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1R�SDUW�RI�WKLV�ZRUN�FRYHUHG�E\�FRS\ULJKW�PD\�EH�UHSURGXFHG�RU�FRSLHG�LQ�DQ\�IRUP�RU�E\�
DQ\�PHDQV��JUDSKLF��HOHFWURQLF�RU�PHFKDQLFDO��LQFOXGLQJ�SKRWRFRS\LQJ��UHFRUGLQJ��WDSLQJ��
LQIRUPDWLRQ�UHWULHYDO�V\VWHPV��RU�RWKHUZLVH��ZLWKRXW�WKH�ZULWWHQ�SHUPLVVLRQ�RI�WKH�SXEOLVKHU��
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�
6XPPDU\ ������������������������������������������������������������������������������������������������������������������������������������ ��
��� ,QWURGXFWLRQ����������������������������������������������������������������������������������������������������������������������� ��
��� %DFNJURXQG����������������������������������������������������������������������������������������������������������������������� ��
��� /LWHUDWXUH�5HYLHZ ������������������������������������������������������������������������������������������������������������� ��
��� 2EMHFWLYH��������������������������������������������������������������������������������������������������������������������������� ��
��� 0HWKRGV ���������������������������������������������������������������������������������������������������������������������������� ��
��� 5HVXOWV������������������������������������������������������������������������������������������������������������������������������� ��
��� 'LVFXVVLRQ����������������������������������������������������������������������������������������������������������������������� ���

���� (PLVVLRQV �������������������������������������������������������������������������������������������������������������� ���
���� 2WKHU�IDFWRUV�LQIOXHQFLQJ�FRPSUHVVHG�ZRRG�SURGXFW�XVH ������������������������������������� ���

��� &RQFOXVLRQV�DQG�5HFRPPHQGDWLRQV ������������������������������������������������������������������������������� ���
��� $FNQRZOHGJHPHQWV��������������������������������������������������������������������������������������������������������� ���
���� 5HIHUHQFHV����������������������������������������������������������������������������������������������������������������������� ���

$SSHQGL[���5DZ�GDWD�FROOHFWHG�GXULQJ�LQ�KRPH�WHVWLQJ������������������������������������������������� ���
$SSHQGL[���2ULJLQDO�UHSRUW�IURP�$SSOLHG�5HVHDUFK�6HUYLFHV���������������������������������������� ���
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/DQGFDUH�5HVHDUFK�

6XPPDU\�

�
3URMHFW�DQG�&OLHQW�
$�SUHOLPLQDU\�DVVHVVPHQW�RI�SDUWLFXODWH�HPLVVLRQV�IURP�1DWLRQDO�(PLVVLRQ�6WDQGDUG��1(6��
DXWKRULVHG�ZRRGEXUQHUV�EXUQLQJ�FRPSUHVVHG�ZRRG�SURGXFWV��ILUHORJV��DQG�RSHUDWHG�XQGHU�
UHDO�OLIH�RSHUDWLQJ�FRQGLWLRQV�ZDV�FDUULHG�RXW�E\�/DQGFDUH�5HVHDUFK��/LQFROQ��IRU�WKH�
)RXQGDWLRQ�IRU�5HVHDUFK��6FLHQFH�DQG�7HFKQRORJ\��FRQWUDFW�&2�;�����±�3URWHFWLQJ�1HZ�
=HDODQG¶V�&OHDQ�$LU��RYHU�$XJXVW������WR�6HSWHPEHU�������
�
2EMHFWLYH�
•� 'HWHUPLQH�LI�IXUWKHU�WHVWLQJ�RI�SDUWLFXODWH�HPLVVLRQV�IURP�1(6�DXWKRULVHG�ZRRGEXUQHUV�

XVLQJ�FRPSUHVVHG�ZRRG�SURGXFWV�LV�ZDUUDQWHG�WR�YDOLGDWH�HPLVVLRQV�UHGXFWLRQ�SRWHQWLDO�
DQG�GHWHUPLQH�DQ�HPLVVLRQ�IDFWRU��

�
0HWKRGV�
•� (PLVVLRQV�IURP�1(6�DXWKRULVHG�ZRRGEXUQHUV�LQ�WZR�KRXVHV��7$8��DQG�7$8���ZHUH�

PRQLWRUHG�XVLQJ�DQ�LQ�KRPH�VDPSOLQJ�DSSDUDWXV��6DPSOLQJ�ZDV�XQGHUWDNHQ�IRU�XS�WR�
��GD\V�ZKHQ�KRXVHKROGHUV�ZHUH�XVLQJ�ZRRG��DQG�VXEVHTXHQWO\�IRU�D�IXUWKHU���GD\V�ZKHQ�
WKH�KRXVHKROGHUV�XVHG�D�FRPSUHVVHG�ZRRG�SURGXFW��µ6ROLG�(QHUJ\�+RWORJV¶���

�
5HVXOWV�
•� 7KH�UHVXOWV�IRU�WKH�WZR�KRXVHV�ZHUH�FRPSDUHG�VHSDUDWHO\�DV��GXH�WR�VDPSOHU�PDOIXQFWLRQ��

DOO�EXW�RQH�RI�WKH�VDPSOH�UXQV�IURP�KRXVH�7$8��KDG�D�UXQ�WLPH�OHVV�WKDQ����PLQ���
•� 7KH�HPLVVLRQV�IURP�KRXVH�7$8���ZKHUH�QR�VDPSOLQJ�LVVXHV�RFFXUUHG��ZHUH������J�NJ�

�GU\�ZW��DQG������J�NJ��ZHW�ZW���UHSUHVHQWLQJ�D�����DQG�����UHGXFWLRQ�LQ�HPLVVLRQV�
FRPSDUHG�WR�WKDW�IURP�ZRRG��(PLVVLRQV�UDWHV�IURP�WKLV�KRXVH�ZHUH�DOVR�ORZHU�ZKHQ�
+RWORJV�ZHUH�EXUQHG�������J�K�+RWORJV�YV�����J�K�ZRRG������UHGXFWLRQ���

•� 7KH�HPLVVLRQV�IURP�KRXVH�7$8��IRU�+RWORJ�FRPEXVWLRQ�IRU�UXQV�ZLWK�UXQ�WLPHV�OHVV�WKDQ�
���PLQ�ZHUH�����J�NJ��GU\�ZHLJKW���7KLV�FRPSDUHV�ZLWK�HPLVVLRQV�RI������J�NJ��GU\�
ZHLJKW��IRU�ZRRG�FRPEXVWLRQ�IRU�UXQV�RI�D�VLPLODU�GXUDWLRQ�IURP�RWKHU�KRXVHV�LQYROYHG�LQ�
D�ODUJHU�WHVWLQJ�SURJUDPPH��DQG�UHSUHVHQWV�D�����UHGXFWLRQ�LQ�HPLVVLRQV���

�
&RQFOXVLRQV�DQG�UHFRPPHQGDWLRQV�
•� 7KH�XVH�RI�DOWHUQDWLYH�IXHOV�VXFK�DV�+RWORJV�PD\�DVVLVW�UHJLRQDO�FRXQFLOV�WR�PHHW�WKH�1(6�

UHTXLUHPHQW�RI�����J�P������K�DYHUDJH���%DVHG�RQ�DQ�LQLWLDO�VDPSOH�RI�WZR�KRXVHV��
IXUWKHU�HPLVVLRQ�WHVWLQJ�WR�GHWHUPLQH�DQ�HPLVVLRQ�IDFWRU�IRU�FRPSUHVVHG�ZRRG�SURGXFWV�LQ�
1(6�FRPSOLDQW�ZRRGEXUQHUV�LV�ZDUUDQWHG��
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/DQGFDUH�5HVHDUFK�

��� ,QWURGXFWLRQ�

�
$�SUHOLPLQDU\�DVVHVVPHQW�RI�SDUWLFXODWH�HPLVVLRQV�IURP�1(6�DXWKRULVHG�ZRRGEXUQHUV�
EXUQLQJ�FRPSUHVVHG�ZRRG�SURGXFWV��ILUHORJV���DQG�RSHUDWHG�XQGHU�UHDO�OLIH�RSHUDWLQJ�
FRQGLWLRQV�ZDV�FDUULHG�RXW�E\�/DQGFDUH�5HVHDUFK��/LQFROQ��IRU�WKH�)RXQGDWLRQ�IRU�5HVHDUFK��
6FLHQFH�DQG�7HFKQRORJ\��FRQWUDFW�&2�;�����±�3URWHFWLQJ�1HZ�=HDODQG¶V�&OHDQ�$LU��LQ�
$XJXVW������WR�6HSWHPEHU�������
�

��� %DFNJURXQG�

�
,Q�1HZ�=HDODQG��WKH�1DWLRQDO�(QYLURQPHQWDO�6WDQGDUG��1(6��IRU�DPELHQW�FRQFHQWUDWLRQV�RI�
SDUWLFXODWH�PDWWHU�OHVV�WKDQ����PLFURQV�LQ�GLDPHWHU��30����LV�����J�P��ZKHQ�DYHUDJHG�RYHU�
���K��7KLV�VWDQGDUG�LV�UHJXODUO\�H[FHHGHG�LQ�PDQ\�RI�1HZ�=HDODQG¶V�XUEDQ�DUHDV�GXULQJ�WKH�
ZLQWHU�PRQWKV��$EHUNDQH�	�:LOWRQ��������ZLWK�ZRRGEXUQHUV�WKH�SULPDU\�FRQWULEXWRUV�WR�
KLJK�SDUWLFXODWH�FRQFHQWUDWLRQV��6FRWW�	�*XQDWLODND�������:LOWRQ�������6PLWK�	�:LOWRQ�
�������
�
7KH�1(6�FRQWDLQV�D�GHVLJQ�VWDQGDUG�IRU�QHZ�ZRRGEXUQHU�LQVWDOODWLRQV�LQ�XUEDQ�DUHDV��)URP�
6HSWHPEHU�������DOO�ZRRGEXUQHUV�LQVWDOOHG�RQ�SURSHUWLHV�OHVV�WKDQ���KD�LQ�VL]H�KDYH�EHHQ�
UHTXLUHG�WR�KDYH�D�WKHUPDO�HIILFLHQF\�JUHDWHU�WKDQ�����DQG�HPLVVLRQ�UDWH�OHVV�WKDQ�����J�NJ��
ZKHQ�WHVWHG�WR�$6�1=6�����DQG�$6�1=6�����UHVSHFWLYHO\��)XUWKHU��E\�6HSWHPEHU������
RQO\�RQH�H[FHHGDQFH�RI�WKH�30���VWDQGDUG�SHU�\HDU�LV�DOORZDEOH��5HSODFHPHQW�RI�ROGHU�
ZRRGEXUQHUV�ZLWK�1(6�DXWKRULVHG�ZRRGEXUQHUV�LV�DQWLFLSDWHG�WR�ORZHU�HPLVVLRQV��DOWKRXJK�
DGGLWLRQDO�HPLVVLRQ�UHGXFWLRQ�VWUDWHJLHV�DUH�UHTXLUHG�LQ�PDQ\�DUHDV�WR�PHHW�WKH�1(6��
�
7KHUH�DUH�YDULRXV�FRPSUHVVHG�ZRRG�SURGXFWV�FXUUHQWO\�DYDLODEOH�LQ�1HZ�=HDODQG�LQFOXGLQJ�
µ6ROLG�(QHUJ\�+RWORJV¶��µ'XQFDQ�:DWWLH�)LUHORJV¶��µ%HHKLYH�)LUHORJV¶��µ6ROLG�(QHUJ\�
(FREULFNV¶��µ*UHHQ�/XFLIHU�/RJV¶��DQG�µ/LJKWKRXVH¶�FRPSUHVVHG�ZRRG�ORJV��7KHVH�SURGXFWV�
DUH�PDGH�IURP�ZRRGZDVWH��W\SLFDOO\�VDZGXVW��XQGHU�KLJK�WHPSHUDWXUH�DQG�SUHVVXUH�WR�DFWLYDWH�
WKH�QDWXUDO�UHVLQV�RI�WKH�ZRRG��ZKLFK�ELQGV�WKH�VDZGXVW�WRJHWKHU��6XFK�SURGXFWV�KDYH�EHHQ�
SURPRWHG�DV�DOWHUQDWLYH�HQHUJ\�VRXUFHV�WR�HOHFWULFLW\�IRU�VSDFH�KHDWLQJ��%ODNHO\�������
0HOOKXLVK�����D�E��������*UHHQ�3DUW\�������DQG�PHHW�JRYHUQPHQW�REMHFWLYHV�IRU�UHQHZDEOH�
HQHUJ\�XVH�DQG�ZDVWH�PLQLPLVDWLRQ��+RZHYHU��WKHUH�LV�OLPLWHG�LQIRUPDWLRQ�RQ�HPLVVLRQV�IURP�
FRPSUHVVHG�ZRRG�SURGXFWV�WR�LQGLFDWH�WKH�SRWHQWLDO�LPSDFW��SRVLWLYH�RU�QHJDWLYH��RQ�DLU�
TXDOLW\�DV�D�UHVXOW�RI�ZLGHU�XVDJH�RI�WKHVH�SURGXFWV�LQ�1HZ�=HDODQG��
�
$�QXPEHU�RI�FRXQFLOV�KDYH�GHYHORSHG�PDQDJHPHQW�VWUDWHJLHV�GHVLJQHG�WR�UHGXFH�ZRRGEXUQHU�
XVH��,Q�&KULVWFKXUFK��RQFH�D�KRXVHKROG�KDV�FRQYHUWHG�WR�QRQ�VROLG�IXHO�KHDWLQJ��UHJXODWLRQV�
�������������������������������������������������
�
�
��µ)LUHORJ¶�LV�ERWK�D�JHQHULF�WHUP�IRU�PDQXIDFWXUHG�ZRRG�ORJ�SURGXFWV�DQG�D�WUDGH�QDPH�RI�SURGXFWV�DYDLODEOH�LQ�
1HZ�=HDODQG�DQG�LQWHUQDWLRQDOO\��,Q�WKLV�UHSRUW�µILUHORJ¶�LV�XVHG�DV�D�JHQHUDO�WHUPV�IRU�FRPSUHVVHG�ZRRG�ORJ�
SURGXFWV�ZKLOH�µ)LUHORJ¶�LV�XVHG�ZKHQ�DSSURSULDWH�WR�LQGLFDWH�D�WUDGH�QDPH��
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/DQGFDUH�5HVHDUFK�

SUHYHQW�WKH�IXWXUH�XVH�RI�VROLG�IXHO�KHDWLQJ��,Q�1HOVRQ�ZRRGEXUQHUV��H[FOXGLQJ�SHOOHW�EXUQHUV�
PHHWLQJ�D�VSHFLILHG�HPLVVLRQ�FULWHULRQ��FDQQRW�EH�LQVWDOOHG�LQWR�QHZ�KRPHV�RU�LQWR�KRPHV�WKDW�
GLG�QRW�KDYH�VROLG�IXHO�KHDWHUV�EHIRUH�WKH�1HOVRQ�$LU�3ODQ�ZDV�QRWLILHG��7KH�LQWURGXFWLRQ�RI�D�
ORZ�HPLVVLRQ�IXHO�PD\�PHDQ�WKDW�FRXQFLOV�FRXOG�DOORZ�D�JUHDWHU�SURSRUWLRQ�RI�KRXVHKROGV�WR�
UHWDLQ�VROLG�IXHO�KHDWLQJ�ZKLOH�HQVXULQJ�WKH�1(6�LV�PHW�E\�������
�
6PRNHOHVV�IXHOV��LQFOXGLQJ�FRPSUHVVHG�ZRRG�SURGXFWV��ZHUH�FRQVLGHUHG�DV�DQ�RSWLRQ�IRU�
UHGXFLQJ�30���FRQFHQWUDWLRQV�LQ�&KULVWFKXUFK�DQG�1HOVRQ��)RVWHU�������:LOWRQ��������7KH�
WZR�PDLQ�OLPLWDWLRQV�LGHQWLILHG�LQ�WKRVH�UHSRUWV�ZHUH�WKDW�WKH�KLJK�FRVWV�RI�VPRNHOHVV�IXHOV�
PHDQW�WKDW�WKH\�ZHUH�QRW�HFRQRPLFDOO\�YLDEOH�IRU�KRXVHKROGHUV�DQG�WKDW�WKHUH�ZDV�D�ODFN�RI�
GDWD�TXDQWLI\LQJ�WKH�EHQHILWV�RI�VPRNHOHVV�IXHOV�FRPSDUHG�ZLWK�RWKHU�IXHOV�XVHG�WR�KHDW�
KRPHV��6LQFH�WKH�SUHSDUDWLRQ�RI�WKRVH�UHSRUWV�VHYHUDO�IDFWRUV�KDYH�FKDQJHG�WKDW�PD\�ZDUUDQW�
UHFRQVLGHUDWLRQ�RI�WKH�YLDELOLW\�RI�VPRNHOHVV�IXHOV��DQG�LQ�SDUWLFXODU��FRPSUHVVHG�ZRRG�
SURGXFWV��7KHVH�IDFWRUV�LQFOXGH�DQ�LQFUHDVHG�HPSKDVLV�RQ�UHQHZDEOH�UHVRXUFHV�DQG�LQFUHDVHG�
HOHFWULFLW\�SULFHV��)XUWKHU��SHOOHW�EXUQHUV��ZKLFK�DOVR�XVH�D�IXHO�GHULYHG�IURP�ZRRG�ZDVWH�DQG�
SUHYLRXVO\�KDG�GHEDWHDEOH�HFRQRPLF�YLDELOLW\�IRU�KRXVHKROGHUV��DUH�LQFUHDVLQJO\�JDLQLQJ�
DFFHSWDQFH�DV�ORZ�HPLVVLRQ�DOWHUQDWLYHV�WR�WUDGLWLRQDO�VROLG�IXHO�EXUQHUV��7KH�LQFUHDVHG�XVH�RI�
SHOOHW�ILUHG�EXUQHUV�PHDQV�WKDW�SHOOHW�SURGXFWLRQ�KDV�LQFUHDVHG�WR�D�OHYHO�WKDW�LV�HFRQRPLFDOO\�
YLDEOH�IRU�KRXVHKROGHUV��
�
&RPSUHVVHG�ZRRG�SURGXFWV�KDYH�WKH�DGYDQWDJH�RI�EHLQJ�DEOH�WR�EH�XVHG�LQ�H[LVWLQJ�
ZRRGEXUQHUV��,W�PD\�EH�WKH�FDVH�WKDW�D�VLPSOH�VZLWFK�LQ�IXHO�W\SH�IURP�ZRRG�WR�ILUHORJV�PD\�
UHGXFH�PRUH�HPLVVLRQV�WKDQ�RWKHU��PRUH�H[SHQVLYH��PHWKRGV��6LPLODUO\��WKH�XVH�RI�ILUHORJV�
PD\�EH�DGYDQWDJHRXV�DV�D�WHPSRUDU\�PHDVXUH�IRU�VLWXDWLRQV�ZKHUH�UHSODFHPHQW�RI�ROGHU�
ZRRGEXUQHUV�WKURXJK�QDWXUDO�DWWULWLRQ�LV�VXIILFLHQW�WR�PHHW�WKH�1(6�EXW�ZKHUH�ROGHU�EXUQHUV�
DUH�XQOLNHO\�WR�EH�UHSODFHG�E\�������,Q�WKLV�FDVH�LW�PD\�EH�PRUH�HFRQRPLFDOO\�DQG�
HQYLURQPHQWDOO\�YLDEOH�WR�XWLOLVH�WKH�IXOO�OLIH�RI�D�EXUQHU�E\�XVLQJ�ILUHORJV�IRU�WKH�UHPDLQLQJ�
\HDUV��$GRSWLRQ�RI�WKHVH�PHDVXUHV�ZRXOG�UHTXLUH�IXUWKHU�WHVWLQJ�DQG�YDOLGDWLRQ�RI�WKH�
HIIHFWLYHQHVV�RI�ILUHORJV�LQ�H[LVWLQJ�EXUQHUV��
�
/DERUDWRU\�VWXGLHV�KDYH�W\SLFDOO\�LQGLFDWHG�WKDW�FRPSUHVVHG�ZRRG�SURGXFWV�KDYH�ORZHU�
HPLVVLRQV�WKDQ�ILUHZRRG��DOWKRXJK�LQ�VRPH�FDVHV�WKH\�PD\�EH�KLJKHU��VHH�EHORZ���+RZHYHU��
WHVWLQJ�LV�OLPLWHG�DQG�QR�WHVWLQJ�KDV�EHHQ�XQGHUWDNHQ�GXULQJ�UHDO�OLIH�RSHUDWLRQ�RI�
ZRRGEXUQHUV��ZKLFK�PD\�RIWHQ�SURGXFH�KLJKHU�HPLVVLRQV�FRPSDUHG�ZLWK�ODERUDWRU\�WHVWLQJ��
%HIRUH�DGRSWLQJ�DQ�H[SHQVLYH�WHVWLQJ�SURJUDPPH��D�SUHOLPLQDU\�SURMHFW�IHDVLELOLW\�
LQYHVWLJDWLRQ�ZDV�XQGHUWDNHQ��6SHFLILFDOO\��WKLV�UHSRUW�HYDOXDWHV�ZKHWKHU�IXUWKHU�
LQYHVWLJDWLRQV�LQWR�HPLVVLRQV�UHGXFWLRQV�DVVRFLDWHG�ZLWK�WKH�XVH�RI�FRPSUHVVHG�ZRRG�
SURGXFWV�LV�ZDUUDQWHG��
�

��� /LWHUDWXUH�5HYLHZ�

�
,Q�WKH�8QLWHG�6WDWHV�ILUHORJV�KDYH�EHHQ�UHSRUWHG�WR�KDYH�ORZHU�SDUWLFXODWH�DQG�DLU�SROOXWDQW�
HPLVVLRQV�WKDQ�ILUHZRRG��H�J��%DUQHWW�	�%LJKRXVH�������%LJKRXVH�	�+RXFN�������+RXFN�
HW�DO��������������+RXFN�	�7LHJV��������7KHUH�DUH�WZR�W\SHV�RI�PDQXIDFWXUHG�ILUHORJV��
ZD[�VDZGXVW�ORJV�DQG�FRPSUHVVHG�ZRRG�ORJV��:D[�VDZGXVW�ORJV�DUH�PRVW�ZLGHO\�XVHG�LQ�WKH�
86�DQG�DUH�FRPSRVHG�RI���±����RI�SHWUROHXP��RU�PRUH�UHFHQWO\�SODQW�ZD[��DQG�VDZGXVW��



��

/DQGFDUH�5HVHDUFK�

7KHVH�SURGXFWV�KDYH�WZLFH�WKH�KHDW�FRQWHQW��RQ�D�SHU�ZHLJKW�EDVLV��DQG�ORZHU�PRLVWXUH��a����
FRQWHQW�WKDQ�ILUHZRRG��+RXFN�	�7LHJV�������+RXFN�	�(DJOH��������
�
%HFDXVH�RI�WKH�GLIIHUHQFH�LQ�ZHLJKW�EDVHG�KHDW�FRQWHQW��FRPSDULVRQ�RI�HPLVVLRQV�IURP�
ZD[�VDZGXVW�ILUHORJV�ZLWK�WKRVH�IURP�ILUHZRRG�LV�PRVW�DSSURSULDWHO\�XQGHUWDNHQ�RQ�D�JUDPV�
SHU�KRXU��J�K��EDVLV��+RXFN�HW�DO���������:D[�VDZGXVW�ORJV�KDYH�ORZHU�HPLVVLRQV�WKDQ�
ILUHZRRG��ZLWK�DQ�DYHUDJH�UHGXFWLRQ�RI�����IRU�SDUWLFXODWH�J�K�HPLVVLRQV��DQG�D�����
UHGXFWLRQ�RI�WKH�86�(3$���±SRO\F\FOLF�DURPDWLF�K\GURFDUERQ��3$+V��J�K�HPLVVLRQV�
REVHUYHG�ZKHQ�EXUQLQJ�WKHVH�SURGXFWV�LQ�RSHQ�ILUHSODFHV��+RXFN�HW�DO���������0RUH�UHFHQWO\�
ELRZD[�ILEUH�ILUHORJV�ZHUH�GHPRQVWUDWHG�WR�KDYH�JOREDO�ZDUPLQJ�UHGXFWLRQ�EHQHILWV�E\�
KDYLQJ�ORZHU�&2��HPLVVLRQV�WKDQ�FRUGZRRG�DQG�SHWUROHXP�EDVHG�ZD[�VDZGXVW�ILUHORJV�
�+RXFN��������7KHVH�SURGXFWV�DUH�GHVLJQHG�IRU�RQH�DW�D�WLPH�XVH�LQ�RSHQ�ILUHSODFHV�DQG�WKH�
FRQYHQLHQFH�RI�LQGLYLGXDOO\�ZUDSSHG��HDVLO\�VWDUWHG�ZLGHVSUHDG�XVDJH�IRU�WKH�RFFDVLRQDO�XVH�
RI�ILUHSODFHV�IRU�DHVWKHWLF�SXUSRVHV�LV�VXJJHVWHG�WR�EH�DQ�LPSRUWDQW�IDFWRU�IRU�FRQVXPHUV�
�+RXFN�	�7LHJV��������$V�WKHVH�SURGXFWV�DUH�GHVLJQHG�IRU�XVH�LQ�RSHQ�ILUHSODFHV��WKH\�DUH�QRW�
UHOHYDQW�IRU�FRQVLGHUDWLRQ�IRU�HPLVVLRQV�UHGXFWLRQ�LQ�1HZ�=HDODQG��
�
&RPSUHVVHG�ZRRG�ORJV�DUH�PRUH�FRPPRQO\�XVHG�LQ�ZRRGEXUQHUV��DQG�WKXV�DUH�PRUH�UHOHYDQW�
IRU�1HZ�=HDODQG��7KHVH�SURGXFWV�DUH�PDGH�IURP�ZRRGZDVWH��W\SLFDOO\�VDZGXVW��XQGHU�KLJK�
WHPSHUDWXUH�DQG�SUHVVXUH�WR�DFWLYDWH�WKH�QDWXUDO�UHVLQV�RI�WKH�ZRRG��ZKLFK�ELQGV�WKH�VDZGXVW�
WRJHWKHU��$V�FRPSUHVVHG�ZRRG�SURGXFWV�DUH�PDGH�XS�RI�ZRRG�DORQH��WKH\�KDYH�WKH�VDPH�KHDW�
FRQWHQW�SHU�NLORJUDP�DV�ILUHZRRG��RQ�D�GU\�ZHLJKW�EDVLV��DQG�LW�LV�YDOLG�WR�FRPSDUH�ERWK�
HPLVVLRQ�IDFWRUV�DQG�UDWHV�ZLWK�WKDW�IURP�ILUHZRRG��+RZHYHU��WKH\�DUH�FRQVLGHUHG�WR�EH�D�
VXSHULRU�IXHO�DV�WKH\�FRQWDLQ�OHVV�PRLVWXUH��+RXFN�	�7LHJV�������DQG�LQ�PDQ\�VLWXDWLRQV�
ZKHUH�ZRRG�EXUQHG�LV�QRW�GU\��OHVV�FRPSUHVVHG�ZRRG�SURGXFW��E\�ZHW�ZHLJKW��ZRXOG�EH�
UHTXLUHG�WR�EH�EXUQHG�WR�DFKLHYH�WKH�VDPH�OHYHO�RI�FRPIRUW��7KH�FDORULILF�YDOXH�RI�FRPSUHVVHG�
ZRRG�SURGXFWV�PDGH�IURP�SLQH�LV�DURXQG���±���0-�NJ��GU\�ZHLJKW�EDVLV���ZKLFK�LV�WKH�VDPH�
IRU�SLQH�DQG�FRPSDUHV�ZLWK�DURXQG���±���0-�NJ�IRU�ZRRG�ZLWK�PRLVWXUH�FRQWHQW�UDQJLQJ�
IURP����WR������PRLVWXUH��ZLWK�ORZHU�YDOXHV�IRU�ZHWWHU�ZRRG��0('��������
�
,Q�WKH�8QLWHG�6WDWHV�VWXGLHV�KDYH�VKRZQ�UHGXFWLRQV�RI�EHWZHHQ����DQG�����IRU�SDUWLFXODWH�
J�NJ�HPLVVLRQV�DQG�EHWZHHQ����DQG�����IRU�SDUWLFXODWH�HPLVVLRQV��J�K��ZKHQ�FRPSUHVVHG�
ZRRG�SURGXFWV�ZHUH�EXUQHG�LQ�ROGHU�DQG�QHZHU�GHVLJQ�ZRRGEXUQHUV�XQGHU�ODERUDWRU\�
FRQGLWLRQV��%DUQHWW�	�%LJKRXVH�������%LJKRXVH�	�+RXFN�������+RXFN�	�7LHJV��������0RUH�
PRGHVW�UHGXFWLRQV�LQ�FDUERQ�PRQR[LGH�DQG�YRODWLOH�RUJDQLF�FRPSRXQGV�ZHUH�DOVR�REVHUYHG�
�%DUQHWW�	�%LJKRXVH��������(PLVVLRQ�UHGXFWLRQV�DUH�VXJJHVWHG�WR�EH�GXH�LQ�SDUW�WR�WKHLU�
KLJKHU�GHQVLW\��ORZHU�PRLVWXUH��DQG�XQLIRUP�VKDSH�DQG�LQ�SDUW�EHFDXVH�WKH\�DUH�PDGH�ZLWK�
FOHDQ�VDZGXVW�RU�ZRRG�VKDYLQJV�ZLWKRXW�EDUN�RU�GHEULV��+RXFN�	�7LHJV��������+RZHYHU��
VRPH�SURGXFWV�VKRZHG�DQ�LQFUHDVH�LQ�HPLVVLRQV�ZKHQ�EXUQHG�LQ�QHZHU�GHVLJQ�ZRRGEXUQHUV��
ZKLFK�LV�VXJJHVWHG�WR�EH�GXH�LQ�SDUW�WR�WKH�RSWLPLVDWLRQ�RI�WKHVH�VWRYHV�IRU�EXUQLQJ�ILUHZRRG�
FOHDQO\��%LJKRXVH�	�+RXFN��������
�
/LPLWHG�WHVWLQJ�RI�FRPSUHVVHG�ZRRG�SURGXFWV�RXWVLGH�WKH�86�KDV�EHHQ�XQGHUWDNHQ�DQG�
(QYLURQPHQW�$XVWUDOLD��������DQG�:KLWHO\������D��ZHUH�WKH�RQO\�WZR�VWXGLHV�IRXQG��
(QYLURQPHQW�$XVWUDOLD��������UHSRUWHG�WKDW�HPLVVLRQV�IURP�D�ZRRGEXUQHU�RSHUDWHG�XQGHU�
ODERUDWRU\�FRQGLWLRQV�XVLQJ�D�FRPSUHVVHG�ZRRG�SURGXFW�PDQXIDFWXUHG�IURP�D�PL[�RI�
KDUGZRRG�DQG�VRIWZRRG�VDZGXVW�UDQJHG�IURP���WR�����J�NJ��7KHVH�HPLVVLRQV�ZHUH�ORZHU�WKDQ�
WKRVH�IURP�SLQH��3LQXV�UDGLDWD���!��J�NJ���WKH�GRPLQDQW�IXHO�EXUQHG�LQ�1HZ�=HDODQG��DQG�WKH�
DYHUDJH�HPLVVLRQV�IURP�HXFDO\SW�ZKHQ�D�ORZ�EXUQ�VHWWLQJ�ZDV�XVHG��DYHUDJH�a��J�NJ���EXW�
KLJKHU�WKDQ�WKDW�IURP�HXFDO\SW�ZKHQ�D�KLJK�EXUQ�VHWWLQJ�ZDV�XVHG�������J�NJ���
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�
7KH�1HZ�=HDODQG�&RQVXPHU�0DJD]LQH�UHSRUW�E\�:KLWOH\������D��SURYLGHV�WKH�PRVW�
H[WHQVLYH�LQIRUPDWLRQ�DYDLODEOH�DQG�FRPSDUHV�DGGLWLRQDO�IDFWRUV�VXFK�DV�IXHO�SULFH��UXQQLQJ�
FRVW��HIILFLHQF\��DQG�DYHUDJH�KHDW�RXWSXW��:KLOH�QRW�D�SHHU�UHYLHZHG�UHSRUW��LW�QRQHWKHOHVV�
SURYLGHV�UHOHYDQW�LQGLFDWLYH�UHVXOWV�SDUWLFXODUO\�DV��LQ�FRQWUDVW�WR�WKH�86�VWXGLHV��:KLWOH\�
�����D��IRXQG�KLJKHU�HPLVVLRQV�IURP�WKH�FRPEXVWLRQ�RI�IRXU�FRPSUHVVHG�ZRRG�SURGXFWV�
FRPSDUHG�ZLWK�WKDW�SURGXFHG�IURP�WKH�FRPEXVWLRQ�RI�VHDVRQHG�SLQH�XQGHU�ODERUDWRU\�
FRQGLWLRQV��7DEOH������&RPSUHVVHG�ZRRG�SURGXFWV�KDG�ORZHU�SRZHU�RXWSXW��EXW�ORQJHU�EXUQ�
WLPHV�DQG�KLJKHU�HIILFLHQF\�WKDQ�WKH�VHDVRQHG�UDGLDWD��
�
�
7DEOH���&RPSDULVRQ�RI�YDULRXV�SDUDPHWHUV�IURP�FRPSUHVVHG�ZRRG�SURGXFWV�DQG�VHDVRQHG�
SLQH��6RXUFH��:KLWHO\�����D���
)XHO� 5XQQLQJ�FRVW�

�F�N:K��
)XHO�SULFH�
�F�NJ��

(PLVVLRQV�
�J�NJ��

%XUQ�WLPH�
�PLQ��

$YHUDJH�
RXWSXW��N:��

(IILFLHQF\�

&OHDU�
VHDVRQHG�
3LQXV�UDGLDWD�

�� ��� ���� ���� ���� ���

'XQFDQ�
:DWWLH�
)LUHORJV�

��� ��� ���� ���� ���� ���

6ROLG�(QHUJ\�
)LUHORJV�

��� ��� ���� ���� ���� ���

6ROLG�(QHUJ\�
(FRKHDW�
%ULFNV�

��� ��� ���� ���� ���� ���

/LJKWKRXVH�
ILUHORJV�

��� ���� ���� ���� ���� ���

�
�
2SWLPLVDWLRQ�RI�ZRRGEXUQHUV�WR�SURGXFH�WKH�ORZHVW�HPLVVLRQV�DQG�KLJKHVW�HIILFLHQF\�GXULQJ�
EXUQLQJ�RI�D�WHVW�IXHO��NLOQ�GULHG�SLQH�LQ�1HZ�=HDODQG��XQGHU�ODERUDWRU\�FRQGLWLRQV�LV�
VXJJHVWHG�WR�EH�RQH�IDFWRU�WKDW�PD\�UHVXOW�LQ�KLJKHU�HPLVVLRQV�ZKHQ�ZRRGEXUQHUV�DUH�
RSHUDWHG�ZLWK�GLIIHUHQW�IXHO�W\SHV��LQFOXGLQJ�FRPSUHVVHG�ZRRG�SURGXFWV��%LJKRXVH�	�+RXFN�
������$56�����E���+RZHYHU��WKHUH�UHPDLQV�D�GHDUWK�RI�LQIRUPDWLRQ�RQ�ZRRGEXUQHU�
HPLVVLRQV�IURP�FRPSUHVVHG�ZRRG�SURGXFWV�XQGHU�UHDO�OLIH�RSHUDWLQJ�FRQGLWLRQV��

�������������������������������������������������
�
�
��7HVWLQJ�ZDV�FDUULHG�E\�$SSOLHG�5HVHDUFK�6HUYLFHV��$56��XVLQJ�WKH�HTXLSPHQW�VSHFLILHG�LQ�$61=�������EXW�
WHVWLQJ�GLIIHUHG�IURP�$61=������LQ�WKDW�RQFH�D�EHG�RI�HPEHUV�ZDV�HVWDEOLVKHG�XVLQJ�SLQH�WKH�VDPH�IXHO�ZHLJKW�
�����NJ��IRU�HDFK�IXHO�ZDV�DGGHG�WR�WKH�ILUHER[��DLU�FRQWUROV�VHW�DW�PHGLXP�DQG�WKHQ�WKH�IXHO�ORDG�DOORZHG�WR�EXUQ�
RXW�ZLWK�HPLVVLRQV��KHDW�RXWSXW�DQG�EXUQ�WLPH�GHWHUPLQHG���%LOO�:KLWOH\��&RQVXPHU�2UJDQLVDWLRQ��SHUV��FRPP����
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��� 2EMHFWLYH�

�
•� 'HWHUPLQH�LI�IXUWKHU�WHVWLQJ�RI�SDUWLFXODWH�HPLVVLRQV�IURP�1(6�DXWKRULVHG�ZRRGEXUQHUV�

XVLQJ�FRPSUHVVHG�ZRRG�SURGXFWV�LV�ZDUUDQWHG�WR�YDOLGDWH�HPLVVLRQV�UHGXFWLRQ�SRWHQWLDO�
DQG�GHWHUPLQH�DQ�HPLVVLRQ�IDFWRU��

�

��� 0HWKRGV�

�
6DPSOLQJ�ZDV�XQGHUWDNHQ�DV�SDUW�RI�D�ODUJHU�SURJUDPPH�WR�WHVW�WKH�HPLVVLRQV�IURP�1(6�
DXWKRULVHG�ZRRGEXUQHUV�XQGHU�UHDO�OLIH�RSHUDWLRQ��'HWDLOV�RI�WKLV�WHVWLQJ�SURJUDPPH�DQG�
VDPSOLQJ�DSSDUDWXV�DUH�SURYLGHG�LQ�6PLWK�HW�DO����������%ULHIO\�����KRXVHKROGV�ZLWK�1(6�
DXWKRULVHG�EXUQHUV�IURP�5RWRUXD��7DXPDUDQXL�DQG�1HOVRQ�ZHUH�VHOHFWHG�IRU�WHVWLQJ��7ZR�
VDPSOHUV�ZHUH�RSHUDWHG�FRQWHPSRUDQHRXVO\�DW�VHSDUDWH�KRXVHKROGV�DQG�PRQLWRULQJ�ZDV�
FRQGXFWHG�GDLO\�IRU�DW�OHDVW���G��7KH���G�PRQLWRULQJ�SHULRG�ZDV�UHTXLUHG�WR�JLYH�D�UHDVRQDEOH�
DPRXQW�RI�GDWD�SHU�EXUQHU�WR�DFFRXQW�IRU�GDLO\�YDULDWLRQV�LQ�RSHUDWLRQ�DQG��FRQVHTXHQWO\��
HPLVVLRQV��7HVWLQJ�ZDV�FDUULHG�RXW�XVLQJ�ILUHZRRG�EHORQJLQJ�WR�WKH�KRPHRZQHUV�DQG�EXUQHUV�
ZHUH�RSHUDWHG�E\�WKH�KRXVHKROGHUV�DV�WKH\�ZRXOG�LQ�UHDO�OLIH��RQ�HDFK�GD\�RI�WKH�WHVWLQJ�
SHULRG��
�
(PLVVLRQV�ZHUH�PRQLWRUHG�XVLQJ�DQ�LQ�KRPH�WHVWLQJ�V\VWHP�GHYHORSHG�E\�$SSOLHG�5HVHDUFK�
6HUYLFHV��$56��WKDW�FRPSULVHV�D�SDUWLFXODWH�VDPSOLQJ�KHDG�WKDW�DWWDFKHV�WR�WKH�IOXH�RI�WKH�
ZRRGEXUQHU��DQG�D�JDV�DQDO\VHU��$56�����D���7KH�IOXH�JDV�LV�GUDZQ�LQWR�WZR�SUREHV�LQVHUWHG�
LQWR�WKH�IOXH��)RU�SDUWLFXODWH�VDPSOLQJ�WKH�IOXH�JDV�LV�GUDZQ�LQWR�D�PDQLIROG�DORQJ�ZLWK�
DPELHQW�DLU��DQG�IROORZLQJ�PL[LQJ��WKH�GLOXWHG�JDVHV�DUH�GUDZQ�WKURXJK�WZR����PP�JODVV�
ILEUH�ILOWHUV��*HOPDQ�7\SH�$�(�&DW�1R���������WKDW�FROOHFW�WKH�SDUWLFXODWH�HPLVVLRQV��7KLV�
GLOXWLRQ�VLPXODWHV�WKH�GLOXWLRQ�DQG�FRROLQJ�WKDW�RFFXUV�ZKHQ�ZRRGEXUQHU�HPLVVLRQV�H[LW�
FKLPQH\�IOXHV��7KH�GLOXWLRQ�JDV�LV�SDVVHG�WKURXJK�D�GHVLFFDQW�SULRU�WR�D�JDV�DQOD\VHU�WR�
GHWHUPLQH�&2��FRQFHQWUDWLRQV��)LOWHUV�ZHUH�FKDQJHG�GDLO\��)OXH�JDV�IRU�JDV�DQDO\VHV��&2��DQG�
2���DUH�VFUXEEHG�DQG�ILOWHUHG�SULRU�WR�EHLQJ�SDVVHG�WKURXJK�DQ�HOHFWURFKHPLFDO�R[\JHQ�
DQDO\VHU��
�
7KH�IOXH�JDV�FRPSRVLWLRQ�LV�XVHG�WR�FDOFXODWH�WKH�WRWDO�YROXPH�RI�JDV�WKDW�KDV�SDVVHG�XS�WKH�
IOXH�SHU�NLORJUDP�RI�IXHO�EXUQHG��7KH�WRWDO�HPLVVLRQV�DUH�WKHQ�FDOFXODWHG�XVLQJ�WKH�GLOXWLRQ�
UDWLR�DQG�WKH�SDUWLFXODWH�PDVV�RQ�WKH�ILOWHU��DQG�SURYLGHG�DV�DQ�HPLVVLRQ�IDFWRU��J�NJ�GU\�
ZHLJKW�RI�ZRRG�EXUQHG��DQG�DV�DQ�HPLVVLRQ�UDWH��J�K���7KH�HPLVVLRQ�IDFWRU�LV�LQGHSHQGHQW�RI�
DQ\�LQIRUPDWLRQ�SURYLGHG�E\�WKH�KRXVHKROGHU��,Q�DGGLWLRQ��D�ZHW�ZHLJKW�HPLVVLRQV�IDFWRU�ZDV�
GHWHUPLQHG�XVLQJ�WKH�PRLVWXUH�FRQWHQW�IURP�DQ�RQ�VLWH�PRLVWXUH�PHWHU��ZRRG��RU�ODERUDWRU\�
GHWHUPLQDWLRQ�RI�PRLVWXUH�FRQWHQW��+RWORJV���7KH�ZHW�ZHLJKW�HPLVVLRQ�IDFWRUV�DUH�SURYLGHG�
IRU�FRPSDULVRQ�ZLWK�WKRVH�GHWHUPLQHG�LQ�6PLWK�HW�DO����������
�
7KH�HPLVVLRQ�UDWH�LV�FDOFXODWHG�IURP�WKH�EXUQ�UDWH��NJ�GU\�ZW�K���ZKLFK�LQ�WXUQ�LV�FDOFXODWHG�
IURP�KRXVHKROGHU�UHFRUGV�RI�WKH�ZHLJKW�RI�IXHO�EXUQHG��WKH�PRLVWXUH�FRQWHQW�RI�WKH�ZRRG�
GHWHUPLQHG�XVLQJ�DQ�RQ�VLWH�PRLVWXUH�PHWHU��DQG�WKH�VDPSOHU�UXQ�WLPH��7KH�DFFXUDF\�RI�WKH�
HPLVVLRQV�UDWH�LV�WKXV�GHSHQGHQW�RQ�WKH�DFFXUDF\�RI�WKH�KRXVHKROGHU�UHFRUGV�DQG�ZRRG�



��

/DQGFDUH�5HVHDUFK�

PRLVWXUH�PHDVXUHPHQWV��
�
6XEVHTXHQW�WR�WKH�FRQGXFW�RI�WKH�LQ�KRPH�HPLVVLRQV�WHVWLQJ�SURJUDPPH��WZR�KRXVHV�IURP�
7DXPDUDQXL�YROXQWDULO\�XQGHUWRRN�DGGLWLRQDO�WHVWLQJ�DQG�ZHUH�SURYLGHG�ZLWK�6ROLG�(QHUJ\�
+RWORJV��DQG�HPLVVLRQV�PRQLWRUHG�IRU�XS�WR���G��7KH�ZRRGEXUQHU��W\SH�RI�ZRRG�EXUQHG��ZRRG�
DQG�+RWORJ�PRLVWXUH�FRQWHQW�IRU�HDFK�KRXVHKROG�LV�VKRZQ�LQ�7DEOH����6DPSOLQJ�ZDV�
FRQGXFWHG�IURP����WR����$XJXVW������IRU�ZRRG�FRPEXVWLRQ�DQG�IURP����$XJXVW�WR���
6HSWHPEHU������IRU�+RWORJ�FRPEXVWLRQ��XVLQJ�WKH�VDPH�HPLVVLRQV�WHVWLQJ�PHWKRG�DV�
GHVFULEHG�DERYH��
�
7DEOH���6XPPDU\�RI�ZRRGEXUQHU�W\SH��ZRRG�W\SLFDOO\�EXUQHG��DQG�PRLVWXUH�FRQWHQW�IRU�WKH�
KRXVHKROGV�XVHG�LQ�WKH�FXUUHQW�VWXG\��

+RXVHKROG�� :RRGEXUQHU� :RRG�W\SH�
:RRG�PRLVWXUH�
FRQWHQW������

+RWORJ�PRLVWXUH�
FRQWHQW�����

7$8��
:RRGVPDQ�0DWDL�(&5�
0DUN���

5HGZRRG��SLQH��
NDQXND� ����������� ����

7$8�� 0HWUR�(FR�6HULHV�:HH�5DG� %OXH�JXP��NDLNDWLR� ����������� ����
�+RXVHKROG�LGHQWLILFDWLRQV�DUH�WKRVH�XVHG�LQ�6PLWK�HW�DO���������
�2Q�VLWH�PRLVWXUH�PHWHU��PHDQ��V�G���
�/DERUDWRU\�GHWHUPLQDWLRQ�
�
,Q�DGGLWLRQ��WKH�WHPSHUDWXUH�RI�WKH�URRP�LQ�ZKLFK�WKH�ZRRGEXUQHU�ZDV�ORFDWHG�ZDV�PRQLWRUHG�
FRQWLQXRXVO\�RYHU�WKH�VDPSOLQJ�SHULRG��7KH�GDLO\�H[WHUQDO�PD[LPXP�DQG�PLQLPXP�
WHPSHUDWXUHV�LQ�7DXPDUDQXL�RYHU�WKLV�SHULRG�ZHUH�REWDLQHG�IURP�WKH�1,:$�&OLPDWH�
'DWDEDVH��KWWS���FOLIOR�QLZD�FR�Q]���IRU�ZHDWKHU�VWDWLRQ�������
�

��� 5HVXOWV�

�
$�VXPPDU\�RI�WKH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH����ZLWK�WKH�UDZ�GDWD�VKRZQ�LQ�$SSHQGL[����)RU�
KRXVHKROG�7$8���EXUQLQJ�+RWORJV�UHVXOWHG�LQ�VLJQLILFDQWO\�ORZHU�HPLVVLRQ�IDFWRUV��3���������
RQH�VLGHG�W�WHVW��W� ������DQG�ORZHU�HPLVVLRQV�UDWHV�FRPSDUHG�ZLWK�EXUQLQJ�ZRRG��
UHSUHVHQWLQJ�D�����DQG�����UHGXFWLRQ�LQ�WKH�GU\�DQG�ZHW�ZHLJKW�HPLVVLRQV�UHVSHFWLYHO\�DQG�
D�UHGXFWLRQ�RI�����LQ�HPLVVLRQ�UDWH��
�
)RU�KRXVHKROG�7$8��+RWORJ�HPLVVLRQV�ZHUH�FRPSDUHG�ZLWK�ZRRGEXUQHU�HPLVVLRQV�IRU�UXQ�
WLPHV�OHVV�WKDQ����PLQ��IURP�DOO�KRXVHV�WHVWHG�LQ�WKH�6PLWK�HW�DO���������VWXG\��EHFDXVH�DOO�EXW�
RQH�VDPSOH�UXQ�IRU�WKH�+RWORJV�ZDV�IRU�D�SHULRG�RI�OHVV�WKDQ����PLQ��7KH�UHVXOWV�VKRZHG�WKDW�
HPLVVLRQV�GXULQJ�+RWORJ�FRPEXVWLRQ������PJ�NJ�GU\�ZW��ZHUH�PDUNHGO\�ORZHU�WKDQ�WKH�
HPLVVLRQV�IURP�ZRRG�FRPEXVWLRQ�IRU�UXQV�RI�D�VLPLODU�GXUDWLRQ�������PJ�NJ�GU\�ZW���7DEOH����
)LJ�����DQG�UHSUHVHQW�D�����UHGXFWLRQ�LQ�HPLVVLRQV��)RU�WKH�RQH�UXQ�WKDW�ZDV�ORQJHU�WKDQ�
���PLQ��HPLVVLRQV�ZHUH�DOVR�PDUNHGO\�ORZHU�WKDQ�HPLVVLRQV�IURP�ZRRG�FRPEXVWLRQ��7DEOH�
����+RZHYHU��HYHQ�IRU�WKLV�UXQ��VDPSOLQJ�LVVXHV�ZHUH�H[SHULHQFHG�DQG�WKH�VDPSOHU�VWRSSHG�
DQG�ZDV�UHVWDUWHG�GXULQJ�WKH�VDPSOH�UXQ��WKXV�HPLVVLRQV�PHDVXUHPHQWV�PD\�QRW�EH�
UHSUHVHQWDWLYH��
�
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7KH�VKRUW�UXQ�WLPH�LV�D�UHVXOW�RI�VDPSOHU�PDOIXQFWLRQ�VKRUWO\�DIWHU�WKH�ILUH�ZDV�VWDUWHG��
6SHFLILFDOO\��WKH�KRXVHKROGHU�QRWHG�WKDW�WKH�ILOWHU�VWDWXV�ZDV�VKRZQ�DV�µFORJJHG¶�RQ�WKH�
VDPSOLQJ�DSSDUDWXV��+RZHYHU��WKH�SDUWLFXODWH�PDVV�RQ�WKHVH�ILOWHUV�ZDV�PXFK�ORZHU�WKDQ�WKDW�
IURP�RWKHU�KRXVHV�LQYROYHG�LQ�WKH�ZLGHU�WHVWLQJ�SURJUDPPH���±��PJ�FRPSDUHG�ZLWK���±���
PJ��DQG�HYHQ�XS�WR����PJ��VR�LW�LV�XQFOHDU�DV�WR�ZK\�WKH�VDPSOHU�VWRSSHG��$�GLVSURSRUWLRQDO�
DPRXQW�RI�SDUWLFXODWH�HPLVVLRQV�RFFXUV�GXULQJ�VWDUW�XS�DQG�EHIRUH�HIILFLHQW�FRPEXVWLRQ�LV�
XQGHUZD\��+XHJOLQ�HW�DO���������WKXV�µVKRUW¶�UXQV�WKDW�SUHGRPLQDQWO\�FDSWXUH�ILUH�VWDUW�XS�DUH�
OLNHO\�WR�KDYH�KLJKHU�HPLVVLRQV��7KLV�LV�DOVR�GHPRQVWUDWHG�LQ�:LOWRQ�HW�DO���������ZKHUH�
SDUWLFXODWH�HPLVVLRQV�IURP�UHDO�OLIH�WHVWLQJ�RI�ROGHU�ZRRGEXUQHUV�LQ�1HZ�=HDODQG�ZHUH�KLJKHU�
ZKHQ�WKH�TXDQWLW\�RI�ZRRG�EXUQHG�ZDV�OHVV��LQGLFDWLQJ�D�VKRUWHU�GXUDWLRQ�RI�VDPSOLQJ���7KH�
PDUNHGO\�ORZHU�HPLVVLRQV�IURP�WKH�µVKRUW¶�UXQV�GXULQJ�WKH�+RWORJ�FRPEXVWLRQ�FRPSDUHG�ZLWK�
WKDW�IURP�ZRRG�FRPEXVWLRQ�LQGLFDWHV�WKDW�KRWORJV�PD\�SHUIRUP�EHWWHU�GXULQJ�VWDUW�XS�WKDQ�
ZRRG��)XUWKHU��HPLVVLRQV�JHQHUDOO\�UHGXFH�DV�WKH�UXQ�WLPH�LQFUHDVHV��)LJ�����DQG�DIWHU�DERXW�
���PLQ�LW�DSSHDUV�WKDW�HPLVVLRQV�GURS�VLJQLILFDQWO\��7KH�VXEVHTXHQW�GLIIHUHQFH�LQ�HPLVVLRQV�DW�
WKH�ORQJHU�UXQ�WLPHV�PD\�EH�PRUH�DWWULEXWDEOH�WR�GLIIHUHQFHV�LQ�WKH�ZRRGEXUQHU�W\SH��ZRRG�
XVHG��RU�RWKHU�RSHUDWLRQDO�YDULDEOHV��
�
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5XQ�WLPH��PLQ�
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�
)LJ����(PLVVLRQV��J�NJ��IURP�YDULRXV�ZRRGEXUQHUV�XVLQJ�ZRRG�DQG�IURP�RQH�ZRRGEXUQHU�
XVLQJ�+RWORJV�DW�YDULRXV�µVKRUW¶�UXQ�WLPHV��
�
7KH�ORXQJH�URRP�WHPSHUDWXUH�LQ�WKH�WZR�KRXVHKROGV�IRU�WKH�GXUDWLRQ�RI�WKH�VWXG\�SHULRG��DQG�
H[WHUQDO�WHPSHUDWXUH�DUH�VKRZQ�LQ�)LJXUH����$�VKDUS�LQFUHDVH�LQ�WHPSHUDWXUH�LV�REVHUYHG�
VKRUWO\�DIWHU�WKH�ILUH�LV�VWDUWHG��VXEVHTXHQWO\�WKHUH�LV�D�JUDGXDO�FRROLQJ�DIWHU�WKH�ODVW�ORDG�KDV�
EHHQ�SODFHG�RQ�WKH�ILUH���,Q�PRVW�FDVHV��HOHYDWHG�WHPSHUDWXUHV�ZHUH�PDLQWDLQHG�IRU�WKH�
GXUDWLRQ�RI�WKH�QLJKW�DQG�WKH�ORZHVW�WHPSHUDWXUHV�ZHUH�JHQHUDOO\�REVHUYHG�EHWZHHQ������DP���
�
$�GLIIHUHQFH�LQ�KHDW�RXWSXW�IURP�GLIIHUHQW�IXHOV�PD\�LQIOXHQFH�HPLVVLRQV�IURP�WKRVH�IXHOV��
ZKLFK�LQ�WXUQ�ZLOO�LQIOXHQFH�DLU�TXDOLW\��:KLOH�FRPSUHVVHG�ZRRG�SURGXFWV�KDYH�WKH�VDPH�
FDORULILF�YDOXH�DV�WKH�ZRRG�IURP�ZKLFK�WKH\�DUH�PDGH��RQ�D�GU\�ZHLJKW�EDVLV��D�GLIIHUHQFH�LQ�
PRLVWXUH�FRQWHQW�ZLOO�LQIOXHQFH�WKH�DFWXDO�KHDW�RXWSXW���5RRP�WHPSHUDWXUH�LV�RQH�PHDVXUH�RI�
KHDW�RXWSXW�IURP�D�ILUH��+RZHYHU��XQGHU�UHDO�OLIH�FRQGLWLRQV�D�KRXVHKROGHU¶V�SHUFHSWLRQ�RI�
URRP�WHPSHUDWXUH�LV�OLNHO\�WR�EH�D�NH\�IDFWRU�LQIOXHQFLQJ�ZRRGEXUQHU�RSHUDWLRQ��7KXV�URRP�
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WHPSHUDWXUH�LV�DQ�XQVDWLVIDFWRU\�PHDVXUH�RI�DQ\�GLIIHUHQFHV�LQ�KHDW�RXWSXW��)XUWKHU�LW�ZLOO�EH�
LQIOXHQFHG�E\�RWKHU�IDFWRUV�VXFK�DV�H[WHUQDO�WHPSHUDWXUHV�DQG�WKH�GHJUHH�RI�LQVXODWLRQ�LQ�D�
KRXVH��$V�VXFK��D�PRUH�DFFXUDWH�PHDVXUH�RI�KRZ�DQ\�GLIIHUHQFH�LQ�KHDW�RXWSXW�RI�GLIIHUHQW�
IXHOV�LQIOXHQFHV�HPLVVLRQV�LV�OLNHO\�WR�EH�FRPSDULVRQ�RI�HPLVVLRQ�UDWHV��J�KU���ZKLFK�WDNHV�
LQWR�DFFRXQW�WKH�UDWH�DW�ZKLFK�IXHO�LV�EXUQHG��)URP�7DEOH����WKH�HPLVVLRQ�UDWH�IRU�WKH�³ORQJ´�
VDPSOH�UXQV��KRXVH�7$8���ZHUH�ORZHU�GXULQJ�WKH�EXUQLQJ�RI�+RWORJV�FRPSDUHG�WR�ILUHZRRG��
1R�FRPSDULVRQ�FDQ�EH�PDGH�IRU�WKH�VKRUW�UXQV�GXH�WR�LQFRPSOHWH�GDWD��7R�SURYLGH�DFFXUDWH�
FRPSDULVRQV�RI�HPLVVLRQV�UDWH��DQ�DFFXUDWH�UHFRUG�RI�WKH�DPRXQW�RI�WKH�IXHO�EXUQHG�DQG�WLPH�
RYHU�ZKLFK�LW�LV�EXUQHG�QHHGV�WR�EH�PDLQWDLQHG��
�
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'DLO\�PD[ 'DLO\�PLQ 7$8� 7$8�

���$XJ ���$XJ���$XJ���$XJ���$XJ ��6HSW���$XJ

:RRG +RWORJ

1R�ILUH
1R�ILUH

1R�ILUH

�
)LJ����5RRP�WHPSHUDWXUH�LQ�WKH�WZR�KRXVHKROGV��DQG�GDLO\�PD[LPXP�DQG�PLQLPXP�H[WHUQDO�
WHPSHUDWXUHV�RYHU�WKH�GXUDWLRQ�RI�WKH�VWXG\��
�

��� 'LVFXVVLRQ�

�
���� (PLVVLRQV�
7KH�DYHUDJH�HPLVVLRQV�IURP�KRXVH�7$8���WKH�ORQJ�UXQ�KRXVHKROG�IRU�ZKLFK�QR�NQRZQ�
VDPSOLQJ�LVVXHV�ZHUH�HQFRXQWHUHG��ZHUH������J�NJ�GU\�ZHLJKW��:KLOH�WKH�VDPSOH�VL]H�LV�WRR�
VPDOO�WR�GUDZ�FRQFOXVLRQV�UHJDUGLQJ�UHSUHVHQWDWLYH�HPLVVLRQ�IDFWRUV��LQLWLDO�ILQGLQJV�LQGLFDWH�
WKDW�DYHUDJH�HPLVVLRQV�IURP�+RWORJV�FRXOG�EH�VLPLODU�WR�WKRVH�IURP�SHOOHW�EXUQHUV�ZKHQ�
RSHUDWHG�XQGHU�UHDO�OLIH�RSHUDWLRQ������J�NJ�GU\�ZW��.HOO\�HW�DO��������DQG�ORZHU�WKDQ�WKH�
HPLVVLRQV�IURP�1(6�DXWKRULVHG�ZRRGEXUQHUV�EXUQLQJ�ZRRG������J�NJ�GU\�ZW������J�NJ�ZHW�
ZW���6PLWK�HW�DO���������*LYHQ�WKH�PDJQLWXGH�RI�WKLV�GLIIHUHQFH�DQG�WKH�SRWHQWLDO�XWLOLW\�RI�WKLV�
IXHO�IRU�FRXQFLOV�PDQDJLQJ�30����IXUWKHU�WHVWLQJ�RI�FRPSUHVVHG�ZRRG�SURGXFWV�DSSHDUV�
ZDUUDQWHG��
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�
7KHUH�DUH�OLPLWHG�HPLVVLRQV�GDWD�DYDLODEOH�IRU�FRPSUHVVHG�ZRRG�SURGXFWV�QDWLRQDOO\�RU�
LQWHUQDWLRQDOO\�ZLWK�ZKLFK�WR�FRPSDUH�WKH�FXUUHQW�UHVXOWV��0RVW�WHVWLQJ�KDV�EHHQ�XQGHUWDNHQ�LQ�
WKH�86�DQG�LQ�WKHVH�VWXGLHV�UHGXFWLRQV�RI�EHWZHHQ����DQG�����IRU�SDUWLFXODWH�J�NJ�HPLVVLRQV�
DQG�EHWZHHQ����DQG�����IRU�SDUWLFXODWH�J�K�HPLVVLRQV�ZHUH�REVHUYHG�IRU�ERWK�ROGHU�DQG�
QHZHU�GHVLJQ�ZRRGEXUQHUV�RSHUDWHG�XQGHU�ODERUDWRU\�FRQGLWLRQV��%DUQHWW�	�%LJKRXVH�������
%LJKRXVH�	�+RXFN�������+RXFN�	�7LHJV��������,Q�WKH�FXUUHQW�VWXG\��UHGXFWLRQV�RI�����IRU�
J�NJ�HPLVVLRQV�DQG�����IRU�J�K�HPLVVLRQV�ZHUH�REVHUYHG��'LUHFW�FRPSDULVRQ�RI�WKH�HPLVVLRQ�
IDFWRUV�LV�OHVV�UHOHYDQW�JLYHQ�WKH�ROGHU�WHFKQRORJ\�RI�WKH�ZRRG�VWRYHV�XVHG�LQ�WKH�86�VWXGLHV��
�
2XU�UHVXOWV�DUH�LQ�DJUHHPHQW�ZLWK�(QYLURQPHQW�$XVWUDOLD���������ZKLFK�IRXQG�WKDW�HPLVVLRQV�
IURP�D�ZRRGEXUQHU�RSHUDWHG�XQGHU�ODERUDWRU\�FRQGLWLRQV�XVLQJ�D�FRPSUHVVHG�ZRRG�SURGXFW�
ZHUH�ORZHU�WKDQ�WKRVH�IURP�SLQH��DOWKRXJK�WKH\�FRQWUDVW�ZLWK�:KLWOH\������D��ZKR�IRXQG�
KLJKHU�HPLVVLRQV�IURP�FRPSUHVVHG�ZRRG�SURGXFWV��7KLV�PD\�UHIOHFW�D�GLIIHUHQFH�EHWZHHQ�
UHDO�OLIH�DQG�ODERUDWRU\�RSHUDWLQJ�FRQGLWLRQV�DQG�RU�WKH�IXHO�XVHG�LQ�WKH�WZR�VWXGLHV��DOWKRXJK�
IXUWKHU�WHVWLQJ�LV�UHTXLUHG��
�
(PLVVLRQV�IURP�GLIIHUHQW�IXHO�W\SHV�DSSHDU�WR�EH�YDULDEOH��)RU�H[DPSOH��(QYLURQPHQW�
$XVWUDOLD��������IRXQG�WKDW�HPLVVLRQV�IURP�SLQH��UDGLDWD��ZHUH�FRQVLVWHQWO\�KLJKHU�WKDQ�WKRVH�
IURP�HXFDO\SW��:KLWOH\������E���IRXQG�WKDW�VHDVRQHG�UDGLDWD�KDG�KLJKHU�HPLVVLRQV�WKDQ�WKH�
WHVW�PDWHULDO�±�NLOQ�GULHG�UDGLDWD������J�NJ�YV������J�NJ���DQG�DOVR�VHDVRQHG�EOXH�JXP������
J�NJ��DQG�PDFURSFDUSD������J�NJ��EXW�ORZHU�WKDQ�WKDW�IURP�VHDVRQHG�PDQXND������J�NJ���
:RRGEXUQHUV�DUH�FRQVLGHUHG�WR�EH�RSWLPLVHG�WR�SURGXFH�WKH�ORZHVW�HPLVVLRQV�DQG�KLJKHVW�
HIILFLHQF\�IRU�EXUQLQJ�D�WHVW�IXHO��NLOQ�GULHG�SLQH�LQ�1HZ�=HDODQG��XQGHU�ODERUDWRU\�
FRQGLWLRQV�WR�PHHW�UHJXODWRU\�UHTXLUHPHQWV��7KLV�RSWLPLVDWLRQ�LV�FRQVLGHUHG�WR�EH�RQH�IDFWRU�
WKDW�PD\�UHVXOW�LQ�KLJKHU�HPLVVLRQV�ZKHQ�ZRRGEXUQHUV�DUH�RSHUDWHG�ZLWK�GLIIHUHQW�IXHO�W\SHV��
LQFOXGLQJ�FRPSUHVVHG�ZRRG�SURGXFWV��%LJKRXVH�	�+RXFN�������$56�����E���:KLOH�PRUH�
ULJRURXV�WHVWLQJ�RI�HPLVVLRQV�IURP�GLIIHUHQW�ZRRG�W\SHV�LV�UHTXLUHG��WKH�SRWHQWLDO�HPLVVLRQ�
UHGXFWLRQ�RI�FRPSUHVVHG�ZRRG�SURGXFWV�QHHGV�DOVR�WR�EH�FRQVLGHUHG�DORQJVLGH�WKH�YDULDWLRQ�LQ�
HPLVVLRQV�DULVLQJ�IURP�WKH�XVH�RI�GLIIHUHQW�IXHO�W\SHV��LGHDOO\�XQGHU�UHDO�OLIH�RSHUDWLQJ�
FRQGLWLRQV��DV�ZHOO�DV�RWKHU�IDFWRUV�WKDW�LQIOXHQFH�HPLVVLRQV�VXFK�DV�ZRRG�PRLVWXUH�DQG�
ZRRGEXUQHU�RSHUDWLRQ��
�
���� 2WKHU�IDFWRUV�LQIOXHQFLQJ�FRPSUHVVHG�ZRRG�SURGXFW�XVH�
:KLOH�WKH�HPLVVLRQV�GDWD�LQGLFDWH�WKDW�FRPSUHVVHG�ZRRG�SURGXFWV�PD\�UHVXOW�LQ�ORZHU�
HPLVVLRQV�FRPSDUHG�ZLWK�ZRRG�FRPEXVWLRQ��RWKHU�IDFWRUV�VXFK�DV�HDVH�RI�XVH��KHDW�RXWSXW�DQG�
FRVW�ZLOO�DOVR�LQIOXHQFH�WKH�H[WHQW�RI�WKH�XVDJH�RI�WKHVH�SURGXFWV��&RPSUHVVHG�ZRRG�SURGXFWV�
UHTXLUH�PLQLPDO�SUHSDUDWLRQ�SULRU�WR�XVH�LQ�D�ZRRGEXUQHU�RQFH�WKH�ILUH�KDV�VWDUWHG��L�H��WKH�
SURGXFWV�FDQ�JHQHUDOO\�EH�SODFHG�VWUDLJKW�LQWR�D�ZRRGEXUQHU�FRPSDUHG�ZLWK�ZRRG��ZKLFK�
W\SLFDOO\�UHTXLUHV�VSOLWWLQJ��:KLOH�RQH�KRXVHKROG�GLG�QRW�KDYH�DQ\�SUREOHPV�XVLQJ�WKH�
+RWORJV��WKH�RWKHU�KRXVHKROG�IRXQG�WKH�+RWORJV�ZHUH�GLIILFXOW�WR�XVH�DQG�EXUQHG�SRRUO\��KDG�D�
WHQGHQF\�WR�UROO�RXW�RI�WKH�ILUHER[��DQG�WKH�EUHDN�XS�RI�WKH�+RWORJV�UHVXOWHG�LQ�D�VLJQLILFDQW�
�������������������������������������������������
�
�
��/DERUDWRU\�WHVWLQJ�ZDV�XQGHUWDNHQ�ZLWK�WKH�IXHOOLQJ�PHWKRG�WKH�VDPH�DV�WKDW�VSHFLILHG�LQ�$6�1=���������
H[FHSW�IRU�WKH�W\SH�DQG�VL]H�RI�IXHO�XVHG��7KH�ZRRGEXUQHU�ZDV�VWDUWHG�IURP�FROG�DQG�HQRXJK�IXHO�EXUQHG�XQWLO�DQ�
HPEHU�EHG�ZHLJKLQJ�����RI�WKH�WHVW�IXHO�ORDG�ZDV�HVWDEOLVKHG��)XHO�ORDG�ZHLJKW�ZDV�PDWFKHG�WR�WKDW�VSHFLILHG�LQ�
WKH�VWDQGDUG������NJ���DQG�HDFK�IXHO�ORDG�ZDV�UXQ�XQWLO�LW�ZDV�IXOO\�FRQVXPHG�E\�ZHLJKW��WHVWLQJ�ZDV�SHUIRUPHG�
DW�D�PHGLXP�VHWWLQJ����%LOO�:KLWHO\��SHUV�FRPP��1=�&RQVXPHU�2UJDQLVDWLRQ���
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DPRXQW�RI�XQEXUQHG�VDZGXVW�LQ�WKH�EDVH�RI�WKH�ILUHER[��SDUWLFXODUO\�RQ�ORZ�EXUQ��+RZHYHU��DV�
+RWORJV�DUH�D�QHZ�SURGXFW�DQG�DUH�XVHG�GLIIHUHQWO\�WR�ILUHZRRG��VR�LW�PD\�WDNH�KRXVHKROGHUV�
VRPH�WLPH�WR�EHFRPH�IDPLOLDU�ZLWK�WKHLU�XVH��
�
7KHUH�LV�OLPLWHG�DYDLODEOH�LQIRUPDWLRQ�RQ�KHDW�RXWSXW�DQG�HIILFLHQF\�RI�FRPSUHVVHG�ZRRG�
SURGXFWV��$�1HZ�=HDODQG�FRQVXPHU�RUJDQLVDWLRQ�UHSRUW�IRXQG�WKDW�FRPSUHVVHG�ZRRG�
SURGXFWV�W\SLFDOO\�KDG�D�ORZHU�SRZHU�RXWSXW�FRPSDUHG�ZLWK�VHDVRQHG�UDGLDWD�EXW�WKH\�KDG�D�
ORQJHU�EXUQ�WLPH��ZKLFK�UHVXOWV�LQ�D�KLJKHU�HIILFLHQF\��7DEOH����:KLWOH\�����D��DQG�WRWDO�KHDW�
RXWSXW��0-��IRU�D��EXUQ�F\FOH��)LQDOO\��FRVW�PD\�EH�D�VLJQLILFDQW�IDFWRU�LQIOXHQFLQJ�WKH�XVH�RI�
FRPSUHVVHG�ZRRG�SURGXFWV�DQG�KDV�SUHYLRXVO\�EHHQ�QRWHG�DV�D�OLPLWDWLRQ�LQ�WKH�XVH�RI�VXFK�
SURGXFWV��)RVWHU�������:LOWRQ��������7KH�FRVW�RI�YDULRXV�FRPSUHVVHG�ZRRG�SURGXFWV�YDULHV�
IURP����WR�����IRU�D�ER[��FRQWDLQLQJ��±���ORJV���ZKLFK�PD\�HDVLO\�EH�EXUQHG�LQ�RQH�VLWWLQJ��
5XQQLQJ�FRVWV��H[SUHVVHG�DV�F�N:K��IRU�FRPSUHVVHG�ZRRG�SURGXFWV����±���F�N:K��UHPDLQ�
KLJKHU�WKDQ�ILUHZRRG����F�N:K���:KLWOH\�����D���DQG�DUH�DOVR�VOLJKWO\�KLJKHU�WKDQ�SHOOHW�
EXUQHUV���±���F�NZK���:KLWOH\�����F���+RZHYHU��DQ�LQFUHDVLQJ�IRFXV�RQ�UHQHZDEOH�HQHUJ\�
VRXUFHV�PD\�UHVXOW�LQ�DQ�LQFUHDVHG�PDUNHW�IRU�FRPSUHVVHG�ZRRG�SURGXFWV��WKHUHE\�UHGXFLQJ�
FRVWV�WR�WKH�KRXVHKROGHU��
�

��� &RQFOXVLRQV�DQG�5HFRPPHQGDWLRQV�

7KH�SUHOLPLQDU\�UHVXOWV�REWDLQHG�LQ�WKH�FXUUHQW�VWXG\�VXJJHVW�WKDW�EXUQLQJ�FRPSUHVVHG�ZRRG�
SURGXFWV�PD\�UHVXOW�LQ�ORZHU�HPLVVLRQV�FRPSDUHG�ZLWK�EXUQLQJ�ILUHZRRG�LQ�1(6�DXWKRULVHG�
ZRRGEXUQHUV��LQFOXGLQJ�GXULQJ�WKH�HDUO\�VWDJHV�RI�ILUH�HVWDEOLVKPHQW��7KHVH�UHVXOWV�GLIIHU�
IURP�D�SUHYLRXV�VWXG\�WKDW�XQGHUWRRN�ODERUDWRU\�WHVWLQJ�RI�HPLVVLRQV�IURP�YDULRXV�
FRPSUHVVHG�ZRRG�SURGXFWV�DQG�VHDVRQHG�SLQH��:KLWOH\�����D���7KLV�PD\�UHIOHFW�D�GLIIHUHQFH�
EHWZHHQ�UHDO�OLIH�DQG�ODERUDWRU\�RSHUDWLQJ�FRQGLWLRQV�DQG�RU�WKH�ZRRG�XVHG�LQ�WKH�VWXGLHV��
+RZHYHU��IXUWKHU�WHVWLQJ�LV�UHTXLUHG�WR�HQDEOH�D�UREXVW�HYDOXDWLRQ�RI�SRWHQWLDO�HPLVVLRQ�
UHGXFWLRQV�IURP�FRPSUHVVHG�ZRRG�SURGXFWV��6SHFLILFDOO\��HPLVVLRQV�GDWD�IURP�D�ZLGHU�UDQJH�
RI�ZRRGEXUQHUV�DQG�RSHUDWLQJ�FRQGLWLRQV�DUH�UHTXLUHG��7KHUH�LV�DOVR�D�QHHG�WR�FRPSDUH�WKH�
LQIOXHQFH�RI�DQ\�GLIIHUHQFH�LQ�DFWXDO�KHDW�RXWSXW�IURP�FRPSUHVVHG�ZRRG�SURGXFWV�DQG�
ILUHZRRG�XQGHU�UHDO�OLIH�RSHUDWLQJ�FRQGLWLRQV��WKLV�PD\�EH�EHVW�DFFRPSOLVKHG�YLD�FRPSDULVRQ�
RI�HPLVVLRQ�UDWHV��
�
:KLOH�FRPSUHVVHG�ZRRG�SURGXFWV�PD\�UHVXOW�LQ�ORZHU�HPLVVLRQV��WKH�KLJKHU�FRVW�RI�WKHVH�
SURGXFWV�FRPSDUHG�ZLWK�ZRRG��SDUWLFXODUO\�LI�IUHH�ILUHZRRG�LV�DYDLODEOH��PD\�OLPLW�WKH�
YROXQWDU\�XSWDNH�RI�WKHVH�SURGXFWV��+RZHYHU��LQ�VLWXDWLRQV�ZKHUH�UHJXODWRU\�PHDVXUHV�DUH�
UHTXLUHG�WR�UHGXFH�30���HPLVVLRQV�IURP�VROLG�IXHO�EXUQHUV��XSWDNH�RI�FRPSUHVVHG�ZRRG�
SURGXFWV�PD\�EH�SUHIHUDEOH�WR�UHVWULFWLRQV�RQ�WKH�QXPEHU�RI�KRXVHKROGV�WKDW�FDQ�XVH�1(6�
FRPSOLDQW�EXUQHUV�RU�WR�HDUO\�UHSODFHPHQW�RI�ROGHU�VROLG�IXHO�EXUQHUV��,Q�WKH�FDVH�RI�WKH�ODWWHU��
IXUWKHU�WHVWLQJ�RI�HPLVVLRQV�IURP�FRPSUHVVHG�ZRRG�SURGXFWV�LQ�ROGHU�ZRRGEXUQHUV�ZRXOG�
DOVR�EH�UHTXLUHG��
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��� $FNQRZOHGJHPHQWV�

�
7KH�WZR�KRXVHKROGV��ZKR�UHPDLQ�DQRQ\PRXV��DUH�WKDQNHG�IRU�WKHLU�SDUWLFLSDWLRQ�DQG�
DVVLVWDQFH�LQ�WKLV�SURMHFW��DV�DUH�*DU\�&KHVWHUPDQ�DQG�3HWHU�)ULDU��6ROLG�(QHUJ\�1HZ�
=HDODQG��IRU�WKH�SURYLVLRQ�RI�µ+RWORJV¶�IRU�WKH�VWXG\�DQG�FRPPHQWV�RQ�WKH�GUDIW�UHSRUW��
�
&R�IXQGLQJ�IRU�HPLVVLRQV�WHVWLQJ�IRU�ZRRG�EXUQLQJ�VWXG\�ZDV�DOVR�SURYLGHG�YLD�WKH�IROORZLQJ�
FROODERUDWRUV��1RUWKODQG�5HJLRQDO�&RXQFLO��$XFNODQG�5HJLRQDO�&RXQFLO��(QYLURQPHQW�
:DLNDWR��(QYLURQPHQW�%D\�RI�3OHQW\��+DZNH¶V�%D\�5HJLRQDO�&RXQFLO��1HOVRQ�&LW\�&RXQFLO��
0DUOERURXJK�'LVWULFW�&RXQFLO�DQG�(QYLURQPHQW�&DQWHUEXU\��
�
6XUL�0XHV��0LQLVWU\�IRU�WKH�(QYLURQPHQW���+DUROG�%DUQHWW��+RUL]RQV�5HJLRQDO�&RXQFLO���
5XDSHKX�'LVWULFW�&RXQFLO�DQG�RWKHUV�LQYROYHG�LQ�WKH�0I(�:DUP�+RPHV�SURMHFW�DUH�WKDQNHG�
IRU�ORFDWLQJ�KRXVHKROGHUV�LQ�7DXPDUDQXL�ZLOOLQJ�WR�SDUWLFLSDWH�LQ�WKH�VWXG\��
�
:D\QH�:HEOH\�IURP�$56�ZDV�UHVSRQVLEOH�IRU�HVWDEOLVKLQJ�WKH�VDPSOLQJ��ILOWHU�DQDO\VLV��DQG�
GHOLYHU\�RI�GDWD�WR�1,:$��
�
7KDQNV�JRHV�WR�%LOO�:KLWHO\��&RQVXPHU�2UJDQLVDWLRQ��IRU�SURYLGLQJ�GHWDLOV�RI�WKH�WHVWLQJ�
FDUULHG�RXW�E\�&RQVXPHU�DQG�WR�-HII�%OXHWW��1,:$��IRU�PDQDJLQJ�WKH�ORJLVWLFV�RI�WKH�
HPLVVLRQV�WHVWLQJ�DQG�GDWD�GHOLYHU\��)LQDOO\�WKDQNV�DOVR�JR�WR�-HII�6PLWK��1,:$���(PLO\�
:LOWRQ��(QYLURQHW���6KDQMX�;LH��$XFNODQG�5HJLRQDO�&RXQFLO���1LFN�.LP��(QYLURQPHQW�
:DLNDWR���7LP�0DOOHWW��(QYLURQPHQW�&DQWHUEXU\��DQG�/RXLV�7UHPEOD\��/DQGFDUH�5HVHDUFK��
IRU�SURYLGLQJ�FRQVWUXFWLYH�FRPPHQWV�RQ�HDUOLHU�GUDIWV�WKDW�UHVXOWHG�LQ�DQ�LPSURYHG�UHSRUW��
7KLV�ZRUN�ZDV�FRQGXFWHG�XQGHU�WKH�)RXQGDWLRQ�IRU�5HVHDUFK��6FLHQFH�DQG�7HFKQRORJ\�
SURJUDPPH�µ3URWHFWLQJ�1HZ�=HDODQG¶V�&OHDQ�$LU¶��FRQWUDFW�&2�;������
�

���� 5HIHUHQFHV�

�
$EHUNDQH�7��:LOWRQ�(�������&KULVWFKXUFK�±�DLU�SROOXWLRQ�FDSLWDO�RI�1HZ�=HDODQG��

3URFHHGLQJV�RI�WKH���WK�,QWHUQDWLRQDO�&OHDQ�$LU�&RQIHUHQFH�RI�$XVWUDOLD�DQG�1HZ�
=HDODQG��&KULVWFKXUFK��1HZ�=HDODQG����±���$XJXVW�������

$SSOLHG�5HVHDUFK�6HUYLFH�����D��7HFKQLFDO�%XOOHWLQ����1,:���1HOVRQ��$SSOLHG�5HVHDUFK�
6HUYLFHV��

$SSOLHG�5HVHDUFK�6HUYLFH�����E��)LUHORJ�WHVWLQJ��1HOVRQ��$SSOLHG�5HVHDUFK�6HUYLFHV��
%DUQHWW�6*��%LJKRXVH�5'�������,Q�KRPH�GHPRQVWUDWLRQ�RI�WKH�UHGXFWLRQ�RI�ZRRGVWRYH�

HPLVVLRQV�IURP�WKH�XVH�RI�GHQVLILHG�ZRRG�ORJV��5HSRUW�SUHSDUHG�IRU�2UHJRQ�'HSDUWPHQW�
RI�(QHUJ\�DQG�WKH�86�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��E\�2PQL�(QYLURQPHQWDO�
6HUYLFHV�,QF���%HDYHUWRQ��25��
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%LJKRXVH�5'��+RXFN�-(�������(YDOXDWLRQ�RI�HPLVVLRQV�DQG�HQHUJ\�HIILFLHQFLHV�RI�UHVLGHQWLDO�
ZRRG�FRPEXVWLRQ�GHYLFHV�XVLQJ�PDQXIDFWXUHG�IXHOV��5HSRUW�SUHSDUHG�IRU�2UHJRQ�
'HSDUWPHQW�RI�(QHUJ\��E\�2PQL�(QYLURQPHQWDO�6HUYLFHV�,QF���%HDYHUWRQ��25��

%ODNHO\�-�������/LJQLWHV�RU�/1*"�(QHUJ\�:DWFK�'HFHPEHU��3S��±���$YDLODEOH�DW��
KWWS���ZZZ�HQHUJ\ZDWFK�RUJ�Q]�LVVXHV�(:��B��������SGI�

(QYLURQPHQW�$XVWUDOLD�������(PLVVLRQV�IURP�GRPHVWLF�VROLG�IXHO�EXUQLQJ�DSSOLDQFHV��
7HFKQLFDO�UHSRUW�QR����&DQEHUUD��(QYLURQPHQW�$XVWUDOLD��

)RVWHU�(�������5HGXFWLRQV�LQ�VXVSHQGHG�SDUWLFXODWH�FRQFHQWUDWLRQV�LQ�&KULVWFKXUFK��
(QYLURQPHQW�&DQWHUEXU\�5HSRUW�5������

*UHHQ�3DUW\�������(QHUJ\�3ROLF\��DGPLQLVWUDWLYH�XSGDWH����0D\��������
KWWS���ZZZ�JUHHQV�RUJ�Q]�QRGH��������DFFHVVHG�6HSWHPEHU��������

+RXFN�-(�������*OREDO�ZDUPLQJ�UHGXFWLRQ�EHQHILWV�RI�PDQXIDFWXUHG�ELRZD[�ILEUH�ILUHSODFH�
ORJV��5HSRUW�SUHSDUHG�IRU�'XUDIODPH�,QF��E\�2PQL�(QYLURQPHQWDO�6HUYLFHV�,QF���
%HDYHUWRQ��25��

+RXFN�-(��(DJOH�%1�������7DVN����7HFKQLFDO�0HPRUDQGXP����(PLVVLRQ�,QYHQWRU\���&RQWURO�
DQOD\VLV�DQG�GRFXPHQWDWLRQ�IRU�UHVLGHQWLDO�ZRRG�FRPEXVWLRQ�LQ�WKH�0$1(�98�UHJLRQ��
5HSRUW�SUHSDUHG�IRU��0LG�$WODQWLF�5HJLRQDO�$LU�0DQDJHPHQW�$VVRFLDWLRQ��201,�
(QYLURQPHQWDO�6HUYLFHV��%HDYHUWRQ��2UHJRQ��

+RXFN�-��7LHJV�3(�������5HVLGHQWLDO�ZRRG�FRPEXVWLRQ�WHFKQRORJ\�UHYLHZ�9ROXPH����
7HFKQLFDO�UHSRUW��(3$�����5�������D��:DVKLQJWRQ�'&��86�(3$��

+RXFN�-(��7LHJV�3�������&RQYHQLHQFH�)XHOV��+HDUWK�DQG�+RPH�'HFHPEHU�S��������
+RXFN�-(��6FRWW�$7��6RUHQVRQ�-7��'DYLV�%6��&DURQ�&��������&RPSDULVRQ�RI�DLU�HPLVVLRQV�

EHWZHHQ�FRUGZRRG�DQG�ZD[�VDZGXVW�ILUHORJV�EXUQHG�LQ�UHVLGHQWLDO�ILUHSODFHV��,Q��
3URFHHGLQJV�RI�$0:$�DQG�31,6�,QWHUQDWLRQDO�6SHFLDOW\�&RQIHUHQFH��5HFHQW�
$GYDQFHV�LQ�WKH�6FLHQFH�RI�WKH�0DQDJHPHQW�RI�$LU�7R[LFV��$SULO�������

+RXFN�-(��3LW]PDQ�/<��7LHJV�3�������(PLVVLRQ�IDFWRUV�IRU�QHZ�FHUWLILHG�UHVLGHQWLDO�ZRRG�
KHDWHUV��,Q��3URFHHGLQJV�RI�WKH���WK�,QWHUQDWLRQDO�(PLVVLRQ�,QYHQWRU\�&RQIHUHQFH��
,QYHQWRU\�(YDOXDWLRQ�±�3RUWDO�WR�,PSURYHG�$LU�4XDOLW\���±��-XQH�������6SRQVRUHG�E\�
2IILFH�RI�$LU�4XDOLW\�3ODQQLQJ�DQG�6WDQGDUGV��8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��

+XHJOLQ�&��*DHJDXI�&��.�Q]HO�6��%XUWVFKHU�+�������&KDUDFWHUL]DWLRQ�RI�ZRRG�FRPEXVWLRQ�
SDUWLFOHV��PRUSKRORJ\��PRELOLW\�DQG�SKRWRHOHFWULF�DFWLYLW\��(QYLURQPHQWDO�6FLHQFH�DQG�
7HFKQRORJ\���������±������

.HOO\�&��0XHV�6��:HEOH\�:�������:DUP�KRPHV�WHFKQLFDO�UHSRUW��UHDO�OLIH�HPLVVLRQV�WHVWLQJ�
RI�SHOOHW�EXUQHUV�LQ�7RNRURD��0LQLVWU\�IRU�WKH�(QYLURQPHQW�5HSRUW�QR��0(�����
$YDLODEOH�DW�KWWS���ZZZ�PIH�JRYW�Q]��

0('��0LQLVWU\�RI�(FRQRPLF�'HYHORSPHQW��������(QHUJ\�'DWDILOH�±�-XQH�������/��)XHO�
SURSHUWLHV��$YDLODEOH�DW��
KWWS���ZZZ�PHG�JRYW�Q]�WHPSODWHV�0XOWLSDJH'RFXPHQW72&B������DVS[�

0HOOKXLVK�0�����D��$YDLODEOH�DW��KWWS���HFDQ�JRYW�Q]�15�UGRQO\UHV��(�$�)���'%������$�
$��%��$$�)&��$�)����0ROO\0HOKXLVK(OHFWULFLW\IRU&DQWHUEXU\�SGI�

0HOOKXLVK�0�����E��$YDLODEOH�DW��
KWWS���ZZZ�HOHFWULFLW\FRPPLVVLRQ�JRYW�Q]�SGIV�VXEPLVVLRQV�SGIVVHFXULW\�SGIVUHVHQHUJ\
�����PHOKXLVK�SGI�
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0HOOKXLVK�0�������$YDLODEOH�DW��
KWWS���ZZZ�HOHFWULFLW\FRPPLVVLRQ�JRYW�Q]�SGIV�VXEPLVVLRQV�SGIVWUDQVPLVVLRQ�JSD�
VHS���PHOKXLVK�SGI�

6FRWW�$��*XQDWLODND�0��������&KULVWFKXUFK�LQYHQWRU\�RI�HPLVVLRQV�WR�DLU��5HSRUW�1R��5�������
(QYLURQPHQW�&DQWHUEXU\��&KULVWFKXUFK��������SS�������

6PLWK�-��:LOWRQ�(�������$LU�HPLVVLRQ�LQYHQWRU\�±�0DWDPDWD��3XWDUXUX�DQG�:DLKL�������
+DPLOWRQ��(QYLURQPHQW�:DLNDWR��

6PLWK�-��%OXHWW�-��:LOWRQ�(��0DOOHW�7�������,Q�KRPH�WHVWLQJ�RI�SDUWLFXODWH�HPLVVLRQV�IURP�ORZ�
HPLVVLRQ�ZRRGEXUQHUV��1HOVRQ��5RWRUXD�DQG�7DXPDUDQXL�������1,:$�FRQWUDFW�UHSRUW�
&+&����������1DWLRQDO�,QVWLWXWH�RI�:DWHU�DQG�$WPRVSKHULF�5HVHDUFK��

:KLWHO\�%�����D��&RPSUHVVHG�ILUHORJV��&RQVXPHU�2UJDQLVDWLRQ�5HSRUW��$YDLODEOH�DW��
KWWS���ZZZ�FRQVXPHU�RUJ�Q]���VXEVFULSWLRQ�RQO\���$FFHVVHG�$XJXVW�������

:KLWHO\�%�����E��:RRGEXUQHU�HPLVVLRQV��&RQVXPHU�2UJDQLVDWLRQ�5HSRUW��$YDLODEOH�DW��
KWWS���ZZZ�FRQVXPHU�RUJ�Q]���VXEVFULSWLRQ�RQO\���$FFHVVHG�$XJXVW�������

:KLWHO\�%�����F��3HOOHW�EXUQHUV��&RQVXPHU�2UJDQLVDWLRQ�5HSRUW��$YDLODEOH�DW��
KWWS���ZZZ�FRQVXPHU�RUJ�Q]���VXEVFULSWLRQ�RQO\���$FFHVVHG�$XJXVW�������

:LOWRQ�(�������,PSURYLQJ�DLU�TXDOLW\�LQ�1HOVRQ��$Q�DVVHVVPHQW�RI�WKH�HIIHFWLYHQHVV�RI�
PDQDJHPHQW�RSWLRQV�IRU�UHGXFLQJ�30���FRQFHQWUDWLRQV�LQ�1HOVRQ�±�6WDJH�2QH��1HOVRQ�
&LW\�&RXQFLO�7HFKQLFDO�5HSRUW��

:LOWRQ�(�������$LU�HPLVVLRQ�LQYHQWRU\�±�+DZNH¶V�%D\�5HJLRQ�±�������5HSRUW��1DSLHU��
+DZNH¶V�%D\�5HJLRQDO�&RXQFLO��

:LOWRQ�(��6PLWK�-��:HEOH\�:��'H\�.�������5HDO�OLIH�HPLVVLRQV�WHVWLQJ��&OHDQ�$LU����������±
����

�
�
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