
9RO� �� 1R� � -XQH ���� SS� ����� ��

&KDUDFWHULVWLFV�RI�'0)&�8VLQJ�+LJK�3RURXV�$FWLYH�&DUERQ�DV�DQ

8QFDWDO\VHG�'LIIXVLRQ�/D\HU�LQ�$QRGH�(OHFWURGH

�'RR�+ZDQ�-XQJ�DQG�'RQJ�5\XO�6KLQ

.RUHD ,QVWLWXWH RI (QHUJ\ 5HVHDUFK� 3�2� %R[ ���� <XVRQJ� 7DHMRQ� .RUHD

H�PDLO� GRRKZDQ#NLHU�UH�NU

�5HFHLYHG � -DQXDU\ ����� DFFHSWHG � -XQH �����

$EVWUDFW

3HUIRUPDQFH RI GLUHFW PHWKDQRO IXHO FHOO XVLQJ KLJK SRURXV DFWLYH FDUERQ DV DQ XQFDWDO\VHG GLIIXVLRQ OD\HU LQ DQRGH �FRP�
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VKRZHG SHUIRUPDQFH RI ������� P$�FP� DW ���9� %\ UHSODFLQJ FRQYHQWLRQDO HOHFWURGH ZLWK FRPSRVLWH HOHFWURGH� WKH LQFUH�

PHQW RI �� P$�FP� LQ FXUUHQW GHQVLW\ ZDV REWDLQHG DW ��R& DQG ���9� 7KH SRWHQWLDO GHFD\ RI WKH VLQJOH FHOO ZDV DERXW �����

IRU �� GD\V RSHUDWLRQ�

.H\ZRUGV � 'LUHFW 0HWKDQRO )XHO &HOO� $FWLYDWHG &DUERQ� &RPSRVLWH (OHFWURGH� ,�9 &KDUDFWHULVWLFV

�� ,QWURGXFWLRQ

'LUHFW PHWKDQRO IXHO FHOOV �'0)&� XVLQJ SRO\PHU HOHFWUR�

O\WH PHPEUDQH DUH SURPLVLQJ FDQGLGDWH IRU DSSOLFDWLRQ RI

SRUWDEOH SRZHU VRXUFHV DQG HOHFWULF YHKLFOH EHFDXVH WKH\ GR

QRW UHTXLUH DQ\ IXHO SURFHVVLQJ HTXLSPHQW DQG FDQ EH RSHU�

DWHG DW ORZ WHPSHUDWXUH RI ��R&����R& >���@�

&RQVLGHUDEOH HIIRUWV KDYH UHFHQWO\ EHHQ PDGH LQ WKH ILHOG

RI '0)& HOHFWURFDWDO\VLV >�� �@� 6\VWHPV FRQVLGHUDWLRQ IRU

ZKROH IXHO FHOO XQLWV UHTXLUHV D FHUWDLQ DGYDQFHG VWDJH LQ IXHO

FHOO HOHFWURFDWDO\VLV DQG SUHSDUDWLRQ RI PHPEUDQH DQG HOHF�

WURGH DVVHPEO\ �0($� WR LPSURYH FHOO SHUIRUPDQFH� *DV

IORZ GLVWULEXWLRQ LV DOVR LPSRUWDQW�

7R SUHSDUH KLJK SHUIRUPDQFH HOHFWURGH LQ '0)&� SUHWUHDW�

PHQW FRQGLWLRQV� PRUSKRORJ\ DQG VWUXFWXUH RI FDWDO\VW� DQG

RSHUDWLQJ FRQGLWLRQV RI WKH '0)& KDYH EHHQ VWXGLHG >���@�

7KH NH\ WR FHOO FRQVWUXFWLRQ LV WKH 0($ WKDW OLHV DW WKH FHQ�

WHU RI WKH VLQJOH FHOO V\VWHP� 2SWLPL]DWLRQ RI WKH 0($ FDQ

LPSURYH WKH RYHUDOO HQHUJ\ HIILFLHQF\ RI WKH IXHO FHOO E\

FKDQJLQJ QRW RQO\ WKH GHVLJQ RI WKH PHFKDQLFDO IUDPHZRUN

EXW DOVR WKH HOHFWURGH W\SHV ZKHWKHU WKH HOHFWURGH KDV DQ

XQFDWDO\VHG SRURXV GLIIXVLRQ OD\HU LQ DQRGH �FRPSRVLWH HOHF�

WURGH� RU QRW �FRQYHQWLRQDO HOHFWURGH�� ,Q WKH '0)& V\VWHP�

PL[HG PHWKDQRO VROXWLRQ ZLWK ZDWHU LV XVHG DV DQRGH IXHO IRU

SURGXFLQJ SURWRQ E\ WKH R[LGDWLRQ RI PHWKDQRO� $ K\GUR�

SKLOLF KLJK SRURXV FDUERQ DV DQ XQFDWDO\VHG GLIIXVLRQ OD\HU

LQ WKH DQRGH FRXOG H[WHQG WKH UHWHQWLRQ WLPH RI IXHO DW WKH

DQRGH VLGH E\ WKH ULFK DGVRUSWLRQ RI WKH IXHO LQWR WKH

PLFURSRUH RI WKH FDUERQ� DQG FRXOG LQFUHDVH WKH FRQWDFW DUHD

EHWZHHQ WKH IXHO DQG FDWDO\VW OD\HU�

,Q WKLV VWXG\� WKH FKDUDFWHULVWLFV RI GLUHFW PHWKDQRO IXHO FHOO

XVLQJ KLJK SRURXV DFWLYH FDUERQ DV DQ XQFDWDO\VHG GLIIXVLRQ

OD\HU LQ DQRGH �FRPSRVLWH HOHFWURGH� KDYH EHHQ LQYHVWLJDWHG�

(IIHFWV RI SRURXV DFWLYH FDUERQ LQ DQRGH ZHUH HYDOXDWHG E\

JDOYDQRVWDWLF PHWKRG DQG )RXULHU 7UDQVIRUP ,QIUDUHG �)7�

,5� VSHFWURVFRS\� ,�9 FKDUDFWHULVWLFV RI GLUHFW PHWKDQRO IXHO

FHOO ZHUH WHVWHG ZLWK VLQJOH FHOO WHVW DSSDUDWXV DW YDULRXV

RSHUDWLQJ FRQGLWLRQV�

�� ([SHULPHQWDO

���� &KDUDFWHULVWLFV RI FRPSRVLWH HOHFWURGH

&KDUDFWHULVWLFV RI FRPSRVLWH HOHFWURGH ZHUH DQDO\]HG ZLWK

)7�,5 VSHFWURPHWHU �-$6&2 &R�� DQG ZLWK KDOI�FHOO WHVW E\

XVLQJ 3RWHQWLRVWDW�*DOYDQRVWDW �0���� (*	* &R��� +DOI�FHOO

WHVW ZDV FDUULHG RXW LQ DQ DLU�VHDOHG JODVV WKDW KDG WKUHH VHSD�

UDWH FRPSDUWPHQWV IRU WKH ZRUNLQJ� FRXQWHU� DQG UHIHUHQFH

HOHFWURGH� $FWLYH FDUERQ FRDWHG RQ ���3W�5X�& �� PJ�FP��

VXSSRUWHG RQ FDUERQ FORWK �(�WHN ,QF�� ZDV XVHG IRU ZRUNLQJ

HOHFWURGHV KDYLQJ JHRPHWULF DUHD RI ���� FP�� 3ODWLQXP

JDX]H ��������� ZDV XVHG DV WKH FRXQWHU HOHFWURGH� $

UHYHUVLEOH K\GURJHQ HOHFWURGH �5+(� ZDV XVHG IRU WKH UHIHU�

HQFH HOHFWURGH� *DOYDQRVWDWLF SRODUL]DWLRQ ZDV SHUIRUPHG E\

XVLQJ 3RWHQWLRVWDW�*DOYDQRVWDW FRQWUROOHG E\ ,%0 3& LQ ���

0 +�62� DQG � 0 &+�2+ DW FRQVWDQW WHPSHUDWXUH RI ��R&�

���� 3UHSDUDWLRQ RI HOHFWURGH DQG 0($

$QRGH UHDFWLRQ RI '0)& XVLQJ OLTXLG PHWKDQRO RFFXUV RQ

WKH WZR�SKDVH LQWHUIDFH RI PHWKDQRO DQG VROLG FDWDO\VW OD\HU�

7R LPSURYH UHDFWLRQ HIILFLHQF\ RI PHWKDQRO LQ DQRGH� D

KLJKHU PHWKDQRO DGVRUSWLRQ ZLOO EH QHFHVVDU\ LQ WKH HOHF�

WURGH GLIIXVLRQ OD\HU� $FWLYH FDUERQ RU DFWLYH FDUERQ ILEHU�

ZKLFK KDYH KLJK VXUIDFH DUHD ZLWK K\GURSKLOLF JURXSV VXFK

DV FDUER[\O DQG SKHQRO JURXSV� FRXOG EH FRQVLGHUHG DV DQ

XQFDWDO\VHG GLIIXVLRQ OD\HU LQ DQRGH� ,Q WKLV VWXG\� DFWLYH

&DUERQ

6FLHQFH
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FDUERQ SRZGHU KDYLQJ VXUIDFH DUHD RI ���� P��J �.XUDUD\

FKHPLFDO FR�� ZDV XVHG DV DQ XQFDWDO\VHG GLIIXVLRQ OD\HU

PDWHULDO�

7KH VFKHPDWLF UHSUHVHQWDWLRQ RI DQRGH SDUW RI '0)& LV

VKRZQ LQ )LJ� �� &DUERQ FORWK ZDV XVHG DV D VXSSRUWLQJ

PDWHULDO RI WKH HOHFWURGH� $Q XQFDWDO\VHG GLIIXVLRQ OD\HU ZDV

SUHSDUHG E\ FRDWLQJ � PJ�FP� RI PL[HG DFWLYH FDUERQ SRZ�

GHU ZLWK �� RI 1DILRQ VROXWLRQ RQ WKH FDUERQ FORWK� ���3W�

5X�& ���� PJ3W�FP�� DQG ���3W�& ���� PJ3W�FP�� SRZGHU

ZHUH XVHG DV DQRGH DQG FDWKRGH FDWDO\VWV� UHVSHFWLYHO\� $Q

XQFDWDO\VHG GLIIXVLRQ OD\HU ZDV ORFDWHG EHWZHHQ FDUERQ

FORWK DQG DQRGH FDWDO\VW OD\HU�

0HPEUDQH DQG HOHFWURGH DVVHPEO\ �0($� ZLWK 1DILRQ

��� �'XSRQW� HOHFWURO\WH ZDV IDEULFDWHG E\ KRW SUHVVLQJ DW

���R& DQG ��� NJ�FP� IRU ���V DIWHU DSSO\LQJ DERXW ��� PJ�

FP� RI �� 1DILRQ VROXWLRQ ���� HTXLYDOHQW ZHLJKW� $OGULFK�

RQWR WKH VXUIDFH RI DQRGH DQG FDWKRGH HOHFWURGH�

���� 3HUIRUPDQFH WHVW RI VLQJOH FHOO

0($ ZDV ORDGHG LQWR D VLQJOH FHOO WHVW IL[WXUH� 7KH VLQJOH

FHOO IL[WXUH ZDV FRPSRVHG RI WZR FRSSHU FXUUHQW FROOHFWRU

HQG SODWHV DQG WZR JUDSKLWH SODWHV VHULDO IORZ FKDQQHO SDW�

WHUQV DOORZLQJ WKH SDVVDJH RI WKH PL[HG PHWKDQRO WR WKH

DQRGH DQG R[\JHQ WR WKH FDWKRGH� 7KH VLQJOH FHOO ZDV FRQ�

QHFWHG WR D IXHO FHOO WHVW VWDWLRQ ZLWK DQ HOHFWURGH ORDG� $Q

DFWLYH HOHFWURGH DUHD RI ���� FP� ZDV HYDOXDWHG DW WKH WHP�

SHUDWXUH RI ��R&����R&� 7KH PHWKDQRO FRQFHQWUDWLRQ RI

��� 0 ZLWK WKH IORZ UDWH RI �� PO�PLQ DQG SXUH R[\JHQ ZLWK

WKH IORZ UDWH RI ��� PO�PLQ ZDV VXSSOLHG WR WKH DQRGH DQG

WKH FDWKRGH� UHVSHFWLYHO\� 7KH PL[HG PHWKDQRO ZDV VXSSOLHG

WR WKH DQRGH WKURXJK D SHULVWDOWLF SXPS DQG D YDSRUL]HU

PDLQWDLQHG DW VDPH WHPSHUDWXUH RI WKH FHOO� 2[\JHQ ZDV IHG

WR WKH FDWKRGH DW � DWP�

�� 5HVXOWV DQG 'LVFXVVLRQ

)LJ� � VKRZV JDOYDQRVWDWLF SRODUL]DWLRQ RI FRPSRVLWH DQG

FRQYHQWLRQDO HOHFWURGH LQ ��� 0 +�62� � � 0 &+�2+ VROX�

WLRQ DW ��R&� $V VKRZQ LQ WKH )LJ� �� HOHFWURGH SRWHQWLDO ZDV

LQFUHDVHG ZLWK WKH LQFUHDVLQJ RI FXUUHQW GHQVLW\� $W FRQVWDQW

FXUUHQW GHQVLW\ RI �� P$�FP�� HOHFWURGH SRWHQWLDO RI FRP�

SRVLWH HOHFWURGH LV VKRZQ DERXW ��� 9 YV� 5+(� 7R FRPSDUH

WKLV SRWHQWLDO ZLWK WKDW RI FRQYHQWLRQDO HOHFWURGH� WKH HOHF�

WURGH SRWHQWLDO RI ��� 9 YV� 5+( ZDV GHFUHDVHG�

)7�,5 VSHFWUD RI WKH HOHFWURGH PDWHULDO DUH VKRZQ LQ )LJ�

�� $V VKRZQ LQ WKH )LJ� �� EDQGV DW ��������� FP−� ZHUH

DWWULEXWHG WR HLWKHU FDUER[\O RU SKHQRO JURXSV� $QRWKHU EDQG

DW ���� FP−� ZDV DWWULEXWHG WR DURPDWLF ULQJ V\VWHPV� 7KH

LQWHQVLW\ RI ,5 EDQGV DW ��������� FP−� DQG ���� FP−� RI

FRPSRVLWH HOHFWURGH ZHUH KLJKHU WKDQ WKDW RI FRQYHQWLRQDO

HOHFWURGH� )URP WKH UHVXOWV RI )LJ� � DQG )LJ� �� WKH SHUIRU�

PDQFH RI FRPSRVLWH HOHFWURGH ZDV DWWULEXWHG WR WKH LQFUHDVH

RI K\GURSKLOLF JURXSV� VXFK DV FDUER[\O DQG SKHQRO JURXSV�

LQ KLJK SRURXV DFWLYH FDUERQ�

)LJ� � UHSUHVHQWV WKH ,�9 FKDUDFWHULVWLFV RI '0)& VLQJOH

FHOO XVLQJ FRPSRVLWH HOHFWURGH DW WKH RSHUDWLQJ WHPSHUDWXUH

RI ��R&����R&� $V VKRZQ LQ )LJ� �� DW SRWHQWLDO RI ��� 9� WKH

FXUUHQW GHQVLWLHV DUH LQ WKH UDQJH RI ��� P$�FP� WR ��� P$�

)LJ� �� 6FKHPDWLF UHSUHVHQWDWLRQ RI 1DILRQ LPSUHJQDWHG FDUERQ
FRPSRVLWH HOHFWURGH KDYLQJ DQ XQFDWDO\VHG GLIIXVLRQ OD\HU LQ
DQRGH EHWZHHQ FDUERQ FORWK DQG FDWDO\VW OD\HU�

)LJ� �� *DOYDQRVWDWLF SRODUL]DWLRQ RI FRPSRVLWH DQG FRQYHQ�
WLRQDO HOHFWURGHV LQ ��� 0 +�62� � �0 &+�2+ VROXWLRQ DW ��R&�

)LJ� �� )7�,5 VSHFWUD RI FRPSRVLWH DQG FRQYHQWLRQDO HOHF�
WURGHV�
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FP�� $W KLJK WHPSHUDWXUH� WKH KLJK SHUIRUPDQFH LV DWWULEXWHG

WR WKH FRPELQHG HIIHFWV RI GHFUHDVLQJ RI UHVLVWDQFH DQG

SRODUL]DWLRQ�

,�9 FKDUDFWHULVWLFV RI '0)& VLQJOH FHOO XVHG FRPSRVLWH

DQG FRQYHQWLRQDO HOHFWURGH DW ��R& DUH VKRZQ LQ )LJ� �� $V

LV VKRZQ LQ WKH ILJXUH� FXUUHQW GHQVLWLHV RI FRPSRVLWH DQG

FRQYHQWLRQDO HOHFWURGH DW FHOO YROWDJH RI ��� 9 ZHUH ��� P$�

FP� DQG ��� P$�FP�� UHVSHFWLYHO\� %\ UHSODFLQJ FRQYHQ�

WLRQDO HOHFWURGH WR FRPSRVLWH HOHFWURGH� LQFUHDVLQJ RI FXUUHQW

GHQVLW\ DERXW �� P$�FP� ZDV REWDLQHG� ,W LV FOHDUO\ DWWULE�

XWHG WR WKH LQFUHDVLQJ PHWKDQRO GLIIXVLRQ IURP IXHO FKDQQHO

WR HOHFWURGH FDWDO\VW OD\HU� DQG WKH LPSURYHPHQW RI FRQWDFW

DUHD RI FDWDO\VW OD\HU ZLWK WKH IXHO GXH WR WKH K\GURSKLOLF

SRURXV DFWLYH FDUERQ DV DQ XQFDWDO\VHG GLIIXVLRQ OD\HU LQ

DQRGH�

)LJ� � VKRZV WKH HQGXUDQFH WHVW RI '0)& VLQJOH E\ XVLQJ

FRPSRVLWH HOHFWURGH DV DQRGH DW FRQVWDQW FXUUHQW GHQVLWLHV RI

��� ��� DQG ��� P$�FP� IRU �� GD\V� 7R UHGXFH YDULDWLRQ RI

PHWKDQRO FRQFHQWUDWLRQ� PL[HG PHWKDQRO ZLWK ZDWHU ZDV

UHILOOHG WR IXHO WDQN DW WKH GD\V RI �� �� ��� DQG ��WK� $V

VKRZQ LQ WKH ILJXUH� DW FRQVWDQW FHOO FXUUHQW GHQVLW\� WKH FHOO

YROWDJH LV GHFUHDVLQJ ZLWK WKH LQFUHDVLQJ RSHUDWLQJ WLPH� 7KH

YROWDJH DW FRQVWDQW FXUUHQW GHQVLW\ RI ��� P$�FP� ZDV

VOLJKWO\ UHGXFHG IURP ���� 9 WR ���� 9 ZLWK WKH YROWDJH

GHFD\ UDWH RI ������ 9ROWDJH GURS RI '0)& IRU ORQJ UXQ

RSHUDWLRQ LV GXH WR WKH SRLVRQ RI 3W E\ &2 DQG VWUXFWXUH

FKDQJH RI 3W�5X FDWDO\VW >�@�

�� &RQFOXVLRQV

3HUIRUPDQFH FKDUDFWHULVWLFV RI '0)& LQ ZKLFK D K\GUR�

SKLOLF KLJK SRURXV FDUERQ ZDV XVHG DV DQ XQFDWDO\VHG GLIIX�

VLRQ OD\HU LQ DQRGH �FRPSRVLWH HOHFWURGH� ZHUH LQYHVWLJDWHG�

7KH LQFUHDVHG SHUIRUPDQFH ZLWK FRPSRVLWH HOHFWURGH ZDV

DWWULEXWHG WR WKH LQFUHDVH RI K\GURSKLOLF JURXSV� VXFK DV FDU�

ER[\O DQG SKHQRO JURXSV� LQ KLJK SRURXV DFWLYH FDUERQ� 7KH

FXUUHQW GHQVLWLHV RI '0)& VLQJOH FHOO DW ��� 9 XVLQJ FRP�

SRVLWH HOHFWURGH ZLWK WKH RSHUDWLQJ WHPSHUDWXUH RI ��R&�

���R& ZHUH REWDLQHG LQ WKH UDQJH RI ��� P$�FP� WR ���

P$�FP�� %\ UHSODFLQJ FRQYHQWLRQDO HOHFWURGH ZLWK FRPSRV�

LWH HOHFWURGH DV DQRGH HOHFWURGH� LQFUHPHQW RI �� P$�FP� LQ

FXUUHQW GHQVLW\ ZDV REWDLQHG� (QGXUDQFH WHVW RI WKH HOHFWURGH

IRU �� GD\V� WKH FHOO YROWDJH DW FRQVWDQW FXUUHQW GHQVLW\ RI

��� P$�FP�ZDV UHGXFHG IURP ���� 9 WR ���� 9�
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