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.H\ZRUGV � 3RURXV�FDUERQ��3\URO\VLV��3RURVLW\��%(7�VXUIDFH�DUHD

���,QWURGXFWLRQ

$FWLYDWHG� FDUERQ� DUH� RQH� RI� WKH�PRVW� LPSRUWDQW� W\SHV� RI

LQGXVWULDO� FDUERQV� ZLGHO\� XVHG� LQ� YDULRXV� VHFWRUV� VXFK� DV

HQYLURQPHQW�SURWHFWLRQ�DJDLQVW�ERWK�JDVHRXV�DQG�OLTXLG�SRO�

OXWDQWV�� SKDUPDFHXWLFDO�� HQHUJ\� SURGXFWLRQ�� GRPHVWLF� DSSOL�

DQFHV� DV� ZHOO� DV� LQ� D� ODUJH� YDULHW\� RI� FRQVXPHU� EDVHG

LQGXVWULHV�� (DFK� DSSOLFDWLRQ� UHTXLUHV� DFWLYDWHG� FDUERQV� RI

VSHFLILF� FKDUDFWHULVWLFV� VXFK� DV� VXUIDFH� DUHD�� SRURVLW\� DQG

SRUH� VL]H� GLVWULEXWLRQ� DQG� DGVRUSWLRQ� FKDUDFWHULVWLFV�� )RU

DGVRUSWLRQ� IURP� JDV� SKDVH� PDLQO\� PLFURSRURXV� FDUERQ� LV

XVHG� ZKHUHDV� PHVRSRURXV� FDUERQ� LV� XVHG� IRU� OLTXLG� SKDVH

DGVRUSWLRQ�� 7KHVH� FDUERQV� DUH� SURGXFHG� YLUWXDOO\� IURP� DQ\

FDUERQDFHRXV� VROLG� SUHFXUVRU� ERWK� QDWXUDOO\� RFFXUULQJ� VXFK

DV� FRFRQXW� VKHOO� >�@�� DOPRQG� VKHOO�� JUDSH� VHHG� >�@�� ZDOQXW

VKHOO�>�@�DQG�YDULRXV�IUXLW�VWRQHV�>����@�RU�V\QWKHWLF�SUHFXUVRU

VXFK� DV� UD\RQ�� SKHQROLF� UHVLQV� DQG� 3$1� HWF�� >��� �@�� 7KH

QDWXUH� RI� SUHFXUVRU� DQG� PHWKRG� RI� DFWLYDWLRQ�� ERWK� KDYH

VWURQJ� LQIOXHQFH� RQ� WKH� SRURXV� VWUXFWXUH� DQG� DGVRUSWLRQ

FDSDFLW\�RI�UHVXOWLQJ�DFWLYDWHG�FDUERQ��7KRXJK�QHZ�V\QWKHWLF

SUHFXUVRUV�VXFK�DV�SRO\PHULF�ILEHUV�>����@�DUH�EHLQJ�XVHG� WR

SURGXFH�DFWLYDWHG�FDUERQ�ZLWK�KLJK�VXUIDFH�DUHD�� IHHG� VWRFN

RI�ELRORJLFDO�RULJLQ�DUH�VWLOO�WKH�PDMRU�UDZ�PDWHULDOV�IRU�FRP�

PHUFLDO� DFWLYDWHG� FDUERQV��:RRG� LV� PRVW� DEXQGDQWO\� DYDLO�

DEOH�FHOOXORVLF�PDWHULDO�REWDLQHG�IURP�DOO� W\SHV�RI�SODQWV��,Q

VRPH�FDVHV��LW�LV�KDUG�ZKLOH�LQ�RWKHU�FDVHV�LW�LV�RI�VRIW�WH[WXUH

DQG� KLJKO\� SRURXV��:KDWHYHU�PD\�EH� WKH� W\SH� RI�ZRRG�� RQ

S\URO\VLV��SRURXV�FKDU�LV�REWDLQHG��,Q�JHQHUDO�WKH�FKDUV�LV�QRW

UHDFWLYH�DQG�UHDFWLYLW\�LV�LQFRUSRUDWHG�E\�DFWLYDWLRQ�DQG�WKXV

FKDU�LV�WKHQ�FRQYHUWHG�LQWR�DFWLYDWHG�FDUERQ�

,QWHUHVW� LQ� ZRRG� RI� GLIIHUHQW� WH[WXUH� LV� RQ� UHJLRQDO� EDVLV

DQG� LV� SULPDULO\� DLPHG� DW� XWLOL]LQJ� FKHDS� DQG� DEXQGDQWO\

DYDLODEOH�YHJHWDWLRQ�DQG�ELR�ZDVWHV�WR�SURGXFH�ORZ�FRVW�DFWL�

YDWHG�FDUERQ��3UHVHQW�ZRUN�KDV�EHHQ�XQGHUWDNHQ�LQ�WKLV�LQVWL�

WXWH� WR� VWXG\� WKH� S\URO\VLV� RI� ZRRG� IURP� FDVWRU� RLO� SODQW

�VDFFKDUXP� DIIFLQDUXP��� VXJDUFDQH� EDJDVVH� DQG� EDEERRO

�DFDFLD�DUDELFR��DQG�WKHLU�DFWLYDWLRQ��3LQHZRRG�KDV�DOVR�EHHQ

LQFOXGHG� IRU� FRPSDULVRQ�� 7KH� S\URO\VLV� EHKDYLRXU� RI�ZRRG

IURP�WKHVH�SODQWV��PLFURVWUXFWXUH�RI�WKH�FKDUV�SUHSDUHG�IURP

WKHVH� ZRRGV�� WKHLU� VXUIDFH� FKDUDFWHULVWLFV� DQG� QLWURJHQ

DGVRUSWLRQ�FKDUDFWHULVWLF�KDYH�EHHQ�FRUUHODWHG�ZLWK�WKH�W\SH�

FRPSRVLWLRQ�DQG�WH[WXUH�RI�ZRRG�

���([SHULPHQWDO

�����5DZ�0DWHULDOV�DQG�7UHDWPHQW

&DVWRU� RLO� SODQW� ZRRG�� EDEERRO�� VXJDUFDQH� EDJDVVH� DQG

SLQHZRRG�ZHUH�XVHG�IRU�WKH�SUHVHQW�VWXGLHV��7KHVH�PDWHULDOV

H[FHSW� EDJDVVH� ZHUH� FXW� LQ� WR� ���� FP�� ORQJ� VSHFLPHQ� DQG

GULHG� LQ� FRQWUROOHG� ZD\� DW� ���R&�� 7KHVH� GULHG� SLHFHV� ZHUH

WKHQ�XVHG�DV�SUHFXUVRU� IRU�REWDLQLQJ�FKDU�DQG�DFWLYDWHG�FDU�

&DUERQ

6FLHQFH
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ERQ��

3\URO\VLV� RI� WKH� VDPSOHV� ZDV� FDUULHG� RXW� LQ� PXIIOH� W\SH

IXUQDFH�� ,Q� DOO� VHULHV�� WKH� VDPSOHV� ZHUH� KHDWHG� DW� D� UDWH� RI

��R&�KU��XS�WR�GHVLUHG�HQG�WHPSHUDWXUH�DQG�KHOG�DW�PD[LPXP

WHPSHUDWXUH�IRU���KUV��&RROLQJ�ZDV�GRQH�DW�D�UDWH�RI���R&�KU�

6KULQNDJH�RI�WKH�VDPSOHV�GXULQJ�S\URO\VLV�ZDV�PRQLWRUHG�E\

WDNLQJ�SK\VLFDO�GLPHQVLRQV�ERWK�EHIRUH�DQG�DIWHU�S\URO\VLV�

&KDU� IURP�FDVWRU�RLO�SODQW�ZRRG��VXJDUFDQH�EDJDVVH��EDE�

ERRO�DQG�SLQHZRRG�ZHUH�DFWLYDWHG�DW��������R&�IRU�������

PLQ��XVLQJ�VWHDP�DV�DFWLYDWLQJ�DJHQW�

�����&KDUDFWHUL]DWLRQ�RI�VDPSOHV

7KHUPRJUDYLPHWULF�DQDO\VLV�RI�WKH�VDPSOHV�ZDV�FDUULHG�RXW

XVLQJ� 0HWWOHU� 7$� ����� WKHUPDO� DQDO\VLV� V\VWHP� DW� KHDWLQJ

UDWH�RI���R&�PLQ��(OHPHQWDO�DQDO\VHV�ZDV�FDUULHG�RXW�RQ�3HU�

NLQ��(OLPHU������&+1�DQDO\]HU�ZLWK�DFHWDQLOLGH�DV�VWDQGDUG�

&KDUV� ZHUH� FKDUDFWHUL]HG� IRU� EXON� GHQVLW\�� DVK� FRQWHQW� DQG

GLPHQVLRQDO�VKULQNDJH�

%(7� VXUIDFH� DUHD� RI� WKH� VDPSOHV� ZDV� PHDVXUHG� RQ

0LFURPHULWLFV�*HPLQL������6XUIDFH�DUHD�DQDO\]HU��7KH�VDP�

SOHV�ZHUH�FOHDQHG�SULRU� WR�PHDVXUPHQW�E\�KHDWLQJ� WKH� VDP�

SOHV� DW� ���R&� IRU� ��� KUV�� XQGHU� FRQWLQXRXV� IORZ� RI� DUJRQ�

7KH�PRUSKRORJ\�RI�WKH�FKDUV�DV�VXFK�DV�ZHOO�DV�DIWHU�DFWLYD�

WLRQ�ZDV�VWXGLHG�XVLQJ�+,7$&+,�6����1�6(0�

���5HVXOWV�DQG�'LVFXVVLRQ

�����3\URO\VLV�EHKDYLRXU�RI�GLIIHUHQW�SUHFXUVRUV

�������7*$�VWXGLHV

3\URO\VLV�EHKDYLRXU�RI�GULHG�SUHFXUVRUV�ZDV�VWXGLHG�XVLQJ

WKHUPRJUDYLPHWULF�DQDO\VLV��)LJ����VKRZV�7*$�SORW�RI�WKHVH

VDPSOHV�LQ�QLWURJHQ��$OO�VDPSOHV�VKRZ�EURDGO\�IRXU�GRPDLQV

RI�ZHLJKW� ORVV� LQ�DOPRVW�VLPLODU� WHPSHUDWXUH� UDQJHV�EXW�GLI�

IHULQJ� LQ� SHDN� WHPSHUDWXUH� DQG� DPRXQW� RI�ZHLJKW� ORVV��7KH

ILUVW�ZHLJKW�ORVV�RFFXUV�DURXQG��������R&�GXH�WR�GHVRUSWLRQ

DQG� HYROXWLRQ� RI�ZDWHU�PROHFXOH�� ,W� LV�PRUH� SURQRXQFHG� LQ

FDVWRU�RLO�SODQW�ZRRG��,Q�SLQH�DQG�EDEERRO�ZRRG�WKH�ZHLJKW

ORVV� VWDUWV� DW� KLJKHU� WHPSHUDWXUH��1H[W� VWHHS�ZHLJKW� ORVV� LQ

DOO� VDPSOHV� LV� REVHUYHG� EHWZHHQ� �������R&�� 7KLV�� DV� SUR�

SRVHG�E\�7DQJ�DQG�%DFRQ�>��@��LV�GXH�WR�VSOLWWLQJ�RI�FHOOXOR�

VLF�VWUXFWXUH��FKDLQ�VFLVVLRQ�DQG�EUHDNLQJ�RI�VRPH�FDUER[\O�

FDUERQ\O�ERQGV�HWF��LQ�WKH�ULQJ�VWUXFWXUH�HYROYLQJ�ZDWHU��&2

DQG� &2��� :HLJKW� ORVV� LQ� KLJKHU� WHPSHUDWXUH� UHJLRQ� �����

���R&��LV�GXH�WR�SRO\FRQGHQVDWLRQ��PROHFXODU�UHDUUDQJHPHQW

DQG�IRUPDWLRQ�RI�FDUERQ�VWUXFWXUH�

�������<LHOG�DQG�DVK�FRQWHQW

7KH�\LHOG�RI�FDUERQ�DW����R&�DQG�DVK�FRQWHQW�IRU�GLIIHUHQW

SUHFXUVRUV� LV� JLYHQ� LQ�7DEOH����7KH��\LHOG� LV�PLQLPXP�IRU

SLQHZRRG� ZKLOH� DOO� RWKHU� SUHFXUVRUV� RQ� S\URO\VLV� \LHOG

DOPRVW�VDPH�DPRXQW�RI�FDUERQ�DW����R&��7KH�DVK�FRQWHQW�LQ

EDEERRO��FDVWRU�RLO�SODQW�DQG�EDJDVVH�LV�DURXQG�����ZKLOH�LQ

SLQH�WKH�DVK�FRQWHQW� LV� ORZHU�WKDQ�����,W�FRQWDLQV� OHVV� LQRU�

JDQLF�FRPSRXQGV�DV�FRPSDUHG�WR�RWKHU�ZRRG�

�������3K\VLFDO�FKDQJHV�GXULQJ�S\URO\VLV

)LJ����VKRZV�VKULQNDJH� LQ�D[LDO�DV�ZHOO�DV� LQ�UDGLDO�GLUHF�

WLRQ�RI�FDVWRU�RLO�SODQW��EDEERRO�DQG�SLQHZRRG��$V�VHHQ�IURP

)LJ�� ��� WKRXJK� LQ� DOO� FKDUV� WKH� VKULQNDJH� LQFUHDVHV� ZLWK

LQFUHDVH� LQ� S\URO\VLV� WHPSHUDWXUH�� WKHVH� VKRZ� GLIIHUHQW� SDW�

WHUQ�� %DEERRO� ZRRG� VKRZV� ORZHU� VKULQNDJH� WKDQ� FDVWRU� RLO

SODQW� DQG� SLQHZRRG� LQ� DOO� WHPSHUDWXUH� UHJLRQV�� &DVWRU� RLO

SODQW�ZRRG�H[KLELW�KLJKHU�VKULQNDJH�ERWK�LQ�D[LDO�DQG�UDGLDO

GLUHFWLRQ�LQ�WKH�WHPSHUDWXUH�UDQJH��������R&��7KLV�LV�GXH�WR

PROHFXODU� UHDUUDQJHPHQW� DQG� VWUXFWXUDO� WUDQVIRUPDWLRQ� WDN�

LQJ�SODFH�LQ�WKLV�WHPSHUDWXUH�UDQJH��%DEERRO�ZRRG�ZLWK�KDUG

DQG� GHQVH� PRUSKRORJ\� UHVXOW� LQ� RYHUDOO� ORZHU� S\URO\VLV

VKULQNDJH�WKDQ�RWKHU�ZRRGV��7KH�UDGLDO�VKULQNDJH�LQ�DOO�WKUHH

VDPSOHV� LV� IRXQG� WR� EH� KLJKHU� WKDQ� D[LDO� VKULQNDJH�� 7KH

GLPHQVLRQDO� FKDQJHV� WDNLQJ� SODFH� GXULQJ� FDUERQL]DWLRQ

UHODWHV�WR�WKH�RULJLQDO�FHOOXODU�VWUXFWXUH�RI�ZRRG��7KH�ZRRG�LV

FRPSULVHG�RI� HORQJDWHG� WXEXODU� FHOO� UHIHUUHG� DV� ORQJLWXGLQDO

FHOO� RU� ILEHU� JURZQ� LQ� D[LDO� GLUHFWLRQ�� 7KH� ORZ� PROHFXODU

ZHLJKW�RUJDQLF�SRO\PHUV�OLNH�FHOOXORVH�DQG�KHPLFHOOXORVH�DUH

SUHVHQW�ZLWKLQ�WKH�ERXQGDU\�RI�FHOO�ZDOOV��2Q�FDUERQL]DWLRQ�

GHSHQGLQJ�XSRQ�WKH�WHPSHUDWXUH�RI�KHDW�WUHDWPHQW��WKH�FHOOX�

ORVH� DQG� KHPLFHOOXORVH� JUDGXDOO\� ORRVH� WDUU\� SURGXFWV�PDN�

LQJ�WKH�ERXQGDU\�ZDOOV�VKULQN�DQG�ILQDOO\�JHW�FRQYHUWHG�LQWR
)LJ�����7KHUPRJUDYLPDWULF�DQDO\VLV��7*$��RI�GLIIHUHQW�SUHFXUVRU
LQ�1��

7DEOH����3HUFHQWDJH�\LHOG��DVK�DQG�FDUERQ�FRQWHQW�RI�FKDUV�SUH�
SDUHG�DW����R&

6DPSOH ��<LHOG ��$VK ��&DUERQ

3LQH ����� ���� �����

&DVWRU�RLO�SODQW ����� ���� �����

6XJDU�FDQ�EDJDVVH ����� ���� �����

%DEERRO ����� ���� �����
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FDUERQ�� 7KH� ZDOOV� VKULQN�PRUH� LQ� WUDQVYHUVH� GLUHFWLRQ� WKDQ

ORQJLWXGLQDO�GLUHFWLRQ�WKXV�UDGLDO�VKULQNDJH�RQ�FDUERQL]DWLRQ

LV�FRPSDUDWLYHO\�KLJKHU� WKDQ�D[LDO�VKULQNDJH��7KH�VKULQNDJH

EHKDYLRXU� RI� EDJDVVH� ZDV� GLIILFXOW� WR� VWXG\� EHFDXVH� RI� LWV

ILEURXV�QDWXUH��

'HQVLW\�RI�FKDUV�REWDLQHG�IURP�GLIIHUHQW�SUHFXUVRUV�LV�SORW�

WHG�DJDLQVW�GHQVLW\�RI�RULJLQDO�ZRRG�SUHFXUVRUV�DQG�LV�VKRZQ

LQ� )LJ�� ��� ,W� VKRZV� WKDW� D� GHILQLWH� OLQHDU� UHODWLRQ� H[LVWV

EHWZHHQ�WKH�ZRRG�GHQVLW\�DQG�GHQVLW\�RI�LWV�FKDU�REWDLQHG�DW

SDUWLFXODU� WHPSHUDWXUH� XQGHU� VLPLODU� S\URO\VLV� FRQGLWLRQV�

:LWK� ULVH� LQ� S\URO\VLV� WHPSHUDWXUH�� WKH� VORSH� RI� WKLV� OLQHDU

UHODWLRQ�LQFUHDVHV��*HQHUDOO\��FKDU�\LHOG�DQG�S\URO\VLV�VKULQN�

DJH�DUH�IXQFWLRQ�RI�S\URO\VLV�WHPSHUDWXUH��SUHVVXUH��WLPH�DQG

DWPRVSKHUH�� $OWHUDWLRQ� RI� RQH� RU�PRUH� RI� WKHVH� SDUDPHWHUV

FDQ�DIIHFW�WKH�VORSH�DQG�UHVXOWLQJ�FDUERQL]HG�ZRRG�EXON�GHQ�

VLW\�� ,W� DJUHHV�ZLWK� WKH� UHVXOWV� UHSRUWHG�E\�1DJOH�DQG�%\UQH

>��@�IRU�RWKHU�W\SHV�RI�ZRRG��

�������(OHPHQWDO�DQDO\VLV�

)LJ�� �� VKRZV� &�+� UDWLR� RI� GU\� ZRRG� DV�ZHOO� DV� RI� FKDUV

REWDLQHG� IURP� FDVWRU� RLO� SODQW�� EDEERRO� DQG� SLQHZRRG�� $V

WKH�S\URO\VLV�WHPSHUDWXUH�LQFUHDVHV��&�+�UDWLR�DOVR�VKRZV�DQ

LQFUHDVH��7KLV�LQFUHDVH�LV�PRUH�IRU�VDPSOHV�KHDWHG�WR�WHPSHU�

DWXUH� KLJKHU� WKDQ� ���R&�� &RUUHVSRQGLQJ� WR� WKH� UHPRYDO� RI

K\GURJHQ� FRQWDLQLQJ� YRODWLOHV� DQG� FRQGHQVDWLRQ� UHDFWLRQV

OHDGLQJ� WR� ORQJ� &�FKDLQ� PROHFXOHV�� $V� VHHQ� IURP� )LJ�� ��

WKRXJK�&�+� UDWLR� RI� SLQHZRRG� LV� VDPH� DV� WKDW� RI� FDVWRU� RLO

SODQW�DQG�EDEERRO�ZRRG�EXW�WKHVH�DUH�GLIIHUHQW�IRU�WKH�S\URO�

\VHG� PDVV�� &�+� UDWLR� RI� S\URO\VHG� SLQH� LV� KLJKHU� WKDQ� IRU

WKRVH� IURP� EDEERRO� DQG� FDVWRU� RLO� SODQW� S\URO\VHG� WR� WKH

VDPH�WHPSHUDWXUH��,W�PHDQV�WKDW�ODWWHU�VWLOO�FRQWDLQ�K\GURJHQ�

,Q�FDVWRU�RLO�SODQW�DQG�EDEERRO�ZRRG�WKH�HYROXWLRQ�RI�K\GUR�

JHQ� DQG� K\GURJHQ� FRQWDLQLQJ� YRODWLOHV� FRQWLQXH� WLOO� KLJKHU

WHPSHUDWXUH�� ,W� VXJJHVWV� WKDW� FDVWRU� RLO� SODQW� DQG� EDEERRO

ZRRG� XQGHUJR� VORZ� S\URO\VLV� DV� FRPSDUHG� WR� KDUG� SLQH�

ZRRG��

�����6XUIDFH�DUHD�DQDO\VLV

6XUIDFH�DUHD�RI�DOO� WKH�VDPSOHV�ZDV�PHDVXUHG�E\�QLWURJHQ

DGVRUSWLRQ� DW� OLTXLG� QLWURJHQ� WHPSHUDWXUH�� 7KH� QLWURJHQ

DGVRUSWLRQ� LVRWKHUPV� IRU� FDVWRU� RLO� SODQW�� EDJDVVH� DQG� EDE�

ERRO�ZRRG� DUH� JLYHQ� LQ� )LJ�� ���$OO� LVRWKHUPV� DUH� RI� W\SH� ,

VKRZLQJ� PLFURSRURXV� QDWXUH� RI� WKH� VROLGV�� +RZHYHU�� WKH

VKDSH�RI�WKH�LVRWKHUP�LV�IRXQG�WR�FKDQJH�ZLWK�VWHDP�DFWLYD�

WLRQ��$V�WKH�DFWLYDWLRQ�WHPSHUDWXUH�DQG�WLPH�DUH�UDLVHG�WKHUH

LV�DQ�RSHQLQJ�RI�WKH�NQHH�RI�WKH�LVRWKHUPV�ZLWK�PRUH�JUDGXDO

)LJ�����6KULQNDJH�LQ�SULQFLSDO�GLUHFWLRQV�IRU�SLQH��FDVWHU�RLO�SODQW
DQG�EDEERRO�ZRRG�DW�GLIIHUHQW�+77�

)LJ�����%XON�GHQVLW\�RI�FKDUV�IURP�SLQH��FDVWRU�RLO�SODQW�DQG�EDE�
ERRO�ZRRG�DW����R&�í DQG����R&G;�

)LJ�G���&�+�UDWLR�RI�FDVWRU�RLO�SODQW��SLQH�DQG�EDEERRO�ZRRG�DV�D
IXQFWLRQ�RI�+77�



� 6��0��0DQRFKD�HW�DO� � &DUERQ�6FLHQFH�9RO�����1R��������������

DSSUR[LPDWLRQ�WR� WKH�SODWHDX��7KLV�FKDQJH�LV�XVXDOO\�DVVRFL�

DWHG�ZLWK�ZLGHQLQJ�RI�PLFURSRURVLW\�

6XUIDFH�DUHD�RI�FKDUV�DQG�VWHDP�DFWLYDWHG�FDUERQV�LV�JLYHQ

LQ� 7DEOH� ��� 2Q� DFWLYDWLRQ�� WKH� VXUIDFH� DUHD� RI� DOO� VDPSOHV

LQFUHDVHV� LUUHVSHFWLYH� RI� QDWXUH� RI� ZRRG�� 7KH� LQFUHDVH� LV

REVHUYHG�WR�EH�QHDUO\�WZR�IROGV�IRU�FDVWRU�RLO�SODQW�DFWLYDWHG

DW� ���R&� IRU� ���PLQXWHV��ZKLOH� IRU� EDJDVVH� WKLV� LQFUHDVH� LV

VPDOO�� QHDUO\� RQH� DQG� KDOI� IROG�� ,Q� FDVWRU� RLO� SODQW� DQG

EDJDVVH� LI� WKH� WHPSHUDWXUH� RI� DFWLYDWLRQ� LV� LQFUHDVHG� IURP

���� WR� ���R&�NHHSLQJ� WKH� WLPH� RI� DFWLYDWLRQ� FRQVWDQW� DW� ��

PLQ���WKH�LQFUHDVH�LQ�VXUIDFH�DUHD�LV�YHU\�VPDOO�L�H��������P��

JP��+RZHYHU��DW�DFWLYDWLRQ�WHPSHUDWXUH�RI����R&��LI�WKH�WLPH

RI� DFWLYDWLRQ� LV� LQFUHDVHG� IURP� ��� WR� ����PLQ��� WKH� VXUIDFH

DUHD� LQFUHDVHV� E\� DERXW� ����P��JP� IRU� FDVWRU� RLO� SODQW� DQG

����P��JP� IRU� EDJDVVH�� ,Q� FDVWRU� RLO� SODQW� DQG� EDJDVVH� WKH

WLPH�RI�DFWLYDWLRQ�LV�IRXQG�WR�KDYH�SURQRXQFHG�HIIHFW�RQ�VXU�

IDFH�DUHD�� ,Q�FDVH�RI�SLQHZRRG� WKH� UHVXOWV�DUH�YHU\� LQWHUHVW�

LQJ�� 7KH� S\URO\VHG� SLQHZRRG� DW� ���R&� GRHV� QRW� VKRZ

PHDVXUDEOH�DGVRUSWLRQ�RI�QLWURJHQ��7KRXJK�RQ�FDUERQL]DWLRQ�

SLQHZRRG�DOVR�VKRZV�ZHLJKW�ORVV�DPRXQWLQJ�WR�IRUPDWLRQ�RI

SRURXV� VWUXFWXUH�� EXW� WKH� SRUHV� IRUPHG� GR� QRW� VHHP� WR� EH

DFFHVVLEOH� IRU� DGVRUSWLRQ��0D\� EH� YRODWLOHV� IRUPHG� RQ� KHDW

WUHDWPHQW� FORJJ� WKH� SRUHV� PDNLQJ� WKHVH� XQDFFHVVLEOH� WR

DGVRUSWLRQ��2Q�DFWLYDWLRQ�WKLV�FKDU�DW����R&�IRU����PLQXWHV�

DFWLYDWHG� FDUERQ� KDYLQJ� KLJK� VXUIDFH� DUHD� RI� ����� P��JP

ZDV�REWDLQHG��7KH�WRWDO�SRUH�YROXPH�LQ�SLQHZRRG�LV�IRXQG�WR

EH� ����� FF�JP� ZKLOH� IRU� WKH� RWKHU� WZR�� WKH� YDOXH� LV� PXFK

ORZHU�� ,Q� FDVH� RI� EDEERRO� WKH� LQFUHDVH� LQ� VXUIDFH� DUHD� LV

REVHUYHG� WR� EH� QHDUO\� WKUHH� IROG� RQ� DFWLYDWLRQ� XQGHU� RSWL�

PL]HG�FRQGLWLRQ��%\�LQFUHDVLQJ�WKH�WHPSHUDWXUH�RI�DFWLYDWLRQ

IURP� ���� WR� ���R&� DW� FRQVWDQW� WLPH� RI� DFWLYDWLRQ� ����

PLQXWH��WKH�VXUIDFH�DUHD�LV�IRXQG�WR�LQFUHDVH�IURP�����WR����

P��JP��%\�LQFUHDVLQJ�WKH�WHPSHUDWXUH�RI�DFWLYDWLRQ�WR����R&

DQG� WLPH� RI� DFWLYDWLRQ� IURP� ��� WR� ���� PLQXWH�� WKH� VXUIDFH

DUHD� LV� IRXQG� WR� LQFUHDVH� IURP����� WR������P��JP��)XUWKHU�

E\�FRPSDULQJ� WKH�YDOXHV� LQ�7DEOH����RQH�ILQGV� WKDW� WKH� WHP�

SHUDWXUH� RI� DFWLYDWLRQ� KDV� PRUH� SURQRXQFHG� HIIHFW� RQ� WKH

GHYHORSPHQW�RI�VXUIDFH�DUHD��6XUIDFH�DUHD�RI�EDEERRO�FDUERQ

DFWLYDWHG� DW� ���R&� IRU� ORZHU� WLPH� LV� PXFK� KLJKHU� WKDQ� RI

WKRVH� SURGXFHG� DW� ���� WR� ���R&� IRU� ORQJHU� WLPH�� 7KXV� RQ

DFWLYDWLRQ�ZLWK� VWHDP�� WKH� LQFUHDVH� LQ� VXUIDFH� DUHD� GHSHQGV

RQ�WHPSHUDWXUH�DQG�WLPH�RI�DFWLYDWLRQ�EXW�PRUH�RQ�WKH�QDWXUH

DQG�SK\VLFDO�VWDWH�RI�ZRRG��7KH�KDUGHU�WKH�ZRRG��PRUH�LV�WKH

LQFUHDVH�LQ�VXUIDFH�DUHD�RQ�DFWLYDWLRQ�ZLWK�VWHDP��

�����6(0�VWXGLHV

)LJ����D��E��F�DQG�G��VKRZ�6(0�PLFURJUDSKV�RI� WKH�FKDUV

DW� ���R&� REWDLQHG� IURP� GLIIHUHQW� SUHFXUVRUV�� $V� VHHQ� IURP

$&3�� $FWLYDWHG� FDVWRU� RLO� SODQW� ZRRG� $%�� $FWLYDWHG� EDEERRO
ZRRG�$%6��$FWLYDWHG�EDJDVVH

)LJ�����$GVRUSWLRQ�LVRWKHUP�RI�1��DW���.�RQ�DFWLYDWHG�FDUERQ�

7DEOH����6XUIDFH�SURSHUWLHV�RI�S\URO\VHG�DQG�DFWLYDWHG�FKDUV�IURP�GLIIHUHQW�SUHFXUVRU

6DPSOH
+77
°&

3\URO\VLV�
<LHOG��

6XUIDFH�
DUHD
P��JP

$FWLYDWLRQ�
WHPSHUDWXUH

°&

$FWLYDWLRQ�
WLPH�PLQ�

%XUQ�
RII��

6XUIDFH�
DUHD
P��JP

$YJ��SRUH�
GLDPHWHU�

QP

7RWDO�SRUH�
YROXPH�
FF�JP

&DVWRU�RLO�
SODQW

��� ����� ��� 6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� ����� ���� ���� �����

%DJDVVH ��� ����� ��� 6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

3LQH ��� ����� − 6WHDP���� ��� �� ���� ���� �����

%DEERRO ��� ����� ��� 6WHDP���� ��� ����� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� �� ���� ���� �����

6WHDP���� ��� ���� − − −
6WHDP���� ��� DVK − − −



6WXGLHV�RQ�'HYHORSPHQW�RI�3RURVLW\�LQ�&DUERQ�IURP�'LIIHUHQW�7\SHV�RI�%LR�ZDVWHV �

WKHVH� ILJXUHV�� DOO� WKHVH� FKDUV� KDYH� GLIIHUHQW� SRUH�PRUSKROR�

JLHV��&KDUV�IURP�FDVWRU�RLO�SODQW��EDEERRO�DQG�EDJDVVH�VKRZ

ELJ� VL]H� SRUHV� VXUURXQGHG� E\� VPDOO� SRUHV� RI� YDU\LQJ� FURVV

VHFWLRQV��7KHVH�SRUHV�DUH�RI�HTXLVL]H� LQ�FDVWRU�RLO�SODQW�DQG

EDEERRO�FKDU�DQG�RI�YDU\LQJ�VL]H�LQ�EDJDVVH�FKDU��0RUHRYHU�

WKHVH� SRUHV� DUH� VHHQ� WR� EH� SDUWLDOO\� EORFNHG� DW� SODFHV�� ,W� LV

PRUH� LQ�EDEERRO�FKDU� WKDQ� IRU�RWKHUV��$FFRUGLQJO\��EDEERRO

FKDU� H[KLELW� ORZHU� VXUIDFH� DUHD� WKDQ� FDVWRU� RLO� SODQW� DQG

EDJDVVH�FKDUV��

)LJ����D��E��F�DQG�G��VKRZV�6(0�PLFURJUDSKV�RI� WKH�DFWL�

YDWHG� FKDUV��$V� VHHQ� IURP� WKLV� ILJXUH� DFWLYDWLRQ�ZLWK� VWHDP

UHVXOWV� LQ� ZLGHQLQJ� XS� RI� WKH� SRUHV�� &URVV�LQWHUFRQQHFWHG

SRUHV� DUH� DOVR� VHHQ� LQ� DFWLYDWHG� FDVWRU� RLO� SODQW�ZRRG�� EDE�

ERRO� DQG� EDJDVVH� FKDUV� �)LJ�� �D�� �E� DQG� �F��� 7KHVH� FURVV�

LQWHUFRQQHFWHG�SRUHV�PLJKW�EH�SUHVHQW� LQ�S\URO\VHG�FKDUV�DV

ZHOO�EXW� LQ�EORFNHG�IRUP�DQG�JHW�FOHDUHG�GXULQJ�VWHDP�DFWL�

YDWLRQ�� &RQWUDU\� WR� WKHVH�� SLQH� FKDUV� VKRZV�PDFURSRUHV� RI

XQLIRUP�PRUSKRORJ\��)LJ���G�DQG��G�VKRZ�SRUH�VWUXFWXUH�RI

SLQH�ZRRG�FKDUV��7KLV�VWUXFWXUH�LV�UHWDLQHG�HYHQ�DIWHU�DFWLYD�

WLRQ��

���&RQFOXVLRQ

3\URO\VLV� EHKDYLRXU� DQG� XOWLPDWH� SRUH� VWUXFWXUH� RI� FKDUV

GHSHQG�RQ�WKH�PRUSKRORJ\�DQG�SK\VLFDO�VWDWH�RI� WKH�SUHFXU�

VRU��KDUG�RU�VRIWZRRG�

%LR�ZDVWH� VXFK� DV� FDVWRU� RLO� SODQW�� EDEERRO� DQG� EDJDVVH

DUH� SRWHQWLDO� SUHFXUVRUV� IRU� DFWLYDWHG� FDUERQ�� 6WHDP� DFWLYD�

WLRQ� RI� WKHLU� FKDUV� XQGHU� VXLWDEOH� FRQGLWLRQV� SURGXFH� DFWL�

YDWHG� FDUERQ� RI� KLJK� VXUIDFH� DUHD� DQG� KLJKO\� GHYHORSHG

SRURXV�VWUXFWXUH�ZLWK�YHU\�VPDOO�DYHUDJH�SRUH�GLDPHWHU�
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