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5\DEWVHY $�'�� 7UR\DQVN\ $�$�� 0DVWHSDQ 9�<X� DQG
6DPERUVN\ 0�9� $ERXW HOHFWULFDO FRQGXFWLYLW\ RI IOX[HV RI
&D)�w&D V\VWHP ��������������������������������������������������������������������������� �

%LNWDJLURY )�.� $SSOLFDWLRQ RI QRQ�FRQVXPDEOH HOHFWURGH
HOHFWURVODJ SURFHVV IRU PHOWLQJ� UHILQLQJ DQG WUHDWPHQW RI

PHWDOV� 5HSRUW � ��������������������������������������������������������������������������� �

(/(&7521 %($0 352&(66(6

$QWRQ\XN 6�/�� 0RO\DU $�*�� .DOLQ\XN $�1� DQG =DPNRY
9�1� 7LWDQLXP DOOR\V IRU DLUFUDIW LQGXVWU\ RI 8NUDLQH ������������������������ �

0RYFKDQ %�$�� 8VWLQRY $�,�� 3ROLVKFKXN 6�6� DQG
0HOQLFKHQNR 7�9� )RUPDWLRQ RI TXDVL�FU\VWDOOLQH
VWUXFWXUHV LQ DQQHDOLQJ RI PLFUROD\HU FRDWLQJV �7L� &U�w6L �������������� ��

=KXN *�9� ,QWHUDFWLRQ RI VWHHO ILEHUV ZLWK DOXPLQLXP PDWUL[

LQ SURGXFLQJ FRPSRVLWH PDWHULDO XVLQJ PHWKRG RI HOHFWURQ
EHDP GLVSHUVLRQ RI PHOW ��������������������������������������������������������������� ��

3/$60$�$5& 7(&+12/2*<

6KDSRYDORY 9�$�� <DNXVKD 9�9� DQG *QL]G\OR $�1�
7KHUPDO ILHOG RI D VLQJOH FU\VWDO DW D FRPELQHG KHDWLQJ ����������������� ��

.LVHOHYVN\ )�1�� 6KDSRYDORY 9�$�� 'ROLQHQNR 9�9��
6KFKHUEDNRY 3�$�� <DNXVKD 9�9� DQG *Q\]GLOR $�1�
0LFURFRPSXWHU SDQHO RI RSHUDWRU�WHFKQRORJLVW RI $&6 73
RI JURZLQJ VLQJOH FU\VWDOV ������������������������������������������������������������� ��

*(1(5$/ 352%/(06 2) 0(7$//85*<

*ULJRUHQNR *�0�� %RULVRYD $�/�� %RULVRY <X�6��
$GHHYD /�,�� 'RURVKHQNR /�.� DQG 5XSFKHY 9�/�
,QYHVWLJDWLRQ RI LQWHUSKDVH LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK
ERURQ FDUELGH LQ SRZGHU PL[WXUHV IRU GHSRVLWLRQ RI
WKHUPDO FRDWLQJV �������������������������������������������������������������������������� ��

/LOLXV .�5� DQG *DVLN 0�0� )XQFWLRQDO JUDGLHQW PDWHULDOV�
QHZ PDWHULDOV VFLHQFH VROXWLRQV ��������������������������������������������������� ��

,1)250$7,21

,QWHUQDWLRQDO 6HPLQDU �0RGHUQ 7HFKQRORJLHV DQG 1HZ
6WUXFWXUDO 0DWHULDOV LQ &KHPLFDO (QJLQHHULQJ DQG ,QGXVWU\� ����������� ��

��WK ELUWKGD\ DQQLYHUVDU\ RI 3URIHVVRU %RULV $� 0RYFKDQ �������������� ��

,QIRUPDWLRQ IRU FRQWULEXWRUV WR WKH MRXUQDO �$GYDQFHV LQ
(OHFWURPHWDOOXUJ\� ����������������������������������������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO %RDUG�

'�ª� '\DFKHQNR�
H[HF� VHFU� �8NUDLQH��

-� )RFW �)UDQFH��
°� (O *¾PP¾O �*HUPDQ\��

ª�,� *DVLN �8NUDLQH��
*�ª� *ULJRUHQNR�

YLFH�FKLHI HG� �8NUDLQH��

9�,� ¨¾VKLQ �5XVVLD��
%� ¨RURXVKLFK �6ORYHQLD��
9�,� /DNRPVN\ �8NUDLQH��
9�¨� /HEHGHY �8NUDLQH��
6�)� ªHGLQD �6SDLQ��

/�%� ªÃGÌY¾U �8NUDLQH��
�� ªLWFKHO �&DQDGD��

%��� ªÌYFKDQ �8NUDLQH��
��1� 3HWUXQNR �8NUDLQH��

9� 5DPDNULVKQD 5DR �,QGLD��
7V�9� 5¾VKÃY �%XOJDULD��
1�3� °ULJXE �8NUDLQH��

$�$� 7UR\DQVN\ �8NUDLQH��
ª�/� =KDGNHYLFK �8NUDLQH�

([HFXWLYH GLUHFWRU

$�7� =HOQLFKHQNR

7UDQVODWRUV

6�$� )RPLQD� ,�1� .XWLDQRYD�
7�.� 9DVLOHQNR

(GLWRU

1�$� 'PLWULHYD

(OHFWURQ JDOOH\
,�9� 3HWXVKNRY�
7�<X� 6QHJLUHYD

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV
DUH ORFDWHG DW 3:,�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��
7KH (� 2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH
RI WKH 1$6 RI 8NUDLQH�

��� %R]KHQNR VWU�� ������

.\LY� 8NUDLQH
7HO�� ������� ��� �� ���

��� �� ���
)D[� ������� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD
KWWS���ZZZ�QDV�JRY�XD�SZM

6XEVFULSWLRQV�
����� � LVVXH SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXH DYDLODEOH

�������
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)RXQGHUV� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH 3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�� ����

(QJOLVK WUDQVODWLRQ RI WKH TXDUWHUO\ �3UREOHP\ 6SHWVLDOQRM (OHFWURPHWDOOXUJLL� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH -DQXDU\ ����

4XDUWHUO\
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$�'� 5<$%76(9� $�$� 752<$16.<� 9�<X� 0$67(3$1 DQG 0�9� 6$0%256.<

'RQHWVN 1DWLRQDO 7HFKQLFDO 8QLYHUVLW\� 'RQHWVN� 8NUDLQH

1HZ SURFHGXUH RI PHDVXULQJ HOHFWULFDO FRQGXFWLYLW\ RI PHWDO�FRQWDLQLQJ VODJV� XVHG IRU (65 LQ FKDPEHU�W\SH IXUQDFHV�

LV RIIHUHG� 9DOXHV RI HOHFWULFDO FRQGXFWLYLW\ RI VODJ RI &D)
�
w&D V\VWHP DUH GHWHUPLQHG�

.H\ ZRU G V � HOHFWULFDO FRQGXFWLYLW\� SURFHGXUH RI PHDVXUH�

PHQW� &D)�w&D IOX[� (65 FKDPEHU�W\SH IXUQDFH

0RGH RI PHOWLQJ YDULRXV PHWDOV DQG DOOR\V LQ HOHF�
WURVODJ UHPHOWLQJ XVLQJ PHWDO�FRQWDLQLQJ IOX[HV �IRU

H[DPSOH &D)�w&D� LV GLIIHUHG JUHDWO\ IURP WKDW LQ

(65 XVLQJ VWDQGDUG LQGXVWULDO IOX[HV >�@� 7KH SUH�

VHQFH RI D PHWDOOLF FRPSRQHQW LQ WKH VODJ OHDGV WR WKH

FKDQJH LQ HOHFWULFDO FRQGLWLRQ RI PHOWLQJ WKDW LQIOX�

HQFHV LQ LWV WXUQ WKH VSHHG RI PHOWLQJ D FRQVXPDEOH

HOHFWURGH� SURFHVV SRZHU DQG IRUPDWLRQ RI WKH LQJRW

PHOWHG� 7KLV LV� SUREDEO\� ILUVW RI DOO� DVVRFLDWHG ZLWK

WKH FKDQJH LQ D IOX[ HOHFWULFDO FRQGXFWLYLW\� 7KLV LV

RQH RI WKH PDLQ FKDUDFWHULVWLFV GHILQLQJ LWV PDMRU WHFK�

QRORJLFDO SURSHUWLHV� ,W LQIOXHQFHV WKH WKHUPDO FRQGL�

WLRQ RI D VODJ SRRO DQG VWDELOLW\ RI WKH HOHFWURVODJ

SURFHVV� ,QIRUPDWLRQ DYDLODEOH DERXW WKH HOHFWULFDO

FRQGXFWLYLW\ RI (65 LQGXVWULDO IOX[HV LV WRR OLPLWHG

>�w�@ DQG WKHUH LV QR GDWD RI HOHFWULFDO FRQGXFWLYLW\
RI PHWDO�FRQWDLQLQJ IOX[HV� LQ SDUWLFXODU RI &D)�w&D

V\VWHP� LQ OLWHUDWXUH� 0DVWHULQJ DQG RSWLPL]LQJ RI WKH

(65 WHFKQRORJ\ LQ D FKDPEHU�W\SH IXUQDFH XVLQJ
IOX[HV RI &D)�w&D V\VWHP UHTXLUHV GHWHUPLQDWLRQ RI

WKLV PRVW LPSRUWDQW SK\VLFDO SURSHUW\ RI WKH VODJ�

$QDO\VLV RI H[LVWLQJ PHWKRGV RI PHDVXULQJ HOHFWUL�
FDO FRQGXFWLYLW\ RI VODJ PHOWV SURYHV LPSRVVLELOLW\ RI

WKHLU XVH IRU WKH GHWHUPLQDWLRQ RI WKLV SDUDPHWHU LQ

&D�FRQWDLQLQJ IOX[HV� 7KLV LV GXH WR WKH IDFW WKDW WKH

PHWDO FDOFLXP LV FKDUDFWHUL]HG E\ D KLJK FKHPLFDO

DFWLYLW\� LQFOXGLQJ WKDW ZLWK UHVSHFW WR WKH PDMRULW\

RI PDWHULDOV� IURP ZKLFK FUXFLEOHV DUH PDQXIDFWXUHG�

DQG E\ KDYLQJ D KLJK SDUWLDO SUHVVXUH RI YDSRXUV DW

UHDO WHPSHUDWXUHV RI WKH HOHFWURVODJ SURFHVV� ,Q RSHQ

PHWDOOXUJLFDO XQLWV LWV HYDSRUDWLRQ DQG R[LGDWLRQ DUH

RFFXUUHG DOPRVW LQVWDQWDQHRXVO\� 7KHUHIRUH� LW ZDV

QHFHVVDU\ WR GHYHORS D VSHFLDO SURFHGXUH RI GHWHUPL�

QDWLRQ RI HOHFWULFDO FRQGXFWLYLW\ RI PHWDO�FRQWDLQLQJ

IOX[HV RQ IOXRULGH EDVH GXULQJ WKH UHDO (65 SURFHVV
LQ D FKDPEHU�W\SH IXUQDFH�

$W 'RQHWVN 1DWLRQDO 7HFKQLFDO 8QLYHUVLW\ D SUR�
FHGXUH RI PHDVXULQJ HOHFWULFDO FRQGXFWLYLW\ KDV EHHQ

GHYHORSHG DQG WHVWHG� ,W LV EDVHG RQ D YROW�DPSHUH
GLDJUDP ZLWK D WZR�HOHFWURGH FHOO� 7KH XVH RI LQGXV�
WULDO (65 IXUQDFH LQ WKLV FDVH FRPSOLFDWHV D FDOLEUDWLRQ

RI D PHDVXULQJ FHOO� EXW SURYLGHV FRQGLWLRQV RI PHDVX�

UHPHQW ZKLFK DUH FORVH PD[LPXP WR WKH UHDO FRQGL�

WLRQV� 7KH PDLQ GLIIHUHQFH RI WKH RIIHUHG SURFHGXUH

IURP VWDQGDUG SURFHGXUHV FRQVLVWV LQ WKH IDFW WKDW RQO\
D GLIIHUHQFH RI SRWHQWLDOV RQ WKH HOHFWULFDO FRQGXFWLYLW\

VHQVRUV LV UHFRUGHG GXULQJ PHDVXUHPHQWV� $QG WKH

YDOXH RI HOHFWULFDO FRQGXFWLYLW\ LV FDOFXODWHG GLUHFWO\

IURP WKH JHQHUDWRU YROW�DPSHUH FKDUDFWHULVWLF� RE�
WDLQHG H[SHULPHQWDOO\�

7KH HOHFWULFDO FRQGXFWLYLW\ RI VODJV ZDV PHDVXUHG
GXULQJ WKH SURFHVV RI D FKDPEHU�W\SH IXUQDFH HOHF�
WURVODJ UHPHOWLQJ >�@ RI HOHFWURGHV� PDGH IURP 6W����

RI �� PP GLDPHWHU� ��� PP OHQJWK LQ D ZDWHU�FRROHG

FRSSHUPRXOG RI ���PPGLDPHWHU LQ DUJRQ DWPRVSKHUH

DQG LQ DLU� 9ROWDJH DQG FXUUHQW RI UHPHOWLQJ ZHUH NHSW

FRQVWDQW� �� 9 DQG � N$� UHVSHFWLYHO\� DQG VODJ PDVV

ZDV ���� J� )OX[ RI &D)�w&D V\VWHP ZDV SURGXFHG

E\ PL[LQJ RI IOXRULGH DQG PHWDO FDOFLXP LQ GLIIHUHQW
SURSRUWLRQV� 6ODJ SRRO ZDV VHW ZLWK D �VROLG VWDUW��

7R PHDVXUH WKH HOHFWULFDO FRQGXFWLYLW\� D SUREH
�)LJXUH �� ZDV PDQXIDFWXUHG RI ��� PP OHQJWK DQG
�� PP GLDPHWHU� FRQVLVWLQJ RI PHWDO HOHFWURGHV �D��
SODFHG LQWR FHUDPLF VWUDZ �E�� SUHVVHG�LQ LQWR D TXDUW]
JODVV SLSH �F�� 'LVWDQFH EHWZHHQ HOHFWURGHV LV VLPLODU

DORQJ WKH HQWLUH OHQJWK RI WKH SUREH DQG HTXDO WR

� PP� 6ODJ WHPSHUDWXUH ZDV PHDVXUHG E\ D WKHUPR�
FRXSOH 95������ $V D SRZHU VRXUFH RI HOHFWULFDO FRQ�

GXFWLYLW\ VHQVRU� WKH *=��� JHQHUDWRU RI KLJK�IUH�
TXHQF\ VLQXVRLGDO VLJQDOV ZDV XVHG� $W �� N+] IUH�

TXHQF\ RI VLJQDOV WKH PLQLPXP GLVWRUWLRQV FDXVHG E\

� $�'� 5<$%76(9� $�$� 752<$16.<� 9�<X� 0$67(3$1 DQG 0�9� 6$0%256.<� ����

)LJXUH �� *HQHUDO YLHZ RI DUUDQJHPHQW RI VHQVRUV RQ HOHFWURGH LQ
(65 IXUQDFH� � x VHQVRU RI WHPSHUDWXUH� � x VHQVRU RI HOHFWULFDO
FRQGXFWLYLW\
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HOHFWULFDO FXUUHQW RI UHPHOWLQJ DUH SURYLGHG� 7KH LQGL�

FDWLRQVZHUH UHFRUGHGE\DVHOHFWLYHPLOOLYROWPHWHU9����

3UREH DQG WKHUPRFRXSOH ZHUH IDVWHQHG RQ D FRQ�

VXPDEOH HOHFWURGH DW ��� PP GLVWDQFH IURP LWV ORZHU

HGJH� $X[LOLDU\ SUREH DQG WKHUPRFRXSOH ZHUH ORFDWHG

DW ��� PP GLVWDQFH IURP WKH ORZHU HGJH RI HOHFWURGH�

,PPHUVHG SUREHV ZHUH XVHG GXULQJ (65 LQ DLU WR GX�

SOLFDWH PHDVXUHPHQWV�

$IWHU VHWWLQJ VODJ SRRO DQG IRUPDWLRQ RI DQ LQJRW

ERWWRP SDUW� WKH WHPSHUDWXUH DQG HOHFWULFDO FRQGXF�

WLYLW\ ZHUH FRQWUROOHG FRQVWDQWO\� $SSHDUDQFH RI FXU�

UHQW LQ D PHDVXULQJ FLUFXLW LQ VKRUW�FLUFXLWLQJ RI HOHF�

WURGHV WKURXJK WKH VODJ ZDV FRQVLGHUHG DV D PRPHQW

RI SUREH FRQWDFW ZLWK D VODJ�

*UDGXDWLRQ RI D PHDVXULQJ FHOO ZDV PDGH LQ (65

XVLQJ VWDQGDUG IOX[HV $1)��3 DQG $1)��� ZKRVH HOHF�

WULFDO FRQGXFWLYLW\ LV ZHOO�NQRZQ� &RQVWDQW RI WKH

PHDVXULQJ FHOO ZDV GHILQHG DV ��

5HVXOWV RI PHDVXUHPHQWV RI WKH HOHFWULFDO FRQGXF�

WLYLW\ RI UHIHUHQFH IOX[HV $1)��3 DQG $1)�� XVLQJ

WKH RIIHUHG SURFHGXUH DUH FRPSDUDEOH ZLWK GDWD SXE�

OLVKHG HDUOLHU LQ ZRUNV >�w�� �@� 7KLV JLYHV JURXQGV

WR XVH WKH RIIHUHG SURFHGXUH IRU GHWHUPLQDWLRQ RI HOHF�

WULFDO FRQGXFWLYLW\ RI VODJ RI &D)�w&D V\VWHP�

9DOXHV RI HOHFWULFDO FRQGXFWLYLW\ RI NQRZQ DQG

H[SHULPHQWDO IOX[HV DUH JLYHQ LQ )LJXUHV � DQG �� $V

LV VHHQ� WKH DGGLQJ RIPHWDO FDOFLXP WR FDOFLXP IOXRULGH

OHDGV WR WKH LQFUHDVH LQ WKH HOHFWULFDO FRQGXFWLYLW\ RI

IOX[HV� KHUH D VLJQLILFDQW GHSHQGHQFH RI HOHFWULFDO FRQ�

GXFWLYLW\ RQ PDVV RI DGGLWLRQV RI PHWDO FDOFLXP LQWR

WKH VODJ ZDV QRW HVWDEOLVKHG� 7KLV LV� SUREDEO\� GXH

WR D OLPLWLQJ YDOXH RI VROXELOLW\ RI PHWDO FDOFLXP LQ

LWV IOXRULGH ZKLFK GRHV QRW GHSHQG RQ LWV LQLWLDO FRQ�

WHQW LQ IOX[� EXW LW LV GHWHUPLQHG E\ WKH VODJ WHPSHUD�

WXUH DQG H[WHUQDO SUHVVXUH >��� ��@�

7KXV� WKH SURFHGXUH RIIHUHG FDQ EH XVHG IRU PHDVX�

ULQJ HOHFWULFDO FRQGXFWLYLW\ RI GLIIHUHQW VODJ V\VWHPV

LQ WKH SURFHVV RI (65 LQ WKH FKDPEHU�W\SH IXUQDFH�

)LJXUH �� 9DOXHV RI HOHFWULFDO FRQGXFWLYLW\ RI LQGXVWULDO IOX[HV RI
(65� �w� x REWDLQHG E\ DXWKRUV� �w� x UHIHUHQFH GDWD

)LJXUH �� 9DOXHV RI HOHFWULFDO FRQGXFWLYLW\ RI &D�FRQWDLQLQJ IOX[HV

�� 7UR\DQVN\� $�$�� 5\DEWVHY� $�'�� 6DPERUVN\� 0�9� HW DO�
������ $SSOLFDWLRQ RI PRQLWRULQJ V\VWHP IRU VWXG\ RI (65
SURFHVV� 0HWDOO L /LWL\R 8NUDLQ\� �� ��w���

�� /DWDVK� <X�9�� 0HGRYDU� %�,� ������ (OHFWURVODJ UHPHOWLQJ�
0RVFRZ� 0HWDOOXUJL\D�

�� ������ $WODV RI VODJV� 5HIHU� %RRN� 0RVFRZ� 0HWDOOXUJL\D�
�� /RSDHY� %�(�� 3O\VKHYVN\� $�$�� 6WHSDQRY� 9�9� ������

$ERXW HOHFWULFDO FRQGXFWLYLW\ RI PROWHQ IOX[HV IRU HOHF�
WURVODJ UHPHOWLQJ DQG SUHKHDWLQJ� $YWRPDWLFK� 6YDUND� ��
��w���

�� .ROLVQ\N� 9�1� ������ 0HDVXUHPHQW RI HOHFWULF FRQGXFWLYLW\
RI IOX[HV LQ WKH WHPSHUDWXUH UDQJH RI ����w���� �&� ,ELG��
�� ��w���

�� 1LNLWLQ� %�0�� &KXMNR� 1�0� ������ $ERXW WKH UROH RI HOHF�
WULF UHVLVWDQFH RI VODJ LQ HOHFWULF DUF VWHHO�PDNLQJ IXUQDFHV�
,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� �� ��w���

�� (YVHHY� 3�3� ������ 3K\VLFDO SURSHUWLHV RI &D2w$O�2�w
&D)� V\VWHP VODJV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� =KPRMGLQ� *�,� ������ (OHFWULF FRQGXFWLYLW\ RI IOXRULQH�FRQ�
WDLQLQJ PHOWV� ,]Y� $1 6665� 0HWDOO\� �� ��w���

�� 5\DEWVHY� $�'� ������ ,QVWDOODWLRQ IRU HOHFWURVODJ UHPHOWLQJ
RI KLJK�UHDFWLYH PHWDOV DQG DOOR\V XVLQJ DFWLYH FDOFLXP�FRQ�
WDLQLQJ IOX[HV LQ FRQWUROODEOH DWPRVSKHUH� ,Q� 7UDQVDFW� RI
'RQ*78 RQ 0HWDOOXUJL\D� ,VVXH ��� 'RQHWVN� 'RQ*78�

��� 5\DEWVHY� $�'� ������ 'HYHORSPHQW RI WHFKQRORJ\ RI KLJK
UHILQLQJ RI FKURPH DQG DOOR\V RQ LWV EDVH XVLQJ WKH (65
PHWKRG ZLWK DFWLYH IOX[HV� 6\Q� RI 7KHVLV IRU &DQG� RI 6FL�
'HJUHH� 'RQHWVN� 'RQ3,�

��� 7HUHNKRY� 6�9�� .RU]XQ� (�/�� 5DGFKHQNR� 9�1� HW DO�
������ 7KHUPRG\QDPLF SURSHUWLHV RI PHWDOOLF FRPSRQHQW LQ
PHWDO�FRQWDLQLQJ IOXRULGH IOX[HV� 0HWDOO\� �� ��w���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

([DPSOHV RI XVH RI WKH QRQ�FRQVXPDEOH HOHFWURGH HOHFWURVODJ SURFHVV IRU SURFHVVLQJ RI D QRQ�FRPSDFW PHWDO�FRQWDLQLQJ

FKDUJH WR SURGXFH GLIIHUHQW IHUURDOOR\V DQG PDVWHU DOOR\V� PHWDO UHILQLQJ DQG FODGGLQJ DUH JLYHQ�

.H\ ZRU G V � QRQ�FRPSDFW FKDUJH� QRQ�FRQVXPDEOH HOHF�

WURGH� HOHFWURVODJ PHOWLQJ� IHUURDOOR\V� PDVWHU DOOR\V

([DPSOHV RI DSSOLFDWLRQ RI WKH HOHFWURVODJ SURFHVV

ZLWK QRQ�FRQVXPDEOH HOHFWURGHV IRU KHDWLQJ DQG UH�

ILQLQJ RI PROWHQ PHWDOV ZHUH GHVFULEHG LQ UHSRUW �
>�@� ,Q WKH PHQWLRQHG WHFKQRORJLHV WKH WHPSHUDWXUH
RI WKH VODJ PHOW LV PDLQWDLQHG DERYH WKH WHPSHUDWXUH

RI PHOWLQJ RI WKH PHWDO EHLQJ WUHDWHG� 7KHUHIRUH� LW

EHFDPH ORJLFDO WR GHYHORS WKH HOHFWURVODJ WHFKQRORJLHV
LQ ZKLFK WKH RYHUKHDWHG VODJ LV XVHG QRW RQO\ DV D

PHDQV RI KHDWLQJ RI WKH SUHOLPLQDU\ SUHSDUHG PROWHQ

PHWDO� EXW DOVR DV D PHDQV RI PHOWLQJ ZKHQ WKH LQLWLDO

PHWDO LV LQ D VROLG VWDWH� ,Q WKLV FDVH WKH FKDUJH� IUDJ�

PHQWHG DQG EXON\ LQ WKH IRUP RI FKLSV� VPDOO SLHFHV�

VKRW� SHOOHWV� FRDUVH GXVW� HWF� LV IHG JUDGXDOO\ IURP

WKH WRS WR D VODJ SRRO ZKLFK LV VHW LQ D ZDWHU�FRROHG

RU OLQHG YHVVHO XVLQJ QRQ�FRQVXPDEOH HOHFWURGHV �)L�

JXUH ��� 8VXDOO\� WKH SDUDPHWHUV RI WKH HOHFWURVODJ

SURFHVV DUH VHOHFWHG VR WKDW WKH PHWDO FRXOG EH PHOWHG

FRPSOHWHO\ GXULQJ SDVVLQJ WKURXJK WKH WKLFNQHVV RI

WKH VODJ PHOW� 'XULQJ PHOWLQJ LQ WKH ZDWHU�FRROHG

PRXOG WKH PROWHQ PHWDO LV VROLGLILHG JUDGXDOO\ LQ WKH

IRUP RI DQ LQJRW� ZKLOH LQ PHOWLQJ LQ D VNXOO RU OLQHG
YHVVHO WKH PHWDO LV DFFXPXODWHG LQ D PROWHQ VWDWH DQG

SRXUHG RXW SHULRGLFDOO\ LQWR YDULRXV PRXOGV� 7KH VH�

OHFWLRQ RI WKH PHOWLQJ GLDJUDP� LQFOXGLQJ DOVR WKH
OLQLQJ PDWHULDO� LV GHILQHG LQ HDFK GHILQLWH FDVH VHSD�
UDWHO\ ZLWK DOORZDQFH IRU WKH FRPSRVLWLRQ DQG IRUP

RI WKH FKDUJH� UHTXLUHPHQWV WR WKH TXDOLW\ RI ILQDO

SURGXFWV� HIILFLHQF\ DQG HFRQRP\ RI WKH SURFHVV�

7KH SHFXOLDU IHDWXUH RI WKH HOHFWURVODJ PHOWLQJ

�(60�PHWKRGV FRQVLGHUHG LV WKH IDFW WKDW WKH FKDUJH�
ZKLFK LV IHG WR WKH VODJ PHOW DQG KDYLQJ D KLJKHU

GHQVLW\� LV LPPHUVHG LQWR WKLV PHOW DQG PHOWHG PRUH
RIWHQ� QRW DOUHDG\ FRQWDFWLQJ WKH VXUURXQGLQJ DWPRV�

SKHUH� 7KLV JLYHV DQ RSSRUWXQLW\ WR GHFUHDVH VLJQLIL�

FDQWO\ WKH PHWDO ORVVHV IRU VPRNH DQGPDNHV LW SRVVLEOH

WR PHOW PDQ\ KLJKO\�DFWLYH PDWHULDOV HYHQ ZLWKRXW DQ

DGGLWLRQDO SURWHFWLRQ RI WKH VODJ PLUURU� 2ZLQJ WR WKH

GHYHORSHG VXUIDFH RI IUDJPHQWHG FKDUJH WKH LQWHQVLYH

KHDW WUDQVIHU RFFXUV IURP WKH KRW VODJ PHOW WR WKH

PDWHULDO EHLQJ UHPHOWHG� WKXV SURYLGLQJ WKH KLJKPHOW�

LQJ HIILFLHQF\� 2QH PRUH DGYDQWDJH RI WKH (60 FRQ�

VLVWV LQ WKDW WKH FKDUJH EHLQJ UHPHOWHG LV VXEMHFWHG

VLPXOWDQHRXVO\ WR SXULILFDWLRQ IURP KDUPIXO LPSXUL�

WLHV DQG D QRQ�PHWDOOLF FRPSRQHQW� 7KH IHDVLELOLW\ WR

YDU\ WKH VODJ FRPSRVLWLRQ DQG LWV WHPSHUDWXUH ZLWKLQ

WKH ZLGH UDQJHV� WR DGG GHR[LGL]HUV DQG UHILQLQJ DG�

GLWLRQV LQWR D VODJ GXULQJ PHOWLQJ FDQ LQWHUIHUH DF�
WLYHO\ LQ WKH SK\VLFDO�FKHPLFDO SURFHVVHV SURFHHGLQJ

LQ WKH VODJwPHWDO V\VWHP� $QG WKLV LQ LWV WXUQ JLYHV

RSSRUWXQLW\ WR UHGXFH WKH R[LGHV� FRQWDLQHG LQ WKH

FKDUJH� DQG WR UHPRYH VHOHFWLYHO\ RU� YLFH YHUVD� WR

DGG GLIIHUHQW HOHPHQWV� 7KHUHIRUH� WKLV SURFHVV LV

RIWHQ FDOOHG LQ WKH 5XVVLDQ WHFKQLFDO OLWHUDWXUH DV HOHF�

WURVODJ UHILQLQJ RU HOHFWURVODJ PHOWLQJ DQG UHILQLQJ�

7HFKQRORJLHV RI XWLOL]DWLRQ DQG SURFHVVLQJ RI VODJ�

PHWDO ZDVWHV RI QRQ�IHUURXV PHWDOOXUJ\� FRQWDLQLQJ

IURP �� WR �� � RI PHWDO LQ WKH IRUP RI ELVFXLWV ZHUH

WKH ILUVW WHFKQRORJLHV ZKHUH WKH FDSDELOLWLHV RI WKH

HOHFWURVODJ SURFHVV ZLWK QRQ�FRQVXPDEOH HOHFWURGHV

IRU PHOWLQJ RI D QRQ�FRPSDFW FKDUJH ZHUH UHDOL]HG
VXFFHVVIXOO\ >�@� 0HOWLQJ RI WKHVH ZDVWHV LQ LQGXFWLRQ

DQG VKDIW IXUQDFHV LV GLIILFXOW� PDLQO\ GXH WR D FRP�

SDUDWLYHO\ KLJK FRQWHQW RI D QRQ�PHWDOOLF FRPSRQHQW�

DQG DFFRPSDQLHG E\ LUUHYRFDEOH ORVVHV ERWK LQ EDVH

PHWDO �FRSSHU� DQG DOVR LQ DOOR\LQJ HOHPHQWV� +RZ�

HYHU� WKH (60� RZLQJ WR LWV VSHFLILFV� FDQ VHSDUDWH D

VODJ FRPSRQHQW IURP D PHWDO FRPSRQHQW� PRUHRYHU�

WKH FRSSHU DQG QLFNHO DUH UHPRYHG FRPSOHWHO\� DQG

WKH ORVVHV LQ ]LQF IURP EUDVV ZDVWHV DUH UHGXFHG WR

PLQLPXP DW DQ DFWLYH XVH RI WKH UHGXFWLRQ SURFHVVHV�

7KH (60 LV DOVR PRUH HIIHFWLYH� DV FRPSDUHG ZLWK

RWKHU W\SHV RIPHOWLQJ� LQ SURFHVVLQJ RI SXUHO\PHWDOOLF

ZDVWHV RI FRSSHU DQG FRSSHU DOOR\V LQ WKH IRUP RI

FKLSV� (60RI QRQ�IHUURXV PHWDOV LV XVXDOO\ SHUIRUPHG

LQ D YHVVHO� OLQHG ZLWK &�FRQWDLQLQJ PDWHULDOV� WKH

PHWDO LV DFFXPXODWHG LQ D PROWHQ VWDWH XQGHU WKH VODJ

DQG SRXUHG RXW SHULRGLFDOO\ RU FRQWLQXRXVO\ IURP WKH

PHOWLQJ YHVVHO� ,Q WKLV FDVH� WKH KLJK TXDOLW\ RI WKH

� )�.� %,.7$*,529� ����
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PHWDO PDNHV LW SRVVLEOH QRW WR EH OLPLWHG E\ PHOWLQJ

RI D FKDUJH ELOOHW� EXW SURYLGHV DQ RSSRUWXQLW\ WR

SURGXFH D ILQDO FDVWLQJ RI WKH UHTXLUHG VKDSH�

$W WKH GLIIHUHQW VWDJHV RI WKH PHWDOOXUJLFDO SUR�

FHVVLQJ DQG DW D VXEVHTXHQW WUHDWPHQW RI WKH PHWDO

SURGXFWV� D ODUJH DPRXQW RI YDULRXV ZDVWHV LV IRUPHG

LQ WKH IRUP RI FKLSV� GXVW� VOLPH� VFUDS� IUDJPHQWV

DQG RWKHU VPDOO QRQ�FRPSDFW PHWDO�FRQWDLQLQJ PDWH�

ULDOV� 7KHVH ZDVWHV DUH FKDUDFWHUL]HG E\ D KLJK R[LGD�

WLRQ DQG FRQWDPLQDWLRQ ZLWK D QRQ�PHWDOOLF FRPSR�

QHQW� LQFOXGLQJ RUJDQLF FRPSRXQGV� WKDW OLPLWV WKHLU

DSSOLFDWLRQ DV DQ HIILFLHQW FKDUJH� 7KH PD[LPXP XVH

DQG UHWXUQ RI WKHVH ORZ�JUDGH ZDVWHV LQWR SURGXFWLRQ�

HVSHFLDOO\ WKRVH FRQWDLQLQJ YDOXDEOH DOOR\LQJ HOHPHQWV

VXFK DV FKURPLXP� QLFNHO� FREDOW� PRO\EGHQXP� WXQJ�

VWHQ� QLRELXP� YDQDGLXP DQG RWKHUV LV UDWKHU DFWXDO

SUREOHP�

,Q WKLV FRQQHFWLRQ� WKH (60ZLWK QRQ�FRQVXPDEOH

HOHFWURGHV FDQ VHUYH RQH RI WKHPRVW DFFHSWDEOHPHWKRG

RI WKHLU SURFHVVLQJ� RZLQJ WR LWV DERYH�PHQWLRQHG IHD�

WXUHV� )RU H[DPSOH� DW VXFK XWLOL]DWLRQ RI FKLSV DQG

PHWDO GXVW RI KLJK�WHPSHUDWXUH DOOR\V WKH ORVVHV LQ

DOOR\LQJ HOHPHQWV GR QRW H[FHHG �w� � LQ VSLWH RI WKH

IDFW WKDW D SDUW RI WKH PHWDO LV R[LGL]HG� $W WKH VDPH

WLPH ZKHQ WKHVH ZDVWHV DUH VXEMHFWHG WR SURFHVVLQJ

LQ HOHFWULF DUF IXUQDFHV WKH ORVVHV LQ DOOR\LQJ HOHPHQWV

UHDFK �� � DQG PRUH� ,Q SUDFWLFH� WKH IXOO SUHVHUYLQJ

RI PDLQ DOOR\LQJ HOHPHQWV VXFK DV FKURPLXP� PRO\E�

GHQXP� WXQJVWHQ DQG QLFNHO� LV SURYLGHG GXULQJ (60

RI ZDVWHV RI KLJK�VSHHG DQG VWDLQOHVV VWHHOV� 7KH ORZ

FRQWHQW RI IRUHLJQ LPSXULWLHV LQ PHWDO RI FKDUJH ELOOHWV

DQG FDVWLQJV DOORZV WKH PRVW SDUW RI WKH ZDVWHV WR EH

XVHG LQ D WHFKQRORJLFDO F\FOH RI SURGXFWLRQ ZLWKRXW

GHWHULRUDWLRQ RI WKH ILQDO SURGXFW TXDOLW\�

7KH HIILFLHQF\ RI WKH (60RI D QRQ�FRPSDFW FKDUJH

ZDV FRQILUPHG LQ SURGXFLQJ IHUURWLWDQLXP� LQFOXGLQJ

�� � RQH� IURP WLWDQLXP DQG VWHHO FKLSV >�@� 7KH WKLQJ

LV WKDW WKH SURFHVVLQJ RI WKH WLWDQLXP FKLSV LQWR IHU�

URWLWDQLXP LQ RSHQ LQGXFWLRQ IXUQDFHV LV GLIILFXOW GXH

WR KLJK UHDFWLYLW\ RI WLWDQLXP DQG D ORZ EXON GHQVLW\

RI FKLSV� DQG WKH PHOWLQJ LQ GLIIHUHQW YDFXXP XQLWV

UHTXLUHV D FDUHIXO SUHSDUDWLRQ RI WKH FKDUJH DQG LV QRW

HFRQRPLFDOO\ UDWLRQDO RIWHQ� $W WKH VDPH WLPH� ZKHQ

WKH FRQGLWLRQ RI ORRVHQHVV LV NHSW� WKH FKLSV� KDYLQJ

D UHODWLYHO\ VPDOO WKLFNQHVV DQG GHYHORSHG VXUIDFH�

DUH UDWKHU FRQYHQLHQW PDWHULDO IRU WKH (60� 7KH (60

RI IHUURWLWDQLXP LV UHDOL]HG LQ D ZDWHU�FRROHG PRXOG

E\ IHHGLQJ WLWDQLXP DQG VWHHO FKLSV LQWR D VODJ SRRO

IURP WZR KRSSHUV WKURXJK D ZHLJKHU �)LJXUH ��� (Q�

WHULQJ WKH VODJ PHOW� WKH FKLSV DUH PHOWHG DQG D PHWDO

SRRO LV IRUPHG� ,WV FRPSRVLWLRQ DQG� FRQVHTXHQWO\�

WKH FRPSRVLWLRQ RI IHUURWLWDQLXP EHLQJ PHOWHG DUH GH�

WHUPLQHG E\ D UDWLR RI PDWHULDOV� IHG IRU PHOWLQJ� WR

SK\VLFDO�FKHPLFDO SURFHVVHV LQ WKH VODJwPHWDO V\VWHP�

)LJXUH �� 7HFKQRORJLFDO VFKHPHV RI HOHFWURVODJ PHOWLQJ RI D QRQ�FRPSDFW FKDUJH� D x LQ PRXOG� E x LQ VNXOO IXUQDFH� Fx LQ DXWRVNXOO
IXUQDFH� G x PHOWLQJ LQ OLQHG YHVVHO
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7KH TXDOLW\ RI WKLV IHUURWLWDQLXP PXFK H[FHHGV WKH

TXDOLW\ RI WKH VLPLODU IHUURWLWDQLXP SURGXFHG E\ DQ

DOXPLQRWKHUPLF UHGXFWLRQ IURP 7L�FRQWDLQLQJ FRQFHQ�

WUDWHV�

6LPLODU WR IHUURWLWDQLXP PHOWLQJ� WKH PHOWLQJ RI

ORZ�JUDGH ZDVWHV RI SURGXFWLRQ RI IHUURDOOR\V� IHUURXV

DQG QRQ�IHUURXV PHWDOV LQ D VODJ SRRO LQ YDULRXV FRP�

ELQDWLRQV DQG SURSRUWLRQV JLYHV DQ RSSRUWXQLW\ WR SUR�

GXFH VSHFLDO PDVWHU DOOR\V DQG DOOR\LQJ HOHPHQWV�

7KHUH LV DQ H[SHULHQFH RI (60 RI VXFK FRPSRXQGV DV

)H0Q7L� )H7L$O� 6L0Q� $O7L� )H&U7L� 0Q6L7L DQG

RWKHUV� ,Q VSLWH RI XVH RI FKHDS ORZ�JUDGH ZDVWHV� WKH

PDVWHU DOOR\V SURGXFHG KDYH D ORZ FRQWHQW RI KDUPIXO

LPSXULWLHV� RZLQJ WR D UHILQLQJ FDSDELOLW\ RI WKH VODJ�

DQG FDQ EH XVHG VXFFHVVIXOO\ LQ GLIIHUHQW SURGXFWLRQV�

LQ SDUWLFXODU LQ PHOWLQJ VXSHUDOOR\V�

(60 FDQ EH XVHG QRW RQO\ IRU WKH XWLOL]DWLRQ DQG

SURFHVVLQJ RI GLIIHUHQW ZDVWHV� ZKLFK ZDV DERYH�GH�

VFULEHG� EXW DOVR DV DQ HIIHFWLYH PHWKRG RI UHILQLQJ

PHWDOV� )RU H[DPSOH� WKH QHHG DULVHV LQ XVH RI PDQ�

JDQHVH ZLWK D ORZ FRQWHQW RI LPSXULWLHV LQ WKH SUR�

GXFWLRQ RI VRPH SUHFLVLRQ DQG VSHFLDO DOOR\V� 7KH SXU�

HVW PDQJDQHVH LV SURGXFHG E\ HOHFWURO\VLV IURP VXO�

SKDWH VROXWLRQV� EXW LW KDV DQ LQFUHDVHG FRQFHQWUDWLRQ

RI VXOSKXU DQG JDVHV GXH WR VSHFLILFV RI WKH SURGXFWLRQ�

)RU H[DPSOH� LQ PDQJDQHVH RI 0U�� JUDGH DW FRQWHQW

RI EDVH HOHPHQW RI QRW OHVV WKDQ ���� � WKH VXOSKXU

FRQFHQWUDWLRQ LV XS WR ���� R[\JHQx ���� QLWURJHQx

����� DQG K\GURJHQ x ���� �� 7KHUHIRUH� WKLV PDQ�

JDQHVH LV SXULILHG SUHOLPLQDU\ E\ D YDFXXP DQQHDOLQJ

RU LQGXFWLRQ PHOWLQJ ZLWK D VODJ WUHDWPHQW�

$W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH WKH

WHFKQRORJ\ RI HOHFWURVODJ UHILQLQJ RI WKH HOHFWURO\WLF

PDQJDQHVH KDV EHHQ GHYHORSHG DQG UHDOL]HG VXFFHVV�

IXOO\ LQ LQGXVWU\� 7KLV PDQJDQHVH UHSUHVHQWV D IUDJ�

PHQWHG PDWHULDO LQ WKH IRUP RI IODNHV RI VHYHUDO PLO�

OLPHWHUV WKLFNQHVV DQG LW ZDV UHPHOWHG LQ WKH OD\HU RI

D PROWHQ VODJ >�@� 'XH WR VWULFW UHTXLUHPHQWV WR WKH

SXULW\ RI WKH PHWDO EHLQJ UHPHOWHG� LQ SDUWLFXODU WR

FDUERQ� LQ WKLV FDVH WKH QRQ�FRQVXPDEOH PHWDO ZDWHU�

FRROHG HOHFWURGHV RI D VSHFLDO GHVLJQ ZHUH XVHG IRU WKH

HOHFWURVODJ SURFHVV XQOLNH WKH SUHYLRXV SURFHVV ZKHUH

WKH JUDSKLWL]HG HOHFWURGHV ZHUH XVHG� DQG WKH PHOWLQJ

LWVHOI ZDV UHDOL]HG LQ D ZDWHU�FRROHG PRXOG� 7KH DS�

SOLFDWLRQ RI KLJKO\�EDVLF VODJV RI &D)�w&D2w$O�2�

V\VWHP ZLWK DGGLQJ GXULQJ PHOWLQJ RI UHILQLQJ DQG

GHR[LGL]LQJ FRPSRQHQWV DOORZHG XV WR GHFUHDVH WKH

VXOSKXU FRQWHQW LQ WKH PDQJDQHVH PHOWHG WR �����w

���� �� 7KLV LV �w� WLPHV ORZHU DV FRPSDUHG ZLWK

FRQWHQW DWWDLQHG LQ LQGXFWLRQ UHILQLQJ� 6LPXOWDQH�

RXVO\� WKH PHWDO VDWXUDWLRQ ZLWK D JDV LV DOVR GHFUHDVHG

E\ RQH RUGHU �)LJXUH ��� ,W LV DOVR LPSRUWDQW WKDW LQ

XVH RI PHOWLQJ E\ WKH QHZ WHFKQRORJ\ D ��IROG LQFUHDVH

LQ SURGXFWLYLW\ LV DFKLHYHG DQG LUUHYRFDEOH ORVVHV LQ

PDQJDQHVH DUH �w� WLPHV GHFUHDVHG� 7KH XVH RI PDQ�

JDQHVH� SDVVHG WKH HOHFWURVODJ UHILQLQJ� LQ PHOWLQJ

SUHFLVLRQ DOOR\V� LQ SDUWLFXODU WKHUPDO ELPHWDOV� FRXOG

UHGXFH UHMHFWLRQV DV WR FKHPLFDO FRPSRVLWLRQ� VWDELOL]H

WKH SURSHUWLHV DQG LQFUHDVH WKH SURGXFWLRQ SURILWDELOL�

W\� 'XULQJ UHFHQW \HDUV WKH WHFKQRORJ\ RI (60 RI

KLJKO\�GDPSLQJ 0Qw&X DOOR\V ZDV PDVWHUHG RQ WKH

EDVLV RI WKH DERYH�GHVFULEHG PHWKRG RI PDQJDQHVH

UHILQLQJ >�@� +HUH� WKH UHVXOWV REWDLQHG LQ SXULW\� GH�

IRUPDELOLW\ DQG GDPSLQJ SURSHUWLHV RI PHWDO LQ FRP�

ELQDWLRQ ZLWK KLJK WKURXJK \LHOG RI HIILFLHQW PHWDO

JLYH JURXQGV WR FRQVLGHU WKH HOHFWURVODJ UHILQLQJ

)LJXUH �� 6FKHPH RI SURFHVV RI HOHFWURVODJ PHOWLQJ RI IHUURWLWDQLXP IURP WLWDQLXP DQG VWHHO FKLSV� � x VROLG PHWDO� � x PRXOG� � x
PHWDO SRRO� � x VODJ SRRO� � x QRQ�FRQVXPDEOH HOHFWURGH� � x KRSSHU ZLWK VWHHO DQG WLWDQLXP FKLSV� � x SRZHU VRXUFH� � x ERWWRP
SODWH
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PHWKRG DV SURPLVLQJ IRU PHOWLQJ DOOR\V RI 0Qw&X

V\VWHP� XVHG IRU PDQXIDFWXUH RI KLJK�TXDOLW\ YLUERDE�

VRUELQJ GHYLFHV�

(OHFWURVODJ FODGGLQJ LV RQH PRUH VXFFHVVIXO DSSOL�

FDWLRQ RI WKH HOHFWURVODJ SURFHVV ZLWK QRQ�FRQVXPDEOH

HOHFWURGHV� ,WV SULQFLSOH FRQVLVWV LQ DQ LQLWLDO KHDWLQJ

DQG SUHIXVLRQ XVLQJ HOHFWURVODJ KHDWLQJ RI VXUIDFH RI

ELOOHW EHLQJ SURFHVVHG DQG VXEVHTXHQW IXVLRQ RI D EDVH

ZLWK D PHWDO VXSSOLHG WKURXJK D VODJ� WKXV IRUPLQJ D

GHSRVLWHG OD\HU� $PRQJ WKH QXPHURXV YDULDQWV RI VLPL�

ODU FODGGLQJ� RQH RI WKH PRVW W\SLFDO LV HOHFWURVODJ

UHVWRUDWLRQ RI KRW H[WUXVLRQ GLHV >�@� )RU LWV UHDOL]DWLRQ

WKH GLH LQ D YHUWLFDO SRVLWLRQ ZLWK DQ HQJUDYLQJ DW WKH

WRS LV SODFHG LQWR D PRXOG RU LV FRQILQHG E\ ZDWHU�

FRROHG SDQHOV LQ SHULPHWHU DQG D VODJ SRRO LV VHW LQ

WKH FDYLW\ IRUPHG RYHU LWV ZRUQ�RXW VXUIDFH XVLQJ QRQ�

FRQVXPDEOH HOHFWURGHV� $W WKH H[SHQVH RI KHDW JHQH�

UDWHG LQ D VODJ SRRO WKH XSSHU SDUW RI WKH GLH LV PHOWHG

IRU D GHSWK UHTXLUHG IRU UHPRYLQJ FUDFNV DQG RWKHU

H[LVWLQJ KHUH GHIHFWV� 7KHQ� WKH FKLSV RI GLH VWHHO DUH

IHG WR WKH RYHUKHDWHG VODJ� 7KH FKLSV DUH PHOWHG DQG

HQWHU WKH PHWDO SRRO RI WKH SUHIXVHG GLH �)LJXUH ���

0HWDO LV VXSSOLHG LQ WKH DPRXQW QHFHVVDU\ IRU UHVWR�

UDWLRQ RI WKH GLH KHLJKW� 7KH (60 SURYLGHV D UHOLDEOH

IXVLRQ RI EDVH DQG GHSRVLWHG PHWDO DW WKH KLJK TXDOLW\

RI WKH GHSRVLWHG PHWDO� 7KH VHUYLFH OLIH RI WKH UHVWRUHG

GLHV LV XVXDOO\ KLJKHU WKDQ WKDW RI WKH QHZ GLHV PDGH

IURP D IRUJHG PHWDO RI D FRQYHQWLRQDO SURGXFWLRQ�

6LPLODU WR WKH UHDOL]DWLRQ RI WKH GLH UHVWRUDWLRQ� LW

LV SRVVLEOH WR SURGXFH WKH ELPHWDO ELOOHWV� IRU H[DPSOH�

E\ FODGGLQJ RI D OD\HU RI VWDLQOHVV VWHHO RU FRSSHU DOOR\

RQ QRQ�DOOR\HG VWHHO E\ GHSRVLWLQJ PHWDO RI DQRWKHU

FRPSRVLWLRQ RQ WKH EDVH PHWDO� 9DULDQWV RI FODGGLQJ

FDQ EH GLIIHUHQW� WKH VDPH DV WKH ELOOHWV VXEMHFWHG WR

FODGGLQJ� QDPHO\ IODW� URXQG DW WKHLU KRUL]RQWDO DQG

YHUWLFDO SRVLWLRQ�

7KH SUHVHQW DUWLFOH GRHV QRW FRYHU DOO WKH H[DPSOHV

RI DSSOLFDWLRQ RI WKH HOHFWURVODJ SURFHVV ZLWK QRQ�FRQ�

)LJXUH �� 6FKHPH RI HOHFWURVODJ FODGGLQJ RI GLHV� � x ZDWHU�FRROHG SDQHOV� � x ZRUQ�RXW GLH� � x QRQ�FRQVXPDEOH HOHFWURGH� � x
VODJ SRRO� � x PHWDO SRRO� � x KRSSHU ZLWK FKLSV� � x VROLG VODJ� � x GHSRVLWHG OD\HU

)LJXUH �� &RQFHQWUDWLRQ RI LPSXULWLHV LQ HOHFWURO\WLF PDQJDQHVH� x LQLWLDO� U x DIWHU HOHFWURVODJ UHILQLQJ
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VXPDEOH HOHFWURGHV IRU FDVWLQJ LQJRWV� UHILQLQJ RI PH�

WDOV� PHOWLQJ IURP D QRQ�FRPSDFW FKDUJH RI IHUURDOOR\V

DQG PDVWHU DOOR\V� XWLOL]DWLRQ RI ZDVWHV RI QRQ�IHUURXV

PHWDOOXUJ\ DQG RWKHUV� EXW LW SURYHV WKH ZLGH SRVVL�

ELOLWLHV RI WKH WHFKQRORJLHV� ,W LV QDWXUDO WKDW WKH FRP�

SUHKHQVLYH VWXG\ RI VSHFLILF IHDWXUHV DQG ODZV W\SLFDO

RI WKLV W\SH RI WKH HOHFWURVODJ WUHDWPHQW RI PHWDOV�

VXFK DV KHDW WUDQVIHU IURP VODJ WR PHWDO� LQFOXGLQJ LQ

SDVVLQJ RI D VROLG FKDUJH WKURXJK D OD\HU RI D PROWHQ

VODJ� FDUERQ EHKDYLRXU LQ XVH RI JUDSKLWL]HG HOHF�

WURGHV� HIIHFW RI VODJ FRQGLWLRQV RQ PHWDO UHILQLQJ IURP

LPSXULWLHV DQG DOVRPDQ\ SKHQRPHQD RFFXUULQJ LQ JDVw

VODJwPHWDO V\VWHP ZDV QHFHVVDU\ IRU WKHLU UHDOL]DWLRQ

DQG VXFFHVVIXO DSSOLFDWLRQ� 7KH LQYHVWLJDWLRQV LQ WKLV

ILHOG DUH FRQWLQXHG� WKH WHFKQRORJLHV DQG HTXLSPHQW

DUH XSGDWHG� WKH HIILFLHQF\ LV LQFUHDVHG DQG ILHOGV RI

DSSOLFDWLRQ RI WKH HOHFWURVODJ SURFHVV ZLWK QRQ�FRQ�

VXPDEOH HOHFWURGHV DUH ZLGHQHG IRU SURGXFWLRQ RI YDUL�

RXV PHWDO SURGXFWV� 7KXV� GXULQJ UHFHQW \HDUV WKH

HOHFWURVODJ WHFKQRORJ\ LV XVHG LQ ODUJHU VFDOHV LQ SUR�

FHVVLQJ RI VODJV� FRQFHQWUDWHV� DVKHV� RUHV DQG RWKHU

PLQHUDO FKDUJH FRQWDLQLQJ PDQ\ H[SHQVLYH DQG VFDUFH

PHWDOV LQ GLIIHUHQW FRPSRXQGV� PDLQO\ LQ WKH IRUP RI

R[LGHV� 7KH (60 RI WKH DERYH�PHQWLRQHG FKDUJH LQ

FRPELQDWLRQ ZLWK VHOHFWLYH UHGXFWLRQ RI HLWKHU HOH�

PHQWV PDNHV LW SRVVLEOH WR SURGXFH� LQ SDUWLFXODU�

IHUURFKURPLXP� IHUURQLFNHO� IHUURWLWDQLXP� IHUUR�

PRO\EGHQXP� DQG DOVR RWKHU IHUURDOOR\V DQG PDVWHU

DOOR\V�

�� %LNWDJLURY� )�.� ������ $SSOLFDWLRQ RI HOHFWURVODJ SURFHVV
ZLWK QRQ�FRQVXPDEOH HOHFWURGHV IRU PHOWLQJ� UHILQLQJ DQG
WUHDWPHQW RI PHWDOV� 5HSRUW �� $GYDQFHV LQ (OHFWURPHWDOOXU�

J\� �� �w���
�� /\XW\� ,�<X�� /DWDVK� <X�9� ������ (OHFWURVODJ PHOWLQJ

DQG UHILQLQJ RI PHWDOV� .\LY� 1DXNRYD 'XPND�
�� /DWDVK� <X�9�� <DNRYHQNR� 9�$�� .UDYWVRY� 6�9� HW DO�

������ 3URGXFWLRQ RI IHUURWLWDQLXP E\ HOHFWURVODJ UHPHOWLQJ
RI WLWDQLXP DQG VWHHO FKLSV� 3UREOHP\ 6SHWV� (OHNWURPHWDO�

OXUJLL� �� ��w���
�� /DWDVK� <X�9�� <DNRYHQNR� 9�$�� /\XW\� ,�9� HW DO� ������

(OHFWURVODJ UHILQLQJ RI HOHFWURO\WLF PDQJDQHVH LQ 82���� LQ�
VWDOODWLRQ� ,ELG�� �� ��w���

�� %LNWDJLURY� )�.�� /DWDVK� <X�9�� .UXWLNRY� 5�*� HW DO�
������ (OHFWURVODJ UHILQLQJ DQG PHOWLQJ RI KLJK�GDPSLQJ
PDQJDQHVH�FRSSHU DOOR\V� ,ELG�� �� �w��

�� 1RVDWRY� 9�$�� 6WHUHQERJHQ� <X�$�� .X]PHQNR� 2�*�
������ 5HVWRUDWLRQ RI GLHV XVLQJ WKH HOHFWURVODJ KHDWLQJ�
.X]QHFKQR�6KWDPSRYRH 3URL]YRGVWYR� �� ��w���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

'LVWULEXWLRQ RI DOOR\LQJ HOHPHQWV DQG LPSXULWLHV LQ OHQJWK DQG VHFWLRQ RI ��� PP GLDPHWHU LQJRW IURP WLWDQLXP DOOR\V

RI 97�� 97��� 7���� JUDGHV� SURGXFHG E\ WKH PHWKRG RI HOHFWURQ EHDP PHOWLQJ ZLWK DQ LQWHUPHGLDWH FUXFLEOH �(%0&�

LV LQYHVWLJDWHG� 0DFUR� DQG PLFURVWUXFWXUHV RI IRUJLQJV IURP WKHVH DOOR\V DUH H[DPLQHG� 0HFKDQLFDO SURSHUWLHV RI DOOR\V

DIWHU GHIRUPDWLRQ DQG KHDW WUHDWPHQW DUH GHWHUPLQHG�

.H\ ZRU G V � WLWDQLXP DOOR\V� FKHPLFDO FRPSRVLWLRQ� GLVWUL�
EXWLRQ RI DOOR\LQJ HOHPHQWV� VHPLSURGXFWV� PDFUR� DQG PLFUR�
VWUXFWXUHV� PHFKDQLFDO SURSHUWLHV

$V LV NQRZQ� WKH DSSOLFDWLRQ RI WLWDQLXP DOOR\V LQ
DLUFUDIW FRQVWUXFWLRQ LV VWLSXODWHG E\ WKHLU KLJK VSH�

FLILF VWUHQJWK� FRUURVLRQ UHVLVWDQFH� VSHFLILFV RI WKHU�

PRSK\VLFDO SURSHUWLHV RI WLWDQLXP� ,Q VWUXFWXUHV RI

�$1� DHURSODQHV WKH PDVV RI SDUWV� PDGH IURP WLWD�

QLXP DOOR\� LV DW SUHVHQW �w� � RI WKH PDVV RI DLUIUDPH

SDUWV� 7KHVH DUH� ILUVW RI DOO� EUDFHV DQG ORDG�FDUU\LQJ

F\OLQGHUV RI FKDVVLV� IRUNV� EUDFNHWV RI FRQWURO V\VWHP�

ORDG�FDUU\LQJ SDUWV RI ZLQJ PHFKDQL]DWLRQ� FDUJR
WUDFNV RI IORRULQJ� SLSHOLQHV� FRPSHQVDWRUV� KHDW H[�

FKDQJHUV DQG RWKHU HOHPHQWV�

(IILFLHQF\ DQG UHOLDELOLW\ RI WLWDQLXP DOOR\ SDUWV

DQG VXE�DVVHPEOLHV DUH PDLQO\ GHILQHG E\ VHQVLWLYLW\

RI WKHLU PHFKDQLFDO SURSHUWLHV WR GHYLDWLRQV RI WHFK�

QRORJLFDO SDUDPHWHUV GXULQJ WKH SURFHVV RI WUHDWPHQW�

,W UHIHUV QRW RQO\ WR WKH WHFKQRORJ\ RI PDQXIDFWXUH

RI GLIIHUHQW SDUWV DQG VXE�DVVHPEOLHV� EXW DOVR JUHDWO\

WR WKH WHFKQRORJ\ RI PDQXIDFWXUH RI VHPLSURGXFWV�

7KXV� IRU H[DPSOH� WKH VHUYLFH OLIH RI FKDVVLV SDUWV RI

DOOR\ 97�� DW ORZ�F\FOH WHVWV LV YDULHG ZLWKLQ WKH

UDQJH RI �����w������ F\FOHV GHSHQGLQJ RQ WKH TXDOL�

W\ RI VHPLSURGXFWV� LQ SDUWLFXODU� RQ WKH SUHVHQFH RI

QRQ�PHWDOOLF LQFOXVLRQV LQ WKH VHPLSURGXFW PHWDO�

7KHUHIRUH� WR KDYH WKH ZLGHU DSSOLFDWLRQ RI WLWDQLXP

DOOR\V LQ DLUFUDIW VWUXFWXUHV LW LV QHFHVVDU\ QRW RQO\

WR FUHDWH QHZ 7L�EDVHG PDWHULDOV ZLWK KLJKHU VHUYLFH

FKDUDFWHULVWLFV� EXW DOVR WR LPSURYH IXUWKHU WKH SUR�

GXFWLRQ RI WLWDQLXP VHPLSURGXFWV� ,W VKRXOG EH QRWHG

KHUH� WKDW VXFK GHIHFWV RI WKH WLWDQLXP DOOR\ VHPLSUR�
GXFWV DV QRQ�KRPRJHQHLW\ RI FKHPLFDO FRPSRVLWLRQ
DQG VWUXFWXUH� LQFOXVLRQV RI KLJK DQG ORZ GHQVLW\�

LQFUHDVHG FRQWHQW RI JDVHRXV LPSXULWLHV �R[\JHQ� QL�

WURJHQ DQG K\GURJHQ� DUH WUDSSHG LQWR PHWDO HYHQ DW

WKH VWDJH RI LQJRW PHOWLQJ DQG SUHVHUYHG LQ LW GXULQJ

DOO QH[W SURFHVVLQJ >�w�@� 0RUHRYHU� LI WKH LQFOXVLRQV

LQ WLWDQLXP DOOR\ LQJRWV DUH IRUPHG DV D UHVXOW RI

FRQWDPLQDWLRQ RI FKDUJH PDWHULDOV� WKHQ WKH RFFXU�

UHQFH RI FKHPLFDO QRQ�KRPRJHQHLW\ DQG LQFUHDVH LQ FRQ�

FHQWUDWLRQ RI LPSXULWLHV LQ PHWDO �DV FRPSDUHG ZLWK

WKHLU FRQWHQW LQ FKDUJH� DUH FDXVHG E\ VSHFLILFV RI YDFX�

XP�DUF PHOWLQJ �9$0�� EHLQJ WKH PDLQ LQGXVWULDO

PHWKRG RI SURGXFWLRQ RI WLWDQLXP LQJRWV >�w�@�

(IIHFWLYH PHWKRG RI SUHYHQWLRQ RI IRUPDWLRQ RI WKH

DERYH�PHQWLRQHG GHIHFWV LQ FDVW PHWDO LV WKH HOHFWURQ

EHDP PHOWLQJ ZLWK DQ LQWHUPHGLDWH FUXFLEOH �(%0&�

>�w��@� 7KLV LV VWLSXODWHG E\ WKH IDFW WKDW (%0& LV

UHDOL]HG DW KLJKHU� WKDQ LQ 9$0� YDFXXP DQG WKHUH

LV QR QRWLFHDEOH VDWXUDWLRQ RI PHWDO ZLWK JDVHRXV LP�

SXULWLHV GXULQJ WKH PHOWLQJ SURFHVV� ,Q (%0& WKH

PROWHQ WLWDQLXP LV KHOG IRU D ORQJ WLPH LQ D OLTXLG

VWDWH� WKDW SURPRWHV LWV GHJDVVLQJ �K\GURJHQ UHPRYDO�

DQG WKH FKHPLFDO FRPSRVLWLRQ OHYHOOLQJ� 6LPXOWDQH�

RXVO\ ZLWK GHJDVVLQJ WKH PROWHQ PHWDO LV DOVR VXE�

MHFWHG WR UHILQLQJ IURP IRUHLJQ SDUWLFOHV RI KLJK DQG

ORZ GHQVLW\� ZKLFK IRUP LQFOXVLRQV LQ D VROLGLILHG
LQJRW DW WKH DEVHQFH RI WKH LQWHUPHGLDWH FUXFLEOH�

7KXV� (%0& PDNHV LW SRVVLEOH WR LQFUHDVH JUHDWO\ WKH

TXDOLW\ RI WLWDQLXP LQJRWV >�w��@� +RZHYHU� LQ WKLV

FDVH D SUREOHP H[LVWV LQ SURGXFLQJ LQJRWV RI D SUHVHW

FKHPLFDO FRPSRVLWLRQ� DV WKH PHOWLQJ LQ D FRPSDUD�

WLYHO\ KLJK YDFXXP FRQWULEXWHV WR D VHOHFWLYH HYDSR�

UDWLRQ RI DOOR\LQJ HOHPHQWV RI D KLJK YDSRXU SUHVVXUH

>��� ��@� 7KHUHIRUH� WKH LQGXVWULDO HOHFWURQ EHDP XQLWV

DUH XVHG PDLQO\ IRU WKH SURGXFWLRQ RI LQJRWV RI FRP�

PHUFLDO WLWDQLXP >�� �@ DQG LQJRWV RI WKH ILUVW UHPHOW�

LQJ IURP WLWDQLXP DOOR\V� ZKLFK DUH WKH HOHFWURGHV IRU

QH[W PHOWLQJ LQ YDFXXP�DUF IXUQDFHV >��� ��@�

7KH WDVN RI LQGXVWULDO SURGXFWLRQ RI WLWDQLXP DOOR\

LQJRWV H[FOXVLYHO\ E\ WKH (%0&PHWKRG LV DFWXDO DQG

DSSURSULDWH LQYHVWLJDWLRQV DUH FDUULHG RXW ERWK LQ RXU

FRXQWU\ DQG DEURDG >��� ��@� 7KHLU SRVLWLYH UHVXOW LV

YHU\ LPSRUWDQW IRU WKH DHURVSDFH FRPSOH[ RI 8NUDLQH�

EHFDXVH RXU PHWDOOXUJLFDO LQGXVWU\ KDV QR DYDLODEOH
YDFXXP�DUF IXUQDFHV IRU WLWDQLXP PHOWLQJ�

7KHRUHWLFDO DQG H[SHULPHQWDO ZRUNV� FDUULHG RXW

DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH

1$6 RI 8NUDLQH� ZHUH GLUHFWHG WR SURGXFLQJ LQJRWV

RI KLJK�DOOR\HG DOOR\V RI WLWDQLXP XVLQJ WKH (%0&

PHWKRG� 7KHVH ZRUNV UHSUHVHQWHG D FRPSOH[ RI LQYHV�

WLJDWLRQV LQFOXGLQJ WKH PDWKHPDWLFDO PRGHOOLQJ RI

HYDSRUDWLRQ RI DOOR\LQJ HOHPHQWV GHSHQGLQJ RQ WKH

(%0& SDUDPHWHUV DQG WKH VWDWLF DQDO\VLV RI UHVXOWV
RI H[SHULPHQWDO PHOWLQJV� 7KXV� WKH TXDQWLWDWLYH UH�

ODWLRQVKLS ZDV HVWDEOLVKHG EHWZHHQ WKH ORVVHV RI DO�
� 6�/� $1721<8.� $�*� 02/<$5� $�1� .$/,1<8. DQG 9�1� =$0.29� ����
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OR\LQJ HOHPHQWV� ILUVW RI DOO DOXPLQLXP� DQG PHOWLQJ
FRQGLWLRQV� W\SH RI FKDUJH� FKHPLFDO FRPSRVLWLRQ RI
WKH LQJRW PHOWHG� 7HFKQRORJLFDO FKDUWV RI (%0& RI
WLWDQLXP DOOR\V ZHUH FUHDWHG RQ WKH EDVLV RI UHODWLRQ�
VKLSV REWDLQHG� 7KHLU XVH LQ EOHQGLQJ DQG VHOHFWLRQ RI
SDUDPHWHUV RI PHOWLQJ SURFHVV SURYLGHV WKH SUHVHW
FKHPLFDO FRPSRVLWLRQ RI LQJRW PHWDO� %HVLGHV� WKH HI�
IHFW RI GLIIHUHQW PHWKRGV RI EOHQGLQJ RQ XQLIRUPLW\
RI GLVWULEXWLRQ RI DOOR\LQJ HOHPHQWV LQ WKH LQJRW OHQJWK
ZDV VWXGLHG� $ GLDJUDP DQG VSHFLDO IL[WXUH ZHUH GH�
YHORSHG IRU D FRQWLQXRXV IHHGLQJ RI DOOR\LQJ HOHPHQWV
LQWR WKH FKDUJH �LQ D SUHVHW DPRXQW� LQ WKH FRXUVH RI
LWV PHOWLQJ� 7KH XVH RI WKLV SURFHGXUH RI DOOR\LQJ
HQVXUHV WKH XQLIRUP GLVWULEXWLRQ RI DOOR\LQJ HOHPHQWV
ERWK DORQJ WKH LQJRW DQG DOVR LQ LWV VHFWLRQ�

$V H[DPSOHV� 7DEOHV � DQG � VKRZ WKH GLVWULEXWLRQ
RI DOOR\LQJ HOHPHQWV LQ OHQJWK DQG FURVV�VHFWLRQ RI
��� PP GLDPHWHU LQJRWV� PDGH IURP WZR JUDGHV RI
WLWDQLXP DOOR\V� XVHG ZLGHO\ LQ VWUXFWXUHV RI �$1�
DHURSODQHV� QDPHO\ 97� �7Lw�$Ow�9� DQG 97�� �7Lw
�$Ow�0Rw�9w�&Uw�)H�� DVZHOO DV RI WKH LQJRW�PDGH
IURP H[SHULPHQWDO KLJK�VWUHQJWK PXOWLFRPSRQHQW DO�
OR\ 7���� �FRQGLWLRQDO JUDGH�� ZKLFK ZDV GHYHORSHG
E\ WKH VSHFLDOLVWV RI WKH 3:, DQG $QWRQRY 6FLHQWLILF
DQG 7HFKQLFDO &RPSOH[ DQG LV WKH ILUVW QDWLRQDO WLWD�
QLXP DOOR\� 7KH JLYHQ GDWD FRQILUP WKDW WKH (%0&
WHFKQRORJ\ SURYLGHV D VXIILFLHQWO\ XQLIRUP GLVWULEX�
WLRQ RI DOOR\LQJ HOHPHQWV LQ YROXPH RI WLWDQLXP DOOR\
LQJRWV� 7KXV� IRU H[DPSOH� WKH GLIIHUHQFH EHWZHHQ WKH
PD[LPXP DQG PLQLPXP FRQFHQWUDWLRQ RI DOXPLQLXP
LQ LQJRW PHWDO �VHH 7DEOHV � DQG �� GRHV QRW H[FHHG
���� ZW��� 7KLV LV � WLPHV ORZHU WKDQ LQ 7Lw�$Ow�9
DOOR\ LQJRWV SURGXFHG E\ (%0& LQ ZRUN >��@� ,W VKRXOG
EH QRWHG WKDW LQ WKH QHDU�VXUIDFH OD\HUV RI 9$0 LQJRWV
WKH DOXPLQLXP FRQFHQWUDWLRQ LV XVXDOO\ E\ ���w��� ZW��
KLJKHU WKDW LQ WKHLU FHQWUDO SDUW >�� �@�

([DPLQDWLRQ RI PDFUR� DQG PLFURVWUXFWXUHV RI LQ�
JRWV PHWDO FRQILUPHG WKH KLJK HIILFLHQF\ RI (%0&
IURP WKH SRLQW RI YLHZ RI SUHYHQWLRQ RI WKH IRUPDWLRQ
RI LQFOXVLRQV� 7KH LQFOXVLRQV RI KLJK DQG ORZ GHQVLW\

ZHUH QRW UHYHDOHG QHLWKHU LQ H[SHULPHQWDO LQJRWV
ZKLFK ZHUH VXEMHFWHG WR WKH FRPSUHKHQVLYH H[DPLQD�
WLRQ� QRU LQ VHPLSURGXFWV IURP VHULDO�SURGXFHG LQGXV�
WULDO LQJRWV�

7KHUH DUH QR ORQJ FROXPQDU FU\VWDOOLWHV LQ WKH LQ�
JRWV SURGXFHG E\ (%0&� 7KHLU PDFURVWUXFWXUH FRQ�
VLVWV RI SRO\KHGUDO β�JUDLQV� HTXLD[LDO RU VOLJKWO\ HORQ�
JDWHG LQ WKH GLUHFWLRQ RI KHDW UHPRYDO �)LJXUH ��� 7KH
OHQJWK�WR�ZLGWK UDWLR RI WKH HORQJDWHG JUDLQV LV ZLWKLQ
���w���� 7KHUH DUH QR GHIHFWV LQ WKH IRUP RI FDYLWLHV
DQG SRUHV LQ WKH FDVW PHWDO�

,QJRWV RI DOOR\V 97� DQG 97��� PHOWHG E\ ERWK
PHWKRGV� ZHUH VXEMHFWHG WR IRUJLQJ IRU URGV RI �� DQG
�� PP� UHVSHFWLYHO\� DQG WKH LQJRW RI DOOR\ 7����
SURGXFHG E\ (%0&� ZDV IRUJHG IRU SODWHV RI �� PP
WKLFNQHVV� )RUJLQJ RI LQJRWV IURP DOOR\V 97� DQG
97�� ZDV UHDOL]HG DFFRUGLQJ WR WKH LQGXVWULDO WHFK�
QRORJ\ >��@� 7KH IRUJLQJ RI WKH LQJRW RI 7���� DOOR\
VWDUWHG DW WHPSHUDWXUH ���� �& �LQ β�UHJLRQ� DQG ILQL�
VKHG DW ��� �& �LQ α � β�UHJLRQ�� 5DWLR RI UHGXFWLRQ
SHU RQH KHDWLQJ ZDV ��w�� �� 9DOXH RI PDFURVWUXFWXUH
JUDLQ RI IRUJLQJ PHWDO ZDV HTXDO WR �w� PDUN RI ���
PDUN VFDOH RI PDFURVWUXFWXUHV IRU WLWDQLXPDOOR\V >��@�
ZKLOH PLFURVWUXFWXUH ZDV HTXDO WR WKH �WK W\SH RI
VFDOH RI PLFURVWUXFWXUHV �)LJXUH ��� 7KLV VDWLVILHV FRP�
SOHWHO\ WKH UHTXLUHPHQWV RI WKH DLUFUDIW LQGXVWU\�
VSHFLILHG WR WKH VWUXFWXUH RI WLWDQLXP VHPLSURGXFWV�

6LQJOH�W\SH VWDPSLQJV IRU �$1� DHURSODQH ZHUH
PDQXIDFWXUHG IURP IRUJLQJV �)LJXUH ��� 7DEOHV � DQG
� JLYH WKH PHFKDQLFDO SURSHUWLHV RI IRUJHG SLHFHV DQG
VWDPSLQJV PDQXIDFWXUHG IURP WKHP� 7KHVH GDWD HQ�
DEOH XV WR PDNH FRQFOXVLRQ WKDW PHFKDQLFDO SURSHUWLHV
RI VHPLSURGXFWV IURP DOOR\V 97� DQG97�� FRUUHVSRQG
WR WKH UHTXLUHPHQWV RI VWDQGDUGV LQGHSHQGHQWO\ RI WKH
PHWKRG RI PHOWLQJ LQJRWV�

,W VKRXOG EH QRWHG WKDW DOOR\ 7���� LV H[SHULPHQ�
WDO� ,W ZDV DLPHG DW WKH GHYHORSPHQW RI KLJK�VWUHQJWK
WLWDQLXP DOOR\ ZLWK D JRRG ZHOGDELOLW\ IRU KHDY\�
ORDGHG SDUWV DQG VXE�DVVHPEOLHV RI WKH DHURVSDFH HQ�
JLQHHULQJ� 7KHUHIRUH� HYHQ DW WKH LQLWLDO VWDJHV RI LQ�

7DEOH �� 'LVWULEXWLRQ RI DOOR\LQJ HOHPHQWV DQG LPSXULWLHV LQ OHQJWK RI LQJRWV RI WLWDQLXP DOOR\V SURGXFHG E\ (%0&

*UDGH

RI DOOR\

6DPSOLQJ

SODFH

&RQWHQW� ZW��

$O 0R 9 1E )H &U =U 2 1

97� 7RS ���� w ���� w ���� w w ���� �����

0LGGOH ���� w ���� w ���� w w ���� �����

%RWWRP ���� w ���� w ���� w w ���� �����

*267 �����w�� ���w��� w ���w��� w � ��� w w � ��� � ����

97�� 7RS ���� ���� ���� w ���� ���� w ���� �����

0LGGOH ���� ���� ���� w ���� ���� w w w

%RWWRP ���� ���� ���� w ���� ���� w w w

*267 �����w�� ���w��� ���w��� ���w��� w ���w��� ���w��� � ��� � ��� � ����

7����

�FRQGL

WLRQDO

JUDGH�

7RS ���� ���� ���� ���� ���� w ���� ���� ����

0LGGOH ���� ���� ���� ���� ���� w ���� w w

%RWWRP ���� ���� ���� ���� ���� w ���� w w

7HPSRUDU\ 76 ���w��� ���w��� ���w��� ���w��� ���w��� w ���w��� � ���� � ����
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)LJXUH �� 0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI ��� PP GLDPHWHU LQJRW IURP DOOR\V 97�� �D� DQG 7���� �E�

7DEOH �� 'LVWULEXWLRQ RI DOOR\LQJ HOHPHQWV LQ VHFWLRQ RI LQJRWV RI WLWDQLXP DOOR\V SURGXFHG E\ (%0&

*UDGH

RI DOOR\

,QJRW

SDUW

6DPSOLQJ

SODFH


&RQWHQW� ZW��

$O 0R 9 1E )H &U =U

97� 7RS $ ���� w ���� w w w w

0 ���� w ���� w w w w

3 ���� w ���� w w w w

0LGGOH $ ���� w ���� w w w w

0 ���� w ���� w w w w

3 ���� w ���� w w w w

%RWWRP $ ���� w ���� w w w w

0 ���� w ���� w w w w

3 ���� w ���� w w w w

97�� 7RS $ ���� ���� ���� w ���� ���� w

0 ���� ���� ���� w ���� ���� w

3 ���� ���� ���� w ���� ���� w

0LGGOH $ ���� ���� ���� w ���� ���� w

0 ���� ���� ���� w ���� ���� w

3 ���� ���� ���� w ���� ���� w

%RWWRP $ ���� ���� ���� w ���� ���� w

0 ���� ���� ���� w ���� ���� w

3 ���� ���� ���� w ���� ���� w

°���� 7RS $ ���� ���� ���� ���� ���� w ����

0 ���� ���� ���� ���� ���� w ����

3 ���� ���� ���� ���� ���� w ����

0LGGOH $ ���� ���� ���� ���� ���� w ����

0 ���� ���� ���� ���� ���� w ����

3 ���� ���� ���� ���� ���� w ����

%RWWRP $ ���� ���� ���� ���� ���� w ����

0 ���� ���� ���� ���� ���� w ����

3 ���� ���� ���� ���� ���� w ����



$ x QHDU LQJRW D[LV� 0 x QHDU UDGLXV PLGGOH� 3 x LQ SHULSKHU\ ]RQH �DERXW �� PP IURP LQJRW VXUIDFH��
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)LJXUH �� 0LFURVWUXFWXUH RI IRUJLQJV IURP DOOR\V 97�� �D�� 7���� �E� DQG 97� �F� �×����

)LJXUH �� 6WDPSLQJV PDQXIDFWXUHG IURP LQJRWV RI WLWDQLXP DOOR\V SURGXFHG E\ (%0& EHIRUH �D� DQG DIWHU �E� PHFKDQLFDO WUHDWPHQW

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI VHPLSURGXFWV IURP LQJRWV RI WLWDQLXP DOOR\V 97� DQG 97�� SURGXFHG E\ GLIIHUHQW PHWKRGV

$OOR\ 7\SH RI VHPLSURGXFW σ
W� 03D σ

���� 03D δ� � ψ� � .&9� -�FP
�

97�

�9$0�

)RUJLQJ� �� PP GLD� ���w���
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PDGH XVLQJ WKH IROORZLQJ FRQGLWLRQV� IRU IRUJLQJ x KHDWLQJ ��� �& ± �� �&� � K VRDNLQJ� DLU FRROLQJ� IRU VWDPSLQJ x KHDWLQJ ��� �& ±
± �� �&� ��� K VRDNLQJ� IXUQDFH FRROLQJ WR ��� �& ± �� �&� VRDNLQJ �� PLQ� IXUQDFH FRROLQJ WR ��� �&� � K VRDNLQJ� DLU FRROLQJ� KHDWLQJ WR

��� �&� � K VRDNLQJ� KHDWLQJ WR ��� �&� � K VRDNLQJ� DLU FRROLQJ�
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YHVWLJDWLRQ WKH LQJRWV IURP WKLV DOOR\ ZHUH PHOWHG
H[FOXVLYHO\ E\ XVLQJ (%0&� DV WKH PRVW FKDOOHQJLQJ
PHWKRG ZKLFK LV FKDUDFWHUL]HG E\ WKH DEVHQFH RI GH�
IHFWV LQ FDVW PHWDO� ,W LV DVVXPHG WKDW LW ZLOO UHSODFH
97�� DOOR\ LQ IXWXUH� &RPSDULVRQ RI PHFKDQLFDO FKD�
UDFWHULVWLFV RI WKHVH DOOR\V PDNHV LW SRVVLEOH WR VWDWH
WKDW DW DFWXDOO\ HTXDO VWUHQJWK WKH GXFWLOLW\ RI WKH
DOOR\ 7���� LV KLJKHU�

7KXV� WKH LQYHVWLJDWLRQV VKRZHG WKDW WKH SURSHU�
WLHV RI VHPLSURGXFWV� PDQXIDFWXUHG IURP LQJRWV SUR�
GXFHG E\ WKH (%0& WHFKQRORJ\ GHYHORSHG� PHHW DOO
WKH UHTXLUHPHQWV VSHFLILHG E\ WKH DLUFUDIW LQGXVWU\ WR
WKH TXDOLW\ RI WKH WLWDQLXP DOOR\V�

�� $QRVKNLQ� 1�)�� 2JLQVND\D� (�,�� $QGUHHYD� *�6� HW DO�
������ 0HFKDQLVP RI IRUPDWLRQ RI LQFOXVLRQV LQ PHOWLQJ RI
WLWDQLXP DOOR\V LQJRWV LQ YDFXXP DUF IXUQDFHV� ,Q� $EVWU� RI
SDS� RI �WK 6FL��7HFKQ� 0HHWLQJ RQ 0HWDOOXUJ\� 3K\VLFDO

0HWDOOXUJ\ DQG $SSOLFDWLRQV RI 7LWDQLXP DQG LWV $OOR\V�
0RVFRZ� 9,/6�

�� 2JLQVND\D� (�,�� $QRVKNLQ� 1�)�� 0XVDWRY� 0�,� HW DO�
������ ,QIOXHQFH RI YDFXXP DUF PHOWLQJ SDUDPHWHUV RI WLWD�
QLXP DOOR\V LQJRWV RQ VROXELOLW\ RI UHIUDFWRU\ HOHPHQWV� ,Q�
9DFXXP DUF PHOWLQJ RI PHWDOV DQG DOOR\V� ,VVXH �� 0RVFRZ�
0HWDOOXUJL\D�

�� 8UWLHY� 9�3�� %HUHVODYVN\� $�/� ������ ,QIOXHQFH RI HOHFWULF
FRQGLWLRQ RI PHOWLQJ LQ YDFXXP DUF IXUQDFH RQ VROXELOLW\ RI
UHIUDFWRU\ SDUWLFOHV� ,ELG�

�� $QRVKNLQ� 1�)� ������ ([DPLQDWLRQ RI PDFURKHWHURJHQHLW\
RI WLWDQLXP DOOR\V LQJRWV� ,Q� 3URF� RI 6FL��7HFKQ� 0HHWLQJ

RQ 3URGXFWLRQ RI 7LWDQLXP $OOR\V� 0RVFRZ� 217,�9,$0�

�� &KXFKXU\XNLQ� $�'�� 'DQLORYD� 7�9�� 3DYORY� $�*� ������
(YDSRUDWLRQ RI DOXPLQLXP LQ 9$0 RI WLWDQLXP DOOR\V LQJRWV�
7HFKQRORJ\ RI OLJKW DOOR\V� ,Q� 6FL��7HFKQ� %XOO� RI 9,/6�

�� $GDPV� 5�(�� 5RVHQEHUJ� *�8� ������ 6ROLGLILFDWLRQ RI WLWD�
QLXP LQJRWV� ,Q� 7LWDQLXPs��� 6FLHQFH DQG 7HFKQRORJ\� 3URF�
RI �UG ,QW� &RQI� RQ 7LWDQLXP� 9RO� �� 0RVFRZ� 9,/6�

�� %HOORU� -��3�� +DQV� 6�� +HVV� (� HW DO� ������ 7KH IRUPD�
WLRQ DQG UHPRYDO RI �+DUG�$OSKD� PDWHULDO GXULQJ WKH PHOW�
LQJ RI WLWDQLXP DOOR\V� ,Q� 7LWDQLXPs��� 6FLHQFH DQG 7HFK�

QRORJ\� 3URF� RI �WK :RUOG &RQI� RQ 7LWDQLXP� %LUPLQJ�
KDP� 2FW� ��w��� ����� 9RO� ��

�� 5RQ]KLQ� $�6�� 6RNRORY� %�*�� =HOHQWVRY� 7�,� HW DO� ������
$SSOLFDWLRQ RI WLWDQLXP DOOR\V� ,Q� 3URF� RI �QG 6FL��7HFKQ�

0HHWLQJ� 0RVFRZ� 217,�9,$0�
�� &OLIIRUG� (�� 6KDPEOHQ� &�(� ������ 7LWDQLXP DOOR\ KHDUWK

PHOW �RQO\� WHFKQRORJ\ GHYHORSPHQW� ,Q� 7LWDQLXPs��� 6FL�
HQFH DQG 7HFKQRORJ\� 3URF� RI �WK :RUOG &RQI� RQ 7LWD�
QLXP� %LUPLQJKDP� 2FW� ��w��� ����� 9RO� ��

��� %XWWULOO� :�+�� 6KDPEOHQ� &�(� ������ +HDUWK PHOW SOXV
YDFXXP DUF UHPHOW� SURGXFWLRQ VWDWXV� ,ELG�

��� 3RXOVHQ� (�� &KLQQLV� :�� 0HGH� 0� ������ 6WDWXV RI WLWD�
QLXP FROG KHDUWK PHOWLQJ� ,Q� 7LWDQLXPs��� 6FLHQFH DQG

7HFKQRORJ\� 3URF� RI WKH �WK :RUOG &RQI� RQ 7LWDQLXP� 6W��
3HWHUVEXUJ� -XQH �w��� �����

��� 3DWRQ� %�(�� 7ULJXE� 1�3�� $NKRQLQ� 6�9� ������ (OHFWURQ
EHDP PHOWLQJ RI WLWDQLXP� ,ELG�

��� 9DULFK� ,�<X�� $NKRQLQ� 6�9�� 7ULJXE� 1�3� HW DO� ������
(YDSRUDWLRQ RI DOXPLQLXP IURP WLWDQLXP�EDVH DOOR\V GXULQJ
HOHFWURQ EHDP PHOWLQJ ZLWK LQWHUPHGLDWH FUXFLEOH� 3UREOHP\
6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� :RRG� -�5� ������ 3URGXFLQJ 7Lw�$Ow�9 SODWH IURP VLQJOH�
PHOW (%&+0 LQJRW� -20� )HEUXDU\� ��w���

��� ������ 6HPLILQLVKHG SURGXFWV IURP WLWDQLXP DOOR\V� (G� E\
1�)� $QRVKNLQ� 0RVFRZ� 0HWDOOXUJL\D�

��� ������ 0HWDOORJUDSK\ RI WLWDQLXP DOOR\V� (G� E\ 6�*�
*OD]XQRY� 0RVFRZ� 0HWDOOXUJL\D�

�	����	��	���������
�����������������

�������������	�����	��
���	������������������

%�$� 029&+$1
�
� $�,� 867,129

�
� 6�6� 32/,6+&+8.

�
DQG 7�9� 0(/1,&+(1.2

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
*�9� .XUG\XPRY ,QVWLWXWH RI 0HWDO 3K\VLFV� 1$68� .\LY� 8NUDLQH

6WUXFWXUDO FKDQJHV LQ PLFUROD\HU FRDWLQJV �7L� &U�w6L LQ WKH SURFHVV RI LVRWKHUPDO DQQHDOLQJ DW WHPSHUDWXUHV ���� ����

DQG ���� �& DUH VWXGLHG� 0LFUROD\HU VWUXFWXUH ZDV SURGXFHG E\ HOHFWURQ EHDP HYDSRUDWLRQ IURP WZR LQJRWV �7Lw&U DQG

6L� DQG FRQGHQVDWLRQ LQ YDFXXP RI QRQ�PL[LQJ YDSRXU IORZV� ,W LV VKRZQ WKDW LQ GLIIXVLRQ LQWHUDFWLRQ EHWZHHQ WKH OD\HUV

WKH PLFUROD\HU VWUXFWXUH LV GHVWUR\HG DQG WKH VWUXFWXUH RQ WKH EDVH RI LFRVDKHGUDO SKDVH �RU DSSUR[LPDWH WR LW� LV IRUPHG�

.H\ ZRU G V � HOHFWURQ EHDP HYDSRUDWLRQ DQG GHSRVLWLRQ�

PLFUROD\HU FRDWLQJV� 7Lw&Uw6L V\VWHP� TXDVL�FU\VWDOOLQH VWUXF�

WXUH

$OOR\V ZLWK D TXDVL�FU\VWDOOLQH VWUXFWXUH �RU DSSUR[L�
PDWH� FORVH WR LW E\ D ORFDO DWRPLF SDFNLQJ� UHSUHVHQW
LQWHUHVW IURP WKH SRLQW RI YLHZ RI FUHDWLRQ RI PDWHULDOV
RQ WKHLU EDVH� KDYLQJ XQLTXH FRPELQDWLRQ RI SURSHU�
WLHV� VXFK DV ORZ KHDW FRQGXFWLYLW\ DQG HOHFWULFDO FRQ�
GXFWLYLW\� KLJK KDUGQHVV DQG ZHDU UHVLVWDQFH� ORZ FR�
HIILFLHQW RI IULFWLRQ� KLJK FRUURVLRQ DQG R[LGDWLRQ UH�
VLVWDQFH DQG RWKHUV >�@� 7KH XVH RI WKH PDWHULDOV ZLWK
D FRPSOH[ FU\VWDOOLQH VWUXFWXUH �&&6� DV FRDWLQJV FDQ
ZLGHQ VLJQLILFDQWO\ WKH IXQFWLRQDO FDSDELOLWLHV RI SUR�
GXFWV PDGH IURP WUDGLWLRQDO PDWHULDOV� 0DQ\ ZRUNV
DUH GHYRWHG WR WKH VWXG\ RI PHWKRGV RI SURGXFLQJ

ILOPV DQG FRDWLQJV ZLWK &&6 RQ WKH EDVH RI GLIIHUHQW
PHWDO V\VWHPV >�� �@�

7KXV� WR IRUP&&6 RQ WKH EDVH RI DOXPLQLXP V\VWHPV
DQ DSSOLFDWLRQ RI SODVPD PHWKRGV RI FRDWLQJ GHSRVLWLRQ
IRXQG WKH ZLGH VSUHDGLQJ >�@� ,W LV VKRZQ LQ RXU ZRUN
>�@ WKDW WKHVH FRDWLQJV FDQ EH IRUPHG IRU D VLQJOH WHFK�
QRORJLFDO F\FOH GLUHFWO\ IURP WKH YDSRXU SKDVH LQ HOHF�
WURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ RI LQJRW RI DQ
RSWLPXPFRPSRVLWLRQ LQ YDFXXP� ,WZDV HVWDEOLVKHG WKDW
WKH PLFURVWUXFWXUH RI FRDWLQJV� IRUPHG KHUH� LV FKDUDF�
WHUL]HG E\ D KLJK GHJUHH RI SHUIHFWLRQ WKDW SURPRWHV WKH
LQFUHDVH LQ WKHLU VHUYLFH SURSHUWLHV �IRU H[DPSOH� PLFUR�
KDUGQHVV RI FRDWLQJV LV LQFUHDVHG IURP ��� XS WR ��� *3D
LQ WUDQVLWLRQ IURP SODVPD WR HOHFWURQ EHDP PHWKRG RI
WKH FRDWLQJ IRUPDWLRQ��

� %�$� 029&+$1� $�,� 867,129� 6�6� 32/,6+&+8. DQG 7�9� 0(/1,&+(1.2� ����
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7KH DQRWKHU PHWKRG RI &&6 IRUPDWLRQ FDQ EH

EDVHG RQ DQQHDOLQJ RI QDQR� RU PLFUROD\HU FRQGHQ�
VDWHV� SURGXFHG XVLQJ WKH WHFKQRORJ\ RI D SK\VLFDO

GHSRVLWLRQ RI YDSRXU DQG FRQVLVWHG RI VHSDUDWH FRP�

SRQHQWV RI WKH DOOR\ LQ D SUHVHW UDWLRV� )RU WKH ILUVW

WLPH WKH IHDVLELOLW\ RI IRUPDWLRQ RI D PHWDVWDEOH TXDVL�

FU\VWDOOLQH SKDVH DV D UHVXOW RI SURFHHGLQJ RI VROLG�

SKDVH UHDFWLRQV GXULQJ DQQHDOLQJ RI PLFUROD\HU FRQ�

GHQVDWHV $Ow0Q� $Ow0Qw6L ZDV VKRZQ LQ >�@� 6LPL�

ODUO\� &&6 LQ RWKHU V\VWHPV ZHUH DOVR SURGXFHG� IRU
H[DPSOH PHWDVWDEOH TXDVL�FU\VWDOOLQH SKDVHV LQ $Ow&U

>�@ DQG $Ow&R >�@� DQG DOVR HTXLOLEULXP LFRVDKHGUDO
SKDVH LQ V\VWHP$Ow&Xw)H >�@� 7KH VLPLODU WHFKQRORJ\

ZDV DOVR VXFFHVVIXOO\ XVHG HDUOLHU IRU SURGXFLQJ LQWHU�

PHWDOOLFV LQ V\VWHP 7Lw$O >�� ��@�

3UDFWLFDO DSSOLFDWLRQ RI FRDWLQJV ZLWK &&6 RQ DOX�

PLQLXP EDVH LV OLPLWHG E\ WKHLU FRPSDUDWLYHO\ ORZ

WHPSHUDWXUH RI PHOWLQJ ����� �&�� )URP WKLV SRLQW RI

YLHZ WKH DOOR\V RQ WLWDQLXP EDVH 7Lw70w6L �70  

 9� &U� 0Q� )H� &R� 1L�� LQ ZKLFK RQH RI WKH PRVW

ZLGH FODVVHV RI TXDVL�FU\VWDOOLQH VWUXFWXUHV ZDV UH�

YHDOHG� DUH PRUH SURPLVLQJ� 7KH LFRVDKHGUDO SKDVH LQ

PRVW WKHVH DOOR\V LV PHWDVWDEOH DQG D IDVW FRROLQJ IURP

WKH PHOW LV XVHG� DV D UXOH� IRU LWV IRUPDWLRQ� 7KH

H[DPLQDWLRQ RI WKH TXDVL�FU\VWDOOLQH SKDVH LQ V\VWHP

7L��w[&U��6L[ �� � [ � ��� >��@ XVLQJ GLIIHUHQWLDO

FDORULPHWU\ VKRZHG WKDW GXULQJ KHDWLQJ LW GRHV QRW XQ�

GHUJR DQ DEUXSW WUDQVLWLRQ LQWR D FU\VWDOOLQH SKDVH� 7KLV
PDNHV LW SRVVLEOH WR DVVXPH WKDW WKH LFRVDKHGUDO SKDVH

LQ WKH DERYH�PHQWLRQHG V\VWHP FDQ EH VWDEOH >��@�

0RUHRYHU� &&6 ZDV UHYHDOHG LQ V\VWHP 7L��w[&U��6L[
��� � [ � ��� UHSUHVHQWLQJ ��� UDWLRQDO DSSUR[L�

PDWLRQ �EFF ODWWLFH� D  ����� QP�� LQ ZKLFK D

ORFDO DWRPLF SDFNLQJ LV FORVH WR WKH DWRPLF SDFNLQJ

LQ WKH LFRVDKHGUDO VWUXFWXUH >��@�

,Q WKH SUHVHQW ZRUN WKH IHDVLELOLW\ RI IRUPDWLRQ RI
FRDWLQJV ZLWK &&6 RQ WKH EDVH RI 7Lw&Uw6L V\VWHP

LQ WKH SURFHVV RI DQQHDOLQJ PLFUROD\HU FRQGHQVDWHV

SURGXFHG E\ HOHFWURQ EHDP GHSRVLWLRQ LQ YDFXXP DQG

FRQVLVWLQJ RI DOWHUQDWLQJ WKLQ OD\HUV RI 7Lw&U DQG 6L

LV VWXGLHG�

0HWKRG RI PDQXIDFWXUH RI VDPSOHV� 0LFUROD\HU

FRDWLQJV �ZLWK XS WR ��� µP OD\HU WKLFNQHVV� ZHUH

SURGXFHG E\ HYDSRUDWLRQ RI 7Lw&U ��� PP GLDPHWHU�

DQG 6L ��� PP GLDPHWHU� LQJRWV IURP WZR ZDWHU�

FRROHG FUXFLEOHV LQ YDFXXP DQG VXEVHTXHQW FRQGHQ�

VDWLRQ RI YDSRXU RQ D URWDWLQJ VXEVWUDWH� ,QJRWV RI

7Lw&U DOOR\ ZHUH PDQXIDFWXUHG E\ WKH LQGXFWLRQ PHOW�

LQJ RI WLWDQLXP ����� � SXULW\� DQG FKURPLXP

������ � SXULW\��

6FKHPH RI GHSRVLWLRQ RI D PLFUROD\HU FRQGHQVDWH
LV SUHVHQWHG LQ )LJXUH �� $ VHSDUDWLQJ VKLHOG PRXQWHG

EHWZHHQ FUXFLEOHV PDNHV LW SRVVLEOH WR DYRLG PL[LQJ
RI YDSRXU IORZV IURP WZR VRXUFHV� %\ WKH VXEVWUDWH

URWDWLQJ DURXQG YHUWLFDO D[LV LW LV SRVVLEOH WR SURYLGH

WKH IRUPDWLRQ RI VWUXFWXUH RI WKH FRDWLQJ ZLWK DOWHU�

QDWLQJ OD\HUV RI 7Lw&U DQG 6L� 7KH UDWH RI HYDSRUDWLRQ

RI LQJRWV ZDV VHOHFWHG VR WKDW WKH FRQWHQW RI 7Lw&U

DQG 6L FRUUHVSRQGHG WR WKH VWRLFKLRPHWULF FRPSRVLWLRQ

7L��&U��6L��� LQ ZKLFK WKH &&6 IRUPDWLRQ ZDV RE�

VHUYHG HDUOLHU� 7KH WKLFNQHVV RI PLFUROD\HUV ZDV YDULHG

E\ FKDQJLQJ WKH UDWH RI WKH VXEVWUDWH URWDWLRQ� 7KXV�
WKH VDPSOHV REWDLQHG ZHUH VXEMHFWHG WR DQQHDOLQJ LQ

YDFXXP IXUQDFHV DW ��
w�3D SUHVVXUH LQ FKDPEHU GXULQJ

WKH SUHVHW SHULRG RI WLPH� 6WUXFWXUH RI FRDWLQJV ZDV

H[DPLQHG XVLQJ VFDQQLQJ PLFURVFRSH &DP6FDQ

HTXLSSHG ZLWK DQ HQHUJ\�GLVSHUVHG V\VWHP RI D ORFDO

DQDO\VLV (QHUJ\ ���� 3KDVH FRPSRVLWLRQ ZDV GHWHU�

PLQHG ZLWK WKH KHOS RI ;�UD\ GLIIUDFWRPHWU\ RI VXUIDFH

RI WKH FRDWLQJV LQ D JHQHUDO�SXUSRVH GLIIUDFWRPHWHU

'521�� LQ D ILOWHUHG UDGLDWLRQ RI LURQ DQRGH�

5HVXOWV DQG WKHLU GLVFXVVLRQ� )LJXUH � SUHVHQWV

WKH W\SLFDO PLFURVWUXFWXUHV RI D WUDQVYHUVH VHFWLRQ RI

D PLFUROD\HU FRDWLQJ �7L� &U�w6L LQ LQLWLDO VWDWH DQG

DIWHU DQQHDOLQJ DW WHPSHUDWXUHV ���� ���� DQG

���� �&� ,W LV VHHQ WKDW LQ LQLWLDO VWDWH WKH PLFURVWUXF�

WXUH RI FRDWLQJ FRQVLVWV RI DOWHUQDWLQJ OD\HUV �OLJKW

DQG GDUN� RI 7Lw&U DQG 6L� 7ZR V\VWHPV RI OLQHV

FRUUHVSRQGLQJ WR SKDVHV α�7L DQG ε��7L&U�� DUH RE�

VHUYHG RQ GLIIUDFWRJUDPV WDNHQ IURP WKHVH FRDWLQJV

�)LJXUH �� D�� ,W FDQ EH DVVXPHG RQ WKLV EDVLV WKDW

GXULQJ WKH SURFHVV RI GHSRVLWLRQ RI D YDSRXU IORZ
IRUPHG E\ 7Lw&U LQJRW� WKH PLFUROD\HUV DUH IRUPHG�
FRQVLVWLQJ RI WZR SKDVHV� LQWHUPHWDOOLF ε��7L&U�� DQG
VROLG VROXWLRQ RQ WLWDQLXP EDVH� 7KH DEVHQFH RI GLI�

IUDFWLRQ OLQHV IURP VLOLFRQ FDQ EH VWLSXODWHG E\ D KLJK
GLVSHUVLW\ RI LWV JUDLQHG VWUXFWXUH�

$QDO\VLV RI FRDWLQJ PLFURVWUXFWXUH DIWHU DQQHDOLQJ
DW WHPSHUDWXUH ��� �& �)LJXUH �� E� VKRZV D VLJQLILFDQW
GLIIXVLRQ VWLUULQJ RI FRPSRQHQWV IRUPLQJ PXOWLOD\HU
VWUXFWXUH� 7KH VWUXFWXUH IRUPHG LV FKDUDFWHUL]HG E\

WKH SUHVHQFH RI WZR FRPSRQHQWV� GDUN SKDVH RQ WLWD�

QLXP EDVH DQG OLJKW SKDVH RQ WKH EDVH RI ε��7L&U��

�7DEOH�� 7KH DSSHDUDQFH RI SHDNV FRUUHVSRQGLQJ WR
VROLG VROXWLRQ ε��7L�&U� 6L���� 7L��w��&U��w[6L[� [  

�w�� LV REVHUYHG RQ D GLIIUDFWLRQ SDWWHUQ �)LJXUH ��

E�� 7KH RWKHU SHDNV FDQ EH LGHQWLILHG DV %UDJJsV UH�
IOH[HV IURP VROLG VROXWLRQ �7L� &U��6L�� 7L��w[&U[6L��
�� � [ � ��� RQ WKH 7L�6L� EDVH� 6WUXFWXUH RI VXFK

VROXWLRQ KDV D KH[DJRQDO VLQJRQ\ ZLWK ODWWLFH SDUDPH�

WHUV� D  ����� QP� F  ����� QP WKDW FRUUHVSRQGV WR

)LJXUH �� 6FKHPH RI GHSRVLWLRQ RI PLFUROD\HU FRDWLQJ �7L� &U�w6L�
� x VXEVWUDWH� � x VHSDUDWLQJ VKLHOG� � x URWDWLQJ KROGHU RI
VXEVWUDWHV� � x HOHFWURQ EHDP JXQ� � x ZDWHU�FRROHG SODWH� � x
SRRO� � x ZDWHU�FRROHG FUXFLEOH� � x LQJRWV 7Lw&U DQG 6L
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[  ��w�� >��@� 3HDNV RI WLWDQLXP� QRW LQFOXGHG LQWR
VROLG VROXWLRQV� DUH DOPRVW QRW VHHQ�

7KH IXUWKHU DQQHDOLQJ DW WHPSHUDWXUH ���� �& �)L�
JXUH �� F� OHDGV WR FRDUVHQLQJ JUDLQV RI SKDVHV� ,Q WKLV
FDVH D QHZ SKDVH �RI JUH\ FRORXU� LV DSSHDUHG� ZKRVH
FRPSRVLWLRQ LV FORVH WR RSWLPXP FRPSRVLWLRQ RI DQ
DSSUR[LPDWH SKDVH 7L��w[&U��6L[ ��� � [ � ���� &RP�
SRVLWLRQV RI GDUN DQG OLJKW SKDVHV DUH FKDQJHG QHJOL�
JLEO\� ;�UD\ GLIIUDFWLRQ SDWWHUQ RI FRDWLQJV DIWHU DQ�
QHDOLQJ DW ���� �& �)LJXUH �� F� SURYHV DERXW IRUPD�
WLRQ RI D FRPSOH[ VWUXFWXUH� FORVH WR WKH VWUXFWXUH RI
DQ DSSUR[LPDQW� GHVFULEHG LQ >��@� 6HYHUDO SHDNV DUH
DOVR VHHQ ZKLFK FDQ EH LGHQWLILHG DV SHDNV �7L� &U��6L��
7KH REVHUYHG GRPLQDWLQJ RI SHDNV IURP SKDVH VLPLODU
WR WKH DSSUR[LPDWH VWUXFWXUH LV H[SODLQHG E\ WKH IDFW

)LJXUH �� 0LFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI FRDWLQJ 7Lw&Uw6L� D x DIWHU GHSRVLWLRQ� E� F� G x DIWHU DQQHDOLQJ DW ��� �& IRU �� K�
���� �& IRU � K DQG ���� �& IRU � K� UHVSHFWLYHO\

)LJXUH �� 5RHQWJHQRJUDPV WDNHQ IURP WKH VXUIDFH RI 7Lw&Uw6L
FRDWLQJ� Dx DIWHU GHSRVLWLRQ� E� F� G x DIWHU DQQHDOLQJ DW ��� �&
IRU �� K� ���� �& IRU � K DQG ���� �& IRU � K� UHVSHFWLYHO\ �&R�.α
UDGLDWLRQ�

)LJXUH �� 6FKHPH RI SURFHHGLQJ VROLG�SKDVH UHDFWLRQV LQ WKH SURFHVV
RI DQQHDOLQJ RI PLFUROD\HU FRDWLQJV
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WKDW WKLV SKDVH LV ORFDWHG PDLQO\ QHDU WKH VDPSOH VXU�
IDFH�

$QQHDOLQJ DW WHPSHUDWXUH ���� �& �)LJXUH �� G�
OHDGV WR WKH IXUWKHU LQFUHDVH LQ D YROXPH IUDFWLRQ RI
SKDVH RI D JUH\ FRORXU� KHUH WKH FRPSRVLWLRQ RI WKLV
SKDVH LV QRW DOPRVW FKDQJHG� &RPSRVLWLRQV RI GDUN
DQG OLJKW SKDVHV DUH FKDQJHG QHJOLJLEO\�
5RHQWJHQRJUDP RI WKLV FRDWLQJ �)LJXUH ��G� KDV SHDNV
RQ WKH VDPH DQJOHV LQ SULQFLSOH DV DIWHU WKH DQQHDOLQJ
DW ���� �&� 0RUHRYHU� WKH UDWLR RI LQWHQVLWLHV RI SHDNV
LV FKDQJHG� 7KH UHVXOWV REWDLQHG DOORZ XV WR DVVXPH
WKDW VROLG�SKDVH UHDFWLRQV WDNH SODFH LQ WKH DQQHDOLQJ
SURFHVV� ZKLFK FDQ EH SUHVHQWHG LQ WKH IRUP RI VFKHPH
VKRZQ LQ )LJXUH ��

$QQHDOLQJ RI WKH PXOWLOD\HU FRDWLQJ DFWLYDWHV WKH
GLIIXVLRQ PRELOLW\ RI DWRPV WKDW OHDGV WR WKH DSSHDU�
DQFH RI HTXLOLEULXP DQG PHWDVWDEOH SKDVHV� 7KXV� DW
WKH ILUVW VWDJH RI KHDW WUHDWPHQW DW ��� �& WKH IRUPD�
WLRQ RI VLOLFLGH 7L�6L�� 7L�EDVHG VROLG VROXWLRQ� DQG
DOVR VLOLFRQ VROLG VROXWLRQ LQ LQWHUPHWDOOLF ε��7L&U��
�ε��7L�&U� 6L���� LV SRVVLEOH� ,Q DFFRUGDQFH ZLWK D
SKDVH VWDWH GLDJUDP >��@� DW FKURPLXP DGGLQJ WR FRP�
SRXQG ε��7L&U�� WR SUHVHUYH LWV VWDELOLW\� D SDUW RI
FKURPLXP VKRXOG EH UHPRYHG IURP LWV FRPSRVLWLRQ�
7KH UHOHDVHG FKURPLXP FDQ EH XVHG IRU IRUPDWLRQ RI
FKURPLXP VLOLFLGH &U�6L�� KRZHYHU� WKH DEVHQFH RI WKLV
SKDVH RQ D GLIIUDFWLRQ SDWWHUQ RI OLQHV PDNHV LW SRVVLEOH
WR DVVXPH WKDW SHQHWUDWLRQ RI DWRPV RI IUHH FKURPLXP
LQWR WLWDQLXP VLOLFLGH 7L�6L� LV PRVW SUREDEOH� 7KLV
OHDGV WR WKH IRUPDWLRQ RI VROLG VROXWLRQ �7L� &U��6L�
RI DQ DVVXPHG FRPSRVLWLRQ7L��w��&U��w��6L��� ,W VKRXOG
EH QRWHG WKDW LQFUHDVH LQ DQQHDOLQJ WHPSHUDWXUH FDXVHV
D SDUWLDO GHFRPSRVLWLRQ RI VLOLFLGH� ,WV YROXPH IUDFWLRQ
LV GHFUHDVHG VR PXFK WKDW GLIIUDFWLRQ SHDNV FRUUH�
VSRQGLQJ WR WKLV SKDVH DUH GLVDSSHDUHG� $QQHDOLQJ DW
���� �& OHDGV WR D SKDVH UHFU\VWDOOL]DWLRQ ZLWK WKH
IRUPDWLRQ RI WKH QHZ SKDVH ZLWK DQ DSSUR[LPDWH FU\V�

WDOOLQH VWUXFWXUH� VLPLODU WR WKDW ZKLFK ZDV REVHUYHG
LQ DQQHDOLQJ RI DOOR\ 7L��&U��6L�� >��@� 2Q SKRWRV RI
PLFURVWUXFWXUHV WKLV VWUXFWXUDO FRQVWLWXHQW KDV D JUH\
FRORXU� LWV FRPSRVLWLRQ LV 7L��&U��6L��� :LWK LQFUHDVH
LQ DQQHDOLQJ WHPSHUDWXUH XS WR ���� �& WKH YROXPH
IUDFWLRQ RI JLYHQ SKDVH LV LQFUHDVHG� 7KH FRPSRVLWLRQV
RI UHPDLQHG SKDVHV DUH FKDQJHG QHJOLJLEO\ LQ WKLV FDVH�

7KXV� WKH SUHVHQWHG LQYHVWLJDWLRQV PDNH LW SRVVLEOH
WR FRQFOXGH WKDW D TXDVL�FU\VWDOOLQH VWUXFWXUH �DS�
SUR[LPDWH� FDQ EH SURGXFHG E\ DQQHDOLQJ DW WHPSHUD�
WXUHV DERYH ��� �& RI FRDWLQJV ZLWK D PLFUROD\HU VWUXF�
WXUH FRQVLVWLQJ RI DOWHUQDWLQJ WKLQ OD\HUV 7Lw&U DQG
6L� 3KDVH ZLWK D TXDVL�FU\VWDOOLQH VWUXFWXUH LV IRUPHG
DV D UHVXOW RI SURFHHGLQJ RI VROLG�SKDVH UHDFWLRQVZKLFK
DUH DFFRPSDQLHG E\ WKH IRUPDWLRQ RI LQWHUPHGLDWH PH�
WDVWDEOH SKDVHV RQ WKH EDVH RI LQWHUPHWDOOLF ε��7L&U��
DQG VLOLFLGH 7L�6L��

&KDUDFWHULVWLF RI PLFURVWUXFWXUHV RI FRDWLQJV IRUPLQJ LQ WKH SUR�
FHVV RI DQQHDOLQJ

$QQHDOLQJ

WHPSHUD�

WXUH�

�&

&RPSRVLWLRQV RI SKDVHV

�7L� � �7L� &U��6L�
�GDUN�

ε��7L�&U� 6L���
�OLJKW�

$SSUR[LPDQW

�JUH\�

��� 7L����&U����6L��� 7L����&U����6L��� w

���� 7L����&U���6L���� 7L����&U����6L��� 7L����&U����6L���

���� 7L����&U����6L���� 7L����&U����6L��� 7L����&U����6L����

�� 'XERLV� -��0� ������ 1HZ SURVSHFWV IURP SRWHQWLDO DSSOLFD�
WLRQV RI TXDVLFU\VWDOOLQH PDWHULDOV� 0DWHULDOV 6FLHQFH DQG
(QJLQHHULQJ� ���w���� �w��

�� .UHLGHU� .�*�� %LDQFDQQLHOOR� )�6�� .DXIPDQ� 0�)� ������
6SXWWHU GHSRVLWLRQ RI LFRVDKHGUDO $Ow0Q DQG $Ow0Qw6L�
6FULSWD 0HWDOOXUJLFD� �� ���w����

�� %HVVHU� 0�)�� (LVHQKDPPHU� 7� ������ 'HSRVLWLRQ DQG DS�
SOLFDWLRQV RI TXDVLFU\VWDOOLQH FRDWLQJV� 056 %XOOHWLQ� 1R�
YHPEHU� ��w���

�� 8VWLQRY� $�,�� 0RYFKDQ� %�$�� 3ROLVKFKXN� 6�6� ������
3URGXFWLRQ RI TXDVLFU\VWDOOLQH FRDWLQJV IURP $Ow&Xw)H DO�
OR\ E\ HOHFWURQ EHDP YDFXXP GHSRVLWLRQ� 0HWDOORIL]LND L
1RY� 7HNKQRORJLL� �� ���w����

�� )ROOVWDHGW� '�0�� .QDSS� -�$� ������ ,FRVDKHGUDO SKDVH
IRUPDWLRQ E\ VROLG�VWDWH LQWHUGLIIXVLRQ� 3K\VLFDO 5HYLHZ
/HWWHUV� ��� ����w�����

�� /HYL� ,�� 6KHFKWPDQ� '� ������ )RUPDWLRQ RI LFRVDKHGUDO
SKDVH E\ VROLG�VWDWH GLIIXVLRQ RI DOWHUQDWLQJ WKLQ OD\HUV� -�
0DWHULDOV 6FLHQFH� ��� ����w�����

�� (PHULF� (�� %HUJPDQ� &�� &OXJQHW� *� HW DO� ������ 6HOHF�
WLYH JURZWK RI GHFDJRQDO $Ow&R WKLQ ILOPV E\ UHDFWLYH GLIIX�
VLRQ� NLQHWLF DQG WKHUPRG\QDPLF DVSHFWV� 0DWHULDOV 5H�
VHDUFK 6RFLHW\ 6\PS� 3URF�� ���� ��w���

�� *UHQHW� 7�� *LURXW� 7�� /RXEHW� &� HW DO� ������ 5HDO WLPH
VWXG\ RI WKH TXDVLFU\VWDO IRUPDWLRQ LQ DQQHDOHG $Ow&Xw)H
PHWDOOLF PXOWLOD\HUV� 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ�
���w���� ���w����

�� 0RYFKDQ� %�$� ������ ,QRUJDQLF PDWHULDOV GHSRVLWHG IURP
WKH YDSRU SKDVH LQ YDFXXP� ,Q� $GYDQFHG PDWHULDOV VFLHQFH
RI WKH ��VW FHQWXU\� .\LY� 1DXNRYD 'XPND�

��� 0RYFKDQ� %�$� ������ (%�39' WHFKQRORJ\ LQ WKH JDV WXU�
ELQH LQGXVWU\� SUHVHQW DQG IXWXUH� -20� 1RYHPEHU� ��w���

��� =KDQJ� ;�� .HOWRQ� .�)� ������ ,FRVDKHGUDO SKDVH IRUPD�
WLRQ LQ 7L��w[&U��6L[ DOOR\V� 3KLORVRSKLFDO 0DJD]LQH /HWWHUV�
�� ���w����

��� /LEEHUW� -�/�� .HOWRQ� .�)�� *ROGPDQ� $�,� HW DO� ������
6WUXFWXUDO GHWHUPLQDWLRQ RI D ��� UDWLRQDO DSSUR[LPDQW WR
WKH LFRVDKHGUDO SKDVH LQ 7Lw&Uw6L DOOR\� 3K\VLFDO 5HYLHZ
%� ��� �����w������

��� /\VHQNR� /�$�� 0DUNLY� 9�<D�� 7V\EXNK� 2�9� HW DO� ������
7LWDQLXPwFKURPHwVLOLFRQ V\VWHP� ,]Y� $1 6665� ,QRUJDQLF
0DWHULDOV� �� ���w����
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3URFHVV RI SURGXFLQJ WKH FRPSRVLWH PDWHULDO� DOXPLQLXP PDWUL[�VWHHO ILEHUV� XVLQJ WKH PHWKRG RI PHOW GLVSHUVLRQ IURP

DQ LQWHUPHGLDWH FUXFLEOH GXULQJ WKH HOHFWURQ EHDP UHPHOWLQJ LV GHVFULEHG� (IIHFW RI WHFKQRORJLFDO FRQGLWLRQV RQ QDWXUH

RI LQWHUDFWLRQ RI ILEHUZLWKPDWUL[ LV LQYHVWLJDWHG�0DFUR� DQGPLFURVWUXFWXUHV RI VDPSOHV DUH H[DPLQHG DQG WKH FRPSRVLWLRQ

RI IRUPLQJ SKDVHV LV GHWHUPLQHG�

.H\ ZRU G V � FRPSRVLWH PDWHULDO� PHOW GLVSHUVLRQ� DOX�

PLQLXP PDWUL[� VWHHO ILEHUV� LQWHUPHWDOOLF FRPSRXQG

6XSHUKLJK SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI IL�
EURXV FRPSRVLWH VWUXFWXUDO PDWHULDOV RQ WKH EDVH RI
PHWDOOLF ILEHUV DQG PDWUL[ FDQ EH DWWDLQHG WKHRUHWL�

FDOO\� ,W LV QRW PDQDJHG WR UHDOL]H WKLV LQ SUDFWLFH GXH

WR WHFKQRORJLFDO GLIILFXOWLHV FRQQHFWHG ZLWK SURYLGLQJ

QHFHVVDU\ FRQGLWLRQV RI LQWHUDFWLRQ RI PHWDOV DW WKH

ILEHUwPDWUL[ LQWHUIDFH� 7KH LQWHUIDFH VKRXOG VDWLVI\
WZR FRQGLWLRQV� XQLIRUPLW\ RI PHFKDQLFDO SURSHUWLHV

DQG DEVHQFH RI D ZLGH WUDQVLWLRQ ]RQH LQ FKHPLFDO

FRPSRVLWLRQ� 7KH IXOILOOPHQW RI WKH ILUVW FRQGLWLRQ

PHDQV WKH HIIHFWLYH UHGLVWULEXWLRQ RI ORDG LQ GHIRUPD�

WLRQ DQG LV SURYLGHG E\ WKH DEVHQFH RI VXUIDFH GHIHFWV

DQG R[LGDWLRQ LQ ILEHUV� 7R IXOILOO WKH VHFRQG FRQGLWLRQ

LW LV QHFHVVDU\ WR VXSSUHVV WKH GLIIXVLRQ SURFHVVHV DW

WKH ILEHUwPDWUL[ LQWHUIDFH >�@�

7KH UHTXLUHG WHFKQRORJLFDO FRQGLWLRQV DUH SURYLGHG

E\ WKH QHZ PHWKRG RI SURGXFLQJ WKH FRPSRVLWH PD�
WHULDO� QDPHO\ DQ HOHFWURQ EHDP GLVSHUVLRQ RI PHOW

�(%'0� GHYHORSHG DW WKH (�2� 3DWRQ (OHFWULF:HOG�
LQJ ,QVWLWXWH >�� �@� 7KH SURFHVV LV SURFHHGLQJ XQGHU

WKH FRQGLWLRQV RI KLJK YDFXXP �3 � ��
w�

3D� WKDW

SUHYHQWV WKH R[LGDWLRQ RI WKH VXUIDFH RI PHWDOOLF ILEHUV

GXULQJ WKHLU KHDWLQJ� 7KLV WHFKQRORJ\ PDNHV LW SRV�
VLEOH WR SURYLGH D PLQLPXP WKLFNQHVV RI ]RQH RI GLI�

IXVLRQ LQWHUDFWLRQ RI ILEHU DQG PDWUL[ PDWHULDOV� 7KH

PHWKRG FDQ EH XVHG IRU SURGXFLQJ D ILEURXV FRPSRVLWH

PDWHULDO RQ WKH EDVH RI PDWUL[ IURP OLJKW PHWDO DOOR\V

UHLQIRUFHG ZLWK VWUHQJWKHQLQJ ILEHUV� 7KH DLP RI WKH

SUHVHQW LQYHVWLJDWLRQ ZDV WR VWXG\ WKH PDWUL[ VWUXF�

WXUH DQG QDWXUH RI LWV LQWHUDFWLRQ ZLWK D ILEHU�

7KH IROORZLQJ PDWHULDOV ZHUH XVHG� IRU PDWUL[ x

DOXPLQLXP DOOR\ RI $0J� W\SH �FRPSRVLWLRQ� ZW���

$O x EDVH� &X x ����� )H x ����� 0J x �����

0Q x ����� 6L x ����� IRU ILEHUV x VWHHO ZLUH RI

���� PP GLDPHWHU �FRPSRVLWLRQ� ZW��� )H x �����

$O x ����� &U x ����� 0Q x �����


� 7KLV SDLU RI

DOOR\V ZLWKRXW QRWLFHDEOH DOOR\LQJ ZDV VHOHFWHG IURP

WKH SRLQW RI YLHZ RI SXULW\ RI H[SHULPHQW WR REVHUYH

PRUH FOHDUO\ WKH DOXPLQLXP LQWHUDFWLRQ ZLWK LURQ� ,Q

DGGLWLRQ� WKH DXWKRUV ZHUH RULHQWHG RQ HVWLPDWHG GDWD

IRU DOXPLQLXP PDWUL[ DQG VWHHO ILEHUV ZKHQ VHOHFWLQJ
WKH WHFKQRORJLFDO SDUDPHWHUV >�@�

:LUH ZDV WLJKWHQHG RQ D VWHHOZRUN� ZKLFK ZDV

IL[HG RQ �� PP WKLFN SODWH ZLWK KROHV IRU WKHUPRFRX�

SOHV� 0DWUL[ ZDV PDGH DFFRUGLQJ WR D WHFKQRORJLFDO

VFKHPH >�@ ERWK ZLWK SUHKHDWLQJ RI VXEVWUDWH �SODWH�

WR ��� DQG ��� . DQG ZLWKRXW SUHKHDWLQJ� )LEHUV ZHUH

QRW SUHKHDWHG� 7KH HIILFLHQF\ RI PHOW GLVSHUVLRQ ZDV

��� NJ�K� 7KH WHPSHUDWXUH RI WKH VXEVWUDWH ZDV UH�

FRUGHG GXULQJ DOO WKH WLPH RI SURGXFLQJ FRPSRVLWH

XVLQJ WXQJVWHQ�UKHQLXP WKHUPRFRXSOHV FRQQHFWHG WR

D UHFRUGHU �)LJXUH ��� $IWHU GHSRVLWLRQ RI ��w�� PP

WKLFN PDWUL[ WKH SURFHVV ZDV LQWHUUXSWHG DQG D ZRUN�

SLHFH ZDV VRDNHG XQGHU YDFXXP GXULQJ � K�

� *�9� =+8.� ����

)LJXUH �� 7HPSHUDWXUH F\FOHV RI VXEVWUDWH SUHKHDWHG XS WR ��� ����
��� ��� DQG ��� ��� .

'DWD RI VSHFWUDO DQDO\VLV�
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6DPSOHV ZHUH PDQXIDFWXUHG IURP WKH FRPSRVLWH
SURGXFHG IRUPDFUR� DQGPLFURVWUXFWXUHV H[DPLQDWLRQ�
0DFURVWUXFWXUH RI D WUDQVYHUVH VHFWLRQ RI FRPSRVLWH
RQ WKH EDVH RI DOXPLQLXP PDWUL[ LV EDQGHG ZLWK ZDY\
ERXQGDULHV ZKLFK FRUUHVSRQG WR WKH FU\VWDOOL]DWLRQ
OD\HUV �)LJXUH ��� 'HIHFWV LQ WKH IRUP RI SRUHV DQG
GLVFRQWLQXLWLHV ZKLFK FRXOG EH FDXVHG E\ D QRQ�IXVLRQ
RI VXFFHVVLYHO\ FU\VWDOOL]LQJ OD\HUV ZHUH QRW REVHUYHG�
7KH OD\HUV RI FU\VWDOOL]DWLRQ� REVHUYHG RQ D PDFURVHF�
WLRQ RI VDPSOH WUDQVYHUVH VHFWLRQ� DUH GLIIHUHG E\ D
JUDLQ VL]H DQG GHJUHH RI HWFKLQJ� ,Q SDUDOOHO ZLWK ��w
��� µP ILQH�JUDLQ UHJLRQV� WKHUH DUH UHJLRQV ZKHUH
WKH JUDLQ VL]H UHDFKHV ��� µP�

0HWDOORJUDSKLF H[DPLQDWLRQV RI WKH PLFURVWUXF�
WXUH RI VDPSOHV RQ WKH EDVH RI DOXPLQLXP PDWUL[ ZHUH
PDGH LQ RSWLFDO PLFURVFRSH �1HRSKRW ��� DIWHU HWFK�
LQJ LQ ��� � ZDWHU VROXWLRQ RI K\GURIOXRULF DFLG� 0L�
FURVWUXFWXUH RI VDPSOH RI DOXPLQLXP FRPSRVLWH PDWH�
ULDO LV KHWHURSKDVH �)LJXUH ��� WKDW LV GXH WR D ORZ
VROXELOLW\ RI VRPH HOHPHQWV �LQFOXGLQJ IRUHLJQ LPSX�

ULWLHV RI VLOLFRQ DQG LURQ� LQ DOXPLQLXP�*UDLQ ERXQGD�
ULHV RI α�VROLG VROXWLRQ DUH ZLGH� WKHLU PRUH LQWHQVLYH
HWFKLQJ LV DVVRFLDWHG ZLWK LQWUDFU\VWDOOLQH OLTXDWLRQ�
WKHUH DUH SUHFLSLWDWLRQV RI LQWHUPHWDOOLF SKDVHV DW WKH
JUDLQ ERXQGDULHV�

7KH DGKHVLRQ RI PDWUL[ ZLWK ILEHU LV QRW REVHUYHG

RQ VDPSOHV RI WKH FRPSRVLWH SURGXFHG ZLWKRXW SUH�

KHDWLQJ RI WKH VXEVWUDWH� D SRUH LV IRUPHG DURXQG WKH

ILEHU �)LJXUH �� D�� :KHQ VXEVWUDWH LV SUHKHDWHG WKH

FKHPLFDO LQWHUDFWLRQ RI PHWDOV RFFXUV DW WKH PDWUL[w

ILEHU LQWHUIDFH DQG DQ LQWHUOD\HU LV IRUPHG �)LJXUH ��

E� F�� 7KH LQWHUOD\HU LV KRPRJHQHRXV� JUH\ �RQ QRQ�

HWFKHG VHFWLRQV�� 7KH LQWHUOD\HU WKLFNQHVV LV YDULHG

ZLWKLQ ��w�� µP GHSHQGLQJ RQ WHPSHUDWXUH RI WKH

VXEVWUDWH SUHKHDWLQJ�
&KHPLFDO FRPSRVLWLRQ RI WKH LQWHUOD\HU ZDV H[DP�

LQHG E\ WKH ;�UD\ PHWKRG LQ &DPHED[ PLFURDQDO\]HU�
�� PHDVXUHPHQWV �� µP SLWFK� ZHUH PDGH IRU HDFK
VDPSOH� VWDUWLQJ IURP DOXPLQLXP PDWUL[ WKURXJK WKH

)LJXUH �� 1DWXUH RI ILEHU LQWHUDFWLRQ ZLWK PDWUL[ DW VXEVWUDWH SUHKHDWLQJ WR WHPSHUDWXUH ��� �D� �×���� ��� �E� �×���� DQG ��� �F� .
�×����

)LJXUH �� 1DWXUH RI GLVWULEXWLRQ RI DOXPLQLXP DQG LURQ LQ ILEHU UHJLRQ DW VXEVWUDWH SUHKHDWLQJ XS WR WHPSHUDWXUH ��� �D� DQG ���
�E� .

)LJXUH �� 0LFURVWUXFWXUH RI DOXPLQLXP PDWUL[ �×����

)LJXUH ��0DFURVWUXFWXUH RI WUDQVYHUVH VHFWLRQ RI ILEURXV FRPSRVLWH
�×��
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OD\HU LQWR WKH UHJLRQ RI D VWHHO ILEHU� *UDSKV RI GLV�
WULEXWLRQ RI DOXPLQLXP� LURQ �)LJXUH ��� DQG DOVR FDU�
ERQ� VLOLFRQ DQG PDJQHVLXP ZHUH SORWWHG� 1DWXUH RI
FKDQJH LQ DOXPLQLXP FRQWHQW LV DV IROORZV� IURPPD[L�
PXP LQPDWUL[ZLWK D GHFUHDVH WR ��w��� LQ LQWHUOD\HU
DQG UHGXFWLRQ WR ]HUR LQ VWHHO ZLUH� 7KH LURQ FRQWHQW
LV FKDQJHG IURP PLQLPXP LQ DOXPLQLXP PDWUL[ WR
��w�� � LQ LQWHUOD\HU DQG UHDFKHV PD[LPXP LQ ZLUH�
7KH FDUERQ FRQWHQW LQ WKH LQWHUOD\HU LV QRW FKDQJHG
WKDW SURYHV WKH DEVHQFH RI FDUELGHV �L�H� LQWHUOD\HU LV
QRW D FDUELGH FRPSRXQG�� 6LOLFRQ DQGPDJQHVLXP FRQ�
WHQW LV QRW DOVR LQFUHDVHG�

&RQVHTXHQWO\� WKH LQWHUOD\HU REVHUYHG DW WKH DOX�
PLQLXP PDWUL[wVWHHO ILEHU LQWHUIDFH LV LQWHUPHWDOOLF
)H[$O\� &RPLQJ IURP WKH DYHUDJH FRQWHQW RI DOX�
PLQLXP a �� DW�� DQG LURQ a ���� DW��� LW FDQ EH
VWDWHG WKDW WKLV LV )H$O��

&21&/86,216

�� 6DPSOHV RI FRPSRVLWH PDWHULDO RQ WKH EDVH RI DOX�
PLQLXP PDWUL[ DQG VWHHO ILEUHV ZHUH SURGXFHG XVLQJ
WKH (%'0 PHWKRG�

�� 7KHUH LV QR DGKHVLRQ ERQG EHWZHHQ ILEUHV DQG
PDWUL[ ZLWKRXW WKH VXEVWUDWH SUHKHDWLQJ�

�� $W VXEVWUDWH SUHKHDWLQJ XS WR ��� . )H$O� LQ�
WHUOD\HU LV IRUPHG EHWZHHQ WKH ILEHU DQGPDWUL[� ZKRVH
WKLFNQHVV LV JURZLQJ ZLWK LQFUHDVH LQ KHDWLQJ WHP�
SHUDWXUH�

�� =HQJ� ;�� /DYHUQLD� (�-� ������ ,QWHUIDFLDO EHKDYLRU GXULQJ
VSUD\ DWRPL]DWLRQ DQG &R�GHSRVLWLRQ� ,QW� -� 5DSLG 6ROLGLIL�
FDWLRQ� 9RO� �� ���w����

�� 3DWRQ� %�(�� 7ULJXE� 1�3�� 3DS� 3�$� HW DO� 0HWKRG RI HOHF�
WURQ EHDP GLVSHUVLRQ FDVWLQJ� 3DW� ����� 8NUDLQH� ,QW� &O�
%�� '������ 3XEO� ���������

�� =KXN� *�9�� 7ULJXE� 1�3� ������ 1HZ PHWKRG IRU GLVSHUV�
LQJ WKH PHOW LQ HOHFWURQ EHDP XQLWV DQG HTXLSPHQW IRU LWV
UHDOLVDWLRQ� $GYDQFHV LQ (OHFWURPHWDOOXUJ\� �� ��w���

�� =KXN� *�9� ������ &DOFXODWLRQ RI WKH WKLFNQHVV RI LQWHUPH�
WDOOLF OD\HU IRUPHG LQ GHSRVLWLRQ RI WLWDQLXP DQG DOXPLQLXP
PDWUL[ RQ VWHHO ILEUHV E\ WKH PHWKRG RI HOHFWURQ EHDP PHOW
GLVSHUVLRQ� ,ELG�� �� ��w���

,Q WKLV DUWLFOH WKHUH DUH PLVWDNHV LQ )LJXUH � �S� ��� DQG LQ
WH[W �S� ���� ,W VKRXOG EH UHDG ���� WKLFNQHVV RI LQWHUPHWDOOLF
OD\HU IRU DOXPLQLXP DQG WLWDQLXP PDWULFHV LV ��w�� DQG ��w
�� µP� LQVWHDG RI ����w���� DQG ����w���� µP� UHVSHF�
WLYHO\�
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9�$� 6+$329$/29� 9�9� <$.86+$ DQG $�1� *1,='</2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH WKHUPDO ILHOGV RI WXQJVWHQ VLQJOH FU\VWDOV ZHUH VWXGLHG LQ WKH FRQGLWLRQV RI SODVPD�LQGXFWLRQ ]RQH PHOWLQJ �3,=0�

XVLQJ D PDWKHPDWLFDO PRGHO� 5HODWLRQVKLSV RI FKDQJH LQ SRRO GHSWK DQG FXUYDWXUH RI VROLGwOLTXLG SKDVH LQWHUIDFH ZHUH

REWDLQHG LQGLFDWLQJ WKH HIILFLHQF\ RI HIIHFW RI D FRPELQHG KHDWLQJ RQ WKH IRUPDWLRQ RI VWUXFWXUH RI VLQJOH FU\VWDOV� ,W LV

VKRZQ WKDW LW LV QHFHVVDU\ WR XVH D WZR�VHFWLRQ LQGXFWRU IRU WKHUPDO ILHOG FRQWURO LQ JURZLQJ VLQJOH FU\VWDOV RI UHIUDFWRU\

PHWDOV�

.H\ ZRU G V � WXQJVWHQ� VLQJOH FU\VWDO� SODVPD�LQGXFWLRQ
]RQH PHOWLQJ� WKHUPDO ILHOG� PDWKHPDWLFDO PRGHO

7KH PHWKRG RI 3,=0 >�@ LV EDVHG RQ XVH RI WZR LQ�

GHSHQGHQW KHDW VRXUFHV WKDW PDNHV LW SRVVLEOH WR SUR�
YLGH WKH PRUH IOH[LEOH FRQWURO RI WKH WHPSHUDWXUH ILHOG

RI FU\VWDO DQG PHWDO SRRO� 8QOLNH WKH HOHFWURQ EHDP

]RQDO DQG SODVPD�DUF GURSOHW PHOWLQJ� WKHUH DSSHDUV

D IHDVLELOLW\ LQ 3,=0 WR FKDQJH WKH FXUYDWXUH RI WKH

SKDVH LQWHUIDFH DQG GLUHFWLRQ RI WKH FU\VWDOV JURZWK�

7KH SKDVH LQWHUIDFH VKRXOG EHFRPH SODQH LQ D SHUIHFW

FDVH� DQG LQ HDFK GHILQLWH FDVH LW FDQ EH FRQFDYH�

FRQYH[ RU KDYH WKH LQWULFDWH VKDSH�

,QYHVWLJDWLRQ RI WKH WKHUPDO ILHOG RI WKH VLQJOH

FU\VWDO LQ WKH 3,=0 SURFHVV LV QHFHVVDU\ WR SUHGLFW

WKH TXDOLW\ RI FU\VWDOV EHLQJ JURZQ� DQG LW LV SRVVLEOH

DOVR WR GHILQH RSWLPXP UDWLRV RI SRZHU SDUDPHWHUV RI

KHDW VRXUFHV E\ VWXG\ RI JUDGLHQWV RI WHPSHUDWXUHV�
VKDSH DQG FXUYDWXUH RI LQWHUIDFH RI VROLG DQG OLTXLG

SKDVHV�

7KH SDWWHUQ RI WKHUPDO ILHOGV ZDV VWXGLHG RQ WKH

H[DPSOH RI WXQJVWHQ VLQJOH FU\VWDOV XVLQJ D PDWKH�

PDWLFDO PRGHO ZKLFK LV GHVFULEHG LQ GHWDLO LQ >�@�

3HUIHFWLRQ RI KHDW VRXUFHV� LQLWLDO DQG ERXQGDU\ FRQ�

GLWLRQV RI KHDW FRQGXFWLYLW\ HTXDWLRQ DUH WDNHQ WKH
VDPH DV LQ WKH DERYH�PHQWLRQHG ZRUN�

'XULQJ WKH SODVPD�LQGXFWLRQ JURZLQJ RI VLQJOH

FU\VWDOV WKH PD[LPXP FXUUHQW YDOXH ZDV OLPLWHG WR

� N$� ,W LV QRW UDWLRQDO WR XVH WKH SODVPD VRXUFHV RI

FXUUHQW DERYH � N$� EHFDXVH WKH HOHFWURG\QDPLF HIIHFW

RI FXUUHQW RQ WKH SRRO DQG LWV ORFDO RYHUKHDWLQJ ZLOO

OHDG WR WKH LQWHQVLILFDWLRQ RI PROWHQ PHWDO VWLUULQJ
DQG LWV VSDWWHULQJ�

0DWKHPDWLFDO PRGHO DOORZV XV WR SUHVHW DQ\ YDOXHV
RI FXUUHQW �SRZHU� RI D SODVPD DUF� EXW WKH SUDFWLFDO

YDOXH RI WKH UHVXOWV REWDLQHG IRU WKH UDQJH RI PRUH

WKDQ � N$ ZLOO EH UHGXFHG� DV WKH HOHFWURG\QDPLF

HIIHFW RI FXUUHQW RQ PHWDO SRRO DQG FRQYHFWLYH KHDW

DQG PDVV WUDQVIHU LQ LWV YROXPH DUH QRW WDNHQ LQWR

DFFRXQW LQ WKH PRGHO�

*HRPHWULFDO VL]HV RI DQ LQGXFWLRQ KHDWHUV FDQ EH

FKDQJHG GHSHQGLQJ RQ WKH VLQJOH FU\VWDO GLDPHWHU� EXW

WKH SRZHU GHQVLW\ RU VSHFLILF VXUIDFH SRZHU VKRXOG EH

NHSW FRQVWDQW�
7KH LPSRUWDQW PRPHQW LQ WKH LQYHVWLJDWLRQV RI WKH

WKHUPDO ILHOG LV WKH VHOHFWLRQ RI OLQHDU VL]HV RI D VLQJOH

FU\VWDO� %\ YDU\LQJ WKH VLQJOH FU\VWDO GLDPHWHU LWV

OHQJWK O VKRXOG EH PRUH WKDQ FULWLFDO� 7KH ORQJHU WKH

PRGHO VLQJOH FU\VWDO WKH FORVHU WKH WHPSHUDWXUH YDOXHV

LQ WKH ]RQH DGMDFHQW WR WKH SKDVH LQWHUIDFH ZKLFK DUH

REVHUYHG LQ WKH VWDWLRQDU\ FRQGLWLRQV� +RZHYHU� WKH

LQFUHDVH LQ SRZHU RI KHDW VRXUFH DW GLIIHUHQW PHWKRGV

RI JURZLQJ VLQJOH FU\VWDO �HOHFWURQ EHDP ]RQDO PHO�

WLQJ� SODVPD�DUF ]RQDO PHOWLQJ DQG 3,=0� GRHV QRW

LQIOXHQFH JUHDWO\ WKH WHPSHUDWXUH DW WKH VLQJOH FU\VWDO

OHQJWK H[FHHGLQJ LWV WKUHH GLDPHWHUV >�@� 7DNLQJ LQWR
DFFRXQW WKLV FLUFXPVWDQFH� DQG DOVR WKH H[SHQVHV IRU

H[SHULPHQW FRQQHFWHG ZLWK D GXUDWLRQ RI WKH SURFHVV�

OLPLWHG FDSDFLW\ RI WKH FRPSXWHU� LW LV UDWLRQDO WR
VHOHFW WKH VLQJOH FU\VWDO OHQJWK HTXDO WR LWV �w� GL�

DPHWHUV�

%HIRUH VWXG\LQJ WKH WKHUPDO ILHOGV� IRUPLQJ LQ WKH
VLQJOH FU\VWDO XQGHU WKH DFWLRQ RI WZR KHDW VRXUFHV

DQG FKDQJLQJ GHSHQGLQJ RQ JHRPHWULF SDUDPHWHUV RI

LQGXFWLRQ KHDWLQJ VRXUFH� OHW XV FRQVLGHU WKH HIIHFW RI

VSHFLILF SRZHU RI WKH LQGXFWLRQ KHDWLQJ :LQG RQ WKH

GLVWULEXWLRQ RI WHPSHUDWXUHV LQ WKH VLQJOH FU\VWDO �)L�
JXUH ���

,W LV VHHQ IURP WKH )LJXUH WKDW WKH KLJKHVW JUDGLHQW

RI WHPSHUDWXUHV LV SUHVHUYHG LQ WKH XSSHU SDUW RI WKH

VLQJOH FU\VWDO� 7KH JUDGLHQW LV KLJKHU ZKHQ WKH VSHFLILF

SRZHU RI WKH LQGXFWLRQ SUHKHDWLQJ LV ORZHU� $W WKH

VLQJOH FU\VWDO OHQJWK HTXDO WR DSSUR[LPDWHO\ LWV GL�

DPHWHU� WKH YDOXH RI WKH WHPSHUDWXUH JUDGLHQW LV

WHQGHG WR ]HUR� :LWK � WLPHV LQFUHDVH LQ SRZHU RI WKH

LQGXFWLRQ SUHKHDWLQJ WKH WHPSHUDWXUH JUDGLHQW LV �w�

WLPHV GHFUHDVHG� 7KHUHIRUH� LW LV QHFHVVDU\ WR LQFUHDVH

WKH VSHFLILF SRZHU RI WKH LQGXFWLRQ SUHKHDWLQJ ZKHQ

WKH SUREOHPV RI WHPSHUDWXUH JUDGLHQW PLQLPL]LQJ LQ

WKH VLQJOH FU\VWDO ERG\ DUH VROYHG�

� 9�$� 6+$329$/29� 9�9� <$.86+$ DQG $�1� *1,='</2� ����

7KH ZRUN ZDV IXOILOOHG XQGHU WKH ILQDQFH VXSSRUW RI 6FLHQFH DQG 7HFKQRORJ\ &HQWHU LQ 8NUDLQH�

20 1/2003



7KH WHPSHUDWXUH JUDGLHQW LQ WKH PLGGOH SDUW RI
WKH VLQJOH FU\VWDO LV PLQLPXP DQG GRHV QRW GHSHQG
RQ VSHFLILF SRZHU RI SUHKHDWLQJ� 0RUHRYHU� WKH DEVR�
OXWH YDOXH RI WHPSHUDWXUHV LV ULVLQJ ZLWK LQFUHDVH LQ
WKH SUHKHDWLQJ SRZHU�

7KH WHPSHUDWXUH JUDGLHQW LV KLJKHU LQ WKH ORZHU
SDUW RI WKH VLQJOH FU\VWDO� ZKHUH D SULPLQJ FU\VWDO LV
SODFHG� WKDQ WKDW LQ WKH PLGGOH SDUW� QRW GHSHQGLQJ
RQ D VSHFLILF SUHKHDWLQJ SRZHU� 7KLV LV H[SODLQHG E\
WKH VR�FDOOHG HGJH HIIHFW� ZKLFK LV DVVRFLDWHG ZLWK DQ
HIIHFW RI LQGXFWRU DQG FKDQJH LQ FRQGLWLRQ RI KHDW
UHPRYDO DW WKH VLQJOH FU\VWDO HGJH� :LWK � WLPHV LQ�
FUHDVH LQ D VSHFLILF SRZHU RI SUHKHDWLQJ WKH WHPSHUD�
WXUH JUDGLHQW LV � WLPHV GHFUHDVHG� 7KH FKDQJH LQ WHP�
SHUDWXUH JUDGLHQW GHSHQGLQJ RQ WKH SRZHU RI WKH LQ�
GXFWLRQ SUHKHDWLQJ� DW RWKHU FRQGLWLRQV EHLQJ HTXDO�
LQ WKH ORZHU SDUW RI WKH VLQJOH FU\VWDO LV � WLPHV ORZHU
DV FRPSDUHG ZLWK WKH XSSHU LWV SDUW ZKHUH WKH KHDW
LV HQWHUHG IURP WZR VRXUFHV�

:KHQ WKH LQGXFWRU KHLJKW KLQG DQG OHQJWK RI WKH
VLQJOH FU\VWDO O DUH HTXDO� LW LV UDWLRQDO WR HVWLPDWH WKH
FKDQJH LQ SRZHU RI WKH SODVPD KHDWLQJ VRXUFH :SO

GHSHQGLQJ RQ WKH VSHFLILF SRZHU RI WKH LQGXFWLRQ KHDW
VRXUFH� )LJXUH � UHIOHFWV WKLV UHODWLRQVKLS� ,W IROORZV
IURP WKH )LJXUH WKDW WKH SRZHU RI WKH SODVPD�DUF
VRXUFH LV FKDQJHG LQ LQYHUVH SURSRUWLRQ WR WKH LQGXF�
WLRQ VRXUFH SRZHU� :LWK � WLPHV LQFUHDVH LQ SRZHU RI
WKH LQGXFWLRQ KHDWLQJ WKH SRZHU RI WKH SODVPD�DUF
KHDWLQJ LV � WLPHV GHFUHDVHG� 7KH WRWDO SRZHU LV QRW
UHPDLQHG FRQVWDQW� LW LV ULVLQJ� 7KLV LQIOXHQFHV QHJD�
WLYHO\ RQ WHFKQLFDO�HFRQRPLFDO FKDUDFWHULVWLFV RI WKH
SURFHVV� EXW PDNHV LW SRVVLEOH WR FRQWURO WKH FXUYDWXUH
RI LQWHUIDFH RI VROLG DQG OLTXLG SKDVHV DQG� WKXV� WR
DIIHFW WKH IRUPDWLRQ RI WKH VLQJOH FU\VWDO VWUXFWXUH�

7KH HIIHFW RI LQGXFWRU KHLJKW DW D IL[HG SRZHU RI
WKH SODVPD�DUF KHDWLQJ VRXUFH RQ WKH FKDQJH RI GHSWK
+ RI PHWDO SRRO LV VKRZQ LQ )LJXUH �� $V LV VHHQ� WKH
KLJKHU WKH VSHFLILF SRZHU RI WKH LQGXFWLRQ SUHKHDWLQJ�

WKH PRUH VHQVLWLYH WKH SRRO GHSWK WR WKH FKDQJH LQ
WKH LQGXFWRU KHLJKW� 7KXV� ZLWK � WLPHV LQFUHDVH LQ
WKH VSHFLILF SRZHU WKH SRRO GHSWK LQ FU\VWDO D[LV LV
���w� WLPHV LQFUHDVHG� 7KH SRRO GHSWK ZLOO UHPDLQ
FRQVWDQW LQ WKDW FDVH ZKHQ WKH LQGXFWRU KHLJKW ���
WLPHV H[FHHGV LW� 7KH IXUWKHU LQFUHDVH LQ KHLJKW RI
LQGXFWRU GRHV QRW LQIOXHQFH WKH WHPSHUDWXUH ILHOG LQ
WKH UHJLRQ RI WKH LQWHUIDFH RI OLTXLG DQG VROLG SKDVHV
DQG GRHV QRW LQIOXHQFH WKH FXUYDWXUH RI LWV VXUIDFH
DQG� FRQVHTXHQWO\� WKH IRUPDWLRQ RI D VLQJOH FU\VWDO
VWUXFWXUH �)LJXUH ���

:LWK LQFUHDVH LQ WKH LQGXFWRU KHLJKW WKH SRRO GHSWK
LV FKDQJHG QRW RQO\ DORQJ WKH FU\VWDO D[LV� EXW DOVR
DW LWV ODWHUDO VXUIDFH� KHUH WKH SRRO GHSWK DORQJ WKH
FU\VWDO D[LV LV JURZLQJ IDVWHU� ,W IROORZV WKDW LW LV
UDWLRQDO WR RSWLPL]H WKH LQGXFWRU KHLJKW� SRVVLEO\ E\
FKDQJLQJ LWV GHVLJQ� WR SHUIRUP WKH SURFHVV LQ WKH
FRQGLWLRQ FORVH WR RSWLPXP�

&RPLQJ IURP WKH UHVXOWV RI SUHOLPLQDU\ LQYHVWLJD�
WLRQV DQG WHFKQRORJLFDO FRQVLGHUDWLRQV� WKH XVH RI D
WZR�VHFWLRQ LQGXFWRU ZDV VXJJHVWHG� 6HFWLRQV PD\
FRQVLVW RI VHYHUDO VLQJOH�W\SH FRLOV FRQQHFWHG LQ SD�
UDOOHO� 7KH H[SHGLHQF\ RI XVH RI WKLV LQGXFWRU ZDV
FRQILUPHG E\ WKH UHVXOWV RI H[DPLQDWLRQ RI SDWWHUQV
RI WKHUPDO ILHOG RI WKH VLQJOH FU\VWDOV IRUPLQJ XQGHU
WKH DFWLRQ RI VLQJOH� DQG WZR�VHFWLRQ LQGXFWRUV� ,Q WKH
H[SHULPHQW WKH WRWDO KHLJKW RI WKH LQGXFWRU ZDV QRW
FKDQJHG DQG ZDV HTXDO WR WKH FU\VWDO OHQJWK� +RZ�
HYHU� WKH UDWLR RI KHLJKW RI WKH XSSHU DQG ORZHU VHF�
WLRQV ZDV FKDQJHG� $V LV VHHQ IURP )LJXUH �� WKH WZR�
VHFWLRQ LQGXFWRU SURYLGHV WKH ODUJHU GHSWK RI WKH SRRO�
+RZHYHU� XQOLNH WKH VLQJOH�VHFWLRQ LQGXFWRU� ZKHUH
LWV HIIHFW RQ WHPSHUDWXUH RI WKH ORZHU SDUW RI WKH VLQJOH

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH DORQJ WKH D[LV RI WXQJVWHQ

VLQJOH FU\VWDO RI �� PP GLDPHWHU DW GLIIHUHQW YDOXHV RI VSHFLILF

SRZHU RI WKH LQGXFWRU� � x ���� � x ���� � x ���� � x

��� :�FP
�

�SRRO KHLJKW DW FU\VWDO ODWHUDO VXUIDFH LV ���� PP�

)LJXUH �� 'HSHQGHQFH RI SRRO GHSWK LQ FU\VWDO D[LV RQ LQGXFWRU

KHLJKW DW GLIIHUHQW YDOXHV RI VSHFLILF SRZHU RI LQGXFWRU� � x ����

� x ���� � x ���� � x ��� :�FP
�

�WXQJVWHQ VLQJOH FU\VWDO RI

�� PP GLDPHWHU DQG ��� PP KHLJKW�

)LJXUH �� &KDQJH LQ SRRO GHSWK DQG FXUYDWXUH RI VROLG DQG OLTXLG

SKDVHV DW GLIIHUHQW YDOXHV RI LQGXFWRU KHLJKW� � x ��� � x ���

� x ��� � x ��� PP �WXQJVWHQ VLQJOH FU\VWDO LV �� PP� VSHFLILF

SRZHU RI LQGXFWRU LV ��� :�FP
�

� SRZHU RI SODVPD�DUF VRXUFH LV

���� N:�

)LJXUH �� 'HSHQGHQFH RI SODVPD VRXUFH SRZHU RQ VSHFLILF SRZHU

RI LQGXFWLRQ VRXUFH LQ JURZLQJ VLQJOH FU\VWDO RI �� PP GLDPHWHU
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FU\VWDO LV UHGXFHG ZLWK GHFUHDVH LQ LWV KHLJKW� LQ XVH
RI WKH WZR�VHFWLRQ LQGXFWRU WKH WHPSHUDWXUH RI WKH
ORZHU SDUW RI WKH VLQJOH FU\VWDO LV UHPDLQHG XQFKDQJHG
DIWHU GHFUHDVH LQ KHLJKW RI WKH XSSHU VHFWLRQ EHORZ
FULWLFDO YDOXH �)LJXUH ���

7KH SURFHVVHV RI IRUPDWLRQ RI WKH VLQJOH FU\VWDO
VWUXFWXUH DUH QRW FRPSOHWHG LQ WKH UHJLRQ RI WKH SKDVH
LQWHUIDFH� EXW WKH\ DUH FRQWLQXHG LQ D VROLG SKDVH�
7KHUHIRUH� LW LV H[WUHPHO\ QHFHVVDU\ WR FRQWURO WKH
WHPSHUDWXUH LQ WKLV SDUW RI WKH FU\VWDO� 7KH VWUXFWXUH
RI WKH VLQJOH FU\VWDO LV VXEMHFWHG WR FKDQJHV LQ WKH
VROLG SKDVH EHFDXVH RI WKHUPDO VWUHVVHV RFFXUULQJ XQGHU
WKH DFWLRQ RI WKH JUDGLHQW RI WHPSHUDWXUHV� ,I WKH WHP�
SHUDWXUH RI WKH VLQJOH FU\VWDO H[FHHGV WKH KDOI RI YDOXH
RI DQ DEVROXWH WHPSHUDWXUH RI PHOWLQJ >�@� WKH VWUHVVHV
DUH UHOD[HG DQG GR QRW LQIOXHQFH WKH SURFHVVHV RI VWUXF�
WXUH WUDQVIRUPDWLRQ LQ WKH VROLG SKDVH� 'XULQJ JURZ�
LQJ WKH WXQJVWHQ VLQJOH FU\VWDO WKH WHPSHUDWXUH RI
LQGXFWLRQ SUHKHDWLQJ RI LWV ORZHU SDUW VKRXOG EH KLJKHU
WKDQ ���� .� RWKHUZLVH LW GRHV QRW SURYLGH WKH FRP�
SOHWH DQQHDOLQJ RI WKH JURZLQJ FU\VWDO LQ WKH SURFHVV
RI WKH ]RQH PHOWLQJ� %XW WKH PHQWLRQHG WHPSHUDWXUH
LV W\SLFDO RI WKH FRQGLWLRQ RI D WKHUPDO GHIRUPDWLRQ�

DQG WKLV LV D VWDWH LQ ZKLFK WKH GLVORFDWLRQV DUH SDU�
WLDOO\ DQQLKLODWHG� 7KHUHIRUH� WKH ORZHU VHFWLRQ RI WKH
LQGXFWRU VKRXOG SURYLGH WKLV WHPSHUDWXUH� $V LV VHHQ
IURP )LJXUH �� WKH WZR�VHFWLRQ LQGXFWRU FUHDWHV WKH
QHFHVVDU\ WHPSHUDWXUH RI WKH FU\VWDO SUHKHDWLQJ LQ LWV
ORZHU SDUW�

7KXV� WKH LQYHVWLJDWLRQV GHPRQVWUDWH WKH IHDVLEL�
OLW\ RI FRQWURO RI WKH SRRO GHSWK DQG FXUYDWXUH RI WKH
LQWHUIDFH RI VROLG DQG OLTXLG SKDVHV E\ FKDQJLQJ WKH
SRZHU RI SODVPD DQG LQGXFWLRQ KHDW VRXUFHV� 7KH XVH
RI WKH WZR�VHFWLRQ LQGXFWRU PDNHV LW SRVVLEOH QRW RQO\
WR FRQWURO WKH WHPSHUDWXUH ILHOG LQ WKH SRRO UHJLRQ�
EXW DOVR WR FUHDWH FRQGLWLRQV IRU UHOD[DWLRQ RI WKHUPDO
VWUHVVHV LQ WKH ]RQH RI D SULPLQJ FU\VWDO�

�� 6KDSRYDORY� 9�$�� .RYDOHQNR� $�$�� /DWDVK� <X�9� HW DO�

������ ,QYHVWLJDWLRQ RI SURFHVV RI WXQJVWHQ DQG PRO\EGH�

QXP IODW VLQJOH FU\VWDOV JURZLQJ� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w���

�� 6KDSRYDORY� 9�$� ������ 7KHUPDO ILHOG RI WXQJVWHQ VLQJOH

FU\VWDO LQ SODVPD�LQGXFWLRQ ]RQDO PHOWLQJ� $GYDQFHV LQ
(OHFWURPHWDOOXUJ\� �� ��w���

�� =RORWDUHYVN\� 9�6� ������ 0HFKDQLFDO SURSHUWLHV RI PHWDOV�
0RVFRZ� 0HWDOOXUJL\D�

)LJXUH �� (IIHFW RI LQGXFWRU KHLJKW RQ SRRO GHSWK� � x VLQJOH�VHF�

WLRQ LQGXFWRU� � x WZR�VHFWLRQ LQGXFWRU �WXQJVWHQ VLQJOH FU\VWDO

RI �� PP GLDPHWHU DQG ��� PP KHLJKW� VSHFLILF SRZHU RI LQGXFWRU

LV ��� :�FP
�

� SRZHU RI SODVPD�DUF VRXUFH LV ���� N:�

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH DORQJ WKH WXQJVWHQ VLQJOH

FU\VWDO D[LV RI �� PP GLDPHWHU DQG ��� PP KHLJKW LQ XVH RI VLQJOH�

��� DQG WZR�VHFWLRQ ��� LQGXFWRUV �VSHFLILF SRZHU RI VLQJOH�VHFWLRQ
LQGXFWRU LV ��� :�FP

�

� WZR�VHFWLRQ LQGXFWRU� XSSHU VHFWLRQ LV ���

DQG ORZHU VHFWLRQ LV �� :�FP
�

� KHLJKW RI XSSHU VHFWLRQ LV �� PP�
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DQG $�1� *1<=',/2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

,W LV VKRZQ WKDW WKH PRVW UDWLRQDO ZD\ RI SURGXFLQJ ODUJH RULHQWHG VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV ZLWK VWDEOH

SURSHUWLHV XVLQJ WHFKQRORJ\ RI SODVPD�LQGXFWLRQ ]RQH PHOWLQJ LV DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI $&6 73� 7KH

FRPSUHKHQVLYH GHVFULSWLRQ RI RQH RI WKH IXQFWLRQDO HOHPHQWV RI D SDUWLDOO\ DXWRPDWHG FRQWURO V\VWHP RI WKH SURFHVV RI

JURZLQJ FU\VWDOV� L�H� PLFURFRPSXWHU SDQHO RI WKH RSHUDWRU�WHFKQRORJLVW� LV SUHVHQWHG� 7KH XVH RI WKH GHYHORSHG SDQHO

HQDEOHV WKH RSHUDWRU WR PDNH WKH PRQLWRULQJ DQG FRQWURO RI WKH SURFHVV HDVLHU� DQG DOVR WR GHFUHDVH WKH HIIHFW RI D KXPDQ

IDFWRU RQ WKH UHSURGXFLELOLW\ RI SURSHUWLHV RI WKH FU\VWDOV SURGXFHG�

.H\ ZRU G V � VLQJOH FU\VWDO� SODVPD�LQGXFWLRQ ]RQH PHOWLQJ�

$&6 73� REMHFW�RULHQWHG DSSURDFK� PLFURFRPSXWHU SDQHO

7KH SUREDELOLW\ QDWXUH RI UHVXOWV� REWDLQHG LQ WKH SUR�
FHVV RI GHYHORSPHQW DQG LPSURYHPHQW RI WKH WHFKQR�

ORJLFDO SURFHVV� LV W\SLFDO RI WKH PRVW LQGXVWULDO WHFK�

QRORJLHV� 7KH KLVWRU\ RI HYROXWLRQ RI VFLHQFH DQG WHFK�

QRORJ\ VKRZV WKDW DW WKH VWDJHV RI WKHLU IRUPDWLRQ D

KXPDQ IDFWRU SOD\V RQH RI WKH NH\ UROHV LQ WKH VWDELOLW\
RI UHVXOWV REWDLQHG� ,Q WKLV DVSHFW� WKH UROH RI DQ RSH�

UDWRU LQ WKH GHYHORSPHQW RI XQLTXH SUHFLVLRQ WHFKQR�

ORJLFDO SURFHVVHV� VXFK DV PHWKRG RI JURZLQJ ODUJH
RULHQWHG VLQJOH FU\VWDOV RI UHIUDFWRU\ PHWDOV XVLQJ D

SODVPD�LQGXFWLRQ ]RQH PHOWLQJ �3,=0�� GHYHORSHG DW

WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6

RI 8NUDLQH� LV HVSHFLDOO\ DFWXDO >�@�

7KH SHFXOLDU IHDWXUH RI WKLV PHWKRG LV WKH DSSOL�

FDWLRQ RI WZR LQGHSHQGHQW KHDW VRXUFHV �SODVPD�DUF

DQG LQGXFWLRQ�� 7KH JURZLQJ RI VLQJOH FU\VWDOV LV SHU�

IRUPHG E\ D OD\HU�E\�OD\HU GHSRVLWLRQ RI FRQVXPDEOH
URGV E\ D SODVPD DUF RQ D VLQJOH FU\VWDO SULPHU� ORFDWHG

LQ WKH ]RQH RI DFWLRQ RI D KLJK�IUHTXHQF\ ILHOG RI WKH

LQGXFWRU� 7KH GHJUHH RI VWUXFWXUDO SHUIHFWLRQ� VWDELOLW\

RI JHRPHWU\� TXDOLW\ RI D ODWHUDO VXUIDFH RI 3,=0

VLQJOH FU\VWDOV GHSHQGV JUHDWO\ RQ WKH RSHUDWRUsV VNLOO�

7KH SURGXFLQJ RI VLQJOH FU\VWDOV RI VXFK UHIUDFWRU\
PHWDOV DV WXQJVWHQ DQG PRO\EGHQXP ZLWK VWDEOH SUR�

SHUWLHV LV D QHFHVVDU\ FRQGLWLRQ IRU WKH GHYHORSPHQW

RI WHFKQRORJLFDO SURFHVVHV RI WKHLU IXUWKHU SURFHVVLQJ�

IRU H[DPSOH� ZLGH�VHFWLRQ VLQJOH FU\VWDO UROOHG PHWDO�
7KLV ZLOO PDNH LW SRVVLEOH WR ZLGHQ JUHDWO\ WKH H[LVWLQJ
ILHOGV RI DSSOLFDWLRQ RI VLQJOH FU\VWDOV DQG WR ILQG�
SRVVLEO\� WKH QHZ DSSOLFDWLRQV� 7KH FRQWLQXRXV FRQ�

WURO RI D SODVPD DUF SRZHU DQG KLJK�IUHTXHQF\ KHDWLQJ�

FRQWURO RI FRQVXPSWLRQ DQG FRPSRVLWLRQ RI SODVPD�

IRUPLQJ PL[WXUH RI JDVHV �DUJRQ � KHOLXP�� DV ZHOO
DV FRQWURO RI PROWHQ PHWDO SRRO LQ WKH IRUPDWLRQ RI

VLQJOH FU\VWDO DUH UHDOL]HG� DW OHDVW� ZLWK WKUHH RSHUD�

WRUV� ,I WR WDNH LQWR DFFRXQW WKDW WKH GXUDWLRQ RI WKH

WHFKQRORJLFDO SURFHVV RI JURZLQJ FU\VWDOV� XVLQJ 3,=0

WHFKQRORJ\� H[FHHGV �� K� WKHQ WKH UROH RI KXPDQ

IDFWRU LQ UHSURGXFLELOLW\ RI SURSHUWLHV RI WKH FU\VWDOV
SURGXFHG EHFRPHV YHU\ LPSRUWDQW� DQG WKH SURFHVV

SHUIRUPDQFH FDQ EH UHIHUUHG WR WKH FDWHJRU\ RI DUW�

7KH VROXWLRQ RI WKLV SUREOHP LV DVVRFLDWHG ZLWK WKH

GHYHORSPHQW RI WKH DXWRPDWLF FRQWURO V\VWHP RI WHFK�

QRORJLFDO SURFHVV �$&6 73� RI JURZLQJ VLQJOH FU\V�

WDOV�

:LWKLQ WKH VFRSH RI WKH IXOILOOHG FRPSOH[ RI UH�

VHDUFK DQG GHVLJQ ZRUNV RQ WKH VWXG\ DQG DXWRPDWLRQ

RI WKH SURFHVV RI SODVPD�LQGXFWLRQ JURZLQJ RI VLQJOH

FU\VWDOV RI UHIUDFWRU\ PHWDOV D SDUWLDOO\ DXWRPDWHG

V\VWHP RI WHFKQRORJLFDO SURFHVV KDV EHHQ GHYHORSHG

DQG GHVLJQHG� ,Q WKH GHYHORSPHQW RI WKH DUFKLWHFWXUH

RI $&6 73 RI JURZLQJ VLQJOH FU\VWDOV DQ REMHFW�RUL�

HQWHG DSSURDFK ZDV XVHG >�@� 7KHUHIRUH� $&6 73 UHS�

UHVHQWV D QHWZRUN GLVWULEXWHG V\VWHP RI DXWRPDWHG

FRQWURO �)LJXUH ��� ZKRVH HOHPHQWV DUH OLQNHG E\ QHW�

ZRUN FRQFHQWUDWRU �+8% (WKHUQHW ������ %DVH�7�

DQG LQWHUDFWHG ZLWK HDFK RWKHU ZLWK WKH KHOS RI WKH

UHOLDEOH QHWZRUN SURWRFROV �7&3�,3��

� )�1� .,6(/(96.<� 9�$� 6+$329$/29� 9�9� '2/,1(1.2� 3�$� 6+&+(5%$.29� 9�9� <$.86+$ DQG $�1� *1<=',/2� ����



7KH ZRUN ZDV IXOILOOHG XQGHU WKH ILQDQFH VXSSRUW RI 6FLHQFH DQG 7HFKQRORJ\ &HQWHU LQ 8NUDLQH�

)LJXUH �� ,QWHJUDWHG VWUXFWXUH RI $&6 73 RI JURZLQJ VLQJOH FU\VWDOV
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2QH RI WKH IXQFWLRQDO XQLWV RI $&6 73 LV D PLFUR�
FRPSXWHU SDQHO �)LJXUH �� RI WKH RSHUDWRU�WHFKQROR�
JLVW �IXUWKHU SDQHO�� ZKLFK LV GHVLJQHG IRU D IDVW PRQL�
WRULQJ DQG FRQWURO RI WKH WHFKQRORJLFDO SURFHVV RI WKH
FU\VWDO JURZLQJ� 7KH SDQHO LV XVHG IRU UHDOL]LQJ ZRUNV
RI $&6 73 ERWK LQ WKH DXWRPDWLF DQG PDQXDO FRQGL�
WLRQV� 7KH XVH RI WKH SDQHO UHOHDVHV RSHUDWRU IURP
PDQLSXODWLQJ ZLWK GLIIHUHQW EXWWRQV DQG VZLWFKHV DQG
FRQVWDQW REVHUYLQJ WKH DUURZV RI LQVWUXPHQWV� ZKLFK
DUH DUUDQJHG RQ GLIIHUHQW SDQHOV RI WKH WHFKQRORJLFDO
HTXLSPHQW� ,Q DGGLWLRQ� WKH SDQHO UHDOL]HV WKH FKHFN�
RXW RI RSHUDWLRQV EHLQJ IXOILOOHG DQG FDQ EORFN WKH
HUURQHRXV DFWLRQV RI WKH RSHUDWRU�

7KH SDQHO UHSUHVHQWV D PLFURFRPSXWHU� E\ LWV GH�

VLJQ� RI ,%0 3&�$7�������0+] W\SH �)LJXUH ���

DVVHPEOHG RQ WKH EDVH RI PLFURFRPSXWHU ,&23�����

�)LJXUH �� >�@� 7KH SDQHO LQFOXGHV DQ LQWHJUDO PHP�

EUDQH NH\ERDUG ZLWK DEULGJHG VHW RI EXWWRQV ��� SFV��

/&�LQGLFDWRU LV FRQQHFWHG WR RXWSXW RI PLFURFRPSXWHU

SULQWHU SRUW� QHWZRUN PDS RI PLFURFRPSXWHU RI 1(�

���� W\SH DQG SRUW RI D VXFFHVVLYH H[FKDQJH �56�����

DUH XVHG� 7KH ZRUNLQJ SURJUDP RI WKH SDQHO LV UHDOL]HG

LQ ODQJXDJH &�� DQG RSHUDWHV LQ PHGLXP 2& 06

'26� ,QWHUDFWLRQ WKURXJK WKH LQWHUIDFH (WKHUQHW ��

%DVH�7 LV SHUIRUPHG XVLQJ D SDFNDJH 7&3�,3�SURWR�

FRO �2& %6' W\SH�� 3URJUDP�GULYHU IRU D FRQWUROOLQJ

FRPSXWHU� SURYLGLQJ LQWHUDFWLRQ ZLWK WKH SDQHO KDV

EHHQ GHVLJQHG DQG GHOLYHUHG�

7KH SDQHO KDV D GXVW DQG VSDWWHU�SURWHFWLYH FDVLQJ�

,W LV FRQYHQLHQW LQ XVH E\ NHHSLQJ LQ KDQGV RU DUUDQJLQJ

LQ DQ\ SODFH� QHFHVVDU\ IRU WKH RSHUDWRU� 7KH SDQHO

DOORZV RSHUDWRU WR IXOILOO WKH IROORZLQJ RSHUDWLRQV� WR

PRQLWRU WKH UHDO YDOXHV RI FXUUHQW DQG YROWDJH RI WKH

SODVPDWURQ� WR FKDQJH WKH FXUUHQW VHW�XS RI WKH SODV�

PDWURQ� WR FKDQJH WKH VHW�XS RI LQGXFWRU SRZHU� WR

FRQWURO WKH IHHG RI OHIW DQG ULJKW URGV ��)25:$5'��

�%$&.:$5'� DQG �6723��� WR FRQWURO WKH LQJRW

ZLWKGUDZDO� WR FRQWURO WKH SODVPDWURQ GLVSODFHPHQW�

WR FKDQJH TXLFNO\ WKH WHFKQRORJLFDO SURFHVV SDUDPH�

WHUV LQ LQWHUDFWLYH FRQGLWLRQ� WR UHSURJUDP WKH WHFK�

QRORJLFDO SURFHVV PDFURRSHUDWLRQV ��0(/7,1*

5811,1*�� �67$57 2) *52:,1* 6,1*/(

&5<67$/� DQG �6723 2) *52:,1* 6,1*/(

&5<67$/���

)LJXUH �� $SSHDUDQFH RI PLFURFRPSXWHU SDQHO

)LJXUH �� 6FKHPDWLF GLDJUDP RI PLFURFRPSXWHU SDQHO

)LJXUH �� 6FKHPH RI PLFURFRPSXWHU ,&23�����
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,Q WKH GHYHORSPHQW RI WKH FRQWUROOLQJ SURJUDP WKH
VWDWH JUDSKV ZHUH XVHG WR UHDOL]H WKH UHDO WLPH FRQGL�
WLRQ� ([DPSOH RI D FRQWUROOLQJ JUDSK RI VWDWHV ZKLFK
UHDOL]HV WKH FRQGLWLRQ RI FRUUHFWLRQ RI VHW�XSV RI SODV�
PDWURQ DQG LQGXFWRU SRZHU LV VKRZQ LQ )LJXUH ��
+HUH� LQ VWDWH ��� ZLWK DERXW � PV WLPH SHULRG WKH
SRUW IRU LQSXW GDWD RI QHWZRUN PDS (WKHUQHW LV LQWHU�
URJDWHG DQG LQ FDVH RI SUHVVLQJ EXWWRQV �,� RU �:�
RQ WKH SDQHO WKH WUDQVLWLRQ RFFXUV LQWR VWDWHV ���w���
RU ���w���� UHVSHFWLYHO\� ZKHUH WKH SUHVVLQJ RI EXW�
WRQV ��� RU �w� LV SURFHVVHG� ,Q DGGLWLRQ� WKH YDOXH
RI VHW�XS LV HLWKHU LQFUHDVHG E\ YDOXH �GHOWD�� RU GH�
FUHDVHG� :KHQ JUDSK LV IXQFWLRQLQJ IRU UHDOL]DWLRQ RI
RSHUDWLRQ FRQGLWLRQ ZLWK DQ RSHUDWRU WKH DSSURSULDWH
PHVVDJHV �SURFHGXUH �PHV�� DUH VXSSOLHG WR WKH SDQHO�
7R FRPH RXW IURP FRQGLWLRQ RI VHW�XS FRUUHFWLRQ D
EXWWRQ �&�5� VKRXOG EH SUHVVHG RQ WKH SDQHO �VWDWHV
���w�����:KHQ SUHVVLQJ EXWWRQ �(QWHU� WKH FXUUHQW
YDOXH RI VHWWLQJ LV JLYHQ WR WKH YDOXH RI VHW�XS DQG LW
LV SURFHVVHG E\ WKH FLUFXLWV RI DXWRPDWLF VWDELOL]LQJ
RI WKH PHOWLQJ FRQGLWLRQ�

7KH SDQHO KDV ZLGH RSSRUWXQLWLHV ZKHQ LQWHUDFWLQJ
WKH RSHUDWRU� 7R UHIOHFW WKH LQIRUPDWLRQ RQ /&�LQGL�
FDWRU WKH IROORZLQJ FRQGLWLRQV DUH UHDOL]HG� RXWSXW RI
VWDWLF WH[W� RXWSXW RI WH[W ZLWK D IOLFNHULQJ� RXWSXW
RI WH[W LQ WKH IRUP RI UXQQLQJ OLQH�

7KHUH LV D VSHFLDO FRQGLWLRQ RI RXWSXW RI LQGLFDWLRQV
RI WLPHUV ZKLFK FDQ EH XVHG WR FRQWURO WKH WHFKQRORJLFDO
RSHUDWLRQ GXUDWLRQ� )RU WKH RSHUDWRUsV FRQYHQLHQFH D
FRQGLWLRQ RI LQGLFDWLRQ RI FXUUHQW WLPH DQG GDWH LV LQ�
WURGXFHG� &RQGLWLRQ RI WKH SDQHO EORFNLQJ LV UHDOL]HG
ZKLFK FDQ EH XVHG LQ VLWXDWLRQV ZKHQ LW LV QHFHVVDU\ WR
OLPLW WKH DFFHVV WR WKH FRQWURO RI WHFKQRORJLFDO SURFHVV�
7KH FRQGLWLRQ RI SDQHO EORFNLQJ LV SURYLGHG E\ KDUGZDUH
ZLWKRXW XVH RI D PHFKDQLFDO ORFN�

7KH SDQHO LV VXSSOLHG IURP WKH '& SRZHU VRXUFH�
7KH FKDQQHOV RI FRPPXQLFDWLRQ DUH GHFRXSOHG JDO�
YDQLFDOO\ UHODWLYH WR VXSSO\ FLUFXLWV DQG HDFK RWKHU�

$Q DGGLWLRQDO DGYDQWDJH RI WKH RIIHUHG VROXWLRQ LV
WKH IDFW WKDW LW LV SRVVLEOH WR XVH VHYHUDO SDQHOV �XS
WR ��� VLPXOWDQHRXVO\ LQ WKH FRPSRVLWLRQ RI $&6 73�
ZKLFK FDQ KDYH LGHQWLFDO SXUSRVH RU GLIIHU LQ WKHLU
IXQFWLRQV� 7KH PDLQ FKDUDFWHULVWLFV RI WKH GHYHORSHG
SDQHO DUH DV IROORZV�

3URFHVVRU ������������������������������������������ 0����' ���6;���
&DSDFLWDQFH RI )/$6+ GLVF� 0HJDE\WH �������������� �����w���

6LJQ�V\QWKHVL]LQJ /&�LQGLFDWRU ���������� � OLQHV E\ �� V\PEROV
.H\ERDUG �������������������������������������� PHPEUDQH� �� EXWWRQV
5DQJH RI VXSSO\ '& YROWDJH� 9 ����������������������������� ��w��
&RQQHFWRU ������������������������������ W\SH �50�� .81��6K�9�
&RQVXPHG SRZHU� : ��������������������������������������������� ≤ ���
'LPHQVLRQV� PP ������������������������������������������ ���×���×��
'HJUHH RI SURWHFWLRQ ���������������������������������������������� ,3��
2SHUDWLQJ WHPSHUDWXUH� �& ������������������������������������� �w��

7KH SDQHO FDQ EH DOVR XVHG LQ WKH FRPSRVLWLRQ RI
WKH DXWRPDWLF V\VWHP RI FRQWURO RI ZHOGLQJ DQG DV�
VHPEO\ SURFHVVHV ZKHUH D FRQWLQXRXV FRQWURO RI WHFK�
QRORJLFDO SDUDPHWHUV LV UHTXLUHG DQG WKH RSHUDWRU KDV
D IHDVLELOLW\ WR LQWHUIHUH LQ WKH WHFKQRORJLFDO SURFHVV�

�� 6KDSRYDORY� 9�$�� .RYDOHQNR� $�$�� /DWDVK� <X�9� HW DO�
������ ,QYHVWLJDWLRQ RI SURFHVV RI WXQJVWHQ DQG PRO\EGH�
QXP IODW VLQJOH FU\VWDOV JURZLQJ� 3UREOHP\ 6SHWV� (OHN�
WURPHWDOOXUJLL� �� ��w���

�� .LVLOHYVN\� )�1�� 'ROLQHQNR� 9�9� ������ 2EMHFW�RULHQWHG
SURJUDPPLQJ RI V\VWHP RI ZHOGLQJ WHFKQRORJLFDO SURFHVV
FRQWURO� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� ������ 0LFURFRPSXWHUV IRU EXLOG�XS GHVLJQV� +2/,7 'DWD
6\VWHPV &DWDORJXH� ,VVXH ��

)LJXUH �� &RQWUROOLQJ JUDSK RI VWDWHV IRU FRQGLWLRQV RI FRUUHFWLRQ
RI VHW�XS RI SODVPDWURQ FXUUHQW DQG LQGXFWRU SRZHU
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*�0� *5,*25(1.2� $�/� %25,629$� <X�6� %25,629� /�,� $'((9$� /�.� '2526+(1.2 DQG 9�/� 583&+(9

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

,QWHUDFWLRQ RI IHUURWLWDQLXP ZLWK ERURQ FDUELGH� ZKLFK LV DFFRPSDQLHG E\ D VLJQLILFDQW H[RWKHUPDO HIIHFW� LV LQYHVWLJDWHG�

,W ZDV HVWDEOLVKHG WKDW WKH PD[LPXP H[RWKHUPDO HIIHFW LV DWWDLQHG DW IHUURWLWDQLXP LQWHUDFWLRQ ZLWK ERURQ FDUELGH LQ

SRZGHU PL[WXUH RI WKH IROORZLQJ FRPSRVLWLRQ� �� ZW�� )H7L � �� ZW�� %
�
& ZLWK WKH IRUPDWLRQ RI UHDFWLRQ SURGXFWV

7L%
�
� 7L&� )H

�
%� )H

�
%� )H

�
&� 7KLV SRZGHU PL[WXUH LV WKH SURPLVLQJ PDWHULDO IRU FRDWLQJ GHSRVLWLRQ XVLQJ WKH PHWKRGV

RI WKHUPDO VSUD\LQJ�

.H\ ZRU G V � H[RWKHUPDO LQWHUDFWLRQ� GLIIHUHQWLDO WKHUPDO

DQDO\VLV� PLFURVWUXFWXUH� SKDVHV RI )Hw7Lw%w& V\VWHP

%RURQ FDUELGH� RZLQJ WR LWV XQLTXH SURSHUWLHV� VXFK

DV KLJK KDUGQHVV� ZHDU UHVLVWDQFH� FKHPLFDO UHVLVWDQFH

DQG RWKHUV� ILQGV D ZLGH DSSOLFDWLRQ LQ WKH PRGHUQ

HQJLQHHULQJ ERWK LQ D SXUH IRUP DQG DOVR LQ WKH IRUP

RI FHUPHWV� $OOR\V RQ WKH EDVH RI GLERULGHV RI WUDQVLWLRQ

PHWDOV ZLWK DGGLWLRQV RI LURQ DQG ERURQ FDUELGH ��w

�� ZW��� DUH XVHG DV VXUIDFLQJ PDWHULDOV >�@� $OOR\
RI ERURQ FDUELGH ZLWK � ZW�� RI WLWDQLXP� SRVVHVVLQJ�

IURP WKH GDWD RI >�@� WKH KLJKHVW KDUGQHVV DPRQJ WKH
PDWHULDOV RQ WKH EDVH RI ERURQ FDUELGHV DQG PHWDOV RI

,9w9 JURXSV ����w�� ZW�� RI PHWDO� LV XVHG DV DQ

LQGHQWRU IRU PHDVXULQJ PLFURKDUGQHVV DW KLJK WHP�

SHUDWXUHV >�@� $V ZDV VKRZQ HDUOLHU >�@� WKH ERURQ

FDUELGH LQ FRPELQDWLRQ ZLWK UHIUDFWRU\ PHWDOV� LQ SDU�

WLFXODU ZLWK WLWDQLXP� LV WKH SURPLVLQJ PDWHULDO DOVR

IRU GHSRVLWLRQ RI ZHDU�UHVLVWDQW FRDWLQJV XVLQJ WKH
PHWKRGV RI WKHUPDO VSUD\LQJ� ,Q DGGLWLRQ� LQ WKH SUR�

FHVV RI WKHUPDO VSUD\LQJ WKH LQWHUDFWLRQ EHWZHHQ FRP�

SRQHQWV RI WKH FRPSRVLWLRQ OHDGV WR WKH IRUPDWLRQ RI

FDUERERULGH DOOR\V RI WLWDQLXP ZKLFK KDYH WKH KLJKHU

OHYHO RI PHFKDQLFDO SURSHUWLHV WKDQ FDUELGH DQG ERULGH
RI WLWDQLXP� )URP WKH GDWD RI >�@ WKH PLQLPXP YDOXHV

RI FRHIILFLHQWV RI IULFWLRQ DQG ZHDU IRU 7Lw%w& V\VWHP

DUH REVHUYHG LQ DOOR\V RI HXWHFWLF FRPSRVLWLRQ�

&DUELGH 7L& DQG WLWDQLXP ERULGHV 7L�%�� 7L%��

7L�%�� 7L% EHORQJ WR WKRVH FRPSRXQGV� ZKRVH IRUPD�

WLRQ LQ WKH FRQGLWLRQ RI VHOI�VSUHDGLQJ KLJK�WHPSHUD�

WXUH V\QWKHVLV �6+6� LV DFFRPSDQLHG E\ D KLJK

H[RWKHUPDO HIIHFW DQG DGLDEDWLF ULVH RI WHPSHUDWXUH

7
DG

ERWK LQ FDVH RI D GLUHFW V\QWKHVLV IURP HOHPHQWV
>�� �@ DQG DOVR DV D UHVXOW RI WLWDQLXP UHDFWLRQ ZLWK

ERURQ FDUELGH >�� �@� 7KHUPRG\QDPLF HVWLPDWLRQ RI
WLWDQLXP LQWHUDFWLRQ ZLWK ERURQ FDUELGH �7DEOH �� )L�

JXUH �� VKRZV WKDW DW FRQFHQWUDWLRQ RI LQLWLDO VXE�

VWDQFHV� FRUUHVSRQGLQJ WR VWRLFKLRPHWULF FRHIILFLHQWV

RI HTXDWLRQ

%�& � �7L  7L& � �7L%��

WKH DGLDEDWLF ULVH LQ WHPSHUDWXUH UHDFKHV ���� �&�

$V WR WKH V\VWHP )Hw%�&� WKHQ LW GRHV QRW EHORQJ

WR KLJKO\�H[RWKHUPLF� )RU WKHUPRG\QDPLFDOO\ PRVW

SUREDEOH UHDFWLRQ RI IRUPDWLRQ RI LURQ ERULGH LQ PL[�

WXUH ZLWK FDUERQ �UHDFWLRQ �� 7DEOH �� )LJXUH ��� WKH

DGLDEDWLF ULVH RI WHPSHUDWXUH LV ��� �&� $V D UHVXOW RI

6+6 WKH SRURXV SURGXFWV RI LQWHUDFWLRQ DUH� DV D UXOH�

IRUPHG� 2QH RI FDXVHV RI WKHLU SRURVLW\ LV ODUJH YROXPH
FKDQJHV RI FRPSRQHQWV GXULQJ WKH V\QWKHVLV� 7KHUH�

IRUH� DV VKRZQ LQ >�@� WKH SURGXFLQJ RI SRURXV�IUHH
6+6�FRPSRVLWH RI 7Lw%w& LV SRVVLEOH E\ FRPELQDWLRQ
RI WKH SURFHVV RI FRPEXVWLRQ ZLWK D QH[W UROOLQJ RI

WKH V\QWKHVLV SURGXFWV� 7KH PDWHULDO SURGXFHG LV VLPL�

ODU WR FDUELGH�WXQJVWHQ PDWHULDOV E\ LWV SURSHUWLHV�
7R VHOHFW WKH FRPSRVLWH PDWHULDO FRPSRVLWLRQ IRU

FRDWLQJ GHSRVLWLRQ XVLQJ WKH PHWKRGV RI WKHUPDO

VSUD\LQJ WKH LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK ERURQ

FDUELGH ZDV LQYHVWLJDWHG LQ WKH SUHVHQW ZRUN� $V LQL�

WLDO PDWHULDOV� WKH SRZGHUV RI IHUURWLWDQLXP

����� ZW�� 7L� ZLWK SDUWLFOH VL]H RI ��w��� µP DQG

ERURQ FDUELGH ZLWK SDUWLFOH VL]H RI �w�� µP �FRQWHQW

� *�0� *5,*25(1.2� $�/� %25,629$� <X�6� %25,629� /�,� $'((9$� /�.� '2526+(1.2 DQG 9�/� 583&+(9� ����

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS RI *LEEV HQHUJ\ FKDQJH IRU
UHDFWLRQV RI ERURQ FDUELGHV ZLWK WLWDQLXP �QXPEHUV RI FXUYHV FRU�
UHVSRQG WR QXPEHUV RI UHDFWLRQV LQ 7DEOH ��
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RI SDUWLFOHV RI VL]H XS WR � µP ZDV DERXW �� YRO���
ZHUH XVHG�

7KH LQWHUDFWLRQ ZDV VWXGLHG XVLQJ WKH PHWKRG RI
D GLIIHUHQWLDO WKHUPDO DQDO\VLV �'7$� RQ VDPSOHV
PDQXIDFWXUHG IURP PL[WXUH RI SRZGHUV RI IHUURWL�
WDQLXP ZLWK ��� �� DQG �� ZW�� RI ERURQ FDUELGH�
7KH PHQWLRQHG FRPSRVLWLRQV FRYHU WKH UHJLRQV RI WKHU�
PRG\QDPLFDOO\ PRVW SRVVLEOH UHDFWLRQV� 7Lw�� ZW��
%�& DQG )Hw�� ZW�� %�&� +HDWLQJ DQG FRROLQJ LQ
'7$ ZHUH SHUIRUPHG DW D FRQVWDQW UDWH �� .�PLQ LQ
PHGLXP RI KLJK�SXULW\ KHOLXP DW �� 3D SUHVVXUH� &\�
OLQGULFDO VDPSOHV RI ��� J� SUHOLPLQDU\ SUHVVHG DW
� W�FP� SUHVVXUH� ZHUH SODFHG LQWR FUXFLEOHV PDGH
IURP ]LUFRQLXP GLR[LGH� 7KH SURGXFHG LQJRWV ZHUH
H[DPLQHG XVLQJ WKH PHWKRGV RI PHWDOORJUDSKLF� PL�
FURGXURPHWULF DQG ;�UD\ GLIIUDFWLRQ SKDVH DQDO\VLV
�;'3$�� 5HVXOWV RI '7$ DUH JLYHQ LQ )LJXUH � DQG
7DEOH �� 1DWXUH RI '7$ FXUYHV SURYHV WKDW PHFKDQLVP
RI LQWHUDFWLRQ LV VLPLODU IRU DOO WKUHH FRPSRVLWLRQV
H[DPLQHG� 7KH UDWLR RI LQWHQVLW\ RI H[RWKHUPDO SHDNV

7DEOH �� 7KHUPDO DFWLYLW\ RI UHDFWLRQV RI ERURQ FDUELGH ZLWK WLWDQLXP

1R� 5HDFWLRQV

%�& FRQWHQW 9DOXH RI KHDW HIIHFW

∆7DG� �¯

ZW�� YRO��
N-��J⋅PRO�
RI %�&

N-��J⋅PRO� RI PL[WXUH N-�FP
�
RI PL[WXUH

�  �¯ � 7L  7L¯ � �% �� �� ������ ���� ���� ���

�  �¯ � �7L  �7L%� � ¯ �� �� ������ ���� ����� ����

�  �¯ � �7L  7L¯ � �7L%� �� �� ������ ���� ����� ����

7DEOH �� 7KHUPDO DFWLYLW\ RI UHDFWLRQV RI ERURQ FDUELGH ZLWK LURQ

1R� 5HDFWLRQV

%�& FRQWHQW 9DOXH RI KHDW HIIHFW

∆7DG� �¯

ZW�� YRO��
N-��J⋅PRO�
RI %�&

N-��J⋅PRO� RI PL[WXUH N-�FP
�
RI PL[WXUH

�  �¯ � �)H  �)H�% � ¯ �� �� ���� ��� ���� ���

�  �¯ � ��)H  �)H�% � )H�¯ � �� ���� �� ���� ��

�  �¯ � �)H  �)H% � ¯ �� �� ����� ��� ���� ���

�  �¯ � �)H  �)H% � )H�¯ �� �� ����� ��� ���� ���

�  �¯ � �)H  )H�¯ � �% �� �� w���� w�� w��� w����

)LJXUH �� 7KHUPRJUDPV RI SRZGHU PL[WXUHV RI IHUURWLWDQLXP ZLWK
�� ���� �� ��� DQG ���� ��� ZW�� %�&

)LJXUH �� 7HPSHUDWXUH UHODWLRQVKLS RI *LEEV HQHUJ\ FKDQJH IRU
UHDFWLRQV RI ERURQ FDUELGH ZLWK LURQ �QXPEHUV RI FXUYHV FRUUHVSRQG
WR QXPEHUV RI UHDFWLRQV LQ 7DEOH ��
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LV RQO\ FKDQJHG� 0D[LPXP WRWDO DUHD XQGHU WKH FXUYHV
FRUUHVSRQGLQJ WR WKH YDOXH RI KHDW HIIHFW RI WKH UHDF�
WLRQ LV UHIHUUHG WR FRPSRVLWLRQ )H7L � �� ZW�� %�&�
,Q DOO WKUHH FRPSRVLWLRQV� LQ DFFRUGDQFH ZLWK GDWD RI
;'3$� WLWDQLXP GLERULGH 7L%� DQG WLWDQLXP FDUELGH
7L&�w[ DUH WKH PDLQ SKDVH FRPSRQHQWV� ([FHSW WKHP�
WKH UHVLGXDO ERURQ FDUELGH �%�&ZLWK %��&� LPSXULW\�
DQG IHUURWLWDQLXP RI )H�7L FRPSRVLWLRQ �LQ PL[WXUHV
ZLWK �� DQG �� ZW�� %�&� ZHUH UHYHDOHG�

6DPSOHV DIWHU '7$ ZHUH SRURXV �)LJXUH ��� $V
WKH UHDFWLRQ LV DFFRPSDQLHG E\ VLJQLILFDQW YROXPH
FKDQJHV �YROXPH UHGXFWLRQ LQ IRUPDWLRQ RI PL[WXUH
7L& � 7L%� LV DERXW �� ��� UHDJHQWV RFFXUUHG WR EH
VRRQ VHSDUDWHG QRW RQO\ E\ WKH SURGXFWV RI LQWHUDFWLRQ�
EXW DOVR E\ D FRQWLQXRXV ]RQH RI SRURVLW\ >�@� 7KH
UDWH RI UHDFWLRQ SURFHHGLQJ LV DEUXSWO\ GHFUHDVHG LQ
WKLV FDVH� DQG QRQ�UHDFWHG LQLWLDO VXEVWDQFHV DUH SUH�
VHUYHG LQ WKH VDPSOH� $V D UHVXOW RI LQWHUDFWLRQ RI
LQLWLDO FRPSRQHQWV D ILQH�GLVSHUVHG PXOWL�SKDVH VWUXF�
WXUH� ZKRVH PLFURVWUXFWXUH LV ����w���� *3D� LV
IRUPHG�

7R FODULI\ WKH VHTXHQFH RI IRUPDWLRQ RI QHZ SKDVHV

LQ '7$ WKH SRZGHU PL[WXUH ZDV KHDWHG WR WKH WHP�

SHUDWXUH RI FRPSOHWLRQ RI WKH ILUVW VWDJH RI H[RWKHUPDO

UHDFWLRQ ����� �&� ZLWK D VXEVHTXHQW LQWHQVLYH FRRO�

LQJ �DW DERXW ��� .�PLQ UDWH��

0HWKRG ;'3$ UHYHDOHG SKDVHV 7L& �EDVLF�� 7L%��

)H�& DQG LQLWLDO )H7L DQG %�& LQ WKH VDPSOH DIWHU

'7$� 7KLV LQGLFDWHV WKDW WKH ILUVW H[RWKHUPDO SHDN LV

GXH WR 6+6 SURFHHGLQJ ZLWK WKH IRUPDWLRQ RI WKH

WLWDQLXP FDUELGH� ZKLOH WKH VHFRQG SHDN �KLJKHU LQ

YDOXH� LV DVVRFLDWHG ZLWK WKH IRUPDWLRQ RI WLWDQLXP

GLERULGH� DV 7L%� GRPLQDWHV LQ WKH UHDFWLRQ SURGXFWV

DIWHU KHDWLQJ DERYH ���� �&� $V WR WKH V\QWKHVLV RI

ERULGHV DQG FDUELGHV RI LURQ� WKHQ WKH FRQWULEXWLRQ RI

H[RWKHUPLFLW\ RI SURFHVVHV RI WKHLU IRUPDWLRQ WR WRWDO

KHDW RI UHDFWLRQ LV QHJOLJLEOH� WKDW LV SURYHG DOVR E\

WKH UHVXOWV RI WKHUPRG\QDPLF FDOFXODWLRQV�
,W LV SRVVLEOH WR DVVXPH WKH IROORZLQJ PHFKDQLVP

RI )H7L LQWHUDFWLRQ ZLWK %�& RQ WKH EDVLV RI GDWD RI
'7$ DQG ;'3$� %RURQ FDUELGH FRPHV LQWR UHDFWLRQ

7DEOH �� 5HVXOWV RI LQYHVWLJDWLRQV RI SURGXFWV RI LQWHUDFWLRQ )H7L ZLWK %�&

1R�
0L[WXUH FRPSRVLWLRQ�

ZW��

3DUDPHWHUV RI H[RWKHUPDO SHDNV

7RWDO SHDNV DUHD�

PP
�

5DWLR RI SHDNV

DUHDV

3KDVH FRPSRVLWLRQ

RI '7$

LQJRWV
0D[LPXP

WHPSHUDWXUH� �&
$UHD� PP

�

� ��)H7L � ��%�& ����

����

���

����

���� ��� 7L%�� 7L&� )H�7L�

%�&� %��&�� )H7L

� ��)H7L � ��%�& ����

����

����

����

���� ��� 7L%�� 7L&� )H�%�

)H�%� )H�&� %�&�

%��&�� )H�7L

� ����)H7L � ����%�& ����

����

���

����

���� ��� 7L%�� 7L&� )H�7L�

%��&�� %�&� )H�&�

)H�%� )H�%


3KDVHV RI LQLWLDO PL[WXUHV� )H7L �EDVLF�� )H� 7L �LPSXULW\�� %�& �EDVLF�� %��&� �LPSXULW\��

)LJXUH �� 0LFURVWUXFWXUHV RI SURGXFWV RI LQWHUDFWLRQ RI IHUURWL�
WDQLXP ZLWK �� �D�� �� �E� DQG ���� �F� ZW�� %�&� � x WLWDQLXP
FDUELGH� � x WLWDQLXP GLERULGH� � x ERURQ FDUELGH �×����
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ZLWK WLWDQLXP� LQFOXGHG LQWR IHUURWLWDQLXP FRPSRVL�
WLRQ� ZLWK WKH IRUPDWLRQ� ILUVW RI DOO� RI 7L&� DV WKH
FRHIILFLHQW RI FDUERQ GLIIXVLRQ LQ WLWDQLXP LV KLJKHU
WKDQ WKH FRHIILFLHQW RI ERURQ GLIIXVLRQ >�@� 7LWDQLXP
GLERULGH LV IRUPHG DW KLJKHU WHPSHUDWXUH �VHFRQG
VWDJH�� 'HFUHDVH RI WLWDQLXP FRQWHQW LQ IHUURWLWDQLXP
OHDGV WR WKH WUDQVLWLRQ RI )H7L WR )H�7L� WKDW LV SURYHG
E\ UHGLVWULEXWLRQ RI LQWHQVLW\ RI ;�UD\ OLQHV RI WKH
PHQWLRQHG SKDVHV LQ '7$�VDPSOHV DV FRPSDUHG ZLWK
LQLWLDO PL[WXUH RI SRZGHUV� ,I WKH PDLQ SKDVH LQ LQLWLDO
PL[WXUH LV )H7L� DQG )H�7L LV RQO\ LPSXULW\� WKHQ LQ
'7$ LQJRWV LW LV YLFH YHUVD� )H7L LV UHYHDOHG RQO\ LQ
LQJRWZLWK ��ZW��%�& LQ WKH DPRXQWZKLFK LV VPDOOHU
DV FRPSDUHG ZLWK )H�7L�

$V WR WKH QHZO\ IRUPHG SKDVHV RQ LURQ EDVH� WKHQ
WKHLU FRQWHQW LQ '7$ SURGXFWV LV VPDOO� DQG LQ WKH
VDPSOH IURP LQLWLDO PL[WXUH ZLWK �� ZW�� %�& WKH\
ZHUH QRW UHYHDOHG E\ WKH ;'3$ PHWKRG�

&RPSDULVRQ RI WKH UHVXOWV REWDLQHG ZLWK GDWD RI
HDUOLHU LQYHVWLJDWLRQV RI LQWHUDFWLRQ LQ 7Lw%�& V\VWHP
>�@ VKRZV WKDW UHSODFHPHQW WLWDQLXP E\ )H7L OHDGV WR
WKH VKLIWLQJ RI WHPSHUDWXUH RI EHJLQQLQJ RI WKH DFWLYH
LQWHUDFWLRQ ZLWK %�& LQWR WKH UHJLRQ RI ORZHU WHP�
SHUDWXUHV �IURP ���� WR ���� �&�� ,Q DGGLWLRQ� LQ FDVH
RI LQWHUDFWLRQ LQ 7Lw%�& V\VWHP ERWK H[RWKHUPDO
SHDNV DUH FRDOHVFHG LQWR RQH� ZKRVH ZLGWK LV� UHVSHF�
WLYHO\� LQFUHDVHG� ,W LV FKDUDFWHULVWLF WKDW SURGXFWV RI
LQWHUDFWLRQ ERWK LQ 7Lw%�& V\VWHP DQG LQ )H7Lw%�&
V\VWHP DUH SRURXV� UHDFWLRQ LV QRW LQWHUUXSWHG HYHQ
DIWHU KHDWLQJ XS WR ���� �&� +RZHYHU� DV ZDV VKRZQ
HDUOLHU >�@� D VSHFLDO SUHSDUDWLRQ RI LQLWLDO PDWHULDOV
�IRU H[DPSOH� UROOLQJ DQG SUHOLPLQDU\ VLQWHULQJ RI LQL�
WLDO PL[WXUH RI WKH PHQWLRQHG SRZGHUV ZLWK D VXE�
VHTXHQW FUXVKLQJ DQG VHOHFWLRQ RI D QHFHVVDU\ IUDFWLRQ�
PDNHV LW SRVVLEOH WR SURGXFH GHQVH FRDWLQJV ZLWK D
KLJK VWUHQJWK RI DGKHVLRQ ZLWK WKH EDVH XVLQJ WKH
PHWKRG RI D SODVPD VSUD\LQJ�

7KXV� WKH LQWHUDFWLRQ RI IHUURWLWDQLXP ZLWK ERURQ
FDUELGH LV DFFRPSDQLHG E\ D VLJQLILFDQW H[RWKHUPDO
HIIHFW GXH WR V\QWKHVLV RI 7L%�� DQG 7L&�SKDVHV FKD�
UDFWHUL]HG E\ WKH KLJKHVW YDOXHV RI IRUPDWLRQ KHDW�
0D[LPXP H[RWKHUPDO HIIHFW LV DWWDLQHG LQ XVH RI
�� ZW�� )H7L � �� ZW�� %�& PL[WXUH� +HUH� D ILQH�
GLVSHUVHG PXOWLSKDVH VWUXFWXUH� FRQVLVWLQJ RI ERULGH
DQG FDUELGH SKDVHV 7L%�� 7L&� )H�%� )H�%� )H�& ZLWK
���� *3D PHDQ PLFURKDUGQHVV� LV IRUPHG� 7KH SRZGHU
PL[WXUH ZLWK WKLV FRPELQDWLRQ RI LQLWLDO FRPSRQHQWV
LV WKH FKDOOHQJLQJ PDWHULDO IRU GHSRVLWLRQ RI SURWHFWLYH
FRDWLQJV XVLQJ WKH PHWKRGV RI WKHUPDO VSUD\LQJ� 7R
GHFUHDVH SRURVLW\� D SUHOLPLQDU\ WUHDWPHQW RI SRZGHU
PL[WXUH EHIRUH VSUD\LQJ RU WKH UROOLQJ RI DV�VSUD\HG
FRDWLQJ DUH QHFHVVDU\�

�� $UWDPRQRY� $�<D�� <XUFKHQNR� '�=�� .LULOHWV� 1�)� ������
6XUIDFLQJ DOOR\V RQ WKH EDVH RI UHIUDFWRU\ FRPSRXQGV� ,Q�
5HIUDFWRU\ FDUELGHV� .\LY� 1DXNRYD 'XPND�

�� ']KHPHOLQVN\� 9�9�� .RYDOFKHQNR� 0�6�� 0DNDUHQNR� *�1�
������ 0DWHULDOV RI LQGHQWHUV IRU KDUGQHVV PHDVXUHPHQW DW
KLJK WHPSHUDWXUHV� 3RURVKNRYD\D 0HWDOOXUJL\D� �� ��w����

�� 0DNDUHQNR� *�1�� 0DUHN� (�9� ������ +DUG PDWHULDOV RQ
WKH EDVH RI ERURQ FDUELGH� ,Q� +LJK�WHPSHUDWXUH FDUELGHV�
.\LY� 1DXNRYD 'XPND�

�� %RULVRYD� $�/�� %RULVRY� <X�6�� 6KYHGRYD� /�. HW DO�
������ ,QWHUDFWLRQ RI ERURQ FDUELGH ZLWK WLWDQLXP LQ WKHU�
PDO DQG SODVPD KHDWLQJ FRQGLWLRQV� 3RURVKNRYD\D 0HWDOOXU�
JL\D� �� ��w���

�� 7NDFKHQNR� <X�*�� 2UGDQLDQ� 6�6�� <XO\XJLQ� 9�.� HW DO�
������ &RQFHQWUDWLRQ GHSHQGHQFH RI IULFWLRQ FKDUDFWHULVWLFV
RI FDUERQ�ERURQ 7L DQG =U DOOR\V LQ ODUJH WHPSHUDWXUH UDQJH�
,ELG�� �� ��w���

�� 0DVORY� 9�0�� %RURYLQVND\D� ,�3�� 0HU]KDQRY� $�*� HW DO�
������ ([SHULPHQWDO GHWHUPLQDWLRQ RI PD[LPXP WHPSHUD�
WXUHV LQ SURFHVVHV RI VHOI�VSUHDGLQJ KLJK�WHPSHUDWXUH V\QWKH�
VLV� )L]LND *RUHQL\D L 9]U\YD� �� ��w���

�� .DUGDVKNLQ� $�,�� 0DNVLPRY� <X�1�� 1HNUDVRY� (�$� HW DO�
������ 2Q PHFKDQLVP RI LQWHUDFWLRQ EHWZHHQ WLWDQLXP DQG
FDUERQ LQ FRPEXVWLRQ ZDYH� ,ELG�� �� ��w���

�� $NRS\DQ� $�*�� 'ROXNKDQ\DQ� 6�.�� %RURYLQVND\D� ,�3�
������ ,QWHUDFWLRQ RI WLWDQLXP� ERURQ DQG FDUERQ LQ FRP�
EXVWLRQ PRGH� ,ELG�� �� ��w���

�� /HSDNRYD� 2�.�� 5DVNROHQNR� /�*�� 0DNVLPRY� <X�0�
������ 2Q PHFKDQLVP RI SKDVH� DQG VWUXFWXUH IRUPDWLRQ RI
7Lw%w)H V\VWHP LQ FRPEXVWLRQ ZDYH� ,ELG�� �� ��w���
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DQG 0�0� *$6,.
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�
+HOVLQNL 8QLYHUVLW\ RI 7HFKQRORJ\� (VSRR� )LQODQG

�
1DWLRQDO 0HWDOOXUJLFDO $FDGHP\ RI 8NUDLQH� 'QHSURSHWURYVN� 8NUDLQH

3UREOHPV RI GHYHORSPHQW DQG UHDOL]DWLRQ RI QHZ PDWHULDOV VFLHQFH VROXWLRQV EDVHG RQ WKH WHFKQRORJ\ RI IXQFWLRQDO

JUDGLHQW PDWHULDOV �)*0� DUH FRQVLGHUHG� 7HQGHQFLHV LQ WKH GHYHORSPHQW RI WKHRU\ DQG WHFKQRORJ\ RI )*0 DUH DQDO\]HG�

H[DPSOHV RI VROXWLRQV IRU SURGXFLQJ PHWDOOLF FRPSRVLWHV� KDUG DOOR\V� SURWHFWLYH FRDWLQJV� DQG DOVR PRUH FRPSOH[

FRPSRQHQWV IRU SRZHU HQJLQHHULQJ DUH JLYHQ�

.H\ ZRU G V � IXQFWLRQDO JUDGLHQW PDWHULDOV� FRPSRVLWHV�
KDUG DOOR\V� SURWHFWLYH FRDWLQJV� PRGHOOLQJ

7HQGHQFLHV RI WKH GHYHORSPHQW RI DGYDQFHG PDWHULDOV

VFLHQFH ZHUH FRQFHQWUDWHG RYHU PDQ\ \HDUV RQ SUR�

GXFLQJ KRPRJHQHRXV TXDOLW\ DOOR\V DQG RWKHU PDWH�
ULDOV KDYLQJ FRQVWDQW SUHVHW SURSHUWLHV DQG VHUYLFH

FKDUDFWHULVWLFV >�w�@� &RQYHQWLRQDO FRPSRVLWH PDWH�

ULDOV� SURGXFHG E\ LQWHJUDWLQJ PHWDO RU FHUDPLF PDWUL[

DQG D GLVSHUVHG SKDVH� XVH WKH V\QHUJHWLF FKDUDF�

WHULVWLFV RI HDFK RI WKHVH FRQVWLWXHQWV� 7KHVH FRPSR�

VLWHV KDYH D XQLIRUPO\ GLVWULEXWHG VWUHQJWKHQLQJ SKDVH

DQG WKHLU UHVXOWLQJ SURSHUWLHV DUH KRPRJHQHRXV�

,Q PDQ\ ILHOGV RI HQJLQHHULQJ D SUREOHP KDV EHHQ
DSSHDUHG LQ WKH FUHDWLRQ RI IXQFWLRQDO VWUXFWXUHV RI PD�

WHULDOV ZLWK D KLJK GHJUHH RI UHOD[DWLRQ RI WKHUPDO

VWUHVVHV� UHVLVWDQFH WR R[LGDWLRQ DQG WKHUPDO VKRFN� WKDW

UHTXLUHG WKH SURGXFLQJ RI FRPELQDWLRQ RI GLIIHUHQW SUR�

SHUWLHV LQ D GHILQLWH DQLVRWURS\ RI PDWHULDO VWUXFWXUH� 7R

VROYH WKLV SUREOHP WKH ZRUNV LQ PDQ\ FRXQWULHV DUH

FDUULHG RXW IRU WKH FUHDWLRQ WKHVH PDWHULDOV >�w��@�

QDPHG �IXQFWLRQDO JUDGLHQW PDWHULDOV� �)*0��

)*0 UHSUHVHQW LQ D JHQHUDO FDVH D PDWHULDO FKDUDF�

WHUL]HG E\ D SUHVHW GLVWULEXWLRQ RI FRPSRVLWLRQ� VWUXFWXUH

RU SURSHUWLHV LQ YROXPH� )*0DUH GLIIHUHG IURP LVRWURSLF

PDWHULDOV E\ WKH SUHVHQFH RI D JUDGLHQW RI VWUXFWXUH DQG

SURSHUWLHV �KDUGQHVV� GHQVLW\� KHDW FRQGXFWLYLW\�� 7KHVH

JUDGLHQWV DUH FUHDWHG E\ VSHFLDO SURFHVVHV DQG FRQWUROOHG

TXDQWLWDWLYHO\ WR LPSURYH VLJQLILFDQWO\ WKH SURSHUWLHV

RI D ILQDO SURGXFW >�� �� ��@�

7KH ILUVW WDVN ZDV WR GHYHORS PDWHULDOV DQG VWUXF�

WXUHV IRU VSDFH YHKLFOHV� FDSDEOH WR ZLWKVWDQG WKHUPDO

VWUHVVHV� +RZHYHU� WKLV FRQFHSWLRQ ZDV JUHDWO\ ZLG�

HQHG IRU WKH GHYHORSPHQW RI FRPELQDWLRQV RI GLIIHUHQW

PDWHULDOV ZLWKRXW D FOHDUO\�H[SUHVVHG LQWHUIDFH WR SUR�

GXFH VWUXFWXUHV ZLWK QHZ QXPHURXV IXQFWLRQV >�w��@�

,Q VSLWH RI XQGRXEWHG SURJUHVV LQ WKLV ILHOG RYHU

WKH UHFHQW \HDUV DQG ODUJH JURZWK RI UHVHDUFK ZRUNV�

WKH WKHRUHWLFDO LQYHVWLJDWLRQ DQG GHYHORSPHQW RI SULQ�

FLSOHV RI )*0 UHPDLQ LQVXIILFLHQW� ,Q WKH PDMRU SDUW

RI ZRUNV� D GHILQLWH PHWKRG� XVHG IRU )*0 SURGXF�

WLRQ� LV PDLQO\ LQYHVWLJDWHG >��@� 7KHUH DUH QR DOPRVW

ZRUNV DVVRFLDWHG ZLWK WKH GHYHORSPHQW RI DQ DGHTXDWH

GHVFULSWLRQ RI )*0 SURSHUWLHV DQG WKHLU GHSHQGHQFH

RQ FRQFHQWUDWLRQ JUDGLHQW WKDW VKRXOG SURYLGH WKH

PDLQ UHVXOW RI �IHHGEDFN� XVHG IRU GLUHFW GHVLJQLQJ

RI )*0�FRPSRQHQWV� 7KH PRVW H[SHULPHQWDO WUHQGV

RI LQYHVWLJDWLRQV LQ WKH ILHOG RI )*0 KDYH OHG WR WKH

DFFXPXODWLRQ RI FRPSUHKHQVLYH H[SHULPHQWDO PDWHULDO

ZKLFK FDQQRW EH XVHG SURSHUO\ GXH WR WKH DEVHQFH RI

D VXIILFLHQW WKHRUHWLFDO EDVH� ,W VKRXOG EH QRWHG WKDW

VLWXDWLRQ LQ WKLV GLUHFWLRQ LV LPSURYHG� DV GXULQJ UH�

FHQWO\ WKH WKHRUHWLFDO EDVHV DQG �GHVLJQ� RI WKHVH

PDWHULDOV DUH EHLQJ GHYHORSHG� ,Q VSLWH RI SURGXFLQJ

GHILQLWH VDPSOHV DQG FRPSRQHQWV� WKH DSSOLFDWLRQ RI
WKH REWDLQHG PDWHULDOV VFLHQFH VROXWLRQV LQ LQGXVWU\

UHTXLUHV� QHYHUWKHOHVV� DGGLWLRQDO LQYHVWLJDWLRQV�

7R SURGXFH )*0�FRPSRQHQW LW LV QHFHVVDU\ WR GH�
YHORS ILUVWO\ WKH SUHOLPLQDU\ GHVLJQ RI WKLV PDWHULDO

ZKLFK VKRXOG SRVVHVV WKH GHVLUDEOH FKDUDFWHULVWLFV�

7KHRUHWLFDO VWDWHPHQWV� XVHG IRU GHVLJQLQJ FRPSRVLWH

PDWHULDOV� DUH QRW� DV D UXOH� VXLWDEOH IRU WKH FDOFXOD�

WLRQ RI SURSHUWLHV DQG GHWHUPLQDWLRQ RI RSWLPXP VWUXF�

WXUH RI )*0 >�� ��@�

6LPLODU JUDGLHQW PDWHULDOV DUH FKDUDFWHUL]HG DOVR

E\ PRUH FRPSOH[ EHKDYLXRU DV FRPSDUHG ZLWK FRQ�

YHQWLRQDO �KRPRJHQHRXV� PDWHULDOV� 'LIIXVLRQ SUR�

FHVVHV DQG FKHPLFDO UHDFWLRQV FDQ OHDG WR WKH GHJUD�

GDWLRQ RI )*0 RU GHWHULRUDWLRQ RI WKHLU SURSHUWLHV�
7KHUHIRUH� WKH VHFRQG WDVN LQ WKH GHYHORSPHQW RI )*0

WHFKQRORJ\ LV WKH FUHDWLRQ RI FRPSRQHQWV ZLWK JUDGL�

HQWV� UHTXLUHG E\ WKH FXVWRPHU� WDNLQJ KHUH LQWR DF�

FRXQW WKH SRVVLEOH VLGH HIIHFWV LQ XVH RI WKHVH PDWHULDOV�

&ULWLFDO DQDO\VLV� PDGH E\ WKH DXWKRUV� PDGH LW

SRVVLEOH WR FODVVLI\ WKH DSSURDFKHV WR REWDLQ WKH JUD�

GLHQW RI FRQFHQWUDWLRQ LQ PDWHULDOV� ,W LV SRVVLEOH WR
SURGXFH WKH JUDGLHQW RI FRPSRVLWLRQ LQ YROXPH )*0

E\ GLIIHUHQW PHWKRGV� IRU H[DPSOH� FKHPLFDO DQG HOHF�
WURFKHPLFDO� SK\VLFDO PHWKRGV �GHSRVLWLRQ IURP YD�

SRXU�� SODVPD VSUD\LQJ DQG V\QWKHVLV� VHOI�VSUHDGLQJ

KLJK�WHPSHUDWXUH V\QWKHVLV� KRZHYHU� D SRZGHU PH�
WDOOXUJ\ �30� LV WKH PRVW HFRQRPLFDO WHFKQRORJ\�

7KH VLPSOHVW PHWKRG RI SURGXFLQJ )*0 XVLQJ WKH

SRZGHU PHWDOOXUJ\ FRQVLVWV LQ SUHVVLQJ RI GLIIHUHQW

SRZGHU PL[WXUHV LQ D SUHVHW VHTXHQFH DQG VXEVHTXHQW

VLQWHULQJ RU KRW SUHVVLQJ� 7KH ZRUNV >�w��@ JLYH PRUH

WKDQ KXQGUHG FRPELQDWLRQV RI )*0� SURGXFHG E\ WKH

� .�5� /,/,86 DQG 0�0� *$6,.� ����
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30� 1XPHURXV DSSOLFDWLRQV RI )*0�DERYH ����ZHUH
LGHQWLILHG LQ -DSDQHVH QDWLRQDO SURJUDP �IRU H[DPSOH�
WRROV� EDUULHU FRDWLQJV� KHDW�UHVLVWDQW DQG DQWLFRU�
URVLRQ FRPSRQHQWV� SLHVRHOHFWULF KHDGV� HOHFWURQ DQG
RSWLFDO GHYLFHV� HWF�� >�� ��@� $W SUHVHQW WKH LQYHVWL�
JDWLRQV DUH FDUULHG RXW LQ WKH ILHOG RI DSSOLFDWLRQ RI
)*0 LQ HOHFWURQLFV� RSWLFV� QXFOHDU HQJLQHHULQJ�
PHGLFLQH� ZKHUH WKH JUDGLHQW RI RWKHU SURSHUWLHV �UH�
IUDFWLRQ FKDUDFWHULVWLF� UDGLDWLRQ UHVLVWDQFH� GLHOHFWULF
SHUPHDELOLW\� HWF�� LV PRUH LPSRUWDQW >��� ��@�

6WUXFWXUH RI JUDGLHQW PDWHULDO LQ WKH VLPSOHVW FDVH
LV FKDUDFWHUL]HG E\ DQLVRWURSLF GLVWULEXWLRQ RI RQH
FRPSRQHQW LQ WKH YROXPH RI DQRWKHU FRPSRQHQW �IRU
WZR�SKDVH V\VWHP�� )*0 PD\ KDYH FKHPLFDO �PH�
WDOwPHWDO� FHUDPLFV� RU SK\VLFDO �VROLG PDWHULDOw
SRUHV� FRDUVHwILQH SDUWLFOHV� DQLVRWURSLF QDWXUH� 'LV�
WULEXWLRQ RI SKDVH DQG LWV DQLVRWURS\ FDQ EH GHVFULEHG
E\ D FRPELQDWLRQ RI IXQFWLRQV LQ WKUHH�GLPHQVLRQDO
(XFOLGHDQ VSDFH� ,Q VRPH FDVHV WKHUH DUH GLIILFXOWLHV
LQ PHDVXULQJ WKH IXQFWLRQ RI FRQFHQWUDWLRQ LWVHOI� WKDW
UHTXLUHV QXPHURXV H[SHULPHQWV DQG QXPHURXV FDOFX�
ODWLRQV� HVSHFLDOO\ IRU WKH PDWHULDOV� SURGXFHG E\ WKH
30� 0RGHOOLQJ LV WKH UHDO DOWHUQDWLYH IRU GHVFULSWLRQ
DQG FDOFXODWLRQ RI )*0 >��w��@�

)RU H[DPSOH� WKH GHYHORSHG PLFURPHFKDQLFDO

PRGHO >�� ��@ ZDV XVHG IRU GHVFULSWLRQ DQG SUHGLFWLRQ

RI SURSHUWLHV RI VRPH )*0 ZLWK DQ DUELWUDU\ WKUHH�

GLPHQVLRQDO JUDGLHQW RI FRQFHQWUDWLRQ RI WKH FRPSR�

QHQW DQG WKHLU EHKDYLRXU XQGHU WKH WHVW FRQGLWLRQV�

&DOFXODWLRQV PDGH XVLQJ WKH GHYHORSHG PRGHOV DQG

WKHRUHWLFDO VWDWHPHQWV VKRZHG WKH VHQVLWLYLW\ RI WKH

PRGHO RIIHUHG WR D VKDSH RI IXQFWLRQ RI WKH FRQFHQ�

WUDWLRQ JUDGLHQW DV FRPSDUHG ZLWK UHODWLRQVKLSV XVHG

XVXDOO\ LQ WKH WKHRU\ RI FRPSRVLWH PDWHULDOV >��� ��@�

7KH UHVXOWV RI FDOFXODWLRQV DFFRUGLQJ WR WKH GHYH�

ORSHG VRIWZDUH ZHUH FRPSDUHG ZLWK RWKHU DSSURDFKHV�

XVHG XVXDOO\ LQ WKH WKHRU\ RI FRPSRVLWH FRPSRXQGV�

RI W\SH RI UXOHV RI PL[WXUH DQG RWKHU PRGHOV IRU D

FRHIILFLHQW RI WKHUPDO H[SDQVLRQ� KHDW FRQGXFWLYLW\�

PRGXOXV RI HODVWLFLW\ DQG VKHDU� )LJXUH � VKRZV WKH

FDOFXODWHG SURSHUWLHV RI )*0 WXQJVWHQwFRSSHU ZLWK

D GLIIHUHQW W\SH RI IXQFWLRQ RI GLVWULEXWLRQ� WKDW FRQ�

ILUPV WKH VHQVLWLYLW\ RI WKH RIIHUHG PRGHO WR WKH NLQG

DQG �VKDSH� RI IXQFWLRQ RI FRQFHQWUDWLRQ� ZKLOH RWKHU

UHODWLRQVKLSV WDNH LQWR DFFRXQW RQO\ WKH YROXPH FRQ�

FHQWUDWLRQ RI FRPSRQHQWV >��w��@�

7KH DGYDQWDJH RI WKHVH PRGHOV LV WKDW WKH SUHOLPL�

QDU\ HYDOXDWLRQ RI VWUHVV OHYHO FDQ EH PDGH HYHQ EHIRUH

LWV H[SHULPHQWDO PHDVXUHPHQW ZLWKRXW XVH RI FRPSOL�

FDWHG QXPHULFDO PHWKRGV� 7KXV� WKHUH DSSHDUV D IHD�

VLELOLW\ WR GHILQH WKH ZD\V RI �RSWLPXP� JUDGLHQW RI

)*0 HYHQ DW WKH LQLWLDO VWDJHV RI WKH GHVLJQ >��� ��@�
0RGHOOLQJ RI SURFHVVHV RI SURGXFLQJ )*0 LV HV�

SHFLDOO\ HIIHFWLYH DW PRUH FRPSOLFDWHG SURFHVV RI 30�
IRU H[DPSOH� LQ VLQWHULQJ PDWHULDOV ZLWK D VWURQJ LQ�
WHUDFWLRQ RI SKDVHV� :KHQ GHYHORSLQJ WKH PRGHO RI
VLQWHULQJ RI JUDGLHQW KDUG DOOR\V WKH DERYH�PHQWLRQHG
PLFURPHFKDQLFDO PRGHO ZDV XVHG IRU FDOFXODWLRQ RI
PHFKDQLFDO DQG WKHUPDO SURSHUWLHV RI )*0 ZLWK DQ
DUELWUDU\ WKUHH�GLPHQVLRQDO JUDGLHQW RI FRPSRVLWLRQ

ZLWKLQ WKH SUHVHW ERXQGDU\ FRQGLWLRQV DW D SURSHU
KHDW IORZ EHIRUH FDOFXODWLRQ RI WKH VLQWHULQJ SURFHVV
SURSHU >��� ��@� 7KH FRPSXWHU SURJUDP KDV EHHQ FUH�
DWHG RQ WKH EDVLV RI H[SHULPHQWDO PHDVXUHPHQWV DQG
DERYH�GHYHORSHG WKHRUHWLFDO VWDWHPHQWV� 7KLV SURJUDP
PDNHV LW SRVVLEOH WR HYDOXDWH WKH QHFHVVDU\ SDUDPHWHUV
RI WKH SURFHVV RI SURGXFLQJ JUDGLHQW KDUG DOOR\V� 7R
PDNH H[SHULPHQWDO HYDOXDWLRQ RI WKHPRGHO� DQ RSWLFDO
GLODWRPHWHU ZDV GHYHORSHG� ZLWK WKH KHOS RI ZKLFK LW
LV SRVVLEOH WR GHWHUPLQH PDFURVFRSLF YDOXHV RI GLV�
SODFHPHQW RI VDPSOH FRQWLQXRXVO\ GXULQJ DOO WKH VLQ�
WHULQJ SURFHVV� )LJXUH � VKRZV WKH GLVWULEXWLRQ RI
VWUHVVHV RFFXUULQJ GXH WR QRQ�XQLIRUP VLQWHULQJ RI
)*0 :&w&R� 7KH TXDQWLWDWLYH UHVXOWV VKRZHG WKDW
WKH PRGHO GHYHORSHG IRU KDUG DOOR\V SUHGLFWV H[DFWO\
WKH GHQVLW\ RI PDWHULDO DQG FKDQJH LQ VKDSH RI WKH
VDPSOH GXULQJ VLQWHULQJ� 7KH XVH RI DGHTXDWH PRGHO�
OLQJ FDQ UHGXFH JUHDWO\ WKH QHHG LQ WKH H[SHULPHQW
FRQGXFWDQFH�

$V DQRWKHU H[DPSOH RI SUDFWLFDO DSSOLFDWLRQ RI
)*0 LW LV SRVVLEOH WR LOOXVWUDWH WKH VR�FDOOHG PDWFKLQJ
FRPSODLQW SDGV ZKLFK DUH GHVLJQHG IRU UHGXFWLRQ RI
WKH OHYHO RI VWUHVVHV LQ GHYLFHV IRU FRQYHUVLRQ RI KHDW
HQHUJ\ LQWR HOHFWULFDO HQHUJ\� ,Q WKHVH V\VWHPV D WKHU�
PRHOHFWULFDO HIIHFW LV XVHG� ZKLFK LV EDVHG RQ WKH SUR�
SHUW\ RI VHPLFRQGXFWRUV WR JHQHUDWH WKH GLIIHUHQFH RI
SRWHQWLDOV DW DQ DSSURSULDWH WHPSHUDWXUH JUDGLHQW�

3UDFWLFDO SUREOHP RI UHDOL]DWLRQ RI WKLV GHYLFH LV
WKH GLIIHUHQFH RI FRHIILFLHQWV RI WKHUPDO H[SDQVLRQ RI
VHPLFRQGXFWRUV DQG PHWDOOLF PDWHULDOV WKDW FDXVH KLJK
WKHUPDO VWUHVVHV� 7KH XVH RI PDWFKLQJ )*0�SDGV
PDNHV LW SRVVLEOH QRW RQO\ WR UHGXFH WKH OHYHO RI
VWUHVVHV E\ VHYHUDO WLPHV� EXW DOVR WR FUHDWH WKH SUHVHW
DQLVRWURS\ RI HOHFWULFDO FRQGXFWLYLW\ DW D VXIILFLHQWO\
LVRWURSLF KHDW FRQGXFWLYLW\ >��� ��@� )LJXUH � VKRZV
WKH SLORW VDPSOH RI WKLV )*0�SDG SURGXFHG LQ +HO�
VLQNL 8QLYHUVLW\ RI 7HFKQRORJ\ XVLQJ WKH PHWKRG RI
30 DQG FRQVROLGDWHG LQ -DSDQ XVLQJ WKH PHWKRG RI
HOHFWULF VSDUN �SODVPD� VLQWHULQJ XQGHU SUHVVXUH >��@�

7KHVH SDGV DUH GHVLJQHG IRU FRQYHUVLRQ RI QXFOHDU
HQHUJ\ LQWR HOHFWULFDO HQHUJ\� &RQFHSWLRQ >��@ RI QX�
FOHDU SRZHU VWDWLRQ RQ WKH 0RRQ� GHYHORSHG LQ -DSDQ�
SUHGLFWV LWV IDLOXUH�IUHH RSHUDWLRQ GXULQJ ��w�� \HDUV�

)LJXUH �� +HDW FRQGXFWLYLW\ LQ D[HV ;� < DQG = IRU GLIIHUHQW
IXQFWLRQV RI GLVWULEXWLRQ RI FRSSHU FRQFHQWUDWLRQ LQ )*0 WXQJ�
VWHQwFRSSHU �WRWDO YROXPH VKDUH RI FRSSHU LV ����
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,Q WKLV FDVH WKH PDLQWHQDQFH DQG UHSODFHPHQW RI XQLWV
VKRXOG EH UHGXFHG WR PLQLPXP� 6LPLODU UHDFWRU
5$3,'�/ RI ��� N: FDSDFLW\ RFFXSLHV RQO\ �� P�

DQG� WKHUHIRUH� FDQ EH DOVR XVHG RQ (DUWK� 7KH UHDFWRU
RSHUDWLRQ LV IXOO\ DXWRPDWLF� DV LW KDV QR FRQWUROOLQJ
URGV� LQVWHDG RI WKHP D SULQFLSOH RI PHUFXU\ WKHU�
PRPHWHU LV XVHG ZKHUH WKH OLTXLG OLWKLXP�� SOD\V D
UROH RI PHUFXU\� :LWK D WHPSHUDWXUH ULVH� OLWKLXP LV
H[SDQGHG DQG DGVRUEV QHXWURQV PRUH DFWLYHO\� WKXV
GHOD\LQJ UHDFWLRQ� 7KH OLTXLG KHDW�FDUULHU LV FLUFXODW�
LQJ DURXQG WKH FRQWRXU ZLWK WKH KHOS RI DQ HOHFWUR�
PDJQHWLF SXPS� 7KHUPRHOHFWULFDO PRGXOHV FRQYHUW D
SDUW RI KHDW LQWR HOHFWULFDO HQHUJ\ VXSSOLHG WR WKH
FRQVXPHU >��@� 7KXV� WKH ZKROH SURFHVV WDNHV SODFH
ZLWKRXW XVH RI DQ\ PRYLQJ PHFKDQLVPV� EXW RQO\ RQ
WKH EDVLV RI SK\VLFDO ODZV� ,W ZDV VKRZQ >��� ��@ WKDW
WKH RSWLPL]HG GHVLJQ RI )*0�SDG FDQ DFFHSW D KHDW
IORZ RI DERXW ��� N:�P�� WKDW HYHQ DW WKH �� �
SUHVHQW OHYHO RI HIILFLHQF\ IDFWRU RI FRQYHUVLRQ� DOORZV
FRQVXPHUV WR EH VXSSOLHG ERWK ZLWK KHDW DQG DOVR
HOHFWULFLW\� 6LPSOHU VWUXFWXUH RI )*0 DQG PHWKRG RI

LWV SURGXFLQJ PDNHV LW SRVVLEOH WR UHGXFH WKH FRVW RI
V\VWHP DQG WR LQFUHDVH LWV HIILFLHQF\�

2QH RI WKH PRVW TXLFNO\�VSUHDGLQJ DSSOLFDWLRQ RI
)*0 LV WKHLU XVH LQ GLIIHUHQW FRDWLQJV �SRZHU HQJL�
QHHULQJ� JDV WXUELQHV� FKHPLFDO LQGXVWU\� HWF��� ,Q
WKHVH ILHOGV WKH FRDWLQJV VKRXOG EH UHVLVWDQW WR KLJK
WHPSHUDWXUHV� DJJUHVVLYH PHGLD DQG WKHUPRPHFKDQL�
FDO F\FOLF DFWLRQV� )URP WKH SRLQW RI YLHZ RI FRVW RI
SURGXFWLRQ� WKH VLPSOH PHWKRGV RI SODVPD DQG WKHUPDO
VSUD\LQJ LQ DLU DUH PRVW DWWUDFWLYH� &RPSRVLWLRQ�
VWUXFWXUH DQG GHVLJQ RI )*0�FRDWLQJ ZHUH ILUVW RSWL�
PL]HG XVLQJ PRGHOV >��@� DFFRXQWLQJ IRU HODVWLF DQG
SODVWLF GHIRUPDWLRQ� JHRPHWU\ RI FRPSRQHQW DQG RSH�
UDWLRQ FRQGLWLRQV� 7KH VDPSOHV SURGXFHG ZHUH VXE�
MHFWHG WR WKHUPRF\FOLQJ LQ D VSHFLDO VWDQG XQGHU WKH
FRQGLWLRQV RI FKDQJLQJ KHDW IORZ IURP � WR
���� 0:�P��

)*0�FRDWLQJV GHPRQVWUDWHG PXFK KLJKHU VHUYLFH
OLIH WKDQ FRQYHQWLRQDO FRDWLQJV �QXPEHU RI F\FOHV EH�
IRUH IUDFWXUH ZDV LQFUHDVHG E\ KXQGUHG WLPHV� DQG
DEVHQFH RI ORQJ KRUL]RQWDO FUDFNV �)LJXUH ���

)LJXUH �� *HQHUDO YLHZ �RQ WKH OHIW� DQG VWUXFWXUH RI FRSSHUwDOXPLQLXP R[LGHwFRSSHU )*0�SDG >��� ��@

)LJXUH �� 'LVWULEXWLRQ RI VWUHVVHV LQ V\PPHWULFDO �D� DQG QRQ�V\PPHWULFDO �E� )*0�SDGV DIWHU VLQWHULQJ� DQG DOVR LQ D V\PPHWULFDO SDG
ZLWK D VPDOO �F� DQG ODUJH �G� QXPEHU RI JUDGLHQW OD\HUV >��� ��@
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0LFURFUDFNV LQ WKH DUHD RI FRDWLQJ ZLWK D ODUJHU
IUDFWLRQ RI D FHUDPLF SKDVH DUH IDYRXUDEOH DV UHOD[DWRUV
RI VWUHVVHV ��w� WLPHV UHGXFWLRQ RI VWUHVVHV DV FRPSDUHG
ZLWK D UHIHUHQFH VDPSOH�� GHFUHDVLQJ VLPXOWDQHRXVO\
WKH KHDW FRQGXFWLYLW\ RI WKH HQWLUH FRDWLQJ� )*0�
FRDWLQJV SURWHFW UHOLDEO\ WKH PHWDO VXUIDFH IURP R[L�
GDWLRQ� WKDW ZDV FRQILUPHG E\ ORQJ�WHUP WHVWV� $LU
DQQHDOLQJ DW ���� �& IRU ��� K VKRZHG WKDW WKHUH ZHUH
QR QRWLFHDEOH FKURPLXP GLIIXVLRQ DQG IRUPDWLRQ RI
VSLQHO XQGHU WKH )*0�FRDWLQJ� ZKLOH WKH UHIHUHQFH
VDPSOH �GXSOH[ FRDWLQJ ZLWKRXW )*0� KDG �w��IROG
GHSOHWLRQ RI PHWDO FRDWLQJ ZLWK FKURPLXP�

6LPLODU DSSURDFK ZDV XVHG LQ WKH GHYHORSPHQW RI
FRDWLQJV IRU WKH FKHPLFDO LQGXVWU\ �SURFHVVLQJ RI PD�
WHULDOV RI D FHOOXORVH SURGXFWLRQ LQ VR�FDOOHG VRGD ERL�
OHUV�� 7KHVH FRDWLQJV VKRXOG RSHUDWH VHYHUDO \HDUV LQ
PHOWV DQG JDV DWPRVSKHUHV ZLWK D KLJK FRQWHQW RI
FKORULQH� VXOSKXU� VRGD DQG VDOWV RI DONDOL PHWDOV�

7KH FRPSRVLWLRQ DQG VWUXFWXUH IRU WKLV FRDWLQJ
�)LJXUH �� ZHUH VHOHFWHG VR WKDW WR SURYLGH FRPSUHV�
VLYH VWUHVVHV LQ D FHUDPLF OD\HU� V\QHUJHWLF SDVVLYLW\
RI D FHUPHW OD\HU DQG HIIHFW RI GHOD\ RI FRUURVLRQ
UHDFWLRQ GXH WR FUHDWLRQ RI GHSRVLWV RI LQHUW SURGXFWV
RI FRUURVLRQ LQ WKH FRDWLQJ PLFURSRUHV� ,W ZDV UHYHDOHG
DIWHU LQYHVWLJDWLRQV WKDW WKHUH DUH QR DOPRVW VXOSKXU�
FKORULQH DQG DONDOL PHWDOV LQ D PHWDO�FRQWDLQLQJ OD\HU
RI )*0�FRDWLQJ >��@� 8QGHU WKHVH FRQGLWLRQV WKH GX�
SOH[ FHUDPLF FRDWLQJV GR QRW ZLWKVWDQG RFFXUULQJ
VWUHVVHV� DQG D VSHFLDO VWDLQOHVV VWHHO EHJLQV WR IUDFWXUH
QRWLFHDEO\ HYHQ DIWHU ��w�� K�

)*0�FRDWLQJV VKRZHG WKH JUHDW DGYDQWDJHV LQ SUR�
WHFWLRQ RI FDUERQ�FDUERQ ILEURXV FRPSRVLWHV� 3RWHQ�
WLDO RI XVH RI WKHVH FRPSRVLWHV LV OLPLWHG XVXDOO\ E\ D
ORZ UHVLVWDQFH RI FDUERQ ILEUHV DQGPDWUL[ WR R[LGDWLRQ
DW KLJK WHPSHUDWXUHV� +RPRJHQHRXV RU PXOWLOD\HU
FRDWLQJV KDYH D OLPLWHG WHUP RI VHUYLFH DQG GR QRW
DOORZ SURGXFW WR EH XQGHU VHUYLFH ZLWKRXW D VXIILFLHQW
OHYHO RI UHOLDELOLW\� ,W ZDV VXJJHVWHG WR XVH WKH FRQ�
FHSWLRQ RI )*0 WR SURGXFH WKH PXOWLOD\HU VWUXFWXUH
ZLWK GLIIHUHQW OHYHOV RI D IXQFWLRQDO JUDGLHQW >��@�
8QOLNH WKH RWKHU PHWKRGV� WKHUH DUH QR DEUXSW LQWHU�
IDFH EHWZHHQ WKH SKDVHV LQ WKH VWUXFWXUH RI DV�SUR�
GXFHG PDWHULDO� %HKDYLRXU RI PDWHULDO DW F\FOLF R[L�
GDWLRQ LQ WKH UDQJH RI PHDQ WHPSHUDWXUHV ����w

��� �&�� ZKHUH FRQYHQWLRQDO SURWHFWLYH PHFKDQLVPV
�IRUPDWLRQ RI 6L2� OD\HUV RU VLOLFDWHV� KDYH QRW \HW
RSHUDWHG� ZDV LQYHVWLJDWHG XVLQJ D PHWKRG WKHUPR�
JUDYLPHWU\ �7DEOH�� $ QRWLFHDEOH R[LGDWLRQ RI FDUERQ
ILEUHV XQGHU )*0�OD\HU ZDV QRW REVHUYHG� DQG WKH
)*0�FRDWLQJ LWVHOI ZDV QRW ODPLQDWHG GXULQJ WHVWV
DQG DIWHU WKHP �LQ GHWHUPLQDWLRQ RI VDPSOH VWUHQJWK��
7KH LQYHVWLJDWLRQV VKRZ WKH DGYDQWDJHV RI )*0 IRU
WKH SURWHFWLRQ RI FDUERQ FRPSRVLWHV IURP R[LGDWLRQ
DV FRPSDUHG ZLWK FRQYHQWLRQDO PDWHULDOV DQG KRPR�
JHQHRXV FRDWLQJV >�� ��@�

6LPLODU WR )*0�FRDWLQJV� WKH VROXWLRQV ZHUH GH�
YHORSHG IRU MRLQLQJ FHUDPLFV ZLWK PHWDOV� GHVLJQHG

)LJXUH �� &RQYHQWLRQDO �DW WKH WRS� DQG )*0 WKHUPRSURWHFWLYH
FRDWLQJV DIWHU WHVWV

)LJXUH �� 3URWHFWLYH JUDGLHQW FRDWLQJ RQ FDUERQ VWHHO >��@

3URSHUWLHV RI )*0�FRDWLQJV RQ FDUERQ FRPSRVLWHV >��@

3DUDPHWHUV
6HULDO

PDWHULDO

([SHULPHQ

�

WDO )*0

7HQVLOH VWUHQJWK DW �� �&� 03D ���w��� ���w���

7LPH RI WKHUPRF\FOLQJ LQ DLU� K

��� x ���� x �� �&� F\FOH WLPH

�� PLQ�

�� ���

5HGXFWLRQ LQ WHQVLOH VWUHQJWK� � �� �w�

1XPEHU RI WKHUPDO F\FOHV LQ DLU�

�� x ���� x �� �& IRU � PLQ ��w�� ��

�� x ���� x �� �& IRU � K �


�

�� x ��� x �� �& IRU � K �w�


��



0DWHULDO IUDFWXUHG�
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IRU RSHUDWLRQ XQGHU WKH FRQGLWLRQV RI KLJK WHPSHUD�
WXUHV DQG PHFKDQLFDO VWUHVVHV �SRZHU HTXLSPHQW�� 7KH
XVH RI )*0 LQ WKHVH MRLQWV PDNHV LW SRVVLEOH WR UHGXFH
WKH OHYHO RI WKHUPDO VWUHVVHV RI GLVVLPLODU PDWHULDOV�
IRU H[DPSOH� KHDW�UHVLVWDQW DOOR\ ,1���� DQG FHUDPLFV
RQ $O�2� EDVH� ,W LV VKRZQ >�� �� ��� ��@ WKDW WKH
FKDQJH LQ DQLVRWURS\ FKDUDFWHULVWLF �IXQFWLRQ RI SKDVH
GLVWULEXWLRQ LQ )*0� OHDGV WR GLIIHUHQW NLQHWLFV RI
JHQHUDWLRQ RI WKHUPDO VWUHVVHV� WKDW VWLSXODWHV WKH
ORQJHU WHUP RI VHUYLFH RI WKHVH MRLQWV� 2SWLPXP SD�
UDPHWHUV RI WKLV )*0�OD\HU ZHUH GHWHUPLQHG DQG G\�
QDPLFV RI FKDQJH LQ VWUHVVHV LQ FDVH RI D WKHUPDO VKRFN
ZDV FDOFXODWHG�

)*0 GHPRQVWUDWHG DOVR HIIHFWLYHQHVV LQ WKH PRUH
�H[RWLF� DSSOLFDWLRQV� IRU H[DPSOH� LQ WKH FRQGLWLRQV RI
D WKHUPRQXFOHDU UHDFWRU� 6WUXFWXUDO PDWHULDOV ZKLFK FDQ
EH XVHG LQ WKH UHDFWRU� VKRXOG PHHW PDQ\ UHTXLUHPHQWV�
VXFK DV KLJK UHVLVWDQFH WR KHDW VKRFN� WKHUPDO IDWLJXH�
KLJK PHFKDQLFDO VWUHQJWK� UHVLVWDQFH WR QHXWURQ UDGLD�
WLRQ DQG RWKHUV� $Q LPSRUWDQW FKDUDFWHULVWLF RIPDWHULDOV
LV WKHLU HIIHFW RQ SODVPD SDUDPHWHUV� 3ODVPD FRQWDPL�
QDWLRQV GHWHULRUDWH LWV FKDUDFWHULVWLFV DQG WKHLU UHPRYDO
LV PDGH E\ D GLVFKDUJH RQ GLYHUWHUV� 'XULQJ GLVFKDUJH
WKH SODVPD DORQJ WKH OLQHV RI WKH PDJQHWLF ILHOG LV
GDPSHG RQ WKH SODWHV RI GLYHUWHUV IRU YHU\ VKRUW WLPH�
WKXV FDXVLQJ LQVWDQWDQHRXV HYDSRUDWLRQ RI D WKLQ OD\HU
RI WKH PDWHULDO >�� ��� ��@�

0RVW SDUW RI WKLV HYDSRUDWHG PDWHULDO LV GHSRVLWHG
EDFN RQ WKH VXUIDFH� WKXV WUDSSLQJ WKH XQGHVLUDEOH LP�
SXULWLHV IURP SODVPD� 5HOD[DWLRQ RI WKHUPDO VWUHVVHV ZDV
GHWHUPLQHG IRU )*0 WXQJVWHQwFRSSHU� ,Q >��@ WKH
PRGHO RI )*0�GLYHUWHUZDV VWXGLHG DQG WKHUPDO VWUHVVHV
LQ LWV GLIIHUHQW SDUWV DQG DOVR HIIHFW RI JUDGLHQW RQ WKHLU
FKDQJH ZHUH GHWHUPLQHG� 7KH XVH RI WKHRUHWLFDO DQG
PRGHO VWDWHPHQWV GHYHORSHG >�� �w��� ��w��@ PDGH LW
SRVVLEOH WR FDOFXODWH )*0 WXQJVWHQwFRSSHU IRU SODWHV
RI GLYHUWHUV DQG WR RIIHU DQ RSWLPXP GHVLJQ RI WKH PD�
WHULDO DOORZLQJ �w� WLPHV GHFUHDVH LQ WKH OHYHO RI WKHUPDO
VWUHVVHV� 7KH DQDO\VLV VKRZV WKDW WKH XVH RI )*0 LQ
UHDFWRUV RI RWKHU GHVLJQV� SRZHU HTXLSPHQW RI UHODWHG
EUDQFKHV RI PDFKLQH�EXLOGLQJ FDQ LQFUHDVH VLJQLILFDQWO\
WKH VHUYLFH OLIH RI GLIIHUHQW FRPSRQHQWV�

7KXV� WKH JHQHUDO VLWXDWLRQ ZLWK WKH SURJUHVV RI PD�
WHULDOV VFLHQFH VROXWLRQV RQ )*0 EDVH UHSUHVHQWV D JUHDW
LQWHUHVW� +RZHYHU� DW SUHVHQW WKH SUDFWLFDO DSSOLFDWLRQ
RI )*0 LV GLIILFXOW GXH WR WKH ODFN RI GDWD DERXW WKHLU
XVH LQ YDULRXV RSHUDWLRQ FRQGLWLRQV� 7KH LQLWLDO GHVLJQ
RI )*0 JLYHV FDOFXODWLRQV RI RSWLPXP JUDGLHQW RI VRPH
SURSHUWLHV DQG FRPSRVLWLRQ� 7KLV JUDGLHQW FDQQRW EH
GHWHUPLQHG ZLWKRXW NQRZOHGJH LQ SUHFLVH UHTXLUHPHQWV
IRU WKH FRQGLWLRQV RI DSSOLFDWLRQ RI WKLVPDWHULDO� ,I WKHVH
UHTXLUHPHQWV DUH NQRZQ� WKHQ WKH VHFRQG LPSRUWDQW
SUREOHP LV WKH UHGXFWLRQ LQ FRVW RI )*0 SURGXFWLRQ DV
FRPSDUHG ZLWK KRPRJHQHRXV PDWHULDOV KDYLQJ� KRZ�
HYHU� WKH ORZHU OHYHO RI VHUYLFH SURSHUWLHV� 7DNLQJ LQWR
DFFRXQW WKH WHQGHQFLHV RI LQFUHDVLQJ WKH UHTXLUHPHQWV
IRU WKH PDWHULDOV� LW LV H[SHFWHG WKDW WKH XVH RI WKH
)*0�VROXWLRQV ZLOO EH RQH RI WKH ZLGHO\ XVHG WUHQGV
LQ WKH PDWHULDOV VFLHQFH >��w��@�

�� )HGRUFKHQNR� ,�0� ������ &RPSRVLWH VLQWHUHG DQWLIULFWLRQ
DQG IULFWLRQ PDWHULDOV IRU IULFWLRQ XQLWV� ,Q� $GYDQFHG PDWH�
ULDOV VFLHQFHV RI WKH ��VW FHQWXU\� .\LY� 1DXNRYD 'XPND�

�� .RYDOHQNR� /�9�� $QWLSRY� 9�,�� 9LQRJUDGRY� /�9� HW DO�
������ 1HZ FRPSRVLWH IXQFWLRQDO SXUSRVH PDWHULDOV DQG WHFK�
QRORJ\ RI WKHLU SURGXFWLRQ� ,Q� 7UDQVDFW� RI $�$� %DMNRY ,Q�
VWLWXWH RI 0HWDOOXUJ\ DQG 0DWHULDOV 6FLHQFH� 0RVFRZ� (OL]�

�� /\DNLVKHY� 1�3� ������ 6WUXFWXUDO DQG VRPH IXQFWLRQDO PD�
WHULDOV� 7KH SUHVHQW DQG WKH IXWXUH� ,Q� $GYDQFHG PDWHULDOV
VFLHQFHV RI WKH ��VW FHQWXU\� .\LY� 1DXNRYD 'XPND�

�� ������ 6WHHO RQ WKH WKUHVKROG RI WKH FHQWXULHV� (G� E\ <X�6�
.DUDEDVRY� 0RVFRZ� 0,6L6�

�� .QRWW� -�)� ������ 7KH VWUXFWXUDO LQWHJULW\ RI WKH QHZ �DG�
YDQFHG� PDWHULDOV� ,Q� $GYDQFHG PDWHULDOV VFLHQFHV RI WKH
��VW FHQWXU\� .\LY� 1DXNRYD 'XPND�

�� *DVLN� 0�0� ������ 7KHRUHWLFDO DQG WHFKQRORJLFDO IXQGD�
PHQWDOV RI IXQFWLRQDO JUDGLHQW PDWHULDOV� 'QHSURSHWURYVN�
6\VWHP� 7HFKQ� *133�

�� &KHUUDGL� 1�� .DZDVDNL� $�� *DVLN� 0� ������ :RUOGZLGH
WUHQGV LQ IXQFWLRQDO JUDGLHQW PDWHULDOV UHVHDUFK DQG GHYHORS�
PHQW� &RPSRV� (QJ�� �� ���w����

�� *DVLN� 0�0�� /LOLXV� .�3�� &KHUUDGL� 1� HW DO� ������ 3UR�
GXFWLRQ RI IXQFWLRQDO JUDGLHQW PDWHULDOV E\ SRZGHU PHWDO�
OXUJ\ PHWKRGV� (XURS� 3URMHFW &267����� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� ��w���

�� +LUDL� 7� ������ 0DWHULDOV VFLHQFH DQG WHFKQRORJ\� D FRP�
SUHKHQVLYH WUHDWPHQW� (G� E\ 5�-� %URRN� 9&+ 9HUODJ�

��� ������ )XQFWLRQDOO\ JUDGHG PDWHULDOV� (G� E\ <� 0L\DPRWR
HW DO� .OXZHU $�3�

��� ������ )XQFWLRQDOO\ JUDGHG PDWHULDOV ����� (G� E\
.� 7UXPEOH HW DO� ,Q� 7UDQVDFW� RI $PHULFDQ &HU� 6RF� RQ
&HUDPLFV�

��� *DVLN� 0� ������ 3ULQFLSOHV RI IXQFWLRQDO JUDGLHQW PDWHULDOV
DQG WKHLU SURFHVVLQJ E\ SRZGHU PHWDOOXUJ\� $FWD 3RO\WHFKQ�
6FDQG�� ���� ���

��� *DVLN� 0�� &KHUUDGL� 1�� .DZDVDNL� $� ������ )*0 FRPSR�
QHQWV x 30 PHHWV WKH FKDOOHQJH� 0HWDO 3RZGHU 5HS�� ���
��w���

��� 6XUHVK� 6�� 0RUWHQVHQ� $� ������ )XQGDPHQWDOV RI IXQF�
WLRQDOO\ JUDGHG PDWHULDOV� /RQGRQ� ,20 &RPPXQ�

��� *DVLN� 0�� /LOLXV� .� ������ (YDOXDWLRQ RI SURSHUWLHV RI
:w&X IXQFWLRQDO JUDGLHQW PDWHULDOV E\ PLFURPHFKDQLFDO
PRGHO� &RPSXW� 0DWHU� 6FL�� �� ��w���

��� *DVLN� 0�0�� /LOLXV� .�3�� 2VWULN� 3�1� ������ 0RGHOOLQJ
RI IXQFWLRQDO JUDGLHQW PDWHULDOV SURSHUWLHV� 3UREOHP\ 6SHWV�
(OHNWURPHWDOOXUJLL� �� ��w���

��� 8HGD� 6�� *DVLN� 0� ������ 7KHUPR�HODVWR�SODVWLF DQDO\VLV
RI :w&X IXQFWLRQDOO\ JUDGHG PDWHULDOV VXEMHFWHG WR D XQL�
IRUP KHDW IORZ E\ PLFURPHFKDQLFDO PRGHO� -� 7KHUPDO
6WUHVVHV� ��� ���w����

��� *DVLN� 0�� %LORWVN\� <�� &KHUUDGL� 1� HW DO� ������ 1HZ DS�
SURDFK WR WKH VROXWLRQ RI WKH ORFDO VWUHVV SUREOHP LQ )*0
KDUGPHWDOV� ,Q� 3URF� RI ,QW� (XUR30s�� &RQI� RQ 30�
6WRFNKROP� (30$�

��� *DVLN� 0�0�� =KDQJ� %� ������ $ FRQVWLWXWLYH PRGHO DQG
)( VLPXODWLRQ IRU WKH VLQWHULQJ SURFHVV RI SRZGHUV FRP�
SDFWV� &RPSXW� 0DWHU� 6FL�� ��� ��w����

��� *DVLN� 0�� =KDQJ� %�� .DVNLDOD� 0� HW DO� ������ 6LQWHULQJ
RI KDUGPHWDOV LQ GLIIHUHQW FRQGLWLRQV� H[SHULPHQWDO UHVXOWV
RI �' GLODWRPHWU\ DQG FRPSXWHU VLPXODWLRQV� ,Q� 3URF� RI
��WK ,QW� 3ODQVHH 6HPLQDU� 9RO� ��

��� .DPEH� 0� ������ +LJK HQHUJ\ GHQVLW\ WKHUPRHOHFWULF HQ�
HUJ\ FRQYHUVLRQ XQLW XVLQJ )*0 FRPSOLDQW SDGV� 0DWHU�
6FL�� ���w���� ���w����

��� *DVLN� 0�� )ULPDQ� 0�� .DPEH� 0� ������ 0RGHOOLQJ RI
DOXPLQD�FRSSHU IXQFWLRQDOO\ JUDGHG PDWHULDO� (G� E\
.� 7UXPEOH HW DO� ,Q� 7UDQVDFW� RI $PHULFDQ &HU� 6RF� RQ
&HUDPLFV�

��� 7RNLWD� 0� ������ 'HYHORSPHQW RI ODUJH�VL]H FHUDPLF�PHWDO
EXON )*0 IDEULFDWHG E\ VSDUN SODVPD VLQWHULQJ� 0DWHU�
6FL� )RUXP� ���w���� ��w���

��� +DGILHOG� 3�� )LW]SDWULFN� 0� ������ 0LQL QXFOHDU UHDFWRU
FRXOG SRZHU DSDUWPHQW EORFNV� 1HZ 6FLHQWLVW� ���������

��� 1RPXUD� 1�� *DVLN� 0�� .RUSLROD� .� HW DO� ������ 3RURVLW\
LQWURGXFHG IXQFWLRQDOO\ JUDGHG FRDWLQJV XVLQJ +92) VSUD\�
LQJ V\VWHP� ,Q� 3URF� RI �WK 3DFLILF &RQI�� +DZDLL� 86$�
-DSDQ ,QVW� RI 0HWDOV 3XEO�

��� 3RSRY� $�� *DVLN� 0� ������ +LJK�WHPSHUDWXUH R[LGH FH�
UDPLF FRDWLQJV RQ FDUERQ�FDUERQ FRPSRVLWHV� ,Q� 6XUIDFH
HQJLQHHULQJ� 2EHUXUVHO� '*0�

��� *DVLN� 0�0� ������ 6WUXFWXUH� SURSHUWLHV DQG DSSOLFDWLRQ
RI IXQFWLRQDO JUDGLHQW PDWHULDOV LQ H[WUHPH FRQGLWLRQV� 'RN�
ODG\ 1$18� �� ���w����

��� 0L\DPRWR� <� ������ 5HYLHZ RI WKH )*0 SURMHFW� )*0
1HZV� �� ��w���

��� ,OVFKQHU� %� ������ /HVVRQV OHDUQHG LQ � \HDUV RI )*0 UH�
VHDUFK LQ /DXVDQQH� ,Q� 3URF� RI �WK )*0s�� ,QW� 6\PS��
7VXNXED� (G� E\ <� 0L\DPRWR HW DO� (OVHYLHU 6FL� 3XEO�

��� 5RHGHO� -�� 1HXEUDQG� $� ������ 7KH VWDWH RI )*0 UHVHDUFK
LQ *HUPDQ\� )*0 1HZV� ��� �w��
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7KH ,QWHUQDWLRQDO 6HPLQDU �0RGHUQ 7HFKQRORJLHV DQG

1HZ 6WUXFWXUDO 0DWHULDOV LQ &KHPLFDO (QJLQHHULQJ

DQG ,QGXVWU\� ZDV KHOG LQ .\LY DW WKH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH IURP �� WLOO �� 1RYHPEHU�

����� 7KH 6HPLQDU ZDV RUJDQLVHG E\ WKH 1DWLRQDO
$FDGHP\ RI 6FLHQFHV RI 8NUDLQH� 0LQLVWU\ IRU WKH
,QGXVWULDO 3ROLF\ RI 8NUDLQH� (�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� 2SHQ -RLQW 6WRFN &RPSDQ\ �8NU�
1,,NKLPPDVK� DQG ,QWHUQDWLRQDO $VVRFLDWLRQ �,1�

7(50� RI WKH 3:,� &KDLUPDQ RI WKH 6HPLQDU 2U�

JDQLVLQJ &RPPLWWHH ZDV 3URI� .�$� <XVKFKHQNR�

'HSXW\'LUHFWRU RI WKH 3:, DQG&RUUHVSRQGLQJ0HP�

EHU RI WKH 1$6 RI 8NUDLQH� DQG 'HSXW\ &KDLUPDQ
ZDV 'U� <X�%� 'DQLORY� 'HSXW\ 'LUHFWRU RI WKH &RP�

SDQ\ �8NU1,,NKLPPDVK��

7KH 6HPLQDU ZDV DWWHQGHG E\ PRUH WKDQ ��� VFL�
HQWLVWV DQG HQJLQHHUV IURP UHVHDUFK DQG GHYHORSPHQW

LQVWLWXWHV DQG KLJKHU HGXFDWLRQ HVWDEOLVKPHQWV� UHS�

UHVHQWDWLYHV RI FKHPLFDO HQJLQHHULQJ DQG RLO�DQG�JDV

LQGXVWU\� FKHPLFDO DQG RLO�DQG�JDV IDFWRULHV� VSHFLD�
OLVWV LQ SURGXFWLRQ DQG UHDOLVDWLRQ RI VWHHOV� DOOR\V DQG
SDUWV IRU FKHPLFDO DQG SHWURFKHPLFDO HQJLQHHULQJ DQG
RLO�DQG�JDV LQGXVWU\ IURP 8NUDLQH� *HUPDQ\� $XVWULD

DQG 3RUWXJDO�

3URI� %�(� 3DWRQ� 3UHVLGHQW RI WKH 1$6 RI 8NUDLQH�

QRWHG LQ KLV ZHOFRPH DGGUHVV DQG RSHQLQJ UHPDUNV WR

WKH 6HPLQDU SDUWLFLSDQWV WKDW D SURORQJHG GHSUHVVLRQ LQ

HFRQRPLFV RI 8NUDLQH KDG D QHJDWLYH HIIHFW RQ WKH VWDWH

RI FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV LQGXVWULHV�

7KH PDMRU SDUW RI EDVLF HTXLSPHQW RI FKHPLFDO HQJL�

QHHULQJ IDFLOLWLHV H[KDXVWHG WKHLU GHVLJQHG OLIH ORQJ DJR

DQG QHHG UHSODFHPHQW DQG UHSDLU�

7KH VXVWDLQHG JURZWK RI HFRQRPLFV RI 8NUDLQH RE�

VHUYHG VLQFH ���� DOORZV WKH SUREOHPV DVVRFLDWHG ZLWK

UHQRYDWLRQ DQG IXUWKHU GHYHORSPHQW RI WKHVH LQGXV�

WULHV WR EH VROYHG DW D TXDOLWDWLYHO\ QHZ OHYHO�

7KH PRVW LPSRUWDQW WDVNV IRU WKH LPPHGLDWH IXWXUH

DUH DV IROORZV�

• EXLOGLQJ RI DGYDQFHG DSSDUDWXVHV DQG HTXLSPHQW
IRU FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV HQWHU�
SULVHV� PDNLQJ RI QHZ PDWHULDOV �VWHHOV� DOOR\V HWF���

DQG GHYHORSPHQW RI FRUURVLRQ SURWHFWLRQ PHWKRGV�

• GHYHORSPHQW RI UHOLDEOH PHWKRGV DQG LQVWUXPHQWV
IRU HYDOXDWLRQ RI VWDWH RI DFWLYH HTXLSPHQW ZLWKRXW
LQWHUUXSWLRQ RI LWV RSHUDWLRQ DQG HVWLPDWLRQ RI UHVLGXDO

OLIH RI WKH HTXLSPHQW� DV ZHOO DV QHZ DSSURDFKHV WR
LWV UHSDLU�

• FDWFKLQJ XS ZLWK WKH EDFNORJ LQ DSSOLFDWLRQ RI

QHZ FHUWLILHG WHFKQRORJLHV� PDWHULDOV DQG HTXLSPHQW

IRU SUHSDUDWLRQ DQG ZHOGLQJ SURGXFWLRQ�

• GHYHORSPHQW DQG UHDOLVDWLRQ RI QHZ TXDOLW\ DV�
VXUDQFH V\VWHPV IRU PDQXIDFWXUH DQG UHSDLU RI HTXLS�

PHQW DW D OHYHO RI LQWHUQDWLRQDO VWDQGDUGV�

• LQFUHDVH LQ QXPEHU RI GLIIHUHQW OHYHOV RI ZHOGLQJ

VSHFLDOLVWV FHUWLILHG LQ FRPSOLDQFH ZLWK LQWHUQDWLRQDO

VWDQGDUGV�

• UHGXFWLRQ RI PDQXDO ODERXU LQ PDQXIDFWXUH RI

HTXLSPHQW�

,W ZDV JUDWLI\LQJ WKDW WKH 6HPLQDU ZDV DWWHQGHG E\
VSHFLDOLVWV IURP DOO UHJLRQV RI 8NUDLQH� DV ZHOO DV IURP

VXFK NQRZQFRPSDQLHV DV �7K\VVHQ.UXSS9'0$XVWULD

*PE+�DQG�9RHVW$OSLQH��ZKLFK DUH WKHPDMRUPDQX�
IDFWXUHUV RI KLJK�TXDOLW\ VWUXFWXUDO PDWHULDOV�

3URI� %�(� 3DWRQ WKDQNHG DOO WKH DWWHQGHHV RQ

EHKDOI RI WKH 2UJDQLVLQJ &RPPLWWHH DQG ZLVKHG WKH
6HPLQDU WR EH D VXFFHVV�

0U� ,�'� 5XFKNR� +HDG RI 'HSDUWPHQW IRU &KHPL�
FDO (QJLQHHULQJ DQG $FFHVVRULHV DW WKH 0LQLVWU\ RI

,QGXVWULDO 3ROLF\ RI 8NUDLQH� 3URI� .�$� <XVKFKHQNR
DQG 'U� <X�%� 'DQLORY LQ WKHLU SUHVHQWDWLRQV HPSKD�

VLVHG DQ LPSRUWDQFH RI FKHPLFDO DQG RLO�DQG�JDV LQ�

GXVWULHV IRU IXUWKHU GHYHORSPHQW RI LQGXVWULDO SRWHQ�

WLDO RI 8NUDLQH� LWV DJULFXOWXUH� VRFLDO SROLF\ RI WKH
FRXQWU\ WR KDQGOH WKH QHHGV RI WKH SRSXODWLRQ DQG

H[SRUW RI SURGXFWV� %DVLF HTXLSPHQW RI WKH PDMRULW\

RI FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV HQWHUSULVHV

RI 8NUDLQH LV ZRUQ RXW WR D FRQVLGHUDEOH GHJUHH� 7KHUH�

IRUH� WKH VFLHQWLILF VXEVWDQWLDWLRQ IRU DSSOLFDWLRQ RI
QHZ PDWHULDOV� EXLOGLQJ RI QHZ DGYDQFHG HTXLSPHQW�

XSJUDGLQJ DQG UHSDLU RI H[LVWLQJ HTXLSPHQW LV DQ LP�

SRUWDQW DQG SUHVVLQJ SUREOHP�

*LYHQ EHORZ LV WKH OLVW RI SUHVHQWDWLRQV ZLWK WKHLU
VKRUW VXPPDULHV�

3URI� .�$� <XVKFKHQNR LV PDNLQJ SUHVHQWDWLRQ DW WKH 6HPLQDU
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'U� <X�%� 'DQLORY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� .KDUNLY� �0DLQ WUHQGV
LQ GHYHORSPHQW RI QHZ VWUXFWXUHV IRU FKHPLFDO DQG
RLO�DQG�JDV LQGXVWU\ HQWHUSULVHV�� &KHPLFDO HQJLQHHU�
LQJ LV WKH LQGXVWU\ FKDUDFWHULVHG E\ D UDSLG FKDQJH RI
UDQJHV RI SURGXFWV DQG SURFHVVHV� 7KHUHIRUH� LWV PRVW
LPSRUWDQW WDVN LV WR PDNH D IXQGDPHQWDOO\ QHZ HTXLS�
PHQW� XSJUDGH DQG UHSDLU H[LVWLQJ IDFLOLWLHV� DXWRPDWH
SURFHVVHV DQG HTXLSPHQW� DQG GHYHORS PHWKRGV WR LQ�
FUHDVH FRUURVLRQ UHVLVWDQFH� 8NUDLQH KDV D VXIILFLHQW
VFLHQWLILF DQG LQGXVWULDO SRWHQWLDO WR FRSH ZLWK WKH
DERYH WDVNV�

(QJ� <X�<D� 1HNKDHQNR �6HYHURGRQHWVN
6WDWH 5	' ,QVWLWXWH IRU &KHPLFDO (QJLQHHULQJ� �5H�
VHDUFK DQG GHYHORSPHQW DFWLYLWLHV RI WKH 6HYHUR�
GRQHWVN 1,,NKLPPDVK LQ PDQXIDFWXUH RI DSSDUDWXVHV
IRU FKHPLFDO HQWHUSULVHV�� 7KH ,QVWLWXWH LV LQYROYHG
LQ UHVHDUFK DQG GHYHORSPHQW DLPHG DW HODERUDWLRQ RI
LQWHJUDWHG PHWKRGV IRU GLDJQRVWLFV DQG UHSDLU RI
HTXLSPHQW LQ RSHUDWLRQ DW FKHPLFDO DQG SHWURFKHPLFDO
HQWHUSULVHV� GHVLJQ DQG PDQXIDFWXUH RI YHVVHOV DQG
DSSDUDWXVHV ZLWK D ZRUNLQJ SUHVVXUH RI XS WR �� 03D�

'U� *�'� 6DPRMOHQNR �/LPLWHG�/LDELOLW\
&RPSDQ\ �7RSRO�� VXEVLGLDU\ RI WKH 1LNRSRO <X]K�
QRWUXEQ\ :RUNV� �5DQJHV RI WKH �7RSRO� &RPSDQ\
3URGXFWV�� 7KH&RPSDQ\ SURGXFHV KLJK�TXDOLW\ VHDP�
OHVV ZHOGHG DQG FHQWULIXJDOO\ FDVW SLSHV� DV ZHOO DV
ZLUH DQG EUDQFK SLSHV IURP FDUERQ DQG ORZ�DOOR\
VWHHOV� PHGLXP� DQG KLJK�DOOR\ VWHHOV DQG DOOR\V IRU
FKHPLFDO DQG SHWURFKHPLFDO LQGXVWULHV� 7KH &RPSDQ\
KDV D UHVHDUFK EDVH DQG VSHFLDOLVWV IRU GHYHORSPHQW
RI WHFKQRORJLHV IRU PDQXIDFWXUH RI WKH DERYH SURGXFWV�

'U� +� 3RUWLVFK �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+� �1LFNHO LQ D QXWVKHOO x WKH UROH RI QLFNHO
LQ HQJLQHHULQJ� LWV SURGXFWLRQ� VXSSO\ DQG W\SLFDO
DSSOLFDWLRQV�� 7KH 1LFNHO 'HYHORSPHQW ,QVWLWXWH�
ZKHUH 'U� 3RUWLVFK LV D VWDII PHPEHU� LV DFWLYH LQ
SURPRWLRQ RI QLFNHO DQG QLFNHO�EDVH DOOR\V WR LQGXVWU\�
SXEOLVKHV �1LFNHO 0DJD]LQH�� FROOHFWV DQG GLVVHPL�
QDWHV LQIRUPDWLRQ RQ WKH ZRUOG SURGXFWLRQ RI QLFNHO
DQG QLFNHO�FRQWDLQLQJ DOOR\V� DV ZHOO DV SURGXFWV RI
WKHVH PDWHULDOV� 7KH ,QVWLWXWH FDQ SURYLGH IUHH SXEOL�
FDWLRQV RQ WKLV VXEMHFW PDWWHU�

0U� ,� 6DMHU� *�'� 6XUJXFKHY �7K\VVHQ.UXSS
9'0 $XVWULD *PE+� �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+x 2UJDQLVDWLRQ DQG 3URGXFWV�� 7KH &RPSDQ\
LQFRUSRUDWHV ��� HQWHUSULVHV DQG PDNHV DERXW � PLOOLRQ
WRQV RI VWHHO� 7KH &RPSDQ\ KDV PHOWLQJ IXUQDFHV RI

GLIIHULQJ FDSDFLWLHV� LQFOXGLQJ D �� WRQ IXUQDFH ZLWK
$Uw2� SXUJLQJ DQG FRQWLQXRXVO\ RSHUDWLQJ (65 IXU�
QDFH� 7KH &RPSDQ\ SURGXFHV FDUERQ VWHHOV� VWDLQOHVV
VWHHOV ZLWK D QLFNHO FRQWHQW RI PRUH WKDQ �� �� QLFNHO�
EDVH DOOR\V� WLWDQLXP DQG YDULRXV SDUWV RI WKH DERYH
PDWHULDOV IRU FKHPLFDO HQJLQHHULQJ HWF�

'U� +� $OYHV �7K\VVHQ.UXSS 9'0� 3RUWXJDO�
�+LJK�TXDOLW\PDWHULDOV RI 7K\VVHQ.UXSS9'0$XV�
WULD *PE+ IRU FKHPLFDO HQJLQHHULQJ�� 7KLV GLYLVLRQ
RI WKH &RPSDQ\ SURGXFHV VWDLQOHVV VWHHOV RI WKH ���/
DQG ���/ JUDGHV� DOOR\V ���� ��� ��� &���� &�� &���
&��� %� DQG %� UHVLVWDQW WR ZHW FRUURVLRQ LQ FKHPLFDO
SURGXFWLRQ HQYLURQPHQWV� $OOR\ �� LV UHVLVWDQW WR FRU�
URVLRQ LQ VXOSKXULF DFLG DW FRQFHQWUDWLRQV RI ��w��
DQG ��w�� � DQG DW GLIIHUHQW WHPSHUDWXUHV�

0U� %� GH %R
..
U �7K\VVHQ.UXSS 9'0� *HU�

PDQ\� �+LJK�WHPSHUDWXUH PDWHULDOV RI 7K\VVHQ
.UXSS 9'0 $XVWULD *PE+ IRU JDV�DQG�RLO� DLUFUDIW
DQG SRZHU HQJLQHHULQJ�� 0HOWLQJ� SRXULQJ DQG FDVW�
LQJ RI DOOR\V IRU DSSOLFDWLRQ DW WHPSHUDWXUHV RI XS WR
���� �& DUH SHUIRUPHG LQ RSHQ DUF IXUQDFHV E\ WKH
9$5 DQG (65 PHWKRGV XVLQJ �� WRQ IXUQDFH� $OOR\
���&$ KDV EHHQ UHFRJQLVHG WKH EHVW RQH IRU RSHUDWLRQ
LQ FDUEXULVDWLRQ HQYLURQPHQWV DW ���w���� �&�

'U� -�/HWWQHU �9RHVW $OSLQH DQG 7K\VVHQ.UXSS
9'0 $XVWULD *PE+� �+RW�UROOHG ELPHWDO SODWHV IRU
FKHPLFDO� JDV�DQG�RLO DQG DLUFUDIW HQJLQHHULQJ�� %L�
PHWDO ELOOHWV DUH SURGXFHG E\ WKH &RPSDQ\ XVLQJ D

WUDGLWLRQDO VWDFN PHWKRG� 7KH ELOOHWV DUH UROOHG WR

SODWHV RI GLIIHUHQW WKLFNQHVV DW D FXVWRPHUsV UHTXHVW�

%LPHWDO LV WHVWHG WR EHQGLQJ DQG VKHDU� 7KH GHJUHH RI

GLIIXVLRQ RI HOHPHQWV LQ WKH ]RQH RI DGKHVLRQ RI WKH

OD\HUV LV DOVR FKHFNHG�
3URI� ,�.� 3RNKRGQ\D �(�2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH� �:HOGLQJ FRQVXPDEOHV� 6WDWH�RI�
WKH�DUW DQG GHYHORSPHQW WUHQGV�� $UF ZHOGLQJ ZLOO
EH GRPLQDQW DPRQJ QXPHURXV ZHOGLQJ SURFHVVHV GXU�
LQJ WKH QH[W GHFDGHV� 7KLV DUHD ZLOO UHTXLUH GHYHORS�
PHQW RI PHWKRGV WR FRQWURO VWUXFWXUH DQG SURSHUWLHV
RI ZHOGV DQG MRLQWV LQ RUGHU WR SURYLGH WKHLU KLJK
VWUHQJWK� GXFWLOLW\ DQG RSHUDWLRQDO UHOLDELOLW\� 7KHVH
SURSHUWLHV ZLOO EH DFKLHYHG WKURXJK RSWLPLVDWLRQ RI
V\VWHPV RI DOOR\LQJ RI WKH ZHOGV DQG WKHUPDO ZHOGLQJ
F\FOHV� WKURXJK ILQGLQJ QHZ PHWKRGV WR FRQWURO PHOW�
LQJ DQG HOHFWURGH PHWDO WUDQVIHU SURFHVVHV� DV ZHOO DV
SURFHVVHV RI SHQHWUDWLRQ RI WKH EDVH PHWDO� VROLGLILFD�
WLRQ RI WKH ZHOG SRRO DQG FRROLQJ RI WKH ZHOGV� 1HZ
W\SHV RI HIILFLHQW HTXLSPHQW ZLOO EH PDGH� UHOLDEOH
WHFKQRORJLHV IRU SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV
ZLOO EH GHYHORSHG� V\VWHPV IRU FRPSXWHU�DLGHG DQD�
O\WLFDO FRQWURO RI SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV
ZLOO EH EXLOW RQ WKH EDVLV RI WKH ODWHVW SK\VLFDO DQG
FKHPLFDO DQDO\VLV PHWKRGV DQG LQVWUXPHQWV� 7KH DG�
YDQFHG VWDQGDUGV� PHHWLQJ WKH (XURSHDQ UHTXLUH�
PHQWV� VKRXOG EH ZRUNHG RXW WR HVWDEOLVK TXDOLW\ DV�
VXUDQFH V\VWHPV IRU SURGXFWLRQ RI SDUWV� PDWHULDOV DQG
FRQVXPDEOHV� DV ZHOO DV IRU FHUWLILFDWLRQ RI SURGXFWV�

3URI� .�$� <XVKFKHQNR �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �&XUUHQW WUHQGV LQ DSSOLFDWLRQ
RI QHZ WHFKQRORJLHV IRU ZHOGLQJ RI GLIIHUHQW JUDGHV
RI VWHHOV DQG ELPHWDOV�� ,Q DGGLWLRQ WR WUDGLWLRQDO
ZHOGLQJ SURFHVVHV� WKHUH DUH DOVR QHZ WHFKQRORJLHV
DQG HTXLSPHQW IRU DUF ZHOGLQJ RI KLJK�DOOR\ VWHHOV

'XULQJ WKH 6HPLQDU
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DQG DOOR\V WKDW IRXQG ZLGH DSSOLFDWLRQ� 7KH\ LQFOXGH
DUF ZHOGLQJ PHWKRGV XVLQJ PLFURSODVPD� K\EULG
SODVPD � ODVHUPHWKRGV� ZHOGLQJ XVLQJ DFWLYDWRUV �3$�
7,*� DQG VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV� VROLG�VWDWH
MRLQLQJ �IULFWLRQ VWLU ZHOGLQJ� PDQXIDFWXUH RI VWUXF�
WXUDO PHPEHUV E\ H[SORVLRQ ZHOGLQJ�� 5HSDLU WHFK�
QRORJLHV XVLQJ ZHOGLQJ� FODGGLQJ DQG VSUD\LQJ VKRZ
KLJK SURPLVH IRU PDLQWDLQLQJ SHUIRUPDQFH RI FKHPLFDO
DQG RLO�DQG�JDV LQGXVWU\ HTXLSPHQW� 7KH 3:, LV SUH�
SDUHG WR DVVLVW HQWHUSULVHV LQ PDVWHULQJ ERWK QHZ DQG
WUDGLWLRQDO WHFKQRORJLHV�

3URI� .�$� <XVKFKHQNR� 'U� <X�1� .D�
NKRYVN\� *�9� )DGHHYD� 9�,� 6DPRMOHQNR�
DQG'U�$�9� %XODW �(�2� 3DWRQ (OHFWULF:HOGLQJ
,QVWLWXWH� �1HZ HOHFWURGHV RI WKH $1% VHULHV IRU
ZHOGLQJ KLJK�DOOR\ VWHHOV DQG DOOR\V�� 7KH (�2� 3D�
WRQ (OHFWULF :HOGLQJ ,QVWLWXWH GHYHORSHG FRYHUHG
HOHFWURGHV RI WKH $1%���� $1%���� $1%��� DQG $1%�
��8� DQG $1%��� �(���.K��1�� (���.K��1�*�%�
(���.K��1��*�$0� DQG (���.K��1��*�0�'��
UHVSHFWLYHO\� JUDGHV IRU ZHOGLQJ PHWDO VWUXFWXUHV IRU
FKHPLFDO HQJLQHHULQJ� 7KHVH HOHFWURGHV DUH VXSHULRU LQ
D FRPELQDWLRQ RI WKHLU ZHOGLQJ�RSHUDWLRQDO SURSHUWLHV�
WHFKQRORJLFDO VWUHQJWK RI ZHOG PHWDO DQG FRUURVLRQ UH�
VLVWDQFH WR WKH NQRZQ HOHFWURGHV x DQDORJXHV RI WKH
2=/�� �(���.K��1��� 7V/��� �(���.K��1�*�%��
($�������8 �(���.K��1��0�*�)� DQG 2=/���8
�(���.K��1��0�'�*�%� JUDGHV�

'U� 9�)� 7RSROVN\ �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �1HZ SURFHVVHV IRU ZHOGLQJ WL�
WDQLXP DQG LWV DOOR\V�� 7KH DOOR\ RQ WKH EDVH RI WL�
WDQLXP RI WKH 7���� JUDGH� KDYLQJ VWUHQJWK RI
���� 03D LQ WKH DQQHDOHG VWDWH� DV ZHOO DV WHFKQRORJ\
IRU ZHOGLQJ WKLV DOOR\ DQG D QXPEHU RI RWKHU DOOR\V
ZHUH GHYHORSHG� 3URSRVDOV IRU WKHPDQXIDFWXUH RI GULOO
SLSHV IURP WLWDQLXP�EDVH DOOR\V IRU GULOOLQJ RI ZHOOV
WR D GHSWK RI ���� P ZHUH VXEVWDQWLDWHG� 7KH 3:,
RIIHUV FRRSHUDWLRQ LQ PDVWHULQJ WKHVH DGYDQFHG GHYH�
ORSPHQWV�

'U� 9�$� $QRVKLQ DQG 'U� 9�0� ,O\X�
VKHQNR �(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�
�$GYDQFHG WHFKQRORJLHV IRU ZHOGLQJ FRSSHU DQG
VWHHO � PRQHO ELPHWDO�� 7KH 3:, GHYHORSHG DQG LV
DSSO\LQJ DGYDQFHG WHFKQRORJLHV IRU ZHOGLQJ RI FRSSHU
XVLQJ SDVWH�OLNH IOX[HV� LQ D QLWURJHQ DWPRVSKHUH� E\
SODVPD DQG (6: PHWKRGV� $YDLODEOH DUH WKH WHFKQRO�
RJ\ DQG ILOOHUPHWDOV �ZLUH� HOHFWURGHV RI WKH $17V��0
JUDGH� IRU ZHOGLQJ RI FRSSHU DQG VWHHO � PRQHO EL�
PHWDO� 6SHFLDOLVWV RI WKH 3:, DUH SUHSDUHG WR DVVLVW
LQGXVWU\ LQ PDVWHULQJ WKHVH WHFKQRORJLHV�

'U� ,�9�'RYELVKFKHQNR �(�2� 3DWRQ(OHFWULF
:HOGLQJ ,QVWLWXWH� �,PSURYHPHQW RI FRUURVLRQ UHVLV�
WDQFH RI ZHOGHG MRLQWV RQ DOXPLQLXP HTXLSPHQW XVHG
WR SURGXFH FRQFHQWUDWHG QLWULF DFLG�� 7KH 3:, GH�
YHORSHG WHFKQRORJLHV IRU LPSURYHPHQW RI FRUURVLRQ
UHVLVWDQFH RI ZHOGHG MRLQWV RQ UHDFWLRQ YHVVHOV �DXWR�
FODYHV� EOHDFKLQJ FROXPQV� UHIULJHUDWRUV� SLSHOLQHV
HWF�� DQG SDUWV PDGH IURP FRPPHUFLDO DOXPLQLXP
$'�� DQG $'��� RI DQ LQFUHDVHG SXULW\ E\ KHDW WUHDW�
PHQW� 7KH WHFKQRORJ\ UHFRPPHQGHGZLOO DOORZ VHUYLFH
OLIH RI WKH HTXLSPHQW WR EH H[WHQGHG�

'U�(�)�3HUHSO\RWFKLNRY �(�2�3DWRQ(OHFWULF
:HOGLQJ ,QVWLWXWH� �0RGHUQ WHFKQRORJLHV DQG HTXLS�

PHQW IRU VXUIDFLQJ DQG KDUGHQLQJ RI SLSHOLQH YDOYHV��
WKH 3:, GHYHORSHG WHFKQRORJLHV DQG VXEVWDQWLDWHG WKH
HIILFLHQF\ RI XVLQJ SODVPD�SRZGHU FODGGLQJ IRU SLSHOLQH
YDOYH FRPSRQHQWV� 3URYLGHG ZDV WKH LQIRUPDWLRQ RQ
QHZ SRZGHUV DQG HTXLSPHQW IRU SODVPD�SRZGHU FODG�
GLQJ RI YDOYHV� ([DPSOHV RI WKHLU HIILFLHQW DSSOLFDWLRQ
IRU SURGXFWLRQ DQG UHSDLU RI YDOYHV ZHUH JLYHQ�

3URI� $�<D� 1HGRVHND� 'U� 6�$� 1H�
GRVHND� 0�$� <DUHPHQNR �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH�� $�$� <RONLQ� <X�)� .XUED�
WRY� $�6� 9DVLOLHY �2GHVVD 3RUW )DFWRU\� �0RQL�
WRULQJ RI WHFKQLFDO VWDWH RI HTXLSPHQW LQ RSHUDWLRQ��
$YDLODEOH DUH WKH DGYDQFHG WHFKQRORJLHV IRU PRQLWRU�
LQJ RI TXDOLW\ RI ZHOGHG MRLQWV DQG HVWLPDWLRQ RI VSHFL�
ILHG VHUYLFH OLIH RI HTXLSPHQW� 7KH WHFKQRORJLHV DUH
EDVHG RQ DQDO\VLV RI WKH PDWHULDO FRQGLWLRQ YHFWRU
�0&9 WHFKQRORJ\�� 7KH V\VWHP IRU WHFKQLFDO GLDJ�
QRVWLFV RI HTXLSPHQW RI WKH (0$�� IDPLO\ ZDV PDGH
DQG LQWURGXFHG LQWR LQGXVWU\�

3URI� 6�*� 3RO\DNRY �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �6FLHQWLILF SULQFLSOHV DQG KDUG�
ZDUH IRU XWLOLVDWLRQ RI HOHFWURFKHPLFDO PHWKRGV IRU
FRUURVLRQ PRQLWRULQJ DW SHWURFKHPLFDO HQWHUSULVHV��
7KHRU\ DQG SUDFWLFH RI PHDVXUHPHQW RI FRUURVLRQ UDWH
E\ WKH NLQHWLF DQG SRODULVDWLRQ UHVLVWDQFH PHWKRGV� DV
ZHOO DV HVWLPDWLRQ RI WKH HIIHFW RI GLVWULEXWLRQ RI ORFDO
FRUURVLRQ FHQWUHV RQ FRUURVLRQ IUDFWXUH VXVFHSWLELOLW\
RI D ZRUNSLHFH ZHUH ZRUNHG RXW� (OHPHQWV RI WKH
FRUURVLRQ�PHDVXUHPHQW KDUGZDUH �HOHFWURFKHPLFDO
FHOOV� VHQVRUV HWF�� ZHUH PDGH DQG LQWURGXFHG LQWR
SURGXFWLRQ� 7KH GHYHORSPHQWV DUH UHFRPPHQGHG IRU
ZLGH DSSOLFDWLRQ DW LQGXVWULDO HQWHUSULVHV�

'U� 9�$� .DFKDQRY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� �,QYHVWLJDWLRQ RI FRUUR�
VLRQ EHKDYLRXU RI ZHOGHG MRLQWV LQ QHZ VWUXFWXUDO
PDWHULDOV LQ DJJUHVVLYH HQYLURQPHQWV�� ,QYHVWLJD�
WLRQV ZHUH FRQGXFWHG WR VWXG\ FRUURVLRQ UHVLVWDQFH RI
WKH 7K\VVHQ.UXSS 9'0 DOOR\V ��� ��� �� DQG %��
5XVVLDQ DOOR\V ��.K1��0'7 DQG .K1��0%8 DQG
]LUFRQLXP(���� LQ HQYLURQPHQWV FRQWDLQLQJ VXOSKXULF
DFLG� DOOR\V �� DQG ��.K1��0'7 LQ WLWDQLD SURGXF�
WLRQ SURFHVVHV� DV ZHOO DV DOOR\V ���� �� DQG
��.K1��''7 LQ FRQFHQWUDWHG FDXVWLF HQYLURQPHQWV�
5HFRPPHQGDWLRQV IRU WKHLU DSSOLFDWLRQV ZHUH JLYHQ�

'U�9�$�.DFKDQRY �2SHQ-RLQW6WRFN&RPSDQ\
�8NU1,,NKLPPDVK�� �,QFUHDVH LQ FRUURVLRQ FUDFNLQJ
UHVLVWDQFH RI PHWDOV LQ D VWUXFWXUH�� 5HFRPPHQGDWLRQV
IRU KHDW DQG K\GUDXOLF WUHDWPHQW RI ZHOGHG MRLQWV DQG
HTXLSPHQW RI VWHHOV ��*�6 DQG 6W��VS� ZHUH GHYHORSHG
DQG LQWURGXFHG LQWR SURGXFWLRQ LQ RUGHU WR LQFUHDVH UH�
VLVWDQFH WR FRUURVLRQ FUDFNLQJ�

(QJ� 6�9�1HVWHUHQNR DQG1�*�<HILPHQNR
�.KDUNLY 6WDWH 0XQLFLSDO $FDGHP\�� 'U� 9�$�
.DFKDQRY �2SHQ -RLQW 6WRFN &RPSDQ\ �8NU1,,�
NKLPPDVK�� �(IIHFW RI 5(0 DQG WKHLU PDVWHU DOOR\V
RQ FRUURVLRQ UHVLVWDQFH RI ZHOGV LQ DXVWHQLWLF VWHHOV��
0LFURDOOR\LQJ RI ZHOG PHWDO RI WKH ��.K��1��7�
��.K��1��0�� ��.K��1�� ��.K��1�*�7 W\SHV ZLWK
RI ������ DQG ������ � RI \WWULXP DQG FHULXP� UHVSHF�
WLYHO\� OHDGV WR LQKLELWLRQ RI FRUURVLRQ LQ DJJUHVVLYH HQ�
YLURQPHQWV FRQWDLQLQJ +�62�� +12� DQG 1D2+�

(QJ� *�(� 6KHSLO �2SHQ -RLQW 6WRFN &RPSDQ\
�8NU1,,NKLPPDVK�� �0HWDOORJUDSK\ RI FRUURVLRQ
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IUDFWXUHV RI KLJK DOOR\V�� 0HWDOORJUDSK\ RI WKH
7K\VVHQ.UXSS 9'0 DOOR\V ��� ��� ��� %� DQG ���
DQG ZHOGHG MRLQWV LQ HQYLURQPHQWV FKDUDFWHULVWLF RI
WLWDQLD DQG FDXVWLF VRGD SURGXFWLRQ UHYHDOHG ERWK DG�
YDQWDJHV DQG GLVDGYDQWDJHV RI HDFK RI WKH DERYH DO�
OR\V� &HUWDLQ KHDW WUHDWPHQW FRQGLWLRQV ZHUH UHFRP�
PHQGHG WR LPSURYH FRUURVLRQ SURSHUWLHV RI ZHOGHG
MRLQWV RI DOOR\V �� DQG ���

'U� %�$� *UX �6WDWH 5	' ,QVWLWXWH �.KLP�
WHNKQRORJL\D�� 6HYHURGRQHWVN� �&RUURVLRQ RI VWHHOV
DQG DOOR\V LQ VRPH FKHPLFDO HQJLQHHULQJ HQYLURQ�
PHQWV�� 7KH ,QVWLWXWH LV DFWLYH LQ UHVHDUFK RQ FRUURVLRQ
UHVLVWDQFH RI VWHHOV� DOOR\V DQG PHWDOV LQ VSHFLILF DJ�
JUHVVLYH HQYLURQPHQWV FKDUDFWHULVWLF RI FKHPLFDO HQ�
JLQHHULQJ� ,W ZDV HVWDEOLVKHG� LQ SDUWLFXODU� WKDW LQ
SURGXFWLRQ RI SRWDVVLXP VDOWSHWUH VWHHO ��.K1��0'7
H[KLELWHG DQ DFFHSWDEOH FRUURVLRQ UHVLVWDQFH LQ DQ LQ�
WHUPHGLDWH SURGXFW RI 12&O DW D WHPSHUDWXUH RI �� �&�
DOOR\V .K1��7 DQG .K1��09 H[KLELWHG DQ DEVROXWH
UHVLVWDQFH LQ D PL[WXUH RI 12&O �&O� � 1�2� DW �� �&�
DQG WKH 7K\VVHQ.UXSS 9'0 DOOR\ ��
���.K��1��0��� ZDV WKH EHVW LQ RUJDQLF FKORULQH DW
��� �&�

(QJ� $�,� .DEDVKQ\ �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� �3HFXOLDULWLHV RI WKH WHFK�
QRORJ\ IRU PDQXIDFWXUH RI KHDW H[FKDQJHUV IURP
SODWHV�� 7KH&RPSDQ\�8NU1,,NKLPPDVK� GHYHORSHG
GHVLJQV DQG WHFKQRORJLHV IRU PDQXIDFWXUH RI KHDW H[�
FKDQJLQJ HOHPHQWV RI WKH SODWH DQG SDQHO W\SHV IURP
SODWHV� 7KHUPDO HIILFLHQF\ RI VXFK HOHPHQWV LV ��� WLPHV
DV KLJK DV WKDW RI WXEXODU HOHPHQWV�

(QJ� 9�0� 'ROLQVN\� '�*� 5\DX]RY� 9�,�
&KHUHPVND\D �2SHQ -RLQW 6WRFN &RPSDQ\ �8NU�
1,,NKLPPDVK�� �2SHUDWLRQ DQG PRQLWRULQJ RI WHFK�
QLFDO HTXLSPHQW ZLWK GHIHFWV LQ ZHOGHG MRLQWV�� 7KH
&RPSDQ\ �8NU1,,NKLPPDVK� GHYHORSHG DQG VXFFHVV�
IXOO\ YHULILHG XQGHU LQGXVWULDO FRQGLWLRQV WKH PRGHO
WHVW PHWKRG DOORZLQJ HVWLPDWLRQ RI WKH UHVLGXDO VDIH
OLIH RI FKHPLFDO HQJLQHHULQJ VWUXFWXUHV� 7R DSSO\ WKLV
PHWKRG LQ LQGXVWU\� LW LV QHFHVVDU\ WR UHYLVH VWDQGDUGV
RQ DGPLVVLELOLW\ DQG LQDGPLVVLELOLW\ RI RSHUDWLRQ RI
HTXLSPHQW�

(QJ� ,�,� .RYDOHY �5XEH]KDQVN 6WDWH &KHPL�
FDO )DFWRU\� �([SHULHQFH LQ RSHUDWLRQ� PDQXIDFWXUH
DQG UHSDLU RI IHUURVLOLFLGH HTXLSPHQW��

(QJ� $�6� *HUDVKFKHQNR �-RLQW 6WRFN &RP�
SDQ\ �8NU7$7QDIWD�� .UHPHQFKXJ� �3UREOHPV RI
UHSDLU� RSHUDWLRQ� DVVXUDQFH RI TXDOLW\ DQG UHOLDELOLW\
RI SHWURFKHPLFDO HTXLSPHQW VXSSOLHG WR -RLQW 6WRFN
&RPSDQ\ �8NU7$7QDIWD�� 7KH .UHPHQFKXJ 2LO 5H�
ILQHU\� ZKLFK LV FDSDEOH RI UHILQLQJ �� PLOOLRQ WRQV
RI RLO SHU \HDU� KDV LQ RSHUDWLRQ ���� YHVVHOV DQG
DSSDUDWXVHV� ���� SXPSV� ��� FRPSUHVVRUV� ��� WDQNV�
���� SLSLQJV DQG ���� SLHFHV RI RWKHU VHUYLFH HTXLS�
PHQW� $ ZLVK ZDV H[SUHVVHG WKDW D FHQWUDOLVHG SUR�
GXFWLRQ RI VSHFLDO HOHFWURGHVZLWK D JXDUDQWHHG TXDOLW\

IRU FKHPLFDO DQG RLO�DQG�JDV HQWHUSULVHV EH DUUDQJHG
LQ 8NUDLQH�

'U� /�,� $VODPRYD� 'U� ,�0� .DGHQNR
�7� 6KHYFKHQNR .\LY 1DWLRQDO 8QLYHUVLW\� �7UDLQ�
LQJ RI SHUVRQQHO ZRUNLQJ ZLWK WKH HTXLSPHQW FRP�
SULVLQJ LRQLVDWLRQ UDGLDWLRQ VRXUFHV�� ,Q 8NUDLQH IRU
WKH ILUVW WLPH WKH �6WDWH 6DQLWDU\�+\JLHQLF 5XOHV DQG
5HJXODWLRQV IRU 5DGLDWLRQ 6DIHW\ ZKLOH:RUNLQJ ZLWK
0HWDO 6FUDS� ZHUH GHYHORSHG� 7KH\ KDYH EHHQ LQWUR�
GXFHG LQWR HIIHFW VLQFH 0DUFK ��� ����� 7KH .\LY
1DWLRQDO 8QLYHUVLW\ DUUDQJHG FRXUVHV RQ WKH DERYH
VXEMHFW PDWWHU IRU OHJDO DQG QDWXUDO HQWLWLHV�

'U� 3�3� 3URWVHQNR� 3URI�.�$�<XVKFKHQ�
NR �(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� �,QWHU�
QDWLRQDO V\VWHP IRU WUDLQLQJ DQG FHUWLILFDWLRQ RI VSH�
FLDOLVWV LQYROYHG LQ ZHOGLQJ DQG UHODWHG SURFHVVHV��
7KH ,QWHUQDWLRQDO 7UDLQLQJ DQG &HUWLILFDWLRQ &HQWUH
IRU WUDLQLQJ RI LQWHUQDWLRQDO�TXDOLILFDWLRQ VSHFLDOLVWV�
VXFK DV ZHOGLQJ HQJLQHHUV� ZHOGLQJ WHFKQRORJLVWV�
ZHOGLQJ VSHFLDOLVWV� ZHOGLQJ SUDFWLWLRQHUV DQG ZHOG�
LQJ LQVSHFWRUV LV IXQFWLRQLQJ RQ D UHJXODU EDVLV DW WKH
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�

(QJ�9�9�3URJRODHY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK���'U� *�*� 0RQNR DQG
'U�/�9�&KHNRWLOR �(�2� 3DWRQ(OHFWULF:HOGLQJ
,QVWLWXWH� �'HYHORSPHQW RI QHZ VWDQGDUGV DQG VSHFL�
ILFDWLRQV IRU FKHPLFDO DQG RLO HQJLQHHULQJ�� 7KH &RP�
SDQ\ �8NU1,,NKLPPDVK� GHYHORSHG DQG LQWURGXFHG
LQWR HIIHFW EDVLF EUDQFK VWDQGDUGV IRU FKHPLFDO� SHW�
URFKHPLFDO DQG RLO�DQG�JDV HQJLQHHULQJ� *678 �����
���w���� DQG *678 �����w���� �GHYHORSHG ZLWK SDU�
WLFLSDWLRQ RI 3:,�� QDWLRQDO VWDQGDUGV� '678 ����w
���� DQG '678 ����w����� DV ZHOO DV VWDQGDUGV KDU�
PRQLVHG ZLWK (1� '678 (1 �����w���� DQG '678
(1�����w����� 7KH VWDQGDUGV DUH DYDLODEOH DW WKH&RP�
SDQ\ �8NU1,,NKLPPDVK��

3DUWLFLSDWLQJ LQ WKH URXQG�WDEOH GLVFXVVLRQ ZHUH
UHSUHVHQWDWLYHV RI LQGXVWULDO HQWHUSULVHV� 5	' LQVWL�
WXWHV DQG RWKHU RUJDQLVDWLRQV� 3�3� (ODJLQ� %�3�
.LVO\� %�<X� =KXNRYVN\� /�(� 0DUFKHQNR� $� 6DO�
QLNRY� $�3� .RURS� 6�9� )LUVRY� $�(� 1RUDYVN\� ,�'�
*URLVPDQ� ,�9� <DYRUVN\� 9�$� %DV� 9�$� %DULO\XN�
7�9� 6XSUXQ� 9�*� )DUWXVKQ\ DQG RWKHUV� 7KH SDU�
WLFLSDQWV H[SUHVVHG DQ LQWHUHVW LQ KDYLQJ VXFK VHPLQDUV
KHOG RQ D UHJXODU EDVLV�

,Q WKH FORVLQJ VSHHFK .�$� <XVKFKHQNR DQG <X�'�
'DQLORY WKDQNHG UHSUHVHQWDWLYHV RI 8NUDLQLDQ RUJD�
QLVDWLRQV� UHVHDUFK DQG LQGXVWULDO HQWHUSULVHV� DV ZHOO
DV VSHFLDOLVWV DQG VFLHQWLVWV IURP $XVWULD� *HUPDQ\
DQG 3RUWXJDO� WKH �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+�� �9RHVW $OSLQH� FRPSDQLHV DQG WKH 1LFNHO
'HYHORSPHQW ,QVWLWXWH IRU SDUWLFLSDWLRQ LQ WKH 6HPL�
QDU DQG VXSSRUW UHQGHUHG WR LWV KROGLQJ�

7KH 6HPLQDU GHPRQVWUDWHG D KLJK SRWHQWLDO RI VFL�
HQFH DQG LQGXVWU\ IRU IXUWKHU LPSURYHPHQW RI FKHPLFDO
DQG RLO�DQG�JDV LQGXVWULHV RI 8NUDLQH�

'U� /�9� &KHNRWLOR
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%RULV $� 0RYFKDQ� 3URIHVVRU� DFDGHPLFLDQ RI WKH 1D�

WLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH� WKH RXWVWDQG�

LQJ VFLHQWLVW LQ WKH ILHOG RI PHWDOV VFLHQFH DQG HOHFWURQ

EHDP WHFKQRORJ\ LV ���
%�$� 0RYFKDQ ZDV ERUQ RQ -DQXDU\ �� ���� LQ

0DNHHYND YLOODJH �QRZ 1RVRYVN\ UHJLRQ� RI
&KHUQLJRY GLVWULFW� $IWHU ILQLVKLQJ VHFRQGDU\ VFKRRO
LQ ����� KH HQWHUHG 7DUDV 6KHYFKHQNR .LHY 6WDWH 8QL�

YHUVLW\ DQG JUDGXDWHG IURP LW LQ ���� RQ VSHFLDOW\�

SK\VLFV RI PHWDOV�

6LQFH ���� DQG XQWLO QRZ 3URI� %� 0RYFKDQ LV

ZRUNLQJ DW WKH (�2� 3DWRQ(OHFWULF:HOGLQJ ,QVWLWXWH�

VWDII VFLHQWLVW �����w������ FKLHI RI GHSDUWPHQW RI

HOHFWURQ EHDP WHFKQRORJ\ �����w������ 6LQFH ����

3URI� 0RYFKDQ LV 'LUHFWRU RI ,QWHUQDWLRQDO &HQWHU RI

(OHFWURQ %HDP 7HFKQRORJLHV RI WKH (�2� 3DWRQ (OHF�

WULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH�

,Q ���� %�$� 0RYFKDQ GHIHQGHG KLV WKHVLV IRU

&DQG� RI 6FL� �(QJ��� DQG LQ ���� x IRU 'U� RI 6FL�

�(QJ��� ,Q ���� KH ZDV HOHFWHG $FDGHPLFLDQ RI WKH
1$6 RI 8NUDLQH� $W SUHVHQW KH LV D PHPEHU RI 1HZ

<RUN $FDGHP\ RI 6FLHQFHV� +RQRUDEOH 3URIHVVRU RI
3HNLQ 8QLYHUVLW\ RI $HURQDXWLFV DQG &RVPRQDXWLFV�

7KH VFRSH RI VFLHQWLILF LQWHUHVW LV WKH VWUXFWXUH DQG

SURSHUWLHV RI LQRUJDQLF PDWHULDOV� HOHFWURQ EHDP WHFK�

QRORJ\ DQG QHZ PDWHULDOV� 5HVXOWV RI LQYHVWLJDWLRQV

RI VWUXFWXUH DQG SURSHUWLHV DUH JHQHUDOL]HG LQ PDQX�

VFULSWV� �5DGLRDFWLYH ,VRWRSHV LQ ,QYHVWLJDWLRQ RI 0H�

WDOV� �FR�DXWKRU� ������ �0LFURVFRSLF KHWHURJHQHLW\

LQ FDVW DOOR\V� �DXWKRU� ������ �%RXQGDULHV RI &U\V�

WDOOLWHV LQ &DVW 0HWDOV DQG $OOR\V� �DXWKRU� ������

5HVXOWV RI LQYHVWLJDWLRQV RI SK\VLFDO�FKHPLFDO
SURFHVVHV RI UHILQLQJ� VWUXFWXUH DQG SURSHUWLHV RI PH�

WDOOLF PDWHULDOV DUH SUHVHQWHG LQ PDQXVFULSW �(OHFWURQ

%HDP 0HOWLQJ DQG 5HILQLQJ RI 0HWDOV DQG $OOR\V�
�FR�DXWKRU� ������

5HVHDUFK DQG SUDFWLFDO DFWLYLW\ RI 3URI� 0RYFKDQ
ZDV GHYRWHG RYHU WKH UHFHQW GHFDGHV WR WKH GHYHORS�

PHQW RI WKHRUHWLFDO DQG SUDFWLFDO IXQGDPHQWDOV RI HOHF�

WURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ RI GLIIHUHQW

PDWHULDOV LQ YDFXXP DQG WR FUHDWLRQ RI QHZ LQRUJDQLF

PDWHULDOV DQG FRDWLQJV KDYLQJ XQLTXH SK\VLFDO�FKHPL�

FDO DQG VHUYLFH SURSHUWLHV ZKLFK FDQQRW EH SURGXFHG

E\ RWKHU NQRZQ WHFKQRORJLHV� 7KHVH ZHUH JURXQGV IRU
WKH FUHDWLRQ RI D ODUJH JURXS RI QHZ WHFKQRORJLFDO

SURFHVVHV DQG DSSURSULDWH HTXLSPHQW KDYLQJ QR DQD�

ORJXHV LQ WKH ZRUOG E\ PDQ\ FKDUDFWHULVWLFV�
2Q WKH EDVLV RI IXQGDPHQWDO LQYHVWLJDWLRQV XQGHU

VXSHUYLVLRQ RI 3URI� 0RYFKDQ� WKH LQGXVWULDO WHFK�

QRORJLHV RI GHSRVLWLRQ RI KLJK�WHPSHUDWXUH DQG KHDW�

SURWHFWLYH FRDWLQJV RQ WKH

JDV WXUELQH EODGHV KDYH

EHHQ GHYHORSHG DQG LPSOH�
PHQWHG LQ DLUFUDIW DQG

VKLS�EXLOGLQJ� DQG DOVR LQ

SRZHU PDFKLQH�EXLOGLQJ�

WKDW PDNH LW SRVVLEOH WR LQ�

FUHDVH WKH UHOLDELOLW\ DQG

HIILFLHQF\ LQ XVH RI SRZHU

XQLWV� 7KHVH GHYHORSPHQWV

ZHUH JHQHUDOL]HG LQ PDQX�

VFULSW �+HDW�5HVLVWDQW

&RDWLQJV 'HSRVLWHG LQ

9DFXXP� �FR�DXWKRU�

������

3URI� 0RYFKDQ FDQ EH QDPHG E\ ULJKW WKH IRXQGHU
RI WKH QHZ VFLHQWLILF VFKRRO RI SURGXFLQJ PDWHULDOV

DQGPXOWLIXQFWLRQDO FRDWLQJV XVLQJ WKHPHWKRG RI HOHF�

WURQ EHDP WHFKQRORJ\ RI HYDSRUDWLRQ DQG FRQGHQVD�

WLRQ LQ YDFXXP �0RYFKDQ� %�$� ,QRUJDQLF PDWHULDOV

GHSRVLWHG IURP YDSRXU SKDVH LQ YDFXXP� ,Q� $GYDQFHG
0DWHULDOV 6FLHQFH RI WKH ;;, &HQWXU\� ������

3URI� 0RYFKDQ SXEOLVKHG PRUH WKDQ ��� VFLHQWLILF

ZRUNV� � PDQXVFULSWV �FR�DXWKRU LQ � RI WKHP�� UH�

FHLYHG PRUH WKDQ ��� SDWHQWV� +H ZDV D VXSHUYLVRU RI

�� ZRUNV IRU &DQG� RI 6FL� DQG � ZRUNV IRU 'U� RI

6FL� 3URI� 0RYFKDQ LV WKH PHPEHU RI &RPPLWWHH RI

6WDWH 3UL]HV RI 8NUDLQH LQ WKH ILHOG RI VFLHQFH DQG

WHFKQRORJ\� PHPEHU RI HGLWRULDO ERDUGV RI PDQ\ VFL�

HQWLILF MRXUQDOV� VHYHUDO VFLHQWLILF FRXQFLOV�

6FLHQWLILF DFWLYLW\ RI 3URI� 0RYFKDQ ZDV PDUNHG
E\ 6WDWH 3UL]H RI 8NU� 665 LQ WKH ILHOG RI VFLHQFH DQG
WHFKQRORJ\ ������� /HQLQ 3UL]H IRU WKH ZRUN LQ WKH

ILHOG RI HOHFWURQ EHDP WHFKQRORJ\ ������� 3UL]H RI
(YJHQ\ 3DWRQ RI WKH 1$6 RI 8NUDLQH ������� +H ZDV
DZDUGHG WZR 2UGHUV RI WKH 5HG %DQQHU RI /DERXU

������ ������ 2UGHU RI /HQLQ ������� +HZDV DZDUGHG
WKH RUGHU � )RU VHUYLFHV� RI ,,, GHJUHH E\ WKH UHVROXWLRQ

RI 3UHVLGHQW RI 8NUDLQH RI 0D\ ��� ���� IRU WKH SHU�

VRQDO FRQWULEXWLRQ WR WKH GHYHORSPHQW RI QDWLRQDO VFL�

HQFH� FRQVROLGDWLRQ RI WKH VFLHQWLILF�WHFKQLFDO SRWHQ�

WLDO RI 8NUDLQH� +H ZDV DOVR DZDUGHG ZLWK +RQRUDEOH

'LSORPD RI $PHULFDQ 9DFXXP 6RFLHW\ ������ �����
DQG +RQRUDEOH 'LSORPD RI 0LQLVWU\ RI $LUFUDIW ,Q�

GXVWU\ RI &KLQD �������
3URIHVVRU %RULV $� 0RYFKDQ LV IXOO RI FUHDWLYH

IRUFHV LQ KLV ��� :H VLQFHUHO\ FRQJUDWXODWH WKH KHUR
RI DQ DQQLYHUVDU\ DQG ZLVK KLP VWURQJ KHDOWK� HYHU\

KDSSLQHVV DQG IXUWKHU VXFFHVV IRU WKH ZHOIDUH RI RXU
8NUDLQH�

(GLWRULDO %RDUG RI WKH -RXUQDO
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$'9$1&(6 ,1 (/(&7520(7$//85*< LV D VFL�

HQWLILF MRXUQDO SXEOLVKLQJ IXQGDPHQWDO DQG DSSOLHG

SDSHUV DQG VKRUW QRWHV LQ WKH DUHD RI

• HOHFWURVODJ ZHOGLQJ DQG FODGGLQJ

• HOHFWURVODJ UHPHOWLQJ� FDVWLQJ� KRW WRSSLQJ� KHDWLQJ

• SODVPD�DUF PHOWLQJ DQG UHPHOWLQJ

• YDFXXP�DUF UHPHOWLQJ

• LQGXFWLRQ PHOWLQJ

• HOHFWURPHWDOOXUJ\ RI VWHHO DQG IHUURDOOR\V

• HOHFWURQ EHDP UHPHOWLQJ

• HOHFWURQ EHDP HYDSRUDWLRQ DQG FRQGHQVDWLRQ

RI PHWDOOLF PDWHULDOV LQ YDFXXP

• ODGOH VWHHO WUHDWPHQW

• PHWDO GLVSHUVLRQ DQG SURGXFLQJ FRQGHQVDWHV

• GHVLJQLQJ RI HOHFWURPHWDOOXUJLFDO HTXLSPHQW
• WHFKQRORJLHV RI SURGXFLQJ LQJRWV� KLJK�TXDOLW\

FDVWLQJV IURP GLIIHUHQW PDWHULDOV

• WHFKQRORJLHV RI SURGXFLQJ WLWDQLXP DOOR\ LQJRWV

• GHSRVLWLRQ RI FRDWLQJV� LQFOXGLQJ WKRVH
RI FRPSRVLWH PDWHULDOV

• HQHUJ\� DQG UHVRXUFHV�VDYLQJ WHFKQRORJLHV

• SK\VLFDO DQG FKHPLFDO IXQGDPHQWDOV RI VWHHO

SURGXFWLRQ

• WKHRULHV RI PHWDOOXUJLFDO SURFHVVHV

• LQYHVWLJDWLRQV LQ JDVwVODJwPHWDO V\VWHP
• V\VWHPV RI DXWRPDWLRQ RI UHPHOWLQJ SURFHVVHV

• PDWKHPDWLFDO PRGHOOLQJ RI SURFHVVHV

7KH MRXUQDO DFFHSWV DOVR DGYHUWLVHPHQWV DQG DQ�

QRXQFHPHQWV RI FRQIHUHQFHV DQG SXEOLFDWLRQV RQ UH�

ODWHG WRSLFV�

$'9$1&(6 ,1 (/(&7520(7$//85*< LV SXE�

OLVKHG IRXU WLPH SHU \HDU� 6XEVFULSWLRQ UHTXHVWV VKRXOG
EH VHQW WR WKH (GLWRULDO 2IILFH�

0DQXVFULSWV VKRXOG EH VXEPLWWHG LQ GXSOLFDWH LQ (QJ�
OLVK� DQG VXSSOHPHQWHG ZLWK D WH[W ILOH DQG ILJXUHV RQ
D GLVNHWWH� $Q HOHFWURQLF FRS\ PD\ EH VXEPLWWHG E\

H�PDLO�

7KH UXOHV IRU VXEPLVVLRQ RI HOHFWURQLF FRSLHV DUH DV
IROORZV�

• DQ HOHFWURQLF FRS\ VKRXOG EH VXEPLWWHG RQ D GLVNHWWH

RU E\ H�PDLO VLPXOWDQHRXVO\ ZLWK VHQGLQJ D KDUG

FRS\ RI WKH PDQXVFULSW�

• DFFHSWDEOH WH[W IRUPDWV� 0XOWL(GLW ��W[W��

06 :RUG �� ��UWI� �GRF��
• DFFHSWDEOH JUDSKLF IRUPDWV IRU ILJXUHV� (36� 7,))�

&'5� )LJXUHV FUHDWHG XVLQJ VRIWZDUH IRU PDWKHPDWL�

FDO DQG VWDWLVWLFDO FDOFXODWLRQV VKRXOG EH FRQYHUWHG

WR RQH RI WKHVH IRUPDWV�

0DQXVFULSWV VKRXOG EH VHQW WR

$OHNVDQGHU 7� =HOQLFKHQNR

([HFXWLYH 'LUHFWRU RI 3URMHFW
3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

��� %R]KHQNR 6WU��

������ .\LY� 8NUDLQH
7HO�� ������� ��� �� ��� )D[� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD

0DQXVFULSWV VKRXOG EH VXSSOHPHQWHG ZLWK
• RIILFLDO OHWWHU VLJQHG E\ D FKLHI PDQDJHU RI WKH LQVWL�

WXWLRQ ZKHUH WKH ZRUN ZDV SHUIRUPHG� 7KLV UXOH GRHV

QRW DSSO\ WR SDSHUV VXEPLWWHG E\ LQWHUQDWLRQDO

JURXSV RI DXWKRUV�

• SXEOLFDWLRQ SHUPLVVLRQ� FRQFOXVLRQ RI D FRPPLVVLRQ

DXWKRUL]HG WR SHUPLW RSHQ SXEOLFDWLRQ RI WKH SDSHU

�RQO\ IRU DXWKRUV IURP 8NUDLQH��
7LWOH 3DJH�

• WLWOH RI WKH SDSHU DQG QDPH�V� RI WKH DXWKRU�V��
• QDPH RI DIILOLDWHG LQVWLWXWLRQ� IXOO DGGUHVV� WHOHSKRQH

DQG ID[ QXPEHUV� H�PDLO DGGUHVVHV �LI DYDLODEOH� IRU

HDFK DXWKRU�

$EVWUDFW� XS WR ��� ZRUGV� PXVW EH SUHVHQWHG LQ

(QJOLVK� %HIRUH WKH DEVWUDFW WH[W RQH VKRXOG LQGLFDWH
LQ WKH VDPH ODQJXDJH� WKH SDSHU WLWOH� VXUQDPHV DQG

LQLWLDOV RI DOO DXWKRUV�

.H\ ZRUGV� WKHLU DPRXQW PXVW QRW H[FHHG HLJKW

ZRUG XQLWV� ,Q WKH VSHFLILF FDVHV LW LV DFFHSWLEOH WR XVH

WZR� RU WKUHH�ZRUG WHUPV� 7KHVH ZRUGV PXVW EH SODFHG

XQGHU WKH DEVWUDFW DQG ZULWWHQ LQ WKH VDPH ODQJXDJH�

7H[W VKRXOG EH SULQWHG GRXEOH�VSDFHG RQ ZKLWH SDSHU

�$� IRUPDW� ZLWK D ���SRLQW IRQW� 7LWOHV RI WKH SDSHU
DQG VHFWLRQV VKRXOG EH W\SHG ZLWK EROG FDSLWDOV�

7DEOHV VKRXOG EH VXEPLWWHG RQ VHSDUDWH SDJHV LQ WKH

IRUPDW RI DSSURSULDWH WH[W SURFHVVRUV� RU LQ WKH WH[W
IRUPDW �ZLWK FROXPQV VHSDUDWHG E\ SHULRGV� FRPPDV�
VHPLFRORQV� RU WDEXODWLRQ FKDUDFWHUV�� 8VH RI SVHXGR�

JUDSKLF FKDUDFWHUV LV QRW DOORZHG�

/LVW RI UHIHUHQFHV VKRXOG EH GRXEOH�VSDFHG� ZLWK

UHIHUHQFHV QXPEHUHG LQ RUGHU RI WKHLU DSSHDUDQFH LQ

WKH WH[W�

&DSWLRQV IRU ILJXUHV DQG WDEOHV VKRXOG EH SULQWHG

LQ WKH PDQXVFULSW GRXEOH�VSDFHG DIWHU WKH OLVW RI UH�

IHUHQFHV�

3LFWXUHV ZLOO EH VFDQQHG IRU GLJLWDO UHSURGXFWLRQ�

2QO\ KLJK�TXDOLW\ SLFWXUHV FDQ EH DFFHSWHG� ,QVFULS�
WLRQV DQG V\PEROV VKRXOG EH SULQWHG LQVLGH� 1HJDWLYHV�
VOLGHV DQG WUDQVSDUHQFLHV DUH DFFHSWHG�

)LJXUHV� HDFK ILJXUH VKRXOG EH SULQWHG RQ D VHSDUDWH

SDJH RI WKH PDQXVFULSW DQG KDYH D VL]H QRW H[FHHGLQJ

��� × ��� PP� )RU WH[W LQ ILJXUHV� XVH ���SRLQW IRQWV�
$OO ILJXUHV DUH WR EH QXPEHUHG LQ RUGHU RI WKHLU DS�

SHDUDQFH LQ WKH WH[W� ZLWK VHFWLRQV GHQRWHG DV �D��

�E�� HWF� 3ODFLQJ ILJXUH QXPEHUV DQG FDSWLRQV LQVLGH
ILJXUHV LV QRW DOORZHG� 2Q WKH EDFN VLGH� ZULWH ZLWK
D SHQFLO WKH SDSHU WLWOH� DXWKRU�V� QDPH�V� DQG ILJXUH

QXPEHU� DQG PDUN WKH WRS VLGH ZLWK DQ DUURZ�

3KRWRJUDSKV VKRXOG EH VXEPLWHG DV RULJLQDO SULQWV�

&RORU SULQWLQJ LV SRVVLEOH LI LWV FRVW LV FRYHUHG E\ WKH
DXWKRUV RU WKHLU VSRQVRUV� )RU LQIRUPDWLRQ DERXW WKH UXOHV

DQG FRVWV� FRQWDFW WKH ([HFXWLYH 'LUHFWRU RI 3URMHFW�

1R DXWKRUsV IHH LV SURYLGHG IRU�

3XEOLFDWLRQ LQ $'9$1&(6 ,1 (/(&7520(7$/�

/85*< LV IUHH RI FKDUJH�
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