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<� 0DWVXRND� <� :DWDQDEH D�� 6� +DFKL\D� +� 1DNDPXUD� <� 7DQDND

1� ,NHGD DQG .� 6DJDUD

'HSDUWPHQW RI $GYDQFHG (QHUJ\ (QJLQHHULQJ DQG 6FLHQFH� .\XVKX 8QLYHUVLW\�

.DVXJD�NRXHQ� .DVXJD� )XNXRND�NHQ ��������
'HSDUWPHQW RI 3K\VLFV� .\XVKX 8QLYHUVLW\� +DNR]DNL� +LJDVKL�NX� )XNXRND ��������

D� H�PDLO� ZDWDQDEH#DHHV�N\XVKX�X�DF�MS

:H KDV VWDUWHG WR GHYHORS D QHZ TXDVL�PRQRHQHUJHWLF QHXWURQ VRXUFH XVLQJ WKH

LQYHUVH NLQHPDWLFV RI �S�Q� UHDFWLRQ DW .\XVKX 8QLYHUVLW\ 7DQGHP /DERUDWRU\� $

SUHOLPLQDU\ H[SHULPHQW ZDV SHUIRUPHG IRU D QHXWURQ VRXUFH XVLQJ WKH �+���&�Q���1

UHDFWLRQ DW DQ LQFLGHQW HQHUJ\ RI ����0H9� ,W ZDV H[SHULPHQWDOO\ REVHUYHG WKDW

PRQRHQHUJHWLF QHXWURQV ZLWK DERXW � 0H9 ZHUH SURGXFHG DW �� LQ WKH ODERUDWRU\ V\VWHP

DQG WKH SURGXFHG QHXWURQV ZHUH FROOLPDWHG WR D IRUZDUG FRQH UHVWULFWHG E\ WKH

NLQHPDWLFV�

 !������	�������
7KHUH DUH YDULRXV W\SHV RI DFFHOHUDWRU�EDVHG PRQRHQHUJHWLF QHXWURQ VRXUFHV WKDW

DUH ZLGHO\ XVHG LQ EDVLF VFLHQFH DQG DSSOLFDWLRQV� ,Q WKH HQHUJ\ UHJLRQ FRYHUHG E\

WDQGHP 9DQ GH *UDDI DFFHOHUDWRUV� OLJKW�LRQ LQGXFHG UHDFWLRQV RQ OLJKW HOHPHQW WDUJHWV�

VXFK DV WKH '�G�Q��+H� 7�G�Q��+H� 7�S�Q��+H DQG �/L�S�Q��%H UHDFWLRQV� DUH SRSXODU DV WKH

QXFOHDU UHDFWLRQV WR SURGXFH PRQRHQHUJHWLF QHXWURQV� +RZHYHU� WKHVH UHDFWLRQV FDQQRW

SURGXFH WKH UHDO PRQRHQHUJHWLF QHXWURQV LQ WKH HQHUJ\ UHJLRQ EHWZHHQ � DQG �� 0H9

EHFDXVH RI WKH EUHDNXS RI WKH SURMHFWLOH DQG�RU WKH WDUJHW QXFOHXV� 7KHUHIRUH� RQO\ IHZ

QHXWURQ FURVV VHFWLRQ GDWD LV QRZ DYDLODEOH LQ WKLV ´JDSµ UHJLRQ� ZKHUHDV WKH GDWD LQ WKLV

HQHUJ\ UHJLRQ LV UHTXLUHG LQ VHYHUDO DSSOLFDWLRQV� H�J�� WKH GHYHORSPHQW RI '�7 IXVLRQ

UHDFWRUV�

5HFHQWO\� QHZ W\SHV RI PRQRHQHUJHWLF QHXWURQ VRXUFHV ZLWK KHDY\ LRQ �+,� EHDPV

KDYH EHHQ SURSRVHG DV RQH RI WKH FDQGLGDWHV WR ILOO LQ WKH ´JDSµ UHJLRQ DQG WKH IHDVLELOLW\

KDV VR IDU EHHQ LQYHVWLJDWHG�>�����@ $ QHXWURQ VRXUFH ZLWK WKH �+���%�Q� ��& UHDFWLRQ ZHUH

SUDFWLFDOO\ XVHG IRU PHDVXUHPHQWV RI VRPH DFWLYDWLRQ FURVV VHFWLRQV LQ WKH � WR �� 0H9

UHJLRQ >�@ DQG WKH XVHIXOQHVV ZDV GHPRQVWUDWHG�

8QGHU WKHVH FLUFXPVWDQFHV� ZH KDYH VWDUWHG WKH GHYHORSPHQW RI D PRQRHQHUJHWLF

QHXWURQ VRXUFH LQ WKLV ´JDSµ UHJLRQ E\ XVLQJ WKH �+�+,�Q� UHDFWLRQ DW .\XVKX 8QLYHUVLW\

7DQGHP /DERUDWRU\ �.87/�� 7KH �+���&�Q���1 UHDFWLRQ ZDV FKRVHQ DV D VXLWDEOH

FDQGLGDWH IRU .87/ IURP FRQVLGHUDWLRQ DERXW WKH SHUIRUPDQFH RI DFFHOHUDWRU DQG LWV

IHDVLELOLW\ WHVW KDV EHHQ SHUIRUPHG�

"!�#���
�
$�$��������������������

&KDUDFWHULVWLF IHDWXUHV RI WKH �+�+,�Q� QHXWURQ VRXUFH DUH VXPPDUL]HG DV IROORZV�

�� ,Q DQ HQGRWKHUPLF UHDFWLRQ� WKH SURGXFHG QHXWURQV DUH HPLWWHG DW DQJOHV VPDOOHU

WKDQ θPD[ GHILQHG E\ WZR�ERG\ NLQHPDWLFV� WKDW LV� WKH QHXWURQV DUH ´NLQHPDWLFDOO\

FROOLPDWHGµ LQWR D IRUZDUG FRQH� 7KLV VLWXDWLRQ LV VFKHPDWLFDOO\ LOOXVWUDWHG LQ )LJ� ��

DQG D FDOFXODWLRQ RI WKH NLQHPDWLFV IRU WKH �+���&�Q���1 UHDFWLRQ LV VKRZQ LQ )LJ� ��



%\ WKLV FROOLPDWLRQ� WKH VKLHOGLQJ GHVLJQ RI QHXWURQ IDFLOLWLHV LV H[SHFWHG WR EHFRPH

HDVLHU�

�� 7KH �+�+,�Q� FURVV VHFWLRQ DW �� LQ WKH ODERUDWRU\ V\VWHP LV HQKDQFHG VWURQJO\ E\

WKH FRPSUHVVLRQ LQWR WKH IRUZDUG FRQH� ZKLFK OHDGV WR ODUJH QHXWURQ \LHOG DW ���

�� 7KH HPLWWHG QHXWURQV DW RQH DQJOH KDYH WZR HQHUJLHV DV VKRZQ LQ )LJV� � DQG ��

7KH QHXWURQV ZLWK KLJKHU HQHUJ\ DUH FDOOHG ´SULPDU\µ QHXWURQV DQG WKRVH ZLWK

ORZHU HQHUJ\ DUH FDOOHG ´VDWHOOLWHµ QHXWURQV� +RZHYHU� WKH HQHUJ\ DQG \LHOG RI WKH

´VDWHOOLWHµ QHXWURQV LV FRQVLGHUDEO\ VPDOOHU WKDQ WKH ´SULPDU\µ QHXWURQV XQGHU

PRVW H[SHULPHQWDO FRQGLWLRQV�

�� 7KH VPDOOHU EDFNJURXQGV RI QHXWURQV DQG γ UD\V IURP WKH EHDP VWRSSHU FDQ EH

H[SHFWHG EHFDXVH WKH KHDY\ SURMHFWLOHV KDYH PXFK KLJKHU &RXORPE EDUULHU WKDQ

SURWRQV DQG GHXWHURQV�

%!��������������������������������	�������������������������	�������
$V D K\GURJHQ WDUJHW IRU WKH �+���&�Q���1 UHDFWLRQ� ZH KDYH FKRVHQ D JDV WDUJHW� $

VFKHPDWLF GUDZLQJ RI WKH IDEULFDWHG JDV WDUJHW LV VKRZQ LQ )LJ� �� ,W LV PDGH RI VWDLQOHVV

VWHHO DQG KDV WKH HIIHFWLYH VL]H RI �� PP ORQJ DQG �� PP LQ GLDPHWHU� 7KH HQWUDQFH

ZLQGRZ LV PDGH RI WDQWDOXP IRLO RI � µP LQ WKLFNQHVV DQG �� PP LQ GLDPHWHU� DQG D ���

PP WKLFN WDQWDOXP GLVN LV XVHG DV WKH EHDP VWRSSHU VR WKDW DVVRFLDWHG EDFNJURXQGV RI

QHXWURQV DQG γ UD\V PD\ EH UHGXFHG DV PXFK DV SRVVLEOH E\ XVLQJ KLJK = PDWHULDOV� 7KH

HVFDSH RI WKH HOHFWURQV SURGXFHG E\ EHDP ERPEDUGPHQW RQ WKH HQWUDQFH ZLQGRZ LV

VXSSUHVVHG E\ WKH SHUPDQHQW PDJQHWV�
,Q WKH GHVLJQ RI WKH QHXWURQ VRXUFH� ZH KDYH HVWLPDWHG QHXWURQ \LHOGV DW �°LQ

ODERUDWRU\ V\VWHP XVLQJ D PRGLILHG YHUVLRQ RI WKH VLPXODWLRQ FRGH >�@ GHYHORSHG IRU
�+���%�Q���& QHXWURQ VRXUFH� 6LQFH WKHUH LV QR DYDLODEOH FURVV VHFWLRQ GDWD RI WKH
�+���&�Q���1 UHDFWLRQ� ZH XVHG WKH FURVV VHFWLRQV GHULYHG IURP WKH ��&�S�Q���1 FURVV

VHFWLRQV>�@ LQ WHUPV RI WKH LQYHUVH NLQHPDWLFV� 7KH FDOFXODWHG UHVXOW IRU DQ LQFLGHQW

HQHUJ\ RI ���� 0H9 LV VKRZQ LQ )LJ� �� 7KH SUHVVXUH RI +� JDV ZDV WDNHQ WR EH � DWP�

2QH FDQ VHH WZR SHDNV WKDW FRUUHVSRQG WR WZR QHXWURQ FRPSRQHQWV� ,W LV IRXQG WKDW WKH

\LHOG RI WKH ´SULPDU\µ QHXWURQV �DERXW � 0H9� LV PXFK ODUJHU WKDQ WKH ´VDWHOOLWHµ

QHXWURQV �DERXW � 0H9���

&!�'���������(��)����������	���������
���� ([SHULPHQWDO SURFHGXUH

7KH ILUVW WHVW H[SHULPHQW ZDV FDUULHG RXW XVLQJ ���� 0H9 ��&�� EHDP� 7KH

H[SHULPHQWDO VHWXS LV VKRZQ LQ )LJ� �� 7KH DYHUDJH EHDP FXUUHQW ZDV DERXW �� HQ$� 7KH

SUHVVXUH RI +� JDV LQ WKH JDV FHOO WDUJHW ZDV � DWP� 7KH QHXWURQ \LHOGV ZHUH PHDVXUHG DW

DQJOHV� ��� ���� ��� DQG ���� E\ XVLQJ DQ DFWLYH UDGLDWRU SURWRQ UHFRLO FRXQWHU WHOHVFRSH

�$5357�>�@ ZKLFK ZDV SODFHG �� FP IDU IURP WKH FHQWHU RI WKH JDV FHOO WDUJHW�

���� 1HXWURQ \LHOG DW �°
7KH UHFRLO SURWRQ VSHFWUXP DW �°PHDVXUHG E\ $5357 LV VKRZQ LQ )LJ� �� 7KH

´VDWHOOLWHµ QHXWURQV VKRZQ LQ )LJ� � FRXOG QRW EH GHWHFWHG LQ WKLV H[SHULPHQW� EHFDXVH WKH

WKUHVKROG HQHUJ\ RI $5357 ZDV DERXW � 0H9� 7KH H[SHULPHQWDO \LHOG RI ��� 0H9
QHXWURQV IRU HPLVVLRQ DW �°ZDV �����±�����×��� >Q�VU�µ&@� 7KLV YDOXH ZDV DERXW ���

WLPHV VPDOOHU WKDQ WKH UHVXOW HVWLPDWHG IURP WKH QXPEHU RI LQFLGHQW ��& LRQV� WKH

SUHVVXUH RI +� JDV DQG WKH FURVV VHFWLRQ RI WKH ��&�S�Q���1 UHDFWLRQ>�@� 2QH RI WKH UHDVRQV

PD\ EH GXH WR WKH ��&�S�Q���1 FURVV VHFWLRQ XVHG� EHFDXVH WKH H[SHULPHQWDO YDOXHV >�����@

LQ WKH HQHUJ\ UHJLRQ RI LQWHUHVW DUH VFDWWHUHG ZLWKLQ D IDFWRU RI DERXW WZR�



���� $QJXODU GLVWULEXWLRQV

,Q )LJ� �� WKH PHDVXUHG DQJXODU GLVWULEXWLRQ RI SURGXFHG QHXWURQV LV FRPSDUHG ZLWK

WKH WZR FDOFXODWHG UHVXOWV RI �+���&�Q���1 DQG '�G�Q��+H QHXWURQ VRXUFHV� (DFK DQJXODU

GLVWULEXWLRQ LV QRUPDOL]HG WR HDFK YDOXH DW ��� 7KH H[SHULPHQWDO \LHOG VKRZV UHPDUNDEOH

UHGXFWLRQ DW ���� $QG� WKLV WUHQG LV VLPLODU WR WKH VLPXODWLRQ UHVXOW JLYHQ E\ WKH VROLG OLQH�

7KXV� LW ZDV H[SHULPHQWDOO\ FRQILUPHG WKDW WKH QHXWURQV SURGXFHG E\ WKH �+���&�Q���1

UHDFWLRQ DUH HPLWWHG ZLWKLQ WKH IRUZDUG FRQH UHVWULFWHG E\ WKH NLQHPDWLFV� $V VKRZQ LQ

)LJ� �� KRZHYHU� D VPDOO IUDFWLRQ RI QHXWURQV DUH REVHUYHG HYHQ DW ��� RYHU WKH

NLQHPDWLFDOO\ DOORZHG DQJOH� 7KH UHDVRQ PD\ EH GXH SDUWO\ WR WKH UHDFWLRQV RQ VRPH

LPSXULWLHV LQ WKH +� JDV FHOO WDUJHW� VXFK DV +�2 DQG�RU DLU�

*!�������(�
:H KDYH LQYHVWLJDWHG WKH SURSHUWLHV RI WKH �+���&�Q���1 QHXWURQ VRXUFH DW .87/�

7KH SUHOLPLQDU\ H[SHULPHQW ZLWK ���� 0H9 ��&�� EHDP VKRZHG WKDW WKH �+���&�Q���1

UHDFWLRQ FDQ SURGXFH WKH ´NLQHPDWLFDOO\ FROOLPDWHGµ PRQRHQHUJHWLF QHXWURQV ZLWK ���

0H9 DW ��� 7KH SUHVHQW ZRUN LV LQ WKH ILUVW VWDJH WRZDUG WKH FRPSOHWLRQ RI WKH

PRQRHQHUJHWLF QHXWURQ VRXUFH XVLQJ WKH �+���&�Q���1 UHDFWLRQ DW .87/� ,Q WKH IXWXUH�

IXUWKHU RSWLPL]DWLRQ RI WKH GHVLJQ ZLOO EH QHFHVVDU\ IRU WKH HQKDQFHPHQW RI QHXWURQ

\LHOGV DQG WKH UHGXFWLRQ RI EDFNJURXQGV LQ RUGHU WR VDWLVI\ VHYHUDO UHTXLUHPHQWV IRU

SUDFWLFDO XVH�

�����������
>�@ 0� 'URVJ�� 1XFO� 6FL� (QJ�  +,� ��� ������

>�@ 6� &KLED HW DO�� 1XFO� ,QVW� 0HWK� -". � ��� ������

>�@ .� +DVHJDZD HW DO�� 3URF� ��WK ,QW� &RQI� &\FORWURQV DQG 7KHLU $SSOLFDWLRQV� 2FW�

������ ����� 7RN\R� -DSDQ� ��� ������

>�@ <� ,NHGD HW DO�� 3URF� RI ,QW� &RQI� RQ 1XFO� 'DWD IRU 6FL� DQG 7HFK�� 0D\� ������ �����

-XOLFK� ��� ������

>�@ 6� 0HLJR�� -$(5, 0�������� ��� ������

>�@ 3� 'DJOH\� HW DO�� 1XFO� 3K\V� "&� ��� �������

>�@ 6� +DFKL\D�� 0DVWHU WKHVLV� .\XVKX 8QLY�� XQSXEOLVKHG �������

>�@ 2� 'LHW]VFK�� 1XFO� 3K\V� .*� ��� �������

>�@ -� *LEERQV� HW DO�� 3K\V� 5HY�   &� ��� �������
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)LJ� �� 6FKHPDWLF GLDJUDP RI WZR�ERG\ NLQHPDWLFV IRU WKH �+�+,�Q� UHDFWLRQ XQGHU WKH

FRQGLWLRQ 9&0 ! 9&
Q� ZKHUH 9&0 GHQRWHV WKH YHORFLW\ RI WKH &0� DQG 9&

Q WKDW RI WKH

SURGXFHG QHXWURQ LQ WKH &0� θPD[ LV WKH PD[LPXP DQJOH RI QHXWURQ SURGXFWLRQ LQ

ODERUDWRU\ V\VWHP�



)LJ� �� 6FKHPDWLF GUDZLQJ RI WKH +� JDV FHOO WDUJHW

����φ

��������		�


������		


����

���

������	��

����
���φ

����	����

��������
������

��������
���������
������

)LJ��� 1HXWURQ HPLVVLRQ DQJOH DV D IXQFWLRQ RI QHXWURQ HPLVVLRQ HQHUJ\ DQG LQFLGHQW

KHDY\�LRQ HQHUJ\ FDOFXODWHG XVLQJ WKH WZR�ERG\ NLQHPDWLFV IRU WKH �+���&�Q���1

UHDFWLRQ�
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,QFLGHQW (QHUJ\ �����0H9

(QWUDQFH :LQGRZ�7D� ��µP
&HOO /HQJWK ���PP

*DV 3UHVVXUH ��DWP
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)LJ� �� &DOFXODWHG VSHFWUXP RI QHXWURQV SURGXFHG E\ WKH �+���&�Q���1 UHDFWLRQ DW ����
0H9 LQ WKH �°GLUHFWLRQ�

)LJ� �� ([SHULPHQWDO VHWXS DW .87/
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$5357 VLPXODWLRQ
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)LJ� �� 0HDVXUHG SURWRQ VSHFWUXP IRU ��� 0H9 QHXWURQV SURGXFHG E\ WKH �+���&�Q���1

UHDFWLRQ XVLQJ $5357� 7KH VROLG OLQH UHSUHVHQWV WKH FDOFXODWHG UHVSRQVH RI $5357�

)LJ� �� $QJXODU GLVWULEXWLRQV RI QHXWURQV SURGXFHG E\ WKH �+���&�Q���1 UHDFWLRQ� 7KH\
DUH QRUPDOL]HG WR WKH YDOXHV DW �°� 7KH VROLG FLUFOHV DUH WKH H[SHULPHQWDO GDWD� 7KH

VROLG OLQH LV WKH FDOFXODWHG DQJXODU GLVWULEXWLRQ� 7KH GDVK OLQH UHSUHVHQWV WKH

FDOFXODWHG DQJXODU GLVWULEXWLRQ RI QHXWURQV SURGXFHG E\ WKH '�G�Q��+H UHDFWLRQ IRU

FRPSDULVRQ�


