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$FLG�DQG�(Q]\PDWLF�+\GURO\VLV�WR�5HFRYHU�5HGXFLQJ�6XJDUV�IURP�&DVVDYD�%DJDVVH��DQ�(FRQRPLF�6WXG\
$GHQLVH� /RUHQFL� :RLFLHFKRZVNL��� 6DXO� 1LWVFKH��� $VKRN� 3DQGH\� DQG &DUORV� 5LFDUGR�6RFFRO��/DERUDWyULR� GH� 3URFHVVRV� %LRWHFQROyJLFRV�� 'HSDUWDPHQWR� GH� (QJHQKDULD� 4XtPLFD�� &HQWUR� 3ROLWpFQLFR�� &��3�������� ����������� &XULWLED� � 35� � %UD]LO�� � �%LRWHFKQRORJ\� 'LYLVLRQ�� 5HJLRQDO� 5HVHDUFK� /DERUDWRU\�� &6,5��7ULYDQGUXP�� ���������,QGLD

$%675$&7
7KH�REMHFWLYH�RI� WKLV�ZRUN�ZDV� WR�VWXG\� WKH�DFLG�DQG�HQ]\PDWLF�K\GURO\VLV�RI�FDVVDYD�EDJDVVH� IRU� WKH�UHFRYHU\�RI�UHGXFLQJ� VXJDUV� DQG� WR� HVWDEOLVK� WKH� RSHUDWLRQDO� FRVWV�� $� VWDWLVWLFDO� SURJUDP� ³6WDWLVWLFD´�� EDVHG� RQ� WKH� VXUIDFH�UHVSRQVH�ZDV�XVHG�WR�RSWLPL]H� WKH�UHFRYHU\�RI�UHGXFLQJ�VXJDUV�LQ�ERWK�WKH�SURFHVVHV��7KH�SURFHVV�HFRQRPLFV�ZDV�GHWHUPLQHG�FRQVLGHULQJ� WKH�YDOXHV�RI� UHGXFLQJ�VXJDUV�REWDLQHG�DW� ODERUDWRU\�VFDOH��DQG� WKH�RSHUDWLRQV�FRVWV�RI�D�F\OLQGULFDO�UHDFWRU�RI������/��ZLWK�IODW�ZDOOV�DW�WKH�WRS�DQG�ERWWRP��7KH�UHDFWRU�ZDV�RSHUDWHG�ZLWK�����NJ�RI�FDVVDYD�EDJDVVH�DQG������NJ�RI�ZDWHU��7KH�\LHOG�RI�WKH�DFLG�K\GURO\VLV�ZDV������J�RI�UHGXFLQJ�VXJDUV�IURP�����J�RI�FDVVDYD�EDJDVVH� FRQWDLQLQJ� ���� VWDUFK�� ,W� UHSUHVHQWHG� ������ RI� UHGXFLQJ� VXJDU� UHFRYHU\�� 7KH� \LHOG� RI� WKH� HQ]\PDWLF�K\GURO\VLV�ZDV� ����� J� RI� UHGXFLQJ� VXJDUV� IURP� ���� J� RI� FDVVDYD� EDJDVVH��ZKLFK� UHSUHVHQWHG� ������RI� UHGXFLQJ�VXJDUV�UHFRYHU\��&RQFHUQLQJ�WR�WKH�WLPH��D�EDWFK�RI�DFLG�K\GURO\VLV�UHTXLUHG����PLQXWHV��SOXV�WKH�WLPH�WR�KHDW�DQG�FRRO�WKH�UHDFWRU��DQG�D�EDWFK�RI�WKH�HQ]\PDWLF�K\GURO\VLV�QHHGHG����KRXUV�DQG����PLQXWHV��SOXV�WKH�WLPH�WR�KHDW�DQG�WR�FRRO�WKH�UHDFWRU��7KXV��WKH�DFLG�K\GURO\VLV�RI�����NJ�RI�FDVVDYD�EDJDVVH�UHTXLUHG�86���������DQG�WKH�HQ]\PDWLF�K\GURO\VLV�RI�WKH�VDPH�DPRXQW�RI�FDVVDYD�EDJDVVH�UHTXLUHG�86�����������
.H\�ZRUGV��&DVVDYD�EDJDVVH��K\GURO\VLV��DFLG��HQ]\PH��UHGXFLQJ�VXJDUV��HFRQRPLFV

 $XWKRU�IRU�FRUUHVSRQGHQFH

,1752'8&7,21
&DVVDYD� �0DQLRFD� HVFXOHQWD� &UDQW]�� LV� D� SODQW�FXOWLYDWHG�LQ�WURSLFDO�FRXQWULHV��%UD]LO�LV�RQH�RI�WKH�ODUJHVW�SURGXFHUV�RI�FDVVDYD�LQ�WKH�ZRUOG��2QH�SDUW�RI� FDVVDYD� SURGXFWLRQ� LQ�%UD]LO� LV� XVHG� WR� REWDLQ�WKH�FDVVDYD�IORXU��RU�XVHG�GLUHFWO\�DV�PHDO�DQG�WKH�RWKHU�SDUW�LV�SURFHVVHG�WR�REWDLQ�VWDUFK�� ,QGXVWULHV�WKDW�SURGXFH�VWDUFK�IURP�WKH�FDVVDYD�URRWV�JHQHUDWH�GDLO\�WKRXVDQGV�RI�WRQV�RI�FDVVDYD�EDJDVVH�DV�VROLG�ZDVWH� RI� WKH� SURFHVV�� ,W� LV� FRPSRVHG� EDVLFDOO\� RI�ILEHUV� DQG� UHVLGXDO� VWDUFK� WKDW� ZDV� QRW� H[WUDFWHG�

IURP� WKH� FDVVDYD� WXEHUV�� &DVVDYD� EDJDVVH� LV�JHQHUDOO\�GLVSRVHG�LQ�WKH�VXUURXQGLQJ�HQYLURQPHQW�RI� WKH� SURFHVVLQJ� XQLWV��+RZHYHU�� GXH� WR� LWV� KLJK�RUJDQLF� PDWHULDO� FRQWHQW� DQG� LW¶V� KLJK�ELRGHJUDGDELOLW\�� LW� FRXOG� FDXVH� VHULRXV�HQYLURQPHQWDO�SROOXWLRQ��3DQGH\�HW�DO����������������6WDUFK� LV� D� SRO\PHU RI� JOXFRVH� DQG� FRQWDLQV�DP\ORVH�DQG�DP\ORSHFWLQ�DV�EXLOGLQJ�EORFNV��7KH�K\GURO\VLV�RI�WKH�VWDUFK�SUHVHQW�LQ�FDVVDYD�EDJDVVH�SURGXFHV� D� EURWK� ZLWK� DYDLODEOH� UHGXFLQJ� VXJDUV��FKLHIO\�JOXFRVH��ZKLFK�FRXOG�EH�GLUHFWO\�IHUPHQWHG�E\�PLFURUJDQLVPV��%REELR�DQG�%R EELR��������
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'XH�WR�ULFKQHVV�LQ�RUJDQLF�PDWWHU��EDVLFDOO\�VWDUFK��FDVVDYD� EDJDVVH� FRXOG� EH� LQ� LGHDO� VXEVWUDWH� IRU�ELRWHFKQRORJLFDO� SURFHVVHV� ZKHUH� WKH� REMHFWLYH�FRXOG�EH� WR�SURGXFH�PHWDEROLWHV�ZLWK�FRPPHUFLDO�YDOXH�� &DVVDYD� EDJDVVH� FDQ� EH� XVHG� GLUHFWO\� LQ�VROLG�VWDWH� IHUPHQWDWLRQ�� RU� LQ� VXEPHUJHG�IHUPHQWDWLRQ� DIWHU� K\GURO\VLV�� 7DEOH� �� VKRZV� WKH�UDQJH� RI� YDULDWLRQ� RI� LWV� SK\VLFR �FKHPLFDO�FRQWHQWV�
7DEOH� �� � 3K\VLFR�FKHPLFDO� FRPSRVLWLRQ� RI� FDVVDYD�EDJDVVH��J�����J�GU\�ZHLJKW�&RPSRQHQW 5DQJH�RI�FRQWHQW+XPLGLW\ �����± ����3URWHLQ �����± ����/LSLGV �����± ����)LEEHUV ������± �����$VK �����± ����&DUERK\GUDWHV ������± �����6RXUFH���3DQGH\�HW�DO�������
9DULRXV� ELRWHFKQRORJLFDO� SURFHVVHV�� ZKLFK�LQYROYHG� WKH�XVH�RI� FDVVDYD�EDJDVVH�DV� VXEVWUDWHV�LQFOXGH� SURGXFWLRQ� RI� HGLEOH� PXVKURRPV� �%HX[������� 7RQLDO�� ������� HQ]\PHV� DQG�� RUJDQLF� DFLGV�VXFK�DV�FLWULF�DFLG��.ROLFKHVNL��������IXPiULF�DFLG��&DUWD��������6RFFRO���������ODFWLF�DFLG��6RFFRO�HW�DO�������D������E���HWF��$QRWKHU�DSSURDFK�WR�XWLOL]H�FDVVDYD�EDJDVVH� LQYROYHV� LWV�K\GURO\]H� WR�FRQYHUW�VWDUFK� SUHVHQW� LQ� LW� LQWR� UHGXFLQJ� VXJDUV� �PDLQO\�JOXFRVH��� DQG� WKHQ� XVHV� LW� LQ� VXEPHUJHG�IHUPHQWDWLRQ�WR�SURGXFH�PHWDEROLWHV���������������7R�REWDLQ�UHGXFLQJ�VXJDUV�IURP�FDVVDYD�EDJDVVH��LW�PXVW�KDYH�D�WKHUPDO�K\GUR O\WLF�WUHDWPHQW�ZLWK�DFLG�RU� HQ]\PH�� 7KH� DFLG� RU� HQ]\PDWLF� K\GURO\VLV� RI�FDVVDYD�EDJDVVH�SURGXFHV�WZR�IUDFWLRQV��RQH�OLTXLG�FRPSRVHG� RI� VROXEOH� VXJDUV� IURP� WKH� VWDUFK�K\GURO\VLV� �EDVLFDOO\� JOXFRVH��� DQG� RQH� VROLG�IUDFWLRQ� FRPSRVHG� RI� LQVROXEOH� FHOOXORVH� DQ G�ILEHUV��7KH� REMHFWLYH� RI� WKLV� ZRUN� ZDV� WR� FRPSDUH� WKH�UHFRYHU\�RI�UHGXFLQJ�VXJDUV�IURP�FDVVDYD�EDJDVVH�XVLQJ� WZR� GLIIHUHQW� K\GURO\VLV�PHWKRGV�� DQG� DOVR�WR� FRPSDUH� WKH� FRVW� HFRQRPLFV� RI� ERWK� WKH�PHWKRGV�RI�K\GURO\VLV��
0$7(5,$/6�$1'�0(7+2'6
7KH� SK\VLFDO� FRQGLWLRQV� IRU� DFLG� DQG� HQ]\PDWLF�K\GURO\VLV�ZHUH� RSWLPL]HG� XVLQJ� DQ� H[SHULPHQWDO�IDFWRULDO� GHVLJQ��ZKHUH� WKH� UHVSRQVH�YDULDEOH�ZDV�

WKH� UHGXFLQJ� VXJDUV� FRQFHQWUDWLRQ�� 7KH� UHVSRQVH�GDWD� ZHUH� DQDO\]HG� XVLQJ� WKH� VWDWLVWLFDO� SURJUDP�³6WDWLVWLFD´�EDVHG�RQ�WKH�UHVSRQVH�VXUIDFH��
$FLG�+\GURO\VLV��$FLG�K\GURO\VLV�ZDV�SHUIRUPHG�XVLQJ� K\GURFKORULF� DFLG� DW� ����� ���� DQG� �����FRQFHQWUDWLRQV��&DVVDYD�EDJDVVH� LQ� DFLG�VROXWLRQV�ZDV� VXEPLWWHG� WR� D� WKHUPDO� WUHDWPHQW� DW� GLIIHUHQW�WHPSHUDWXUHV� ����������DQG����q&�� IRU�������DQG����PLQXWHV��7KH�WHVWV�ZHUH�PDGH�LQ�����P/�IODVNV��XVLQJ���J�RI�FDVVDYD�EDJDVVH�DQG��� P/�RI�WKH�DFLG�VROXWLRQ��
(Q]\PDWLF�+\GURO\VLV��7R�SHUIRUP�WKH�HQ]\PDWLF�K\GURO\VLV�� WKH� VWDUFK� SUHVHQW� LQ� WKH� FDVVDYD�EDJDVVH� ZDV� SUH�JHODWLQL]HG� E\� KHDWLQJ� DW� ���q&�IRU� ��� PLQ�� 7KH� HQ]\PDWLF� K\GURO\VLV� ZDV�SHUIRUPHG�LQ�WZR�VWHSV��7KH�ILUVW��XVLQJ� D �DP\ODVH��7HUPDP\O� ���/�1RYR�1RUGLVN��� DQG� WKH� VHFRQG�XVLQJ� DP\ORJOXFRVLGDVH� �$0*� ���/�1RYR�1RUGLVN��� 7KH� RSWLPDO� S+�� UHDFWLRQ� WLPH��WHPSHUDWXUH�DQG�WKH�HQ]\PH�FRQFHQWUD WLRQ�RI�ERWK�WKH�VWHSV�ZHUH�GHWHUPLQHG�XVLQJ� WKH�H[SHULPHQWDO�IDFWRULDO�GHVLJQ��$IWHU�WKH�K\GURO\VLV��WKH�HQ]\PHV�ZHUH� LQDFWLYDWHG� ZLWK� KHDW� IRU� ��� PLQXWHV� DW����q&�� 7KH� WHVWV� ZHUH� PDGH� LQ� ���� P/� IODVNV��XVLQJ���J�RI�FDVVDYD�EDJDVVH��DQG����P/�RI�ZDWHU�ZLWK�WKH�DSSURSULDWH�HQ]\PH��&DUWD���������
5HGXFLQJ� 6XJDU� $QDO\VLV�� 7KH� UHGXFLQJ� VXJDUV�UHFRYHUHG�IURP�WKH�FDVVDYD�EDJDVVH�ZDV�DQDO\]HG�E\� 6RPRJ\L�1HOVRQ� PHWKRG� �1HOVRQ�� ������6RPRJ\L��������6RPRJ\L��������
(QHUJ\� &RVWV� 7KH� HQHUJ\� FRVWV� RI� ERWK� WKH�SURFHVVHV��YL]��DFLG�DQG�HQ]\PDWLF�K\GURO\VLV�ZHUH�GRQH� FRQVLGHULQJ� WKH� UHGXFLQJ� VXJDUV� UHFRYHUHG�GXULQJ�WKH�RSWLPL]DWLRQ�VWXGLHV��DQG�D�VFDOH �XS�LQ�D�UHDFWRU� RI� ����� /�� 7KH� K\GURO\VLV� FRVWV� ZHUH�FDOFXODWHG� FRQVLGHULQJ� WKH� HQHUJ\� DQG� WKH�FKHPLFDOV�QHFHVVDU\�IRU�ERWK�WKH�SURFHVVHV�
5HDFWRU� $� F\OLQGULFDO� VWDLQOHVV� VWHHO� UHDFWRU�������/��ZLWK�WKHUPDO�LQVXODWLRQ�DQG�MDFNHW�KHDWHG�ZDV�XVHG��,WV�GLDPHWHU�ZDV�����P��KHLJKW��/�������P�� �ZRUNLQJ� KHLJKW� ���� P�� DQG� LQVXODWLRQ�WKLFNQHVV��'[� ������P�RI�JODVV�ZRRO�
+HDW� 1HHGHG� IRU� WKH� 3URFHVVHV�� ,Q� RUGHU� WR�FRPSDUH�WKH�KHDW�QHFHVVDU\�E\�ERWK�WKH�PHWKRGV�RI�K\GURO\VLV�� WKH� KHDW� QHFHVVDU\� WR� LQFUHDVH� WKH�WHPSHUDWXUH� DQG� WKH�KHDW�QHFHVVDU\� WR�PDLQWDLQ� LW�
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GXULQJ� HDFK� VWHS� RI� WKH� ERWK� SURFHVVHV� ZDV�FDOFXODWHG�DV�GHVFULEHG�E\�+ROPDQ��������
+HDW�WR�LQFUHDVH�WKH�WHPSHUDWXUH�RI�WKH�DTXHRXV�PHGLXP�ZLWK�FDVVDYD�EDJDVVH��
4� �P�FS�'7:KHUHP  ������.J�������RI�FDVVDYD�EDJDVVH� �����NJ�������RI�ZDWHU� ������NJ��FS  � ���� N-�NJq&� o ���[����� N-�NJ� �FDVVDYD�EDJDVVH�������[�����N-�NJ��ZDWHU���'7  � WHPSHUDWXUH� YDULDWLRQ� GHSHQGLQJ� RQ� WKH�SURFHVV�VWHS�
+HDW� WR� PDLQWDLQ� WKH� WHPSHUDWXUH�  � KHDW� ORVW�GXULQJ� WKH� SURFHVVHV��+HUH� WKH� KHDW� ORVW� E\� IUHH�FRQYHFWLRQ�WKRXJK�WKH�F\OLQGULFDO�ZDOO�DQG�WKURXJK�WKH� SODQ�ZDOO� DW� WKH� WRS� DQG� DW� WKH� ERWWRP�RI WKH�UHDFWRU�ZDV�FRQVLGHUHG�
D��7KURXJK�WKH�F\OLQGULFDO�ZDOO��+ROPDQ�������
4� �8��$RXW '77KH�JOREDO�FRHIILFLHQW�RI�WKHUPDO�H[FKDQJH�IRU�WKH�F\OLQGULFDO�ZDOO�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQ�8 ���>$RXW�$LQKLQ ��$RXWOQ��URXW�ULQ���S./������KDU@��7KH� ILUVW� WHUP� ZDV� UHODWHG� WR� WKH� FRQYHFWLRQ�LQVLGH� WKH� UHDFWRU�� 7R� GHWHUPLQH� WKH� PHGLXP�SDUDPHWHUV��ZDWHU�ZDV�FRQVLGHUHG�KLQ  1X����.LQ���'.LQ  �������:�P�.��)RU�UHDFWRU�KHDW�ZLWK�FRLO�1X� �������5H���� 3U�����5H� �1�'�U�P �'RUDQ������1� ������USP��U  ������NJ�P��P  ��������� NJ�PV3U� ��������ZDWHU����q &�����������
���7KH�VHFRQG�WHUP�ZDV�UHODWHG�WR�WKH�LQVXODWLRQ�RI�UHDFWRU�ZDOO�$RXW  ������P�URXW�ULQ  ������P����P.JODVV�ZRRO  �������:�P�.
��� 7KH� WKLUG� WHUP� ZDV� UHODWHG� WR� WKH� FRQYHFWLRQ�RXWVLGH�WKH�UHDFWRUKRXW  �1X���.DLU ��'RXW'RXW  �������P

.DLU  ��������:�P�.��)RU�F\OLQGULFDO�ZDOO�1X� ��&��*U���3U�P:KHUH��&��P  �FRQVWDQWV�IRU�WKH�V\VWHP�*U� �J�E�7VXUIDFH � 7f��/� ��X��J  �����P�V�E  ���7VXUIDFH  ������� .��7VXUIDFH  FRQVLGHUHG���q&� �����.7f  ���q&� �����.X  ���������±� P��V�3U� ������IRU�WKH�DLU�*U�3U�  � ������� o 7DEOH�� &�  � ������ P�  � �����+ROPDQQ�������
E�� 7KURXJK� WKH� WRS� DQG� ERWWRP� IODW� ZDOOV�+ROPDQ������
4� �8��$RXW ' 77KH�JOREDO�FRHIILFLHQW�RI�WKHUPDO�H [FKDQJH�IRU�WRS�DQG� ERWWRP� IODW� ZDOOV� ZDV� FDOFXODWHG� XVLQJ� WKH�IROORZLQJ�H[SUHVVLRQ�8� ��>'[�NLVRODQW ����KRXW@��� 7KH� ILUVW� WHUP� ZDV� UHODWHG� WR� WKH� FRQGXFWLRQ�WKURXJK�WKH�LQVXODWLRQ�ZDOOV�.LVRODQW  �������:�P�.
���7KH�VHFRQG� WHUP�ZDV�UHODWHG� WR� WKH�FR QYHFWLRQ�RXW�VLGH�WKH�UHDFWRU�KRXW  �1X���NRXW ��01X� �&��*U�3U�P0� �FKDUDFWHULVWLF�PHDVXUH� �����'� ����*U  �DV�DERYH3U  �DV�DERYH*U�3U  � ����� �����o 7DEOH�� &  � ����� P�  � �����+ROPDQQ������
��� $V� KLQ !!!!� KRXW WKH� WHUP� UHODWHG� WR� WKH�FRQYHFWLRQ� LQVLGH� WKH� UHDFWRU�ZDV� QRW� FRQVLGHUHG�IRU�SODLQ�ZDOO��
7RWDO�KHDW�WR�PDLQWDLQ�WKH�WHPSHUDWXUH�GXULQJ�WKH� SURFHVVHV��7KH� WRWDO� KHDW� QHFHVVDU\� IRU� WKH�SURFHVVHV� ZDV� FDOFXODWHG� FRQVLGHULQJ� WKH� WLPH� RI�HDFK�VWHS�RI�WKH�SURFHVV�
4W  �4���W
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7DEOH� �� VKRZV� WKH� SK\VLFR�FKHPLFDO�FKDUDFWHULVWLFV�RI�WKH�FDVVDYD�EDJDVVH�XVHG�LQ�WKLV�ZRUN�� ZKLFK� KDV� LQ� JHQHUDO� PDWFKLQJ� ZLWK� WKRVH�UHSRUWHG�E\�3DQGH\�HW�DO � ���������
7DEOH� �� � 3K\VLFR�FKHPLFDO� FRPSRVLWLRQ� RI� FDVVDYD�EDJDVVH��J�����J�GU\�ZHLJKW�&RPSRQHQW J�����J+XPLGLW\ ����3URWHLQ ����/LSLGV ����)LEEHUV �����$VK ����6WDUFK �����
$FLG�+\GURO\VLV��)LJXUHV� �� DQG��� VKRZ� WKH�GDWD�REWDLQHG� ZLWK� FDVVDYD� EDJDVVH� K\GURO\VLV� XVLQJ�DFLG�� (YLGHQWO\� EHVW� DFLG� K\GURO\VLV� FRQGLWLRQV�ZHUH�� K\GURFKORULF� DFLG� FRQFHQWUDWLRQ� RI� ����

UHDFWLRQ� WLPH� RI� ��� PLQXWHV�� DQG� WHPSHUDWXUH� RI����q&�� ZKLFK� UHVXOWHG� ����� J� RI� UHGXFLQJ� VXJDUV�IURP� ���� J� RI� FDVVDYD� EDJDVVH� 7KLV� YDOXH�UHSUHVHQWHG�������RI�UHFRYHU\�RI�UHGXFLQJ�VXJDUV�IURP�WKH�VWDUFK�DYDLODEOH�LQ�FDVVDYD EDJDVVH��
(Q]\PDWLF� +\GURO\VLV��$FFRUGLQJ� WR� &DUWD� �������LQ�HQ]\PDWLF�K\GURO\VLV�RI�FDVVDYD�EDJDVVH��ILUVWO\�VWDUFK�PXVW� EH� JHODWLQL]HG� DW� ���q&� IRU� ���PLQXWHV�%HVW�UHDFWLRQ�FRQGLWLRQV�IRU�WKH�K\GURO\VLV�ZHUH�E\�XVLQJ�����P/�RI�WKH�D �DP\ODVH��7HUPDP\O ���/�J�VWDUFK��DW�S+�����IRU���KRXU�DW���q&���,Q�WKH�VHFRQG�VWHS�� ���� P/� RI� WKH� DP\ORJOXFRVLGDVH� �$0*����/��J�RI�VWDUFK�DW�S+�����ZDV�XVHG�IRU����KRXUV�DW���q&��7KH�ODVW�VWHS�FRQVLVWHG�RI�LQDFWLYDWLQJ�WKH�HQ]\PHV�E\�LQFUHDVLQJ�WKH�UHDFWLRQ�WHPSHUDWXUH�WR����q&� IRU� ��� PLQXWHV�� +LJKHVW� UHGXFLQJ� VXJDUV�YDOXH�REWDLQHG�ZDV������J�IURP�����J�RI�FDVVDYD��7KLV�YDOXH�UHSUHVHQWHG�������UHFRYHU\�RI�UHGXFLQJ�VXJDUV�

)LJXUH��� � 5HGXFLQJ�6XJDU� UHFRYHUHG� IURP� WKH�FDVVDYD�EDJDVVH�� DW� WKH�DFLG�K\GURO\VLV�� DFFRUGLQJ� WR� WKH� WLPH�DQG�WHPSHUDWXUH�XVHG�

����������������������������������������������������������������������������������������������������������DERYH
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)LJXUH��� � 5HGXFLQJ�VXJDUV� UHFRYHUHG�IURP�WKH�FDVVDYD�EDJDVVH�E\�DFLG�K\GURO\VLV��DFFRUGLQJ� WR�FRQFHQWUDWLRQ�RI�K\GURFKORULF�DFLG�DQG�WHPSHUDWXUH�XVHG�
(QHUJ\�&RVWV�IRU�WKH�$FLG�+\GURO\VLV�
(QHUJ\� WR� KHDW� WKH� PDWHULDO� IURP� ��q&��HQYLURQPHQW�WHPSHUDWXUH�FRQVLGHUHG��WR���� q&� �����0-««�����+HDW�ORVW�WR�WKH�HQYLURQPHQW� �����-�V+\GURO\VLV�WLPH� ����PLQXWHV� �����V7RWDO�ORVW�KHDW �����N- ««������7RWDO�KHDW�UHTXLUHG� �������0-����««�� ���������7KH�WRWDO�HQHUJ\�QHFHVVDU\�WR�WKH�FDVVDYD�EDJDVVH�DFLG�K\GURO\VLV�ZDV�������N:K�
(QHUJ\�&RVWV�IRU�WKH�(Q]\PDWLF�+\GURO\VLV�*HODWLQL]DWLRQ(QHUJ\� WR� KHDW� WKH�PDWHULDO� IURP� ��� WR� ��� q&�  �����0-««����+HDW�ORVW�WR�WKH�HQYLURQPHQW� �����-�V+\GURO\VLV�WLPH�����PLQXWHV� ����� V7RWDO�KHDW�ORVW� �������N««�����7RWDO�KHDW�UHTXLUHG� �������0-����««� ���������
+\GURO\VLV�ZLWK�7HUPDP\O�����/�����qq&�+HDW�ORVW�WR�WKH�HQYLURQPHQW� �����-�V����«��� ���+\GURO\VLV�WLPH� ����PLQXWHV� ������V7RWDO�KHDW�ORVW� ������N-���«�����7RWDO�KHDW�UHTXLUHG� ������N-�����««�����������

+\GURO\VLV�ZLWK�$0*�����/�����qq�+HDW�ORVW�WR�WKH�HQYLURQPHQW� ����-�V��«�����+\GURO\VLV�WLPH� ����K� ��������V7RWDO�KHDW�ORVW� ����0-���«�����7RWDO�KHDW�UHTXLUHG� ����0-��«�� ���������
(Q]\PH�LQDFWLYDWLRQ��(QHUJ\� WR� KHDW� WKH�PDWHULDO� IURP� ��� WR� ��� q&�  �����0-��«������+HDW�ORVW�WR�WKH�HQYLURQPHQW� �����-�V,QDFWLYDWLRQ�WLPH� ����PLQ� �����V7RWDO�KHDW�ORVW� �����N-��«�����7RWDO�KHDW�UHTXLUHG� �������0-��«�� ���������7RWDO� HQHUJ\� QHFHVVDU\� WR� WKH� FDVVDYD� EDJDVVH�HQ]\PDWLF�K\GURO\VLV�ZDV�������0-� �������N:K�
&RQVLGHULQJ� WKH� FRVWV� LQ� HQHUJ\�� WKH� PRVW�DGYDQWDJHRXV�SURFHVV� WR�XVH�IRU� WKH�K\GURO\VLV�RI�WKH� UHVLGXDO� VWDUFK�SUHVHQW� DW� WKH� FDVVDYD�EDJDVVH�ZDV�WKH�DFLG�RQH��7KH�HQHUJ\�FRQVXPSWLRQ�IRU�WKH�HQ]\PDWLF�K\GURO\VLV�ZDV���������PRUH�H[SHQVLYH�WKHQ�WKH�DFLG�K\GURO\VLV��DOWKRXJK�WKH�UHDFWRU�ZDV�ZHOO�LQVXODWHG��:KLOH� GRLQJ� WKHVH� FRPSDULVRQV�� WKH� HTXLSPHQW�FRVW� ZDV� QRW� FRQVLGHUHG�� DV� LW� ZDV� WKH� VDPH� IRU�ERWK�WKH�SURFHVVHV��
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&RVWV�RI�WKH�FKHPLFDO�FRPSRQHQWV�IRU�WKH�$FLG�DQG�(Q]\PH�+\GURO\VLV�RI�FDVVDYD�EDJDVVH������NJ��
7DEOHV� �� DQG� �� VKRZ� WKH� FRVWV� RI� WKH� FKHPLFDO�FRPSRQHQWV� RI� DFLG� DQG� HQ]\PH� K\GURO\VLV� IRU� D�EDWFK� �FRQVLGHULQJ� WKH� VSHFLILF� ZHLJKW� RI�K\GURFKORULF�DFLG� �������J�/�DQG�HQ]\PH�VSHFLILF�ZHLJKW� �����J�/���UHVSHFWLYHO\��
7DEOH���� 3ULFH�DQG�FKHPLFDOV�IRU�WKH�DFLG�K\GURO\VLV�RI�����NJ�RI�FDVVDYD�EDJDVVH3URGXFW &RQF��� $PRXQW.J 3ULFH86� 7RWDO�3ULFH+&O �� ����� ��� �����1D2+ ��� ����� ���� �����7RWDO �����
7DEOH� �� � &RVW� RI� FKHPLFDOV� IRU� WKH� HQ]\PDWLF�K\GURO\VLV�RI�����NJ�RI�FDVVDYD�EDJDVVH3URGXFW &RQF��� $PRXQWNJ

3ULFH86�
7RWDO�3ULFH

7HUPDP\O����/ ��� ����� ����� ������
$0*����/� ��� ����� ����� �������
+&O� WR� S+���� �� ����� ��� ����
1D2+��QHXWU�� ��� ����� ���� ����
7RWDO �������
&RQVLGHULQJ� WKH� FKHPLFDOV� QHFHVVDU\� IRU� D� EDWFK��DFLG�K\GURO\VLV�ZDV�PXFK�OHVV�H[SHQVLYH�WKDQ�WKH�HQ]\PDWLF�RQH��&RVW�RI�FKHPLFDOV�ZDV�FRQVLGHUHG�DV�DQ�LPSRUWDQW�IDFWRU�EHFDXVH�WKH�SULFH�GLIIHUHQFH�ZDV�YHU\�KLJK��ZKLFK�ZRXOG�ODUJHO\�DIIH FW�DQ\�FRVW�DQDO\VLV��7KH�RQO\� OLPLWDWLRQ�ZLWK�DFLG�K\GURO\VLV�FRXOG� EH� WKH� LVVXH� RI� WR[LFLW\�� EHFDXVH� WKH� DFLG�SURFHVV�LQFUHDVHV�WKH�PHGLXP�VDOLQLW\��DQG�LW�FRXOG�EH�D�OLPLWLQJ�IDFWRU
&21&/86,21
$QDO\VLQJ� WKH� SURFHVV� \LHOGV� RI� WKH� UHFRYHUHG�UHGXFLQJ�VXJDUV�IURP�WKH�VWDUFK�SUHVHQW�LQ�FDVVDYD�EDJDVVH�� ERWK� SURFHVVHV� ZHUH� TXLWH� HIILFLHQW� DQG�VLPLODU�ZLWK�������IRU�WKH�DFLG�K\GURO\VLV�DJDLQVW������� IRU� WKH� HQ]\PDWLF� K\GURO\VLV�� /RRNLQJ� DW�WKH�WLPH�UHTXLUHG�IRU�HDFK�SURFHVV��DFLG�K\GURO\VLV�

ZDV� PRUH� DGYDQWDJHRXV� WKDQ� WKH� HQ]\PDWLF�SURFHVV�� )RU� D� EDWFK�� WKH� DFLG� K\GURO\VLV� ZDV�FRPSOHWHG�LQ�RQO\����PLQXWHV�SOXV�WKH�WLPH�WR�KHDW�DQG� FRRO� WKH�PDWHULDO�� 7KH� HQ]\PDWLF� K\GURO\VLV��RQ�WKH�FRQWUDVW�WRRN����KRXUV�DQG����PLQXWHV��SOXV�WKH�WLPH�WR�KHDW�DQG�FRRO�WKH�PDWHU LDO�IRU�WKH�ZKROH�SURFHVV�LQ�D�EDWFK�7KLV� VWXG\� VKRZHG� WKDW� WKH� ERWK� PHWKRGV� ZHUH�DOPRVW� HTXDOO\� HIILFLHQW� FRQFHUQLQJ� WR� WKH� \LHOG�EDVHG� RQ� WKH� UHGXFLQJ� VXJDU� UHFRYHUHG� IURP� WKH�FDVVDYD� EDJDVVH�� EXW� HFRQRPLFDOO\�� WKH� DFLG�K\GURO\VLV�ZDV�PRUH�DGYDQWDJHRXV�
5(6802
2� REMHWLYR� GHVWH� WUDEDOKR� IRL� HVWXGDU� D� KLGUyOLVH�DFLGD� H� HQ]LPiWLFD� GR� EDJDoR� GH� PDQGLRFD�UHODFLRQDQGR�D�HILFLrQFLD�GH�UHFXSHUDomR�GH�Do~FDU�UHGXWRU�FRP�RV�FXVWRV�GH�RSHUDomR���$V�FRQGLo}HV�GH� RSHUDomR� GH� DPERV� RV� SURFHVVRV� IRUDP�RWLPL]DGRV�XVDQGR�R�SURJUDPD�GH�DQiOLVH�GH�GDGRV�³6WDWLVWLFD´��EDVHDGR�HP�VXSHUItFLH�GH�UHVSRVWD��2�HVWXGR�HFRQ{PLFR�IRL�IHLWR�WRPDQGR �VH�SRU�EDVH�RV�YDORUHV�GH�Do~FDU�UHGXWRU�REWLGRV�QDV�KLGUyOLVHV�HP�HVFDOD� GH� ODERUDWyULR�� H� RV� FXVWRV� GH� RSHUDomR�IRUDP� FDOFXODGRV� SDUD� XP� UHDWRU� GH� HVFDOD�LQGXVWULDO�FRP�YROXPH�~WLO�GH������/��GH�SDUHGHV�ODWHUDLV�FLOtQGULFDV��H�SODQDV�QR�WRSR�H�QR�IXQGR��2�UHDWRU�SRGH�RSHUDU�FRP�����NJ�GH�EDJDoR�H������NJ� GH� iJXD�� 3DUD� R� FiOFXOR� GR� JDVWR� GH� HQHUJLD�IRUDP� FRQVLGHUDGRV� RV� FDORUHV� QHFHVViU LRV� SDUD�DTXHFHU� R� PDWHULDO� H� R� FDORU� QHFHVViULR� SDUD�PDQWHU� D� WHPSHUDWXUD�GR� UHDWRU�HP�FDGD�HWDSD�GR�SURFHVVR��2V�FXVWRV�FRP�SURGXWRV�TXtPLFRV�IRUDP�FRQVLGHUDGRV�� H� WDPEpP� R� WHPSR� GH� UHDomR�� TXH�PRVWURX� VHU� XP� SRQWR� PXLWR� LPSRUWDQWH� QD�GHILQLomR�GD�YLDELOLGDGH�GR�SURFHVVR�2� UHQGLPHQWR� GD� KLGUyOLVH� iFLGD� IRL� ������ J� GH�Do~FDU� UHGXWRU� D� SDUWLU� GH� ���� J� RI� EDJDoR� GH�PDQGLRFD� FRP� ���� GH� DPLGR� UHVLGXDO�� ,VWR�UHSUHVHQWD�������GH�Do~FDU�UHGXWRU�UHFXSHUDGR��2�UHQGLPHQWR� GD� KLGUyOLVH� HQ]LPiWLFD� IRL� GH� ����� J�GH� Do~FDU� UHGXWRU� D�SDUWLU� GH�����J�GH�EDJDoR�GH�PDQGLRFD� FRP� ���� GH� DPLGR� UHVLGXDO��UHSUHVHQWDQGR� ������ UHFXSHUDomR� GH� Do~FDU�UHGXWRU�(P� UHODomR� DR� WHPSR�� XPD� EDWHODGD� GD�KLGUyOLVH� iFLGD� JDVWD� ��� PLQXWRV�� PDLV� R� WHPSR�SDUD�DTXHFHU�H�UHVIULDU�R�UHDWRU��H�XPD�ED WHODGD�GD�KLGUyOLVH� HQ]LPiWLFD� SUHFLVD� GH� ��� KRUDV� H� ���PLQXWRV�� PDLV� R� WHPSR� SDUD� DTXHFHU� H� UHVIULDU� R�UHDWRU� 4XDQWR� DRV� FXVWRV� RSHUDFLRQDLV� FRP�SURGXWRV�TXtPLFRV� H� HQHUJLD�� D�KLGUyOLVH�iFLGD�GH�
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����NJ�GH�EDJDoR�GH�PDQGLRFD��FXVWD�86���������H�D� KLGUyOLVH HQ]LPiWLFD� GD� PHVPD� TXDQWLGDGH� GH�EDJDoR�GH�PDQGLRFD�FXVWD�86����������
/,67�2)�6,0%2/6
$ � $UHD RI�WKHUPDO�H[FKDQJH�$RXW�LQ � DUHD RXWVLGH�LQVLGH�WKH�UHDFWRU$RXW � RXWVLGH UHDFWRU�DUHD�&��P � &RQVWDQWV IRU�WKH�V\VWHP�' � LQVLGH�GLDPHWHU�'RXW � 5HDFWRU RXWVLGH�GLDPHWHU�J � DFFHOHUDWLRQ RI�JUDYLW\�*U � *UDVKRI QXPEHUK � FRQYHFWLYH FRHIILFLHQW��RI��WKHUPDOH[FKDQJHKLQ � FRQYHFWLYH FRHIILFLHQW���LQVLGH��WKHUHDFWRUKRXW � FRQYHFWLYH FRHIILFLHQW��RXWVLGH��WKHUHDFWRU. � WKHUPDO FRQGXFWLYLW\�.LQ � LQVLGH WKHUPDO�FRQGXFWLYLW\�.JODVV�ZRRO � JODVV ZRRO�WKHUPDO�FRQGXFWLYLW\.DLU � DLU�WKHUPDO FRQGXFWLYLW\/ � ZDOO�KHLJKW�1� � DJLWDWLRQ1X � 1XVVHOW QXPEHU�3U � 3UDQGWO QXPEHU4 � +HDWURXW�ULQ � UHDFWRU RXWV LGH� LQVLGH� � U DW LRFRQGXFWLYLW\5H � 5H\QROGV QXPEHU�W � WLPH7VXUIDFH�� � ZDOO WHPSHUDWXUH7f � HQYLURQPHQW WHPSHUDWXUH8 � *OREDO��FRHIILFLHQW��RI��WKHUPDOH[FKDQJH' 7 � WHPSHUDWXUH GHJUHH��'[ � LVRODQW ZDOO�WKLFNQHVV�E � WKHUPDO�FRHIILFLHQW�RI�H[SDQVLRQ� ��7 YFP � PHGLXP�YLVFRVLW\�X � NLQHPDWLF�YLVFRVLW\�U � PHGLXP�GHQVLW\

5()(5(1&(6
%HX[�� 0�� 5�� �������� %LRIHUPHQWDomR� GH� UVtGXRV�DJURLQGXVWULDLV� GR� (VWDGR� GR� 3DUDQi� QR� FXOWLYR� GR�IXQJR� VDSUyILWD� FRPHVWtYHO� /HQWLQXOD� HGRGLV��VKLLWDNH���'LVVHUWDomR�GH�0HVWUDGR��'HSDUWDPHWQR�GH�(QJHQKDULD� 4XtPLFD�� 8QLYHUVLGDGH� )HGHUDO� GR�3DUDQi���&XULWLED������SS�%REELR�� )�� DQG� %REELR�� 3�� �������� ,QWURGXomR� j�4XtPLFD� GH� $OLPHQWRV�� ��� HG�� 6mR� 3DXOR� �� 9DUHOD�������SS�&DEHOOR�� &�� �������� ,GHQWLILFDomR� GH� SDUkPHWURV� SDUD�PRQLWRUDPHQWR� GH� SURFHVVR� FRQWtQXR� GH� KLGUyOLVH�HQ]LPiWLFD��QD�SURGXomR�GH�JOLFRVH�D�SDUWLU�GD�IpFXOD�GH� PDQGLRFD� 'LVVHUWDomR� GH� 'RXWRUDGR�� )DFXOGDGH�GH�&LrQFLDV�$JURQ{PLFDV�± 81(63�&DUWD��)��6��������� +LGUyOLVH�(Q]LPiWLFD�GH�%DJDoR�GH�0DQGLRFD� H� 3URGXomR� GH� iFLGR� IXPiULFR� SRU�IHUPHQWDomR� GR� IXQJR� 5KL]RSXV� 'LVVHUWDomR� GH�0HVWUDGR�� 'HSDUWDPHQWR� GH� (QJHQKDULD� 4XtPLFD��8QLYHUVLGDGH�)HGHUDO�GR�3DUDQi��&XULWLED�'RUDQ�� 3�� +�� �������� 3ULQFLSLRV� GH� ,QJHQLHULD� GH� ORV�%LRSURFHVVRV�� 7UDQVODWLRQ� IURP� WKH� RULJLQDO� LQ�(QJOLVK� E\� )UDQFLVFR� *DUFLD� /LELDQR�� (G�� $FUtELD�6�$��=DUDJR]D������SS�+ROPDQ�� -��3�� ��������+HDW�7UDQVIHU���WK HG��0F�*UDZ�+LOO��6LQJDSRUH�������SS�.ROLFKHVNL��0��%��������� 3URGXomR�GH�iFLGR�FtWULFR�SRU�IHUPHQWDomR� QR� HVWDGR� VyOLGR� XWLOL]DQGR� FRPR�VXEVWUDWR� EDJDoR� GH� PDQGLRFD�� 'LVVHUWDomR� GH�0HVWUDGR�� 'HSDUWDPHQWR� GH� (QJHQKDULD� 4XtPLFD��8QLYHUVLGDGH�)HGHUDO�GR�3DUDQi������SS�1HOVRQ�� 1�� �������� $� SKRWRPHWULF� DGDSWDWLRQ� RI�6RPRJ\L� PHWKRG� IRU� WKH� GHWHUPLQDWLRQ� RI� JOXFRVH��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\� �������������3DQGH\��$���6RFFRO��&��5���1LJDP��3��DQG�6RFFRO��9��7���������� %LRWHFKQRORJLFDO� SRWHQFLDO� RI� DJUR�LQGXVWULDO�UHVLGXHV�� ,,� &DVVDYD� %DJDVVH�� %LRUHVRXUFH�7HFKQRORJ\������������3DQGH\�� $��� 6RFFRO�� &�� 5��� 5RGULJXHV�/HRQ�� -�� $�� DQG�1LJDP�� 3� �������� 6ROLG�6WDWH� )HUPHQWDWLRQ� LQ�%LRWHFKQRORJ\��$VLDWHFK�3XEOLVKHUV��,QF��1RYD�'HOKL��ËQGLD������SS��6RFFRO�� &�� 5��� :RLFLHFKRZVNL�� $�� /�� DQG� 3DQGH\� $���������� %UD]LOOLDQ� SDWHQWH� GHSRVLWHG� DW� ,13,� ±,QVWLWXWR�1DFLRQDO�GH�3URSULHGDGH�,QGXVWULDO��1� ����GH������������6RFFRO�� &�� 5�� �������� &RQWULEXLomR� DR� (VWXGR� GD�)HUPHQWDomR� QR� (VWDGR� 6yOLGR� HP� 5HODomR� FRP� D�3URGXomR� GH� ÈFLGR� )XPiULFR�� %LRWUDQVIRUPDomR� GH�5HVtGXR� 6yOLGR� GH� 0DQGLRFD� SRU� 5KL]RSXV� H�%DVLGLRPDFURPLFHWRV� GR� *rQHUR�3OHXURWXV��7HVH� GH�&RQFXUVR� 3~EOLFR� GH� 3URIHVVRU� 7LWXODU� HP�%LRWHFQRORJLD� H� 7HFQRORJLD� GH� $OLPHQWRV��8QLYHUVLGDGH�)HGHUDO�GR�3DUDQi��&XULWLED�
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6RFFRO�� &�� 5��� 0DULQ�� %�� DQG� 5DLPEDXOW�� 0�� �����D���3RWHQWLDO� RI� )HUPHQWDWLRQ� IRU� 3URGXFWLRQ� RI�/���/DFWLF� $FLG� E\� 5KL]RSXV� RU\]DH�� $SSOLHG�0LFURELRORJ\�DQG�%LRWHFKQRORJ\�������������6RFFRO�� &�� 5��� 6WRQRJD�� 9�� ,�� DQG� 5DLPEDXOW�� 0�������E��� 3URGXFWLRQ� RI� /�ODFWLF� DFLG� E\ 5KL]RSXV�VSHFLHV�� :RUOG� -RXUQDO� RI� 0LFURELRORJ\� DQG�%LRWHFKQRORJ\�������������6RPRJ\L�� 0�� �������� $� QHZ� UHDJHQW� IRU� WKH�GHWHUPLQDWLRQ� RI� VXJDU�� -RXUQDO� RI� %LRORJLFDO�&KHPLVWU\�������������6RPRJ\L�� 0�� �������� 1RWHV� RQ� VXJDU� GHWHUPLQDWLRQ��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\�������������

7RQLDO�� 7�� 0�� �������� 2WLPL]DomR� GR� FUHVFLPHQWR� GR�IXQJR� FRPHVWtYHO� 9ROYDULHOOD� YROYDFHD� HP�IHUPHQWDomR� QR� HVWDGR� VyOLGR� H� HP� IHUPHQWDomR�VXEPHUVD� D� SDUWLU� GH� UHVtGXRV� DJURLQGXVWULDLV��'LVVHUWDomR� GH� PHVWUDGR�� 'HSDUWDPHQWR� GH�(QJHQKDULD� 4XtPLFD�� 8QLYHUVLGDGH� )HGHUDO� GR�3DUDQi��&XULWLED�
5HFHLYHG��2FWREHU����������5HYLVHG��0DUFK����������$FFHSWHG��0D\����������


