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��Ǉ��ǀǛǦǻǢǗǖǟ��c��ǃbǗǞ��Ǉ�ǃlǦfǖǗǛǠlǡǱ��ǂ�ǈjǡǛǙǛǣ��ǄǨǗǖǧǱ�
ǫǦǛǧǨǤǢǖǨǞǵǧǱ��ǓǠǤǧǤǪǞǵ�ǣǛǢǛǧǛ�ǠǞǛǡǻ�ǨǖǗǞdǖǨ�Ȏ�ƶǡǢǖǨǱ��|ǄǦǫǤǣ��
Ʒǖǧǥǖ�nǟǻ��Ȏ�������Ȏ�����ǗǛǨ�



��gǖǝǖf�ǳǨǣǤǙǦǖǪǞǵǧǱ���ƽǛǟǣǤǡǡǖ�ǇbǣǻǠ��ƼǖǣǖǨ�ƽǛǟǣǤǡǡǖfǱǝ��
Ȏ�ƶǡǢǖǨǱ��|ƶǣ�ƶǦǱǧ��ǗǖǧǥǖǧǱ��������Ȏ�����Ǘ�



��ǀǛǣǜǛǖǫǢǛǨlǡǱ�ǇǛǟǻǨ��ƼǛǨǻ�fǖǝǱǣǖ��ǗǻǦǻǣǮǻ�ǠǻǨǖǥ��Ȏ�ƶǡǢǖǨǱ��
|ƶǣǖ�Ǩǻǡǻ��ƼǎǇ�������Ȏ�����ǗǛǨ�



1$785$/�5$',218&/,'(6�&217(17�,1�0,1(5$/�
)(57,/,=(56�86('�,1�.$=$.+67$1



1856$3,1$�1��$�
3K'�VWXGHQW��DO�)DUDEL�.D]DNK�1DWLRQDO�8QLYHUVLWH��$OPDW\



6+<1<%(.�%��$�
0DVWHU�VWXGHQW��DO�)DUDEL�.D]DNK�1DWLRQDO�8QLYHUVLWH��$OPDW\



32120$5(1.2�2��,�
&�&�6���DVVRF��SURIHVVRU��DO�)DUDEL�.D]DNK�1DWLRQDO�8QLYHUVLWH��$OPDW\



0$79(<(9$�,��9�
3K'��DVVRF��SURIHVVRU��DO�)DUDEL�.D]DNK�1DWLRQDO�8QLYHUVLWH��$OPDW\



1$=$5.8/29$�6+��1�
3K'��DO�)DUDEL�.D]DNK�1DWLRQDO�8QLYHUVLWH��$OPDW\



,QWURGXFWLRQ� 7KH� XVH� RI� PLQHUDO� IHUWLOL]HUV� LV� QHFHVVDU\� LQ�
FRQWHPSRUDU\�ZRUOG�DV�D�UHVXOW�RI�RQJRLQJ�UHTXLUHPHQW�IRU� LQFUHDVHG�
IRRG�SURGXFWLRQ��)RU�PDQDJLQJ�DQQXDO�SURGXFWLRQ�RI�DJULFXOWXUH��ILHOGV�
KDYH�WR�EH�IHUWLOL]HG�IRU�SURYLGLQJ�QHFHVVDU\�PDFUR��DQG�PLFURQXWULHQWV�
WR�DFKLHYH�KLJK�\LHOGV�>���S���@��)RU�VXSSRUWLQJ�VRLOV�ZLWK�EDVLF�QXWULHQWV��
PLQHUDO�IHUWLOL]HUV�FRQWDLQLQJ�VXFK�HOHPHQWV�DQG�JURXSV�FRPSRXQGV�OLNH�
QLWURJHQ��SKRVSKDWH�DQG�SRWDVK�LQ�VRPH�FDVHV�DUH�XVHG�LQ�QRQ�FRQWUROOHG�
YROXPHV��ZKLFK�FDQ�OHDG�WR�UDGLRDFWLYH�FRQWDPLQDWLRQ�>���S���@��7KHVH�
GD\V�PRUH� WKDQ����PLOOLRQ� WRQV� RI� SKRVSKDWH� IHUWLOL]HUV� DUH� DQQXDOO\�
DSSOLHG�LQ�DJULFXOWXUH�ODQG�>���S���@��1HJDWLYH�HIIHFW�RI�IHUWLOL]DWLRQ�LV�WKH�
FRQWDPLQDWLRQ�RI�FXOWLYDWHG�ODQG�E\�VRPH�QDWXUDOO\�RFFXUULQJ�UDGLRDFWLYH�
PDWHULDOV�>���S���@��



7KH�DSSOLFDWLRQ�RI�SKRVSKDWH�IHUWLOL]HUV�LV�FRQFHUQ�EHFDXVH�RI�WKH�
SUHVHQFH�RI�WR[LF�PHWDOV�DQG�UDGLRQXFOLGHV�>���S����@��5DGLRQXFOLGHV�LQ�
SKRVSKDWH�IHUWLOL]HU�EHORQJLQJ� WR�7K�����DQG�8�����VHULHV�DV�ZHOO�DV�
UDGLRLVRWRSH�RI�SRWDVVLXP��.�����DUH�WKH�PDMRU�FRQWULEXWRUV�RI�RXWGRRU�
WHUUHVWULDO�QDWXUDO�UDGLDWLRQ�>���S���@��,W�ZDV�VKRZQ�LQ�>���S���@�WKDW�WKH�
SUHVHQFH�RI�UDGLXP�����DQG�WKRULXP�����ZDV�HOHYDWHG�LQ�WKH�VDPSOH�RI�
VLPSOH�VXSHUSKRVSKDWH��7KLV�LV�H[SODLQHG�E\�WKH�IDFW�WKDW�WKH�UDZ�PDWHULDOV�
IRU�SKRVSKRUXV�FRQWDLQLQJ�IHUWLOL]HUV�DUH�YDULRXV�DSDWLWHV��VRPH�RI�ZKLFK�
FRQWDLQ�KLJK�FRQFHQWUDWLRQV�RI�QDWXUDO�UDGLRQXFOLGHV�>���S���@��VRPHWLPHV�
UHDFKLQJ�FRPPHUFLDO�YDOXHV�>���S���@�DQG�DV�D�FRQVHTXHQFH�SKRVSKRUXV�
FRQWDLQLQJ�IHUWLOL]HUV�DOVR�FRQWDLQ�VXFK�LVRWRSHV�DV�.�����8������5D�����
>����S���@��7KH�DYHUDJH�FRQFHQWUDWLRQV�RI�8������8������5D������7K�
����DQG�.����ZHUH��������������������DQG�����%T�NJ�LQ�SKRVSKRUXV�
IHUWLOL]HUV� DQG����� ����� ����� ��� DQG�����%T�NJ� LQ� VXSHUSKRVSKDWH�RI�
(J\SW�� UHVSHFWLYHO\� >���� S�� �@��$FWLYLW\� FRQFHQWUDWLRQV� RI�8����� DQG�
5D�����LQ�SKRVSKRJ\SVXP�SURGXFHG�E\�YDULRXV�IHUWLOL]HU�LQGXVWULHV�LQ�
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ɧ ,QGLD�VKRZHG�OHYHOV�RI�������%T�NJ��DQG�XVDJH�RI�LW�DV�EXLOGLQJ�PDWHULDOV�



ZDV�EDQQHG�>���S���@��
7KH�SUHVHQW�VWXG\�KDV�EHHQ�FDUULHG�RXW�LQ�RUGHU�WR�GHWHUPLQH�DFWLYLW\�



RI�XUDQLXP�LVRWRSHV��8������8������LQ�PLQHUDO�IHUWLOL]HUV��ZKLFK�PRVW�
FRPPRQO\�XVHG�RQ�WHUULWRU\�RI�5HSXEOLF�RI�.D]DNKVWDQ�



��0DWHULDOV�DQG�0HWKRGV
�����6DPSOH�SUHWUHDWPHQW�,Q�RUGHU�WR�GHWHUPLQH�XUDQLXP�LVRWRSHV�



LQ�IHUWLOL]HUV��IRXU�W\SHV�RI�GLIIHUHQW�EUDQGV�ZHUH�FKRVHQ�LQ�ORFDO�PDUNHW��
,QYHVWLJDWHG� VDPSOHV� W\SHV� DUH�PRQRSRWDVVLXP� SKRVSKDWH� �033���
VXSHUSKRVSKDWH� �63��� O\XER�]HOHQR� �/=��� DPPRQLXP� QLWUDWH� �$1���
7KH�FRQWHQW�RI�PDLQ�HOHPHQWV�RI�WKH�IHUWLOL]HUV�XQGHU�LQYHVWLJDWLRQ�DUH�
SUHVHQWHG�LQ�7DEOH���



7DEOH���Ȏ�&RQWHQW�RI�PLQHUDO�IHUWLOL]HUV�
6DPSOH�,' 1��� P�O���� K�2���



MPP � �� ��
SP � �� �
AN �� � �
LZ �� �� ��



$IWHU�UHPRYLQJ�VWRQHV�DQG�RWKHU�LPSXULWLHV��VDPSOHV�ZHUH�FUXVKHG�
XVLQJ�PRUWDU� DQG�SHVWOH��&UXVKHG� VDPSOHV�RI�PLQHUDO� IHUWLOL]HUV�ZHUH�
GLVVROYHG� LQ� ���PO� RI� �0�+12



3
� DQG� OHIW� RYHUQLJKW� IRU� FRPSOHWH�



GLVVROXWLRQ��8UDQLXP�WUDFHU�VROXWLRQ�RI�8�����ZDV�DGGHG��
�����5DGLRFKHPLFDO�SURFHGXUH�IRU�GHWHUPLQDWLRQ�RI�FRQWHQW�RI�8������



����E\�DOSKD��VSHFWURPHWU\�
([WUDFWLRQ�FKURPDWRJUDSKLF�VHSDUDWLRQ�WHFKQLTXHV�EDVHG�RQ�87(9$�



UHVLQ�IRU�VHSDUDWLRQ�RI�XUDQLXP�ZDV�XVHG���)RU�SUHSDUDWLRQ�RI�87(9$�
UHVLQ�� FROXPQ�ZLWK� UHVLQ�ZDV� ILUVW�ZDVKHG�ZLWK����PO�GLVWLOOHG�ZDWHU�
DIWHU�WKDW�ZLWK���PO�RI��0�+12



3
��'LVVROYHG�VROXWLRQ�RI�IHUWLOL]HU�ZDV�



ORDGHG�LQWR�87(9$�UHVLQ��7KH�FROXPQ�ILUVW�ZDV�ZDVKHG�ZLWK����PO�RI�
�0�+12



3
�WR�HOXWH�RWKHU�UDGLRLVRWRSHV��2Q�WKH�QH[W�VWHS��FROXPQ�ZDV�



IXUWKHU�ZDVKHG�ZLWK���PO�RI���0�+&O�DQG����PO�RI��0�+&O�Ȏ������0�
R[DOLF�DFLG�LQ�RUGHU�WR�UHPRYH�UHVLGXH�RI�WKRULXP�DQG�RWKHU�LQWHUIHULQJ�
UDGLRLVRWRSHV��7KHQ�XUDQLXP�LVRWRSHV�ZHUH�ZDVKHG�RXW�ZLWK����PO�RI���
0�+&O��$IWHU�VHSDUDWLRQ�SURFHGXUH��DOSKD�HPLWWLQJ�VRXUFHV�ZHUH�SUHSDUHG�
E\�PLFUR�SUHFLSLWDWLRQ��



(OXDWH��ZKLFK� SURGXFHG� IURP� WKH�ZDVKLQJ� E\� WKH� ���PO� RI� �0�
+12���ZDV�GLUHFWHG�IRU�VHSDUDWLRQ�RI�UDGLXP�LVRWRSH��5DGLXP�ZDV�FR�



SUHFLSLWDWHG�ZLWK�OHDG�VXOSKDWH��&RXQWLQJ�VRXUFH�ZDV�SUHSDUHG�E\�PLFUR�
SUHFLSLWDWLRQ�PHWKRG��



)RU�PHDVXUHPHQW�RI�DOSKD�SDUWLFOHV�RI�XUDQLXP�DQG�UDGLXP�LVRWRSHV�
$OSKD�VSHFWURPHWU\�V\VWHP��$OSKD�$QDO\VW��&DQEHUUD��86$��ZLWK�3,36�
VHPLFRQGXFWRU�GHWHFWRUV�ZDV�XVHG��



5HVXOWV� DQG�GLVFXVVLRQV�7KH� UHVXOWV� RI� GHWHUPLQDWLRQ�RI� DFWLYLW\�
FRQFHQWUDWLRQV�RI�XUDQLXP�LVRWRSHV�DUH�SUHVHQWHG�LQ�)LJXUH���



$V�LW�FDQ�EH�VHHQ�WKH�KLJKHVW�DFWLYLW\�FRQFHQWUDWLRQV�RI�ERWK�XUDQLXP�
LVRWRSHV��8������8������DUH�LQ�VXSHUSKRVSKDWH��63���ZKLFK�HTXDO�WR�������
DQG��������%T�NJ�� UHVSHFWLYHO\��/\XER�=HOHQR��/=��DOVR�KDV�VOLJKWO\�
LQFUHDVHG�FRQWHQW�RI�XUDQLXP�LVRWRSHV��ZKLFK�DFFRXQW�IRU�������%J�NJ�
IRU�8�����DQG�������%T�NJ�IRU�8������



)LJXUH���Ȏ�&RQWHQW�RI�XUDQLXP�LVRWRSHV�LQ�GLIIHUHQW�PLQHUDO�IHUWLOL]HUV



$W� WKH� VDPH� WLPH�� LQ�PRQRSRWDVVLXP� SKRVSKDWH� �033�� DQG�
DPPRQLXP�QLWUDWH��$1��WKH�FRQWHQW�RI�XUDQLXP�LVRWRSHV�LV�WKH�ORZHVW��,Q�
DOO�FDVHV�PD[LPXP�SHUPLVVLEOH�FRQFHQWUDWLRQ�LV�QRW�H[FHHGHG��VSHFLILF�
DFWLYLW\������%T�NJ��>����S����@��



,W�KDV�EHHQ�UHSRUWHG�LQ�VHYHUDO�DUWLFOHV�WKDW�WKH�DFWLYLW\�RI�SKRVSKDWH�
IHUWLOL]HUV�GHSHQGV�RQ�WKHLU�SKRVSKDWH�FRQWHQW�>�������S����@��$V�FDQ�EH�
VHHQ�LQ�)LJXUH���WKH�JRRG�FRUUHODWLRQ�SUHYLRXVO\�UHSRUWHG�LV�QRW�SUHVHQWHG�
LQ�RXU�FDVH�
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)LJXUH���Ȏ�8�����DFWLYLW\�FRQFHQWUDWLRQ�LQ�UHODWLRQ��
WR�FRQWHQW�RI�3�O�



5HJDUGLQJ�WR�033��WKH�FRQWHQW�RI�3�O��HTXDO�WR�����EXW�FRQWHQW�RI�
XUDQLXP�LVRWRSHV�RQH�RI�WKH�ORZHVW�ZKLOH�LQ�FDVH�RI�63�DQG�/=�XUDQLXP�
LVRWRSHV�FRQWHQW�WKH�KLJKHVW�ZLWK�UHODWLYHO\�ORZ�FRQWHQW�RI�3�O���



5HJDUGLQJ�WR�WKH�FRQWHQW�RI�5D������WKH�KLJKHVW�DFWLYLW\�FRQFHQWUDWLRQ�
RI�5D�����LV�LQ�O\XER�]HOHQR�PLQHUDO�IHUWLOL]HU�DQG�HTXDO�WR�������%T�
NJ��$W�WKH�VDPH�WLPH�ORZHVW�DFWLYLW\�FRQFHQWUDWLRQ�LV�LQ�PRQRSRWDVVLXP�
SKRVSKDWH�DQG�HTXDO�WR��������%T�NJ��



7KH�UHDVRQ�RI�GLIIHUHQFHV�FDQ�EH�GLIIHUHQW�UDZ�SKRVSKDWH�RUH�DQG�
SURGXFWLRQ�SURFHVV���



&RQFOXVLRQ� ,Q� WKLV� VWXG\�� WKH� DFWLYLW\� FRQFHQWUDWLRQ� RI� XUDQLXP�
LVRWRSHV��8������8������ZDV�GHWHUPLQHG�LQ�IRXU�FRPPHUFLDOO\�DYDLODEOH�
PLQHUDO� IHUWLOL]HUV�� 7KH� KLJKHVW� DFWLYLW\� FRQFHQWUDWLRQ� RI� XUDQLXP�
LVRWRSHV�ZDV�LQ�VXSHUSKRVSKDWH�DQG�HTXDO�WR��������DQG��������%T�NJ�
IRU�8�����DQG�8������UHVSHFWLYHO\��$W�WKH�VDPH�WLPH��WKH�ORZHVW�DFWLYLW\�
FRQFHQWUDWLRQV�RI�8������8�����ZHUH�LQ�VDPSOH�RI�DPPRQLXP�QLWUDWH�
DQG�HTXDO�WR������DQG������%T�NJ��,Q�DOO�VDPSOHV�WKH�YDOXH�RI�DFWLYLW\�
FRQFHQWUDWLRQ�RI�XUDQLXP�LVRWRSHV�LV�QRW�H[FHHGHG�03Ǉ��5D�����FRQWHQW�
LV�QRW�H[FHHGHG�036�YDOXH�LQ�DOO�VDPSOHV��



5()(5(1&(6
��0LNORV�+HJHGXV��(GLW�7RWK�%RGURJL�� 6]DEROFV�1HPHWK�� -DQRV�



6RPODL��7LERU�.RYDFV��5DGLRORJLFDO�LQYHVWLJDWLRQ�RI�SKRVSKDWH�IHUWLOL]HUV��
/HDFKLQJ�VWXGLHV����-RXUQDO�RI�(QYLURQPHQWDO�5DGLRDFWLYLW\��Ȏ�������Ȏ�
9RO������3��������



��0XHOOHU��1�'���*HUEHU��-�6���-RKQVWRQ��0���5D\��'�.���5DPDQNXWW\��
1���)ROH\��-�$��&ORVLQJ�\LHOG�JDSV�WKURXJK�QXWULHQW�DQG�ZDWHU�PDQDJHPHQW�
���1DWXUH��Ȏ�������Ȏ�9RO�������3���������



��(O�7DKHU��$���	�$OWKR\DLE��6��6��1DWXUDO�UDGLRDFWLYLW\�OHYHOV�DQG�
KHDY\�PHWDOV�LQ�FKHPLFDO�DQG�RUJDQLF�IHUWLOL]HUV�XVHG�LQ�.LQJGRP�RI�6DXGL�
$UDELD����$SSOLHG�5DGLDWLRQ�DQG�,VRWRSHV��Ȏ�������Ȏ�9RO������3���������



��0�$�0��8RVLI�� $�0�$��0RVWDID�� 5HGD� (OVDPDQ�� (O�VD\HG�
0RXVWDID��1DWXUDO�UDGLRDFWLYLW\�OHYHOV�DQG�UDGLRORJLFDO�KD]DUGV�LQGLFHV�
RI� FKHPLFDO� IHUWLOL]HUV� FRPPRQO\� XVHG� LQ�8SSHU�(J\SW� ��� -RXUQDO� RI�
5DGLDWLRQ�5HVHDUFK�DQG�$SSOLHG�6FLHQFHV��Ȏ�������Ȏ�9RO�����3����������



��)D\LJD��$��2���1ZRNH��2��&��3KRVSKDWH�URFN��RULJLQ��LPSRUWDQFH��
HQYLURQPHQWDO� LPSDFWV��DQG�IXWXUH�UROHV� ���(QYLURQPHQWDO�5HYLHZV��Ȏ�
������Ȏ�9RO���������3����Ȏ�����GRL���������HU�����������



��'LSDN�*KRVK���$UJKD�'HE���6XNXPDU�%HUD���5RVDOLPD�6HQJXSWD���
.DQFKDQ�.XPDU�3DWUD��0HDVXUHPHQW�RI�QDWXUDO�UDGLRDFWLYLW\�LQ�FKHPLFDO�
IHUWLOL]HU�DQG�DJULFXOWXUDO�VRLO��HYLGHQFH�RI�KLJK�DOSKD�DFWLYLW\����(QYLURQ��
*HRFKHP��+HDOWK��Ȏ�������Ȏ�9RO�����Ȏ�3���Ȏ���



�� ƹǩǨǲǠǤ� Ƹ�ƾ��� ǍǞǧǨǞǠ� Ǆ�Ƹ�� ǕǠǤǘǭǩǠ� ƻ�ǃ�� ǅǤǧǨǩǥǡǛǣǞǛ�
ǛǧǨǛǧǨǘǛǣǣǱǫ�ǦǖǚǞǤǣǩǠǡǞǚǤǘ�ǧ�ǪǤǧǪǤǦǣǱǢǞ�ǩǚǤǗǦǛǣǞǵǢǞ�ǘ�ǥǤǭǘǩ�
���ǂǖǨǛǦǞǖǡǱ�ǢǛǜǚǩǣǖǦǤǚǣǤǙǤ�ǧǞǢǥǤǝǞǩǢǖ�|ƶǠǨǩǖǡǲǣǱǛ�ǥǦǤǗǡǛǢǱ�
ǚǤǝǞǢǛǨǦǞǞ���Ȏ�ǂǞǣǧǠ�������Ǚ��Ȏ�Ǉ���������



��6DUWDQGHO�6�-���%DUD�6�9���&KLQQDHVDNNL�6��� -KD�6�.���7ULSDWKL�
5�0��5DGLRORJLFDO�PHDVXUHPHQW�RI�SKRVSKDWH�URFN�DQG�SKRVSKRJ\SVXP�
IURP�IHUWLOL]HU�LQGXVWULHV�LQ�,QGLD����-RXUQDO�RI�5DGLRDQDOLWLFDO�1XFOHDU�
&KHPLVWU\��Ȏ�������Ȏ�9RO�������Ȏ�3�����Ȏ������



��(ZDOG�6FKQXJ��1LOV�+DQHNODXV� �������8UDQLXP� LQ� SKRVSKDWH�
IHUWLOL]HUV�Ȏ�UHYLHZ�DQG�RXWORRN���3URFHHGLQJV�RI�WKH��WK�,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�8UDQLXP�0LQLQJ�DQG�+\GURJHRORJ\��)UHLEHUJ��*HUPDQ\���
Ȏ3���������



���+HJHGXV�0���7RWK�%RGURJL�(���1HPHWK�6���6RPODL�-���.RYDFV�
7���5DGLRORJLFDO�LQYHVWLJDWLRQ�RI�SKRVSKDWH�IHUWLOL]HUV��/HDFKLQJ�VWXGLHV�
���-RXUQDO�RI�(QYLURQPHQWDO�5DGLRDFWLYLW\��Ȏ�������Ȏ�9RO�������3��������



��� (O�%DKL� 60��� 6URRU� $���0RKDPHG� *<��� (O�*HQG\� 16��
5DGLRORJLFDO� LPSDFW� RI� QDWXUDO� UDGLRDFWLYLW\� LQ�(J\SWLDQ� SKRVSKDWH�
URFNV��SKRVSKRJ\SVXP�DQG�SKRVSKDWH�IHUWLOL]HUV� ���$SSOLHG�5DGLDWLRQ�
DQG�,VRWRSHV��Ȏ�������Ȏ�9RO������Ȏ�3���������



���ǇǖǣǅǞǃ���������������|ǃǤǦǢǱ�ǦǖǚǞǖǬǞǤǣǣǤǟ�ǗǛǝǤǥǖǧǣǤǧǨǞ�
ǃǆƷ���������



���%RXNKHQIRXI��:���%RXFHQQD��$��7KH�UDGLRDFWLYLW\�PHDVXUHPHQWV�
LQ�VRLOV�DQG�IHUWLOL]HUV�XVLQJ�JDPPD�VSHFWURPHWU\�WHFKQLTXH����-��(QYLURQ��
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