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$EVWUDFW−(IILFLHQW K\GURJHQ SURGXFWLRQ ZDV DFKLHYHG E\ LUUDGLDWLQJ VROXWLRQV FRQWDLQLQJ SRO\VXOILGH G\HV DV D SKR�

WRDEVRUEHU� ,Q WKH SUHVHQFH RI SRO\VXOILGH RQO\� FRQVLGHUDEOH DPRXQW RI K\GURJHQ ZDV LQLWLDOO\ HYROYHG DQG IROORZHG

E\ WKH UDSLG GHFUHDVH RI WKH HYROXWLRQ UDWH� 2Q WKH FRQWUDU\� LQ WKH FR�SUHVHQFH RI 1L2
[
�[����7L2� DQG SRO\VXOILGH�

VWHDG\ HYROXWLRQ RI K\GURJHQ ZDV REVHUYHG HYHQ DIWHU ORQJ SHULRG RI LOOXPLQDWLRQ� 7KH SKRWRFDWDO\WLF HYROXWLRQ RI K\�

GURJHQ ZDV GLYLGHG LQWR WZR VWDJHV� L� LQ WKH ILUVW VWDJH ZLWKLQ � KRXU LUUDGLDWLRQ� WKH K\GURJHQ HYROXWLRQ UDWH ZDV

DEUXSWO\ LQFUHDVHG GXH WR WKH FRQYHUVLRQ RI SRO\VXOILGH WR SDUWLDOO\ R[LGL]HG VXOIXU� 6�2[

�−� LL� LQ WKH VHFRQGDU\ VWDJH

DIWHU � KRXU LUUDGLDWLRQ� VWHDG\ HYROXWLRQ RI K\GURJHQ ZDV REVHUYHG GXH WR WKH FRQYHUVLRQ RI SDUWLDOO\ R[LGL]HG VXOIXU

WR IXOO\ R[LGL]HG VXOIXU� 7KH R[LGDWLRQ�UHGXFWLRQ RI VXOIXU RFFXUUHG PRUH IDYRUDEO\ RYHU 6L& FDWDO\VW ZKHUH PRUH VWHDG\

HYROXWLRQ RI K\GURJHQ ZDV DFKLHYHG�

.H\ ZRUGV� +ROH 6FDYHQJHU� 3RO\VXOILGH� 1L2�7L2�� 6L&� +\GURJHQ (YROXWLRQ

,1752'8&7,21

$ SKRWRFKHPLFDO V\VWHP RI K\GURJHQ SURGXFWLRQ E\ VSHQGLQJ

VDFULILFLDO DJHQWV KDV EHHQ DQ LPSRUWDQW WRSLF LQ YLHZ RI VRODU HQHUJ\

KDUYHVWLQJ >)XMLVKLPD DQG+RQGD� ����� 3LFKDW HW DO�� ����� 'RPHQ

HW DO�� ����� .DZDL DQG 6DNDWD� ����� 6DWR� ����@� $V RQH RI WKH

PHWDO R[LGH VHPLFRQGXFWRUV� 7L2� KDV EHHQZLGHO\ XVHG� EXW LW VKRZV

D ORZ TXDQWXP \LHOG� )RU SURPRWLQJ WKH K\GURJHQ HYROXWLRQ UDWH�

WKHUHIRUH� VHYHUDO UHVHDUFKHV KDYH EHHQ SHUIRUPHG ZLWK KROH VFDY�

HQJHUV VXFK DV PHWKDQRO� FDUERQDWH� DQG VXOILGH >3LFKDW HW DO�� �����

3HOOL]HWWL HW DO�� ����@� &RQWUDVWHG ZLWK IUHTXHQW XVH RI PHWDO FRP�

SOH[HV LQ WKH VR�FDOOHG VDFULILFLDO V\VWHPV� RUJDQLF G\HV KDYH EHHQ

UDUHO\ XVHG DV VHQVLWL]HUV IRU WKH SKRWRUHGXFWLRQ RI ZDWHU� 7KH FRP�

PRQ DYDLODELOLW\ RI RUJDQLF G\HV� KRZHYHU� LQLWLDWHG WKH H[SORUDWLRQ

RI SRWHQWLDO XVH RI SRO\VXOILGH G\H DV D SKRWRDEVRUEHU >.DO\DQD�

VXQGDUDP DQG 'XQJ� ����� +DVKLPRWR HW DO�� ����@� 3HOOL]HWWL HW DO�

UHSRUWHG WKH KLJK DFWLYLW\ RI VXOILGH RYHU &G6 FROORLG LQ WKH SKRWR�

FDWDO\WLF GHFRPSRVLWLRQ RI ZDWHU >3HOOL]HWWL HW DO�� ����@� 2ZLQJ WR

WKH KLJK R[LGDWLRQ DELOLW\ RI VXOILGH� LW FDQ SOD\ DV DQ HIIHFWLYH KROH

VFDYHQJHU HYHQ LQ WKH YLVLEOH UHJLRQ� 7KH DGYDQWDJHV LQ XVLQJ SRO\�

VXOILGH DUH LWV JRRG VDFULILFLDO DELOLW\� IHDVLELOLW\ RI SUHSDUDWLRQ� DQG

HFRQRPLFDO DVSHFWV �ORZ FRVW DQG HDV\ UHF\FOLQJ RI VXOIXU� >/HH DQG

/HH� ����@� ,Q WKLV VWXG\� WKH HIIHFW RI D KROH VFDYHQJHU RQ WKH SKRWR�

UHGXFWLRQ RIZDWHUZDV LQYHVWLJDWHG E\ WKH XVH RI DTXHRXV SRO\VXOILGH

SUHSDUHG E\ GLUHFWO\ GLVVROYLQJ VXOIXU SRZGHU LQ DONDOLQH VROXWLRQ�

(;3(5,0(17$/ 6(&7,21

�� 3KRWRFDWDO\WLF 5HDFWLRQ 6\VWHP

$ SKRWRUHDFWRU RI FDUULHU�JDV IORZ W\SH ZDV PDGH RI 3\UH[ F\OLQ�

GHU �FD� ��� FP�� ZKRVH LQQHU SDUW ZDV MRLQWHG E\ WKH TXDUW] F\OLQ�

GHU DV D ODPS ZLQGRZ� 89 LUUDGLDWLRQ ZDV FDUULHG RXW ZLWK D KLJK�

SUHVVXUHPHUFXU\ ODPS ����:�.XP�.DQJ&R��� DQG RSHUDWLRQ WHP�

SHUDWXUH ZDV FRQWUROOHG DW ���� R& GXULQJ LOOXPLQDWLRQ� ,Q HDFK H[�

SHULPHQW� WKH YROXPH RI LOOXPLQDWHG VROXWLRQZDVPDLQWDLQHG DV ���

PO� DQG R[\JHQ�IUHH 1� JDV ZDV EXEEOHG FRQWLQXRXVO\ WKURXJK WKH

VROXWLRQ DW D UDWH RI �� FF�PLQ� )RU WKH DQDO\VLV RI K\GURJHQ SUR�

GXFWLRQ� ��� FF JDV VDPSOH IURP WKH UHDFWLRQ YHVVHO ZDV DQDO\]HG

E\ JDV FKURPDWRJUDSK\ �<DQDFR� *����7� 3RUDSDN4�� )RU WKH DQDO�

\VLV RI TXDQWXP \LHOG� SKRWRQ IOX[ IURP WKH ODPS ZDV PHDVXUHG

E\ FKHPLFDO DFWLQRPHWU\ PHWKRG XVLQJ SRWDVVLXP IHUULR[DODWH� .�)H

�&�2���Â�+�2 >5DEHN� ����@� 7KHPHDVXUHG SKRWRQ IOX[ ZDV �î��−�

HLQVWHLQ�VHF ZKLFK FRUUHVSRQGHG WR ����PPROH +� SHU KRXU� 89�

9LV VSHFWURVFRS\� LRQ FKURPDWRJUDSK\ DQGPDVV VSHFWURVFRSLF WHFK�

QLTXHV ZHUH DOVR HPSOR\HG WR DQDO\]H WKH UHDFWLRQ VROXWLRQ�

�� 3UHSDUDWLRQ RI &DWDO\VW DQG 3RO\VXOILGH 0DWHULDOV

�ZW� 1L2�GRSHG 7L2� ZDV XVHG DV D FDWDO\VW IRU SKRWRUHGXF�

WLRQ RI ZDWHU� 7KH FU\VWDO VWUXFWXUH RI 7L2� IURP $OGULFK &R� ZDV

PDLQO\ DQDWDVH ��������� )RU D EHWWHU DFWLYLW\� SDUWLDOO\ UHGXFHG

QLFNHO R[LGH FDWDO\VW� 1L2
[
�[����GRSHG 7L2��ZDV SUHSDUHG E\ WKH

UHGXFWLRQ RI 1L2�GRSHG 7L2� LQ +� VWUHDP DW ��� R& IRU � KRXUV

DQG R[LGDWLRQ LQ 2� DW ��� . IRU � KRXU�

3RO\VXOILGH LQ DTXHRXV SKDVH ZDV SUHSDUHG E\ GLVVROYLQJ VXOIXU

SRZGHU LQ DONDOLQH VROXWLRQ DV IROORZV� L� �� J 1D2+ ZDV GLV�

VROYHG LQ �����PO ZDWHU� DQG ��� J RI VXOIXU SRZGHU ZDV SXW LQWR

WKH VROXWLRQ� LL� �PO RI &6� ZDV GURSSHG LQWR WKH VROXWLRQ� LLL� DIWHU

VWLUULQJ IRU �� KRXUV� XQGLVVROYHG VXOIXU SRZGHU ZDV ILOWHUHG RXW WR

REWDLQ DTXHRXV SRO\VXOILGH� 7KH FRORU RI WKH VROXWLRQ FRQWDLQLQJ

SRO\VXOILGH ZDV \HOORZ�WR�UHG� 7KH FRQWHQW RI VXOIXU GLVVROYHG ZDV

FDOFXODWHG DV ����PJ�PO IURP WKH TXDQWLWDWLYH DQDO\VLV RI 89�9LV
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DEVRUSWLRQ VSHFWUD�

5(68/76 $1' ',6&866,21

�� 3URSHUWLHV RI 3RO\VXOILGH

89�9LV VSHFWUXP ZDV REWDLQHG WR FKDUDFWHUL]H WKH SURSHUWLHV RI

SRO\VXOILGH GLVVROYHG LQ DONDOLQH VROXWLRQ� $V VKRZQ LQ )LJ� ��D��

DTXHRXV SRO\VXOILGH JDYH WKUHH DEVRUSWLRQ SHDNV DW ���� ��� DQG

���QP ZKLFK ZHUH DVVLJQHG� UHVSHFWLYHO\� WR 6�

�− �SHDN DW ��� QP�

DQG 6�

�− �SHDNV DW ��� DQG ��� QP� >.DO\DQDVXQGDUDP DQG 'XQJ�

����@� ,Q WKH SUHVHQFH RI 1L2
[
�GRSHG 7L2�FDWDO\VW� WKH SHDN LQWHQ�

VLW\ DQG ORFDWLRQ ZHUH FKDQJHG HYHQ LQ WKH DEVHQFH RI OLJKW >)LJ�

��E���I�@� ZKHUHDV WKH SHDN FKDQJH ZDV QRW REVHUYHG LQ WKH SUHV�

HQFH RI VLQJOH 7L2� FDWDO\VW� 'XULQJ LOOXPLQDWLRQ ZLWK 1L2�7L2�

FDWDO\VW� WKH SHDN ZDV JUDGXDOO\ GHFUHDVHG DQG VKLIWHG GRZQ WR ���

DQG ��� QP� 7KLV LQGLFDWHG WKDW WKH LQLWLDO VWDWH RI SRO\VXOILGH ZDV

VR XQVWDEOH DV WR UHHVWDEOLVK VWDEOH VSHFLHV LQ WKH SUHVHQFH RI D VPDOO

DPRXQW RI FDWDO\VW� L�H�� WKH LQLWLDO VSHFLHV RI 6�

�− DQG 6�

�− ZHUH UH�

FRPELQHG LQWR WKH ILQDO VSHFLHV RI 6�

�− DQG 6�

�− RYHU 1L2
[
�GRSHG

7L2� FDWDO\VW >6FKZDU]HQEDFK DQG )LVFKHU� ����@� 0DVV VSHFWUR�

VFRS\ IRU SRO\VXOILGH VDPSOH VKRZHG WKH VLJQDOV RI 6�

�− �P�H ����

DQG 6�

�− �P�H ����� UHVSHFWLYHO\�

�� $FWLYLW\ RI 3RO\VXOILGH

7KH K\GURJHQ HYROXWLRQ ZDV REVHUYHG LQ WKH SUHVHQFH RI SRO\�

VXOILGH ZLWKRXW FDWDO\VW >)LJ� ��D�@� ,WV UDWH ZDV DEUXSWO\ LQFUHDVHG

ZLWKLQ RQH KRXU LOOXPLQDWLRQ DQG IROORZHG E\ UDSLG GHFUHDVH IRU

ORQJHU SHULRG RI LOOXPLQDWLRQ� 7KH DEUXSW LQFUHDVH RI K\GURJHQ HYR�

OXWLRQ LQ WKH HDUO\ VWDJH RI LOOXPLQDWLRQ ZDV DWWULEXWHG WR WKH GHFRP�

SRVLWLRQ RI SRO\VXOILGH� ZKLFK ZDV YHULILHG IURP WKH UDSLG YDULDWLRQ

RI 89�9LV VSHFWUD RI SRO\VXOILGH ZLWK LOOXPLQDWLRQ WLPH� 1DPHO\�

WKH SRO\VXOILGH SHDN GLVDSSHDUHG ZLWK WKH LQFUHDVH RI LOOXPLQDWLRQ

WLPH� DQG RQO\ D WUDFH RI SRO\VXOILGH SHDN ZDV GHWHFWHG DIWHU RQH

KRXU LOOXPLQDWLRQ� 7KH GHFRPSRVLWLRQ RI SRO\VXOILGH GXULQJ LOOXPL�

QDWLRQ ZDV DOVR FRQILUPHG ZLWK QR GHWHFWLRQ RI 6�

�− DQG 6�

�− SHDNV

E\ PDVV VSHFWURVFRS\�

(YHQ LQ WKH SUHVHQFH RI SRO\VXOILGH ZLWKRXW FDWDO\VW� D GXUDEOH

HYROXWLRQ RI K\GURJHQ ZDV REVHUYHG IRU ORQJ SHULRG RI LOOXPLQD�

WLRQ� ZKLFK ZDV DWWULEXWHG WR WKH LQVWDQWDQHRXV UHFRPELQDWLRQ RI

IUDJPHQWHG �RU GHSRO\PHUL]HG� SRO\VXOILGH LQWR SRO\PHUL]HG VXO�

ILGHV DQG�RU WKH R[LGDWLRQ RI SDUWLDOO\ R[LGL]HG VXOIXU WR IXOO\ R[L�

GL]HG VXOIXU� (YHQ WKRXJK WKH VKRUW�OLYHG UHFRPELQDWLRQ SURFHVV KDV

QRW EHHQ YHULILHG \HW� D IDYRUDEOH UHDFWLRQ VFKHPH FRXOG EH VXJ�

JHVWHG DV IROORZV ZKHUH WKH VXSHUVFULSW 
 GHQRWHV WKH DFWLYDWHG VWDWH

RI SRO\VXOILGH E\ 89 OLJKW�

6�

�− �6�

�−��Kνç6�

�−
 �6�

�−
� � H[FLWDWLRQ E\ 89 OLJKW

6�

�−
 �6�

�−
��+�2ç� 6�2[

�−��[ +� �JDV� �

UHDFWLRQ RI H[FLWHG SRO\VXOILGH

,Q WKH FDVH RI 7L2� FDWDO\VW DGGHG WR WKH SRO\VXOILGH VROXWLRQ� KLJKHU

SKRWRFDWDO\WLF DFWLYLW\ ZDV LQGXFHG DIWHU � KRXUV LOOXPLQDWLRQ� FRP�

SDUHG ZLWK SRO\VXOILGH�RQO\ FDVH >)LJ� ��E�@� 7R H[SODLQ WKH DERYH

UHVXOW� LW ZDV DVVXPHG WKDW WKH IUDJPHQWHG SRO\VXOILGH ZDV R[L�

GL]HG WR 62�

�− DQG�RU 62�

�−� 'XULQJ WKH R[LGDWLRQ SURFHVV RI IUDJ�

PHQWHG SRO\VXOILGHV� K\GURJHQ FRXOG EH HYROYHG E\ WKH IROORZLQJ

UHDFWLRQV�

2+−�Kνç2+� � H[FLWDWLRQ E\ 89 OLJKW

6�

�−�[ 2+�ç6�2[

�−�+� �

UHDFWLRQ RI K\GUR[\O UDGLFDO ZLWK SRO\VXOILGH

6�2[

�−�\ 2+�çç62�

�−�+��+�2 � R[LGDWLRQ RI VXOIXU

,Q WKH FDVH RI 1L2
[
�GRSHG 7L2�� WKH UDWH RI K\GURJHQ HYROXWLRQ

ZDV UDSLGO\ LQFUHDVHG DW HDUO\ VWDJH ZLWKLQ � KRXU LOOXPLQDWLRQ DQG

UHPDLQHG DW ���µPROH�KRXU XS WR �KRXUV RI LOOXPLQDWLRQ >)LJ� ��F�@�

7KH VWHDG\ HYROXWLRQ RI K\GURJHQ IRU ORQJHU SHULRG RI LOOXPLQDWLRQ

ZDV GXH WR WKH DELOLW\ RI SDUWLDOO\ UHGXFHG�1L RQ 7L2� VXUIDFH WR

FROOHFW WKH SKRWRJHQHUDWHG HOHFWURQ� ,W PHDQW WKDW WKH SKRWRJHQHU�

DWHG HOHFWURQV DQG KROHV FRXOG DFFXPXODWH VHSDUDWHO\ RQ 1L2 DQG

7L2� DQG SDUWLFLSDWH LQ WKH HYROXWLRQ RI K\GURJHQ DV ZHOO DV WKH R[L�

GDWLRQ RI SRO\VXOILGH�

7KH PD[LPXP RI K\GURJHQ SURGXFWLRQ UDWH ZDV FRUUHODWHG ZLWK

WKH DPRXQW RI DTXHRXV VXOIXU DV D SRO\VXOILGH �)LJ� ��� $V WKH DPRXQW

RI DTXHRXV VXOIXU ZDV LQFUHDVHG� WKH K\GURJHQ HYROXWLRQ UDWH ZDV

)LJ� �� &KDQJHV RI SRO\VXOILGH LQ 89 DEVRUEDQFH LQ WKH SUHVHQFH

RI �ZW�1L2
[
�7L2� FDWDO\VW DV D IXQFWLRQ RI VWLUULQJ WLPH�

�D� LQLWLDO� �E� � KRXU� �F� � KRXUV� �G� � KRXUV� DQG �H���I� ���
KRXUV�

)LJ� �� 7KH UDWH RI K\GURJHQ HYROXWLRQ GXULQJ LOOXPLQDWLRQ�
�D� ZLWKRXW FDWDO\VW� �E� ZLWK 7L2�� DQG �F� ZLWK �ZW� 1L2

[
�

7L2� FDWDO\VW�



��� 6� *� /HH HW DO�

1RYHPEHU� ����

SURSRUWLRQDOO\ LQFUHDVHG DQG ILQDOO\ UHDFKHG DQ DV\PSWRWLF YDOXH�

L�H�� K\GURJHQ SURGXFWLRQ UDWH GLG QRW LQFUHDVH DQ\PRUH RYHU D FHUWDLQ

DPRXQW RI VXOIXU� ,Q FRQFOXVLRQ� WKH SRO\VXOILGH ZDV DQ DFWLYH SKR�

WRDEVRUEHU RI 89 OLJKW� DQG WKH TXDQWXP \LHOG ZDV DERXW ��� DW

WKH PD[LPXP SURGXFWLRQ UDWH�

,RQ FKURPDWRJUDSKLF DQDO\VLV RI SRO\VXOILGH ZDV FRQGXFWHG E\

WKH YDULDWLRQ RI LOOXPLQDWLRQ WLPH� $V VKRZQ LQ )LJ� ��D�� D VPDOO

DPRXQW RI VXOILWH ZDV REVHUYHG LQ WKH LQLWLDO VWDWH RI SRO\VXOILGH�

EXW WKH R[LGL]HG VXOIXU �VXFK DV VXOIDWH DQG VXOILWH� ZDV LQFUHDVHG

ZLWK WKH LQFUHDVH RI LOOXPLQDWLRQ WLPH� (YHQWXDOO\� DIWHU � KRXUV RI

LOOXPLQDWLRQ WKH SHDN LQWHQVLW\ RI VXOILWH ZDV KLJKHU WKDQ WKDW RI VXO�

IDWH� $V VKRZQ LQ )LJ� �� WKH WRWDO R[LGL]HG VXOIXU ZDV LQFUHDVHG LQ

SURSRUWLRQ WR LOOXPLQDWLRQ WLPH XS WR �KRXUV DQG UHPDLQHG DW D FRQ�

VWDQW YDOXH DIWHU WKHQ� +RZHYHU� WKH HYROXWLRQ RI K\GURJHQ RFFXUUHG

FRQWLQXRXVO\ HYHQ DIWHU � KRXUV DOEHLW DW D UHGXFHG UDWH�

�� (QKDQFHPHQW RI 3KRWRFDWDO\WLF $FWLYLW\

7KH SUHYLRXV DFWLYLW\ WHVW ZLWK SRO\VXOILGH DV D VDFULILFLDO DJHQW

LQGLFDWHG WKDW WKH R[LGDWLRQ DQG UHGXFWLRQ RI VXOIXU RFFXUUHG RYHU

WKH FDWDO\VW GXULQJ LOOXPLQDWLRQ� +RZHYHU� 1L2�GHSRVLWHG 7L2� FDW�

DO\VW GLG QRW IDYRU WKH UHGXFWLRQ RI R[LGL]HG VXOIXU WR SDUWLDOO\ R[L�

GL]HG VXOIXU EHFDXVH WKH SRVLWLRQ RI FRQGXFWLRQ EDQGRI 7L2� LV VOLJKW�

O\ KLJKHU RU HYHQ ORZHU WKDQ UHGXFWLRQ SRWHQWLDO RI YDULRXV R[L�

GL]HG VXOIXU VSHFLHV� $ QHZ FDWDO\VW RI 6L&ZDV DGRSWHG IRU HQKDQF�

LQJ WKH UHGXFWLRQ RI R[LGL]HG VXOIXU� ZKLFK ZDV DQ Q�W\SH VHP�

LFRQGXFWRU ZLWK EDQGJDS HQHUJ\ RI ��� H9� L�H�� WKH FRQGXFWLRQ EDQG

SRVLWLRQ −���H9 DQG YDOHQFH EDQG SRVLWLRQ ���� H9� )LJ� � VKRZHG

WKH FRPSDUDWLYH SKRWRFDWDO\WLF DFWLYLWLHV RI 1L2�GRSHG 7L2� FDWD�

O\VW DQG WKH PL[WXUH RI 1L2�7L2� DQG1L2�6L& FDWDO\VWV� ,Q WKH FDVH

RI 1L2�GHSRVLWHG 7L2� FDWDO\VW DORQH� WKH K\GURJHQ HYROXWLRQ UDWH

ZDV GHFUHDVHG ZLWK WKH LQFUHDVH RI LOOXPLQDWLRQ WLPH >)LJ� ��D�@� 2Q

WKH FRQWUDU\� WKH PL[WXUH RI 1L2�7L2� DQG1L2�6L& H[KLELWHG KLJKHU

DFWLYLW\ LQ K\GURJHQ HYROXWLRQ WKDQ 1L2�7L2� FDWDO\VW >)LJ� ��E�@�

7KH UHGXFWLRQ SURFHVV RI R[LGL]HG VXOIXU IDYRUDEO\ SURFHHGHG RYHU

6L& FDWDO\VW� L�H�� PRUH GXUDEOH HYROXWLRQ RI K\GURJHQZDV DFKLHYHG�

6L&� DV D VHPLFRQGXFWRU ZLWK EDQGJDS HQHUJ\ RI ��� H9� FRXOG

QRW SURGXFH K\GUR[\O UDGLFDO EHFDXVH LWV YDODQFH EDQG ZDV ORFDWHG

)LJ� ��0D[LPXP UDWH RI K\GURJHQ SURGXFWLRQ LQ WKH SUHVHQFH RI
SRO\VXOILGH DV D IXQFWLRQ RI VXOIXU DPRXQW LQ WKH VROXWLRQ

RI ����0 1D2+�

)LJ� �� ,RQ FKURPDWRJUDSKLF SURILOHV RI R[LGL]HG VXOIXU DV D IXQFWLRQ RI LOOXPLQDWLRQ WLPH�

�D� RULJLQDO� �E� � KRXUV� �F� � KRXUV� �G� � KRXUV� DQG �H� �� KRXUV >7KH FRQFHQWUDWLRQV RI �E���H� DUH � WLPH KLJKHU WKDQ WKDW RI �D�@�

)LJ� �� �D� 7KH DPRXQW RI K\GURJHQ HYROYHG� DQG �E� WKH DPRXQW

RI R[LGL]HG VXOIXU GXULQJ LOOXPLQDWLRQ�



3KRWRFKHPLFDO +� 3URGXFWLRQ IURP $ONDOLQH 6ROXWLRQ &RQWDLQLQJ 3RO\VXOILGH '\HV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

DW KLJKHU SRVLWLRQ WKDQ WKDW RI R[LGDWLRQ SRWHQWLDO RI K\GUR[\O LRQ

LQGXFHG E\ 89 OLJKW� ,Q MXQFWLRQ ZLWK 7L2� VHPLFRQGXFWRU� KRZ�

HYHU� 6L& SURYLGHG D UHGXFWLRQ VLWH IRU R[LGL]HG VXOIXU OLNH VXOILWH

RU SRO\VXOILGH� DV SUHYLRXVO\ GHVFULEHG LQ OLWHUDWXUH >6FKLDYHOOR� ����@�

)XUWKHUPRUH� KLJKHU SKRWRFDWDO\WLF DFWLYLW\ LQ FRQMXQFWLRQ ZLWK 1L2�

7L2� DQG 1L2�6L& ZDV REVHUYHG LQ RXU H[SHULPHQW� 7KHUHIRUH� D

UHSHDWLQJ F\FOH RI R[LGDWLRQ DQG UHGXFWLRQ RI VXOIXU VSHFLHV GXULQJ

LOOXPLQDWLRQ ZDV VXJJHVWHG�

&21&/86,216

3RO\VXOILGH� D PRGHO FRPSRXQG RI VXOIXU� SHUIRUPHG DV DQ HIIHF�

WLYH KROH VFDYHQJHU IRU WKH SKRWRUHGXFWLRQ RI ZDWHU WR K\GURJHQ�

L�H�� ��� RI KLJK TXDQWXP \LHOG ZDV REWDLQHG� 3RO\VXOILGH� ZKLFK

ZDV SUHSDUHG E\ GLUHFW GLVVROYLQJ VXOIXU SRZGHUV LQ WKH DONDOLQH

VROXWLRQ� ZDV LQLWLDOO\ FRPSRVHG RI 6�

�−� 6�

�− DQG 6�

�−� +RZHYHU�

WKHVH VSHFLHV ZHUH VR XQVWDEOH DV WR UHHVWDEOLVK WR 6�

�− DQG�RU 6�

�− LQ

WKH SUHVHQFH RI FDWDO\VW� %\ XVLQJ 1L2�7L2� FDWDO\VW DQG SRO\�

VXOILGH� VWHDG\ HYROXWLRQ RI K\GURJHQZDVPDLQWDLQHG IRU ORQJ SHULRG

RI LOOXPLQDWLRQ� $W WKH HDUO\ VWDJH RI LOOXPLQDWLRQ ZLWKLQ � KRXU� DQ

DEUXSW LQFUHDVH RI K\GURJHQ HYROXWLRQ ZDV REVHUYHG� ZKLFK ZDV

DWWULEXWHG WR WKH FRQYHUVLRQ RI SRO\VXOILGH WR PRQRPHULF VXOIXU RU

SDUWLDOO\ R[LGL]HG VXOIXU� 6�2[

�−� $W WKH ODWHU VWDJH RI LOOXPLQDWLRQ

DIWHU � KRXU� VWHDG\ HYROXWLRQ RI K\GURJHQ ZDV REVHUYHG� ZKLFK ZDV

DWWULEXWHG WR WKH SDUWLDOO\ R[LGL]HG VXOIXU WR IXOO\ R[LGL]HG VXOIXU�

%\ DGRSWLQJ 6L& FDWDO\VW� WKH R[LGDWLRQ DQG UHGXFWLRQ RI VXOIXU SUR�

JUHVVHG LQ D F\FOLF PDQQHU� DQG PRUH GXUDEOH HYROXWLRQ RI K\GUR�

JHQ ZDV DFKLHYHG� ,Q FRQFOXVLRQ� SRO\VXOILGH SHUIRUPHG DV D JRRG

KROH VFDYHQJHU GXULQJ LOOXPLQDWLRQ� UHVXOWLQJ LQ IRUPDWLRQ RI R[L�

GL]HG VXOIXU VXFK DV VXOILWH DQG�RU VXOIDWH DV ILQDO SURGXFWV�

$&.12:/('*(0(17

7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 1DWLRQDO ,QVWLWXWH RI

(QYLURQPHQWDO 5HVHDUFK WKURXJK WKH .RUHD 5HVHDUFK ,QVWLWXWH RI

&KHPLFDO 7HFKQRORJ\�

5()(5(1&(6

'RPHQ�.�� 1DLWR� 6�1�� 2QLVKL� 7�� 7DPDUX� .� DQG 6RPD�0�� ³6WXG\

RI WKH 3KRWRFDWDO\WLF 'HFRPSRVLWLRQ RI :DWHU 9DSRU RYHU D 1L2�

6U7L2� &DWDO\VW�́ -� 3K\V� &KHP�� ��� ���� �������

)XMLVKLPD� $� DQG +RQGD� .�� ³(OHFWURFKHPLFDO 3KRWRO\VLV RI:DWHU DW

D 6HPLFRQGXFWRU (OHFWURGH�́ 1DWXUH� ���� �� �������

+DVKLPRWR� .�� .DZDL� 7� DQG 6DNDWD� 7�� ³(IILFLHQW +\GURJHQ 3URGXF�

WLRQIURP:DWHUE\9LVLEOH/LJKW([FLWDWLRQRI)OXRUHVFHLQ�7\SH'\HV

LQ WKH 3UHVHQFH RI D 5HGR[ &DWDO\VW DQG D 5HGXFLQJ $JHQW�́ &KHP�

/HWW�� �� ��� �������

.DO\DQDVXQGDUDP� .� DQG'XQJ�'�� ³5ROH RI 3URIODYLQ DV D 3KRWRVHQ�

VLWL]HU IRU WKH /LJKW�,QGXFHG +\GURJHQ (YROXWLRQ IURP :DWHU�́ -�

3K\V� &KHP�� ��� ���� �������

.DZDL� 7� DQG 6DNDWD� 7�� ³3KRWRFDWDO\WLF +\GURJHQ 3URGXFWLRQ IURP

/LTXLG 0HWKDQRO DQG :DWHU�́ -� &KHP� 6RF�� &KHP� &RPP�� ���

�������

/HH� 6�*� DQG/HH�+��,�� ³$1HZ$FWLYH 6XOIXU�6HQVLWLYH %LVPXWK2[�

LGH RQ 7LWDQLD IRU 3KRWRFDWDO\VW�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

3HOOL]HWWL� (��%RUJDUHOOR�1�� 6HUSRQH�1� DQG*UlW]HO�0�� ³&DWDO\VLV RQ

WKH(QHUJ\ 6FHQH�́ 6WXGLHV LQ6XUIDFH6FLHQFH DQG&DWDO\VLV�.DOLDJX�

LQH� 6� DQG0DKD\� $�� HGV�� (OVHYLHU� $PVWHUGDP �������

3LFKDW� 3�� +HUUPDQQ� -��0�� 'LVGLHU� -�� &RXUERQ� +� DQG 0R]]DQHJD�

0��1�� ³3KRWRFDWDO\WLF +\GURJHQ 3URGXFWLRQ IURP $OLSKDWLF $OFR�

KROV RYHU D %LIXQFWLRQDO 3ODWLQXP RQ 7LWDQLXP 'LR[LGH &DWDO\VW�́

1RXY� -� &KLP�� �� ��� �������

5DEHN� -� )�� ³([SHULPHQWDO0HWKRGV LQ3KRWRFKHPLVWU\ DQG3KRWRSK\V�

LFV�́ -RKQ:LOH\ 	 6RQV� 1HZ<RUN �������

6DWR� 6�� ³)DFWRUV ,QIOXHQFLQJ WKH <LHOG RI 6WRLFKLRPHWULF:DWHU 3KRWR�

FDWDO\VLV RYHU 3ODWLQL]HG 7L2��́ 1HZ -� &KHP�� ��� ��� �������

6FKLDYHOOR�0�� ³3KRWRFDWDO\VLV DQG(QYLURQPHQW� 7UHQGV DQG$SSOLFD�

WLRQV�́ .OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW �������

6FKZDU]HQEDFK� *� DQG )LVFKHU� $�� ³'LH $FLGLWlW GHU 6XOIDQH XQG GLH

=XVDPPHQVHW]XQJZlVVHULJHU3RO\VXOILGO|VXQJHQ�́ +HOY�&KHP�$FWD�

��� ���� �������

)LJ� �� $FWLYLWLHV RI �D� �ZW� 1L2�7L2� FDWDO\VW DQG �E� WKH PL[�

WXUH RI � ZW�1L2�7L2� DQG � ZW�1L2�6L& FDWDO\VW�


