOLQH�RU�DPRUSKRXV�SRZGHU��ZKLFK�LV�LQVROXEOH�LQ�
ZDWHU��RUJDQLF�VROYHQWV�DQG�GLOXWHG�DFLG�DQG�DONDOL��,W�FRQWDLQV�WKH�DPLQR�JURXS�ZKLFK�LV�KLJKO\�UHDFWLYH�LQ�

QDWXUH��7KH�SUHVHQFH�RI�IUHH��1+��JURXSV��SULPDU\�±2+�JURXSV�DQG�VHFRQGDU\�±2+�JURXSV�LQ�FKLWRVDQ�
PDNHV�LW�DV�D�XVHIXO��FKURPDWRJUDSKLF��VXSSRUW������

6FKHPH����6WUXFWXUH�RI�FKLWRVDQ�

7KH�SULPDU\�VRXUFH��RI��FKLWLQ��LV��WKH��PDULQH��FUXVWDFHDQ��VKHOO��ZDVWH��IURP��VKULPS���SUDZQV��DQG�
FUDEV���6KULPSV�DUH�ZLGHO\�XVHG�DV�D�VHD�IRRG�EXW�GXH�WR�LQVROXELOLW\�QDWXUH�RI�LWV�VKHOO�LW�LV�FDXVLQJ�SROOX�
WLRQ� ���+RZHYHU�� WKH� FKHPLFDO� FRQYHUVLRQ�RI� VKULPS� LQWR� FKLWRVDQ� LV� WDNHQ� ODUJHO\�XQGHU� FRQVLGHUDWLRQ��
%LRORJLFDO�DQG�FKHPLFDO�PHWKRGV�FDQ�EH�HPSOR\HG�IRU�FKLWRVDQ�H[WUDFWLRQ�ZKLFK�FRQWDLQ�ERWK�GHPLQHUDOL�
]DWLRQ�DQG�GHSURWHLQL]DWLRQ�VWDJH��7KH�FKHPLFDO�H[WUDFWLRQ�PHWKRG�\LHOGV�LQWR�KLJKHU�SHUFHQWDJH�SXULW\�RI�
FKLWLQ����

%RWK�FKLWLQ�DQG�WKH�FKLWLQ�GHULYHG�FKLWRVDQ�KDYH�ZLGH�UDQJLQJ�DSSOLFDWLRQV�LQ�WKH�ILHOG�RI�ELRPHGLFLQH��
PLFURELRORJ\��WLVVXH�HQJLQHHULQJ��IRRG�WHFKQRORJ\��DJULFXOWXUH��HOHFWURFKHPLFDO�WHFKQRORJ\��WH[WLOH��HQHU�
J\�DQG�ELR�QDQRWHFKQRORJ\����&KLWLQ¶V�SXULW\�SOD\V�DQ�LPSRUWDQW�UROH�IRU�ELRPHGLFDO�DSSOLFDWLRQ�LQ�RUGHU�
WR�DYRLG�FRQWDPLQDWLRQ��&KLWRVDQ�PHPEUDQHV�KDYH�EHHQ�SURSRVHG�DV�DQ�DUWLILFLDO�NLGQH\�PHPEUDQH�EH�
FDXVH�RI�WKHLU�VXLWDEOH�SHUPHDELOLW\�DQG�KLJK�WHQVLOH�VWUHQJWK��������

(YHQ�KDYLQJ�ODUJH�QXPEHU�RI�DGYDQWDJHV��WKHUPDO�VWDELOLW\��KDUGQHVV��JDV�EDUULHU�SURSHUWLHV�DQG�EDFWH�
ULRVWDWLF�DFWLYLW\�DUH�DFWLQJ�DV�D�EDUULHU� WR�PHHW� LWV�DSSOLFDWLRQV��7KXV��PRGLILFDWLRQ��FKHPLFDO�PRGLILFD�
WLRQ��EOHQGLQJ�DQG�JUDIW�FRSRO\PHUL]DWLRQ��RI�FKLWRVDQ�KDV�JDLQHG�LPSRUWDQFH�WR�PHHW�WKH�GHVLUHG�SURSHU�
WLHV���



:͘�EĞƉĂů��ŚĞŵ͘�^ŽĐ͕͘�sŽů͘�ϯϵ͕�ϮϬϭϴ

����

$OWKRXJK�KDYLQJ�PDQ\�DGYDQWDJHV��LW�FDQ�ELRORJLFDOO\�GHJUDGH�XQGHU�HQYLURQPHQWDO�FRQGLWLRQV���VXFK�
DV� PRLVWXUH�� QXWULHQW�� PLFURRUJDQLVPV�� WHPSHUDWXUH� DQG� RWKHUV�� ,W� FDQ� EH� WDNHQ� DV� DGYDQWDJHRXV� ZKHQ�
FRPSDUHG�WR�V\QWKHWLF�SRO\PHU�DV�WKH\�WDNH�PLOOLRQV�RI�\HDUV�WR�EH�GHJUDGHG���)XUWKHUPRUH��FKLWRVDQ�FDQ�
EH�H[WUDFWHG�IURP�YDULRXV�VRXUFHV�VXFK��DV��FUXVWDFHDQ���DOJDH�WKDW�GLIIHU��LQ�SK\VLRFKHPLFDO���SURSHUWLHV���
VXFK���DV���PROHFXODU���ZHLJKW��SRO\PHU��VWUXFWXUH���VWHUHRFKHPLVWU\���SULPDU\�VHTXHQFH�DQG��FKHPLFDO��UH�
DFWLYLW\���HWF����

5HVRUFLQRO��FU\VWDOOL]HV��IURP��EHQ]HQH��DV��FRORUOHVV��QHHGOHV��WKDW��DUH��UHDGLO\��VROXEOH��LQ�ZDWHU���DO�
FRKRO���DQG��HWKHU���EXW��LQVROXEOH��LQ��FKORURIRUP�DQG�FDUERQ��GLVXOILGH���5HVRUFLQRO�UHDFWV�ZLWK�IRUPDOGH�
K\GH� WR� SURGXFH� SDUWLDOO\� FRQGHQVHG� UHDFWLRQ� SURGXFWV�� &KLWRVDQ� FRPSRVLWH� LV� IRUPHG� IURP� UHVRUFLQRO�
IRUPDOGHK\GH��7KH�UHDFWLRQ�LV�H[RWKHUPLF�VR�WKDW�WKH�KHDW�LV�PDLQWDLQHG�GXULQJ�WKH�UHDFWLRQ�LQWHUYDO��5HV�
RUFLQRO� LV� DOVR� XVHG� DV� D� FKHPLFDO� LQWHUPHGLDWH� IRU� WKH� V\QWKHVLV� RI� SKDUPDFHXWLFDOV� DQG� RWKHU� RUJDQLF�
FRPSRXQGV�DQG�DOVR�LQ�HQGRGRQWLF�WKHUDS\�WUHDWPHQW�IRU�KXPDQ�EHLQJ�����

7KH�PDLQ�DLP�RI�SUHVHQW�ZRUN�LV�WR�LVRODWH�FKLWRVDQ�IURP�FKLWLQ�FRQWDLQLQJ�FUDEV�DQG�SUDZQ�VKHOOV��7KH�
FKLWRVDQ�WKXV�H[WUDFWHG�DQG�SUHSDUHG�LQ�UHVRUFLQRO�IRUPDOGHK\GH�UHVLQ�WR�SUHSDUH�WKH�QDQRFRPSRVLWHV�WKDW�
VKRZV�EHWWHU�PHFKDQLFDO�SURSHUWLHV�DQG�HQYLURQPHQWDOO\�PRUH�FRPSDWLEOH�FRPSRVLWHV� WKDQ�QHDW�FRPSR�
VLWHV�

([SHULPHQWDO�0HWKRGV

5DZ�PDWHULDOV�

6KULPS�VKHOO� DQG�FUDE�VKHOOV�ZHUH� VFUDSHG� IUHH�RI� ORRVH� WLVVXH��ZDVKHG��GULHG�DQG�SRZGHUHG�� ,W�ZDV�
VLHYHG�WKURXJK�D�������������PP�PHVK��7KHQ�WKH\�ZHUH�VXEMHFWHG�WR�GHPLQHUDOL]DWLRQ��GHSURWHLQL]DWLRQ�
DQG�GHDFHW\ODWLRQ�����

&KHPLFDO�GHPLQHUDOL]DWLRQ�

3RZGHUHG� IRUP� RI� FUDE� VKHOOV�ZDV� WKHQ� WUHDWHG�ZLWK� ��� �Y�Y����+&O� LQ� WKH� UDWLR� RI� ������� WKDW� LV�
�J�P/��IRU����KUV��7KH�PL[WXUH�ZDV�NHSW�LQ�DPELHQW�WHPSHUDWXUH�DQG�ZDV�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�WLOO�

QHXWUDO��7KH�GHPLQHUDOL]HG�VDPSOHV�ZHUH�GULHG�DQG�ZHLJKHG�DQG�HPLVVLRQ�RI�&2��JDV�ZDV�REVHUYHG��

'HSURWHLQL]DWLRQ�

$IWHU�GHPLQHUDOL]DWLRQ��GHSURWHLQL]DWLRQ�RI�FKLWLQ�ZDV�FDUULHG�RXW�E\�XVLQJ������Z�Y����1D2+��)LVK�
HU�6FLHQWLILF��DW�����&�IRU����KRXUV��7KH�UHVXOWLQJ�VROXWLRQ�ZDV�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�DQG�HWKDQRO�
���P/�JUDP��%HQJDO�&KHPLFDOV�������IRU�QHXWUDOL]DWLRQ�DQG�SXULILFDWLRQ�RI�FKLWLQ��,W�ZDV�WKHQ�GULHG�DW���
�&�WLOO�D�FRQVWDQW�ZHLJKW�ZDV�REWDLQHG��

'HDFHW\ODWLRQ�RI�FKLWLQ�

&KLWLQ�ZDV�WUHDWHG�ZLWK�����1D2+��Z�Y����VROXWLRQ�DW�����&�IRU���KRXUV�DQG�ILOWHUHG��7KH�UHVLGXH�
ZDV�ZDVKHG�ZLWK�KRW�GLVWLOOHG�ZDWHU�DQG�FUXGH��FKLWRVDQ��ZDV��REWDLQHG��E\��GU\LQJ��LQ��KRW�DLU��RYHQ��DW����
�&�RYHUQLJKW��7KH�GHWDLO�RI�WKH�GHDFHW\ODWLRQ�SURFHVV�WR�SUHSDUH�FKLWRVDQ�ZDV�SUHVHQWHG�LQ�VFKHPH����
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6FKHPH����'HDFHW\ODWLRQ�SURFHVV�RI�FKLWLQ�WR�SUHSDUH�FKLWRVDQ�

3UHSDUDWLRQ�RI�UHVRUFLQRO�IRUPDOGHK\GH�FKLWRVDQ�QDQR�FRPSRVLWHV

5HVRUFLQRO���J��6')&/���������ZDV�PL[HG�ZLWK���J�RI�ZDWHU�DQG� WKHQ�DERXW�����J�RI�R[DOLF�DFLG�
�)LVKHU�6FLHQWLILF�������ZDV�DGGHG�ZKLFK�ZDV�WKHQ�KHDWHG�LQ�D�UHIOX[�FRQGHQVHU�DW�DERXW�����&�������&���
$IWHU�WKDW��DERXW��J�RI�IRUPDOGHK\GH��6')&/�������ZDV�FDUHIXOO\�DGGHG�LQ�UHVRUFLQRO�VROXWLRQ�WR�SUHSDUH�
WKH�UHVLQ��9DULRXV�FRPSRVLWLRQ�FRPSRVLWHV�RI�UHVLQ�ZLWK�FKLWRVDQ�ZHUH�SUHSDUHG�E\�VROXWLRQ�FDVWLQJ�PHWK�
RG�����

$IWHU�WKH�DGGLWLRQ�RI�FKLWRVDQ��WKH�PL[WXUH�ZDV�UHIOX[HG�WR�HQVXUH�FRPSOHWH�FRPEXVWLRQ�RI�WKH�IRUPDO�
GHK\GH�ZLWK�UHVRUFLQRO��$V� WKH�PL[WXUH�FRQWHQW�VWDUW� WR� OLJKW� IUHLJKW�� LW�ZDV� WUDQVIHUUHG� LQWR�DQ� LFH�FXEH�
FDUHIXOO\�� ,Q�RUGHU� WR� UHPRYH� WKH�ZDWHU�RI�FRQGHQVDWLRQ�� WKH� OLTXLG�ZDV�HYDSRUDWHG� IRU�DERXW����KUV�� DW�
��Û&� LQ�KRW� RYHQ��$IWHU� WKDW�� WKH� WHPSHUDWXUH�ZDV� UDLVHG� WR� DERXW� ���Û&� IRU� ���KRXUV� LQ� RYHQ��$W� WKLV�
VWDJH��WKH�UHDFWLRQ�PDVV�ZDV�V�D�KRW��YLVFRXV��OLTXLG�DQG�XSRQ��FRROLQJ���WKH��PDVV��VROLGLILHG��WR��D��FOHDU��
DPEHU�OLNH��UHVLQRXV�SURGXFW�ZKLFK�ZDV�EULWWOH�DQG�JULQG�DEOH��������

&KDUDFWHUL]DWLRQ�WHFKQLTXHV

)RXULHU�WUDQVIRUP�LQIUDUHG��)7,5��VSHFWURVFRS\�

7KH�IXQFWLRQDOL]DWLRQ�RI�FKLWLQ�WR�FKLWRVDQ�DQG�WKH�QDQR�FRPSRVLWHV�ZDV�FRQILUPHG�E\�)RXULHU�WUDQV�
IRUP� LQIUDUHG� �)7,5��VSHFWURVFRS\� >������@��7KH�)7,5�DQDO\VLV�ZDV�FDUULHG�RXW� LQ� WKH�1HSDO�$FDGHP\�RI�
6FLHQFH�DQG�7HFKQRORJ\� �1$67���1HSDO�E\�XVLQJ� ,5�3UHVWLJH����)7,5�6SHFWURPHWHU� �6+,0$='8�� WR�
WKH�LGHQWLI\�VSHFLHV��IXQFWLRQDO�JURXSV��DQG�YLEUDWLRQ�PRGHV�DVVRFLDWHG�ZLWK�HDFK�SHDN��6SHFWUD�ZHUH�FRO�

OHFWHG�LQ�WKH�VSHFWUDO�UDQJH�RI�����±����FP ��XVLQJ�.%U�SHOOHW�PHWKRG��

;�UD\�GLIIUDFWLRQ��;5'��DQDO\VLV�

;�UD\�GLIIUDFWLRQ��;5'��DQDO\VLV�ZDV�XVHG�IRU�WKH�FU\VWDO�VL]H�PHDVXUHPHQW�RI�WKH�QDQR�SDUWLFOHV�RI�
FKLWRVDQ� LQ�SRZGHUHG�IRUP�RU� LQ�FRPSRVLWHV�� ,W� LV�DOVR�NQRZQ�DV�[�UD\�FU\VWDOORJUDSK\� LV�GHILQHG�DV�DQ�
DQDO\WLFDO�WHFKQLTXH�XVHG�WR�LGHQWLI\�SKDVH�RI�D�PDWHULDO��7KH�FU\VWDO�SKDVH�DQG�VWUXFWXUH�RI�WKH�VDPSOHV�
ZHUH� GHWHUPLQHG� E\�;�� UD\� GLIIUDFWRPHWHU� �%UXNHU�'�� 3KDVHU��ZLWK� D�PRQRFKURPDWLF� &X. � UDGLDWLRQ�
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VRXUFH�� � ��������QP��DW�DQJOH�� �UDQJLQJ�IURP�����&�WR����&�DW�1HSDO�$FDGHP\�RI�6FLHQFH�DQG�7HFK�
QRORJ\��1$67���1HSDO��7KH�DFFHOHUDWLQJ�YROWDJH�RI����N9�DQG�HPLVVLRQ�FXUUHQW�RI����P$�ZDV�XVHG���

0HFKDQLFDO�FKDUDFWHUL]DWLRQ�

7KH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�FRPSRVLWHV�ZHUH�PHDVXUHG�E\�WKH�FRPSUHVVLRQ�WHVW��,W�ZDV�PHDVXUHG�
E\� FUXVKLQJ� FXELF� FRPSRVLWH� VSHFLPHQV� LQ� FRPSUHVVLRQ� WHVWLQJ� PDFKLQH�� 7KH� WHVW� ZDV� FDUULHG� RXW� E\�
FRPSUHVVLYH�WHVWLQJ�PDFKLQH��&70��&DSDFLW\����.1��VKRZQ�LQ�ILJXUH����PDQXIDFWXUHG�E\���+$55,6�	�
7$55,6� FRPSDQ\� DW� &HQWUDO� 0DWHULDO� 7HVWLQJ� /DERUDWRU\�� 3XOFKRZN� &DPSXV�� 7ULEKXYDQ� 8QLYHUVLW\��
/DOLWSXU��1HSDO���7KH�FXERLGDO�FRPSRVLWHV�KDYLQJ�GLPHQVLRQ�������PP�������PP������PP��IRU�HDFK�RI�
GLIIHUHQW�FRPSRVLWLRQ�ZHUH�XVHG�IRU�WKH�FRPSUHVVLYH�VWUHQJWK�WHVW��

)LJXUH����3KRWRJUDSKV�RI�FRPSUHVVLYH�VWUHQJWK�WHVWLQJ�PDFKLQH�DW�&HQWUDO�0DWHULDO�7HVWLQJ�/DERUDWRU\��
3XOFKRZN�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��/DOLWSXU��1HSDO���

5HVXOWV�DQG�'LVFXVVLRQ�

)RXULHU�WUDQVIRUP�LQIUDUHG�VSHFWURVFRS\��)7,5��

7KH� VWUXFWXUH� RI� FKLWRVDQ� REWDLQHG� E\� GHDFHW\ODWLRQ� RI� FKLWLQ� IURP� SUDZQ� VKHOOV�ZDV� VWXGLHG� XQGHU�
)RXULHU� WUDQVIRUP� LQIUDUHG� �)7,5�� VSHFWURVFRS\�� 7KH� ZDYH� QXPEHU� RI� )7,5� VSHFWUD� RI� FKLWRVDQ� ZDV�

PHDVXUHG�LQ�EHWZHHQ����������FP���

)LJXUH����)7,5�VSHFWUD�RI�FKLWRVDQ

����������������������������������������������������������
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&KLWRVDQ

SRZGHU
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&KLWRVDQ�H[KLELWHG�FKDUDFWHULVWLF�SHDNV�DW�������FP±���& 2�VWUHWFKLQJ��������FP����&�+�EHQGLQJ�YLEUD�

WLRQV�����7KH�2±+�VWUHWFKLQJ�������FP±����&±+�VWUHWFKLQJ�������FP±����&�2�+�YLEUDWLRQ�������FP�����&±2±&�

VWUHWFKLQJ�SHDN�������FP±����&�2�&�1�VWUHWFKLQJ�SHDN�������FP�����ULQJ�VWUHWFKLQJ������FP�����&+��EHQGLQJ�

DQG�&+��GHIRUPDWLRQ�������FP
����DQG�WKH��SHDN��������FP�����LQGLFDWHG��WKH��SUHVHQFH��RI��VDFFKDULGH��XQLW�

DQG�������FP����1+���JURXS�ZHUH�WKH�FKDUDFWHULVWLF�SHDNV�RI��FKLWRVDQ��������

;�5D\�GLIIUDFWLRQ��;5'��DQDO\VLV

7KH�;5'�SDWWHUQV�RI�FKLWRVDQ�VDPSOHV�H[WUDFWHG�IURP�SUDZQ�VKHOOV�H[KLELWHG�VWURQJ�UHIOHFWLRQV�DW�� �YDO�
XH�RI����FRUUHVSRQGLQJ�WR�WKH�SODQH������7KH�FU\VWDOOLQH��VL]H��WKNO��RI��WKH��V\QWKHVL]HG��FKLWRVDQ��QDQR��
SRZGHU��ZDV��FDOFXODWHG��IURP��WKH�;5'�SDWWHUQ�XVLQJ�WKH�'HE\H�6FKHUUHU�HTXDWLRQ������

WKNO� �. �%&RV

ZKHUH�N�LV�WKH�VKDSH�IDFWRU��N� �����IRU�PRVW�RI�WKH�VSKHULFDO�FU\VWDO��� �LV�ZDYHOHQJWK�RI�PRQRFKUR�
PDWLF�;�UD\�EHDP�� � ���������$�IRU�&X. �UDGLDWLRQ���%�LV�IXOO�ZLGWK�DW�KDOI�PD[LPXP��):+0��RI�WKH�
SHDN�DW�WKH�PD[LPXP�LQWHQVLW\�� � LV� WKH�SHDN�GLIIUDFWLRQ�DQJOH�WKDW�VDWLVILHV�%UDJJ¶V�ODZ�IRU��KNO��SODQH�
DQG�WKNO�LV�FU\VWDOOLWH�VL]H�DQG�WKH�V\PERO�K��N�DQG�O�UHSUHVHQW�WKH�PLOOHU�LQGLFHV�DQG�WKH�UHVSHFWLYH�SODQ�LV�
KNO��7KH�������SHDN�IURP�WKH�;5'�SDWWHUQ�ZDV�XVHG�WR�FDOFXODWH�WKH�FKLWRVDQ�QDQR�VL]H�LQ�WKLV�VWXG\�IURP�
'HE\H�6FKHUHU�HTXDWLRQ���������������������

� �FRUUHVSRQGLQJ�WR�WKH�������PLOOHU�SODQH� ����

):+0� ����������
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�:KHQ�WKH�ZHLJKW���RI�FKLWRVDQ�ZDV��������������������WKH�FRPSUHVVLYH�VWUHQJWK�ZDV�IRXQG�WR�EH�
������������������������������0SD��UHVSHFWLYHO\��7KH�EDU�GLDJUDP�VKRZV�GHFUHDVH�LQ�FRPSUHVVLYH�VWUHQJWK�
ZLWK� LQFUHDVH� LQ���RI�FKLWRVDQ�E\�ZHLJKW��7KLV� LV�GXH� WR� WKH�SRRU�FKHPLFDO�ERQGLQJ�RI�FKLWRVDQ�FU\VWDO�
ZLWK�5�)�UHVLQ����������

&RQFOXVLRQV�

&KLWRVDQ�ZDV�H[WUDFWHG�IURP�&KLWLQ� WKURXJK�D�GHDFHW\ODWLRQ�SURFHVV�DQG�WKH�SRZGHUHG�SKDVH�RI�FKL�
WRVDQ�ZDV�UHYHDOHG�E\�)7,5�WHFKQLTXH��7KH�1DQR�FRPSRVLWH�RI�FKLWRVDQ�ZDV�WKXV�SUHSDUHG�E\�UHVRUFLQRO�
IRUPDOGHK\GH�UHVLQ�ZKLFK�ZDV�FKDUDFWHUL]HG�E\�FRPSUHVVLYH�VWUHQJWK� WHVW��7KH�FRPSUHVVLYH�VWUHQJWK�RI�
FKWRVDQ�ZDV�IRXQG�WR�GHFUHDVH�ZLWK�DGGLWLRQ�RI�FKLWRVDQ�GXH�ZHDN�FKHPLFDO�ERQGLQJ��

$FNQRZOHGJHPHQWV�

$XWKRUV�ZRXOG�OLNH�WR�WKDQN�1HSDO�$FDGHP\�RI�6FLHQFH�DQG�7HFKQRORJ\��1$67��1HSDO�IRU�)7,5�DQG�
;5'�PHDVXUHPHQW�DQG�&HQWUDO�0DWHULDO�7HVWLQJ�/DERUDWRU\��3XOFKRZN�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��
/DOLWSXU��1HSDO�IRU�PHFKDQLFDO�WHVWLQJ��7KDQNV�DOVR�JR�WR�'HSDUWPHQW�RI�&KHPLVWU\�7UL�&KDQGUD�0XOWLSOH�
&DPSXV��7ULEKXYDQ�8QLYHUVLW\�DQG�WHFKQLFDO�VWDIIV�IRU�WHFKQLFDO�VXSSRUW�DQG�ODERUDWRU\�IDFLOLWLHV���

5HIHUHQFHV�

�� )��$��$O�6DJKHHU��0��$��$O�6XJKD\HU��6��0XVOLP��DQG�0��=��(OVDEHH��&DUERK\GUDWH�3RO\PHUV��
�������������������

�� 3�� �.��'XWWD��-��'XWWD��DQG�9��6��7ULSDWKL��-RXUQDO�RI�6FLHWLILF�DQG�,QGXVWULDO�5HVHDUFK��������
��������

�� (��6��GH�$OYDUHQJD��&KDUDFWHUL]DWLRQ�DQG�3URSHUWLHV�RI�&KLWRVDQ���,Q���(OQDVKDU��3��0���HG���%LR�
WHFKQRORJ\�RI�%LRSRO\PHUV��5LMHND��&URDWLD��,Q�7HFK�(�6�G������������

�� $��.��0RKDQW\��0��0LVUD�DQG�/��7��'U]DO��1DWXUDO�)LEHUV��%LRSRO\PHUV��DQG�%LRFRPSRVLWHV��
7D\ORU�DQG�)UDQFLV�%HUJOXQG� ������

�� 3��.��'XWWD��0��1��9��5DYLNXPDU��DQG�-��'XWWD��-RXUQDO�RI�0DFURPROHFXODU�6FLHQFH�3RO\PHUV�
5HYLHZ�����������������

�� 0��+��2WWI\��.��0��9DUXP��%��(��&KULVWHQVHQ��0��:��$QWKRQVHQ��DQG�2��6PLGVUIG��&DUERK\�
GUDWH�3RO\PHUV� ���������������

�� =��'LO\DQD��6\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ�RI�FKLWRVDQ�IURP�PDULQH�VRXUFHV�LQ�%ODFN�6HD��6FL�
HQWLILF :RUNV�RI�WKH�5RXVVH�8QLYHUVLW\��%XOJDULD� ����������

�� 5��$��$��0D]]DUHOOL��6RPH��PRGLILHG��FKLWRVDQ��DQG��WKHLU� �QLFKH��DSSOLFDWLRQV���FKLWLQ�+DQG�
ERRN���HGLWHG��E\�5��$��$��0X]]DUHOOL�DQG�0��*��3HWHU��,WDO\������������

�� 3��%��0RUWHQVRQ��7KLV�LV�QRW�D�ZHDVHO��D�FORVH�ORRN�DW�QDWXUHV�PRVW�FRQIXVLQJ�WHUPV��-RKQ�:LOH\�
DQG�6RQ��86$��������

��� &��-HRQ��DQG�:��+��+|OO��-RXUQDO�RI�9LQ\O�DQG�$GGLWLYH�7HFKQRORJ\������������������

��� 5��%��'XUDLUDM��5HVRUFLQRO�%DVHG�5HVLQV�DQG�$SSOLFDWLRQV��5HVRUFLQRO���&KHPLVWU\��7HFKQRORJ\�
DQG�$SSOLFDWLRQV��,1'63(&�&KHPLFDO�&RUSRUDWLRQ��86$�������������
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��� 6��3RNKUHO��3�� �1��<DGDY��DQG�5��$GKDNDUL��1HSDO�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\��������
��������

��� �0��:HOWURZVNL��%��0DUWHO��DQG�0��0RUFHOOHW��-RXUQDO�RI�$SSOLHG�3RO\PHU�6FLHQFH������������
�����

��� 5��,QGDV��0��(UQD��0��6��$IGDOLVK��DQG�,��/��$QGL��,QWHUQDWLRQDO�-RXUQDO�RI�%LRPDWHULDOV��������
���

��� :���&��/LQ��7��<��/LX��DQG�0���&��<DQJ��%LRPDWHULDOV���������,Q�3UHVV���

��� 3��*ULIILWKV�� DQG� -�� �$��+DVVHWK�� )RXULHU� WUDQVIRUP� ,QIUDUHG�6SHFWURPHWU\��%ODFNZHOO��:LOH\��
�����������

��� 5��0LQNH��DQG�-��%ODFNZHOO��-RXUQDO�RI�0ROHFXODU�%LRORJ\������������������

��� �$��$UDIDW��6��$��6DPDG��6��0��0DVXP�DQG�0��0RQLUX]]DPDQ��,QWHUQDWLRQDO�-RXUQDO�RI�6FLHQ�
WLILF�DQG�(QJLQHHULQJ�5HVHDUFK����������������

��� 0��5��1LNSRXU��6��0��5DELHH�DQG�0��-DKDQVKDKL��&RPSRVLWHV�3DUW�%��(QJLQHHULQJ������������
������

��� &��%LTLQ��=��=KDRTXDQ��=��-LQJ[LDQ��/��4LQJOLQJ�DQG�-��'RQJOLDQJ��0DWHULDOV�6FLHQFH�DQG�(Q�
JLQHHULQJ������������������


