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$EVWUDFW
� :RRG� LV� ZLGHO\� XVHG� LQ� DOO� RYHU� WKH� ZRUOG� EHFDXVH� RI� LWV� H[FHOOHQW�
SK\VLFDO�� PHFKDQLFDO� DQG� ILQLVKLQJ� SURSHUWLHV�� +RZHYHU�� WKH� PDFKLQLQJ� DQG�
KDQGWRRO� SURSHUWLHV� RI� PDKRJDQ\� �6ZLHWHQLD� PDFURSK\OOD�� ZRRG� ZHUH�
DVFHUWDLQHG� IRU� WKH� FKDUDFWHUL]DWLRQ� RI�ZRUNLQJ� SURSHUWLHV� LQ� WKLV� VWXG\��7KH�
HIIHFWV�RI�PDFKLQLQJ�SURSHUWLHV�� VXFK�DV��SODQLQJ�� VKDSLQJ��ERULQJ��PRUWLVLQJ�
DQG� WXUQLQJ�ZHUH� WHVWHG� RQ� WKLV�ZRRG� VSHFLHV� DORQJ�ZLWK� KDQGWRRO� WHVW��7KH�
HYDOXDWLRQ�RI� HDFK� WHVW�ZDV�EDVHG�RQ� IUHTXHQF\�RI�RFFXUUHQFH�RI�GHIHFW� IUHH�
VDPSOH��7KH�DSSOLFDWLRQV�RI�WZR�W\SHV�RI�SROLVKLQJ�PDWHULDOV��QDPHO\��VKHOODF�
DQG� FDUSD�ZHUH� XVHG� IRU� WKH� SXUSRVH� RI� ILQLVKLQJ� SURSHUW\� HYDOXDWLRQ�� (DFK�
VDPSOH�ZDV�YLVXDOO\�REVHUYHG�DQG�FODVVLILHG�EDVHG�RQ�ILYH�TXDOLW\�JUDGHV��7KLV�
ZRRG� VKRZHG� DQ� H[FHOOHQW� ZRUNLQJ� SHUIRUPDQFH� LQ� DOO� SURSHUWLHV� H[FHSW�
KDQGWRRO�SURSHUW\�LQ�SODQLQJ�WHVW�
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,QWURGXFWLRQ
� 0DKRJDQ\��6ZLHWHQLD�PDFURSK\OOD��WUHH�VSHFLHV�LV�QDWLYH�WR�WURSLFDO�$PHULFD�DQG�LW�LV�RQH�
RI� WKH�PRVW� LPSRUWDQW� WLPEHU� VSHFLHV� LQ�ZRUOG� WUDGH� �*LOOLHV� HW� DO�� ������7KH� SODQW�PDKRJDQ\�
FRPPRQO\�NQRZQ�DV�³VN\�IUXLW´��EHFDXVH�LWV�IUXLWV�VHHQ�WR�SRLQW�XSZDUGV�WR�WKH�VN\�LV�D�EHDXWLIXO��
ORIW\��HYHUJUHHQ�ODUJH�WUHH�XVXDOO\�������P�LQ�KHLJKW�DQG�����P�LQ�JLUWK��*RK�DQG�.DGLU��������7KH�
DYHUDJH�WUHH�LV���WR���IHHW�LQ�GLDPHWHU�DQG�KDV�D�ORQJ�WUXQN�WKDW�LV�JHQHUDOO\�IUHH�RI�EUDQFKHV�IURP�
���WR����IHHW�DERYH�WKH�KHDY\�EXWWUHVV��.XNDFKND��������7KLV�WUHH�KDV�EHHQ�SODQWHG�LQ�KRPHVWHDG�
DQG�URDG�VLGH�DV�WLPEHU�VSHFLHV��DQG�LW�KDV�EHFRPH�SRSXODU�WR�WKH�SHRSOH�IRU�WKH�JURZLQJ�QDWXUH�RI�
LW�XQGHU�D�OLWWOH�ELW�VKDGRZ�LQ�%DQJODGHVK�
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� :RRG�KDV�WUDGLWLRQDOO\�EHHQ�WKH�EDVLF�UDZ�PDWHULDO�IRU�IXUQLWXUH�DQG�MRLQHU\�LQGXVWULHV��2QH�
RI� WKH�PRVW� LPSRUWDQW� DGYDQWDJHV�RI�ZRRG� LV� LWV� HDV\�PDFKLQH�DELOLW\� LQ� FRQWUDVW� WR�PHWDO� DQG�
SODVWLF� SURGXFWV��+RZHYHU�� LWV� QRQ�XQLIRUP� FKDUDFWHULVWLFV�ZLWKLQ� DQG� EHWZHHQ� VSHFLHV� SOD\V� D�
VLJQLILFDQW�UROH�RQ�LWV�HIILFLHQW�DQG�HIIHFWLYH�PDFKLQLQJ��$Q\�VXUIDFH�GHIHFWV�GXH�WR�DQ�LPSURSHU�
PDFKLQLQJ�SURFHVV�ZLOO�DOVR�UHGXFH�WKH�TXDOLW\�RI�WKH�ILQDO�SURGXFW��UHVXOWLQJ�LQ�DQ�LQFUHDVH�LQ�WKH�
FRVW�RI� WKH�PDQXIDFWXUHG�XQLW��7KHUHIRUH�� LW� LV� LPSRUWDQW� WR�HYDOXDWH�PDFKLQLQJ�SDUDPHWHUV�DQG�
UHODWH�WKHP�WR�UDZ�PDWHULDO�FKDUDFWHULVWLFV��6RIXRJOX�DQG�.XUWRJOX�������:RRG�LV�FRQVLGHUHG�DV�
WKH� SULPH� PDWHULDO� IRU� WKH� VXUYLYDO� RI� PDQNLQG� DQG� DOVR� DV� WKH� IXQGDPHQWDO� RQH� IRU� WKH�
HQKDQFHPHQW�RI�FLYLOL]DWLRQ��6DWWDU�HW�DO��������

� &RPPHUFLDO�ZRRG�KDV� H[FHOOHQW�SK\VLFDO��PHFKDQLFDO� DQG� DSSHDUDQFH�SURSHUWLHV� DQG� LV�
KLJKO\�XVHG�LQ�PDUNHWV�DOO�RYHU�WKH�ZRUOG��7X�HW�DO��������9DULDWLRQ�RI�PDFKLQLQJ�SURSHUWLHV�RI�
GLIIHUHQW�ZRRG�LV�LQIOXHQFHG�E\�WKHLU�GHQVLW\��ILEHU�VWUXFWXUH��FKHPLFDO�DQG�PLQHUDO�FRQWHQWV�DQG�
PDQ\�RWKHU�FKDUDFWHULVWLFV��$V�PDFKLQLQJ�LV�LQYROYHG�LQ�DOO�FRPPRQ�ZRRG�ZRUNLQJ�RSHUDWLRQV��
NQRZOHGJH�RI�WKH�PDFKLQH�DELOLW\�RI�GLIIHUHQW�ZRRG�LV�KHOSIXO�LQ�VHOHFWLRQ�RI�D�SDUWLFXODU�VSHFLHV�
IRU�D�VSHFLILF�XVH��7KH�LPSRUWDQFH�RI�WKLV�LQIRUPDWLRQ�OLHV�LQ�PDUNHWLQJ�RI�QHZ�DQG�LQH[SHQVLYH�
VSHFLHV�DQG�LQ�WKHLU�FRQYHUVLRQ�IRU�PDQ\�LPSRUWDQW�ZRRG�SURGXFWV��4DVHP�HW�DO��������

� 7KH�TXDOLW\�RI�FRPPHUFLDO�WLPEHU�YDULHV�DFFRUGLQJ�WR�ORFDO�FRQGLWLRQV��DQG�WKH�YDULDWLRQV�
HQFRXQWHUHG� DUH� QR� JUHDWHU� RYHU� LWV� HQWLUH� UDQJH� WKDQ� WKRVH� ZKLFK�PLJKW� EH� IRXQG� ZLWKLQ� WKH�
FRQILQHG�JHRJUDSKLF�DUHD��7KHVH�YDULDWLRQV�FKLHIO\�HIIHFW�WKH�ZHLJKW��KDUGQHVV��DQG�FRORU�RI�WKH�
ZRRG��.XNDFKND���������.QRZOHGJH�RI�PDFKLQLQJ�SURSHUWLHV�RI�ZRRG�LV�UHTXLUHG�VSHFLDOO\�IRU�
IDEULFDWLRQ�RI�IXUQLWXUH�DQG�FDELQHW�ZRUN��+RVVDLQ�HW�DO���������1RZ�D�GD\V��PDKRJDQ\�ZRRG�LV�
EHLQJ�ZLGHO\�XVHG�IRU�WKH�SXUSRVH�RI�PDNLQJ�IXUQLWXUH��FDELQHW��LQWHULRU�DQG�FRQVWUXFWLRQ�ZRUNV�LQ�
%DQJODGHVK��%XW�LW�LV�XQNQRZQ�WR�WKH�XVHUV�RI�LWV�ZRUNLQJ�SURSHUWLHV��7KH�VWXG\�ZDV�WKXV�FDUULHG�
RXW�WR�DVFHUWDLQ�WKH�PDFKLQLQJ�DQG�KDQGWRRO�SURSHUWLHV�DORQJ�ZLWK�ILQLVKLQJ�SURSHUWLHV�ZKLFK�ZRRG�
KHOS�WR�UHJXODWH�WKH�SURSHU�XVH�RI�WKH�VSHFLHV�

0DWHULDOV�DQG�PHWKRGV
� 0DKRJDQ\� �6ZLHWHQLD�PDFURSK\OOD��ZRRG�DJHG�DERXW����\HDUV�ZDV�SURFXUHG� LQ� WKH� ORJ�
IRUP�IURP�&KDWWRJUDP��7KLV�ORJ�ZDV�FRQYHUWHG�LQWR�GLIIHUHQW�VL]HV�E\�SODQH�VDZLQJ��7KH�VDZLQJ�
TXDOLW\�RI�WKLV�ZRRG�ZDV�GHWHUPLQHG�E\�PDQXDO�IHHGLQJ�RI�ORJV�WR�WKH�VDZ�EODGH��7KH�VDZQ�WLPEHU�
ZDV�VHDVRQHG�WR�OHVV�WKDQ����SHUFHQW�PRLVWXUH�FRQWHQW��7DEOH�����7KH�VHDVRQHG�WLPEHU�ZDV�GUHVVHG�
DQG� ��� VDPSOHV� RI� ���PP�î� ����PP�î� �����PP� LQ� VL]H�ZHUH� SUHSDUHG� DFFRUGLQJ� WR�$670�
VWDQGDUG��$OO�WKH�WHVW�VDPSOHV�ZHUH�VRXQG�DQG�IUHH�IURP�DOO�GHIHFWV�LQFOXGLQJ�NQRWV��VWDLQ��LQFLSLHQW�
GHFD\��HQG�VSOLWV�DQG�VXUIDFH�FKHFNV��)RU�GLIIHUHQW�H[SHULPHQWDO�FRQGLWLRQV��HDFK�VDPSOH�ZDV�FXW�
LQWR�WKUHH�SDUWV�ZKLFK�DUH����PP�î�����PP�î�����PP������PP�î����PP�î�����PP�DQG����PP�î�
���PP�î�����PP�LQ�VL]H��)LUVW�VL]HG�ZHUH�XVHG�IRU�WKH�WHVWV�RI�SODQQLQJ�DQG�ILQLVKLQJ�SURSHUWLHV��
DQG�VHFRQG�ZHUH�XVHG�IRU�WXUQLQJ�SURSHUW\�WHVWV��7KH�WKLUG�VL]HG�VDPSOHV�ZHUH�XVHG�IRU�WKH�WHVWV�RI�
ERULQJ��PRUWLVLQJ�DQG�VKDSLQJ�SURSHUWLHV�



� 7HQ�VDPSOHV�ZHUH�WHVWHG�ZLWK�PDFKLQHV�DQG�WHQ�VDPSOHV�ZLWK�KDQG�WRRO�EXW�WZHQW\�VDPSOHV�
ZHUH�WHVWHG�IRU�WKH�SXUSRVH�RI�SODQLQJ�DQG�ILQLVKLQJ�WHVWV��$IWHU�WKH�FRPSOHWLRQ�RI�PDFKLQLQJ�WHVWV��
WKH� VDPSOHV� ZHUH� YLVXDOO\� H[DPLQHG� IRU� VRUWLQJ� RXW� WKH� GHIHFW� IUHH� RQHV� LPPHGLDWHO\�� 7KH�
RFFXUUHQFH�RI�GHIHFWV��QDPHO\��IX]]\�JUDLQ��WRUQ�JUDLQ��UDLVHG�JUDLQ��FKLSSHG�JUDLQ��EURNHQ�FRUQHU��
WHDU� RXW� DQG� URXJKQHVV� ZDV� UHFRUGHG�� 7KH� SHUFHQWDJHV� RI� GHIHFW�IUHH� VDPSOHV� EDVHG� RQ� WRWDO�
VDPSOHV� ZHUH� GHWHUPLQHG� DQG� WKHVH� SHUFHQWDJHV� ZHUH� FRQVLGHUHG� WR� EH� WKH� PHDVXUH� RI� WKHLU�
PDFKLQLQJ�TXDOLWLHV��7KHQ��HDFK�VDPSOH�ZDV�YLVXDOO\�H[DPLQHG�DQG�FODVVLILHG�EDVHG�RQ�ILYH�TXDOLW\�
JUDGHV�ZKLFK�DUH�VKRZQ�LQ�7DEOH����

7DEOH����4XDOLW\�JUDGHV�RI�GLIIHUHQW�SURSHUW\�WHVWV

� 7KH�SHUIRUPDQFH�FULWHULD�DQG�VXLWDEOH�SLHFHV�IRU�GLIIHUHQW�WHVW�VDPSOHV�XVHG�IRU�WKH�WHVWV�DUH�
SUHVHQWHG� LQ�7DEOH����7KH�PDFKLQLQJ� WHVWV�ZHUH� FDUULHG�RXW� DFFRUGLQJ� WR�$PHULFDQ�6RFLHW\� IRU�
7HVWLQJ� DQG� 0DWHULDOV� VWDQGDUG� WHVW� PHWKRG� �� �&RQGXFWLQJ� 0DFKLQLQJ� 7HVWV� RI� :RRG� DQG�
:RRG�%DVHG� 3URGXFWV� �$670�'� �������� 6WDQGDUG� ,QWHUQDWLRQDO�� ����� ���� 6LPLODU� WHVWV� ZHUH�
FDUULHG�RXW�XVLQJ�FDUSHQWHU¶V�KDQGWRRO�

7DEOH����4XDOLILHG�JUDGH�DQG�SHUIRUPDQFH�FULWHULD�EDVHG�RQ�GLIIHUHQW�WHVW�DORQJ�ZLWK�GLPHQVLRQ�RI�
GLIIHUHQW�WHVW�VDPSOHV
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3DUDPHWHU 4XDQWLW\ 8QLW

0RLVWXUH FRQWHQW RI ZRRG �� 3HUFHQWDJH

$JH RI WKH WUHH �� <HDU

6SHFLILF JUDYLW\ ���� 1R XQLW

7DEOH����0RLVWXUH�FRQWHQW��DJH�DQG�VSHFLILF�JUDYLW\�RI�PDKRJDQ\�ZRRG�VSHFLHV�

�6DWWDU��HW�DO������

4XDOLW\ JUDGH 3HUIRUPDQFH 'HIHFWV

� ([FHOOHQW 1R GHIHFW

� *RRG )HZ VOLJKW GHIHFWV

� )DLU /RWV RI VOLJKW GHIHFWV

� 3RRU 6HULRXV GHIHFWV

� 9HU\ SRRU 9HU\ VHULRXV GHIHFWV

7HVWV 'LPHQVLRQ �PP� 4XDOLILHG JUDGH &ULWHULD RI SHUIRUPDQFH

3ODQLQJ �� [ ��� [ ��� � DQG � ([FHOOHQW DQG JRRG

6KDSLQJ �� [ �� [ ��� � DQG � ([FHOOHQW DQG JRRG

%RULQJ �� [ �� [ ��� � DQG � ([FHOOHQW DQG JRRG

0RUWLVLQJ �� [ �� [ ��� ��� DQG � ([FHOOHQW� JRRG DQG IDLU

7XUQLQJ �� [ �� [ ��� � DQG � ([FHOOHQW DQG JRRG

)LQLVKLQJ �� [ ��� [ ��� � ([FHOOHQW
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3ODQLQJ
� 7KH�SODQLQJ�WHVW�ZDV�FDUULHG�RXW�LQ�D�VLQJOH�VXUIDFH�SODQHU�ZLWK�D�FXWWHU�KHDG�VSHHG�RI������
URWDWLRQ�SHU�PLQXWH��7KH�GHSWK�RI�FXW�IRU�DOO�WKH�UXQV�ZDV������PP��7KH�PDFKLQH�ZDV�HTXLSSHG�ZLWK�
D�YDULDEOH�IHHG�UDWH�RI�����PP�WR������PP�SHU�PLQXWH�DQG�WKH�IHHG�UDWH�ZDV�DGMXVWHG�WR�����PP�
SHU�PLQXWH�VR�WKDW�WKH�WDUJHW�QXPEHUV�RI�NQLIH�PDUN�ZHUH����SHU������FP��7KH�UXQ�ZDV�PDGH�ZLWK�
D�FXWWLQJ�DQJOH�RI����GHJUHHV�DQG�VKDUSQHVV�DQJOH�RI����GHJUHHV��7KH�WHVW�VDPSOHV�ZHUH�IHG�LQWR�WKH�
PDFKLQH�RQH�E\�RQH�WR�FRPSOHWH�D�IXOO�URWDWLRQ�RI�WHVW��(DFK�RI�WKH�VDPSOHV�ZDV�FDUHIXOO\�H[DPLQHG�
YLVXDOO\�IRU�SODQLQJ�GHIHFWV�DIWHU�HDFK�UXQ��7KH�WHVW�VDPSOHV�RI�WKH�VSHFLHV�ZHUH�WHVWHG�LQ�D�JURXS�
VHSDUDWHO\��7KH�VDPH�QXPEHU�RI�VDPSOHV�ZHUH�WHVWHG�ZLWK�WKH�FDUSHQWHU
V�KDQG�SODQQHU�DQG�VLPLODU�
SURFHGXUH�RI�WHVWLQJ�ZDV�DSSOLHG�

%RULQJ
� 7KH� ERULQJ� WHVW�ZDV� FDUULHG� RXW� LQ� D� ����PP� VLQJOH� VSLQGOH� KDQG� IHHG� GULOO� SUHVV��7ZR�
WKRURXJK�KROHV�ZHUH�ERUHG�RQ�HDFK�VDPSOH��$�RQH�LQFK�VLQJOH�WZLVW�VROLG�FHQWHU�EUHG�SRLQW�W\SH�RI�
ZRRG�ERULQJ�ELW�ZDV�XVHG�IRU�WKH�WHVW��7KH�GULOO�ZDV�DGMXVWHG�WR�PDLQWDLQ�D�VSLQGOH�VSHHG�RI������
USP��,Q�KDQG�WRRO�WHVW��ERULQJ�ZDV�GRQH�E\�D�FDUSHQWHU
V�KDQG�GULOO��$�RQH�LQFK�VLQJOH�WZLVW�VROLG�
FHQWHU�VFUHZHG�SRLQW�W\SH�ZRRG�ERULQJ�DXJHU�ELW�ZDV�XVHG�IRU�WKH�WHVW��6ROLG�KDUGERDUG�ZDV�XVHG�
DV�EDFNLQJ�XQGHUQHDWK�LQ�RUGHU�WR�DYRLG�WKH�WHDULQJ�DQG�VSOLQWHULQJ�RI�VDPSOHV�DW�WKH�ERWWRP�GXULQJ�
ERULQJ�ERWK�IRU�PDFKLQLQJ�DQG�KDQGWRRO�WHVW�

0RUWLVLQJ
� 7KH�VDPSOHV�XVHG�IRU�ERULQJ�WHVW�E\�PDFKLQH�DQG�KDQG�WRRO�ZHUH�DOVR�XVHG�IRU�FDUU\LQJ�RXW�
WKH�PRUWLVLQJ�WHVW�E\�PDFKLQH�DQG�KDQGWRRO�UHVSHFWLYHO\��7ZR�WKRURXJK�PRUWLVHV�ZHUH�FXW�RQ�HDFK�
VDPSOH�H[WHQGLQJ�WKURXJK�LQWR�D�KDUG�ERDUG�EDFNLQJ��(DFK�PRUWLVH�ZDV�FXW�ZLWK�WZR�VLGHV�SDUDOOHO�
DQG�WZR�VLGHV�SHUSHQGLFXODU�WR�WKH�JUDLQ��7KH�WHVWV�LQ�PDFKLQLQJ�ZHUH�FDUULHG�RXW�LQ�D�IRRW�IHHG�
YHUWLFDO�VTXDUH�KROORZ�FKLVHO�PRUWLVHU��7KH�VSLQGOH�VSHHG�RI������USP�DQG�WKH�FKLVHO�RI������PP�
ZHUH�XVHG�IRU�PRUWLVLQJ�WHVW�

6KDSLQJ
� 7KH�WHVW�VDPSOHV�XVHG�IRU�ERULQJ�DQG�PRUWLVLQJ�ZHUH�DOVR�XVHG�IRU�VKDSLQJ�WHVW��,Q�PDFKLQH��
WKH�WHVW�ZDV�FDUULHG�RXW�LQ�D�VSHFLDO�MLJ�WR�VKDSH�WKH�VDPSOH�WR�D�FXUYHG�SDWWHUQ��$�KDQG�IHHG�VLQJOH�
VSLQGOH�VKDSHU�ZLWK�WZR�KLJK�VSHHG�VWHHO�NQLYHV�KDYLQJ�D�VSLQGOH�VSHHG�RI������USP�ZDV�XVHG��7KH�
FXWWHU�XVHG�WR�REWDLQ�D�TXDUWHU�URXQG�SDWWHUQ�KDG�D�UDGLXV�RI�FXUYDWXUH�RI�������PP�DQG�WKH�FXWWLQJ�
DQJOH�ZDV�VHW������,Q�KDQG�WRRO�WHVW��ULSSLQJ�RI�WKH�VDPSOH�ZDV�GRQH�E\�FDUSHQWHU�KDQGVDZ�WR�REWDLQ�
WKH�TXDUWHU�URXQG�SDWWHUQ��7KH�VKDSLQJ�ZDV�FDUULHG�RXW�E\�FDUSHQWHU¶V�FKLVHO�RI�KDOI�URXQG�W\SH�

7XUQLQJ
� 7KH�WXUQLQJ�WHVW�ZDV�FDUULHG�RXW�LQ�D�YDULDEOH�VSHHG�ZRRG�ODWKH�DW������USP��$�VLQJOH�KLJK�
VSHHG�VWHHO�FXWWHU�ZDV�XVHG�WR�JLYH�KHDG�DQG�FRYH�IRU�KDYLQJ�GLIIHUHQW�WXUQLQJ�IHDWXUHV�DV�ZHOO�DV�
WKH�DELOLW\�WR�FXW�DW�GLIIHUHQW�DQJOHV�ZLWK�WKH�JUDLQ�



)LQLVKLQJ
� 7KH�SODQLQJ�WHVW�VDPSOHV�ZHUH�XVHG�IRU�WKH�ILQLVKLQJ�WHVW�DIWHU�FRPSOHWLQJ�DOO�SODQLQJ�WHVWV��
,Q�ILQLVKLQJ�WHVW��WZR�W\SHV�RI�SROLVK��YL]���VKHOODF�DQG�FDUSD�ZHUH�DSSOLHG�DQG�SHUIRUPDQFH�ZDV�
UHFRUGHG�RQ�WKH�EDVLV�RI�WKH�VXUIDFH�ILQLVK�DQG�SK\VLFDO�DSSHDUDQFHV��*XP�FRSDO�ILQLVK�LV�ORFDOO\�
NQRZQ�DV�µFDUSD¶�RU�µFKDQGUD¶�SROLVK��7KH�SROLVK�LV�SUHSDUHG�E\�GLVVROYLQJ�JXP�FRSDO�LQ�GHQDWXUHG�
DOFRKRO��7KH� VWDQGDUG�PL[WXUH� LV� ����GHQDWXUHG� DOFRKRO� � DQG�����JXP�FRSDO��7KH�PHWKRG�RI�
DSSOLFDWLRQV�LV�WKH�VDPH�DV�WKDW�RI�VKHOODF�SROLVK��4DVHP�������

5HVXOWV�DQG�'LVFXVVLRQ
� 0DKRJDQ\�ZRRG�ZDV�PRGHUDWHO\�KDUG�DQG�KHDY\�DFFRUGLQJ�WR�WKH�YDULDWLRQ�RI�LWV�GHQVLW\��
JUDLQ�RULHQWDWLRQ�DQG�WKH�ORDG�DSSOLHG�WR�WKH�VDZ�EODGH��DQG�LW�LQGLFDWHG�PHGLXP�VDZLQJ�TXDOLW\�
� 7KH� UHVXOWV� RI� SODQQLQJ�� VKDSLQJ�� ERULQJ��PRUWLVLQJ�� WXUQLQJ� DQG� ILQLVKLQJ� SURSHUWLHV� IRU�
PDKRJDQ\�ZRRG�VSHFLHV�DUH�SUHVHQWHG�LQ�7DEOH����

7DEOH����3URSHUW\�ZLVH�JUDGH�SHUFHQWDJH�RI�GLIIHUHQW�SURSHUWLHV�IRU�PDKRJDQ\�ZRRG

� 7KH� TXDOLILHG� JUDGHV� RI� SODQLQJ�� VKDSLQJ�� ERULQJ��PRUWLVLQJ� DQG� WXUQLQJ� SURSHUWLHV�ZHUH�
DVVXPHG� WKH� VXPPDWLRQ�RI�JUDGH���DQG�JUDGH����$PRQJ� WKHVH�RSHUDWLRQV�� VKDSLQJ��ERULQJ�DQG�
WXUQLQJ�VKRZHG�RQO\�JUDGH���WKDW�UHIHUUHG������TXDOLILHG�JUDGH��2Q�WKH�RWKHU�KDQG��PDFKLQLQJ�DQG�
KDQGWRRO�SURSHUWLHV�RI�SODQLQJ�WHVWV�UHVXOWHG�WKUHH�JUDGH��JUDGH������	����DQG�WZR�JUDGH��JUDGH���	�
���UHVSHFWLYHO\��,Q�WHUPV�RI�SODQLQJ�WHVW��PDFKLQLQJ�SURSHUW\�LQGLFDWHG������JUDGH����DQG�LW�UDWHG�
RQO\������TXDOLILHG�JUDGH�ZKHUH�DV�KDQG�WRRO�SURSHUW\�LQGLFDWHG�������TXDOLILHG�JUDGH��,Q�FDVH�RI�
WKLV�WHVW��KDQGWRRO�SURSHUW\�VKRZHG������JUDGH���ZKLFK�LV�KLJKHU�WKDQ�WKDW�RI�PDFKLQLQJ�
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3URSHUWLHV *UDGH RI GLIIHUHQW SURSHUWLHV � � �

1DPH 7\SH *UDGH

�

*UDGH

�

*UDGH

�

*UDGH

�

*UDGH

�

4XDOLILHG

JUDGH

3ODQLQJ 0DFKLQLQJ �� �� � � � ��

+DQGWRROV �� �� � � � ���

6KDSLQJ 0DFKLQLQJ ��� � � � � ���

+DQGWRROV ��� � � � � ���

%RULQJ 0DFKLQLQJ ��� � � � � ���

+DQGWRROV ��� � � � � ���

0RUWLVLQJ 0DFKLQLQJ �� �� � � � ���

+DQGWRROV �� �� � � � ���

7XUQLQJ 0DFKLQLQJ ��� � � � � ���

)LQLVKLQJ ��� � � � � ���
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� ,Q�WHUPV�RI�PRUWLVLQJ�WHVWV�IRU�ERWK�PDFKLQLQJ�DQG�KDQG�WRRO�SURSHUWLHV��WKH�TXDOLILHG�JUDGHV�
ZHUH�FRQVLGHUHG�WKH�VXP�RI�JUDGH������DQG����,Q�WKLV�FDVH��ERWK�PDFKLQLQJ�DQG�KDQGWRRO�SURSHUWLHV�
VKRZHG�����JUDGH���DQG������JUDGH����DQG�WKHVH�SURSHUWLHV�LQGLFDWHG�������TXDOLILHG�JUDGH��,Q�
WKH�ILQLVKLQJ�RSHUDWLRQ��TXDOLILHG�JUDGH�ZDV�DVVXPHG�RQO\�JUDGH����DQG�LW�VFRUHG�������TXDOLILHG�
JUDGH�

� 7KH�GHIHFW�IUHH�VDPSOHV�IRU�PDKRJDQ\�ZRRG�LQ�GLIIHUHQW�WHVWV�DUH�VKRZQ�LQ�)LJ����,Q�FDVH�RI�
PDFKLQLQJ�SURSHUWLHV��WKLV�ZRRG�VKRZHG�H[FHOOHQW�VKDSLQJ��ERULQJ��PRUWLVLQJ�DQG�WXUQLQJ�UHVXOWV��
EXW� SODQQLQJ� RSHUDWLRQ� LQGLFDWHG� JRRG� TXDOLW\�� ,Q� WHUPV� RI� KDQG� WRRO� SURSHUWLHV�� DOO� VKRZHG�
H[FHOOHQW�TXDOLWLHV�

� 'HIHFWV�RI�SODQLQJ�DQG�PRUWLVLQJ�RSHUDWLRQV�DORQJ�ZLWK�DYHUDJH�SHUFHQWDJH�RI�GHIHFWV�DUH�
SUHVHQWHG�LQ�7DEOH����'HIHFWV�W\SLFDOO\�REVHUYHG�IRU�PDKRJDQ\�ZRRG�VSHFLHV�ZHUH�IX]]\�JUDLQ�IRU�
ERWK�PDFKLQLQJ�DQG�KDQGWRRO�SURSHUWLHV� LQ�SODQLQJ�RSHUDWLRQV��$�IHZ�WHDU�RXW�DQG�FUXVKLQJ�RXW�
ZHUH�SUHVHQW�RQ�WKH�WUDQVYHUVH�VLGH�RI�WKH�KROH�IRU�PDFKLQLQJ�DQG�KDQGWRRO�SURSHUWLHV�UHVSHFWLYHO\�
LQ�PRUWLVLQJ�WHVWV�

7DEOH����'HIHFWV�RI�SODQLQJ�DQG�PRUWLVLQJ�WHVWV�IRU�PDFKLQLQJ�DQG�KDQG�WRRO�SURSHUWLHV

)LJXUH����&RPSDULVRQ�RI�WKH�GHIHFW�IUHH�VDPSOHV�DPRQJ�GLIIHUHQW�WHVWV

7HVW QDPH 3URSHUW\ 1R� RI GHIHFWHG VDPSOH 'HIHFWV $YHUDJH �

3ODQLQJ 0DFKLQLQJ �� )X]]\ JUDLQ �����

+DQGWRRO �� )X]]\ JUDLQ ��

0RUWLVLQJ 0DFKLQLQJ �� 7HDU RXW ��

+DQGWRRO �� &UXVKLQJ RXW ��



� )RU�JRRG�PDFKLQLQJ�TXDOLW\��WKH�FXWWHUV�XVHG�LQ�WKH�PDFKLQH�VKRXOG�EH�PDLQWDLQHG�SURSHUO\��
*HQHUDOO\��GHHS�FXWV�VKRXOG�QRW�EH�PDGH��7KH�QXPEHU�RI�EODGH�WUDFHV�LQ�XQLW�GLVWDQFH�VKRXOG�EH�
KLJK��+LJK�IHHG�VSHHG�FDQ�FDXVH�D�SRRU�VXUIDFH��7KH�GHIHFWV�PD\�EH�FDXVHG�E\�IHHG�VSHHG��7KH�IHHG�
VSHHG�RI�SODQLQJ�WHVW�VKRXOG�EH�VORZ��EXW�FDSDFLW\�VKRXOG�DOVR�EH�FRQVLGHUHG�

� 7KH�HYDOXDWLRQ�RI�PDFKLQLQJ�GHIHFWV�ZDV�EDVHG�RQ�YLVXDO�LQVSHFWLRQ��%XW�LW�ZDV�QRW�SRVVLEOH�
WR�TXDQWLI\�WKHP�SURSHUO\��,Q�WKH�GHIHFWLYH�VDPSOHV��SDUWLFXODUO\�LQ�SODQLQJ�DQG�WXUQLQJ�WHVW��WKH�
GHJUHH� DQG� IUHTXHQF\� RI� LQFLGHQFH� RI� GHIHFWV�ZHUH� QHJOLJLEOH� DQG� WKH� GHIHFWV� FRXOG� HDVLO\� EH�
UHPRYHG�E\�DGHTXDWH�VDQGLQJ�

� %HFDXVH�RI�WKH�OLPLWDWLRQ�RI�DYDLODEOH�HTXLSPHQWV��H[WHQVLYH�LQYHVWLJDWLRQ�RI�WKH�PDFKLQLQJ�
WHVWV�FRXOG�QRW�EH�FDUULHG�RXW��)RU�RSWLPXP�UHVXOWV��IXUWKHU�UHVHDUFK�ZRUN�LV�VWLOO�QHHGHG�

&RQFOXVLRQ
7KLV�H[SHULPHQW�ZDV�FDUULHG�RXW� WR�DVFHUWDLQ� WKH�EHKDYLRXU�RI�PDKRJDQ\�ZRRG�VSHFLHV� IRU� WKH�
FKDUDFWHUL]DWLRQ�RI�GLIIHUHQW� LPSRUWDQW�PDFKLQLQJ��KDQGWRRO� DQG� ILQLVKLQJ�SURSHUWLHV�JHQHUDWLQJ�
VRPH�HVVHQWLDO� LQIRUPDWLRQ�RQ� WKH�VXLWDELOLW\�RI�YDULRXV�XWLOL]DWLRQV��7KHVH�HYDOXDWHG�SURSHUWLHV�
LQGLFDWHG�WKDW�WKLV�ZRRG�VSHFLHV�VKRXOG�KDYH�SRWHQWLDO�VXLWDELOLW\�LQ�GLIIHUHQW�SXUSRVHV��0DKRJDQ\�
ZRRG�FRXOG�EH�VXLWDEOH�IRU�TXDOLW\�IXUQLWXUH��FDELQHW��IL[WXUH��PXVLF�LQVWUXPHQW��GRRU��SDQHOLQJ�DQG�
WXUQHU\� ZRUNV� DORQJ� ZLWK� LQWHULRU� GHVLJQV� DQG� FRQVWUXFWLRQ� SXUSRVHV�� %\� XVLQJ� WKLV� ZRRG�
FRPPHUFLDOO\�� LW� PD\� UHGXFH� WKH� SUHVVXUH� RQ� WKH� WUDGLWLRQDO� WLPEHU� VSHFLHV� DQG� SHRSOH� RI� RXU�
FRXQWU\� FRXOG� IXOILOO� WKHLU� TXDOLW\� IXUQLWXUH� GHPDQG�� +RZHYHU�� WKH� UHVXOW� RI� WKLV� VWXG\� LV� DQ�
LQGLFDWLYH�YDOXH�DQG�PD\�EH�XVHG�ZKHQ�DQG�ZKHUH�D�SDUWLFXODU�SURSHUW\�RU�D�JURXS�RI�SURSHUWLHV�DUH�
WR�UHTXLUH�LQ�WKH�VHOHFWLRQ�RI�WKLV�VSHFLHV�IRU�VSHFLILF�XVH�

$FNQRZOHGJHPHQW
:H� DUH� YHU\� WKDQNIXO� WR� 'U�� .KXUVKLG�$NKWHU�� 'LUHFWRU�� %DQJODGHVK� )RUHVW� 5HVHDUFK� ,QVWLWXWH�
�%)5,��WR�DOORFDWH�WKH�EXGJHW�IRU�WKLV�VWXG\��:H�DUH�DOVR�WKDQNIXO�WR�0G��5DPL]�8GGLQ��'LYLVLRQDO�
2IILFHU��:RRG�:RUNLQJ� DQG� 7LPEHU� (QJLQHHULQJ� 'LYLVLRQ� �::7('��� %)5,� IRU� KLV� UHVHDUFK�
VXSSRUWV� DQG� FRUGLDO� DVVLVWDQFH� WR� FRQGXFW� WKLV� H[SHULPHQW��:H�ZRXOG� OLNH� WR� WKDQN� WR� DOO� WKH�
FROOHDJXHV�RI�::7('��%)5,�IRU�FROOHFWLQJ�ZRRG�DQG�SUHSDULQJ�VDPSOHV�ZKLOH�FRQGXFWLQJ�WKH�
VWXG\�
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&RUQHOLXV�� -�� 3�� ������ *HQHWLF� GLYHUVLW\� LQ� 0HVRDPHULFDQ� SRSXODWLRQV� RI� PDKRJDQ\�
�6ZLHWHQLD� PDFURSK\OOD��� DVVHVVHG� XVLQJ� 5$3'V�� 7KH� *HQHWLFDO� 6RFLHW\� RI� *UHDW�
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$QQRQ�������$QQXDO�ERRN�RI�$670�6WDQGDUGV��SDUW����
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XVHV� RI� WLPEHUV� RI�%DQJODGHVK�� 6HDVRQLQJ� DQG�7LPEHU� 3K\VLFV�'LYLVLRQ��%DQJODGHVK�
)RUHVW�5HVHDUFK�,QVWLWXWH��&KLWWDJRQJ�����SS

+RVVDLQ��0��$�� DQG�4DVHP��0��$��� DQG�+DTXH��0��6�������)LYH�PDFKLQLQJ�SURSHUWLHV� RI� QLQH�
%DQJODGHVKL�KDUG�ZRRGV��%DQR�%LJJ\DQ�3DWULND�����	��������

4DVHP�� 0��$��� +DQQDQ�� 0�� 2��� .KDOHTXH�� 0��$�� DQG� +DTXH�� 0�� 6�� �����6RPH� PDFKLQLQJ�
SURSHUWLHV�RI�ILYH�KDUGZRRGV�RI�%DQJODGHVK��%DQR�%LJJ\DQ�3DWULND������	�������

4DVHP�� 0��$��� +DQQDQ�� 0�� 2��� .KDOHTXH�� 0��$�� DQG� +DTXH�� 0�� 6�� ������ 1RYHOWLHV� IURP�
/DPLQDWHG� :RRG�� %XOOHWLQ� ��� :RRG� :RUNLQJ� 6HULHV�� %DQJODGHVK� )RUHVW� 5HVHDUFK�
,QVWLWXWH��&KLWWDJRQJ�����SS

.XNDFKND��%��)��������0DKRJDQ\��6ZLHWHQLD�PDFURSK\OOD�NLQJ���)RUHLJQ�:RRG�6HULHV��5HSRUW�1R��
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6RIXRJOX��6��'��DQG�.XUWRJOX��$��������6RPH�PDFKLQLQJ�SURSHUWLHV�RI���ZRRG�VSHFLHV�JURZQ�LQ�
7XUNH\��7XUNLVK�-RXUQDO�RI�$JULFXOWXUH�DQG�)RUHVWU\������������
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0DFKLQLQJ�3URSHUWLHV�RI�(XFDO\SWXV�XURSK\OOD�;�(��&DPDOGXOHQVLV��%LR�5HVRXUFHV�������
����������


