
ϭ

,PSURYHG�HQHUJ\�FRQYHUVLRQ�SHUIRUPDQFH�RI�D QRYHO�GHVLJQ�RI�FRQFHQWUDWHG�SKRWRYROWDLF�ϭ

V\VWHP�FRPELQHG ZLWK�WKHUPRHOHFWULF�JHQHUDWRU�ZLWK�DGYDQFH�FRROLQJ�V\VWHPϮ

$EGHOKDN�/HNELUD��6DPLU�+DVVDQLE��0RKG�5XGGLQ�$E�*KDQLD� &KLQ�.LP�*DQD��6DDG�0HNKLOHI�F��ϯ

5��6DLGXUE�Gϰ

ϱ
D� )DFXOW\ RI�(OHFWULFDO�(QJLQHHULQJ��8QLYHUVLWL 7HNQLNDO�0DOD\VLD�0HODND��+DQJ�7XDK�ϲ

-D\D�������'XULDQ�7XQJJDO� 0HODND��0DOD\VLD��ϳ
E� 5HVHDUFK�&HQWUH�IRU�1DQR�0DWHULDOV�DQG�(QHUJ\�7HFKQRORJ\��5&10(7���6FKRRO�RI�6FLHQFH�ϴ

DQG�7HFKQRORJ\��6XQZD\�8QLYHUVLW\��1R�����-DODQ�8QLYHUVLWL��%DQGDU�6XQZD\��3HWDOLQJ�-D\D��ϵ

������6HODQJRU�'DUXO�(KVDQ��0DOD\VLDϭϬ
F� 3RZHU�(OHFWURQLFV�DQG�5HQHZDEOH�(QHUJ\�5HVHDUFK�/DERUDWRU\��3($5/���'HSDUWPHQW�RI�ϭϭ

(OHFWULFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�0DOD\D��������.XDOD�/XPSXU��0DOD\VLDϭϮ
G� 'HSDUWPHQW�RI�(QJLQHHULQJ��/DQFDVWHU�8QLYHUVLW\��/DQFDVWHU��/$���<:��8.ϭϯ

ϭϰ
&RUUHVSRQGLQJ�DXWKRUϭϱ

�OHNELUDEGHOKDN#JPDLO�FRP�ϭϲ

ϭϳ

$EVWUDFW�ϭϴ

0RVW�RI�WKH�LQFLGHQW�VRODU�HQHUJ\�RQ�D�39�SDQHO�LV�FRQYHUWHG�LQWR�ZDVWH�KHDW��7KLV�FRQVHTXHQWO\�ϭϵ

UHGXFHV� WKH� HIILFLHQF\� RI� 39� V\VWHP�� 7KHUHIRUH�� LI� FHUWDLQ� SRUWLRQ� RI� WKLV� ZDVWH� KHDW� FDQ� EH�ϮϬ

XWLOL]HG� DGGLQJ� D� WKHUPRHOHFWULF� JHQHUDWRU� �7(*�� LQ� WKH� 39 SDQHO� HQGRZHG� E\� DQ� HIILFLHQW�Ϯϭ

FRROLQJ� V\VWHP�� WKH� RXWSXW� SHUIRUPDQFH� RI� WKH V\VWHP� FDQ� EH� LPSURYHG� VLJQLILFDQWO\� ,Q� WKLV�ϮϮ

VWXG\��D�QHZ�FRQILJXUDWLRQ�RI�QDQRIOXLG�EDVHG�39�7�7(*�K\EULG�V\VWHP�ZLWK�FRROLQJ�FKDQQHO�LV�Ϯϯ

SURSRVHG WR� FRQYHUW FHUWDLQ� SRUWLRQ� RI�ZDVWH� KHDW WR� HOHFWULFDO� HQHUJ\� LQ� RUGHU� WR� LPSURYH� WKH�Ϯϰ

RYHUDOO�HIILFLHQF\�RI�K\EULG�V\VWHP� 7KXV�� WKH�QDQRIOXLG�DFWV�DV�D FRRODQW�DQG�DEVRUEV WKH�KHDW�Ϯϱ

IURP� WKH� EDFN� VLGH� RI� 7(*�PRGXOH� UDLVLQJ LWV� JUDGLHQW� RI� WHPSHUDWXUH�� DV�ZHOO� DV� WKH� RYHUDOO�Ϯϲ

SHUIRUPDQFH� RI� WKH� V\VWHP�� 7KURXJK� D� QXPHULFDO� PRGHOOLQJ DSSURDFK� SHUIRUPDQFH� RI� WKH�Ϯϳ

SURSRVHG� LQQRYDWLYH� GHVLJQ� KDV� EHHQ� LQYHVWLJDWHG� DQG� FRPSDUHG� ZLWK� WKH� FRQYHQWLRQDO� VRODU�Ϯϴ

KDUYHVWLQJ� WHFKQRORJ\ V\VWHPV��$W� WKH�RSWLPXP�YDOXH RI� VRODU� FRQFHQWUDWLRQܥ��� DQG PD[LPXP�Ϯϵ

RSHUDWLQJ�WHPSHUDWXUH RI ͵ͷιܥ� WKH REWDLQHG�UHVXOWV�UHYHDO�WKDW�WKH HOHFWULFDO�HQHUJ\�LQ 1&39�7�ϯϬ

5HYLVHG�0DQXVFULSW�ZLWK�FKDQJHV�PDUNHG



Ϯ

7(*�FRQILJXUDWLRQ�KDV�EHHQ�IRXQG�KLJKHU�E\�̱ͳͲ Ψ��̱ͶǤ Ψ DQG�̱ͶͻǤͷ Ψ DJDLQVW�1&39�7��ϭ

&39� DQG�&39�7(*�+6� V\VWHPV�� UHVSHFWLYHO\�� 2YHUDOO�� WKH� SURSRVHG� GHVLJQ� RI�1&39�7�7(*�Ϯ

K\EULG�V\VWHP�KDV�SRWHQWLDO�IRU�IXUWKHU�GHYHORSPHQW�LQ�KLJK�FRQFHQWUDWLRQ�VRODU�V\VWHPV��ϯ

.H\ZRUGV��39�7��7KHUPRHOHFWULF�&RQYHUVLRQ��1DQRIOXLG��(QHUJ\�&RQYHUVLRQ��([HUJ\���ϰ

1RPHQFODWXUH�

ܣ DUHD��P� *UHHN�V\PEROV

ܽ௧ FURVV�VHFWLRQDO�DUHD�RI�D�3�RU�1�OHJ�݉ଶ ߙ DEVRUSWLRQ�FRHIILFLHQW

ܥ VRODU�FRQFHQWUDWLRQ ௧ߙ 6HHEHFN�FRHIILFLHQW��9�.

ܦ K\GUDXOLF�GLDPHWHU��P ᇱߚ WHPSHUDWXUH�FRHIILFLHQW��

.��

݁ HOHFWURQ�FKDUJH���������î������ Û& ܶ߂ WHPSHUDWXUH�JUDGLHQW��.

݁ QDQRIOXLG�WKLFNQHVV��P ௫߂ VSDWLDO�VWHS��P

ܩ VRODU�UDGLDWLRQ�:P�� ߝ HPLVVLYLW\

݄ KHDW�WUDQVIHU�FRHIILFLHQW��:P�� .�� ߟ HIILFLHQF\

ݎ݄ UDGLDWLRQ�WUDQVIHU�FRHIILFLHQW��:P�� .�� ߬ WUDQVPLWWDQFH

ܮ FKDUDFWHULVWLF�OHQJWK��P ߣ ZDYHOHQJWK݉ߤ��

݈௧ KHLJKW�RI�7(*��P Þ YROXPH�IUDFWLRQ

݈ FROOHFWRU�OHQJWK��P���� 6XEVFULSWV

ሶ݉ PDVV�IORZ�UDWH��NJ�V�� ܽ DLU�JDS

݊௧ QXPEHUV�RI�31�MXQFWLRQ ܿ FRYHU�JODVV

்ܳாீǡ HQHUJ\�WKDW�SDVVHG�LQ�KRW�VLGH�RI�WKH�7(*��: ݊ QDQRIOXLG�

்ܳாீǡ HQHUJ\�WKDW�SDVVHG�LQ�FROG�VLGH�RI�WKH�7(*��: ܽ݉ DPELHQW�

ܴ WKHUPDO�UHVLVWDQFH�N:���  SODWH�

௧ݎ HOHFWULFDO�UHVLVWLYLW\�RI�3�RU�1�MXQFWLRQ݉ߗ�� ܾܿ EDFN�FRYHU�

ܶ DPELHQW�WHPSHUDWXUH�. ݍ݁ HTXLYDOHQW�

௧ܶǡ KRW�VLGH�WHPSHUDWXUH�.

௧ܶǡ FROG�VLGH�WHPSHUDWXUH�.��

ܸ YHORFLW\��P�V��

ݏݓ ZLQG�VSHHG�



ϯ

$EEUHYLDWLRQV

39������ 3KRWRYROWDLF

7(*���� 7KHUPRHOHFWULF�*HQHUDWRU�

39�7��� 3KRWRYROWDLF�7KHUPDO

39�7�7(*��� 3KRWRYROWDLF�7KHUPDO�7KHUPRHOHFWULF�*HQHUDWRU

1&39�7 1DQRIOXLG�EDVHG�&RQFHQWUDWHG�3KRWRYROWDLF�7KHUPDO

1&39�7�7(* 1DQRIOXLG�EDVHG�&RQFHQWUDWHG�3KRWRYROWDLF��7KHUPDO�7KHUPRHOHFWULF�

*HQHUDWRU

+6����� +HDW�6LQN

ϭ

,QWURGXFWLRQ��Ϯ

5HQHZDEOH� HQHUJ\� LV� D� SURPLVLQJ� VRXUFH� RI� HQHUJ\� DV� LW� LV� FOHDQ� DQG� HQYLURQPHQWDO� IULHQGO\�ϯ

FRPSDUHG� WR� IRVVLO� IXHO�EDVHG� UHVRXUFHV�� $FFRUGLQJ� WR� *OREDO� 7UHQGV� LQ� 5HQHZDEOH� (QHUJ\�ϰ

,QYHVWPHQW UHSRUW��E\�WKH�\HDU�������DSSUR[LPDWHO\ ͷͷΨ LQYHVWPHQW� LQ�HQHUJ\� LQVWDOODWLRQ�ZDV�ϱ

EDVHG�RQ�UHQHZDEOHV�HQHUJ\�UHVRXUFHV�ZKLFK LV��URXJKO\�PRUH�WKDQ�GRXEOH�LQYHVWHG�LQ�IRVVLO�IXHO�ϲ

EDVHG�SRZHU�JHQHUDWLRQ >�@� 6HYHUDO� UHQHZDEOH� UHVRXUFHV�DUH� DYDLODEOH RQ�HDUWK��DQG�VXQ� LV� WKH�ϳ

PRVW� SURPLVLQJ� UHQHZDEOH� HQHUJ\� UHVRXUFHV� WR�PHHW� WKH� IXWXUH�ZRUOG� HQHUJ\� GHPDQG�� (QHUJ\�ϴ

FRQYHUWHU�GHYLFHV�WKDW�XVH�VRODU�HQHUJ\�DV�SULPDU\�UHVRXUFHV�FRXOG�EH�WKH�PRVW�HIIHFWLYH�VROXWLRQ�ϵ

WR�DYRLG�SROOXWLRQ�DQG�UHGXFH�WKH�JUHHQKRXVH�HIIHFW��ϭϬ

$FFRUGLQJ�WR�WKH�5HQHZDEOHV������*OREDO�6WDWXV�5HSRUW>�@��DERXW�������*:�UHSUHVHQW�WKH�WRWDO�ϭϭ

HOHFWULF�SRZHU�FDSDFLW\�JHQHUDWHG�IURP�WKH�VRODU�HQHUJ\�LQ�������1HDUO\�ͻͺΨ RI�WKLV�JHQHUDWHG�ϭϮ

SRZHU�ZDV�IURP�39�V\VWHPV� 7KLV� LV�EHFDXVH�WKH�DQQXDO�PDUNHW�RI� WKH�VRODU�SDQHO ZLWQHVVHG�D�ϭϯ

VLJQLILFDQW LQFUHDVH�QHDUO\�WR�ͷͲΨ��ZKLFK�ULVHV WKH�JOREDO� WRWDO�39�HOHFWULFDO�HQHUJ\�WR�DFKLHYH�ϭϰ

͵Ͳ͵ �ϭϱܹܩ

+RZHYHU�� 39� FHOOV� WHFKQRORJ\� IDFHV� VHYHUDO� WHFKQLFDO� FKDOOHQJHV� VXFK� DV� LWV� ORZ� SHUIRUPDQFH�ϭϲ

XQGHU�H[WUHPH�ZHDWKHU�FRQGLWLRQV�>�@� 8VLQJ�D�VRODU�FRQFHQWUDWRU�WHFKQRORJ\� WKH�39�FHOOV�RXWSXWϭϳ

HQKDQFHV� ZKLFK� PLJKW� UHGXFH� WKH� PDQXIDFWXULQJ >�@ DQG� HOHFWULFLW\� FRVW >�@ RI� WKH� 39�ϭϴ

WHFKQRORJ\��+RZHYHU��XQGHU�KLJK�LUUDGLDWLRQ� WKH�39�PRGXOH�WHPSHUDWXUH�ULVHV�UDSLGO\�GXH�WR�WKH�ϭϵ

H[FHVV�KHDW�� FRQVHTXHQWO\� WKHLU� HIILFLHQF\� GURSV GUDVWLFDOO\� DW� HOHYDWHG� WHPSHUDWXUH��7KHUHIRUH��ϮϬ



ϰ

UHPRYLQJ�KHDW�E\�FRROLQJ�WKH�39�FHOOV DQG�XWLOL]LQJ�FHUWDLQ�SRUWLRQ�XVLQJ 7(*�DWWDFKHG�WR�WKH�39�ϭ

SDQHOV LV�D�FUXFLDO�DSSURDFK�WR�ERRVW�WKH�HQHUJ\�SURGXFWLRQ�LQ�D�39�SRZHU�SODQW��6HYHUDO�PHWKRGV�Ϯ

DQG DSSURDFKHV ZHUH SURSRVHG�E\�UHVHDUFKHUV�WR�HQKDQFH�39�FHOOV�SHUIRUPDQFH��$�VXPPDU\�RI�ϯ

WKHVH�ZRUNV�LV�DYDLODEOH�LQ�WKH�UHYLHZ�SDSHU�SXEOLVKHG�E\�0DNNL�HW�DO� >�@�ϰ

7KH� WKHUPRHOHFWULF� FRQYHUVLRQ� V\VWHP� LV� DQRWKHU DOWHUQDWLYH PHFKDQLVP� WR� JHQHUDWH� HOHFWULFLW\ϱ

XVLQJ�ORZ�JUDGH�KHDW��,W�DOORZV�WKH�JHQHUDWLRQ�RI�D�FOHDQ�HOHFWULFLW\�IURP�D�VRXUFH�RI KHDW�WKURXJK�ϲ

D�WKHUPRHOHFWULF�JHQHUDWRU�GHYLFH�XQGHU�6HHEHFN�HIIHFW��L�H��SUHVHQFH�RI�JUDGLHQW�RI�WHPSHUDWXUH�ϳ

LV�UHTXLUHG��6HUYDO�UHVHDUFKHUV¶ SXEOLVKHG�ZRUNV�UHFRPPHQGHG�K\EULG�39�PRGXOHV DQG�7(*�LQ�ϴ

RQH�V\VWHP�GHYLFH��7KXV��WKH�7(*�LV�SODFHG�LQ�WKH�EDFN�RI�WKH�39�FHOOV�WR�DEVRUE�DQG�FRQYHUW�WKH�ϵ

H[FHVV� KHDW WR� HOHFWULFLW\�� 7KLV�PRGXV� RSHUDQGL� LV� D� XQLTXH� DSSURDFK� WR�PD[LPL]H WKH� RYHUDOO�ϭϬ

FRQYHUVLRQ�HIILFLHQF\ RI�39�V\VWHP��ϭϭ

6DUN�HW� DO�>�@ FRQGXFWHG�D� VWXG\�RQ�39�PRGXOH� XQGHU�KLJK� LUUDGLDQFH� FRQGLWLRQ��7KH�39 FHOOV�ϭϮ

WHPSHUDWXUH�UHDFKHG Ͳ െ ͺͲιܥ LQ�WKHLU�VWXG\��%\�LQWHJUDWLQJ�D�7(*�PRGXOH�LQ�WKH�EDFNVLGH�RI�ϭϯ

WKH�39�PRGXOH� DXWKRUV�QRWLFHG�DQ�LPSURYHPHQW�RI�ͺ WR ʹ͵Ψ RQ�WKH�HIILFLHQF\�RI�WKH�39�V\VWHP��ϭϰ

GHSHQGLQJ RQ�WKH�SURSULHWLHV�RI�7(*�PDWHULDOV�XVHG��ϭϱ

/LQ�HW�DO�>�@ DQDO\]HG WKH�HIIHFW�RI�VRODU�LUUDGLDQFH��ORDG�UHVLVWDQFHV�DQG�WKH�7(*�SDUDPHWHU�RQ�ϭϲ

WKH� SHUIRUPDQFH� RI� D� 39�7(* K\EULG� V\VWHP�� 7KH� 7(*� PRGXOH� ZDV� XVHG� WR� LPSURYH� WKH�ϭϳ

FRQYHUVLRQ� HIILFLHQF\� RI� VRODU� HQHUJ\� DV� ZHOO� DV� WR� LQFUHDVH� WKH� HOHFWULFDO� SRZHU� RXWSXW�ϭϴ

.RVV\YDNLV� HW� DO� >�@ H[DPLQHG� WKHRUHWLFDOO\� DQG� H[SHULPHQWDOO\� WKH� HOHFWULFDO� RXWSXW� RI� Dϭϵ

39�7(*� K\EULG� V\VWHP� %\� XVLQJ� D� 7(*� GHYLFH�ZLWK� D� WKHUPRHOHPHQW� JHRPHWU\�� WKH� RYHUDOO�ϮϬ

SHUIRUPDQFH�LPSURYHPHQW�ZDV�DFKLHYHG�ʹʹǤͷΨ DQG�͵ͲǤʹΨ IRU�SRO\�6L�DQG�G\H�VHQVLWL]HG VRODU�Ϯϭ

FHOOV� UHVSHFWLYHO\��=KX�HW�DO�>��@ FRPELQHG��39�7(*�PRGXOHV�WR�UHGXFH�WKH�HQHUJ\�ORVVHV�LQ�WKH�ϮϮ

39�V\VWHP��$XWKRUV�IRXQG�WKDW�WKH�RYHUDOO�HIILFLHQF\�RI�WKH�K\EULG�V\VWHP�DFKLHYHG�ʹͷΨ ��ZKLOH�Ϯϯ

WKH�HOHFWULFDO�HIILFLHQF\�RI�WKH�39�PRGXOH�DORQH��L�H��ZLWKRXW�7(*�PRGXOH�UHDFKHG�ͳͻ Ψ RQO\�Ϯϰ

/L�HW�DO�>��@>��@ LQYHVWLJDWHG� WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\�D�39�7(*�K\EULG�V\VWHP��7KH�39�Ϯϱ

PRGXOH� DQG� WKH� 7(*� JHQHUDWRU� ZHUH FRQQHFWHG� E\� XVLQJ� D� PLFUR�FKDQQHO� KHDW� SLSH� IRU� KHDW�Ϯϲ

UHPRYDO�SXUSRVH��7R�LQFUHDVH�WKH�JUDGLHQW�RI�WHPSHUDWXUH�EHWZHHQ�7(*¶V�ERWK�VLGHV� D�KHDW�VLQN�Ϯϳ

ZDV SODFHG�LQ�WKH�7(*¶V�FROG�VLGH��$�FRPSDULVRQ�LQ�WHUPV�RI�HOHFWULFDO�SHUIRUPDQFH�EHWZHHQ�WKH�Ϯϴ

SURSRVHG� 39�7(*� DQG� D� FRQYHQWLRQDO� 39� PRGXOH XQGHU� GHIHUHQW� DPELHQW� FRQGLWLRQV� ZDVϮϵ

UHSRUWHG DV�ZHOO� 8QGHU� WKH� FRQFHQWUDWLRQ UDWLR RI��[� DQG�ZLQG� VSHHG RI�ͺ ݉Ȁݏ�� WKH� HOHFWULFDO�ϯϬ



ϱ

HIILFLHQF\� RI� WKH� 7(*� GHYLFH� LPSURYHG� E\� ͲǤͺʹΨ EDVHG� RQܶ߂� ൌ ͷͻǤ Ǐܥ�� 7KLV� UHVXOWHG LQ� D�ϭ

VLJQLILFDQW� LQFUHDVH� LQ� RYHUDOO� HOHFWULFDO� RXWSXW RI� WKH� K\EULG� V\VWHP� FRPSDUHG WR� WKH�Ϯ

FRQYHQWLRQDO�39�V\VWHP�ϯ

0RKVHQ]DGHK�HW�DO� >��@ GHVLJQHG�D�QRYHO�K\EULG�39�7�V\VWHP�FRPELQHG�ZLWK�D�7(*�JHQHUDWRU�ϰ

WR� LQFUHDVH� WKH� RYHUDOO� V\VWHP� HIILFLHQF\�� ,Q� DGGLWLRQ�� D� SDUDEROLF� FRQFHQWUDWRU� ZDV XVHG� WR�ϱ

LQWHQVLI\� WKH� VRODU� UDGLDWLRQ�� 7KH� RYHUDOO� HIILFLHQF\ RI� WKH� &39�7�7(*� V\VWHP� IRXQG� WR� EHϲ

̱ͲΨ DQG�ͶǤ͵ͲΨ ZLWK�DQG�ZLWKRXW�WKH�JODVV�FRYHU� UHVSHFWLYHO\��7KHUPDO�HQHUJ\�UHSUHVHQWHG�ϳ

ͻͲǤͷ͵ Ψ RI�WKH�WRWDO�JHQHUDWHG�SRZHU��ZKLOH�HOHFWULFDO�HQHUJ\�UHSUHVHQWHG�ͻǤͶΨ RQO\��7KH�7(*�ϴ

JHQHUDWRU�SURYLGHG ͵Ǥ͵Ψ IURP�WKH�WRWDO�JHQHUDWHG�HOHFWULFDO�HQHUJ\��6ROWDQL�HW�DO�>��@ SURSRVHG D�ϵ

QHZ�F\OLQGULFDO�39�7(*�V\VWHP�RSHUDWHG�XQGHU SDUDEROLF�WKURXJK�FROOHFWRU��:DWHU�ZDV XVHG�IRU�ϭϬ

FRROLQJ�ZLWK�WKH�PDVV�IORZ�UDWH�ͲǤͲ͵ ݇݃Ȁݏ� $XWKRUV IRXQG�WKDW�WKH�7(*�JHQHUDWRU�SURYLGHG RQO\�ϭϭ

ʹǤ͵ ܹ IURP�WKH�WRWDO�ʹʹǤͳͶ ܹ HOHFWULFDO�SRZHU�GHOLYHUHG�E\�WKH�ZKROH�V\VWHP�ϭϮ

3UHYLRXV�VWXGLHV�KDYH�SURYHG�WKH�IHDVLELOLW\�RI FRPELQLQJ�39 ZLWK�7(*�WHFKQRORJ\�DV�D�K\EULG�ϭϯ

V\VWHP��KRZHYHU��VHYHUDO OLWHUDWXUH ZRUNV�KLJKOLJKWHG�WKDW�WKH�FRPELQLQJ 39�ZLWK 7(*�JHQHUDWRU�ϭϰ

LV HFRQRPLFDOO\� LQHIIHFWLYH� DSSURDFK�FRPSDUHG� WR�FRQYHQWLRQDO�39�JHQHUDWRU� V\VWHPV >��@>��@ϭϱ

GXH� WR� ORZ� HQHUJ\� FRQYHUVLRQ� HIILFLHQF\� RI� 7(*� WHFKQRORJ\� ሺ ̱ȂͺΨሻ�� OLPLWDWLRQ� RI� WKH�ϭϲ

DPRXQW�RI�JHQHUDWHG�SRZHU�DW�ORZ�JUDGLHQW�RI�WHPSHUDWXUH�>��@��KLJKHU�FRVW�RI�WKH�KLJK�HQG�7(*�ϭϳ

PRGXOH DQG�WKH�ODUJH�FRROLQJ HTXLSPHQW�FRVW��,Q�DGGLWLRQ��PRVW�RI�39�7(*�K\EULG�V\VWHP�XVLQJ�ϭϴ

KHDW�VLQN�DV�FRROLQJ�V\VWHP�DUH�QRQ�XQLIRUP�LQ�WKH�FRROLQJ�SURFHVV�GXH�WR�WKH�IDFW�WKDW�KHDW�VLQN�ϭϵ

UHOLHV� RQ� WKH� DPELHQW� FRQGLWLRQV L�H�� LW� DFKLHYHV KLJKHU� SHUIRUPDQFH� RQO\� GXULQJ� ZLQG\� GD\V��ϮϬ

)XUWKHUPRUH�� VRPH�RI� WKH�39�7(*�V\VWHPV�XVH�ZDWHU�DV�D� FRRODQW��KRZHYHU�ZDWHU�DV�ZHOO�KDV�Ϯϭ

VRPH� OLPLWDWLRQV� LQ� LWV� WKHUPRSK\VLFDO� SURSHUWLHV� SDUWLFXODUO\ XQGHU�KLJK�ZRUNLQJ� WHPSHUDWXUH��ϮϮ

7KLV� LV� WR� FRQFOXGH� WKDW� 39�7(*� SHUIRUPDQFH� LV� KLJKO\� GHSHQGLQJ� RQ� WKH� TXDOLW\� RI� FRROLQJ�Ϯϯ

SURFHVV�Ϯϰ

,GHDOO\��7(�PDWHULDO�VKRXOG�KDYH�D�ODUJH�VHHEHFN�FRHIILFLHQW��KLJK�HOHFWULFDO�FRQGXFWLYLW\�DQG�D�Ϯϱ

ORZ� WKHUPDO� FRQGXFWLYLW\�� ,Q� WKH� UHDO�ZRUOG DSSOLFDWLRQ� RI� 39�7(*� K\EULG� V\VWHP�� ZLWK� ORZ�Ϯϲ

FRROLQJ�SHUIRUPDQFH��WKH�7(*�LQFUHDVHV WKH�WHPSHUDWXUH�RI�WKH�39�PRGXOH�GXH�WKH�ORZ�WKHUPDO�Ϯϳ

FRQGXFWLYLW\�RI�WKH�7(�PDWHULDO�L�H��SRRU�KHDW�WUDQVIHU�FRHIILFLHQW��&RQVHTXHQWO\��WKH�GHJUDGDWLRQ�Ϯϴ

RI�39�SHUIRUPDQFH�ZLOO SHUVLVW DQG�WKH�JDLQ�LQ�HQHUJ\�SURGXFHG E\�WKH�7(*�ZLOO EH�LQVLJQLILFDQW��Ϯϵ



ϲ

7KHUHIRUH�� LW� LV� REYLRXV� WKDW�XVLQJ�DQ� HIIHFWLYH� FRROLQJ� V\VWHP� WR� FRRO�GRZQ� WKH�7(*�DQG�39�ϭ

FHOOV�LV�KLJKO\�UHFRPPHQGHG�Ϯ

5HVHDUFKHUV�SUHYLRXVO\�XVHG FRROLQJ�V\VWHP�WR�NHHS�39�FHOOV�WHPSHUDWXUH DV�ORZ�DV�SRVVLEOH LQ�ϯ

RUGHU� WR�PDLQWDLQ�KLJKHU� HIILFLHQF\��*HQHUDOO\��ZDWHU� DQG�DLU� DUH�XVHG�DV� FRRODQWV LQ� WKLV� FDVH��ϰ

+RZHYHU��GXH�WR�WKHLU�SRRU�WKHUPDO�SURSHUWLHV�DQG�ZLWK�WKH�UHFHQW�GHYHORSPHQW�LQ�QDQRPDWHULDOϱ

VFLHQFH��UHVHDUFKHUV�SURSRVHG�WKH�XVH�RI�QDQRIOXLGV�DV�HIIHFWLYH�KHDW�WUDQVIHU�IOXLGV GXH�WR�WKHLU�ϲ

VXSHULRU� WKHUPDO� SURSHUWLHV� 7KXV�� VHYHUDO� UHVHDUFK� ZRUNV� LQ� QDQRIOXLGV ILHOG� SURYHG� WKDW�ϳ

QDQRIOXLG� LV� DQ� H[FHOOHQW�KHDW� FDUULHU� LQ� VHYHUDO� KHDW� WUDQVIHU� DSSOLFDWLRQV� HLWKHU� IRU� FRROLQJ�RU�ϴ

KHDWLQJ�ϵ

$O�6KDPDQL�HW�DOO��>��@ GHVLJQHG��IDEULFDWHG�DQG�WHVWHG�D�39�7�FROOHFWRU�WKDW�FRQVLVWV�RI�VSHFLDOO\�ϭϬ

GHVLJQHG�UHFWDQJXODU� WXEH�DEVRUEHU�DWWDFKHG�XQGHU�WKH�SKRWRYROWDLF�PRGXOH��7KH�397 FROOHFWRU�ϭϭ

ZDV� H[SHULPHQWDOO\� WHVWHG� XQGHU� RXWGRRU�0DOD\VLDQ WURSLFDO� FOLPDWH� FRQGLWLRQV� ZLWK� GLIIHUHQW�ϭϮ

W\SHV�RI�QDQRIOXLGV� 7KH\�UHSRUWHG�WKDW�XQGHU�ͳͲͲͲ ܹȀ݉ଶ� WKH�WHPSHUDWXUH�RI�WKH�39�FHOOV�ZDV�ϭϯ

ͷͲԨ ZKHQ� ZDWHU� LV� XVHG� DV� D� FRRODQW�� +RZHYHU�� E\� XVLQJ� 6L&� QDQRIOXLG� DV� D� FRRODQW�� WKH�ϭϰ

WHPSHUDWXUH�ZDV�GURSSHG WR�ͶʹǤԨ DQG�WKH�HIILFLHQF\�IRXQG�WR�EH LPSURYHG�XS�WR�ͳ͵ǤͷΨǤϭϱ

5HMHE�HW�DO �>��@ SHUIRUPHG�DQ�H[SHULPHQWDO�DQG�QXPHULFDO�VWXG\�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�ϭϲ

D� SKRWRYROWDLF� WKHUPDO� �39�7�� QDQRIOXLG� EDVHG� FROOHFWRU�� 7KH UHVXOWV� LQGLFDWHG WKDW� XVLQJ�ϭϳ

&X�ZDWHU�QDQRIOXLGV�JLYHV�WKH�EHVW�WKHUPDO�DQG�HOHFWULFDO�HIILFLHQF\�FRPSDUHG�WR�ZDWHU��$XWKRUV�ϭϴ

IRXQG� WKDW� XVLQJ� FX�+�R� DV� D� FRRODQW� LQ� 39�7� FRXOG� JHQHUDWH� DQ� DQQXDO� WKHUPDO� DQG� HOHFWULFDO�ϭϵ

HQHUJ\�RI�ͻͳ DQG�ʹͺͷ ܹ݄݇Ȁ݉ଶ UHVSHFWLYHO\� +RZHYHU� Ͷͺͺ DQG�����ܹ݄݇Ȁ݉ଶ�� UHVSHFWLYHO\��ϮϬ

FDQ�EH�SURGXFHG�XVLQJ�ZDWHU DV�D�FRRODQW�Ϯϭ

+DVVDQL� HW� DO�>��@ SURSRVHG� D� QHZ� FDVFDGLQJ� QDQRIOXLG�EDVHG� 39�7� FRQILJXUDWLRQ� ZLWK� WZR�ϮϮ

VHSDUDWH�FKDQQHOV��ZKHUH�RQH�FKDQQHO�FRQWUROV�WKH�RSWLFDO�SURSHUWLHV�DQG�WKH�RWKHU�HQKDQFHV�KHDW�Ϯϯ

UHPRYDO�IURP�WKH�39�FHOOV�� ,Q�WKH�ILUVW�FKDQQHO� RSWLFDO�QDQRIOXLG�DFWV�DV�D� OLTXLG�RSWLFDO�EDQG�Ϯϰ

SDVV�ILOWHU�DERYH�WKH�39�FHOOV�ZKLOH�LQ�WKH VHFRQG FKDQQHO��WKHUPDO�QDQRIOXLG��UHPRYHV�KHDW�IURP�Ϯϱ

WKH�EDFN�RI�WKH�39�FHOOV��7KH�SURSRVHG�V\VWHP�KDV�EHHQ�VLPXODWHG�IRU�ERWK�*D$V� DQG�6L�EDVHG�Ϯϲ

39� FHOOV� DW� YDULRXV� FRQFHQWUDWLRQ� UDWLRV�� $FFRUGLQJ� WKH� REWDLQHG� UHVXOWV�� WKH� RYHUDOO� V\VWHP�Ϯϳ

HIILFLHQF\� ZLWK� *D$V� �DW� ܥ ൌ ͳͲ�� DQG� 6L� �DW� ܥ ൌ ͳͲͲ�� KDV� IRXQG� WR� EH� LPSURYHG� E\� Ϯϴ



ϳ

ͷǤͺΨ DQG  ͶǤΨǡ UHVSHFWLYHO\��E\�LQFUHDVLQJ�WKH�YROXPH�IUDFWLRQ�RI�WKH�WKHUPDO�QDQRIOXLG�IURP�ϭ

������WR������ ,W�KDV�WR�EH�QRWHG�WKDW�7(*�ZDV�QRW�XVHG�LQ�WKLV�FRQILJXUDWLRQ�Ϯ

%DVHG�RQ�WKH�OLWHUDWXUHV�VWXG\� WKH�K\EULG�39�7(*�V\VWHP�ZDV UHSRUWHG�LQ�VHYHUDO�ZRUNV��0RVW�ϯ

RI�WKHVH VWXGLHV�XVHG KHDW�VLQN�LQ�WKH�7(*¶V�FROG�VLGH�WR�FUHDWH�D�ODUJH�JUDGLHQW�RI�WHPSHUDWXUH�ϰ

DQG� LQWHQVLI\� WKH�KHDW� WUDQVIHU�EHWZHHQ� WKH�39�FHOOV�DQG� WKH�7(*�PRGXOH�� ,Q�RWKHU�ZRUGV� WKH�ϱ

KHDW�VLQN�LPSURYHV 39�FHOOV�FRROLQJ�DQG�7(*�SHUIRUPDQFH��+RZHYHU��WKH�UHPRYHG�KHDW�LQ�WKLV�ϲ

FDVH�LV�UHOHDVHG WR�WKH�HQYLURQPHQW��,Q�HQHUJ\�FRQYHUVLRQ�SRLQW�RI�YLHZ��WKLV�HQHUJ\�LV�ORVW�ZKLFK�ϳ

UHGXFHV WKH�RYHUDOO�HIILFLHQF\�RI�WKH�V\VWHP��0RUHRYHU��LQ�KHDW�WUDQVIHU�SRLQW�RI�YLHZ��KHDW�VLQN�ϴ

KDV� ORZHU� FRROLQJ� SRWHQWLDO� WKDQ� OLTXLGV�� 7KHUHIRUH�� LQ� WKH� SUHVHQW� SDSHU� D� QRYHO� GHVLJQ� RI�ϵ

QDQRIOXLG�EDVHG�39�7�7(*�K\EULG�V\VWHP�LV�SURSRVHG WR�XWLOL]H�WKH�ZDVWH�KHDW��7KXV��D�QDQRIOXLG�ϭϬ

EDVHG�FRRODQW�KDV�EHHQ�XVHG�LQVWHDG�RI�D KHDW�VLQN��$LP�RI�WKLV�DSSURDFK�LV�WR�ERRVW�ERWK�39�DQG�ϭϭ

7(*� SHUIRUPDQFH�� DQG� DW� WKH� VDPH� WLPH� XWLOL]LQJ� ZDVWH� KHDW LQ� WKH� IRUP� RI� XVHIXO� HQHUJ\��ϭϮ

2YHUDOO��WKLV�SDSHU�SUHVHQWV�D�ULJRURXV�VWXG\�RI�DQ�LPSURYHG�39�7�7(*�GHVLJQ��ZKLFK RSHQV�XS�ϭϯ

D�QHZ�DSSURDFK�IRU�K\EULG�VRODU�FROOHFWRUV�ϭϰ

����0HWKRGV�ϭϱ

7KH� GHVFULSWLRQ� RI� WKH� SK\VLFDO� 1&39�7�7(*� V\VWHP� SURSRVHG� LQ� WKLV� VWXG\ LV� SUHVHQWHG� LQ�ϭϲ

)LJ���G�� 7KH� RWKHU� WKUHH� FRQILJXUDWLRQV� DUH� SUHVHQWHG� LQ� )LJ� �� �D���F�� WR� FRPSDUH� WKH�ϭϳ

SHUIRUPDQFH�RI�SURSRVHG�QHZ�GHVLJQ��)LJ����G���ZKLFK�LV�WKH�IRFXVHG�RI�WKH�SUHVHQW�VWXG\�ϭϴ

7KH�FRPSRQHQWV�DQG�VSHFLILFDWLRQV�RI�WKH IRXU�FRQILJXUDWLRQV DUH�SUHVHQWHG�LQ�7DEOH���ϭϵ



ϴ

ϭ

)LJXUH��� 3K\VLFDO�GHVFULSWLRQ���D��FRQYHQWLRQDO�&39���E��&39�7(*�+6�K\EULG�V\VWHP���F��Ϯ

1&39�7�K\EULG�V\VWHP���G��SURSRVHG�1&39�7�7(*�K\EULG�V\VWHP�ϯ

7DEOH���ϰ

&KDUDFWHULVWLFV�RI�DOO�IRXU�FRQILJXUDWLRQVϱ

&39 &39�7(*�+6 1&39�7 1&39�7�7(*

&RQFHQWUDWRU� 9 9 9 9

&RYHU�JODVV� 9 9 9 9

39�PRGXOH� 9 9 9 9

&RQGXFWLYH�SODWH�� 9 9 9

7(*�JHQHUDWRU� 9 9

+HDW�VLQN 9

&RQGXFWLYH�SODWH�� 9 9

1DQRIOXLG�EDVHG�FRRODQW�� 9 9

&RQGXFWLYH�SODWH�� 9

,QVRODWLRQ� 9 9

ϲ

7KH�QHFHVVDU\�LQSXW�SDUDPHWHUV�LQYROYHG�LQ�WKLV�VWXG\�KDV�EHHQ�SUHVHQWHG�LQ�7DEOH���ϳ



ϵ

7DEOH��ϭ

,QSXW�SDUDPHWHUV�IRU�WKH�39�7�7(*Ϯ

3DUDPHWHU� 9DOXH�

ܣ ��P�

ܮ ��P

ܮ �����P

ܦ �������P

݁ ����P

௫߂ �����P

ߙ ����

௩ߙ �����

ߝ ���

௩ߝ ���

ܴ ����î����� Ȁܹܭ

ܶ ����.

ݏݓ ��P�V

ۦ �������NJ�V

Þ ݐݓ����������� Ψሻ

௧ߙ ���î����� 9�.

ܽ௧ �î����� P�

݊௧ �î����

௧ݎ ����î����� ݉ߗ

݈௧ ����î����� P

௧ܭ �����ܹȀ݉ܭ

ϯ

��� 0DWKHPDWLFDO�PRGHOV�ϰ

$� GHWDLOHG� QXPHULFDO� PRGHO� RI� WKH� SURSRVHG� QDQRIOXLG� EDVHG� 39�7�7(*� ZDV� GHYHORSHG WR�ϱ

LQYHVWLJDWH�LWV�SHUIRUPDQFH��7KXV��HTXDWLRQV�UHODWHG�WR�WKHUPDO�XQLW �L�H��QDQRIOXLG�FKDQQHO���39�ϲ

FHOOV�� DQG� 7(*� PRGXOHV� DUH� FRXSOHG� DQG� VROYHG� VLPXOWDQHRXVO\�� � $� V\VWHPDWLF� VWXG\� RI� WKH�ϳ



ϭϬ

VDOLHQW�RSHUDWLRQ�SDUDPHWHUV�DQG�WKH�SK\VLFDO�JHRPHWU\�ZHUH�VWXGLHG�WR�H[DPLQH�WKH�SHUIRUPDQFH�ϭ

RI�WKH�1&39�7�7(*�V\VWHP��Ϯ

������7KHUPDO�PRGHOϯ

7KH�WKHUPDO�ERXQGDU\�FRQGLWLRQV�IRU�HDFK�HOHPHQW�RI�WKH�SURSRVHG V\VWHP�DUH�SUHVHQWHG�LQ�)LJ�ϰ

�� 7KH�VRODU�UDGLDWLRQ�UHDFKHV�WKH�39�SDQHO�DIWHU�FURVVLQJ�WKH�&RYHU�*ODVV �&*���$�FRQGXFWLYH�ϱ

SODWH� WUDQVIHUV� WKH� KHDW� IURP� WKH� 39� SDQHO� WR� WKH� KRW� VLGH� RI� WKH� 7(*�� 7R� HQKDQFH� WKH� 7(*�ϲ

HIILFLHQF\��DQ�LQFUHDVH�RQ�WKH�JUDGLHQW�RI�WHPSHUDWXUH�EHWZHHQ�7(*�KRW�DQG�FROG�VLGH�LV�UHTXLUHG��ϳ

7KHUHIRUH��D� WKHUPDO�QDQRIOXLG�ZLWK KLJK�FRROLQJ�SHUIRUPDQFH�LV�SODFHG�LQ�D�FKDQQHO�XQGHU�WKH�ϴ

7(*�PRGXOH�ϵ

ϭϬ

ϭϭ

)LJXUH��� &RQILJXUDWLRQ�RI�WKH�SK\VLFDO�1&39�7�7(*�V\VWHPϭϮ

7KH�WKHUPDO�PRGHO�XVHG�LQ�WKLV�VWXG\�ZDV�GHULYHG�E\�DSSO\LQJ�WKH�ILUVW�ODZ�RI�WKHUPRG\QDPLFV�ϭϯ

�L�H��WKH�HQHUJ\�EDODQFH�HTXDWLRQ��IRU�HDFK�HOHPHQW�RI�WKH SURSRVHG�1&39�7�7(*�K\EULG�V\VWHP��ϭϰ

7KH�SUHVHQW�PRGHO�LV�EDVHG�RQ�WKH�SUHYLRXV�ZRUN�RI�+DVVDQL HW�DO��>��@��>��@��,W�KDV�WR�EH�QRWHG�ϭϱ

WKDW� LQ� +DVVDQL� HW� DO�¶V� PRGHOV�� 7(*� ZDV� QRW� LQFOXGHG�� 7KHUHIRUH�� WKLV� LV� WKH� QRYHOW\� RI� WKH�ϭϲ

SURSRVHG� PRGHO� WR� XWLOL]H� VRPH� RI� WKH� ZDVWH� KHDW� WR� LPSURYH� WKH� RYHUDOO� HIILFLHQFLHV� RI� WKH�ϭϳ

SURSRVHG�GHVLJQ��7KH�HQHUJ\�EDODQFH�HTXDWLRQ�LV�H[SUHVVHG�E\�(T������ϭϴ



ϭϭ

߲ܷ

ݐ߲
ൌ ሶܳ

 െ ሶܳ
௨௧  ሶܳ


���

ϭ

:KHUH� ߲ܷ ൗݐ߲ WKH�FKDQJH�LQ�WKH�LQWHUQDO�HQHUJ\� ሶܳ
 DQG� ሶܳ ௨௧ DUH�WKH�KHDW�WUDQVIHU�UDWH�LQWR�DQG�Ϯ

RXW�RI�WKH�V\VWHP� UHVSHFWLYHO\�� ሶܳ  LV�WKH�KHDW�JHQHUDWLRQ�UDWH�LQWR�WKH�V\VWHP�ϯ

7R� VLPSOLI\� WKH� WKHUPDO� PRGHO� XVHG� LQ� WKLV� VWXG\�� 7DEOH� � VXPPDUL]HV WKH� DVVXPSWLRQV�ϰ

FRQVLGHUHG�LQ�WKLV�VWXG\��ϱ

ϲ

ϳ

ϴ

7DEOH����ϵ

$VVXPSWLRQV�FRQVLGHUHG�LQ�WKLV�VWXG\��7DNHQ�IURP�>��@ϭϬ

$VVXPSWLRQV

� 6WHDG\�VWDWH

� 1RUPDO�LQFLGHQW�LUUDGLDWLRQ

� 8VHV�D�WKLQ��XQLIRUP�WHPSHUDWXUH�FRYHU�JODVV

� 7KHUPRSK\VLFDO�SURSHUWLHV�RI�WKH�IOXLGV�DUH�WHPSHUDWXUH�GHSHQGHQW�

� $OO�ZRUNLQJ�IOXLGV�UHPDLQV�OLTXLG�GXULQJ�RSHUDWLRQ�

� 7KHUPDO�HQHUJ\�LV�RQO\�WUDQVIHUUHG�LQ�WKH�IORZ�GLUHFWLRQ�

� &RYHU�JODVV��SODWH��DQG�DLU�JDSV�DUH�LQGHSHQGHQW�RI�WHPSHUDWXUH�

� (OHFWULFDO�SXPSLQJ�SRZHU�LV�FRQVLGHUHG�QHJOLJLEOH�GXH�WR�ORZ�PDVV�IORZ�UDWHV�

7KH� WHPSHUDWXUH� YDULDWLRQ� DORQJ� WKH� IORZ� GLUHFWLRQ� LV� DOVR� FRQVLGHUHG�� 7KHUHIRUH�� D� EDFNZDUG�ϭϭ

VFKHPH�IRU�WKH�VSDWLDO�FRRUGLQDWH��[��LV�DGRSWHG�WR�GLVFUHWL]H�WKH�GHULYHG�WKHUPDO�HQHUJ\�EDODQFH�ϭϮ

HTXDWLRQV�IRU�HDFK�HOHPHQW�RI�WKH�1&39�7�7(*�V\VWHP��7KH�UHVXOWLQJ�GLVFUHWL]HG�HTXDWLRQV�DUH�ϭϯ

VXPPDUL]HG�LQ�7DEOH���ϭϰ

ϭϱ

7DEOH���ϭϲ

(QHUJ\�EDODQFH�HTXDWLRQV�RI�WKH�1&39�7�7(*�V\VWHP�SUHVHQWHG�LQ�)LJ ��ϭϳ

݄ି ൫ ܶǡ െ ܶǡ൯  ି௩൫ݎ݄ ܶ௩ǡ െ ܶǡ൯  ܩܥߙ െ ݄ሺିሻ൫ ܶǡ െ ܶ൯ ൌ Ͳ ���



ϭϮ

௩ି൫ݎ݄ ܶ௩ǡ െ ܶǡ൯ െ ݄ି ൫ ܶǡ െ ܶǡ൯ ൌ Ͳ ���

߬ܥ න ௩ߙఒሺܩ

ଶǤହఓ
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���
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���
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െ

்ܶாீǡ െ ்ܶாீǡ

்ܴாீ
ൌ Ͳ

���
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െ
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���
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���
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ܴ
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െ
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ܴ
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ܶǡ െ ܶǡ

ܴ
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ϭ

������(OHFWULFDO�DQG�WKHUPDO�HIILFLHQFLHV PRGHOVϮ

7KH� RXWSXW� SRZHU� RI� WKH� 39�PRGXOH� DQG� WKH� 7(*� JHQHUDWRU� ܲ DQG� ்ܲாீ UHVSHFWLYHO\�� DUH�ϯ

GLUHFWO\� UHODWHG� WR� WKH� LQWHQVLW\� RI� VRODU� UDGLDWLRQ� DQG� WKH� FRROLQJ� UDWH�� 7KH�PD[LPDO� HOHFWULFDO�ϰ

SRZHU�JHQHUDWHG�E\�WKH�K\EULG�V\VWHP�1&39�7�7(*�LV�H[SUHVVHG�DV�EHORZ��ϱ

ுܲ ൌ ܲ  ்ܲாீ ����

ZKHUH� ܲ LV�WKH�HOHFWULFDO�HQHUJ\�JHQHUDWHG�E\�WKH�39�PRGXOH� ,W�FDQ�EH�H[SUHVVHG�DV�IROORZ�ϲ

ܲ௩ ൌ ߬ሺͳ െ ᇱሺߚ ܶ െ ܶሻሻ  ߣఒ݀ܩǡఒߟ
ఒ

Ǥଶ଼ ఓ
����

ZKHUH��߬ LV�WKH�FRYHU�JODVV�WUDQVPLWWDQFH�� ܶ ൌ ʹͻͺ ܭ DQG�WKH ǯߚ LV�WKH�WHPSHUDWXUH�FRHIILFLHQW��ϳ

ߣ LV� WKH� PD[LPXP� ZDYHOHQJWK� RI� WKH� IXOO� VRODU VSHFWUXP XS WR ʹǤͷ ��݉ߤ �ǡఒLVߟ WKH� VSHFWUDO�ϴ

HOHFWULFDO�HIILFLHQF\�RI�WKH�6L�39�FHOOV�DW����Û&����DQG�WDNHQ�IURP�UHI��>��@ϵ

7KXV�� WKH� HOHFWULFDO� HIILFLHQF\� RI� WKH� 39� FHOOV� IRU� GLIIHUHQW� FRQILJXUDWLRQV� DUH FDOFXODWHG� DV�ϭϬ

IROORZV EDVHG�RQ�>��@�ϭϭ

ߟ ൌ
ఛሺଵିఉ

ᇲሺ்ುೇି బ்ሻሻ ఎబǡഊீഊௗఒ
ഊ
బǤమఴ ഋ

ீ

�����



ϭϯ

7KH�37(* LV�WKH�HOHFWULFDO�HQHUJ\�JHQHUDWHG�E\�WKH�7(*�PRGXOH��DQG�LW�LV�GHWHUPLQHG�XVLQJ�(T��ϭ

�����Ϯ

்ܲாீ ൌ ்ܳாீǡ െ ்ܳாீǡ ����

ZKHUH� ்ܳாீǡ� ்ܳாீǡ DUH� WKH� WKHUPDO� HQHUJ\� DW� KRW� DQG� FROG� VLGH� RI� WKH� 7(*� JHQHUDWRU�ϯ

UHVSHFWLYHO\��்ܳாீǡ UHSUHVHQWV WKH� KHDW� UHFHLYHG� IURP� WKH� 39�PRGXOH�� 7KHVH� DUH� GHWHUPLQHG�ϰ

XVLQJ�WKH�IROORZLQJ�HTXDWLRQV�WDNHQ�IURP�UHIHUHQFH�>��@�ϱ

்ܳாீǡ ൌ ʹ݊௧ߙ௧ ௧ܶǡ  ʹ݊௧



ȟܶ െ

ଵ

ଶ
ଶʹ݊௧ܫ
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்ܳாீǡ ൌ ʹ݊௧ߙ௧ ௧ܶǡ  ʹ݊௧



ȟܶ 

ଵ

ଶ
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ZKHUH�� WKH� οܶ LV� WKH� WHPSHUDWXUH� JUDGLHQW�� 7KH� ௧ܶǡ DQG� ௧ܶǡ LV� WKH� KRW� DQG� FROG¶V� VLGH�ϲ

WHPSHUDWXUH� UHVSHFWLYHO\�� ܫ LV� WKH� FXUUHQW͕� ݊௧ LV� WKH� QXPEHUV� RI� 31� MXQFWLRQ�� ௧ߙ LV� WKH�ϳ

6HHEHFN�FRHIILFLHQW��݇௧LV�WKH�WKHUPDO�FRQGXFWLYLW\�RI�7(*��݈௧LV�WKH�OHQJWK�RI�7(*ݎ��௧ LV�WKH�ϴ

HOHFWULFDO�UHVLVWLYLW\�RI��3�RU�1�OHJ��DQG�ܽ௧ LV�WKH�&URVV�VHFWLRQDO�DUHD�RI��3�RU�1�MXQFWLRQ�ϵ

7KH�HOHFWULFDO�HIILFLHQF\�RI�7(*�JHQHUDWRU�LV�JLYHQ�DV�EHORZ�ϭϬ

ாீ்ߟ ൌ
ொಶಸǡିொಶಸǡ

ொಶಸǡ

����

$IWHU� GHWHUPLQLQJ� HIILFLHQF\� IRU� 39� DQG� 7(*�PRGXOH� WKH� HOHFWULFDO� HIILFLHQF\� RI� WKH� K\EULG�ϭϭ

V\VWHP�SURSRVHG�LQ�WKLV�VWXG\�FDQ�EH�FDOFXODWHG�DV�IROORZ�ϭϮ

ߟ ൌ
ುೇାಶಸ

ൈൈீ
����

7KH�WKHUPDO�HQHUJ\�HIILFLHQF\�RI�WKH�1&39�7�DQG�1&39�7�7(*�V\VWHP�FDQ�EH�JLYHQ�DV�EHORZ�ϭϯ

௧ߟ ൌ ሶ݉ 
ሺ ்ǡೠି்ǡሻ

ൈൈீ
����

ZKHUH� WKH� ሶ݉ LV� WKH� PDVV� IORZ� UDWH�� ܿ LV WKH� VSHFLILF� KHDW� RI� WKH� QDQRIOXLG�� ܥ LV� WKH� VRODU�ϭϰ

FRQFHQWUDWLRQܣ�� LV�WKH�FURVV�DUHD�DQGܩ� LV�WKH�VRODU�LUUDGLDWLRQ�ϭϱ

������'HWHUPLQDWLRQ RI�WKH�WKHUPDO�FRQGXFWLYLW\�RI�QDQRIOXLG�ϭϲ

,Q�WKH�SUHVHQW�VWXG\� FDUERQ�QDQRWXEH��&17��RI�GLDPHWHU����QP�VXVSHQGHG�LQ�ZDWHU�ZDV�FKRVHQ�ϭϳ

WR�EH�XVHG�DV�D�FRRODQW�LQ�WKH FRROLQJ FKDQQHO�IRU�WKH�1&39�7�WR�FRRO�GRZQ�WKH�39�FHOOV��DQG�LQ�ϭϴ



ϭϰ

1&39�7�7(*� FRQILJXUDWLRQ� WR� LPSURYH� WKH� KHDW� UHPRYDO� IURP� WKH� FROG� VLGH� RI� WKH� 7(*�ϭ

JHQHUDWRU��Ϯ

7R�RSWLPL]H�WKH�QDQRIOXLG�XVHG�DV�D�FRRODQW�IRU�ERWK�FRQILJXUDWLRQV�1&39�7�DQG�1&39�7�7(*��ϯ

D�FRUUHODWLRQ�GHYHORSHG�E\�+DVVDQL�HW�DO�>��@ ZDV�XVHG�WR�RSWLPL]H� WKH�WKHUPDO�FRQGXFWLYLW\�RI�ϰ

WKH� QDQRIOXLG�� 7KH� UHPDLQLQJ� WKHUPRSK\VLFDO� SURSHUWLHV� RI� QDQRIOXLGV� ZHUH� HVWLPDWHG� XVLQJ�ϱ

PDWKHPDWLFDO�PRGHOV�UHSRUWHG�LQ�UHI� >��@�ϲ

����� 2YHUDOO�H[HUJ\ DQDO\VLV�ϳ

(OHFWULFDO�DQG�WKHUPDO�HQHUJ\�KDYH�GLIIHUHQW�TXDOLW\�JUDGHV >��@��(OHFWULFDO�HQHUJ\�KDV�D TXDOLW\�ϴ

RI�H[HUJ\�VLPLODU�WR�LWV�HQHUJ\ DV HOHFWULFDO�HQHUJ\�LV�D�KLJK�JUDGH�HQHUJ\��+RZHYHU��WKH�DPRXQW�ϵ

RI�WKHUPDO�HQHUJ\�LV�ORZHU�WKDQ�LWV�H[HUJ\��7KH�RYHUDOO�HQHUJ\�HIILFLHQF\�DQDO\VLV�LV�QRW�HIIHFWLYH�ϭϬ

FRPSDUHG�WR��H[HUJ\�HIILFLHQF\�DQDO\VLV�>��@��7KLV�LV�GXH�WR�IDFW�WKDW��H[HUJ\�HIILFLHQF\�DQDO\VLV�ϭϭ

WDNHV�LQWR�FRQVLGHUDWLRQ�WKH�FRQFHSW�RI�HQHUJ\�TXDOLW\��7KHUHIRUH��H[HUJ\�DQDO\VLV�LV�FRQVLGHUHG�ϭϮ

LQ�WKLV�VWXG\��ϭϯ

7KH�H[HUJ\�HIILFLHQF\�IRU�HDFK FRQILJXUDWLRQ�FDQ�EH�JLYHQ�DV�IROORZ�ϭϰ

௫ߟ ൌ ߟ ����

(T������ LV�XVHG�IRU�&39�DQG�&39�7(*�+6�V\VWHPV WR�FDOFXODWH�H[HUJ\�HIILFLHQF\�ϭϱ

௫ߟ ൌ ߟ  ሺͳܭ െ బ்

்ǡೠ
ሻߟ௧ ����

(T������ LV�XVHG�WR�FDOFXODWH�H[HUJ\�HIILFLHQF\�IRU�1&39�7�>��@�ϭϲ

ϭϳ

௫ߟ ൌ ߟ  ሺͳܭ െ బ்

்ǡೠ
ሻߟ௧ ����

ZKHUH�ߟ� ൌ
ುೇାಶಸ

ீ
IRU�&39�7(*�+6�DQG�1&39�7�7(*ϭϴ

(T������ LV�XVHG WR�FDOFXODWH�H[HUJ\�HIILFLHQF\ IRU�1&39�7�7(*�ϭϵ

ϮϬ

���5HVXOWV�DQG�GLVFXVVLRQ�Ϯϭ

7KH� SURSRVHG�1&39�7�7(*� V\VWHP� LQ� WKLV� VWXG\� LV� DQ� HQKDQFHG� YHUVLRQ� RI� D� QDQRIOXLG�ϮϮ

EDVHG�FRRODQW�1&39�7�V\VWHP�UHSRUWHG� LQ� UHIHUHQFH� � >��@ E\� LQWHJUDWLQJ�D�7(*�PRGXOH� LQ� WKH�Ϯϯ

39�7� V\VWHP ZKLFK� LV� WKH� QRYHO� SDUW� RI� WKLV� ZRUN�� 7R� DVVHVV� WKH� WKHUPDO� DQG� HOHFWULFDO�Ϯϰ



ϭϱ

SHUIRUPDQFH� RI� WKH� SURSRVHG� V\VWHP�� D� FRPSDUDWLYH� VWXG\� ZDV FDUULHG� RXW ZLWK� RWKHU� ��ϭ

FRQILJXUDWLRQV� SUHVHQWHG� LQ� )LJ�� �� �D���F��� 7KXV�� WKH� SURSRVHG� V\VWHP� KDV� EHHQ� QXPHULFDOO\�Ϯ

LQYHVWLJDWHG�DORQJ�ZLWK�WKUHH RWKHU�FRQILJXUDWLRQV�QDPHO\��&39�VWDQG�DORQH��&39�7(*�+6��DQG�ϯ

1&39�7� K\EULG� V\VWHP�� 7KH� YDULDWLRQ� HIIHFW� RI� VRODU� FRQFHQWUDWLRQ�� ZLQG� VSHHG�� DPELHQW�ϰ

WHPSHUDWXUH�� PDVV� IORZ� UDWH�� DQG� YROXPH� IUDFWLRQ� RI� QDQRIOXLG� RQ� WKH� WKHUPDO� DQG� HOHFWULFDO�ϱ

SHUIRUPDQFH�ZDV FRQVLGHUHG��ϲ

ϳ

��� 7KH�YDULDWLRQ�LQ�DPELHQW WHPSHUDWXUH�ϴ

7KH�YDULDWLRQ�RI�DPELHQW�WHPSHUDWXUHV�FRXOG KDYH�D�GLUHFW�HIIHFW�RQ�WKH�SHUIRUPDQFH�RI�WKH�ϵ

DOO� IRXU� FRQILJXUDWLRQV�� 7KHUHIRUH�� WR� DQDO\]H� WKH� RXWSXW� SRZHU RI� WKH� IRXU� FRQILJXUDWLRQV�� DQ�ϭϬ

LQWHUYDO RI�DPELHQW�WHPSHUDWXUH�IURP�����&�WR�����&�ZDV VHW�DV�LQSXW�LQ�WKH�FRPSXWLQJ�DOJRULWKP��ϭϭ

7KH� REWDLQHG RXWSXW� SRZHU� RI� DOO� IRXU� FRQILJXUDWLRQ� ZLWK� WKH� YDULDWLRQ� RI� WHPSHUDWXUH� ZDV�ϭϮ

SUHVHQWHG�LQ�)LJ���ϭϯ

ϭϰ



ϭϲ

)LJXUH�����,PSDFW�RI�DPELHQW�WHPSHUDWXUH�YDULDWLRQ�RQ��D��39�HOHFWULFDO�SRZHU�RXWSXW���E��7(*�ϭ

HOHFWULFDO� SRZHU� RXWSXW�� �F�� RYHUDOO� HOHFWULFDO� SRZHU� RXWSXW� DQG� �G�� WKHUPDO� SRZHU� RXWSXW��7KH�Ϯ

GHSLFWHG�GDWD�DUH�FDOFXODWHG�XQGHU�WKH�IROORZLQJ�FRQGLWLRQV� ݏݓ ൌ ͳǤͷ ݉Ȁݏ ܥ� ൌ Ͷ�� ,Q�DGGLWLRQ��ϯ

IRU�1&39�7�DQG�1&39�7�7(*�WKH� ሶ݉  ������NJ�V� ߶ ൌ ͲǤͲͲͳ�ϰ

)URP�)LJ� ���LW�LV�REYLRXV�WKDW�WKH�LQFUHDVH�LQ�DPELHQW�WHPSHUDWXUH�KDV�DQ�LQYHUVH�HIIHFW�RQ�WKH�ϱ

39� HOHFWULFDO� SHUIRUPDQFH� IRU DOO� RI� WKH� VWXGLHG� FRQILJXUDWLRQV�� � 7KLV� SKHQRPHQRQ� LV� PRUH�ϲ

SURQRXQFHG�LQ�FDVH�RI�&39�DQG�&39�7(*�+6 DV�VKRZQ�LQ�)LJ���D� DQG��F���ZKLOH�WKH LQFUHDVH�ϳ

RQ�DPELHQW� WHPSHUDWXUH�KDV�VOLJKWO\�D�QHJOLJLEOH�HIIHFW� LQ�FDVH�RI�1&39�7�DQG�1&39�7�7(*��ϴ

7KLV� LV� GXH� WR� WKH� IDFW� WKDW� WKH� FRROLQJ� V\VWHP� LQ�1&39�7�DQG�1&39�7�7(*�SHUIRUPV�EHWWHU�ϵ

WKDQ� &39� DQG� &39�7(*�+6�� 7KLV� EHWWHU� SHUIRUPDQFH� LV� DOVR� GXH� WKH� KLJKHU� WKHUPDO�ϭϬ

FRQGXFWLYLW\� RI� &17� EDVHG� QDQRIOXLG� XVHG� LQ� 1&39�7� DQG� 1&39�7�7(*� V\VWHPV�� 'XH� WR�ϭϭ

KLJKHU�WKHUPDO�FRQGXFWLYLW\��KHDW�WUDQVIHU�RU�FRROLQJ�FDSDFLW\�LV�EHWWHU�WKDQ�RWKHU�FRROLQJ�V\VWHP�ϭϮ

)RU�7(*�PRGXOH�SHUIRUPDQFH��WKH�LQFUHDVH�LQ DPELHQW�WHPSHUDWXUH�KDV�EHHQ�IRXQG�SURSRUWLRQDO�ϭϯ

WR�WKH�HOHFWULFDO�RXWSXW�RI�WKH�7(*�PRGXOH�LQ�FDVH�RI��SURSRVHG�1&39�7�7(* V\VWHP� 7KLV�WUHQG�ϭϰ

LV�IRXQG�LQYHUVHO\ SURSRUWLRQDO�LQ�FDVH�RI�&39�7(*�+6�DV�VKRZQ�LQ�)LJ����E���7KLV�LV GXH�WR WKH�ϭϱ

LQFUHDVH� LQ� WHPSHUDWXUH� LQ� 7(*¶V� KRW� VLGH� DQG EHWWHU� FRROLQJ� SHUIRUPDQFH� HQVXUHG� E\� WKH�ϭϲ

QDQRIOXLG�WR�NHHS�WKH�7(*¶V�FROG�VLGH�WHPSHUDWXUH�FORVH�WR WKH�DPELHQW�WHPSHUDWXUH�OHDGLQJ�WR�D�ϭϳ

SRVLWLYH�LQFUHDVH�RQ�WKH�7(*¶V�JUDGLHQW�RI�WHPSHUDWXUH���7KLV�XQLTXH�EHQHILW�LV�PLVVLQJ�LQ�FDVH�RI�ϭϴ

&39�7(*�+6�GXH�WR�WKH�IDFW�WKDW�WKH�KHDW�VLQN�FDQQRW�EULQJ�WKH�7(*¶V�FROG�VLGH�ORZHU�WKDQ�WKH�ϭϵ

DPELHQW� WHPSHUDWXUH� EHFDXVH� WKH� ODWWHU� LV� XVLQJ� ZLQG� DQG� DPELHQW� WHPSHUDWXUH� �L�H�� KHDW�ϮϬ

FRQYHFWLRQ��DV�D�ERXQGDU\�FRQGLWLRQ�Ϯϭ

$OWKRXJK�WKH�39�HOHFWULFDO�RXWSXW� LQ�1&39�7�V\VWHP�LV�KLJKHU�WKDQ�1&39�7�7(*��WKH�RYHUDOO�ϮϮ

HOHFWULFDO� SHUIRUPDQFH� LQ� 1&39�7�7(*� RXWSHUIRUPV� WKDQ� DOO� RI� WKH� VWXGLHG� FRQILJXUDWLRQV� DV�Ϯϯ

GHSLFWHG�LQ�)LJ����F���,W�KDV�WR�EH�QRWHG�WKDW�WKH�7(*�PRGXOH�LQ�1&39�7�7(*�DFWV�OLNH�D�WKHUPDO�Ϯϰ

EDUULHU� ZKLFK� VORZ� GRZQ� WKH� FRROLQJ� SURFHVV� OHDGLQJ� WR� DQ� LQFUHDVH� LQ� 39� FHOOV� WHPSHUDWXUH��Ϯϱ

FRQVHTXHQWO\�WR�D�GHFUHDVH�LQ�WKHLU�HOHFWULFDO�HIILFLHQF\��Ϯϲ

:LWK� UHJDUG� WR WKH� WKHUPDO� SHUIRUPDQFH� RI� WKH� SURSRVHG� V\VWHP� 1&39�7�7(* DJDLQVW�Ϯϳ

1&39�7�� LW�FDQ�EH�VHHQ� IRUP�)LJ���G� WKDW�PRUH�XVHIXO�KHDW�KDV�EHHQ�FROOHFWHG� IURP�1&39�7Ϯϴ

WKDQ�1&39�7�7(*��7KLV� FDQ�EH� H[SODLQHG�E\� WKH� IDFW� WKDW� D� IUDFWLRQ�RI�KHDW� HQHUJ\� FROOHFWHG�Ϯϵ

IRUP�39�FHOOV� LQ�1&39�7�7(* ZDV� WXUQHG� LQWR�HOHFWULFDO�HQHUJ\�YLD� WKH�7(*�PRGXOH�DQG� WKH�ϯϬ



ϭϳ

UHPDLQLQJ�SRUWLRQ KDV�EHHQ�FDUULHG�RXW�E\�WKH�QDQRIOXLG��ZKLOH�WKH�DPRXQW�RI�KHDW�JHQHUDWHG�E\�ϭ

WKH�39�FHOOV�LQ�1&39�7 KDV�EHHQ�IXOO\�FROOHFWHG�E\�WKH�QDQRIOXLG�EDVHG�FRRODQW�Ϯ

��� 7KH�YDULDWLRQ�LQ�ZLQG�VSHHGϯ

6LPLODU�WR�DPELHQW�WHPSHUDWXUH��ZLQG�VSHHG�YDULDWLRQ�FDQ�DIIHFW�WKH�V\VWHP�SHUIRUPDQFH�HLWKHU�ϰ

QHJDWLYHO\�RU�SRVLWLYHO\��7KHUHIRUH��WKH�IRXU�FRQILJXUDWLRQV�ZLOO�EH�DQDO\]HG�XQGHU�DQ�LQWHUYDO�RI�ϱ

ZLQG�VSHHG�YDOXHV�IURP�ͳ �� Ͷ�Ȁ�� 7KH�REWDLQHG�UHVXOWV�DUH�GHSLFWHG�LQ�)LJ���ϲ

ϳ

)LJXUH��� ,PSDFW�RI�ZLQG�VSHHG�YDULDWLRQ�RQ��D��39�HOHFWULFDO�SRZHU�RXWSXW���E��7(*�HOHFWULFDO�ϴ

SRZHU�RXWSXW���F��RYHUDOO�HOHFWULFDO�SRZHU�RXWSXW�DQG��G��WKHUPDO�SRZHU�RXWSXW��7KH�GHSLFWHG�GDWD�ϵ

DUH�FDOFXODWHG�XQGHU�WKH�IROORZLQJ�FRQGLWLRQV�� ܶ ൌ ͵ͷǏܥ��ܥ ൌ Ͷ��,Q�DGGLWLRQ� IRU�1&39�7�DQG�ϭϬ

1&39�7�7(*�WKH� ሶ݉  ������NJ�V� ߶ ൌ ͲǤͲͲͳ�ϭϭ

,Q� FRQWUDVW� WR� WKH� DPELHQW� WHPSHUDWXUH�� ZLQG� VSHHG� KDV� D� SRVLWLYH� HIIHFW� RQ� WKH� HOHFWULFDO�ϭϮ

SHUIRUPDQFH�RI�39�FHOOV�IRU�DOO�WKH�VWXGLHG�FRQILJXUDWLRQV�DV�VKRZQ�LQ�)LJ����D���7KH�LQFUHDVH�LQϭϯ



ϭϴ

ZLQG�VSHHG�HQKDQFHV�WKH�7(*�HOHFWULFDO�RXWSXW�IRU�&39�7(*�+6�V\VWHP�DV�VKRZQ�LQ�)LJ����E��ϭ

EHFDXVH�WKH�ZLQG VSHHG LQ�WKLV�FDVH�LQWHQVLI\�WKH�KHDW�H[FKDQJH�LQ�WKH�KHDW�VLQN�ZKLFK�LPSURYHVϮ

LWV� FRROLQJ� SURFHVV� DQG� ORZHU� 7(*¶V� FROG� VLGH� WHPSHUDWXUH� HQVXULQJ� D� ODUJH� JUDGLHQW� RI�ϯ

WHPSHUDWXUH��+RZHYHU��WKLV�LV�QRW�WKH�FDVH�IRU�1&39�7�7(*�V\VWHP�ZKHUH�WKH�LQFUHDVH�LQ�ZLQG�ϰ

VSHHG� WXUQV� GRZQ� WKH� 7(*� HOHFWULFDO� HIILFLHQF\�� 7KLV� LVGXH� WR� WKH� IDFW� WKDW� WKH� ZLQG� VSHHG�ϱ

UHGXFHV�WKH�39�FHOOV�WHPSHUDWXUH�LQ�1&39�7�7(*�V\VWHP�ZKLFK�LV�WKH�PDLQ�VRXUFH�RI�KHDW�IRU�ϲ

WKH�7(*¶V�KRW�VLGH��ϳ

7KH�WKHUPDO�SHUIRUPDQFH�LQ�ERWK�FRQILJXUDWLRQV�1&39�7�DQG�1&39�7�7(*�KDV�EHHQ�QHJDWLYHO\�ϴ

DIIHFWHG� E\� WKH� LQFUHDVH� LQ� ZLQG� VSHHG� DV� VKRZQ� LQ� )LJ�� � �G�� 7KH� FRQYHFWLYH� KHDW� WUDQVIHU�ϵ

EHWZHHQ�WKH�V\VWHP�DQG�WKH�DPELHQW�KDV�EHHQ�LQWHQVLILHG�E\�LQFUHDVLQJ�WKH�ZLQG�VSHHG�OHDGLQJ�WR�ϭϬ

D�ORVV�RI�FRQVLGHUDEOH�DPRXQW�RI�XVHIXO�KHDW�WR�HQYLURQPHQW���7KLV�ILQGLQJ�LV�LQ�OLQH�ZLWK�VHYHUDO�ϭϭ

H[SHULPHQWDO�ZRUNV�UHSRUWHG�LQ�WKH�OLWHUDWXUH>��@���ϭϮ

$OWKRXJK�LQFUHDVLQJ�ZLQG�VSHHG�KDV�XQZDQWHG�HIIHFW�RQ�WKH�WKHUPDO�SHUIRUPDQFH�RI�WKH�SURSRVHG�ϭϯ

V\VWHP�� WKH RYHUDOO�HOHFWULFDO�RXWSXW�RI 1&39�7�7(*�RIIHUV� WKH�EHVW�SHUIRUPDQFH�FRPSDUHG� WR�ϭϰ

RWKHU�FRQILJXUDWLRQV DV�FDQ�EH��VHHQ�LQ )LJ����F��ϭϱ

�����%HQHILWV�RI�XVLQJ VRODU�FRQFHQWUDWRU�V\VWHPϭϲ

7KLV�VHFWLRQ�LV�GHYRWHG�LQ�LQYHVWLJDWLQJ�WKH�HIIHFW�RI�VRODU�FRQFHQWUDWLRQ�YDULDWLRQ RQ 39�FHOOV¶�ϭϳ

WHPSHUDWXUH� IRU� WKH� DOO� FDVH� FRQILJXUDWLRQV�� JUDGLHQW� RI� WHPSHUDWXUH� IRU� 7(*� PRGXOH� LQ�ϭϴ

&39�7(*�+6 DQG� 1&39�7�7(*� V\VWHPV�� DQG� QDQRIOXLG¶V� WHPSHUDWXUH� LQ� 1&39�7� DQG�ϭϵ

1&39�7�7(*�� 7KXV�� WKHVH� GLIIHUHQW� WHPSHUDWXUHV� KDYH� EHHQ� FDOFXODWHG� VROYLQJ� HTXDWLRQV�ϮϬ

SUHVHQWHG� LQ� 7DEOH� � XQGHU� WKH� IROORZLQJ� RSHUDWLQJ FRQGLWLRQV�� ܶ ൌ ͵Ͳͺ ݏݓ��ܭ ൌ ͳǤͷ ݉Ȁݏ��Ϯϭ

ͳ ൏ ܥ ൏ ͷ�� ሶ݉  ������NJ�V DQG�߶ ൌ ͲǤͲͲͳ��7KH�REWDLQHG�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH���ϮϮ

7DEOH���Ϯϯ

39�PRGXOH�DQG�ZRUNLQJ�IOXLG�WHPSHUDWXUHV�DW�YDULRXV�VRODU�FRQFHQWUDWLRQ UDWLR��&Ϯϰ

'HVLJQ� &39 &39�7(*�+6 1&39�7 1&39�7�7(*

& ܶ௩ ܶ௩ ܶ߂ ܶ௩ ܶ ܶ௩ ܶ߂ ܶ

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

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

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



ϭϵ

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

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

$V� LW� FDQ� EH� VHHQ� IURP� 7DEOH� ��� WKH� 39� PRGXOH� WHPSHUDWXUH� KDV� LQFUHDVHG ZKHQ� WKH� VRODU�ϭ

FRQFHQWUDWLRQ UDWLR�LV� LQFUHDVHG� ,W�FDQ�EH�VHH�DV�ZHOO� WKH�XVH�RI�7(*�PRGXOH�ZLWKRXW�HIIHFWLYH�Ϯ

FRROLQJ�V\VWHP�KDV�QHJDWLYH�HIIHFW�RQ�WKH�SHUIRUPDQFH�RI�WKH�39�FHOOV�LQ FDVH�RI�&39�7(*�+6ϯ

V\VWHP�� +RZHYHU�� E\� XVLQJ� QDQRIOXLG� LQ� 1&39�7�7(*� LQVWHDG� RI� KHDW� VLQN� WKH� 39� FHOOV¶�ϰ

WHPSHUDWXUH�KDV�EHHQ�UHGXFHG�E\�D�IDFWRU�RI�a�������DQG�����FRPSDUHG�WR�&39�7(*�+6 DQG�ϱ

&39��UHVSHFWLYHO\��ϲ

7KH� XVH� RI� VRODU� FRQFHQWUDWRU� WHFKQRORJ\� KHOSV� WR� PDJQLI\� WKH� LQFLGHQW� UDGLDWLRQ�� 7KH�ϳ

HOHFWULFDO�DQG�WKHUPDO�SHUIRUPDQFH�RI�WKH�SURSRVHG�V\VWHP DV�ZHOO�DV�RWKHU�WKUHH�FRQILJXUDWLRQVϴ

XQGHU�FRQFHQWUDWHG�VRODU�DSSURDFK�KDYH�EHHQ�DQDO\]HG��,W�FDQ�EH�VHHQ�IURP�)LJ� � WKDW�WKH�RYHUDOO�ϵ

V\VWHP�SHUIRUPDQFH��LQFOXGLQJ�39�FHOOV��7(*�PRGXOH��DQG�WKHUPDO�XQLW��ZDV�LPSURYHG�ZLWK�WKH�ϭϬ

LQFUHDVH LQ�VRODU�FRQFHQWUDWLRQ�UDWLR�� �$V�LW�FDQ�EH�VHHQ�IRUP�)LJ�����DW� ORZ�VRODU�FRQFHQWUDWLRQϭϭ

UDWLR� &��� DOO� WKH� FRQILJXUDWLRQV� GHPRQVWUDWHG� DOPRVW VLPLODU� HOHFWULFDO� DQG� WKHUPDO�ϭϮ

SHUIRUPDQFH�� +RZHYHU�� DW� ܥ ൌ ͷ�� WKH� 1&39�7� DQG� 1&39�7�7(*� SHUIRUPHG EHWWHU� WKDQ� WKH�ϭϯ

FRQYHQWLRQDO�FRQILJXUDWLRQV��)RU� LQVWDQFH�� WKH�HOHFWULFDO�RXWSXW� IURP�39�FHOOV� LQ &39�7(*�+6�ϭϰ

V\VWHP�UHDFKHG LWV�RSWLPDO�YDOXH�DWܥ� ൌ ͵��WKHQ�DQ\�LQFUHDVH�LQܥ�ǡ WKH�HOHFWULFDO�RXWSXW�RI�WKH�39�ϭϱ

PRGXOH�GURSV�GXH�WR�WKH�ORZ�SHUIRUPDQFH�RI�39�FHOOV�DW�KLJK�WHPSHUDWXUH��7KLV�LV�DOVR�GXH�WR�WKH�ϭϲ

IDFW�WKDW�7(*�PRGXOH�VORZV�GRZQ�WKH�KHDW�WUDQVIHU��DV�ZHOO�EHFDXVH�RI WKH�ORZ�FRROLQJ�HIILFLHQF\�ϭϳ

RI�WKH�KHDW�VLQN�SODFHG�XQGHU�WKH�7(*�PRGXOH��7KH�DSSURDFK�RI�XVLQJ�QDQRIOXLG�DV�D�FRRODQW�LQ�ϭϴ

1&39�7� DQG� 1&39�7�7(*� SUHYHQW� WKH� 39� FHOOV� WR� EH� KHDWHG� XS� HQVXULQJ� EHWWHU� HOHFWULFDO�ϭϵ

SHUIRUPDQFH� FRPSDUHG� WR� &39�DORQH� DQG� &39�7(*�+6�� ,Q� DGGLWLRQ�� IURP� WKH� )LJ�� ��E��� WKHϮϬ

HVWLPDWHG�SHUIRUPDQFH�RI�7(*�PRGXOH�LQ�1&39�7�7(* IRXQG�WR�EH�EHWWHU�WKDQ &39�7(*�+6�Ϯϭ

GXH�WKH�VDPH�UHDVRQ�ϮϮ



ϮϬ

ϭ

Ϯ

)LJXUH��� ,PSDFW�RI�VRODU�FRQFHQWUDWLRQ�YDULDWLRQ�RQ��D��39�HOHFWULFDO� SRZHU�RXWSXW�� �E��7(*�ϯ

HOHFWULFDO� SRZHU� RXWSXW�� �F�� RYHUDOO� HOHFWULFDO� SRZHU� RXWSXW� DQG� �G�� WKHUPDO� SRZHU� RXWSXW��7KH�ϰ

GHSLFWHG� GDWD� DUH� FDOFXODWHG� XQGHU� WKH� IROORZLQJ� FRQGLWLRQ�� ܶ ൌ ͵ͷǏݏݓ��ܥ ൌ ͳǤͷ ݉Ȁݏǡ�� ,Q�ϱ

DGGLWLRQ� IRU�1&39�7�DQG�1&39�7�7(*�WKH ሶ݉  ������NJ�V� ߶ ൌ ͲǤͲͲͳ�ϲ

7KH� WKHUPDO� SHUIRUPDQFH� RI� WKH� SURSRVHG� V\VWHP� KDV� EHHQ� IRXQG� URXJKO\� VLPLODU� WR� WKDW� LQ�ϳ

1&39�7�V\VWHP�DW�ORZ�VRODU�FRQFHQWUDWLRQ UDWLR��DQG�VOLJKWO\�ORZHU�DWܥ� ൌ Ͷ RQZDUG�ϴ

2YHUDOO�� XVLQJ� VRODU� FRQFHQWUDWLRQ��7(*�PRGXOH�� DQG� QDQRIOXLG� EDVHG� FRRODQW� LQ� WKH� SURSRVHG�ϵ

V\VWHP�KHOSV�WR�RSWLPL]H�HOHFWULFDO�HQHUJ\ IRU�ERWK 7(*�PRGXOH�DQG�39�FHOOV�FRPSDUHG�WR�RWKHU�ϭϬ

FRQILJXUDWLRQV��DV�VKRZQ�LQ�)LJ��� �F��ϭϭ

�����,PSDFW�RI�1DQRIOXLG�SDUDPHWHUVϭϮ



Ϯϭ

$IWHU LQYHVWLJDWLQJ�WKH�HIIHFW�RI YDULDWLRQ�RI�WKH�DPELHQW�FRQGLWLRQV� LQFOXGLQJ� WHPSHUDWXUH��ZLQG�ϭ

VSHHG� DQG� VRODU� UDGLDWLRQ� LQWHQVLW\�� WKH� QH[W� FDVH� VWXG\ LV WR DQDO\]H WKH HIIHFW� RI� QDQRIOXLG�Ϯ

SDUDPHWHUV� VXFK� DV� PDVV� IORZ� UDWH� DQG� YROXPH� IUDFWLRQ� RQ� WKH� HOHFWULFDO� DQG� WKHUPDO�ϯ

SHUIRUPDQFH�RI�WKH�SUHVHQW�1&39�7�7(*�DJDLQVW 1&39�7�FRQILJXUDWLRQ��ϰ

�������0DVV�IORZ�UDWHϱ

7KH�PDVV�IORZ�UDWH�LV�D�NH\�SDUDPHWHU�IRU�WKH�SHUIRUPDQFH�LQYHVWLJDWLRQ�RI�WKH�SURSRVHG�ϲ

FRQILJXUDWLRQ��*HQHUDOO\��WKH�RSWLPXP�YDOXH�RI�PDVV�IORZ�UDWH�GHSHQGV�RQ�WKH�GHVLUHG�RXWSXW�RI�ϳ

WKH� V\VWHP�� ,Q� WKLV� VHFWLRQ�� WKHUPDO� DQG� HOHFWULFDO� UHVSRQVH� RI� WKH� SURSRVHG� V\VWHP� GXH� WR�ϴ

YDULDWLRQ�RI�PDVV�IORZ�UDWH�KDV�EHHQ�FDUULHG�RXW��,W�FDQ�EH�VHHQ�IURP�)LJ�� �D� WKDW�WKH�LQFUHDVH�LQ�ϵ

PDVV�IORZ�UDWH�RI�QDQRIOXLG�KDV�D�SRVLWLYH�HIIHFW�RQ�WKH�HOHFWULFDO�SRZHU RXWSXW�IRU�ERWK�1&39�7�ϭϬ

DQG�1&39�7�7(* V\VWHP��0RUHRYHU�� WKHUPDO� RXWSXW� SHUIRUPDQFH� KDV� EHHQ� LPSURYHG� DV�ZHOO�ϭϭ

ZKHQ�PDVV� IORZ� UDWH� LV� LQFUHDVHG��7KLV� LV� GXH� WR� WKH� HQKDQFHG� WKHUPDO� SURSHUWLHV� RI� WKH�&17�ϭϮ

QDQRIOXLG�ϭϯ

ϭϰ

)LJXUH��� ,PSDFW�RI�0DVV� IORZ�UDWH�RQ� �D��HOHFWULFDO�SRZHU��E�� WKHUPDO�SRZHU�IRU� WKH�SK\VLFDO�ϭϱ

FRQILJXUDWLRQ� 1&39�7� DQG� 1&39�7�7(*�� XQGHU� WKH� IROORZLQJ� FRQGLWLRQ�� ݏݓ ൌ ͳǤͷ ݉Ȁݏ ��ϭϲ

ܶ ൌ ͵ͷǏܥ� ߶ ൌ ͲǤͲͲͳǡ ܥ ൌ Ͷ�ϭϳ

,QWHJUDWLQJ�D�7(*�PRGXOH�LQWR WKH�1&397�7�7(*�V\VWHP��RYHUDOO�HOHFWULFDO�SRZHU�RXWSXW IRXQG�ϭϴ

WR� EH� LPSURYHG FRPSDUHG� WR� 1&397�7� V\VWHP�� 'HVSLWH� WKH� WKHUPDO� RXWSHUIRUPDQFH� LQ�ϭϵ

1&397�7��WKH�DGGLWLRQDO�HOHFWULFDO�JDLQ�JHQHUDWHG�LQ�1&397�7�7(*�LV�PRUH�YDOXDEOH�WKDQ�H[WUD�ϮϬ



ϮϮ

WKHUPDO� HQHUJ\� LQ�1&397�7� V\VWHP��7KLV� LV� GXH� WR� WKH� IDFW� WKDW� WKHUPDO� HQHUJ\� LV� ORZ� JUDGH�ϭ

HQHUJ\�WKDQ�HOHFWULFDO�HQHUJ\��Ϯ

������ 9ROXPH�IUDFWLRQ�LPSDFWϯ

7KH�FRROLQJ�SHUIRUPDQFH�RI�WKH�QDQRIOXLG�FRRODQW�GHSHQG�RQ�PDVV�IORZ�UDWH��QDQRSDUWLFOH�ϰ

FRQFHQWUDWLRQ��DQG�WKHUPRSK\VLFDO�SURSHUWLHV�RI�WKH�EDVH�IOXLG��ϱ

7R�LQYHVWLJDWH�WKH�HIIHFW�RI�WKH�YROXPH�IUDFWLRQ�RQ�WKH�RYHUDOO�HOHFWULFDO�DQG�WKHUPDO�ϲ

SHUIRUPDQFHV�RI�WKH�1&39�7�7(*�K\EULG�V\VWHP��D�QXPHULFDO�VLPXODWLRQ�RI�YROXPH�IUDFWLRQ�ϳ

YDULDWLRQ�RI�WKH�WKHUPDO�QDQRIOXLG�FRRODQW�KDV�EHHQ�FRQGXFWHG��7KH�REWDLQHG�RXWSXW�SHUIRUPDQFH�ϴ

DUH�VKRZQ�LQ�)LJ���ϵ

ϭϬ

)LJXUH ��� ,PSDFW�RI�YROXPH�IUDFWLRQ�RQ��D��HOHFWULFDO�SRZHU��E��WKHUPDO�SRZHU�IRU�WKH�SK\VLFDO�ϭϭ

FRQILJXUDWLRQ� 1&39�7� DQG� 1&39�7�7(*�� XQGHU� WKH� FRQGLWLRQ�ݏݓ� ൌ ͳǤͷ ݉Ȁݏǡ ܶ ൌ ͵ͷǏܥǡϭϮ

ሶ݉  ������NJ�V�� ܥ ൌ Ͷ�ϭϯ

$V�LW�FDQ�EH�VHHQ�IURP�)LJ��� LQFUHDVLQJ�WKH�YROXPH�IUDFWLRQ�RI�QDQRSDUWLFOH�UHVXOWV�LQ�D�SRVLWLYH�ϭϰ

HIIHFW� RQ� ERWK� HOHFWULFDO� DQG� WKHUPDO� SHUIRUPDQFH�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW� LQFUHDVLQJ� WKH�ϭϱ

YROXPH�IUDFWLRQ�RI�QDQRSDUWLFOHV�LPSURYHV WKH�WKHUPDO�FRQGXFWLYLW\ RI�WKH�QDQRIOXLG��OHDGLQJ�WR�D�ϭϲ

EDWWHU� KHDW� WUDQVIHU� FRHIILFLHQW� EHWZHHQ� WKH� QDQRIOXLG� DQG� WKH� 7(*� PRGXOH�� +RZHYHU�� WKH�ϭϳ



Ϯϯ

LQFUHDVH� LQ� YROXPH� IUDFWLRQ� EH\RQG� DQ� RSWLPDO� YDOXH� ZLOO� UHVXOWV� LQ� LQFUHDVH� RI� G\QDPLF�ϭ

YLVFRVLW\��FRQVHTXHQWO\� WKH�SXPSLQJ�SRZHU� LQFUHDVH�ZKLFK� UHGXFHV� WKH�RYHUDOO�SHUIRUPDQFH RI�Ϯ

WKH� V\VWHP��7KHUHIRUH�� LQ� WKLV� VWXG\ WKH� YDOXH� RI� YROXPH� IUDFWLRQ� KDV� EHHQ� OLPLWHG� WR� ����� WR�ϯ

DYRLG�SXPSLQJ�SRZHU�SHQDOW\��ϰ

�����([HUJ\�SHUIRUPDQFHϱ

7KH� H[HUJ\� DQDO\VLV� KDV� UHYHDOHG� WKDW� WKH� 1&39�7�7(*� K\EULG� V\VWHP� SHUIRUPV� EDWWHU� WKDQ�ϲ

RWKHU� FRQILJXUDWLRQV�� ,W� KDV� WR� EH� QRWHG� WKDW� WKH� GDLO\� H[HUJ\� LQ� 1&39�7�7(*� DQG� 1&39�7�ϳ

V\VWHP�LV�D�FRPELQDWLRQ�RI�HOHFWULFDO�DQG�WKHUPDO�H[HUJ\��,Q�DGGLWLRQ��WKH�GDLO\�H[HUJ\�IRU�WKH�DOO�ϴ

FRQILJXUDWLRQV KDV�EHHQ�FDOFXODWHG�EDVHG�RQ�IRXU�RSHUDWLQJ�KRXUV�XQGHU�D�VRODU�UDGLDWLRQ�RI����ϵ

ܹȀ݉ଶ��DPELHQW�WHPSHUDWXUH�RI ͵ͷǏܥ��DQG�ZLQG�VSHHG�RI�ͳǤͷ݉Ȁ��7ݏKHVH�DPELHQW�FRQGLWLRQV DUH�ϭϬ

FORVH�WR�WKRVH�RI�D�WURSLFDO�UHJLRQ�LQ�6RXWKHDVW�$VLD�ϭϭ

ϭϮ

)LJXUH��� 'DLO\ H[HUJ\�IRU�WKH�IRUWK�FRQILJXUDWLRQV�ϭϯ

)URP�)LJ����LW�FDQ�EH�VHHQ�WKDW�WKH�GDLO\�H[HUJ\�LQFUHDVHV�ZKHQ�WKH�VRODU�FRQFHQWUDWLRQ�LQFUHDVHV�ϭϰ

IRU� DOO� WKH� FRQILJXUDWLRQV�� 7KH� 1&39�7�7(*� K\EULG� V\VWHP� JHQHUDWHV� WKH� KLJKHVW DPRXQW� RI�ϭϱ

GDLO\ H[HUJ\ DJDLQVW� RWKHU� FRQYHQWLRQDO WHFKQRORJLHV�� ,Q� LQVWDQFH�� DW� ܥ ൌ ͷ WKH� WRWDO� H[HUJ\�ϭϲ

SURGXFHG� LQ� 1&39�7�7(*� KDV� EHHQ� IRXQG� WR� EH ʹ͵Ͳʹ ܹ݄Ǥ 7KLV� LQFOXGH� ͳʹͶͲ ܹ݄ IRUP� 39�ϭϳ

PRGXOH��͵ͳ ܹ݄ IRUP�7(*��DQG�Ͷ͵ܹ݄ IURP�WKHUPDO�QDQRIOXLG��,W�KDV�WR�EH�QRWHG�WKDW�WR�NHHS�ϭϴ



Ϯϰ

WKH�QDQRIOXLGV�DW�OLTXLG�VWDWH�IRU�WKH�FRQILJXUDWLRQV 1&39�7 DQG�1&39�7�7(*��WKH�FRQFHUWDWLRQϭ

UDWLR &�PXVW�UHPDLQ�ORZHU�WKDQ����Ϯ

7KH�RSWLPDO�RSHUDWLQJ�&� LQ�&39�DQG�&39�7(*�+6� V\VWHP� LV� GHILQHG�DFFRUGLQJ� WR�PD[LPXP�ϯ

SRZHU�FRXOG�EH�GHOLYHUHG E\�WKH�39�FHOOV��7KLV�LV�WR�VD\��DQ\�LQFUHDVH RI�&�DERYH��� WKH�RXWSXW�ϰ

SRZHU�ZLOO�GURS�GXH�WR�39�FHOOV�WHPSHUDWXUH� 7KLV�OLPLWDWLRQ�KDV�EHHQ�HDVLO\ DYRLGHG�LQ�1&39�7�ϱ

DQG�IXUWKHU�LQ�1&39�7�7(*�V\VWHPV GXH�WR�&17�EDVHG�HIIHFWLYH QDQRIOXLG�FRROLQJ�V\VWHP�XVHG�ϲ

LQ�ERWK K\EULG�V\VWHPV���ϳ

7KH�HQJLQHHULQJ�VROXWLRQ E\�FRPELQLQJ�7(*�DQG�QDQRIOXLG�LQ�1&39�7�7(*�V\VWHP�KDV�UHVXOWHG�ϴ

LQ�EHWWHU�HQHUJ\�SHUIRUPDQFH WKDQ�RWKHU�FRQILJXUDWLRQV��+RZHYHU��RQH�FDQ QRWH WKDW�WKH�DPRXQW�ϵ

RI�HOHFWULFDO�SRZHU�JHQHUDWHG�E\�WKH�7(*�PRGXOH�LV�YHU\�ORZ GXH�WR�WKH�XVDJH�RI�D�FRPPHUFLDOϭϬ

7(*�PRGXOH�ZKLFK KDV�YHU\�OLPLWHG�SHUIRUPDQFH�FRPSDUHG�WR� WKH�ODE�VFDOH�7(* PRGXOH��7KH�ϭϭ

ODWWHU KDV�EHWWHU�HIILFLHQF\� EXW�QRW�DIIRUGDEOH�IRU�HYHU\RQH��:LWK�WKH�WHFKQRORJLFDO�SURJUHVV� WKH�ϭϮ

IXWXUH�7(*�ZLOO�RIIHU�EHWWHU�FRQYHUVLRQ�UDWH�WKDQ�WKH�FXUUHQW�7(*�DYDLODEOH LQ�WKH�PDUNHW��7KXV��ϭϯ

LQWHJUDWLQJ DQ�DGYDQFH�7(*�PRGXOH�LQ�WKH�SURSRVHG�GHVLJQ�RI�1&39�7�7(*�K\EULG�V\VWHP�ZLOO�ϭϰ

UHVXOW�LQ�PRUH�GDLO\�H[HUJ\�SURGXFWLRQ��ϭϱ

���&RQFOXVLRQϭϲ

,Q�WKLV�VWXG\��D�QRYHO�GHVLJQ�RI�D�QDQRIOXLG�EDVHG�&39�7�7(*�K\EULG�V\VWHP�LV�SURSRVHG�WR�ϭϳ

LPSURYH VRODU HQHUJ\�FRQYHUVLRQ� UDWH��7KH�7(*�KHOSV� WR�PD[LPL]H� WKH�HOHFWULFDO�HQHUJ\ RI� WKH�ϭϴ

SURSRVHG� FRQILJXUDWLRQ� DQG QDQRIOXLG�EDVHG� FKDQQHO� LV� GHVLJQHG� WR� DFW� DV� D� FRRODQW� XQGHU� WKH�ϭϵ

7(*�PRGXOH�DQG�FROOHFW�XVHIXO�HQHUJ\�LQ�WKH�IRUP�RI�KHDW��7KH�DQDO\WLFDO�DQDO\VLV�RI�1&39�7�ϮϬ

7(*�V\VWHP�KDV�FRQILUPHG WKH�RYHUDOO�SHUIRUPDQFH�DGYDQWDJHV�RI�FRPELQLQJ�7(*�WHFKQRORJ\�Ϯϭ

ZLWK�39�FHOOV�XVLQJ�QDQRIOXLG�DV�D�FRROLQJ�VWUDWHJ\�ϮϮ

7KH�PDLQ�FRQFOXVLRQV�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�SUHVHQW�VWXG\�DUH�VXPPDUL]HG�DV�IROORZV�Ϯϯ

D� ,Q� WKH�&39�7(*�+6 V\VWHP�FRQILJXUDWLRQ��D�GHJUDGDWLRQ� LQ� WKH�RYHUDOO�SHUIRUPDQFH�RI�Ϯϰ

WKH�39�FHOO�KDV�EHHQ�LGHQWLILHG��7KLV� LV�GXH�WR WKHUPDO�EDUULHU�FDXVHG�E\� WKH�7(*�PRGXOH��DQG�Ϯϱ

OLPLWDWLRQ� LQ� WKH� FRROLQJ� SRZHU� RI� KHDW� VLQN�� :KHUHDV� WKH� QDQRIOXLG�EDVHG� FRRODQW� LQ� WKH�Ϯϲ

1&39�7�7(*�V\VWHP� UHGXFHG WKH�QHJDWLYH� LPSDFW�RI� WKH�7(*�RQ� WKH�39�FHOO� DQG� DFKLHYHG� D�Ϯϳ

VLJQLILFDQW� JUDGLHQW� RI� WHPSHUDWXUH� OHDGLQJ� WR PD[LPL]H� WKH� RYHUDOO� HOHFWULFDO� HQHUJ\� RI� WKH�Ϯϴ

V\VWHP�Ϯϵ



Ϯϱ

E� ,W�ZDV�IRXQG�WKDW�LQ�1&39�7�7(*�FRQILJXUDWLRQ WKH�HOHFWULFDO�SHUIRUPDQFH�LV�KLJKHU�E\�ϭ

a������a�������DQG�a������ DJDLQVW�1&39�7��&39�DQG�&39�7(*�+6 V\VWHPV��UHVSHFWLYHO\��Ϯ

+RZHYHU��WKH�RYHUDOO�WKHUPDO�HQHUJ\�RI�WKH�1&39�7�7(*�ZDV�IRXQG�ORZHU�E\�̱͵Ψ FRPSDUHG�ϯ

ZLWK�1&39�7 V\VWHP��ϰ

F� 7KH� 1&39�7�7(*� FRQILJXUDWLRQ KDV� EHHQ� IRXQG� WR� EH� DEOH� WR� SURGXFH ʹǤ͵ ܹ݄݇ RI�ϱ

H[HUJ\� GDLO\�� ZKHUHDV� ͲǤͻ ǡ ͲǤͺͶ DQG� ʹǤͳ ܹ݄݇ RI� GDLO\ H[HUJ\� ZDV� REWDLQHG LQ� FDVHV� RI�ϲ

FRQYHQWLRQDO�&39��&39�7(*�+6��DQG�1&39�7� UHVSHFWLYHO\�ϳ

G� %DVHG�RQ WKH� UHVXOWV�RI� WKH�SUHVHQW� VWXG\� LW�ZDV� IRXQG� WKDW� WKH�XVH�RI�QDQRIOXLG�EDVHG�ϴ

FRRODQW DSSURDFK� SURYLGHV� D�EHWWHU� RSWLRQ� WR� FRQWURO� WKH� HQHUJ\�SURGXFWLRQ� �L�H�� HOHFWULFDO� DQG�ϵ

WKHUPDO�HQHUJ\�LQ�WKH�1&39�7�7(*��E\�DGMXVWLQJ�WKH�QDQRIOXLG�SDUDPHWHUV��L�H��PDVV�IORZ�UDWH�ϭϬ

DQG�YROXPH�IUDFWLRQ���FRPSDUHG�WR�RWKHU FRROLQJ�SURFHVV�ϭϭ

ϭϮ

7R�VXP�XS��D�QRYHO�QDQRIOXLG�EDVHG�&39�7�FRPELQHG�ZLWK�D� WKHUPRHOHFWULF�JHQHUDWRU�KDVϭϯ

EHHQ�GHYHORSHG�DQG�DQDO\]HG��$FFRUGLQJ� WR� LWV�RXWVWDQGLQJ�SHUIRUPDQFH�� LW� LV�EHOLHYHG� WKDW� WKH�ϭϰ

SUHVHQW� SURSRVHG� 1&39�7�7(*� K\EULG� V\VWHP� FRXOG� EH� RQH� RI� WKH� EHVW� UHQHZDEOH� HQHUJ\�ϭϱ

WHFKQRORJ\ VROXWLRQ� WR� SURPRWH� WKH� FRQFHSW� RI� VXVWDLQDEOH� GHYHORSPHQW� VPDUW� FLW\�� DQG� WR�ϭϲ

HOHFWULI\�UHJLRQV�ZKHUH�WKHLU�FRQQHFWLRQ�WR�JULG�LV�HFRQRPLFDOO\�QRW�IHDVLEOH�ϭϳ

ϭϴ

$FNQRZOHGJPHQW�ϭϵ

7KH� DXWKRUV ZRXOG� OLNH� WR� JUDWHIXOO\� DFNQRZOHGJH� WKH� IXQGLQJ� VXSSRUW� SURYLGHG� E\ 8QLYHUVLWL�ϮϬ

7HNQLNDO�0DOD\VLD�0HODND� XQGHU� 3-3������).(�+,��6������ $EGHOKDN� /HNELU� ZRXOG� OLNH� WR�Ϯϭ

WKDQN� 8QLYHUVLWL� 7HNQLNDO� 0DOD\VLD� 0HODND� IRU� SURYLGLQJ� 3K'� VFKRODUVKLS� XQGHU� WKH� 87H0�ϮϮ

=DPDODK�6FKHPH�Ϯϯ

Ϯϰ

$SSHQGL[Ϯϱ

$OO�WKH�FRHIILFLHQWV�DQG�SDUDPHWHUV�XVHG�LQ WKH�SUHVHQW�SDSHU�VXPPDUL]HG�LQ�WKLV�DSSHQGL[�Ϯϲ
݄ሺିሻ ൌ ݄ି  ݄ି �$������

݄ି ൌ
ఙఌሺ ்

రି ೞ்ೖ
ర ሻ

்ି்ೌ 

�$���

ZKHUH� ௦ܶ௬ LV�WKH�VN\¶V�WHPSHUDWXUH�HYDOXDWHG�XVLQJ�'DJXHQHW¶V�IRUPXOD��>��@Ϯϳ

௦ܶ௬ ൌ ሾ ܶ
ସ ሺͳ െ ͲǤʹͳ ���ሺെǤ ൈ ͳͲିସሺ ܶ െ ʹ͵ʹሻଶሻሻሿǤଶହ �$���



Ϯϲ

݄ି ൌ
ே௨షೌೌ



�$���

7KH�1XVVHOW�QXPEHU�LV�FDOFXODWHG�XVLQJ�WKH�FRUUHODWLRQ�SURSRVHG�E\�6SDUURZ�HW�DO��>��@ϭ
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