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0XUDW�<,/',=6DNDU\D�hQLYHUVLWHVL(OHNWULN�(OHNWURQLN�0�K�P\LOGL]#VDNDU\D�HGX�WU
$EVWUDFW�� $�VWXG\�RI�D����FP��VLOLFRQ�VRODU�FHOO�DQG�PRGXOHVFRQVWUXFWHG�IURP�VXFK�VHULHV�FRQQHFWHG�FHOO�VWULQJV�LV�FDUULHGRXW� XVLQJ� D� VWXGHQW� HYDOXDWLRQ� YHUVLRQ� 363,&(�� 7KH� VWXG\VKRZHG�WKDW�WKLV�ZLGHO\�DYDLODEOH�VLPXODWLRQ�WRRO�FDQ�UHYHDOXVHIXO� SURSHUWLHV� RI� VRODU� FHOOV�� DQG� PRGXOHV�� ZKLFK� DUHUHOHYDQW� WR� PRGXOH� GHVLJQ� DV� ZHOO� DV� WKH� GHVLJQ� RI� SRZHUVXSSO\�UHJXODWRUV�DQG�LQYHUWHUV�XWLOL]HG�ZLWK�39�V\VWHPV�
.H\ZRUGV� 39�FHOO��39�PRGXOH��363,&(��3RZHU�6XSSO\

,��,1752'8&7,21
7KH� LPSRUWDQFH� RI� � SKRWRYROWDLF� FHOOV� LQ� WKH� GLUHFWFRQYHUVLRQ� RI� VRODU� HQHUJ\� LQWR� HOHFWULFDO� HQHUJ\� LV� ZHOONQRZQ�DQG�ZHOO� HVWDEOLVKHG��$V� VLOLFRQ� LV� DPRQJ�RQH�RIWKH� PRVW� DEXQGDQW� PDWHULDOV� DYDLODEOH�� WKH� LQWHUHVW� RISURGXFLQJ�39�FHOOV� IURP� VLOLFRQ� �LQ�SDUWLFXODU� FU\VWDOOLQH6L��PDWHULDO� KDV� GRPLQDWHG� WKH� LQGXVWU\��5HFHQWO\�� LW� KDVEHHQ� UHSRUWHG� WKDW� H[SHULPHQWDO� FU\VWDOOLQH� VLOLFRQ� VRODUFHOOV�KDYH�UHDFKHG�D�FRQILUPHG�HIILFLHQF\�RI������� �DQGWKDW� FRPPHUFLDO� FHOOV� RI� ������� HIILFLHQF\� DUH� QRZDYDLODEOH� >�@�� ([SHULPHQWLQJ� ZLWK� DFWXDO� 39� FHOOV� LQ� WKHODERUDWRU\�LV�RIWHQ�DQ�H[SHQVLYH�DQG�WLPH�FRQVXPLQJ�WDVN�)RU�WKLV�UHDVRQ�LW�LV�ZLVH�WR�UHVRUW�WR�VLPXODWLRQ�WHFKQLTXHVWR� RYHUFRPH� WKLV� SUREOHP��0DQ\� FRPPHUFLDO� VLPXODWLRQVRIWZDUH� DOUHDG\� H[LVW� LQ� WKH�PDUNHW� >�@�� +RZHYHU�� VXFKVRIWZDUH�DUH�QRW�ZLGHO\�DYDLODEOH��HVSHFLDOO\�WR�VWXGHQWV�
,Q�WKLV�ZRUN�ZH�KDYH�VLPXODWHG�D����FP��VLOLFRQ�FHOO�DQGPRGXOHV�FRQVWUXFWHG�E\�FRQQHFWLQJ�XS�WR����RI�WKHVH�FHOOVLQ� VHULHV�� XVLQJ� WKH�0LFUR6LP£ HYDOXDWLRQ� 363,&(� >�@�7KH�VLPSOH�VWXG\�FDUULHG�RXW��OHDG�WR�YDOXDEOH�LQIRUPDWLRQWKDW� ZRXOG� EH� XVHIXO� LQ� WKH� GHVLJQ� RI� 39� PRGXOHV� DQGSRZHU�VXSSO\�V\VWHPV�XWLOL]LQJ�VXFK�39�PRGXOHV�DV�WKHLUEDVLF�HQHUJ\�VRXUFH�

,,��7+(�363,&(��6,08/$7,21��352*5$0
7KH�OXPSHG�SDUDPHWHU�PRGHO�RI� D� VLOLFRQ� VRODU� FHOO�XVHGLQ� WKLV�ZRUN� LV� WKH� HTXLYDOHQW� FLUFXLW� VKRZQ� LQ�)LJ���>�@�>�@�� 7KH� VRODU� FHOO� UHSUHVHQWHG� E\� WKLV� HTXLYDOHQW� FLUFXLWPD\�EH�RI�WKH�VLQJOH�RU�SRO\FU\VWDOOLQH�W\SH���,Q�WKLV�PRGHO,/ UHSUHVHQWV� WKH� ELSRODU� FXUUHQW� GXH� WR� OLJKW� JHQHUDWHGFDUULHUV� WKDW� UHDFK� WKH� HOHFWULFDO� WHUPLQDOV�� DQG� '�UHSUHVHQWV� WKH� S�Q� MXQFWLRQ� RI� WKH� VRODU� FHOO�� 5V LV� WKHVHULHV�UHVLVWDQFH�WKDW�DFFRXQWV�IRU�WKH�RYHUDOO�YROWDJH�GURSWKDW�WKH�FDUULHUV�HQFRXQWHU�LQ�PRYLQJ�IURP�ZKHUH�WKH\�DUH

JHQHUDWHG�WR�WKH�SRLQWV�RI�PHWDO�FRQWDFWV��WKH�WHUPLQDOV��RIWKH� FHOO�� 5VK LV� WKH� VKXQW� OHDNDJH� UHVLVWDQFH� ZKLFKDFFRXQWV�IRU�WKH�IRUPDWLRQ�RI�WKH�VR�FDOOHG�³KRW�VSRW´�>�@�GXH�WR�WKH�VKDGRZLQJ�RI�D�FHOO�LQ�D�PRGXOH�

)LJ���(TXLYDOHQW�FLUFXLW�RI�D�VLOLFRQ�VRODU�FHOO
7KH� ,�9� UHODWLRQ� IRU� D� VLQJOH� FHOO� UHODWHG� WR� WKH� DERYHFLUFXLW�PRGHO�LV�JLYHQ�E\�WKH�HTXDWLRQ�

VK VV�/ 5 ,59�QN7 �,59�TH[S,,, ��¿¾½®̄­ �»¼º«¬ª �� ���
:KHUH� ,/� LV� WKH� FXUUHQW� GXH� WR� LOOXPLQDWLRQ� RI� WKH� VRODUFHOO�� ,R LV� WKH� GDUN� VDWXUDWLRQ� FXUUHQW�� T� LV� WKH� HOHFWURQFKDUJH��Q�LV�WKH�VR�FDOOHG�³LGHDOLW\�IDFWRU´>�@�RU�WKH�GLRGHHPLVVLRQ�IDFWRU�>�@��N�LV�%ROW]PDQQ¶V�FRQVWDQW�DQG�7�LV�WKHFHOO� DEVROXWH� WHPSHUDWXUH� LQ�GHJUHHV�.HOYLQ��)RU� D� JURXSRI��1�VHULHV�FRQQHFWHG�LGHQWLFDO�FHOOV�WKDW�ZRXOG�FRQVWLWXWHD�EDVLF�PRGXOH��WKH�FXUUHQW�WKURXJK�HDFK�FHOO�LQ�WKH�JURXSLV� WKH� VDPH� DV� WKH� FXUUHQW� WKURXJK� D� VLQJOH� FHOO� �,WRW  ,��7KH�PRGXOH� YROWDJH�9WRW LV�1� WLPHV� WKH� YROWDJH�9� RI� DVLQJOH�FHOO��9WRW  19���,Q�RUGHU�WR�GHYHORS�WKH�,�9�UHODWLRQIRU� WKH�PRGXOH�ZH� FDQ� UHSODFH� WKH� DERYH�YDULDEOHV� IRU� ,DQG��9�LQ�����E\�,WRW DQG�9WRW UHVSHFWLYHO\�DV�VKRZQ�EHORZLQ�HTXDWLRQ�����

VK VWRWVWRW�/WRW 15,159�1QN7 �,159�TH[S,,,, ��¿¾½®̄­ �»¼º«¬ª ��  
������������

7KH� VDPH� WRSRORJ\� LV� XVXDOO\� XVHG� IRU� WKH� HTXLYDOHQWFLUFXLWV�RI�WKH�PRGXOH�DV�IRU�WKH�FHOO�DV�LV�VXJJHVWHG�E\����DQG� ���� DERYH�>�@�� >�@��7KH�LGHDOLW\� IDFWRU� LV�PRGLILHG� LQWKH� PDQQHU� VKRZQ�� WKH� VHULHV� FXUUHQW� DVVXPSWLRQ� IRULGHQWLFDO�FHOOV�LV�UHDVRQDEOH��+RZHYHU��WKH�GLRGH�FXUUHQWV�5VK ��5V ��DQG�WKH�RXWSXW�YROWDJH�RI�WKH�FHOOV�FRPELQH�LQ�QRVLPSOH�ZD\�WR�IRUP�WKH�FRUUHVSRQGLQJ�YDOXHV�RI�WKH



PRGXOH�SDUDPHWHUV�VLQFH�WKH�HTXLYDOHQW�FLUFXLW�RI�WKH�FHOOLV�QRW�OLQHDU�
7KH� 363,&(� SURJUDP� XVHG� LQ� WKH� VLPXODWLRQ� RI� WKHHTXLYDOHQW� FLUFXLW� RI� )LJ��� LV� JLYHQ� LQ� $SSHQGL[� ��� 7KLVSURJUDP�LV�VLPSO\�PRGLILHG� WR�VLPXODWH�PRGXOHV�RI���������DQG����VHULHV�FRQQHFWHG�FHOOV>�@�>�@��$Q�H[DPSOH�RI�DPRGXOH�REWDLQHG�E\�FRQQHFWLQJ���FHOOV�LQ�VHULHV� LV�VKRZQLQ� )LJ���� 7KH� RWKHU� VHULHV� FRQQHFWHG� FHOO�VWULQJV� DUHREWDLQHG� VLPLODUO\��7KH�363,&(� LQSXW� ILOH� ZDV� PRGLILHGDFFRUGLQJO\� WR� LQYHVWLJDWH� SDUDPHWULF� FKDQJHV� LQ� WKHHTXLYDOHQW�FLUFXLW��DQG�WR�VKRZ�WKH�HIIHFW�RI�VXFK�FKDQJHVRQ�WKH���PD[LPXP�SRZHU�RXWSXW�DQG�WKH�RSHUDWLQJ�YROWDJH9P DW�WKH�PD[LPXP��SRZHU�SRLQW��7KH�,�9�FKDUDFWHULVWLFVDQG�WKH�RXWSXW�SRZHU�FXUYHV�ZHUH�REWDLQHG�XVLQJ�352%(�7KH�HIIHFWV�RI�DPELHQW�WHPSHUDWXUH�FKDQJHV�ZHUH�VWXGLHGXVLQJ� WKH� VDPH� LQSXW� ILOH� E\� WDNLQJ�7� DV� D� SDUDPHWHU�� ,QHDFK�RI� WKH�LQYHVWLJDWLRQV�FDUULHG�RXW��D�VHW�RI� FXUYHV� IRUWKH� ,�9�FKDUDFWHULVWLFV� DQG�D� VHW� RI� FXUYHV� IRU� WKH�RXWSXWSRZHU�ZHUH�REWDLQHG�DV�VKRZQ�LQ�$SSHQGL[����)URP�WKHVHFXUYHV�WKH�YDULDWLRQ�RI�WKH�RSHQ�FLUFXLW�YROWDJH�9RF DQG�WKHYDULDWLRQ� RI� WKH� RSHUDWLQJ� RXWSXW� YROWDJH� 9P ZHUHWDEXODWHG� DV� VKRZQ� EHORZ� LQ� WKH� UHOHYDQW� WDEOHV� LQ� WKHIROORZLQJ�VHFWLRQV�

,,,��7+(�62/$5�&(//�678'<
:H� VLPXODWHG� WKH� VRODU� FHOO� FLUFXLW� VKRZQ� LQ� )LJ��DVVXPLQJ� WKDW� LW� UHSUHVHQWHG� D� ���FP� VLOLFRQ� FHOO� XVLQJW\SLFDO�SDUDPHWHU�YDOXHV�XQGHU�VWDQGDUG�WHVW�FRQGLWLRQV�DVVXJJHVWHG�LQ�>�@��7KH�PDLQ� LQWHUHVW�LQ� WKH�VLPXODWLRQ�ZDVWR� REVHUYH� DQG� GHWHUPLQH� WKH� YDULDWLRQ� RI� 9P DW� WKHPD[LPXP�SRZHU�SRLQW�DV�WKH�FHOO�SDUDPHWHUV�DUH�YDULHG�
)LUVW��WR�PDNH�VXUH�WKDW�WKH�WHPSHUDWXUH�YDULDWLRQ�ZDV�WKHPDLQ� IDFWRU� LQ� GHWHUPLQLQJ� WKH� RXWSXW� RSHUDWLQJ� YROWDJH>� @ ZH�LQYHVWLJDWHG�WKH�YDULDWLRQ�RI�WKH�PD[LPXP�RXWSXWSRZHU�RI�WKH�FHOO�IRU�5V YDOXHV�RI�������������������������DQG� ����: ZLWK� 5VK KHOG� FRQVWDQW� DW� ���: DQG� WKH� FHOOWHPSHUDWXUH� FRQVWDQW� DW� ��q&�� 7KH� LGHDOLW\� IDFWRU� ZDVWDNHQ� DV� Q ����� DQG� ,� � ���[����� $�� 7KH� UHVXOWV� RI� WKLVVLPXODWLRQ�DUH�VKRZQ�LQ�7DEOH�,��1H[W��ZH�LQYHVWLJDWHG�WKHHIIHFW�RI�YDU\LQJ�5VK RQ�9P DQG�9RF IRU�5VK YDOXHV�RI��������������DQG����2KPV��DW�5V� ������: DQG���q&��)LQDOO\�KROGLQJ�5V DW������:��5VK DW�����2KPV��,� DV�EHIRUH��WKH�,�9�FXUYHV� DQG� WKH�RXWSXW�SRZHU�FXUYHV� IRU� YDOXHV� RI� �7 �q&� WR� ��q&� LQ� VWHSV� RI� ��q&� ZHUH� SORWWHG� IRU� WZRGLIIHUHQW�FHOOV��ILUVW�ZLWK�Q� ����DQG�QH[W�ZLWK�Q �����7KHYDOXH�RI�,/ LQ�DOO�RI�WKH�DERYH�WHVWV�ZDV�WDNHQ�DV����$��7KHUHVXOWV� RI� WKHVH� VLPXODWLRQV� DUH� JLYHQ� LQ� 7DEOHV� ,,�,,,UHVSHFWLYHO\�� $V� FDQ� EH� VHHQ� IURP� WKH� WDEOHV�� WKH� WHVWVFRQILUPHG�WKDW�WKH�LQFUHDVLQJ�RI� WKH�FHOO� WHPSHUDWXUH�ZDVWKH�PDLQ� IDFWRU�ZKLFK� � GHWHUPLQHV� WKH�IDOO� RI�9P��7KHVHWHVWV�DOVR�VKRZHG�WKDW�LQFUHDVLQJ�WKH�YDOXH�RI�Q�UHVXOWHG�LQXQUHDOLVWLF�YDOXHV�IRU�9RF�$V�FDQ�EH�VHHQ�IURP�WKHVH�WDEOHV��IRU�Q� �����9RF IDOOV�E\����P9�q&��9P IDOOV�E\�����P9�q&��DQG�IRU�Q� ������9RF

IDOOV� E\� ����P9�q&�� 9P IDOOV� E\� �P9�q&�� )URP� WKHVHUHVXOWV� ZH� REVHUYH� WKDW� WKH� IDOO� RI� WKH� RSHUDWLQJ� YROWDJH9P�q&� LV� D� PRUH� FULWLFDO� SDUDPHWHU� LQ� GHVLJQFRQVLGHUDWLRQV�IRU�ERWK�YDOXHV�RI�Q��7KH�UHVXOWV�DOVR�VKRZWKDW�Q �����LV�D�PRUH� UHDOLVWLF�YDOXH�RI� WKH�LGHDOLW\� IDFWRUIRU�WKH�VLOLFRQ�VRODU�FHOO�DV�LW�\LHOGV�YROWDJH�IDOO�UDWH�YDOXHVFORVHU�WR�NQRZQ�SUDFWLFDO�YDOXHV�IRU�VXFK�FHOOV�
,9��7+(�62/$5�02'8/(�678'<

7KH�PRGXOH�VWXG\�ZDV�EDVHG�RQ�LGHQWLFDO�FHOO�VWULQJV�ZLWKQR�VKDGLQJ�RQ�DQ\�RI� WKH�FHOOV��'XH�WR� WKH� OLPLWDWLRQV�RIWKH�VRIWZDUH�ZH�ZHUH�UHVWULFWHG�WR�VLPXODWH�PRGXOHV�XS�WR���VHULHV�FRQQHFWHG�FHOO�VWULQJV�

)LJ���$���FHOO�VHULHV�FHOO�VWULQJ�PRGXOH
,Q�SUDFWLFH����VHULHV�FHOO�VWULQJV�DUH�XVXDOO\�FRQVLGHUHG�IRUD� ��9� SRZHU� VXSSO\� V\VWHP�� WKLV� OLPLWDWLRQ� ZDV� QRW� RIPDMRU� VLJQLILFDQFH� LQ� RXU� VWXG\�� 7R� VHH� WKH� HIIHFW� RIGHFUHDVLQJ� WKH� QXPEHU� RI� VHULHV� FRQQHFWHG� FHOOV� RQ� WKHRXWSXW�YROWDJH�IDOO� UDWH��P9�q&�IRU�9RF DQG�9P�� WKH� WHVWVZHUH� FDUULHG� RXW� IRU� � ��� ��� ��� DQG� ��� FHOO�VWULQJV�� (DFKPRGXOH�ZDV� WHVWHG�IRU�Q� ����DQG�IRU�Q� ������7KH���FHOOPRGXOH�ZDV�VLPXODWHG�XVLQJ�WKH�HTXLYDOHQW�FLUFXLW�VKRZQLQ� )LJ���� 7KH� HTXLYDOHQW� FLUFXLWV� IRU� WKH� RWKHU� PRGXOHVZHUH� VLPLODUO\� H[WHQGHG�� $OO� FHOOV� LQ� WKH� PRGXOH� ZHUHDVVXPHG� WR� EH� LGHQWLFDO� DQG� � WR� SURGXFH� D� VKRUW� FLUFXLWFXUUHQW� RI� ���$� XQGHU� VWDQGDUG� WHVW� FRQGLWLRQV�� 7KHSDUDPHWULF�YDULDWLRQ�WHVWV�FDUULHG�RXW�IRU�WKH�PRGXOH�ZHUHVLPLODU� WR� WKRVH� FDUULHG� RXW� IRU� WKH� VLQJOH� FHOO�� 7KH� ,�9FXUYHV� DQG� WKH� YDULDWLRQ� RI� RXWSXW� SRZHU� YHUVXVWHPSHUDWXUH� ULVH� ZHUH� REWDLQHG� IURP� FXUYHV� VLPLODU� WRWKRVH� VKRZQ� LQ� $SSHQGL[� �� DQG� WKH� UHVXOWV� DUH� DVWDEXODWHG�LQ�WDEOHV�,9�WR�9,�
7KH� VLPXODWLRQ� UHVXOWV� IRU� Q ���� GLG� QRW� UHIOHFW� UHDOLVWLFYDOXHV� IRU� 9RF VLQFH� WKH\� \LHOGHG� KLJKHU� RXWSXW� YROWDJHOHYHOV� WKDQ� LV� SRVVLEOH� IRU� WKH� W\SH� RI� WKH� VLOLFRQ� FHOOVXVHG��$V� LV�REVHUYHG� IURP� WKH� WDEOHV� WKH� IDOO� LQ� ERWK�9RFDQG�9P LV� UHDVRQDEO\� OLQHDU� IRU� WKH� LQGLFDWHG� LQFUHDVLQJWHPSHUDWXUH�YDOXHV��,W�LV�DOVR�REVHUYHG�WKDW�WKH�YDOXH�RI�QLV�LPSRUWDQW�LQ�WKH�PRGHOLQJ�RI� WKH�FHOO�DQG�PRGXOHV�DQGWKDW� WKH� FORVHU� Q� LV� WR� XQLW\� WKH� FORVHU� LV� WKH�YROWDJH� IDOOUDWH�WR�WKH�NQRZQ�SUDFWLFDO�YDOXHV��)LQDOO\��WKH�IDOO�UDWHV�WREH�FRQVLGHUHG�LQ�SRZHU�V\VWHP�GHVLJQ�VKRXOG�EH�WKRVH�RIWKH�RSHUDWLQJ�YROWDJH�9P�



7$%/(�,�5V YDULDWLRQ
5V ����� ���� ���� ���� ����9RF�P9� ������ ������ ������ ������� ������9P�P9� ��� ��� ��� ��� ���3P�:� ������ ������ ����� ���� ������

7$%/(�,,�5VK YDULDWLRQ
5VK ��� ��� �� ��9RF�P9� ����� ����� ����� �����9P�P9� ��� ��� ��� ���3P�:� ������ ������ ������ ������

7$%/(�,,,���9RF 9DULDWLRQ�IRU��Q� ����
&HOO�1XPEHU � � � �� ����q& ����9 ����9 ����9 �����9 �����9���q& �����9 �����9 ����9 �����9 �����9���q& �����9 �����9 ����9 ����9 ����9���q& �����9 �����9 ����9 ����9 �����9���q& �����9 �����9 �����9 ����9 ����99RF )DOO�P9�q&� ���� ����� ����� ����� ������

7$%/(�,9��9P 9DULDWLRQ�IRU��Q� ����
&HOO�1XPEHU � � � �� ����q& ����9 ����9 ����9 ����9 ����9���q& ���9 ����9 ����9 ����9 ����9���q& ����9 ����9 ����9 ����9 ����9���q& ����9 ����9 ����9 ����9 �����9���q& ���9 ����9 ����9 ����9 �����99P )DOO�P9�q&� ���� ���� ���� ����� �����

7$%/(�9��9RF 9DULDWLRQ�IRU��Q� ����
&HOO�1XPEHU � � � �� ����q& �����9 �����9 ����9 ����9 �����9���q& �����9 �����9 �����9 ����9 �����9���q& ����9 �����9 �����9 ���9 �����9���q& �����9 �����9 �����9 ����9 �����9���q& �����9 �����9 �����9 �����9 �����99RF )DOO�P9�q&� ����� ���� ���� ������ ��

7$%/(�9,��9P 9DULDWLRQ�IRU��Q� ����
&HOO�1XPEHU � � � �� ����q& ����9 ����9 ����9 ����9 �����9���q& ����9 ����9 ���9 ����9 �����9���q& ���9 ���9 �9 �9 ����9���q& ����9 ����9 ����9 ����9 �����9���q& ����9 ����9 ����9 ����9 �����99P )DOO�P9�q&� � � ���� ���� ������

9��&21&/86,216
$OWKRXJK�363,&(�KDV� LWV� OLPLWDWLRQ� LQ� WKH�VWXG\�RI�PRUHFRPSOLFDWHG� PRGXOHV� DQG� DUUD\V� RI� 39� PRGXOHV�QHYHUWKHOHVV� LW� LV� VXIILFLHQW� WR� LQYHVWLJDWH� WKH� HIIHFWV� RISDUDPHWULF� YDULDWLRQV� RI� 39� FHOOV� DQG� RI� PRGXOHVFRQVWUXFWHG� IURP� VXFK� FHOOV�� ,W� LV� VKRZQ� WKDW� VXFK� VWXG\FDQ�UHYHDO�DQG�TXDQWLI\� WKH�RSHUDWLQJ�YROWDJH�GURS�9P DWWKH� PRGXOH� RXWSXW� DW� KLJK� WHPSHUDWXUHV�� :H� FDQ� WKXVDOORZ� IRU� ZRUVW� FDVH� VLWXDWLRQV� LQ� WKH� GHVLJQ� RI� SRZHUVXSSO\� UHJXODWRUV� DQG� LQYHUWHUV� RI� SRZHU� VXSSO\� V\VWHPVWKDW�XWLOL]H�39�VRXUFHV�DV�WKHLU�SULPDU\�VRXUFHV�RI�HQHUJ\�7KLV�ZLGHO\�DYDLODEOH�VLPXODWLRQ�WRRO�FDQ�DOVR�EH�XVHG� LQWKH� WHDFKLQJ� RI� SKRWRYROWDLFV� VXEMHFWV� DQG� FDQ� VXEVWLWXWHIRU�H[SHQVLYH�DQG�WLPH�FRQVXPLQJ�H[SHULPHQWV�

9,��5()(5(1&(6
>�@ 0�� $�� *UHHQ�� -�� =KDR�� $�� :DQJ�� 6�� 5�� :HQKDP�³3URJUHVV�DQG�RXWORRN� IRU� KLJK�HIILFLHQF\� FU\VWDOOLQHVLOLFRQ� VRODU� FHOOV�´� 6RODU� (QHUJ\�0DWHULDOV� 	� 6RODU&HOOV����������������>�@ 'DYLG� /�� .LQJ�� -DPHV� .�� 'XGOH\�� DQG� :LOOLDP� (�%R\VRQ�� ³396,0��� $� 6LPXODWLRQ� 3URJUDP� IRU3KRWRYROWDLF� &HOOV�� 0RGXOHV�� DQG� $UUD\V�´� 6DQGLD1DWLRQDO� /DERUDWRULHV�� $OEXTXHUTXH�� 10� ������������3UHVHQWHG�DW�WKH���WK ,(((�396&��:DVKLQJWRQ'&��0D\�������������>�@ 0LFUR6LP£ 'HVLJQ� 0DQDJHU�� (YDOXDWLRQ� 9HUVLRQ�����-XO\�������0LFUR6LP�&RUSRUDWLRQ�>�@ 6��5��:HQKDP��0��$��*UHHQ��0��(��:DWW�� ³$SSOLHG3KRWRYROWDLFV�´�&HQWUH� IRU� 3KRWRYROWDLF�'HYLFHV� DQG6\VWHPV�� 8QLYHUVLW\� RI� 16:�� 6\GQH\�� ������ $OVRSURMHFW� ��� ³6RODU� &HOO� 0RGHOOLQJ�´� SURMHFW� ��� ³39PRGXOHV�´� SURSRVHG� E\� 8QLY�RI� 16:�� GRZQORDGHGIURP�LQWHUQHW�-XO\�������>�@ 7�� ,NHJDPL�� 7�� 0DH]RRQR�� )�� 1DNDQLVKL�� <�<DPDJDWD�� .�� (ELKDUD�� ³(VWLPDWLRQ� RI� HTXLYDOHQWFLUFXLW� SDUDPHWHUV� RI� 39�PRGXOH� DQG� LWV� DSSOLFDWLRQWR� RSWLPDO� RSHUDWLRQ� RI� 39� V\VWHP�´� 6RODU� (QHUJ\0DWHULDOV�	�6RODU�&HOOV��������������������>�@ 7RPDV� 0DUNYDUW� �(GLWRU��� 6RODU� (OHFWULFLW\�� -RKQ:LOH\�	�6RQV�������>�@ -RKQ�.HRZQ��³36SLFH�DQG�&LUFXLW�$QDO\VLV�´�3UHQWLFH+DOO�������>�@ 3�� 7�� .UHLQ�� ³$� 6LPSOH� 6RODU� &HOO� 0RGHO�´� ,(((3RZHU�(OHFWURQLFV�6RFLHW\�1HZVOHWWHU��$SULO������

$33(1',;�,
$�FRQYHQLHQW�ZD\� WR�REWDLQ�WKH�,�9�FKDUDFWHULVWLFV�RI� WKHVLPXODWHG�FLUFXLW�LV�WR�LQVHUW�D�YROWDJH�VRXUFH�DW�WKH�RXWSXWWHUPLQDOV�DQG�YDU\� WKH�YROWDJH� IURP� ]HUR� WR�D�YDOXH�QHDUWKH� H[SHFWHG� RSHQ� FLUFXLW� YROWDJH�� 6LQFH� 6SLFH� ZLOODXWRPDWLFDOO\�GHWHUPLQH� WKH�FXUUHQW� DW� HDFK�YROWDJH� OHYHOZH�ZRXOG�EH�DEOH�WR�SORW�WKH�RXWSXW�FXUYH�XVLQJ�3UREH�
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*solarcell
IL 0 1 DC 3.5
VTEST 2 0 PWL(0 0 0.7 0.7)
D1 1 0 DIODE
RS 1 2 0.001
RSH 1 0 100
.MODEL DIODE D(Is=0.1N Rs=0.001 N=1.1)
.TEMP 5 25 45 65 85
.DC VTEST 0 0.8 0.01
.PLOT DC I(VTEST)
.PROBE
.END
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