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� 

ɋɂɇɌȿɁ�ɇȺɇɈɋɌɊɍɄɌɍɊɂɊɈȼȺɇɇɈȽɈ�ɂɌɌɊɂɃ-ȺɅɘɆɂɇɂȿȼɈȽɈ�
ȽɊȺɇȺɌȺ��ȺɄɌɂȼɂɊɈȼȺɇɇɈȽɈ�ɂɈɇȺɆɂ�ɐȿɊɂə�ɆȿɌɈȾɈɆ� 
ɁɈɅɖ-ȽȿɅɖ-ȽɈɊȿɇɂȿ�ȼ�ɋȼɑ-ɉȿɑɂ 
 
ȿɜɝɟɧɢɣ�ɇ��ɉɈȾȾȿɇȿɀɇɕɃ���SRGG-HYJHQ#\DQGH[�UX�� 
Ⱥɧɞɪɟɣ�Ⱥ��ȻɈɃɄɈ���ERLNR#JVWX�E\� 
ȿɤɚɬɟɪɢɧɚ�ȿ��ɌɊɍɋɈȼȺ���WUXVRYD#EHOVWX�E\� 
ȿɤɚɬɟɪɢɧɚ�Ɋ��ɄɊȺȼɐɈȼȺ���NDWDN����#JPDLO�FRP� 
�Ƚɨɦɟɥɶɫɤɢɣ�ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ�ɬɟɯɧɢɱɟɫɤɢɣ�ɭɧɢɜɟɪɫɢɬɟɬ��Ƚɨɦɟɥɶ��Ȼɟɥɚɪɭɫɶ 
�Ȼɟɥɨɪɭɫɫɤɢɣ�ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ�ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ�ɭɧɢɜɟɪɫɢɬɟɬ��Ɇɢɧɫɤ��Ȼɟɥɚɪɭɫɶ� 

 
ɐɟɥɶ�ɪɚɛɨɬɵ�–�ɢɡɭɱɟɧɢɟ�ɧɨɜɨɝɨ�ɫɩɨɫɨɛɚ�ɬɟɪɦɨɯɢɦɢɱɟɫɤɨɝɨ�ɫɢɧɬɟɡɚ�ɥɸɦɢɧɟɫɰɢɪɭɸɳɟɝɨ�ɩɨɪɨɲɤɚ�ɢɬɬɪɢɣ-ɚɥɸɦɢɧɢɟɜɨɝɨ�

ɝɪɚɧɚɬɚ��ɚɤɬɢɜɢɪɨɜɚɧɧɨɝɨ�ɢɨɧɚɦɢ�ɰɟɪɢɹ��<�$O�2���ɋɟ
����<$*�&H��ɫ�ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ�ɚɡɨɬɧɨɤɢɫɥɵɯ�ɫɨɥɟɣ�ɢɬɬɪɢɹ��ɚɥɸɦɢɧɢɹ�ɢ�ɰɟ�

ɪɢɹ��ɚ�ɜ�ɤɚɱɟɫɬɜɟ�ɝɨɪɸɱɟɝɨ�–�ɫɦɟɫɢ�ɤɚɪɛɚɦɢɞɚ�ɢ�ɝɟɤɫɚɦɟɬɢɥɟɧɬɟɬɪɚɦɢɧɚ��ɉɪɨɰɟɫɫ�ɫɢɧɬɟɡɚ�ɨɫɭɳɟɫɬɜɥɹɥɢ�ɜ�ɋȼɑ-ɩɟɱɢ�ɩɪɢ�ɦɨɳɧɨ�
ɫɬɢ� ���� ȼɬ�ɢ� ɱɚɫɬɨɬɟ� �����ɆȽɰ� ɜ�ɮɚɪɮɨɪɨɜɨɦ�ɬɢɝɥɟ�� ɡɚɤɪɵɬɨɦ�ɩɟɪɮɨɪɢɪɨɜɚɧɧɨɣ�ɬɟɪɦɨɫɬɨɣɤɨɣ� ɤɪɵɲɤɨɣ��ɋɪɟɞɧɢɣ� ɪɚɡɦɟɪ�
ɨɛɥɚɫɬɢ�ɤɨɝɟɪɟɧɬɧɨɝɨ�ɪɚɫɫɟɹɧɢɹ� �ɈɄɊ��ɱɚɫɬɢɰ� �ɭɫɥɨɜɧɵɣ�ɞɢɚɦɟɬɪ�'��ɞɥɹ�<$*�&H��ɩɨɥɭɱɟɧɧɨɝɨ�ɜ�ɬɢɝɥɟ�ɩɪɢ�ɋȼɑ�–�ɧɚɝɪɟɜɟ��ɫɨ�
ɫɬɚɜɥɹɟɬ������ɧɦ��ɍɫɬɚɧɨɜɥɟɧɨ��ɱɬɨ�ɩɪɢ�ɩɨɥɭɱɟɧɢɢ�ɩɨɪɨɲɤɚ�<$*�&ɟ�ɦɟɬɨɞɨɦ�ɝɨɪɟɧɢɹ�ɜ�ɪɟɚɤɰɢɨɧɧɨɦ�ɫɨɫɭɞɟ�ɪɚɡɜɢɜɚɟɬɫɹ�ɬɟɦɩɟ�
ɪɚɬɭɪɚ��ɞɨɫɬɚɬɨɱɧɚɹ�ɞɥɹ�ɫɢɧɬɟɡɚ�ɫɨɟɞɢɧɟɧɢɹ�<�$O�2����ɚ�ɜɨɫɫɬɚɧɨɜɢɬɟɥɶɧɚɹ�ɫɪɟɞɚ��ɜɨɡɧɢɤɚɸɳɚɹ�ɩɪɢ�ɝɨɪɟɧɢɢ�ɨɪɝɚɧɢɱɟɫɤɨɣ�ɫɦɟ�
ɫɢ��ɫɩɨɫɨɛɫɬɜɭɟɬ�ɮɨɪɦɢɪɨɜɚɧɢɸ�ɢɨɧɨɜ�ɋɟ�ɜ�ɬɪɟɯɡɚɪɹɞɧɨɦ�ɫɨɫɬɨɹɧɢɢ��Ⱦɚɥɶɧɟɣɲɟɟ�ɩɪɨɤɚɥɢɜɚɧɢɟ�ɩɨɥɭɱɟɧɧɨɝɨ�ɩɨɪɨɲɤɚ�ɩɪɢ�ɬɟɦɩɟ�
ɪɚɬɭɪɚɯ����������ɢ�������ɋ�ɧɚ�ɜɨɡɞɭɯɟ�ɩɪɢɜɨɞɢɬ�ɤ�ɮɨɪɦɢɪɨɜɚɧɢɸ�ɩɪɚɤɬɢɱɟɫɤɢ�ɨɞɧɨɮɚɡɧɨɣ�ɫɬɪɭɤɬɭɪɵ�<$*��ɋɩɟɤɬɪ�ɢɡɥɭɱɟɧɢɹ�
ɩɨɥɭɱɟɧɧɵɯ� ɩɨɪɨɲɤɨɜ� ɥɸɦɢɧɨɮɨɪɚ� <$*�&H� ɞɟɦɨɧɫɬɪɢɪɭɟɬ� ɲɢɪɨɤɭɸ� ɩɨɥɨɫɭ�� ɨɛɭɫɥɨɜɥɟɧɧɭɸ� ɷɧɟɪɝɟɬɢɱɟɫɤɢɦɢ� ɩɟɪɟɯɨɞɚɦɢ� ɢɨɧɚ�
ɋɟ���ɜ�ɫɬɪɭɤɬɭɪɟ�ɝɪɚɧɚɬɚ���ɦɟɠɞɭ�����ɢ�����ɧɦ�ɩɪɢ�ɜɨɡɛɭɠɞɟɧɢɢ�ɫɜɟɬɨɞɢɨɞɨɦ�ɧɚ�����ɧɦ��ɗɬɨ�ɫɨɨɬɜɟɬɫɬɜɭɟɬ�ɠɟɥɬɨ-ɡɟɥɟɧɨɦɭ�
ɢɡɥɭɱɟɧɢɸ�� ɱɬɨ� ɜɦɟɫɬɟ� ɫ� ɫɢɧɢɦ� ɢɡɥɭɱɟɧɢɟɦ� ɫɜɟɬɨɞɢɨɞɚ� ɫɨɡɞɚɟɬ� ɨɳɭɳɟɧɢɟ� ɛɟɥɨɝɨ� ɫɜɟɬɚ�� ɇɚɢɛɨɥɶɲɭɸ� ɢɧɬɟɧɫɢɜɧɨɫɬɶ�ɠɟɥɬɨ-
ɡɟɥɟɧɨɣ�ɥɸɦɢɧɟɫɰɟɧɰɢɢ�ɞɟɦɨɧɫɬɪɢɪɭɸɬ�ɩɨɪɨɲɤɢ�<$*�&ɟ��ɩɪɨɤɚɥɟɧɧɵɟ�ɩɪɢ������ɋ�ɜ�ɜɨɡɞɭɲɧɨɣ�ɫɪɟɞɟ� 

 
Ʉɥɸɱɟɜɵɟ�ɫɥɨɜɚ��ɚɥɸɦɨɢɬɬɪɢɟɜɵɣ�ɝɪɚɧɚɬ��ɢɨɧɵ�ɰɟɪɢɹ��ɧɚɧɨɫɬɪɭɤɬɭɪɚ��ɡɨɥɶ-ɝɟɥɶ�ɝɨɪɟɧɢɟ 

6<17+(6,6�2)�1$126758&785('�&(5,80-'23('�<775,80-
$/80,180�*$51(76�%<�0(7+2'�2)�62/-*(/�%851,1*�,1� 
$�0,&52:$9(�29(1 
 
(\JHQL\�1��32''(1(=+1<���SRGG-HYJHQ#\DQGH[�UX�� 
$QGUHL�$��%2,.2���ERLNR#JVWX�E\�� 
(NDWHULQD�(��758629$���WUXVRYD#EHOVWX�E\�� 
(NDWHULQD�5��.5$9&29$���NDWDN����#JPDLO�FRP� 
�6XNKRL�6WDWH�7HFKQLFDO�8QLYHUVLW\�RI�*RPHO��*RPHO��%HODUXV 

�%HODUXVLDQ�6WDWH�7HFKQRORJLFDO�8QLYHUVLW\��0LQVN��%HODUXV 
 
7KH�DLP�RI�UHVHDUFK�LV�WR�VWXG\�WKH�QHZ�PHWKRG�RI�WKHUPRFKHPLFDO�V\QWKHVLV�RI�\WWULXP-DOXPLQXP�JDUQHW�OXPLQHVFHQW�SRZGHU��FHUL�

XP�GRSHG��<�$O�2���ɋɟ
����<$*�&H��XVLQJ�WKH�QLWULF�DFLG�VDOWV�RI�\WWULXP��DOXPLQXP�DQG�FHULXP��ZLWK�WKH�PL[WXUH�RI�FDUEDPLGH�DQG�KH[D�

PHWK\OHQHWHWUDPLQH�XVHG�DV�IXHO��6\QWKHVLV�ZDV�SHUIRUPHG�LQ�D�PLFURZDYH�RYHQ�ZLWK�WKH�SRZHU�RI�����:�DQG�IUHTXHQF\�RI������0+]�LQ�D�
SRUFHODLQ�FUXFLEOH�FORVHG�ZLWK�D�SHUIRUDWHG�KHDW-UHVLVWDQW�FRYHU��7KH�DYHUDJH�VL]H�RI�FRKHUHQW�VFDWWHULQJ�UHJLRQ��&65��RI�<$*�&H�SDUWLFOHV�
�QRPLQDO�GLDPHWHU�'��REWDLQHG�LQ�WKH�FUXFLEOH�GXULQJ�WKH�PLFURZDYH�KHDWLQJ�LV������QP��,W�KDV�EHHQ�HVWDEOLVKHG�WKDW�ZKHQ�<$*�SRZGHU�LV�
SURGXFHG�E\�EXUQLQJ��WKH�UHDFWLRQ�FXS�UHDFKHV�WKH�WHPSHUDWXUH�VXIILFLHQW�IRU�<�$O�2���FRPSRXQG�V\QWKHVLV��DQG�WKDW�WKH�UHGXFLQJ�HQYLURQ�
PHQW�DULVLQJ�GXH�WR�WKH�FRPEXVWLRQ�RI�WKH�RUJDQLF�PL[WXUH�FRQWULEXWHV�WR�IRUPDWLRQ�RI�&H�LRQV�LQ�WULFKDUJHG�VWDWH��)XUWKHU�FDOFLQDWLRQ�RI�WKH�
UHVXOWLQJ�SRZGHU�DW�WKH�WHPSHUDWXUH�RI����������DQG�������&�LQ�WKH�RSHQ�DLU�OHDGV�WR�IRUPDWLRQ�RI�SUDFWLFDOO\�VLQJOH-SKDVH�<$*�VWUXFWXUH��
7KH�UDGLDWLRQ�VSHFWUXP�RI�WKH�REWDLQHG�<$*�&H�OXPLQHVFHQW�SRZGHUV�KDV�D�ZLGH�EDQGZLGWK�FDXVHG�E\�WKH�HQHUJ\�WUDQVLWLRQV�RI�&H���LRQ�LQ�
WKH�JDUQHW�VWUXFWXUH�EHWZHHQ�����DQG�����QP�DW�/('�H[FLWDWLRQ�DW�����QP��,W�FRUUHVSRQGV�WR�\HOORZ-JUHHQ�UDGLDWLRQ�WKDW�ZLWK�EOXH�/('�
UDGLDWLRQ�FUHDWHV� WKH�VHQVDWLRQ�RI�ZKLWH� OLJKW��7KH�KLJKHVW� LQWHQVLW\�RI� WKH�\HOORZ-JUHHQ� OXPLQHVFHQFH�LV� UHDFKHG�E\� WKH�<$*�&H�SRZGHUV�
FDOFLQDWHG�DW������&�LQ�WKH�RSHQ�DLU�� 

 
.H\ZRUGV��\WWULXP�DOXPLQXP�JDUQHW��FHULXP�LRQV��QDQRVWUXFWXUH��VRO-JHO�EXUQLQJ� 

0,.5272
/4,1/,�3(&+'$�=2/-*(/-.8<',5,6+�868/,'$�)$2//$6+*$1�
6(5,<�,21/$5,1,�<25'$0,'$�1$126758.785$/,�,775,<-$/<80,1,<�
*5$1$7�6,17(=,� 
 
(\JHQL\�1��32''(1(-1<���SRGG-HYJHQ#\DQGH[�UX� 
$QGUH\�$��%2,.2���ERLNR#JVWX�E\� 
(NDWHULQD�(��758629$���WUXVRYD#EHOVWX�E\� 
(NDWHULQD�5��.5$9629$���NDWDN����#JPDLO�FRP� 
�6X[R\�GDYODW�WH[QLND�XQLYHUVLWHWL�*RPHO��*RPHO��%HODUXV� 
�%HODUXV�GDYODW�WH[QRORJL\D�XQLYHUVLWHWL��0LQVN��%HODUXV� 
� 

,VKGDQ�PDTVDG� VHUL\� LRQODUL� �<�$O�2���ɋɟ
���� <$*�&H��ELODQ� IDROODVKWLULOJDQ� O\XPLQHVWVHQW� LWWUL\-DO\XPLQL\�JUDQDW� NXNXQLQL� LWUL\��

DO\XPLQL\� YD� VHUL\QLQJ� QLWUDW� WX]ODUL� KDPGD� \RTLOJ
L� VLIDWLGD� NDUEDPLG� YD� JHNVDPHWLOHQWHWUDPLQ� DUDODVKPDVL� \RUGDPLGD� WHUPRNLP\RYL\�
VLQWH]�TLOLVKQLQJ�\DQJL�XVXOLQL�RµUJDQLVKGDQ�LERUDW��6LQWH]�MDUD\RQL�PLNURWR
OTLQOL�SHFKGD�����9W�TXYYDWGD�YD������0*WV�FKDVWRWDGD�WHVKLNOL�
LVVLTOLNND�FKLGDPOL�TRSTRT�ELODQ�\RSLOJDQ�FKLQQL�WLJHOGD�DPDOJD�RVKLULOGL��0LNURWR
OTLQOL�SHFKGD�WLJHO�\RUGDPLGD�TL]GLULVK�GDYRPLGD�ROLQ�
JDQ�<$*�&H�XFKXQ�]DUUDFKDODUQLQJ�NRJHUHQW�VRFKLOLVK�PLQWDTDVLQLQJ��&65��R
UWDFKD�NDWWDOLJL��VKDUWOL�GLDPHWU�'�������QP��4L]GLULVK�\R
OL�
ELODQ�<$*�&H�NXNXQL�KRVLO�ER
OJDQGD��UHDNVL\D�LGLVKLGD�<�$O�2���ELULNPDVLQL�VLQWH]�TLOLVK�XFKXQ�\HWDUOL�ER
OJDQ�KDURUDW�SD\GR�ER
ODGL�YD�
RUJDQLN�DUDODVKPDQLQJ�\RQLVKL�YDTWLGD�SD\GR�ER
ODGLJDQ�TD\WDUXYFKL�PXKLW�&H�LRQODULQLQJ�KRVLO�ER
OLVKLJD�XFK�PDUWD�]DU\DGODQJDQ�KRODW�
\RUGDP� EHULVKL� DQLTODQGL��� 2OLQJDQ� NXNXQQL� KDYRGD� ����� ���� YD� �����&� KDURUDWGD� NH\LQJL� TL]GLULVK� GH\DUOL� ELU� ID]DOL� <$*� WX]LOLVKLQL�
VKDNOODQWLULVKJD� ROLE� NHODGL�� 1DWLMDGD� SD\GR� ER
OJDQ� <$*�&H� IRVIRU� NXNXQODUL� HPLVVL\D� VSHNWUL� ���� QP� /('� WRPRQLGDQ� TR
]J
DWLOJDQGD�
JUDQDW�WDUNLELGDJL�&H���LRQLQLQJ�HQHUJL\D�R
WLVKODUL�QDWLMDVLGD�\X]DJD�NHODGLJDQ�����YD�����QP��NHQJ�GLDSD]RQQL�NR
UVDWDGL��%X�VDULT-\DVKLO�
HPLVVL\DJD�PRV� NHODGL�� /('QLQJ� NR
N� HPLVVL\DVL� ELODQ�ELUJD�RT� \RUXJ
OLN� WX\LOLVKLQL� \DUDWDGL�� 6DULT-\DVKLO� O\XPLQHVWVHQWQLQJ� HQJ� \XTRUL�
LQWHQVLYOLJLQL������&�QH\WUDO�PXKLWGD�TL]GLULOJDQGD�<$*�&H�NXNXQODUL�NR
UVDWDGL����� 

 
ɄɚOLW�VR
]ODU���LWUL\�DO\XPLQL\�JUDQDWDVL��VHUL\�LRQODUL��QDQRVWUXNWXUD��VRO-JHO�\RQLVKL 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

�'2,�����������FFH������ 
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WDOOLQH� >������@�DQG�FHUDPLF� OLJKW� WUDQVGXFHUV� >����
��@��LV�RI�JUHDW�VFLHQWLILF�DQG�SUDFWLFDO�LPSRUWDQFH�� 

7KH� UHVHDUFK� IRFXVHV� RQ� GHYHORSPHQW� RI�
QHZ�PHWKRG�RI�<$*�&H�OXPLQHVFHQW�SRZGHU�V\Q�
WKHVLV�E\�PHWKRG�RI�VRO-JHO�EXUQLQJ�LQ�PLFURZDYH�
RYHQ� ZLWK� WKH� XVH� RI� QLWULF� DFLG� VDOWV� RI� \WWULXP��
DOXPLQXP� DQG� FHULXP�� DQG� WKH� PL[WXUH� RI� FDU�
EDPLGH�DQG�KH[DPHWK\OHQHWHWUDPLQH�DV�D�IXHO�� 

 
5HVHDUFK�PHWKRGV 
7KHUPRFKHPLFDO� V\QWKHVLV� RI� FHULXP-

GRSHG� \WWULXP-DOXPLQXP� JDUQHW� WR� SURGXFH� OXPL�
QHVFHQW� SRZGHU� ZLWK� FKHPLFDO� FRPSRVLWLRQ�
<����&H����$O�2����ZKLFK� LV� FRQVLGHUHG� RSWLPDO� IRU�
REWDLQLQJ�HIILFLHQW�OXPLQHVFHQFH�LQ�WKH�\HOORZ-JUHHQ�
VSHFWUXP� ZKHQ� H[FLWHG� E\� EOXH� /('� ZLWK� ZDYH�
OHQJWK� RI� ���� QP� >��@�� LW� KDV� WKH� IROORZLQJ� VWDJHV��
ZHLJKLQJ�FRPSRQHQWV����� J�<�12���ā�ɇ�Ɉ������ J��
$O�12���ā�ɇ�Ɉ�� ��� J�� ɋɟ�12���ā�ɇ�Ɉ�� ����� J��
&+�1�2��GLVVROXWLRQ�RI�UHDJHQWV�LQ������P/�RI�GLV�
WLOOHG�ZDWHU��DGGLQJ�����J�RI�KH[DPHWK\OHQHWHWUDPLQH�
LQWR� WKH� PL[WXUH�� +H[DPHWK\OHQHWHWUDPLQH�
�&+���1���DGGHG�WR�WKH�PL[WXUH�DFWV�DV�LQLWLDWRU�RI�
WKH� FRPEXVWLRQ� UHDFWLRQ�� 1H[W�� FRPSRQHQWV� DUH�
PL[HG� WLOO� PL[WXUH� EHFRPHV� WUDQVOXFHQW�� DQG� WKH�
UHVXOWLQJ�VRO�LV�SODFHG�LQ�D�KHDW-UHVLVWDQW�JODVV�LQWR�
WKH� WHPSHUDWXUH� FDELQHW� ZLWK� WKH� WHPSHUDWXUH� RI�
�� �&��:KHQ�EHLQJ�VWLUUHG��ZLWKLQ����–��KRXUV�WKH�
VRO� LQFUHDVHV� LWV� FRQFHQWUDWLRQ� WLOO� LW� UHDFKHV� WKH�
YLVFRXV�JHO�WH[WXUH�� 

*HO� LV� WKHQ� SODFHG� LQ� D� SRUFHODLQ� FUXFLEOH�
FORVHG�ZLWK�D�SHUIRUDWHG�FHUDPLF�OLG�DQG�SXW�LQWR�D�
GRPHVWLF� PLFURZDYH� RYHQ� 6$0681*� 06��)�
ZLWK� WKH� UDGLDWLRQ� IUHTXHQF\� RI� �����0+]��ZLWK�
RXW�URWDWLRQ��$IWHU��–��PLQXWHV�DW�WKH�SRZHU�RI�����
:�� D� WXUEXOHQW� WKHUPRFKHPLFDO� UHDFWLRQ� VWDUWV� LQ�
WKH� FUXFLEOH�� ZLWK� JDVHV� DQG� ZDWHU� YDSRXU� EHLQJ�
UHOHDVHG�� 7KH� VSRQJ\� VWUXFWXUH� RI� WKH� IRDP-OLNH�
SURGXFW�HDVLO\�EUHDNV�GRZQ�LQWR�VHSDUDWH�DJJORP�
HUDWHV� DQG� LV� JURXQG� LQ� D� SODQHWDU\� EDOO�PLOO� 3XO�
YɟUL]HWWH� �*HUPDQ\�� LQ� D� ]LUFRQLXP� GLR[LGH� JODVV�
IRU����PLQ� 

7KH� GLIIHUHQWLDO� WKHUPDO� DQDO\VLV� �'7$��
PHDVXUHPHQWV� KDYH� EHHQ� SHUIRUPHG� E\�4-����'�
GHULYDWRJUDSK� �+XQJDU\��� 7KH� KHDWLQJ� UDQJH� ZDV�
XS�WR�������&� 

7KH� FU\VWDO� VWUXFWXUH� ZDV� LQYHVWLJDWHG� E\�
;-UD\�GLIIUDFWLRQ��;5'��PHDVXUHPHQWV�XVLQJ�GLI�
IUDFWRPHWHU�'521–��� 

6(0�7(0�PHDVXUHPHQWV� KDYH� EHHQ� SHU�
IRUPHG� E\�9HJD� ,,� /6+�PLFURVFRSH�� 7HVFDQ� DQG�
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0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

,QWURGXFWLRQ� 
8OWUD-GLVSHUVHG� OXPLQRSKRUHV� EDVHG� RQ�

\WWULXP-FRQWDLQLQJ�R[LGH�V\VWHPV�DUH�ZLGHO\�XVHG�
LQ�GLVSOD\�GHYLFHV��FRPSXWHU�VFUHHQV��VFRUHERDUGV��
DQG� 79� VFUHHQV� �<�2��(X�� <�2��7E��� LQ� WKH� SUR�
GXFWLRQ� RI� WUDQVSDUHQW� FHUDPLFV� IRU� ODVHUV� DQG�
VFLQWLOODWRUV� �<�2��(U��1G��� >�-�@��7KH�DQWL-VWRNHV�
OXPLQHVFHQFH�RI�\WWULXP-EDVHG�PDWHULDOV�LV�DFWLYH�
O\�XVHG�LQ�WKH�ILHOG�RI�LQWHOOHFWXDO�SURSHUW\�SURWHF�
WLRQ��<92��(X��>�@��LQ�WKH�VRODU�FHOOV��<�2���<2)��
>�@��LQ�ELRVHQVRUV��<�2��<E��>�@�DQG�WKHUPRPHWU\�
�<�2��(X��7E��7P��>�@�� 

0DQ\� \HDUV� RI� ZRUOGZLGH� UHVHDUFK�
�LQFOXGLQJ�WKH������1REHO�3UL]H�LQ�3K\VLFV�IRU�WKH�
LQYHQWLRQ�RI�EOXH� OLJKW-HPLWWLQJ�GLRGHV�DQG�EULJKW�
ZKLWH� OLJKW� VRXUFHV�� OHG� WR�GHYHORSPHQW�RI� D�QHZ�
FODVV�RI�OLJKWLQJ�GHYLFHV�EDVHG�RQ�WKH�QLWULGH�VHPL�
FRQGXFWRU� VWUXFWXUH� FRYHUHG� ZLWK� \HOORZ� OXPLQR�
SKRUH�� HPLVVLRQ�RI�ZKLFK� LV�SHUFHLYHG�E\� WKH�H\H�
DV�ZKLWH�OLJKW��7KH�FHULXP-GRSHG�PLFURFU\VWDOOLQH�
\WWULXP-DOXPLQXP� JDUQHW� SRZGHUV� <�$O�2���&H

���
�<$*�&H��>�����@�DUH�PRVW�FRPPRQO\�XVHG�DV�\HO�
ORZ�OXPLQRSKRUH�� 

7KH� DGYDQWDJHV� RI� XOWUDGLVSHUVH� SRZGHUV�
LQ�KLJK-SRZHU�/('V�DQG�OLJKW� WUDQVGXFHUV�UHPRWH�
IURP�WKH�HPLWWLQJ�FU\VWDO�FRPSULVH�ORZHU�OLJKW�GLV�
VLSDWLRQ� RQ� WKH� VPDOO� OXPLQRSKRUH� SDUWLFOHV�� UH�
GXFHG� FRQVXPSWLRQ�RI� OXPLQRSKRUH� DQG�KRPRJH�
QHRXV� GLVWULEXWLRQ� RI� FRPSRXQG� >���� ��@�� 7KHUH�
IRUH��WKH�REMHFWLYHV�DUH�WR�SURGXFH�QDQRVL]HG�OXPL�
QRSKRUHV�DQG��DW�WKH�VDPH�WLPH��WR�UHGXFH�WKH�FRVW�
RI� WKH� SURGXFWV� E\� GHYHORSLQJ� HQHUJ\-VDYLQJ�
PHWKRGV� IRU� WKHLU� SURGXFWLRQ�� ,QGXVWULDO� PHWKRGV�
IRU� OXPLQHVFHQW� JDUQHW� SRZGHUV� V\QWKHVLV� DUH�
EDVHG� RQ� WKH� HQHUJ\-FRQVXPLQJ� GLUHFW� V\QWKHVLV�
UHDFWLRQV� IURP� UHOHYDQW� R[LGHV� WKDW� UHTXLUH� KLJK�
VLQWHULQJ�WHPSHUDWXUHV������௅������ɋ��XQGHU�FRQ�
GLWLRQV�RI�JDV�UHGXFLQJ�HQYLURQPHQW�� 

7KHUH� DUH� QXPHURXV� RSWLRQV� RI� ORZ-
WHPSHUDWXUH� V\QWKHVLV� RI� <$*�&H-EDVHG� XOWUD-
GLVSHUVH� OXPLQRSKRUHV�� VRO-JHO� SURFHVV� >���� ��@��
FRSUHFLSLWDWLRQ� RI� K\GUR[LGHV� >��–��@�� WKHUPR�
FKHPLFDO�V\QWKHVLV� >��@��6\QWKHVLV�RI�R[LGH� OXPL�
QRSKRUHV�EDVHG�RQ�QLWULF�DFLG�VDOWV�EHLQJ�EXUQW� LQ�
YDULRXV�RUJDQLF�FRPSRXQGV�LV�DWWUDFWLYH�GXH�WR�LWV�
VLPSOLFLW\��ORZ�FRVW�DQG�SRVVLELOLW\�RI�XVH�IRU�PL[�
WXUH�LJQLWLRQ�ZLWK�ERWK�KHDU�DQG�PLFURZDYH�HQHUJ\�
>������@��,Q�WKH�YLHZ�RI� WKH�DERYH-PHQWLRQHG��GH�
YHORSPHQW� RI� QHZ� RSWLRQV� IRU� SURGXFWLRQ� RI�
<$*�&H-EDVHG�XOWUD-GLVSHUVH� OXPLQRSKRUHV��FRP�
SULVLQJ� WKH� RQHV� WKDW� DUH� SURPLVLQJ� IRU� YLWURFU\V�
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-(0� ����� WUDQVPLVVLRQ� PLFURVFRSH� �-(2/�� -D�
SDQ��� 

,5� VSHFWURVFRS\� ZDV� SHUIRUPHG� RQ�
6SHFRUG–,5–��� VSHFWURSKRWRPHWHU�� 0HDVXUH�
PHQWV�UDQJH�ZDV����–�����FP-�� 

/XPLQHVFHQFH� VSHFWUD� ZHUH� UHJLVWHUHG�
ZLWK� 6'/-�� VSHFWURPHWHU�� DGMXVWHG� VR� DV� WR� WDNH�
LQWR� DFFRXQW� WKH� VSHFWUDO� VHQVLWLYLW\� RI� WKH� UHJLV�
WUDWLRQ� V\VWHP�DQG�GLVWULEXWLRQ�RI� WKH� VWLPXODWLQJ�
UDGLDWLRQ�VSHFWUDO�GHQVLW\��7KH�OXPLQHVFHQFH�VSHF�
WUD� RI� REWDLQHG� SRZGHUV� ZHUH� H[DPLQHG� GXULQJ�
OXPLQHVFHQFH� H[FLWDWLRQ� ZLWK� D� PHUFXU\� ODPS�
OLJKW�ZLWK�D�ILOWHU�DW�D�URRP�WHPSHUDWXUH� 

 
5HVXOWV�DQG�'LVFXVVLRQ 
:KHQ�EHLQJ�EXUQW��WKH�JHO-OLNH�PL[WXUH�RI�

QLWUDWH� VDOWV� RI� DOXPLQXP�� \WWULXP�� FHULXP� ZLWK�
UHGXFLQJ� DJHQWV� SURGXFHV� D� EULJKW� \HOORZ� IRDP-
OLNH�SURGXFW�WKDW�LV�FDUULHG�DV�ILEUHV�ZLWK�WKH�IORZ�
RI�UHDFWLRQ�JDVHV�WR�WKH�VXUIDFH�RI�WKH�FHUDPLF�OLG�
RI�WKH�FUXFLEOH��)LJ���� ɚ�� 

7KH�)LJXUH����E�VKRZV�WKH�6(0-LPDJHV�RI�
DJJORPHUDWHG� SRZGHU� EHIRUH� LW� LV� JURXQG�� 7KH�
VL]H� RI� DJJORPHUDWHV� LV� �–�� �P�� 7KH� DJJORPHU�
DWHV�KDYH�D� ODUJH�QXPEHU�RI�SRUHV��YRLGV� IRUPHG�
GXULQJ� WKH� FRPEXVWLRQ� SURFHVV� GXH� WR� WKH� HPLV�
VLRQ�RI�JDVHV�� 

&KHPLFDO� UHDFWLRQV� GXULQJ� WKH� V\QWKHVLV�
RI�\WWULXP-DOXPLQXP�JDUQHW�ZLWK�FDUEDPLGH�XVHG�

DV�IXHO�DUH�DV�IROORZV�DW�WKH�ILUVW�VWDJH�RI�WKH�V\Q�
WKHVLV��FRPSOH[�FRPSRXQGV�DUH�IRUPHG�RI�\WWULXP�
DQG� DOXPLQXP� QLWULF� DFLG� VDOWV� ZLWK� FDUEDPLGH��
ZKLFK� VRRQ� GHFRPSRVH� SURGXFLQJ� \WWULXP� DQG�
DOXPLQXP�R[LGHV��ZLWK� JDV� DQG�ZDWHU� YDSRXU� EH�
LQJ�WKHUHE\�UHOHDVHG�>��@� 
 

�><�1Ɉ���ā�ɋ2�1+���@�ĺ�<�2�����&2���� 
����1������+�2������–���� �ɋ�   

 
�>$O�12���ā�&2�1+���@�ĺ�ș-$O�2�����&2���� 

���1������+�2������–���� �ɋ�   
 
$W� WKH� WHPSHUDWXUH� RI� DERXW� ���� �&�� UHDFWLRQ� EH�
WZHHQ�\WWULXP�DQG�DOXPLQXP�R[LGHV�VWDUWV��ZLWK�D�
QXPEHU�RI�LQWHUPHGLDWH�VWHSV��7KH�RYHUDOO�UHDFWLRQ�
RI� WKH� JDUQHW� V\QWKHVLV� IRU� DQK\GURXV� VDOWV� DQG�
FDUEDPLGH�DV�IXHO�FDQ�EH�JLYHQ�DV�IROORZV�>��@� 

 
�<�12�������$O�12��������&2�1+����ĺ�

ĺ<�$O�2�������&2������+�2�����1�  

 
$W� LQFRPSOHWH� UHDFWLRQ� RI� JDUQHW� SKDVH�

IRUPDWLRQ� DW� UDSLG� FRPEXVWLRQ� LPSXULWLHV� RI� SHU�
RYVNLWH�<$O2�� DQG�\WWULXP�DOXPLQXP�PRQRFOLQLF�
<�$O�2�� >��@� FDQ�EH� IRUPHG� LQ� V\QWKHVL]HG�SRZ�
GHU�� 

&DUEDPLGH�ZLWK�FHULXP�QLWUDWH�DOVR� IRUPV�
K\GUDWHV� FRRUGLQDWLRQ� FRPSRXQGV� >&H�+�2���ɋ2

�����  
ɚ�����������������������������������������������������������������������������������������������������E 

 
)LJXUH�����6\QWKHVL]HG�<$*�&H�VDPSOH��ɚ�–��ILEHUV�RQ�FUXFLEOH�OLG� 

E�–�6(0-LPDJHV�RI�DJJORPHUDWHG�SRZGHU� 
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�1+����12���@� WKDW�� LI� KHDWHG� DERYH� ���� �&�� GH�
FRPSRVH� SURGXFLQJ� WULYDOHQW� FHULXP� R[LGH� &H�2��
>��@�� &HULXP� LRQV� UHSODFH� SDUW� RI� \WWULXP� LRQV� LQ�
WKH� ODWWLFH� QRGHV�� WKXV� FRQWULEXWLQJ� WR� WKH� IRU�
PDWLRQ� RI� \WWULXP-DOXPLQXP� JDUQHW� OXPLQHVFHQW�
SRZGHU� 

'LIIUDFWRJUDP� RI� WKH� <$*�&H� SRZGHU�
VDPSOH� SURGXFHG� E\� FRPEXVWLRQ� LQ� WKH� QLWUDWH-
FDUEDPLGH� PL[WXUH� LQ� PLFURZDYH� RYHQ� FRQILUP�

SUHVHQFH�RI� LPSXULWLHV�� WKHUHIRUH��DGGLWLRQDO�FDOFL�
QDWLRQ� DW� WHPSHUDWXUHV� RI� ����� ���� DQG� ����� �&�
ZDV� SHUIRUPHG� LQ� WKH� RSHQ� DLU� LQ� RUGHU� WR� VWXG\�
WHPSHUDWXUH� HIIHFW� RQ� WKH� SRZGHUV� FRPSRVLWLRQ�
DQG�WKHLU�OXPLQHVFHQW�SURSHUWLHV�� 

'XULQJ� WKH�ILUVW� VWDJH��IUHH�DQG�VRUEHG�ZDWHU�
LV� UHPRYHG� DW� WKH� WHPSHUDWXUH� UDQJH� RI� ��–���� �&�
�HQGRWKHUPLF�SURFHVV���DW�WKH�VHFRQG�DQG�WKH�WKLUG�
VWDJHV� ����–��� �ɋ�� WKH� FDUEDPLGH-R[LGH� FRP�
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)LJXUH����'LIIUDFWRJUDP�RI�WKH�<$*�&H�SRZGHU�� 
��–�SUHFXUVRU�ZLWKRXW�FDOFLQDWLRQ����–�SRZGHU�DIWHU�FDOFLQDWLRQ�DW�������ɋ����KRXU�� 

)LJXUH����'7$�RI�WKH�KHDWLQJ�SURFHVV�RI�D�JHO�PL[WXUH�RI�QLWUDWH�VDOWV��XUHD�DQG�+07$� 
LQ�WKH�UDQJH�RI���–������&� 
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SOH[HV� RI� \WWULXP�� DOXPLQXP� DQG� FHULXP� DUH�
IRUPHG�� DQG� ODWHU�� ZKHQ� WKH� PL[WXUH� LV� LJQLWHG�
����–��� �ɋ�� �� WKH�LQWHQVLYH�FRPEXVWLRQ�UHDFWLRQ�
VWDUWV��ZLWK�D�VXGGHQ�ULVH�LQ�WKH�WHPSHUDWXUH�DQG�D�
GHFUHDVH� LQ� WKH� PDVV�� 7KH� FU\VWDOOLQH� SKDVHV� RI�
WKH� \WWULXP-DOXPLQLXP� R[LGHV� DSSHDU� WR� EH�
IRUPHG�WKHUHE\��WKH�PDLQ�RQH�EHLQJ�WKH�<�$O�2���
SKDVH��7KHQ�IROORZ�WKH�UHDFWLRQV�RI�WKH�QLWULF�DFLG�
UHVLGXHV�UHPRYDO�DQG�WKH�VORZ�EXUQRXW�RI� WKH�RU�
JDQLF�LPSXULWLHV�����–��� �ɋ���$W�WKH�VDPH�WLPH��
WKH� PDVV� RI� WKH� VDPSOHV� GHFUHDVHV� GUDPDWLFDOO\��
DQG� DIWHU� ���� �&� UHPDLQV� DOPRVW� XQFKDQJHG��
ZKLFK� SURYHV� WKH� DEVHQFH� RI� WKHUPDO� HIIHFWV� WLOO�
WHPSHUDWXUH�RI�������&��7KH�PDVV�ORVV�RI�WKH�JHO�
PL[WXUH� H[FHHGV� ����� 7KXV�� GHULYDWRJUDSKLF� H[�
DPLQDWLRQ� FRQILUPV� IRUPDWLRQ� RI� WKH� FU\VWDOOLQH�
SKDVHV� DW� WKH� WHPSHUDWXUH� RI� ���–���� �&�� WKH�
PDLQ�SKDVH�EHLQJ�WKH�JDUQHW�SKDVH�� 

$QDO\VLV� RI� WKH� LQIUDUHG� VSHFWUD� RI� SRZ�
GHUV�UHFHLYHG�E\�JHO-OLNH�PL[WXUH�EHLQJ�EXUQHG�LQ�
WKH�PLFURZDYH�RYHQ�DQG�FDOFLILHG�LQ�WKH�RSHQ�DLU�
DW�WKH�WHPSHUDWXUH�RI����������DQG�������&�VKRZV�
WKDW� WKH� ZLGH� EDQG� DW� ����–���� � FP-�� FRUUH�
VSRQGV�WR�YLEUDWLRQV�RI�JURXSV��2–+��DGVRUEHG�RQ�
SRURXV�SDUWLFOHV�RI�WKH�FU\VWDOOLQH�SKDVH�������FP-

��EDQG�LV�UHODWHG�WR�WKH�DV\PPHWULF�RVFLOODWLRQV�RI�
-�&+��JURXSV�������DQG������FP

-��EDQG�LV�DVVRFL�
DWHG�ZLWK�DV\PPHWULF�DQG�V\PPHWULF�RVFLOODWLRQV�
RI�12�-�JURXSV�>��@��UHVSHFWLYHO\��)LJ������ 

7KH� LQWHQVLW\�RI� WKHVH�EDQGV�GHFUHDVHV�DV�
FDOFLQDWLRQ�WHPSHUDWXUH�LQFUHDVHV��FRQILUPLQJ�DG�

VRUEHG�JDV� UHPRYDO� SURFHVV��7KH� DEVRUSWLRQ�SHDN�
DW� ����� FP-�� LV� GXH� WR� IOXFWXDWLRQV� LQ� &–2� ERQG�
IRUPHG�DW� LQWHQVH�EXUQRXW�RI�RUJDQLF�FRPSRQHQWV�
DQG� SHQHWUDWLRQ� RI� WKH� FDUERQ� LPSXULWLHV� LQ� WKH�
FU\VWDOOLQH� VWUXFWXUH� >��@�� )XUWKHUPRUH�� WKH� SHDNV�
DW����������DQG�����FP-��DUH�FKDUDFWHUL]HG�E\�IOXF�
WXDWLRQV� LQ� PHWDO-R[\JHQ� ERQGV� �$O–2��� �<–2��
>��@��WKH�LQWHQVLW\�RI�ZKLFK�LQFUHDVHV�ZLWK�LQFUHDVH�
LQ� WKH�FDOFLQDWLRQ� WHPSHUDWXUH��ZKLFK�SURYHV�FRQ�
WLQXDWLRQ�RI�FU\VWDOOLQH�VWUXFWXUH�IRUPDWLRQ�� 

)LJXUH���VKRZV�WKH�OXPLQHVFHQFH�FXUYHV�RI�
SRZGHUV� GHSHQGLQJ� RQ� WKH� FDOFLQDWLRQ� WHPSHUD�
WXUH�� ,W� LV� NQRZQ� WKDW� ɋH� LRQ� FDQ� EH� ORFDWHG� LQ�
<�2��VXEODWWLFH��SDUWLDOO\�UHSODFLQJ�\WWULXP�LRQV�LQ�
��DQG���FKDUJH�VWDWH�>��@��+RZHYHU��&���LRQ�LV�RS�
WLFDOO\� LQDFWLYH� DQG� GRHV� QRW� IRUP� FRUUHVSRQGLQJ�
OHYHOV� LQ� WKH� HQHUJ\�SDWWHUQ�� ,Q�<$*�&H� OXPLQHV�
FHQFH�VSHFWUXP��D�ZLGH�EDQG�FDXVHG�E\�WKH�HQHUJ\�
WUDQVLWLRQV�RI�&H��� LRQ� LQ�WKH�VWUXFWXUH�RI� WKH�JDU�
QHW�LV�EHWZHHQ�����DQG�����QP�DQG�FRUUHVSRQGV�WR�
\HOORZ-JUHHQ�UDGLDWLRQ��ZKLFK�FUHDWHV�VHQVDWLRQ�RI�
ZKLWH�OLJKW�ZLWK�/('�EOXH�UDGLDWLRQ�� 

)URP� DQDO\VLV� RI� ILJ���� LW� LV� REYLRXV� WKDW�
LQFUHDVH� LQ� WKH� WHPSHUDWXUH� RI� <$*�&H� SRZGHU�
WUHDWPHQW�ZLWKLQ� WKH� UDQJH� RI����–����� �&� LQ� DLU�
HQYLURQPHQW� OHDGV� WR� LQFUHDVH� LQ� LQWHQVLW\� RI� WKH�
OXPLQHVFHQFH�XS�WR�WHPSHUDWXUH�RI������&��$W� WKH�
VDPH� WLPH�� VWUXFWXUH� RUGHULQJ�� FU\VWDOV� JURZWK��
FU\VWDOV� VSHFLILF� VXUIDFH� UHGXFWLRQ�� YRODWLOL]DWLRQ�
SURFHVVHV� RFFXU�� +RZHYHU�� ZKHQ� WKH� FDOFLQDWLRQ�
WHPSHUDWXUH�ULVHV� WR�������&�� OXPLQHVFHQFH�LQWHQ�

)LJXUH����,QIUDUHG�VSHFWUD�RI�SRZGHUV��REWDLQHG�E\�FRPEXVWLRQ�LQ�D�PLFURZDYH�RYHQ�DQG�FDOFLQHG�IRU���KRXU�DW�
WKH�IROORZLQJ�WHPSHUDWXUHV���–��������–��������–����� �ɋ� 
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5()(5(1&(6 
 

�� *XSWD�$���%UDKPH�1���3UDVDG�%LVHQ�'��(OHFWUROXPLQHVFHQFH�DQG�SKRWROXPLQHVFHQFH�RI�UDUH�HDUWK��(X��7E��GRSHG�<�2��QDQRSKRVSKRU��-RXUQDO�RI�
/XPLQHVFHQFH����������������–�����'2,����������-�-/80,1������������ 

�� 3VXMD�3���+UHQLDN�'���6WUHN�:��5DUH-(DUWK�'RSHG�1DQRFU\VWDOOLQH�3KRVSKRUV�IRU�)LHOG�(PLVVLRQ�'LVSOD\V��-RXUQDO�RI�1DQRPDWHULDOV���������$UWLFOH�
,' ������� ���'2,�������������������� 

�� )XNDERUL�$���<DQDJLGD�7���3HMFKDO�-���0DHR�6��2SWLFDO�DQG�VFLQWLOODWLRQ�FKDUDFWHULVWLFV�RI�<�2�� WUDQVSDUHQW�FHUDPLF��-RXUQDO�RI�$SSOLHG�3K\VLFV��
�����������������–�����'2,������������������� 

�� =KDQJ�/�� �3DQ�:��6WUXFWXUDO�DQG�7KHUPR-0HFKDQLFDO�3URSHUWLHV�RI�1G��<�2� 7UDQVSDUHQW�&HUDPLFV��-RXUQDO�RI�WKH�$PHUWFDQ�&HUDPLF�6RFLHW\��
������������� ����–�������'2,����������-$&(������ 

�� $QK�7�.���/RF�'�;���+XRQJ�7�7���9X�1���0LQK�/�4��/XPLQHVFHQW�QDQRPDWHULDOV�FRQWDLQLQJ� UDUH�HDUWK� LRQV� IRU�VHFXULW\�SULQWLQJ�� ,QWHUQDWLRQDO�
-RXUQDO�RI�1DQRWHFKQRORJ\�����������–�������–�����'2,����������,-17������������ 

�� 0DUNRVH�.�.���$QMDQD�5���$QWRQ\�$���-D\DUDM�0�.��6\QWKHVLV�RI�<E����(U���FR-GRSHG�<�2���<2)�DQG�<)��8&�SKRVSKRUV�DQG�WKHLU�DSSOLFDWLRQ�LQ�
VRODU�FHOO�IRU�VXE-EDQG�JDS�SKRWRQ�KDUYHVWLQJ��-RXUQDO�RI�OXPLQHVFHQFH����������������–�����'2,����������-�-/80,1������������ 

VLW\�GHFUHDVHV��7KLV�LV�OLNHO\�GXH�WR�LQFUHDVH�RI�WKH�
IRXU-FKDUJH�FHULXP�LRQV�VKDUH�LQ�WKH�\WWULXP�R[LGH�
VXEODWWLFH� LQ� R[LGL]LQJ� DWPRVSKHUH� DQG�� FRQVH�
TXHQWO\��GXH� WR�GHFUHDVH�RI� WKH�VKDUH�RI�&ɟ��� LRQV�
WKDW� HPLW� \HOORZ-JUHHQ� OXPLQHVFHQFH� LQ� WKH� ���–
����QP�ZDYHOHQJWK�UDQJH��FXUYH����� 

 
&RQFOXVLRQ 
1RYHO�PHWKRG�KDV�EHHQ�GHYHORSHG� IRU� WKH�

WKHUPRFKHPLFDO� V\QWKHVLV� RI� FHULXP-GRSHG� \WWUL�
XP-DOXPLQXP�JDUQHW�OXPLQHVFHQW�SRZGHU�ZLWK�WKH�
XVH�RI� QLWULF� DFLG� VDOWV� RI�\WWULXP��DOXPLQLXP�DQG�
FHULXP�DQG�PL[WXUH�RI�FDUEDPLGH�DQG�KH[DPHWK\O�
HQHWHWKUDPLQH� DV� IXHO��7KH� V\QWKHVLV� SURFHVV�ZDV�
SHUIRUPHG�LQ�D�PLFURZDYH�RYHQ�ZLWK�WKH�SRZHU�RI�
����:�DQG�WKH�IUHTXHQF\�RI������0+]�LQ�D�SRUFH�
ODLQ� FUXFLEOH� FORVHG� E\� D�SHUIRUDWHG� KHDW-UHVLVWDQW�
OLG� 

3XUVXDQW� WR�;-UD\� IOXRUHVFHQFH� DQDO\VLV� LW�
ZDV�GHWHUPLQHG�WKDW�WKH�DYHUDJH�VL]H�RI�D�FRKHVLYH�
SDUWLFOH� GLVSHUVLRQ� DUHD� IRU� <$*�&H� SURGXFHG� LQ�

FUXFLEOH�GXULQJ�PLFURZDYH�KHDWLQJ�LV������QP��DQG�
�����P�ZKHQ� WKH� SRZGHU� LV� FDOFLILHG� LQ� WKH� DLU� DW�
����� �&�� 7KH� UHDFWLRQ� FXS� UHDFKHV� D� WHPSHUDWXUH�
VXIILFLHQW�IRU�V\QWKHVLV�RI�<�$O�2���FRPSRXQG�DQG�
SHQHWUDWLRQ�RI�FHULXP�LRQV�LQWR�WKH�VWUXFWXUH�RI�WKH�
JDUQHW� LQ� D� WKUHH-FKDUJH� VWDWH�� 7KH� FDOFLQDWLRQ� RI�
WKH�SRZGHU�DW����������DQG�������&�LQ�WKH�DLU�OHDGV�
WR� IRUPDWLRQ� RI� D� SUDFWLFDOO\� VLQJOH-SKDVH� <$*�
VWUXFWXUH�� DQG� D� VPDOO� DPRXQW� RI� WKH� SHURYVNLWH�
LPSXULW\�SKDVH�GRHV�QRW�OHDG�WR�VLJQLILFDQW�FKDQJH�
LQ� WKH� VSHFWUDO� OXPLQHVFHQW� SURSHUWLHV�� <$*�&H�
OXPLQRSKRUH�HPLVVLRQ�VSHFWUXP��ZKHQ�H[FLWHG�E\�D�
����QP�/('��JLYHV�D�ZLGH�EDQG�EHWZHHQ�����DQG�
����QP�WKDW�FRUUHVSRQGV�WR�WKH�\HOORZ-JUHHQ�UDGLD�
WLRQ�WKDW�ZLWK�EOXH�/('�UDGLDWLRQ�FUHDWHV�WKH�VHQVD�
WLRQ�RI�ZKLWH�OLJKW��7KH�KLJKHVW�LQWHQVLW\�RI�WKH�\HO�
ORZ-JUHHQ� OXPLQHVFHQFH� LV� VKRZQ� E\� <$*�&H�
SRZGHUV� FDOFLQDWHG� DW� ���� �&� LQ� WKH� DLU�� 7KLV� DS�
SHDUV� WR� EH� GXH� WR� LQFUHDVH� LQ� WKH� VKDUH� RI� IRXU-
FKDUJH�FHULXP�LRQV�LQ�\WWULXP�R[LGH�VXEODWWLFH�GXU�
LQJ�WKH�WUHDWPHQW�LQ�WKH�R[LGL]LQJ�DWPRVSKHUH�� 

� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

)LJXUH����/XPLQHVFHQFH�VSHFWUD�RI�SRZGHUHG�<$*�&H�VDPSOHV�GHSHQGLQJ�RQ�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�� 
ȜH[� �����QP� 
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0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

 

�� 3DUN�&�-:����3DUN�'�-��'HYHORSPHQW�RI�(U�����<E����FR-GRSHG�<�2��13V�DFFRUGLQJ�WR�<E�
���FRQFHQWUDWLRQ�E\�/3-3/$�PHWKRG��SRWHQWLDO�IXUWKHU�

ELRVHQVRU��%LRVHQVRU���������������������'2,����������%,26�������� 
�� ,VKLZDGD 1� �8HGD�7�� �<RNRPRUL�7��&KDUDFWHULVWLFV�RI�UDUH�HDUWK��5(� �(X��7E��7P�-GRSHG�<�2��SKRVSKRUV�IRU�WKHUPRPHWU\��/XPLQHVFHQFH� ������

����������–���� '2,����������%,2������ 
�� &KR�-���3DUN�-�+���.LP�-�.���6FKXEHUW�(�)��:KLWH�OLJKW-HPLWWLQJ�GLRGHV��+LVWRU\��SURJUHVV��DQG�IXWXUH��/DVHU�	�3KRWRQLFV�5HYLHZV����������������–

����'2,����������/325���������� 
��� )DURRT�0����5DILT�+�����6KDK�$�,���5DVRRO�0��+��5HYLHZ�–�2Q�WKH�'HYHORSPHQW�RI�3KRVSKRUV�IRU�/XPLQHVFHQW�0DWHULDOV��6\QWKHVLV��&KDUDFWHUL]D�

WLRQ��$SSOLFDWLRQV�DQG�(YROXWLRQ�RI�3KRVSKRUV�DV�:KLWH-/LJKW-(PLWWLQJ�'LRGHV��(&6�-RXUQDO�RI�6ROLG�6WDWH�6FLHQFH�DQG�7HFKQRORJ\� ��������
��������������'2,��������������-�����DG���� 

��� &KXQJ�'�1���+LHX�'�1���7KDR�7�7���7UXRQJ�9R-9DQ��1DQJ�'�1��6\QWKHVLV�DQG�&KDUDFWHUL]DWLRQ�RI�&H-'RSHG�<�$O�2����<$*��&H��1DQRSRZ�
GHUV�8VHG�IRU�6ROLG-6WDWH�/LJKWLQJ��-RXUQDO�RI�QDQRPDWHULDOV��������,'��������'2,��������������������� 

��� %RENRYD�1�0���7UXVRYD�(�(��*ODVV-&HUDPLF�/LJKWFRQYHUWLQJ�&RPSRVLWHV�RI�D�UHPRWH�W\SH�IRU�OLJKWLQJ�VRXUFHV�EDVHG�RQ�OLJKW-HPLWLQJ�GLRGHV��
*ODVV�3K\VLFV�DQG�&KHPLVWU\������������������–���� 

��� 1DVVDU�(�-���3HUHLUD�3�)�6���1DVVRU�(�&�2����ÈYLOD�/�5���&LXIIL�.���&DOHIL�3��1RQK\GURO\WLF�VRO-JHO�V\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ�RI�<$*��-RXUQDO�
RI�0DWHULDOV�6FLHQFH�������������������í������'2,����������V�����-���-����-� 

��� +ZDQJ�.�6���+ZDQJER�6���-HRQJ�-�+���/HH�<�-+����.LP�-�-7����6RO-JHO�6\QWKHVLV�DQG�&KDUDFWHUL]DWLRQ�RI�<$*�&H�� 3KRVSKRUV�E\�9DULRXV�3UH-
ILULQJ�7HPSHUDWXUHV��056�2QOLQH�3URFHHGLQJV�/LEUDU\��23/�� 6\PS��33�–�6ROLG-6WDWH�&KHPLVWU\�RI�,QRUJDQLF�0DWHULDOV�9,,���������������–�����
'2,����������352&-����-33��-�� 

��� 0XGDVLU�)���+DTQDZD]�5���$DULI�XO�,�6���0LU�+�5��5HYLHZ�–�2Q�WKH�'HYHORSPHQW�RI�3KRVSKRUV�IRU�/XPLQHVFHQW�0DWHULDOV��6\QWKHVLV��&KDUDFWHUL�
]DWLRQ��$SSOLFDWLRQV�DQG�(YROXWLRQ�RI�3KRVSKRUV�DV�:KLWH-/LJKW-(PLWWLQJ�'LRGHV��(&6�-RXUQDO�RI�6ROLG�6WDWH�6FLHQFH�DQG�7HFKQRORJ\������������
'2,�������������-�����DG���� 

��� /L�;���:DQJ�:���+X�=*��3UHSDUDWLRQ�RI�XQLIRUPO\�GLVSHUVHG�<$*�XOWUDILQH�SRZGHUV�E\�FRSUHFLSLWDWLRQ�PHWKRG�ZLWK�6'6�WUHDWPHQW� 3RZGHU�
0HWDOO��0HW��&HUDP�� �������������–�����'2,����������6�����-���-����-�� 

��� /L�-�-*���,NHJDPL�7���/HH�-�-+���0RUL�7��:HOO-VLQWHUDEOH�<�$O�2�� 3RZGHU�IURP�&DUERQDWH�3UHFXUVRU��-RXUQDO�RI�0DWHULDOV�5HVHDUFK� �������������
����í������ '2,����������-05���������� 

��� 0XNDV\DQ�$�6��� (SVWHLQ�3���'LQND�3��6ROXWLRQ� FRPEXVWLRQ� V\QWKHVLV� RI� QDQRPDWHULDOV��3URFHHGLQJV�RI� WKH�&RPEXVWLRQ� ,QVWLWXWH�������� �������
����í������'2,����������-�352&,������������ 

��� &KXQJ�'�1���+LHX�'�1���7KDR�Ɍ�7���7UXRQJ�9�-9���'LQK�1�1��6\QWKHVLV�DQG�&KDUDFWHUL]DWLRQ�RI�&H-'RSHG�<�$O�2�� �<$*�&H��1DQRSRZGHUV�
8VHG�IRU�6ROLG-6WDWH�/LJKWLQJ����-RXUQDO�RI�1DQRPDWHULDOV��������,' ������� ����'2,��������������������� 

��� +DVVDQ =���$EG�+�5���$KPHG�1�0��(QKDQFHG�ZKLWH�OLJKW�OXPLQHVFHQFH�RI�&H���-�DFWLYDWHG�<�$O�2���SKRVSKRUV�SRZGHU�V\QWKHVL]HG�YLD�FRQWLQXRXV�ZDYH�
�&:��&2��ODVHU-DVVLVWHG�FRPEXVWLRQ��,QWHUQDWLRQDO�(QHUJ\�DQG�6XVWDLQDELOLW\�&RQIHUHQFH��,(6&�� ������'2,����������,(6&������������������ �  

��� .LVWDQNLQD�0�$���$VHHY�9�$���7X]RYD�-�9���0\QEDHY�.�'���%RXJURY�9�(���1LNRQRURY�1�9���5RPDQRY�$�(��/XPLQHVFHQW�3KRVSKRU-LQ-*ODVV�
&RPSRVLWH�IRU�:KLWH�/LJKW-(PLWWLQJ�'LRGHV��-RXUQDO�RI�2SWRHOHFWURQLFV�(QJLQHHULQJ���������������–���'2,�����������-2(-�-�-� 

��� =KHQJ�3���/L�6���:DQJ�/���=KRX�7�-/���<RX�6���7DNHGD�7���+LURVDNL�1���;LH�5�--��8QLTXH�FRORU�FRQYHUWHU�DUFKLWHFWXUH�HQDEOLQJ�SKRVSKRU-LQ-JODVV�
�3L*��ILOPV�VXLWDEOH�IRU�KLJK-SRZHU�DQG�KLJKOXPLQDQFH�ODVHU-GULYHQ�ZKLWH� OLJKWLQJ��$&6�$SSO��0DWHU��,QWHUIDFHV���������������������–�������
'2,����������$&6$0,��%����� 

��� .ZRQ�6�%���&KRL�6�+���<RR�-�+���-HRQJ�6�*���6RQJ�<�-+���<RRQ�'�+��6\QWKHVLV�GHVLJQ�RI�<�$O�2����&H
���SKRVSKRU�IRU�IDEULFDWLRQ�RI�FHUDPLF�

FRQYHUWHU�LQ�DXWRPRWLYH�DSSOLFDWLRQ��2SWLFDO�0DWHULDOV���������������–�����'2,����������-�2370$7������������ 
��� .LP�<�+���9LVZDQDWK�1RROX�6�0���8QLWKUDWWLO�6���.LP�+�-���,P�:�%��5HYLHZ�–�3KRVSKRU�3ODWHV�IRU�+LJK-3RZHU�/('�$SSOLFDWLRQV��&KDOOHQJHV�

DQG� 2SSRUWXQLWLHV� WRZDUG� 3HUIHFW� /LJKWLQJ�� (&6� -RXUQDO� RI� 6ROLG� 6WDWH� 6FLHQFH� DQG� 7HFKQRORJ\�� ������ ������ ����–������ '2,��
�����������������MVV 

��� 'LYL�+���+DULVK�&���6KDUP�3���6LQJK�6�.��(QKDQFHG�OXPLQHVFHQFH�RI�<�$O�2���&H
���QDQRSKRVSKRU�IRU�ZKLWH�OLJKW-HPLWWLQJ�GLRGHV��$SSOLHG�3K\V�

LFV�/HWWHUV����������������������í������-���'2,������������������ 
��� )X�<�-3��:HQ�6�-%���+VX�&�-6��3UHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�<�$O�2���&H�DQG�<�2��(X�SKRVSKRUV�SRZGHUV�E\�FRPEXVWLRQ�SURFHVV��-RXUQDO�

RI�$OOR\V�DQG�&RPSRXQGV����������������–����� 
��� )X�<�-3���3UHSDUDWLRQ�RI�<�$O�2���&H�SRZGHUV�E\�PLFURZDYH-LQGXFHG�FRPEXVWLRQ�SURFHVV�DQG�WKHLU�OXPLQHVFHQW�SURSHUWLHV��-RXUQDO�RI�$OOR\V�DQG�

&RPSRXQGV�������������-�������–�����'2,����������-�-$//&20������������� 
��� 0DWVXVKLWD�1���7VXFKL\D�1���1DNDWVXND�.���<DQDJLWDQL�7��3UHFLSLWDWLRQ�DQG�&DOFLQDWLRQ�3URFHVVHV�IRU�<WWULXP�$OXPLQXP�*DUQHW�3UHFXUVRUV�6\Q�

WKHVL]HG�E\�WKH�8UHD�0HWKRG���-���$P��&HUDP���6RF��������������������–����� 
��� .DUDYDHY�,�$���6DYLQNLQD�(�9���3RQNUDVKLQD�6�6���*ULJRULHY�0�6��.RPSOHNVQ\\H�VR\HGLQHQL\D�QLWUDWD�WVLQND�L�QLWUDWRY�ODQWDQLGRY�V�PRFKHYLQR\�Y�

VRRWQRVKHQLL�������>&RPSOH[�FRPSRXQGV�RI�]LQF�QLWUDWH�DQG�ODQWKDQLGH�QLWUDWHV�ZLWK�XUHD�LQ�D�UDWLR�RI����@�=KXUQDO�QHRUJDQLFKHVNR\�NKLPLL��������
����������–�����'2,� ���������6�������;�������� 

��� .OXJ�+�3���$OH[DQGHU�/��(��;-UD\�GLIIUDFWLRQ�SURFHGXUHV�IRU�SRO\FU\VWDOOLQH�DQG�DPRUSKRXV�PDWHULDOV��1HZ�<RUN��:LOH\������������� 
��� 1DNDPRWR�.��,QIUDUHG�DQG�5DPDQ�VSHFWUD�RI�LQRUJDQLF�DQG�FRRUGLQDWLRQ�FRPSRXQGV��86$��-RKQ�:LOH\�	�6RQV��,QF��3XEO������������ 
��� +DUDQDWK�'���&KDQGHU�+���6KDUPD�3���6LQJK�6���(QKDQFHG�OXPLQHVFHQFH�RI�<�$O�2���&H

���QDQRSKSRVSKRU�IRU�ZKLWH�OLJKW-HPLWWLQJ�GLRGHV��$SSO��
3K\V��/HWWHUV����������������������–���'2,������������������� 

��� .DWHOQLNRYDV�$���9LWWD�3����3REHGLQVNDV�3���7DPXODLWLV�*��3KRWROXPLQHVFHQFH�LQ�6RO–*HO-'HULYHG�<$*�&H�3KRVSKRUV��-RXUQDO�RI�&U\VWDO�*URZWK��
�����������������–�����'2,����������-�-&5<6*52������������ 
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