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3URI� GU� $� 3XUXVKRWKDPDQ 9HOOD\DQL� 78 'HOIW� 7KHVLV &KDLU�
,U� /� YDQ %LHUW �/LQGHUW�� 78 'HOIW� 7KHVLV &KDLU�
,U� 7� :RXGVWUD 78 'HOIW� ,QWHUQDO ([SHUW�

$Q HOHFWURQLF YHUVLRQ RI WKLV WKHVLV LV DYDLODEOH DW KWWS���UHSRVLWRU\�WXGHOIW�QO��



$FNQRZOHGJHPHQW

:H DUH OLYLQJ WKURXJK VRPH FKDOOHQJLQJ WLPHV GXULQJ WKLV RQJRLQJ SDQGHPLF DQG LW LW PRUH
LPSRUWDQW QRZ WR EH WKDQNIXO DQG DSSUHFLDWLYH RI HYHU\WKLQJ� 7KLV WKHVLV PDUNV WKH HQG RI P\
WLPH DW 78 'HOIW DV LW LV WKH ILQDO VWHS WRZDUGV JUDGXDWLRQ� 7KLV IXQ DQG \HW FKDOOHQJLQJ MRXUQH\
ZRXOG QRW KDYH EHHQ SRVVLEOH ZLWKRXW WKH VXSSRUW IURP QXPHURXV SHRSOH�

, ZRXOG OLNH WR ILUVW WKDQN P\ WKHVLV VXSHUYLVRU 'U� .DV +HPPHV IRU \RXU FRQVWDQW VXSSRUW
DQG JXLGDQFH WKURXJKRXW WKLV MRXUQH\� (YHQ DV ZH DGMXVWHG WR WKH QHZ QRUPDO EHFDXVH RI
WKH ORFNGRZQ� , FRXOG DOZD\V UHO\ RQ \RXU VXSSRUW WKURXJK HPDLOV RU YLD VN\SH PHHWLQJV� <RXU
IHHGEDFN DORQJ WKLV MRXUQH\ KHOSHG PH VWD\ RQ WKH ULJKW SDWK WKDW KDV OHG WR WKLV ILQDO VWHS�

, ZRXOG DOVR OLNH WR HVSHFLDOO\ WKDQN0U� 7KHR:RXGVWUD IRU EHLQJ DYDLODEOH WR DQVZHU DQ\ TXHV�
WLRQV , KDG UHJDUGLQJ WKH &\FOH�7HPSR VRIWZDUH� 8QGHUVWDQGLQJ WKH ZRUNLQJV RI D VRIWZDUH
IURP VFUDWFK FDQ EH FRPSOH[� VR \RXU JXLGDQFH ZHUH WUXO\ LQYDOXDEOH�

, ZRXOG DOVR OLNH WR H[SUHVV P\ JUDWLWXGH WR 'U� $� 3XUXVKRWKDPDQ 9HOOD\DQL DQG 'U� /LQGHUW
YDQ %LHUW IRU DJUHHLQJ WR EH PHPEHUV RI WKH WKHVLV FRPPLWWHH� , DP WUXO\ JUDWHIXO WR \RX ERWK
IRU WDNLQJ WLPH RXW RI \RXU EXV\ VFKHGXOHV WR PDNH WKLV SRVVLEOH�

/DVW EXW FHUWDLQO\ QRW WKH OHDVW� , ZRXOG OLNH WR H[SUHVV P\ XOWLPDWH JUDWLWXGH WR P\ IDPLO\ IRU
DOZD\V EHLQJ WKHUH IRU PH� 7KLV ZRXOG QRW KDYH EHHQ SRVVLEOH ZLWKRXW WKH XQZDYHULQJ VXSSRUW
IURP 0RP� 'DG� DQG P\ VLVWHU 3UHUQD� 7KDQN \RX IRU DOZD\V OLVWHQLQJ WR PH� HQFRXUDJLQJ PH
ZKHQHYHU , IHOW ORZ� DQG PRWLYDWLQJ PH ZKHQHYHU LW ZDV QHFHVVDU\� 7R :DOGHPDU� 5HQDWD�
DQG 6DQMD\� WKDQN \RX IRU EHLQJ WKH SLOODUV RI VWUHQJWK WKDW , FRXOG UHO\ RQ ZKHQHYHU QHHGHG�
)LQDOO\� , ZRXOG OLNH WR JLYH D VSHFLDO VKRXW RXW WR P\ OLWWOH QLHFH $DVKYL� EHFDXVH VRPHWLPHV
WDONLQJ WR D WKUHH \HDU ROG DERXW DEVROXWHO\ QRWKLQJ FDQ EH DQ H[WUHPHO\ HIILFLHQW GH�VWUHVVLQJ
WRRO� 7KDQN \RX�
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6XPPDU\

7KH 3DULV DJUHHPHQW RI ���� EURXJKW WRJHWKHU PRVW QDWLRQV RI WKH ZRUOG ZLWK D FRPPRQ JRDO
RI FRPEDWLQJ FOLPDWH FKDQJH� ,W KLJKOLJKWHG WKH XUJHQF\ RI WKH FOLPDWH FULVLV DQG KDV VKLIWHG
WKH JOREDO DWWHQWLRQ WR FOHDQHU HQHUJ\ VRXUFHV DQG WHFKQRORJLHV� (OHFWULFLW\ LV VWLOO WKH PRVW
LPSRUWDQW HQHUJ\ FDUULHU DQG LW LV PRVWO\ JHQHUDWHG WKURXJK IRVVLO IXHOV� 2YHU WKH \HDUV� WKH
LPSRUWDQFH RI K\GURJHQ KDV EHHQ UHFRJQL]HG LQ HQHUJ\ WUDQVLWLRQ� ,W LV D FOHDQ IXHO DQG FDQ
ILQG DSSOLFDWLRQ LQ D YDULHW\ RI VHFWRUV�

)XHO FHOOV DUH HOHFWURFKHPLFDO GHYLFHV WKDW FDQ SURGXFH HOHFWULFLW\ DW PXFK KLJKHU HIILFLHQF\
WKDQ FRQYHQWLRQDO SRZHU SODQWV ZKLOH RSHUDWLQJ ZLWKRXW FRPEXVWLRQ� ,Q LQWHUQDO UHIRUPLQJ KLJK
WHPSHUDWXUH IXHO FHOOV� KHDW WKDW LV OLEHUDWHG FDQ EH XWLOL]HG WR SURGXFH K\GURJHQ� 0ROWHQ
FDUERQDWH IXHO FHOOV DORQJ ZLWK VROLG R[LGH IXHO FHOOV DUH FRQVLGHUHG KLJK WHPSHUDWXUH IXHO
FHOOV� $V WKHVH IXHOV FDQ JHQHUDWH K\GURJHQ� IOH[LELOLW\ LQ HQHUJ\ RXWSXW LV SRVVLEOH� 7KHVH
IXHOV DUH FDSDEOH RI FRSURGXFLQJ K\GURJHQ� SRZHU DQG KHDW ZKLOH XWLOL]LQJ IHZ GLIIHUHQW IXHOV�
'XH WR WKLV WKH RYHUDOO HIILFLHQF\ RI VXFK IXHO FHOO V\VWHPV LQFUHDVHV�

7KH FRQFHSWV RI FRSURGXFLQJ K\GURJHQ� SRZHU DQG KHDW ZLWK KLJK WHPSHUDWXUH IXHO FHOOV KDYH
EHHQ VWXGLHG E\ YDULRXV UHVHDUFKHUV RYHU WKH \HDUV� +RZHYHU� PRVW RI WKHVH VWXGLHV KDYH
EHHQ EDVHG RQ VROLG R[LGH IXHO FHOO WHFKQRORJLHV� 0ROWHQ FDUERQDWH IXHO FHOOV SURYLGH D VWDEOH
WHFKQRORJ\ WKDW FDQ VXSSRUW LQWHUQDO UHIRUPLQJ DV ZHOO� EXW DUWLFOHV DYDLODEOH RQ WKHVH IXHO FHOOV
LQ OLWHUDWXUH DUH IDU IHZHU LQ QXPEHU� 0RUHRYHU� WKH RSHUDWLRQ SULQFLSOH EHWZHHQ WKH WZR IXHO
FHOOV GLIIHU DV ZHOO� (YHQ ZLWKLQ WKH OLWHUDWXUH DYDLODEOH� WKH PRVW GR QRW SURYLGH WKH LPSRUWDQFH
RI RWKHU IDFWRUV QHHGHG IRU WKH JURZWK RI WKHVH WHFKQRORJLHV� %DVHG RQ WKHVH JDSV LQ WKH
OLWHUDWXUH� LQYHVWLJDWLQJ WKH IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ
PROWHQ FDUERQDWH IXHO FHOOV LV WKH PDLQ JRDO RI WKLV UHSRUW�

0ROWHQ FDUERQDWH IXHO FHOOV GLIIHU IURP VROLG R[LGH IXHO FHOOV RQ IDFWRUV VXFK DV RSHUDWLQJ WHP�
SHUDWXUH� HOHFWURO\WHV DQG WKH RSHUDWLQJ LRQV� 7KH FDUERQDWH LRQV LQ PROWHQ FDUERQDWH IXHO
FHOOV WUDYHO IURP FDWKRGH WR DQRGH LQ WKH HOHFWURO\WH� 7KLV KDV RSHQHG XS WKH SRVVLELOLW\ RI XV�
LQJ PROWHQ FDUERQDWH IXHO FHOOV LQ FDUERQ FDSWXUH DSSOLFDWLRQV� %HVLGHV WKLV� WKH\ KDYH EHHQ
FRQYHQWLRQDOO\ XVHG LQ VWDWLRQDU\ SRZHU DQG PDULQH DSSOLFDWLRQV DV ZHOO� 7KHUH KDYH EHHQ DW
OHDVW WZR LQVWDQFHV ZKHUH WKHVH IXHO FHOOV KDYH EHHQ FRQVLGHUHG LQ K\GURJHQ DQG SRZHU FR�
SURGXFLQJ SURMHFWV� ERWK RI ZKLFK KDYH EHHQ DVVRFLDWHG ZLWK )XHO&HOO (QHUJ\� $Q LQQRYDWLYH
FRQFHSW NQRZQ DV WKH 6XSHUZLQG FRQFHSW KDV DOVR EHHQ SURSRVHG ZKHUH WKHVH IXHO FHOOV FDQ
EH XVHG WR PLWLJDWH WKH GUDZEDFNV DVVRFLDWHG ZLWK IOXFWXDWLQJ UHQHZDEOH HQHUJ\ VRXUFHV VXFK
DV ZLQG DQG VRODU ZKLOH IOH[LEO\ FRSURGXFLQJ K\GURJHQ DQG SRZHU�

7R DQDO\]H WKH WHFKQLFDO IHDVLELOLW\ RI PROWHQ FDUERQDWH IXHO FHOOV� &\FOH�7HPSR EDVHG IORZ�
VKHHW FDOFXODWLRQV XVLQJ PROWHQ FDUERQDWH IXHO FHOOV KDV EHHQ FRQVLGHUHG LQ WKLV UHVHDUFK�
7KLV VWXG\ KDV EHHQ EDVHG RQ D SDSHU SXEOLVKHG E\ +HPPHV HW DO� WLWOHG ´)OH[LEOH &RSURGXF�
WLRQ RI +\GURJHQ DQG 3RZHU 8VLQJ ,QWHUQDO 5HIRUPLQJ 6ROLG 2[LGH )XHO &HOOV 6\VWHP´� 7KHLU
VWXG\ KDV EHHQ EDVHG RQ VROLG R[LGH IXHO FHOOV� ZKHUH WKUHH GLIIHUHQW PRGHV RI RSHUDWLRQ KDYH
EHHQ DQDO\]HG ZLWK D UDQJH RI IXHO XWLOL]DWLRQ YDOXHV� 8VLQJ WKHLU PRGHO DV DQ LQVSLUDWLRQ� WKH
SHUIRUPDQFHV ZLWK PROWHQ FDUERQDWH IXHO FHOOV ZLWK WKH VDPH WKUHH PRGHV ZHUH H[DPLQHG� ,W
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LY 6XPPDU\

ZDV IRXQG WKDW WKH PROWHQ FDUERQDWH IXHO FHOOV FDQ DFKLHYH YHU\ KLJK RYHUDOO HIILFLHQFLHV RI RYHU
��� ZKLOH FRSURGXFLQJ K\GURJHQ DQG SRZHU� ,Q WKH KLJK SRZHU PRGH ZKHUH IXHO FHOO RSHUDWHV
DW ORZ YROWDJH� RYHUDOO HOHFWULF SRZHU FDQ HYHQ EH IRXQG WR EH WZLFH RI ZKDW LV SRVVLEOH LQ WKH
FRQYHQWLRQDO PRGH� 0RUHRYHU� ZKHQ WRWDO JDV SRZHU LV FRQVLGHUHG� WKH SRZHU RXWSXW FDQ EH
DOPRVW WKUHH WLPHV WKH FRQYHQWLRQDO HOHFWULF SRZHU� :KHQ FRPSDUHG WR WKH SHUIRUPDQFH RI WKH
VROLG R[LGH PRGHO� PROWHQ FDUERQDWH IXHO FHOOV SURGXFHG ORZHU RXWSXWV� ZKLFK FRXOG EH GXH WR D
YDULHW\ RI UHDVRQV LQFOXGLQJ GLIIHUHQFH LQ FHOO RSHUDWLRQV� PRGHOOLQJ DQG UHF\FOLQJ SDUDPHWHUV
VSHFLILHG� DQG ORZHU IXHO LQWDNH�

:KHQ LWV VRFLR�HFRQRPLF IHDVLELOLW\ LV FRQVLGHUHG� VHFRQGDU\ UHVHDUFK DSSURDFK KDV EHHQ
XVHG� 0ROWHQ FDUERQDWH IXHO FHOOV DUH D PDWXUH WHFKQRORJ\ EXW WKH DQQXDO JURZWK UDWH LQ WKHLU
SURGXFWLRQ LV PXFK VORZHU WKDQ RWKHU IXHO FHOOV OLNH WKH VROLG R[LGH IXHO FHOOV� :KLOH LW ZDV
REVHUYHG WKDW WKH FRSURGXFWLRQ WHFKQRORJLHV DUH PRVW OLNHO\ WR EHQHILW WKH VRFLHW\� DQG GXH
WR VORZ JURZWK RI JUHHQ K\GURJHQ WHFKQRORJLHV� K\GURJHQ LV OLNHO\ WR EH SURGXFHG E\ QDWXUDO
JDV IRU \HDUV WR FRPH� 'XH WR WKH OLPLWHG DYDLODELOLW\ RI PROWHQ FDUERQDWH IXHO FHOOV DQG WKHLU
H[WUHPHO\ KLJK FRVWV� FRSURGXFWLRQ V\VWHPV EDVHG RQ WKHVH IXHO FHOOV FDQQRW EH FRQVLGHUHG
IHDVLEOH WRGD\� 7KH UROH RI DFWRUV DQG VWDNHKROGHUV ZLOO SOD\ DQ LPSRUWDQW UROH LQ WKHLU GLIIXVLRQ
LQWR WKH VRFLR�WHFKQLFDO UHJLPH LQ WKH IXWXUH� ,Q WKH HDUO\ VWDJH RI WKH GHYHORSPHQW OLNH WKH\ DUH
FXUUHQWO\� JRYHUQPHQW VXSSRUW LQ UHVHDUFK DQG GHYHORSPHQW LV QHHGHG� %DVHG RQ WKH H[LVWLQJ
JRYHUQPHQW SROLFLHV DQG WKH QDWXUH RI WKH LQSXWV DQG RXSXWV IURP WKH FRSURGXFWLRQ V\VWHPV�
VXFK WHFKQRORJLHV PD\EH HOLJLEOH IRU VXSSRUW IURP WKH SROLF\ PDNHUV� +RZHYHU� ZKLOH QDW�
XUDO JDV EDVHG WHFKQRORJLHV KDYH EHHQ VXSSRUWHG� ZKHQ LW FRPHV WR K\GURJHQ JHQHUDWLRQ�
RIWHQ JRYHUQPHQWV IRFXV RQ JUHHQ K\GURJHQ WHFKQRORJLHV EDVHG RQ RQO\ UHQHZDEOH VRXUFHV�
6R WKHLU VRFLR�HFRQRPLF GHYHORSPHQW ZLOO GHSHQG RQ WKH UDWH DW ZKLFK 0&)& WHFKQRORJ\ GH�
YHORSV� WKH UDWH DW ZKLFK K\GURJHQ PDUNHW JURZV� VXSSRUW IURP WKH SROLF\PDNHUV DQG RWKHU
VWDNHKROGHUV IRU D QDWXUDO JDV EDVHG WHFKQRORJ\�

7KH FRSURGXFWLRQ V\VWHPV DUH WHFKQLFDOO\ IHDVLEOH EXW WKH\ ZLOO QRW EH VRFLR�HFRPLFDOO\ IHDVLEOH
LQ WKH VKRUW UXQ� ,Q WKH ORQJ UXQ IHDVLELOLW\ PD\EH SRVVLEOH EXW WKH VSHHG RI LQILOWUDWLRQ GHSHQGV
RQ H[WHUQDO IDFWRUV ZKLFK LV OLNHO\ WR YDU\ ZLWK WLPH DQG SODFH�
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� 5HVHDUFK 0HWKRGRORJ\ �

��� /LWHUDWXUH 6WXG\ DQG NQRZOHGJH JDS � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 5HVHDUFK 4XHVWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 0HWKRGRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6WUXFWXUH RI WKH 5HSRUW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ ��

��� )XHO FHOOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0&)& WHFKQRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6WDWXV RI 0&)& � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $SSOLFDWLRQV RI 0&)&� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RPSDULVRQ EHWZHHQ 0&)& DQG 62)& � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RJHQHUDWLRQ�WULJHQHUDWLRQ XVLQJ ,5�)& � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ([LVWLQJ 3URMHFWV RQ &RSURGXFWLRQ RI +\GURJHQ DQG 3RZHU XVLQJ 0&)&� � � � � ��

��� 0XOWL�VRXUFH 0XOWL�SURGXFW DQG 6XSHUZLQG &RQFHSW � � � � � � � � � � � � � � � � � ��

� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO ��

��� %DFNJURXQG RQ WKH 62)& SDSHU DQG WKH PRGHV RI RSHUDWLRQ � � � � � � � � � � � ��

��� )XHO &HOO 7KHRU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0&)& V\VWHP GHVFULSWLRQ DQG RSHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � ��
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��� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\ � � � � � � � � � � � � � � � � � � � � � ��

����� +LJK (IILFLHQF\ 0RGH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RQVWDQW &XUUHQW 'HQVLW\ 0RGH � � � � � � � � � � � � � � � � � � � � � � � � ��

����� +LJK 3RZHU 0RGH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HDVRQV IRU ORVV LQ HIILFLHQF\ LQ ,5�0&)& � � � � � � � � � � � � � � � � � � ��

��� +LJKOLJKWV DQG &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6RFLR�(FRQRPLF )HDVLELOLW\ ��

��� (FRQRPLF DQG +\GURJHQ PDUNHWV WUHQGV� � � � � � � � � � � � � � � � � � � � � � � � ��

����� (FRQRPLF WUHQGV EDVHG RQ LQIRUPDWLRQ UHJDUGLQJ FRVWV � � � � � � � � � � ��

����� 6WDWXV RI K\GURJHQ PDUNHW � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $FWRUV DQG WKHLU LQYROYHPHQW LQ WKH VXSHUZLQG JHQHUDWLRQ � � � � � � � � � � � � � ��

��� ,QYHVWLQJ SROLFLHV DQG WKHLU UROH LQ K\GURJHQ FRJHQHUDWLRQ � � � � � � � � � � � � � ��

��� -XVWLI\LQJ WKH QDWXUDO JDV EDVHG WHFKQRORJLHV H[DPLQHG � � � � � � � � � � � � � � ��

��� ,PSDFW RI WKHVH FRJHQHUDWLRQ V\VWHPV RQ VRFLHW\ � � � � � � � � � � � � � � � � � � ��

��� &KDSWHU &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

��� .H\ )LQGLQJV IURP WKH 5HSRUW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'LVFXVVLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )LQDO 7KRXJKWV DQG 5HFRPPHQGDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � ��

%LEOLRJUDSK\ ��

$ 62)& PRGHO ��

% )XHO &HOO 6KLSPHQW ��



�
,QWURGXFWLRQ

)XHO FHOOV DUH GHYLFHV WKDW W\SLFDOO\ FRQYHUW FKHPLFDO HQHUJ\ RI WKH IXHO LQWR HOHFWULFLW\� +RZ�
HYHU� LW LV SRVVLEOH WR XWLOL]H IXHO FHOOV IRU FRJHQHUDWLRQ DSSOLFDWLRQV WR SURGXFH DGGLWLRQDO RXWSXW
OLNH K\GURJHQ WR LPSURYH WKH RYHUDOO HIILFLHQF\ RI WKH V\VWHP� 7KLV WKHVLV H[SORUHV WKLV SRVVL�
ELOLW\ ZLWK PROWHQ FDUERQDWH IXHO FHOOV �0&)&�� ,Q WKLV FKDSWHU WKH VRFLDO FRQWH[W DQG PRWLYDWLRQ
QHHGHG IRU FOHDQHU HQHUJ\ IXHO OLNH K\GURJHQ LV SURYLGHG� $IWHU D EULHI VXPPDU\ RQ WKH FXUUHQW
JOREDO HQHUJ\ VFHQDULR DQG IXHO FHOOV� WKH GULYHUV IRU WKLV WKHVLV KDV EHHQ GHGXFHG�

���� 0RWLYDWLRQ DQG FRQWH[W
'HVSLWH WKH ULVH LQ FOHDQ DOWHUQDWH HQHUJ\ WHFKQRORJLHV� PRVW RI WKH JOREDO HQHUJ\ GHPDQG
WRGD\ LV VWLOO PHW WKURXJK IRVVLO IXHOV� $V VHHQ LQ )LJ� ��� DOPRVW ��� RI WKH HQHUJ\ LQ ����
FDPH IURP IRVVLO IXHOV� QDPHO\ RLO� FRDO DQG QDWXUDO JDV�

)LJXUH ���� *OREDO HQHUJ\ FRQVXPSWLRQ E\ VRXUFH VLQFH ����� )LJ IURP 5HI�>���@
�

,Q ����� WKH 3DULV DJUHHPHQW EURXJKW WRJHWKHU DOPRVW DOO QDWLRQV ZLWK D FRPPRQ JRDO RI FRP�
EDWLQJ FOLPDWH FKDQJH ZLWK DPELWLRXV HIIRUWV IRFXVLQJ RQ FOLPDWH FKDQJH PLWLJDWLRQ� UHQHZDEOH

�



� �� ,QWURGXFWLRQ

HQHUJ\ DQG HQHUJ\ VHFXULW\� ,W KLJKOLJKWHG WKH XUJHQF\ RI WKH FOLPDWH FULVLV DQG UHTXLUHG DOO
FRXQWULHV WR XSGDWH WKHLU VWUDWHJLHV WR ILJKW WKLV FULVLV E\ FXWWLQJ GRZQ JUHHQKRXVH HPLVVLRQV�
7KLV KDV FRQWULEXWHG WR VKLIWLQJ RI WKH JOREDO IRFXV WRZDUGV DOWHUQDWH HQHUJ\ VRXUFHV� 0RUH�
RYHU� DOWHUQDWH UHQHZDEOH HQHUJ\ VRXUFHV DUH DOVR QHHGHG EHFDXVH IRVVLO IXHOV DUH OLPLWHG
DQG WKHLU VXSSOLHV DUH UXQQLQJ RXW� 7KXV� WKH HQHUJ\ V\VWHPV QHHG WR EH HIILFLHQW� UHOLDEOH�
VXVWDLQDEOH DQG DIIRUGDEOH�

(OHFWULFLW\ LV H[WUHPHO\ LPSRUWDQW LQ WRGD\¶V VRFLHW\ DV LW ILQGV DSSOLFDWLRQV LQ KRPHV DQG EXLOG�
LQJV IRU OLJKWLQJ DQG DSSOLDQFHV� LQGXVWULHV IRU SURFHVVLQJ DQG SURGXFLQJ JRRGV DQG HYHQ LQ
WUDQVSRUWDWLRQ IRU SRZHULQJ UDLOZD\V DQG OLJKW�GXW\ YHKLFOHV� $V WKH VRFLHW\ GHYHORSV WKH QHHG
DQG GHSHQGHQFH RQ HOHFWULFLW\ ZLOO RQO\ ULVH IXUWKHU� $FFRUGLQJ WR DQ DUWLFOH SXEOLVKHG E\ (Q�
HUJ\ ,QIRUPDWLRQ $GPLQLVWUDWLRQ �(,$� RI WKH 8QLWHG 6WDWHV� JOREDO HOHFWULFLW\ FRQVXPSWLRQ LV
ULVLQJ PXFK IDVWHU WKDQ WKH JOREDO SRSXODWLRQ ZKLFK KDV UHVXOWHG LQ WKH LQFUHDVHG DPRXQW RI
HOHFWULFLW\ FRQVXPHG SHU SHUVRQ �SHU FDSLWD HOHFWULFLW\ FRQVXPSWLRQ� >��@�

:KLOH HOHFWULFLW\ JHQHUDWHG PRVWO\ FRPHV IURP IRVVLO IXHOV RU QXFOHDU HQHUJ\� WKHUH KDV EHHQ
DQ LQFUHDVH LQ WKH LQVWDOOHG FDSDFLW\ RI UHQHZDEOH HQHUJ\ VRXUFHV LQ WKH UHFHQW \HDUV DV VKRZQ
LQ ILJXUH ���� $W WKH HQG RI ����� UHQHZDEOH JHQHUDWLRQ FDSDFLW\ KDG FOLPEHG WR ����� *:
ZLWK RYHU ��� WKDW FRPLQJ IURP K\GURSRZHU >��@� 7KH VDPH UHSRUW DOVR VKRZHG WKDW VRODU DQG
ZLQG FRQVWLWXWHG ��� RI WKH QHZ LQVWDOOHG FDSDFLW\�

)LJXUH ���� &DSDFLW\ JURZWK IRU YDULRXV UHQHZDEOH HQHUJ\ VRXUFHV� )LJ IURP 5HI�>��@
�

(QHUJ\ REWDLQHG IURP VRODU DQG ZLQG HQHUJ\ VRXUFHV DUH LQWHUPLWWHQW DV WKH\ GHSHQG RQ WKH
FRQGLWLRQV RI WKHLU VXUURXQGLQJV DW DQ\ JLYHQ WLPH WR SURGXFH XVHIXO HQHUJ\ RXWSXW� 7KLV PDNHV
WKHP XQUHOLDEOH WR PHHW WKH SRZHU GHPDQGV DV WKHUH FRXOG EH SHULRGV RI H[WUHPH SHDNV RU
H[WUHPH ORZV LQ WKHLU RXWSXWV� :KLOH WKLV FDQ EH KDQGOHG WR DQ H[WHQW WKURXJK VWRUDJH RU
EDFNXS SRZHU WHFKQRORJLHV� LW KLJKOLJKWV WKH IDFW WKDW IRU DQ HQHUJ\ V\VWHP WR EH VXFFHVVIXO�
D EDODQFH EHWZHHQ GHPDQG DQG VXSSO\ LQ UHTXLUHG LQ WKH JULG DQG SRZHU PDUNHWV� 7UDGLWLRQDO
SRZHU JULGV WKDW SURYLGH HOHFWULFLW\ IURP FRDO� QDWXUDO JDV RU QXFOHDU SRZHU DUH VWDEOH EXW DUH
RXWGDWHG DV WKH\ DUH RSHUDWLQJ LQ D WRS�GRZQ PDQQHU ZKHUH HQHUJ\ SURGXFHG LV LQHIILFLHQWO\
XWLOL]HG� 7KLV REVWUXFWV WKH LQWHJUDWLRQ RI FOHDQHU UHQHZDEOH WHFKQRORJLHV WKDW FRXOG JHQHUDWH�
VXSSO\ DQG PDQDJH HQHUJ\ ORFDOO\� 7KLV GLIILFXOW\ LQ LQWHJUDWLRQ RI FOHDQHU WHFKQRORJLHV LQWR



���� 0RWLYDWLRQ DQG FRQWH[W �

WKH JULG FRXOG FRQWULEXWH LQ VORZLQJ GRZQ WKH WUDQVLWLRQ WR FOHDQHU HQHUJ\�

:KLOH WKH HQG JRDO IRU PDQ\ FRXQWULHV PD\EH WR DFKLHYH QHW ]HUR FDUERQ HPLVVLRQV LQ WKH
QH[W IHZ GHFDGHV� WKH IRFXV FDQQRW RQO\ EH RQ UHQHZDEOH HQHUJ\ EDVHG WHFKQRORJLHV� 6WHSV
WRZDUGV GHFDUERQL]DWLRQ ZRXOG DOVR UHTXLUH FRQWULEXWLRQ IURP KLJKO\ HIILFLHQW WHFKQRORJLHV�
HVSHFLDOO\ LQ KHDWLQJ DQG WUDQVSRUW VHFWRUV� ZKLFK DUH WZR RI WKH ODUJHVW FRQWULEXWRUV RI JUHHQ�
KRXVH HPLVVLRQV� 7KHVH WZR VHFWRUV WRJHWKHU FRQWULEXWHG WR DERXW ����� ELOOLRQ WRQQHV RI ൈൔኼ
HTXLYDOHQWV RI JUHHQ KRXVH HPLVVLRQ LQ ���� >���@�

)LJXUH ���� *OREDO K\GURJHQ GHPDQG �PLOOLRQ WRQQHV SHU \HDU�� )LJ IURP 5HI�>��@
�

,Q WKH ODVW IHZ GHFDGHV WKH GHPDQG IRU K\GURJHQ KDV FRQVWDQWO\ ULVHQ DV LW LV D FOHDQ IXHO
ZKLFK XSRQ FRPEXVWLRQ UHOHDVHV RQO\ ZDWHU DQG KHDW DV E\SURGXFWV� )LJXUH ��� VKRZV WKH
ULVH RI K\GURJHQ GHPDQG RYHU WKH \HDUV DQG LW LV H[SHFWHG WR UHDFK ����� PLOOLRQ WRQQHV SHU
\HDU E\ ���� >��@� ,W LV D YHUVDWLOH IXHO DQG FDQ ILQG DSSOLFDWLRQ LQ WUDQVSRUWDWLRQ� KHDWLQJ DQG
SRZHU VHFWRUV� +\GURJHQ FDQ SOD\ D VLJQLILFDQW UROH LQ WKH IXWXUH HQHUJ\ PDWUL[ DV LW LV RQH RI
WKH IHZ RSWLRQV� HVSHFLDOO\ LQ WUDQVSRUWDWLRQ WKDW DW WKH SRLQW RI XVH� FDQ SURYLGH SRZHU ZLWK
]HUR SROOXWDQW DQG JUHHQKRXVH JDV HPLVVLRQV >��@� +RZHYHU� SURGXFLQJ K\GURJHQ WR EH XVHG
DV D IXHO LV QRW VLPSOH DQG LW LV JHQHUDOO\ SURGXFHG IURP IRVVLO IXHOV FRQWULEXWLQJ WR DERXW ���
PLOOLRQ WRQQHV RI ൈൔኼ HTXLYDOHQWV RI HPLVVLRQV SHU \HDU >��@�

)XHO FHOOV DUH GHYLFHV WKDW FDQ RSHUDWH RQ D YDULHW\ RI IXHOV DQG FDQ DFKLHYH HOHFWULF HIILFLHQF\
RI XS WR ��� ZKLFK LV PXFK KLJKHU WKDQ ��� WKDW FDQ EH DFKLHYHG IURP FRPEXVWLRQ EDVHG
SRZHU SODQWV >��@� +LJK WHPSHUDWXUH IXHO FHOOV DOVR JLYH RII VXEVWDQWLDO KHDW WKDW FDQ EH XWLOL]HG
WR IXUWKHU LPSURYH HIILFLHQF\� :LWK LQWHUQDO UHIRUPLQJ LQ KLJK WHPSHUDWXUH IXHO FHOOV� WKH\ FDQ
SURGXFH K\GURJHQ GLUHFWO\ IURP QDWXUDO JDV� 6LQFH IXHO FHOOV RSHUDWH ZLWKRXW FRPEXVWLRQ WKH
SROOXWLRQ OHYHOV DUH YHU\ ORZ HYHQ ZKHQ RSHUDWLQJ ZLWK QDWXUDO JDV DQG GHSHQGV GLUHFWO\ RQ
WKH QDWXUDO JDV IXHO H[WUDFWLRQ PHWKRG� :LWK IXHO FHOOV WKH IROORZLQJ RSWLRQV DUH SRVVLEOH�

� )OH[LELOLW\ LQ IXHO LQSXW�

� )OH[LELOLW\ LQ HQHUJ\ RXWSXW�

� ,QFUHDVHG HIILFLHQF\ RI WKH V\VWHP XVHG�

� 3URGXFWLRQ RI K\GURJHQ�



� �� ,QWURGXFWLRQ

'XH WR WKHVH IDFWRUV KLJK WHPSHUDWXUH PROWHQ FDUERQDWH IXHO FHOO KDV EHHQ FRQVLGHUHG LQ WKLV
WKHVLV�

���� 5HVHDUFK 'ULYHUV
7KH SUHYLRXV VHFWLRQ SURYLGHG D EULHI EDFNJURXQG RQ WKH HQHUJ\ VLWXDWLRQ LQ WKH ZRUOG WRGD\
DQG WKH VWDWXV RI K\GURJHQ DQG IXHO FHOOV� 7KH\ KHOS ZLWK HVWDEOLVKLQJ WKH GULYHUV IRU WKLV
UHVHDUFK� 7KHVH GULYHUV DUH WKH FRQFHUQV WKDW QHHG WR EH DGGUHVVHG ZKHQ HYDOXDWLQJ D QHZ
HQHUJ\ JHQHUDWLQJ V\VWHP�

� ,W ZDV VHHQ WKDW GHVSLWH WKH JURZWK LQ DOWHUQDWH HQHUJ\ WHFKQRORJLHV PRVW RI WKH HQHUJ\
DQG HOHFWULF GHPDQGV DUH VWLOO PHW WKURXJK IRVVLO IXHOV KHQFH QRW RQO\ FOHDQHU WHFKQROR�
JLHV EXW DOVR HIILFLHQW IXHO XWLOL]DWLRQ LV QHHGHG�

� $V UHQHZDEOH WHFKQRORJLHV OLNH ZLQG DQG VRODU SURYLGH LQWHUPLWWHQW VXSSO\ RI HQHUJ\ DQG
WKH HOHFWULFLW\ JULG LV RXWGDWHG� 7KXV� D QHZ IOH[LEOH HQHUJ\ VRXUFH FRXOG EH UHTXLUHG WR
PDWFK WKH YDU\LQJ HQHUJ\ GHPDQGV�

� 7KH SRWHQWLDO RI K\GURJHQ KDV EHHQ UHFRJQL]HG DQG WKH GHPDQG IRU K\GURJHQ DV D IXHO LV
LQFUHDVLQJ� 7KXV� WKHUH LV D QHHG IRU FKHDS DQG UHOLDEOH PHWKRG RI K\GURJHQ SURGXFWLRQ
ZLWK PLQLPDO HQYLURQPHQWDO LPSDFW�

� )XHO FHOOV DUH D PDWXUH WHFKQRORJ\ DQG KDYH YDULRXV FKDUDFWHULVWLFV WKDW FRXOG PDNH
WKHP IDYRUDEOH IRU IOH[LEOH HQHUJ\ SURGXFWLRQ VR WKHLU SRWHQWLDO QHHGV WR EH H[SORUHG�

:LWK D JOLPSVH LQWR WKH HQHUJ\ VLWXDWLRQ DQG WKH GULYHUV IRU WKLV WKHVLV LQ PLQG� LQ WKH IROORZLQJ
FKDSWHU WKH UHVHDUFK TXHVWLRQ LV GHILQHG� 7KH LQIRUPDWLRQ RQ PHWKRGRORJ\ DQG WKH VWUXFWXUH
RI WKH WKHVLV KDV DOVR EHHQ SURYLGHG IRU WKH VXEVHTXHQW FKDSWHUV�



�
5HVHDUFK 0HWKRGRORJ\

,Q WKLV WKHVLV UHSRUW PROWHQ FDUERQDWH IXHO FHOO KDV EHHQ FRQVLGHUHG IRU IOH[LEOH FRJHQHUDWLRQ
RI K\GURJHQ DQG HOHFWULF SRZHU� +DYLQJ LGHQWLILHG WKH GULYHUV IRU WKH UHVHDUFK LQ WKH SUHYLRXV
FKDSWHU� LW LV QHFHVVDU\ WR LQYHVWLJDWH WKH SUHVHQFH RI FRJHQHUDWLRQ FRQFHSW LQ OLWHUDWXUH EHIRUH
GHILQLQJ WKH UHVHDUFK TXHVWLRQ� 7KLV FKDSWHU SUHVHQWV WKH OLWHUDWXUH VWXG\� GHULYDWLRQ RI WKH
UHVHDUFK TXHVWLRQ� UHVHDUFK PHWKRGRORJ\ DQG WKH VWUXFWXUH RI WKH UHSRUW�

���� /LWHUDWXUH 6WXG\ DQG NQRZOHGJH JDS
7KHUH DUH SUREOHPV ZLWK K\GURJHQ SURGXFWLRQ OLNH ZKHQ SURGXFHG E\ QDWXUDO JDV UHIRUPDWLRQ�
LW VWUXJJOHV ZLWK WKH XVH RI IRVVLO IXHOV� JUHHQKRXVH JDV SURGXFWLRQ� FKDOOHQJHV ZLWK UHJDUG WR
VXVWDLQDELOLW\� :KHQ K\GURJHQ LV SURGXFHG WKURXJK HOHFWURO\VLV RI ZDWHU� WKRXJK PRUH VXVWDLQ�
DEOH� WKH WHFKQRORJ\ FDQ EH H[SHQVLYH DQG LQHIILFLHQW >��@� )RU K\GURJHQ WR ILQG ZLGHVSUHDG
DSSOLFDWLRQ DV D HQHUJ\ FDUULHU� YDULRXV WHFKQRORJLFDO DGYDQFHPHQWV LQ SURGXFWLRQ� VWRUDJH
DQG GLVWULEXWLRQ QHHGV WR WDNH SODFH� :KLOH IXHO FHOOV KDYH EHHQ UHFRJQL]HG DV KLJK HIILFLHQF\
JHQHUDWRUV� KLJK WHPSHUDWXUH IXHO FHOOV KDYH DOVR EHHQ UHFRJQL]HG DV SRVVLEOH K\GURJHQ FR�
SURGXFHUV WR PHHW WKH K\GURJHQ GHPDQGV LQ WKH IXWXUH >��@�

+LJK WHPSHUDWXUH IXHO FHOOV OLNH WKH PROWHQ FDUERQDWH IXHO FHOOV RU WKH VROLG R[LGH IXHO FHOOV
�62)&� DUH FDSDEOH RI H[WUDFWLQJ HOHFWULF SRZHU IURP IXHO DW D KLJKHU HIILFLHQF\ WKDQ WKH FRQ�
YHQWLRQDO FRPEXVWLRQ EDVHG SRZHU SODQWV� 7KH\ XVH K\GURJHQ DV WKH HQHUJ\ FDUULHU DQG FDQ
SURYLGH FRQWLQXRXV HQHUJ\� +RZHYHU� DV WKH 0&)& UHTXLUHV WHPSHUDWXUH DERYH &ࣅ��� DQG
WKH 62)& FDQ RSHUDWH LQ D WHPSHUDWXUH UDQJH EHWZHHQ �&ࣅ�������� D ORW RI KHDW LV OLEHU�
DWHG DV E\SURGXFW GXULQJ WKH RSHUDWLRQ� 2YHU WKH ODVW WZR GHFDGHV YDULRXV VWXGLHV KDYH EHHQ
FRQGXFWHG RQ XWLOL]DWLRQ RI KHDW IURP WKHVH IXHOV HIIHFWLYHO\ WR LPSURYH WKH HIILFLHQF\ RI WKH
IXHO FHOO V\VWHPV IXUWKHU� )RU H[DPSOH� WKH LQWHUQDO UHIRUPLQJ IXHO FHOOV FDQ SURGXFH K\GURJHQ
ZLWKLQ WKH IXHO FHOO WKURXJK HQGRWKHUPLF UHIRUPLQJ UHDFWLRQ� 7KLV UHVXOWV LQ DGGLWLRQDO RXWSXW
RU PXOWLSOH RXWSXWV EHVLGHV MXVW HOHFWULF RXWSXW� ,Q OLWHUDWXUH YDULRXV WHUPV OLNH FRJHQHUDWLRQ�
(�J� 5HI� >��@ �� FRSURGXFWLRQ �(�J� 5HI� >��@� >��@ DQG >���@�� WULJHQHUDWLRQ �(�J�UHI� >���@
DQG >��@� RU SRO\JHQHUDWLRQ �(�J� 5HI� >��@ DQG >��@� KDYH EHHQ XVHG WR LQGLFDWH WZR� WKUHH�
RU PXOWLSOH RXWSXWV IURP WKH IXHO FHOO V\VWHPV� :KLOH VRPH RI WKH SDSHUV RQO\ WDON DERXW WKH
IXHO FHOOV RWKHUV FRQVLVW RI V\VWHPV LQ ZKLFK IXHO FHOOV DUH D SDUW RI D FRPELQHG SODQW� $V WKHUH
DUH PDQ\ SDSHUV SXEOLVKHG RQ IXHO FHOOV� IRU WKLV OLWHUDWXUH UHYLHZ RQO\ SDSHUV ZLWK 62)& DQG

�



� �� 5HVHDUFK 0HWKRGRORJ\

0&)& ZHUH FRQVLGHUHG ZKHUH K\GURJHQ ZDV D E\SURGXFW�

7KHUH KDYH EHHQ QXPHURXV SDSHUV ZULWWHQ RQ FRSURGXFWLRQ RI K\GURJHQ RYHU WKH \HDUV ZLWK
WKHLU IRFXV RQ 62)&� ,Q IDFW� EDFN LQ ���� 9ROOPDU HW DO� UHFRJQL]HG WKDW E\ XWLOL]LQJ WKH KLJK
WHPSHUDWXUH KHDW WR SURGXFH K\GURJHQ�ULFK V\QWKHVLV JDV� WKH UDQJH RI DSSOLFDWLRQV ZLWK IXHO
FHOOV FRXOG EH H[SDQGHG >���@� 7KH\ VKRZHG WKDW 62)& UHIRUPHU RSHUDWLQJ DW ORZ HOHFWULFDO
HIILFLHQF\ KDV WKH SRWHQWLDO IRU GHYHORSLQJ KLJKO\ HIILFLHQW FRPELQHG SURFHVVHV SODQW IRU WKH
JHQHUDWLRQ RI HOHFWULFLW\ DQG V\QJDV �RU K\GURJHQ� DQG LV PRUH HIILFLHQW WKDQ WKHLU VHSDUDWH
SURGXFWLRQ� )HZ \HDUV ODWHU� /HDO DQG %URXZHU XVLQJ 62)& GHPRQVWUDWHG D PHWKRG IRU WKH
VWXG\ RI K\GURJHQ FR�SURGXFWLRQ� DQG VLPXODWLRQ UHVXOWV WR JDXJH WKH LPSDFW RI UHIRUPHU SODFH�
PHQW RQ WKH SHUIRUPDQFH RI WKH V\VWHP >��@� 7KH\ VLPXODWHG VL[ GLIIHUHQW F\FOH FRQILJXDUDWLRQV
WKDW XVH WKH KHDW IURP WKH IXHO FHOOV WR GULYH WKH K\GURJHQ SURGXFWLRQ� %RWK LQWHUQDO DQG H[WHU�
QDO UHIRUPLQJ ZDV FRQVLGHUHG DQG WKH\ VKRZHG WKDW KLJKHVW HOHFWULFDO DQG RYHUDOO HIILFLHQF\ RI
��� DQG ��� UHVSHFWLYHO\ ZDV DFKLHYHG LQ WKH FDVH RI LQWHUQDO UHIRUPLQJ FDVH�

,Q ����� WKH ZRUN RI +HPPHV HW DO� VKRZHG WKH WHFKQLFDO IHDVLELOLW\ RI LQWHUQDO UHIRUPLQJ 62)&
LQ IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ �RU V\QJDV� DQG SRZHU >��@� 7KH SRVVLELOLWLHV DQG OLPLWD�
WLRQV RI VXFK D V\VWHP ZHUH H[SORUHG E\ VLPXODWLQJ WKH V\VWHP WR RSHUDWH LQ WKUHH GLIIHUHQW
PRGHV QDPHO\ KLJK HIILFLHQF\ PRGH� FRQVWDQW FXUUHQW PRGH� DQG KLJK SRZHU PRGH� 7KH IXHO
FHOOV ZHUH RSHUDWHG IRU D UDQJH RI IXHO XWLOL]DWLRQV IURP ��� WR ���� ZLWK ��� UHSUHVHQWLQJ
KLJKHVW K\GURJHQ SURGXFWLRQ DQG ��� UHSUHVHQWLQJ VWDQGDUG IXHO FHOO RSHUDWLRQ� ,W ZDV QRWLFHG
WKDW D RYHUDOO HIILFLHQF\ RI XS WR ��� LQ WHUPV RI K\GURJHQ SURGXFWLRQ DQG HOHFWULF SRZHU JHQ�
HUDWLRQ FRXOG EH DFKLHYHG E\ HIIHFWLYHO\ XWLOL]LQJ ZDVWH KHDW LQ HQGRWKHUPLF UHIRUPLQJ UHDFWLRQ
>��@�

,Q WKH ODVW GHFDGH YDULRXV RWKHU DXWKRUV KDYH SXEOLVKHG ZRUNV WR H[SORUH WKH FRQFHSW RI IOH[�
LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ 62)& LQ RQH ZD\ RU DQRWKHU� 7KH ZRUN RI
3HUGLNDULV HW DO� VKRZV D WULJHQHUDWLRQ V\VWHP IRU SURGXFLQJ K\GURJHQ� SRZHU DQG KHDW >���@�
7KH\ SURSRVHG D FDUERQ IUHH FRPELQHG V\VWHP FRQVLVWLQJ RI 62)& DQG VROLG R[LGH HOHF�
WURO\]HU FHOOV �62(&� UXQQLQJ RQ QDWXUDO JDV� ZKHUH XSRQ FRXSOLQJ 62)& SURYLGHG WKH KHDW
DQG SRZHU WKDW 62(& UHTXLUHG� 7ZR PRGHV RI RSHUDWLRQ� RQH WKDW SURGXFHV SRZHU DQG KHDW�
DQG WKH RWKHU WKDW FRQVXPHV HOHFWULFLW\ DQG KHDW IRU HOHFWURO\VLV RI ZDWHU WR SURGXFH K\GURJHQ
KDYH EHHQ PHQWLRQHG� $URXQG WKH VDPH WLPH WKH ZRUN RI 0DUJDOHI HW DO� VKRZHG DQ DQDO\VLV
RI SRO\JHQHUDWLQJ KLJK WHPSHUDWXUH IXHO FHOOV EDVHG RQ 62)& VWDFNV >��@� 7KLV VWXG\ DQDO\]HG
DQG FRPSDUHG VL[ GLIIHUHQW 62)& V\VWHP FRQILJXUDWLRQ� ZLWK LQWHUQDO DQG H[WHUQDO UHIRUPLQJ
RSWLRQV� )URP DOO WKHLU SHUIRUPDQFH DQDO\VLV WKH\ FRQFOXGHG WKDW WKH KLJKHVW HOHFWULFLW\ DQG
K\GURJHQ SURGXFWLRQ HIILFLHQFLHV DUH DFKLHYHG WKURXJK LQWHUQDO UHIRUPLQJ GXH WR WKH KLJKO\ V\Q�
HUJLVWLF DQG LQWHJUDWHG QDWXUH RI SURGXFWLRQ� 7KH\ DOVR KLJKOLJKWHG WKH GLIILFXOW\ DVVRFLDWHG ZLWK
WUDQVIHUULQJ KHDW IURP IXHO FHOO WR H[WHUQDO UHIRUPHU DW KLJK HQRXJK WHPSHUDWXUHV� WKDW FRXOG
UHVXOW LQ VXEVWDQWLDO K\GURJHQ SURGXFWLRQ ZLWKRXW FRPSURPLVLQJ WKH V\VWHP SHUIRUPDQFH�

,Q DQRWKHU SDSHU� %HFNHU HW DO� GHPRQVWUDWHG D SRO\JHQHUDWLRQ V\VWHP RSHUDWLQJ DW D VWHDG\
VWDWH IRU FRPELQHG SURGXFWLRQ RI KHDW� K\GURJHQ DQG HOHFWULF SRZHU >��@� 7KH\ DQDO\]HG WZR
PHWKRGV RI K\GURJHQ UHFRYHU\ DQG SXULILFDWLRQ IURP WKH 62)& WDLO JDV� SUHVVXUH VZLQJ DG�
VRUSWLRQ DQG HOHFWURFKHPLFDO K\GURJHQ VHSHUDWLRQ� 7KHLU V\VWHP DFKLHYHG HOHFWULFDO HIILFLHQF\
DW UDWHG SRZHU RI DERXW ��� DQG RYHUDOO KHDW� K\GURJHQ DQG SRZHU HIILFLHQF\ RI DERXW ����
$V K\GURJHQ FDQ EH SURGXFHG WKURXJK VKLIW UHDFWLRQ IURP &2 LW PLJKW EH XVHIXO WR QRWH WKH
ZRUN RI ;LH HW DO� ZKHUH WKH\ GHPRQVWUDWHG HOHFWULFLW\ DQG &2 FRJHQHUDWLRQ WKURXJK GLUHFW
FDUERQ 62)& >���@� 7KH\ XVHG D 62)& ZLWK LRQ FRQGXFWLQJ R[LGH PHPEUDQH DV HOHFWURO\WH
DQG WKH GHYLFH ZKLFK LV FRPSOHWHO\ LQ VROLG VWDWH� RSHUDWHV ZLWK VROLG FDUERQ DV IXHO� 7KH\



���� /LWHUDWXUH 6WXG\ DQG NQRZOHGJH JDS �

GHPRQVWUDWHG WKDW HOHFWULFLW\ DQG &2 JDV FDQ EH FRJHQHUDWHG LQ GLUHFW FDUERQ 62)& WKURXJK
HOHFWURFKHPLFDO R[LGDWLRQ RI &2 DQG WKH %RXGRXUG UHDFWLRQ� :KHQ WKH HPLWWHG &2 ZDV FRQ�
VLGHUHG WR EH SDUW RI WKH SRZHU RXWSXW� WKHLU V\VWHP ZDV IRXQG WR DFKLHYH HIILFLHQF\ RI XSWR
����� >���@�

,Q VRPH FDVHV WKH FRSURGXFWLRQ RI K\GURJHQ DQG HOHFWULF SRZHU KDYH EHHQ VWXGLHG IRU VSH�
FLILF DSSOLFDWLRQV� 6KDIIHU DQG %URXZHU VWXGLHG DQG GHYHORSHG D G\QDPLF LQWHUQDO UHIRUPLPJ
62)& PRGHO ZLWK HOHFWULFLW\ DQG K\GURJHQ FRSURGXFWLRQ WR PHHW G\QDPLF EXLOGLQJ GHPDQGV
>���@� 7KHLU ZRUN VKRZHG WKDW RSHUDWLQJ IXHO FHOOV DW ORZHU XWLOL]DWLRQV UHVXOWV LQ KLJKHU HOHF�
WURFKHPLFDO HIILFLHQF\ GXH WR WKH SURGXFWLRQ RI H[FHVV K\GURJHQ IRU ODWHU XVH� 'XULQJ KLJKO\
G\QDPLF SURFHVVHV� WKH PRGHOV WKH\ GHYHORSHG UHWDLQHG FDSDELOLWLHV WR UHVROYH LQIRUPDWLRQ
DERXW LQWUD�FHOO GLVWULEXWLRQV ZKLFK DOORZV IRU IXUWKHU XQGHUVWDQGLQJ RI VXFK V\VWHPV DQG FRQ�
WUROV GHYHORSPHQW� /DVW \HDU 3HUH]�)RUWHV HW DO� SUHVHQWHG D SLORW K\GURJHQ DQG HOHFWULFLW\
SURGXFLQJ SODQW EDVHG RQ 62)& DV WKH SULQFLSOH WHFKQRORJ\ >���@� 7KH\ SURSRVHG D V\VWHP
WKDW ZRXOG SURGXFH K\GURJHQ IRU IXHO FHOO HOHFWULF YHKLFOHV� KRW ZDWHU IRU UHWDLO VWDWLRQV OLNH D
FDU ZDVK IDFLOLW\ DQG HOHFWULFLW\ WKDW FDQ EH XVHG E\ UHWDLO VWDWLRQ RU K\GURJHQ UHIXHOLQJ VWDWLRQV
ZLWK H[FHVV WKDW FRXOG EH LQMHFWHG LQWR WKH JULG� 7KH\ GHYLFHG D PXOWL�REMHFWLYH PXOWL SHULRG
RSWLPL]DWLRQ DSSURDFK IRU WKH FRQFHSWXDO GHVLJQ RI WKLV 62)& EDVHG V\VWHP� 7KHLU V\VWHP
FRXOG UHDFK HIILFLHQFLHV H[FHHGLQJ ��� WR XS WR ��� ZKHQ KHDW XWLOL]DWLRQ ZDV FRQVLGHUHG�
7KHUH ZDV DQRWKHU SDSHU SXEOLVKHG ODVW \HDU E\ 5DPDGKDQL HW DO� WKDW SURSRVHG D QRYHO SRO\�
JHQHUDWLRQ V\VWHP XVLQJ 62)& IRU KRPHV DQG YHKLFOHV SRZHU VXSSO\� 7KLV V\VWHP ZRXOG
SURYLGH HOHFWULFLW\� KRW ZDWHU� FRROLQJ DQG K\GURJHQ� 7KH\ LQYHVWLJDWHG WKH EHVW FRQILJXUDWLRQ
RI WKH SRO\JHQHUDWLRQ E\ FRQVLGHULQJ WZR DVSHFWV� QDPHO\ JULG FRQQHFWLRQ DQG W\SH RI YHKLFOH
VXSSO\ VWDWLRQ� 7KH\ DOVR FRQVLGHUHG D PXOWL�REMHFWLYH HYDOXDWLRQ E\ FRQVLGHULQJ WKH HQHUJ\�
HFRQRPLF DQG HQYLURQPHQWDO LPSDFWV� :LWK WKHLU V\VWHP WKH\ ZHUH DEOH WR DFKLHYH SULPDU\
HQHUJ\ VDYLQJ RI ���� FRVW VDYLQJ RI ��� DQG HPLVVLRQ UHGXFWLRQ RI ����

0RYLQJ RQ WR 0&)& EDVHG V\VWHPV� WKH OLWHUDWXUH DYDLODEOH LV VFDUFH LQ FRPSDULVRQ WR 62)&
V\VWHPV IRU FRJHQHUDWLRQ RI HOHFWULFLW\ DQG K\GURJHQ� $V ZLWK WKH 62)& WKH FRQFHSW RI FR�
SURGXFWLRQ XVLQJ 0&)& KDV EHHQ DURXQG IRU D ZKLOH QRZ DV LQGLFDWHG E\ WKH SDSHU SXEOLVKHG
E\ 6LOYHLUD HW DO� LQ ���� >���@ ZKHUH WKH FRQFHSW RI XWLOL]LQJ ZDVWH KHDW IURP IXHO FHOO ZDV
UHFRJQL]HG� :KLOH LQ WKLV VWXG\ K\GURJHQ ZDV QRW SURGXFHG� WKH ZDVWH KHDW IURP WKH 0&)&
ZDV XVHG WR UXQ DQ DEVRUSWLRQ UHIULJHUDWLRQ V\VWHP WR SURGXFH FROG ZDWHU QHFHVVDU\ IRU WKH
EXLOGLQJ� 7KH\ VKRZHG WKDW WKH RYHUDOO HIILFLHQF\ RI ��� FRXOG EH DFKLHYHG�

:KHQ FRQVLGHULQJ K\GURJHQ DQG HOHFWULF FRSURGXFWLRQ� IHZ SDSHUV KDYH EHHQ SXEOLVKHG ZLWK
UHJDUGV WR WKH 0&)& V\VWHP LQ WKH SDVW GHFDGH� 9HUGD DQG 1LFROLQ VWXGLHG D K\EULG V\VWHP
ZLWK D PLFUR WXUELQH� 0&)& DQG D SUHVVXUH VZLQJ DEVRUSWLRQ V\VWHPV� 2YHUDOO HIILFLHQF\ RI
��� ZDV REVHUYHG WKURXJK WKHLU WKHUPRG\QDPLF PRGHO � 7KH ZRUN RI 0DUJDOHI HW DO >���@�
FRPSDUHG WKH HIILFLHQF\ RI WULJHQHUDWLRQ KLJK WHPSHUDWXUH IXHO FHOOV XVLQJ 0&)& WR RWKHU K\�
GURJHQ SURGXFWLRQ WHFKQRORJLHV >��@� 7KLV VWXG\ FRPSDUHG WKH SURGXFWLRQ RI K\GURJHQ IURP D
0&)& WKDW WUL�JHQHUDWHV SRZHU� KHDW DQG K\GURJHQ WR WKH VWHDP PHWKDQH UHIRUPDWLRQ VXSSO\
FKDLQV WKDW ZHUH FHQWUDOL]HG DQG GLVWULEXWHG� 7KH VXSSO\ FKDLQ IRU K\GURJHQ SURGXFWLRQ ZDV
VDLG WR LQFOXGH� SURGXFWLRQ� WUHDWPHQW� GLVWULEXWLRQ� VWRUDJH� GLVSHQVLQJ DQG XVH� 7KH\ FRQ�
FOXGHG WKDW WKH KLJKHVW FKDLQ HIILFLHQF\ RI DERXW ��� FRUUHVSRQGHG WR GLVWULEXWHG K\GURJHQ
SURGXFWLRQ YLD WUL�JHQHUDWLQJ V\VWHP ZLWK WKH IXHO FHOO�

,Q WKH SDSHU SXEOLVKHG E\ /L HW DO�� WKH\ DQDO\]HG D WUL�JHQHUDWLQJ PROWHQ FDUERQDWH IXHO FHOOV
V\VWHPV IRU ´ELJ ER[´ VWRUH EXVLQHVVHV WKDW FRPELQH JURFHU\� UHWDLO EXVLQHVV� DQG VRPHWLPHV
JDVROLQH UHWDLO >��@� 7KH\ XVHG DQ LQWHUQDO UHIRUPLQJ 0&)& DQG WKH DPRXQW RI K\GURJHQ ZKLFK



� �� 5HVHDUFK 0HWKRGRORJ\

LV D E\SURGXFW DORQJ ZLWK KHDW YDULHV DFFRUGLQJ WR IXHO XWLOLVDWLRQ� 7KH\ ZHUH DEOH WR VKRZ QHW
HIILFLHQF\ RI ����� ZKHQ FRQVLGHULQJ K\GURJHQ SOXV HOHFWULFLW\ DQG D RYHUDOO QHW HIILFLHQF\
RI ������ ZKHQ KHDW ZDV FRQVLGHUHG DORQJ ZLWK K\GURJHQ DQG HOHFWULFLW\ SURGXFWLRQ� 7KH\
DOVR UHFRJQL]HG WKDW VXFK D WUL�JHQHUDWLRQ V\VWHP RIIHUV DQ LQQRYDWLYH DSSURDFK WR UHGXFH ൈൔኼ
HPLVVLRQV� 7KH\ FRQFOXGHG WKDW 0&)& EDVHG WHFKQRORJ\ SURYLGHV ORZHU HPLVVLRQ HOHFWULFLW\�
K\GURJHQ SURGXFWLRQ DQG KHDW� 'HSHQGLQJ RQ KRZ WKH JULG HOHFWULFLW\ LV JHQHUDWHG� LW ZDV
IRXQG WKDW ZLWK QDWXUDO JDV DV IHHGVWRFN� ൈൔኼ HPLVVLRQ FRXOG EH UHGXFHG E\ ��� WR ������
7KH\ DOVR VKRZHG WKDW ൈൔኼ HPLVVLRQ FDQ EH IXUWKHU UHGXFHG WR QHDUO\ ]HUR ZKHQ UHQHZDEOH
PHWKDQH IHHGVWRFN LV XVHG�

0F/DUW\ DQG %URXZHU SURSRVHG D SRO\�JHQHUDWLQJ IXHO FHOO V\VWHP FDSDEOH RI DFKLHYLQJ D FR�
SURGXFLQJ HIILFLHQF\ RI RYHU ��� ZLWK FDUERQ FDSWXUH DQG OLTXHIDFWLRQ >��@� 7KH\ SURSRVHG D
V\VWHP ZLWK D DLU VHSDUDWRU XQLW ZKLFK VXSSOLHG SXUH R[\JHQ WR WKH IXHO FHOO DQG OLTXLG QLWURJHQ
WR D K\GURJHQ VHSDUDWRU XQLW� 7KLV V\VWHP ZDV GHVLJQHG WR EH VXLWDEOH IRU RSHUDWLRQ XVLQJ
ERWK 0&)& DQG 62)&� +RZHYHU� ZKHQ XVLQJ ZLWK 0&)& D SRUWLRQ RI WKH UHFRYHUHG ൈൔኼ LV
UHFLUFXODWHG E\ LQMHFWLQJ ൈൔኼ EDFN LQWR WKH DLU VHSDUDWRU XQLW R[\JHQ VWUHDP DW ��� PRODU UDWLR
WR SURYLGH WKH VSHFLHV QHFHVVDU\ WR IRUP WKH FDUERQDWH WUDQVSRUW LRQ >��@� ,Q WKLV V\VWHP WKH
K\GURJHQ ZDV UHFRYHUHG IURP WKH K\GURJHQ VHSDUDWRU XQLW LQVWHDG RI LW EHLQJ R[LGL]HG DV LV
WKH FDVH LQ PRVW IXHO FHOOV� 7KLV V\VWHP FRXOG SURGXFH HOHFWULFLW\ IURP WKH IXHO FHOO� K\GURJHQ
IURP WKH K\GURJHQ VHSDUDWRU XQLW� KHDW IURP DQRGH RXWOHW DQG ൈൔኼ IRU XWLOL]DWLRQ RU VWRUDJH�

&DUERQ GLR[LGH UHFRYHU\ KDV EHHQ D IRFXV RI DQRWKHU WUL�JHQHUDWLQJ SODQW EDVHG RQ 0&)&� ,Q
WKHLU ZRUN� 5LQDOGL HW DO� H[SORUHG WKH SRVVLELOLW\ RI VHSDUDWLQJ DQG UHFRYHULQJ ൈൔኼ LQ D ELRJDV
SODQW WKDW ZRXOG SURGXFH HOHFWULFLW\� K\GURJHQ DQG KHDW >���@� $V VWDWHG E\ /L HW DO� ZLWK QDWXUDO
JDV DV WKH IHHGVWRFN� WKH KLJK WHPSHUDWXUH IXHO FHOOV FDQ UHGXFH ൈൔኼ HPLVVLRQV E\ �������
ZKHQ UHQHZDEOH ELRJDV IHHGVWRFN LV XVHG WKH HPLVVLRQ FDQ EH QHDU ]HUR >��@� +DYLQJ WKDW
LQ PLQG 5LQDOGL HW DO� LQYHVWLJDWHG IXUWKHU JUHHQKRXVH JDV HPLVVLRQ UHGXFWLRQ E\ LQFOXGLQJ UH�
FRYHU\ RI ൈൔኼ IURP WKH WUL�JHQHUDWLRQ 0&)& SODQW� 7KH FDUERQDWH LRQ WUDQVIHU PHFKDQLVP RI
0&)& VLJQLILFDQWO\ UHGXFHV WKH HQHUJ\ UHTXLUHG IRU ൈൔኼ VHSDUDWLRQ� ,Q WKHLU PRGHO WKH 0&)&
ZDV IHG ZLWK ELRJDV SURGXFHG RQVLWH IURP DQDHURELF GLJHVWLRQ RI VOXGJH VXSSOLHG IURP WKH
ZDVWHZDWHU WUHDWPHQW SODQW� 7KHLU VWXG\ RXWOLQHG WKH IHDVLELOLW\ RI DSSO\LQJ FDUERQ VHTXHVWUD�
WLRQ WR DQ DOUHDG\ H[LVWLQJ 0&)& WULJHQHUDWLQJ SODQW SURGXFLQJ HOHFWULF SRZHU� K\GURJHQ DQG
KHDW WR H[SORUH WKH V\QHUJLHV DQG OLPLWDWLRQV RI LQWHJUDWLQJ ൈൔኼ UHFRYHU\� 7KH\ VWXGLHG ൈൔኼ
UHFRYHU\ IURP 0&)& WULJHQHUDWLQJ V\VWHP XVLQJ WKUHH GLIIHUHQW FRQILJXUDWLRQV DQG FRQFOXGHG
WKDW FDUERQ VHSDUDWLRQ DQG K\GURJHQ FR�SURGXFWLRQ SURFHVVHV DUH LQGHHG FRPSDWLEOH DQG WKH\
GR EHQHILW IURP FDUERQDWH LRQ FKDUJH FDUU\LQJ SURSHUW\ RI 0&)&� ,W ZDV DOVR IRXQG WKDW H[�
FHVV K\GURJHQ FDQ EH SURGXFHG DW ORZHU IXHO XWLOL]DWLRQ ZKLFK UHGXFHV HOHFWULF HIILFLHQF\� WKLV
FRXOG EH VHHQ DV D GUDZEDFN LQ VRPH FDVHV� 2WKHU GUDZEDFNV RI WKLV V\VWHP DFFRUGLQJ WR
WKH DXWKRUV ZRXOG EH UHODWHG WR WKHUPDO LQWHJUDWLRQ GXH WR DGGLWLRQDO KHDW H[FKDQJH VWHSV RU
DGGLWLRQDO FRPSUHVVLRQ WKDW FRXOG EH QHHGHG IRU ൈൔኼ RU K\GURJHQ SURGXFWLRQ�

7KHVH VWXGLHV KDYH UHFRJQL]HG WKDW K\GURJHQ DV D IXHO ZRXOG EH DQ LPSRUWDQW HQHUJ\ VRXUFH
DV LW GRHV QRW SURGXFH JUHHQKRXVH JDVHV XSRQ FRPEXVWLRQ� +RZHYHU� DV FRQYHQWLRQDO PHWK�
RGV RI K\GURJHQ SURGXFWLRQ DUH HQHUJ\ LQWHQVLYH SURFHVVHV� WKDW UHTXLUH IRVVLO IXHOV� 7KHUH LV
D QHHG IRU FOHDQHU DQG PRUH HIILFLHQW PHWKRG IRU K\GURJHQ SURGXFWLRQ� 7KH K\GURJHQ HFRQ�
RP\ ZLOO RQO\ EH IHDVLEOH LI FOHDQ K\GURJHQ LV HDVLO\ DFFHVVLEOH� LV FKHDS DQG WKH PHWKRG RI
SURGXFWLRQ DQG GLVWULEXWLRQ GRHV QRW KDYH DGYHUVH HIIHFW RQ WKH HQYLURQPHQW�

+LJK WHPSHUDWXUH IXHO FHOOV OLNH 62)& DQG 0&)& DUH PDWXUH WHFKQRORJLHV IRU FRQYHUWLQJ
FKHPLFDO HQHUJ\ RI WKH IXHO LQWR HOHFWULFLW\ DW D PXFK KLJKHU HIILFLHQF\ WKDQ FRQYHQWLRQDO FRP�
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EXVWLRQ V\VWHPV WKDW SURGXFH HQHUJ\� 7KH\ SURGXFH KLJK WHPSHUDWXUH ZDVWH KHDW GXULQJ WKLV
HOHFWURFKHPLFDO HQHUJ\ FRQYHUVLRQ� )URP WKH OLWHUDWXUH UHYLHZ RI VWXGLHV PHQWLRQHG LQ WKLV
VHFWLRQ� LW LV REYLRXV WKDW KLJK WHPSHUDWXUH IXHO FHOOV DUH VXLWDEOH IRU FRSURGXFLQJ K\GURJHQ E\
XVLQJ WKH KLJK WHPSHUDWXUH KHDW WKDW LV OLEHUDWHG� 7KLV LPSURYHV WKH RYHUDOO IXHO HIILFLHQF\ DQG
IOH[LELOLW\ LQ SURGXFWLRQ RI K\GURJHQ DQG HOHFWULF SRZHU FDQ EH DFKLHYHG� ,W ZDV DOVR REVHUYHG
WKDW LQ JHQHUDO� LQWHUQDO UHIRUPLQJ IXHO FHOO WKDW DUH FDSDEOH RI SURGXFLQJ K\GURJHQ GLUHFWO\
IURP IXHOV OLNH QDWXUDO JDV� ZLWKLQ WKH IXHO FHOOV� ZHUH XVHG LQ WKHVH VWXGLHV� ,Q WKH VWXGLHV ZLWK
KLJK WHPSHUDWXUH IXHO FHOOV� WKH RYHUDOO HIILFLHQFLHV ZKHQ FRQVLGHULQJ K\GURJHQ DQG HOHFWULFLW\
SURGXFWLRQ ZHUH JHQHUDOO\ IRXQG WR EH RYHU ��� DQG HYHQ ZDV IRXQG WR EH XS WR ��� LQ RQH
RI WKH FDVHV�

,W LV VHHQ WKDW ZKLOH FRQVLGHULQJ KLJK WHPSHUDWXUH IXHO FHOOV LQ FR�SURGXFWLRQ RI K\GURJHQ DQG
HOHFWULF SRZHU� PRVW RI WKH VWXGLHV KDYH EHHQ EDVHG RQ 62)& V\VWHPV� 7KHVH 62)& EDVHG
VWXGLHV ZHUH RIWHQ GHWDLOHG DQG GHVFULEHG WKH FRQFHSW RI FRJHQHUDWLRQ RI K\GURJHQ DQG HOHFWULF
SRZHU ZLWK WKH KHOS RI YDULRXV V\VWHP FRQILJXUDWLRQV� DQG ZHUH RSHUDWHG DW YDULRXV OHYHOV
RI IXHO XWLOL]DWLRQ� ,W ZDV DOVR SRVVLEOH WR ILQG SDSHUV WKDW GHDOW ZLWK WKH SRWHQWLDO RI 62)&
EDVHG V\VWHPV LQ VSHFLILF DSSOLFDWLRQV� 7KHVH LQFOXGHG SRVVLEOH XVH WR PHHW G\QDPLF EXLOGLQJ
GHPDQGV DQG K\GURJHQ SURGXFWLRQ IRU IXHO FHOO HOHFWULF YHKLFOHV�

(YHQ WKRXJK 02)& V\VWHP LV D PDWXUH WHFKQRORJ\� VWXGLHV EDVHG RQ 0&)& RQ WKLV SDUWLFXODU
WRSLF RI FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU DUH IDU IHZHU WKDQ WKRVH WKDW FDQ EH IRXQG UHODWHG
WR 62)&� :KLOH IHZ SDSHUV EDVHG RQ 62)& KDYH UHFRJQL]HG WKDW WKH V\VWHPV VLPLODU WR
WKH RQHV GHVLJQHG ZLWK 62)& DUH SRVVLEOH ZLWK 0&)&� QRW HQRXJK UHVHDUFK ZRUNV KDYH
EHHQ SXEOLVKHG� )URP WKH SDSHUV JDWKHUHG� LW ZDV QRWLFHG WKDW WKH FRQWULEXWLRQ RI K\GURJHQ
SURGXFWLRQ KDV EHHQ UHFRJQL]HG LQ LPSURYHPHQW RI WKH RYHUDOO HIILFLHQF\� )RU WKH GLVWULEXWHG
WULJHQHUJDWLRQ V\VWHPV� K\GURJHQ SURGXFWLRQ FKDLQ ZDV IRXQG WR DWWDLQ DQ HIILFLHQF\ RI RYHU
��� LQ RQH RI WKH FDVHV� 7KH PDMRU GLIIHUHQFH IURP WKH 62)& ZDV WKH UHFRJQLWLRQ RI WKH
UROH RI FDUERQDWH LRQV LQ WKH ZRUNLQJ RI 0&)& V\VWHPV GXH WR WKH GLIIHUHQFH LQ RSHUDWLRQV�
7KXV� WKH DSSOLFDWLRQ RI 0&)& LQ FDUERQ FDSWXUH ZDV DOVR FRPELQHG ZLWK WKH WULJHQHUDWLRQ
DSSOLFDWLRQV LQ WKHVH VWXGLHV�

)URP WKHVH VWXGLHV D FOHDU NQRZOHGJH JDS FDQ EH UHFRJQL]HG EHWZHHQ WKH XVH RI 62)& DQG
0&)& LQ FRJHQHUDWLRQ V\VWHPV SXEOLVKHG� 7KH QHHG IRU VWXG\LQJ 0&)& V\VWHP DULVHV GXH
WR WKH IROORZLQJ IDFWRUV�

� :KLOH SRVVLELOLW\ RI FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ 0&)& KDV EHHQ UHFRJ�
QL]HG� WKH QXPEHU RI SDSHUV DYDLODEOH IRU 0&)& LQ FRPSDULVRQ WR 62)& LV ODFNLQJ�

� /LNH 62)& V\VWHPV� 0&)& V\VWHPV SURGXFH ODUJH TXDQWLWLHV RI ZDVWH KLJK WHPSHUDWXUH
KHDW EXW GLIIHU LQ RSHUDWLRQ IURP 62)& DQG WKDW QHHGV WR EH DQDO\]HG�

� 7KHUH LV QRW HQRXJK HYLGHQFH RQ RWKHU IDFWRUV WKDW FRXOG SOD\ D UROH LQ ZLGHVSUHDG GH�
YHORSPHQW �RWKHU WKDQ HFRQRPLF DQDO\VLV LQ D IHZ FDVHV� IRXQG LQ WKHVH SDSHUV�

���� 5HVHDUFK 4XHVWLRQ
)URP WKH GULYHUV DQG WKH OLWHUDWXUH UHYLHZ WKH IROORZLQJ UHVHDUFK TXHVWLRQ ZDV DWWDLQHG�

:KDW LV WKH IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ 0ROWHQ
FDUERQDWH IXHO FHOOV �0&)&�"
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7KLV TXHVWLRQ KDV EHHQ DQVZHUHG E\ DQVZHULQJ WKH IROORZLQJ VXE TXHVWLRQV�

�� :KDW LV D PROWHQ FDUERQDWH IXHO FHOO DQG ZKDW LV LWV VLJQLILFDQFH WRGD\"

7KLV TXHVWLRQ LV DQVZHUHG E\ ILUVW GHVFULELQJ IXHO FHOOV DQG 0&)&V� $IWHU ZKLFK� WKHLU VLJQLIL�
FDQFH LV GHWHUPLQHG E\ FRPSDULQJ WKHP ZLWK 62)& DQG VWXG\LQJ WKHLU DSSOLFDWLRQV WRGD\�

�� :KDW LV D FRJHQUDWLQJ�WULJHQHUDWLQJ ,5�)& V\VWHP DQGZKDW DUH WKH H[LVWLQJ H[DPSOHV
RI 0&)& LQ K\GURJHQ DQG SRZHU FRJHQHUDWLRQ"

7R DQVZHU WKLV TXHVWLRQ FRJHQHUDWLRQ�WULJHQHUDWLRQ ZLWK ,5�)& LV ILUVW GHILQHG� 7KH DYDLODEOH
H[DPSOHV LQ WKLV ILHOG LQFOXGLQJ D SLORW SURMHFW DQG D FXUUHQWO\ GHYHORSLQJ FRPPHUFLDO SURMHFW
KDV EHHQ KLJKOLJKWHG� 7KHLU SRWHQWLDO DSSOLFDWLRQ LQ WKH 6XSHUZLQG FRQFHSW KDV DOVR EHHQ
SUHVHQWHG�

�� :KDW LV WKH WHFKQLFDO IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ
D 0&)& V\VWHP"

7KLV TXHVWLRQ LV DQVZHUHG E\ UXQQLQJ VLPXODWLRQV RI WKH SURSRVHG V\VWHP RQ WKH VRIWZDUH
&\FOH�7HPSR DQG DQDO\]LQJ WKH UHVXOWV WKURXJK SORWWLQJ JUDSKV�

�� +RZ GRHV WKH FRSURGXFLQJ 0&)& V\VWHP SHUIRUP LQ FRPSDULVRQ WR D VLPLODU 62)&
V\VWHP"

7KLV LV GRQH E\ FRPSDULQJ WKH UHVXOWV REWDLQHG IURP WKH 0&)& VLPXODWLRQ ZLWK WKH UHVXOWV IURP
D 62)& EDVHG VWXG\�

�� :KDW DUH WKH VRFLR�HFRQRPLF IHDVLELOLW\ IDFWRUV WKDW ZRXOG DIIHFW WKHVH 0&)& V\V�
WHPV"

7KH VRFLR�HFRQRPLF IHDVLELOLW\ DQDO\VLV KDV EHHQ GRQH WKURXJK DQDO\VLQJ LQIRUPDWLRQ DYDLODEOH
WURXJK UHVHDUFK WR GUDZ FRQFOXVLRQV UHJDUGLQJ WKH HFRQRPLF IDFWRUV� K\GURJHQ PDUNHW� DFWRUV
DQG WKHLU LQYROYHPHQWV DQG SROLFLHV� 7KLV KDV EHHQ IROORZHG E\ D VHFWLRQ MXVWLI\LQJ QDWXUDO JDV
XVH DQG DQRWKHU KLJKOLJKWLQJ WKH LPSDFW RQ WKH VRFLHW\�

���� 0HWKRGRORJ\
7KLV UHVHDUFK LV LQVSLUHG E\ WKH ZRUN RI +HPPHV HW DO� SUHVHQWHG LQ 5HI� >��@� ,Q WKHLU SDSHU
EDVHG RQ FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU ZLWK 62)& WKH\ VLPXODWHG D V\VWHP LQ WKUHH
GLIIHUHQW PRGHV RI RSHUDWLRQV ZLWK GLIIHUHQW IXHO XWLOL]DWLRQ YDOXHV� 7KH\ KDYH XVHG D VRIWZDUH
FDOOHG &\FOH�7HPSR IRU WKHLU VLPXODWLRQ� 7KH PHWKRGRORJLHV XVHG LQ WKLV UHSRUW LQFOXGH OLWHUD�
WXUH VWXG\� IORZVKHHW FDOFXODWLRQV XVLQJ &\FOH�7HPSR VLPXODWLRQV� DQG VHFRQGDU\ UHVHDUFK�

/LWHUDWXUH UHYLHZ LV LPSRUWDQW DV LW KHOSV WR SODFH D UHVHDUFK ZLWKLQ WKH FRQWH[W RI H[LVWLQJ
OLWHUDWXUH ZKLOH DOVR KHOSLQJ LQ VHWWLQJ XS D WKHRUHWLFDO IUDPHZRUN� ,W KHOSV WR OD\ WKH IRXQGDWLRQ
E\ LGHQWLI\LQJ JDSV LQ NQRZOHGJH� VHWWLQJ XS WKH PHWKRGRORJ\ DQG GHYHORSLQJ WKH UHVHDUFK
TXHVWLRQV� ,W LV WKH QXFOHXV RI D UHVHDUFK DQG KHOSV LQ PDNLQJ D FDVH IRU ZK\ IXUWKHU VWXG\
LV DFWXDOO\ QHHGHG� 7KURXJK OLWHUDWXUH UHYLHZ� DYDLODEOH LQIRUPDWLRQ RQ D JLYHQ WRSLF FDQ EH
VWXGLHG� ,Q WKLV WKHVLV WKURXJK OLWHUDWXUH UHYLHZ� WKH UHVHDUFK TXHVWLRQ ZDV GHULYHG�DV UHVHDUFK
RQ 0&)& LQ KLJK WHPSHUDWXUH FRSURGXFWLRQ DSSOLFDWLRQV DUH ODFNLQJ LQ OLWHUDWXUH� 0RUHRYHU�
WKURXJK OLWHUDWXUH UHYLHZ WKH H[LVWLQJ VWDWXV� ZRUNLQJ SULQFLSOHV DQG DSSOLFDWLRQV RI 0&)&V



���� 6WUXFWXUH RI WKH 5HSRUW ��

KDYH EHHQ LGHQWLILHG DQG SUHVHQWHG�

7KH XVH RI VRIWZDUH VXFK DV &\FOH�7HPSR LQ IORZ VKHHW FDOFXODWLRQV FDQ EH MXVWLILHG IRU WZR
PDLQ UHDVRQV� )LUVW� LW LV WKH EDVLV RI WKH SDSHU RQ ZKLFK WKH WHFKQLFDO IHDVLELOLW\ RI WKLV WKHVLV LV
EDVHG� +DYLQJ DQ LGHQWLFDO DSSURDFK LV EHQHILFLDO� HVSHFLDOO\ ZKHUH FRPSDULVRQV DUH QHHGHG
WR EH PDGH� OLNH LQ WKLV WKHVLV� 6HFRQG� VRIWZDUH VLPXODWLRQV RI D WHFKQRORJ\ LV XVXDOO\ DQ
LPSRUWDQW VWHS LQ WKH SUH�SURWRW\SH VWDJH RI WKH GHYHORSPHQW DV LW JLYHV WKH UHVHDUFKHUV DQ
LGHD RI KRZ D V\VWHP FRXOG EHKDYH LQ D UHDO OLIH VHWWLQJ� 7KLV ZRXOG KHOS LQ LGHQWLI\LQJ DQG
UHFWLI\LQJ LVVXHV EHIRUH SURWRW\SHV DUH EXLOW� WKXV VDYLQJ WLPH DQG UHVRXUFHV�

7KH RWKHU DSSURDFK XVHG LQ WKLV WKHVLV LV WKH VHFRQGDU\ UHVHDUFK DSSURDFK� ZKLFK KHOSV WR
TXDOLWDWLYHO\ DQDO\]H WKH LQIRUPDWLRQ DYDLODEOH� 7KLV LV SDUWLFXODUO\ EHQHILFLDO LQ DQDO\]LQJ WRSLFV
ZKHUH FRQGXFWLQJ SULPDU\ UHVHDUFK LV GLIILFXOW GXH WR WKH ODFN RI VXIILFLHQW LQIRUPDWLRQ� 6LQFH
0&)& DUH VWLOO QRW ZLGHO\ XVHG� WKLV W\SH RI UHVHDUFK FDQ EH KHOSIXO WR PDNH YDOXDEOH FRQFOX�
VLRQV�

7KHVH UHVHDUFK PHWKRGV WRJHWKHU ZRXOG KHOS WR DQVZHU WKH UHVHDUFK VXE TXHVWLRQV� DQG XOWL�
PDWHO\ KHOS LQ DQVZHULQJ WKH PDLQ UHVHDUFK TXHVWLRQ�

���� 6WUXFWXUH RI WKH 5HSRUW
,Q WKLV FKDSWHU WKH UHVHDUFK TXHVWLRQ ZHUH SUHVHQWHG� 7KH UHVHDUFK TXHVWLRQ ZLOO EH DQVZHUHG
E\ DQVZHULQJ WKH ILYH VXE TXHVWLRQV SUHVHQWHG LQ VHFWLRQ ��� HDUOLHU� 7KH UHSRUW IROORZV WKH
IROORZLQJ VWUXFWXUH�

&KDSWHU � ILUVW SURYLGHV D EULHI LQWURGXFWLRQ WR IXHO FHOOV� 7KLV LV IROORZHG E\ D EULHI GHVFULSWLRQ
RI 0&)& DQG LWV VWDWXV WRGD\� 7R KHOS ZLWK XQGHUVWDQGLQJ WKH VLJQLILFDQFH RI 0&)& WRGD\
IHZ PDMRU DSSOLFDWLRQV RI VXFK IXHO FHOOV KDYH EHHQ SUHVHQWHG DV ZHOO� 6LQFH WKLV WKHVLV UHSRUW
LV EDVHG RQ D VWXG\ FRQGXFWHG RQ 62)&� D EULHI FRPSDULVRQ EHWZHHQ 0&)& DQG 62)& LV
SUHVHQWHG� +DYLQJ LQWURGXFHG WKH IXHO FHOOV� WKH QH[W SDUW RI WKLV FKDSWHU GHILQHV FRJHQHUDWLRQ
DQG WULJHQHUDWLRQ ,5�)& V\VWHPV� 7KLV LV IROORZHG E\ KLJKOLJKWLQJ WKH H[LVWLQJ UHVHDUFK RQ KLJK
WHPSHUDWXUH IXHO FHOOV EHLQJ FDUULHG RXW DURXQG WKH ZRUOG� )LQDOO\� WKLV FKDSWHU HQGV ZLWK D EULHI
VHFWLRQ RQ PXOWL VRXUFH PXOWL SURGXFW �0603� DQG VXSHUZLQG FRQFHSW� 7KLV FKDSWHU SURYLGHV
DQVZHUV WR UHVHDUFK VXE TXHVWLRQV � DQG ��

&KDSWHU � SURYLGHV WKH WHFKQLFDO IHDVLELOLW\ RI WKH SURSRVHG V\VWHP E\ ILUVW SURYLGLQJ D EDFN�
JURXQG RQ WKH 62)& SDSHU� DIWHU ZKLFK IXHO FHOO WKHRU\� DQG WKH WKUHH PRGHV RI RSHUDWLRQV DUH
GHVFULEHG� 7KLV LV IROORZHG E\ WKH GHVFULSWLRQ RI WKH V\VWHPPRGHO DQG LWV RSHUDWLRQ� $IWHU WKLV�
UHVXOWV DUH SORWWHG DQG FRPSDUHG ZLWK WKRVH REWDLQHG IURP WKH 62)& PRGHO� 7KH UHDVRQV IRU
WKH GLIIHUHQFH LQ SHUIRUPDQFHV KDYH DOVR EHHQ SURYLGHG� 7KLV FKDSWHU DQVZHUV UHVHDUFK VXE
TXHVWLRQV � DQG ��

&KDSWHU � SUHVHQWV WKH VRFLRHFRQRPLF IHDVLELOLW\� ,Q WKLV FKDSWHU HFRQRPLF WUHQGV DQG K\GUR�
JHQ PDUNHW WUHQGV KDYH EHHQ DQDO\]HG� $IWHU ZKLFK WKH UROH RI DFWRUV DQG WKHLU LQYROYHPHQW
KDV EHHQ H[DPLQHG� 7KLV LV IROORZHG E\ WKH LQYHVWLJDWLRQ RI SROLFLHV WKDW FRXOG EH UHVSRQVLEOH
IRU ZLGHVSUHDG GHYHORSPHQW RI WKH V\VWHP EHLQJ LQYHVWLJDWHG� ,Q WKH VHFWLRQ IXUWKHU� WKH XVH
RI QDWXUDO JDV KDV EHHQ MXVWLILHG� )LQDOO\� WKH FKDSWHU HQGV ZLWK DQDO\VLQJ WKH LPSDFW RI VXFK
D V\VWHP RQ WKH VRFLHW\� 7KLV FKDSWHU KHOSV WR DQVZHU WKH �WK UHVHDUFK VXE TXHVWLRQ�

7KH DQVZHUV WR WKHVH UHVHDUFK VXE TXHVWLRQV IRUPV WKH EDVLV IRU DQVZHULQJ WKH SULPDU\ UH�



�� �� 5HVHDUFK 0HWKRGRORJ\

VHDUFK TXHVWLRQ RI WKLV UHSRUW� 7KLV KDV EHHQ SUHVHQWHG LQ WKH UHSRUW FRQFOXGLQJ FKDSWHU �
DORQJ ZLWK GLVFXVVLRQV� ILQDO WKRXJKWV DQG UHFRPPHQGDWLRQV�



�
0ROWHQ &DUERQDWH )XHO &HOO �0&)&�

5HYLHZ

$V PHQWLRQHG HDUOLHU� IXHO FHOOV DUH GHYLFHV WKDW FRQYHUW FKHPLFDO HQHUJ\ WR HOHFWULFLW\ ZLWK
WKH KHOS RI HOHFWURFKHPLFDO UHDFWLRQV� )XHO FHOOV KDYH IRXQG YDULHW\ RI DSSOLFDWLRQV DFURVV
PDQ\ VHFWRUV DV WKH\ FDQ DFKLHYH KLJK HIILFLHQFLHV DQG FDQ EH VFDOHG LQ VL]H GHSHQGLQJ RQ
WKHLU XVH� $V 0&)& LV WKH PDLQ IRFXV RI WKLV WKHVLV� WKLV FKDSWHU SURYLGHV D EDFNJURXQG RQ
0&)& V\VWHPV� 7KLV LV GRQH E\ H[SODLQLQJ 0&)& WHFKQRORJ\ DQG LWV VWDWXV LQ WKH ZRUOG� DIWHU
ZKLFK LWV FXUUHQW DSSOLFDWLRQV KDYH EHHQ VXPPDUL]HG� $V 0&)& DQG 62)& DUH ERWK KLJK
WHPSHUDWXUH IXHO FHOOV WKDW DUH RIWHQ FRQVLGHUHG IRU XVH LQ LGHQWLFDO DSSOLFDWLRQV� D FRPSDULVRQ
EHWZHHQ WKH WZR KDV DOVR EHHQ SUHVHQWHG LQ WKLV FKDSWHU DV ZHOO� 7KLV LV IROORZHG E\ D VHFWLRQ
LQWURGXFLQJ FRJHQHUDWLRQ DQG WULJHQHUDWLRQ SULQFLSOHV XVLQJ LQWHUQDO UHIRUPLPJ IXHO FHOOV� ZLWK
DQRWKHU VHFWLRQ DIWHU WKDW KLJKOLJKWLQJ H[LVWLQJ SURMHFWV EDVHG RQ WKHVH SULQFLSOHV� 7KH ILQDO
VHFWLRQ RI WKLV SURMHFW LQWURGXFHV WKH FRQFHSW RI PXOWL VRXUFH PXOWL SURMHFW V\VWHP DQG WKH
VXSHUZLQG FRQFHSW�

���� )XHO FHOOV
$V WKH QHHG IRU HOHFWULFLW\ KDV ULVHQ LQ WKH UHFHQW GHFDGHV� YDULRXV DGYDQFHPHQWV KDYH EHHQ
PDGH WR SURGXFH HOHFWULF SRZHU� 'XH WR D JURZLQJ GHPDQG IRU FOHDQHU HQHUJ\� IRFXV KDV
QRW RQO\ EHHQ VKLIWLQJ WRZDUGV UHQHZDEOH HQHUJ\ VRXUFHV EXW WKHUH LV DOVR QHHG IRU HIIHFWLYH
XWLOL]DWLRQ RI UHVRXUFHV DYDLODEOH WR XV� &RQYHQWLRQDOO\ LQWHUQDO FRPEXVWLRQ HQJLQHV�,&(� KDYH
EHHQ XVHG WR FRQYHUW WKH FKHPLFDO HQHUJ\ RI WKH IXHO YLD FRPEXVWLRQ LQWR PHFKDQLFDO HQHUJ\
LQ WKH IRUP RI SLVWRQ PRWLRQ� 7KLV LV WKHQ FRQYHUWHG LQWR WKH HOHFWULF HQHUJ\ E\ WKH JHQHUDWRU
WR EH VXSSOLHG WR WKH JULG� (OHFWULFLW\ FDQ DOVR EH REWDLQHG IURP RWKHU UHQHZDEOH VRXUFHV OLNH
VRODU HQHUJ\� ZLQG HQHUJ\� K\GUR HQHUJ\� WLGDO HQHUJ\� JHRWKHUPDO HQHUJ\ DQG ELRPDVV HQHUJ\
WKURXJK YDULRXV DGYDQFHPHQWV WKDW KDYH EHHQ PDGH DQG FRQWLQXH WR EH PDGH� 0RUHRYHU�
HOHFWULFLW\ FDQ DOVR EH REWDLQHG GLUHFWO\ IURP FKHPLFDO HQHUJ\ RI WKH IXHOV ZLWK EDWWHULHV DQG
IXHO FHOOV� :KLOH WKH\ PD\ VHHP VWUXFWXUDOO\ VLPLODU WKH SULPDU\ GLIIHUHQFH EHWZHHQ EDWWHULHV
DQG IXHO FHOOV LV WKDW� D EDWWHU\ FDQ VWRUH LWV HQHUJ\� ZKLOH D IXHO FHOO JHQHUDWHV HOHFWULFLW\ DQG
KHDW DV ORQJ DV IXHO �OLNH QDWXUDO JDV� DQG DLU VXSSO\ LV DYDLODEOH� $V D UHVXOW RI IXHO FHOO
FRQVXPLQJ IXHO DQG DLU� WKHUH DUH SURGXFWV RI WKH UHDFWLRQV WKDW DUH JHQHUDOO\ UHOHDVHG LQWR WKH
DWPRVSKHUH� 7KH *UHHQKRXVH JDV HPLVVLRQ FDQ EH FRPSOHWHO\ HUDGLFDWHG ZKHQ K\GURJHQ LV

��



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

SURGXFHG IURP D UHQHZDEOH HQHUJ\ VRXUFH RU E\ XVLQJ ൈൔኼ FDSWXUH DQG VHTXHVWUDWLRQ� )XHO
FHOOV FDQ UHGXFH WKH GHSHQGHQFH RQ H[LVWLQJ HOHFWULFLW\ JULG WKDW LV XVXDOO\ RXWGDWHG DQG LV
RIWHQ SUHVVHG EH\RQG FDSDFLW\� 7KH\ FDQ IXQFWLRQ ZLWK YDULRXV IXHOV WKDW DUH UHDGLO\ DYDLODEOH
DV ZHOO DV ZLWK ZDVWH H[KDXVW VWUHDPV IURP LQGXVWULHV�

:KLOH YDULRXV W\SHV RI IXHO FHOOV DUH DYDLODEOH WRGD\� DOO IXHO FHOOV FRQVLVW RI DQ DQRGH DQG D
FDWKRGH VHSDUDWHG E\ DQ HOHFWURO\WH ZKLFK SHUPLWV LRQ FRQGXFWLRQ DQG LV HOHFWULFDOO\ LQVXODWLQJ�
$W WKH DQRGH WKH R[LGDWLRQ RI WKH IXHO RFFXUV� WKLV JHQHUDWHV LRQV �XVXDOO\ SRVLWLYHO\ FKDUJHG
K\GURJHQ LRQV� DQG HOHFWURQV� 7KH HOHFWURO\WH IDFLOLWDWHV WKH PRYHPHQW RI LRQV IURP DQRGH WR
FDWKRGH DV LW LV DQ LRQ FRQGXFWLQJ PHGLXP ZKLOH IRUFLQJ WKH HOHFWURQV WR IORZ IURP DQRGH WR
FDWKRGH WKURXJK WKH H[WHUQDO FLUFXLW� $W WKH FDWKRGH WKH DYDLODEOH LRQV UHDFW ZLWK HOHFWURQV DQG
R[\JHQ WR SURGXFH ZDWHU DQG VRPHWLPHV RWKHU SURGXFWV� 7KH ZRUNLQJ SULQFLSOH RI D IXHO FHOO
LV LOOXVWUDWHG LQ ILJXUH ���� $GGLWLRQDOO\� WKH IXHO FHOO WKHRU\ LV EULHIO\ H[SODLQHG LQ FKDSWHU ��

)LJXUH ���� :RUNLQJ RI D IXHO FHOO� )LJ IURP 5HI�>��@
�

)XHO FHOOV FDQ EH XVHG LQ VWDWLRQDU\ DSSOLFDWLRQV IRU JHQHUDWLQJ HOHFWULFLW\ DQG KHDWLQJ EXLOGLQJV�
LQ SRUWDEOH DSSOLFDWLRQV IRU SRZHULQJ ODSWRSV DQG SKRQHV� DQG LQ WUDQVSRUW WR SRZHU HOHFWULF
YHKLFOHV DQG PDWHULDO KDQGOLQJ HTXLSPHQW� 7KHVH DSSOLFDWLRQV DUH SURYLGHG E\ YDULRXV W\SHV
RI IXHO FHOOV EDVHG RQ IDFWRUV OLNH WKH W\SH RI HOHFWURO\WHV DQG HOHFWURGH PDWHULDOV XVHG� WKHLU RS�
HUDWLQJ WHPSHUDWXUHV� WKH IXHO FHOO GHVLJQV DQG WKH UHDFWLRQV WKDW RFFXU LQ WKH IXHO FHOOV� :KLOH
IXHO FHOO WHFKQRORJLHV FRQWLQXH WR GHYHORS� IHZ RI WKHVH IXHO FHOOV DUH WHFKQRORJLFDOO\ PRUH PD�
WXUH WKDQ RWKHUV� 7KH 8QLWHG 6WDWHV 'HSDUWPHQW RI (QHUJ\ OLVWV 3RO\PHU (OHFWURO\WH 0HPEUDQH
)XHO &HOOV �3(0)&�� $ONDOLQH )XHO &HOOV �$)&�� 3KRVSKRULF $FLG )XHO &HOOV �3$)&�� 0&)&
DQG 6ROLG 2[LGH )XHO &HOOV �62)&� DV WKH PDLQ W\SHV RI IXHO FHOOV >��@� $PRQJ WKH IXHO FHOOV
PHQWLRQHG DERYH� 3(0)&� $)& DQG 3$)& IXQFWLRQ DW PXFK ORZHU WHPSHUDWXUHV �&ࣅ�����
WKDQ 0&)& �&ࣅ�������� DQG 62)& ��&ࣅ��������� GXH WR ZKLFK WKH IXHO FHOOV PHQWLRQHG FDQ
EH FODVVLILHG DV ORZ WHPSHUDWXUH DQG KLJK WHPSHUDWXUH IXHO FHOOV� 7KH ORZ WHPSHUDWXUH IXHO
FHOOV XVXDOO\ KDYH WKH DGYDQWDJH RI TXLFN VWDUW XS WLPH EXW UHTXLUH H[SHQVLYH FDWDO\VWV IRU
WKHLU RSHUDWLRQ DQG WKH\ FDQ EH XVHG IRU GLVWULEXWHG SRZHU JHQHUDWLRQ� EDFNXS SRZHU DQG
WUDQVSRUWDWLRQ� 7KH KLJK WHPSHUDWXUH IXHO FHOOV XVXDOO\ GR QRW QHHG H[SHQVLYH FDWDO\VWV DQG
WKH\ RIIHU IXHO IOH[LELOLW\ LQ WKHLU RSHUDWLRQ� +RZHYHU� DV WKH\ RSHUDWH DW KLJK WHPSHUDWXUHV�
WKH\ VXIIHU IURP ORQJ VWDUWXS WLPHV� FRUURVLRQ RI HOHFWURO\WHV DQG WKH SRVVLELOLW\ RI EUHDNGRZQ
RI IXHO FHOO FRPSRQHQWV� 7KH\ ILQG DSSOLFDWLRQV LQ HOHFWULF XWLOLW\ DQG GLVWULEXWHG JHQHUDWLRQ >��@�



���� )XHO FHOOV ��

)XHO FHOOV KDYH VLJQLILFDQW DGYDQWDJHV RYHU FRQYHQWLRQDO FRPEXVWLRQ EDVHG WHFKQRORJLHV XVHG
LQ SRZHU SODQWV DQG WUDQVSRUWDWLRQ� &RQYHQWLRQDO SRZHU SODQWV W\SLFDOO\ JHQHUDWH HOHFWULFLW\ DW
DERXW ��� HIILFLHQF\� ZKLOH IXHO FHOOV FDQ UHDFK HOHFWULF HIILFLHQFLHV RI XSWR ��� >��@� :KHQ
FRJHQHUDWLRQ LV FRQVLGHUHG� HIILFLHQFLHV FDQ EH PXFK KLJKHU DV GHPRQVWUDWHG ZLWK 0&)& DQG
62)& V\VWHPV VLPXODWLRQV LQ FKDSWHU �� 7KH HOHFWURFKHPLFDO UHDFWLRQV WDNLQJ SODFH LQ WKH
IXHO FHOOV DUH FDUULHG RXW ZLWKRXW FRPEXVWLRQ� DQG ZLWK RQO\ IHZ PRYLQJ SDUWV VR WKH\ SURGXFH
ORZ HPLVVLRQV DQG DUH IDYRUDEOH IURP WKH HQHUJ\ DQG HQYLURQPHQWDO SRLQW RI YLHZV� $V WKH
UHVXOW RI SURFHVV VLPSOLFLW\ LQ WKH FRQYHUVLRQ RI FKHPLFDO HQHUJ\ LQWR HOHFWULFDO HQHUJ\ ZLWK
IHZHU PRYLQJ SDUWV� IXHO FHOO FDQ RSHUDWH ZKLOH SURGXFLQJ YHU\ OLWWOH QRLVH SROOXWLRQ� 6RPH
W\SHV RI IXHO FDOOV PD\ DOVR KDYH WKH DGYDQWDJH RI IXHO IOH[LELOLW\ DQG WKH DOUHDG\ DYDLODEOH
LQIUDVWUXFWXUH RI K\GURFDUERQ IXHO VXSSO\� FR�JHQHUDWLRQ FDSDELOLWLHV DQG UHODWLYHO\ TXLFN ORDG
UHVSRQVH >���@� 'XH WR WKH VLPLODULWLHV LQ FRQVWUXFWLRQ� IXHO FHOOV FDQ SRZHU DOPRVW DOO PDFKLQHV
WKDW XVH EDWWHULHV� +RZHYHU� XQOLNH EDWWHULHV WKDW GLH DIWHU D FHUWDLQ DPRXQW RI WLPH� IXHO FHOOV
VXSSO\ HQHUJ\ DV ORQJ DV WKH IXHO DQG R[LGDQW DUH VXSSOLHG� 'HVSLWH WKH DGYDQWDJHV PHQWLRQHG
DERYH� IXHO FHOOV KDYH D IHZ GLVDGYDQWDJHV OLNH KLJK FRVWV GXH WR QHHG IRU H[SHQVLYH FDWDO\VWV
VXFK DV SODWLQXP� WKH ODFN RI LQIUDVWUXFWXUH QHHGHG IRU K\GURJHQ GLVWULEXWLRQ� DQG KLJK FRVW RI
K\GURJHQ SURGXFWLRQ DQG VWRUDJH� 0RUHRYHU� VLQFH PDQ\ RI WKH IXHO FHOO UHODWHG WHFKQRORJLHV
DUH LQ YDULRXV VWDJHV RI GHYHORSPHQW� IXHO FHOOV DUH QRW DV ZLGHO\ DYDLODEOH DV RWKHU HQHUJ\
SURGXFLQJ WHFKQRORJLHV�

0DWXUH IXHO FHOO WHFKQRORJLHV VXFK DV 3(0)& LQ PRELOH DSSOLFDWLRQV DQG IXHO FHOO YHKLFOHV
RU 0&)& LQ VWDWLRQDU\ SRZHU SURGXFWLRQ DUH QHDULQJ FRVW FRPSHWLWLYHQHVV ZLWK FRQYHQWLRQDO
FRPEXVWLRQ HQJLQHV� 7KH FRVW RI WHFKQRORJLHV UHODWHG WR IXHO FHOOV KDYH UHGXFHG VLJQLILFDQWO\
LQ WKH UHFHQW \HDUV DFFRUGLQJ WR YDULRXV VWXGLHV� $ VWXG\ SXEOLVKHG LQ ���� E\ WKH 'HSDUWPHQW
RI (QHUJ\ RI WKH 8QLWHG 6WDWHV� KDG VKRZQ WKH FRVW RI IXHO FHOO V\VWHPV KDG UHGXFHG E\ ���
VLQFH ���� >���@� 7KLV VWXG\ XVLQJ 3(0)& V\VWHP VKRZHG WKH QHW FRVW RI RSHUDWLRQ ZDV GRZQ
WR ��������.: LQ ���� DQG ZDV H[SHFWHG WR IXUWKHU GHFUHDVH E\ ����� 7KH\ DWWULEXWHG WKLV
UHGXFWLRQ LQ FRVW WR LPSURYHG UHVHDUFK DQG GHYHORSPHQWV RI FDWDO\VWV� LQFUHDVHG GXUDELOLW\
RI FRPSRQHQWV� DQG LPSURYHG HOHFWURGH SHUIRUPDQFH� ,Q WUDQVSRUWDWLRQ WKH FRVW RI RI IXHO
FHOO YHKLFOHV KDYH GHFUHDVHG VLJQLILFDQWO\ DV ZHOO DQG DFFRUGLQJ WR %DOODUG� D OHDGLQJ IXHO FHOO
PDQXIDFWXUHU� WKH FRVW RI IXHO FHOO YHKLFOHV KDYH GURSSHG E\ ��� LQ WKH ODVW �� \HDUV DQG WKLV
ZDV SDUWO\ GXH WR WKH LQQRYDWLRQV LQ WHFKQRORJ\ DQG SURGXFW LPSURYHPHQWV UHODWHG WR WKH IXHO
FHOOV >���@� $FFRUGLQJ WR WKHP E\ ���� LW ZLOO EH SRVVLEOH WR PDNH IXHO FHOO YHKLFOHV FRPSHWLWLYH
ZLWK EDWWHU\ HOHFWULF DQG ,&( YHKLFOHV� 7KHVH VWXGLHV JLYH D JOLPSVH LQWR WKH SRVVLELOLW\ RI
GHFUHDVLQJ IXHO FHOO FRVWV VLJQLILFDQWO\ LQ WKH QHDU IXWXUH�

)XHO FHOO WHFKQRORJLHV ZLOO EHQHILW IURP WKH LQFUHDVHG IRFXV WRZDUGV K\GURJHQ SURGXFWLRQ�
:KLOH KLJK WHPSHUDWXUH IXHO FHOOV DUH FDSDEOH RI LQWHUQDO UHIRUPLQJ WR SURGXFH K\GURJHQ QHHGHG
IRU RSHUDWLRQ� PRVW RI WKH K\GURJHQ LV SURGXFHG WKURXJK H[WHUQDO UHIRUPLQJ RI QDWXUDO JDV� )RU
LQVWDQFH� LQ WKH 8QLWHG 6WDWHV ��� RI WKH K\GURJHQ LV SURGXFHG E\ UHIRUPLQJ QDWXUDO JDV LQ
ODUJH FHQWUDO SODQWV >��@� :KLOH QDWXUDO JDV LV HDVLO\ DYDLODEOH� QDWXUDO JDV UHIRUPLQJ UHTXLUHV D
ODUJH DPRXQW RI HQHUJ\ DQG SURGXFHV ൈൔኼ DV D E\SURGXFW� 7KH ൈൔኼ SURGXFHG FDQ EH UHGXFHG
E\ FDUERQ FDSWXUH� XWLOL]DWLRQ DQG VWRUDJH �&&86�� RU E\ XVLQJ UHQHZDEOH VRXUFHV WR SURGXFH
´JUHHQ K\GURJHQ´ E\ VXSSO\LQJ HQHUJ\ IRU WKH HOHFWURO\VLV RI ZDWHU WR SURGXFH K\GURJHQ� 7KH
(XURSHDQ 8QLRQ �(8� H[SHFWV LQYHVWPHQW LQ K\GURJHQ ZLOO SURYLGH MREV DQG KHOS LQ VXVWDLQ�
DEOH JURZWK� ZKLFK ZLOO EH FUXFLDO IRU UHFRYHU\ IURP WKH RQJRLQJ &29,'��� SDQGHPLF� 7KH
(8 KDV VHW D WDUJHW RI LQVWDOOLQJ ��*: RI HOHFWURO]\HUV ZLWKLQ LWV ERDUGHUV E\ ���� WR SURGXFH
JUHHQ K\GURJHQ >��@� *HUPDQ\ DV D SDUW RI WKH ´1DWLRQDO +\GURJHQ 6WUDWHJ\´ KDV DOVR LQYHVWHG
DURXQG ¼� ELOOLRQ RQ QHZ EXVLQHVV DQG UHVHDUFK DURXQG JUHHQ K\GURJHQ >��@� 6LQFH FXUUHQWO\
K\GURJHQ SURGXFHG IURP UHQHZDEOH HQHUJ\ VRXUFHV FRQVWLWXWH RQO\ D WLQ\ DPRXQW� IURP WKHVH



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

UHSRUWV ZH FDQ VHH DQ LQFUHDVHG LQWHUHVW LQ QRW RQO\ K\GURJHQ EXW LQ K\GURJHQ WKDW FDQ EH
REWDLQHG LQ D FOHDQHU PDQQHU�

)XHO FHOOV KDYH PRUH DGYDQWDJHV WKDQ GLVDGYDQWDJHV RYHU WKH FRQYHQWLRQDO HQHUJ\ SURGXF�
LQJ V\VWHPV� +DYLQJ VHHQ WKH GHFUHDVLQJ WUHQGV LQ IXHO FHOO FRVWV DQG LQFUHDVHG LQWHUHVW LQ
K\GURJHQ IXHO� LW FDQ EH VDLG WKDW IXHO FHOOV ZLOO SOD\ D KXJH UROH LQ WKH HQHUJ\ LQIUDVWUXFWXUH LQ
WKH IXWXUH�

���� 0&)& WHFKQRORJ\
0ROWHQ FDUERQDWH IXHO FHOOV DUH KLJK WHPSHUDWXUH IXHO FHOOV WKDW RSHUDWH DW WHPSHUDWXUHV DURXQG
�&ࣅ��� 7KH HOHFWURO\WHV IRXQG LQ WKHVH IXHO FHOOV DUH XVXDOO\ FDUERQDWH VDOWV �OLNH ൑൧൐ RU ൑൧൓ൠ
FDUERQDWHV� ZKLFK KDYH EHHQ VWDELOL]HG LQ DQ DOXPLQD EDVHG SRURXV PDWUL[ �H�J� ൑൧െ൪ൔኼ ZLWK
െ൪ኼൔኽ LQVHUWV� >��@� 7KH HOHFWURGHV XVHG LQ 0&)& DUH JHQHUDOO\ PDGH IURP LQH[SHQVLYH QLFNOH
EDVHG PDWHULDOV WKDW FDQ EH FRQVWUXFWHG DV VWDFNV RU ELSRODU SODWHV� 6LQFH WKHVH IXHO FHOOV
RSHUDWH DW KLJK WHPSHUDWXUHV� WKH\ GR QRW QHHG H[SHQVLYH HOFWUR�FDWDO\VWV OLNH 3W LQ WKH HOHF�
WURGHV�

)LJXUH ���� 7KH ZRUNLQJ SULQFLSOH RI 0&)&� )LJ IURP 5HI�>���@
�

7KH FDUERQDWH VDOWV PHOW ZKHQ RSHUDWLQJ 0&)& DW KLJK WHPSHUDWXUHV RI DERXW �&ࣅ��� 7KLV LV
QHFHVVDU\ DV LQ WKH PROWHQ VWDWH WKH FRQGXFWLYLW\ RI WKH HOHFWURO\WH LPSURYHV DQG FDUERQDWH
LRQV FDQ EH WUDQVIHUUHG IURP FDWKRGH WR DQRGH� $W YHU\ KLJK WHPSHUDWXUHV RI DERYH �&ࣅ���
WKHUH LV D SRVVLELOLW\ RI LQFUHDVHG FRUURVLRQ DQG HOHFWURO\WH YDSRUL]DWLRQ� 7KHUHIRUH� VXFK IXHO
FHOOV RSHUDWH ZLWKLQ D UDQJH RI WHPSHUDWXUH EHWZHHQ &ࣅ��� DQG �&ࣅ��� 7KLV UDQJH RI KLJKHU
RSHUDWLQJ WHPSHUDWXUH DOVR SURYLGHV IRU IXHO IOH[LELOLW\� DV D YDULHW\ RI K\GURFDUERQ IXHOV OLNH
QDWXUDO JDV� DOFRKROV� V\QWKHWLF IXHOV IURP SHWUROHXP FRNH� FRDO DQG ELRPDVV FDQ EH UHIRUPHG
WR JHQHUDWH K\GURJHQ UHTXLUHG E\ WKH IXHO FHOOV >���@�

7KH ZRUNLQJ SULQFLSOH RI 0&)& LV VKRZQ LQ ILJXUH ���� $V VHHQ LQ WKH ILJXUH� K\GURJHQ LV R[L�
GL]HG DW WKH DQRGH WR SURGXFH ZDWHU DQG FDUERQ GLR[LGH� 0HDQZKLOH� DW WKH FDWKRGH� UHGXFWLRQ
RI R[\JHQ ZLWK FDUERQ GLR[LGH WDNHV SODFH� 'XULQJ WKHVH SURFHVVHV HOHFWURQV DUH OLEHUDWHG DW
WKH DQRGH DQG FDUERQDWH LRQV DUH SURGXFHG DW WKH FDWKRGH� 7KH FDUERQDWH LRQV WUDYHO IURP
FDWKRGH WR DQRGH WKURXJK WKH LRQ FRQGXFWLQJ HOHFWURO\WH ZKLOH WKH HOHFWURQV WUDYHO IURP DQRGH
WR FDWKRGH LQ WKH H[WHUQDO FLUFXLW DQG JHQHUDWH HOHFWULF SRZHU� :DWHU WKDW LV SURGXFHG DW WKH



���� 0&)& WHFKQRORJ\ ��

DQRGH LV UHPRYHG ZLWK ൈൔኼ� $GGLWLRQDOO\� ൈൔኼ DQG DLU QHHGV WR EH VXSSOLHG WR WKH FDWKRGH�
7KHUHIRUH D SDUW RI ൈൔኼ IURP WKH DQRGH H[KDXVW LV XVXDOO\ UHF\FOHG EDFN LQWR WKH FDWKRGH WR
PDLQWDLQ WKH HOHFWURO\WH FRPSRVLWLRQ� 7KLV FDQ UHVXOW LQ FRPSOH[LW\ DVVRFLDWHG ZLWK WKH 0&)&
V\VWHPV >���@� 7KH UHDFWLRQV DW DQRGH� FDWKRGH DQG WKH RYHUDOO FHOO UHDFWLRQ KDV EHHQ VKRZQ
LQ HTXDWLRQV ���� ��� DQG ��� UHVSHFWLYHO\�

$QRGH UHDFWLRQ�

്ኼ � ൈൔኼዅኽ ࠿ ്ኼൔ � ൈൔኼ � �൤ዅ �����

&DWKRGH UHDFWLRQ�

�
�
ൔኼ � ൈൔኼ � �൤ዅ ࠿ ൈൔኼዅኽ �����

&HOO UHDFWLRQ�

്Ꮄ �
�
�
ൔኼ � ൈൔኼ�ൢൠ൲߶൭ൣ൤� ࠿ ്ኼൔ � ൈൔኼ�ൠ൬൭ൣ൤� �����

7KH QRUPDO VXSSO\ RI K\GURJHQ WR 0&)&� ZKLFK LV XVXDOO\ IURP UHIRUPHG QDWXUDO JDV FRQ�
WDLQV VRPH FDUERQ PRQR[LGH� ,W LV SRVVLEOH WR XWLOL]H WKLV &2 E\ R[LGDWLRQ DW WKH DQRGH RU
WKURXJK ZDWHU�JDV VKLIW �:*6� UHDFWLRQ ZKHQ PL[HG ZLWK ZDWHU YDSRU� 7KHVH UHDFWLRQV DUH
VKRZQ LQ HTXDWLRQV ��� DQG ���� &DUERQ PRQR[LGH LV D FDWDO\VW SRLVRQ LQ ORZ WHPSHUDWXUH IXHO
FHOOV� +RZHYHU� WKH LQVHQVLWLYLW\ RI 0&)& WR &2 SRLVRQLQJ RIIHUV D VLJQLILFDQW DGYDQWDJH WR
0&)& RYHU RWKHU IXHO FHOOV OLNH WKH 3URWRQ�([FKDQJH 0HPEUDQH )XHO &HOOV �3(0)&� DQG WKH
3KRVSKRULF DFLG IXHO FHOOV �3$)&��

&2 R[LGDWLRQ DW DQRGH�

ൈൔ � ൈൔኼዅኽ ࠿ ൈൔኼ � �൤ࢿ �����

:DWHU�JDV VKLIW �:*6� UHDFWLRQ�

ൈൔ � ്ኼൔ ࠿ ്ኼ � ൈൔኼ �����

&RQYHQWLRQDOO\� D FDUERQDFHRXV IXHO LV VXSSOLHG WR D IXHO SURFHVVRU ZKHUH K\GURJHQ LV SUR�
GXFHG DIWHU LW KDV EHHQ VWHDP UHIRUPHG� 7KH K\GURJHQ WKDW LV SURGXFHG LV WKHQ IHG WR WKH
IXHO FHOO IRU WKH HOHFWURFKHPLFDO UHDFWLRQ WDNLQJ SODFH LQ WKH IXHO FHOO� :LWK LQWHUQDO UHIRUPLQJ
0&)&� LW LV SRVVLEOH WR HOLPLQDWH WKH QHHG IRU D VHSDUDWH IXHO SURFHVVRU IRU WKH FDUERQ ULFK
IXHO� 7KLV FRQFHSW LV IHDVLEOH DQG SUDFWLFDO LQ D KLJK WHPSHUDWXUH IXHO FHOO OLNH D 0&)& ZKHUH
VWHDP UHIRUPLQJ UHDFWLRQ FDQ EH VXVWDLQHG ZLWK FDWDO\VWV� 7KH FRQFHSW RI LQWHUQDO UHIRUPLQJ
0&)& LV IXOO\ UHDOL]HG ZKHQ WKH UHIRUPLQJ UHDFWLRQ DQG WKH HOHFWURFKHPLFDO R[LGDWLRQ UHDF�
WLRQ ZLWKLQ WKH IXHO FHOO DUH FORVHO\ FRXSOHG >��@� 7KH LQWHUQDO UHIRUPLQJ DSSURDFK SURYLGHV D
KLJKO\ HIILFLHQW V\VWHP ZKLFK LV VLPSOH� PRUH UHOLDEOH DQG FRVW HIIHFWLYH LQ FRPSDULVRQ WR WKH
FRQYHQWLRQDO 0&)& V\VWHP� ,Q FDVH RI GLUHFW LQWHUQDO UHIRUPLQJ� K\GURJHQ FRQVXPSWLRQ DW WKH



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

DQRGH UHGXFHV WKH SDUWLDO SUHVVXUH DQG GULYHV WKH UHIRUPLQJ UHDFWLRQ WR WKH ULJKW DV VKRZQ LQ
HTXDWLRQ ���� 7KLV UHVXOWV LQ KLJKHU IXHO XWLOL]DWLRQ DQG LQFUHDVHG HIILFLHQF\�

0HWKDQH VWHDP UHIRUPLQJ�
ൈ്ኾ � ്ኼൔ ࠿ �്ኼ � ൈൔ �����

0HWKDQH LV D FRPPRQ K\GURFDUERQ IXHO XWLOL]HG LQ LQWHUQDO UHIRUPLQJ 0&)&V� EXW ൈࣅ��� LV D
VXIILFLHQWO\ KLJK WHPSHUDWXUH IRU VWHDP UHIRUPLQJ ZLWK RWKHU K\GURFDUERQ IXHOV ZKLFK PDNHV
WKHVH LQWHUQDO UHIRUPLQJ 0&)&V IOH[LEOH LQ WHUPV RI IXHO VXSSO\� ,Q LQWHUQDO UHIRUPLQJ IXHO FHOOV
WKH VWHDP UHIRUPLQJ UHDFWLRQ OLNH WKH RQH VKRZQ LQ HTXDWLRQ ��� RFFXUV VLPXOWDQHRXVO\ ZLWK
WKH HOHFWURFKHPLFDO R[LGDWLRQ RI K\GURJHQ DW WKH DQRGH� 7KH UHIRUPLQJ UHDFWLRQ LV VXVWDLQHG
DW KLJK WHPSHUDWXUHV RI DERXW ൈࣅ��� E\ 1L EDVHG FDWDO\VWV WR SURGXFH K\GURJHQ UHTXLUHG E\
WKH IXHO FHOO� ,W LV LPSRUWDQW WR QRWH WKDW WKH VWHDP UHIRUPLQJ UHDFWLRQ LV HQGRWKHUPLF ZKLOH
WKH RYHUDOO IXHO FHOO UHDFWLRQ LV H[RWKHUPLF� 7KH KHDW IURP IXHO FHOO UHDFWLRQ SURYLGHV WKH KHDW
QHHGHG IRU VWHDP UHIRUPLQJ UHDFWLRQ� 7KLV HOLPLQDWHV WKH QHHG IRU H[WHUQDO KHDW H[FKDQJH
WKDW LV QHHGHG LQ WKH FRQYHQWLRQDO IXHO SURFHVVRU WKDW LV D SDUW RI H[WHUQDOO\ UHIRUPLQJ 0&)&
V\VWHPV� %HVLGHV� WKH VWHDP SURGXFHG LQ HTXDWLRQ ��� FDQ EH XVHG WR JHQHUDWH DGGLWLRQDO
K\GURJHQ E\ HQKDQFLQJ WKH :*6 DQG WKH UHIRUPLQJ UHDFWLRQV� 7KH UHIRUPLQJ UHDFWLRQ VKRZQ
LQ HTXDWLRQ ��� IDYRXUV KLJK WHPSHUDWXUH DQG ORZ SUHVVXUH IRU WKH IRUZDUG UHDFWLRQ WR RFFXU�
7KXV� WKHVH LQWHUQDO UHIRUPLQJ 0&)& EHQHILW IURP RSHUDWLQJ FORVH WR DWPRVSKHULF SUHVVXUH
>��@�

���� 6WDWXV RI 0&)&
0ROWHQ FDUERQDWH IXHO FHOOV RSHUDWH DW KLJK WHPSHUDWXUHV� KDYH VORZ�VWDUW XS WLPH DQG DUH
XVXDOO\ KHDY\� 'XH WR WKH UHODWLYH FRPSOH[LW\ RI WKHVH IXHO FHOOV� WKH\ DUH QRW VXLWDEOH IRU
PDQXIDFWXULQJ DQG RSHUDWLQJ YHU\ VPDOO XQLWV IRU GRPHVWLF RSHUDWLRQV� 0RVW RI WKH 0&)&
XQLWV WKDW KDYH EHHQ GHYHORSHG DUH RYHU ���N: LQ FDSDFLW\ >��@� 0&)& DUH VXLWHG IRU ODUJH
VWDWLRQDU\ SRZHU DSSOLFDWLRQV� )XHO&HOO (QHUJ\ LV WKH PDLQ PDQXIDFWXUHU DQG LV UHVSRQVLEOH IRU
DOPRVW DOO WKH 0&)& V\VWHPV IRU VWDWLRQDU\ DSSOLFDWLRQ LQVWDOOHG WRGD\� $V VKRZQ LQ ILJXUH ���
0&)& FRQWULEXWH D YHU\ VPDOO SHUFHQWDJH LQ WKH WRWDO JOREDO IXHO FHOO FDSDFLW\ RI RYHU �����.:
>��@�

7KH PRVW VLJQLILFDQW VWHS LQ FRPPHUFLDOL]DWLRQ RI 0&)&V KDV EHHQ GXH WR WKH FROODERUDWLRQ
EHWZHHQ WKH8QLWHG 6WDWHV 'HSDUWPHQW RI (QHUJ\ �86'2(� DQG WKH FRPSDQ\ )XHO&HOO (QHUJ\�
,Q ���� WKH\ VWDUWHG WHVWLQJ DQ LQWHUQDO UHIRUPLQJ 0&)& VWDFN WKDW XOWLPDWHO\ IRUPHG WKH EDVLV
IRU WKH � 0: GHPRQVWUDWLRQ SURMHFW LQ 6DQWD &ODUD� &DOLIRUQLD LQ WKH 8QLWHG 6WDWHV EHWZHHQ
���� DQG ����� :LWK IXUWKHU ILQDQFLDO DVVLVWDQFH IURP WKH 86 '2(� )XHO&HOO (QHUJ\ ZDV DEOH
WR GHYHORS 0&)& ZLWK FDSDFLW\ RI ��0:�\HDU E\ ���� >��@� )LJXUH ��� VKRZV WKH JOREDO ULVH
LQ 0&)& V\VWHPV LV GRPLQDWHG E\ WKH 8QLWHG VWDWHV DQG 6RXWK .RUHD�

%\ WKH HQG RI ���� ZLWK WKH KHOS RI )XHO&HOO (QHUJ\� WKH QXPEHU RI LQVWDOOHG 0&)& SODQWV KDG
LQFUHDVHG WR �� LQ WKH 8QLWHG 6WDWHV ZLWK WKH WRWDO FDSDFLW\ RI ����0:� �� LQ $VLD DPRXQWLQJ
WR ���.: DQG DQ DGGLWLRQDO �� LQ (XURSH FRUUHVSRQGLQJ WR ���0: >��@� ,Q WKH ODVW GHFDGH WKH
FRPSDQ\ KDV KDG WKUHH SURGXFWV ZLWK JHQHUDWLQJ FDSDFLWLHV RI ���N:� ���0:� DQG ���0:
WKDW FDQ DFKLHYH HOHFWULF HIILFLHQF\ RI ��� >��@� )XHO&HOO (QHUJ\ KDV DOVR FROODERUDWHG ZLWK IHZ
RWKHU PDMRU FRPSDQLHV SURGXFLQJ 0&)& RYHU WKH \HDUV� )XHO &HOO (QHUJ\ 6ROXWLRQV DFTXLUHG
WKH IXHO FHOO DFWLYLWLHV RI 078 )ULHGULFKVKDIHQ )PE+ �078� LQ ���� ZKLFK ZDV D MRLQW YHQWXUH
EHWZHHQ )XHO&HOO (QHUJ\ DQG )UDXQKRIHU ,.76� 7KH\ DUH QRZ WKH PDLQ VXSSOLHUV RI 0&)& LQ



���� 6WDWXV RI 0&)& ��

)LJXUH ���� 0HJDZDWWV E\ LQVWDOOHG IXHO FHOO W\SHV LQ WKH ODVW ILYH \HDUV� )LJ IURP 5HI�>��@
�

(XURSH >��@�

)XHO&HOO (QHUJ\ DOVR IRUPHG D GLVWULEXWLRQ DQG PDQXIDFWXULQJ DJUHHPHQW ZLWK D 6RXWK .RUHDQ
&RPSDQ\ NQRZQ DV 3RVFR (QHUJ\ LQ ����� 6RXWK .RUHD LV WKH RWKHU PDLQ FHQWHU RI 0&)&
WHFKQRORJ\ DIWHU WKH 8QLWHG 6WDWHV� 3RVFR (QHUJ\ KDV FROODERUDWHG ZLWK .RUHD (OHFWULF 3RZHU
&RUSRUDWLRQ �.(3&2��ZKLFK LV WKH ODUJHVW HOHFWULF XWLOLW\ LQ WKH FRXQWU\ VLQFH ����� 7RJHWKHU
WKH\ GHYHORS DQG RSHUDWH D ��� .: 0&)& SURWRW\SH ZLWK H[WHUQDO UHIRUPHU LQ ���� >��@� 7KH
PDQXIDFWXULQJ FDSDFLW\ LQ 6RXWK .RUHD KDG UHDFKHG ���0:H SHU \HDU DQG WKH FRXQWU\ KDG
LQVWDOOHG D WRWDO RI ��� 0:H RI 0&)& SODQWV IRU VWDWLRQDU\ DSSOLFDWLRQV DW �� GLIIHUHQW FLWHV E\
���� >��@� 7KH ZRUOG¶V ODUJHVW IXHO FHOO SDUN LV LQ 6RXWK .RUHD DQG LV RSHUDWHG E\ *\HRQJJL
*UHHQ HQHUJ\ FRQVLVWV RI �� 0: 0&)& V\VWHPV IURP )XHO&HOO (QHUJ\ DQG 3RVFR (QHUJ\
FROODERUDWLRQ >��@�

(OVHZKHUH D )UHQFK FRPSDQ\� )UDQFR &HOO� LV ZRUNLQJ RQ D 0&)& V\VWHP EDVHG RQ H[WHUQDO
HWKDQRO UHIRUPDWLRQ WR SURYLGH PHWKDQH WKDW LV ZHOO VXLWHG WR IHHG D VWDQGDUG 0&)& VWDFN�
7KH\ KRSH WKDW WKHVH H[WHUQDO UHIRUPLQJ 0&)& SODQWV ZLWK JHQHUDWLQJ FDSDFLW\ RI ���0: FDQ
ILQG DSSOLFDWLRQV LQ VPDOO SRZHU SODQWV LQ )UHQFK &DULEEHDQ ,VODQGV >��@�

)XHO&HOO (QHUJ\ FRQWLQXHV WR EH WKH SULPDU\ PDQXIDFWXUHU RI WKH 0&)& WHFKQRORJ\ LQ WKH
ZRUOG WRGD\� 5HFHQWO\� )XHO&HOO (QHUJ\ KDV VKRZQ LQWHUHVW LQ WKH FDUERQ FDSWXUH FDSDELOLWLHV
RI 0&)& DQG RQ ���� WKH\ DQQRXQFHG D FROODERUDWLRQ ZLWK ([[RQ0RELO WR WHVW FDUERQ FDSWXUH
WHFKQRORJ\ RQ D SRZHU SODQW DW WKH -DPHV 0� %DUU\ (OHFWULF *HQHUDWLQJ 6WDWLRQ RSHUDWHG E\
$ODEDPD 3RZHU >��@� )XHOFHOO (QHUJ\ ZKLFK KDV KHOSHG LQVWDOO FORVH WR ���0: RI 0&)& LQ
WKH 8QLWHG 6WDWHV DLPV WR LQVWDOO DGGLWLRQDO ��� 0: E\ ���� LQ WKH VWDWH RI &RQQHFWLFXW >���@�
7KH FRPSDQ\ KDV UHFRJQL]HG WKH QHHG IRU IXUWKHU UHGXFWLRQ RI WKH WRWDO FRVW RI RZQHUVKLS�
FRQWLQXHG HGXFDWLRQ DQG DFNQRZOHGJHPHQW RI WKH YDOXH WKHLU VROXWLRQV SURYLGH DV WKH SULPDU\
FKDOOHQJHV LW IDFHV UHJDUGLQJ 0&)& V\VWHPV>��@� )XHO&HOO HQHUJ\ KDV DOVR VKRZQ LQWHUHVW LQ
WUL�JHQHUDWLRQ SODQW WKDW ZLOO SURGXFH K\GURJHQ� SRZHU DQG KHDW E\ DQQRXQFLQJ FROODERUDWLRQ
ZLWK 7R\RWD >��@�7KLV GHYHORSPHQW ZDV DSSURYHG WR SURFHHG LQ 'HFHPEHU ���� DW WKH 7R\RWDƪ
V 3RUW RI /RQJ %HDFK IDFLOLW\ LQ &DOLIRUQLD DQG KDV EHHQ EULHIO\ VXPPDUL]HG LQ VHFWLRQ ����



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

)LJXUH ���� *OREDO GHSOR\PHQW RI 0&)& LQ VWDWLRQDU\ DSSOLFDWLRQ� )LJXUH VKRZV WKH FXPXODWLYH FDSDFLW\ IURP ����
WR ����� )LJ IURP 5HI�>���@

�

)URP WKLV VHFWLRQ LW LV HYLGHQW WKDW PRVW RI WKH GHYHORSPHQWV WDNLQJ SODFH LQ WKH ILHOG RI 0&)&
KDYH EHHQ FDUULHG RXW E\ )XHO&HOO (QHUJ\� 7KH 8QLWHG 6WDWHV DQG 6RXWK .RUHD DUH WKH OHDGLQJ
JHRJUDSKLFDO UHJLRQV ZKHUH WKHVH IXHO FHOO WHFKQRORJLHV DUH GHSOR\HG�

���� $SSOLFDWLRQV RI 0&)&
$V 0&)& DUH FRPSOH[ IXHO FHOOV DQG DUH RQO\ HFRQRPLFDO ZKHQ WKH\ DUH RYHU ���.: LQ FD�
SDFLW\ ZKHQ WKH\ DUH PRUH VXLWHG IRU ODUJHU DSSOLFDWLRQV� +DYLQJ GLVFXVVHG WKH VWDWXV RI WKH
0&)&� LQ WKLV VHFWLRQ IHZ RI WKH DSSOLFDWLRQV RI 0&)& LV PHQWLRQHG�

+LJK WHPSHUDWXUH IXHO FHOOV OLNH 0&)& DUH VXLWHG IRU XVH LQ KRVSLWDOV� VFKRRO DQG RWKHU ODUJHU
FRPPHUFLDO RSHUDWLRQV ZKHUH WKH\ FDQ SURYLGH SRZHU DQG KHDW WR WKHLU FXVWRPHUV� ,Q 6RXWK
.RUHD VHYHUDO 0&)& SODQWV SURYLGH SRZHU DQG GLVWULFW KHDWLQJ WR WKH FLW\ RI +ZDVHRQJ >��@�
/DUJH 0&)& EDVHG VWDWLRQDU\ SODQWV KDYH WKH SRWHQWLDO RI UHGXFLQJ ORDG RQ WKH RXWGDWHG WUDQV�
PLVVLRQ JULG� :LWK FRQFHSW RI GLVWULEXWHG JHQHUDWLRQ� VXFK SODQWV FDQ LPSURYH WUDQVPLVVLRQ UH�
OLDELOLW\ DQG HIILFLHQF\ ZKHQ WKH SRZHU SODQWV DUH LQVWDOOHG QHDU FRQVXPHUV� ,Q (XURSH� 0&)&
DUH DOVR EHLQJ GHYHORSHG IRU PDULQH DSSOLFDWLRQV� 7KH (XURSHDQ 8QLRQ FRQWULEXWHG QHDUO\
¼�� PLOOLRQ LQWR WKH SURMHFW WLWOHG 0ROWHQ�&DUERQDWH )XHO &HOOV IRU :DWHUERXUQH $SSOLFDWLRQV
�0&�:$3� LQ ���� >��@� 7KLV SURMHFW DQDO\VHG WKH SHUIRUPDQFH RI 0&)& DPRQJ RWKHU WKLQJV
WKURXJK UHDO�OLIH DQG UHDO�VL]H WHVWV� 7KURXJK WKHVH WHVWV DQG GHPRQVWUDWLRQV WKH\ H[SORUHG
WKH IXWXUH SRWHQWLDO RI 0&)& IXHO FHOOV LQ PDULQH DSSOLFDWLRQV� 7\SLFDOO\ 0&)&V DUH JHQHUDOO\
VXLWHG IRU ODUJH VWDWLRQDU\ SRZHU JHQHUDWLRQ ZKHUH WKH\ FDQ DWWDLQ FRPELQHG HIILFLHQF\ RI RYHU
��� E\ SURGXFLQJ KHDW DQG HOHFWULF SRZHU ZKLOH UHGXFLQJ SULPDU\ IXHO FRQVXPSWLRQ DQG HPLV�
VLRQV� 'HVSLWH WKHLU KLJKO\ HIILFLHQW DSSOLFDWLRQ LQ VWDWLRQDU\ SRZHU� LWV WKHLU RSHUDWLQJ SULQFLSOH
WKHLU KDV PDGH WKHP SRSXODU IRU FDUERQ FDSWXUH VWXGLHV� 7KH FRQFHSW RI FDUERQ FDSWXUH XVLQJ
0&)& LV H[SODLQHG LQ WKH IROORZLQJ VXEVHFWLRQ�



���� $SSOLFDWLRQV RI 0&)& ��

0&)& LQ &DUERQ &DSWXUH

2QH RI WKH PRVW LPSRUWDQW FKDOOHQJHV DVVRFLDWHG ZLWK SRZHU JHQHUDWLRQ V\VWHPV WRGD\ LV WKH
UHGXFWLRQ RI JUHHQ KRXVH HPLVVLRQV� DQG LQ SDUWLFXODU ൈൔኼ HPLVVLRQV� &DUERQ GLR[LGH FDQ EH
UHGXFHG E\ LQFUHDVLQJ WKH HIILFLHQF\ RI WKH SRZHU JHQHUDWLQJ V\VWHPV� VZLWFKLQJ WR FOHDQHU
UHQHZDEOH HQHUJ\ VRXUFHV RU E\ &&86�

7KHUH DUH WKUHH PDLQ DSSURDFKHV WR FDUERQ FDSWXUH IRU LQGXVWULDO DQG SRZHU SODQW DSSOLFDWLRQV
DQG WKH\ KDYH EHHQ GHVFULEHG LQ >��@�,Q WKH ILUVW DSSURDFK� WKH SUH�FRPEXVWLRQ V\VWHPV SUR�
FHVV WKH SULPDU\ IXHO LQ D UHDFWRU� DQG VHSDUDWH VWUHDPV RI K\GURJHQ DQG ൈൔኼ LV SURGXFHG�
+\GURJHQ WKDW LV SURGXFHG LV WKHQ XVHG DV D IXHO DQG WKH ൈൔኼ SURGXFHG LV VWRUHG� 7KH VHFRQG
DSSURDFK LQYROYHV R[\�IXHO FRQVXPSWLRQ ZKHUH R[\JHQ LV XVHG LQVWHDG RI DLU IRU FRPEXVWLRQ�
7KH IOXH JDV WKDW LV SURGXFHG FRQWDLQV PDLQO\ ്ኼൔ DQG ൈൔኼ WKDW FDQ EH HDVLO\ FDSWXUHG� 7KH
WKLUG DQG ILQDO DSSURDFK LQYROYHV SRVW�FRPEXVWLRQ V\VWHPV WKDW VHSDUDWH ൈൔኼ IURP WKH IOXH
JDVHV SURGXFHG IURP WKH FRPEXVWLRQ RI SULPDU\ IXHOV LQ DLU�

*HQHUDOO\� WKH FDUERQ FDSWXUH LV DSSOLHG SRVW FRPEXVWLRQ� ,W LV EHFDXVH WKLV DSSURDFK LQYROYHV
RQO\ D IHZ PRGLILFDWLRQV LQ WKH SRZHU JHQHUDWLQJ V\VWHPV VLQFH LW FDQ EH DGDSWHG WR HDVLO\
UHWURILW LQ WKHP� 8VXDOO\ WKLV ´SDVVLYH´ PHWKRG RI SRVW FRPEXVWLRQ FDSWXUH UHTXLUH FKHPLFDO
VROYHQWV WR DEVRUE ൈൔኼ DQG WKLV PHWKRG FDQ \LHOG XS WR ��� UHPRYDO RI FDUERQ GLR[LGH >��@�
7KRXJK KLJK VHSDUDWLRQ HIILFLHQFLHV FDQ EH UHDFKHG� WKH PDMRU GUDZEDFN RI WKLV PHWKRG LV
WKDW LW LV UHVSRQVLEOH IRU FRQVLGHUDEO\ UHGXFLQJ WKH SODQW SRZHU RXWSXW DQG LWV HIILFLHQF\� 7KLV
LV EHFDXVH ODUJH DPRXQW RI HQHUJ\ LV QHHGHG WR UHJHQHUDWH WKH FKHPLFDO VROYHQWV�

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI FDUERQ FDSWXUH XVLQJ 0&)& IHG ZLWK H[WHUQDOO\ UHIRUPHG QDWXUDO JDV� )LJ
IURP 5HI�>��@

�

)URP WKH HOHFWURGH UHDFWLRQV VKRZQ LQ HTXDWLRQV ��� DQG ���� LW FDQ EH REVHUYHG WKDW LQ D
0&)& V\VWHP FDUERQ GLR[LGH LV WUDQVIHUUHG IURP FDWKRGH WR DQRGH VLGH� )URP WKH FHOO UHDFWLRQ
LQ HTXDWLRQ ��� LW LV DOVR VHHQ WKDW IRU HDFK PROH RI K\GURJHQ UHDFWLQJ LQ D FHOO� D PROH RI ൈൔኼ
PRYHV IURP FDWKRGH WR DQRGH� ,Q FRQVLGHULQJ WKH XVH RI 0&)& LQ FDUERQ FDSWXUH� WKH LGHD LV
WR IHHG WKH FDWKRGH RI WKH 0&)& ZLWK H[KDXVW JDV IURP FRQYHQWLRQDO SRZHU SODQW RSHUDWLQJ
ZLWK IRVVLO IXHOV WR ILOWHU RXW WKH ൈൔኼ FRQWHQW� ,Q WKLV FDVH WKH 0&)& LV WKH ´DFWLYH´ FRPSRQHQW
DV LW DGGV SRZHU WR WKH SODQW HQHUJ\ EDODQFH ZKLOH DFWLQJ DV D ൈൔኼ FRQFHQWUDWRU >��@� )LJXUH



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

��� VKRZV WKH PRYHPHQW RI JDVHV DQG WKH FDUERQDWH LRQV LQ D 0&)& WKDW LV IHG ZLWK H[WHUQDOO\
UHIRUPHG QDWXUDO JDV� 7KH FRQFHQWUDWLRQ RI ൈൔኼ WDNHV SODFH LQ WKH DQRGH RII�JDV IURP ZKHUH LW
FDQ EH VHSDUDWHG� 7KH RYHUDOO HQHUJ\ EDODQFH IRU WKH ൈൔኼ WUDQVIHU LV SRVLWLYH VLQFH WKH IXHO FHOO
SURGXFHV DGGLWLRQDO ´ൈൔኼ�IUHH´ SRZHU >��@� 0RUHRYHU� WKH VSHFLILF HPLVVLRQV ൩൦ፂፎᎴ�൒൜߶፞፥ LV
DOVR UHGXFHG LQ FRPSDULVRQ WR SDVVLYH PHWKRGV WKDW XVH FKHPLFDO VROYHQWV�

$V WKH ൈൔኼ LV VXSSOLHG E\ WKH H[KDXVW IURP D FRQYHQWLRQDO FRPEXVWLRQ SURFHVV� WKH FRQFHQ�
WUDWLRQ RI ൈൔኼ DW WKH FDWKRGH SOD\V DQ LPSRUWDQW UROH LQ WKH SHUIRUPDQFH RI WKH IXHO FHOO� ,W LV
VKRZQ LQ HTXDWLRQ ��� WKDW ൔኼ DQG ൈൔኼ DUH QHHGHG IRU WKH FDWKRGH UHDFWLRQ WR RFFXU� ,I WKH
FRQFHQWUDWLRQV RI ൈൔኼ DQG ൔኼ SUHVHQW LQ WKH H[KDXVW JDV VWUHDP HQWHULQJ WKH FDWKRGH LV WRR
ORZ� LW FRXOG DIIHFW WKH IXHO FHOO SHUIRUPDQFH QHJDWLYHO\� ,W VKRXOG EH DOVR QRWHG WKDW 0&)&
FDQQRW VHSDUDWH DOO RI WKH ൈൔኼ HQWHULQJ WKH FDWKRGH� QHLWKHU FDQ LW R[LGL]H DOO WKH IXHO HQWHULQJ
WKH FHOO� 7KHUHIRUH� ZKHQ RSHUDWLQJ 0&)& LQ FDUERQ FDSWXUH DQG VWRUDJH DSSOLFDWLRQV WKH RS�
HUDWLQJ FRQGLWLRQV DQG SHUIRUPDQFH LV GHWHUPLQHG E\ WKH WUDGH RII EHWZHHQ 0&)& RXWSXW DQG
ൈൔኼ VHSDUDWHG� :KLOH D KLJK ൈൔኼ VHSDUDWLRQ HIILFLHQF\ RI RYHU ��� GXH WR VWUXFWXUDO ZRUNLQJ
IHDWXUHV FDQ EH REWDLQHG� LW LV QRW FRPSDUDEOH ZLWK WKH SDVVLYH DSSURDFK RI VHSDUDWLRQ XVLQJ
FKHPLFDO VROYHQWV� $QRWKHU LVVXH ZLWK VXFK V\VWHPV LV WKDW ZKLOH ൈൔኼ LV FRQFHQWUDWHG DW WKH
DQRGH� VLJQLILFDQW IUDFWLRQV RI UHVLGXDO &2 DQG ്ኼ RU RWKHU XQEXUQHG JDVHV DUH VWLOO SUHVHQW
WKDW QHHGV WR EH UHPRYHG IURP WKH DQRGLF RII�JDV ULFK LQ ൈൔኼ �

'HVSLWH WKH IHZ GUDZEDFNV WKH DGYDQWDJHV RIIHUHG LQ WHUPV RI DGGHG SRZHU RXWSXW� LQFUHDVHG
HIILFLHQF\ DQG WKH DELOLW\ RI 0&)& WR EH DSSOLHG WR H[LVWLQJ SODQWV� WKH SRVVLELOLW\ RI XVLQJ
0&)& V\VWHPV LQ FDUERQ FDSWXUH KDV EHHQ UHYLHZHG E\ IHZ DXWKRU RYHU WKH \HDUV� $PRUHOOL
HW DO� VWXGLHG K\EULGL]HG V\VWHPV IRU ൈൔኼ XVLQJ 0&)& V\VWHPV GHYHORSHG E\ $QVDOGR )XHO
&HOO 6�S�$� ZLWK %ULWLVK 3HWURO >�@� 7KH +\EULG V\VWHP FRPELQHG 0&)& WHFKQRORJ\ ZLWK D FRQ�
YHQWLRQDO JDV WXUELQH� 7KH\ IHG WKH ൈൔኼ DQG WKH UHPDLQLQJ R[\JHQ LQ WKH RII JDV IURP WKH IRVVLO
IXHO SODQW WR WKH FDWKRGH RI WKH IXHO FHOOV� 7KLV UHVXOWHG LQ DGGLWLRQDO SRZHU DW KLJK HIILFLHQF\
IURP WKH K\EULG V\VWHP LQVWHDG RI GHFUHDVHG HIILFLHQF\ DQG SRZHU LI D H[LVWLQJ SDVVLYH FDUERQ
FDSWXUH WHFKQRORJ\ ZDV XVHG� 7KH\ ZHUH DEOH WR VKRZ D ��� UHGXFWLRQ RI ൈൔኼ HPLVVLRQ SHU
.:K SURGXFHG DW �� YRO ൈൔኼ LQ WKH FDWKRGH LQSXW� $W OHYHOV RI ൈൔኼ EHORZ �� E\ YROXPH� SRZHU
GHQVLW\ IHOO DZD\ GUDPDWLFDOO\ UHVXOWLQJ LQ QHJDWLYH RYHUDOO SHUIRUPDQFH >�@� ,Q WKHLU ZRUN� 'H�
VFHSROL HW DO� UHYLHZHG FDUERQ FDSWXUH ZLWK 0&)& ZLWK H[SHULPHQWDO WHVWV DQG SHUIRUPDQFH
DVVHVPHQWV DQG IRXQG WKDW WKH 0&)& LV VWURQJO\ DIIHFWHG E\ FDWKRGLF FDUERQ GLR[LGH FRQ�
FHQWUDWLRQ >��@� 7KH\ REVHUYHG WKDW YROWDJH GURSV JUDGXDOO\ XQWLO D FHUWDLQ WKUHVKROG ������
DIWHU ZKLFK D VKDUS GURS LQ YROWDJH RFFXUV� 7KH\ ZHUH DOVR DEOH WR VKRZ D PD[LPXP RI ���
ൈൔኼ ZLWK WKHLU V\VWHP� 7KH ZRUN RI &DPSDQDUL HW DO� SURSRVHG D QDWXUDO JDV FRPELQHG F\FOH
ZLWK D 0&)& SODFHG EHWZHHQ WKH JDV WXUELQH DQG WKH KHDW UHFRYHU\ XQLW� 7KH\ VKRZHG WKH
SRVVLELOLW\ RI ൈൔኼ UHGXFWLRQ EHWZHHQ ��� WR ��� DQG LQFUHDVHG SRZHU RXWSXW RI XS WR ��� E\
RSHUDWLQJ WKHLU V\VWHP LQ GLIIHUHQW FRQILJXUDWLRQV >��@� 6LPLODUO\� 'HVLGHUL HW DO� VWXGLHG 0&)&
EDVHG ൈൔኼ FDSWXUH V\VWHPV IRU VPDOO VFDOH &+3 SODQWV DQG ZHUH DEOH WR DFKLHYH D ��� ൈൔኼ
UHPRYDO HIILFLHQF\� ZLWK D ൈൔኼ SXULW\ RI ����� IURP D &+3 SODQW RSHUDWLQJ DW DQ RYHUDOO ���
HIILFLHQF\ �HOHFWULF DQG WKHUPDO FRPELQHG� >��@�

7KHVH VWXGLHV KDYH RIIHUHG D IHZ SRVVLELOLWLHV RI XWLOL]LQJ 0&)& LQ FDUERQ FDSWXUH DSSOLFDWLRQV
EXW PRUH UHVHDUFK LV QHHGHG LQ WKLV ILHOG� :KLOH WKH ൈൔኼ FRQFHQWUDWLRQ LV SRVVLEOH DW WKH DQRGH�
WKHUH QHHGV WR EH D EHWWHU XQGHUVWDQGLQJ RI ORZHU ൈൔኼ WROHUDQFH OLPLW LQ WKH FDWKRGH LQSXW�
%HWWHU XQGHUVWDQGLQJ RI RWKHU IDFWRUV VXFK DV WKH HIIHFWV RI IXHO XWLOL]DWLRQ� ORDGV� FHOO GHVLJQV�
IORZ UDWHV QHHG WR EH IXUWKHU H[DPLQHG� $GGLWLRQDOO\� WKH GUDZEDFNV DVVRFLDWHG ZLWK WKHVH
V\VWHPV QHHG WR EH IXUWKHU HYDOXDWHG WR GHWHUPLQH WKHLU FRPSHWLWLYHQHVV DJDLQVW RWKHU FDUERQ
FDSWXUH PHWKRGV�



���� &RPSDULVRQ EHWZHHQ 0&)& DQG 62)& ��

���� &RPSDULVRQ EHWZHHQ 0&)& DQG 62)&
-XVW OLNH WKH PROWHQ FDUERQDWH IXHO FHOOV� VROLG R[LGH IXHO FHOOV DUH HOHFWURFKHPLFDO GHYLFHV
WKDW RSHUDWH DW KLJK WHPSHUDWXUH WR FRQYHUW FKHPLFDO HQHUJ\ RI WKH IXHO GLUHFWO\ LQWR HOHFWUL�
FDO HQHUJ\� %RWK WKHVH IXHO FHOOV KDYH EHHQ FRQVLGHUHG IRU XVH LQ VLPLODU DSSOLFDWLRQV OLNH LQ
VWDWLRQDU\ SRZHU JHQHUDWLRQ DQG W\SLFDOO\ GLVWULEXWHG FRJHQHUDWLRQ V\VWHPV ZKHUH ZDVWH KHDW
IURP WKHVH V\VWHPV LV XWLOL]HG DV ZHOO� 6LQFH WKH WHFKQLFDO IHDVLELOLW\ FKDSWHU RI WKLV WKHVLV LV
EDVHG RQ D SDSHU SULPDULO\ RQ 62)&� LQ WKLV VHFWLRQ WKH FRPSDULVRQ EHWZHHQ WKH WZR IXHO FHOOV
KDV EHHQ SUHVHQWHG�

7KH PDLQ GLIIHUHQFH EHWZHHQ WKH WZR IXHO FHOOV LV LQ WKH RSHUDWLQJ SULQFLSOH� 7KH ZRUNLQJ RI
0&)& V\VWHPV LV VKRZQ LQ VHFWLRQ ���� 7KH 62)& RSHUDWHV DW PXFK KLJKHU WHPSHUDWXUHV WKDQ
0&)&� )RU HIILFLHQW HQHUJ\ FRQYHUVLRQ WKH 62)& XVXDOO\ RSHUDWHV LQ WKH WHPSHUDWXUH UDQJH
EHWZHHQ &ࣅ��� WR �&ࣅ���� 7\SLFDOO\ WKHVH IXHO FHOOV FRQWDLQ DQ R[\JHQ LRQ FRQGXFWLQJ FHUDPLF
HOHFWURO\WH PHPEUDQH XVXDOO\ FRPSRVHG RI ൷ኼൔኽ�VWDELOL]HG ൟ൰ൔኼ �<6=� ILOPV� 7KH HOHFWURGHV
LQ WKHVH IXHO FHOOV DUH XVXDOO\ FRPSULVH RI D SHURYVNLWH FDWKRGH� DQG D QLFNHO FHUPHW DQRGH�
7KH UHDFWLRQV WDNLQJ SODFH LQ WKH 62)& DUH DV IROORZV

$QRGH UHDFWLRQ�

ൔኼዅ � ്ኼ ࠿ ്ኼൔ � �൤ዅ �����

��ൔኼዅ � ൈ്ኾ ࠿ �്ኼൔ � ൈൔኼ � �൤ዅ� �����

�ൈൔ � ൔኼዅ ࠿ ൈൔኼ � �൤ዅ� �����

&DWKRGH UHDFWLRQ�

�
�
ൔኼ � �൤ዅ ࠿ ൔኼዅ ������

&HOO UHDFWLRQ�

്ኼ �
�
�
ൔኼ ࠿ ്ኼൔ ������

,Q WKH 62)&V� WKH XVHIXO HOHFWURFKHPLFDO GULYLQJ IRUFH LV SURYLGHG E\ WKH UHGXFLQJ QDWXUH RI WKH
IXHO IHG WR WKH DQRGH� 7KH IXHO R[LGDWLRQ RFFXUV DW WKH DQRGH�HOHFWURO\WH LQWHUIDFH DV VKRZQ
E\ UHDFWLRQV ���� ��� DQG ���� 7KH DQRGH WUDQVIHUV WKH R[\JHQ LRQV WR WKH DFWLYH FDWDO\WLF
VLWHV DQG UHOHDVHV WKH HOHFWURQV LQWR WKH H[WHUQDO FLUFXLW� 7KH FDWKRGH RSHUDWHV LQ DQ R[LGL]LQJ
HQYLURQPHQW� LQ SUHVHQFH RI DLU RU R[\JHQ DW YHU\ KLJK WHPSHUDWXUHV RI XS WR &ࣅ���� >��@�
(OHFWURFKHPLFDO UHGXFWLRQ RI R[\JHQ WR R[LGH LRQV RFFXUV E\ FRQVXPSWLRQ RI WZR HOHFWURQV DV
VKRZQ LQ HTXDWLRQ ����� 7KHVH LRQV IRUPHG E\ UHGXFWLRQ DUH DEVRUEHG LQWR WKH HOHFWURO\WH
WKURXJK R[\JHQ YDFDQFLHV ZKLFK KHOSV WKHP WUDYHO WR WKH DQRGH� 7KH RYHUDOO FHOO UHDFWLRQ LV
VKRZQ LQ HTXDWLRQ ����� 7KH HOHFWURO\WH <6= LV DQ LRQLF FRQGXFWRU DQG HOHFWURQLF LQVXODWRU� 7R
DFKLHYH JRRG FHOO SHUIRUPDQFH WKH HOHFWURO\WH LV NHSW IUHH RI SRURVLW\ WR DYRLG JDV SHUPHDWLRQ�
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LV WKLQ DQG XQLIRUP DV SRVVLEOH WR PLQLPL]H 2KPLF ORVVHV� DQG LWV LRQ WUDQVSRUW QXPEHU LV NHSW
FORVH WR XQLW\� ZKLOH WKH WUDQVSRUW QXPEHU RI HOHFWURQV LV FORVH WR ]HUR� 2SHUDWLQJ WKH 62)&
DW KLJK WHPSHUDWXUH DOVR LPSURYHV WKH UHDFWLRQ NLQHWLFV DQG UHGXFHV WKH QHHG IRU H[SHQVLYH
FDWDO\VWV� $GGLWLRQDOO\� E\ RSHUDWLQJ DW KLJK WHPSHUDWXUHV 62)& V\VWHPV FDQ WROHUDWH LPSXUL�
WLHV� 6XOIXU WROHUDQFHV LQ 62)& FDQ EH XS WR WZR RUGHUV RI PDJQLWXGHV KLJKHU WKDQ DQ\ RWKHU
IXHO FHOOV GXH WR WKHLU KLJK RSHUDWLQJ WHPSHUDWXUHV >���@�

0ROWHQ &DUERQDWH )XHO &HOOV �0&)&� 6ROLG 2[LGH )XHO &HOOV �62)&�

7HPSHUDWXUH ��� ࢿ &ࣅ��� ��� ࢿ &ࣅ����

&KDUJH &DUULHUV ൈൔኼዅኽ ൔኼዅ

(OHFWURO\WH /LTXLG 0ROWHQ &DUERQDWH� �൑൧� ൐� ൓ൠ�ኼൈൔኽ 6ROLG &HUDPLFV� ൟ൰ኺ�ዃኼ൞ኺ�ዂൔኼ

(OHFWULFDO (IILFLHQF\ ������ �5HI� >��@� ��� �5HI�>��@�

)XHO 2IIHUV IXHO IOH[LEOLW\� H�J� ്ኼ� &2 DQG ൈ്ኾ 2IIHUV IXHO IOH[LEOLW\� H�J� ്ኼ� &2 DQG ൈ്ኾ

&DWDO\VW 1LFNOH 1LFNOH� 3HURYVNLWHV

5HIRUPHU LQWHUQDO RU H[WHUQDO LQWHUQDO RU H[WHUQDO

7\SLFDO 2SHUDWLQJ 9ROWDJH ���9 �5HI�>���@� ���9 �5HI�>���@�

6WDWXV RI GHYHORSPHQW ���0:� XS WR ���0: ZKHQ PRGXOHV FRPELQHG �5HI�>��@� XS WR ���.: LQ GHPRQVWUDWLRQV �5HI� >��@�

(VWLPDWHG /LIHWLPH ���������K �5HI�>��@� ����K 5HI�>��@�

7DEOH ���� &RPSDULVRQ EHWZHHQ 0&)& DQG 62)&�

7KH PDLQ SRLQWV RI FRPSDULVRQV EHWZHHQ WKH WZR IXHO FHOOV KDYH EHHQ SUHVHQWHG LQ WDEOH ����
$V ERWK WKHVH IXHOV RSHUDWH DW KLJK WHPSHUDWXUHV� VWDUW XS WLPH LV ORQJ WKHUHIRUH WKH\ DUH
ERWK XVXDOO\ VXLWHG IRU VWDWLRQDU\ SRZHU JHQHUDWLRQ DSSOLFDWLRQV� -XVW OLNH WKH 0&)& WKH FRVW
RI SURGXFWLRQ FDQ EH ORZHUHG DV WKH\ GR QRW QHHG H[SHQVLYH FDWDO\VWV OLNH SODWLQXP� )XHO
IOH[LELOLW\ DQG WKH RSWLRQ RI LQWHUQDO RU H[WHUQDO UHIRUPLQJ LV DYDLODEOH WR ERWK WKHVH V\VWHPV DV
WKH\ RSHUDWH DW KLJK WHPSHUDWXUHV� :KHQ XVHG LQ FRJHQHUDWLRQ DSSOLFDWLRQV ERWK WKHVH IXHO
FHOO V\VWHPV DUH FDSDEOH RI UHDFKLQJ RYHUDOO HIILFLHQFLHV RI RYHU ����

$V 62)&V RSHUDWH ZLWK D VROLG HOHFWURO\WH� WKH\ GR QRW GHDO ZLWK WKH FRPSOLFDWLRQV DULVLQJ IURP
ZRUNLQJ ZLWK D OLTXLG HOHFWURO\WH OLNH WKH 0&)&V� 7KH SULPDU\ GUDZEDFN RI PROWHQ FDUERQDWH
IXHO FHOOV LV LWV GXUDELOLW\� +LJK ZRUNLQJ WHPSHUDWXUH DORQJ ZLWK WKH XVH RI D FRUURVLYH OLTXLG
HOHFWURO\WH FDQ UHVXOW LQ HOHFWURO\WH OHDNDJH� FRPSRQHQW EUHDNGRZQ� DQG FRUURVLRQ� UHVXOWLQJ
LQ GHFUHDVHG FHOO OLIH� :KLOH WKH 62)& GRHV QRW GHDO ZLWK LVVXHV UHODWHG WR OLTXLG HOHFWURO\WH�
RSHUDWLQJ DW H[WUHPHO\ KLJK WHPSHUDWXUH VWLOO SRVHV SUREOHPV VXFK DV PDWHULDO LQFRPSDWLELOLWLHV
WKDW FRXOG EH WKHUPDO RU FKHPLFDO� FRUURVLRQ DQG FUDFNLQJ� $GGLWLRQDOO\� WKHUPDO VKLHOGLQJ LV
QHHGHG WR SUHYHQW KHDW ORVV IURP WKH V\VWHP DQG UHWDLQ WKH H[WUHPHO\ KLJK ZRUNLQJ WHPSHUD�
WXUHV UHTXLUHG E\ WKH 62)&V�

6XOSKXU SRLVRQLQJ LV DQ LVVXH LQ ERWK WKHVH IXHO FHOOV� $OWKRXJK 0&)& V\VWHPV DUH PRUH UH�
VLVWDQW WR LPSXULWLHV WKDQ PRVW RWKHU IXHO FHOOV� WKH\ DUH KLJKO\ VXVFHSWLEOH WR VXOSKXU SRLVRQLQJ�
,Q WKHVH IXHO FHOOV K\GURJHQ VXOSKLGH FDQ LQWHUDFW ZLWK DQRGH DQG QHJDWLYHO\ HIIHFW WKH IXHO FHOO
SHUIRUPDQFH HYHQ LI RQO\ ���SSP RI LW LV IRXQG LQ WKH DQRGH IXHO JDV >��@� 0RUHRYHU� UHFLU�
FXODWLRQ RI DQRGH RII JDV FDXVHV VXOSKXU SRLVRQLQJ E\ ൘ൔኼ DV DQ\ ്ኼ൘ SUHVHQW LQ WKH DQRGH
H[KDXVW JDV LV R[LGL]HG WR ൘ൔኼ EHIRUH HQWHULQJ WKH FDWKRGH� 62)&V RQ WKH RWKHU KDQG KDYH D
VOLJKWO\ EHWWHU ORZHU WKUHVKROG RI �SSP >���@� $W YHU\ ORZ FRQFHQWUDWLRQV� WKH DGVRUSWLRQ RI VXO�
IXU RQ QLFNOH LV UHYHUVLEOH DQG FDQ EH WROHUDWHG E\ WKH 62)& LI LW LV IRXQG LQ WKH IHHG JDV� 7KLV
LV HVSHFLDOO\ WUXH DW KLJKHU RSHUDWLQJ WHPSHUDWXUHV DV WKH FDWDO\VW DQG DQRGH WROHUDQFH WR VXO�
SKXU LQFUHDVHV ZLWK LQFUHDVLQJ WHPSHUDWXUHV� +RZHYHU� DW KLJKHU FRQFHQWUDWLRQV LUUHYHUVLEOH
VXOILGDWLRQ SURFHVV FDQ RFFXU RQ WKH DQRGH RU WKH FDWDO\VW DQG KLQGHU WKH FHOO SHUIRUPDQFH
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6ROLG R[LGH IXHO FHOOV FDQ KDYH PXOWLSOH JHRPHWULHV� ZKLFK LV QRW WKH FDVH ZLWK PRVW RWKHU
IXHO FHOOV� LQFOXGLQJ 0&)&� 7KHUH DUH WZR PDLQ JHRPHWULHV RI 62)& WRGD\ FRPPRQO\ IRXQG LQ
WHVWLQJ GHYLFHV� �L� 3ODQHU� ,Q WKLV GHVLJQ WKH FRPSRQHQWV DUH DVVHPEOHG LQ IODW VWDFNV ZLWK IXHO
DQG DLU IORZLQJ WKURXJK WKH XQLW YLD FKDQQHOV EXLOW LQ WR WKH DQRGH DQG WKH FDWKRGH� �LL� 7XEXODU�
,Q WKLV GHVLJQ WKH DLU LV VXSSOLHG WR WKH LQVLGH RI D VROLG R[LGH WXEH ZKLOH WKH IXHO LV VXSSOLHG
WR WKH RXWVLGH� $ WXEXODU 62)& FHOO XVXDOO\ FRQVLVWV RI ORQJ SRURXV <6= FHUDPLF WXEH DFWLQJ
DV D VXEVWUDWH� 7KH LQVLGH RI WKH WXEH LV XVXDOO\ VHDOHG DW RQH HQG DQG WKH FHOO FRPSRQHQWV�
FDWKRGH� HOHFWURO\WHV DQG DQRGH DUH GHSRVLWHG LQ OD\HUV DURXQG WKH RXWHU VXUIDFH RI WKH WXEH�
,W KDV EHHQ QRWHG WKDW WXEXODU FHOOV H[SHULHQFHV ORZHU VWUHVVHV DPRQJ WKH WZR FRQILJXUDWLRQV
>��@� 7KLV VXJJHVWV WKDW VPDUWHU GHVLJQV FDQ DOOHYLDWH SRVVLEOH VWUHVVHV ZKLFK FDQ EH D PDMRU
LVVXH LQ WKHVH FHOOV�

7KH 0&)&V DQG WKH 62)&V V\VWHPV KDYH GLIIHUHQW FKDUJH FDUULHV� LQ D 0&)& WKH FKDUJH
FDUULHUV DUH WKH FDUERQDWH LRQV DQG LQ D 62)& WKH\ DUH WKH R[LGH LRQV� $V 0&)&V UHTXLUH ൈൔኼ
WR EH FRQVWDQWO\ VXSSOLHG DW WKH FDWKRGH DORQJ ZLWK R[\JHQ� WKH\ WHQG WR EH PRUH FRPSOLFDWHG�
,Q VXFK IXHO FHOOV D SDUW RI WKH DQRGH H[KDXVW LV UHFLUFXODWHG WR EH PL[HG ZLWK WKH FDWKRGH JDV
LQSXW WR PDLQWDLQ WKH ൈൔኼ OHYHOV UHTXLUHG IRU WKH RSWLPXP IXQFWLRQLQJ RI WKH IXHO FHOOV� 7KLV QRW
RQO\ FRQWULEXWH WR WKH FRPSOH[LW\ LQ WHUPV RI DGGLQJ WR WKH SK\VLFDO V\VWHP EXW DOVR FRQWULEXWH
WR VXOIXU SRLVRQLQJ WKURXJK ൘ൔኼ� 7KHVH SUREOHPV DUH QRW SUHVHQW LQ WKH 62)& V\VWHPV DV WKH
FDWKRGH UHDFWLRQ RQO\ UHTXLUHV R[\JHQ�

-XVW OLNH ZLWK WKH0&)& WHFKQRORJ\� IRU WKH 62)& WR EH HFRQRPLFDOO\ FRPSHWLWLYH LQ ZLGHVSUHDG
DSSOLFDWLRQV� WKHUH LV D QHHG IRU IXUWKHU UHGXFWLRQ LQ PDWHULDOV DQG V\VWHP IDEULFDWLRQ FRVWV�
&XUUHQWO\ LW LV WKH VHFRQG PRVW SRSXODU IXHO FHOO EHKLQG 3(0)& ZLWK ������ XQLWV VROG LQ ����
>��@� $OWHUQDWH PDWHULDOV DV ZHOO DV GHVLJQV DUH EHLQJ FRQVLGHUHG DQG UHVHDUFK LQ WKHVH ILHOGV
DUH EHLQJ FDUULHG RXW WR UHGXFH FRVW DQG LPSURYH SHUIRUPDQFH� 'HYHORSPHQWV DUH DOVR EHLQJ
FRQVLGHUHG IRU RSHUDWLQJ 62)& DW ORZHU WHPSHUDWXUHV EHWZHHQ ���� ࢿ �&ࣅ��� LQ WKH UHFHQW
\HDUV >���@� 7KLV FRXOG VXSSRUW EHWWHU WKHUPDO LQWHJUDWLRQ ZLWK IXHO UHIRUPHUV DQG VXOIXU UH�
PRYDO V\VWHPV� ORZHU KHDW ORVV� UHGXFH VWDUW XS WLPH DQG WKHUPDO VWUHVV DPRQJ RWKHU DGYDQ�
WDJHV�

���� &RJHQHUDWLRQ�WULJHQHUDWLRQ XVLQJ ,5�)&
,Q WKH FDVH RI FRQYHQWLRQDO SRZHU SODQWV� WKH KHDW WKDW LV SURGXFHG LV RIWHQ QRW XWLOL]HG� 7KHVH
HQHUJ\ JHQHUDWLQJ V\VWHPV SURGXFH KHDW DV D E\SURGXFW ZKLOH SURGXFLQJ HOHFWULFLW\ JHQHU�
DOO\ IURP FRPEXVWLRQ RI D IXHO� 7KH H[KDXVW JDVHV FDUU\LQJ WKLV ´ZDVWH´ KHDW HQHUJ\ ZRXOG
WUDGLWLRQDOO\ EH GLVSRVHG LQWR WKH HQYLURQPHQW ZKLOH FRQWULEXWLQJ WR ORZHU IXHO HIILFLHQF\� 7KH
HOHFWULFLW\ SURGXFWLRQ HIILFLHQF\ RI VXFK SODQWV LV ORZ DQG LQ WKH 1HWKHUODQGV LW ZDV IRXQG WR EH
DURXQG ��� >��@� 7KHUHIRUH� WKHUH LV D QHHG WR GHFUHDVH WKH H[HUJ\ ORVV ZKLOH LQFUHDVLQJ WKH
HIILFLHQF\ WR PDNH WKH V\VWHP PRUH VXVWDLQDEOH�

&RJHQHUDWLRQ LV IRXQG WR LQFUHDVH WKH HQHUJ\ FRQYHUVLRQ HIILFLHQF\ E\ XVLQJ KHDW WKDW ZRXOG
EH RWKHUZLVH ORVW WR WKH HQYLURQPHQW >��@� &RJHQHUDWLRQ SULQFLSOH LV ZLGHO\ XWLOL]HG LQ KHDW DQG
SRZHU DSSOLFDWLRQV� 7KURXJK FRJHQHUDWLRQ SUDFWLFHV VRPH RI WKH KHDW FDQ EH UHFRYHUHG WR EH
XVHG IRU JHQHUDO KHDWLQJ DSSOLFDWLRQV� SURGXFLQJ HOHFWULFLW\� RU LQ RWKHU DSSOLFDWLRQV WKDW PD\
UHTXLUH DGGLWLRQDO KHDW HQHUJ\� 7KLV DSSURDFK UHVXOWV LQ KLJKHU IXHO HIILFLHQF\� WKXV UHGXFLQJ
FRVW RI RSHUDWLRQ DQG LPSDFW RQ WKH HQYLURQPHQW�



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

,Q WKH ODWH ����V DQG HDUO\ ����V LQWHUHVW LQ FRJHQHUDWLRQ JUHZ DV WKH QHHG IRU WKH FRQVHU�
YDWLRQ RI HQHUJ\ UHVRXUFHV EHFDPH REYLRXV >���@� ,Q WKH 8QLWHG 6WDWHV WKH 3XEOLF 8WLOLWLHV
5HJXODWRU\ 3ROLF\ $FW WKDW ZDV SDVVHG LQ ���� HQFRXUDJHG WKH FRJHQHUDWRUV WR FRQQHFW ZLWK
WKH XWLOLW\ QHWZRUN WR SXUFKDVH DQG VHOO HOHFWULFLW\� ,Q (XURSH� LQGLYLGXDO FRXQWULHV ZKHUH WKH
IXHO FRVWV DUH KLJKHU� FRJHQHUDWLRQ LV HQFRXUDJHG� ,Q 'HQPDUN IRU H[DPSOH� ����� RI DOO HOHF�
WULFLW\ LV SURGXFHG E\ FRJHQHUDWLRQ ZLWK IXWXUH HQHUJ\ SURMHFWV UHTXLULQJ WKH XVH RI VRPH IRUP
RI DOWHUQDWH HQHUJ\ RU FRJHQHUDWLRQ WHFKQRORJ\ >���@� ,Q ,WDO\� ORZ�LQWHUHVW ORDQV IRU EXLOGLQJ
QHZ FRJHQHUDWLRQ IDFLOLWLHV WKDW FDQ FRYHU XSWR ��� RI WKH FRVW RI FRQVWUXFWLRQ DUH DYDLODEOH
>���@�

)LJXUH ���� 7UHQGV LQ WKH UHVHDUFK SXEOLFDWLRQV EDVHG RQ WKH XVH RI IXHO FHOOV LQ &+3 DSSOLFDWLRQV LQ WKH ODVW
GHFDGH� 5HI� >���@�

7KH DSSOLFDWLRQV RI FRJHQHUDWLRQ DUH W\SLFDOO\ DVVRFLDWHG ZLWK FRPELQHG KHDW DQG SRZHU SODQWV
�&+3� SODQWV� %\ ����� WKH 8QLWHG 6WDWHV KDG ��� IXHO FHOO V\VWHPV ZLWK FDSDFLWLHV RI � WR
����.:� WKDW ZHUH FRQILJXUHG IRU &+3 DSSOLFDWLRQV >��@� 7KH JUDSK VKRZQ LQ LQ )LJ� ��� VKRZV
WKDW LQ WKH &+3 DSSOLFDWLRQV EDVHG RQ IXHO FHOOV� 3(0 IXHO FHOO DQG 62)& DUH VLJQLILFDQWO\ PRUH
UHVHDUFKHG WKDQ WKH RWKHU W\SHV RI IXHO FHOOV� $OPRVW ��� RI DOO IXHO FHOO WHFKQRORJ\ HPSOR\HG
LQ &+3 DSSOLFDWLRQV LV EDVHG RQ 3(0 IXHO FHOOV >��@�7KLV LV GXH WR H[WHQVLYH UHVHDUFK� EHVLGHV
KLJK HIILFLHQF\ DQG GXUDELOLW\� ZKLFK KDV UHVXOWHG LQ UHGXFWLRQ LQ FRVW RI WKHVH IXHO FHOOV� ,W LV
SRVVLEOH WR H[SDQG WKH FRQFHSW RI FRJHQHUDWLRQ LQWR WUL�JHQHUDWLRQ V\VWHPV �WKUHH RXWSXWV� RU
SRO\JHQHUDWLRQ V\VWHPV �WKUHH RU PRUH RXWSXWV�� (VVHQWLDOO\ WUL�JHQHUDWLRQ V\VWHP LV D SRO\�
JHQHUDWLRQ V\VWHP IRU SRZHU� KHDWLQJ DQG FRROLQJ� +RZHYHU� LW LV DOVR SRVVLEOH WR REWDLQ D IXHO
OLNH K\GURJHQ DORQJ ZLWK SRZHU DQG KHDWLQJ IURP SRO\JHQHUDWLRQ V\VWHPV IRU ZKLFK KLJK WHP�
SHUDWXUH IXHO FHOOV DUH VXLWDEOH� )LJXUH ��� VKRZV WKH FODVVLILFDWLRQ RI HQHUJ\ V\VWHPV EDVHG
RQ WKH QXPEHU RI XVHIXO HQHUJ\ RXWSXWV DORQJ ZLWK WKHLU HIILFLHQFLHV�

+LJK WHPSHUDWXUH IXHO FHOOV FDQ UXQ GLUHFWO\ RQ QDWXUDO JDV DQG XWLOL]H WKH KHDW WKDW ZRXOG EH
RWKHUZLVH ZDVWHG WR FRQYHUW QDWXUDO JDV LQWR K\GURJHQ LQWHUQDOO\� 7KLV LV DQ H[DPSOH RI SRO\�
JHQHUDWLRQ� DV LQ WKLV FDVH� HOHFWULF SRZHU� K\GURJHQ DQG KHDW LV SURGXFHG� 7KH FRQYHUVLRQ RI
QDWXUDO JDV LQWR K\GURJHQ ZLWKLQ KLJK WHPSHUDWXUH IXHO FHOOV LV FDUULHG RXW E\ DQ HQGRWKHUPLF
UHDFWLRQ NQRZQ DV WKH ¶VWHDP PHWKDQH UHIRUPLQJ¶� VLPLODU WR WKH RQH PHQWLRQHG HDUOLHU >��@�

ൈ്ኾ � �്ኼൔ ࡿ ൈൔኼ � �്ኼ ������



���� &RJHQHUDWLRQ�WULJHQHUDWLRQ XVLQJ ,5�)& ��

)LJXUH ���� &ODVVLILFDWLRQ RI (QHUJ\ 6\VWHPV DQG WKHLU (IILFLHQFLHV
�

7KH K\GURJHQ SURGXFHG LQ WKLV UHDFWLRQ LV WKHQ XWLOL]HG LQ WKH HOHFWURFKHPLFDO UHDFWLRQV LQ
WKH IXHO FHOO WR SURGXFH KHDW DQG HOHFWULFLW\� $ SDUW RI WKLV KHDW LV XWLOL]HG LQ WKH HQGRWKHUPLF
UHIRUPLQJ UHDFWLRQ PHQWLRQHG DERYH ����� 7KXV� E\ UHGXFLQJ WKH KHDW ORVV� RYHUDOO H[HUJLF
HIILFLHQF\ RI WKH V\VWHP LV LPSURYHG� ,W LV SRVVLEOH WR LQFUHDVH WKH DPRXQW RI K\GURJHQ OLEHUDWHG
IURP WKH UHIRUPLQJ UHDFWLRQ� 7KLV FDQ EH GRQH E\ GHFUHDVLQJ WKH HOHFWULF SRZHU RXWSXW RU E\
LQFUHDVLQJ WKH IXHO LQSXW� 7KH H[KDXVW IURP IXHO FHOO � ZKLFK LV HVVHQWLDOO\ UHIRUPHG QDWXUDO JDV�
FRQWDLQV D VLJQLILFDQW DPRXQW RI K\GURJHQ� 6LPLODU WR WKH SURFHVV RI FRQYHQWLRQDO K\GURJHQ
SURGXFWLRQ E\ VWHDP PHWKDQH UHIRUPLQJ RI QDWXUDO JDV� K\GURJHQ FDQ EH REWDLQHG IURP WKH
RII�JDV GLVFKDUJHG IURP WKH IXHO FHOO� ,Q WKH VWDQGDUG� FRQYHQWLRQDO IXHO FHOO RSHUDWLRQ� DV
DOPRVW DOO RI WKH IXHO LV XVHG IRU JHQHUDWLQJ HOHFWULF SRZHU� YHU\ VPDOO FRQFHQWUDWLRQV RI IXHO LV
DYDLODEOH DW WKH IXHO FHOO RXWSXW� $ERXW ��� RI WKH ORVVHV LQ KLJK WHPSHUDWXUH ,5�)&V XQGHU
VXFK RSHUDWLQJ FRQGLWLRQV DUH IURP 1HUQVW ORVVHV >��@� 7KHVH 1HUQVW ORVVHV FDQ EH UHGXFHG
VLJQLILFDQWO\ E\ SURGXFLQJ K\GURJHQ ZLWK ,5�)&V DQG D RYHUDOO V\VWHP HIILFLHQF\ RI XS WR ���
FDQ EH DFKLHYHG LQ IORZ VKHHW FDOFXODWLRQV IRU SURGXFLQJ HOHFWULF SRZHU DQG K\GURJHQ >��@�
,Q ILJXUH ���� GLDJUDP �LY� UHSUHVHQWV KLJK WHPSHUDWXUH ,5�)&V LQ FRJHQDUDWLRQ FRQILJXUDWLRQ
ZKHUH K\GURJHQ DQG HOHFWULF RXWSXWV DUH FRQVLGHUHG DV WKH XVHIXO RXWSXWV�

'XH WR WKH IOH[LELOLW\ LQ WKH FRSURGXFWLRQ RI K\GURJHQ DQG HOHFWULF SRZHU� LW LV SRVVLEOH WR RS�
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HUDWH VXFK ,5�)& V\VWHPV WR PHHW WKHLU IOXFWXDWLQJ GHPDQGV DQG RSWLPL]H WKH V\VWHP IRU
KLJK HFRQRPLF HIILFLHQF\ >��@� 2WKHU DGYDQWDJHV IRU XVLQJ +7�)& OLNH 0&)& LQ FRJHQHUD�
WLRQ�WULJHQHUDWLRQ DSSOLFDWLRQV LQFOXGH� IXHO IOH[LELOLW\ DV QDWXUDO JDV RU HYHQ UHQHZDEOH ELRJDV
FDQ EH XVHG� QHDU ]HUR HPLVVLRQ RI FULWHULD SROOXWDQWV ZLWKRXW DQ\ ZDWHU XVH� DYDLODELOLW\ RI
FOHDQ K\GURJHQ JHQHUDWHG QHDU RU DW WKH SRLQW RI XVH� DQG WKH UHDGLQHVV RI VXFK V\VWHPV IRU
LPPHGLDWH GHSOR\PHQW >��@� ,Q WKLV WKHVLV WKLV IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU
LV H[DPLQHG XVLQJ D ,5�0&)& PRGHO GHYHORSHG DW 78 'HOIW LQ &\FOH�7HPSR VRIWZDUH� 7KH
WHFKQLFDO IHDVLELOLW\ LV IRXQG LQ WKH QH[W FKDSWHU�

���� ([LVWLQJ 3URMHFWV RQ &RSURGXFWLRQ RI +\GURJHQ DQG 3RZHU
XVLQJ 0&)&

&XUUHQWO\ WKHUH DUH WZR H[DPSOHV RI WKH XVH RI 0&)& LQ WUL�JHQHUDWLRQ V\VWHPV� ERWK DUH LQ WKH
8QLWHG 6WDWHV� 7KH ILUVW RQH� D SLORW SURMHFW WKDW ZDV VLWXDWHG LQ )RXQWDLQ 9DOOH\� &DOLIRUQLD ZDV
GHYHORSHG ZLWK WKH SXUSRVH RI GHPRQVWUDWLQJ VXFK V\VWHPV� 7KH VHFRQG RQH LV D IXOO VFDOH
FRPPHUFLDO SURMHFW FXUUHQWO\ XQGHU GHYHORSPHQW DW WKH 3RUW RI /RQJ %HDFK LQ &DOLIRUQLD�

:RUOG¶V )LUVW 7UL�*HQ (QHUJ\ 6WDWLRQ DW )RXQWDLQ 9DOOH\

7KH FRQFHSW RI WUL�JHQHUDWLRQ WR SURGXFH K\GURJHQ� KHDW DQG HOHFWULFLW\ KDV EHHQ VWXGLHG
WKURXJK D GHPRQVWUDWLRQ SURMHFW WKDW ZDV GHYHORSHG LQ D SDUWQHUVKLS LQYROYLQJ WKH 8QLWHG
VWDWHV 'HSDUWPHQW RI (QHUJ\� 2UDQJH &RXQW\ 6DQLWDWLRQ 'LVWULFW �2&6'�� &DOLIRUQLD $LU DQG
5HVRXUFH %RDUG �&$5%�� 6RXWK &RDVW $LU 4XDOLW\ 0DQDJHPHQW 'LVWULFW� DFDGHPLD DQG SUL�
YDWH LQGXVWU\� 7KH SURMHFW WKDW ZDV WKH ILUVW RI LWV NLQG ZDV PDQDJHG E\ )XHO&HOO (QHUJ\�
,QF�� $LU 3URGXFWV� WKH 6RXWK &RDVW $LU 4XDOLW\ 0DQDJHPHQW 'LVWULFW DQG WKH 1DWLRQDO )XHO &HOO
5HVHDUFK &HQWHU �1)&5&� DW WKH 8QLYHUVLW\ RI &DOLIRUQLD� ,UYLQH �8&,� >��@ >��@�

7KH )RXQWDLQ 9DOOH\ HQHUJ\ VWDWLRQ ZDV VXSSRUWHG LQ SDUW E\ D ���� PLOOLRQ JUDQW IURP WKH
8QLWHG VWDWHV GHSDUWPHQW RI HQHUJ\� ,W ZDV WKH ILUVW WUL�JHQHUDWLQJ V\VWHP WKDW SURYLGHG SRZHU�
KHDW DQG K\GURJHQ IURP VWDWLRQDU\� SRZHU JHQHUDWLQJ IXHO FHOOV >��@� $ WKUHH \HDU SLORW SURJUDP
VKRZQ LQ ILJXUH ��� ZDV LQVWDOOHG DW DQ 2&6' IDFLOLW\ EDVHG RQ )XHO&HOO (QHUJ\¶V FRPPHUFLDO
SRZHU SODQW SURGXFWV� 7KLV WULJHQHUDWLRQ V\VWHP XVHG D 0&)& �')&�+�� IURP )XHO&HOO (Q�
HUJ\�� ZKLFK ZDV FKRVHQ GXH WR LWV KLJK HIILFLHQF\ DQG LWV FDSDFLW\ WR FRSURGXFH K\GURJHQ� 7KH
V\VWHP ZDV DOVR FRQILJXUHG WR RSHUDWH RQ UHQHZDEOH ELRJDV JHQHUDWHG IURP WKH ZDVWHZDWHU
>��@�

7KH SDUWLHV LQYROYHG LQ WKLV SURMHFW KDG UHFRJQL]HG WKDW FRQYHQWLRQDOO\ JHQHUDWHG K\GURJHQ
IURP PHWKDQH VWHDP UHIRUPDWLRQ UHTXLUHV ODUJH TXDQWLWLHV RI ZDWHU DQG HQHUJ\ DQG LV RQO\
HFRQRPLFDO RQ D ODUJH VFDOH� 6LPLODUO\ HOHFWURO\VLV RI ZDWHU UHTXLUHV KLJK SRZHU LQ DGGLWLRQ
WR ZDWHU DV WKH SURFHVV KDV ORZ FRQYHUVLRQ HIILFLHQF\� :LWK UHQHZDEOH HQHUJ\ VRXUFHV OLNH
ZLQG DQG VRODU HQHUJ\� ODQG DQG FDSLWDO FDQ VWLOO EH LVVXHV� :LWK WKLV WUL�JHQHUDWLQJ V\VWHP WKH\
DLPHG DW SURYLGLQJ D SUDFWLFDO DOWHUQDWLYH IRU FOHDQ DQG DIIRUGDEOH K\GURJHQ IXHO� VXLWDEOH IRU
RSHUDWLRQ HYHQ ZKHUH ZDWHU DYDLODELOLW\ DQG VSDFH DUH OLPLWHG >��@�

7KHLU SURMHFW ZDV D VXFFHVV� 7KH\ ZHUH DEOH WR SURGXFH ���� UHQHZDEOH K\GURJHQ DQG WKH
K\GURJHQ WKDW ZDV SURGXFHG ZDV VXSSOLHG WR D QHDUE\ IXHOLQJ VWDWLRQ RSHUDWHG E\ $LU 3URGXFWV
ZKLFK ZDV RSHQHG WR WKH SXEOLF� 7KH 0&)&� ZKLFK ZDV LQWHJUDWHG ZLWK D K\GURJHQ SXULILFDWLRQ
V\VWHP FRXOG SURGXFH FORVH WR ���NJ RI K\GURJHQ SHU GD\ >��@� :LWK WKH DPRXQW RI K\GURJHQ



���� ([LVWLQJ 3URMHFWV RQ &RSURGXFWLRQ RI +\GURJHQ DQG 3RZHU XVLQJ 0&)& ��

)LJXUH ���� 7KH )RXQWDLQ 9DOOH\ WULJHQHUDWLRQ V\VWHP VKRZLQJ IXHO FHOO IURP )XHO&HOO (QHUJ\ DQG K\GURJHQ VHSHU�
DWLRQ DQG FRPSUHVVLRQ HTXLSPHQW IURP $LU 3URGXFWV DQG &KHPLFDOV� ,QF� 5HI� >��@�

WKDW ZDV SURGXFHG� �� WR �� IXHO FHOO HOHFWULF YHKLFOHV FRXOG EH VXSSRUWHG GDLO\� 7KH K\GURJHQ
WKDW ZDV SURGXFHG ZDV VWRUHG RQVLWH QHDU WKH WUL JHQHUDWLRQ V\VWHP DQG QH[W WR WKH IXHOLQJ
VWDWLRQ LQ KLJK SUHVVXUH WXEHV DW DERXW ������SVL� >��@� 7KH IXHO FHOO DOVR SURGXFHG HOHFWULFLW\
DQG KHDW WKDW VXSSRUWHG WKH GDLO\ RSHUDWLRQV RI WKH ZDVWHZDWHU WUHDWPHQW SODQW� 7KLV RSHUDWLRQ
F\FOH ZDV VHOI VXVWDLQLQJ DQG DSSUR[LPDWHO\ ���N: RI SRZHU ZDV VXSSOLHG E\ WKH IXHO FHOO WR
WKH ZDVWHZDWHU WUHDWPHQW SODQW >��@� 7KH RSHUDWLRQ LV VKRZQ ZLWK D VLPSOH IORZ GLDJUDP LQ )LJ�
����

7KH V\VWHP ZDV DEOH WR RSHUDWH ZLWK QHDUO\ ]HUR FULWHULD SROOXWDQW HPLVVLRQV DQG ZLWK VXEVWDQ�
WLDOO\ UHGXFHG JUHHQKRXVH JDV HPLVVLRQV DV WKH SRZHU ZDV JHQHUDWHG IURP D UHQHZDEOH ZDVWH
VWUHDP� 7KLV WULJHQHUDWLQJ V\VWHP ZDV FHULILHG ´FDUERQ QHJDWLYH´ E\ &$5% DVVHVVPHQW� 7KH
&$5% HYDOXDWHV WKH FDUERQ LQWHQVLW\ RI DQ DOWHUQDWH IXHO SDWKZD\V WKURXJK DQ HVWDEOLVKHG
/RZ &DUERQ )XHO 6WDQGDUG �/&)6� DQG FRPSUHKHQVLYH OLIH F\FOH DQDO\VLV >��@�

:LWK WKLV � \HDU ORQJ SLORW SURJUDP� D V\VWHP ZDV SUHVHQWHG WKDW RQO\ SURGXFHG K\GURJHQ
ZKHQ UHTXLUHG IRU UHIXHOLQJ RWKHUZLVH WKH K\GURJHQ ZDV FRQVXPHG ZLWKLQ WKH IXHO FHOO WR SUR�
YLGH FRQWLQXRXV VWUHDPV RI KHDW DQG HOHFWULFLW\� 7KLV V\VWHP DOVR GHPRQVWUDWHG WKH YHUVDWLOLW\
RI 0&)& WR RSHUDWH ZLWK PXOWLSOH IHHG VWRFNV� 7KH V\VWHP WKDW ZDV SULPDULO\ UXQQLQJ RQ ELRJDV
FRXOG DOVR XVH QDWXUDO JDV LI WKHUH ZDV D GLVUXSWLRQ LQ ELRJDV DYDLODELOLW\ RU TXDOLW\ >��@� $V WKH
K\GURJHQ LQIUDVWUXFWXUH LQYHVWPHQW QHHGV WR RFFXU EHIRUH WKH ULVH LQ IXHO FHOO HOHFWULF YHKLFOH
GHPDQG� WKH IXHO FHOO DQG K\GURJHQ LQGXVWU\ LV EHLQJ FKDOOHQJHG LQ WKH UHFHQW \HDUV� $GGL�
WLRQDOO\� DXWR PDQXIDFWXUHUV DUH ORRNLQJ WR FRPPHUFLDOL]H IXHO FHOO HOHFWULF YHKLFOHV LQ WKH QHDU
IXWXUH DQG DUH FDOOLQJ IRU LQFUHDVLQJ LQYHVWPHQW LQ K\GURJHQ UHIXHOLQJ LQIUDVWUXFWXUH� :LWK EHQ�
HILWV RI ORZ HPLVVLRQ� FRPELQHG ZLWK HOHFWULFLW\� KHDW DQG ORFDO K\GURJHQ SURGXFWLRQ� WKH 8QLWHG
6WDWHV 'HSDUWPHQW RI (QHUJ\ DORQJ ZLWK LWV SDUWQHUV ZHUH DEOH WR VXFFHVVIXOO\ GHPRQVWUDWH D
WUL�JHQHUDWLRQ V\VWHP WKDW FRXOG VHUYH DV D EULGJH WHFKQRORJ\ IRU LQWURGXFLQJ DQG VXVWDLQLQJ
K\GURJHQ LQIUDVWUXFWXUH� >��@� 7KHVH V\VWHPV KDYH WKH SRWHQWLDO IRU SURYLGLQJ K\GURJHQ IRU
ERWK YHKLFOH IXHOLQJ DQG LQGXVWULDO DSSOLFDWLRQV DQG FDQ FRQWULEXWH WR WKH JURZWK RI GLVWULEXWHG



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

)LJXUH ���� 0&)& EDVHG WUL�JHQHUDWLRQ RSHUDWLRQ XVLQJ UHQHZDEOH HQHUJ\ IURP ZDVWHZDWHU 5HI� >��@�

K\GURJHQ PDUNHWV�

$ VLPLODU WUL�JHQHUDWLQJ XQLW FDQ EH IRXQG LQ )XHO&HOO (QHUJ\¶V 1RUWK $PHULFDQ PDQXIDFWXULQJ
IDFLOLW\ WR VKRZFDVH WKH DGYDQWDJHV RI K\GURJHQ SURGXFWLRQ RQ�VLWH� 7KH K\GURJHQ LW SURGXFHG
LV XVHG DV DQ R[LGDWLRQ SUHYHQWDWLYH LQ WKH IXHO FHOO PDQXIDFWXULQJ SURFHVV� 6LPXOWDQHRXVO\�
WKH KHDW DQG HOHFWULFLW\ JHQHUDWHG DUH XVHG WR SURYLGH KHDWLQJ DQG SRZHU QHFHVVDU\ IRU WKH
ZRUNLQJ RI WKH IDFLOLW\� WKXV UHGXFLQJ WKH RSHUDWLQJ FRVWV >��@�

7R\RWD¶V 3RUW RI /RQJ %HDFK 7ULJHQHUDWLRQ 3URMHFW

,Q 'HFHPEHU ����� 7R\RWD� RQH RI ZRUOG¶V OHDGLQJ DXWRPRELOH PDQXIDFWXUHU DQQRXQFHG WKH
FRQVWUXFWLRQ RI D WULJHQHUDWLRQ SRZHU SODQW DQG IXHOLQJ VWDWLRQ DW RQH RI LWV 1RUWK $PHULFDQ
IDFLOLWLHV ORFDWHG DW WKH 3RUW RI /RQJ %HDFK LQ &DOLIRUQLD� 7KLV LV JRLQJ WR EH WKH ZRUOG¶V ILUVW
0:�VFDOH 0&)& SRZHU JHQHUDWLRQ SODQW ZLWK D K\GURJHQ IXHOLQJ VWDWLRQ >��@� 7KLV SURGMHFW
ZDV DQQRXQFHG LQ SDUWQHUVKLS ZLWK )XHO&HOO (QHUJ\� +DYLQJ GHPRQVWUDWHG WKH VXFFHVV WKHLU
WUL�JHQHUDWLQJ SLORW SODQW LQ WKH )RXQWDLQ 9DOOH\ SURMHFW� )XHO&HOO (QHUJ\ LV SURYLGLQJ WKH WUL�
JHQHUDWLQJ 0&)& EDVHG V\VWHP IRU WKLV FRPPHUFLDO SODQW ZKLFK LV H[SHFWHG WR SURGXFH FOHDQ
K\GURJHQ� HOHFWULFLW\ DQG KRW ZDWHU�

:KHQ WKH SODQW FRPHV RQOLQH LW LV H[SHFWHG WR JHQHUDWH DQ RXWSXW RI DERXW DERXW ����0: RI
HOHFWULFLW\ DQG ��� WRQQHV RI K\GURJHQ GDLO\� >���@� :LWK WKHVH FDSDFLWLHV� WKH\ ZLOO EH DEOH
WR SRZHU URXJKO\ ����� KRPHV DQG ����� YHKLFOHV� $V WKLV SODQW ZLOO JHQHUDWH HOHFWULFLW\�KRW
ZDWHU DQG K\GURJHQ� ZKLOH FRQVXPLQJ ELR�PDWHULDO GHULYHG IURP DJULFXOWXUDO ZDVWH LQ WKH VWDWH�
LW LV H[SHFWHG WR SURYLGH ���� FOHDQ HQHUJ\� 7KLV IDFLOLW\ ZLOO PHHW WKH HQHUJ\ GHPDQGV RI WKH
7R\RWD /RJLVWLFV 6HUYLFHV RSHUDWLRQ DW WKH SRUW� WKHUHIRUH PDNLQJ LW WKH ILUVW 7R\RWD EXVLQHVV LQ
1RUWK $PHULFD WR EH ���� RSHUDWHG E\ UHQHZDEOH SRZHU >��@�

)RU 7R\RWD� WULJHQHUDWLRQ LV D PDMRU VWHS IRUZDUG IRU VXVWDLQDEOH PRELOLW\ DQG ZLOO SOD\ DQ LPSRU�
WDQW UROH WKHLU ���� JRDO RI QHW ]HUR ൈൔኼ HPLVVLRQV >���@� 7KLV WULJHQHUDWLQJ V\VWHP VXSSO\LQJ
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K\GURJHQ RQ D PDMRU VFDOH ZLOO VXSSO\ K\GURJHQ IRU DOO WR\RWD IXHO FHOO YHKLFOHV PRYLQJ WKURXJK
WKH SRUW� 7KLV LQFOXGHV HYHQ WKH PRUH UHFHQW GHOLYHULHV RI 0LUDL VDORRQ DQG WKHLU &ODVV �
KHDY\�GXW\ WUXFN NQRZQ DV 3URMHFW 3RUWDO >���@�

7KLV SURMHFW ZDV LQLWLDOO\ H[SHFWHG WR EH FRPSOHWHG E\ ����� +RZHYHU� DV WKH WULJHQHUDWLRQ
SODQW ZRXOG SURGXFH IDU PRUH SRZHU WKDQ QHFHVVDU\ IRU 7R\RWD¶V ORFDO RSHUDWLRQV� WKH H[FHVV
VKRXOG EH VROG WR WKH ORFDO XWLOLW\� )RU WKH SURMHFW WR FRPH WR IUXLWLRQ� EX\�LQ WKDW ZDV QHHGHG
IURP WKH ORFDO XWLOLW\� 6RXWKHUQ &DOLIRUQLD (GLVRQ �6&(� ZDV GHFOLQHG E\ 6&( >��@� 7KLV GHOD\HG
WKH FRPSOHWLRQ RI WKH SURMHFW� ,Q 0DUFK ���� WKLV LVVXH ZDV UHVROYHG ZLWK WKH KHOS RI &DOLIRUQLD
3XEOLF 8WLOLWLHV &RPPLVVLRQ �&38&� DQG WKH SURMHFW ZDV DOORZHG WR SURFHHG ZLWK GHYHORSPHQW
>��@�

���� 0XOWL�VRXUFH 0XOWL�SURGXFW DQG 6XSHUZLQG &RQFHSW
,Q VHFWLRQ ��� WKH FRQFHSW RI FRJHQHUDWLRQ DQG WULJHQHUDWLRQ ZHUH H[SODLQHG� 6HFWLRQ ���
VKRZFDVHG H[LVWLQJ H[DPSOHV RI WULJHQHUDWLRQ DSSOLFDWLRQV WRGD\ VKRZLQJ SODQWV JHQHUDWLQJ
PXOWLSOH XVHIXO RXWSXW VWUHDPV� +RZHYHU� LW LV DOVR SRVVLEOH WR DSSO\ PXOWLSOH VRXUFHV RQ WKH
LQSXW VLGH ZLWK GLIIHUHQW OHYHOV RI LQWHJUDWLRQ� 7KLV JLYHV ULVH WR WKH SRVVLELOLW\ RI D PXOWL�VRXUFH
PXOWL�SURGXFW HQHUJ\ V\VWHPV�

0XOWL�VRXUFH 0XOWL�SURGXFW 6\VWHPV �0603�

2IWHQWLPHV SRZHU V\VWHPV VWUXJJOH ZLWK D PLVPDWFK EHWZHHQ VXSSO\ DQG GHPDQG GXH WR PLV�
PDWFK LQ WLPH� SODFH RU HQHUJ\ IRUPV >��@� (YHQ WKRXJK PLVPDWFK LQ WLPH FDQ EH VROYHG E\
VWRUDJH� PLVPDWFK LQ SODFH FDQ EH VROYHG E\ WUDQVSRUW� DQG WKH PLVPDWFK RI HQHUJ\ IRUP
FDQ EH RYHUFRPH E\ HQHUJ\ FRQYHUVLRQ� EHWWHU LQWHJUDWLRQ LV XVXDOO\ UHTXLUHG� $ PXOWL�VRXUFH
PXOWL�SRZHU DSSURDFK LV D PHWKRG RI LQWHJUDWLRQ RI HQHUJ\ VRXUFHV IRU GLVWULEXWHG JHQHUDWLRQ
>��@�

(YHQ LI PXOWLSOH LQSXWV DUH SUHVHQW� LW LV SRVVLEOH WR KDYH V\VWHPV ZKHUH VRXUFHV IXQFWLRQ
LQGHSHQGHQWO\ DV WKH\ DUH QRW FRQWUROOHG DQG LQWHJUDWHG� (OHFWULFLW\ IRU H[DPSOH LV D PL[ IURP
VRXUFHV OLNH IRVVLO IXHO� UHQHZDEOH DQG QXFOHDU VRXUFHV RSHUDWLQJ LQGHSHQGHQWO\� ,Q 0603
V\VWHPV� PRUH WKDQ RQH HQHUJ\ VRXUFH LV DSSOLHG RQ WKH LQSXW VLGH ZKLOH SURGXFLQJ PXOWLSOH
XVHIXO RXWSXW VWUHDPV� +RZHYHU LQ VXFK FRQILJXUDWLRQ PRUH LQWHUDFWLRQ LV SRVVLEOH HYHQ RQ
D ORFDO VFDOH >��@� 6\QHUJ\ HIIHFWV FDQ EH DFKLHYHG WKURXJK FRXSOLQJ HQHUJ\ LQIUDVWUXFWXUHV
ZLWK GLIIHUHQW HQHUJ\ FDUULHUV E\ WDNLQJ DGYDQWDJH RI WKHLU VSHFLILF YLUWXHV� 7\SLFDOO\ FRXSOLQJ
LV DFKLHYHG WKURXJK HQHUJ\ FRQYHUWHU GHYLFHV WKDW FRQYHUW SRZHU LQWR RWKHU IRUPV >��@�

7KHVH FRXSOHG HQHUJ\ V\VWHPV DUH WKH VR FDOOHG HQHUJ\ KXEV� ZKHUH PXOWLSOH HQHUJ\ FDUULHUV
FDQ EH FRQGLWLRQHG� FRRUGLQDWHG� VWRUHG DQG GLVVLSDWHG >��@� )URP D V\VWHP SRLQW RI YLHZ� D
HQHUJ\ KXE LV D XQLW WKDW LV VXSSOLHG E\ PRUH WKDQ RQH HQHUJ\ FDUULHU DW LWV LQSXW SRUWV DQG GH�
OLYHUV PXOWLSOH HQHUJ\ VHUYLFHV OLNH HOHFWULFLW\� KHDWLQJ DQG FRROLQJ DPRQJ RWKHUV >���@� 7KHVH
KXEV DUH WKH LQWHUIDFH EHWZHHQ WKH ORDGV DQG WKH HQHUJ\ LQIUDVWUXFWXUHV� 8VXDOO\� WKH HQHUJ\
FRQYHUVLRQ DQG FRQGLWLRQLQJ ZLWKLQ WKH KXE LV EURXJKW DERXW E\ &+3 WHFKQRORJLHV� SRZHU HOHF�
WURQLF GHYLFHV� WUDQVIRUPHUV� KHDW H[FKDQJHUV� FRPSUHVVRUV DQG RWKHU HTXLSPHQWV >��@� $Q
H[DPSOH RI D 0603 HQHUJ\ KXE RSHUDWLQJ ZLWK D WUDQVIRUPHU� D PLFURWXUELQH� D IXUQDFH� D
EDWWHU\� D KHDW H[FKDQJHU� DORQJ ZLWK D FKLOOHU IRU DERVUEWLRQ� DQG D KRW ZDWHU VWRUDJH IDFLOLW\
LV VKRZQ LQ )LJ� �����



�� �� 0ROWHQ &DUERQDWH )XHO &HOO �0&)&� 5HYLHZ

)LJXUH ����� $Q H[DPSOH RI 0603 HQHUJ\ KXE� 5HI� >��@�

,W LV SRVVLEOH IRU WKH FRPSRQHQWV ZLWKLQ WKH KXE WR HVWDEOLVK FRQQHFWLRQV EHWZHHQ LQSXWV DQG
RXWSXWV WKDW PD\EH UHGXQGDQW >��@� 7KLV FDQ EH H[SODLQHG ZLWK WKH H[DPSOH VKRZQ LQ ����
ZKHUH WKH HOHFWULFLW\ VXSSOLHG E\ WKH KXE FDQ EH SURYLGHG FRPSOHWHO\ IURP WKH HOHFWULFLW\ JULG�
IURP QDWXUDO JDV� RU WKURXJK D FRPELQDWLRQ RI ERWK� 7KHUH DUH WZR PDMRU EHQHILWV WKDW DULVH
IURP WKLV UHGXQGDQF\ LQ VXSSO\� )LUVW� DV WKH ORDG LV QR ORQJHU GHSHQGHQW RQ D VLQJOH QHWZRUN
DQG WKH UHOLDELOLW\ RI VXSSO\ LV LQFUHDVHG� 'XH WR WKLV LW LV DOVR SRVVLEOH WR GHFUHDVH WKH UHOLDELOLW\
RI D SDUWLFXODU LQIUDVWUXFWXUH HYHQ ZKHQ WKH ORDG LV KLJK� 6HFRQG� RSWLPL]DWLRQ RI WKH VXSSO\
FDQ EH DFKLHYHG GXH WR WKH DGGLWLRQDO GHJUHH RI IUHHGRP RI WKH KXE� 7KH YDULRXV GLIIHUHQW
HQHUJ\ FDUULHUV WKDW DUH VXSSOLHG WR WKH KXE FDQ EH FKDUDFWHUL]HG EDVHG RQ FRVW� HPLVVLRQV�
DYDLODELOLW\ RU DQ\ RWKHU FULWHULD DQG WKH LQSXW WR WKH KXE FDQ EH RSWLPDOO\ GLVSDWFKHG DIWHU WKH
FDUULHUV KDYH EHHQ HYDOXDWHG DQG PRVW VXLWDEOH RSWLRQ KDV EHHQ GHWHUPLQHG >��@�

7KH ¶6XSHUZLQG &RQFHSW¶

7KH 6XSHUZLQG FRQFHSW LV DQ H[DPSOH RI WKH 0603 FRQFHSW XVLQJ KLJK WHPSHUDWXUH IXHO FHOOV
DQG IOXFWXDWLQJ UHQHZDEOH VRXUFHV OLNH ZLQG HQHUJ\ >��@ >��@� $V PHQWLRQHG LQ VHFWLRQV ���
DQG ���� KLJK WHPSHUDWXUH ,5�)&V FDQ IOH[LEO\ FRSURGXFH K\GURJHQ DQG SRZHU �DQG KHDW�� 7KH
TXDOLW\ RI FRSURGXFWLRQ FDQ EH DGYDQWDJHRXVO\ XWLOL]HG WR FRPSHQVDWH IRU WKH IOXFWXDWLRQV LQ
HOHFWULFLW\ JHQHUDWLRQV IURP UHQHZDEOH HQHUJ\ VRXUFHV OLNH ZLQG DQG VRODU >��@�

)OXFWXDWLQJ HQHUJ\ VRXUFHV OLNH ZLQG HQHUJ\ DUH XQSUHGLFWDEOH DQG XQUHOLDEOH� 9HU\ RIWHQ WKH
VROXWLRQ SURSRVHG WR GHDO ZLWK WKRVH LVVXHV LQFOXGH VWRULQJ H[FHVV HQHUJ\ LQ EDWWHULHV� RU FRQ�
YHUWLQJ H[FHVV ZLQG JHQHUDWHG HOHFWULFLW\ LQWR DQRWKHU IRUP RI HQHUJ\ WKDW FDQ EH VWRUHG IRU
ODWHU XVH� )RU H[DPSOH� H[FHVV HOHFWULFLW\ FDQ EH XVHG WR SURGXFH K\GURJHQ YLD HOHFWURO\VLV
RI ZDWHU DQG WKH K\GURJHQ SURGXFHG LV VWRUHG XQWLO QHHGHG WR JHQHUDWH HOHFWULFLW\ LQ FDVH RI
UHGXFHG ZLQGV� 6XFK FRPSOLFDWHG VWRUDJH PHWKRGV QRW RQO\ LQFUHDVH WKH VWHSV LQYROYHG LQ
WKH RSHUDWLRQ EXW DOVR UHGXFH WKH RYHUDOO HIILFLHQF\ DV HIILFLHQF\ RI HDFK DGGLWLRQDO FRPSRQHQW
KDV WR EH WDNHQ LQWR DFFRXQW� 0RUHRYHU� ZLWK HYHU\ LQFUHDVLQJ FRPSRQHQW WKH RYHUDOO FRVW RI
RSHUDWLRQ LQFUHDVHV� ,W FDQ EH VDLG WKDW VWRUDJH VROXWLRQV RIIHUHG WRGD\ DUH XVXDOO\ H[SHQ�
VLYH� LQHIILFLHQW DQG QRW IOH[LEOH� 1RW RQO\ LV VWRUDJH D SUREOHP EXW ZLQG IDLOV WR GHOLYHU SRZHU
SUHGLFWHG E\ ZHDWKHU PRGHOV� ZLQG WXUELQH RZQHUV FDQ IDFH ILQDQFLDO SHQDOWLHV IURP HOHFWULFLW\
WUDGHUV� 7KHUHIRUH� D WHFKQRORJ\ WKDW ¶ILOOV LQ WKH JDSV¶ LQVWHDG RI WKH RQH WKDW ZRXOG ¶VKDYH WKH
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SHDNV¶ LV QHHGHG IRU WKHP >��@�

)LJXUH ����� 6FKHPDWLF UHSUHVHQWDWLRQ RI VXSHUZLQG FRQFHSW� 5HI� >��@�

)RU IOXFWXDWLQJ HQHUJ\ VRXUFHV� WKH 6XSHUZLQG FRQFHSW FDQ SURYLGH DQ LQQRYDWLYH VROXWLRQ IRU
WKHLU LQWHJUDWLRQ LQWR WKH JULG� $V VKRZQ LQ )LJ������ LW FRQVLVWV RI D ZLQG WXUELQH LQWHJUDWHG ZLWK
DQ LQWHUQDO UHIRUPLQJ KLJK WHPSHUDWXUH IXHO FHOOV OLNH 0&)& RU WKH 62)&� 7KH RSHUDWLRQ RI
WKLV FRQFHSW KDV EHHQ SUHVHQWHG E\ +HPPHV HW DO� LQ 5HI� >��@ DQG LV DV IROORZV� 7KH IXHO FHOO
SRZHU RXWSXW LV UHGXFHG WR FRPSHQVDWH IRU WKH SHDN LQ ZLQG HQHUJ\ ZKLOH NHHSLQJ WKH LQSXW
�QDWXUDO JDV� ELRJDV RU D PL[WXUH RI ERWK� WR WKH IXHO FHOO FRQVWDQW� )ORZ VKHHW FDOFXODWLRQV
XVLQJ &\FOH�7HPSR ZLWK 62)& VKRZHG WKDW WKHUH LV D ODUJH LQFUHDVH LQ ്ኼ �DQG &2� RXWSXW
UHODWLYH WR D VPDOO GHFUHDVH LQ HOHFWULFLW\ SRZHU RXWSXW� )URP WKLV LW ZDV GHWHUPLQHG WKDW ZKHQ
WKH IXHO LQSXW LV NHSW FRQVWDQW� D ODUJHU TXDQWLW\ RI ്ኼ LV REWDLQHG LQ WKH DQRGH RII JDV� UHODWLYH
WR WKH GURS LQ SRZHU� 7KH VKHHW FDOFXODWLRQV VKRZHG WKDW� ZKLOH FRPSHQVDWLQJ ZLQG SHDN�
WKH LQFUHDVH LQ K\GURJHQ SURGXFWLRQ ZDV ��� WLPHV WKH VDLG SHDN LQ WHUPV RI HQHUJ\ SHU XQLW
WLPH� $QRWKHU ZD\ RI ORRNLQJ DW LW LV WKDW WKH SHDN LQ ZLQG HQHUJ\ LV FRQYHUWHG WR ്ኼ �DQG &2�
ZLWK �������� HIILFLHQF\ >��@� 7KLV VKRZV WKDW ZLQG HQHUJ\ LV YLUWXDOO\ FRQYHUWHG LQWR ODUJHU
TXDQWLW\ RI K\GURJHQ DQG VLQFH ORZ KHDW LV SURGXFHG� LW FDQ EH VDLG WKDW WKH V\VWHP EHFRPHV
PRUH HIILFLHQW� ,Q WKH ¶6XSHUZLQG FRQFHSW� WKH IXHO FHOO RSHUDWHV DW DOPRVW WZLFH WKH SRZHU
GHQVLW\ WKDQ LQ VWDQGDUG RSHUDWLRQ EHFDXVH RI K\GURJHQ SURGXFWLRQ� 7KLV HVVHQWLDOO\ PHDQV
WKDW ZLWK WKH VDPH IXHO FHOO LQ FRSURGXFWLRQ PRGH� D GRXEOH HOHFWULF SRZHU RXWSXW ZLWK DQ HTXDO
DPRXQW RI K\GURJHQ LV SRVVLEOH LQ WHUPV RI HQHUJ\ SHU XQLW WLPH� 7KXV� WKH SRZHU RXWSXW RI
WKH IXHO FHOO LV DOPRVW TXDGUXSOHG >��@�

,Q WKH 6XSHUZLQG FRQFHSW� WKH KHDW SURGXFHG LQ WKH IXHO FHOO LV XWLOL]HG E\ WKH LQWHUQDO UHIRUPLQJ
UHDFWLRQ DQG FRQYHUWHG LQWR FKHPLFDO HQHUJ\� 0RUHRYHU� OHVV KHDW LV SURGXFHG GXH WR ORZHU
1HUQVW ORVV DQG SRODUL]DWLRQ ORVV� 7KHUHIRUH� WKH ILUVW ODZ RI WKHUPRG\QDPLFV LV QRW YLRODWHG
DQG WKH VXP RI HQHUJ\ RXWSXW UHPDLQ HTXDO WR WKH VXP RI HQHUJ\ LQSXW >��@� 7KH HIILFLHQF\
YV IXHO XWLOL]DWLRQ SORW IRU KLJK HIILFLHQF\ PRGH �IXHO LQSXW LV NHSW FRQVWDQW� RI RSHUDWLRQ XVLQJ
LQWHUQDO UHIRUPLQJ 62)& LV VKRZQ )LJ� ����� ,Q WKLV ILJXUH WKH്ኼ DQG &2 RXWSXW LQFUHDVH EHLQJ
PRUH WKDQ WKH SRZHU RXWSXW GHFUHDVH LV DSSDUHQW� 7KLV LV UHIOHFWHG E\ WKH VWHHSHU LQFUHDVH
LQ JDV HIILFLHQF\ OLQH LQ WKH JUDSK UHODWLYH WR WKH GHFUHDVH LQ WKH SRZHU HIILFLHQF\ OLQH ZKHQ
WKH IXHO XWLOL]DWLRQ GHFUHDVHV ZKLOH PRYLQJ IURP ULJKW WR OHIW� 7KH JUDSK DOVR VKRZV WKH RYHUDOO
HIILFLHQF\ RI RYHU ��� FDQ EH DFKLHYHG IRU WKH FSURGXFWLRQ RI HOHFWULFLW\ DQG K\GURJHQ� 7KLV LV
EHFDXVH WKH IXHO FHOO LV QRW LGOH ZKHQ ZLQG HQHUJ\ SHDNV DUH EHLQJ FRPSHQVDWHG EXW LQVWHDG
LW VZLWFKHV WR K\GURJHQ SURGXFWLRQ ZKLFK UHVXOWV LQ DQ HYHQ KLJKHU RYHUDOO HIILFLHQF\� ,Q WKH
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)LJXUH ����� (IILFLHQF\ YV )XHO 8WLOL]DWLRQ IRU KLJK PRGH RSHUDWLRQ XVLQJ 62)&� 5HI� >��@�

6XSHUZLQG FRQFHSW HOHFWULFLW\ LV QHYHU VWRUHG DV WKH IOXFWXDWLRQV LQ ZLQG HQHUJ\ SURGXFWLRQV
DUH FRPSHQVDWHG E\ WKH IOH[LELOLW\ RI SRZHU SURGXFWLRQ LQ WKH IXHO FHOO >��@�

)URP UHYLHZLQJ WKH OLWHUDWXUH �5HI� >��@ DQG >��@� RQ WKH 6XSHUZLQG FRQFHSW� LWV DGYDQWDJHV
FDQ EH VXPPDUL]HG DV IROORZV

� )OH[LEOLW\ RI WKH 6XSHUZLQG FRQFHSW FDQ VXSSRUW WKH JURZLQJ K\GURJHQ GHPDQG DQG KHOS
ZLWK ZLGHVSUHDG DGDSWDWLRQ RI WKLV UHODWLYHO\ QHZ IXHO� $ FOHDQHU WUDQVSRUW VHFWRU EDVHG
RQ K\GURJHQ DV D IXHO FDQ EH PDGH SRVVLEOH�

� 7KH 6XSHUZLQG FRQFHSW SURYLGHV D V\VWHP WKDW VWLOO SURGXFHV SURGXFWV WKDW DUH HFRQRP�
LFDOO\ YDOXDEOH OLNH HOHFWULFLW\ DQG KHDW ZKHQ WKH K\GURJHQ GHPDQG LV ORZ�

� ,W FDQ KHOS PLQLPL]H WKH LPEDODQFH EHWZHHQ WKH SUHGLFWHG GHPDQG WKDW QHHGV WR EH
VXSSOLHG DQG WKH DFWXDO HOHFWULFLW\ SURGXFWLRQV� 7KLV QRW RQO\ KHOSV ZLQG WXUELQH RZQHUV
DYRLG SHQDOWLHV EXW DOVR KHOSV WKHP LQFUHDVH SURILWV E\ SURGXFLQJ PRUH HOHFWULFLW\ ZKHQ
WKH GHPDQG LV KLJK�

� $V WKH HOHFWULFDO RXWSXW LV GRXEOHG LQ FRPSDULVRQ WR VWDQGDUG RSHUDWLRQ� WKH FRVW RI IXHO
FHOO SHU .: LV UHGXFHG E\ ����

� ,W DOVR OHDYHV WKH SRVVLELOLW\ RI XWLOL]LQJ WKH ZDVWH KHDW IRU ELRJDV SURGXFWLRQ RU IRU RWKHU
LQGXVWULDO RU UHVLGHQWLDO DSSOLFDWLRQV�

� 7KURXJK WKLV FRQFHSW� LQWHUPLWWHQW VRXUFHV OLNH ZLQG DQG VRODU HQHUJ\ FDQ EHFRPH PRUH
UHOLDEOH� 6LQFH QR VWRUDJH LV LQYROYHG� WKHUH LV QR ORVV LQ HIILFLHQF\ UHODWHG WR VWRUDJH DV
ZHOO�

� 7KLV FRQFHSW FDQ KHOS ZLWK HIILFLHQW ELRPDVV LQWHJUDWLRQ LQWR WKH WUDQVSRUW DQG HQHUJ\
VHFWRUV GXH WR VLPXOWDQHRXV SURGXFWLRQ RI SRZHU DQG K\GURJHQ�

� 7KLV FRQFHSW ZLOO DOVR SURPRWH WKH JURZWK RI KLJK WHPSHUDWXUH IXHO FHOO PDUNHW UHVXOWLQJ LQ
UHGXFHG FRVW RI IXHO FHOOV GXH WR PDVV SURGXFWLRQ DQG DOVR UHGXFHG FRVW RI WUDQVSRUWDWLRQ
E\ HQFRXUDJLQJ GLVWULEXWHG JHQHUDWLRQ LQ PHGLXP VL]HG XQLWV DW D KLJKHU HIILFLHQF\�
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7KHVH DUH KRZHYHU VWLOO WKHRUHWLFDO SRVVLELOLWLHV DQG WHVWV DQG H[SHULPHQWDWLRQ LV VWLOO UHTXLUHG
WR GHWHUPLQH IRU WKH LPSDFWV RI WKHUPDO ORDGV� PDWHULDO GHJUDGDWLRQ� FRQWURO DQG VHDPOHVV
LQWHUDFWLRQV DPRQJ WKH FRPSRQHQWV� 0RUHRYHU� LWV HFRQRPLF IHDVLELOLW\� JRYHUQPHQW SROLFLHV
DQG UROH RI DFWRUV ZLOO DOVR SOD\ DQ LPSRUWDQW UROH LQ GHYHORSPHQW RI WKLV FRQFHSW LQ WKH IXWXUH�

7KLV FKDSWHU XV KHOSHG DQVZHU WKH ILUVW WZR UHVHDUFK VXE TXHVWLRQV SUHVHQWHG LQ VHFWLRQ ����
7KURXJK WKH FRQWHQWV RI WKH FKDSWHU D EDFNJURXQG RQ IXHO FHOOV DQG0&)& V\VWHPV LQ SDUWLFXODU
ZHUH SURYLGHG IURP WKH H[LVWLQJ OLWHUDWXUH� 7KHVH IXHO FHOOV WKDW RSHUDWH DW KLJK WHPSHUDWXUHV
RI RYHU &ࣅ��� FDQ SURGXFH HOHFWULFLW\ DW KLJKHU HIILFLHQF\ WKDQ FRPEXVWLRQ EDVHG HQHUJ\ SUR�
GXFWLRQ V\VWHPV� 'XH WR WKHLU KLJK RSHUDWLQJ WHPSHUDWXUHV� LQWHUQDO UHIRUPLQJ RI K\GURJHQ LV
DOVR SRVVLEOH ZLWKLQ WKH 0&)&� 7KHLU GHPDQG LV FRQVWDQWO\ JURZLQJ HVSHFLDOO\ LQ WKH 8QLWHG
6WDWHV DQG 6RXWK .RUHD DQG WKH JOREDO GHPDQG LV PRVWO\ VXSSOLHG E\ WKH FRPSDQ\ NQRZQ
DV )XHO&HOO (QHUJ\� 7KHVH IXHO FHOOV KDYH IRXQG DSSOLFDWLRQV LQ VWDWLRQDU\ GLVWULEXWHG SRZHU
JHQHUDWLRQ� PDULQH DSSOLFDWLRQV DQG KDYH EHHQ HYDOXDWHG IRU FDUERQ FDSWXUH DV WKH RSHUDWLQJ
LRQV LQ WKHVH IXHO FHOOV DUH WKH FDUERQDWH LRQV� 6LQFH WKH\ DUH RIWHQ XVHG LQ VLPLODU DSSOLFD�
WLRQV� WKLV FKDSWHU DOVR SURYLGHG D FRPSDULVRQ EHWZHHQ WKH WZR KLJK WHPSHUDWXUH IXHO FHOOV�
62)& DQG 0&)& LQ VHFWLRQ ����

&RJHQHUDWLRQ DQG WULJHQHUDWLRQ HVSHFLDOO\ LQ WKH &+3 DSSOLFDWLRQV KDYH EHHQ SURYHQ WR LP�
SURYH WKH HIILFLHQF\ RI WKH IXHO GXH WR WKHLU XWLOL]DWLRQ RI ZDVWH KHDW IRU YDULRXV KHDWLQJ RU
FRROLQJ DSSOLFDWLRQV� 6LPLODU FRQFHSW KDV EHHQ DGRSWHG E\ WKH IXHO FHOO ZKHUH RYHUDOO IXHO HIIL�
FLHQFLHV RI RYHU ��� FDQ EH DFKLHYHG E\ SURGXFLQJ K\GURJHQ� KHDW DQG HOHFWULFLW\ IURP LQWHUQDO
UHIRUPLQJ KLJK WHPSHUDWXUH IXHO FHOOV� 7KLV FRQFHSW KDV EHHQ VXSSRUWHG E\ WZR H[LVWLQJ H[�
DPSOHV� )LUVW� D GHPRQVWUDWLRQ SURMHFW DW )RXQWDLQ 9DOOH\� &DOLIRUQLD VXFFHVVIXOO\ VKRZFDVHG
D WUL�JHQHUDWLQJ SODQW SURGXFLQJ HOHFWULFLW\� K\GURJHQ DQG KHDW� 7KLV SODQW EDVHG RQ 0&)&
KDG SURGXFHG D GDLO\ RXWSXW RI DERXW ���NJ RI K\GURJHQ DQG ���.: RI HOHFWULFLW\ IURP ELRJDV
REWDLQHG IURP ZDVWHZDWHU WUHDWPHQW� 7KLV VXFFHVVIXOO\ VKRZFDVHG WKH SRVVLELOLW\ RI D IXOO\ UH�
QHZDEOH WUL�JHQHUDWLRQ RSHUDWLRQ IRU IXWXUH DSSOLFDWLRQV� 6HFRQG� WKH H[DPSOH RI 7R\RWD¶V /RQJ
%HDFK SURMHFW IRU WULJHQHUDWLRQ KDV EHHQ SUHVHQWHG� 7KLV SURMHFW� FXUUHQWO\ XQGHU GHYHORSPHQW
LV H[SHFWHG WR SURGXFH DERXW ��� WRQQHV RI K\GURJHQ DQG ����0: RI HOHFWULFLW\ GDLO\� :LWK WKH
HQHUJ\ VXSSOLHG WKH\ FDQ SRZHU WKH IDFLOLW\ DQG FRPSOHWHO\ IXHO DOO WKHLU IXHO FHOO YHKLFOHV� 7KLV
FKDSWHU DOVR SURYLGHG D SRVVLELOLW\ XVLQJ WKHVH IXHO FHOOV LQ 0603 DSSOLFDWLRQV E\ HODERUDWLQJ
WKH ¶6XSHUZLQG &RQFHSW¶� 7KLV FRQFHSW WKDW LQWHJUDWHV IOXFWXDWLQJ HQHUJ\ VRXUFHV OLNH ZLQG �RU
VRODU� ZRXOG KDYH PDQ\ EHQHILWV� 0RVW LPSRUWDQWO\� LW ZRXOG KHOS PDNH ZLQG HQHUJ\ EH PRUH
UHOLDEOH E\ UHPRYLQJ WKH QHHG IRU VWRUDJH DV H[FHVV HQHUJ\ FDQ EH FRQYHUWHG WR K\GURJHQ WKDW
FDQ EH VWRUHG� 7KLV ZRXOG DOVR PDNH WKH DYDLODELOLW\ RI K\GURJHQ PRUH DFFHVVLEOH�



�
7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ

ZLWK WKH 62)& 0RGHO

,Q WKLV FKDSWHU WKH WHFKQLFDO IHDVLELOLW\ RI WKH 0&)& IXHO FHOOV LQ FRJHQHUDWLRQ RI K\GURJHQ DQG
SRZHU LV DQDO\]HG� 7KH SHUIRUPDQFH RI WKHVH LQWHUQDO UHIRUPLQJ IXHO FHOOV �,5�0&)&� LV DOVR
FRPSDUHG WR WKDW RI WKH LQWHUQDO UHIRUPLQJ VROLG R[LGH IXHO FHOOV �,5�62)&�� 7KLV LV GRQH E\ ILUVW
SURYLGLQJ D EDFNJURXQG RQ WKH 62)& SDSHU� WKLV LV IROORZHG E\ D EULHI VHFWLRQ RQ WKH )XHO &HOO
7KHRU\ DQG WKH WKUHH PRGHV RI RSHUDWLRQ� +DYLQJ GHILQHG WKH WKUHH PRGHV RI RSHUDWLRQV� D
VHFWLRQ RQ V\VWHP GHVFULSWLRQ DQG RSHUDWLRQ KDV EHHQ SUHVHQWHG� 7KLV LV IROORZHG E\ UHVXOWV
DQG FRPSDULVRQV� )LQDOO\� FRQFOXVLRQV DQG KLJKOLJKWV IURP WKH VLPXODWLRQ DUH SUHVHQWHG�

���� %DFNJURXQG RQ WKH 62)& SDSHU DQG WKH PRGHV RI RSHUDWLRQ
7KLV FKDSWHU RQ WHFKQLFDO IHDVLELOLW\ KDV EHHQ EDVHG RQ WKH SDSHU ´)OH[LEOH &RSURGXFWLRQ RI
+\GURJHQ DQG 3RZHU 8VLQJ ,QWHUQDO 5HIRUPLQJ 6ROLG 2[LGH )XHO &HOOV 6\VWHPƬZKLFK VHUYHV
DV WKH LQVSLUDWLRQ IRU WKLV SDSHU >��@� 7KHUH� VKHHW FDOFXODWLRQ RQ DQ ,5�62)& V\VWHP KDV EHHQ
XVHG WR VKRZ D IOH[LEOH FRSURGXFWLRQ V\VWHP WKDW KDV EHHQ GHVLJQHG WR RSHUDWH LQ FRQYHQWLRQDO
PRGHV SURGXFLQJ PDLQO\ HOHFWULF SRZHU ZLWK KHDW� DQG LQ KLJK SRZHU PRGH LQ ZKLFK K\GURJHQ
LV DOVR SURGXFHG EHVLGHV HOHFWULF SRZHU DQG KHDW� $V PRVW RI WKH KHDW KDV EHHQ HIIHFWLYHO\
XWLOL]HG LQ K\GURJHQ SURGXFWLRQ� K\GURJHQ DQG SRZHU KDYH EHHQ FRQVLGHUHG IRU WKH RYHUDOO
HIILFLHQF\�

7KH JRDO RI WKDW SDSHU ZDV WR VWXG\ WKH WHFKQLFDO IHDVLELOLW\ RI DQ LQWHUQDO UHIRUPLQJ V\VWHP DQG
H[SORUH LWV SRVVLELOLWLHV DQG OLPLWDWLRQV IRU D IOH[LEOH FRSURGXFWLRQ� ,W ZDV DOVR VKRZQ WKDW VXFK
V\VWHPV FDQ RSHUDWH LQ D ZLGH UDQJH RI IXHO XWLOL]DWLRQ UDQJLQJ IURP ��� UHSUHVHQWLQJ KLJKHVW
K\GURJHQ SURGXFWLRQ PRGH XS WR ���ZKLFK FRUUHVSRQGV WR VWDQGDUG IXHO FHOO RSHUDWLQJ PRGH�
7KUHH GLIIHUHQW PRGHV RI RSHUDWLRQV KDYH EHHQ FRQVLGHUHG

� +LJK (IILFLHQF\ 0RGH� &XUUHQW LV LV NHSW FRQVWDQW WR �0: HTXLYDOHQW�

� &RQVWDQW &XUUHQW 'HQVLW\ 0RGH� &XUUHQW GHQVLW\ LV IL[HG DW ���� െ�൫ኼ�

� +LJK 3RZHU 0RGH� &HOO YROWDJH LV IL[HG DW ���9�

��



���� )XHO &HOO 7KHRU\ ��

7KHVH V\VWHPV VKRZHG YHU\ KLJK RYHUDOO HIILFLHQFLHV RI RYHU ��� FRXOG EH DFKLHYHG LQ WHUPV
RI K\GURJHQ DQG HOHFWULF SRZHU SURGXFWLRQ >��@� 7KH SDSHU VKRZFDVHG WKDW ZLWK WKH IOH[LELOLW\
SURYLGHG E\ WKH FRSURGXFLQJ V\VWHPV� YDU\LQJ GHPDQGV IRU K\GURJHQ DQG�RU HOHFWULF SRZHU
FRXOG EH DFKLHYHG LQ DFFRUGDQFH ZLWK WKHLU IOXFWXDWLQJ PDUNHW SULFHV WKURXJK RSHUDWLRQ RSWL�
PL]DWLRQ�

,Q WKLV SDSHU FRSURGXFWLRQ ZLWK ,5�0&)& KDV EHHQ H[SORUHG XVLQJ WKH VRIWZDUH ¶&\FOH�7HPSRƪ
ZKLOH NHHSLQJ WKH SDUDPHWHUV FORVH WR WKRVH XVHG LQ WKH ,5�62)& IRU WKH VDNH RI FRPSDULVRQ�
7KH IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU LV H[DPLQHG E\ XVLQJ DQ ,5�0&)& HQHUJ\
V\VWHP GHYHORSHG DW 78 'HOIW DQG PRGHOHG LQ WKH IORZVKHHW SURJUDP &\FOH�7HPSR� DOVR GH�
YHORSHG DW 78 'HOIW� &\FOH WHPSR LV QRZ GLVWULEXWHG E\ $VLPSWRWH >�@� 8VLQJ WKH ,5�62)&
FDOFXODWLRQV DV WKH UHIHUHQFH ,5�0&)& LV UXQ IRU WKH VDPH WKUHH PRGHV� KLJK HIILFLHQF\ PRGH�
FRQVWDQW FXUUHQW GHQVLW\ PRGH� DQG KLJK SRZHU PRGH ZKLOH YDU\LQJ WKH IXHO XWLOL]DWLRQ IDFWRU
IURP ��� WR ��� >��@�

���� )XHO &HOO 7KHRU\
,Q WKLV VHFWLRQ )XHO &HOO WKHRU\ LV EULHIO\ SUHVHQWHG IRU D EHWWHU XQGHUVWDQGLQJ RI WKH ,5�0&)&
PRGHO SUHVHQWHG LQ WKH IROORZLQJ VHFWLRQV� 'HWDLOHG YHUVLRQ RI WKLV FDQ EH IRXQG LQ 5HI� >��@
DQG 5HI� >��@�

)URP WKH IXHO FHOO PRGHO GHULYHG LQ 5HI� >���@ E\ 6WDQGDHUW HW DO�� WKH FHOO YROWDJH RI D 0&)&
LV DSSUR[LPDWHO\ HVWLPDWHG E\

൛፜፞፥፥ ࣵ ൔൈ൛ ࢿ
�
�
࿳൳፟ ࢿ ൧൰ �����

7KLV HTXDWLRQ ��� ZDV ODWHU YHULILHG DQG ZDV IRXQG WR EH DFFXUDWH DQG KDV EHHQ XVHG IRU
VLPLODU VWXG\ FRQGXFWHG ZLWK WKH ,5�62)& PRGHO >�@ >��@ � )RU FRQYHQLHQFH� DQ TXDVL RKPLF
UHVLVWDQFH ¶U¶ FRQVWLWXWHV LUUHYHUVLEOH RKPLF� NLQHWLF DQG GLIIXVLRQ ORVVHV� ,Q WKH VHFRQG WHUP
RQ WKH ULJKW� ࿳ LV WKH VORSH RI 1HUQVW SRWHQWLDO DV D IXQFWLRQ RI IXHO XWLOLVDWLRQ JLYHQ LQ YROW�
7KH RSHQ FHOO YROWDJH �2&9� IRU IXHO FHOO LQ JHQHUDO DQG IRU 0&)& LV JLYHQ E\ WKH IROORZLQJ
HTXDWLRQV ��� DQG ��� UHVSHFWLYHO\�
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+HUH ൊኺ LV WKH VWDQGDUG FHOO SRWHQWLDO� ൕ፩፫፨፝፮፜፭፬ DQG ൕ፫፞ፚ፜፭ፚ፧፭፬ DUH WKH SDUWLDO SUHVVXUH RU DFWLYLW\
RI VSHFLHV LQYROYHG� Q LV WKH QXPEHU RI HOHFWURQV LQYROYHG� [ DQG \ DUH WKH VWRLFKLRPHWULF
FRHIILFLHQWV� ) LV WKH )DUDGD\ƪV FRQVWDQW� 5 LV WKH XQLYHUVDO JDV FRQVWDQW DQG 7 LV WKH DEVROXWH
WHPSHUDWXUH RI WKH FHOO� 7KLV HTXDWLRQ ZLOO YDU\ DFFRUGLQJ WR WKH RYHUDOO FHOO UHDFWLRQ RI GLIIHUHQW
IXHO FHOOV� )RU 0&)& LW LV JLYHQ E\ WKH IROORZLQJ HTXDWLRQ � (T� ���� EDVHG RQ WKH RYHUDOO FHOO
UHDFWLRQ JLYHQ E\ (T� ��� LQ WKH SUHYLRXV FKDSWHU�
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�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

7KH SRWHQWLDO DW VWDQGDUG VWDWH �ൊኺ� LV GHSHQGHQW RQ WKH *LEEV IUHH HQHUJ\ �*� RI WKH RYHUDOO
)XHO FHOO UHDFWLRQ�

ൊኺ ൌ�൬ോ́ࢿ  �����

́ൌ  ്́ ࢿ ൙́൘ �����

:KHUH ́+ LV WKH FKDQJH LQ HQWKDOS\� 7KH 7́6 WHUP LQ HTXDWLRQ ��� LV WKH UHYHUVLEOH KHDW
SURGXFWLRQ� 7KH LUUHYHUVLEOH KHDW SURGXFWLRQ LV GXH WR WKH SRODUL]DWLRQ ORVVHV RWKHU WKDQ WKH
1HUQVW ORVV DQG LW LQFUHDVHV ZLWK WKH LQFUHDVH LQ FXUUHQW GUDZQ IURP WKH FHOO� 7KH IXHO FHOO
HIILFLHQF\ LV DOVR SURSRUWLRQDO WR WKH FKDQJH LQ *LEEV IUHH HQHUJ\ DQG LV JLYHQ E\

࿹፟፜  ́ൌ�്́  � ࢿ ൙́൘�്́ �����

7KH IXHO XWLOL]DWLRQ �൳፟� LV GHWHUPLQHG E\ WKH WKH FRPELQDWLRQ RI LQSXW IXHO IORZ DQG WKH FXUUHQW
RXWSXW DQG FDQ EH VKRZQ DV

൳፟ ऎ
൧
൧።፧

�����

ZKHUH L LV WKH DFWXDO FXUUHQW GHQVLW\ DQG ൧።፧ LV D K\SRWKHWLFDO WHUP NQRZQ DV ¶HTXLYDOHQW LQSXW
FXUUHQW GHQVLW\¶� ,W FDQ EH GHILQHG DV FXUUHQW SURGXFHG E\ WKH IXHO FHOO ZKHQ DOO WKH LQSXW QDWXUDO
JDV LV HOHFWURFKHPLFDOO\ FRQYHUWHG �L�H�� DW �൳፟�  �� GLYLGHG E\ WKH DFWLYH FHOO DUHD RI WKH IXHO
FHOO� 7KH HTXLYDOHQW LQSXW FXUUHQW GHQVLW\ ൧።፧� FDQ EH FDOFXODWHG ZLWK WKH IROORZLQJ HTXDWLRQ

൧።፧  
൬ ॲ ോ ॲ ൫።፧

െ
�����

ZKHUH ൫።፧ LV WKH QXPEHU RI PROHV RI IXHO HQWHULQJ WKH IXHO FHOO SHU VHFRQG�

*RLQJ EDFN WR HTXDWLRQ ���� LW FDQ EH VHHQ WKDW E\ NHHSLQJ WKH UHVLVWDQFH FRQVWDQW� ൛፜፞፥፥ FDQ EH
FDOFXODWHG E\ LQSXWWLQJ YDOXHV RI L DQG ൧።፧ LQWR WKH HTXDWLRQ� 6LPLODUO\ ¶L¶ FDQ EH FDOFXODWHG LI WKH
YDOXHV RI ൧።፧ �RU ൳፟� DQG ൛፜፞፥፥ DUH JLYHQ� 7KHUHIRUH� WKH IXHO FHOO V\VWHP KDV WZR LQGHSHQGHQW
YDULDEOHV ZKLFK FDQ EH VHHQ DV WZR FRQWURO NQREV WKDW FDQ EH YDULHG LQGHSHQGHQWO\� :LWK WKH
KHOS RI WKHVH ¶FRQWURO NQREV¶� YDULRXV RSHUDWLQJ FRQGLWLRQV DUH SRVVLEOH IRU WKH SURGXFWLRQ RI
K\GURJHQ� HOHFWULF SRZHU DQG KHDW DW GLIIHUHQW HIILFLHQF\ UDWHV�

���� 0&)& V\VWHP GHVFULSWLRQ DQG RSHUDWLRQ
+LJK WHPSHUDWXUH ,5�0&)&V RSHUDWH DW DERXW ���ƕ& DQG SURGXFH KHDW IURP UHYHUVLEOH DQG
LUUHYHUVLEOH SURFHVVHV WKDW LV XVHG IRU WKH UHIRUPLQJ UHDFWLRQ RI WKH IXHO WR SURGXFH K\GURJHQ�
,W LV SRVVLEOH WR REWDLQ PRUH K\GURJHQ WKDQ QHFHVVDU\ IRU WKH RSHUDWLRQ RI WKH IXHO FHOOV E\
DGMXVWLQJ WKH RSHUDWLQJ FRQGLWLRQV� ,Q WKLV VHFWLRQ� WKH ,5�0&)& PRGHO GHYHORSHG LQ &\FOH�
7HPSR LV EULHIO\ H[SODLQHG� $V WKLV UHSRUW LV EDVHG RQ WKH ,5�62)& VWXG\� WKH 62)& &\FOH�
7HPSR PRGHO XVHG E\ +HPPHV HW DO� LQ 5HI� >��@ KDV EHHQ SURYLGHG LQ $SSHQGL[ $�



���� 0&)& V\VWHP GHVFULSWLRQ DQG RSHUDWLRQ ��

6LPLODU WR WKH ,5�62)& V\VWHP LQ 5HI� >��@� WKH IORZ VKHHW V\VWHP OD\RXW VKRZQ LQ )LJ����
ZDV GHVLJQHG LQ 78 'HOIW WR EH DV VLPSOH DV SRVVLEOH� 7KLV GHVLJQ KDV QRW EHHQ RSWLPL]HG
HFRQRPLFDOO\ RU IRU KLJK HIILFLHQF\� 7KH FKRLFH RI QDWXUDO JDV FRPSRVLWLRQ ZDV EDVHG RQ WKH
JDV FRPSRVLWLRQ IURP WKH ODUJHVW 'XWFK VRXUFHƪ6ORFKWHUHQƪDV LW LV VHOHFWHG WR EH WKH VWDQGDUG
JDV FRPSRVLWLRQ LQ WKH 1HWKHUODQGV� 7KLV ORZ FDORULILF JDV ZDV IRXQG WR FRQWDLQ DERXW ��� RI
QLWURJHQ�

5HF\FOH ORRSV KDYH EHHQ DSSOLHG WR WKH DQRGH DQG WKH FDWKRGH DV VKRZQ LQ )LJ� ���� ,Q ,5�
0&)&V� WKH ൈൔኼ WKDW LV OLEHUDWHG DW WKH DQRGH QHHGV WR EH UHF\FOHG EDFN WR WKH FDWKRGH WR
LPSURYH SHUIRUPDQFH� 7KLV LV GRQH WKURXJK WKH VHSDUDWRU �DSSDUDWXV ��� DV VKRZQ LQ )LJ� ����
7KH UROH RI WKH VHSDUDWRU LV WR LVRODWH RXW WKH ൈൔኼ IURP WKH DQRGH RXWSXW WKDW LV UHTXLUHG WR EH
VXSSOLHG WR WKH FDWKRGH LQSXW� 7KH VHSDUDWRU KDV D VHSDUDWLRQ HIILFLHQF\ RI ��� LQ WKLV PRGHO�
5HF\FOLQJ KDV WKUHH PDLQ EHQHILWV� )LUVW� D EHWWHU WHPSHUDWXUH GLVWULEXWLRQ FDQ EH DFKLHYHG
LQVLGH D IXHO FHOO VWDFN EHFDXVH UHF\FOLQJ SURYLGHV QHFHVVDU\ KHDW IRU WKH HQGRWKHUPLF UH�
IRUPLQJ UHDFWLRQ >��@� 7KLV LV EHQHILFLDO DV WKHVH UHDFWLRQV RFFXU DW UDSLG VSHHGV� WKXV WKH\
SUHGRPLQDQWO\ RFFXU WRZDUGV WKH LQOHW RI WKH IXHO FHOO VWDFN� 6HFRQG� WKH QHFHVVDU\ VWHDP
UHTXLUHG E\ WKH UHIRUPLQJ UHDFWLRQ LV DOVR SURYLGHG E\ UHF\FOLQJ� ,QSXW JDV VWUHDPV DUH SUH�
KHDWHG E\ WKH RXWSXW VWUHDPV WKURXJK YDULRXV KHDW H[FKDQJHUV SUHVHQW LQ WKH PRGHO� 7KLUG
ൈൔኼ UHF\FOLQJ SURYLGHV WKH ൈൔኼ UHTXLUHG E\ WKH FDWKRGH LQ WKH 0&)& RSHUDWLRQ� $ SDUW RI WKH
UHPDLQLQJ JDV IURP WKH DQRGH RXWSXW� DIWHU ൈൔኼ UHPRYDO LV UHF\FOHG EDFN WR WKH DQRGH DQG WKH
UHVW H[LWV WKURXJK VLQN � ZKHUH V\QJDV LV REWDLQHG� $ YDOYH �$SSDUDWXV ��� GHWHUPLQHV WKH
DPRXQW RI JDV H[LWLQJ WKURXJK WKH VLQN � DQG WKH DPRXQW RI JDV EHLQJ UHF\FOHG LQWR WKH DQRGH�
,Q WKLV FDVH WKH UHF\FOH YDOXH LV VHW WR ��� NJ�V IRU DOO WKUHH PRGHV RI RSHUDWLRQ� 7KLV YDOXH ZDV
FKRVHQ WR REWDLQ UHVXOWV LQ DOO WKUHH PRGHV RI RSHUDWLRQ LQ WKH UHTXLUHG UDQJH RI IXHO XWLOL]DWLRQ
YDOXHV IRU FRPSDULVRQ ZLWK WKH 62)& VWXG\�

7KH RXWSXW IURP SLSH 1R� �� FRQWDLQV K\GURJHQ DQG RWKHU JDVHV OLNH &2� &2� DQG +�2�
+\GURJHQ FDQ EH VHSDUDWHG IURP WKLV PL[WXUH H[WHUQDOO\ EXW WKDW LV H[FOXGHG LQ WKLV VWXG\� ,Q
RUGHU WR VWD\ FRQVLVWHQW ZLWK WKH ,5�62)& PRGHO� RQO\ WKH DPRXQWV RI K\GURJHQ DQG &2 DUH
FRQVLGHUHG LQ WKH UHVXOWV IRU EHLQJ FRPSRQHQWV RI WKH IXHO FRQWDLQLQJ FKHPLFDO HQHUJ\ DQG
NQRZLQJ WKDW &2 FDQ EH XVHG WR SURGXFH K\GURJHQ YLD WKH VKLIW UHDFWLRQ ZLWK VWHDP� 0RVW
RI WKH KHDWLQJ YDOXH RI WKH RII�JDV LV FRQWULEXWHG E\ K\GURJHQ� ZKLOH &2 FRQWULEXWHV DERXW D
TXDUWHU WR D RQH�WKLUG� 7KH ,5�0&)&PRGHO VKRZQ LQ )LJ� ��� LV XVHG WR H[DPLQH WKH LQIOXHQFH
RI FKDQJLQJ IXHO XWLOL]DWLRQ� JDV LQSXW UDWH� FHOO YROWDJH DQG FXUUHQW GHQVLW\ RQ WKH SURGXFWLRQ RI
SRZHU DQG K\GURJHQ� ,Q WKH PRGHO� DSSDUDWXV � LV WKH 0&)& WKDW RSHUDWHV QHDU DWPRVSKHULF
SUHVVXUH� 7KH QDWXUDO JDV DQG DLU DUH VXSSOLHG WKURXJK VRXUFHV � DQG �� UHVSHFWLYHO\� $LU IURP
VRXUFH �� LV FRPSUHVVHG E\ DQ DLU EORZHU �$SSDUDWXV ���� 7KH QDWXUDO JDV IURP VRXUFH � LV
DOUHDG\ DYDLODEOH DW D VOLJKWO\ HOHYDWHG SUHVVXUH DV LW LV LQ WKH JDV GLVWULEXWLRQ JULG DQG GRHV QRW
QHHG IXUWKHU FRPSUHVVLQJ� $Q DLU EORZHU �$SSDUDWXV �� LV QHHGHG WR GULYH WKH DQRGH UHF\FOH
FLUFXLW DQG RQH RWKHU �$SSDUDWXV ��� LV XVHG WR GULYH WKH ൈൔኼ ORRS WR WKH FDWKRGH� 7KHUH DUH
WKUHH KHDW H[FKDQJHUV LQ WKH PRGHO� WZR RI ZKLFK �$SSDUDWXVHV �� DQG �� DUH XVHG WR KHDW
WKH FDWKRGH LQOHW DLU� ZKLOH WKH WKLUG �$SSDUDWXV �� LV XVHG WR SUHKHDW WKH IXHO IORZ� 2WKHU IL[HG
SDUDPHWHUV LQFOXGH WKH IXHO FHOO RXWOHW WHPSHUDWXUH ZKLFK LV IL[HG DW �&ࣅ��� &HOO UHVLVWDQFH
ZKLFK LV DVVXPHG WR EH �RKPൢ൫ኼ DQG FHOO DUHD ZKLFK LV ����ൢ൫ኼ WR EH FRQVLVWHQW ZLWK WKH
62)& PRGHO�



�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

)LJXUH ���� &\FOH �7HPSR IORZVKHHW GLDJUDP RI DQ LQWHUQDO UHIRUPLQJ 0&)& V\VWHP IRU FRSURGXFWLRQ RI K\GURJHQ
DQG SRZHU�

���� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\
,Q WKLV VHFWLRQ WKH UHVXOWV REWDLQHG IURP WKH IORZ VKHHW FDOFXODWLRQV RQ WKH ,5�0&)& VKRZQ
LQ )LJ� � DUH SUHVHQWHG� 7KUHH GLIIHUHQW PRGHV RI RSHUDWLRQV KDYH DOVR EHHQ H[SORUHG LQ
DFFRUGDQFH ZLWK WKH ,5�62)& PRGHO LQ 5HI� >��@� ,Q HDFK PRGH WKH IXHO XWLOL]DWLRQ LV UHGXFHG
IURP ��� WR ��� WR VKRZFDVH WKH JUDGXDO VKLIW IURP FRQYHQWLRQDO SRZHU SURGXFWLRQ VHWWLQJ WR
K\GURJHQ DQG &2 SURGXFWLRQ VHWWLQJ� 7KH IXHO XWLOL]DWLRQ KHUH UHIHUV WR WKH IXHO XWLOL]DWLRQ RI WKH
IXHO FHOO� )LQDOO\� WR PDNH WKH FRPSDULVRQ EHWZHHQ WZR ,5�)& PRGHOV� WKH UHDGLQJV REWDLQHG
IURP ERWK PRGHOV DUH SORWWHG WRJHWKHU LQ RQH ILJXUH IRU HDFK PRGH RI RSHUDWLRQ�

(IILFLHQF\ GHILQLWLRQV LQ WKHVH JUDSKV DUH DV IROORZV�

(OHFWULF (IILFLHQF\�

࿹ፄ፥፞፜  
ൕ፞ ፥፞፜�፟፜
ൕ።፧�፬፲፬፭፞፦

�����



���� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\ ��

*DV (IILFLHQF\�

࿹ፆፚ፬  
ൕ፠ፚ፬�፬፲፬፭፞፦
ൕ።፧�፬፲፬፭፞፦

������

7RWDO (IILFLHQF\�

࿹ፓ፨፭ፚ፥  
ൕ፞ ፥፞፜�፟፜ � ൕ፠ፚ፬�፬፲፬፭፞፦

ൕ።፧�፬፲፬፭፞፦
������

,Q HTXDWLRQV ���� ���� DQG ���� YDULDEOH ൕ።፧�፬፲፬፭፞፦ LV WKH SRZHU LQSXW LQWR WKH V\VWHP WKURXJK
VRXUFH � DV VKRZQ LQ )LJ� ���� LW LV WKH 0: HTXLYDOHQW RI WKH QDWXUDO JDV WKDW LV HQWHULQJ WKH
V\VWHP� ൕ፞ ፥፞፜�፟፜ LV WKH HOHFWULF SRZHU RXWSXW IURP WKH IXHO FHOO DQG ൕ፠ፚ፬�፬፲፬፭፞፦ LV WKH ്ኼ � ൈൔ
SRZHU RXWSXW IURP WKH V\VWHP REWDLQHG DW VLQN � DV VKRZQ LQ )LJ� ���� 7KH IXHO XWLOL]DWLRQ
YDOXHV FRQVLGHUHG LQ DOO WKUHH PRGHV RI RSHUDWLRQV DUH WKH IXHO XWLOL]DWLRQ RI WKH IXHO FHOOV�

������ +LJK (IILFLHQF\ 0RGH

,Q WKLV PRGH RI RSHUDWLRQ WKH LQSXW IXHO IORZ LV NHSW FRQVWDQW WR DERXW Ʃ�0: HTXLYDOHQWƪ
������NJ�V DW 6RXUFH �� LQ RUGHU WR PDWFK WKH DUELWUDULO\ FKRVHQ IXHO FHOO VL]H LQ FRQYHQWLRQDO
RSHUDWLRQ� $IWHU ZKLFK� WKH IXHO XWLOL]DWLRQ �൳፟� LV GHFUHDVHG LQ VWHSV IURP ��� WR ��� ZKLOH
NHHSLQJ WKH WRWDO FHOO DUHD FRQVWDQW DV LQ WKH 62)& VWXG\� 7KLV LV DFFRPSOLVKHG E\ D GHFUHDVH
LQ FXUUHQW GHQVLW\� ZKLFK KHUH GHFUHDVHV IURP ����$�P� WR ����$�P�� ,Q SUDFWLFH WKLV FDQ
EH DFKLHYHG E\ DGMXVWLQJ WKH HOHFWULF ORDG� $W YHU\ ORZ XWLOL]DWLRQ� LW LV SRVVLEOH WKDW WKH IXHO
FHOO GRHV QRW SURGXFH HQRXJK KHDW IRU WKH HQGRWKHUPLF UHIRUPLQJ UHDFWLRQ� $OWKRXJK LQ VRPH
FDVHV D IXHO XWLOL]DWLRQ EHORZ ��� LV SRVVLEOH� LW LV QRW FRQVLGHUHG LQ WKLV VWXG\ DV VXFK YHU\
ORZ XWLOL]DWLRQV FDQQRW EH UHDFKHG LQ DOO PRGHV�

)LJXUH ���� 3RZHU RXWSXW YV )XHO XWLOL]DWLRQ IRU +LJK�(IILFLHQF\ 0RGH

$OWKRXJK WKH FXUUHQW GHQVLW\ GHFUHDVHV E\ UHGXFLQJ ൳፟� WKH HOHFWULF SRZHU GRHV QRW GHFUHDVH
SURSRUWLRQDOO\ VLQFH ൛፜፞፥፥ LQFUHDVHV VLPXOWDQHRXVO\ DV LQGLFDWHG E\ (T� ���� ,Q )LJ� ��� D SORW
RI WKH SRZHU RXWSXW LQ WKH IRUP RI ്ኼ�&2 DQG HOHFWULF SRZHU YV ൳፟ LV VKRZQ� ,W FDQ EH VHHQ
WKDW WKHUH LV D VOLJKW GHFUHDVH LQ HOHFWULF SRZHU RXWSXW ZLWK WKH GHFUHDVH LQ IXHO XWLOL]DWLRQ



�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

)LJXUH ���� (IILFLHQF\ YV )XHO XWLOL]DWLRQ IRU +LJK�(IILFLHQF\ 0RGH

YDOXHV� ZKLFK LV FRPSHQVDWHG E\ WKH LQFUHDVH LQ ്ኼ SRZHU RXWSXW� 7KH HOHFWULF RXWSXW FDQ EH
FRQVLGHUHG WR EH PRUH RU OHVV FRQVWDQW� +RZHYHU� WKH WRWDO SRZHU RXWSXW �QRW FRXQWLQJ KHDW�
LV PRUH WKDQ ZKDW FDQ EH DWWDLQHG LQ FRQYHQWLRQDO IXHO FHOO RSHUDWLRQ ZLWK RQO\ HOHFWULF SRZHU
RXWSXW DQG DQ RYHUDOO HIILFLHQF\ RI RYHU ��� �DW ORZ IXHO XWLOL]DWLRQ XI  ���� FDQ EH DFKLHYHG
DV VKRZQ LQ )LJ� ���� $V VWDWHG EHIRUH WKH HQWKDOS\ FDUULHG E\ K\GURJHQ LV DOPRVW WZLFH WKDW
RI &2�

)LJ� ��� VKRZV D JUDSK RI JURVV HIILFLHQF\ YV ൳፟ IRU WKH KLJK HIILFLHQF\ PRGH� +HUH JDV
HIILFLHQF\ LV GHILQHG DV ്ኼ�&2 SRZHU RXWSXW GLYLGHG E\ WKH SRZHU LQSXW� )URP WKH ILJXUH LW
FDQ EH VHHQ WKDW WKH WRWDO HIILFLHQF\ LQFUHDVHV DW D KLJKHU UDWH WKDQ WKH GHFUHDVH LQ HOHFWULF
SRZHU HIILFLHQF\ DV WKH ൳፟ GHFUHDVHV� 7KHUH LV D YHU\ VOLJKW GHFUHDVH LQ WKH HOHFWULF HIILFLHQF\
�DERXW ��� WR ����� VR LW FDQ EH DVVXPHG WR EH DOPRVW FRQVWDQW LQ WKLV FDVH� 7KLV PRGH
PD\EH WKH PRVW HIILFLHQW� EXW LW PLJKW QRW EH WKH PRVW HFRQRPLFDOO\ IDYRUDEOH PRGH� )URP WKH
FDOFXODWLRQV LW FDQ EH DOVR GHWHUPLQHG WKDW LW LV SRVVLEOH WR WUDGH SRZHU IRU K\GURJHQ� EXW LW LV
QRW RQH�WR�RQH WUDGH RII� 7KLV PHDQV WKDW WKH VXP RI HOHFWULFLW\ DQG K\GURJHQ SRZHU LV QRW
FRQVWDQW� $V WKH KHDW ORVV DFURVV WKH V\VWHP ERXQGDU\ LV JUHDWO\ UHGXFHG� D PD[LPXP WRWDO
HIILFLHQF\ RI ��� LV REWDLQHG DW ��� IXHO XWLOL]DWLRQ� ,W LV LPSRUWDQW WR QRWH WKDW WKLV HIILFLHQF\
LV WKH WRWDO HIILFLHQF\ IRU WKH SURGXFWLRQ RI K\GURJHQ � SRZHU H[FOXGLQJ KHDW� VR QRW WKH WRWDO
HIILFLHQF\ RI DOO SRZHU RXWSXW LQFOXGLQJ KHDW� ZKLFK LV XVXDOO\ GHILQHG DV WRWDO HIILFLHQF\ LQ &+3
IXHO FHOO V\VWHPV�

,Q WKLV PRGH RI RSHUDWLRQ� WKH LQSXW QDWXUDO JDV IORZ ZDV NHSW FRQVWDQW DW �0: HTXLYDOHQW
WR PDWFK WKH PRUH RU OHVV DUELWUDULO\ FKRVHQ IXHO FHOO VL]H XVHG LQ FRQYHQWLRQDO RSHUDWLRQ�
$V VKRZQ LQ )LJ� ���� DW ORZ IXHO XWLOL]DWLRQ RI EHORZ ��� WKH ,5�0&)& V\VWHP SURGXFHV
KLJKHU HOHFWULF SRZHU RXWSXW WKDQ WKH ,5�62)& V\VWHP� $V WKH IXHO XWLOL]DWLRQ LQFUHDVHV DERYH
���� WKH HOHFWULF RXWSXW IURP WKH ,5�62)& LQFUHDVHV DW D KLJKHU UDWH WKDQ ,5�0&)& V\VWHP�
SURGXFLQJ VOLJKWO\ KLJKHU HOHFWULF SRZHU RXWSXW DW KLJKHU IXHO XWLOL]DWLRQ� 7KH PD[LPXP HOHFWULF
HIILFLHQF\ DFKLHYHG E\ WKH ,5�0&)& LV DERXW ��� DQG IRU WKH ,5�62)& LW LV DERXW ����

)URP ILJXUHV )LJ� ��� DQG )LJ� ��� � REVHUYDWLRQV UHJDUGLQJ WKH FRSURGXFWLRQ RI ്ኼ�&2 FDQ
DOVR EH PDGH� 7KH YDOXHV RI ്ኼ � &2 DUH UHSUHVHQWHG DV ƫWRWDO JDV SRZHUƬDQG ƫJDV



���� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\ ��

HIILFLHQF\ƬLQ WKH JUDSKV SORWWHG IRU WKH IXHO FHOOV� $V H[SHFWHG DW ORZ IXHO XWLOL]DWLRQ� WKH WRWDO
JDV SRZHU LV KLJKHU DV PRUH ്ኼ�&2 LV SURGXFHG DW ORZHU ൳፟� $W ORZHU IXHO XWLOL]DWLRQ XI  ����
WKH WRWDO JDV SRZHU LV PXFK KLJKHU IRU ,5�62)& V\VWHP ����.:� WKDQ LW LV IRU WKH ,5�0&)&
V\VWHP ����.:�� $W KLJKHU IXHO XWLOL]DWLRQ� DV WKH IXHO LV PRVWO\ XWLOL]HG IRU SURGXFLQJ HOHFWULF
SRZHU� WKH PROHV RI ്ኼ�&2 OLEHUDWHG IURP WKH IXHO FHOO V\VWHP DSSURDFKHV ]HUR�

7KH RYHUDOO HQHUJ\ HIILFLHQF\ ZKLFK KDV EHHQ FDOFXODWHG DV WKH VXP RI HOHFWULF HIILFLHQF\ DQG
WKH WRWDO JDV HIILFLHQF\ LQ WKLV SDSHU LV DOVR SORWWHG LQ )LJ� �� 7KHUH LV D GLIIHUHQFH UDQJLQJ IURP
URXJKO\ ��� WR ��� ZLWK WKH LQFUHDVH LQ ൳፟ EHWZHHQ WKH WZR IXHO FHOO V\VWHPV� DQG ZLWK WKH
,5�62)& PRGHO KDYLQJ KLJKHU RYHUDOO HIILFLHQF\ WKURXJKRXW� 7KH PD[LPXP RYHUDOO HIILFLHQF\
LV DFKLHYHG DW ൳፟  ���� EHLQJ ��� IRU WKH ,5�62)&PRGHO� DQG ��� IRU WKH ,5�0&)&PRGHO�
)URP &\FOH�7HPSR� WKH PD[LPXP H[HUJ\ HIILFLHQF\ REVHUYHG IURP WKH ,5�62)& V\VWHP ZDV
DERXW ��� ZKLOH WKH ,5�0&)& V\VWHP DFKLHYHG D PD[LPXP RI DERXW ����

)URP WKHVH REVHUYDWLRQV LW FDQ EH FRQFOXGHG WKDW LQ WKH +LJK (IILFLHQF\ 0RGH� LQ WKH UDQJH
RI REVHUYHG IXHO XWLOL]DWLRQ YDOXHV� WKH HOHFWULF HIILFLHQFLHV IURP WKH ,5�0&)& V\VWHPV OLH LQ
WKH UDQJH RI HIILFLHQFLHV DFKLHYHG E\ WKH ,5�62)& V\VWHPV� 7KH RYHUDOO HIILFLHQF\ DQG WKH
H[HUJ\ LV PXFK ORZHU IRU WKH ,5�0&)& V\VWHP� ZKLFK UHVXOWV IURP WKH VLJQLILFDQWO\ UHGXFHG
JDV HIILFLHQF\� 'HVSLWH WKLV� DQ RYHUDOO HIILFLHQF\ RI RYHU ��� LV SRVVLEOH ZLWK ,5�0&)&�

������ &RQVWDQW &XUUHQW 'HQVLW\ 0RGH

,Q WKLV PRGH ZH NHHS WKH FXUUHQW GHQVLW\ FRQVWDQW DQG WKH IXHO XWLOL]DWLRQ LV GHFUHDVHG E\
LQFUHDVLQJ WKH QDWXUDO JDV LQSXW IORZ� 7KH FXUUHQW GHQVLW\ LV NHSW FRQVWDQW DW ����$�൫ኼ DV LW
UHSUHVHQWV FRQYHQWLRQDO RSHUDWLRQ DW UHDVRQDEOH SRZHU GHQVLW\� ,Q WKLV PRGH� &\FOH�7HPSR LV
DOORZHG WR FKDQJH WKH JDV LQSXW IORZ WR PHHW ERWK WKH IL[HG YDOXHV RI ൳፟ DQG L� 7KHUHIRUH� LQ
)LJ� ��� LW LV VHHQ WKDW DW ORZHU ൳፟� WKH JDV IORZ LQSXW LV KLJKHU� KHQFH PRUH SRZHU HQWHUV WKH
V\VWHP� 7KH UHVXOWV REWDLQHG LQ WKLV PRGH DUH IRXQG WR EH LQ EHWZHHQ KLJK�SRZHU �VHH QH[W
VHFWLRQ� DQG KLJK�HIILFLHQF\ PRGH� )URP )LJ� ��� LW FDQ EH QRWLFHG WKDW WKH UDWH DW ZKLFK WKH
WRWDO HIILFLHQF\ LQFUHDVHV ZLWK WKH GHFUHDVH LQ ൳፟ LV KLJKHU WKDQ WKH GHFUHDVH LQ HOHFWULF SRZHU
HIILFLHQF\�

)LJXUH ���� 3RZHU RXWSXW YV )XHO XWLOL]DWLRQ IRU &RQVWDQW &XUUHQW 'HQVLW\ 0RGH



�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

)LJXUH ���� (IILFLHQF\ YV )XHO XWLOL]DWLRQ IRU &RQVWDQW &XUUHQW 'HQVLW\ 0RGH

,Q WKLV PRGH WKH LQSXW IORZ LV QRW IL[HG DQG LV DOORZHG WR LQFUHDVH� UHVXOWLQJ LQ KLJK HOHFWULF
SRZHU RXWSXW DW ORZ ൳፟ IRU ERWK WKH IXHO FHOO V\VWHPV� 7KH PD[LPXP HOHFWULF SRZHU RXWSXW LV
REWDLQHG DW ൳፟  ��� LQVWHDG RI XI  ��� DV LQ WKH FDVH RI WKH KLJK�HIILFLHQF\ PRGH DQG LV
KLJKHU WKDQ WKH PD[LPXP RI WKH KLJK�HIILFLHQF\ PRGH� 7KH PD[LPXP HOHFWULF SRZHU RXWSXW
LQ WKH ,5�62)& V\VWHP ����� .:� LV IRXQG WR EH KLJKHU WKDQ WKH ,5�0&)& V\VWHP �����
.:� DW ൳፟  ���� 7KH HOHFWULF HIILFLHQF\ YDULHV VLPLODU WR WKDW RI WKH KLJK�HIILFLHQF\ PRGH ZLWK
PD[LPXPV RI ��� �IRU ,5�0&)&� DQG ��� �IRU ,5�62)&� RFFXUULQJ DW XI  ���� 7KH LQSXW
IORZ WR PDLQWDLQ FRQVWDQW FXUUHQW GHQVLW\ LV PXFK KLJKHU DW ORZHU XWLOL]DWLRQ IDFWRU� $W XI  
���� WKH LQSXW IORZ HTXLYDOHQW WR ���� .: DQG ���� .: HQWHUV WKH V\VWHP IRU ,5�0&)& DQG
,5�62)&� UHVSHFWLYHO\�

7KH WRWDO JDV SRZHU IURP WKH FRSURGXFWLRQ RI ്ኼ�&2 IRU ERWK WKH IXHO FHOO V\VWHPV LV KLJKHU
WKDQ ZKDW ZDV REWDLQHG LQ WKH KLJK HIILFLHQF\ PRGH� $V PRVW IXHO LV VXSSOLHG DW WKH ORZHVW IXHO
XWLOL]DWLRQ� FRQYHUVLRQ WR ്ኼ�&2 LV WKH KLJKHVW DW ൳፟  ���� ZKHUH D WRWDO JDV SRZHU RI ���.:
LV REWDLQHG IURP ,5�0&)&� ZKLOH ,5�62)& SURGXFHV DOPRVW GRXEOH WKLV DPRXQW E\ JHQHUDWLQJ
����.:� 7KLV FDQ DOVR EH VHHQ LQ )LJ� ���� :LWK WKH LQFUHDVH LQ IXHO XWLOL]DWLRQ� WKH ്ኼ�&2
SRZHU FRQYHUJHV WRZDUGV ]HUR� 7KH YDULDWLRQ RI JDV HIILFLHQF\ ZLWK ൳፟ JLYHV D QHDUO\ LGHQWLFDO
SORW WR WKH RQH REWDLQHG LQ WKH KLJK�HIILFLHQF\ PRGH� DQG WKLV LV VKRZQ LQ )LJ� ���� 6LPLODUO\�
WKH RYHUDOO HIILFLHQF\ LV IRXQG WR FORVHO\ UHVHPEOH WKH YDOXHV IURP WKH KLJK�HIILFLHQF\ PRGH
DV ZHOO� ,WV PD[LPXP YDOXH RI RYHUDOO HIILFLHQF\ LV DFKLHYHG DW ൳፟  ��� IRU ERWK WKH IXHO FHOO
V\VWHPV DQG LW LV ��� IRU WKH ,5�0&)&� DQG ��� IRU WKH ,5�62)&� )URP &\FOH�7HPSR� WKH
PD[LPXP H[HUJ\ HIILFLHQF\ REVHUYHG IURP WKH ,5�62)& V\VWHP ZDV DERXW DOVR IRXQG WR EH
DERXW ��� OLNH LQ WKH KLJK HIILFLHQF\ PRGH ZKLOH WKH ,5�0&)& V\VWHP DFKLHYHG D PD[LPXP
H[HUJ\ HIILFLHQF\ RI DERXW ����

7R FRQFOXGH� LQ WKLV PRGH PD[LPXP SRZHU RXWSXW RFFXUV DW ORZHVW IXHO XWLOL]DWLRQ GXH WR PXFK
KLJKHU IXHO LQSXW� -XVW OLNH LQ WKH KLJK HIILFLHQF\ PRGH� WKH HOHFWULF HIILFLHQF\ RI ,5�0&)& LV LQ
WKH UDQJH RI ZKDW LV DFKLHYHG E\ WKH ,5�62)& V\VWHP EHWZHHQ ൳፟  ��� DQG ���� $JDLQ WKH
GLIIHUHQFH LQ WKH RYHUDOO HIILFLHQF\ IRU WKH ,5�0&)& V\VWHP FDQ EH DWWULEXWHG WR WKH ORVV LQ JDV
HIILFLHQF\ DV LQ WKH 0&)& RSHUDWLRQV� (YHQ LQ WKLV FDVH� ,5�0&)& ZDV VWLOO DEOH WR DFKLHYH
DQ RYHUDOO HIILFLHQF\ RI ����



���� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\ ��

������ +LJK 3RZHU 0RGH

)LJXUH ���� 3RZHU RXWSXW YV )XHO XWLOL]DWLRQ IRU +LJK 3RZHU 0RGH

)LJXUH ���� (IILFLHQF\ YV )XHO XWLOL]DWLRQ IRU +LJK 3RZHU PRGH

+LJK�SRZHU PRGH LV RI JUHDW LQWHUHVW IURP DQ HFRQRPLF SRLQW RI YLHZ� ,Q WKLV PRGH ODUJH FXUUHQW
GHQVLWLHV DUH REWDLQHG E\ NHHSLQJ WKH FHOO YROWDJH IL[HG DW D YHU\ ORZ YDOXH RI ���9� 6LPLODU WR
WKH FRQVWDQW FXUUHQW PRGH� WKLV PRGH DFKLHYHV D GHFUHDVH LQ IXHO XWLOL]DWLRQ ൳፟ E\ LQFUHDVLQJ
WKH QDWXUDO JDV LQSXW IXHO IORZ� 7KH UHVXOWV IURP WKLV PRGH RI RSHUDWLRQ DUH VKRZQ LQ )LJ� ���
DQG )LJ� ���� ZKLFK DUH WKH SORWV RI SRZHU RXWSXW YV IXHO XWLOL]DWLRQ� DQG HIILFLHQF\ YV IXHO
XWLOL]DWLRQ UHVSHFWLYHO\� $V YHU\ KLJK SRZHU RXWSXW YDOXHV DUH REWDLQHG LQ WKLV PRGH� WKLV LV DQ
H[WUHPH RSHUDWLRQ PRGH�

,W LV VHHQ WKDW DW ൳፟  ��� WKH FXUUHQW GHQVLW\ LV L  ����െ�൫ኼ� $V WKH FHOO YROWDJH LV ORZ
�VHW DW ��� 9�� WKH DPRXQW RI KHDW GLVVLSDWHG LV KLJK� 7KLV KHDW FDQ EH XVHG IRU WKH LQWHUQDO
UHIRUPLQJ UHDFWLRQ RI WKH QDWXUDO JDV IXHO� DQG D ODUJHU TXDQWLW\ RI QDWXUDO JDV FDQ EH UHIRUPHG
WKDQ LQ SUHYLRXV PRGHV� 'HVSLWH WKLV� VLJQLILFDQWO\ ODUJH HOHFWULF SRZHU RXWSXW LV VWLOO DFKLHYHG
ZKLOH RSHUDWLQJ DW D YHU\ ORZ FHOO YROWDJH RI ���9� ,Q WKH KLJK SRZHU PRGH WKH FHOO RSHUDWLRQ
LV FDUULHG RXW QHDU WKH PD[LPXP LQ WKH SRZHU RXWSXW YV FXUUHQW GHQVLW\ FXUYH DW WKH H[SHQVH



�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

RI ORZ HOHFWULF HIILFLHQF\ >��@� %\ XVLQJ ZDVWH KHDW IRU SURGXFLQJ K\GURJHQ ZH FDQ RSHUDWH DW
RU QHDU PD[LPXP SRZHU IRU HOHFWULFLW\ SURGXFWLRQ ZKLOH DW WKH VDPH WLPH SURGXFLQJ D VLPLODU
KLJK RXWSXW LQ WKH IRUP RI ്ኼ�&2 DOEHLW DW WKH H[SHQVH RI D GURS LQ HIILFLHQFLHV� $W ORZ ൳፟�
ORZ HOHFWULF SRZHU RXWSXW LV SDUWO\ FRPSHQVDWHG E\ WKH KLJKHU ്ኼ�&2 SURGXFWLRQ� DQG WKH WRWDO
HIILFLHQF\ IRU FRSURGXFWLRQ RI JDV DQG HOHFWULF SRZHU ZDV IRXQG WR UHDFK ���� ,W LV VHHQ
WKDW WKH PD[LPXP HOHFWULF SRZHU REWDLQHG LQ WKH KLJK HIILFLHQF\ PRGH ����� N:� LV ��� RI
WKDW REWDLQHG LQ WKH KLJK SRZHU PRGH ����� N:�� 6R� URXJKO\ HVWLPDWLQJ� LW FDQ EH VDLG WKDW
KLJK SRZHU PRGH SURGXFHV HOHFWULF RXWSXW WKDW LV DOPRVW WZLFH WKDW RI KLJK HIILFLHQF\ PRGH�
$GGLWLRQDOO\� ����.: RI JDV SRZHU LV REWDLQHG IURP SURGXFLQJ ്ኼ�&2 LQ WKLV PRGH� EULQJLQJ
WKH WRWDO XVHIXO RXWSXW WR RYHU ����.:� 7KLV LV ��� RU DERXW � WLPHV WKH HOHFWULF SRZHU RXWSXW
REWDLQHG LQ WKH FRQYHQWLRQDO RSHUDWLRQ �����.:� FDUULHG RXW ZLWK WKH VDPH IXHO FHOO�

,W VKRXOG EH QRWHG WKDW DOWKRXJK DW ORZ IXHO XWLOL]DWLRQ WKH V\VWHP LV LQ ്ኼ�&2 SURGXFWLRQ PRGH�
WKH HOHFWULF SRZHU LQFUHDVHV DV ZHOO� 7KLV LV EHFDXVH LQ WKLV PRGH RI RSHUDWLRQ� WKH XWLOL]DWLRQ
IDFWRU LV GHFUHDVHG E\ LQFUHDVLQJ WKH QDWXUDO JDV LQSXW� +HQFH� E\ DOORZLQJ PRUH -RXOHV SHU
VHFRQG WR IORZ LQWR WKH V\VWHP� ZH DUH LQFUHDVLQJ ERWK K\GURJHQ SURGXFWLRQ DQG SRZHU RXWSXW�
0RUHRYHU� 1HUQVW ORVV LV VLJQLILFDQWO\ UHGXFHG GXH WR KLJKHU SDUWLDO SUHVVXUH RI K\GURJHQ DW
ORZHU IXHO XWLOL]DWLRQ� UHVXOWLQJ LQ DQ LPSURYHPHQW RI FHOO YROWDJH DQG WKXV IXHO HIILFLHQF\ DV
LQGLFDWHG E\ (T� ����

)LJXUH ���� *DV RXWSXW FRPSRVLWLRQ YV XWLOL]DWLRQ IDFWRU FXUYH IRU KLJK SRZHU PRGH�

$V WKH IXHO XWLOL]DWLRQ YDOXH LV YDULHG IURP XI  ��� WR XI  ��� WKH FRPSRVLWLRQ RI JDVHV LQ
WKH IXHO FHOO RXWSXW FKDQJHV DV VKRZQ LQ )LJ� ���� 7KH DQRGH RXWSXW LV IRXQG WR FRQWDLQ WKH
JDV PL[WXUH FRQWDLQLQJ ്ኼ� &2� ്ኼൔ DQG ൈൔኼ ZLWK DQ REYLRXV GHFUHDVH LQ ്ኼ DQG &2 DV WKH
IXHO XWLOL]DWLRQ LQFUHDVHV� 7KH FDWKRGH RXWSXW PDLQO\ FRQVLVWV RI D PL[WXUH RI ൓ኼ� ൔኼ� ൓ኼ LV QRW
VKRZQ LQ )LJ������ 7KH FDWKRGH RXWSXW FRPSRVLWLRQ LV VLPLODU WR WKDW LQ WKH ,5�62)& PRGHO
KRZHYHU� D PDMRU GLIIHUHQFH REVHUYHG LQ WKH DQRGH VLGH LQYROYHV PXFK KLJKHU ൈൔኼ HPLVVLRQV�
7KLV LV H[SHFWHG GXH WR WKH GLIIHUHQFH LQ WKH IXHO FHOO RSHUDWLQJ SULQFLSOHV�

,Q WKLV PRGH RI RSHUDWLRQ� WKH IXHO LQSXW LV IRXQG WR EH WKH KLJKHVW DPRQJ WKH WKUHH PRGHV
RI RSHUDWLRQ H[SORUHG LQ WKLV SDSHU� 7KH IXHO LQSXW LV PD[LPXP DW XI  ���� EHLQJ ���� .:
HTXLYDOHQW IRU WKH ,5�0&)& DQG ���� .: IRU WKH ,5�62)& V\VWHP� 7KLV UHVXOWV LQ PXFK KLJKHU
JDV DQG HOHFWULF RXWSXW WKDQ WKH RWKHU WZR PRGHV� ,W LV VHHQ WKDW HOHFWULF RXWSXW GHFUHDVHV



���� 5HVXOWV DQG FRPSDULVRQ ZLWK ,5�62)& VWXG\ ��

ZLWK DQ LQFUHDVH LQ IXHO XWLOL]DWLRQ� UHVXOWLQJ LQ D PD[LPXP RXWSXW REWDLQHG DW XI  ���� 7KLV
PD[LPXP HOHFWULF RXWSXW LV ���� .: IRU WKH ,5�0&)& V\VWHP DQG ���� .: IRU ,5�62)&
V\VWHP� ,W VKRXOG EH QRWHG WKDW WKH PLQLPXP HOHFWULF RXWSXWV REWDLQHG IURP WKLV PRGH RI
RSHUDWLRQ DW XI  ��� LV VWLOO PXFK KLJKHU WKDQ WKH PD[LPXP HOHFWULF RXWSXWV IRU ERWK WKH
IXHO FHOOV LQ WKH RWKHU WZR PRGHV RI RSHUDWLRQV DV FDQ EH GHGXFHG IURP WKH SRZHU RXWSXW YV
IXHO XWLOL]DWLRQ SORWV IRU WKH WKUHH PRGHV RI RSHUDWLRQV �)LJXUHV� ���� ���� ����� 7KH HOHFWULF
HIILFLHQF\ LQFUHDVHV ZLWK WKH LQFUHDVH LQ IXHO XWLOL]DWLRQ� EXW LV PXFK ORZHU WKDQ LQ WKH RWKHU WZR
PRGHV� WKLV LV H[SHFWHG DV IXHO LV VXSSOLHG LQ DEXQGDQFH� 7KH HOHFWULF HIILFLHQF\ YDULHV DOPRVW
LGHQWLFDOO\ EHWZHHQ ��� WR ��� IRU ERWK WKH IXHO FHOO V\VWHPV DV WKH IXHO XWLOL]DWLRQ LQFUHDVHV
DV VKRZQ LQ )LJ� ���� )URP F\FOH WHPSR� WKH V\VWHP H[HUJ\ HIILFLHQF\ ZDV DOVR IRXQG WR EH
FORVHO\ LGHQWLFDO LQ ERWK WKH IXHO FHOO V\VWHPV DQG ZDV LQ WKH UDQJH EHWZHHQ �� DQG ����

-XVW OLNH WKH HOHFWULF RXWSXW� WKH WRWDO JDV RXWSXW LQ WKLV PRGH LV WKH KLJKHVW DPRQJ WKH WKUHH
PRGHV RI RSHUDWLRQV� 7KH JDV RXWSXW IURP ERWK WKH IXHO FHOO V\VWHPV GHFUHDVHV ZLWK WKH
LQFUHDVH LQ IXHO XWLOL]DWLRQ WR SURGXFH HOHFWULF RXWSXW� 7KH PD[LPXP ്ኼ�&2 RXWSXW DFKLHYHG
DW XI  ��� LV ���� .: IRU WKH ,5�0&)& V\VWHP� DQG ���� .: IRU WKH ,5�62)& V\VWHP�
7KH GLIIHUHQFH LQ JDV HIILFLHQF\ EHWZHHQ WKH WZR IXHO FHOO V\VWHPV LV PXFK ODUJHU DW ORZHU IXHO
XWLOL]DWLRQ DQG LV IRXQG WR EH DOPRVW LGHQWLFDO EH\RQG XI  ���� -XVW OLNH LQ WKH RWKHU WZR PRGHV
RI RSHUDWLRQ� WKH PD[LPXP JDV HIILFLHQF\ UHPDLQV DURXQG ��� IRU WKH ,5�0&)& V\VWHP� DQG
��� IRU WKH ,5�62)& V\VWHP�

0D[LPXP WRWDO HIILFLHQF\ RI WKH ,5�0&)& LV IRXQG WR EH RYHU ���ZKLOH IRU WKH ,5�62)&PRGHO
LW LV IRXQG WR EH DERXW ���� +HUH� WKH PD[LPXP WRWDO RXWSXWV IURP ,5�0&)& LV ���� .:� DQG
IURP ,5�62)& LV ���� .:� :KLOH RXWSXWV DV KLJK DV ,5�62)& PD\ QRW EH SRVVLEOH ZLWK WKH
,5�0&)& XVHG KHUH� ZH VHH WKDW WKH PD[LPXP WRWDO RXWSXW IURP WKH ,5�0&)& LV VWLOO DOPRVW
� WLPHV WKDW RI FRQYHQWLRQDO ,5�0&)& RSHUDWLRQV�

������ 5HDVRQV IRU ORVV LQ HIILFLHQF\ LQ ,5�0&)&

)URP WKH WKUHH PRGHV RI RSHUDWLRQ� LW FDQ EH REVHUYHG WKDW WKH HOHFWULF HIILFLHQF\ EHWZHHQ WKH
WZR IXHO FHOOV� LQ DOO WKUHH PRGHV RI RSHUDWLRQ ZHUH FORVHU WR HDFK RWKHU WKDQ JDV HIILFLHQF\�
,W FDQ EH LPSOLHG WKDW WKH GLIIHUHQFH LQ RYHUDOO HIILFLHQFLHV EHWZHHQ WKH WZR IXHO FHOO V\VWHPV
DUH WKHUHIRUH SULPDULO\ GXH WR GLIIHUHQFHV LQ WKH UDWH RI ്ኼ�&2 H[LWLQJ WKH V\VWHP� :KLOH WKH
,5�62)& V\VWHP FDQ DFKLHYH D JDV HIILFLHQF\ RI XS WR ���� WKH ,5�0&)& V\VWHP H[DPLQHG
LQ WKLV SDSHU ZDV DEOH WR DFKLHYH RQO\ ��� DW EHVW� 7KH ORVV LQ HIILFLHQF\ FDQ EH GXH WR D IHZ
UHDVRQV�

7KH ZRUNLQJ SULQFLSOHV RI WKH WZR V\VWHPV DUH GLIIHUHQW� 7KH ,5�0&)& V\VWHP LV NHSW DW &ࣅ���
ZKLOH WKH ,5�62)& LV NHSW DW ��&ࣅ�� )URP )LJ� ��� ZH DOVR VHH WKDW ZKLOH RSHUDWLQJ LQ WKH KLJK
SRZHU PRGH �DOVR WUXH IRU RWKHU PRGHV�� WKH DQRGH RXWSXW JDV FRPSRVLWLRQ REWDLQHG IURP WKH
,5�0&)& V\VWHP FRQWDLQV D PXFK KLJKHU ൈൔኼ FRQFHQWUDWLRQ� WKDQ SRVVLEOH ZLWK WKH ,5�62)&
V\VWHP LQ 5HI� >��@� ZKLFK LV PXFK ULFKHU LQ VWHDP� 7KLV LV GXH WR WKH GLIIHUHQFH LQ WKH RSHUDWLRQ
RI WKH WZR ,5�)&V V\VWHPV DQG WKH UHDFWLRQV WDNLQJ SODFH LQ WKH IXHO FHOOV�

,Q WKH FDVH RI ,5�0&)& WKH DPRXQW RI IXHO HQWHULQJ WKH V\VWHP LQ WKH FRQVWDQW FXUUHQW GHQVLW\
PRGH DQG WKH KLJK SRZHU PRGH LV OHVV WKDQ LQ WKH ,5�62)& V\VWHPV IRU DOO XWLOL]DWLRQ IDFWRUV�
7KH GLIIHUHQFH LQ WKH IXHO LQSXW FDQ EH DV KLJK DV ����.: HTXLYDOHQW OLNH LQ WKH KLJK SRZHU
PRGH RSHUDWLQJ DW IXHO FHOO XWLOL]DWLRQ RI ൳፟  ���� :LWK ORZHU DPRXQW RI IXHO HQWHULQJ WKH IXHO
FHOOV� RXWSXWV ORZHU WKDQ ,5�62)& FDQ EH H[SHFWHG�



�� �� 7HFKQLFDO )HDVLELOLW\ DQG &RPSDULVRQ ZLWK WKH 62)& 0RGHO

,Q WKH 0&)&PRGHO DV VKRZQ LQ WKH )LJ� ���� WKH ൈൔኼ JHQHUDWHG LQ WKH DQRGH RXWSXW LV UHF\FOHG
WR WKH FDWKRGH WKURXJK VHSDUDWRU �DSSDUDWXV ���� 7KH VHSDUDWLRQ HIILFLHQF\ RI WKH VHSDUDWRU LV
���� 7KH ൈൔኼ WKDW LV VHSDUDWHG LV FRPSUHVVHG LQ D EORZHU �DSSDUDWXV ��� LQ WKH UHF\FOH ORRS
WR SURYLGH ൈൔኼ DW WKH SUHVVXUH RI WKH DLU HQWHULQJ WKH FDWKRGH�

7KH UHPDLQLQJ FRPSRVLWLRQ RI WKH DQRGH RXWOHW LV PDGH WR SDVV WKURXJK WKH YDOYH �DSSDUDWXV
���� ZKHUH D SRUWLRQ RI WKH JDV LV LQMHFWHG LQWR WKH IXHO VWUHDP WKURXJK SLSH ��� 7KH UHPDLQLQJ
JDV IURP WKH YDOYH SDVVHV WKURXJK KHDW H[FKDQJHUV �DSSDUDWXV � DQG DSSDUDWXV �� WKURXJK
SLSHV �� DQG �� UHVSHFWLYHO\� 7KHVH WZR VWUHDPV DIWHU SDVVLQJ WKURXJK KHDW H[FKDQJHUV
XOWLPDWHO\ FRPELQH DW WKH HQG WR VXSSO\ K\GURJHQ DQG &2 IURP WKH RXWOHW RI SLSH ���7KLV
DUUDQJHPHQW WKURXJK WKH YDOYH LV LGHQWLFDO WR WKH 62)& PRGHO� 7KH PDLQ GLIIHUHQFH LV WKDW LQ
WKH FDVH RI WKH 62)& PRGHO� WKH LQSXW IORZ WR SLSH �� LV IL[HG DW ��� UHODWLYH WR SLSH � �DQRGH
RXWOHW�� 7KLV PHDQV WKDW ��� RI WKH DQRGH RXWSXW LV LQMHFWHG EDFN LQWR WKH IXHO VWUHDP KHDGHG
WR WKH DQRGH LQOHW� 7KH UHF\FOLQJ LQWR WKH DQRGH LQOHW LV QHHGHG WR SURYLGH WKH VXIILFLHQW VWHDP
IRU WKH LQWHUQDO UHIRUPLQJ UHDFWLRQ� 'XH WR WKH FRPSOH[LW\ DULVLQJ IURP WKH UHF\FOH ORRS �IRU
ൈൔኼ WR FDWKRGH IURP DQRGH RXWSXW�� VLPLODU IORZ FDQQRW EH VSHFLILHG IRU SLSH �� LQ WKH 0&)&
PRGHO� 7KH RWKHU RSWLRQ IRU VSHFLI\LQJ LQSXW GDWD IRU D SLSH �SLSH �� LQ WKLV FDVH� WKDW LV OHDYLQJ
D YDOYH LQ &\FOH�7HPSR LV E\ IL[LQJ LWV DEVROXWH IORZ� ,Q WKH 0&)& PRGHO WKH IORZ IRU SLSH ��
LV VHW WR ���NJ�V� ZKLFK LV D IL[HG YDOXH� 7KLV LV D ´EHVW ILW´ YDOXH FKRVHQ WR RSHUDWH LQ DOO WKUHH
PRGHV� DFURVV HQWLUH UDQJH RI IXHO XWLOL]DWLRQ YDOXHV DQDO\]HG�

7KLV YDOXH DOVR LQGLUHFWO\ GHWHUPLQHV WKH DPRXQW RI ്ኼ�&2 WKDW LV REWDLQHG IURP WKH V\VWHP�
VLQFH LW LV LQ WKH UHPDLQLQJ JDV IURP YDOYH ��� ZKLFK LV QRW IORZLQJ LQ SLSH ��� WKDW FRQWDLQV
WKH GHVLUHG JDVHV� 'XH WR IL[LQJ WKH IORZ LQ SLSH �� WR ���NJ�V� PDMRULW\ RI JDV �OLNH LQ WKH KLJK
HIILFLHQF\ PRGH DQG FRQVWDQW FXUUHQW GHQVLW\ PRGH� IURP WKH DQRGH �DIWHU ൈൔኼ VHSDUDWLRQ� LV
DFWXDOO\ UHF\FOHG LQWR WKH IXHO VWUHDP KHDGHG WRZDUGV WKH DQRGH LQOHW� 7KLV PHDQV PXFK PRUH
RI WKH DQRGH RXWSXW LQ FRPSDULVRQ WR WKH ,5�62)& LV DFWXDOO\ JHWWLQJ UHF\FOHG EDFN LQWR WKH DQ�
RGH LQSXW LQ WKH FDVH RI ,5�0&)&� 7KLV VWUHDP LV ULFK LQ K\GURJHQ DQG WKXV VXSSOLHV DGGLWLRQDO
IXHO WR WKH ,5�0&)& DORQJ ZLWK WKH QDWXUDO JDV ZKLFK LV HQWHULQJ WKH V\VWHP� %\ ORRNLQJ DW
WKH KLJK HIILFLHQF\ PRGH ZKHUH IXHOV HQWHULQJ WKH V\VWHP LV FRQVWDQW DQG DQDO\VLQJ WKH SRZHU
RXWSXWV� LW ZRXOG LPSO\ WKDW WKH ,5�62)& FRQILJXUDWLRQ LV PRUH HIILFLHQW� 7KH UHPDLQLQJ JDV
WKDW FRQVWLWXWHV WKH V\QJDV SURGXFWLRQ DW VLQN � DV VKRZQ LQ )LJ� ���� ZKLFK LV ORZHU IRU DOO IXHO
XWLOL]DWLRQ YDOXHV LQ ,5�0&)& WKDQ ,5�62)&� $V H[SHFWHG ZLWK WKH LQFUHDVHG IXHO XWLOL]DWLRQ LQ
WKH IXHO FHOO� WKH ്ኼ�&2 LQ WKH DQRGH RXWOHW GHFUHDVHV� WKLV UHVXOWV LQ WKH JDV SRZHU RXWSXW OLQH
RI ,5�0&)& LQ WKH JUDSK �H�J� )LJ� ���� DSSURDFKLQJ ]HUR�

0RUHRYHU� WKHUH DUH WZR RWKHU EORZHUV� RQH �DSSDUDWXV �� EHIRUH WKH DQRGH LQOHW� WKDW SURYLGHV
SUHVVXUL]HG IXHO PL[WXUH WR WKH DQRGH DQG WKH RWKHU �DSSDUDWXV ��� WKDW FRPSUHVVHV WKH DLU
HQWHULQJ WKH V\VWHP� $V D UHVXOW RI WKH PXFK KLJKHU IORZ LQ SLSH ��� WKH IORZ WKURXJK WKH EORZHU
� LV ODUJHU LQ WKH 0&)& PRGHO �WKDQ WKH 62)& PRGHO�� UHTXLULQJ PRUH SRZHU IRU FRPSUHVVLRQ
WKDQ LQ WKH 62)& PRGHO� 'XH WR WKH LQFUHDVHG PDVV IORZ LQWR WKH DQRGH RI WKH IXHO FHOO� ERWK
DQRGH DQG FDWKRGH RXWSXWV DUH ODUJHU DV ZHOO� 7KH PDVV IORZ IURP WKH FDWKRGH RXWSXW LV DW
KLJK WHPSHUDWXUH �����&� DQG LW SDVVHV WKURXJK KHDW H[FKDQJHU �DSSDUDWXV ��� EHIRUH H[LWLQJ
WKURXJK VLQN �� DW UHGXFHG WHPSHUDWXUH RI ����&� ZKLFK LV D ORZHU H[LWLQJ WHPSHUDWXUH WKDQ WKH
FDWKRGH H[KDXVW LQ WKH ,5�62)& PRGHO� $V D UHVXOW RI ODUJH DPRXQW RI KHDW DYDLODEOH DW �+HDW
([FKDQJHU� DSSDUDWXV ��� WKHUH LV DQ LQFUHDVHG DLUIORZ LQWR WKH V\VWHP WKURXJK FRPSUHVVRU
��� 7KLV DLU LV XOWLPDWHO\ VXSSOLHG WR WKH FDWKRGH LQOHW� 7KLV UHVXOWV LQ KLJKHU SRZHU FRQVXPSWLRQ
LQ WKH ,5�0&)& V\VWHP WKDQ LQ WKH ,5�62)& FDVH IRU EORZHU ���

:LWK DQ DGGLWLRQDO EORZHU �DSSDUDWXV ��� IRU VHSDUDWHG ൈൔኼ� DORQJ ZLWK WKH KLJKHU SRZHU FRQ�



���� +LJKOLJKWV DQG &RQFOXVLRQV ��

VXPSWLRQ E\ WKH RWKHU WZR FRPSUHVVRUV �DSSDUDWXV � DQG ���� WKH SRZHU FRQVXPHG E\ WKH
DX[LOLDU\ FRPSRQHQWV RI WKH V\VWHP LV PXFK KLJKHU WKDQ LQ WKH 62)& FDVH� UHVXOWLQJ LQ WKH
ORVV RI HIILFLHQF\ LQ WKH ,5�0&)& V\VWHPV�

���� +LJKOLJKWV DQG &RQFOXVLRQV
7KH KLJKOLJKWV IURP WKH &\FOH�7HPSR VLPXODWLRQV DUH SUHVHQWHG EHORZ�

7KH DLP RI WKLV FKDSWHU ZDV WR DQVZHU WKH VXE TXHVWLRQV � DQG � RI WKH PDLQ UHVHDUFK TXHVWLRQ�
7KHVH TXHVWLRQV UHODWH WR WKH WHFKQLFDO IHDVLELOLW\ RI WKH ,5�0&)& PRGHOV DQG LW¶V FRPSDULVRQ
WR WKH ,)�62)& PRGHO�

,W ZDV IRXQG WKURXJK IORZ VKHHW FDOFXODWLRQV RQ DQ ,5�0&)& V\VWHP� WKDW LW LV SRVVLEOH WR
GHVLJQ D IOH[LEOH FRSURGXFWLRQ V\VWHP WKDW FDQ IXQFWLRQ LQ D FRQYHQWLRQDO PRGH SURGXFLQJ
PDLQO\ HOHFWULF SRZHU DQG KHDW DQG LQ FRSURGXFWLRQ PRGH SURGXFLQJ PDLQO\ HOHFWULF SRZHU
DQG K\GURJHQ DQG YHU\ OLWWOH KHDW� %\ XVLQJ ZDVWH KHDW LQ WKH HQGRWKHUPLF UHIRUPLQJ UHDFWLRQ
WR SURGXFH K\GURJHQ� KLJK WRWDO HIILFLHQF\ RI RYHU ��� IRU K\GURJHQ � SRZHU SURGXFWLRQ LV
SRVVLEOH� &RQYHQWLRQDOO\� &+3 SODQWV RSHUDWH LQ WKH RYHUDOO HIILFLHQF\ UDQJH RI ������ >�@�
7KLV VKRZV WKDW FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU ZLWK ,5�0&)& DFKLHYHV HIILFLHQFLHV DV
KLJK DV ZKDW FDQ EH DFKLHYHG E\ WKH &+3 SODQWV� $V ZDVWH KHDW LV HIIHFWLYHO\ XWLOL]HG LQ
SURGXFWLRQ RI K\GURJHQ� WKH ,5�0&)& FDQ EH RSHUDWHG DW D YHU\ KLJK SRZHU GHQVLW\� ,Q WKH
KLJK SRZHU PRGH� LW LV SRVVLEOH WR DFKLHYH YHU\ KLJK HOHFWULF SRZHU RXWSXW WKDW LV QHDUO\ WZLFH
WKDW RI WKH VDPH 0&)& ZKHQ RSHUDWHG LQ D FRQYHQWLRQDO PRGH� ZKLOH DW WKH VDPH WLPH DQ
DGGLWLRQDO ODUJH DPRXQW RI SRZHU LQ WKH IRUP RI K\GURJHQ LV FR�SURGXFWHG� 7KH WRWDO HIILFLHQF\
KRZHYHU� GURSV EHORZ ��� LQ WKLV KLJK SRZHU PRGH�

� +LJK (IILFLHQF\ 0RGH� ,5�0&)& DFKLHYHG D PD[LPXP RYHUDOO HIILFLHQF\ RI RYHU ����

� &RQVWDQW &XUUHQW GHQVLW\� ,5�0&)& DFKLHYHG DPD[LPXP RYHUDOO HIILFLHQF\ RI RYHU ����

� +LJK SRZHU PRGH� ,5�0&)& DFKLHYHG D PD[LPXP RYHUDOO HIILFLHQF\ RI RYHU ����

,Q FRPSDULVRQ WR WKH ,5�62)& V\VWHP� WKH ,5�0&)& V\VWHP SURGXFHV VLPLODU HOHFWULF RXWSXW
DW VLPLODU HIILFLHQF\ EXW WKH JDV SRZHU RXWSXW LQ WKH IRUP RI K\GURJHQ DQG &2� KHQFH WKH
JDV HIILFLHQF\� LV PXFK ORZHU� 7KLV UHVXOWV LQ ORZHU WRWDO HIILFLHQF\� ,Q DOO WKH WKUHH PRGHV
RI RSHUDWLRQ� WKH RYHUDOO HIILFLHQF\ ZDV RYHU ��� ORZHU WKDQ ZKDW FDQ EH DFKLHYHG ZLWK WKH
,5�62)& PRGHO� ZKLFK ZDV PRVWO\ GXH WR WKH UHGXFHG JDV HIILFLHQF\� 7KH JDV HIILFLHQFLHV
PD\EH ORZHU GXH WR UHDVRQV DVVRFLDWHG ZLWK RSHUDWLQJ SULQFLSOHV� YDOYH UHF\FOLQJ UDWLR VHWWLQJ�
DQG LQFUHDVHG SRZHU FRQVXPSWLRQ E\ WKH EORZHUV� 'HVSLWH WKLV� ,5�0&)&� OLNH WKH ,5�62)&
V\VWHP� DOORZV IRU RSHUDWLRQ RI D IOH[LEOH FRSURGXFWLRQ V\VWHP WKDW FDQ PHHW YDU\LQJ K\GURJHQ
GHPDQG DQG HOHFWULF GHPDQGV DW KLJK HIILFLHQFLHV� 7KXV� PDNLQJ WKHP WHFKQLFDOO\ IHDVLEOH IRU
FRJHQHUDWLRQ DSSOLFDWLRQV�



�
6RFLR�(FRQRPLF )HDVLELOLW\

,Q WKLV FKDSWHU WKH VRFLR�HFRQRPLF IHDVLELOLW\ IDFWRUV DUH VWXGLHG E\ DQDO\VLQJ WKH HFRQRPLF
WUHQGV DQG K\GURJHQ PDUNHW WUHQGV� LGHQWLI\LQJ WKH UROH RI DFWRUV DQG WKH LQYROYHPHQWV� LQYHV�
WLJDWLQJ WKH H[LVWLQJ SROLFLHV� -XVWLILFDWLRQ RI XVLQJ QDWXUDO JDV IXHO DQG WKH SRVVLEOH LPSDFW RI
WKHVH V\VWHP RQ WKH VRFLHW\ KDYH DOVR EHHQ SUHVHQWHG�

���� (FRQRPLF DQG +\GURJHQ PDUNHWV WUHQGV�
6LQFH 0&)& LV QRW D ZLGHO\ XVHG WHFKQRORJ\ DQG WKH LQIRUPDWLRQ DYDLODEOH LV OLPLWHG� WKLV
VHFWLRQ PDNHV HFRQRPLF SUHVXPSWLRQ EDVHG RQ FXUUHQW WUHQGV ZLWK WKH GDWD WKDW LV DYDLODEOH�
$GGLWLRQDOO\ WKH K\GURJHQ PDUNHW LV QRW VWDEOH DQG LV UDSLGO\ FKDQJLQJ VR WKH K\GURJHQ PDUNHW
LV DQDO\]HG LQ WKH VHFRQG KDOI RI WKLV VHFWLRQ�

������ (FRQRPLF WUHQGV EDVHG RQ LQIRUPDWLRQ UHJDUGLQJ FRVWV

)RU D FRJHQHUDWLRQ WHFKQRORJ\ JHQHUDWLQJ K\GURJHQ DQG SRZHU ZLWK 0&)&V WR EH VXFFHVVIXO�
WKH V\VWHP VKRXOG EH HFRQRPLFDOO\ YLDEOH� 7KH 0&)& SURGXFWLRQ LV GRPLQDWHG E\ D VLQJOH
FRPSDQ\ DQG LQ FRPSDULVRQ WR RWKHU WHFKQRORJLHV LWV TXDQWLWLHV DUH VFDUFH�

3(0)&V GRPLQDWH WKH IXHO FHOO LQGXVWU\ ZLWK DQ HVWLPDWHG LQVWDOODWLRQ FDSDFLW\ RI XS WR ���0:
LQ ����� 7KH\ DUH IROORZHG E\ WKH 3$)& DQG WKH 62)& ZLWK �����0: DQG ����0: UHVSHF�
WLYHO\� DFFRUGLQJ WR WKH )XHO &HOO ,QGXVWU\ 5HYLHZ ���� >��@� 7KH 5HYLHZ DOVR VDLG WKDW WKH
0&)&V ZHUH RQO\ DEOH WR DGG ��0: LQ WKH SDVW \HDU� ZLWK SURGXFWLRQ H[SHFWHG WR UDPS XS
IXUWKHU� $FFRUGLQJ WR WKHP D WRWDO RI QHDUO\ ������ IXHO FHOOV ZHUH VKLSSHG ODVW \HDU� ZKLFK LV
DQ LQFUHDVH RI QHDUO\ ������ LQ WKH ODVW �� \HDUV� 7KH FRQWULEXWLRQ RI 0&)& LQ WKH IXHO VDOH
WRWDO KDV UHSHDWHGO\ VWD\HG XQGHU �� LQ WKH ODVW � \HDUV $SSHQGL[ %� 7KLV VPDOO QXPEHU FDQ
DOVR EH VXSSRUWHG E\ ORZ LQFUHDVH LQ 0: LQVWDOODWLRQV RI 0&)& VKRZQ LQ )LJ� ��� LQ FKDSWHU
��

7KH FRVW RI FRQVWUXFWLRQ RI YDULRXV HQHUJ\ JHQHUDWRUV LQ WKH 8QLWHG 6WDWHV RI $PHULFD KDV EHHQ
VKRZQ LQ ILJXUH ���� 7KH FRVW RI LQVWDOOLQJ HOHFWULFLW\ JHQHUDWRUV KDV EHHQ VKRZQ WR EH EHWZHHQ
�����.: IRU FRPEXVWLRQ WXUELQH WR �������.: IRU 39� 7KH FRVW RI LQVWDOOLQJ 0&)& LV QRW HDVLO\

��
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)LJXUH ���� $YHUDJH &RQVWUXFWLRQ &RVW RI HOHFWULFLW\ JHQHUDWRUV 5HI� >��@�

DYDLODEOH GXH WR H[WUHPHO\ ORZ TXDQWLWLHV RI SURGXFWLRQ SHU \HDU ZKLFK LV PRVWO\ VXSSOLHG E\ D
VLQJOH FRPSDQ\� %DVHG RQ D UHSRUW SXEOLVKHG E\ WKH 1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\
RI WKH 8�6� 'HSDUWPHQW RI (QHUJ\ WKH LQVWDOODWLRQ FRVW RI D ���0: 0&)& PRGHO IURP )XHO&HOO
(QHUJ\ DYHUDJHG DSSUR[LPDWHO\ �������.: >���@� 7KH EUHDNGRZQ RI WKLV DPRXQW LQYROYHG WKH
FRVW RI IXHO FHOO PRGXOH EHLQJ �������.:� EDODQFH RI SODQW LQYROYHG �������.: DQG �����.:
FRPPLVVLRQLQJ� FRQGLWLRQLQJ DQG LQVWDOODWLRQ� 7KLV UDQJH RI SURGXFW IURP )XHO&HOO (QHUJ\
PHQWLRQHG LQ WKH UHSRUW LQFOXGHG D VWHDP�PHWKDQH UHIRUPHU WKDW ZDV LQFRUSRUWHG LQWR WKH IXHO
FHOO VWDFN PRGXOH� DGGLQJ WR WKH FRVW RI WKH PRGXOH� $FFRUGLQJ WR )XHO&HOO (QHUJ\� LQWHJUDWLRQ
RI WKLV 0&)& WR DQ DQDHURELF GLJHVWHU DW D ZDVWHZDWHU WUHDWPHQW SODQW RU D IRRG SURFHVVLQJ
SODQW FRXOG LQFUHDVH WKH RYHUDOO FRVW WR ������.: GXH WR WKH UHTXLUHPHQW RI D FXVWRP GHVLJQHG
FOHDQ XS V\VWHP >���@�

,W ZDV HVWLPDWHG WKDW WKH FRVW RI WKH IXHO FHOO PRGXOH FRXOG EH EURXJKW GRZQ IURP �������.:
WKURXJK UHGXFWLRQ LQ WKH RYHUKHDG FRVWV DQG PDWHULDO FRVWV� 7KH RYHUKHDG FRVWV FDQ EH UH�
GXFHG E\ LQFUHDVLQJ WKH YROXPH RI SURGXFWLRQ DQG WKH PDWHULDO FRVWV� +LJK PDWHULDO FRVWV LV
ODUJHO\ GXH WR ORZ SRZHU GHQVLW\ RI WKH FHOOV ZKLFK XVXDOO\ RSHUDWHV DW ���൫൜�ൢ൫ኼ� EHLQJ IDU
OHVV WKDQ WKH ���൫൜�ൢ൫ኼ IURP WKH 3(0)&V >���@� %\ LQFUHDVLQJ WKH SRZHU GHQVLW\ RI WKH IXHO
FHOO� PRUH SRZHU RXWSXW ZLOO EH SRVVLEOH ZLWKRXW LQFUHDVLQJ WKH PDWHULDO DQG WKHUHIRUH� UHGXFLQJ
FRVWV� 7KH\ DOVR HVWLPDWHG WKDW WKH EDODQFH RI SODQW� ZKLFK LV XVXDOO\ IDEULFDWHG IURP VWDQGDUG
FKHPLFDO SURFHVV KDUGZDUH KDV WKH VDPH VFDOLQJ IDFWRU DV WKH FKHPLFDO SURFHVV SODQWV� $V D
UHVXOW� RYHUDOO UHGXFWLRQ LQ FRVW SHU NLORZDWW LV SRVVLEOH DV ZLWK WKH LQFUHDVH LQ SODQW VL]H� 7KH\
DOVR GHGXFHG IURP HQJLQHHULQJ HVWLPDWHV WKDW WKH FRVW RI FRPPLVVLRQLQJ� FRQGLWLRQLQJ DQG
LQVWDOODWLRQ FDQ EH UHGXFHG DW D KLJKHU SURGXFWLRQ YDOXH ZLWKRXW VLJQLILFDQW PRGLILFDWLRQ RI WKH
WHFKQLTXHV XVHG LQ WKH SURGXFWLRQ OLQH� +DYLQJ KDG ��0:�\HDU RI SURGXFWLRQ LQ ����� LW ZDV
HVWLPDWHG WKDW E\ ���� WKDW QXPEHU FRXOG EH UDLVHG WR ���0:�\HDU DQG XS WR ���0:�\HDU
E\ ����� %DVHG RQ WKHRUHWLFDO FDOFXODWLRQV� WKH\ KDG HVWLPDWHG WKDW E\ ����� D FRVW UHGXFWLRQ
RI �������.: PD\EH SRVVLEOH DQG E\ ���� WKH UHGXFWLRQ RI �������.: FDQ EH DFKLHYHG IURP
WKH WRWDO FRVW>���@�

,Q WKH VWXG\ LW ZDV DOVR UHFRJQL]HG WKDW IXHO FHOO VWDFN GHJUDGDWLRQ QHHGV WR EH VORZHG GRZQ
WR HQVXUH D OLIH VSDQ RI �� \HDUV� 7KH FDXVHV RI GHJUDGDWLRQ ZHUH LGHQWLILHG DV HOHFWURO\WH
ORVV� FDWKRGH GHJUDGDWLRQ� DQG GHJUDGDWLRQ RI LQHUW HOHFWURO\WH VXSSRUW� 7KHVH WRSLFV KDYH
EHHQ UHVHDUFKHG RQ VHSDUDWHO\ DQG ZRUN RQ VXFK LVVXHV DUH EHLQJ FRQGXFWHG LQWHUQDWLRQDOO\
DV ZHOO� 7KH\ DOVR VKRZHG WKH SRVVLELOLW\ RI UHGXFWLRQ LQ RSHUDWLRQ DQG PDLQWHQDQFH FRVWV
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E\ XS WR ��� E\ H[WHQGLQJ VWDFN OLIH WR �� \HDUV� 7KH\ FRQFOXGHG WKDW WKURXJK LQFUHDVHG
5	' DQG YROXPH SURGXFWLRQV� WKH FRVWV ZRXOG EH EURXJKW GRZQ WR �������.: E\ ���� DQG
�������.: E\ ���� ZLWK D �� \HDU IXHO FHOO VWDFN OLIH DV VKRZQ LQ )LJ� ��� >���@� (YHQ LI WKHVH
FRVW UHGXFWLRQV� ZKLFK DUH WKH EHVW FDVH VFHQDULRV ZHUH DFKLHYHG� WKH FRVW RI 0&)&ZRXOG VWLOO
EH WRR KLJK WR PDNH WKLV WHFKQRORJ\ FRPPHUFLDOO\ YLDEOH� )URP WKH FRVW RI HQHUJ\ JHQHUDWRUV
VKRZQ LQ )LJ� ���� WKH FRVW RI HQHUJ\ FRQVWUXFWRU LV WKH KLJKHVW IRU WKH 39 EDVHG WHFKQRORJ\
DW DERXW �������N:� ZKLFK LV VWLOO PXFK ORZHU WKDQ WKH SURMHFWHG FRVW RI �������.: ZLWK WKH
0&)&�

)LJXUH ���� 3URMHFWHG UHGXFWLRQ LQ WKH FRVW RI ���0: 0&)& ZLWK LQFUHDVHG LQVWDOODWLRQ 5HI� >���@�

7KH VDPH VWXG\ DOVR HVWLPDWHG WKH FRVW RI HOHFWULFLW\ JHQHUDWHG ZLWK D 0&)& VWDFN� KDYLQJ DQ
DYHUDJH OLIHVSDQ RI �� \HDUV� RSHUDWLQJ RQ QDWXUDO JDV DW WKH FRVW ������ዀ %WX �WKLV FRVW ZDV
FKRVHQ EDVHG RQ UHQHZDEOH JDV FHUWLILFDWHV FRVW LQ WKH IXWXUH�� ,W ZDV VKRZQ WKDW XQGHU WKH
���� VFHQDULR� WKH FRVW ZRXOG EH �������N:K DQG XQGHU WKH ���� VFHQDULR �������N:K ZRXOG
EH SRVVLEOH >���@� ,I WKHVH VFHQDULRV DUH DFKLHYHG LW FRXOG PDNH WKHVH V\VWHPV FRPSHWLWLYH
DV WKH DYHUDJH FRVW RI HOHFWULFLW\ WRGD\ LV RYHU ������N:K LQ GHYHORSHG HFRQRPLHV DURXQG
WKH ZRUOG >��@� +RZHYHU� FRVW RI FRDO JHQHUDWHG SRZHU FDQ EH DV ORZ DV ������.:K DQG
FRQYHQWLRQDO QDWXUDO JDV SRZHU FDQ EH DV ORZ DV ������N:K >��@� $GGLWLRQDOO\� FRVW RI SRZHU
IURP UHQHZDEOH HQHUJ\ VRXUFHV OLNH ZLQG DQG VRODU KDYH IDOOHQ WR DV ORZ DV �������N:K LQ
FDVH RI RQVKRUH ZLQG DQG VRODU 39 >��@� ,Q ����� WKH FRVW RI HOHFWULFLW\ IURP IXHO FHOOV ZDV
DERXW ������0: >��@� $FFRUGLQJ WR )XHO&HOO (QHUJ\ WKDW SULPDULO\ GHDOV ZLWK 0&)&� ZKHQ WKH
FRVWV KDYH EHHQ EURXJKW GRZQ WR EHWZHHQ ������.: WR ������.:� IXHO FHOO EDVHG HQHUJ\ ZLOO
EH DEOH WR EH FRPSHWLWLYH ZLWK RWKHU VRXUFHV >��@� %HWZHHQ ���� WR ����� )XHO&HOO (QHUJ\
ZDV DEOH WR UHGXFH FRVW RI SURGXFLQJ HQHUJ\ E\ WKUHH TXDUWHUV RI WKH RULJLQDO YDOXH� DQG ZLWK
WKH LQFUHDVH LQ SURGXFWLRQ WKLV FRVW FRXOG EH UHGXFHG IXUWKHU >��@�

0RVW RI WKH K\GURJHQ WRGD\ LV SURGXFHG IURP IRVVLO IXHOV� $ERXW ��� RI K\GURJHQ JHQHUDWHG
LV SURGXFHG IURP QDWXUDO JDV� ��� IURP QDSKWKD DQG KHDY\ RLOV� DQG ��� IURP FRDO >��@� 7KH
FRVW RI SURGXFWLRQ LV VWURQJO\ FRUUHODWHG WR WKH FRVW RI IXHOV XVHG� $PRQJ WKH WHFKQRORJLHV
RI SURGXFLQJ K\GURJHQ IURP IRVVLO IXHOV� K\GURFDUERQ UHIRUPLQJ DQG S\URO\VLV DUH WKH PRVW
SRSXODU� :LWK VWHDP PHWKDQH UHIRUPLQJ� WKH FRVW RI K\GURJHQ WKDW LV SURGXFHG FDQ EH LQ WKH
UDQJH EHWZHHQ ������NJ �ZLWKRXW &&86� DQG ������NJ �ZLWK &&86� >��@� 7KURXJK PHWKDQH
DQG ELRPDVV S\URO\VLV WKH FRVW RI K\GURJHQ JHQHUDWHG FDQ EH IRXQG WR EH LQ WKH UDQJH RI
������NJ DQG ������NJ >��@� 2Q WKH RWKHU KDQG WKH FRVW RI K\GURJHQ JHQHUDWHG IURP UHQHZ�
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DEOH VRXUFHV FDQ EH IRXQG WR EH EHWZHHQ �����NJ WR �����NJ>��@� ,Q QDWXUDO JDV 0&)& LQ
WULJHQHUDWLRQ V\VWHPV� LW KDV EHHQ GHPRQVWUDWHG WKDW IRU D ���.: LQWHUQDO UHIRUPLQJ 0&)&
VWDFN ��������.:�� VXSSRUWHG ZLWK WD[ FUHGLW� WKH FRVW RI K\GURJHQ JHQHUDWLRQ FDQ EH SULFHG
EHWZHHQ �����NJ DQG �����NJ GHSHQGLQJ RQ WKH FRVW RI HOHFWULFLW\ >�@� ,W ZDV VHHQ WKDW� LQ�
FUHDVLQJ K\GURJHQ SURGXFWLRQ UHGXFHV FRVW RI HOHFWULFLW\ PRUH UDSLGO\ IRU JLYHQ OHYHOL]HG FRVW
RI HQHUJ\� :KHQ HOHFWULFLW\ FRVW ZDV IL[HG WR �������.:K�LW ZDV SRVVLEOH WR VHW SULFH RI K\�
GURJHQ DW �����NJ LQ WKH FDVH RI ���NJ RI K\GURJHQ FRSURGXFWLRQ SHU GD\ DQG WKH SULFH ZDV
LQFUHDVHG WR �����NJ ZKHQ FRSURGXFWLRQ ZDV ORZHUHG WR ��NJ RI K\GURJHQ SHU GD\ >�@� 7KH
YDULDELOLW\ LQ WKH JULG SULFH JHRJUDSKLFDOO\ DOVR HIIHFWV WKH PLQLPXP FRVW RI SURGXFWLRQ� )RU H[�
DPSOH� LW ZDV VKRZQ WKDW ���NJ RI K\GURJHQ JDV FRSURGXFWLRQ SHU GD\ FRXOG UHVXOW LQ �����NJ
IRU WKH JDV� OLNH WKH 1HZ (QJODQG 5HJLRQ ZKHUH WKH FRPPHUFLDO HOHFWULFLW\ SULFH ZDV FORVH WR
�����N:K� :KLOH� ZKHQ WKH HOHFWULFLW\ SULFH ZDV DV ORZ DV �����N:K� WKH JDV SULFH ZDV �����NJ
LQ WKH FDVH RI WKH ZHVW VRXWK FHQWUDO VWDWHV RI WKH 8QLWHG 6WDWHV RI $PHULFD >�@�

)RU JHQHUDO FRJHQHUDWLRQ DQG WULJHQHUDWLRQ� WKH FRVWV QRW RQO\ GHSHQG RQ WKH FRVW RI WKH HTXLS�
PHQW� EXW LW DOVR GHSHQGV RQ FRXQWULHV RU UHJLRQV WKH SURMHFW LV EHLQJ LQVWDOOHG� 'XH WR WKLV�
FRPSDULQJ SURMHFW FRVWV DQG RWKHU UHODWHG FRVWV DUH GLIILFXOW� EHFDXVH GLIIHUHQW EDVHOLQHV QHHG
WR EH LQFRUSRUDWHG� 7KHVH FRVWV LQFOXGH FDSLWDO FRVW� ILQDQFLQJ FRVWV DQG RSHUDWLRQ DQG PDLQ�
WHQDQFH FRVWV EXW WKH\ FDQ DOVR LQFOXGH XSIURQW WUDQVDFWLRQ� FRVW RI EDFNXS SRZHU DQG RXWDJHV�
DQG VWRUDJH >���@� 7KH WRWDO FRVW RI FRJHQHUDWLRQ RU WULJHQHUDWLRQ XQLWV FDQ YDU\ VLJQLILFDQWO\
EHWZHHQ WHFKQRORJLHV� +RZHYHU� LQ WHUPV RI YROXPH SURGXFWLRQ� WKH XQGHUO\LQJ HFRQRPLHV RI
VFDOH LV YDOLG IRU DOO VXFK FRJHQHUDWLRQ RU WULJHQHUDWLRQ WHFKQRORJLHV >���@� )RU H[DPSOH� WKH
FRVW GHJUDGDWLRQ ZLWK LQFUHDVHG FDSDFLW\ LQVWDOODWLRQ RI QDWXWDO JDV ILUHG FRJHQHUDWLRQ XQLW LV
VKRZQ LQ )LJ� ����

)LJXUH ���� JHQHUDO UHSUHVHQWDWLRQ RI FRVW GHJUDGDWLRQ RI QDWXUDO JDV ILUHG FRJHQHUDWLRQ SODQW 5HI� >���@�

+DYLQJ VHHQ WKDW WKH VXSHUZLQG FRQFHSW LV WHFKQLFDOO\ IHDVLEOH LQ VHFWLRQ ���� VRPH HFRQRPLF
SHUVSHFWLYH LV QHHGHG�,Q WKH FDVH RI WKH VXSHUZLQG FRQFHSW� WKH SURILWDELOLW\ RI D KLJK WHPSHUD�
WXUH IXHO FHOO EDVHG V\VWHP KDV EHHQ H[DPLQHG E\ +HPPHV HW DO LQ 5HI� >��@� ,Q WKH HFRQRPLF
VWXG\ WKH\ QHHGHG LQSXW GDWD IRU HOHFWULFLW\ SURGXFWLRQ IRUHFDVW RI D JLYHQ WXUELQH DV WKLV ZRXOG
EH WKH DPRXQW RI HOHFWULFLW\ VROG LQ WKH PDUNHW� WKH DFWXDO HOHFWULFLW\ RXWSXW RI WKH WXUELQH� WKH
SULFH RI $3; �HQHUJ\ H[FKDQJH ZKLFK RSHUDWHV WKH VSRW PDUNHW LQ WKH 1HWKHUODQGV� PDUNHW
DQG WKH EDODQFLQJ FRVWV� 7KH\ EDVHG WKH VWXG\ RQ WKH GDWD WKH\ UHFLHYHG IURP WKH :LQGXLQH
IRU RQH PRQWK IRU D ���.: ZLQG WXUELQH VR WKH UHVXOWV DUH D URXJK HVWLPDWH >��@� 7KH\ HV�
WDEOLVKHG YDULRXV VWUDWHJLHV EDVHG RQ IDFWRUV OLNH IXHO FHOOV FRPSHQVDWLQJ IRU HOHFWULFLW\ RQO\
GXULQJ VKRUWDJH� RQO\ GXULQJ VXUSOXV� GXULQJ ERWK VKRUWDJH DQG VXUSOXV� DQG LI RU QRW WKH IXHO
FHOO LV SOD\LQJ RQ $3;� ¶3OD\LQJ¶ KHUH UHIHUV WR WKH DGDSWLQJ RI WKH IXHO FHOO RXWSXW WR $3; SULFH
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LQ RUGHU WR DFKLHYH PD[LPXP SRVVLEOH HFRQRPLF EHQHILWV ZKHQ WKH NQRZOHGJH RI WKH SULFH LV
DYDLODEOH LQ UHDO WLPH� $GGLWLRQDOO\� GHFLVLRQ UHJDUGLQJ LI K\GURJHQ ZDV WR EH SURGXFHG RU QRW
ZDV QHHGHG� 7KHVH GHFLVLRQV QHHG WR EH PDGH EHIRUHKDQG DV WKH HFRQRPLF SHUIRUPDQFH RI
WKH V\VWHP GHSHQGV RQ WKHVH GHFLVLRQV� 3URILW LQ WKLV VWXG\ ZDV GHILQHG DV LQFRPH IURP ZLQG
WXUELQH DQG IXHO FHOO FRPELQDWLRQ PLQXV LQFRPH IURP WKH ZLQG WXUELQH DORQH PLQXV IXHO FHOO
RSHUDWLRQ DQG PDLQWHQDQFH FRVW� )URP WKHLU VWXG\� +HPPHV HW DO��LQ 5HI >��@ � GHWHUPLQHG
WKDW �L� +\GURJHQ SURGXFWLRQ VXEVWDQWLDOO\ LQFUHDVHG WKH SRWHQWLDO EHQHILWV RI WKH VXSHUZLQG
FRQFHSW� �LL� &RPSHQVDWLQJ IRU HOHFWULFLW\ VKRUWDJH LV IDYRUDEOH RQO\ LI DGGLWLRQDO HOHFWULFLW\ ZDV
DOVR VROG RQ WKH $3;PDUNHW LPSO\LQJ WKDW SOD\LQJ RQ $3;PDUNHW LV PRUH IDYRUDEOH� �LLL� KLJKHU
JDLQV DUH SRVVLEOH ZKHQ FRPSHQVDWLQJ IRU VKRUWDJH WKDQ HOHFWULFLW\ VXUSOXV� �LY� %HVW UHVXOWV
ZHUH REWDLQHG ZKHQ WKH LQWHUQDO UHIRUPLQJ IXHO FHOO ZDV RSHUDWLQJ LQ WKH VWDQG DORQH PRGH�
VHOOLQJ ERWK K\GURJHQ DQG HOHFWULFLW\� DQG SOD\LQJ RQ WKH $3; PDUNHW� VXJJHVWLQJ WKDW SOD\LQJ
RQ $3; PDUNHW JLYHV WKH KLJKHVW JDLQV� �Y� )URP WKH SORW RI LQFUHDVH LQ SURILW SHU N:K DV D
IXQFWLRQ IXHO FHOO FDSDFLW\ WKH\ VKRZHG WKDW WKH RSWLPDO IXHO FHOO FDSDFLW\ UHTXLUHPHQW LV DERXW
���UG RI WKH ZLQG WXUELQH FDSDFLW\� �YL� 7KH FDSLWDO FRVW ZDV QRW XVHG LQ WKLV VWXG\� VLQFH KLJK
WHPSHUDWXUH IXHO FHOOV OLNH 0&)& DUH WRR H[SHQVLYH� 7KH\ ZHUH DEOH WR VKRZ WKDW IRU WKH V\V�
WHP WR EH HFRQRPLFDOO\ IHDVLEOH WKH FRVW VKRXOG EH LQ EHWZHHQ ¼����N: DQG ¼����N: >��@�
$OWKRXJK� WKLV VWXG\ ZDV EDVHG RQ D ORW RI DVVXPSWLRQV DQG IXUWKHU UHVHDUFK LV QHHGHG� DQ
LQGLFDWLRQ RI SURILWDELOLW\ IURP WKH VXSHUZLQG FRQFHSW ZDV GHPRQVWUDWHG�

)URP WKH LQIRUPDWLRQ REWDLQHG UHJDUGLQJ FRVWV DQG SURILWDEOLW\� WKH IROORZLQJ LQIHUHQFHV FDQ EH
GUDZQ�

� $V WKH TXDQWLWLHV 0&)& SURGXFHG DQQXDOO\ LV WRR VPDOO �XQGHU ���� WKH LQVWDOODWLRQ FRVW
RI WKHVH IXHO FHOOV SHU N: LV WRR KLJK LQ FRPSDULVRQ WR RWKHU HQHUJ\ SURGXFLQJ WHFKQROR�
JLHV �������.: YV ������.: IRU 39�� +RZHYHU� E\ LQFUHDVLQJ IDFWRUV OLNH FHOO OLIH DQG
SURGXFWLRQ FDSDFLWLHV SHU \HDU� WKH FRVWV ZLOO EH VLJQLILFDQWO\ UHGXFHG LQ WKH IXWXUH DQG LV
H[SHFWHG WR GURS WR DURXQG �����.: E\ �����

� (OHFWULFLW\ JHQHUDWHG IURP 0&)& V\VWHPV LQ WHVW FRQGLWLRQV FDQ VHHP WR EH FRPSHWLWLYH
ZKHQ FRPSDUHG WR HOHFWULFLW\ SULFHV IURP FRXQWULHV ZLWK GHYHORSHG HFRQRPLHV� +RZHYHU�
WKH\ DUH VWLOO WRR H[SHQVLYH LQ FRPSDULVRQ ZLWK ZKDW LV SRVVLEOH ZLWK SRSXODU IRVVLO IXHO
RU UHQHZDEOH HQHUJ\ JHQHUDWLRQV �������N:K YV �������N:K IRU RIIVKRUH ZLQG�� 7KHUH
KDYH EHHQ LQGLFDWLRQV RI D GRZQZDUG WUHQG LQ WKH HOHFWULFLW\ JHQHUDWLRQ FRVW SHU NZK ZLWK
0&)& LQ WKH ODVW IHZ \HDUV� DQG WKLV SULFH FDQ EH H[SHFWHG WR IDOO IXUWKHU ZLWK LPSURYHG
DGYDQFHPHQW DQG SURGXFWLRQ RI WKHVH IXHO FHOOV�

� &RVW RI K\GURJHQ SURGXFWLRQV IURP UHQHZDEOH HQHUJ\ VRXUFHV DUH VWLOO QRW FRPSHWLWLYH
ZLWK JHQHUDO VWHDP PHWKDQH UHIRUPLQJ �������NJ IURP 605 YV ��������NJ IURP UHQHZ�
DEOHV�� :LWK 0&)& FRVW FRPSDUDEOH WR UHQHZDEOH HQHUJ\ VRXUFHV OLNH ZLQG DQG VRODU
PD\EH SRVVLEOH� GHSHQGLQJ RQ JULG SULFHV DQG ORFDWLRQV�

� :KLOH FRVWV FDQ YDU\ EHWZHHQ WHFKQRORJLHV� IRU DOO FRJHQHUDWLRQ DQG WULJHQHUDWLRQ WHFK�
QRORJLHV HFRQRPLHV RI VFDOH LV YDOLG LQ WHUPV RI YROXPH SURGXFWLRQ� 7KLV LPSOLHV WKDW
FRVW UHGXFWLRQ SHU N: LQVWDOOHG FDSDFLW\� LV SRVVLEOH IRU 0&)& EDVHG V\VWHPV WKDW LV
FRSURGXFLQJ K\GURJHQ DQG HOHFWULFLW\ �DQG KHDW��

� 7KH HFRQRPLF SURILWDELOLW\ IURP WKH VXSHUZLQG FRQFHSW PD\EH SRVVLEOH� HVSHFLDOO\ ZKHQ
WKH RXWSXW LV DGDSWHG WR HOHFWULFLW\ SULFH ZKLFK KDV EHHQ SUHYLRXVO\ NQRZQ� 7KLV FRXOG
JDUQHU IXUWKHU LQWHUHVW LQ WKH WHFKQRORJ\ ZKLFK FRXOG LQVSLUH RWKHU VWXGLHV�
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)URP WKHVH LQIHUHQFHV LW FDQ EH FRQFOXGHG WKDW� WKH 0&)& EDVHG K\GURJHQ FRJHQHUDWLRQ V\V�
WHP LV XQOLNHO\ WR EH HFRQRPLFDOO\ IHDVLEOH LQ WKH QHDU IXWXUH� DV FXUUHQWO\ LW FDQQRW FRPSHWH
ZLWK RWKHU WHFKQRORJLHV GXH WR LWV KLJK LQVWDOODWLRQ FRVWV� ZKLFK WUDQVODWHV WR KLJK HOHFWULFLW\
DQG K\GURJHQ FRVWV LQ FRJHQHUDWLRQ SURGXFWLRQV� 6LQFH LQ WHVW FRQGLWLRQV WKH FRVW RI K\GURJHQ
JHQHUDWHG FDQ DOUHDG\ FRPSHWH ZLWK UHQHZDEOH K\GURJHQ� WKH FRVW RI HOHFWULFLW\ FDQ DOPRVW
FRPSHWH ZLWK HOHFWULFLW\ SULFHV RI VRPH FRXQWULHV DQG HFRQRPLF SURILWDELOLW\ ZLWK WKH VXSHU�
ZLQG FRQFHSW PD\EH DOVR SRVVLEOH� WKH PDLQ IDFWRU GHWHUPLQLQJ WKH HFRQRPLF IHDVLELOLW\ RI WKLV
WHFKQRORJ\ LV WKH FRVW RI 0&)&V� 7KH FRVW RI 0&)&V KDYH GURSSHG RYHU WKH \HDUV DQG WKLV LV
H[SHFWHG WR GURS IXUWKHU ZLWK WLPH� 0RUHRYHU� OLNH DQ\ WULJHQUDWLRQ WHFKQRORJLHV� FRSURGXFWLRQ
WHFKQRORJLHV LQFOXGLQJ VXSHUZLQG� ZLOO EHQHILW IURP HFRQRPLHV RI VFDOH� :LWK SURSHU VXSSRUW
IURP WKH DFWRUV� EDVHG RQ WKH WUHQGV LQ FRVWV DYDLODEOH DQG WKH LQFOXVLRQ RI DGGHG EHQHILWV RI
WKH VXSHUZLQG FRQFHSW LW FDQ EH FRQFOXGHG WKDW0&)& EDVHG FRJHQHUDWLRQ RU WULJHQHUDWLRQ
SURGXFLQJ K\GURJHQ� HOHFWULFLW\ �DQG KHDW� ZLOO EH HFRQRPLFDOO\ IHDVLEOH LQ WKH IXWXUH�

������ 6WDWXV RI K\GURJHQ PDUNHW

)RU D 0&)& EDVHG FRJHQHUDWLRQ V\VWHP WKDW SURGXFHV K\GURJHQ DORQJ ZLWK HOHFWULFLW\ WR EH
VXFFHVVIXO� LW KDV WR PDNH SRVLWLYH FRQWULEXWLRQ WR WKH K\GURJHQ PDUNHW� 3ULPDULO\ LW LV QHFHV�
VDU\ IRU QHZHU WHFKQRORJLHV WR SURYLGH FOHDQHU K\GURJHQ JHQHUDWLRQ VROXWLRQV DW FRPSHWLWLYH
FRVWV� ,Q WKLV VHFWLRQV ZH DQDO\VH WKH FXUUHQW K\GURJHQ PDUNHW DQG PDNH DVVXPSWLRQ DERXW
WKH QHHG IRU 0&)& EDVHG WHFKQRORJ\�

)LJXUH ���� 7KH PDLQ GULYHUV DQG LQGLFDWRUV RI K\GURJHQ¶V JURZLQJ PRPHQWXP� 5HI� >��@

7KH GHPDQG IRU K\GURJHQ KDV EHHQ ULVLQJ RYHU WKH \HDUV DV K\GURJHQ KDV EHHQ UHFRJQL]HG
DV D FOHDQ IXHO� 7KH K\GURJHQ &RXQFLO KDV UHFRJQL]HG WZR PDLQ GULYHUV DQG WZR LQGLFDWRUV RI
K\GURJHQ¶V JURZLQJ PRPHQWXP LQ LWV ���� UHSRUW FLWH >��@� 7KH GULYHUV LQFOXGH �L� 7KHUH LV D
VWURQJHU SXVK WR OLPLW FDUERQ HPLVVLRQV DV RQO\ �� \HDUV UHPDLQ LQ WKH JOREDO FDUERQ EXGJHW
WR DFKLHYH WKH ൈࣅ��� JRDO� �LL� )DOOLQJ FRVWV RI UHQHZDEOH �OLNH ZLQG DQG VRODU� SRZHU� ZKLFK LV
WKH ODUJHVW GULYHU RI UHQHZDEOH K\GURJHQ FRVWV� KDV GHFUHDVHG VLJQLILFDQWO\ LQ WKH ODVW GHFDGH
ERRVWLQJ LQWHUHVW LQ FOHDQ K\GURJHQ SURGXFWLRQ ZLWK ORZ FDUERQ HOHFWULFLW\� 7KHVH GULYHUV RI
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K\GURJHQ PRPHQWXP KDYH EHHQ VXSSRUWHG E\ LQGLFDWRUV VXFK DV �L� WDQJLEOH JRYHUQPHQW SROL�
FLHV WKDW SURPRWH K\GURJHQ �LL� DQG JURZLQJ LQGXVWU\ DOOLDQFHV DV WKH UHVXOW RI IDOOLQJ FRVWV
DQG K\GURJHQ¶V YHUVDWLOLW\� UHVXOWLQJ LQ LQYHVWPHQWV LQ D YDULHW\ RI VHFWRUV� 7KHVH GULYHUV DQG
LQGLFDWRUV KDYH EHHQ VXPPDUL]HG LQ )LJ� ����

%DVHG RQ WKH PHWKRGV RI SURGXFWLRQ� FRORUV DUH RIWHQ XVHG WR UHIHU WR GLIIHUHQW W\SHV RI K\GUR�
JHQ DYDLODEOH WRGD\� 0RVW RI WKH K\GURJHQ SURGXFHG WRGD\ LV ¶*UH\ K\GURJHQ¶ WKDW LV XVXDOO\
IURP VWHDP PHWKDQH UHIRUPLQJ XVLQJ QDWXUDO JDV ZLWKRXW DQ\ &&86� *UH\ K\GURJHQ LV DF�
FRPSDQLHG E\ SURGXFWLRQ RI D ORW RI FDUERQ GLR[LGH� ¶%OXH K\GURJHQ¶ PD\ UHIHU WR K\GURJHQ
SURGXFHG E\ VWHDP PHWKDQH UHIRUPLQJ ZLWK &&86 ZKLOH XVLQJ IXHOV VXFK DV QDWXUDO JDV RU
ELRPDVV� ,Q FDVH RI EOXH K\GURJHQ WKHUH LV YHU\ ORZ RU QR ൈൔኼ HPLVVLRQV� 7KHUH DUH PDQ\
GHPRQVWUDWLRQ VL]HG SODQWV WKDW H[LVW DQG DUH LQ GHYHORSPHQW ZLWK EOXH K\GURJHQ WHFKQROR�
JLHV >��@� 7KHVH WHFKQRORJLHV DUH SURYHQ EXW QHHGV WR EH VFDOHG WR LQGXVWULDO VL]H � ¶*UHHQ
+\GURJHQ¶ LV WKH FOHDQHVW YDULHW\ RI K\GURJHQ� ZLWK ]HUR FDUERQ HPLVVLRQV� 7KLV K\GURJHQ LV
SURGXFHG E\ HOHFWURO\VLV RI ZDWHU ZKLFK LV SRZHUHG E\ UHQHZDEOH HOHFWULFLW\ IURP ZLQG DQG
VRODU� 7HFKQRORJLHV UHODWHG WR JUHHQ K\GURJHQ DUH PRVWO\ LQ SLORW SURMHFW VWDJH >��@�

$V PRVW K\GURJHQ SURGXFHG WRGD\ LV JUH\ K\GURJHQ� GHYHORSLQJ ORZ FDUERQ K\GURJHQ SUR�
GXFWLRQ URXWHV LV FULWLFDO LQ FOHDQ HQHUJ\ WUDQVLWLRQ EDVHG RQ K\GURJHQ� 7KLV FDQ EH GRQH E\
HLWKHU FRXSOLQJ FRQYHQWLRQDO WHFKQRORJLHV ZLWK &&86 DWWDFKPHQWV WR SURGXFH EOXH K\GURJHQ
RU WKURXJK ZDWHU HOHFWURO\VLV IURP ORZ FDUERQ HOHFWULFLW\ DQG ZDWHU� 7KLV PHDQV WKDW WHFK�
QRORJLHV IRFXVLQJ RQ EOXH DQG JUHHQ K\GURJHQ ZLOO SOD\ DQ LPSRUWDQW UROH LQ IXWXUH K\GURJHQ
SURGXFWLRQ� 7KLV FODLP FDQ EH VXSSRUWHG E\ WKH LQFUHDVH LQ VXFK SURMHFWV LQ WKH UHFHQW \HDUV�
7KHUH ZHUH VL[ SURMHFWV WKDW FRPELQHG FRQYHQWLRQDO WHFKQRORJLHV ZLWK &&86 LQ ����� KDYLQJ
D FRPELQHG DQQXDO SURGXFWLRQ RI ������� WRQQHV RI EOXH K\GURJHQ� ZLWK DGGLWLRQDO �� QHZ
SURMHFW DQQRXQFHG IRU FRPPLVVLRQLQJ LQ WKH ����V >��@� (OHFWURO\VLV RI ZDWHU WR SURGXFH K\�
GURJHQ ZLWK HOHFWULFLW\ LV PDGH SRVVLEOH LQ (OHFWURO\VHUV� (OHFWURO\VHUV ZKHQ VXSSOLHG E\ ORZ
FDUERQ HOHFWULFLW\ IURP UHQHZDEOH VRXUFHV� HQDEOH WKH SURGXFWLRQ RI FOHDQ JUHHQ K\GURJHQ�
:KLOH HOFWURO\VHUV KDYH EHHQ XVHG LQ YDULRXV DSSOLFDWLRQV LQ WKH SDVW� WKHLU IDVWHVW JURZLQJ
PDUNHW WRGD\ LV IRU XVHV ZLWK FOLPDWH DQG HQHUJ\ JRDOV� 1RW RQO\ KDV WKH DYHUDJH HOHFWURO\VHU
EDVHG SURMHFW VL]H LQFUHDVHG IURP ���0: WR XSWR �0: LQ WKH ODVW GHFDGH� EXW WKH LQVWDOOHG
FDSDFLW\ KDG LQFUHDVHG IURP OHVV WKDQ �0: LQ ���� WR PRUH WKDQ ��0: LQ ���� >��@� ,Q 0DUFK
����� -DSDQ RSHQHG ZRUOG¶V ODUJHVW JUHHQ K\GURJHQ SODQW XVLQJ D ��0: VRODU DUUD\� ZLWK EDFN
XS UHQHZDEOH SRZHU IURP WKH JULG� WR UXQ DQ HOHFWURO\VHU ZLWK ��0: FDSDFLW\ >��@�+RZHYHU�
GHVSLWH WKH LQFUHDVHG FDSDFLWLHV IRU ERWK JUHHQ DQG EOXH K\GURJHQ� VXFK WHFKQRORJLHV UHPDLQ
H[SHQVLYH DQG FRQWULEXWH D YHU\ VPDOO SHUFHQWDJH RI WRWDO JOREDO K\GURJHQ SURGXFWLRQ� ,W LV
H[SHFWHG WKDW WKH FRVW RI SURGXFLQJ K\GURJHQ IURP UHQHZDEOH HOHFWULFLW\ FRXOG GHFUHDVH E\ XS
WR ��� E\ ���� GXH WR WKH GHFOLQLQJ FRVW RI UHQHZDEOH HQHUJ\ DQG WKH VFDOLQJ XS RI K\GURJHQ
SURGXFWLRQ >��@� $V D UHVXOW� UHODWHG WHFKQRORJLHV VXFK DV IXHO FHOOV� HOHFWURO\VHUV DQG UHIXHOLQJ
HTXLSPHQW FDQ EHQHILW IURP PDVV PDQXIDFWXULQJ�

$V WKH K\GURJHQ PDUNHWV FRQWLQXH WR JURZ� EOXH K\GURJHQ FRXOG SOD\ D PDMRU UROH HVSHFLDOO\
LQ WKH VKRUW WHUP� 7KLV LV EHFDXVH D ODUJH SDUW RI FXUUHQW LQGXVWULDO DSSOLFDWLRQV FDQ EH GHFDU�
ERQL]HG ZLWK PLQLPDO LQWHUUXSWLRQ WR WKH VXSSO\ FKDLQ >��@� 7KLV FDQ EH GRQH E\ LQFUHDVLQJ WKH
FRVW HIILFLHQF\ RI EOXH K\GURJHQ SURGXFWLRQ PHWKRG E\ DGGLQJ HFRQRPLFDO &&86 WHFKQRORJ\�
7KH FRVW RI &&86 FDQ EH EURXJKW GRZQ LI &&86 WHFKQRORJ\ LV VFDOHG XS RU EHWWHU XVH RI ൈൔ���
LV IRXQG� ,Q WKHVH QDWXUDO JDV EDVHG EOXH K\GURJHQ JHQHUDWLRQ WHFKQRORJLHV WKH FRVW LV PRVWO\
LQIOXHQFHG WKH FRVW RI WKH QDWXUDO JDV� 7KH FRVW RI EOXH K\GURJHQ FRXOG EH DV ORZ DV ������NJ
ZKLOH JUHHQ K\GURJHQ LV HVWLPDWHG WR EH WULSOH DW DERXW ������NJ >���@� ,Q YDULRXV VWXGLHV EOXH
K\GURJHQ LV RIWHQ FRQVLGHUHG DV D EULGJH EHWZHHQ JUH\ DQG JUHHQ K\GURJHQ� $FFRUGLQJ WR RQH
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RI WKH VWXGLHV EOXH K\GURJHQ SURGXFWLRQ FRXOG JURZ LQ FDSDFLW\ IURP ��� PLOOLRQ PHWULF WRQV SHU
\HDU WR ��� PLOOLRQ PW�\HDU E\ ����� ZKLOH JUHHQ K\GURJHQ SURGXFWLRQ ZRXOG JURZ IURP ���
PLOOLRQ PW�\HDU WR ��� PLOOLRQ PW�\HDU LQ WKDW VSDQ >���@�

%HVLGHV WKH KLJK FRVW RI FOHDQHU K\GURJHQ SURGXFWLRQ� DQG KHDY\ UHOLDQFH RI FXUUHQW WHFKQROR�
JLHV RQ IRVVLO IXHOV� WKH RWKHU GUDZEDFN RI K\GURJHQ SURGXFWLRQ LV WKH ODFN RI LQIUDVWUXFWXUH�
7KH GHYHORSPHQW RI K\GURJHQ LQIUDVWUXFWXUH LV VORZ DQG WKH H[LVWLQJ UHJXODWLRQV OLPLW WKH GH�
YHORSPHQW RI D FOHDQ K\GURJHQ LQGXVWU\ >��@� +\GURJHQ SULFHV IRU WKH FRQVXPHU ZLOO OLNHO\
GHSHQG RQ IDFWRUV OLNH WKH QXPEHU RI IXHOLQJ VWDWLRQ� WKHLU XVH IUHTXHQF\ DQG WKH TXDQWLW\ RI
K\GURJHQ WKH\ FDQ GHOLYHU� 7KHVH IDFWRUV EULQJ RXW WKH QHFHVVLW\ RI HIILFLHQW SODQQLQJ DQG FR�
RUGLQDWLRQ EHWZHHQ LQGXVWU\� LQYHVWRUV DQG WKH JRYHUQPHQW� *RYHUQPHQW DQG LQGXVWU\ PXVW
ZRUN WRJHWKHU WR HQVXUH WKDW XQQHFHVVDU\ EDUULHUV DUH UHPRYHG DQG WUDGH DQG LQYHVWPHQW LV
HQFRXUDJHG >��@�

+\GURJHQ KDV WKH SRWHQWLDO WR EH XVHG LQ D YDULHW\ RI DSSOLFDWLRQV� )LJ� ��� VKRZV H[LVWLQJ
DQG IXWXUH DSSOLFDWLRQV RI K\GURJHQ DQG WKH H[SHFWHG WLPHOLQH RI ZKHQ WKH\ ZRXOG EH FRVW
FRPSHWLWLYH� 7KH ILJXUH DOVR VKRZV WKH ORZ FDUERQ FRPSHWLWLRQ IRU HDFK VHFWRU� $PRQJ WKH
DSSOLFDWLRQV OLVWHG LQ WKH ILJXUH� K\GURJHQ KDV RQO\ UHDFKHG FRVW FRPSHWLWLYHQHVV LQ DSSOLFD�
WLRQV ZKHUH LW LV XVHG XVHG DV DQ LQGXVWULDO IHHG VWRFN� :KLOH WKH SRVVLELOLW\ RI DSSOLFDWLRQV
RI K\GURJHQ LV ODUJH� LQ WKH VKRUW WHUP IRU PRVW DSSOLFDWLRQV� LW VWUXJJOHV WR FRPSHWH DJDLQVW
FRQYHQWLRQDO DOWHUQDWLYHV GXH WR LWV KLJK JHQHUDWLRQ FRVWV DQG OLPLWHG LQIUDVWUXFWXUH DV VHHQ
LQ WKH ILJXUH� 7KH +\GURJHQ &RXQFLO H[SHFWV PRVW URDG DSSOLFDWLRQV DQG VLPSOH F\FOH K\GUR�
JHQ WXUELQHV IRU SHDN SRZHU� K\GURJHQ ERLOHUV DQG LQGXVWU\ KHDWLQJ WR EH FRVW FRPSHWLWLYH
DJDLQVW ORZ�FDUERQ DOWHUQDWLYHV E\ ���� >��@� %\ ���� PRVW RI WKH K\GURJHQ WHFKQRORJLHV LQ
)LJ���� DUH H[SHFWHG WR EH FRVW FRPSHWLWLYH DJDLQVW RWKHU ORZ FDUERQ DOWHUQDWLYHV VR DV WR PHHW
WKH ൈࣅ� WHPSHUDWXUH LQFUHDVH JRDOV� ZLWK WKH ൈൔኼ HPLVVLRQV H[SHFWHG WR EH UHGXFHG E\ ���
>��@� 7KLV ZLOO RQO\ SRVVLEOH LI ORZ FDUERQ VROXWLRQV DUH DSSOLHG ZLWK RWKHU VROXWLRQV OLNH FDUERQ
VHTXHVWUDWLRQ DQG HOHFWULILFDWLRQ�

0RVW RI WKH K\GURJHQ SURGXFHG WRGD\ LV XVHG LQ LQGXVWULDO DSSOLFDWLRQV ZKHUH K\GURJHQ LV XVHG
DV D FKHPLFDO DJHQW� 7KHVH DSSOLFDWLRQV JHQHUDOO\ LQFOXGH RLO UHILQLQJ� DPPRQLD SURGXFWLRQ�
PHWKDQRO SURGXFWLRQ DQG VWHHO SURGXFWLRQ� 7KH K\GURJHQ WKDW LV VXSSOLHG WRGD\ FRQVLVWV RI WZR
PDLQ W\SHV� K\GURJHQ WKDW LV SURGXFHG RQVLWH DQG K\GURJHQ WKDW LV SURGXFHG DV D E\SURGXFW�
2QVLWH SURGXFWLRQ LV RIWHQ GRQH E\ ODUJH FRQVXPHUV LQ WKH FKHPLFDO LQGXVWU\ DQG FRQVWLWXWHV
DERXW ��� RI WRWDO (XURSHDQ K\GURJHQ >��@� +\GURJHQ WKDW LV SURGXFHG DV D E\SURGXFW LQ RWKHU
LQGXVWULDO DSSOLFDWLRQV FRQVWLWXWHV ��� RI WKH WRWDO K\GURJHQ SURGXFWLRQ DQG LV DOVR FRPPHU�
FLDOL]HG� 7KH UHPDLQLQJ �� RI WKH K\GURJHQ WKDW LV SURGXFHG LV LV IRXQG LQ PHUFKDQW K\GURJHQ
FRPPHUFLDOL]DWLRQ >��@� 'XH WR WKHVH IDFWRUV WKH K\GURJHQ PDUNHW LV QRW WUDQVSDUHQW� 7KH K\�
GURJHQ SULFH LV KLJKO\ GHSHQGHQW RQ ORFDO PDUNHW VLWXDWLRQ DQG DV WKHUH LV QR UHOLDEOH GDWDEDVH
IRU SULFHV DQG WUDQVDFWLRQV \HW� 7KHUHIRUH� D JOREDO� UHJLRQDO� RU QDWLRQDO SULFH IRU K\GURJHQ
GRHV QRW H[LVW >��@�

,W VKRXOG EH DOVR EH QRWHG WKDW WUDQVSRUW RI K\GURJHQ LV RQH RI WKH NH\ FKDOOHQJHV WR WKH SDUWLHV
LQYROYHG LQ WKH SURFHVV FKDLQ� +\GURJHQ LV XVXDOO\ WUDQVSRUWHG IURP WKH SRLQW RI SURGXFWLRQ
WR SRLQW RI XVH RYHU URDG LQ FU\RJHQLF OLTXLG WDQNHU WUXFNV� EDUJH� UDLO RU SLSHOLQHV� 7KHVH
SURFHVVHV XVXDOO\ KDYH KLJK GHOLYHU\ FRVWV� RSHUDWH DW ORZ HIILFLHQF\ DQG FDQ VXIIHU IURP K\�
GURJHQ OHDNDJH RU FRQWDPLQDWLRQ� /RZ HIILFLHQF\ LV SDUWO\ GXH WR WKH IDFW WKDW DW WKH VDPH
SUHVVXUH� K\GURJHQ HQHUJ\ FRQWHQW LV OHVV WKDQ D TXDUWHU RI WKDW RI QDWXUDO JDV� 7KHUH KDYH
EHHQ PHWKRGV SURSRVHG IRU K\GURJHQ WUDQVSRUWDWLRQ DQG IRU EXLOGLQJ K\GURJHQ LQIUDVWUXFWXUH�
7KHVH LQFOXGH EXLOGLQJ D QHZ K\GURJHQ QHWZRUN SDUDOOHO WR WKH JULG RU FRQYHUWLQJ H[LVWLQJ QDW�
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)LJXUH ���� 3URMHFWLRQ RI FRVW FRPSHWLWLYHQHVV WUDMHFWRULHV RI K\GURJHQ DSSOLFDWLRQV� 5HI� >��@

XUDO JDV JULG� 7KH HFRQRPLFV RI ERWK WKHVH RSWLRQV DUH VWLOO XQFHUWDLQ� KRZHYHU WKH FRVW RI
FRQYHUVLRQ RI QDWXUDO JDV JULG FDQ EH EHWZHHQ ����� RI EXLOGLQJ D QHZ QHWZRUN >���@�

,W KDV DOVR EHHQ VXJJHVWHG E\ H[SHUWV WKDW D GHFDUERQL]DWLRQ SDWKZD\ WKDW LV EDVHG RQ HOHFWULF�
LW\ ZLOO RQO\ EH H[SHQVLYH DQG XQUHDOLVWLF� +\GURJHQ ZLOO EH QHHGHG WR PHHW LQGXVWU\ GHPDQGV
IRU GHHS GHFDUERQL]DWLRQ WR EH DFKLHYHG� 7KHUH DUH PDQ\ DSSOLFDWLRQV WKDW WHFKQLFDOO\ XVH
HOHFWULFLW\� IRU ZKLFK K\GURJHQ FDQ EH WKH VWLOO FKHDSHU DOWHUQDWLYH� ,W KDV EHHQ VKRZQ WKDW
K\EULG HOHFWULFLW\�K\GURJHQ PRGHOV FDQ EH IDU FKHDSHU WKDQ HOHFWULFLW\ RQO\ PRGHOV >��@� 7KHUH
KDYH EHHQ VWXGLHV WKDW KDYH VKRZQ KXQGUHGV RI ELOOLRQV RI HXURV FDQ EH VDYHG E\ WKH (X�
URSHDQ 8QLRQ LI WKH K\EULGL]HG SDWKZD\ LV FKRVHQ� $ VWXG\ E\ 1DYLJDQW VKRZHG WKDW XSWR
¼��� ELOOLRQ FRXOG EH VDYHG DQQXDOO\ RQ D VFHQDULR EDVHG RQ K\GURJHQ DQG HOHFWULFLW\ >��@� ,Q
WKH (XURJDV VFHQDULR VWXG\ FRQGXFWHG XVLQJ 35,0(6 PRGHOOLQJ WKH\ FRQFOXGHG WKDW D VWURQJ
SXVK IRU HOHFWULILFDWLRQ ZRXOG UHVXOW LQ KLJK RYHUDOO FRVWV DQG V\VWHP OLPLWDWLRQV� $ FRPELQHG
K\GURJHQ DQG HOHFWULFLW\ VFHQDULR ZDV D EHWWHU DSSURDFK DQG LW ZRXOG DOORZ DQQXDO VDYLQJV RI
XSWR ¼��� ELOOLRQ LQ LQIUDVWUXFWXUH LQYHVWPHQWV XQWLO WKH \HDU ���� >��@� 0RUHRYHU� WKHUH H[LVWV
DPELWLRXV UHQHZDEOH HQHUJ\ WDUJHWV� OLNH WKH (XURSHDQ 8QLRQ¶V ���� JRDO RI SURGXFLQJ ���
RI DOO HQHUJ\ DQG PRUH WKDQ ��� RI LWV HOHFWULFLW\ IURP UHQHZDEOH HQHUJ\� 6LQFH� PRVW RI WKLV
GHPDQG LV H[SHFWHG WR EH PHW E\ LQWHUPLWWHQW VRXUFHV OLNH ZLQG DQG VRODU HQHUJ\� K\GURJHQ
ZLOO SOD\ D YLWDO UROH LQ FRPSOHPHQWLQJ DQG EDODQFLQJ WKHVH VRXUFHV DQG SURYLGLQJ D IOH[LEOH
HOHFWULFLW\ EDODQFLQJ VHUYLFH >��@�
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,Q WKLV VHFWLRQ LQIRUPDWLRQ UHJDUGLQJ VWDWH RI WKH K\GURJHQ PDUNHW DQG IXWXUH PDUNHW WUHQGV
KDYH EHHQ SUHVHQWHG� 6XPPDUL]LQJ WKH LQIRUPDWLRQ� WKH IROORZLQJ LQIHUHQFHV FDQ EH PDGH�

� 7KH GULYHUV �OLNH FDUERQ HPLVVLRQ UHGXFWLRQ� DQG LQGLFDWRUV �OLNH JRYHUQPHQW SROLFLHV
DQG URDGPDSV� RI K\GURJHQ PRPHQWXP SRLQW WRZDUGV LQFUHDVHG IRFXV RQ K\GURJHQ WKDW
ZRXOG UHTXLUH QHZHU� FOHDQHU WHFKQRORJLHV DQG SDWKZD\V�

� &XUUHQWO\ JUH\ K\GURJHQ GRPLQDWHV K\GURJHQ SURGXFWLRQ EXW WKHUH LV D SXVK WRZDUGV
GHYHORSLQJ EOXH DQG JUHHQ K\GURJHQ WHFKQRORJLHV�

� $V JUHHQ K\GURJHQ WHFKQRORJLHV DUH QRW \HW HFRQRPLFDOO\ IHDVLEOH� QDWXUDO JDV EDVHG
EOXH K\GURJHQ SURGXFWLRQ ZLOO GRPLQDWH LQ WKH QHDU IXWXUH�

� +\GURJHQ KDV WKH SRWHQWLDO IRU XVH LQ D YDULHW\ RI DSSOLFDWLRQV PRVW RI ZKLFK DUH QRW FRVW
FRPSHWLWLYH FXUUHQWO\� 5DSLG GHYHORSPHQWV RI WHFKQRORJLHV DQG WKHLU PDVV SURGXFWLRQ
ZRXOG EH QHHGHG WR PHHW WKH ���� FOLPDWH FKDQJH WDUJHWV�

� 'XH WR WKH ODFN RI SURSHU K\GURJHQ LQIUDVWUXFWXUH� DQG GUDZEDFNV RI FXUUHQW WUDQVSRUWD�
WLRQ PHWKRGV PRVW RI WKH K\GURJHQ JHQHUDWHG LV RQ RU QHDU WKH VLWH RI WKHLU DSSOLFDWLRQV�

� 7KH GHFDUERQL]DWLRQ SDWKZD\ EDVHG RQ K\GURJHQ DQG HOHFWULFLW\ LV HFRQRPLFDOO\ PRUH
IDYRUDEOH WKDQ HOHFWULFLW\ RQO\ SDWKZD\� 0RUHRYHU� K\GURJHQ ZLOO SOD\ D YLWDO UROH LQ FRP�
SOHPHQWLQJ DQG EDODQFLQJ HOHFWULFLW\ IURP LQWHUPLWWHQW VRXUFHV�

7KH0&)& WHFKQRORJ\ IRU FRSURGXFWLRQ RI HOHFWULFLW\ DQG K\GURJHQZLOO EHQHILW IURP WKH JURZLQJ
K\GURJHQ PRPHQWXP DV LW SURYLGHV D ORZ FDUERQ VROXWLRQ RI SURGXFLQJ K\GURJHQ� $GGLWLRQDOO\�
GHFUHDVH LQ K\GURJHQ FRVW ZLOO SURPRWH 0&)& PDVV SURGXFWLRQ DQG WKLV ZLOO ORZHU WKH FRVW
RI WKHVH IXHO FHOOV� $V EOXH K\GURJHQ SURGXFWLRQ LV H[SHFWHG WR GRPLQDWH LQ WKH QHDU IXWXUH�
QDWXUDO JDV EDVHG WHFKQRORJ\ ZLOO VWLOO EH HQFRXUDJHG� 7KH 0&)& XVHV QDWXUDO JDV WR SURGXFH
EOXH K\GURJHQ DQG HOHFWULFLW\ EXW LW FDQ DOVR EH XVHG ZLWK UHQHZDEOH VRXUFHV OLNH ELRPDVV WR
SURGXFH JUHHQ K\GURJHQ DV VHHQ ZLWK WKH )RXQWDLQ 9DOOH\ SURMHFW ���� 7KH FXUUHQWO\ ODFNLQJ K\�
GURJHQ LQIUDVWUXFWXUH� PDNHV WKH 0&)& EDVHG FRSURGXFWLRQ V\VWHP D PRUH VXLWDEOH VROXWLRQ
IRU GLVWULEXWHG JHQHUDWLRQ RI K\GURJHQ DQG SRZHU DW WKH WKH VLWH RI RSHUDWLRQ� 7KH K\GURJHQ
WKDW LV SURGXFHG FDQ EH XVHG LQ D YDULHW\ RI DSSOLFDWLRQV DQG LV VXLWHG IRU WUDQVSRUW DV ZHOO DV
LQGXVWU\ VHFWRU� WKXV� KHOSLQJ LQ WKHLU GHYHORSPHQW� $V WKH 0&)& V\VWHPV FDQ SURGXFH K\GUR�
JHQ DV ZHOO DV HOHFWULFLW\ WKH\ DUH ZHOO VXLWHG IRU D K\EULG HOHFWULFLW\�K\GURJHQ GHFDUERQL]DWLRQ
SDWKZD\� $GGLWLRQDOO\� VLQFH DOO WKHVH DGYDQWDJHV DSSO\ WR WKH VXSHUZLQG FRQFHSW DV ZHOO�
WKH\ FDQ DOVR EH FRQVLGHUHG DV D VROXWLRQ LQ K\GURJHQ PDUNHW GHYHORSPHQW� 7KH\ KDYH DQ
DGGHG DGYDQWDJH EHFDXVH ZLWK WKH VXSHUZLQG FRQILJXUDWLRQ� LW LV SRVVLEOH WR EDODQFH HOHFWULF�
LW\ IURP LQWHUPLWWHQW VRXUFHV OLNH ZLQG HQHUJ\ DV ZHOO� $QG WKH\ FDQ DOVR KHOS LQ WKH WUDQVLWLRQ
WRZDUGV K\GURJHQ LQIUDVWUXFWXUH VLQFH WKH\ FDQ SURGXFH K\GURJHQ E\ FRPELQLQJ QDWXUDO JDV
DQG HOHFWULF LQSXWV�

%DVHG RQ WKH VWDWXV RI K\GURJHQ PDUNHW LW FDQ EH DVVXPHG WKDW0&)& V\VWHPV IRU FRJHQHU�
DWLRQ RI K\GURJHQ DQG SRZHU� DQG 0&)&V LQ VXSHUZLQG FRQILJXUDWLRQ DUH ZHOO VXLWHG IRU
K\GURJHQPDUNHW� 7KHVH V\VWHPV FDQ KHOS EULGJH WKH JDS EHWZHHQ JUH\ DQG JUHHQ K\GURJHQ
DQG FRPEDW IHZ RWKHU FRQFHUQV LQ K\GURJHQ PDUNHW GHYHORSPHQW�
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���� $FWRUV DQG WKHLU LQYROYHPHQW LQ WKH VXSHUZLQG JHQHUDWLRQ
7KHUH DUH PDQ\ VWDNHKROGHUV FRPSURPLVLQJ RI DFWRUV IURP YDULRXV VHFWRUV WKDW SOD\ LPSRUWDQW
UROHV LQ LQWURGXFLQJ D QHZ WHFKQRORJ\ DQG LWV VXFFHVV� ,W LV QHFHVVDU\ WR LGHQWLI\ WKHVH DF�
WRUV LQYROYHG WR PDNH LQIRUPHG GHFLVLRQV QHHGHG IRU PDQDJLQJ� JXLGLQJ DQG FRQWUROOLQJ KRZ D
WHFKQRORJ\ GHYHORSV� $ VWDNHKROGHU DQDO\VLV LV XVXDOO\ FDUULHG RXW ZKHQ D QHZ SURMHFW GHYHO�
RSV� $V LGHQWLI\LQJ DOO DFWRUV FDQ EH FRPSOLFDWHG� LPSRUWDQW DFWRUV KDYH EHHQ LGHQWLILHG DQG
WKHLU UROHV VXPPDUL]HG LQ WKLV VHFWLRQ�

$FWRUV FDQ EH FDWHJRUL]HG LQ YDULRXV ZD\V� 7KH DFWRUV FDQ EH FODVVLILHG RQ WKH EDVLV RI WKH
QDWXUH RI YDULRXV VHFWRUV WKDW DUH LQYROYHG OLNH VKRZQ E\ )UDQ]HQ HW DO� LQ 5HI� >��@� 7KH\
FDWHJRUL]HG WKH DFWRUV LQWR WKUHH FDWHJRULHV QDPHO\ SXEOLF VHFWRU DFWRUV� SULYDWH VHFWRU DFWRUV
DQG FLYLF VRFLHWLHV FRQVLVWLQJ RI LQWHUHVW JURXSV DQG FLWL]HQV� (OVHZKHUH� *HHOV LGHQWLILHG WKDW
DFWRUV DUH HPEHGGHG LQ VRFLDO JURXSV ZLWK VKDUHG FKDUDFWHULVWLFV OLNH UROHV� UHVSRQVLELOLWLHV
DQG QRUPV >��@� +H LGHQWLILHG WKDW VRFLR�WHFKQLFDO V\VWHPV GR QRW IXQFWLRQ DXWRQRPRXVO\ EXW
DUH WKH UHVXOW RI WKH DFWLYLWLHV RI DFWRUV LQYROYHG� ,Q KLV SDSHU WKH DFWRUV DUH GLYLGHG LQWR WZR
PDLQ JURXSV EDVHG RQ LI WKH\ FDQ EH IRXQG RQ WKH SURGXFWLRQ VLGH RU RQ WKH XVHU VLGH RI WKH
V\VWHP� $FWRUV FDQ DOVR EH LGHQWLILHG EDVHG RQ WKH WKH 3(67/( DQDO\VLV� 3(67/( VWDQGV IRU
3ROLWLFDO� (FRQRPLF� 6RFLDO� 7HFKQRORJLFDO� /HJDO DQG (QYLURQPHQWDO DQDO\VLV� 7KLV PHWKRG LV
W\SLFDOO\ XVHG LQ EXVLQHVV DQG PDQDJHPHQW WR DQDO\]H WKHLU RSHUDWLQJ HQYLURQPHQW EXW KDV
DOVR EHHQ XVHG WR DQDO\]H WKH VWDNHKROGHUV LQYROYHG LQ UHQHZDEOH HQHUJ\ LQGXVWU\ DV VKRZQ
LQ 5HI� >���@� +RZHYHU� WKLV V\VWHP VHHPV PRUH IDYRUDEOH IRU DQ LQGXVWU\ RQ WKH ZKROH� UDWKHU
WKDQ D VLQJOH WHFKQRORJ\� VR LW KDV QRW EHHQ FRQVLGHUHG LQ WKLV WKHVLV� ,W LV LPSRUWDQW WR QRWH WKDW
DOO WKHVH PHWKRGV ZLOO EH VSHFLILF WR WKH WHFKQRORJLHV� UHJLRQV DQG RWKHU ORFDO IDFWRUV� +HQFH�
RQO\ JHQHUDOL]HG DQDO\VLV XVLQJ WKHP KDV EHHQ LQGLFDWHG KHUH�

3XEOLF 6HFWRU 3ULYDWH 6HFWRU &LYLF 6RFLHW\

,QWHUQDWLRQDO XQLRQV (�J (XURSHDQ 8QLRQ (QHUJ\ DQG JDV VXSSOLHUV 5HVLGHQWV

1DWLRQDO JRYHUQPHQWV 8WLOLWLHV 3XEOLF RUJDQLVDWLRQV

/RFDO JRYHUQPHQWV :LQG WXUELQH�6RODU HQHUJ\ PDQXIDFWXUHUV �VXSHUZLQG� &DU RZQHUV

(QHUJ\ PLQLVWULHV 3URMHFW GHYHORSHUV� � GHVLJQHUV DQG DUFKLWHFWV (QYLURQPHQWDO JURXSV

+HDOWK PLQLVWULHV )LQDQFLDO LQVWLWXWLRQV 1RQ *RYHUQPHQWDO 2UJDQL]DWLRQV

7UDQVSRUW DQG LQIUDVWUXFWXUH PLQLVWULHV %XLOGHUV &KDULWLHV

0XQLFLSDOLWLHV .QRZOHGJH LQVWLWXWLRQV +HDY\ GXW\ WUXFN RZQHUV

(QYLURQPHQWDO $JHQFLHV KRXVLQJ DVVRFLDWLRQV (QHUJ\ 7UDQVLWLRQ JURXSV

3RZHU *ULG 2ZQHUV &KHPLFDO ,QGXVWULHV

&DU 0DQXIDFWXUHUV

*DV 6WDWLRQV

:LQG HQHUJ\ JHQHUDWRUV �VXSHUZLQG�

0&)& 3URGXFHUV

5HQHZDEOH (QHUJ\ &RQVXOWDQWV

+RVSLWDOV� 6FKRROV� &RPPHUFLDO VSDFHV

%LRPDVV *HQHUDWRUV

(QJLQHHUV DQG 5HVHDUFKHUV

8EHU�/\IW GULYHUV

7DEOH ���� &ODVVLILFDWLRQ RI GLIIHUHQW DFWRUV LQ 0&)& FRJHQHUDWLRQ EDVHG GLIIHUHQW VHFWRUV�

$GRSWLQJ WKH PHWKRG RI FODVVLILFDWLRQ SURSRVHG E\ )UDQ]HQ HW DO� �5HI� >��@� IRU WKH 0&)&
EDVHG V\VWHP JHQHUDWLQJ K\GURJHQ� SRZHU DQG KHDW� WKH DFWRUV LQYROYHG KDYH EHHQ VHJUH�
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JDWHG LQWR WKUHH VHFWRUV DV VKRZQ LQ 7DEOH ���� ,W LV LPSRUWDQW WR LGHQWLI\ DV PDQ\ DFWRUV DV
SRVVLEOH EXW IRU WKH VDNH RI VLPSOLFLW\ RQO\ WKH PRUH REYLRXV DFWRUV KDYH EHHQ OLVWHG� ,Q WKH
FODVVLILFDWLRQV PDGH� WKH SXEOLF VHFWRU DFWRUV DUH JHQHUDOO\ WKH JRYHUQPHQW ERGLHV� SULYDWH
VHFWRUV LQYROYHV DFWRUV ZKR DUH QRW VWDWH FRQWUROOHG DQG WKH PRWLYH IRU WKHLU DFWLRQ LV WR HDUQ
SURILWV� &LYLO VRFLHW\ FRQVLVWV RI DFWRUV GLVWLQFW IURP JRYHUQPHQW DQG IRU�SURILW DFWRUV� WKHVH
DUH DFWRUV ZLWK VKDUHG LQWHUHVW DQG LQFOXGHV SURIHVVLRQ DVVRFLDWLRQV� FRPPXQLW\ JURXSV� QRQ�
JRYHUQPHQWDO RUJDQL]DWLRQV DQG FLWL]HQV DPRQJ RWKHUV� ,Q WKH FDVH RI VXSHUZLQG FRQFHSW�
GHVSLWH WKH WHFKQRORJLFDO GLIIHUHQFHV� PRVW RI WKH DFWRUV LQYROYHG ZRXOG EH WKH VDPH� 7KH
RQO\ WZR RWKHU DGGLWLRQV WKDW KDYH EHHQ FRQVLGHUHG KHUH DUH WKH ZLQG WXUELQH �VRODU 39 LI VRODU
HQHUJ\ LV XVHG LQVWHDG RI ZLQG� PDQXIDFWXUHUV DQG WKH ZLQG �RU VRODU� HQHUJ\ JHQHUDWRUV ZKR
VXSSO\ HQHUJ\ IURP WKH ZLQG IDUPV� 7KLV KDV EHHQ SRLQWHG RXW LQ WKH SULYDWH VHFWRU FROXPQ
VHHQ LQ WDEOH ����

)LJXUH ���� $FWRUV LQYROYHG LQ 0&)& EDVHG WHFKQRORJ\ �DQG VXSHUZLQG� SURGXFLQJ K\GURJHQ� KHDW DQG HOHFWULFLW\�

,W LV DOVR SRVVLEOH WR FODVVLI\ WKH DFWRUV PHQWLRQHG LQ WDEOH ��� EDVHG RQ WKHLU UROHV LQ HLWKHU WKH
SURGXFWLRQ VLGH RU WKH XVHU VLGH� 7KLV KDV EHHQ SUHVHQWHG ZLWK WKH KHOS RI D FKDUW VKRZQ LQ
)LJ� ���� ZKLFK KDV EHHQ LQVSLUHG E\ GLDJUDPV IRXQG LQ 5HI� >��@ DQG 5HI� >��@� 7KH SURGXF�
WLRQ VLGH FRQVLVWV RI WKUHH PDLQ FDWHJRULHV EDVHG RQ DFWRUV LQ GHYHORSPHQW� WKH UHJXODWRUV DQG
WKH VXSSOLHUV� 7KH RUDQJH EORFNV RQ WKH SURGXFWLRQ VLGH UHSUHVHQWV DGGLWLRQDO DFWRUV LQ WKH
GHYHORSPHQW DQG VXSSO\ FDWHJRULHV ZKHQ WKH VXSHUZLQG FRQFHSW LV FRQVLGHUHG� 7KH GRXEOH
VLGHG DUURZV LQ WKH SURGXFWLRQ VLGH LV EHFDXVH HDFK RI WKH FDWHJRULHV FDQ VHSDUDWHO\ LQIOXHQFH
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RQH DQRWKHU� )RU H[DPSOH� D QHZ VWULFWHU SROLF\ UHJXODWLRQ IURP WKH JRYHUQPHQW WR FXW HPLV�
VLRQ FRXOG ERRVW UHVHDUFK DQG GHYHORSPHQW RI QHZ FOHDQHU WHFKQRORJLHV� 6LPLODUO\� ILQDQFLDO
LQVWLWXWLRQV FDQ QRW RQO\ SURYLGH IXQGV WR GHYHORSHUV IRU QHZ UHVHDUFK EXW WKH\ FDQ DOVR SUR�
YLGH IXQGV WR VXSSOLHUV LQ WKH IRUP RI ORDQV� 2Q WKH XVHU VLGH RI )LJ� ���� WKH FRQVXPHUV KDYH
EHHQ VHSDUDWHG LQWR FDWHJRULHV EDVHG RQ WKH W\SH RI HQHUJ\ FDUULHU XWLOL]HG� 7KHVH FDWHJRULHV
DUH EDVHG RQ K\GURJHQ DSSOLFDWLRQV� KHDW DSSOLFDWLRQV� HOHFWULFLW\ DSSOLFDWLRQV DQG DSSOLFD�
WLRQV FRPELQLQJ DOO WKUHH �UHSUHVHQWHG E\ WKH JUHHQ EORFN�� 7KH GRXEOH VLGHG DUURZV LQ WKH
XVHU VLGH LV EHFDXVH VRPH RI WKH DSSOLFDWLRQV FDQ EHQHILW IRU PRUH WKDQ HQHUJ\ FDUULHU� )RU
H[DPSOH� FKHPLFDO LQGXVWULHV WKDW UHTXLUH K\GURJHQ DV D UDZ PDWHULDO FDQ DOVR XWLOL]H HOHF�
WULFLW\ SURGXFHG E\ WKH 0&)& EDVHG FRJHQHUDWLRQ RU WKH VXSHUZLQG WHFKQRORJ\� 6LPLODUO\�
WKH FRQVXPHUV RI KHDW FDQ DOVR EHQHILW IURP HOHFWULFLW\ JHQHUDWHG E\ WKHVH WHFKQRORJLHV� $V
WKH GHPDQG IRU K\GURJHQ DQG FOHDQHU HQHUJ\ WHFKQRORJLHV LQFUHDVHV� WKH FDWHJRULHV RQ WKH
XVHU VLGHV DUH PRUH OLNHO\ WR PHUJH ZLWK RQH DQRWKHU� &RPELQLQJ ERWK PHWKRGV RI FODVVLI\LQJ
DFWRUV ZH VHH WKDW WKH DFWRUV LQ WKH SXEOLF VHFWRUV JHQHUDOO\ IDOO LQ WKH SURGXFWLRQ VLGH ZKLOH
WKH DFWRUV IURP WKH FLYLF VRFLHW\ ZLOO PRVWO\ EH WKH XVHUV RI WKH SURSRVHG WHFKQRORJ\� 3URILW
RULHQWHG SULYDWH VHFWRU DFWRUV FDQ EH IRXQG RQ HLWKHU VLGH�

)URP )LJ� ��� ZH VHH WKDW LQWURGXFLQJ D QHZ WHFKQRORJ\ LQYROYHV D PXOWL�DFWRU QHWZRUN� ,Q
QHWZRUNV� WKH JRYHUQPHQWV �RU UHJXODWRUV� DORQH FDQQRW LPSRVH WKHLU ZLOO XSRQ RWKHU DFWRUV�
DQG LQWHUDFWLRQ EHWZHHQ LQWHUGHSHQGHQW DFWRUV LV QHFHVVDU\ LQ GHFLVLRQ DQG SROLF\ PDNLQJ
SURFHVVHV >��@� ,QWHQVLYH LQWHUDFWLRQ EHWZHHQ DFWRUV KHOSV ZLWK UHVRXUFH GLVWULEXWLRQ DQG LQ�
IOXHQFHV WKH IXQFWLRQLQJ RI D QHWZRUN DVVRFLDWHG ZLWK GHYHORSPHQW RI D QHZ WHFKQRORJ\� 7KH
DFWRUV SOD\ D VSHFLILF UROH DQG WKHLU DFWLRQV GHWHUPLQHV WKH VXFFHVV RU IDLOXUHV RI D SURMHFW�
:LWKRXW FRRSHUDWLRQ EHWZHHQ DFWRUV� HVSHFLDOO\ WKRVH ZKR PXWXDOO\ GHSHQG RQ RQH DQRWKHU WR
UHDOL]H WKHLU REMHFWLYHV� IDYRUDEOH RXWFRPHV FDQQRW EH DFKLHYHG >��@� ,W LV WKHUHIRUH QHFHVVDU\
WR XQGHUVWDQG WKH UROH RI DFWRUV DQG KRZ WKH\ FDQ LQIOXHQFH WKH GHYHORSPHQW RI 0&)& EDVHG
FRSURGXFWLRQ DQG VXSHUZLQG WHFKQRORJLHV�

)URP )LJ� ���� WKH LPSRUWDQW FDWHJRULHV RI DFWRUV DUH WKH GHYHORSHUV� WKH UHJXODWRUV� WKH VXS�
SOLHUV DQG WKH XVHUV� 7KHLU UROHV LQ LQWURGXFLQJ D QHZ WHFKQRORJ\ ZRXOG EH DV IROORZV�

'HYHORSHUV� 7KHVH DFWRUV LQFOXGH WKRVH WKDW DUH UHVSRQVLEOH IRU GHYHORSPHQW DQG GHVLJQLQJ
RI D WHFKQRORJ\� 7KH\ LQFOXGH VFKRODUV� HQJLQHHUV� UHVHDUFKHUV� FRQVXOWDQFLHV� XQLYHUVLWLHV
DQG HYHQ FRPSDQLHV FDQ EH LQYROYHG� ,Q WKLV VWDJH DQDO\VLV RI FXUUHQW LVVXHV DQG SROLFLHV DUH
UHTXLUHG� 1HZ VROXWLRQV DUH SURSRVHG DIWHU LVVXHV DQG WKH DYDLODEOH WHFKQRORJLHV KDYH EHHQ
DQDO\VHG� $GGLWLRQDOO\� WKURXJK UHVHDUFK� H[FKDQJH RI NQRZOHGJH� DQG H[SHULPHQWDWLRQ WKH
WHFKQLFDO IHDVLELOLW\ FDQ EH GHWHUPLQHG� ,Q WKH FDVH RI KLJK WHPSHUDWXUH IXHO FHOOV� WKH FRQ�
FHSW RI FRJHQHUDWLRQ DQG WULJHQHUDWLRQ KDV EHHQ SURSRVHG E\ YDULRXV UHVHDUFKHUV� ZKLFK FDQ
EH IRXQG LQ OLWHUDWXUH� )RU H[DPSOH� +HPPHV HW DO� WHVWHG WKH WHFKQLFDO IHDVLELOLW\ RI 62)&
ZKLOH ORRNLQJ IRU DQ DOWHUQDWH PHWKRG RI K\GURJHQ SURGXFWLRQ DV IXHO FHOOV KDG QRW EHHQ VWXG�
LHG HQRXJK IRU K\GURJHQ JHQHUDWLRQ >��@� 6LPLODUO\� )XHO&HOO (QHUJ\ UHFRJQL]HG WKH QHHG IRU
HFRQRPLFDO K\GURJHQ JHQHUDWLRQ FORVHU WR WKH SRLQW RI XVH DQG DOVR WKH SRWHQWLDO RI D VL]DEOH
QHZ PDUNHW LI WKH IXHO FHOO HOHFWULF YHKLFOHV DGRSWLRQ ZDV DFFHOHUDWHG� 7KLV OHDG WR WKHLU FROODE�
RUDWLRQ ZLWK WKH JRYHUQPHQW LQ WKH )RXQWDLQ 9DOOH\ GHPRQVWUDWLRQ SURMHFW >��@� 7KH VXSHUZLQG
FRQFHSW ZDV SURSRVHG E\ +HPPHV KDYLQJ UHFRJQL]HG WKH GUDZEDFNV RI LQWHUPLWWHQW ZLQG HQ�
HUJ\ DQG WKH ODFN RI K\GURJHQ LQIUDVWUXFWXUH >��@� )LQDQFLDO ,QVWLWXWLRQV FDQ EH FRQVLGHUHG D
SDUW RI GHYHORSPHQW LI WKH\ SURYLGH IXQGV IRU H[SHULPHQW RU GHPRQVWUDWLRQ SURMHFWV�

5HJXODWRUV� 7KH UHJXODWRUV DUH JHQHUDOO\ D SDUW RI WKH SXEOLF VHFWRU� 7KH\ FDQ LQFOXGH PXOWL
QDWLRQ�XQLRQ OLNH WKH (XURSHDQ 8QLRQ� WKH QDWLRQDO JRYHUQPHQWV� ORFDO JRYHUQPHQWVPXQLFLSDO�
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LWLHV� HQYLURQPHQWDO DJHQFLHV DQG RWKHU DXWKRULWDWLYH ERGLHV� 7KHVH ERGLHV QRW RQO\ RYHUVHH
WKH SURJUHVV EHLQJ PDGH RU LI WKH IXQG LV EHLQJ XWLOL]HG HIIHFWLYHO\� EXW WKH\ KDYH RWKHU LP�
SRUWDQW UROHV� )RU LQVWDQFH� (XURSHDQ 8QLRQ¶V ���� JRDO WR KDYH QHW�]HUR HPLVVLRQ E\ ����
KDV LQFUHDVHG PHPEHU QDWLRQ¶V IRFXV RQ FOHDQHU HQHUJ\ JHQHUDWLRQ� 7KH 1HWKHUODQGV� IRU
H[DPSOH KDV LQFOXGHG WKH UDSLG GHYHORSPHQW RI K\GURJHQ LQ LWV ORQJ WHUP�JURZWK VWUDWHJ\�
7KH JRYHUQPHQW DLPV WR VHQG D FOHDU VLJQDO RI WKHLU FRPPLWPHQW WR K\GURJHQ E\ VWDWLQJ WKH
LPSRUWDQFH RI ]HUR FDUERQ�K\GURJHQ� LQWURGXFLQJ DPELWLRXV SROLF\ DJHQGD DQG WDNLQJ VWHSV
QHHGHG WR ERRVW LQIUDVWUXFWXUH GHYHORSPHQWV >���@� 7KH\ KDYH UHDOL]HG WKLV ZRXOG DOVR EHQH�
ILW WKH HFRQRP\ E\ DWWUDFWLQJ LQWHUQDWLRQDO FRPSDQLHV� 7KH\ KRSH WR DQQRXQFH WKHLU K\GURJHQ
SURJUDP� ZKLFK ZLOO EH MRLQWO\ RXWOLQHG DQG LPSOHPHQWHG E\ WKH VWDNHKROGHUV QH[W \HDU� 7KHVH
NLQGV RI LQLWLDWLYHV ZLOO EHQHILW WKH 0&)& EDVHG V\VWHPV VWXGLHG LQ WKLV WKHVLV� 7KH ORFDO JRY�
HUQPHQWV PD\ ILQG WKHVH V\VWHPV DWWUDFWLYH QRW RQO\ EHFDXVH WKHVH V\VWHPV ZLOO VXSSO\ FOHDQ
HQHUJ\ EXW DOVR EHFDXVH WKH\ PD\ SURYLGH MREV DQG KHOS LQ ORFDO GHYHORSPHQW�

6XSSOLHUV� 1RW WR EH FRQIXVHG ZLWK HQHUJ\ VXSSOLHUV WKDW SURYLGH HOHFWULFLW\ DQG JDV WR WKH
HQG XVHUV� VXSSOLHUV KHUH UHIHUV WR WKH SURYLGHUV RI WKH LQSXW DQG FRQVWUXFWLRQ UHTXLUHG IRU
LQVWDOODWLRQ� FRQVWUXFWLRQ DQG UXQQLQJ RI 0&)& V\VWHPV� 7KHVH FRQVLVW RI IXHO FHOO FRPSDQLHV
WKDW DUH SURGXFLQJ IXHO FHOOV DQG DFFRPSDQ\LQJ SDUWV FRPPHUFLDOO\� IRU RSHUDWLRQV EH\RQG
WKH GHPRQVWUDWLRQ SURMHFWV� OLNH WKH WULJHQHUDWLRQ SURMHFW DW 7R\RWD¶V /RQJ %HDFK IDFLOLW\ >���@�
&XUUHQWO\ )XHO&HOO HQHUJ\ LV WKH ODUJHVW VXSSOLHU RI 0&)& LQ WKH ZRUOG� $GGLWLRQDO DFWRUV FRXOG
EH EXLOGHUV UHVSRQVLEOH IRU EXLOGLQJ LQIUDVWUXFWXUHV RU RWKHU QHFHVVDU\ FRPSRQHQWV� 6XSSOLHUV
ZRXOG DOVR LQFOXGH QDWXUDO JDV VXSSOLHUV VXSSO\LQJ WR WKH 0&)& V\VWHPV� $V D 0&)& FDQ
RSHUDWH ZLWK D YDULHW\ RI IXHOV HYHQ ELRPDVV SODQWV FDQ VXSSO\ IXHO WR WKH 0&)& V\VWHPV� ,Q
FDVH RI WKH VXSHUZLQG RSHUDWLRQ� ZLQG WXUELQH RZQHUV ZRXOG EH WKH VXSSOLHUV DV ZHOO�

8VHUV� 8VHUV ZLOO SOD\ DQ LPSRUWDQW UROH LQ WKH PDUNHW IRUPDWLRQ VLQFH WKH\ DUH WKH RQH ZKR
ZRXOG FUHDWH GHPDQG IRU WKHVH WHFKQRORJLHV E\ XWLOL]LQJ HOHFWULFLW\� K\GURJHQ DQG KHDW VXS�
SOLHG� 7KH KHDW FDQ EH XVHG IRU JHQHUDWLQJ K\GURJHQ RU LW FDQ EH VXSSOLHG IRU KHDWLQJ DSSOLFD�
WLRQV LQ UHVLGHQFH� KRVSLWDOV� VFKRROV DQG FRPPHUFLDO FRPSOH[HV� +\GURJHQ FDQ EH VXSSOLHG
WR WKH JDV VWDWLRQ DQG FKHPLFDO LQGXVWULHV� :KLOH WKH HOHFWULFLW\ JHQHUDWHG FDQ EH XWLOL]HG E\
HQHUJ\ VXSSOLHUV� XWLOLWLHV DQG SRZHU JULG RZQHUV EHIRUH LW FDQ EH VXSSOLHG WR WKH HQG XVHUV� ,Q
FRPELQHG DSSOLFDWLRQV� DOO WKUHH IRUPV RI WKH HQHUJ\ FDQ EH XWLOL]HG RQ VLWH OLNH LQ WKH FDVH RI
FDU PDQXIDFWXUHUV >���@� %H\RQG WKRVH FRQVXPHUV� ZLQG WXUELQH RZQHUV RU VRODU IDUP RZQHUV
ZRXOG DOVR EHQHILW IURP WKH VXSHUZLQG FRQILJXUDWLRQ DV WKHVH V\VWHPV ZRXOG UHGXFH WKH FRVW
RI HQHUJ\ VWRUDJH E\ HUDGLFDWLQJ WKH QHHG IRU EDWWHULHV RU WKH EDODQFLQJ FRVWV WKH\ PLJKW KDYH
WR SD\ GXH WR LUUHJXODU JHQHUDWLRQ DQG FRXOG GULYH WKH GHPDQG IRU WKLV WHFKQRORJ\ IRUZDUG�
0RUHRYHU� WKHVH V\VWHPV FRXOG DOVR EHQHILW IURP FRQVXPHUV ZKR DUH SDUW RI D HQHUJ\ FROOHF�
WLYH� ZKLFK LV DQ DVVRFLDWLRQ RI PHPEHUV ZKR DLP WR IDFLOLWDWH� XVH DQG SURPRWH VXVWDLQDEOH
HQHUJ\� ,Q WKH 1HWKHUODQGV WKHUH ZHUH ��� RI WKHVH HQHUJ\ FRRSHUDWLYHV LQ ���� DQG WKH
QXPEHU LV RQO\ JURZLQJ >���@�

7KH QHWZRUN RI DFWRUV ZKR DUH UHVSRQVLEOH IRU FRQFHSWXDOL]LQJ� RSHUDWLQJ DQG XVLQJ WKH RXWSXWV
RI D QHZ WHFKQRORJ\ DUH QRW WKH RQO\ RQFH ZKR LQIOXHQFH WKH VXFFHVV RU IDLOXUH RI D SURMHFW�
7KHUH DUH RWKHU H[WHUQDO IDFWRUV WKDW QHHG WR EH WDNHQ LQWR DFFRXQW� 7KH LQWHUDFWLRQ EHWZHHQ
DFWRUV DQG WKH UHVSRQVH WR H[WHUQDO SURFHVVHV FDQ EH GHPRQVWUDWHG ZLWK WKH KHOS RI PXOWL
OHYHO SHUVSHFWLYHV�
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0XOWL�/HYHO 3HUVSHFWLYH XVLQJ WKH 6XSHUZLQG FRQFHSW
7KH FRQFHSW RI 6WUDWHJLF 1LFKH 0DQDJHPHQW�610� KDV EHHQ UHFRPPHQGHG IRU GHVLJQLQJ DQG
RUJDQL]LQJ D VXSHUZLQG SLORW SURMHFW LQ )U\VODQ E\ +HPPHV HW DO� LQ 5HI� >��@� )U\VODQ ZDV
VHOHFWHG EHFDXVH RI LWV VXVWDLQDEOH HQHUJ\ JRDOV� DQG 1LM %RVPD =DWKH �1%=� ZDV FKRVHQ
DV D ORFDWLRQ WKDW FRXOG KRVW WKH SURMHFW EHFDXVH ELRJDV ZDV HDVLO\ VXSSOLHG� 7KHUH ZDV DOVR
WKH SRVVLELOLW\ WR XWLOL]H ZDVWH KHDW� DQG GHOLYHU K\GURJHQ DW D JDV VWDWLRQ >��@� 7KH 610
DSSURDFK LQYROYHV D FRQFHQWUDWHG HIIRUW WR GHYHORS SURWHFWHG VSDFHV ZKHUH D SURPLVLQJ QHZ
WHFKQRORJ\ FDQ GHYHORS DQG EH XVHG >��@� 7KHVH SURWHFWHG VSDFHV DUH WKH WHFKQLFDO QLFKHV�
7KH LGHD EHKLQG WKLV DSSURDFK LV WKDW IURP WKHVH WHFKQRORJLFDO QLFKHV� DQ LQQRYDWLRQ FDQ
JURZ DQG H[SDQG DQG PD\ XOWLPDWHO\ EH DEOH WR UHSODFH WKH GRPLQDQW WHFKQRORJ\� 1LFKHV
DUH SODWIRUPV RI LQWHUDFWLRQ DQG WKH\ UHVXOW IURP LQWHUDFWLRQV VKDSHG E\ PXOWLSOH DFWRUV >��@�
:KHQ )U\VODQ ZDV SURSRVHG IRU WKH SLORW SURMHFW� ZLQG HQHUJ\ ZDV VWLOO FRQVLGHUHG D QLFKH
WHFKQRORJ\>��@� +RZHYHU� LQ WKH WLPH VLQFH WKDW SDSHU ZDV SXEOLVKHG LQ ���� WKH JOREDO ZLQG
HQHUJ\ LQVWDOOHG FDSDFLW\ KDV LQFUHDVHG IURP ���*: WR ���*: DQG ZLQG HQHUJ\ LV RIWHQ
FRQVLGHUHG D PDLQVWUHDP UHQHZDEOH HQHUJ\ WHFKQRORJ\>��@ >���@� 0&)& DUH VWLOO LQ QLFKH
SKDVH VR VXSHUZLQG FDQ VWLOO EH VWXGLHG XVLQJ 610� 1HYHUWKHOHVV� WKH GHYHORSPHQWV ZLWKLQ
WKH QLFKH DUH QRW WKH RQO\ LPSRUWDQW IDFWRUV� DQG H[WHUQDO IDFWRUV SOD\ D FUXFLDO UROH LQ EULQJLQJ
DERXW WUDQVIRUPDWLRQ DV ZHOO� 1LFKH LQQRYDWLRQV WKHPVHOYHV FDQQRW EULQJ DERXW FKDQJHV LQ
WKH UHJLPH ZLWKRXW WKH KHOS RI EURDGHU IRUFHV DQG SURFHVVHV IURP WKH RXWVLGH >���@�

)LJXUH ���� 0XOWL�/HYHO 3HUVSHFWLYH RQ WHFKQRORJLFDO WUDQVLWLRQV� 5HI >��@ DQG 5HI� >��@�
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7KH 0XOWLOHYHO 3HUVSHFWLYH �0/3� LV D IUDPHZRUN WKDW OLQNV WKH LQWHUQDO DQG H[WHUQDO SURFHVVHV
RI WKH QLFKH� 7KH 0/3 IUDPHRZUN FRQVLVWV RI WKUHH OHYHOV DV H[SODLQHG LQ 5HI� >���@ DQG
VKRZQ LQ )LJ����� �L� 1LFKHV� 0LFUR OHYHO ZKHUH QRYHO VXVWDLQDEOH WHFKQRORJLHV FDQ HPHUJH�
�LL� 6RFLR�WHFKQLFDO UHJLPH� 0HVR�OHYHO DFFRXQWLQJ IRU WKH VWDELOLW\ RI D ODUJH VFDOH V\VWHPV�H�J�
HQHUJ\�� �LLL� WHFKQLFDO ODQGVFDSH� 0DFUR�OHYHO H[RJHQRXV HQYLURQPHQW EH\RQG WKH LQIOXHQFH
RI QLFKH DQG UHJLPH DFWRUV� 7KH 0/3 VXJJHVWV WKDW WUDQVLWLRQ FRPHV DERXW WKURXJK LQWHUDFWLRQ
EHWZHHQ SURFHVVHV DQG DFWRUV DW YDULRXV OHYHOV� &KDQJHV LQ WKH ODQGVFDSH SXWV SUHVVXUH RQ
WKH UHJLPH ZKLOH WKH QLFKH LQQRYDWLRQV EXLOG XS LQWHUQDO PRPHQWXP� 7KHVH QLFKH LQQRYDWLRQV
KDYH ZLQGRZV RI RSSRUWXQLWLHV WR EUHDN LQWR WKH UHJLPH ZKHQ LWV GHVWDELOL]DWLRQ RFFXUV >���@�
7KH UHJLPH LV GHVWDELOL]HG EHFDXVH RI VWUHVV DQG VKRFNV RQ WKH ODQGVFDSH OHYHO RU WKURXJK
WKH RSHUDWLRQV ZLWKLQ WKH WKH UHJLPH�

7KH LQWHUDFWLRQ EHWZHHQ WKH DFWRUV DQG SURFHVVHV FDQ EH HODERUDWHG LQ HDFK OHYHO RI WKH 0/3
IUDPHZRUN E\ XVLQJ WKH VXSHUZLQG FRQFHSW LQ WKH 1HWKHUODQGV DV WKH H[DPSOH�

/DQGVFDSH OHYHO

&KDQJHV LQ WKH ODQGVFDSH OHYHOV RFFXU VORZO\ DQG DUH XVXDOO\ RXW RI FRQWURO RI UHJLPH DQG QLFKH
DFWRUV� )RU WKLV H[DPSOH� RQ WKH ODQGVFDSH OHYHO LV WKH FOLPDWH FULVLV� DQG OLPLWHG DYDLODELOLW\ RI
IRVVLO IXHOV ZKLFK KDV SXW SUHVVXUH RQ WKH HQHUJ\ V\VWHPV� $GGLWLRQDOO\� 7KH 3DULV $JUHHPHQW
ZKRVH ORQJ WHUP JRDO LV WR OLPLW WKH JOREDO DYHUDJH WHPSHUDWXUH ULVH WR ൈࣅ��� FDQ DOVR EH
FRQVLGHUHG SDUW RI WKH ODQGVFDSH KHUH� 7KLV ODQGVFDSH GHYHORSPHQW SXWV SUHVVXUH RQ UHJLPH
WR IRFXV RQ FOHDQHU HQHUJ\ V\VWHPV� $GGLWLRQDOO\� WKH (XURSHDQ 8QLRQ¶V WDUJHW RI LQFUHDVLQJ
UHQHZDEOH HQHUJ\ VKDUH WR DW OHDVW ��� DQG LQFUHDVLQJ HQHUJ\ HIILFLHQF\ E\ DW OHDVW ����� E\
����� 7KLV ZRXOG DOVR IRUP WKH SDUW RI WKH ODQGVFDSH IRU DOO WKH PHPEHU FRXQWULHV�

1LFKH

7KLV VWDJH LQYROYHV D VPDOO QHWZRUN RI DFWRUV VXSSRUWLQJ QRYHOWLHV RQ WKH EDVLV RI YLVLRQV DQG
H[SHFWDWLRQV� /HDUQLQJ SURFHVV LQ WKLV OHYHO WDNHV SODFH RQ PXOWLSOH GLPHQVLRQV >���@� 7KH
H[DPSOH IRU WKLV FDQ EH WKH VXSHUZLQG FRQFHSW WKDW ZDV GHVLJQHG ZLWK WKH YLVLRQ WR LPSURYH
UHOLDELOLW\ RI ZLQG HQHUJ\ ZKLOH SURYLGLQJ K\GURJHQ WR ERRVW WKH JURZWK RI K\GURJHQ LQIUDVWUXF�
WXUH� 7KH DFWRUV KHUH DUH WKH UHVHDUFKHUV� HQJLQHHUV� LQVWLWXWLRQ� GHVLJQHUV DQG HYHQ WKH 1%=
WHVWLQJ IDFLOLW\ WKDW ZDV FKRVHQ WR IDFLOLWDWH WKH SLORW SURMHFW� $V VXSHUZLQG FRQFHSW DLPV WR
SURGXFH K\GURJHQ ZKLOH HUDGLFDWLQJ WKH QHHG IRU HOHFWULFLW\ VWRUDJH� LW ZLOO IDFH FRPSHWLWLRQ
IURP RWKHU WHFKQRORJLHV LQ WKH QLFKH VWDJH ZLWK VLPLODU JRDOV� )RU H[DPSOH D IHDVLELOLW\ VWXG\
VWDUHG ODVW \HDU WKDW DLPV WR EXLOG D ��� 0: K\GURJHQ SODQW IRU :HVWHUHHPV :LQG IDUP� 7KH
HOHFWURO\]HUV DUH IXHOHG E\ ZLQG HQHUJ\ IURP WKH IDUP DQG K\GURJHQ LV VXSSOLHG IRU LQGXVWULDO
DSSOLFDWLRQV� KHDWLQJ DQG WUDQVSRUW >��@� 6LPLODUO\ WKHUH DUH QXPHURXV RWKHU SURMHFWV LQ WKH
YDULRXV VWDJHV RI GHYHORSPHQW IRU SRWHQWLDOO\ SURGXFLQJ EOXH RU JUHHQ K\GURJHQ LQ WKH 1HWKHU�
ODQGV WKDW KDYH EHHQ OLVWHG LQ 5HI� >��@� :KHQ LW FRPHV WR HOHFWULFLW\ VWRUDJH� /H\GHQ-DU
7HFKQRORJLHV KDYH PDGH D EUHDNWKURXJK LQ EDWWHU\ WHFKQRORJ\ WKDW DLPV WR ERRVW WKH EDWWHU\
HQHUJ\ GHQVLW\ E\ ��� ZKLOH UHGXFLQJ ൈൔኼ HPLVVLRQV E\ ��� >��@� -XVW OLNH WKHVH WKHUH ZRXOG
EH RWKHU LQQRYDWLRQV WKDW DUH EHLQJ GHYHORSHG LQ WKH QLFKH LQYROYLQJ VPDOO VHW RI DFWRUV�

6RFLR�WHFKQLFDO UHJLPH

7KH UHJLPH UHIOHFWV WKH LQWHUDFWLRQ EHWZHHQ LQGXVWULHV� SROLFLHV� PDUNHWV� XVHU SUHIHUHQFHV�
VFLHQFH� FXOWXUH DQG WHFKQRORJLHV� 7KHVH UHJLPHV DUH G\QDPLFDOO\ VWDEOH GHVSLWH WKH SUR�
FHVVHV� OHDUQLQJ HIIHFWV DQG RQJRLQJ LQFUHPHQWDO FKDQJHV >���@� 7KH JRYHUQPHQW SROLFLHV
FDQ SOD\ DQ LPSRUWDQW UROH LQ HLWKHU GULYLQJ UHJLPH FKDQJH RU PDLQWDLQLQJ FHUWDLQ WHFKQRORJLHV¶
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FRQWLQXHG H[LVWHQFH LQ WKH UHJLPH� ,Q WKH H[DPSOH RI WKH 1HWKHUODQGV� WKH JRYHUQPHQW KDV
H[SUHVVHG GHVLUH WR XSVFDOH K\GURJHQ GHYHORSPHQW LQ WKH FRXQWU\� 7KH VXSHUZLQG FRQFHSW
FRXOG EHQHILW IURP WKH ILQDQFLDO VXSSRUW WKDW LQFOXGHV VXEVLGLHV XS WR ��� GXULQJ UHVHDUFK DQG
GHYHORSPHQW RI D QHZ WHFKQRORJ\� WKH JRYHUQPHQW¶V LQFUHDVHG LQWHUHVW LQ OLQNLQJ K\GURJHQ WR
RIIVKRUH ZLQG HQHUJ\� DQG HYHQ JUHHQ K\GURJHQ SROLFLHV VLQFH 0&)&V FDQ DOVR EH SRZHUHG
ZLWK ELRJDV >���@� 7KH VSHHG DW ZKLFK UHJLPH FDQ FKDQJH ZLOO DOVR GHSHQG RQ WKH VXSSRUW
RIIHUHG E\ WKH JRYHUQPHQW WR WKH FXUUHQW WHFKQRORJLHV� $FFRUGLQJ WR RQH VWXG\ WKH 'XWFK JRY�
HUQPHQW KDV VWLOO RQ DYHUDJH� RIIHUHG IRVVLO IXHO VXEVLGLHV ZRUWK RYHU ¼� ELOOLRQ DQQXDOO\ LQ WKH
ODVW � \HDUV >���@� (OVHZKHUH LQ WKH UHJLPH� LQWHUDFWLRQV EHWZHHQ VFLHQFH DQG WHFKQRORJ\ FDQ
RFFXU WKURXJK FROODERUDWLYH LQLWLDWLYHV VXFK DV WKH 3DUWQHUVKLS IRU +\GURJHQ DQG )XHO &HOOV
LQ WKH (FRQRP\ �,3+(�� RI ZKLFK WKH 1HWKHUODQGV LV D SDUW RI >���@� 7KLV LQLWLDWLYH DLPV WR
VXSSRUW WKH GHYHORSPHQW RI K\GURJHQ DQG IXHO FHOO WHFKQRORJLHV DQG VSHHG XS WKHLU GHSOR\�
PHQW� 6FLHQFH DQG WHFKQRORJ\ UHODWHG DFWRUV LQ WKH UHJLPH FDQ DOVR EH WKH H[LVWLQJ LQGXVWULHV
PDQXIDFWXULQJ ZLQG WXUELQHV DQG IXHO FHOO WHFKQRORJLHV LQ WKH UHJLPH� $GYDQFHPHQWV PDGH LQ
WKHVH LQGXVWULHV FDQ ERRVW WKH RSSRUWXQLWLHV IRU WKH DSSOLFDWLRQV RI WKH VXSHUZLQG FRQFHSW� )RU
H[DPSOH� 7HQQHW� D GXWFK HOHFWULFLW\ FRPSDQ\ LV VSHDUKHDGLQJ D SURMHFW EDVHG RQ DQ RIIVKRUH
ZLQGIDUP RQ DQ DUWLILFLDOO\ GHYHORSHG LVODQG� ZLWK VXSSRUW HTXLSPHQW WKDW LV H[SHFWHG WR JHQHU�
DWH ��*: RI SRZHU >��@� +DYLQJ VXSSRUW HTXLSPHQW RQ WKH LVODQG� PDNHV LW HDVLHU IRU WKH WHDP
WR RSHUDWH PRUH WXUELQHV DW D ORZHU FRVWV� 7KH VXSHUZLQG FRQFHSW FDQ EH VXLWDEOH IRU SURMHFWV
VXFK DV WKLV DV LW LV HTXLSSHG IRU GLVWULEXWHG JHQHUDWLRQ VLQFH LW XVH 0&)&V� DQG DOVR EHFDXVH
WUDQVSRUWLQJ K\GURJHQ LV FRQVLGHUDEO\ FKHDSHU WKDQ SURGXFLQJ K\GURJHQ� $GGLWLRQDOO\� VLQFH
WKH VXSHUZLQG FRQFHSW FDQ DOVR XWLOL]H QDWXUDO JDV LW FDQ VXSSRUW HQHUJ\ WUDQVLWLRQ� &XUUHQWO\
QDWXUDO JDV LV WKH PDLQ HQHUJ\ FDUULHU LQ WKH 1HWKHUODQGV� LWV XQOLNHO\ WKDW WKH DFWRUV DVVRFLDWHG
ZLWK LWV JHQHUDWLRQ DQG GLVWULEXWLRQ ZLOO OHDYH WKH UHJLPH LQ WKH QHDU IXWXUH� 0DUNHW FUHDWLRQ
ZLOO DOVR EH QHFHVVDU\ IRU WKH VXSHUZLQG WHFKQRORJLHV WR GHYHORS� 7KH XVHUV RI KHDW� SRZHU
DQG K\GURJHQ VHSDUDWHO\ RU WRJHWKHU ZRXOG EH DEOH WR GULYH WKH GHYHORSPHQW FRQFHSW IXUWKHU�
�6RPH RI WKH XVHUV KDYH DOUHDG\ EHHQ PHQWLRQHG HDUOLHU LQ WKLV VHFWLRQ ��� DQG WKHLU UROH DS�
SOLHV LQ WKH UHJLPH DV ZHOO� KHQFH WKH\ KDYH QRW EHHQ PHQWLRQHG DJDLQ�� :KLOH WKH GHPDQG
IRU FOHDQHU HOHFWULFLW\ LV ZLGHO\ GLVFXVVHG� LQ WKH 1HWKHUODQGV ��� RI WKH KHDWLQJ VXSSOLHG LV
WKURXJK QDWXUDO JDV EDVHG SODQWV� DQG DQ DGGLWLRQDO �� RI WKH VXSSO\ LV WKURXJK GLVWULFW KHDWLQJ
>��@� 'LVWULFW KHDWLQJ JHQHUDOO\ XWLOL]HV KHDW IURP FRJHQHUDWLRQ SODQWV LQ &+3 DSSOLFDWLRQV� 7KLV
KHDW JHQHUDWLRQ FDQ EH FRQVLGHUHG VLPLODU WR WKH VXSHUZLQG JHQHUDWLRQ� DV LW LV WKH KHDW WKDW
LV SURGXFHG DV D E\SURGXFW WKDW LV EHLQJ XWLOL]HG� 6LQFH GLVWULFW KHDWLQJ LV H[SHFWHG WR JURZ LQ
WKH IXWXUH� LW VKRZV WKDW KHDW JHQHUDWLRQ IURP FRJHQHUDWLRQ WHFKQRORJLHV LV GHVLUHG� +\GURJHQ
PDUNHW LV H[SHFWHG WR JURZ DV ZHOO DV WKH XVHUV� ZKR DUH H[SHFWHG WR EX\ ������� IXHO FHOO
HOHFWULF YHKLFOHV E\ ���� >��@� 7KH H[LVWLQJ UHJLPH FDQ DOVR EH SKDVHG RXW LI WKH SUHIHUHQFH
RI WKH XVHUV FKDQJHV� 7KLV FDQ EH EURXJKW DERXW E\ FUHDWLQJ DZDUHQHVV� WKURXJK GHPRQ�
VWUDWLRQ� HGXFDWLRQ DQG PHGLD E\ KLJKOLJKWLQJ WKH EHQHILWV RI K\GURJHQ DQG WKH GUDZEDFNV RI
IRVVLO IXHOV� 7KLV LQFUHDVHG DZDUHQHVV FDQ DOVR UHVXOW LQ XVDJH RI WHFKQRORJLHV LQ D QHZ ILHOG�
HVSHFLDOO\ WKURXJK SURSHU VWUDWHJLHV� SROLFLHV DQG FROODERUDWLRQV EHWZHHQ DFWRUV�

,Q WKH FXUUHQW 'XWFK VRFLR�WHFKQLFDO UHJLPH� IRVVLO IXHOV �PDLQO\ QDWXUDO JDV DQG SHWUROHXP� DUH
WKH GRPLQDQW HQHUJ\ FDUULHUV DV D UHVXOW RI WKH ORFN�LQ HIIHFW ZKLFK KDV EHHQ GHYHORSHG RYHU
WKH GHFDGHV� 7KLV ORFN�LQ HIIHFW ZRUNV DJDLQVW WKH SKDVLQJ RXW RI IRVVLO IXHO E\ NHHSLQJ WKH UH�
ODWHG WHFKQRORJLHV LQ WKH UHJLPH� 7KH VWDEOH UHJLPH LV WKH UHVXOW RI LW UHVLVWLQJ SUHVVXUHV IURP
WKH ODQGVFDSH DQG WKH QLFKH LQQRYDWLRQV IRU GHFDGHV WKURXJK PRGLILFDWLRQ VWUDWHJLHV� IRFXVLQJ
RQ HFRQRPLFV� LQQRYDWLRQV� DQG IUDPHZRUNV WKDW PD\EH VRFLR�FXOWXUDO DQG SROLWLFDO� 7KLV ORFN�
LQ HIIHFW ZRUNV DJDLQVW WKH SKDVLQJ RXW RI IRVVLO IXHO E\ NHHSLQJ WKH UHODWHG WHFKQRORJLHV LQ WKH
UHJLPH� 8VXDOO\ WKH WUDQVIRUPDWLRQ RI UHJLPH RFFXUV WKURXJK HLWKHU RI WKH IRXU GLIIHUHQW WUDQ�
VLWLRQ SDWKZD\V DV SURSRVHG E\ *HHOV DQG 6FKRW LQ 5HI� >��@� 7KH\ DUH �L� 7UDQVIRUPDWLRQ� ,Q
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UHVSRQVH WR PRGHUDWH ODQGVFDSH SUHVVXUH ZKHQ WKH QLFKH LQQRYDWLRQV KDYH QRW \HW GHYHORSHG
VXIILFLHQWO\� WKH DFWRUV LQ WKH UHJLPH UHVSRQG E\ PRGLI\LQJ WKH GLUHFWLRQ RI LQQRYDWLRQ DFWLYLWLHV
DQG LQQRYDWLRQ SDWKV� �LL� 'H�DOLJQPHQW DQG UH�DOLJQPHQW SDWK� ,Q WKLV PHWKRG RI WUDQVIRUPD�
WLRQ� SUREOHPV LQ WKH UHJLPH DUH ODUJH� 7KLV UHVXOWV LQ UHJLPH GH�DOLJQPHQW DQG XOWLPDWHO\ LWV
HURVLRQ� 7KHUH DUH PXOWLSOH LQQRYDWLRQV WKDW HPHUJH� DQG D VLQJOH LQQRYDWLRQ RU D FRPELQDWLRQ
RI PXOWLSOH LQQRYDWLRQV FR�H[LVWLQJ WRJHWKHU IRUP WKH QHZ UH�DOLJQHG UHJLPH� �LLL� 7HFKQRORJLFDO
6XEVWLWXWLRQ� ,Q WKLV SDWKZD\� WKH QLFKH WHFKQRORJ\ WKDW KDV VXIILFLHQWO\ GHYHORSHG UHSODFHV
WKH H[LVWLQJ GRPLQDQW WHFKQRORJ\� LQ UHVSRQVH WR ODQGVFDSH SUHVVXUH� �LY� 5HFRQILJXUDWLRQ� ,Q
WKLV SDWKZD\� QRW RQO\ GRHV WKH UHJLPH FKDQJH LQ WHUPV RI WHFKQRORJ\ XVHG� EXW WKHUH LV DOVR
D VXEVWDQWLDO FKDQJH LQ WKH UHJLPH¶V DUFKLWHFWXUH DQG WKH RUJDQL]DWLRQDO VWUXFWXUHV�

,W LV NQRZQ WKDW ODQGVFDSH SUHVVXUH H[LVWV DV PHQWLRQHG HDUOLHU DQG LQ WKH QLFKH OHYHO WKH VX�
SHUZLQG WHFKQRORJ\ DORQJ ZLWK RWKHU FRPSHWLQJ WHFKQRORJLHV DUH GHYHORSLQJ� 7KH OLVW RI DFWRUV
LQ DOO WKH WKUHH OHYHOV LQ UHDOLW\ ZLOO EH ORQJHU DQG WKHLU LQWHUDFWLRQV ZLOO EH PRUH FRPSOH[� +RZ�
HYHU� IURP WKH LQIRUPDWLRQ JDWKHUHG DERYH� WKH VXJJHVWLRQV IRU WKH H[SHFWHG SDWKZD\ ZLWK WKH
VXSHUZLQG FRQFHSW FDQ EH PDGH� 6LQFH 0&)&V DUH QRW \HW SURGXFHG RQ D ODUJH VFDOH DQG DUH
H[SHQVLYH� WHFKQRORJLFDO VXEVWLWXWLRQ SDWKZD\ FDQ EH UXOHG RXW� $GGLWLRQDOO\� WKH VXSHUZLQG
FRQFHSW FDQQRW EH FRQVLGHUHG DV D IXOO\ GHYHORSHG WHFKQRORJ\ \HW� 7KH GH�DOLJQPHQW DQG UH�
DOLJQPHQW SDWKZD\ FDQ EH UXOHG RXW� DV LW LV XQOLNHO\ WKDW VXSHUZLQG WHFKQRORJ\ LV WKH GRPLQDQW
RU RQH RI WKH GRPLQDQW LQQRYDWLRQV LQ WKH QLFKH EHFDXVH RI OLPLWHG H[SHULPHQWDWLRQ DQG RWKHU
FRQVWUDLQWV GXH WR DYDLODELOLW\ RI ZLQG IDUPV� ORFDWLRQ DQG 0&)&V� 0RUHRYHU� DV RYHU ��� RI
WKH HQHUJ\ GHPDQGV RI WKH 1HWKHUODQGV LV VWLOO VXSSOLHG E\ IRVVLO IXHO EDVHG WHFKQRORJLHV� WKHLU
GH�DOLJQPHQW LV XQOLNHO\ WR KDSSHQ LQ D UHODWLYHO\ VKRUW GXUDWLRQ RI WLPH OLNH D GHFDGH RU PRUH�
5HFRQILJXUDWLRQ DQG 7UDQVIRUPDWLRQ DUH WKH PRVW OLNHO\ SDWKZD\V WKURXJK ZKLFK VXSHUZLQG
FRQFHSW FDQ EH DEVRUEHG LQWR WKH UHJLPH� ,Q ERWK WKHVH FRQFHSWV WKH UHJLPH HYROYHV GXH WR
HIIRUWV RI WKH DFWRUV LQ WKH UHJLPH WRZDUGV LQQRYDWLRQ DFWLYLWLHV� 7KLV UHVXOWV LQ D QHZ UHJLPH
JURZLQJ RXW RI WKH ROG RQH DV WKH UHVXOW RI QHZ WHFKQRORJLHV PRYLQJ LQWR WKH UHJLPH IURP WKH
QLFKH OHYHO� 2QFH WKH VXSHUZLQG FRQFHSW LV UHDG\ IRU FRPPHUFLDOL]DWLRQ LW FDQ EH VORZO\ DE�
VRUEHG LQWR WKH UHJLPH� $V WKH GHPDQG IRU K\GURJHQ LV H[SHFWHG WR LQFUHDVH� WKH VXSHUZLQG
FRQFHSW ZLOO LQ WXUQ EHQHILW IURP WKH JURZWK RI FRPSHWLQJ WHFKQRORJLHV WKDW SURGXFH K\GURJHQ�
7KLV LV EHFDXVH DV K\GURJHQ DSSOLFDWLRQV EHFRPH PRUH PDLQVWUHDP� LW ZLOO UHVXOW LQ LQFUHDVHG
LQWHUHVW LQ FOHDQ K\GURJHQ� 0&)&V� DQG KHQFH WKH VXSHUZLQG FRQFHSW� 7KH DGGLWLRQDO FKDU�
DFWHULVWLF RI WKH UHFRQILJXUDWLRQ SDWKZD\ WKDW VHSDUDWHV LW IURP WKH WUDQVIRUPDWLRQ SDWKZD\ LV
WKDW UHJLPH UHFRQILJXUDWLRQ LQYROYHV FKDQJH LQ UHJLPH¶V DUFKLWHFWXUH DQG RUJDQL]DWLRQDO VWUXF�
WXUH� 7KLV KDV DOZD\V EHHQ D SRVVLELOLW\ ZLWK LQFUHDVHG WHFKQRORJLFDO DGYDQFHPHQW� IRFXV RQ
HIILFLHQW PHWKRGV RI RSHUDWLRQ DQG WKH HYHU JURZLQJ FOLPDWH FRQFHUQV� +RZHYHU� ZLWK WKH RQJR�
LQJ &29,'��� SDQGHPLF� WKH LPSDFW RI ZKLFK LV QRW HQWLUHO\ XQGHUVWRRG� UHFRQILJXUDWLRQ RI WKH
UHJLPH¶V DUFKLWHFWXUH DQG RSHUDWLRQ LV D SRVVLELOLW\� :LWK WKH SDQGHPLF HIIHFWLQJ DOPRVW HYHU\
VHFWRU DQG KDYLQJ LQIOXHQFHG HQHUJ\ FRQVXPSWLRQ� HFRQRP\� WUDGH� RSHUDWLRQV� HQHUJ\ JHQ�
HUDWLRQ DQG WHFKQRORJ\ GHYHORSPHQW DPRQJ RWKHUV� LW LV OLNHO\ D QHZ UHJLPH VWUXFWXUH ZRXOG
HPHUJH�

7R EULQJ DERXW FKDQJH LQ WKH FXUUHQW UHJLPH YDULRXV DFWRUV DUH LQYROYHG� ,Q WKLV VHFWLRQ� WKH DF�
WRUV ZHUH ILUVW LGHQWLILHG EDVHG RQ LI WKH\ DUH SDUW RI WKH SXEOLF RU SULYDWH VHFWRU DIWHU ZKLFK WKH\
ZHUH DOVR FODVVLILHG EDVHG RQ WKHLU UROH LQ SURGXFWLRQ RU FRQVXPSWLRQ� 7KLV JDYH VRPH LGHD RI
WKHLU UROH LQ WKH QHWZRUN DURXQG D WHFKQRORJ\� 6LQFH D EUHDNWKURXJK LQ WHFKQRORJ\ LV XVXDOO\
EDVHG RQ WKH UHVSRQVH RI UHJLPH DFWRUV WR LQWHUQDO DQG H[WHUQDO IDFWRU� 0/3 IUDPHZRUN ZDV
DSSOLHG XVLQJ WKH VXSHUZLQG FRQFHSW LQ WKH 1HWKHUODQGV DV DQ H[DPSOH� +DYLQJ FRQVLGHUHG
D OLPLWHG QXPEHU RI DFWRUV GXH WR WKH FRPSOH[LW\ LQYROYHG LQ WKH DFWRU LQWHUDFWLRQV� WKH SDWKV
RI GLIIXVLRQ IRU WKH VXSHUZLQG FRQFHSW LV H[SHFWHG WR EH UHFRQILJXUDWLRQ DQG WUDQVIRUPDWLRQ�
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:LWK WKH XQFHUWDLQWLHV FUHDWHG E\ WKH RQJRLQJ &29,'��� SDQGHPLF� LW LV PRVW OLNHO\ WR EH WKH
UHFRQILJXUDWLRQ SDWKZD\�

���� ,QYHVWLQJ SROLFLHV DQG WKHLU UROH LQ K\GURJHQ FRJHQHUDWLRQ
:KLOH PDQ\ DFWRUV DUH LQYROYHG LQ WKH QHWZRUN LQWHUDFWLQJ ZLWK DQG LQIOXHQFLQJ D QHZ WHFK�
QRORJ\� JRYHUQPHQWV SOD\ DQ LPSRUWDQW UROH� $ QHZ WHFKQRORJ\ FDQ JUHDWO\ EHQHILW IURP WKH
JRYHUQPHQW SROLFLHV LI LWV SULQFLSOHV DQG DLPV DOLJQ ZLWK WKHLU JRDOV� ,Q WKLV VHFWLRQ WKH VXLWDELO�
LW\ RI WKH 0&)& EDVHG FRJHQHUDWLRQ V\VWHP LV DQDO\VHG EDVHG RQ WKH H[LVWLQJ PHDVXUHV WKDW
ZRXOG HIIHFW WKH GHYHORSPHQW RI WKLV WHFKQRORJ\�

&RJHQHUDWLRQ DQG WULJHQHUDWLRQ DUH QRW QHZ FRQFHSWV� WKH\ KDYH EHHQ XVHG LQ &+3 DSSOLFD�
WLRQV IRU D ZKLOH QRZ� +HQFH� WKHUH DUH YDULRXV SROLFLHV LQ FRXQWULHV DURXQG WKH ZRUOG WKDW
VXSSRUW WKHVH FRQFHSWV DQG UHODWHG WHFKQRORJLHV� ,Q *HUPDQ\ IRU H[DPSOH� WKH VKDUH RI HOHF�
WULFLW\ JHQHUDWHG IURP FRJHQHUDWLRQ LQFUHDVHG IURP ����� WR ��� EHWZHHQ ���� DQG ����
>���@� ,Q ���� D QHZ DFW ZDV SDVVHG LQ VXSSRUW RI FRJHQHUDWLRQ WKDW VWDWHG WKDW UHTXLUHG WKH
LQFUHDVH LQ HOHFWULFLW\ JHQHUDWLRQ WR EH ��� WKURXJK FRJHQHUDWLQJ SODQWV E\ WKH HQG RI ����
>���@� 7KLV LQFUHDVH ZDV EURXJKW DERXW WKURXJK JRYHUQPHQW VXSSRUW VXFK DV ERQXV SDLG SHU
N:K JHQHUDWHG� DQG FDSLWDO VXEVLG\ IRU VPDOO FRJHQHUDWLRQ SODQWV� ,Q ,QGLD� FRJHQHUDWLRQ LV
SURPRWHG WKURXJK VHYHUDO SROLFLHV DQG UHJXODWLRQV RQ ERWK FHQWUDO DQG VWDWH OHYHO� 6XEVLGLHV
RI �� WR ��� FDQ EH DYDLOHG RQ WKH WRWDO FRVWV E\ WKH FHQWUDO JRYHUQPHQW >���@� &DSDFLW\
JUDQWV� IHHG�LQ�WDULIIV� DQG WD[ LQFHQWLYHV KDYH DOVR EHHQ XVHG LQ ,QGLD WR SURPRWH FRJHQHU�
DWLRQ SODQWV� +RZHYHU� LQ WKH 1HWKHUODQGV ZKHUH DFWLYH &+3 PDUNHW ZDV RQFH WKULYLQJ� ODFN
RI JRYHUQPHQW VXSSRUW ILQDQFLDOO\ DQG DQ XQIDYRUDEOH PDUNHW UHVXOWHG LQ LWV VWDJQDWLRQ DQG
GHFOLQH� ,Q ���� WKH 'XWFK 1DWLRQDO (QHUJ\ $JUHHPHQW KDOWHG WKH &+3 FRJHQHUDWLRQ VXSSRUW
LQ WKH 1HWKHUODQGV >��@� 'HVSLWH WKH SDUWLDO VLPLODULW\ EHWZHHQ &+3 SODQWV� FRJHQHUDWLRQ XVLQJ
0&)&V� DQG WKH VXSHUZLQG FRQFHSW LQ WHUPV RI LQSXW �QDWXUDO JDV� DQG RXWSXWV �SRZHU DQG
KHDW� VDPH FRJHQHUDWLRQ SROLFLHV FDQQRW EH DSSOLHG�

7KH 0&)& EDVHG FRJHQUDWLRQ�WULJHQHUDWLRQ WHFKQRORJ\ DQG WKH VXSHUZLQG FRQFHSW LV OLNHO\ WR
EH LPSDFWHG E\ WKH SROLFLHV DVVRFLDWHG ZLWK WKH IROORZLQJ FKDUDFWHULVWLFV RI WKHVH V\VWHPV�

� 7KHVH DUH KLJKO\ HIILFLHQW WHFKQRORJLHV� +LJKO\ HIILFLHQW WHFKQRORJLHV ZLOO SOD\ LQ IXQGD�
PHQWDO UROH LQ PHHWLQJ FOLPDWH FKDQJH JRDOV� VWUHQJKWHQ HQHUJ\ VHFXULW\� LPSURYH HQHUJ\
DFFHVV DQG UHGXFH ORFDO DLU SROOXWLRQ�

� 1DWXUDO JDV LV WKH SULPDU\ IXHO� 7KHVH WHFKQRORJLHV ZLOO EH LPSDFWHG E\ WKH OHYHO RI
VXSSRUW DQG SROLFLHV RQ QDWXUDO JDV�

� &DUERQ HPLVVLRQ LV ORZ� ,Q VXFK WHFKQRORJLHV �L� QR FRPEXVWLRQ RFFXUV GXULQJ RSHUDWLRQV
DQG WKHUH LV QR QHHG IRU DGGLWLRQDO &&86 WHFKQRORJ\� �LL� ZLQG HQHUJ\ FDQ DOVR EH XVHG
LQ WKH VXSHUZLQG FRQILJXUDWLRQ�

� +\GURJHQ LV IOH[LEO\ JHQHUDWHG� +\GURJHQ IXHO ZLOO SOD\ DQ LPSRUWDQW UROH LQ DFKLHYLQJ QHW
]HUR HPLVVLRQ DQG TXLFNHU SURJUHVV WRZDUGV WKDW HPLVVLRQ WDUJHW ZLOO GHSHQG RQ IDVWHU
LQQRYDWLRQ LQ K\GURJHQ JHQHUDWLQJ WHFKQRORJLHV� ELRHQHUJ\ DQG &&86 DPRQJ RWKHUV�

� (OHFWULFLW\ LV IOH[LEO\ JHQHUDWHG� 7KLV PHWKRG RI HOHFWULFLW\ JHQHUDWLRQ LV PRUH HQHUJ\
HIILFLHQW WKDQ FRQYHQWLRQDO FRPEXVWLRQ JHQHUDWLRQ�
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7KH (XURSHDQ IUDPHZRUNV ODUJHO\ GHWHUPLQH WKH 'XWFK HQHUJ\ SROLF\� +RZHYHU� WKHUH LV VFRSH
IRU GHYHORSLQJ QDWLRQDO SROLFLHV ZLWKLQ WKH LQWHUQDWLRQDO IUDPHZRUN� $V SROLFLHV YDU\ DPRQJ
FRXQWULHV� MXVW OLNH ZLWK WKH &+3 V\VWHPV� WKH OHYHO RI VXSSRUW IRU WKH FRJHQHUDWLRQ WHFKQRORJ\
FDQ YDU\ IURP FRXQWU\ WR FRXQWU\� 7KHUHIRUH� XVLQJ WKH 1HWKHUODQGV DV DQ H[DPSOH� WKH GHJUHH
RI VXSSRUW RIIHUHG E\ WKH JRYHUQPHQW LQ WKHLU HQHUJ\ SROLF\ WR HDFK RI WKHVH FKDUDFWHULVWLFV RI
WKH K\GURJHQ DQG SRZHU FRJHQQHUDWLRQ DQG VXSHUZLQG V\VWHPV QHHGV WR EH H[DPLQHG�

6XSSRUW IRU HIILFLHQW WHFKQRORJLHV

7KH (QHUJ\ $JHQGD UHFRJQL]HV WKDW WKH GHYHORSPHQW RI WKH WHFKQRORJLHV WKDW DUH QHHGHG
IRU ORZ FDUERQ E\ ���� LV QRW \HW FRPSOHWH� ,W KDV EHHQ UHFRJQL]HG WKDW LQQRYDWLRQV DLPHG
DW VXVWDLQDEOH DQG HIILFLHQW KHDW XVH LV QHHGHG� 7KLV LQFOXGHV IRFXV RQ HOHFWULILFDWLRQ RI KHDW�
VKDULQJ RI UHVLGXDO KHDW DQG HQHUJ\ HIILFLHQF\ >��@� 7KH 1HWKHUODQGV LV DOVR FRPPLWWHG WR ����
LQFUHDVH LQ HQHUJ\ VDYLQJV DQQXDOO\ DQG KDV PDGH DJUHHPHQWV ZLWK LQGXVWU\ DQG HFRQRPLF
VHFWRU� 7KH 1HWKHUODQGV DLPV WR SURGXFH ��� RI DOO HQHUJ\ VXVWDLQDEO\ E\ ����� DQG IRU WKLV
LW LV RIIHULQJ UHQHZDEOH HQHUJ\ JUDQWV IRU EXVLQHVVHV WR LQYHVW LQ WHFKQRORJLHV WKDW FRPELQH
SURGXFWLRQ DQG VWRUDJH DPRQJ RWKHUV >���@� 3RWHQWLDO IRU HQHUJ\ VDYLQJ LV KLJKHVW LQ EXLOW
HQYLURQPHQWV� PDQXIDFWXULQJ DQG WUDQVSRUW� ZLWK DQ HVWLPDWHG ���3- WKDW FRXOG EH VDYHG
DQQXDOO\ IURP WHFKQRORJLHV LQ WKHVH VHFWRUV >��@�

3ROLF\ RQ QDWXUDO JDV

1DWXUDO JDV SURYLGHV DERXW ��� RI WKH SULPDU\ UHTXLUHPHQW LQ WKH 1HWKHUODQGV� 0RVW RI WKH
JDV H[WUDFWHG LQ WKH FRXQWU\ FRPHV IURP WKH *URQLQJHU ILHOG QHDU 6ORFKWHUHQ� DQG LV WKH FDXVH
RI LQ HDUWKTXDNHV LQ WKLV DUHD� 'XH WR WKLV OLPLWDWLRQV RQ WKH SURGXFWLRQ LQ WKH DUHD KDV EHHQ
VHW WR �� ELOOLRQ ൫ኽ SHU \HDU >��@� 7KH FDELQHW KDV DOVR GHFLGHG WR SKDVH RXW SURGXFWLRQ IURP
WKLV VLWH E\ ����� 7KH VXSSRUW IRU QDWXUDO JDV LV GHFUHDVLQJ� 7KH *DV $FW SURKLELWV DQ\ QHZ
KRXVHV DQG EXLOGLQJV WR EH FRQQHFWHG WR WKH JDV JULG� 7KH 0LQLQJ $FW UHTXLUHV FRPSDQLHV WR
FDUU\ RXW VWXGLHV H[WHQVLYHO\ EHIRUH DSSO\LQJ IRU SHUPLWV WR H[WUDFW JDV >���@�

6XSSRUW IRU UHGXFWLRQ LQ FDUERQ HPLVVLRQV

7KH 'XWFK JRYHUQPHQW SODQV WR DFKLHYH QHW ]HUR HPLVVLRQV E\ ����� 7KH JRYHUQPHQW LV
SURPRWLQJ FOHDQ HQHUJ\ WHFKQRORJLHV WKURXJK VXEVLGLHV OLNH WKH 6XVWDLQDEOH (QHUJ\ 7UDQVLWLRQ
�6'(����7KLV 6'(�� VXEVLG\ LV VXLWDEOH IRU FRPSDQLHV DQG RUJDQL]DWLRQV LQ VHFWRUV VXFK DV
LQGXVWU\� PRELOLW\ DQG HOHFWULFLW\ WKDW DLP WR SURGXFH UHQHZDEOH HQHUJ\ RU SURYLGH ൈൔኼ UHGXFLQJ
WHFKQLTXHV� $ EXGJHW RI ¼� ELOOLRQ KDV EHHQ PDGH DYDLODEOH IRU 6'(�� >�@� 2WKHU PHDVXUHV
WDNHQ E\ WKH GXWFK JRYHUQPHQW WR OLPLW HPLVVLRQV LQFOXGHV D SURSRVDO WR LQWURGXFH D WDUJHWHG
FDUERQ OHY\ LQ WKH LQGXVWULDO VHFWRU� ,W LV H[SHFWHG WR EH ¼�� SHU WRQ LQ ���� DQG ZRXOG LQFUHDVH
WR ¼������� SHU WRQ LQ ���� >���@� 7KH JRYHUQPHQW KDV DOVR SODFHG D OLPLWDWLRQ RQ &&86
VXEVLGLHV WR SURPRWH WHFKQRORJLHV QHHGHG IRU ORQJ�WHUP WUDQVLWLRQ DQG LV H[SHFWHG WR UHGXFH
WKH H[SHQGLWXUH RQ &&86 E\ KDOI LQ ����� ZKLFK ZLOO EH DERXW ¼��� PLOOLRQ >���@�

6XSSRUW IRU +\GURJHQ

$V LQGLFDWHG LQ WKH JRYHUQPHQW VWUDWHJ\ RQ K\GURJHQ GRFXPHQW� UDSLG K\GURJHQ GHYHORSPHQW
LV LQ OLQH ZLWK WKH FRXQWU\¶V ORQJ WHUP JURZWK VWUDWHJ\� ,Q WKH ILUVW SKDVH RI K\GURJHQ� WKH
JRYHUQPHQW KDV UHFRJQL]HG WKDW LW LV FUXFLDO WR UHGXFH WKH FRVWV RI FOHDQ K\GURJHQ� ZKLFK
ZRXOG EH SRVVLEOH WKURXJK XSVFDOLQJ RI JHQHUDWLRQ WHFKQRORJLHV LQ UHJLRQV ZKHUH WKHUH LV
GHPDQG IRU K\GURJHQ �H�J� ,QGXVWULDO FOXVWHU�� 7KH EOXH K\GURJHQ JHQHUDWLQJ SURMHFWV DUH
SHUPLWWHG WR UHFHLYH VXSSRUW IURP WKH 6'(�� VXEVLG\ >���@� 7KH JRYHUQPHQW DOVR VXSSRUWV
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UHVHDUFK DQG GHYHORSPHQWV RI K\GURJHQ SURGXFWLRQ LQ YDULRXV 0LVVLRQ�RULHQWHG 5HVHDUFK�
'HYHORSPHQW DQG ,QQRYDWLRQ �022,� WHQGHUV� $GGLWLRQDOO\� LQQRYDWLYH SLORW SURMHFWV UHODWHG
WR K\GURJHQ DUH HQFRXUDJHG WKURXJK WKH (QHUJ\ ,QQRYDWLRQ 'HPRQVWUDWLRQ 6FKHPH �'(,���
:LWKLQ WKH '(,� VFKHPH� WKH SURMHFWV ZLOO EH HOLJLEOH WR UHFHLYH D ��� VXEVLG\ RQ WKH HOLJLEOH
FRVWV� 7KLV DPRXQW PD\EH XS WR ���� XS WR D PD[LPXP RI ¼�� PLOOLRQ SHU SURMHFW >���@� 7KH
JRYHUQPHQW LV DOVR SODQQLQJ WR VXSSRUW SURMHFWV ZLWK VFDOLQJ XS WKURXJK WHPSRUDU\ RSHUDWLQJ
FRVW VXSSRUW LQ DGGLWLRQ WR WKH LQYHVWPHQW VXSSRUW� )RU WKLV WKH JRYHUQPHQW ZLOO EH DOORFDWLQJ
¼�� PLOOLRQ SHU \HDU E\ PDNLQJ XVH RI &OLPDWH %XGJHW IXQGV >���@� 7KH JRYHUQPHQW KDV DOVR
EHHQ FDUU\LQJ RXW D VWXG\ ORRNLQJ LQWR WKH DGYDQWDJHV DQG GLVDGYDQWDJHV RI OLQNLQJ K\GURJHQ
SURGXFWLRQ WR RIIVKRUH ZLQG YLD LQWHJUDWHG WHQGHUV� 7KLV VWXG\ LI VXFFHVVIXO� FRXOG EHQHILW IURP
UHGXFHG FRVW RI ODQGLQJ UHQHZDEOH HQHUJ\ ZKLFK ZRXOG UHGXFH WKH FRQJHVWLRQ RQ WKH HOHFWULFLW\
JULG� 7KLV LV EHFDXVH K\GURJHQ WUDQVSRUW LV FKHDSHU WKDQ WUDQVSRUWLQJ HOHFWULFLW\ >���@�

6XSSRUW LQ WKH (OHFWULFLW\ 6HFWRU

7KH HOHFWULFLW\ VHFWRU SODWIRUP KDV IRUPHG DQ DJUHHPHQW WR SURGXFH PRUH WKDQ ��� RI HOHF�
WULFLW\ WKURXJK UHQHZDEOH VRXUFHV E\ ����� 7KH ൈൔኼ IUHH HOHFWULFLW\ LV H[SHFWHG WR EH PDGH
SRVVLEOH WKURXJK JUHHQ K\GURJHQ� QXFOHDU SRZHU DQG IURP IRVVLO IXHO VRXUFHV ZLWK &&86 RU
UHGXFHG HPLVVLRQV� 6XEVLGLHV WR EH SURYLGHG WR UHQHZDEOH VRXUFHV OLNH ZLQG DQG VRODU XQWLO
���� >���@� 7KH JRYHUQPHQW DOVR VXSSRUWV WKH LGHD RI UHVLGHQWV EHLQJ LQYROYHG LQ WKH ORFDO
HQHUJ\ JHQHUDWLRQ SURMHFWV� ZLWK PXQLFLSDOLWLHV DQG SURYLQFHV SOD\LQJ LPSRUWDQW UROH LQ HQHUJ\
WUDQVLWLRQ WKURXJK WKH 5HJLRQDO (QHUJ\ 6WUDWHJLHV �5(6� DSSURDFK� 7KH VHFXULW\ RI HOHFWULFLW\
VXSSO\ VKRXOG QRW EH MHRSDUGLVHG E\ D KLJKHU SHUFHQWDJH RI UHQHZDEOH HOHFWULFLW\� 7KH JRY�
HUQPHQW FRQWLQXHV WR PRQLWRU WKH VHFXULW\ RI VXSSO\ DQG WKH GHYHORSPHQW RI QHZ WHFKQRORJLHV
LQYROYLQJ JUHHQ K\GURJHQ� VXSSO\� K\EULG JHQHUDWLRQ� DQG WKHLU DSSOLFDWLRQV >���@�

6XSSRUW IRU ZLQG HQHUJ\ DQG ELRPDVV

$V WKH UHVXOW RI YDULRXV LQLWLDWLYHV IURP WKH JRYHUQPHQW� WKH RQVKRUH ZLQG HQHUJ\ FDSDFLW\ LV
H[SHFWHG WR EH �����0: E\ WKH HQG RI ����� 7KH PHDVXUHV LQYROYHG LQ WKLV SURFHVV LQFOXGHV
D EHWWHU LQIRUPDWLRQ DQG FRPPXQLFDWLRQ WR RYHUFRPH WKH UHVLVWDQFH IURP ORFDO UHVLGHQWV� DQG
D IDVW WUDFN SURFHGXUH IRU LQWURGXFLQJ ZLQG IDUPV >���@� )RU RIIVKRUH ZLQG HQHUJ\� WKH JRYHUQ�
PHQW KDV SURSRVHG D URDGPDS DIWHU FRQVXOWLQJ ZLWK YDULRXV DFWRUV LQYROYHG� 7KLV ZRXOG KHOS
WKH 1HWKHUODQGV JHQHUDWH ��*: E\ ���� IURP RIIVKRUH ZLQGIDUPV >���@� 7KH JRYHUQPHQW
KDV UHFRJQL]HG WKH LPSRUWDQFH RI ELRPDVV LQ D UDQJH RI DSSOLFDWLRQV DQG WKH VXSSRUW IRU QHZ
WHFKQRORJLHV LV SURYLGHG WKURXJK 6'(�� JUDQWV� %LRPDVV LV XVHG IRU HQHUJ\ JHQHUDWLRQ E\
FRPEXVWLRQ� %LRPDVV WKDW LV FRILUHG LQ FRDO ILUH SODQWV QHHG WR PHHW KLJKHU VWDQGDUGV DQG WKH
FRPSDQLHV QHHG WR SURYH WKDW JUHHQKRXVH JDV HPLVVLRQ LV DW OHDVW ��� WKDQ FRDO ILUHG IXHOV�
7KH JRYHUQPHQW DOVR UHTXLUHV WKDW SDWURO DQG GLHVHO DUH EOHQGHG ZLWK ��� ELRIXHOV DV RI WKLV
\HDU >���@� 7KH JRYHUQPHQW H[SHFWV WKDW WKH GHPDQG IRU ELRPDVV LV H[SHFWHG WR LQFUHDVH LQ
WKH IXWXUH IRU ERWK H[SRUW PDUNHW DQG ORFDO PDUNHW� 7KH 1HWKHUODQGV 3URJUDPPH 6XVWDLQDEOH
%LRPDVV �136%� E\ WKH 1HWKHUODQGV (QWHUSULVH $JHQF\ KDV VXSSRUWHG RYHU �� SURMHFWV RYHU
VHYHUDO \HDUV�

)RU D 0&)& EDVHG V\VWHP ZLWK KLJK FRVWV� SROLFLHV ZLOO SOD\ DQ LPSRUWDQW UROH LQ LWV JURZWK
DQG GHYHORSPHQW� )URP DQDO\VLQJ WKH H[LVWLQJ SROLF\ PHDVXUHV EDVHG RQ WKH FKDUDFWHULVWLFV
RI WKH 0&)& FRJHQHUDWLRQ V\VWHP� PRVW SROLF\ WRROV VHHP WR EH IDYRULQJ WKH WHFKQRORJ\�

7KHVH WHFKQRORJLHV VDWLVI\ WKH UHTXLUHPHQW RI KLJKO\ HIILFLHQW LQQRYDWLRQV WKDW XVH UHVLGXDO
KHDW HIILFLHQWO\� 7KH\ FDQ DOVR EH FRQVLGHUHG WR EH WHFKQRORJLHV WKDW FRPELQH SURGXFWLRQ DQG
VWRUDJH� (YHQ WKRXJK HOHFWULFLW\ LV WHFKQLFDOO\ QRW VWRUHG� WKH K\GURJHQ JHQHUDWHG FDQ EH
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VWRUHG� )RU WKDW WKH\ PD\ EH HOLJLEOH IRU WKH JUDQWV IURP WKH JRYHUQPHQW� 6LQFH WKHVH WHFK�
QRORJLHV SURYLGH VROXWLRQV ZLWK UHGXFHG ൈൔኼ HPLVVLRQV� WKH\ FDQ EH VXLWDEOH IRU WKH 6'(��
VXEVLG\ IURP WKH JRYHUQPHQW� 7KH 6'(�� VXEVLG\ ZRXOG DOVR DSSO\ EHFDXVH WKH\ JHQHUDWH
EOXH K\GURJHQ� ,QQRYDWLYH SLORW SURMHFWV UHODWHG WR K\GURJHQ LV DOVR VXSSRUWHG WKURXJK WKH
'(,� VFKHPH ZKHUH ������ VXEVLG\ RQ HOLJLEOH FRVWV LV SRVVLEOH� 7KH HOHFWULF VHFWRU SROL�
FLHV LQFOXGH WKH LPSRUWDQFH RI ൈൔኼ IUHH HOHFWULFLW\� ORFDO JHQHUDWLRQ DQG HOHFWULFLW\ VHFXULW\ RI
VXSSO\� $OO RI ZKLFK DUH FDQ EH PDGH SRVVLEOH WKURXJK WKHVH WHFKQRORJLHV� HVSHFLDOO\ WKURXJK
GLVWULEXWHG VWDWLRQDU\ JHQHUDWLRQ� $GGLWLRQDOO\� WKH 'XWFK JRYHUQPHQW VWURQJO\ VXSSRUWV ERWK
RQVKRUH DQG RIIVKRUH ZLQG IDUPV� 7KLV ZRXOG EHQHILW WKH VXSHUZLQG WHFKQRORJ\�

7KHUH DUH WZR GUDZEDFNV WKDW ZHUH QRWLFHG ZKHQ HYDOXDWLQJ WKHVH WHFKQRORJLHV DJDLQVW WKH H[�
LVWLQJ 'XWFK SROLF\ PHDVXUHV� �L� 7KHVH WHFKQRORJLHV XVH QDWXUDO JDV� ZKLFK KDV EHHQ SKDVHG
RXW LQ WKH FRXQWU\� �LL� 7KH 1HWKHUODQGV IDYRXUV JUHHQ K\GURJHQ WHFKQRORJLHV PRUH WKDQ WKH
EOXH K\GURJHQ WHFKQRORJLHV� ZLWK JRYHUQPHQW SURYLGLQJ WHPSRUDU\ VXSSRUW VFKHPHV IRU RS�
HUDWLQJ FRVWV UHODWHG WR WKH VFDOLQJ XS DQG FRVW UHGXFWLRQ SURFHVV IRU JUHHQ K\GURJHQ >���@�
7KHVH GUDZEDFNV FDQ EH RYHUFRPH E\ XVLQJ ELRIXHOV� $V LQWHUQDO UHIRUPLQJ 0&)& FDQ RS�
HUDWH ZLWK D YDULHW\ RI IXHOV DQG WKH GXWFK VXSSRUWV WKH GHYHORSPHQW RI ELRJDV JHQHUDWLQJ
WHFKQRORJ\� WKLV FRXOG EH D SRVVLELOLW\ ZRUWK H[SORULQJ�

)LJXUH ���� *RYHUQPHQW SROLF\ UHTXLUHPHQW IRU WHFKQRORJLHV DW YDULRXV OHYHOV RI PDWXULW\� 5HI� >��@�

7KH ,QWHUQDWLRQDO (QHUJ\ $JHQF\ �,($� UHFRPPHQGV WKDW WKH JRYHUQPHQWV QHHG WR GHVLJQ SROL�
FLHV IRU WHFKQRORJLHV EDVHG RQ OHYHOV RI PDWXULW\ ZKHQ VWUDWHJLHV DUH GHYHORSHG WR DFKLHYH
QHW ]HUR HPLVVLRQV DV VKRZQ LQ ���� )RU WKH PDWXUH WHFKQRORJLHV� ,($ UHFRPPHQGV SROLFLHV
GHDOLQJ ZLWK DVVHWV� WKHVH DUH WKH H[LVWLQJ FDSLWDO VWRFN IRU ZKLFK ൈൔኼ HPLVVLRQV LV FRQVLG�
HUHG WR EH ´ORFNHG�LQ´� $V WKH\ FDQ UHPDLQ LQ RSHUDWLRQ GHFDGHV LQWR WKH IXWXUH WKLV FDQ EH
D SUREOHP� 7KH VROXWLRQV UHFRPPHQGHG E\ WKHP LQFOXGH HDUO\ UHWLUHPHQW� UHIXUELVKPHQW DQG
UHWURILWWLQJ� DQG VZLWFKLQJ IXHOV� (DUO\ DGRSWLRQ FDQ EH DQ RSWLRQ IRU WHFKQRORJLHV ZKR KDYH
SURJUHVVHG EH\RQG WKH GHPRQVWUDWLRQ VWDJH� 7KH UROH RI WKH JRYHUQPHQW KHUH LV WR DFFHOHU�
DWH WKH XSWDNH RI FOHDQ HQHUJ\ WHFKQRORJLHV E\ PD[LPL]LQJ SULYDWH FDSLWDO WKURXJK DSSURSULDWH
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SROLFLHV� 7KHVH WHFKQRORJLHV FDQ EHQHILW IURP PDUNHW�SXOO SROLF\ LQVWUXPHQWV �H�J� WD[ UHEDWHV
DQG SXUFKDVH LQFHQWLYH� DQG WKURXJK FRQWLQXHG VXSSRUW WRZDUGV UHVHDUFK DQG GHYHORSPHQW
DIWHU LQWURGXFWLRQ >��@� %DVHG RQ WKH WKH VXFFHVV RI VRODU 39 DQG OLWKLXP�LRQ EDWWHULHV LQ WKH
SDVW� ,($ H[SHFWV IXHO FHOO WR EH RQH RI WKH WHFKQRORJLHV ZLWK SRWHQWLDO WR EH DGRSWHG DW HDUO\
VWDJH WKURXJK SURSHU JRYHUQPHQW VXSSRUW >��@� ,Q WKH OHYHO EHWZHHQ HDUO\ DGDSWDWLRQ DQG
WKH SURWRW\SH VWDJH� WHFKQRORJLHV ZLOO EHQHILW IURP LQYHVWPHQW LQ LQIUDVWUXFWXUH RU XSJUDGHV LQ
H[LVWLQJ QHWZRUNV� 7KLV ZLOO UHVXOW LQ WKH DYDLODELOLW\ RI DOWHUQDWH IXHO GLVWULEXWLRQ� VPDUW JULGV�
ൈൔኼ WUDQVSRUW DQG VWRUDJH� 7KH JRYHUQPHQW SROLF\ KHUH QHHGV WR HQFRXUDJH RZQHUV DQG RS�
HUDWRUV WR DGDSW DQG HQKDQFH H[LVWLQJ LQIUDVWUXFWXUH� 7KLV FDQ EH GRQH E\ LQWHJUDWLQJ FOHDQ
HQHUJ\ WHFKQRORJLHV LQWR H[LVWLQJ SLSHOLQHV DQG JULGV IRU H[DPSOH� 7KH JRYHUQPHQW DOVR QHHGV
WR SURYLGH LQLWLDO LQYHVWPHQW QHHGHG IRU QHZ LQIUDVWUXFWXUH WR PLWLJDWH LQYHVWPHQW ULVNV E\ WKH
HQWUDQWV >��@�

,Q WKHLU FXUUHQW VWDWH� WKH 0&)& EDVHG K\GURJHQ FRJHQHUDWLRQ WHFKQRORJ\ DQG WKH VXSHUZLQG
WHFKQRORJ\ IDOO LQWR WKH ORZHVW VHFWLRQ RI )LJ� ���� ,Q WKLV VWDJH WKH SURWRW\SHV DUH GHYHORSHG
IURP WKH SUH�SURWRW\SH VWDJH DQG GHPRQVWUDWLRQV DUH FRQGXFWHG� 7KH JRYHUQPHQW SROLFLHV DW
WKLV VWDJH VKRXOG IRFXV RQ SURYLGLQJ VXSSRUW IRU UHVHDUFK� GHYHORSPHQW DQG GHPRQVWUDWLRQ
DQG HQVXUH WKDW WKH NQRZOHGJH IURP SXEOLFO\ IXQGHG UHVHDUFK DQG GHYHORSPHQW SURMHFWV LV
RSHQO\ VKDUHG ZLWK WKH UHVHDUFK FRPPXQLW\ DQG WKH WD[SD\HU YDOXH LV PD[LPL]HG �H�J� IRU
(XURSHDQ 8QLRQ *UDQWV� RSHQ DFFHVV SXEOLVKLQJ LV PDQGDWRU\� >��@� 6LPLODU WR WKH OHYHO MXVW
DERYH� WKH JRYHUQPHQW SROLFLHV VKRXOG KHOS PLWLJDWH ULVN RI ODUJH GHPRQVWUDWLRQ SURMHFWV RQ
FOHDQ HQHUJ\ WHFKQRORJ\� 7KH FRJHQHUDWLRQ WHFKQRORJ\ DQG WKH VXSHUZLQG WHFKQRORJ\ VDW�
LVI\ PDQ\ FULWHULD WR EH HOLJLEOH IRU JRYHUQPHQW IXQGLQJ DV PHQWLRQHG HDUOLHU� 7KH\ DUH FOHDQ
WHFKQRORJLHV WKDW ZRXOG EHQHILW IURP ILQDQFLDO VXSSRUW DQG VKDULQJ RI NQRZOHGJH DPRQJ UH�
VHDUFKHUV� *RYHUQPHQW VXSSRUW LQ 5	' ZLOO HVSHFLDOO\ EH PRUH LPSRUWDQW LQ WKH ZDNH RI WKH
&RYLG��� SDQGHPLF DV LW LV OLNHO\ WKDW FRPSDQLHV IDFH ORZHU UHYHQXHV DQG FDVK IORZ WR LQYHVW
LQWR UHVHDUFK� GHYHORSPHQW DQG SURMHFW FDSLWDO FRVWV�

$QRWKHU WKLQJ WR QRWH WKDW E\ WKH WLPH WKH V\VWHP LV UHDG\ IRU HDUO\ DGRSWLRQ� LW FRXOG EH DIIHFWHG
E\ WKH VWDWH RI WKH JULG DQG WKH SROLFLHV DURXQG LW� ,Q WKH 1HWKHUODQGV� WKH HOHFWULF JULG LV GDWHG
DQG MXVW ODVW \HDU LW ZDV UHSRUWHG WKDW WKH 'XWFK JULG ZDV VWUXJJOLQJ WR FRSH ZLWK WKH LQFUHDVH
LQ VXSSO\ IURP PRUH GLYHUVH VRXUFHV� OLPLWDWLRQV LQ WUDQVSRUWDWLRQ DQG LQFUHDVH LQ HQHUJ\ XVH
>��@� 7KH 'XWFK JULG PD\ QHHG ¼����� ELOOLRQ E\ ���� WRZDUGV LQIUDVWUXFWXUH IRU WKH HQHUJ\
WUDQVLWLRQ VR WKLV LV D PDMRU LVVXH JRLQJ IRUZDUG >��@� ,Q WKH FDVH RI WKHVH WHFKQRORJLHV LW
LV LPSRUWDQW WR FRQVLGHU WKH VWDWH RI KHDW DQG QDWXUDO JDV JULGV WRR� :LWK WKH 1HWKHUODQGV
H[SHFWHG WR FRPSOHWHO\ SKDVH RXW XQDEDWHG QDWXUDO JDV E\ ����� *URQLQJHQ ILHOG H[SHFWHG WR
EH FRPSOHWHO\ VKXW RII E\ ����� DQG WKH LPSOLFDWLRQV RI JDV GHPDQGV LQ WKH FRPLQJ GHFDGHV
EHLQJ XQFHUWDLQ�LW LV KDUG WR SUHGLFW WKH VWDWH RI WKH QDWXUDO JDV JULG LQ WKH IXWXUH� +DYLQJ
UHFRJQL]HG WKH LPSRUWDQFH RI UHVLGXDO KHDW VWUHDPV� WKH 'XWFK JRYHUQPHQW KDV SODQQHG WR
XSJUDGH WKH KHDW JULGV >��@� 7KH ELJJHVW FKDOOHQJH WDVN IRU WKHP LV WR SURYLGH ORZ FDUERQ KHDW
WR H[LVWLQJ EXLOGLQJV� 7KH EHVW SRVVLEOH LPSOHPHQWDWLRQ RI HQHUJ\ FRQVHUYDWLRQ DOVR YDULHV
ORFDOO\ DQG FXVWRPL]HG VROXWLRQPD\EH QHHGHG� :KLOH WKLV WKH V\VWHPV SURSRVHGPD\EH VXLWHG
IRU GHFHQWUDOL]HG JHQHUDWLRQV� JULG FRQQHFWLRQV PD\EH HVVHQWLDO IRU ODUJH SODQWV� )RU H[DPSOH
WKH GHOD\ LQ WKH 7R\RWD /RQJ %HDFK SURMHFW ZDV GXH LVVXHV ZLWK WKH XWLOLW\�

$V VHHQ LQ )LJ����� D WHFKQRORJLHV ZLOO EHQHILW IURP LQWHUQDWLRQDO FROODERUDWLRQV DW DOO VWDJHV RI
GHYHORSPHQW� 7KLV FRXOG EH WKURXJK JRRG SROLF\ SUDFWLFH H[FKDQJH VR D VXFFHVVIXO DSSURDFK
FDQ EH DGRSWHG IURP HOVHZKHUH� KDUPRQL]LQJ VWDQGDUGV DQG FRGHV ZLWK FRXQWULHV� FROODER�
UDWLRQ EHWZHHQ LQVWLWXWHV DQG WKURXJK VXSSRUW QHWZRUNV ZKHUH NQRZOHGJH FRXOG EH UDSLGO\
H[FKDQJHG >��@� 7KLV ZLOO EH SDUWLFXODUO\ LPSRUWDQW IRU WKH FRQFHSWV SURSRVHG LQ WKLV WKHVLV DV



���� -XVWLI\LQJ WKH QDWXUDO JDV EDVHG WHFKQRORJLHV H[DPLQHG ��

WKH\ DUH EDVHG RQ0&)&V� 7KH LQIRUPDWLRQ RQ0&)&V DUH QRW DV HDVLO\ DYDLODEOH DV WKH JOREDO
PDUNHWV DUH GRPLQDWHG E\ YHU\ IHZ VXSSOLHUV� 0RUHRYHU� WKURXJK FROODERUDWLRQV LW ZRXOG DOVR
EH SRVVLEOH WR WHVW SURWRW\SHV DQG FRQGXFW SLORW GHPRQVWUDWLRQV HOVHZKHUH LQ WKH ZRUOG ZKHUH
0&)& PD\EH PRUH ZLGHO\ DYDLODEOH� 6LQFH WKHVH GHPRQVWUDWLRQV ZRXOG EH SHUIRUPHG RYHU D
ORQJ GXUDWLRQ RI WLPH� H[FKDQJH RI NQRZOHGJH ZRXOG EH LPSRUWDQW�

&XUUHQWO\� LW LV HYLGHQW WKDW 0&)& EDVHG WHFKQRORJLHV SURSRVHG KHUH SURYLGHPDQ\ DGYDQWDJHV
WKDW JRYHUQPHQWV DQG SROLF\PDNHUV DUH ORRNLQJ IRU LQ QHZ WHFKQRORJLHV WR PHHW HPLVVLRQ
WDUJHWV� $W WKLV VWDJH RI WKH WHFKQRORJ\� PRUH LQYHVWPHQW LV QHHGHG LQ WKH ILHOG RI UHVHDUFK
DQG GHYHORSPHQW ZKLFK PD\EH SURYLGHG� +RZHYHU� D FRXQWU\¶V VXSSRUW IRU QDWXUDO JDV EDVHG
K\GURJHQ JHQHUDWLQJ WHFKQRORJ\ PD\EH IDYRUHG OHVV WKDQ JUHHQ K\GURJHQ WHFKQRORJLHV LQ
GHYHORSPHQW� $GGLWLRQDO GUDZEDFNV PD\ LQFOXGH� ODFN RI WKH SURSHU JULGV WR VXSSRUW WKHVH
WHFKQRORJLHV� HVSHFLDOO\ LQ WKH FDVH RI ODUJH SURMHFWV� 6KDULQJ RI NQRZOHGJH DQG LQWHUQDWLRQDO
FROODERUDWLRQ LV DOVR QHHGHG WR DGYDQFH WKHVH WHFKQRORJLHV IXUWKHU�

���� -XVWLI\LQJ WKH QDWXUDO JDV EDVHG WHFKQRORJLHV H[DPLQHG
1DWXUDO JDV LV QRW D UHQHZDEOH HQHUJ\ VRXUFH� 7KHUHIRUH� LW LV QHFHVVDU\ WR MXVWLI\ LWV XVH LQ
WHFKQRORJLHV WKDW DUH EHLQJ UHFRPPHQGHG LQ WKLV WKHVLV� HVSHFLDOO\ VLQFH FRXQWULHV DURXQG WKH
ZRUOG DUH IRFXVLQJ RQ UHQHZDEOH HQHUJ\ VRXUFHV DQG LWV DSSOLFDWLRQV�

1DWXUDO JDV LV LQKHUHQWO\ FOHDQHU WKDQ RWKHU IRVVLO IXHOV� 7KH FDUERQ DQG K\GURJHQ FRQWHQW
RI D IXHO ODUJHO\ GHWHUPLQHV WKH DPRXQW RI HQHUJ\ SURGXFHG RU WKH KHDW FRQWHQW� JHQHUDOO\
ZKHQ WKH IXHO LV EXUQHG� 7KH DPRXQW RI ൈൔኼ HPLVVLRQ IURP D IXHO LV HVVHQWLDOO\ D IXQFWLRQ RI
WKH FDUERQ FRQWHQW RI WKH IXHO� 1DWXUDO JDV� ZKLFK LV SULPDULO\ FRPSRVHG RI PHWKDQH� KDV D
KLJKHU HQHUJ\ FRQWHQW UHODWLYH WR RWKHU IRVVLO IXHOV� DQG WKHUHIRUH ORZHU ൈൔኼ�WR�HQHUJ\ FRQWHQW�
1RQFRPEXVWLEOH HOHPHQWV� VXOSKXU DQG ZDWHU LQ IXHOV FDQ UHGXFH WKH KHDWLQJ YDOXHV RI WKH IXHO
DQG LQFUHDVH WKHLU ൈൔኼ�WR�HQHUJ\ FRQWHQWV� 'XH WR WKLV� GLIIHUHQW DPRXQWV RI ൈൔኼ LV SURGXFHG
E\ IXHOV GXULQJ FRPEXVWLRQ LQ UHODWLRQ WR WKH HQHUJ\ WKDW LV SURGXFHG� 7KLV KDV EHHQ VKRZQ LQ
WDEOH ����

7\SH RI IRVVLO IXHO SRXQG RI ൈൔኼ� PLOOLRQ %WX RI HQHUJ\

&RDO �DQWKUDFLWH� �����
&RDO �ELWXPLQRXV� �����
&RDO �OLJQLWH� �����

&RDO �VXEELWXPLQRXV� �����
'LHVHO IXHO DQG KHDWLQJ RLO �����
*DVROLQH �ZLWKRXW HWKDQRO� �����

3URSDQH �����
1DWXUDO JDV �����

7DEOH ���� 3RXQGV RI ፂፎᎴ HPLWWHG SHU PLOOLRQ %ULWLVK WKHUPDO XQLW RI HQHUJ\ JHQHUDWHG IRU YDULRXV IRVVLO IXHOV�
$GDSWHG IURP 5HI�>�@�

7KH HPLVVLRQV IURP QDWXUDO JDV IXHO FDQ EH QHDUO\ KDOI RI WKDW RI ൈൔኼ HPLVVLRQV IURP FRDO�
+RZHYHU� LQ WKH 0&)& EDVHG WHFKQRORJLHV DQDO\]HG LQ WKLV WKHVLV� FRPEXVWLRQ GRHV QRW WDNH
SODFH� (QHUJ\ WUDQVIRUPDWLRQ IURP QDWXUDO JDV ZLWKLQ WKH IXHO FHOO WDNHV SODFH GXH WR HOHF�
WURFKHPLFDO FRQYHUVLRQ LQ 0&)&V� 7KLV UHGXFHV WKH HPLVVLRQV HYHQ IXUWKHU� $OPRVW DOO RI
K\GURJHQ JHQHUDWHG WRGD\ LV IURP IRVVLO IXHOV� ZLWK �� RI WRWDO QDWXUDO JDV FRQVXPSWLRQ JORE�
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DOO\ JRLQJ LQWR K\GURJHQ SURGXFWLRQ >��@� 7KLV DFFRXQWV IRU DERXW ��� PLOOLRQ WRQQHV RI ൈൔኼ
SHU \HDU IURP K\GURJHQ JHQHUDWLRQ JOREDOO\ >��@�

&DUERQ VWRUDJH WHFKQRORJLHV DUH FXUUHQWO\ H[SHQVLYH DQG FDQ KDYH GUDZEDFNV� &&86
WHFKQRORJLHV DQG VROXWLRQV KDYH EHHQ SURSRVHG IRU FRQYHQWLRQDO WHFKQRORJLHV UXQQLQJ RQ IRV�
VLO IXHOV� 7KH UHVXOWLQJ EOXH K\GURJHQ WHFKQRORJLHV ZLWK &&86 DUH QRW \HW FRPPHUFLDOO\ IHD�
VLEOH� ,Q IDFW� RQO\ �� PLOOLRQ WRQQHV RI FDUERQ ZDV FDSWXUHG IURP SRZHU DQG LQGXVWULDO VHFWRUV
LQ ���� >��@� ,Q FRQYHQWLRQDO K\GURJHQ JHQHUDWLRQ WHFKQRORJLHV� DGGLWLRQ RI &&86 FRXOG DGG
XS ��� WR WKH WKH FRVW RI WKH K\GURJHQ SURGXFW >��@� &DUERQ FDSWXUH WHFKQRORJLHV FDQ DOVR
KDYH GUDZEDFNV VXFK DV HPLVVLRQ RI RWKHU JUHHQKRXVH JDVHV� ODQG XVH FKDQJH� HPLVVLRQV
DQG OHDNDJHV IURP VXEVHTXHQW LQFUHDVH LQ HPLVVLRQV LQ RWKHU SDUWV RI WKH SURFHVV� DQG DOVR
LPSHUPDQHQW GLVSRVDO �HPLVVLRQ LV RQO\ GHOD\HG LQVWHDG RI EHLQJ DYRLGHG RU JRRG� >�@� 'XH WR
WKHVH IDFWRUV VHOHFWLRQ RI &&86 WHFKQRORJLHV DQG PHWKRGV GHSHQG RQ HQHUJ\ VRXUFH� ORFDWLRQ
DQG ODQG DYDLODELOLW\� ODERU FRVW� VFDODELOLW\� SHUPDQHQFH RI FDSWXUH DPRQJ RWKHUV� &XUUHQWO\�
PDQ\ DYDLODEOH WHFKQRORJLHV RIIHU FDSWXUH DW RYHU ���� SHU WRQQH RI &2� >�@� 7KLV LV PXFK
KLJKHU WKDQ WKH HVWLPDWHG YDOXH RI DSSUR[LPDWHO\ �������WRQQH QHHGHG IRU &&86 V\VWHP WR
VWDUW EHLQJ VLJQLILFDQWO\ LPSDFWIXO >��@� 7KH 0&)& EDVHG FRJHQHUDWLRQ WHFKQRORJ\ FDQ RSHUDWH
DW RYHUDOO HIILFLHQF\ RI RYHU ��� DQG HQHUJ\ WUDQVIRUPDWLRQ RFFXUV WKURXJK HOHFWURFKHPLFDO
UHDFWLRQV� %RWK WKHVH FKDUDFWHULVWLFV FRQWULEXWH WR PXFK ORZHU HPLVVLRQV ZKLFK FDQ KHOS HOLPL�
QDWH WKH FRVWV DQG GUDZEDFNV DVVRFLDWHG ZLWK &&86� ,W LV OLNHO\ WKDW PDQ\ &&86 WHFKQRORJLHV
ZLOO WDNH GHFDGHV WR EH FRPPHUFLDOO\ IHDVLEOH� ZKLFK DOVR JLYHV DQ RSSRUWXQLW\ WR WKH FRJHQ�
HUDWLRQ 0&)& WHFKQRORJ\ WR SRVVLEO\ GHYHORS LQ SDUDOOHO ZLWK WKHP�

6ZLWFKLQJ WR QDWXUDO JDV DQG UHQHZDEOHV KDV VORZHG WKH JURZWK LQ ൈൔኼ HPLVVLRQV�
KHQFH QDWXUDO JDV ZLOO EH LPSRUWDQW IRU HQHUJ\ WUDQVLWLRQ� 'HVSLWH WKH GHFOLQH LQ WKH 'XWFK
QDWXUDO JDV FRQVXPSWLRQ� WKH RYHUDOO FRQVXPSWLRQ RI QDWXUDO JDV LV LQFUHDVLQJ JOREDOO\� ,Q ����
WKH JOREDO QDWXUDO JDV FRQVXPSWLRQ URVH E\ ���� DQG LW DFFRXQWHG IRU QHDUO\ RI WKH JOREDO HQ�
HUJ\ GHPDQG >��@� ,Q WKH VDPH \HDU WKH UHQHZDEOH HOHFWULFLW\ JHQHUDWLRQ VDZ D JURZWK RI ��
LQ FRPSDULVRQ WR WKH SUHYLRXV \HDU >��@� 7KHVH LQFUHDVLQJ QXPEHUV DUH FRQWULEXWLQJ WR ൈൔኼ
HPLVVLRQ UHGXFWLRQV� 7KH JOREDO DYHUDJH FDUERQ LQWHQVLW\ RI WKH HOHFWULFLW\ JHQHUDWHG LQ ����
ZDV ���J RI ൈൔኼ�N:K ZKLFK LV ��� OHVV WKDQ LQ ���� >��@� 'XH WR WKH LQFUHDVLQJ GHPDQG RI
QDWXUDO JDV DQG WKH SRVLWLYH HIIHFW LW KDV RQ UHGXFWLRQ LQ HPLVVLRQV� QDWXUDO JDV LV OLNHO\ WR SOD\
DQ LPSRUWDQW UROH LQ HQHUJ\ WUDQVLWLRQ WR IXOO\ UHQHZDEOH WHFKQRORJLHV�

1DWXUDO JDV JULGV DUH ZLGHO\ DYDLODEOH� $QRWKHU DGYDQWDJHV RI XVLQJ QDWXUDO JDV LV WKDW
QDWXUDO JDV JULG QHWZRUN LV ODUJH DQG KDV D ZLGH UHDFK� 7KLV ZRXOG KHOS UHGXFH JHRJUDSKLFDO
UHVWULFWLRQ RI VHWWLQJ XS QHZ SURMHFWV� $GGLWLRQDOO\� WKHVH JULGV SURYLGH RSSRUWXQLW\ IRU GHFDU�
ERQL]DWLRQ WR WKH K\GURJHQ SURGXFHUV VLQFH WKH\ FDQ GLVWULEXWH VRPH K\GURJHQ E\ EOHQGLQJ
LW LQWR H[LVWLQJ JULG ZLWKRXW WKH QHHG IRU PDMRU XSJUDGH� 6HYHUDO VXFFHVVIXO SURMHFWV DURXQG
WKH ZRUOG DUH DOUHDG\ EOHQGLQJ K\GURJHQ LQWR WKH QDWXUDO JDV JULG� ZLWK LQVWDOODWLRQV WKDW FDQ
EOHQG ����� WRQQHV RI K\GURJHQ DOUHDG\ LQ SODFH DURXQG WKH ZRUOG >��@� 7KH (XURSHDQ 8QLRQ
KDV DOVR UHFRJQL]HG WKDW XOWLPDWHO\ WKHVH QDWXUDO JDV JULGV FRXOG EH FRQYHUWHG WR VXSSO\ SXUH
K\GURJHQ >���@� $GGLWLRQDOO\� ��� RI (XURSHDQ 8QLRQ¶V SRZHU JHQHUDWLRQ FXUUHQWO\ UHTXLUHV
K\GURJHQ DQG ELRJDV LV XQOLNHO\ WR EH DYDLODEOH DW WKH UHTXLUHG VFDOH >���@�

*UHHQ K\GURJHQ KDV LWV SUREOHPV� 'HVSLWH WKH VLJQLILFDQW LPSURYHPHQWV LQ WKH JUHHQ K\GUR�
JHQ WHFKQRORJLHV� WKHLU GHYHORSPHQW KDV EHHQ VORZ DQG KDV IHZ PDMRU GUDZEDFNV� 6RPH RI
WKHVH WHFKQRORJLHV FRQVXPH VLJQLILFDQW DPRXQW RI HOHFWULFLW\ DQG FDQ VXIIHU IURP WR[LFLW\ �H�J�
SKRWR�UHGXFWLRQ WHFKQRORJLHV FDQ VXIIHU IURP WR[LFLW\ RI WKH SURGXFWV WKDW KDYH EHHQ JHQHU�
DWHG LQ WKH SKRWR DUVHQLF HOHFWURGHV� >��@� 7HFKQRORJLHV VXFK DV SKRWRYROWDLF ZDWHU VSOLWWLQJ
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KDYH YHU\ KLJK SURGXFWLRQ FRVWV� ORZ HIILFLHQF\ DQG FKDOOHQJHV DVVRFLDWHG ZLWK GHYHORSLQJ
VWDEOH DQG DFWLYH FDWDO\VWV >��@ >��@� 0RUHRYHU� HOHFWULFLW\ LV QHHGHG IRU HOHFWURO\VLV RI ZDWHU
WR JHQHUDWH K\GURJHQ� 'XH WR ZKLFK� FRVW RI K\GURJHQ SURGXFWLRQ YLD HOHFWURO\VLV ZRXOG YDU\
VLJQLILFDQWO\ GHSHQGLQJ RQ WKH VRXUFH RI WKH HOHFWULFLW\� 7KHUHIRUH� LW LV HVVHQWLDO WR DFNQRZO�
HGJH WKH HPLVVLRQV DVVRFLDWHG ZLWK WKH HOHFWULFLW\ XVHG DV ZHOO DV WKH ൈൔኼ HPLVVLRQV IURP WKH
HOHFWURO\VLV SURFHVV� &RVWV DVVRFLDWHG ZLWK PLWLJDWLRQ RI VXFK HPLVVLRQV GXULQJ DQ\ SDUW RI WKH
RSHUDWLRQ SDWKZD\ QHHG WR EH DFNQRZOHGJHG� 7KH FRVWV DVVRFLDWHG ZLWK K\GURJHQ SURGXFWLRQ
IURP HOHFWURO\VLV UHPDLQV VLJQLILFDQWO\ KLJKHU WKDQ K\GURJHQ JHQHUDWHG IURP IRVVLO IXHOV LQ PRVW
ORFDWLRQV DURXQG WKH ZRUOG� 7KH FRVW RI K\GURJHQ SURGXFHG IURP HOHFWURO\VLV FDQ YDU\ XS WR D
IDFWRU RI WHQ EDVHG RQ WKH ORFDWLRQ DQG WKH VRXUFH RI HOHFWULFLW\ >��@�

+\GURJHQ KDV EHHQ UHFRJQL]HG DV WKH RQO\ DW�VFDOH WHFKQRORJ\ DYDLODEOH WR GHDO ZLWK
WLPH UHODWHG IOXFWXDWLRQV RI UHQHZDEOH HQHUJ\ >���@� :LWK WKH LQFUHDVH LQ HOHFWULFLW\ VXSSO\
IURP UHQHZDEOH HQHUJ\ VRXUFHV� ERWK ORQJ DQG VKRUW GXUDWLRQ VXSSO\ DQG GHPDQG LPEDODQFHV
FDQ EH H[SHFWHG WR LQFUHDVH� 7KLV ZLOO UHVXOW LQ WKH QHHG IRU IRU LQFUHDVHG EDODQFLQJ DFURVV
WKH \HDU DQG WKH SRVVLELOLW\ RI VHDVRQDO HQHUJ\ VWRUDJH� %DWWHULHV DQG GHPDQG�VLGH FRQWURO
PHDVXUHV FDQ RQO\ SURYLGH VKRUW WHUP IOH[LELOLW\ DQG K\GURJHQ LV H[SHFWHG WR EH XWLOL]HG IRU
ORQJ WHUP HQHUJ\ VWRUDJH IRU ORQJHU SHULRG RI WLPH DW ORZHU FRVWV >���@� 7KLV LV OLNHO\ WR KDSSHQ
ZKHQ H[FHVV HQHUJ\ IURP UHQHZDEOH VRXUFHV LV FRQYHUWHG LQWR K\GURJHQ DQG VWRUHG LQ VDOW
FDYHUQV RU GHSOHWHG QDWXUDO JDV ILHOGV IRU ORQJHU GXUDWLRQ�

$YDLODELOLW\ RI ERWK K\GURJHQ DQG HOHFWULFLW\ FDQ EH EHQHILFLDO WR WKH FRQVXPHUV� 7KH
GHPDQG IRU ERWK HOHFWULFLW\ DQG K\GURJHQ LV H[SHFWHG WR LQFUHDVH LQ WKH FRPLQJ GHFDGHV� &XU�
UHQWO\� QDWXUDO JDV EDVHG WHFKQRORJLHV SOD\ LPSRUWDQW UROHV LQ WKH JHQHUDWLRQ RI ERWK WKHVH
HQHUJ\ FDUULHUV� 2IWHQ HOHFWULF JHQHUDWLRQ SODQWV DQG K\GURJHQ JHQHUDWLRQ SODQWV RU ERWK FDQ
EH ORFDWHG DZD\ IURP WKH SODFH RI FRQVXPSWLRQ� 7KLV UHVXOWV LQ LQFUHDVHG FDSLWDO DQG WUDQV�
SRUWDWLRQ FRVWV� +DYLQJ D FRJHQHUDWLRQ SODQW WKDW RSHUDWHV RQ WKH H[LVWLQJ QDWXUDO JDV JULG
FDQ EH EHQHILFLDO IRU WKH FRQVXPHUV� 7KLV LV EHFDXVH FRVWV� HVSHFLDOO\ RQ WUDQVSRUW FDQ EH
ORZHUHG ZKLOH KDYLQJ WKH RSWLRQ RI XWLOL]LQJ GLIIHUHQW HQHUJ\ FDUULHUV�

$V QDWXUDO JDV LV FOHDQHU WKDQ RWKHU IRVVLO IXHOV DQG LWV JURZWK KDV FRQWULEXWHG WR VORZLQJ GRZQ
RI ൈൔኼ HPLVVLRQV� LW LV OLNHO\ WKDW LW ZLOO EH D SDUW RI WKH IXWXUH HQHUJ\ PDWUL[ IRU DW OHDVW D IHZ
GHFDGHV� 0RUHRYHU� WKH QDWXUDO JDV JULG LV IDU UHDFKLQJ DQG FRXQWULHV FRQWLQXH WR IXUWKHU LQYHVW
LQ H[SDQGLQJ WKHLU JULGV� 7KLV LV JRLQJ WR EHQHILW WKH 0&)& EDVHG FRJHQHUDWLRQ WHFKQRORJ\
ZLWK RU ZLWKRXW WKH DSSOLFDWLRQ RI WKH VXSHUZLQG FRQFHSW� $YDLODELOLW\ RI WKH RSHUDWLQJ QDWXUDO
JDV IXHO LQ WKH IXWXUH� ZKLOH QRW EHLQJ FRQVWUDLQHG E\ WKH ORFDWLRQ ZLOO LQFUHDVH WKH VXLWDELOLW\
RI WKH 0&)& V\VWHPV LQ YDULRXV DSSOLFDWLRQV� $V WKH FDUERQ VWRUDJH WHFKQRORJLHV DQG WKH
JUHHQ K\GURJHQ WHFKQRORJLHV DUH FXUUHQWO\ LQ WKH HDUO\ VWDJHV RI GHYHORSPHQW� DQG DUH QRW \HW
FRVW HIIHFWLYH� WKLV JLYHV WKH 0&)& EDVHG FRJHQHUDWLRQ WHFKQRORJLHV WKH URRP QHHGHG IRU LWV
GHYHORSPHQW DQG JURZWK� %HLQJ LQ WKH HDUO\ VWDJH RI GHYHORSPHQW DV ZHOO� WKHVH FRJHQHUDWLRQ
WHFKQRORJLHV FDQ GHYHORS SDUDOOHOO\ ZLWK WKRVH WHFKQRORJLHV ZLWK WKH ULJKW VXSSRUW� $V K\GUR�
JHQ KDV EHHQ UHFRJQL]HG WR SOD\ DQ LPSRUWDQW UROH LQ ORQJ WHUP HQHUJ\ VWRUDJH� WKH VXSHUZLQG
FRQFHSW� ZKLOH XWLOL]LQJ QDWXUDO JDV� FDQ SURYLGH WKH VROXWLRQ QHHGHG IRU WKH IOXFWXDWLQJ HQHUJ\
VWRUDJH� 7KH VXSHUZLQG FRQFHSW FDQ UHGXFH WKH UHTXLUHPHQW RI EDWWHULHV RU HOHFWURO\]HUV ZKLOH
EHLQJ DEOH WR VWLOO DVVLVW LQ K\GURJHQ JHQHUDWLRQ IURP UHQHZDEOH VRXUFHV� :KLOH IOH[LELOLW\ LQ
WKH FRJHQHUDWLRQ RI HQHUJ\ FDUULHUV EDVHG RQ GHPDQG LV D NH\ FKDUDFWHULVWLF RI WKH VXSHU�
ZLQG FRQFHSW� K\GURJHQ FDQ EH JHQHUDWHG IRU VWRUDJH DV ZHOO� /DVWO\� FRJHQHUDWLQJ K\GURJHQ
DQG SRZHU IOH[LEO\ WKH 0&)& EDVHG WHFKQRORJLHV FDQ SURYLGH FRQVXPHUV ZLWK PXOWLSOH HQHUJ\
FDUULHUV ZKLOH UHGXFLQJ FRVWV DVVRFLDWHG ZLWK PXOWLSOH SODQWV DQG WUDQVSRUWDWLRQ�
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���� ,PSDFW RI WKHVH FRJHQHUDWLRQ V\VWHPV RQ VRFLHW\
$ WHFKQRORJ\ LV QRW VXIILFLHQW RQ LWV RZQ� DV LW FDQQRW VROYH DQ\WKLQJ RQ D ODUJHU FRQWH[W ZLWK
WKH VXSSRUW IURP WKH DFWRUV LQYROYHG LQ HQHUJ\ WUDQVLWLRQV� 7KH LQWHUDFWLRQV DQG UROHV RI DFWRUV
KDYH EHHQ H[SODLQHG EULHIO\ LQ VHFWLRQ ���� 7KH VXSSRUW IURP DFWRUV FDQ RQO\ EH JDWKHUHG LI D
WHFKQRORJ\ KDV DQ RYHUDOO SRVLWLYH LPSDFW RQ WKH VRFLHW\�

7KH SULPDU\ LPSDFW WKHVH 0&)& FRJHQHUDWLRQ WHFKQRORJLHV FDQ KDYH RQ WKH VRFLHW\ LV WKURXJK
WKHLU IOH[LEOH K\GURJHQ SURGXFWLRQ� +\GURJHQ KDV EHHQ FRQVLGHUHG DV WKH IXHO RI WKH IXWXUH
KRZHYHU� WKH ULVH LQ WKH JURZWK RI HIILFLHQW WHFKQRORJLHV SURGXFLQJ K\GURJHQ KDYH EHHQ VORZ�
7KHVH WHFKQRORJLHV FDQ QRW RQO\ SURGXFH K\GURJHQ PRUH HIILFLHQWO\ EXW WKH VXSHUZLQG FRQ�
FHSW FDQ DOVR LQWHJUDWH UHQHZDEOH HQHUJ\ VRXUFHV LQWR K\GURJHQ JHQHUDWLRQ� 6XFK K\GURJHQ
JHQHUDWLQJ WHFKQRORJLHV FDQ KHOS VROYH WKH FKLFNHQ DQG HJJ SUREOHP DVVRFLDWHG ZLWK IXHO FHOO
HOHFWULF YHKLFOHV DQG K\GURJHQ ILOOLQJ VWDWLRQV >��@� 7KH GHYHORSPHQW RI IXHO FHOO HOHFWULF YH�
KLFOHV KDYH EHHQ OLPLWHG E\ WKH DYDLODELOLW\ RI WKH IXHOLQJ VWDWLRQV� &RXQWULHV DUH KRSLQJ WR
LQFUHDVH WKH QXPEHU RI IXHO FHOO HOHFWULF YHKLFOHV LQ WKH FRPLQJ \HDUV� )RU H[DPSOH� WKH 8QLWHG
6WDWHV RI $PHULFD ZKLFK KRSHV WR KDYH XS WR ������� IXHO FHOO HOHFWULF YHKLFOHV E\ ���� >��@�
7KLV LV DQ DPELWLRXV WDUJHW� ZKLFK FDQ RQO\ EH SRVVLEOH LI WKHUH DUH LQFUHDVHG QXPEHU RI IXHOLQJ
VWDWLRQV LQ SODFH�

:KLOH WKH 0&)&¶V )RXQWDLQ 9DOOH\ DQG WKH 3RUW RI /RQJ %HDFK SURMHFWV KDYH VKRZQ WKH SRVVL�
ELOLW\ WULJHQHUDWLRQ� RQH ZDV D SLORW SURMHFW DQG WKH RWKHU LV EHLQJ GHYHORSHG IRU 7R\RWD IDFLOLW\
H[FOXVLYHO\� ,W LV XQOLNHO\ WKDW IRVVLO IXHO VWDWLRQV ZRXOG EH UHSODFHG E\ K\GURJHQ VWDWLRQV LQ
WKH QHDU IXWXUH KRZHYHU� WULJHQHUDWLQJ IXHO FHOO EDVHG VWDWLRQV JDLQLQJ PRPHQWXP� $ 62)&
EDVHG LQLWLDWLYH NQRZQ DV WKH &+�3 �&RJHQHUDWLRQ RI +\GURJHQ DQG 3RZHU XVLQJ 62)& EDVHG
V\VWHP IHG E\ PHWKDQH�ULFK JDV� LV EHLQJ FXUUHQWO\ WHVWHG WKH 6KHOO 7HFKQRORJ\ &HQWHU LQ $P�
VWHUGDP� WKH 1HWKHUODQGV� 6LPLODU WR WKH 0&)& EDVHG WHFKQRORJLHV GLVFXVVHG LQ WKLV SDSHU�
WKLV LQLWLDWLYH GHYHORSHG IRU K\GURJHQ UHIXHOLQJ VWDWLRQV DLPV WR FRJHQHUDWH K\GURJHQ� KHDW
DQG HOHFWULFLW\� $V RI -XO\ WKLV \HDU� WKH WHFKQRORJ\ ZDV LQ SURWRW\SH VWDJH ZLWK RQH JHQHUDWLQJ
XS WR ��NJ RI K\GURJHQ SHU GD\ LV H[SHFWHG WR EH WHVWHG VRRQ >��@� 7KHVH H[DPSOHV EDVHG RQ
0&)& DQG 62)& VKRZ WKDW LQWHUHVW LQ VXFK IXHO FHOO EDVHG K\GURJHQ WHFKQRORJLHV DUH JURZ�
LQJ LQ GLIIHUHQW SDUWV RI WKH ZRUOG DQG VXFK WHFKQRORJLHV FRLXOG SOD\ D VLJQLILFDQW UROH LQ WKH
IXWXUH RI K\GURJHQ VWDWLRQV� 7KLV ZRXOG XOWLPDWHO\ VSHHG XS WKH GLIIXVLRQ RI IXHO FHOO YHKLFOHV
LQ WKH PDUNHW�

(OVHZKHUH� IXHO FHOO EDVHG WHFKQRORJLHV DUH EHLQJ FRQVLGHUHG IRU GHYHORSLQJ VPDUW FRPPXQL�
WLHV� )RU H[DPSOH� 7RVKLED¶V SODQ IRU LPSOHPHQWLQJ D K\GURJHQ EDVHG HQHUJ\ VRFLHW\ LQFOXGHV
LQFOXGLQJ UHQHZDEOH HQHUJ\ VRXUFHV VXFK DV ZLQG DQG VRODU WR FUHDWH K\GURJHQ� WKH K\GUR�
JHQ WKDW LV SURGXFHG LV VWRUHG� DQG GXULQJ SHDN GHPDQG IXHO FHOOV FDQ EH XVHG WR FUHDWH
HOHFWULFLW\ >�@� $ 0&)& EDVHG WHFKQRORJ\ OLNH WKH VXSHUZLQG FRQFHSW FDQ EH XVHG LQ VLPLODU
DSSOLFDWLRQV� ZKLOH UHGXFLQJ WKH QHHG IRU VWRUDJH� 7KHVH 0&)& EDVHG FRJHQHUDWLRQ �DQG VX�
SHUZLQG� WHFKQRORJLHV FDQ EH XWLOL]HG LQ VPDUW JULGV ZKHUH WKH DFWLRQV RI WKH FRQVXPHUV DUH
LQWHOOLJHQWO\ LQWHJUDWHG� 7KHVH WHFKQRORJLHV DUH ZHOO VXLWHG IRU WKH VR FDOOHG ´SURVXPHUV´ WKDW
FDQ SURGXFH HOHFWULFLW\ DV ZHOO DV FRQVXPH LW� ZKLOH HQVXULQJ WKH UHTXLUHPHQWV RI VPDUW JULGV
WKURXJK VXVWDLQDEOH HOHFWULFLW\ VXSSO\� UHGXFHG ORVVHV� LQFUHDVHG VXSSO\ DQG UHOLDELOLW\� 7KH
VPDUW JULG FRQFHSW LQWHJUDWHV PHWHUV� VHQVRU DQG RWKHU FRPPXQLFDWLRQ WHFKQRORJLHV QHHGHG
WR VKDUH LQIRUPDWLRQ� ZLWK WKH SK\VLFDO LQIUDVWUXFWXUH UHVSRQVLEOH IRU JHQHUDWLQJ� WUDQVPLWWLQJ
DQG GLVWULEXWLQJ HOHFWULF SRZHU� 8QOLNH WKH FRQYHQWLRQDO JULGV� WKH VPDUW JULGV FDQ DFFRP�
PRGDWH FKDQJHV LQ WKH HQG XVHU EHKDYLRXUV LQ UHDO WLPH� 6XFK JULGV DOORZ IRU GHPDQG VLGH
PDQDJHPHQW� HQHUJ\ VDYLQJV DQG FRVW UHGXFWLRQ DPRQJ RWKHU EHQHILWV� 7KH 0&)& FRJHQ�
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HUDWLRQ WHFKQRORJLHV FDQ VXFFHVVIXOO\ FRQWULEXWH WR WKH GHPDQG VLGH PDQDJHPHQW WKURXJK
IOH[LELOLW\ LQ HOHFWULFLW\ DQG K\GURJHQ JHQHUDWLRQ� ZKLOH RSHUDWLQJ DW KLJK HIILFLHQF\ UHVXOWLQJ LQ
ORZHU IXHO FRQVXPSWLRQ DQG ORZHU FRVWV� 7KH GHPDQG IRU VPDUW JULGV KDV LQFUHDVHG RYHU WKH
\HDUV DQG WKH (XURSHDQ &RPPLVVLRQ H[SHFWV DERXW ��� RI HOHFWULFLW\ QHWZRUN WR EH RSHUDWLQJ
RQ ¶VPDUW¶ SULQFLSOHV E\ WKH HQG RI WKLV \HDU >���@�

(QHUJ\ HIILFLHQW WHFKQRORJLHV DUH H[SHFWHG WR EH FUXFLDO LQ HQHUJ\ WUDQVLWLRQ� $V WKHVH 0&)&
EDVHG FRJHQHUDWLRQ WHFKQRORJLHV DFKLHYH HIILFLHQFLHV RI RYHU ��� WKH RZQHUV ZLOO EHQHILW IURP
WKH DGYDQWDJHV RI HIILFLHQW WHFKQRORJLHV� 7KHVH LQFOXGHV LQFUHDVHG SURILWV IURP H[LVWLQJ PDU�
NHW SULFHV� JLYLQJ WKHP D FRPSHWLWLYH HGJH RYHU WKHLU ULYDOV� $V D UHVXOW RI KLJKHU HQHUJ\ HIIL�
FLHQFLHV� XWLOLWLHV DQG K\GURJHQ GLVWULEXWRUV FRXOG UHTXLUH GLVWULEXWRUV UHGXFH WKHLU SULFHV� 7KLV
ZRXOG UHVXOW LQ FRQVXPHUV DQG SURGXFHV PXWXDOO\ EHQHILWLQJ IURP VXFK WHFKQRORJLHV� $GGLWLRQ�
DOO\� HQYLURQPHQWDO EHQHILWV DULVLQJ IURP FOHDQHU IXHOV DQG LQFUHDVHG HIILFLHQF\ ZRXOG UHVXOWV
LQ ORZHU HPLVVLRQV� 7KLV ZRXOG EHQHILW DQ\ VRFLHW\ LQ FXUUHQW WLPHV� EXW HVSHFLDOO\ WKRVH RI WKH
GHYHORSLQJ FRXQWULHV WKDW DUH KHDYLO\ UHOLDQW RQ IRVVLO IXHOV� 7KURXJK KLJKO\ HIILFLHQW WHFKQROR�
JLHV VXFK DV WKHVH� LPSRUW RI ERWK HOHFWULFLW\ DQG K\GURJHQ FRXOG EH UHGXFHG� 7KLV LQFUHDVHV
WKH VHFXULW\ RI WKHVH HQHUJ\ FDUULHUV�

7KHVH V\VWHPV FDQ SOD\ DQ LPSRUWDQW UROH LQ RII�JULG RU VWDQG DORQH GHFHQWUDOL]HG HQHUJ\ V\V�
WHPV� /LNH ZLWK WKH VXSHUZLQG FRQFHSW� RII�JULG HQHUJ\ V\VWHPV RIWHQ FRQVLVWV RI WHFKQRORJLHV
GHSHQGHQW RQ UHQHZDEOH HQHUJ\ VRXUFHV OLNH ZLQG RU VRODU HQHUJ\� %HWZHHQ ���� DQG �����
RYHU � PLOOLRQ SHRSOH KDYH EHQHILWHG IURP EHLQJ FRQQHFWHG WR D PLQL�JULG >��@� 2II�JULG UHQHZ�
DEOH HQHUJ\ JULG DOVR JUHZ IURP �*: LQ ���� WR RYHU ��� *: LQ ����� ZLWK D PDMRULW\ RI WKH
GHSOR\HG FDSDFLW\ EHLQJ GHGLFDWHG WR LQGXVWULDO DSSOLFDWLRQV OLNH FRJHQUDWLRQ >��@� :KLOH WKH
0&)& EDVHG FRJHQHUDWLRQ VROXWLRQV LQ WKLV WKHVLV JHQHUDOO\ XWLOL]H QDWXUDO JDV� 0&)& RIIHUV
IXHO IOH[LELOLW\ ZKLFK FDQ EH EHQHILFLDO LQ RII�JULG DSSOLFDWLRQV� 7KURXJK FRJHQHUDWLRQ VROXWLRQV�
HOHFWULILFDWLRQ DQG GHYHORSPHQW LQ KDUG WR UHDFK DUHDV� LVODQGV RU HYHQ VRFLR�HFRQRPLF GH�
YHORSPHQW RI UXUDO FRPPXQLWLHV FDQ EH DFKLHYHG� 7KH GLVWULEXWHG DQG GHFHQWUDOL]HG QDWXUH RI
VXFK WHFKQRORJLHV DOORZV IRU HQJDJLQJ ORFDO FDSDFLWLHV DORQJ WKH YDOXH FKDLQ� 2SSRUWXQLWLHV IRU
VNLOOV QHHGHG LQ LQVWDOODWLRQ� RSHUDWLRQ DQG PDLQWHQDQFH RI WKHVH V\VWHPV FDQ EH GHYHORSHG
ORFDOO\� 2II�JULG VROXWLRQV KDYH VXFFHVVIXOO\ FUHDWHG MRE RSSRUWXQLWLHV� ZLWK DQ HVWLPDWHG ���
PLOOLRQ IXOO WLPH MREV ZLWK VRODU YDOXH FKDLQ H[SHFWHG E\ E\ ���� >��@� 6XFFHVV RI VXFK V\V�
WHPV FDQ LQVSLUH RSSRUWXQLWLHV ZLWK 0&)& EDVHG FRJHQHUDWLRQ V\VWHPV� 'LUHFW MREV PD\EH
SRVVLEOH GRZQVWUHDP ZLWK GLVWULEXWLRQ� VDOHV� LQVWDOODWLRQ �H�J� K\GURJHQ VWDWLRQ� RI K\GURJHQ
DV ZHOO� ,QGLUHFW MRE RSSRUWXQLWLHV FDQ DOVR EH SURYLGHG DV WKH UHVXOW RI HFRQRPLF DFWLYLWLHV
IURP LQFUHDVHG DFFHVV WR K\GURJHQ DQG HOHFWULFLW\� )RU H[DPSOH� LQGXVWULHV LQ VXFK DUHDV
FRXOG EHQHILW IURP VXSSO\ RI K\GURJHQ� HOHFWULFLW\ DQG DYDLODEOH ODERXU� :LWK LQGXVWULHV QHHG�
LQJ FRQVWDQW VXSSO\ RI HQHUJ\ DQG XVXDOO\ HPSOR\LQJ ODUJH QXPEHU RI SHRSOH� WKLV ZRXOG UHVXOW
WKH RYHUDOO HFRQRPLF GHYHORSPHQW LQ WKH UHJLRQ WKURXJK VDOH RI HQHUJ\ FDUULHUV DQG LQFUHDVHG
HPSOR\PHQW�

:LWK WKH KHOS RI WKH SRLQWV PDGH LQ WKLV VHFWLRQ� LW FDQ EH DUJXHG WKDW WKH 0&)& K\GURJHQ DQG
SRZHU FRJHQHUDWLQJ WHFKQRORJLHV DUH JRLQJ WR SRVLWLYHO\ LPSDFW WKH VRFLHW\� 7KHVH WHFKQROR�
JLHV FDQ FRQWULEXWH WR WKH WUDQVLWLRQ WRZDUGV K\GURJHQ HFRQRP\ ZKLOH IDFLOLWDWLQJ VPDUW JULGV�
HIILFLHQW HQHUJ\ JHQHUDWLRQ DQG ORFDO VRFLR�HFRQRPLF GHYHORSPHQWV WKURXJK RII�JULGV�

���� &KDSWHU &RQFOXVLRQ
,Q WKLV FKDSWHU WKH ODVW UHVHDUFK VXE TXHVWLRQ IRXQG LQ VHFWLRQ ��� KDV EHHQ DQVZHUHG�
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:LWK 0&)&V� WKH JHQHUDWLRQ RI K\GURJHQ DQG SRZHU KDYH EHHQ VKRZQ WR EH DSSURDFKLQJ FRVW
FRPSHWLWLYHQHVV� SRVVLELOLW\ RI SURILWDELOLW\ ZLWK VXSHUZLQG KDV DOVR EHHQ VKRZQ WR EH SRVVLEOH
LQ OLWHUDWXUH� 7KHUH KDYH EHHQ GHFUHDVH LQ WKH FRVWV RI 0&)&V EDVHG RQ LPSURYHPHQWV LQ
WHFKQRORJLHV� DQG UHGXFWLRQ LQ FRVWV DUH DOVR DVVRFLDWHG ZLWK LQFUHDVH LQ YROXPH RI SURGXFWLRQ�
%DVHG RQ WKHVH IDFWRUV LW FDQ EH VDLG WKDW 0&)&V DQG KHQFH WKH WHFKQRORJLHV EDVHG RQ WKHVH
IXHO FHOOV FDQ EH HFRQRPLFDOO\ IHDVLEOH LQ WKH IXWXUH�

1DWXUDO JDV KDV EHHQ IRXQG WR KDYH LWV RZQ VHW RI EHQHILWV �H�J� SURSHUWLHV� HDVH RI DYLODELOLW\��
+RZHYHU� VRPH RI WKH EHQHILWV RIIHUHG E\ QDWXUDO JDV LQ VHFWLRQ ��� DUH DV WKH UHVXOW RI WKH
VWDWH �SRRU VWDWXV RI JUHHQ K\GURJHQ WHFKQRORJLHV�SRRU K\GURJHQ LQIUDVWUXFWXUH� RI K\GURJHQ
JHQHUDWLRQ WHFKQRORJLHV DV VHHQ LQ VHFWLRQ ������ :LWK LQFUHDVLQJ K\GURJHQ GHPDQG� EOXH
K\GURJHQ WHFKQRORJLHV ZLOO DFWXDOO\ KDYH DQ LPSRUWDQW UROH WR SOD\ LQ K\GURJHQ VXSSO\� 1DWXUDO
JDV EDVHG WHFKQRORJLHV ZLOO QRW RQO\ EH QHHGHG RXW RI QHFHVVLW\ EXW ZLOO DOVR EH FRQVLGHUHG
EHFDXVH RI WKH DGYDQWDJHV RIIHUHG E\ QDWXUDO JDV�

0RUHRYHU� ERWK WKH 0&)& FRJHQHUDWLRQ� DQG WKH VXSHUZLQG FRQFHSW KDYH WKH SRWHQWLDO WR
SRVLWLYHO\ LPSDFW WKH VRFLHW\ E\ DFFHOHUDWLQJ WKH GLIIXVLRQ RI K\GURJHQ� 7KLV ZRXOG LQ WXUQ
VWHS XS WKH SURGXFWLRQ RI IXHO FHOO YHKLFOHV� 0RUHRYHU� VXFK WHFKQRORJLHV FDQ DOVR FRQWULEXWH
WRZDUGV RII�JULG SRZHU DQG VPDUW FRPPXQLWLHV�

+DYLQJ VHHQ WKDW WKH FRVWV RI 0&)& FDQ GURS LQ WKH ORQJ UXQ� QDWXUDO JDV ZLOO EH QHHGHG IRU
K\GURJHQ JHQHUDWLRQ DQG WKH EHQHILWV RIIHUHG E\ WKHVH WHFKQRORJLHV RQ WKH VRFLHW\� 7KH UDWH
DW ZKLFK GLIIXVLRQ RFFXUV ZLOO GHSHQG RQ DFWRU LQWHUDFWLRQV DQG SROLFLHV�

6HFWLRQ ��� VKRZHG WKH FRPSOH[LW\ WKDW DULVHV IURP DFWRU LQWHUDFWLRQ ZLWK WKH H[DPSOH RI WKH
6XSHUZLQG FRQFHSW ZLWK WKH 0/3 DSSURDFK� 7KHVH WHFKQRORJLHV DUH FXUUHQWO\ LQ WKH WHFKQR�
ORJLFDO QLFKH OHYHO DQG WKH\ FRXOG EUHDN LQWR WKH VRFLR�WHFKQLFDO UHJLPH WKURXJK IHZ GLIIHUHQW
SDWKZD\V� +RZHYHU GXH WR WKH IDFWRUV OLNH WKH OLPLWHG 0&)& SURGXFWLRQ� VWDWXV RI FRSURGXF�
WLRQ WHFKQRORJLHV� DQG WKH ODQGVFDSH VKRFN SURYLGHG E\ WKH JOREDO SDQGHPLF� UHFRQILJXUDWLRQ
SDWKZD\ LV OLNHO\ WR EH SRVVLEOH� 7KLV LV EHFDXVH FKDQJH LQ WKH VWUXFWXUH RI UHJLPH DUFKLWHFWXUH
DQG RUJDQL]DWLRQ FDQ EH H[SHFWHG GXULQJ DQG EH\RQG WKLV SDQGHPLF� )RU WKLV WR KDSSHQ� VXS�
SRUW IURP WKH SROLF\ PDNHUV DUH LPSRUWDQW LQ UHVHDUFK DQG GHYHORSPHQW� %DVHG RQ WKH W\SHV
RI SROLFLHV LQ WKH H[DPSOH RI WKH 1HWKHUODQGV� 7KH FRJHQHUDWLRQ WLFN D ORW RI ER[HV VR WKH\
DUH OLNHO\ WR EHQHILW IURP JRYHUQPHQW VXSSRUW� 7KH RQO\ PDMRU FRQFHUQ WKDW ZDV REVHUYHG WKDW
JUHHQ K\GURJHQ WHFKQRORJLHV JHW PRUH VXSSRUW IURP WKH SROLF\PDNHUV WKDQ QDWXUDO JDV EDVHG
JHQHUDWLRQ�

)LQDOO\� WKHVH WHFKQRORJLHV DUH FXUUHQWO\ QRW HFRQRPLFDOO\ IHDVLEOH PDLQO\ GXH WR WKH WKH FRVWV
RI 0&)&V� +RZHYHU� RZLQJ WR WKH DGYDQWDJHV RIIHUHG E\ FRSURGXFWLRQ RQ VRFLHW\� WKH H[�
SHFWHG UROH RI WKH QDWXUDO JDV WHFKQRORJLHV LQ K\GURJHQ SURGXFWLRQ� SURPLVLQJ WUHQGV LQ WKH
VXSSRUW RIIHUHG E\ WKH JRYHUQPHQWV WRZDUGV UHVHDUFK DQG GHYHORSPHQW RI FXUUHQW WHFKQROR�
JLHV� H[SHFWHG QDWXUH RI UHJLPH GLIIXVLRQ� 7KHVH WHFKQRORJLHV KDYH WKH SRWHQWLDO RI EHLQJ
VRFLR�HFRQRPLFDOO\ IHDVLEOH LQ WKH IXWXUH�



�
&RQFOXVLRQ

:LWK WKH GHPDQG IRU FOHDQHU HQHUJ\ WHFKQRORJLHV DQG K\GURJHQ ULVLQJ� WKH LQWHUHVW LQ IXHO
FHOOV KDYH JURZQ LQ WKH ODVW GHFDGH� 0RUHRYHU� WKH LPSRUWDQFH RI HQHUJ\ HIILFLHQF\ KDV DOVR
EHHQ UHFRJQL]HG UHVXOWLQJ LQ WKH JURZWK RI HIILFLHQW &+3 WHFKQRORJLHV WKDW FDQ VXSSO\ PXOWLSOH
HQHUJ\ FDUULHV� 7KH FRQFHSW RI FRJHQHUDWLRQ XWLOL]LQJ ZDVWH KHDW KDV EHHQ H[SORUHG ZLWK KLJK
WHPSHUDWXUH IXHO FHOOV� +RZHYHU� PRVW RI WKRVH VWXGLHV IRFXV RQ WKH VROLG R[LGH IXHO FHOOV�
0ROWHQ FDUERQDWH IXHO FHOOV OLNH WKH VROLG R[LGH SURGXFH H[FHVV KHDW LQ ODUJH TXDQWLWLHV EXW
GLIIHU LQ RSHUDWLRQ� 7KLV PDNHV WKHP VXLWDEOH IRU FRJHQHUDWLRQ DSSOLFDWLRQV� :LWK WKDW LQ PLQG�
WKH DLP RI WKLV WKHVLV UHSRUW ZDV WR DQVZHU WKH IROORZLQJ UHVHDUFK TXHVWLRQ�

:KDW LV WKH IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ 0ROWHQ
FDUERQDWH IXHO FHOOV �0&)&�"

7KLV TXHVWLRQ LV WR EH DQVZHUHG E\ DQVZHULQJ WKH IROORZLQJ VXE TXHVWLRQV�

�� :KDW LV D PROWHQ FDUERQDWH IXHO FHOO DQG ZKDW LV LWV VLJQLILFDQFH WRGD\"

�� :KDW LV D FRJHQUDWLQJ�WULJHQHUDWLQJ ,5�)& V\VWHP DQG ZKDW DUH WKH H[LVWLQJ H[DP�
SOHV RI 0&)& LQ K\GURJHQ DQG SRZHU FRSURGXFWLRQ"

�� :KDW LV WKH WHFKQLFDO IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU
XVLQJ D 0&)& V\VWHP"

�� +RZGRHV WKH FRSURGXFLQJ0&)&V\VWHPSHUIRUP LQ FRPSDULVRQ WR D VLPLODU 62)&
V\VWHP"

�� :KDW DUH WKH VRFLR�HFRQRPLF IHDVLELOLW\ IDFWRUV WKDW ZRXOG DIIHFW WKHVH 0&)& V\V�
WHPV"

���� .H\ )LQGLQJV IURP WKH 5HSRUW
%HIRUH DQVZHULQJ WKH PDLQ UHVHDUFK TXHVWLRQV� LQ WKLV VHFWLRQ WKH UHVHDUFK VXE TXHVWLRQV DUH
DQVZHUHG ZLWK WKH KHOS RI WKH NH\ ILQGLQJV IURP WKH UHVHDUFK�

��



�� �� &RQFOXVLRQ

�� 0ROWHQ &DUERQDWH )XHO &HOOV DQG LWV VLJQLILFDQFH WRGD\�

-XVW OLNH WKH RWKHU IXHO FHOOV� 0&)&V DUH HOHFWURFKHPLFDO GHYLFHV WKDW SURGXFH HOHFWULFLW\ IURP
D IXHO OLNH K\GURJHQ ZLWK DQ R[LGL]LQJ DJHQW WKURXJK PXOWLSOH UHGR[ UHDFWLRQV� 0&)&V VSHFLIL�
FDOO\ DUH KLJK WHPSHUDWXUH IXHO FHOOV RSHUDWLQJ DW DERXW �&ࣅ��� 7KLV LV QHHGHG WR LPSURYH WKH
SHUIRUPDQFH RI WKH HOHFWURO\WH� ,Q VXFK IXHO FHOOV� WKH DQRGH HPLWV ൈൔኼ WKDW LV UHF\FOHG LQWR WKH
FDWKRGH LQSXW WR SURYLGH WKH FDUERQDWH LRQV QHHGHG IRU WKH IXHO FHOO RSHUDWLRQV� 'XH WR WKH
KLJK RSHUDWLQJ WHPSHUDWXUHV LQ WKHVH IXHO FHOOV� LQWHUQDO UHIRUPLQJ RI IXHOV LV SRVVLEOH� 7KH\
FDQ DOVR RSHUDWH DW KLJKHU HOHFWULF HIILFLHQFLHV WKDQ FRQYHQWLRQDO SRZHU SODQWV DV WKH\ FDQ
UHDFK YDOXHV RI DERXW ����

0&)&V DUH ULVLQJ LQ VLJQLILFDQFH WRGD\� HYHQ WKRXJK WKH 0&)& LQGXVWU\ WRGD\ LV YHU\ VPDOO�
ZLWK PRVW RI WKH LQVWDOODWLRQV WRGD\ EHLQJ SURYLGHG E\ )XHO&HOO (QHUJ\� 7KH 8QLWHG 6WDWHV
RI $PHULFD DQG 6RXWK .RUHD DUH WKH OHDGLQJ QDWLRQV ZLWK 0&)& LQVWDOODWLRQV� 0&)&V KDYH
EHHQ FRQVLGHUHG IRU VWDWLRQDU\ SRZHU DSSOLFDWLRQV� LQ 6RXWK .RUHD� WKH\ DUH EHLQJ XVHG WR
SURYLGH SRZHU DQG LQ GLVWULFW KHDWLQJ DSSOLFDWLRQV� 2ZLQJ WR WKHLU DELOLW\ RI DFKLHYLQJ KLJK
RYHUDOO HIILFLHQFLHV� WKH\ DUH DOVR EHLQJ FRQVLGHUHG IRU ZDWHUERXUQH DSSOLFDWLRQV� 'XH WR WKHLU
RSHUDWLQJ SULQFLSOH ZKLFK LQYROYHV WKH QHHG RI ൈൔኼ� WKH\ KDYH EHHQ FRQVLGHUHG LQ FDUERQ
FDSWXUH DSSOLFDWLRQV� 7KH LGHD LV WR IHHG WKH FDWKRGH RI WKH 0&)& ZLWK H[KDXVW JDV IURP
FRQYHQWLRQDO SRZHU SODQW RSHUDWLQJ ZLWK IRVVLO IXHOV WR ILOWHU RXW WKH ൈൔኼ FRQWHQW� ,Q WKLV FDVH
WKH 0&)& LV WKH ƬDFWLYHƬFRPSRQHQW DV LW DGGV SRZHU WR WKH SODQW HQHUJ\ EDODQFH ZKLOH
DFWLQJ DV ൈൔኼ FRQFHQWUDWRU� $FFRUGLQJ WR VWXGLHV WKH\ FDQ UHDFK FDUERQ UHGXFWLRQ HIILFLHQFLHV
RI �������

0&)&V DQG 62)&V KDYH VLPLODULWLHV VXFK DV KLJK RSHUDWLQJ WHPSHUDWXUHV� SRVVLELOLW\ RI LQ�
WHUQDO UHIRUPLQJ� IOH[LELOLW\ RI IXHO XVH� SRWHQWLDO IRU DFKLHYLQJ KLJK RYHUDOO HIILFLHQFLHV� DQG
HYHQ LQFUHDVHG VXVFHSWLELOLW\ WR VXOSKXU SRLVRQLQJ� +RZHYHU� DV 62)& RSHUDWHV ZLWK VROLG
HOHFWURO\WHV� PXOWLSOH JHRPHWULHV DUH SRVVLEOH� 0RUHRYHU� 62)&V KDYH D VLPSOHU RSHUDWLQJ
SULQFLSOH ZLWKRXW WKH QHHG IRU ൈൔኼ UHF\FOLQJ WR WKH FDWKRGH� 62)&V DUH DOVR PRUH SRSXODU LQ
VWDWLRQDU\ DSSOLFDWLRQV ZLWK QHDUO\ ������ XQLWV VROG LQ ���� LQ FRPSDULVLRQ WR ��� 0&)&V
VROG LQ WKDW VSDQ� 7KHVH DGYDQWDJHV JLYH 62)&V DQ XSSHU KDQG LQ QHZ DSSOLFDWLRQ�

�� &RJHQUDWLQJ�7ULJHQHUDWLQJ ,5�)& V\VWHP DQG H[DPSOHV RI 0&)& LQ K\GURJHQ DQG
SRZHU FRSURGXFWLRQ

$ FRJHQHUDWLQJ�WULJHQHWUDWLQJ ,5�)& LQYROYHV D KLJK WHPSHUDWXUH IXHO FHOO VXFK DV D 62)& RU
D 0&)& ZKHUH PRUH WKDQ RQH HQHUJ\ FDUULHU LV SURGXFHG� *HQHUDOO\� LQ VXFK IXHO FHOOV� KHDW LV
XWLOL]HG IRU LQWHUQDO UHIRUPLQJ� &RJHQHUDWLRQ XVXDOO\ LQYROYHV SURGXFWLRQ RI HOHFWULF SRZHU DQG
KHDW� ZKLOH LQ WULJHQHUDWLRQ DSSOLFDWLRQ IURP WKHVH IXHO FHOOV HOHFWULF SRZHU� K\GURJHQ DQG KHDW
FDQ EH REWDLQHG� 0RUHRYHU� LW DOORZV IRU IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU ZKLFK LV
DQ DGGHG DGYDQWDJH�

7KHUH DUH WZR H[DPSOHV RI ,5�0&)& LQ FRJHQHUDWLRQ DSSOLFDWLRQV� 7KH )RXQWDLQ 9DOOH\ SURMHFW
DQG WKH 3RUW RI /RQJ %HDFK 3URMHFW� %RWK RI WKHVH DUH WKH UHVXOWV RI FROODERUDWLRQ RI )XHO&HOO
(QHUJ\� 7KH )RXQWDLQ YDOOH\ LQYROYHG )XHO&HOO (QHUJ\ FROODERUDWLQJ ZLWK WKH 8QLWHG 6WDWHV
'HSDUWPHQW RI (QHUJ\ RQ D SLORW SURMHFW WKDW VXFFHVVIXOO\ GHPRQVWUDWHG IOH[LEOH FRSURGXFWLRQ RI
K\GURJHQ DQG SRZHU IURP D UHQHZDEOH IXHO XVLQJ ,5�0&)&V� 7KH 3RUW RI /RQJ %HDFK 3URMHFW
RQ WKH RWKHU KDQG LV D IXOO VFDOH ����0:� ��� WRQQH �GDLO\� K\GURJHQ JHQHUDWLQJ SURMHFW EHLQJ
GHYHORSHG DV D UHVXOW RI )XHO&HOO (QHUJ\ FROODERUDWLQJ ZLWK 7R\RWD� 7KHVH H[DPSOHV DUH WKH
UHDO OLIH SURRIV RI VXFK WHFKQRORJLHV� DQG WKHLU VXFFHVV FDQ HQKDQFH WKH IXWXUH SURVSHFWV RI
FRSURGXFLQJ K\GURJHQ DQG SRZHU XVLQJ ,5�0&)&�



���� .H\ )LQGLQJV IURP WKH 5HSRUW ��

$ IXWXUH DSSOLFDWLRQ RI FRSURGXFLQJ K\GURJHQ DQG SRZHU WHFKQRORJ\ FDQ EH WKH WKH 6XSHUZLQG
&RQFHSW� ,W LV WKH FRQFHSW GHVLJQHG WR LPSURYH WKH UHOLDELOLW\ RI LQWHUPLWWHQW VRXUFHV OLNH ZLQG
DQG VRODU HQHUJ\� 7KLV FRQFHSW FDQ SURYLGH DQ LQQRYDWLYH VROXWLRQ IRU LQWHJUDWLRQ RI IOXFWXDWLQJ
VRXUFHV LQWR WKH JULG ZLWKRXW WKH QHHG IRU VWRUDJH� 7KHVH WHFKQRORJLHV FDQ VXSSRUW WKH JURZLQJ
K\GURJHQ GHPDQG DQG KHOS ZLWK WKH ZLGHVSUHDG DGDSWDWLRQ RI WKLV UHODWLYHO\ QHZ IXHO� ZKLOH
DOVR LQWHJUDWLQJ UHQHZDEOH HQHUJ\ VRXUFHV ZLWK D QDWXUDO JDV VRXUFH�

�� 7HFKQLFDO IHDVLELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ D 0&)&
V\VWHP

DQG

��&RSURGXFLQJ 0&)& V\VWHP¶V SHUIRUPDQFH LQ FRPSDULVRQ WR D VLPLODU 62)& V\VWHP�

7KH UHVHDUFK VXE TXHVWLRQV � DQG � KDYH EHHQ DQVZHUHG WRJHWKHU KHUH� )URP WKH WHFKQLFDO
IHDVLELOLW\ RI WKH WKH ,5�0&)& PRGHO RQ &\FOH�7HPSR� LW ZDV REVHUYHG WKDW WKHVH V\VWHPV
FRXOG DFKLHYH YHU\ KLJK RYHUDOO HIILFLHQFLHV RI RYHU ���� 7KH DPRXQW RI HOHFWULF SRZHU JHQHU�
DWHG E\ WKHVH V\VWHPV LV FRPSDUDEOH WR ZKDW FDQ EH DFKLHYHG E\ YHU\ HIILFLHQW &+3 SODQWV�
LPSO\LQJ WKDW KHDW KDV EHHQ HIILFLHQWO\ XWLOL]HG LQ K\GURJHQ FRSURGXFWLRQ DORQJ ZLWK SRZHU�
(YHQ LQ WKH KLJK SRZHU PRGH ZKHUH RYHUDOO HIILFLHQF\ ZDV VWLOO D UHVSHFWDEOH ���� WKH DPRXQW
RI HOHFWULF SRZHU JHQHUDWHG ZDV QHDUO\ GRXEOH RI ZKDW LV SRVVLEOH IURP WKH KLJK HIILFLHQF\
PRGH� :KHQ K\GURJHQ LV FRQVLGHUHG� WKH RYHUDOO SRZHU RXWSXW ZDV IRXQG WR EH QHDUO\ WKUHH
WLPHV WKH HOHFWULF RXWSXW IURP WKH FRQYHQWLRQDO PRGH� 7KHVH IDFWRUV PDNH ,5�0&)& V\VWHPV
IHDVLEOH IRU IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU�

0RGH ,5�62)& ,5�0&)&

+LJK (IILFLHQF\ 0RGH �)XHO IL[HG DW �0: HTXLYDOHQW� ��� ���

&RQVWDQW &XUUHQW 'HQVLW\ 0RGH �L ���� െ�൫ኼ� ��� ���

+LJK 3RZHU 0RGH ��� ���

7DEOH ���� 2YHUDOO HIILFLHQFLHV IRU DOO WKUHH PRGHV RI RSHUDWLRQV�

7KH ,5�0&)& V\VWHPV FDQQRW PDWFK WKH ,5�62)& LQ WHUPV RI RYHUDOO HIILFLHQF\ DV VKRZQ LQ
���� :KLOH WKH HOHFWULFDO HIILFLHQFLHV DUH FORVH WR ZKDW FDQ EH DFKLHYHG E\ WKH ,5�62)&� WKH
ORVV LQ JDV HIILFLHQF\ FRXOG EH GXH WR D YDULHW\ RI IDFWRUV� 7KHVH FDQ LQFOXGH GLIIHUHQW RSHUDWLQJ
SULQFLSOHV� GLIIHUHQFH LQ WKH DPRXQW RI IXHO XVHG� DQG GLIIHUHQFHV LQ WKH PRGHOLQJ VHWXS�

�� 6RFLR�HFRQRPLF IHDVLELOLW\ IDFWRUV

7KH VRFLRHFRQRPLF IHDVLELOLW\ GHSHQGV RQ WKH UDQJH RI IDFWRUV� %DVHG RQ WKH RSHUDWLQJ QDWXUH
DQG WKH RXWSXWV JHQHUDWHG� 0&)& EDVHG FRSURGXFLQJ WHFKQRORJLHV �LQFOXGLQJ VXSHUZLQG FRQ�
FHSW� ZLOO EHQHILW IURP WKH IROORZLQJ IDFWRUV� 1DWXUDO JDV RIIHUV D UDQJH RI EHQHILWV LQ K\GURJHQ
SURGXFWLRQ EDVHG RQ LWV SURSHUWLHV DQG DYDLODELOLW\ DPRQJ RWKHUV� 0RUHRYHU� EDVHG RQ WKH
WUHQGV REVHUYHG LQ K\GURJHQ JHQHUDWLRQ LW LV HYLGHQW WKDW WKH JURZWK LQ K\GURJHQ GHPDQG LV
H[SHFWHG� DQG FOHDQHU K\GURJHQ ZLOO EH EOXH UDWKHU WKDQ JUHHQ� $GGLWLRQDOO\� WKHVH WHFKQROR�
JLHV DUH OLNHO\ WR EHQHILW WKH VRFLHW\ EHFDXVH WKH\ RIIHU SRWHQWLDO IRU K\GURJHQ IXHOLQJ VWDWLRQV
DQG WKHUHE\ WKH\ FDQ FRQWULEXWH WRZDUGV VSHHGLQJ XS WKH GLIIXVLRQ RI HOHFWULF YHKLFOHV� 7KH\
FDQ DOVR FRQWULEXWH WRZDUGV RII JULG HQHUJ\ V\VWHPV DQG IRVWHU WKH ULVH RI VPDUW FRPPXQLWLHV�



�� �� &RQFOXVLRQ

7KHVH WHFKQRORJLHV DOVR SURYLGH TXDOLWLHV QHHGHG E\ WKH SROLF\ PDNHUV WR RIIHU WKHLU VXSSRUW
LQ FOHDQ HQHUJ\ JHQHUDWLRQ�

:KLOH DOO WKDW LV WUXH� WKH VRFLR�HFRQRPLF IHDVLELOLW\ LV OLNHO\ WR GHSHQG RQ WKH FRVWV RI 0&)&V
ZKLFK DUH FXUUHQWO\ QRW IHDVLEOH� 7KH GLIIXVLRQ RI 0&)&V JOREDOO\ LV YHU\ VORZ DQG WKHVH
WHFKQRORJLHV DUH H[WUHPHO\ H[SHQVLYH WRGD\� +RZHYHU� WKHVH WHFKQRORJLHV PD\EH IHDVLEOH
LQ WKH ORQJ UXQ EDVHG RQ WKH WUHQGV REVHUYHG LQ 0&)& SURGXFWLRQ� FRVW SDWWHUQ DVVRFLDWHG
ZLWK FRSURGXFWLRQ WHFKQRORJLHV� DQG FRVWV RI HOHFWULFLW\ DQG K\GURJHQ JHQHUDWHG IURP 0&)&V�
$QRWKHU LPSRUWDQW IDFWRU WKDW ZRXOG DIIHFW WKH VRFLR�HFRQRPLF IHDVLELOLW\ LV WKH FRQWULEXWLRQ
IURP WKH DFWRUV DQG VWDNHKROGHUV� ,I WKHVH FRSURGXFWLRQ WHFKQRORJLHV DUH WR EUHDN LQWR WKH
UHJLPH LW LV OLNHO\ WKURXJK WKH UHFRQILJXUDWLRQ SDWKZD\� ,Q WKH HDUO\ VWDJH RI GHYHORSPHQW�
OLNH WKHVH WHFKQRORJLHV DUH FXUUHQWO\� JRYHUQPHQW VXSSRUW LV PDLQO\ QHHGHG LQ UHVHDUFK DQG
GHYHORSPHQW� 7KH\ WLFN PDQ\ RI WKH UHTXLUHPHQWV QHHGHG IRU JRYHUQPHQWDO VXSSRUW� EXW EHLQJ
D QDWXUDO JDV EDVHG WHFKQRORJ\ PD\ SURYH WR EH D GLVDGYDQWDJH DV WKH VXSSRUW IRU JUHHQ
K\GURJHQ LV RIWHQ PRUH WKDQ LW LV IRU WHFKQRORJLHV RSHUDWLQJ ZLWK QDWXUDO JDV�

+DYLQJ DQVZHUHG WKH UHVHDUFK VXE TXHVWLRQ� WKH PDLQ UHVHDUFK TXHVWLRQ :KDW LV WKH IHDVL�
ELOLW\ RI IOH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG SRZHU XVLQJ 0ROWHQ FDUERQDWH IXHO FHOOV
�0&)&�" QRZ QHHGV WR EH DQVZHUHG�

0ROWHQ FDUERQDWH IXHO FHOOV SURYLGH DQ HIILFLHQW WHFKQRORJ\� ZKRVH SRWHQWLDO LQ SRZHU JHQHU�
DWLRQ KDV DOUHDG\ EHHQ DSSOLHG DFURVV WKH ZRUOG� 0RUHRYHU� LWV VWDELOLW\� YHUVDWLOLW\ DQG PD�
WXULW\ FDQ EH FRQILUPHG WKURXJK YDULRXV DSSOLFDWLRQV WKDW KDYH EHHQ FRQVLGHUHG DQG FRQWLQXH
WR EH FRQVLGHUHG� 7KHLU KLJK WHPSHUDWXUH RSHUDWLRQ KDV PDGH WKHP ZHOO VXLWHG IRU FRJHQ�
HUDWLRQ�WULJHQHUDWLRQ DSSOLFDWLRQV ZKHUH K\GURJHQ FDQ EH FRSURGXFHG DORQJ ZLWK RWKHU IXHO
FDUULHUV� ZKLFK FDQ RQO\ EH IXUWKHU FRQILUPHG ZLWK H[LVWLQJ H[DPSOHV RI SODQWV FRSURGXFLQJ
K\GURJHQ DQG SRZHU�

0RUHRYHU� WKH WHFKQLFDO IHDVLELOLW\ DQDO\VLV FDUULHG RXW LQ WKLV UHSRUW VKRZHG WKDW WKHVH WHFK�
QRORJLHV FDQ DFKLHYH HIILFLHQFLHV RI RYHU ���� 7KLV HIILFLHQF\ ZDV IRXQG WR EH ORZHU WKDQ
ZKDW FDQ EH DFKLHYHG E\ D 62)& V\VWHP� +RZHYHU� LQ UHIHUHQFH WR WKH FRQYHQWLRQDO &+3
SODQWV� LW LV FRQVLGHUHG D YHU\ JRRG YDOXH RI HIILFLHQF\� %DVHG RQ WKH UHVXOWV REWDLQHG IURP WKH
IORZVKHHW FDOFXODWLRQV RQ &\FOH�7HPSR LW FDQ EH VDLG WKDW ,5�0&)& V\VWHPV DUH WHFKQLFDOO\
IHDVLEOH IRU K\GURJHQ DQG SRZHU FRSURGXFWLRQ�

$V IDU DV VRFLR�HFRQRPLF IDFWRUV DUH FRQVLGHUHG� WKH FRSURGXFWLRQ WHFKQRORJLHV ZLOO EHQH�
ILW IURP WKH H[LVWLQJ QDWXUDO JDV DQG ZLQG HQHUJ\ QHWZRUNV �LQ FDVH RI VXSHUZLQG� DQG WKH\
ZLOO SRVLWLYHO\ LPSDFW WKH VRFLHW\ LQ QXPHURXV ZD\V� EXW PRVW LPSRUWDQWO\ WKURXJK K\GURJHQ
SURGXFWLRQ LQ D PRUH FRQYHQLHQW DQG FOHDQHU PDQQHU WKDQ PRVW RI ZKDW LV DYDLODEOH WRGD\�
+RZHYHU� ZKHQ LW FRPHV WR WKH HFRQRPLF IHDVLELOLW\� WKH ELJJHVW REVWUXFWLRQ LV WKH FRVWV DV�
VRFLDWHG ZLWK WKH 0&)&V� 7KHVH WHFKQRJLHV DUH QRW HFRQRPLFDOO\ IHDVLEOH FXUUHQWO\� 7KHLU
IHDVLELOLW\ LQ WKH VKRUW UXQ ZLOO GHSHQG RQ WKH UROH SOD\HG E\ WKH VWDNHKROGHUV DQG DFWRUV LQ
GLIIXVLRQ RI WKLV WHFKQRORJ\ LQWR WKH VRFLR�WHFKQLFDO UHJLPH� JRYHUQPHQW VXSSRUW IRU D QDWXUDO
JDV WHFKQRORJ\ DV ZHOO WKHLU VXSSRUW HVSHFLDOO\ LQ UHVHDUFK DQG GHYHORSPHQW�

7R FRQFOXGH� ,5�0&)& FRSURGXFWLRQ V\VWHPV DUH WHFKQLFDOO\ IHDVLEOH� +RZHYHU VRFLR�HFRQRPLF
IHDVLELOLW\ FXUUHQWO\ LV QRW SRVVLEOH PDLQO\ GXH WR KLJK FRVWV� :LWK WKH LQFUHDVH LQ WKH UDWH RI
0&)& SURGXFWLRQV ZKLFK ZRXOG XOWLPDWHO\ ORZHU FRVWV� LQFUHDVH LQ GHPDQG IRU FOHDQ K\GUR�
JHQ� DQG VXSSRUW IURP WKH UHOHYDQW VWDNHKROGHUV WKHVH WHFKQRORJLHV KDYH WKH SRWHQWLDO RI EHLQJ
IXOO\ IHDVLEOH LQ WKH ORQJ UXQ�



���� 'LVFXVVLRQV ��

���� 'LVFXVVLRQV
7KLV WKHVLV VHW RXW WR H[SORUH WKH IHDVLELOLW\ RI ,5�0&)&V LQ K\GURJHQ DQG SRZHU FRJHQHUDWLRQ
DSSOLFDWLRQ�

%DVHG RQ WKH UHVXOWV IURP IORZVKHHW FDOFXODWLRQV RQ ,5�0&)& FRQGXFWHG RQ &\FOH�7HPSR WKH
UHVXOWV REWDLQHG ZHUH LQ DFFRUGDQFH WR ZKDW ZDV WR EH H[SHFWHG� $V LQ� WKURXJK FRSURGXFWLRQ
ZLWK WKHVH V\VWHPV YHU\ KLJK HIILFLHQFLHV PXFK KLJKHU WKDQ ZKDW LV SRVVLEOH LQ FRQYHQWLRQDO
RSHUDWLRQ ZDV DFKLHYHG� :LWK WKH HIILFLHQF\ RI ��� EHLQJ SRVVLEOH E\ WKHVH V\VWHPV� WKH\ DUH
RQ SDU ZLWK KLJKO\ HIILFLHQW WHFKQRORJLHV VXFK DV &+3 SODQWV DYDLODEOH WRGD\�

+RZHYHU� OLPLWDWLRQV LQ WKH UHVHDUFK DOVR QHHGV WR EH DQDO\]HG� 7KH PHWKRGRORJ\ FKRLFHV
ZHUH FRQVWUDLQHG E\ WKH IROORZLQJ IDFWRUV�

)ORZVKHHW VLPXODWLRQV FDQ LQYROYH ODUJH QXPEHU RI HTXDWLRQV DQG XQNQRZQV ZLWK RQO\ IHZ
GHJUHHV RI IUHHGRP� 9DULRXV YDOXHV DUH QHHGHG WR EH VSHFLILHG DQG FRQVWUDLQHG PD\EH DS�
SOLHG� ,W PD\ VR KDSSHQ WKDW FHUWDLQ YDOXHV WKDW QHHG WR EH IL[HG� FDQ LPSHGH WKH IXOO UDQJH
RI SURFHVV OLPLWDWLRQV DQG WKH VROXWLRQ LV UHVWULFWHG WR D VPDOO VXEVHW RI VROXWLRQ VSDFH� 7KLV
ZDV SDUWLFXODUO\ H[SHULHQFHG ZLWK WKH VHWWLQJV RQ WKH YDOYH WKDW GHFLGHG WKH DPRXQW RI JDV
EHLQJ UHF\FOHG DQG WKH DPRXQW RI JDV EHLQJ OLEHUDWHG IURP WKH V\VWHP� DV DEVROXWH YDOXH ZDV
QHHGHG WR EH IL[HG�

$GGLWLRQDOO\� DV WKLV VWXG\ LQYROYHG FRPSDULVRQ RI RXWSXWV ZLWK D H[LVWLQJ VWXG\� WKH UDQJH RI
RSHUDWLRQ ZDV FRQVWUDLQHG E\ WKDW VWXG\� )RU H[DPSOH LW PD\ VR KDSSHQ WKDW WKH RSWLPXP
UDQJH RI IXHO XWLOL]DWLRQ PD\ YDU\ EHWZHHQ WKH IXHO FHOOV�

0RUHRYHU� FRQVWUDLQWV DSSOLHG� HIILFLHQFLHV RI FRPSRQHQWV� HQYLURQPHQWDO FRQGLWLRQV DQG WHP�
SHUDWXUHV ZLWKLQ FRPSRQHQWV DUH PRVW OLNHO\ WR GLIIHU LQ UHDO OLIH DSSOLFDWLRQV� 7KH PRGHO XVHG
IRU WKH DQDO\VLV LV XVXDOO\ VLPSOHU WKDQ LQ UHDO DSSOLFDWLRQV� (IILFLHQF\ ORVV GXH WR VHSDUDWLRQ
RI K\GURJHQ DQG &2 IURP WKH H[KDXVW JDV ULFK LQ V\QJDV KDV DOVR QRW EHHQ FRQVLGHUHG� 7KH
PRGHO XVHG IRU WKH DQDO\VLV LV DOVR PRVW OLNHO\ WR EH VLPSOHU WKDQ ZKDW ZRXOG EH XVHG LQ UHDO
DSSOLFDWLRQV�

'XH WR WKH IDFWRUV PHQWLRQHG DERYH UHDO OLIH UHVXOWV FDQ EH OHVV WKDQ ZKDW KDV EHHQ DFKLHYHG
WKURXJK VLPXODWLRQ�

)XUWKHUPRUH� WKH VHFRQGDU\ UHVHDUFK FRQGXFWHG LQ WKLV WKHVLV VXIIHUHG IURP OLPLWHG LQIRUPD�
WLRQ DYDLODEOH RQ 0&)&� HVSHFLDOO\ RQ WKH ILQDQFLDO DVSHFWV�7KH 0&)& VXSSO\ LV H[WUHPHO\
ORZ DQG WKH JOREDO GHPDQG LV PRVWO\ SURYLGHG E\ D VLQJOH VXSSOLHU VHYHUHO\ OLPLWV WKH QXPEHU
RI VRXUFH DYDLODEOH� &KDOOHQJHV UHODWHG WR WKH WKH LQIRUPDWLRQ EHLQJ QRQ WLPHO\ DQG LQFRP�
SOHWH DYDLODELOLW\ ZHUH DOVR H[SHULHQFHG� 7KLQJV OLNH DFWRU LQYROYHPHQW DQG IXWXUH RI K\GURJHQ
IXHO HYHQ LI LQIOXHQFHG E\ D FRPPRQ JRDO �H�J UHGXFLQJ HPLVVLRQ� ZLOO DOVR YDU\ EDVHG RQ
JHRJUDSKLFDO ORFDWLRQ DQG WLPH EHVLGHV SROLFLHV� LQWHUDFWLRQ DPRQJ DFWRUV HW FHWHUD� 7KHVH
QHHG WR EH DQDO\]HG PRUH ORFDOO\� )XWXUH HVWLPDWLRQV DOVR FDQ EH FKDOOHQJLQJ WR PDNH GXH WR
XQFHUWDLQWLHV DVVRFLDWHG ZLWK WKH SDWK RI HQHUJ\ WUDQVIRUPDWLRQ DQG WKH OLPLWDWLRQ RI WKH 0/3
FRQFHSW� &KDOOHQJHV DVVRFLDWHG ZLWK D QHZ FRSURGXFWLRQ SODQWV DGG WR WKH FRPSOH[LW\� DV WKH
UHVSRQVH RI SDUWLHV DYDLODEOH WR D FRPELQHG RSHUDWLRQ ZLWK WZR RXWSXWV� LV KDUG WR JDXJH�

'HVSLWH WKHVH GUDZEDFNV� LQ WKH FKDSWHU RQ VRFLR�HFRQRPLF DQDO\VLV� LPSRUWDQW IDFWRUV WKDW
FRXOG SOD\ D UROH LQ VXFFHVVIXO LPSOHPHQWDWLRQ RI WKHVH WHFKQRORJLHV ZHUH LGHQWLILHG� ,QVLJKWV
EDVHG RQ WUHQGV DQG H[SHFWHG WDUJHWV FRXOG EH SURYLGHG WR DQ H[WHQW�



�� �� &RQFOXVLRQ

���� )LQDO 7KRXJKWV DQG 5HFRPPHQGDWLRQV
,Q WKLV WKHVLV WHFKQRORJLHV EDVHG RQ 0&)& ZHUH DQDO\]HG� 7KHVH WHFKQRORJLHV DUH ZHOO VXLWHG
IRU FRSURGXFWLRQ DSSOLFDWLRQV EDVHG RQ WKH WHFKQLFDO DQDO\VLV FRQGXFWHG� 7KHLU VXFFHVV LQ
ZLGHVSUHDG DSSOLFDWLRQV ZLOO GHSHQG RQ WKH HDVH ZLWK ZKLFK 0&)& FDQ EH HDVLO\ DYDLODEOH DW
D GHVLUHG ORFDWLRQ� $V 0&)& DUH QRW EHLQJ VFDOHG XS DV TXLFNO\ DV 62)& RU 3(0)&� WKLV
FRXOG EH DQ DFWXDO KLQGUDQFH WR WKH GHYHORSPHQW RI WKH FRJHQHUDWLRQ WHFKQRORJLHV�

+RZHYHU� ZLWK DQ\ QHZ WHFKQRORJ\� PRUH UHVHDUFK LV QHHGHG WKDQ ZKDW KDV EHHQ SUHVHQWHG
KHUH�

,Q FDVH H[LVWLQJ &\FOH�7HPSR PRGHO LV XVHG� IXUWKHU UHVHDUFK PD\EH QHHGHG WR HVWDEOLVK D
PRUH VXLWDEOH UHODWLRQ EHWZHHQ UHF\FOLQJ� VHSDUDWLRQ DQG JDV RXWSXW REWDLQHG� 0RUHRYHU� WKH
HIIHFW RI ORZHU IXHO XWLOL]DWLRQ RQ HIILFLHQF\ FDQ DOVR EH H[SORUHG�

,W FRXOG DOVR EH LPSRUWDQW WR VWXG\ DQG FRPSDUH WKH SHUIRUPDQFH RI 0&)& LQ &&86 ZLWK WKH
WHFKQRORJLHV VXJJHVWHG LQ WKLV WKHVLV� 7KLV ZRXOG KHOS HVWDEOLVK WKH PRUH IDYRUDEOH WHFKQRO�
RJ\� ZKLFK ZRXOG VSHFLDOO\ EH EH EHQHILFLDO GXH WR VORZ JURZWK UDWH RI 0&)& LQVWDOODWLRQV�

0RUH UHVHDUFK RQ 6XSHUZLQG FRQFHSW QHHG WR EH FRQGXFWHG� 6R IDU WKH\ KDYH EHHQ MXVWLILHG
DOPRVW VROHO\ RQ WKH SHUIRUPDQFH RI 62)&V� )XUWKHU UHVHDUFK FRXOG EULQJ WR OLJKW DGGLWLRQDO
FRPSOLFDWLRQV�

:KHQ LW FRPHV WR VRFLR�HFRQRPLF IHDVLELOLW\ OLIH F\FOH DVVHVVPHQW DQG FRVW EHQHILW DQDO\VLV
FDQ EH FDUULHG RXW LI VXIILFLHQW GDWD FDQ EH DYDLOHG� &DVH VWXG\ RQ H[LVWLQJ ,5�0&)& FRSURGXF�
LQJ SODQWV PD\ DOVR EH EHQHILFLDO WR JHW D EHWWHU XQGHUVWDQGLQJ RI WKHVH V\VWHPV� 7KLV ZRXOG
DOVR SURYLGH LQIRUPDWLRQ RQ WKH LQYROYHPHQW DQG LQWHUDFWLRQV EHWZHHQ YDULRXV VWDNHKROGHUV
DQG DFWRUV �



%LEOLRJUDSK\

>�@ (OOD $GOHQ DQG &DPHURQ +HSEXUQ� �� FDUERQ FDSWXUH PHWKRGV FRPSDUHG� FRVWV� VFDO�
DELOLW\� SHUPDQHQFH� FOHDQQHVV� HQHUJ\SRVW�HX� ����� 85/ KWWSV���HQHUJ\SRVW�H
X����FDUERQ�FDSWXUH�PHWKRGV�FRPSDUHG�FRVWV�VFDODELOLW\�SHUPDQH
QFH�FOHDQQHVV�� $FFHVVHG� �����������

>�@ 8QLWHG 6WDWHV (QHUJ\ ,QIRUPDWLRQ $GPLQLVWUDWLRQ� )UHTXHQWO\ DVNHG TXHVWLRQV� KRZ
PXFK FDUERQ GLR[LGH LV SURGXFHG ZKHQ GLIIHUHQW IXHOV DUH EXUQHG"� ����� 85/ KWWSV�
��ZZZ�HLD�JRY�WRROV�IDTV�IDT�SKS"LG ��	W ��� $FFHVVHG� �����������

>�@ 7KH 1HWKHUODQGV (QWHUSULVH $JHQF\� 6WLPXODWLRQ RI VXVWDLQDEOH HQHUJ\ WUDQVLWLRQ
�VGH���� ����� 85/ KWWSV���HQJOLVK�UYR�QO�VXEVLGLHV�SURJUDPPHV�VGH�
$FFHVVHG� �����������

>�@ 8QLWHG 6WDWHV (QYLURQPHQWDO 3URWHFWLRQ $JHQF\� &KS EHQHILWV� ����� 85/ KWWSV�
��ZZZ�HSD�JRY�FKS�FKS�EHQHILWV� $FFHVVHG� �����������

>�@ 6 $KPHG� ' 3DSDGLDV� 5 $KOXZDOLD� 7 +XD� DQG +65RK� 3HUIRUPDQFH DQG FRVW DQDO\VLV
IRU D ��� NZ WUL�JHQHUDWLRQ PROWHQ FDUERQDWH IXHO FHOO V\VWHP� ,Q 3URFHHGLQJV RI WKH ����
86 '2( +\GURJHQ DQG )XHO &HOOV 3URJUDP DQG 9HKLFOH 7HFKQRORJLHV 2IILFH� $QQXDO
0HULW 5HYLHZ DQG 3HHU (YDOXDWLRQ 0HHWLQJ� $UOLQJWRQ� :9� 86$� SDJHV �±��� �����

>�@ $LP�)ORXULVK� &UHDWLQJ D K\GURJHQ�EDVHG VRFLHW\ DQG LWV LPSDFW RQ JOREDO ZDUPLQJ DQG
SHDFH� ����� 85/ KWWSV���DLP�IORXULVK�FRP�LQQRYDWLRQV�FUHDWLQJ�D�
K\GURJHQ�EDVHG�VRFLHW\�DQG�LWV�LPSDFW�RQ�JOREDO�ZDUPLQJ�DQG�SH
DFH� $FFHVVHG� �����������

>�@ $ $PRUHOOL� 0% :LONLQVRQ� 3 %HGRQW� 3 &DSRELDQFR� % 0DUFHQDUR� ) 3DURGL� DQG
$ 7RUD]]D� $Q H[SHULPHQWDO LQYHVWLJDWLRQ LQWR WKH XVH RI PROWHQ FDUERQDWH IXHO FHOOV WR
FDSWXUH FR� IURP JDV WXUELQH H[KDXVW JDVHV� ,Q*UHHQKRXVH *DV &RQWURO 7HFKQRORJLHV�
�WK ,QWHUQDWLRQDO &RQIHUHQFH� SDJHV ����±����� (OVHYLHU� �����

>�@ $VLPSWRWH� &\FOH�WHPSR� 85/ KWWS���ZZZ�DVLPSWRWH�QO�VRIWZDUH�F\FOH�WH
PSR��

>�@ 6) $X� 1:RXGVWUD� . +HPPHV� DQG , 8FKLGD� 9HULILFDWLRQ RI D VLPSOH QXPHULFDO IXHO FHOO
PRGHO LQ D IORZVKHHWLQJ SURJUDP E\ SHUIRUPDQFH WHVWLQJ RI D ��� FP� PROWHQ FDUERQDWH
IXHO FHOO� (QHUJ\ FRQYHUVLRQ DQG PDQDJHPHQW� �����������±����� �����

>��@ :/ %HFNHU� 5- %UDXQ� 0 3HQHY� DQG 0 0HODLQD� 'HVLJQ DQG WHFKQRHFRQRPLF SHU�
IRUPDQFH DQDO\VLV RI D � PZ VROLG R[LGH IXHO FHOO SRO\JHQHUDWLRQ V\VWHP IRU FRPELQHG
SURGXFWLRQ RI KHDW� K\GURJHQ� DQG SRZHU� -RXUQDO RI 3RZHU 6RXUFHV� ������±��� �����

>��@ 3DXO %UHH]H� )XHO &HOOV� $FDGHPLF 3UHV� �����

>��@ -DFRE %URXZHU� 2Q WKH UROH RI IXHO FHOOV DQG K\GURJHQ LQ D PRUH VXVWDLQDEOH DQG UH�
QHZDEOH HQHUJ\ IXWXUH� &XUUHQW $SSOLHG 3K\VLFV� ������6�±6��� �����

��



�� %LEOLRJUDSK\

>��@ )XHO &HOOV %XOOHWLQ� )XHOFHOO HQHUJ\ WULJHQ V\VWHP IRU WR\RWD DW ORQJ EHDFK� ����� 85/
KWWS���ZZZ�VFLHQFHGLUHFW�FRP�VFLHQFH�DUWLFOH�SLL�6�������������
����

>��@ 67()$12&DPSDQDUL� 3$2/2&KLHVD� *,$03$2/20DQ]ROLQL� $ *LDQQRWWL� ) )HGHULFL�
3 %HGRQW� DQG ) 3DURGL� $SSOLFDWLRQ RI PFIFV IRU DFWLYH FR� FDSWXUH ZLWKLQ QDWXUDO JDV
FRPELQHG F\FOHV� (QHUJ\ 3URFHGLD� ������±����� �����

>��@ 3DROR &KLHVD� 6WHIDQR &DPSDQDUL� DQG *LDPSDROR0DQ]ROLQL� &R� FU\RJHQLF VHSDUDWLRQ
IURP FRPELQHG F\FOHV LQWHJUDWHG ZLWK PROWHQ FDUERQDWH IXHO FHOOV� ,QWHUQDWLRQDO MRXUQDO
RI K\GURJHQ HQHUJ\� ������������±������ �����

>��@ $UQDE &KRXGKXU\� + &KDQGUD� DQG $ $URUD� $SSOLFDWLRQ RI VROLG R[LGH IXHO FHOO WHFKQRO�
RJ\ IRU SRZHU JHQHUDWLRQƠD UHYLHZ� 5HQHZDEOH DQG 6XVWDLQDEOH (QHUJ\ 5HYLHZV� ���
���±���� �����

>��@ 9 &LJRORWWL� 6 0F3KDLO� DQG $ 0RUHQR� 1RQFRQYHQWLRQDO IXHOV IRU KLJK�WHPSHUDWXUH IXHO
FHOOV� VWDWXV DQG LVVXHV� -RXUQDO RI IXHO FHOO VFLHQFH DQG WHFKQRORJ\� ����� �����

>��@ (XURSHDQ &RPLVVLRQ� 0F�ZDS� PROWHQ�FDUERQDWH IXHO FHOOV IRU ZDWHUERUQH DSSOLFDWLRQ�
����� 85/ KWWSV���WULPLV�HF�HXURSD�HX�SURMHFW�PROWHQ�FDUERQDWH�I
XHO�FHOOV�ZDWHUERUQH�DSSOLFDWLRQ�WDE�GRFV� $FFHVVHG� �����������

>��@ (XURSHDQ &RPPLVVLRQ� $ K\GURJHQ VWUDWHJ\ IRU D FOLPDWH�QHXWUDO HXURSH� ����� 85/
KWWSV���RS�HXURSD�HX�HQ�SXEOLFDWLRQ�GHWDLO���SXEOLFDWLRQ�����I
����F������HD�E�D����DD��HG��D��ODQJXDJH�HQ� $FFHVVHG� �����������

>��@ +\GURJHQ &RXQFLO� 3DWK WR K\GURJHQ FRPSHWLWLYHQHVV� $ FRVW SHUVSHFWLYH� +\GURJHQ
&RXQFLO� %UXVVHOV� %HOJLXP� �����

>��@ *OREDO :LQG (QHUJ\ &RXQFLO �*:(&�� *OREDO ZLQG UHSRUW� ����� 85/ KWWS���JZ
HF�QHW�ZS�FRQWHQW�XSORDGV���������*OREDO�:LQG������5HSRUW�SGI�
$FFHVVHG� �����������

>��@ 7DWLDQH GD 6LOYD 9HUDV� 7KLDJR 6LPRQDWR 0R]HU� $OGDUD GD 6LOYD &pVDU� HW DO� +\GURJHQ�
WUHQGV� SURGXFWLRQ DQG FKDUDFWHUL]DWLRQ RI WKH PDLQ SURFHVV ZRUOGZLGH� ,QWHUQDWLRQDO
MRXUQDO RI K\GURJHQ HQHUJ\� ����������±����� �����

>��@ 3HWHU GH /DDW� 2YHUYLHZ RI K\GURJHQ SURMHFWV LQ WKH QHWKHUODQGV WNL QLHXZ JDV� �����
85/ KWWSV���FRPPXQLW\�LHDZLQG�RUJ�SXEOLFDWLRQV�DU� $FFHVVHG� �����
������

>��@ 8PEHUWR 'HVLGHUL� 6WHIDQLD 3URLHWWL� 3DROR 6GULQJROD� *LRYDQQL &LQWL� DQG )LOLSSR &XUELV�
0FIF�EDVHG FR� FDSWXUH V\VWHP IRU VPDOO VFDOH FKS SODQWV� ,QWHUQDWLRQDO -RXUQDO RI
+\GURJHQ (QHUJ\� ������������±������ �����

>��@ øEUDKLP 'LQoHU DQG &DOLQ =DPILUHVFX� $GYDQFHG SRZHU JHQHUDWLRQ V\VWHPV� $FDGHPLF
3UHVV� �����

>��@ *DEULHOH 'LVFHSROL� *LRYDQQL &LQWL� 8PEHUWR 'HVLGHUL� 'DQLHOH 3HQFKLQL� DQG 6WHIDQLD
3URLHWWL� &DUERQ FDSWXUH ZLWK PROWHQ FDUERQDWH IXHO FHOOV� ([SHULPHQWDO WHVWV DQG IXHO
FHOO SHUIRUPDQFH DVVHVVPHQW� ,QWHUQDWLRQDO -RXUQDO RI *UHHQKRXVH *DV &RQWURO� �����±
���� �����



%LEOLRJUDSK\ ��

>��@ (�WHFK� 7KH IXHO FHOO LQGXVWU\ UHYLHZ ����� ����� 85/ ZZZ�)XHO&HOO,QGXVWU\5H
YLHZ�FRP� $FFHVVHG� �����������

>��@ 8�6� (QHUJ\ ,QIRUPDWLRQ $GPLQLVWUDWLRQ� (,$����� ���� DQQXDO HOHFWULF JHQHUDWRU UHSRUW�
����� 85/ KWWSV���ZZZ�HLD�JRY�HOHFWULFLW\�JHQHUDWRUFRVWV��JHQHUDW
H� $FFHVVHG� �����������

>��@ %ORRP HQHUJ\� %ORRP HQHUJ\ VHUYHU HV�����NZ� ����� 85/ KWWSV���ZZZ�EORRPH
QHUJ\�FRP�GDWDVKHHWV�HQHUJ\�VHUYHU�HV�����NZ� $FFHVVHG� �����������

>��@ )XHO&HOO (QHUJ\� 6XUHVRXUFH ����� ��� PHJDZDWWV� ����� 85/ KWWSV���ZZZ�IXHO
FHOOHQHUJ\�FRP�ZS�FRQWHQW�XSORDGV���������3URGXFW�6SHF�6XUH6RX
UFH������SGI� $FFHVVHG� �����������

>��@ )XHO&HOO (QHUJ\� 'HYHORSPHQW RI WKH IXHOFHOO HQHUJ\ SURMHFW DW WR\RWDƪV SRUW RI ORQJ
EHDFK IDFLOLW\ WR SURFHHG� FDOLIRUQLD SXEOLF XWLOLWLHV FRPPLVVLRQ UHDIILUPV WKDW WKH XVH RI
GLUHFWHG ELRJDV XQGHU WKH ELRHQHUJ\ PDUNHW DGMXVWLQJ WDULII �ELRPDW� SURJUDP LV SHUPLV�
VLEOH� ����� 85/ KWWSV���ZZZ�JOREHQHZVZLUH�FRP�QHZV�UHOHDVH��������
��������������HQ�'HYHORSPHQW�RI�WKH�)XHO&HOO�(QHUJ\�3URMHFW�DW
�7R\RWD�V�3RUW�RI�/RQJ�%HDFK�)DFLOLW\�WR�3URFHHG�&DOLIRUQLD�3X
EOLF�8WLOLWLHV�&RPPLVVLRQ�5HDIILUPV�WKDW�WKH�8VH�RI�'LUHFWHG�%
LRJDV�XQGHU�KWPO� $FFHVVHG� �����������

>��@ (XURJDV� (XURJDV VFHQDULR VWXG\ ZLWK SULPHV� 2YHUDFKLHYLQJ FOLPDWH WDUJHWV ZLWK JDV
DW D ORZHU FRVW� (XURJDV� ����� 85/ KWWSV���HXURJDV�RUJ�ZHEVLWH�ZS�FRQWH
QW�XSORDGV���������(XURJDVBLQIRJUDSKLFB��������E�SGI�

>��@ (XURKHDW DQG 3RZHU� 'LVWULFW HQHUJ\ LQ WKH QHWKHUODQGV� ����� 85/ KWWSV���ZZZ�HX
URKHDW�RUJ�NQRZOHGJH�KXE�GLVWULFW�HQHUJ\�QHWKHUODQGV�� $FFHVVHG�
�����������

>��@ 0/ )DUR� 6 7URFLQR� 6& =LJQDQL� DQG $6 $ULFz� 6ROLG R[LGH IXHO FHOOV� ,Q &RPSHQGLXP
RI +\GURJHQ (QHUJ\� SDJHV ��±���� (OVHYLHU� �����

>��@ )HGHUDO 0LQLVWU\ IRU (FRQRPLF $IIDLUV DQG (QHUJ\ 3XEOLF 5HODWLRQV 'LYLVLRQ� 7KH QDWLRQDO
K\GURJHQ VWUDWHJ\� ����� 85/ KWWSV���ZZZ�EPZL�GH�5HGDNWLRQ�(1�3XEOLND
WLRQHQ�(QHUJLH�WKH�QDWLRQDO�K\GURJHQ�VWUDWHJ\�SGI"BBEORE SXEOLF
DWLRQ)LOH	Y �� $FFHVVHG� �����������

>��@ ,QWHUQDWLRQDO 3DUWQHUVKLS IRU +\GURJHQ DQG )XHO &HOOV LQ WKH (FRQRP\� 1HWKHUODQGV�
����� 85/ KWWSV���ZZZ�LSKH�QHW�QHWKHUODQGV� $FFHVVHG� �����������

>��@ 'DQLHO )UDLOH� -HDQ�&KULVWRSKH /DQRL[� 3DWULFN 0DLR� $]DOHD 5DQJHO� DQG $QJHOLFD 7RU�
UHV� 2YHUYLHZ RI WKH PDUNHW VHJPHQWDWLRQ IRU K\GURJHQ DFURVV SRWHQWLDO FXVWRPHU
JURXSV� EDVHG RQ NH\ DSSOLFDWLRQ DUHDV� &HUWLI+\� -XQH� �����

>��@ $ )UDQ]HQ� ) +REPD� +'H -RQJH� DQG*:LJPDQV� 0DQDJHPHQW RI XUEDQ GHYHORSPHQW
SURFHVVHV LQ WKH QHWKHUODQGV� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� 'HOIW� 7HFKQH 3UHVV�� �����

>��@ )XHO&HOO:RUNV� 1RYHO IXHO FHOO WHFKQRORJ\ HDVHV LQGXVWU\ WUDQVLWLRQ WRZDUGV K\GURJHQ�
SRZHUHG IOHHWV� ����� 85/ KWWSV���IXHOFHOOVZRUNV�FRP�QHZV�QRYHO�IXHO
�FHOO�WHFKQRORJ\�HDVHV�LQGXVWU\�WUDQVLWLRQ�WRZDUGV�K\GURJHQ�SR
ZHUHG�IOHHWV�� $FFHVVHG� �����������
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>��@ /HDQQD *DUILHOG� 7KH GXWFK SODQ WR EXLOG WKH ZRUOG¶V ELJJHVW ZLQG IDUP� FRPSOHWH ZLWK
D ODUJH IORDWLQJ LVODQG� ����� 85/ KWWSV���ZZZ�EXVLQHVVLQVLGHU�FRP�ZRUOGV
�ODUJHVW�ZLQG�IDUP�QHWKHUODQGV�LVODQG�������"LQWHUQDWLRQDO WUX
H	U 86	,5 7� $FFHVVHG� �����������

>��@ *XLGHKRXVH *DV )RU &OLPDWH� *DV GHFDUERQLVDWLRQ SDWKZD\V ����⽝����� *DV )RU
&OLPDWH� ����� 85/ KWWSV���JDVIRUFOLPDWH�����HX�SXEOLFDWLRQV��

>��@ )UDQN : *HHOV� 7HFKQRORJLFDO WUDQVLWLRQV DV HYROXWLRQDU\ UHFRQILJXUDWLRQ SURFHVVHV� D
PXOWL�OHYHO SHUVSHFWLYH DQG D FDVH�VWXG\� 5HVHDUFK SROLF\� ������������±����� �����

>��@ )UDQN : *HHOV� )URP VHFWRUDO V\VWHPV RI LQQRYDWLRQ WR VRFLR�WHFKQLFDO V\VWHPV� ,Q�
VLJKWV DERXW G\QDPLFV DQG FKDQJH IURP VRFLRORJ\ DQG LQVWLWXWLRQDO WKHRU\� 5HVHDUFK
SROLF\� �����������±���� �����

>��@ )UDQN : *HHOV DQG -RKDQ 6FKRW� 7\SRORJ\ RI VRFLRWHFKQLFDO WUDQVLWLRQ SDWKZD\V� 5H�
VHDUFK SROLF\� ���������±���� �����

>��@ 0DUWLQ *HLGO� *DXGHQ] .RHSSHO� 3DWULFN )DYUH�3HUURG� %HUQG .ORFNO� *RUDQ $QGHUVVRQ�
DQG .ODXV )URKOLFK� (QHUJ\ KXEV IRU WKH IXWXUH� ,((( SRZHU DQG HQHUJ\ PDJD]LQH� �
������±��� �����

>��@ /HRQDUGR *LRUJL DQG )DELR /HFFHVH� )XHO FHOOV� WHFKQRORJLHV DQG DSSOLFDWLRQV� 7KH
2SHQ )XHO &HOOV -RXUQDO� ����� �����

>��@ *OREDO3HWURO3ULFHV�FRP� (OHFWULFLW\ SULFHV� ����� 85/ KWWSV���ZZZ�JOREDOSHWU
ROSULFHV�FRP�HOHFWULFLW\BSULFHV�� $FFHVVHG� �����������

>��@ -� *XHUUHUR� )� %ODDEMHUJ� 7� =KHOHY� .� +HPPHV� (� 0RQPDVVRQ� 6� -HPHL� 0� 3�
&RPHFK� 5� *UDQDGLQR� DQG -� *� )UDX� 'LVWULEXWHG JHQHUDWLRQ� 7RZDUG D QHZ HQHUJ\
SDUDGLJP� ,((( ,QGXVWULDO (OHFWURQLFV 0DJD]LQH� ����±��� �����

>��@ 8WNDUVK *XSWD DQG 8GD\ 7XUDJD� +\GURJHQ LV EDFN LQ YRJXH� ����� 85/ KWWSV���DG
L�DQDO\WLFV�FRP������������K\GURJHQ�LV�EDFN�LQ�YRJXH�� $FFHVVHG�
�����������

>��@ .� +HPPHV� )XHO FHOOV� ,Q 0RGHUQ $VSHFWV RI (OHFWURFKHPLVWU\� SDJHV ���±����
6SULQJHU 86� ����� GRL� �������������������������B�� 85/ KWWSV�
��GRL�RUJ����������)�����������������B��

>��@ . +HPPHV� 7RZDUGV PXOWL�VRXUFH PXOWL�SURGXFW DQG RWKHU LQWHJUDWHG HQHUJ\ V\VWHPV�
,QWHUQDWLRQDO -RXUQDO RI ,QWHJUDWHG (QHUJ\ 6\VWHPV� ������±��� �����

>��@ . +HPPHV� $/ 9HUQD\� ' 0DQQp� * 6WHHQYRRUGHQ� DQG - 4XLVW� 2SSRUWXQLWLHV IRU
WKH VXSHU ZLQG FRQFHSW LQ WKH UHJLRQ IU\VOkQ� LQWHJUDWLQJ ZLQG HQHUJ\ ZLWK K\GURJHQ
SURGXFLQJ IXHO FHOOV� IDFLOLWDWLQJ VXVWDLQDEOH LQQRYDWLRQV� 6XVWDLQDEOH LQQRYDWLRQ DV D
WRRO IRU UHJLRQDO GHYHORSPHQW� /HHXZDUGHQ� 7KH 1HWKHUODQGV� �����

>��@ . +HPPHV� /0 .DPS� $%+ 9HUQD\� DQG * 'H :HUN� $ PXOWL�VRXUFH PXOWL�SURGXFW
LQWHUQDO UHIRUPLQJ IXHO FHOO HQHUJ\ V\VWHP DV D VWHSSLQJ VWRQH LQ WKH WUDQVLWLRQ WRZDUGV D
PRUH VXVWDLQDEOH HQHUJ\ DQG WUDQVSRUW VHFWRU� ,QWHUQDWLRQDO -RXUQDO RI K\GURJHQ HQHUJ\�
������������±������ �����
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>��@ .� +HPPHV� *LXVHSSH %DUELHUL� <RXQJ 0RR /HH� DQG (QULFR 'ULROL� 3URFHVV LQWHQVLILFD�
WLRQ DQG IXHO FHOOV XVLQJ D PXOWL�VRXUFH PXOWL�SURGXFW DSSURDFK� &KHPLFDO (QJLQHHULQJ
DQG 3URFHVVLQJ � &+(0 (1* 352&(66� ��� �� ����� GRL� ��������M�FHS���������
����

>��@ .DV +HPPHV� $QLVK 3DWLO� DQG 1LFR :RXGVWUD� )OH[LEOH FRSURGXFWLRQ RI K\GURJHQ DQG
SRZHU XVLQJ LQWHUQDO UHIRUPLQJ VROLG R[LGH IXHO FHOOV V\VWHP� -RXUQDO RI IXHO FHOO VFLHQFH
DQG WHFKQRORJ\� ����� �����

>��@ .DV +HPPHV� -RVHS 0 *XHUUHUR� DQG 7RVKNR =KHOHY� +LJKO\ HIILFLHQW GLVWULEXWHG JHQ�
HUDWLRQ DQG KLJK�FDSDFLW\ HQHUJ\ VWRUDJH� &KHPLFDO (QJLQHHULQJ DQG 3URFHVVLQJ� 3UR�
FHVV ,QWHQVLILFDWLRQ� �����±��� �����

>��@ *HUEHQ +LHPLQJD� 6DYLQJ HQHUJ\ LQ WKH QHWKHUODQGV� ����� 85/ KWWSV���ZZZ�LQJ�
QO�PHGLD�(%=B,1*�6DYLQJB(QHUJ\BLQBWKHB1HWKHUODQGV�0D\B����BWFP
����������SGI� $FFHVVHG� �����������

>��@ ,($� :RUOG HQHUJ\ RXWORRN ����� ����� 85/ KWWSV���ZZZ�LHD�RUJ�UHSRUWV�ZR
UOG�HQHUJ\�RXWORRN������JDV�DEVWUDFW� $FFHVVHG� �����������

>��@ ,($� &DUERQ FDSWXUH� XWLOLVDWLRQ DQG VWRUDJH� ����� 85/ KWWSV���ZZZ�LHD�RUJ�
IXHOV�DQG�WHFKQRORJLHV�FDUERQ�FDSWXUH�XWLOLVDWLRQ�DQG�VWRUDJH�
$FFHVVHG� �����������

>��@ ,($� (QHUJ\ WHFKQRORJ\ SHUVSHFWLYHV� WKH ZRUOGƪV JXLGHERRN RQ FOHDQ HQHUJ\ WHFK�
QRORJLHV� ����� 85/ KWWSV���ZZZ�LHD�RUJ�WRSLFV�HQHUJ\�WHFKQRORJ\�S
HUVSHFWLYHV� $FFHVVHG� �����������

>��@ ,($� 7KH IXWXUH RI K\GURJHQ� -XQH ����� KWWSV���ZZZ�LHD�RUJ�UHSRUWV�WKH�IXWXUH�RI�
K\GURJHQ� $FFHVVHG� �����������

>��@ 712 LQQRYDWLRQV IRU OLIH� %UHDNWKURXJK LQ EDWWHU\ LQGXVWU\� /H\GHQMDU ERRVWV EDWWHU\
HQHUJ\ E\ ���� ����� 85/ KWWSV���ZZZ�WQR�QO�HQ�DERXW�WQR�QHZV������
��EUHDNWKURXJK�LQ�EDWWHU\�LQGXVWU\�OH\GHQMDU�ERRVWV�EDWWHU\�HQ
HUJ\�E\����� $FFHVVHG� �����������

>��@ 7HFKQRORJLFDO FROODERUDWLRQ SURJUDPPH RQ $GYDQFHG )XHO &HOOV ,QWHUQDWLRQDO (QHUJ\
$JHQF\ �,($�� $QQXDO UHSRUW ���������� ����� 85/ KWWSV���ZZZ�LHDIXHOFHOO�
FRP�LQGH[�SKS"LG �� $FFHVVHG� �����������

>��@ ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $JHQF\ �,5(1$�� 2II�JULG UHQHZDEOH HQHUJ\ VROXWLRQV
WR H[SDQG HOHFWULFLW\ DFFHVV� $Q RSSRUWXQLW\ QRW WR EH PLVVHG� -DQXDU\ ����� 85/
KWWSV���ZZZ�LUHQD�RUJ�SXEOLFDWLRQV������-DQ�2II�JULG�UHQHZDEOH
�HQHUJ\�VROXWLRQV�WR�H[SDQG�HOHFWULFLW\�WR�DFFHVV�$Q�RSSRUWXQL
W\�QRW�WR�EH�PLVVHG� $FFHVVHG� �����������

>��@ ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $JHQF\ �,5(1$�� 5HQHZDEOH FDSDFLW\ VWDWLVWLFV �����
0DUFK ����� 85/ ZZZ�LUHQD�RUJ�3XEOLFDWLRQV� $FFHVVHG� �����������

>��@ ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $VVRFLDWLRQ �,5(1$�� +RZ IDOOLQJ FRVWV PDNH UHQHZ�
DEOHV D FRVW�HIIHFWLYH LQYHVWPHQW� ����� 85/ KWWSV���ZZZ�LUHQD�RUJ�QHZVURRP
�DUWLFOHV������-XQ�+RZ�)DOOLQJ�&RVWV�0DNH�5HQHZDEOHV�D�&RVW�HI
IHFWLYH�,QYHVWPHQW� $FFHVVHG� �����������
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>��@ /XF -RULV�ƩGXWFK HOHFWULFLW\ JULG FDQƪW FRSH ZLWK JURZLQJ VXSSO\ƪ� ����� 85/ KWWSV�
��QHZPRELOLW\�QHZV������������HOHFWULFLW\�QHWZRUNV�FDQW�FRSH�Z
LWK�VXSSO\�� $FFHVVHG� �����������

>��@ $UL .DKDQ� *OREDO HOHFWULFLW\ FRQVXPSWLRQ FRQWLQXHV WR ULVH IDVWHU WKDQ SRSXODWLRQ� 8�6�
(QHUJ\ ,QIRUPDWLRQ� ����� 85/ KWWSV���ZZZ�HLD�JRY�WRGD\LQHQHUJ\�GHWDLO
�SKS"LG ������ $FFHVVHG� �����������

>��@ 0XKDPPHW .D\IHFL� $OL .HoHEDú� DQG 0XWOXFDQ %D\DW� +\GURJHQ SURGXFWLRQ� ,Q 6RODU
+\GURJHQ 3URGXFWLRQ� SDJHV ��±��� (OVHYLHU� �����

>��@ 5HQp .HPS� -RKDQ 6FKRW� DQG 5HPFR +RRJPD� 5HJLPH VKLIWV WR VXVWDLQDELOLW\ WKURXJK
SURFHVVHV RI QLFKH IRUPDWLRQ� WKH DSSURDFK RI VWUDWHJLF QLFKHPDQDJHPHQW� 7HFKQRORJ\
DQDO\VLV 	 VWUDWHJLF PDQDJHPHQW� ���������±���� �����

>��@ (ULN�+DQV .OLMQ DQG -RRS )0 .RSSHQMDQ� 3XEOLF PDQDJHPHQW DQG SROLF\ QHWZRUNV�
IRXQGDWLRQV RI D QHWZRUN DSSURDFK WR JRYHUQDQFH� 3XEOLF 0DQDJHPHQW DQ ,QWHUQDWLRQDO
-RXUQDO RI 5HVHDUFK DQG 7KHRU\� ��������±���� �����

>��@ 9HUD .|VWHU� +RZ GR IXHO FHOOV ZRUN"� ����� 85/ KWWSV���ZZZ�FKHPLVWU\YLH
ZV�RUJ�GHWDLOV�HGXFDWLRQ���������+RZB'RB)XHOB&HOOVB:RUN�KWPO�
$FFHVVHG� �����������

>��@ (OLVkQJHOD 0 /HDO DQG -DFN %URXZHU� $ WKHUPRG\QDPLF DQDO\VLV RI HOHFWULFLW\ DQG K\�
GURJHQ FR�SURGXFWLRQ XVLQJ D VROLG R[LGH IXHO FHOO� -RXUQDO RI )XHO &HOO 6FLHQFH DQG
7HFKQRORJ\� �����±���� �����

>��@ $QGUHZ /HH� -DSDQ RSHQV ZRUOG¶V ODUJHVW JUHHQ�K\GURJHQ SODQW QHDU IXNXVKLPD GLVDVWHU
VLWH� ����� 85/ KWWSV���ZZZ�UHFKDUJHQHZV�FRP�WUDQVLWLRQ�� $FFHVVHG�
�����������

>��@ $QWKRQ\ /HR� 7UL�JHQHUDWLRQ IXHO FHOOV� RSHQLQJ GRRUV WR GLVWULEXWHG K\GURJHQ PDUNHWV�
����� 85/ KWWSV���ZZZ�IXHOFHOOHQHUJ\�FRP�WUL�JHQHUDWLRQ�IXHO�FHO
OV�RSHQLQJ�GRRUV�WR�GLVWULEXWHG�K\GURJHQ�PDUNHWV�FU\RJDV�LQWHU
QDWLRQDO�� $FFHVVHG� �����������

>��@ $UYLQG 1RHO ;DYLHU /HR DQG $QMDQ +HPDQWK .XPDU� )XHO FHOO WHFKQRORJ\ ⽝WKH GDUN KRUVH
RI QHZ HQHUJ\ YHKLFOHV"� ����� 85/ KWWSV���ZZZ�DXWRPRWLYHZRUOG�FRP�DUWL
FOHV�IXHO�FHOO�WHFKQRORJ\�WKH�GDUN�KRUVH�RI�QHZ�HQHUJ\�YHKLFOH
V�� $FFHVVHG� �����������

>��@ ;XSLQJ /L� -RDQ 2JGHQ� DQG &KULVWRSKHU <DQJ� $QDO\VLV RI WKH GHVLJQ DQG HFRQRPLFV
RI PROWHQ FDUERQDWH IXHO FHOO WUL�JHQHUDWLRQ V\VWHPV SURYLGLQJ KHDW DQG SRZHU IRU FRP�
PHUFLDO EXLOGLQJV DQG K� IRU IF YHKLFOHV� -RXUQDO RI SRZHU VRXUFHV� �������±���� �����

>��@ 6LPRQD /LJXRUL� .RXURVK .LDQ� 1RUD %XJJ\� %U\FH + $Q]HOPR� DQG -HQQLIHU :LOFR[� 2S�
SRUWXQLWLHV DQG FKDOOHQJHV RI ORZ�FDUERQ K\GURJHQ YLD PHWDOOLF PHPEUDQHV� 3URJUHVV
LQ (QHUJ\ DQG &RPEXVWLRQ 6FLHQFH� ���������� �����

>��@ -RVH 0� %HUPXGH]� 7DNX +DVHJDZD� DQG 6LPRQ %HQQHWW� +\GURJHQ WUDFNLQJ UHSRUW
�LHD�� ����� 85/ KWWSV���ZZZ�LHD�RUJ�UHSRUWV�K\GURJHQ� $FFHVVHG� �����
������
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>��@ $OLUH]D +DJKLJKDW 0DPDJKDQL� %HK]DG 1DMDIL� $QGUHD &DVDOHJQR� DQG )DELR 5LQDOGL�
/RQJ�WHUP HFRQRPLF DQDO\VLV DQG RSWLPL]DWLRQ RI DQ KW�SHP IXHO FHOO EDVHG PLFUR FRP�
ELQHG KHDW DQG SRZHU SODQW� $SSOLHG 7KHUPDO (QJLQHHULQJ� �������±����� �����

>��@ '- 0DQQp� 7KHPDUNHW LQWURGXFWLRQ RI VXSHUZLQG LQ WKH QHWKHUODQGV� 78'HOIW UHSRVLWRU\�
�����

>��@ 3HUH 0DUJDOHI� 7LP %URZQ� -DFRE %URXZHU� DQG 6FRWW 6DPXHOVHQ� &RQFHSWXDO GHVLJQ
DQG FRQILJXUDWLRQ SHUIRUPDQFH DQDO\VHV RI SRO\JHQHUDWLQJ KLJK WHPSHUDWXUH IXHO FHOOV�
,QWHUQDWLRQDO -RXUQDO RI K\GURJHQ HQHUJ\� ������������±������ �����

>��@ 3HUH 0DUJDOHI� 7LP 0 %URZQ� -DFRE %URXZHU� DQG 6FRWW 6DPXHOVHQ� (IILFLHQF\ FRP�
SDULVRQ RI WUL�JHQHUDWLQJ KWIF WR FRQYHQWLRQDO K\GURJHQ SURGXFWLRQ WHFKQRORJLHV� ,QWHU�
QDWLRQDO -RXUQDO RI K\GURJHQ HQHUJ\� �����������±����� �����

>��@ $OHQD 0DVFKNH� 6FH KDOWV WR\RWDƪV SODQV IRU IXHO FHOO SRZHU SODQW LQ ORQJ EHDFK� �����
85/ KWWSV���ZZZ�OEEXVLQHVVMRXUQDO�FRP�VFH�KDOWV�WR\RWDV�SODQV�
IRU�IXHO�FHOO�SRZHU�SODQW�LQ�ORQJ�EHDFK�� $FFHVVHG� �����������

>��@ %DNHU 0F.HQ]LH� 6KDSLQJ WRPRUURZ¶V JOREDO K\GURJHQ PDUNHW� ����� 85/ KWWSV�
��ZZZ�EDNHUPFNHQ]LH�FRP�HQ�LQVLJKW�SXEOLFDWLRQV���������VKDSLQ
J�WRPRUURZV�JOREDO�K\GURJHQ�PDUNHW� $FFHVVHG� �����������

>��@ 'XVWLQ 0F/DUW\ DQG -DFN %URXZHU� 3RO\�JHQHUDWLQJ FORVHG FDWKRGH IXHO FHOO ZLWK FDUERQ
FDSWXUH� $SSOLHG HQHUJ\� �������±���� �����

>��@ %HUW 0HW]� 2JXQODGH 'DYLGVRQ� +HOHHQ 'H &RQLQFN� HW DO� &DUERQ GLR[LGH FDSWXUH DQG
VWRUDJH� VSHFLDO UHSRUW RI WKH LQWHUJRYHUQPHQWDO SDQHO RQ FOLPDWH FKDQJH� &DPEULGJH
8QLYHUVLW\ 3UHVV� �����

>��@ 7KH 1HWKHUODQGV 0LQLVWU\ RI (FRQRPLF $IIDLUV� (QHUJ\ DJHQGD� WRZDUGV D ORZ�FDUERQ
HQHUJ\ VXSSO\� ����� 85/ KWWSV���ZZZ�JRYHUQPHQW�QO�GRFXPHQWV�UHSRUW
V������������HQHUJ\�DJHQGD�WRZDUGV�D�ORZ�FDUERQ�HQHUJ\�VXSSO\�
$FFHVVHG� �����������

>��@ /HR 0LUDQL� 1RERG\ LQ WKH IXHO FHOO LQGXVWU\ KDV HYHU PDGH D SURILWƠWKLV FHR FRXOG EH
WKH ILUVW� ����� 85/ KWWSV���T]�FRP��������IXHOFHOO�HQHUJ\�IXHO�FHOO�
SURILW�� $FFHVVHG� �����������

>��@ $QJHOR 0RUHQR DQG 6WHSKHQ 0F3KDLO� ,QWHUQDWLRQDO VWDWXV RI PROWHQ FDUERQDWH IXHO
FHOO �PFIF� WHFKQRORJ\� (XURSHDQ &RPPLVLRQ� -RLQW 5HVHDUFK &HQWHU DQG ,QVWLWXWH RI
HQHUJ\� �� �����

>��@ 0DFKLHO 0XOGHU� 3HWHU 3HUH\� DQG -RVp / 0RUDJD� 2XWORRN IRU D GXWFK K\GURJHQ PDUNHW�
FHQWUH IRU HQHUJ\ HFRQRPLFV UHVHDUFK� 3ROLF\ 3DSHUV� 1XPEHU �� �����

>��@ (*	* 7HFKQLFDO 6HUYLFHV ,QF 1DWLRQDO (QHUJ\ 7HFKQRORJ\ /DERUDWRU\� 6HYHQWK HGLWLRQ
IXHO FHOO KDQGERRN� 8�6� 'HSDUWPHQW RI (QHUJ\� �� ����� GRL� ���������������

>��@ 3DYORV 1LNRODLGLV DQG $QGUHDV 3RXOOLNNDV� $ FRPSDUDWLYH RYHUYLHZ RI K\GURJHQ SUR�
GXFWLRQ SURFHVVHV� 5HQHZDEOH DQG VXVWDLQDEOH HQHUJ\ UHYLHZV� ������±���� �����

>��@ &RJHQHUDWLRQ 2EVHUYDWRU\ DQG &2'(� 'LVVHPLQDWLRQ (XURSH� '����ILQDO FRJHQHUDWLRQ
URDGPDS� PHPEHU VWDWH� 7KH QHWKHUODQGV� ����� 85/ KWWS���ZZZ�FRGH��SURM
HFW�HX�ZS�FRQWHQW�XSORDGV�&2'(��&+3�5RDGPDS�1HWKHUODQGV��SGI�
$FFHVVHG� �����������
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>��@ 8�6� 'HSDUWPHQW RI (QHUJ\� 7UL�JHQHUDWLRQ VXFFHVV VWRU\� :RUOG¶V ILUVW WUL�JHQ HQHUJ\
VWDWLRQƠIRXQWDLQ YDOOH\� ����� 85/ KWWSV���ZZZ�HQHUJ\�JRY�HHUH�IXHOFHOOV�
$FFHVVHG� �����������

>��@ 8�6� 'HSDUWPHQW RI (QHUJ\� &RPELQHG KHDW DQG SRZHU WHFKQRORJ\ IDFW VKHHW VHULHV�
����� 85/ KWWSV���ZZZ�HQHUJ\�JRY�VLWHV�SURG�ILOHV���������I���&+
3�)XHO���&HOO�SGI� $FFHVVHG� �����������

>��@ 8�6� 'HSDUWPHQW RI (QHUJ\� +\GURJHQ SURGXFWLRQ� 1DWXUDO JDV UHIRUPLQJ� ����� 85/
KWWSV���ZZZ�HQHUJ\�JRY�HHUH�IXHOFHOOV�K\GURJHQ�SURGXFWLRQ�QDWX
UDO�JDV�UHIRUPLQJ� $FFHVVHG� �����������

>��@ 8�6� 'HSDUWPHQW RI (QHUJ\� &RPSDULVRQ RI IXHO FHOO WHFKQRORJLHV� 1RYHPEHU ����� 85/
KWWSV���ZZZ�HQHUJ\�JRY�VLWHV�SURG�ILOHV���������I���IFWRBIXHOBF
HOOVBIDFWBVKHHW�SGI� $FFHVVHG� �����������

>��@ 8�6� 'HSDUWPHQW RI (QHUJ\� 2IILFH RI (QHUJ\ (IILFLHQF\ DQG 5HQHZDEOH (QHUJ\� 6WDWH
RI WKH VWDWHV� )XHO FHOOV LQ DPHULFD ����� ����� 85/ KWWSV���ZZZ�HQHUJ\�JRY
�VLWHV�SURG�ILOHV���������I���IFWRBVWDWHBRIBVWDWHVB����B��SGI�
$FFHVVHG� �����������

>���@ *RYHUQPHQW RI WKH 1HWKHUODQGV� 5HQHZDEOH HQHUJ\� ����� 85/ KWWSV���ZZZ�JRYH
UQPHQW�QO�WRSLFV�UHQHZDEOH�HQHUJ\� $FFHVVHG� �����������

>���@ *RYHUQPHQW RI WKH 1HWKHUODQGV� &OLPDWH GHDO PDNHV KDOYLQJ FDUERQ HPLVVLRQV IHDVLEOH
DQG DIIRUGDEOH� ����� 85/ KWWSV���ZZZ�JRYHUQPHQW�QO�ODWHVW�QHZV�����
�������FOLPDWH�GHDO�PDNHV�KDOYLQJ�FDUERQ�HPLVVLRQV�IHDVLEOH�DQ
G�DIIRUGDEOH� $FFHVVHG� �����������

>���@ *RYHUQPHQW RI WKH 1HWKHUODQGV� *RYHUQPHQW VWUDWHJ\ RQ K\GURJHQ� ����� 85/ KWWSV�
��ZZZ�JRYHUQPHQW�QO�GRFXPHQWV�SXEOLFDWLRQV������������JRYHUQPH
QW�VWUDWHJ\�RQ�K\GURJHQ� $FFHVVHG� �����������

>���@ +LHU RSJHZHNW� 6DPHQYDWWLQJ ORNDOH HQHUJLH PRQLWRU ����� ����� 85/ KWWSV���ZZ
Z�KLHURSJHZHNW�QO�ORNDOH�HQHUJLH�PRQLWRU� $FFHVVHG� �����������

>���@ $OHVVDQGUD 3DULVLR� &DUPHQ 'HO 9HFFKLR� DQG * 9HORWWR� 5REXVW RSWLPL]DWLRQ RI RS�
HUDWLRQV LQ HQHUJ\ KXE� ,Q ���� ��WK ,((( &RQIHUHQFH RQ 'HFLVLRQ DQG &RQWURO DQG
(XURSHDQ &RQWURO &RQIHUHQFH� SDJHV ����±����� ,(((� �����

>���@ 1 3HUGLNDULV� .' 3DQRSRXORV� 3K +RIPDQQ� 6 6S\UDNLV� DQG ( .DNDUDV� 'HVLJQ DQG
H[HUJHWLF DQDO\VLV RI D QRYHO FDUERQ IUHH WUL�JHQHUDWLRQ V\VWHP IRU K\GURJHQ� SRZHU DQG
KHDW SURGXFWLRQ IURP QDWXUDO JDV� EDVHG RQ FRPELQHG VROLG R[LGH IXHO DQG HOHFWURO\VHU
FHOOV� ,QWHUQDWLRQDO MRXUQDO RI K\GURJHQ HQHUJ\� ����������±����� �����

>���@ 0 3pUH]�)RUWHV� $ 0LDQ� 6DQWKDQDP 6ULNDQWK� / :DQJ� 6 'LHWKHOP� ( 9DUNDUDNL�
, 0LUDEHOOL� 5 0DNNXV� 5 6FKRRQ� ) 0DUpFKDO� HW DO� 'HVLJQ RI D SLORW VRIF V\VWHP IRU WKH
FRPELQHG SURGXFWLRQ RI K\GURJHQ DQG HOHFWULFLW\ XQGHU UHIXHOLQJ VWDWLRQ UHTXLUHPHQWV�
)XHO &HOOV� ���������±���� �����

>���@ 1LFRODV 3RFDUG� )XHO FHOO SULFH WR GURS ������ DV SURGXFWLRQ YROXPH VFDOHV� -DQXDU\
����� 85/ KWWSV���EORJ�EDOODUG�FRP�IXHO�FHOO�SULFH�GURS� $FFHVVHG�
�����������



%LEOLRJUDSK\ ��

>���@ )DUDK 5DPDGKDQL� 0RKG $]ODQ +XVVDLQ� DQG +D]OLH 0RNKOLV� $ FRPSUHKHQVLYH UHYLHZ
DQG WHFKQLFDO JXLGHOLQH IRU RSWLPDO GHVLJQ DQG RSHUDWLRQV RI IXHO FHOO�EDVHG FRJHQHUDWLRQ
V\VWHPV� 3URFHVVHV� ���������� �����

>���@ 7R\RWD 8. 3UHVV 5HOHDVH� 7R\RWD WR EXLOG WKH ZRUOGV ILUVW PHJDZDWW�VFDOH UHQHZDEOH
SRZHU DQG K\GURJHQ JHQHUDWLRQ VWDWLRQ� ����� 85/ KWWSV���PHGLD�WR\RWD�FR�
XN��������� $FFHVVHG� �����������

>���@ 5REHUW 5HPLFN DQG 'RXJODV :KHHOHU� 0ROWHQ FDUERQDWH DQG SKRVSKRULF DFLG VWDWLRQDU\
IXHO FHOOV� RYHUYLHZ DQG JDS DQDO\VLV� 7HFKQLFDO UHSRUW� 1DWLRQDO 5HQHZDEOH (QHUJ\
/DE��15(/�� *ROGHQ� &2 �8QLWHG 6WDWHV�� �����

>���@ ,YDQ 5H[HG� 0DVVLPLOLDQR 'HOOD 3LHWUD� 6WHSKHQ 0F3KDLO� *|UDQ /LQGEHUJK� DQG &DULQD
/DJHUJUHQ� 0ROWHQ FDUERQDWH IXHO FHOOV IRU FR� VHSDUDWLRQ DQG VHJUHJDWLRQ E\ UHWURILWWLQJ
H[LVWLQJ SODQWV±DQ DQDO\VLV RI IHDVLEOH RSHUDWLQJ ZLQGRZV DQG ILUVW H[SHULPHQWDO ILQG�
LQJV� ,QWHUQDWLRQDO -RXUQDO RI *UHHQKRXVH *DV &RQWURO� ������±���� �����

>���@ *LRUJLR 5LQDOGL� 'XVWLQ 0F/DUW\� -DFN %URXZHU� $QGUHD /DQ]LQL� DQG 0DVVLPR 6DQWDUHOOL�
6WXG\ RI FR� UHFRYHU\ LQ D FDUERQDWH IXHO FHOO WUL�JHQHUDWLRQ SODQW� -RXUQDO RI 3RZHU
6RXUFHV� ������±��� �����

>���@ +DQQDK 5LWFKLH� (QHUJ\� 2XU :RUOG LQ 'DWD� ����� 85/ KWWSV���RXUZRUOGLQGDWD
�RUJ�HQHUJ\� $FFHVVHG� �����������

>���@ +DQQDK 5LWFKLH DQG 0D[ 5RVHU� ൢ൭ኼ DQG JUHHQKRXVH JDV HPLVVLRQV� 2XU :RUOG LQ 'DWD�
����� KWWSV���RXUZRUOGLQGDWD�RUJ�FR��DQG�RWKHU�JUHHQKRXVH�JDV�HPLVVLRQV�

>���@ +\GURJHQ URDGPDS (XURSH� $ VXVWDLQDEOH SDWKZD\ IRU WKH HXURSHDQ HQHUJ\ WUDQVLWLRQ�
/X[HPERXUJ� 3XEOLFDWLRQV 2IILFH RI WKH (XURSHDQ 8QLRQ� �����

>���@ -� 5RELQVRQ� &RVW� ORJLVWLFV RIIHU ¶EOXH K\GURJHQ¶ PDUNHW DGYDQWDJHV RYHU ¶JUHHQ¶ DOWHU�
QDWLYH� 6	3 *OREDO� �����

>���@ -RKDQ 6FKRW DQG )UDQN : *HHOV� 6WUDWHJLF QLFKH PDQDJHPHQW DQG VXVWDLQDEOH LQQR�
YDWLRQ MRXUQH\V� WKHRU\� ILQGLQJV� UHVHDUFK DJHQGD� DQG SROLF\� 7HFKQRORJ\ DQDO\VLV 	
VWUDWHJLF PDQDJHPHQW� ���������±���� �����

>���@ %UHQGDQ 6KDIIHU DQG -DFRE %URXZHU� )HDVLELOLW\ RI VROLG R[LGH IXHO FHOO G\QDPLF K\�
GURJHQ FRSURGXFWLRQ WR PHHW EXLOGLQJ GHPDQG� -RXUQDO RI 3RZHU 6RXUFHV� ������±���
�����

>���@ -RVp /X] 6LOYHLUD� (OLVDQJHOD 0DUWLQV /HDO� DQG /XL] ) 5DJRQKD -U� $QDO\VLV RI D PROWHQ
FDUERQDWH IXHO FHOO� FRJHQHUDWLRQ WR SURGXFH HOHFWULFLW\ DQG FROG ZDWHU� (QHUJ\� �������
���±���� �����

>���@ &KXQVKDQ 6RQJ� )XHO SURFHVVLQJ IRU ORZ�WHPSHUDWXUH DQG KLJK�WHPSHUDWXUH IXHO FHOOV
FKDOOHQJHV� DQG RSSRUWXQLWLHV IRU VXVWDLQDEOH GHYHORSPHQW LQ WKH ��VW FHQWXU\� &DWDO\VLV
7RGD\� �����±��� �� ����� GRL� ��������6���������������������

>���@ )5$0 6WDQGDHUW� . +HPPHV� DQG 1 :RXGVWUD� $QDO\WLFDO IXHO FHOO PRGHOLQJ� -RXUQDO
RI 3RZHU 6RXUFHV� ���������±���� �����

>���@ (XURSHDQ &RPPLVVLRQ� 6WUDWHJLF (QHUJ\ 7HFKQRORJLHV ,QIRUPDWLRQ 6\VWHP� 6PDUW HOHF�
WULFLW\ JULGV� 7HFKQRORJ\ LQIRUPDWLRQ VKHHW� ����� 85/ KWWSV���VHWLV�HF�HXURS
D�HX�V\VWHP�ILOHV�7HFKQRORJ\B,QIRUPDWLRQB6KHHWB6PDUWB*ULGV�SGI�
$FFHVVHG� �����������



�� %LEOLRJUDSK\

>���@ 6L[WK (GLWLRQ 7KH &ROXPELD (QF\FORSHGLD� &RJHQHUDWLRQ� ����� 85/ KWWSV���ZZZ�
HQF\FORSHGLD�FRP�KLVWRU\�PRGHUQ�HXURSH�VFDQGLQDYLDQ�KLVWRU\�EL
RJUDSKLHV�FRJHQHUDWLRQ�'� $FFHVVHG� �����������

>���@ /XFDV YDQ &DSSHOOHQ� +- &URH]HQ� DQG )- 5RRLMHUV� )HDVLELOLW\ 6WXG\ ,QWR %OXH +\GUR�
JHQ� 7HFKQLFDO� (FRQRPLF 	 6XVWDLQDELOLW\ $QDO\VLV� &( 'HOIW� �����

>���@ /DXULH YDQ GHU %XUJ DQG 1LQH GH 3DWHU� 3DVW WLPH IRU DFWLRQ� 6XEVLGLHV DQG SXEOLF
ILQDQFH IRU IRVVLO IXHOV LQ WKH QHWKHUODQGV� ����� 85/ KWWS���SULFHRIRLO�RUJ��
����������SDVW�WLPH�IRU�DFWLRQ�� $FFHVVHG� �����������

>���@ 9LWWRULR 9HUGD DQG )ODYLR 1LFROLQ� 7KHUPRG\QDPLF DQG HFRQRPLF RSWLPL]DWLRQ RI D PFIF�
EDVHG K\EULG V\VWHP IRU WKH FRPELQHG SURGXFWLRQ RI HOHFWULFLW\ DQG K\GURJHQ� ,QWHUQD�
WLRQDO -RXUQDO RI +\GURJHQ (QHUJ\� ���������±���� �����

>���@ %DODVXEUDPDQLDQ 9LVZDQDWKDQ� (QHUJ\ VRXUFHV� )XQGDPHQWDOV RI &KHPLFDO &RQYHU�
VLRQ 3URFHVVHV DQG $SSOLFDWLRQV� &KDSWHU �� � )XHO &HOOV� (OVHYLHU� �����

>���@ +�( 9ROOPDU� &�8 0DLHU� & 1|OVFKHU� 7 0HUNOHLQ� DQG 0 3RSSLQJHU� ,QQRYDWLYH FRQFHSWV
IRU WKH FRSURGXFWLRQ RI HOHFWULFLW\ DQG V\QJDV ZLWK VROLG R[LGH IXHO FHOOV� -RXUQDO RI 3RZHU
6RXUFHV� ����������±��� �����

>���@ ( :HLGQHU� 5 2UWL] &HEROOD� DQG - 'DYLHV� *OREDO GHSOR\PHQW RI ODUJH FDSDFLW\ VWDWLRQ�
DU\ IXHO FHOOV� 7HFKQLFDO UHSRUW� 7HFKQLFDO UHSRUW E\ WKH -RLQW 5HVHDUFK &HQWUH �-5&��
(XURSHDQ &RPPLVVLRQ� �����

>���@ 6DW\D :LG\D <XGKD DQG %HQQ\ 7MDKMRQR� 6WDNHKROGHU PDSSLQJ DQG DQDO\VLV RI WKH
UHQHZDEOH HQHUJ\ LQGXVWU\ LQ LQGRQHVLD� (QHUJLHV� ���������� �����

>���@ $GULD :LOVRQ� *UHJRU\ .OHHQ� DQG 'LPLWULRV 'LPLWULRV 3DSDJHRUJRSRXORV� )XHO FHOO V\V�
WHP FRVW � ����� 1RYHPEHU ����� 85/ KWWSV���ZZZ�K\GURJHQ�HQHUJ\�JRY�SG
IV������BIXHOBFHOOBV\VWHPBFRVWB�����SGI� $FFHVVHG� �����������

>���@ ,($ :ZLQG� ,HD ZLQG WFS ���� DQQXDO UHSRUW� ����� 85/ KWWSV���FRPPXQLW\�LHDZ
LQG�RUJ�SXEOLFDWLRQV�DU� $FFHVVHG� �����������

>���@ <RQJPLQ ;LH� :HL]L &DL� -LH ;LDR� <XEDR 7DQJ� -LDQJ /LX� DQG 0HLOLQ /LX� (OHFWURFKHPL�
FDO JDV±HOHFWULFLW\ FRJHQHUDWLRQ WKURXJK GLUHFW FDUERQ VROLG R[LGH IXHO FHOOV� -RXUQDO RI
3RZHU 6RXUFHV� �����±�� �����

>���@ 6 =HOOQHU� - %XUJWRUI� DQG ' .UDIW�6FKlIHU� &RJHQHUDWLRQ 	 WULJHQHUDWLRQ⽝KRZ WR SURGXFH
HQHUJ\ HIILFLHQWO\ �JL]�� ����� 85/ KWWSV���ZZZ�GILF�GH�LPDJHV�SGI�FRJHQHU
DWLRQ�WULJHQHUDWLRQ�JXLGH�SGI� $FFHVVHG� �����������

>���@ 0 =LRPHN�0RUR] DQG -HIIUH\ $ +DZN� 'HJUDGDWLRQ RI VROLG R[LGH IXHO FHOO PHWDOOLF LQWHU�
FRQQHFWV LQ IXHOV FRQWDLQLQJ VXOIXU� 7HFKQLFDO UHSRUW� $OEDQ\ 5HVHDUFK &HQWHU �$5&��
$OEDQ\� 25� �����



"
62)& PRGHO

7KH IORZVKHHW PRGHO XVHG IRU WKH 62)& VWXG\ LQ WKH SDSHU ´)OH[LEOH &RSURGXFWLRQ RI +\GURJHQ
DQG 3RZHU 8VLQJ ,QWHUQDO 5HIRUPLQJ 6ROLG 2[LGH )XHO &HOOV 6\VWHP´ E\ +HPPHV HW DO� LQ >��@
KDV EHHQ SUHVHQWHG LQ WKLV DSSHQGL[� -XVW OLNH WKH 0&)& PRGHO� WKLV ZDV FUHDWHG RQ &\FOH�
7HPSR� ,Q WKLV PRGHO WKH UHF\FOH UDWLR RI WKH DQRGH RXWOHW ZDV VHW WR ��� GXULQJ WKH RSHUDWLRQ�
7KLV ZDV GRQH WR RSWLPL]H WKH V\VWHP WR DFKLHYH WKH KLJKHVW HIILFLHQFLHV EHWZHHQ �� DQG ���
IXHO XWLOL]DWLRQ YDOXHV�

)LJXUH $��� &\FOH �7HPSR IORZVKHHW GLDJUDP RI DQ LQWHUQDO UHIRUPLQJ 62)& V\VWHP IRU FRSURGXFWLRQ RI K\GURJHQ
DQG SRZHU� 5HI� >��@

��



#
)XHO &HOO 6KLSPHQW

6KLSPHQW RI )XHO &HOO DFFRUGLQJ WR WKHLU W\SHV
)LJXUHV %�� DQG %�� KDYH EHHQ REWDLQHG IURP 7KH )XHO &HOO ,QGXVWU\ 5HYLHZ ���� E\ (�WHFK
>��@� 7KHVH ILJXUHV VKRZ WKH GDWD DQG WKH SORW RI VKLSPHQW RI WKH YDULRXV W\SHV RI IXHO FHOO
VKLSPHQWV LQ WKH WKH ODVW � \HDUV� ����I UHSUHVHQWV WKHLU IRUHFDVW IRU WKH IXOO \HDU RI �����
EDVHG ILUP GDWD RI -DQXDU\ WR 6HSWHPEHU� 7KHVH ILJXUHV UHSUHVHQW VKLSPHQWV LQ PXOWLSOHV RI
������ 7KHVH ILJXUHV VKRZ WKDW WKH QXPEHUV RI 0&)& FRQWLQXHV WR EH YHU\ VPDOO LQ WKH ODVW
� \HDUV DQG KDV EHHQ URXQGHG RII WR ]HUR GXH WR LW� $FFRUGLQJ WR WKH )XHO &HOO 5HYLHZ UHSRUW
XQLW QXPEHUV KDYH EHHQ URXQGHG RI WR QHDUHVW ��� XQLW DQG DQ HQWU\ RI ]HUR UHSUHVHQWHG OHVV
WKDQ �� V\VWHPV VKLSSHG LQ WKDW \HDU�

)LJXUH %��� 'DWD WDEOH VKRZLQJ RI IXHO FHOOV VKRZLQJ TXDQWLWLHV RI WKHLU VKLSPHQW LQ PXOWLSOHV RI ������ 5HI� >��@�

��



��

)LJXUH %��� 6KLSPHQW RI IXHO FHOOV DFFRUGLQJ WR WKHLU W\SHV ������ XQLWV�� 5HI� >��@�


