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6WUXFWXUH�RI�ELGLVSHUVH�IRDPV�DQG�HPXOVLRQV�RQ�IODW�VXUIDFHV��

7KH�PRGHO�FDOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�RI�WKH�HQHUJ\�RI�PLVFLELOLW\�UHODWHG�WR�WKH�IRUPDWLRQ�
RI� FRQFHQWUDWHG� GLVSHUVLRQ� V\VWHPV� FRPSRVHG� RI� WZR� W\SHV� RI� OLTXLG� RU� JDV� SDUWLFOHV� $� DQG� %��
LPPHUVHG�LQ�D�OLTXLG�PHGLXP�&��SODFHG�EHWZHHQ�WZR�SDUDOOHO�SODWHV��7KH�PRVW�LPSRUWDQW�FKDUDFWHULVWLF�
RI� WKH� V\VWHPV� LV� WKH� GHWHUPLQLQJ� HIIHFW� RI� WKH� VXUIDFH� WHQVLRQ� DFWLQJ� DORQJ� WKH� $±&� DQG� %±&�
LQWHUIDFHV�RQ�WKH�VWUXFWXUH�RI� WKH�IRUPLQJ�IRDPV�RU�HPXOVLRQV��,W�KDV�EHHQ�IRXQG�WKDW� WKH�ELGLVSHUVH�
PL[WXUHV�RI�SDUWLFOHV�$�DQG�%�DW� WKH� UDWLR����� DUH�QRW� VWDEOH� LI� WKH� VXUIDFH� WHQVLRQ�RI�SDUWLFOHV�%� LV�
JUHDWHU� WKDQ�WKDW�RI�SDUWLFOHV�$��7KH�PL[LQJ�RI�SDUWLFOHV�$�DQG�%�RI� WKH�VDPH�VXUIDFH� WHQVLRQ�LV�QRW�
VSRQWDQHRXV��ZKLFK�H[FOXGHV�D� VSRQWDQHRXV� IRUPDWLRQ�RI�RUGHUHG�ELGLVSHUVH� IRDPV��+RZHYHU�� WKHUH�
DUH�FHUWDLQ�UDQJHV�RI�WKH�VL]H�UDWLR�RI�WKH�SDUWLFOHV�$�DQG�%��LQ�ZKLFK�VSRQWDQHRXV�VWUXFWXUHV�FDQ�EH�
REVHUYHG� WR� IRUP��SURYLGHG� WKDW� WKH� VXUIDFH� WHQVLRQ�RI�SDUWLFOHV�%� LV� ORZ�DV� FRPSDUHG�ZLWK� WKDW�RI�
SDUWLFOHV�$��������

)DVW� GHYHORSPHQW� RI� QDQRWHFKQRORJ\� LQ� UHFHQW� \HDUV� KDV� DURXVHG� DQ� LQFUHDVLQJ�
LQWHUHVW�LQ�WKH�VHOI�RUJDQL]HG�VWUXFWXUHV��LQ�ZKLFK�WKH�UDQJH�RI�WKH�RUGHULQJ�IRUFHV�DQG�
WKH� RUGHULQJ� VFDOH� OLH� EHWZHHQ� WKH� DWRPLF� DQG� PDFURVFRSLF� VFDOH�� NQRZQ� DV� WKH�
PHVRVFDOH� VHOI�DVVHPEO\� 0(6$� >�@�� 3RURXV� PDWHULDOV� VKRZLQJ� KLJK� GHJUHH� RI�
RUGHULQJ� KDYH� EHFRPH� D� VXEMHFW� RI� FRQVLGHUDEOH� LQWHUHVW� EHFDXVH� RI� WKHLU� SRWHQWLDO�
DSSOLFDWLRQ�LQ�VFLHQFH�DQG�WHFKQRORJ\�>�@�DV�SKRWRQLF�EDQGJDSV�>�@�DQG�RSWLFDO�VWRS�
EDQGV� >�@� IRU� HOHFWURPDJQHWLF� UDGLDWLRQ� RI� WKH� ZDYHOHQJWK� FRPSDUDEOH� WR� WKH� SRUH�
GLDPHWHUV��DV�VWUXFWXUDO�PDWHULDOV�RI�ORZ�GHQVLW\�>�@��RU�WKHUPDO�DQG�DFRXVWLF�LQVXODWRUV�
>�@��2I�SDUWLFXODU�FRQFHUQ�DUH�WKH�PHWKRGV�RI�REWDLQLQJ�VXFK�PDWHULDOV�HPSOR\LQJ�WKH�
SURFHVV�RI�VHOI�RUJDQL]DWLRQ��

7KH� WKUHH�GLPHQVLRQDO� KH[DJRQDO� 0(6$� FDQ� EH� REWDLQHG� �GXH� WR� WKH� FDSLOODU\�
LQWHUDFWLRQV�� IURP� WKH� FRQFHQWUDWHG�PRQRGLVSHUVH� HPXOVLRQV� WKURXJK� SRO\PHULVDWLRQ�
�RUJDQLF�0(6$�� RU� JHODWLRQ� �LQRUJDQLF�0(6$�� H�J�� WLWDQLD�� VLOLFD�� ]LUFRQLD�� >�@� DQG�
HYDSRUDWLRQ� RI� WKH� UHGXQGDQW� SKDVH�� 7KH� XVH� RI� GUDLQHG� PRQRGLVSHUVH� IRDPV� IRU�
SURGXFWLRQ� RI� KLJKO\�RUJDQL]HG� VWUXFWXUHV� KDV� QRW� EHHQ�ZRUNHG� RXW� \HW�� 7KH� UHDVRQ�
VHHPV�WR�EH�WKH�PXFK�FRPSOH[�VWUXFWXUH�RI�WKH�IRDPV��7KH�SUREOHP�LV�QRW�QHZ�>�@�EXW�
VWLOO�FRQWURYHUVLDO�>�@��
±±±±±±±±±±±±±�
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7KH�DLP�RI�WKH�VWXG\�LV�WR�DVVHVV�WKH�HQHUJLHV�RI�IRUPDWLRQ�RI�WKH�PL[HG�HPXOVLRQV�
RU� IRDPV� FRPSRVHG� RI� WZR� W\SHV� RI� SDUWLFOHV� SODFHG� LQ� D� WKLQ� UHJLRQ� EHWZHHQ� WKH�
SDUDOOHO�SODWHV��DVVXPLQJ�WKDW�WKH�YROXPH�RI�WKH�GLVSHUVLRQ�PHGLXP�LV�VPDOO�HQRXJK�IRU�
WKH�V\VWHP�WR�EH�FODVVLILHG�DV�3RO\HGHUVKDXP�>��@��

���$�6,03/,),('�02'(/�
�/HW¶V� FRQVLGHU� D� WKUHH�SKDVH� V\VWHP� PDGH� RI� D� FRQFHQWUDWHG� IRDP� RU� HPXOVLRQ�

FRPSRVHG�RI�WZR�W\SHV�RI�SDUWLFOHV��$�DQG�%��GLVSHUVHG�LQ�WKH�SKDVH�&���7KH�DPRXQW�
RI�WKH�GLVSHUVLRQ�PHGLXP�LV�VR�ORZ�WKDW�LW�RFFXUV�LQ�WKH�V\VWHP�DV�D�WKLQ�ILOP�DPRQJVW�
WKH�SDUWLFOHV�$�DQG�%���7KH�V\VWHP�LV�SODFHG�EHWZHHQ�WZR�SDUDOOHO�SODWHV��7KH�GLVWDQFH�
EHWZHHQ�WKH�SODWHV��LV�VR�VPDOO�WKDW�WKH�SDUWLFOHV�DVVXPH�WKH�VKDSH�RI��D�SULVP��ZKRVH�
EDVHV�DUH�DW�WKH�VXUIDFH�RI�WKH�SODWHV��7KH�FKDQJH�LQ�WKH�VXUIDFH�HQHUJ\�FRUUHVSRQGLQJ�
WR�WKH�IRUPDWLRQ�RI�ERXQGDU\�ZDOOV�EHWZHHQ�WKH�SDUWLFOHV�$�DQG�%�LQ�WKH�PL[WXUH�FDQ�
EH�FDOFXODWHG�IRU�D�JLYHQ�VWUXFWXUH�RI�WKH�PL[WXUH��DFFRUGLQJ�WR�VLPSOH�JHRPHWU\�ODZV��
�VHH�)LJ�����IURP�WKH�HTXDWLRQV��

� �� �%%$�� �0 �����
� JJJ �� -G9( ���������������������IRU���� ���d- �����������

� �� �� �$%$$��0 ������ JJJJ ���� -G9( �����IRU���� ���t- �����������
ZKHUH�)� �LV�WKH�YROXPH�IUDFWLRQ�RI�SDUWLFOHV�$�LQ�WKH�PL[WXUH��EHFDXVH�RI�D�YHU\�ORZ�
YROXPH� RI� SKDVH�&��)�  9$��9$��9%���(0� ±� LV� WKH� VXUIDFH� HQHUJ\� RI� WKH�PL[WXUH� RI�
SDUWLFOHV�$�DQG�%��9$�DQG�9%�±��DUH�WKH�YROXPHV�RI�WKH�SDUWLFOHV�$�DQG�%��9��±�WKH�WRWDO�
YROXPH�RI�WKH�HOHPHQWDU\�FHOO�LQ�WKH�HPXOVLRQ��$��%���J$�DQG�J%�±�DUH�WKH�YDOXHV�RI�
VXUIDFH�WHQVLRQ�DFWLQJ�DORQJ�WKH�$±&�DQG�%±&�LQWHUIDFHV��DQG�WKH�YDOXHV�RI�J$�DQG�J%�
GR�QRW�FKDUDFWHUL]H�SXUH�FRPSRQHQWV�EXW�VDWXUDWHG�VROXWLRQV��

7KH�FKDQJH�LQ�WKH�VXUIDFH�HQHUJ\�FRUUHVSRQGLQJ�WR�WKH�IRUPDWLRQ�RI�WZR�VHSDUDWHG�
UHJLRQV�FRQWDLQLQJ�SDUWLFOHV�$�RU�%�FDQ�EH�IRXQG�IURP�WKH�IRUPXOD���

� �� �%�$��' ����� JJ -9-9G( �� ����������������������������������������������������������
�)LJ����SUHVHQWV� WKH�GHSHQGHQFH�RI�WKH�UHODWLYH�HQHUJ\�RI�PL[LQJ�( (0�('�RQ� WKH�

YROXPH�IUDFWLRQ�RI�SDUWLFOHV�$�IRU�GLIIHUHQW�YDOXHV�RI�J$�DQG�J%��$V�IROORZV�IURP�WKLV�
GHSHQGHQFH��DSDUW�IURP�WKH�FDVH�ZKHQ�SDUWLFOHV�$�DQG�%�IRUP�UHJXODU�KH[DJRQV��WKH�
VWUXFWXUH���LQ�)LJ�����)�� �������UHODWLYH�PL[LQJ�HQHUJ\�LV�KLJKHU�WKDQ�RQH��ZKLFK�PHDQV�
WKDW�SDUWLFOHV�$�DQG�%�ZLOO�VHSDUDWH�VSRQWDQHRXVO\��LI��J%�!�J$��7KLV�DOVR�PHDQV�WKDW�D�
IRDP�RU�HPXOVLRQ�FRPSRVHG�RI�RQH�W\SH�RI�SDUWLFOHV�DQG�IRUPLQJ�RQH�RI�WKH�VWUXFWXUHV�
VKRZQ� LQ� )LJ�� �� FDQQRW� EH� VWDEOH� �H[FHSW� WKH� VWUXFWXUH� ���� � ,I� �J%��� J$�� WKH� UHODWLYH�
HQHUJ\�RI�PL[LQJ�IRU�)�!�����WDNHV�YDOXHV�ORZHU�WKDQ�RQH��ZKLFK�LQGLFDWHV�D�WHQGHQF\�
WR�D�VSRQWDQHRXV�IRUPDWLRQ�RI�D�PL[WXUH��
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�)LJ�����+\SRWKHWLFDO�VWUXFWXUHV�RI�HPXOVLRQV�REWDLQHG�E\�PL[LQJ�$�DQG�%�SDUWLFOHV��WKH�QXPEHU�UDWLR�RI��$�

DQG�%��SDUWLFOHV��LV�HTXDO�WR������DW��D�GLIIHUHQW�YROXPH�UDWLR�)��DQG��WKH�FRUUHVSRQGLQJ�GHSHQGHQFLHV�RI�WKH�
UHODWLYH�HQHUJ\�RI�PL[LQJ�( (0�('��RQ�)���YDOXHV�RI�J%�J$�DUH�LQFOXGHG�LQ�WKH�ILJXUH���

���7+(�02'(/�7$.,1*�,172�$&&2817�7+(�:$//�&859$785(��
,I�WKH�SDUWLFOHV�$�DQG�%�GLIIHU�LQ�WKH�VXUIDFH�WHQVLRQ��WKH�ZDOOV�EHWZHHQ�WKHP�PXVW�

EH�FXUYHG��7KH�YROXPHV�RI�SDUWLFOHV�$�DQG�%��FXUYHG�WULDQJXODU�DQG�KH[DJRQDO�SULVPV��
DUH�WKHQ�H[SUHVVHG�DV��

G5
/

5
/

5
/59 ¸̧

¸
¹

·
¨̈
¨
©

§
�¹̧

·
©̈
§�¸̧¹

·
¨̈©
§ $$

�
$�$ �

�VLQ�
�

�VLQ�� ����������������������������������

G5
/

5
/

5
/59 ¸̧

¸
¹

·
¨̈
¨
©

§
�¹̧

·
©̈
§�¸̧¹

·
¨̈©
§ %%

�
%�% VLQ�VLQ�

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

ZKHUH�/$�DQG�/%�VWDQG�IRU�WKH�OHQJWKV�RI�WKH�FXUYHG�HGJHV�RI�SDUWLFOHV�$�DQG�%��5�±�LV�
WKH�UDGLXV�RI�WKH�ZDOO�FXUYDWXUH���

0LQLPLVLQJ� WKH� HQHUJ\� RI� PL[LQJ� FDOFXODWHG� RQ� WKH� EDVLV� RI� WKH� OHQJWKV� RI� WKH�
FXUYHG�$±%�ZDOOV�LQ�WKH�PL[WXUH���HT������DQG�������WKH�UDGLL�RI�WKH�ZDOO�FXUYDWXUH�DQG�
WKH�YDOXHV�RI�WKH�UHODWLYH�HQHUJ\�RI�PL[LQJ�(��ZHUH�REWDLQHG��7KH�UHVXOWV�DUH�SUHVHQWHG�
LQ�)LJ�����

7KH�FRQYH[LW\�RI�$±%�ZDOOV�GHFUHDVHV�ZLWK�WKH�YROXPH�IUDFWLRQ�RI�SDUWLFOHV�$��7KH�
5 I�)�� GHSHQGHQFLHV� DUH� VWURQJO\� LQIOXHQFHG� E\� WKH� VXUIDFH� WHQVLRQ� UDWLR� J%�J$��
$QDO\VLV�RI�WKH�YDOXHV�RI�WKH�HQHUJ\�RI�PL[LQJ�VKRZV�WKDW�DW�ORZ�YDOXHV�RI�J%�J$�WKHUH�
LV�D�ZLGH�UDQJH�RI� WKH�YROXPH� IUDFWLRQ�IRU�ZKLFK�D�VSRQWDQHRXV� IRUPDWLRQ�RI�KLJKO\�
RUJDQL]HG� ELGLVSHUVH� IRDPV� DQG� HPXOVLRQV� FDQ� EH� H[SHFWHG� LQ� WKH� V\VWHP� DQDO\]HG��
7KLV�UHVXOW�HQFRXUDJHV�WKH�VHDUFK�IRU�RWKHU�VHOI�RUJDQL]LQJ�VWUXFWXUHV�LQ�PRUH�FRPSOH[�
V\VWHPV��
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�)LJ�����7KH�UHODWLYH�UDGLXV�RI�WKH�$±%�ZDOOV�FXUYDWXUH�DQG�WKH�UHODWLYH�HQHUJ\�RI�PL[LQJ�YHUVXV�WKH�YROXPH�
IUDFWLRQ�RI�SDUWLFOHV�$��IRU�GLIIHUHQW�UDWLRV�RI�WKH�VXUIDFH�WHQVLRQV��J%�J$�YDOXHV�DUH�LQFOXGHG�LQ�WKH�ILJXUH���

�5()(5(1&(6�
>�@� %2:'(1� 1�%��� :(&.� 0��� &+2,� ,�6��� :+,7(6,'(6� *�0���0ROHFXOH� PLPHWLF� FKHPLVWU\� DQG�
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>�@�)/$8*+�3�/���2¶'211(/�6�(���$6+(5�6�$���'HYHORSPHQW�RI�D�QHZ�RSWLFDO�ZDYHOHQJWK�UHMHFWLRQ�
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-��1RQ�&U\VW��6ROLGV�����������������������>�@�/,7296.<�(���6+$3,52�0���6+$9,7�$���*DV�SUHVVXUH�DQG� WHPSHUDWXUH�GHSHQGHFHV�RI� WKHUPDO�
FRQGXFWLYLW\�RI�SRURXV�FHUDPLF�PDWHULDOV��-��$P��&HUDP��6RF�������������������������>�@�%5,1.(5�&�-���6+(5(5�*�:���6RO�*HO�6FLHQFH��$FDGHPLF�3UHVV��6DQ�'LHJR��������

>�@�7+20621�:���/RUG�.HOYLQ���2Q�WKH�GLYLVLRQ�RI�VSDFH�ZLWK�PLQLPXP�SDUWLWLRQDO�DUHD��3KLO��0DJ���
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3U]HSURZDG]RQR� REOLF]HQLD� PRGHORZH� HQHUJLL� PLHV]DQLD� ]ZL�]DQHM� ]� SRZVWDZDQLHP� VW
*RQ\FK�
XNáDGyZ� G\VSHUV\MQ\FK� ]áR*RQ\FK� ]� GZyFK� URG]DMyZ� FLHNá\FK� OXE� JD]RZ\FK� F]�VWHN� $� L� %��
UR]SURV]RQ\FK� Z� FLHNá\P� R�URGNX� &� ]QDMGXM�F\P� VL
� SRPL
G]\� ]EOL*RQ\PL� GR� VLHELH� UyZQROHJá\PL�
Sá\WDPL�� =DVDGQLF]�� FHFK�� UR]ZD*DQ\FK� XNáDGyZ� MHVW� GHF\GXM�F\� ZSá\Z� QDSL
FLD� SRZLHU]FKQLRZHJR�
G]LDáDM�FHJR�Z]GáX*�SRZLHU]FKQL�$�&� L�%�&�QD�SRZVWDM�FH�VWUXNWXU\�SLDQ� OXE�HPXOVML��6WZLHUG]RQR��*H�
ELG\VSHUV\MQH�PLHV]DQLQ\�F]�VWHN�$�L�%�Z�VWRVXQNX�����QLH�V��VWDELOQH��MH*HOL�QDSL
FLH�SRZLHU]FKQLRZH�
F]�VWHN� %� MHVW� ZL
NV]H� QL*� F]�VWHN� $�� 0LHV]DQLH� F]�VWHN� $� L� %� R� WDNLP� VDP\P� QDSL
FLX�
SRZLHU]FKQLRZ\P� QLH� ]DFKRG]L� VDPRU]XWQLH�� FR� PL
G]\� LQQ\PL� Z\NOXF]D� VSRQWDQLF]QH� WZRU]HQLH�
XSRU]�GNRZDQ\FK� ELG\VSHUV\MQ\FK� SLDQ�� 6WZLHUG]RQR� QDWRPLDVW�� *H� LVWQLHM�� RNUH�ORQH� SU]HG]LDá\�
VWRVXQNX�ZLHONR�FL�F]�VWHN�$�L�%��Z�NWyU\FK�PR*QD�REVHUZRZDü�SRZVWDZDQLH�VDPRSRU]�GNXM�F\FK�VL
�
VWUXNWXU�� MH*HOL� QDSL
FLH� SRZLHU]FKQLRZH� F]�VWHN� %� MHVW� PDáH� Z� SRUyZQDQLX� ]� QDSL
FLHP�
SRZLHU]FKQLRZ\P�F]�VWHN�$��


