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3UR\GDND�(G���� 0LQLVWHUVWYR� REUD]RYDQL\D� L� QDXNL� XNUDLQ\�� 1DWVLRQDO
QD\D�
0HWDOOXUJLFKHVND\D�$NDGHPL\D�8NUDLQ\���9ROV�������9RO������'QɿSUR���1RYD�ɿGHRORJɿ\D�

��� 6XGDNRY�� Ⱥ��� 'UHXV�� $��� 6XGDNRYɚ�� '��� HW� DO�� �������� ,VVOHGRYDQLH� SURWVHVVD� SODYOHQL\D�
QRYRJR� WDPSRQD]KQRJR� PDWHULDOD� SUL� WHNKQRORJLL� WHUPRPHNKDQLFKHVNR\� L]RO\DWVLL�
SURQLWVDHP\NK� JRUL]RQWRY� YVNU\WL\D� VKDNKW\� >7KH� VWXG\� RI�PHOWLQJ� SURFHVV� RI� WKH� QHZ�
SOXJJLQJ� PDWHULDO DW� WKHUPRPHFKDQLFDO� LVRODWLRQ� WHFKQRORJ\� RI� SHUPHDEOH� KRUL]RQV� RI�
PLQH�RSHQLQJ@��(�6�:HE�RI�&RQIHUHQFHV�������±���>LQ�(QJOLVK@�

��� 6XGDNRYD�� '�$��� �������� 5H]XO
WDW\� YQHGUHQL\D� WHNKQRORJLL� L]RO\DWVLL�
SRJORVKFKD\XVKFKLNK� JRUL]RQWRY� WDPSRQD]KQLPL� WHUPRSODVWLFKQ\PL� NRPSR]LWVLRQQ\PL�
PDWHULDODPL�>7KH�UHVXOWV�RI�WKH�LPSOHPHQWDWLRQ�RI�WKH�LQVXODWLRQ�WHFKQRORJ\�RI�DEVRUELQJ�
KRUL]RQV� E\� WKHUPRSODVWLF� WKHUPRSODVWLF� FRPSRVLWH� PDWHULDOV@�� 1DIWRJD]RYD� JDOX]��
SHUVSHNWLYL�QDURVKFKXYDQQ\D�UHVXUVQRʀ�ED]L��WUDYHQ������URNX��² 0ɿ]KQDURGQD�QDXNRYR�
WHNKQɿFKQD�NRQIHUHQWVɿ\D���SS�����±������,YDQR�)UDQNRYVN�>LQ�5XVVLDQ@�

ɍȾɄ������� '2,������������������������������������

$� .R]KHYQ\NRY���$��'UHXV���%��5DWRY���$��6XGDNRY�

�1DWLRQDO�78�'QLSUR�3RO\WHFKQLF��'P\WUD�<DYRUQ\FNRKR�DYH��������������'QLSUR��8NUDLQH
�2OHV�+RQFKDU 'QLSUR�1DWLRQDO�8QLYHUVLW\��*DJDURLQD�DYH��������������'QLSUR��8NUDLQH��

(�PDLO��GUHXV#PPI�GQXOLYH�GS�XD
�&DVSLDQ�8QLYHUVLW\��6HLIXOOLQ�DYH����������������$OPDW\��.D]DNKVWDQ

7+(�'5,//�%,76��+,6725<�$1'�02'(51 (;3(5,(1&(

3XUSRVH�RI�WKH�ZRUN�LV�D�EULHI�KLVWRULFDO�UHYLHZ�RI�WKH�GHYHORSPHQW�RI�GLDPRQG�GULOO�ELWV�RI�YDULRXV�
W\SHV�DQG�WKH�SUHVHQWDWLRQ�RI�WKH�SURVSHFWLYH�ZD\V�LQ�WKLV�DUHD�

0HWKRGRORJ\��$QDO\VLV�DQG�VXPPDU\�RI�VFLHQWLILF�DQG�WHFKQLFDO�DFKLHYHPHQWV��OLWHUDU\�RYHUYLHZ�
5HVXOWV��3URFHVVHV�RI�IRUPDWLRQ�RI�URFN�FXWWLQJ�WRROV��QDPHO\�ELJ�GLDPRQG�GULOO�ELWV��VPDOO�GLDPRQG�GULOO�

ELWV�� WKH� ELWV� HTXLSSHG� ZLWK� V\QWKHWLF� GLDPRQGV�� WKH� ELWV� DUPHG� E\� FRPSRVLWH� PDWHULDOV� XVLQJ� GLDPRQGV� DUH�
FRQVLGHUHG��6WDJHV�RI�LQQRYDWLYH�GHYHORSPHQW�DQG�QHZ�DSSURDFKHV�WR�GULOOLQJ�WHFKQRORJLHV�DUH�SUHVHQWHG�

1RYHOW\�DQG�SUDFWLFDO�YDOXH��,Q�WKH�KLVWRULFDO�FRQWH[W��WKH�QHFHVVLW\�RI�LPSURYHPHQW�D�GULOOLQJ�WRRO�LV�
VKRZQ��WKH�QHZ�SURPLVLQJ�ZD\V�IRU�WKH�GHYHORSPHQW�RI�GLDPRQG�GULOO�ELWV�DQG�WHFKQRORJLHV�DUH�SUHVHQWHG�

.H\�ZRUGV� GULOO�ELWV��GLDPRQG�GULOOLQJ��KLVWRULFDO�UHYLHZ��QHZ�GULOOLQJ�WHFKQRORJLHV
,QWURGXFWLRQ
'ULOOLQJ� EHJDQ� LQ� WKH� ODWH�3DOHROLWKLF� DQG�1HROLWKLF� ���±��0LOOHQQLXP�%&���$Q\�SURFHVV�RI�

FUHDWLQJ�KROHV�FDQ�EH�VHHQ�DV�ERULQJ RU�GULOOLQJ��'ULOO�ELWV�DUH�RQH�RI�WKH�PDLQ�W\SHV�RI�GULOOLQJ�WRROV��
0RGHUQ� URFN� GULOOLQJ� LV� D� KLJK±WHFK� DQG� KLJK±HQG� SURFHVV� DQG� KDV� JUHDW� LPSRUWDQFH� WR� HQVXUH� WKH�
VXLWDEOH�GHYHORSPHQW�RI�QDWLRQDO�HFRQRP\�DQG�HQHUJ\�VHOI±VXIILFLHQF\�RI�ZRUOG�FRXQWULHV��'HVSLWH�WKH�
VHHPLQJ�VLPSOLFLW\�RI�FRQVWUXFWLRQ��PRGHUQ�GULOOLQJ�ELWV�DUH�WKH�KLJK�WHFK�SURGXFWV��7KHUH�DUH�GLIIHUHQW�
W\SHV�RI�GULOOLQJ�FRUH�ELWV�ZKLFK�DSSO\�DW�URWDU\�H[SORUDWLRQ�GULOOLQJ��'HSHQGLQJ�RQ�WKH�W\SH�RI�URFN�
FXWWLQJ�HOHPHQWV��WKHUH�DUH�GLVWLQJXLVKHV�EHWZHHQ�GLDPRQG�DQG�FDUELGH�GULOO�ELWV��7KH�HIIHFWLYHQHVV�RI�
URFN�GULOOLQJ�WHFKQRORJLHV�GHSHQGV�RQ�WKH�RSHUDWLRQDO�FDSDELOLWLHV�RI�GULOOLQJ�WRRO�XVHG�

7KH�KLVWRU\�RI�GLIIHUHQW� W\SHV�RI�GULOOLQJ� WRROV�DQG�GULOOLQJ� WHFKQRORJLHV�ZDV�FRQVLGHUHG� LQ�
QXPEHU�ZRUNV�>�±�@��7KLV�SDSHU�LV�IRFXVHG�WR�WKH�KLVWRU\�RI�GULOO�ELWV�DQG�PDWHULDOV�IRU�LWV��7KH�VRPH�
UHVXOWV�RI�DXWKRUV�RZQ�LQYHVWLJDWLRQV�LQ�WKLV�GLUHFWLRQ�DUH�SUHVHQWHG�

7KH�EULHI�UHYLHZ�RI�GLDPRQG�GULOO�ELW�KLVWRU\
7KH� LQYHQWLRQ�RI�ELJ�GLDPRQG�GULOO�ELW� 1RWH�� WKDW�D�NLQG�RI�GLDPRQG�URWDU\�GULOOLQJ�ZDV�XVHG�

�����\HDUV�DJR�LQ�DQFLHQW�(J\SW�WR�TXDUU\�VWRQH��$�KROORZ�ZRRGHQ�URG��ODWHU�PHWDO��KDUGHQHG�E\�ILUH�
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ZDV�URWDWHG�E\�KDQG�RU�ERZ�VWULQJ�RQ�ORRVH��KDUG�PLQHUDO�JUDLQV�VXFK�DV�JUDQXODWHG�UXELHV�RU�VDSSKLUHV�
ZKLFK�ZHUH�VLIWHG�RQWR�WKH�GULOO�VXUIDFH��6KRUW�KROHV�ZLWK�GLDPHWHU�IURP���WR�����PP�ZHUH�GULOOHG�LQ�WKLV�
ZD\ >�@��+RZHYHU��PDQXIDFWXULQJ�GLDPRQG�GULOOLQJ�WRROV�ZDV�GHYHORSHG�LQ�WKH�PLG���WK�FHQWXU\�

7KH�GLDPRQG�FRUH�GULOO�ZDV�SURSRVHG�E\�*HRUJH�/HVFKRW��D�6ZLVV�ZDWFKPDNHU��,Q�������ZKLOH�
VXSHUYLVLQJ� WKH� EODVWLQJ� RSHUDWLRQV� GXULQJ� WKH� FRQVWUXFWLRQ� RI� D� UDLOZD\� WXQQHO� LQ� WKH� 6ZLVV� $OSV��
/HVFKRW�ZDV�FKDOOHQJHG�ZLWK�GULOOLQJ�RI�VROLG�JUDQLWH�URFNV�DV�GULOO�ELWV�PDGH�RI�KLJK�VWUHQJWK�WHPSHUHG�
VWHHO�ZHUH�ZRUQ�RXU�YHU\�TXLFNO\��/HVFKRW�ILUVW�SURSRVHG�WR�XVH�D�GLDPRQG�WR�GLVLQWHJUDWLRQ�JUDQLWH�DQG�
PRXQWDLQ�URFNV��+H�RUGHUHG�GLDPRQGV�IRU�PDQXIDFWXULQJ�VHYHUDO�GR]HQV�RI�SLORW�GLDPRQG�ELWV�

+LV� VRQ�� 5RGROIH�� WRJHWKHU� ZLWK� 3LJXHW�� D�
PHFKDQLFDO�HQJLQHHU��LPSURYHG�WKH�GULOOLQJ�ULJ�DQG�
FDPH�XS�ZLWK�D�ZD\�WR�PRXQW�WKH�GLDPRQGV�LQ�WKH�
ELW�� 7KHVH� GLDPRQG� WRROV� ZHUH� PXFK� PRUH�
H[SHQVLYH� WKDQ� WKHLU�VWHHO�FRXQWHUSDUWV��EXW�SURYHG�
WKHPVHOYHV�WR�PXFK�PRUH�HIILFLHQW�LQ�RSHUDWLRQ��VHH�
)LJ����� 7KH� UDWH� RI� WXQQHO� GULOOLQJ� LQFUHDVHG�
VXEVWDQWLDOO\�� %HLQJ� HQFRXUDJHG� ZLWK� WKH� VXFFHVV�
DFKLHYHG�� /HVFKRW� DSSOLHG� D� GLDPRQG� ELW� LQ� EODVW�
KROH� PLQLQJ� RSHUDWLRQV� LQ� PDVVLYH� PDUEOH� URFNV��
$JDLQ�� WKH� GLDPRQG� ELW� GLVSOD\HG� LWV� DGYDQWDJHV��
6R��WKH�HUD�RI�GLDPRQG�GULOOLQJ�EHJXQ�

,QLWLDOO\�� WKH� GLDPRQGV� ZHUH� IL[HG� RQ� WKH�
GULOO�ELW�ZLWK�ELW¶V�PHWDO��7KHUH�DUH�VHYHUDO�ZD\V�WR�
LPSUHJQDWH� GLDPRQGV� LQ� GULOO� ELWV�� 7KH� EHVW� DQG�

PRVW� FRPPRQ� LV� WKH� VR±FDOOHG� 5XVVLDQ� PHWKRG� IRU� GLDPRQG� LPSUHJQDWLRQ� LQ� WKH� GULOO� FURZQ� WKDW�
SURYLGHV�UHOLDEOH��ILUP��IL[LQJ�RI�GLDPRQGV�RQ WKH�ERG\�RI�GULOO�ELW�DQG�SURWHFWLRQ�RI�GLDPRQGV�IURP�
GDPDJH�GXULQJ�RSHUDWLRQ��7KLV�PHWKRG�LV�FKDUDFWHUL]HG�E\�LPSUHJQDWLRQ�RI�GLDPRQGV�ERWK�LQ�ODWHUDO�
VXUIDFH�RI� WKH�FURZQ�DQG� LQ� LWV�FXWWLQJ� IDFH��7KH� ODUJH�JHPV�DUH�SODFHG�RQ� WKH�RXWHU� VXUIDFH�RI� WKH�
FXWWLQJ�IDFH��ZKLOH�WKH�VPDOO�RQHV�DUH�IL[HG�RQ�LWV�LQQHU�VXUIDFH��7KH�GLDPRQGV�SODFHG�RQ�WKH�FXWWLQJ�
IDFH�RI�WKH�FURZQ�VKRXOG�FRPSOHWHO\�FRYHU�LW��

7KH�VPDOO�GLDPRQG�GULOO�ELWV��)LUVWO\��ODUJH�GLDPRQGV�ZHUH�XVHG�IRU�PDQXIDFWXULQJ�WKH�GULOO�ELWV��
7LOO�WKH�����V��&DUERQDGR�FRPPRQO\�NQRZQ�DV�WKH�EODFN�GLDPRQGV�WKDW�KDG�ILQHO\�FU\VWDOOLQH�VWUXFWXUH�
DQG�ORZ�EULWWOHQHVV�ZHUH�H[FOXVLYHO\�XVHG�IRU�WKH�UHLQIRUFHPHQW�RI�FURZQV��:HLJKW�RI�VLQJOH�GLDPRQG�
UDQJHV� IURP� ���� WR� �� FDUDWV�� ,W� LV� WKH�PRVW� H[SHQVLYH� LQGXVWULDO� GLDPRQG�� )LQH�JUDLQHG� GULOO� ELWV� DUH�
DOORZHG� WR� FRPSOHWH� D� SKDVH� RI� FKLOOHG�VKRW� GULOOLQJ�� 7KLV� PHWKRG� H[LVWHG� DV� D� NLQG� RI� PHFKDQLFDO�
URWDWLRQDO�GULOOLQJ��7KH�GULOOLQJ�RI�KDUG�URFN�SURGXFHG�E\� WKH� LQGHQWDWLRQ�LQ�WKH�ERWWRP�VXUIDFH�RI� WKH�
VWHHO�DQG�LURQ�SHOOHWV��,W�ZDV�RQH�RI�WKH�PRVW�WLPH�FRQVXPLQJ�DQG�XQSURGXFWLYH�W\SHV�RI�GULOOLQJ�

:KHQ�GULOOLQJ�KDUG��HVSHFLDOO\�FUXPEOLQJ�URFNV�� WKH�FRQVXPSWLRQ�RI�GLDPRQGV�LQFUHDVHG��ZLWK�
GULOOLQJ�FRVWV�ULVLQJ�VKDUSO\��7KHQ��VPDOO�GLDPRQGV�ZHUH�RIIHUHG�WR�EH�XVHG��'HSHQGLQJ�RQ�WKH�VL]H��WKH�
GLDPRQG�SDUWLFOHV�DUH�DUUDQJHG�RQ�WKH�FURZQ�FXWWLQJ�IDFH�LQ�RQH�OD\HU��VLQJOH�OD\HU�FURZQV���RU�LQ�VHYHUDO�
OD\HUV��PXOWLOD\HU�FURZQV���RU�DUH�HYHQO\�GLVSHUVHG�ZLWKLQ�D�PHWDO�PDWUL[��LPSUHJQDWHG�FURZQV��

7KH� VLQJOH±OD\HU� FURZQV� DUH� UHLQIRUFHG� ZLWK� GLDPRQGV� UDQJLQJ� IURP� �±�� XS� WR� ��±���
SFV�FDUDW��7KH�PXOWL±OD\HU�FURZQV�DUH�UHLQIRUFHG�ZLWK�VPDOOHU�GLDPRQG�JUDLQV��IURP���±���WR���±
���� SFV��FDUDW�� 7KH� LPSUHJQDWHG� GLDPRQG� ELWV� DUH� UHLQIRUFHG� ZLWK� GLDPRQG� SDUWLFOHV� ZLWKLQ� WKH�
UDQJH�IURP����±����SFV�FDUDW�RU�HYHQ�PRUH�

'ULOO� ELWV�ZLWK� V\QWKHWLF� GLDPRQGV�� 7KH� ILUVW� DWWHPSW� WR� V\QWKHVL]H� GLDPRQGV�ZDV�PDGH� LQ�
������E\�WKH�IRXQGHU�RI�.KDUNRY�8QLYHUVLW\�.DUD]LQ�ZKR�JRW�VXSHUKDUG�VROLG�FU\VWDOV�RI�XQNQRZQ�
VXEVWDQFH�DV�D�UHVXOW�RI�ZRRG�FDUERQL]DWLRQ�DW�D KLJK�WHPSHUDWXUH��,Q�������3URIHVVRU�.KUXVKFKHY��
DOVR�UHFHLYHG�D�FU\VWDO�VFUDWFKLQJ�JODVV�DQG�FRUXQGXP��DV�D�UHVXOW�RI�UDSLG�FRROLQJ�RI�PROWHQ�VLOYHU�
VDWXUDWHG�ZLWK�FDUERQ��+LV�H[SHULPHQW�ZDV�VXFFHVVIXOO\�UHSOLFDWHG�E\�$��0RLVVRQH�ZKR�VXEVWLWXWHG�
LURQ�IRU VLOYHU��/DWHU��LW�ZDV�IRXQG�WKDW�WKH�VXEVWDQFH�V\QWKHVL]HG�LQ�WKHVH�H[SHULPHQWV�ZDV�VLOLFRQ�
FDUELGH��PRLVVRQLWH���QRW�GLDPRQG��ZKLFK�KDG�YHU\�VLPLODU�SURSHUWLHV�

)LJ�� ��� 7KH� GLDPRQG� FRUH� GULOO� ZDV�
LQYHQWHG� E\� 5RGROSKH� /HVFKRW� �SLFWXUH�
VRXUFH��3XEOLF�'RPDLQ�
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,Q� ������ -DPHV�%DOODQW\QH�+DQQD\�� D� 6FRWWLVK� FKHPLVW�� GLVFRYHUHG� WKDW� DONDOL�PHWDOV� UHDFWHG�
ZLWK�RUJDQLF�FRPSRXQGV�ZLWK�FDUERQ�UHOHDVHG�LQ�WKH�IRUP�RI�JUDSKLWH�IODNHV��DQG�VXJJHVWHG�WKDW��XQGHU�
KLJK� SUHVVXUH� WKLV� FDUERQ� FDQ� FU\VWDOOL]H� DV� GLDPRQG��+DYLQJ� FDUULHG� RXW� D� VHULHV� RI� H[SHULPHQWV� LQ�
ZKLFK�D�PL[WXUH�RI�SDUDIILQ��ERQH�RLO��DQG�OLWKLXP�ZDV�NHSW�IRU�D�ORQJ�WLPH�LQ�D�VHDOHG�UHG�KRW�VWHHO�SLSH��
KH�PDQDJHG�WR�REWDLQ�D�IHZ�FU\VWDOV�WKDW�ODWHU�ZHUH�LGHQWLILHG�DV�GLDPRQGV��7KH�VFLHQWLILF�ZRUOG�GLG�QRW�
UHFRJQL]HG�KLV�GLVFRYHU\��DV�DW�WKDW�WLPH��WKH�GLDPRQG�ZDV�EHOLHYHG�QRW�WR�EH�REWDLQHG�DW�ORZ�SUHVVXUH�
DQG� WHPSHUDWXUH�� 7KH� UHSHDWHG� VWXG\� RI� +DQQD\¶V� VDPSOHV� LQ� ����� ZLWK� WKH� XVH� RI� ;±UD\� DQDO\VLV�
FRQILUPHG�WKDW�WKH�REWDLQHG�FU\VWDOV�ZHUH�GLDPRQGV��EXW�3URI��.DWKOHHQ�/RQVGDOH��ZKR�FDUULHG�RXW�WKH�
DQDO\VLV��UHLWHUDWHG�WKDW�WKH�+DQQD\�H[SHULPHQWV�ZHUH�D VFLHQWLILF�KRD[�

3URI��2YVHL�/HLSXQVN\�SXEOLVKHG�������DQ�DUWLFOH�>�@�ZLWK�GHWDLOHG�FDOFXODWLRQV��JUDSKV��DQG�
VKHHWV�DQG�DFFXUDWH�DQG�UHOLDEOH�SDUDPHWHUV�RI�GLDPRQG�V\QWKHVLV��+H�ZDV�DQ�RXWVWDQGLQJ�FKHPLVW�
DQG�SK\VLFLVW�ZLGHO\�UHJDUGHG�DV�WKH�DXWKRU�RI�WKH�WHFKQLTXH�IRU�GLDPRQG�V\QWKHVLV��������XVHG�QRZ�
LQ�LQGXVWULDOL]HG�FRXQWULHV��7R�PDUN�KLP�WRJHWKHU�ZLWK�KLV�EURWKHU��$FDG��$OH[DQGHU�/HLSXQVN\��DQG�
VLVWHU��3URI��'RUD�/HLSXQVND��%��+RUREHWV�SXEOLVKHG�D�ERRN�³7KUHH�RI�WKH�$WRPLF�3URMHFW��WKH�6HFUHW�
/HLSXQVNLL�3K\VLFV´���������6KH�SXEOLVKHG�����WKH��QG�HGLWLRQ�WLWOHG�7KH�6HFUHW�3K\VLFV�RI�8665�
$WRPLF�3URMHFW��WKH�/HLSXQVNL�)DPLO\��7KLV�ERRN�WHOOV�WKH�VWRU\�RI�LQYHQWLRQ�E\�2��/HLSXQVN\�DQG�
LPSOHPHQWDWLRQ�RI�DGYDQFHG�PHWKRG�IRU�GLDPRQG�V\QWKHVLV�LQ�6ZHGHQ��WKH 86$��DQG�WKH�8665�

)LIWHHQ� \HDUV� ODWHU�� /HLSXQVNL¶V� WKHRU\� ZDV� YHULILHG� E\� H[SHULPHQW� LQ� PDQ\� ODERUDWRULHV� E\�
VSHFLDOLVWV�RI�$OOPDQQD�6YHQVND�(OHNWULVND�$NWLHERODJHW��$6($��6ZHGHQ��DQG�*HQHUDO�(OHFWULF��86$��

,Q� WKH�6RYLHW�8QLRQ� �������� DW� WKH� ODERUDWRU\� RI�XOWUDKLJK�SUHVVXUHV��/HRQLG�9HUHVKFKDJLQ�
PDQDJHG�WR�JHW�WKH�ILUVW�DUWLILFLDO�GLDPRQGV��/DWHU��WKH�ODERUDWRU\�ZDV�WUDQVIRUPHG�LQWR�WKH�,QVWLWXWH�
RI�+LJK�3UHVVXUH�3K\VLFV��,+33��RI�8665��ZLWK�9HUHVKFKDJLQ�EHLQJ�LWV�ILUVW�GLUHFWRU��$W�WKH�VDPH�
WLPH��LQ�.\LY�� WKH�,QVWLWXWH�RI�6XSHUKDUG�0DWHULDOV��GLUHFWRU�9��%DNXO��ZDV�HVWDEOLVKHG�WR�GHYHORS�
WHFKQRORJLHV�DQG�WRROV�IRU�WKH�GLDPRQG�DSSOLFDWLRQ�LQ�WKH�LQGXVWU\��JULQGLQJ�DQG�SROLVKLQJ�ZKHHOV��
GLDPRQG� VDZV�� FKLVHOV�� GULOO� ELWV�� HWF���� ,Q� WKH� 8665�� WKH� SUREOHPV� UHODWHG� WR� WKH� V\QWKHVLV� RI�
GLDPRQGV� ZHUH� VWXGLHG� DW� WKH� ,QVWLWXWH� RI� +LJK� 3UHVVXUH� 3K\VLFV�� WKH� $FDGHP\� RI� 6FLHQFHV� RI�
8665��DW�WKH�,QVWLWXWH�IRU�6XSHUKDUG�0DWHULDOV�IRU�WKH�$FDGHP\�RI�6FLHQFHV�RI�WKH�8N665��,QVWLWXWH�
IRU�6XSHUKDUG�0DWHULDOV�RI� WKH�1DWLRQDO $FDGHP\�RI�6FLHQFHV�RI�8NUDLQH� LQ�SUHVHQW� WLPH�� DQG�DW�
PDQ\�VSHFLDOL]HG�IDFWRULHV�DQG�UHVHDUFK�LQVWLWXWHV�

'LDPRQG�GULOO�ELWV�UHLQIRUFHG�ZLWK�FRPSRVLWH�PDWHULDOV��
7KHUH�DUH�WZR�W\SHV��
D��UHLQIRUFHG�ZLWK�VXSHUKDUG�PDWHULDO�6ODYXWLFK��
E��UHLQIRUFHG�ZLWK�GLDPRQG�FDUELGH�LQVHUWV�
7KHUH� DUH� VRPH� PDLQ� PLOHVWRQH� RI� GLDPRQG� GULOOLQJ� LQ� RYHUYLHZ� >�@� DUH� SUHVHQWHG�� 7KH�

RYHUYLHZ�RI�VRPH�VXFFHVVIXO�SURMHFWV�RI�RLO�GULOOLQJ��ZKHUH�V\QWKHWLFV�GLDPRQGV�DUH�XVHG��LQ�ZRUN�
>�@�DUH�SUHVHQWHG�

([SHULHQFH�RI�1DWLRQDO�78�'QLSUR�3RO\WHFKQLF �178�'3��5HODWHG�WR�'LDPRQG�'ULOOLQJ�
7KH� 'QLSURSHWURYVN� 0LQLQJ� ,QVWLWXWH� �QRZDGD\V�� WKH� 1DWLRQDO� 7HFKQLFDO� 8QLYHUVLW\� 'QLSUR�

SRO\WHFKQLF��ZDV�IRXQGHG�LQ�������7KH�'HSDUWPHQW�IRU�([SORUDWLRQ�RI�0LQHUDO�'HSRVLWV�ZDV�HVWDEOLVKHG�
LQ�������E\�3URI��$��*LPPHOIDUE��+RZHYHU��GLDPRQG�GULOOLQJ�ZRUNV�VWDUWHG�EHIRUH�WKH�FUHDWLRQ�RI�WKH�
GHSDUWPHQW�� ,Q� WKH� ����V�� WKH� 3URIHVVRU� SXEOLVKHG� D� VHULHV� RI� DUWLFOHV� UHODWHG� WR� GLDPRQGV� DQG� WKHLU�
DSSOLFDWLRQ�LQ�WKH�LQGXVWU\��DV�ZHOO�DV�WR�GLDPRQG�GULOOLQJ�IRU�H[WUDFWLQJ�FRDO�LQ�'RQEDVV�DQG�LURQ�RUH�LQ�
WKH�.XUVN�PDJQHWLF�DQRPDO\�DUHD��7KH�GLDPRQG�GULOOLQJ�UHVHDUFKHV�ZHUH�SHUIRUPHG�LQ�WZR�GLUHFWLRQV��
WKH�GHVLJQ�DQG�WKH�HQJLQHHULQJ��WHFK�QLTXHV�IRU�GULOOLQJ�ZLWK�WKH�XVH�RI�GLDPRQG�ELWV��

7KH� GHVLJQ� GLUHFWLRQ� LQFOXGH� WKH� IROORZLQJ� 5	'V�� GLDPRQG� GULOO� YLEUDWLRQ� ELWV�� GLDPRQG�
GULOO�ELW�ZLWK�DV\PPHWULF�K\GUDXOLF�V\VWHP��GHWDFKDEOH�GLDPRQG�GULOO�ELWV��DQG�URFN�FXWWLQJ�GLVF�

,Q�������WKH�60,�DQG�WKH�7XOD�EUDQFK�RI�7V1,*5,�GHVLJQHG�YLEUR�DEVRUELQJ�GLDPRQG�GULOO�
ELWV���$��=K0����$��ɀɆ��ZLWK�WKH�QDWXUDO�GLDPRQGV�DQG���$�VY�=K0����$�ɫɜ�ɀɆ��ZLWK�WKH�
V\QWKHWLF�RQHV��7KH�VKDQNV�DUH�PDGH�RI�DQWL�YLEUDWLRQ��GDPSLQJ��FRPSRVLWH�PDWHULDO�'���03��Ⱦ���
Ɇɉ���7KH� ELW� GLDPHWHUV� DUH� ���� ���� ���� DQG� ���PP��7KH� ELWV� DUH� GHVLJQHG� IRU� URWDU\� GULOOLQJ� RI�
H[SORUDWLRQ�ZHOOV�ZLWK�FRULQJ�LQ�WKH�ORZ�DEUDVLYH��KDUG�DQG�ORZIUDFWXUHG�URFNV�UHIHUUHG�WR�WKH��WK�²
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�WK� FDWHJRULHV� RI� GULOODELOLW\�� 7KH� DSSOLFDWLRQ� RI� ��$��=K0� DQG� GULOO� ELWV� LQVWHDG� RI� ��$�� DQG�
��$�VY�ELWV�ZLWK�VWHHO�VKDQNV�HQDEOHV�WR�LQFUHDVH�DYHUDJH�RSHUDWLQJ�OLIH��GXUDELOLW\��E\���²�����
DQG� SHQHWUDWLRQ� UDWHV� E\� ��²��� ��� 'LDPRQG� GULOO� ELWV� ��$��=K0� DQG� ��$�VY�=K0� ZHUH�
PDQXIDFWXUHG�DW�WKH�.DEDUGLQR�%DONDULDQ�GLDPRQG�WRROV�IDFWRU\�

7KH� WHDP�RI� HQJDJHG� UHVHDUFKHUV�FRQVLVWV�RI�(�)��(SVWHLQ��9�)��6\U\N� 1�$��'XGOLD��1�0��
*DYULOHQNR�� $�1�� 'DYLGHQNR�� $�9�� 9DUHQLN�� ,Q� WKH� FRXUVH� RI� GULOOLQJ� IOXLGV� UHVHDUFK�� WKH�
PHFKDQLVPV� RI� LQIOXHQFH� RI� VXUIDFWDQWV� RQ� WKH� URFNV� DQG� RQ� WKH� ZDVKLQJ� OLTXLG� KDYH� EHHQ�
XQGHUVWRRG��ZLWK�D�ODUJH�DPRXQW�RI�PDWHULDOV�UHTXLULQJ�D�VHSDUDWH�FRQVLGHUDWLRQ�DFFXPXODWHG�

7KH� 178� '3� WRJHWKHU� ZLWK� *HRWHFKQLFV� 'HVLJQ� 2IILFH� KDV� GHYHORSHG� D� WHFKQLTXH� IRU�
K\GUDXOLF� GLDPRQG� GULOOLQJ� ZLWK� WKH� XVH� RI� KLJK�IUHTXHQF\� KDPPHUV� *��9� �Ƚ��ȼ�� DQG� *��9�
�Ƚ��ȼ�� ZLWK� FRPELQHG� UHIOHFWRUV� 2*��� �ɈȽ���� DQG� 2*��� �ɈȽ���� ORFDWHG� DFFRUGLQJ� WR� 60,�
UHFRPPHQGDWLRQV��ZLWK�LQWUDSKDVH�DQG�LQWUDF\FOLF�VHWWLQJV�

$FFHSWDQFH�WHVWV�RI�UHIOHFWRUV�2*����ɈȽ����DQG�2*����ɈȽ����KDYH�EHHQ�PDGH�LQ�LURQ�RUH�
GHSRVLWV� RI� WKH� .U\Y\L� 5LK� ([SORUDWLRQ� ([SHGLWLRQ� RI� &RPSDQ\� ³<X]KXNUJHRORJLD´� DQG�
=\U\DQRYVND\D� ([SORUDWLRQ� ([SHGLWLRQ� RI� &RPSDQ\� ³9RVWND]JHRORJLD´�� 7KH� WHVW� UHVXOWV� DUH� DV�
IROORZV�� LQFUHDVH� LQ�SHQHWUDWLRQ� UDWH� LV�����²�������� LQFUHDVH� LQ� IRRWDJH�SHU� UXQ� LV�����²������
UHIOHFWRU� VHUYLFH� OLIH� LV� ����²����� KRXUV�� PD[LPXP� GULOOLQJ� GHSWK� LV� ������ P�� 7KH� 60,� DQG�
&RPSDQ\� ³<X]KXNUJHRORJLD´� KDYH� GHVLJQHG� DQG� LPSOHPHQWHG� D� WHFKQLTXH� IRU� URWDU\�SHUFXVVLRQ�
GULOOLQJ�ZLWK�WKH�XVH�RI�KLJK�IUHTXHQF\�KDPPHUV�*��9��Ƚ��ȼ��DQG�*��9��Ƚ��ȼ��ZLWK�DQG�ZLWKRXW�
2*9�03��ɈȽȼ±Ɇɉ��UHIOHFWRUV��ZKLFK�HQVXUHV�DQ�LQFUHDVH�LQ�523�RI����²�������DQG�DQ�LQFUHDVH�
LQ�IRRWDJH�SHU�UXQ�RI�������7KH�GHYHORSHG�WHFKQLTXH�IRU�URWDU\�SHUFXVVLRQ�GULOOLQJ�ZLWK�WKH�XVH�RI�
KLJK�IUHTXHQF\� K\GUDXOLF� KDPPHUV� ZLWK� ZDYH� UHIOHFWRUV�� LQWUDSKDVH� DQG� LQWUDF\FOLF� VHWWLQJV�
LQFUHDVHV�WKH�HIILFLHQF\�DQG�GHSWK�RI�K\GUDXOLF�SHUFXVVLYH�GULOOLQJ��)RU�WKH�ILUVW�WLPH�LQ�WKH�ZRUOG�RI�
GULOOLQJ�SUDFWLFH��D�GULOOLQJ�GHSWK�RI�RYHU�������P��������P��KDV�EHHQ�UHDFKHG��7KH�K\GUR�SHUFXVVLYH�
V\VWHPV�*9�2*9��Ƚȼ�ɈȽȼ��KDYH�EHHQ�FRPPHUFLDOL]HG�

7KH�178�'3�GHYHORSHG�D�=50$��ɁɊɆȺ��GHYLFH�ZLWK�UXEEHU�PHWDOOLF�HODVWLF�HOHPHQW�WKDW�
HQVXUHG�QRW�RQO\�YLEUDWLRQ�GDPSLQJ��EXW�DOVR�WKH�RSHUDWLRQ�RI�GULOO�ELW�ZLWK�D�YDULDEOH�URWDWLRQ�VSHHG��
7KH�XVH�RI�WKLV�GHYLFH�ZKLOH�GULOOLQJ�URFNV�LQ�WKH�'RQEDVV�UHJLRQ�VLJQLILFDQWO\�UHGXFHG�WKH�QXPEHU�
RI�DFFLGHQWV�DQG�EUHDNGRZQV�RI�GULOOLQJ�WRROV�DQG�HQDEOHG�LQFUHDVLQJ�

���523��E\�������ZLWK�WKH�XVH�RI�FDUELGH�GULOO�ELWV���E\�������ZLWK�WKH�XVH�RI�GLDPRQG�GULOO�ELWV��
��� IRRWDJH� SHU� UXQ�� E\� ����� �ZLWK� WKH� XVH� RI� FDUELGH� GULOO� ELWV��� E\� ���� �ZLWK� WKH� XVH� RI�

GLDPRQG�GULOO�ELWV��
7KXV�� 5	'V� RI� WKH�178�'3�'HSDUWPHQW� RI�0LQHUDO� ([SORUDWLRQ� KDYH� EHHQ� VXFFHVVIXOO\�

LPSOHPHQWHG�� SDVVHG� DFFHSWDQFH� WHVWV� DQG� FRPPHUFLDOL]HG�� $PRQJ� WKHP�� WKHUH� DUH� DQWLYLEUDWLRQ�
GLDPRQG�GULOO�ELWV���$��=K0����$�VY�=K0�.%�$,�DQG�K\GUR�SHUFXVVLYH�V\VWHPV��LQFOXGLQJ�KLJK�
IUHTXHQF\�K\GUDXOLF�KDPPHU�DQG�UHIOHFWRU�RI�K\GUDXOLF�ZDYHV�

:KLOH�GHVWUR\LQJ�VROLG�DQG�KDUG�URFNV��D�VLJQLILFDQW�SDUW�RI�HQHUJ\�LV�VSHQW�RQ�WKH�IULFWLRQ�RI�WKH�
GULOO�ELW�RQ�WKH�URFN��7KLV�HQHUJ\�LV�FRQYHUWHG�LQWR�KHDW��7KH�WKHUPDO�HQHUJ\�RI�IULFWLRQ�FDQ�EH�XVHG�WR�
LQWHQVLI\� WKH� URFN� GHVWUXFWLRQ�� )RU� WKLV�� WKH� WHPSHUDWXUH� LQ� WKH� ]RQH� RI� FRQWDFW� EHWZHHQ� WKH� FXWWLQJ�
HOHPHQWV�DQG�WKH�URFN�VKRXOG�EH�KLJK�HQRXJK�WR�KHDW�WKH�IDFH�OD\HU�RI�WKH�URFN�DQG�WR�ZHDNHQ�LW�

,Q� RUGHU WR� XWLOL]H� WKH� KHDW� HQHUJ\� RI� IULFWLRQ�� WKH� 1DWLRQDO�0LQLQJ� $FDGHP\� RI� 8NUDLQH�
WRJHWKHU� ZLWK� ,QVWLWXWH� IRU� 6XSHUKDUG� 0DWHULDOV� RI� WKH� 1$6� RI� 8NUDLQH� KDV� GHVLJQHG�
WKHUPRPHFKDQLFDO�GULOO�ELWV�ZLWK�WKH�XVH�RI�VXSHUKDUG�FRPSRVLWH�PDWHULDOV�DQG�GLDPRQGV��7KH�EHQFK�
WHVWV� KDYH�EHHQ�FRQGXFWHG� IRU�YDULRXV�GHVLJQV�RI�GULOO� ELWV�PDGH�RI�GLIIHUHQW� VXSHUKDUG�PDWHULDOV��
SRO\FU\VWDOOLQH�GLDPRQG��ERURQ�FDUELGH�� VLOLFRQ�QLWULGH�� ©JHRWKHUPDOª�PDWHULDO�� UHOLW�� DQG� WXQJVWHQ�
FDUELGH�SRZGHU��)RU�SLORW�WHVWV��WKHUPRPHFKDQLFDO�GULOO�ELWV�EDVHG�RQ�DUWLILFLDO�GLDPRQGV�ZHUH�XVHG��
7KH\�GLIIHUHG�IURP�WKH�VHULDO�ELWV�%6�����Ȼɋ�����E\�WKH�SUHVHQFH�RI�RQH�RU�WZR�ZLGH�IOXVKLQJ�SRUWV��
7KH� EHQFK� VWXGLHV� KDYH� VKRZHG� WKDW� WKH� VSHFLILF�ZHDU� RI� SLORW� ELWV�ZDV����²���� WLPHV� ORZHU�� DV�
FRPSDUHG�ZLWK� WKH�VHULDO�GLDPRQG�ELWV��ZKLOH�GULOOLQJ�JUDQLWH� IURP�.XGDVKHYVN\�GHSRVLW�KDYLQJ�D�
GHQVLW\�RI�����NJ�P���SRURVLW\�����²�����WHQVLOH�VWUHQJWK�IRU�D[LDO�FRPSUHVVLRQ�RI����²����03D�
DQG�DEUDVLRQ�RI�����²�����J�FP��7DEOH����
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7DEOH��� %HQFK�WHVWV�RI�7KHUPRPHFKDQLFDO�'ULOO�%LWV

7\SH�RI�GULOO�ELW
3HQHWUDWLRQ�UDWH 6SHFLILF�ZHDU

P�KRXU � PP�P �
%6������ ���� ��� ����� ���

%6��������ɌɆ��� ���� ��� ����� ��
%6��������ɌɆ��� ���� ��� ����� ��
%6�������ɌɆ��� ���� ��� ����� ���

7KH� UHVXOWV� RI� GULOOLQJ� ZHOOV� ZLWK� WKH� XVH� RI� WKHUPRPHFKDQLFDO� GULOO� ELWV� XQGHU� RSHUDWLQJ�
FRQGLWLRQV�DUH�JLYHQ�LQ�7DEOH����

7DEOH����7HVW�'ULOOLQJ�RI�:HOOV�E\�7KHUPRPHFKDQLFDO�'ULOO�%LWV

7\SH�RI�GULOO�ELW
7RWDO�

GULOOLQJ��P

)RRWDJH�SHU�GULOO�ELW 3HQHWUDWLRQ�UDWH
'HSWK�RI�
GULOOLQJ��P

P��� P�KRXU �

%6������ ����� ���� ��� ���� ���
%6�������ɌɆ��� ����� ���� ��� ���� ���
%6�������ɌɆ��� ����� ���� ��� ���� ���

'XH� WR� WKH� XWLOL]DWLRQ� RI� KHDW� HQHUJ\� RI� IULFWLRQ�� WKH� SHQHWUDWLRQ� UDWH� LQFUHDVHV� ����±�����
WLPHV�DQG�WKH�IRRWDJH�SHU�UXQ�LQFUHDVHV�����±�����WLPHV��

&XUUHQWO\��VFLHQWLVWV�RI�WKH�178�'3 FRQWLQXH�WR�ZRUN�LQ�WKLV�GLUHFWLRQ��$�JUHDW�DWWHQWLRQ�LV�
SDLG�WR�WKH�SK\VLFDO�SURFHVVHV�RQ�WKH�ZRUNLQJ�IDFH�RI�ERUHKROH�DW�GLDPRQG�GULOOLQJ��,Q�SDUWLFXODU��WKH�
LGHD�RI�XVLQJ�IULFWLRQ�KHDW� WR� LPSURYH�GULOOLQJ�HIILFLHQF\�LV�YHU\�SURPLVLQJ��7KLV� LGHD�LV�D�EDVLV� WR�
GULOOLQJ�ZLWK�SXOVH�IOXVKLQJ�>��@��6XSSO\�RI�FOHDQLQJ�DJHQW�ZLWK�D�YDULDEOH�IORZ�UDWH�HQVXUHV�D�GHHSHU�
KHDWLQJ� RI� URFN� GXH� WR� D� IXOO� PDQLIHVWDWLRQ� RI� WKH� LQWHUQDO� IULFWLRQ� EHWZHHQ� WKH� PLQHUDO� JUDLQV�
FRQVWLWXWLQJ�WKH�URFN��DQG�EHWZHHQ�WKH�DWRPV��LRQV��DQG�PROHFXOHV�ZLWKLQ�FU\VWDO�ODWWLFHV��RQ�WKH�RQH�
KDQG�� 2Q� WKH� RWKHU� KDQG�� WKH� SUHVHQFH� RI� QRQ�VWDWLRQDU\� WHPSHUDWXUH� ILHOG� HQWDLOV� DQ� LQFUHDVH� LQ�
IUDJLOLW\�RI�WKH�URFN��7KLV�DSSURDFK�LV�VHHPV�SURPLVLQJ�WR�GHHS�ZHOO�GULOOLQJ��)RU�H[DPSOH�IRU�GHHS�
JHRWKHUPDO�ZHOO�GULOOLQJ��ZKHUH�URWDU\�GLDPRQG�GULOOLQJ�LV�QRUPDOO\�XVHG���:LWK�LQFUHDVH�RI�WKH�ZHOO�
GHSWK� DQG�PLQLQJ� URFN� WHPSHUDWXUH�� WKH� SHUIRUPDQFH� RI� URWDU\� GULOOLQJ�PHWKRG� GURSV� GUDVWLFDOO\��
3URSRVHG� PHWKRG� FRXOG� EH� DOWHUQDWLYH� GULOOLQJ� WHFKQRORJ\� LQ� FRPSOLFDWH� FRQGLWLRQV�� LQ� ZKLFK�
PHFKDQLFDO�SRZHU�ORVVHV�LQFUHDVH�ZLWK�WKH�GHSWKV�RI�GULOOLQJ�>��@�

$�QXPEHU�RI�PDWKHPDWLFDO�PRGHOV�IRU�UHVHDUFK�KDYH�EHHQ�GHYHORSHG��7KH�QXPHULF�VWXG\�RI�
IOXLG�PHFKDQLFV�DQG�KHDW�WUDQVIHU�SURFHVVHV�RQ�WKH�ZRUNLQJ�IDFH�RI�WKH�ERUHKROH�GXULQJ�WKH�SURFHVV�
RI� GULOOLQJ� XVLQJ� GLDPRQG� GULOOLQJ� ELWV� ZDV� UHSUHVHQWHG� LQ� WKH� ZRUNV� >��@�� 7KH� RXWFRPHV� RI� WKH�
PRGHOLQJ��H[DPSOHV�VHH�LQ�)LJ� ���ZHUH�XVHG�IRU�GHWHUPLQDWLRQ�WR�HVWDEOLVK�WKH�UHVRXUFH�DQG�SRZHU�
VDYLQJ� PRGHV� RI� GULOOLQJ� RSHUDWLRQV�� 7KH� WKHRUHWLFDO� VWXG\� RI� LQWHUUXSWHG� IOXVKLQJ� LPSDFW� WR�
ZHDNHQLQJ�RI�URFN�IRUPDWLRQ�LQ�WKH�FRXUVH�RI�GLDPRQG�FRUH�GULOOLQJ�XVLQJ�GLDPRQG�ELWV�LQ�ZRUN�>��@�
ZDV� FRQGXFWHG�� 7KH� VWXG\� UHYHDOHG� WKDW� XQGHU� WKH� SXOVH� PRGH� RI� GULOOLQJ� IOXLG� VXSSO\� WKHUH� DUH�
FRQGLWLRQV�IRU�WKHUPDO�GHFRPSRVLWLRQ�RI�URFN�IRUPDWLRQ�

7KH�UHVHDUFKHUV�IURP�178�'3�DQG�2OHV�+RQFKDU�1DWLRQDO�8QLYHUVLW\��'18��FRQVLGHUHG�WKH�
SURVSHFWV� RI� IXUWKHU� HQKDQFHPHQW� RI� GLDPRQG� GULOOLQJ� ELWV¶� GHVLJQV� LQ RUGHU� WR� LQFUHDVH� WKH� KHDW�
LPSDFW�RQWR�WKH�GULOOHG�PLQLQJ�URFN��7KH�LQIOXHQFH�RI�WKH�GHVLJQ�SDUWLFXODUV�RI�GULOOLQJ�ELWV�RQWR�WKH�
MXQFWLRQ� FRQWDFW� WHPSHUDWXUH� ZDV� VWXGLHG� KHUHLQ�� $� QHZ� GHVLJQ� RI� GLDPRQG� GULOOLQJ� ELW� ZDV�
SURSRVHG��)LJ� ���
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D E
)LJ����5HVXOWV�RI�QXPHULFDO�PRGHOLQJ�KHDW�WUDQVIHU�DQG�IOXLG�PHFKDQLFV�SURFHVVHV�RQ�ZRUNLQJ�

ILHOG�RI�ELW��E�

)LJ����*HQHUDO�YLHZ�D�QHZ�GHVLJQ�RI�WKHUPDO�PHFKDQLFDO�GULOO�ELW

7KLV� GHVLJQ� KDV� D� VSHFLDO� IULFWLRQ� LQVHUW� LQ� RUGHU� WR� HQKDQFH� WKH� WKHUPR�F\FOLFDO� HIIHFW��
,QVHUWV� LPSOHPHQWLQJ� WKH� KHDW�UHVLVWDQW� IULFWLRQ� PDWHULDOV�� SURYLGH� WKH� LQWHQVLYH� IULFWLRQ� KHDW�
JHQHUDWLRQ� UDWH� LQ� WKH�ERWWRP�KROH�DUHD��7KH�GLIIHUHQFH�EHWZHHQ� URFN�VXUIDFH�DQG�GULOOLQJ� IOXLG� LV�
LQFUHDVLQJ��7KXV��WKH�URFN�LV�ZHDNLQJ�EHFDXVH��WKH WHQVLOH�WHQVLRQV�DUH�JURZ��DQG�PLFURIUDFWXUHV�DUH�
SURSDJDWH�

7KH EULHI�RYHUYLHZ�RI�WKH�KLVWRU\�RI�WKH�FUHDWLRQ�RI�FDUELGH�GULOO�ELWV
+DUG� PHWDOV� DUH� FRPSRVLWH� PDWHULDOV� RI� D� VSHFLDO� FODVV�� ZKLFK� KDV� KLJK� KDUGQHVV�� ZHDU�

UHVLVWDQFH�DQG�GXUDELOLW\�WKDW�DUH�VWRUHG�DW�KLJK�WHPSHUDWXUHV������&�WR�����&���7KHVH�SURSHUWLHV�DUH�
SDUWLFXODUO\�XVHIXO�LQ�WKH�GULOOLQJ�RI�ZHOOV��<RX�FDQ�EULHIO\�GHILQH�WKHP�DV�D�FRPSRVLWLRQ�FRQVLVWLQJ�
RI� UHIUDFWRU\� FRPSRXQGV�� W\SLFDOO\� FDUELGH�� DQG� D� UHODWLYHO\� ORZ�PHOWLQJ� ELQGHU�PDWHULDO�� )LUVWO\��
+HQUL�0XDVVDQRP��+HQUL�0RLVVDQ��V\QWKHVL]HG� WXQJVWHQ�FDUELGH� LQ������ZKHQ�KH� IXVHG� WXQJVWHQ�
ZLWK�FDUERQ�LQ�KLV�HOHFWULF�IXUQDFH�

7KH� QH[W� VWHS� WRZDUGV� WKH� FUHDWLRQ� RI� FDUELGH� WRROV� FRQVLGHUHG� E\� D� ZRUN� RI� $PHULFDQ�
HQJLQHHU� )UHGHULFN� :LQVORZ� 7D\ORU� �)UHGHULFN� :LQVORZ� 7D\ORU��� ,W� EHORQJV� WR� WKH� SULRULW\�
GHYHORSPHQW�RI�KLJK�VSHHG�VWHHO��ZKLFK�KH�VKDUHG�ZLWK�KLV�FRPSDWULRW�:KLWH��2Q�WKH�EDVLV�RI� WKH�
NQRZQ� WRRO� VWHHO� �0LGYDOH��7D\ORU� DQG�0RQVHO
�ZKLWH� �0DXQVHO�:KLWH�� DSSOLHG�KLJK� WHPSHUDWXUH�
TXHQFKLQJ��SURYLGHG�KHU�ZLWK�KLJK�KDUGQHVV�DQG�KHDW�UHVLVWDQFH��DV�ZHOO�DV�LPSURYHG�WKH�RULJLQDO�

&UHDWHG�E\�7D\ORU�DQG�ZKLWH�WRRO�PDWHULDO�EDVHG�RQ�WXQJVWHQ��KDG�D�KLJK�UHVLVWDQFH�DW�KLJK�
FXWWLQJ�WHPSHUDWXUHV�DQG�DOORZHG�WR�UDLVH�WKH�FXWWLQJ�VSHHG�WR���WLPHV��VR�LW�ZDV�QDPHG��KLJK�VSHHG�
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VWHHO���5HDFKHG�WKH�VSHHG�RI����P�PLQ�DW�WKH�WLPH�ZDV�FRQVLGHUHG�IDQWDVWLF��DQG�UHSUHVHQWHG�D�UHDO�
UHYROXWLRQ�LQ�PHWDOZRUNLQJ�� ,Q������DW� WKH�ZRUOG�H[KLELWLRQ�LQ�3DULV�FUHDWHG�E\�7D\ORU�DQG�:KLWH�
VWHHO�ZRQ�D�JROG�PHGDO��,Q������G��(QJOLVKPDQ�-HOYXGRP�+H\QV��E\�(OZRRG�+D\QHV��ZDV�SDWHQWHG�
�6WHOOLWH���IURP�/DWLQ�VWHOOD�LV�D�VWDU��FDVW�VROLG�FREDOW�EDVHG�DOOR\��XVHG�QRW�RQO\�IRU�WKH�PDQXIDFWXUH�
RI�FXWWLQJ�WRROV��EXW�DOVR�IRU�ZHOGLQJ�PDFKLQH�SDUWV�DQG�WRROV�ZLWK�D�YLHZ�WR�GXUDELOLW\�LPSURYHPHQW�
�8QLWHG�6WDWHV�3DWHQW����������7KHQ�WKHUH�ZHUH�WKH�DOOR\�FDUELGHV�WXQJVWHQ�IRU�ZHOGLQJ�RQ�GULOOLQJ�
DV�D�ZHDU�UHVLVWDQW�FRDWLQJ��7KH�ILUVW�DOOR\�FDUELGHV�ZHUH�SDUW�RI�PRUH�SRURXV�

*HUPDQ� LQYHQWRU�+XJR�/RKPDQ� �+XJR� /RKPDQQ�� LQ� ����������*J�� WULHG� WR� LPSURYH� WKH�
SURSHUWLHV�RI�WKH�DOOR\�FDUELGHV�GXH�WR�JULQGLQJ�LQ�D�WKLQ�SRZGHU��SUHVVLQJ�DQG�KHDWLQJ�WKH�SUHIRUPV�
IRUPDWWHG��GUDJJHG��WR�QHDU�WKH�PHOWLQJ�SRLQW��7KH�PRVW�IDPRXV�RI�LWV�GHYHORSPHQW�ZDV�KDUG�DOOR\�
FRQWDLQLQJ� WXQJVWHQ� FDUELGH� DQG� QDPHG� �ORPDQLW��� 7KLV� DOOR\�ZDV� GLVWLQJXLVKHG� E\� H[FHSWLRQDOO\�
KLJK�KDUGQHVV�� DSSURDFKLQJ� WR� WKH�KDUGQHVV�RI�GLDPRQG��EXW� OLNH� �6WHOOLWH��ZDV� H[WUHPHO\� IUDJLOH��
EHVLGHV� H[SHQVLYH�� ZKLFK� KDV� QRW� UHFHLYHG� PXFK� VSUHDG�� ,Q� WKH� IXWXUH�� /RKPDQ� FRQWLQXHG� LWV�
GHYHORSPHQW�DQG�PDGH�D�QXPEHU�RI�LQYHQWLRQV��RQ�WKH�YDULRXV�VROLG�DOOR\V��WKH�PRVW�LQWHUHVWLQJ�RI�
ZKLFK�VLQJOHG�RXW�0H\HU��-�5��0HMHU���

8QIRUWXQDWHO\��ZH�FRXOG�QRW�LQ�WKH�GDWDEDVHV�RI�:,32�GDWD��WKH�(32�DQG�*HUPDQ\�WR�ILQG�D�
PHQWLRQ�RI�WKH�LVVXHG�LQ�WKH�QDPH�RI�/RKPDQQ�SDWHQWV�IRU�FDUELGH�ELWV�IRU�GULOOLQJ��8QIRUWXQDWHO\��
ZH�FRXOG�QRW�LQ�WKH�GDWDEDVHV�RI�:,32�GDWD��WKH�(32�DQG�*HUPDQ\�WR�ILQG�D�PHQWLRQ�RI�WKH�LVVXHG�
LQ�WKH�QDPH�RI�/RKPDQQ�SDWHQWV�IRU�FDUELGH�ELWV�IRU�GULOOLQJ��

7KXV��VLJQLILFDQWO\�FDOOHG�WKH�FUHDWRU�RI�WKH�ILUVW�FDUELGH�ELWV�LV�QRW�SRVVLEOH��7KHUH�DUH�PRUH�WKDQ�
���PLOOLRQ�SDWHQW�GRFXPHQWV�RQ�WKH�GDWDEDVH�RI�WKH�(XURSHDQ�3DWHQW�2IILFH��(VSDFHQHW���:H�IRXQG�RXW�
WKH�ILUVW�LVVXHG�SDWHQW�WR�WKH�FRUH�ELW��HTXLSSHG�ZLWK�FDUELGH�FXWWHUV��:LWK�KLJK�SUREDELOLW\��WKH\�FDQ�EH�
FRQVLGHUHG�DV�WKH�FRUH�ELW��GHVFULEHG�LQ�WKH�*HUPDQ�SDWHQW�'(�������LVVXHG�LQ�WKH�QDPH�RI�$OIUHG�6WDSI�
DQG�+DQV�+XQGULHVHU��7KH�SDWHQW�ZDV�LVVXHG������������VWDWHG�������������$OPRVW�DW� WKH�VDPH�WLPH��
QDPHO\� ����������� �ILOLQJ� GDWH� ������������ZDV� JUDQWHG� D� SDWHQW�6ZLW]HUODQG�ɋɇ������� ,W� GRHV� QRW�
LQGLFDWH� WKH� LQYHQWRU� DQG� WKH� DSSOLFDQW� ZDV� PDGH� E\� D� *HUPDQ� FRPSDQ\� %HUOLQ�$QKDOWLVFKH�
0DVFKLQHQEDX�$FWLHQ�*HVHOOVFKDIW��+RZHYHU��WKH�GHVLJQ�RI�WKH�WRRWK�GHVFULEHG�LQ�WKLV�SDWHQW�LV�DOPRVW�
VLPLODU�WR�WKH�SUHYLRXV�RQH��VR�LW�LV�OLNHO\�WKDW�WKH�LQYHQWRUV�DUH�WKH�VDPH�DV�LQ�WKH�*HUPDQ�SDWHQW�

6LQFH� ������ SURGXFWLRQ� RI� KDUG� DOOR\� UHOLW� �UDUH� LWHP� FDVW���1RWH� DOVR� WKH� SURGXFHG� LQ� WKH�
8665�KDUG�DOOR\V� VRUPD\W� �SODQW� �5HG�6RUPRYR���DQG� WKHQ�SODQW� VSHFLDO� VWHHOV��� VKLIW� �/HQLQJUDG�
,QVWLWXWH� RI�PHWDOV��� 6WDOLQ� DQG� FDWFK� XS� �SODQW� WKHP�� 6FKPLGW��� YRNDU� �SODQW� UDUH� HOHPHQWV��� GULOO�
SRZGHU��9=2��(OHNWUR]DYRG���7$6�KDUG�DOOR\�IRU�GULOOLQJ�EORZWRUFK��SODQW�UDUH�HOHPHQWV���,JQDWLHY�
ZDV� WKH�ZRUOG
V� ILUVW� VHOI�VKDUSHQLQJ� FDUELGH�LQVHUW� ELW� � LQ� WKH� ODERUDWRU\� RI� VHOI�VKDUSHQLQJ� WRROV�
������=XNKXURY��'RQEDVV��KDV�SURSRVHG�DQG�XVHG�ELWV�ZLWK�D�VWHSSHG�DUUDQJHPHQW�XQGHU� WKH�HQG�
NRURPDFQR�ULQJ��+RZHYHU��WKHVH�GHYHORSPHQWV�ZHUH�QRW�SDWHQWHG��

2XWVWDQGLQJ� LQYHQWRU� ,JQDWLHY� ZHQW� GRZQ� LQ� KLVWRU\� DV� WKH� LQYHQWRU� RI� WKH� ILUVW� VHOI�
VKDUSHQLQJ�FXWWLQJ�WRRO�DQG�UHFHLYHG�KLV�SDWHQWV�LQ�WKH�8665��1R����������*HUPDQ\��86$��)UDQFH��
8.�� ,WDO\� DQG� %HOJLXP�� +RZHYHU�� LQIRUPDWLRQ� RQ� WKH� UHFHLSW� RI� D� SDWHQW� IRU� D� VHOI�VKDUSHQLQJ�
FDUELGH�WRROV��FRXOG�QRW�EH�IRXQG��

$V�D�UHVXOW�RI�WKH�SDWHQW�UHVHDUFK�GDWDEDVH�RI�WKH�)HGHUDO�,QVWLWXWH�RI�LQGXVWULDO�SURSHUW\��5XVVLD��
ZH�KDYH�IRXQG�WKDW�WKH�ILUVW�SDWHQWV�IRU�LQYHQWLRQV�UHODWLQJ�WR�ELWV�DUH�WKH�IROORZLQJ�WZR�SDWHQWV��LVVXHG�LQ�
RQH�GD\��DOWKRXJK�ZLWK�D�GLIIHUHQW�ILOLQJ�GDWH���&RS\ULJKW�FHUWLILFDWH�RI� WKH�8665�������D�0HWKRG�RI�
SURGXFLQJ�FXWWHUV�IRU�GULOO�ELWV��$XWKRU�.DUZDFNL�SXEOLVKHG������������VWDWHG�������������8665�SDWHQW�
������0HWKRG�ZHOGLQJ�RI�GULOO�ELWV�RI�VROLG�FDUELGH��7KH�DXWKRU�LV�QRW�VSHFLILHG��WKH�DSSOLFDQW�6WDWH�DOO�
8QLRQ�HOHFWURWHFKQLFDO�$VVRFLDWLRQ��9(2���3XEOLVKHG������������VWDWHG�������������,Q�WKHVH�LQYHQWLRQV�
ZDV�PRWLYDWHG�E\�WKH�RSSRUWXQLW\�DQG�VXJJHVWHG�D�WHFKQRORJ\�RI�GULOO�ELWV�KDUG�DOOR\��

&RQFOXVLRQ
7KH� KLVWRULFDO� UHYLHZ� DQG� EDFNJURXQG� RI� GULOO� ELWV�� PDWHULDOV� DQG� WHFKQRORJLHV� RI� URWDU\�

GULOOLQJ� ZDV� SUHVHQWHG� KHUHLQ�� 7KH� H[SHULHQFH� RI� FUHDWLQJ� GLDPRQG� GULOO� ELWV� DQG� GULOOLQJ�
WHFKQRORJLHV� LQ� WKH�1DWLRQDO�PLQLQJ�8QLYHUVLW\� �'QLSUR��8NUDLQH��KDV�EHHQ�DQDO\]HG��'HYHORSLQJ�
QHZ� WHFKQRORJ\�RI� URFN�GULOOLQJ� LV� YHU\� FKDOOHQJLQJ�� ,W� LV� VKRZQ� WKDW� LPSURYLQJ� WKH�HIILFLHQF\�RI�


