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)DUPLQJ�UDLQERZ�WURXW��2QFRUK\QFKXV�P\NLVV��LQ�9LHWQDP�VWDUWHG�LQ�������)DUPLQJ�LQ�ZDWHU�
IORZLQJ�WKURXJK�UHDULQJ�V\VWHPV�LV�DSSOLHG�DV�WKH�PDLQ�IDUPLQJ�WHFKQLTXH�ZLWK�ORZ�GHQVLW\��
)ORRGV�DQG�ZDWHU�VKRUWDJHV�FDXVH�JUHDW�GDPDJH�WR�UDLQERZ�WURXW�IDUPLQJ�LQ�WKH�1RUWKZHVW�RI�
9LHWQDP��7KLV�VWXG\�DLPV�WR�HYDOXDWH�WKH�LPSDFW�RI�VWRFNLQJ�GHQVLW\�RQ�ZDWHU�TXDOLW\�DQG�WKH�
JURZWK�SHUIRUPDQFH�RI�UDLQERZ�WURXW�FXOWXUHG�LQ�D�ORZ�KHDG�UHFLUFXODWLQJ�DTXDFXOWXUH�V\VWHP�
�/+�5$6���7ZR�VWRFNLQJ�GHQVLWLHV��LQFOXGLQJ����ILVK�P��DQG����ILVK�P��ZHUH�UDLVHG�LQ�D�����
P�� /+�5$6� VHSDUDWHO\�� 7KH� /+�5$6� KDV� WZR� UDFHZD\� IDUPLQJ� VHFWLRQV� FRPELQHG� ZLWK� D�
URXJK� ILOWUDWLRQ� DQG� ELRORJLFDO� ILOWUDWLRQ� WUHDWPHQW� VHFWLRQ�� 7KH� V\VWHP� ZDV� VXSSOHPHQWHG�
ZLWK�QHZ�ZDWHU�IURP��������O�VHFRQG�WR�FRPSHQVDWH�IRU�WKH�ZDVWHZDWHU�GLVFKDUJHG�IURP�WKH�
V\VWHP��7KH�LQLWLDO�ERG\�ZHLJKW�RI�ILVK�ZDV���������J�ILVK�DQG�IHG�GDLO\�ZLWK�LQGXVWULDO�SHOOHWV�
FRQWDLQLQJ����������FUXGH�SURWHLQ��7KH�WRWDO�ERG\�ZHLJKW�RI�WKH�ILVK�ZDV�PHDVXUHG�HYHU\����
GD\V��:DWHU� WHPSHUDWXUH��'2�� DQG� S+�ZHUH�PHDVXUHG� GDLO\�� 1�12�

��� &2��� +�6�� $ONDOLQLW\��
766�DQG�1�12�

��ZHUH�PHDVXUHG�ZHHNO\��7KH� UHVXOWV� LQGLFDWHG� WKDW�ZDWHU�SDUDPHWHUV�ZHUH�
VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ� WKH� WZR�JURXSV��VSHFLILFDOO\�'2��������� �����YV�� ������� �����
PJ�O���1�12�

�� ��������� ������ YV�� �������� �������PJ�O���1�12�
�� �������� ����� YV�� ������� �����

PJ�O���&2���������������YV��������������PJ�O��DQG�766��������������YV��������������PJ�O���3���
������� $W� GD\� ����� WKH�ZHLJKWV� RI� WKH� ILVK� LQ� ��� ILVK�P�� DQG� ��� ILVK�P�� JURXSV� VWDUWHG� WR�
GLYHUJH�ZLWK�WKH�VL]H�RI����������J�DQG����������J�SHU�ILVK��UHVSHFWLYHO\��3����������$IWHU�����
GD\V��WKH�ILVK�DW�D�GHQVLW\�RI����ILVK�P��UHDFKHG������������J�SHU�ILVK��ZKLOH�WKRVH�DW�D�GHQVLW\�
RI����ILVK�P��UHDFKHG������������J�SHU�ILVK��3����������7KH�':*�LQGLFHV�IRU�WKHVH�WZR�JURXSV�
ZHUH������DQG������J�GD\��UHVSHFWLYHO\��7KH�EHWWHU�ZDWHU�TXDOLW\�FRQWULEXWHG�WR�EHWWHU�JURZWK�
RI�WKH����ILVK�P��JURXS�FRPSDUHG�WR����ILVK�P���
.H\ZRUGV��5DLQERZ�WURXW��5$6��VWRFNLQJ�GHQVLW\��JURZWK��ZDWHU�TXDOLW\��

5HFHLYHG�����1RYHPEHU��������UHYLVHG����'HFHPEHU��������DFFHSWHG����'HFHPEHU��������
�

���,1752'8&7,21�

5DLQERZ� WURXW� �2QFRUK\QFKXV� P\NLVV�� ZDV�
ILUVW� LQWURGXFHG� WR� 9LHWQDP� LQ� ����� DQG� KDV�
XQGHUJRQH� RYHU� ��� \HDUV� RI� UHVHDUFK� DQG�

GHYHORSPHQW�� :LWK� DQ� DQQXDO� SURGXFWLRQ� RI�
DSSUR[LPDWHO\� ������ WRQV� DQG� D� PDUNHW� SULFH�
UDQJLQJ� IURP� �������� WR� �������� 91'�NJ� >�@��
UDLQERZ� WURXW� KDV� EHFRPH� D� KLJK�YDOXH�
DTXDFXOWXUH� VSHFLHV�� 7KH� 0LQLVWU\� RI� $JULFXOWXUH�
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DQG�5XUDO�'HYHORSPHQW� �0$5'��KDV� LGHQWLILHG� LW�
DV� D� SRWHQWLDO� VSHFLHV� IRU� IXWXUH� DTXDFXOWXUH�
GHYHORSPHQW� GXH� WR� JURZLQJ� GRPHVWLF� DQG�
LQWHUQDWLRQDO�PDUNHW�GHPDQGV��&XUUHQWO\��UDLQERZ�
WURXW� LQ� 9LHWQDP� LV� FRPPRQO\� � FXOWXUHG� LQ�ZDWHU�
IORZ� �� WKURXJK�V\VWHPV��ZKHUH�ZDWHU� LV�XVHG�RQO\�
RQFH�� 7KLV� PHWKRG� UHOLHV� KHDYLO\� RQ� D� FRQVWDQW�
VXSSO\� RI� FOHDQ�� FROG� ZDWHU� WR� PDLQWDLQ� RSWLPDO�
FRQGLWLRQV�� +RZHYHU�� ZDWHU� VKRUWDJHV� GXULQJ� WKH�
GU\� VHDVRQ� DQG� IORRGLQJ� LQ� WKH� UDLQ\� VHDVRQ�SRVH�
VLJQLILFDQW� FKDOOHQJHV� WR� ODUJH�VFDOH� FRPPHUFLDO�
IDUPLQJ��DV� WURXW�UHTXLUH�D�FOHDQ�DQG�VWDEOH�ZDWHU�
HQYLURQPHQW�� 7KHVH� FKDOOHQJHV� QHFHVVLWDWH�
DGYDQFHG� WHFKQRORJLFDO� VROXWLRQV� WR� RSWLPL]H�
SURGXFWLYLW\�DQG�VXVWDLQDELOLW\��

5HFLUFXODWLQJ�DTXDFXOWXUH�V\VWHPV��5$6��KDYH�
SURYHQ�WR�EH�DQ�HIIHFWLYH�VROXWLRQ�IRU�DTXDFXOWXUH��
SDUWLFXODUO\� LQ� UHJLRQV� ZLWK� XQVXLWDEOH�
HQYLURQPHQWDO� FRQGLWLRQV�� 5$6� WHFKQRORJ\�
UHF\FOHV� DQG� UHXVHV� ZDWHU� DIWHU� PHFKDQLFDO� DQG�
ELRORJLFDO� ILOWUDWLRQ�� UHPRYLQJ� VXVSHQGHG� VROLGV�
DQG� PHWDEROLF� FRPSRXQGV�� 7KLV� DSSURDFK�
VXSSRUWV�KLJK���GHQVLW\� IDUPLQJ��UHGXFHV� ODQG�XVH�
DQG� ZDWHU� UHTXLUHPHQWV�� DQG� LV� SDUWLFXODUO\�
EHQHILFLDO� LQ� ZDWHU�VFDUFH� UHJLRQV�� $� ORZ�KHDG�
UHFLUFXODWLQJ� DTXDFXOWXUH� V\VWHP� �/+�5$6�� KDV�
EHHQ�LPSOHPHQWHG�DW�WKH�5HVHDUFK�&HQWHU�IRU�&ROG�
ZDWHU� $TXDFXOWXUH� �5&&$��� XQGHU� WKH� 5HVHDUFK�
,QVWLWXWH� IRU� $TXDFXOWXUH� 1R�� ��� GHVLJQHG� WR� VXLW�
9LHWQDP
V�WRSRJUDSKLFDO�FRQGLWLRQV��7KLV�V\VWHP�LV�
FRVW� �� HIIHFWLYH�� HQHUJ\� �� HIILFLHQW�� DQG� DGDSWDEOH��
$FFRUGLQJ� WR� 3IHLIIHU� DQG� 5LFKH� �������� /+�5$6�
FRQVXPHV�VLJQLILFDQWO\�OHVV�HQHUJ\�WKDQ�WUDGLWLRQDO�
KLJK� �� KHDG� 5$6�� LPSURYLQJ� HFRQRPLF� HIILFLHQF\�
DQG� LQFUHDVLQJ� SURILWDELOLW\� >�@�� 7KH� /+�5$6�
V\VWHP�DW�5&&$�KDV�D� WRWDO�V\VWHP�OHQJWK�RI������
PHWHUV� DQG� D�ZLGWK�RI� ��PHWHUV�� 7KH� ILVK� FXOWXUH�
DUHD� FRPSULVHV� WZR� UDFHZD\� WDQNV�� HDFK�
PHDVXULQJ� ��� PHWHUV� LQ� OHQJWK� DQG� �� PHWHUV� LQ�
ZLGWK�� ZLWK� D� ZDWHU� WUHDWPHQW� DUHD� RI� ���� [� ��
PHWHUV�� 7KH� WUHDWPHQW� DUHD� DFFRXQWV� IRU� ������ RI�
WKH� WRWDO� V\VWHP�DUHD��7KH� ILVK� WDQNV�KDYH� D� WRWDO�
YROXPH�RI�����P������P��SHU�WDQN��ZLWK�D�GHVLJQHG�

FDSDFLW\�RI����������WRQV�\HDU�DQG�D�SURGXFWLYLW\�RI�
���NJ�P���0D[LPXP�IHHG�XVDJH�LV����NJ�GD\��DQG�
WKH� ZDWHU� VXSSO\� UHTXLUHPHQW� LV� �� �� ��
OLWHUV�VHFRQG�� 7KH� ZDWHU� WUHDWPHQW� DUHD� LV�
HTXLSSHG� ZLWK� WZR� DHUDWLRQ� V\VWHPV� WR� FUHDWH�
ZDWHU�IORZ��R[\JHQDWH��DQG�UHPRYH�&2΃��

7KLV� VWXG\� H[DPLQHV� WKH� HIIHFWV� RI� VWRFNLQJ�
GHQVLW\� RQ� WKH� JURZWK� SHUIRUPDQFH� RI� UDLQERZ�
WURXW� DQG� ZDWHU� TXDOLW\� LQ� /+�5$6�� 7KH� ILQGLQJV�
FRQWULEXWH� WR� GHWHUPLQLQJ� WKH� RSWLPDO� VWRFNLQJ�
GHQVLW\� IRU� UDLQERZ� WURXW� LQ� /+�5$6� DQG� SURYLGH�
SUDFWLFDO� LQVLJKWV� LQWR� XWLOL]LQJ� 5$6� IRU� ILVK�
IDUPLQJ��SDUWLFXODUO\�LQ�FRQWH[WV�RI�ZDWHU�VKRUWDJH�
GXULQJ�WKH�GU\�VHDVRQ�DQG�GHJUDGHG�ZDWHU�TXDOLW\�
GXULQJ�WKH�UDLQ\�VHDVRQ��

���0$7(5,$/6�$1'�0(7+2'6�

�����0DWHULDOV�

5DLQERZ� WURXW� �2QFRUK\QFKXV� P\NLVV��
MXYHQLOHV� ZHUH� SURGXFHG� DW� WKH� &ROGZDWHU�
$TXDFXOWXUH�5HVHDUFK�&HQWHU��6D�3D�WRZQ��/DR�&DL�
SURYLQFH�� 7KH� ILVK� ZHUH� KHDOWK\�� XQLIRUP� LQ� VL]H��
ZLWK�DQ�DYHUDJH�ZHLJKW�RI���������J��

�����([SHULPHQWDO�GHVLJQ�DQG�UHDULQJ�SURWRFRO�

�������([SHULPHQWDO�6HWXS�DQG�)HHGLQJ�

7ZR� VWRFNLQJ� GHQVLWLHV� ZHUH� WHVWHG�� ���
ILVK�P��DQG����ILVK�P���

7KH�H[SHULPHQW�ZDV�FRQGXFWHG�RYHU�����GD\V��

���ILVK�P���-XQH�WR�'HFHPEHU�������

���ILVK�P���-DQXDU\�WR�-XQH�������

)HHGLQJ� UHJLPH�� )LVK�ZHUH� IHG� WZLFH� GDLO\� DW�
�����$0�DQG������30�XVLQJ�FRPPHUFLDO�SHOOHW�IHHG�
FRQWDLQLQJ�!����SURWHLQ�DQG�����OLSLG��7KH�IHHGLQJ�
UDWH� UDQJHG� IURP� ���� y� ����� RI� WKH� WRWDO� ILVK�
ELRPDVV�SHU�GD\��GHSHQGLQJ�RQ�ILVK�VL]H�DQG�GDLO\�
ZDWHU�WHPSHUDWXUH��

)LVK� DFWLYLWLHV� DQG� GDLO\� PRUWDOLW\� ZHUH�
UHFRUGHG��

7KH� GHVLJQ� RI� WKH� ORZ�KHDG� UHFLUFXODWLQJ�
DTXDFXOWXUH� V\VWHP� �/+�5$6�� LV� SUHVHQWHG� LQ�
ILJXUH����
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�
)LJXUH����/RZ���KHDG�UHFLUFXODWLQJ�DTXDFXOWXUH�V\VWHP��/+�5$6��GHVLJQ�

�������(YDOXDWLRQ�&ULWHULD�

x� *URZWK�0RQLWRULQJ�� )LVK� VL]H� �OHQJWK� DQG�
ZHLJKW�� ZDV� PHDVXUHG� HYHU\� ��� GD\V�� )RU� HDFK�
PHDVXUHPHQW�� ��� ILVK� SHU� WDQN� ZHUH� UDQGRPO\�
VHOHFWHG�DQG�PHDVXUHG�LQGLYLGXDOO\��

x� )LQDO�*URZWK�DQG�5HDULQJ�3HUIRUPDQFH��$W�
WKH� HQG� RI� WKH� H[SHULPHQW�� ILVK� ZHUH� KDUYHVWHG��
DQG� WKH� IROORZLQJ� LQGLFDWRUV� ZHUH� DVVHVVHG��
VXUYLYDO�UDWH��65���GDLO\�ZHLJKW�JDLQ��':*���GDLO\�
OHQJWK� JDLQ� �'/*��� VSHFLILF� JURZWK� UDWH� �6*5���
DQG� WKH� FRHIILFLHQW� RI� YDULDWLRQ� �&9��� 7KHVH�
SDUDPHWHUV� ZHUH� FDOFXODWHG� XVLQJ� WKH� IROORZLQJ�
IRUPXODV��

R� 6XUYLYDO� 5DWH� �65�� ����  � �7RWDO� KDUYHVWHG�
ILVK�7RWDO�LQLWLDO�VWRFNLQJ��î������

R� 6SHFLILF� *URZWK� 5DWH� �6*5�� ����  � >���� î�
�/Q�ILQDO�ZHLJKW�y�/Q�LQLWLDO�ZHLJKW�@�5HDULQJ�GD\V��

R� 'DLO\� :HLJKW� *DLQ� �':*�� �J�GD\��  �
�)LQDO�ZHLJKW�y�,QLWLDO�ZHLJKW���5HDULQJ�GD\V��

R� &RHIILFLHQW� RI� 9DULDWLRQ� �&9�� ����  �
�6WDQGDUG� GHYLDWLRQ� RI� ILVK� ZHLJKW�0HDQ� ILVK�
ZHLJKW��î������

�������(QYLURQPHQWDO�0RQLWRULQJ�DQG�$QDO\VLV�

x� 'LVVROYHG�R[\JHQ� �'2��� WHPSHUDWXUH�� DQG�
S+�ZHUH�PRQLWRUHG�WZLFH�GDLO\�������$0�DQG������
30�� XVLQJ� D� GLJLWDO� PXOWLSDUDPHWHU� LQVWUXPHQW�
�<6,��������

x� 1�12΃ͼ�� &2'�� 766�� &2΃�� 1�12΄ͼ�� DQG�
DONDOLQLW\� ZHUH� DQDO\]HG� XVLQJ� WKH� PHWKRGV�
GHVFULEHG�E\�%DLUG�	�%ULGJHZDWHU��������>�@��ZLWK�
WKH�GHWDLOV�RI�HDFK�PHWKRG�SURYLGHG�EHORZ��

R� 1�12΃ͼ��60(::������12΃ͼ�

R� &2'��60(::������%�&������

R� 766��60(::�����'������

R� &2΃��60(::������&2΃�&������

R� 1�12΄ͼ��60(::������12΄ͼ�(������

R� $ONDOLQLW\��60(::�����������

�����6WDWLVWLFDO�$QDO\VLV�

'DWD� ZHUH� SUHVHQWHG� DV� PHDQ� �� VWDQGDUG�
GHYLDWLRQ� �6'��� 'LIIHUHQFHV� EHWZHHQ� WKH� WZR�
VWRFNLQJ� GHQVLWLHV� ���� DQG� ��� ILVK�P��� ZHUH�
DQDO\]HG�XVLQJ�6366�VRIWZDUH�YHUVLRQ�����3ULRU�WR�
DQDO\VLV�� GDWD� ZHUH� FKHFNHG� IRU� QRUPDO�
GLVWULEXWLRQ� DQG� KRPRJHQHLW\� RI� YDULDQFH�� )RU�
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QRUPDOO\� GLVWULEXWHG� GDWD�� D� W�WHVW� ZDV� DSSOLHG��
RWKHUZLVH�� WKH� QRQSDUDPHWULF� 0DQQ�:KLWQH\� 8�
WHVW� ZDV� XVHG�� 6WDWLVWLFDO� VLJQLILFDQFH� ZDV�
HYDOXDWHG�DW�Į� �������

���5(68/76�$1'�',6&866,21�
�����:DWHU�4XDOLW\�

7DEOH����$YHUDJH�9DOXHV�RI�:DWHU�4XDOLW\�LQ�WKH�/+�5$6�
6WRFNLQJ�GHQVLW\�(QYLURQPHQWDO��

3DUDPHWHU� ���ILVK�P�� ���ILVK�P��
7&91������������

7HPSHUDWXUH���&�� ������������� ������������� ��������
'2��PJ�O�� ������������ �����������
� ������

S+� ������������ ������������ ��������
1�12�

���PJ�O�� ������������ �����������
� ������
1�12�

���PJ�O�� ������������ �����������
� ������
+�6��PJ�O�� ������������ ������������ ������
&2���PJ�O�� ������������ �����������
� �����

$ONDOLQLW\��PJ�O�� ������������� ������������
� ���±�����
766��PJ�O�� ������������ �����������
� ������

1RWH��'DWD� DUH� SUHVHQWHG� DV�PHDQ��� VWDQGDUG� GHYLDWLRQ� �PHDQ� �� 6'��� 7KH� V\PERO� 
� LQGLFDWHV� D�
VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�VWRFNLQJ�GHQVLWLHV��3���������Q� ������7&91������������
>�@��

7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFHV��3�!�������
LQ� WHPSHUDWXUH� DQG� S+� OHYHOV� EHWZHHQ� WKH� WZR�
VWRFNLQJ� GHQVLWLHV�� %RWK� SDUDPHWHUV� ZHUH� ZLWKLQ�
WKH� SHUPLVVLEOH� OLPLWV� GHILQHG� E\� 7&91�
����������� >�@�� FRQILUPLQJ� WKDW� WKH� LQLWLDO�
HQYLURQPHQWDO� FRQGLWLRQV� ZHUH� VLPLODU� IRU� ERWK�
H[SHULPHQWDO�WUHDWPHQWV��$OWKRXJK�WKH�WULDOV�ZHUH�
FRQGXFWHG� GXULQJ� GLIIHUHQW� WLPH� SHULRGV�� WKH�
FRQVLVWHQF\� LQ� WHPSHUDWXUH� DQG�S+� VXJJHVWV� WKDW�
WKHVH� IDFWRUV� GLG� QRW� LQIOXHQFH� WKH� H[SHULPHQWDO�
GHVLJQ�� +\GURJHQ� VXOILGH� �+΃6�� FRQFHQWUDWLRQV�
ZHUH�QRW�VLJQLILFDQWO\�GLIIHUHQW��3�!�������EHWZHHQ�
WKH�WZR�WUHDWPHQWV��ZLWK�OHYHOV�RI�������������PJ�/�
DW����ILVK�P��DQG�������������PJ�/�DW����ILVK�P���
+RZHYHU��WKH�KLJKHU�GHQVLW\�DQG�UHODWLYHO\�ORZ�S+�
UDQJH� �S+�  � ����� y� ������ FRQWULEXWHG� WR� HOHYDWHG�
+΃6� OHYHOV�� H[FHHGLQJ� WKH� DFFHSWDEOH� OLPLW� LQ� WKH�
��� ILVK�P�� WUHDWPHQW�� 0DLQWDLQLQJ� DHUDWLRQ� DQG�
DGHTXDWH� GLVVROYHG� R[\JHQ� �'2�� OHYHOV� DQG�
PLQLPL]HG�+΃6�IRUPDWLRQ�LQ�ERWK�FDVHV��

6LJQLILFDQW� GLIIHUHQFHV� LQ� 'LVVROYHG� R[\JHQ��
&DUERQ� GLR[LGH�� QLWUDWH� �1�12΄ͼ��� QLWULWH� �1�
12΃ͼ���DQG�WRWDO�VXVSHQGHG�VROLGV�ZHUH�REVHUYHG�
EHWZHHQ� WKH� WZR� VWRFNLQJ� GHQVLWLHV�� 'LVVROYHG�
R[\JHQ� OHYHOV� ZHUH� ORZHU� LQ� WKH� ��� ILVK�P��
WUHDWPHQW��������������PJ�/��FRPSDUHG� WR� WKH����

ILVK�P�� WUHDWPHQW� ������ �� ����� PJ�/��� UHIOHFWLQJ�
WKH� KLJKHU� R[\JHQ� GHPDQG� DVVRFLDWHG� ZLWK�
LQFUHDVHG� VWRFNLQJ� GHQVLW\�� '2� LV� D� FULWLFDO�
SDUDPHWHU� LQ� LQWHQVLYH� DTXDFXOWXUH� V\VWHPV��
VXSSRUWLQJ� PHWDEROLF� SURFHVVHV� DQG� LQWHUDFWLQJ�
ZLWK� ELRORJLFDO� ILOWUDWLRQ� >�@�� ,Q� UHFLUFXODWLQJ�
DTXDFXOWXUH� V\VWHPV� �5$6��� ORZ� '2� FDQ� OHDG� WR�
LQFUHDVHG� ILVK� VWUHVV�� LPSDLUHG� ELRILOWUDWLRQ�
�QLWULILFDWLRQ���DQG�SRWHQWLDO�ILVK�PRUWDOLW\��)DFWRUV�
VXFK� DV� VWRFNLQJ� GHQVLW\�� IHHGLQJ� UDWHV��
WHPSHUDWXUH��DQG�VSHFLHV�WROHUDQFH�WR�K\SR[LD�FDQ�
DIIHFW� R[\JHQ� GHPDQG�� &DUERQ� GLR[LGH� �&2΃��
FRQFHQWUDWLRQV� ������ �� �����PJ�/� YV�� ����� �� �����
PJ�/��� DONDOLQLW\� ��������� �����PJ�/� YV�� ������ ��
����� PJ�/��� DQG� WRWDO� VXVSHQGHG� VROLGV� �766��
������ �� ����� PJ�/� YV�� ����� �� ����� PJ�/�� ZHUH�
KLJKHU� LQ� WKH� ��� ILVK�P�� WUHDWPHQW�� 7KHVH�
LQFUHDVHV� UHIOHFW� KLJKHU� R[\JHQ� FRQVXPSWLRQ��
HOHYDWHG� &2΃� SURGXFWLRQ�� DQG� JUHDWHU�
DFFXPXODWLRQ�RI�VXVSHQGHG�SDUWLFOHV� LQ� WKH�ZDWHU��
([FHVVLYH� &2΃� FDQ� GDPDJH� ILVK� UHVSLUDWRU\�
V\VWHPV�� UHGXFH� ELRILOWUDWLRQ� HIILFLHQF\�� DQG� HYHQ�
FDXVH� ILVK�PRUWDOLW\� >��� ��� �@��$GGLWLRQDOO\�� QLWUDWH�
�1�12΄ͼ�� DQG� QLWULWH� �1�12΃ͼ�� OHYHOV� ZHUH�
VLJQLILFDQWO\� KLJKHU� LQ� WKH� ��� ILVK�P�� WUHDWPHQW�
�1�12΄ͼ��������������PJ�/�YV��������������PJ�/��



6&,(1&(�$1'�7(&+12/2*<�

$*5,&8/785(�$1'�585$/�'(9(/230(17���'(&(0%(5������YROXPH���QXPEHU��� ���

1�12΃ͼ��������������PJ�/�YV�� ������� �����PJ�/���
7KLV� PD\� EH� DWWULEXWHG� WR� LQFUHDVHG� IHHGLQJ��
OHDGLQJ�WR�KLJKHU�QLWURJHQ�LQSXW�DQG�DFFXPXODWLRQ�
RI�QLWUDWH�DQG�QLWULWH�LQ�WKH�V\VWHP��1LWULWH�LV�WR[LF�
WR�ILVK��ZLWK�UHFRPPHQGHG�OHYHOV�EHORZ�����PJ�/�
>�@�� *URZWK� LQKLELWLRQ� LQ� UDLQERZ� WURXW� GXH� WR�
QLWULWH� H[SRVXUH� KDV� EHHQ� UHSRUWHG�� ZLWK� 12(&�
�QR� REVHUYHG� HIIHFW� FRQFHQWUDWLRQ�� DQG� /2(&�
�ORZHVW� REVHUYHG� HIIHFW� FRQFHQWUDWLRQ�� DW� �����
PJ�/�DQG�����PJ�/�1�12΃ͼ��UHVSHFWLYHO\��(YHQ�DW�
����� PJ�/� 1�12΃ͼ�� ORFDOL]HG� K\SHUSODVLD� LQ� JLOO�
VHFRQGDU\� ODPHOODH�� LQFUHDVHG� EORRG� JOXFRVH� DQG�
GHFUHDVHG�SRWDVVLXP�ZHUH� REVHUYHG� >��@��1LWUDWH�
LV� OHVV� WR[LF�� ZLWK� PRVW� ILVK� WROHUDWLQJ� XS� WR� ����
PJ�/� >��@�� +RZHYHU�� HOHYDWHG� QLWUDWH� OHYHOV� FDQ�
VXSSUHVV�JURZWK�DQG�LQFUHDVH�ILVK�PRUWDOLW\�>��@���

'HVSLWH�GLIIHUHQFHV�REVHUYHG��ZDWHU�TXDOLW\� LQ�
ERWK�WUHDWPHQWV�JHQHUDOO\�PHW�WKH�UHTXLUHPHQWV�RI�
7&91� ����������� >�@�� 7KLV� LQGLFDWHV� WKDW� WKH�
V\VWHP� RSHUDWHG� VWDEO\� DQG� ZDV� FDSDEOH� RI�
VXSSRUWLQJ� ERWK� VWRFNLQJ� GHQVLWLHV��+RZHYHU�� WKH�
��� ILVK�P�� WUHDWPHQW� GHPRQVWUDWHG� EHWWHU� ZDWHU�
TXDOLW\�� 3UHYLRXV� VWXGLHV� KDYH� VKRZQ� WKDW� KLJKHU�
VWRFNLQJ�GHQVLWLHV� FDQ� GHJUDGH�ZDWHU� TXDOLW\�� EXW�
HIIHFWLYH� PDQDJHPHQW�� VXFK� DV� PDLQWDLQLQJ� '2�
OHYHOV�DQG�FRQWUROOLQJ�SDUDPHWHUV�OLNH�1�12΄ͼ�DQG�
766�� FDQ� VXVWDLQ� DFFHSWDEOH� ZDWHU� FRQGLWLRQV� IRU�
ILVK�JURZWK��

�����)LVK�JURZWK�
�������*URZWK�LQ�ILVK�OHQJWK�

�
)LJXUH����/HQJWK�JURZWK�RI�ILVK�DW�VWRFNLQJ�GHQVLWLHV�RI����ILVK�P��DQG����ILVK�P���
��6LJQLILFDQW�

VWDWLVWLFDO�GLIIHUHQFH�EHWZHHQ�WKH�WZR�VWRFNLQJ�GHQVLWLHV��3���������Q� ������

$IWHU� ���� GD\V� RI� UHDULQJ�� UDLQERZ� WURXW�
VWRFNHG� DW�GHQVLWLHV�RI���� ILVK�P��DQG���� ILVK�P��
DFKLHYHG� DYHUDJH� OHQJWKV� RI� �������� ����� FP� DQG�
�������������FP��UHVSHFWLYHO\��7KLV�FRUUHVSRQGV�WR�
GDLO\� OHQJWK� JURZWK� UDWHV� �'/*�� RI� ��� PP�GD\�
DQG� ���PP�GD\�� 7KH� VSHFLILF� JURZWK� UDWH� �6*5��
ZDV��������DQG��������IRU�WKH�UHVSHFWLYH�GHQVLWLHV��
$OWKRXJK� ILVK� UHDUHG� DW� WKH� ORZHU� GHQVLW\� ����
ILVK�P��� WHQGHG� WR� DFKLHYH� D� VOLJKWO\� JUHDWHU�
DYHUDJH� OHQJWK� WKDQ� WKRVH� DW� WKH� KLJKHU� GHQVLW\�

���� ILVK�P���� WKH� GLIIHUHQFH� ZDV� QRW� VWDWLVWLFDOO\�
VLJQLILFDQW��3�!��������7KLV�ZDV�SULPDULO\�DWWULEXWHG�
WR� JUHDWHU� VL]H� YDULDWLRQ� DPRQJ� LQGLYLGXDOV� LQ� WKH�
��� ILVK�P�� WUHDWPHQW�FRPSDUHG� WR� WKH���� ILVK�P��
WUHDWPHQW�� 7KHUH� ZHUH� QR� FOHDU� GLIIHUHQFHV� LQ�
OHQJWK�JURZWK�EHWZHHQ�WKH�WUHDWPHQWV�WKURXJKRXW�
WKH� UHDULQJ� F\FOH�� VXJJHVWLQJ� WKDW� ERWK� VWRFNLQJ�
GHQVLWLHV� DGHTXDWHO\� VXSSRUWHG� WKH� JURZWK�
UHTXLUHPHQWV� RI� UDLQERZ� WURXW� XQGHU� WKH�
H[SHULPHQWDO�FRQGLWLRQV��
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�������*URZWK�LQ�ILVK�ZHLJK

�
)LJXUH����:HLJKW�JURZWK�RI�UDLQERZ�WURXW�DW�VWRFNLQJ�GHQVLWLHV�RI����ILVK�P��DQG����ILVK�P���$VWHULVN��
��

LQGLFDWHV�D�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�VWRFNLQJ�GHQVLWLHV��3���������Q� ������

,Q�ERWK�UHDULQJ�GHQVLWLHV�����DQG����ILVK�P����
WKH� DYHUDJH� ZHLJKW� RI� UDLQERZ� WURXW� LQFUHDVHG�
VWHDGLO\� RYHU� WLPH�� $IWHU� ���� GD\V� RI� UHDULQJ�� WKH�
DYHUDJH�ZHLJKW�UHDFKHG������������J�DW����ILVK�P��
DQG� �������� ��� J� DW� ��� ILVK�P���7KH� GDLO\�ZHLJKW�
JDLQ� �':*�� ZDV� ����� J�GD\� DQG� ����� J�GD\��
UHVSHFWLYHO\��ZKLOH�WKH�VSHFLILF�JURZWK�UDWH��6*5��
ZDV��������DQG���������

7KH�GLIIHUHQFHV�LQ�ILVK�ZHLJKW�EHWZHHQ�WKH�WZR�
WUHDWPHQWV� EHFDPH� VWDWLVWLFDOO\� VLJQLILFDQW� IURP�
GD\�����RQZDUG��3����������ZKHQ�WKH�ILVK�UHDFKHG�
DQ� DYHUDJH� VL]H� RI� DSSUR[LPDWHO\� ���� J� SHU�
LQGLYLGXDO��6SHFLILFDOO\�� DW� D�GHQVLW\�RI���� ILVK�P���
WKH� DYHUDJH� ZHLJKWV� RQ� GD\V� ����� ����� DQG� ����
ZHUH� ������ ��� J�� �������� ��� J� DQG� �������� ��� J��
UHVSHFWLYHO\��,Q�FRQWUDVW��DW�D�GHQVLW\�RI����ILVK�P���
WKH�FRUUHVSRQGLQJ�ZHLJKWV�ZHUH����������J��������
���J�DQG��������� ���J��7KHVH�GLIIHUHQFHV�VXJJHVW�
WKDW� KLJKHU� VWRFNLQJ� GHQVLWLHV� EHJDQ� WR� DIIHFW�
JURZWK� UDWHV� DV� WKH� ILVK� UHDFKHG� ODUJHU� DYHUDJH�
VL]HV��

7KLV� ILQGLQJ�DOLJQV�ZLWK�VWXGLHV�FRQGXFWHG�E\�
/L� HW� DO�� ������� >��@� DQG�/LX�HW� DO�� ������� >��@� RQ�
WKH� HIIHFWV� RI� VWRFNLQJ� GHQVLW\� RQ� ILVK� JURZWK��
ZKLFK� UHSRUWHG� VORZHU� JURZWK� UDWHV� DW� KLJKHU�
GHQVLWLHV� ���� DQG� ��� NJ�P��� FRPSDUHG� WR� WKDW� DW�

ORZHU�GHQVLWLHV�������NJ�P����7KH�SULPDU\�FDXVHV�
ZHUH� UHVRXUFH� FRPSHWLWLRQ�� ZDVWH� DFFXPXODWLRQ��
DQG�D�GHFOLQH�LQ�ZDWHU�TXDOLW\��H�J���LQFUHDVHG�&2'�
DQG�1�12΃ͼ�OHYHOV���0RUHRYHU��JURZWK�GLIIHUHQFHV�
WHQG� WR� EHFRPH� PRUH� SURQRXQFHG� DV� ILVK� UHDFK�
ODUJHU� VL]HV�� GXH� WR� ILVK� LQFUHDVLQJ� R[\JHQ� DQG�
VSDFH�UHTXLUHPHQWV��

������� &RHIILFLHQW� RI� 9DULDWLRQ�� 6XUYLYDO� 5DWH��
)&5�DQG�3URGXFWLYLW\�
7DEOH����&RHIILFLHQW�RI�9DULDWLRQ�RI�ILVK�ZHLJKW�DW�
6WRFNLQJ�'HQVLW\�DW����ILVK�P��DQG����ILVK�P��

'D\�RI�&XOWXUH� ���ILVK�P�� ���ILVK�P��

'D\��� ����� �����

'D\���� ����� �����

'D\���� ����� �����

'D\����� ����� �����

'D\����� ����� �����

'D\����� ����� �����

'D\����� ����� �����

7KH� UHVXOWV� LQ� WDEOH� �� LQGLFDWH� D� VLJQLILFDQW�
LQFUHDVH�LQ�WKH�FRHIILFLHQW�RI�YDULDWLRQ��&9��IRU�VL]H�
GLVSDULW\� VWDUWLQJ� IURP� GD\� ���� ZLWK� &9� YDOXHV� RI�
����� DQG� ����� IRU� WKH� WZR� VWRFNLQJ� GHQVLWLHV��
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FRPSDUHG�WR�LQLWLDO�YDOXHV�RI������DQG�������%\�GD\�
�����WKH�&9�IRU�WKH����ILVK�P��WUHDWPHQW�VKRZHG�D�
QRWDEOH� GLIIHUHQFH� FRPSDUHG� WR� WKH� ��� ILVK�P��
WUHDWPHQW�� ZLWK� YDOXHV� RI� ����� DQG� ������
UHVSHFWLYHO\��

7DEOH����6XUYLYDO�5DWH��)&5�DQG�3URGXFWLYLW\�

6WRFNLQJ�'HQVLW\�3DUDPHWHU�

���ILVK�P�� ���ILVK�P��

6XUYLYDO�5DWH����� ��� ���

)&5� ����� �����

3URGXFWLYLW\�
�NJ�P���

����� �����

7KH� SHULRG� IURP� GD\V� ���� WR� ���� PDUNHG� D�
IDVWHU�JURZWK�SKDVH�FRPSDUHG�WR� WKH�SHULRG� IURP�
GD\V� ���� WR� ����� 7KH� DYHUDJH� GDLO\� JURZWK� UDWH�
�':*��GXULQJ�GD\V�����������ZDV������J�GD\�DQG�
����� J�GD\� IRU� WKH� WZR� GHQVLWLHV�� UHVSHFWLYHO\��

FRPSDUHG� WR� ����� J�GD\� DQG� ����� J�GD\� GXULQJ�
GD\V� ���� �� ����� 'XULQJ� WKLV� DFFHOHUDWHG� JURZWK�
SKDVH��OHVV�FRPSHWLWLYH�LQGLYLGXDOV�ZHUH�XQDEOH�WR�
FRPSHWH�HIIHFWLYHO\�IRU�IRRG�UHVRXUFHV��OHDGLQJ�WR�D�
JUHDWHU�VL]H�GLVSDULW\�LQ�WKH����ILVK�P��WUHDWPHQW��

$V� VKRZQ� LQ�7DEOH� ��� WKH� VWRFNLQJ�GHQVLW\� RI�
��� ILVK�P�� DFKLHYHG� D� KLJKHU� VXUYLYDO� UDWH� ������
FRPSDUHG� WR� ��� ILVK�P�� ������� 7KHVH� UHVXOWV�
LQGLFDWH� WKDW� KLJKHU� VWRFNLQJ� GHQVLW\� QHJDWLYHO\�
LPSDFWV�WKH�VXUYLYDO�UDWH�RI�UDLQERZ�WURXW�UHDUHG�LQ�
D� UHFLUFXODWLQJ� DTXDFXOWXUH� V\VWHP� �5$6��� 7KH�
IHHG�FRQYHUVLRQ�UDWLR��)&5��VKRZHG�QR�VLJQLILFDQW�
GLIIHUHQFH�EHWZHHQ�WKH�WZR�WUHDWPHQWV��ZLWK�YDOXHV�
RI� ����� DQG� ����� IRU� ��� ILVK�P�� DQG� ��� ILVK�P���
UHVSHFWLYHO\��&RQVHTXHQWO\��WKH�SURGXFWLRQ�\LHOG�DW�
��� ILVK�P�� ������ NJ�P��� ZDV� QRW� VLJQLILFDQWO\�
GLIIHUHQW� IURP� WKDW� DW� ��� ILVK�P�� ������ NJ�P����
)URP� DQ� HFRQRPLF� SHUVSHFWLYH�� KRZHYHU�� UHDULQJ�
DW����ILVK�P��RIIHUV�KLJKHU�HIILFLHQF\��7DEOH�����

7DEOH����(VWLPDWHG�FRVWV�DQG�LQFRPH�DW�VWRFNLQJ�GHQVLWLHV�RI����ILVK�P��DQG����ILVK�P��
*URXSV�

)DUPLQJ�FRVWV��YQG��
���ILVK� ���ILVK�

/DERU�FRVW� ����������� �����������
(OHFWULFLW\�FRVW� ������������ ������������
&RVW�RI�ILVK�IHHG� ������������ ������������
&RVW�RI�ILQJHUOLQJ� ������������ ������������

&RVW�RI�PHGLFLQHV�DQG�YLWDPLQHV� ������������ ������������
2WKHUV� ������������ ����������

7RWDO�LQSXW�FRVW� �������������� ��������������
7RWDO�,QFRPH� �������������� ��������������

,QWHUHVW� ������������ ������������

$FFRUGLQJ� WR� )DWLPD� HW� DO�� �������� KLJK�
VWRFNLQJ�GHQVLW\� VWUHVV� FDQ� UHGXFH� VXUYLYDO� UDWHV��
JURZWK� SHUIRUPDQFH�� UHSURGXFWLYH� FDSDFLW\�� DQG�
ZDWHU� TXDOLW\�� HVSHFLDOO\� ZKHQ� LW� H[FHHGV� WKH�
VSHFLHV
� RSWLPDO� WKUHVKROG� >��@�� ,Q� WKLV� VWXG\��
ZKLOH� ZDWHU� TXDOLW\� DQG� JURZWK� SHUIRUPDQFH�
WHQGHG� WR� EH� DIIHFWHG� DW� WKH� KLJKHU� GHQVLW\� RI� ���
ILVK�P��� WKH� )&5� GLG� QRW� VKRZ� VWDWLVWLFDOO\�
VLJQLILFDQW�GLIIHUHQFHV��7KLV�VXJJHVWV�WKDW�UDLQERZ�
WURXW� FDQ�PDLQWDLQ� IHHG�XWLOL]DWLRQ�HIILFLHQF\� HYHQ�
DW�KLJKHU�GHQVLWLHV�ZLWKLQ�WKH�H[SHULPHQWDO�UDQJH��
)XUWKHU� VWXGLHV� DUH� QHFHVVDU\� WR� RSWLPL]H� 5$6�
PDQDJHPHQW�IRU�GHQVLWLHV�RI����ILVK�P���3HUVRQ�HW�

DO���������DOVR�UHSRUWHG�WKDW� LQWHQVLYH�DTXDFXOWXUH�
V\VWHPV� IRU� UDLQERZ� WURXW� FRXOG� VXVWDLQ� JURZWK�
DQG�IHHG�HIILFLHQF\�DW�VWRFNLQJ�GHQVLWLHV�XS�WR�����
��� NJ�P��� SURYLGHG� ZDWHU� TXDOLW\� DQG� IHHGLQJ�
UHJLPHV� DUH� ZHOO�PDQDJHG� >��@�� 7KLV� VWXG\�
GHPRQVWUDWHV� WKDW� RXU� UHVXOWV� FDQ� DFKLHYH�
SURGXFWLYLW\�FRPSDUDEOH�WR�SXEOLVKHG�RXWFRPHV�RI�
UDLQERZ�WURXW� IDUPLQJ� LQ�5$6�V\VWHPV�ZRUOGZLGH��
7KH�VXUYLYDO�UDWH�DQG�SURGXFWLYLW\�LQGLFDWH�WKDW�WKLV�
PRGHO� LV� IHDVLEOH� IRU� SUDFWLFDO� DSSOLFDWLRQ� LQ�
SURGXFWLRQ��

'XH� WR� OLPLWDWLRQV� LQ� LQIUDVWUXFWXUH�� ZH� KDG�
RQO\�RQH�V\VWHP�DYDLODEOH� IRU� WKH�VWXG\��UHTXLULQJ�
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WKH�WZR�VWRFNLQJ�GHQVLWLHV�WR�EH�WHVWHG�DW�GLIIHUHQW�
WLPHV��7KLV�SRVHG�FKDOOHQJHV�LQ�FRPSDULQJ�WKH�WZR�
WUHDWPHQWV�� DV� H[SHULPHQWDO� FRQGLWLRQV� ZHUH� QRW�
FRQVLVWHQW�� +RZHYHU�� VLQFH� WKHUH� ZHUH� QR�
VLJQLILFDQW� GLIIHUHQFHV� LQ�ZDWHU� TXDOLW\� LQSXWV� DQG�
ZDWHU� WHPSHUDWXUH� EHWZHHQ� WKH� WZR� H[SHULPHQWV��
WKLV� FRPSDULVRQ� LV� FRQVLGHUHG� DFFHSWDEOH��
1HYHUWKHOHVV��IXUWKHU�VWXGLHV�VKRXOG�EH�FRQGXFWHG�
XQGHU� FRQGLWLRQV�ZKHUH� WUHDWPHQWV�FDQ�EH� UXQ� LQ�
SDUDOOHO� WR� YDOLGDWH� WKHVH� ILQGLQJV�� $GGLWLRQDOO\��
WHVWLQJ� D� ZLGHU� UDQJH� RI� VWRFNLQJ� GHQVLWLHV� DQG�
DGMXVWLQJ� PDQDJHPHQW� SUDFWLFHV� WR� HQKDQFH�
VWRFNLQJ� GHQVLW\� FRXOG� IXUWKHU� LPSURYH� WKH�
HIILFLHQF\�RI�IDUPLQJ�LQ�5$6�V\VWHPV��

���&21&/86,21�

2XU�ILQGLQJV�VXJJHVW�WKDW�D�VWRFNLQJ�GHQVLW\�RI�
��� ILVK�P�� LV� EHWWHU� WKDQ� ��� ILVK�P�� LQ� ORZ�KHDG�
UHFLUFXODWLQJ� DTXDFXOWXUH� V\VWHPV�� DV� LW� VXSSRUWV�
EHWWHU� ZDWHU� TXDOLW\� DQG� SURPRWHV� WKH� JURZWK� RI�
UDLQERZ� WURXW�� 7KH� LQFUHDVLQJ� VWRFN� GHQVLW\� RI�
UDLQERZ�OHDGV�WR�WKH�GHFUHDVLQJ�JURZWK�UDWH��

�)XUWKHU�UHVHDUFK�LV�QHHGHG�WR�HQKDQFH�ZDWHU�
TXDOLW\� PDQDJHPHQW� DQG� LPSURYH� RYHUDOO� V\VWHP�
SURGXFWLYLW\��

$&.12:/('*(0(176�

7KLV� VWXG\� LV� SDUW� RI� WKH� SURMHFW� WLWOHG�
�2SWLPL]DWLRQ�RI�WKH�&RPPHUFLDO�)DUPLQJ�3URFHVV�
IRU� 5DLQERZ� 7URXW� �2QFRUK\QFKXV� P\NLVV�� LQ�
5HFLUFXODWLQJ� $TXDFXOWXUH� 6\VWHPV� �5$6�� LQ�
9LHWQDP�� IXQGHG� E\� WKH� 0LQLVWU\� RI� $JULFXOWXUH�
DQG�5XUDO�'HYHORSPHQW��0$5'���

5()(5(1&(6�

���9DQ�7KR���������/DR�&DL��6WULYLQJ�WR�UHDFK�D�
FROG�ZDWHU�ILVK�SURGXFWLRQ�RI�����WKRXVDQG�WRQV�E\�
������ 5HWULHYHG� IURP�
KWWSV���WRQJFXFWKX\VDQ�JRY�YQ�QX×L�WUūQJ�WKĦ\�
VþQ��QX×L�WKĦ\�VþQ�GRF�WLQ����������������
���ODR�FDL�SKDQ�GDX�GHQ�QDP������VDQ�OXRQJ�FD�
QXRF�ODQK�GDW����QJKLQ�WDQ��

��� 3IHLIIHU�� 7�� -�� 	� 5LFKH�� 0�� $�� ��������
(YDOXDWLRQ�RI�D� ORZ�KHDG�UHFLUFXODWLQJ�DTXDFXOWXUH�
V\VWHP� XVHG� IRU� UHDULQJ� )ORULGD� SRPSDQR� WR�
PDUNHW� VL]H�� -RXUQDO� RI� WKH� :RUOG� $TXDFXOWXUH�
6RFLHW\��������������������

��� %DLUG�� 5�� 	� %ULGJHZDWHU�� /�� ��������
6WDQGDUG� PHWKRGV� IRU� WKH� H[DPLQDWLRQ� RI� ZDWHU�
DQG� ZDVWHZDWHU� ���UG� HG���� :DVKLQJWRQ�� '&��
$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��

���7&91�������������:DWHU� IRU�DTXDFXOWXUH�y�
)UHVKZDWHU�y�4XDOLW\�5HTXLUHPHQWV��

��� /DQDUL�� '�� �������� $HUD]LRQH� HG�
RVVLJHQD]LRQH�QHJOL�LPSLDQWL�GL�DFTXDFROWXUD��,Q�*��
%DUXFKHOOL� �(G���� 7HFQLFKH� GL� DOOHYDPHQWR� H�
WUDVIRUPD]LRQH� GHOOD� WURWD�� ,VWLWXWR� $JUDULR� GL� 6��
0LFKHOH�DOOu$GLJH��

��� )LYHOVWDG�� 6��� :DDJER�� 5��� =HLW]�� 6�� )���
+RVIHOG��$��&��'��	�2OVHQ��$��%�� ��������$�PDMRU�
ZDWHU� TXDOLW\� SUREOHP� LQ� VPROW� IDUPV�� FRPELQHG�
HIIHFWV� RI� FDUERQ� GLR[LGH�� UHGXFHG� S+�� DQG�
DOXPLQLXP� RQ� $WODQWLF� VDOPRQ� �6DOPR� VDODU� /���
VPROWV�� SK\VLRORJ\� DQG�JURZWK��$TXDFXOWXUH�� �����
�����������

���5HQ��;����������5HVHDUFK�RI�FDUERQ�GLR[LGH�
DFFXPXODWLRQ�DQG�LWV�LPSDFWV�RQ�ELRORJLFDO�DHUDWHG�
ILOWHU� LQ�PDULQH�UHFLUFXODWLQJ�DTXDFXOWXUH�V\VWHPV��
06F� 7KHVLV�� 8QLYHUVLW\� RI� &KLQHVH� $FDGHP\� RI�
6FLHQFHV��%HLMLQJ��&KLQD��

���;LDR��5���:HL��<���$Q��'���/L��'���7D��;��	�:X��
<�� HW� DO�� �������� $� UHYLHZ� RQ� WKH� UHVHDUFK� VWDWXV�
DQG� GHYHORSPHQW� WUHQG� RI� HTXLSPHQW� LQ� ZDWHU�
WUHDWPHQW� SURFHVVHV� RI� UHFLUFXODWLQJ� DTXDFXOWXUH�
V\VWHPV��5HYLHZV�LQ�$TXDFXOWXUH�����������������

���$MDQL��(��.���$NLQZROH��$��2��	�$\RGHOH��,��$��
�������� )XQGDPHQWDOV� RI� ILVK� IDUPLQJ� LQ� 1LJHULD��
:DOHFURZQ�3XEOLVKHUV��,EDGDQ������SS��

���� .URXSRYD�� +��� 0DFKRYD�� -��� 3LDFNRYD�� 9���
%ODKRYD�� -��� 'REVLNRYD�� 5��� 1RYRWQ\�� /�� 	�
6YRERGRYD��=����������(IIHFWV�RI�VXEFKURQLF�QLWULWH�
H[SRVXUH� RQ� UDLQERZ� WURXW� �2QFRUK\QFKXV�
P\NLVV���(FRWR[LFRORJ\�DQG�(QYLURQPHQWDO�6DIHW\��
������������������

���� 'DXGD�� $�� %�� 	� $NLQZROH�� $�� 2�� ��������
(YDOXDWLRQ�RI�SRO\SURS\OHQH�DQG�SDOP�NHUQHO�VKHOO�
DV�ELRILOWHU�PHGLD�IRU�GHQLWULILFDWLRQ�RI� ILVK�FXOWXUH�
ZDVWHZDWHU�� 168.� -RXUQDO� RI� 6FLHQFH� 	�
7HFKQRORJ\�������������������

����'DYLGVRQ��-���*RRG��&���:HOVK��&��	�6WHYHQ�
7�� 6XPPHUIHOW�� �������� &RPSDULQJ� WKH� HIIHFWV� RI�
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KLJK� YV�� ORZ� QLWUDWH� RQ� WKH� KHDOWK�� SHUIRUPDQFH��
DQG� ZHOIDUH� RI� MXYHQLOH� UDLQERZ� WURXW�
2QFRUK\QFKXV� P\NLVV� ZLWKLQ� ZDWHU� UHFLUFXODWLQJ�
DTXDFXOWXUH� V\VWHPV�� $TXDFXOWXUDO� (QJLQHHULQJ��
�������������

����/L��=���*DR��4���'RQJ��6���'RQJ��.���;X��<���
0HL��<���HW�DO����������(IIHFWV�RI�FKURQLF�VWUHVV�IURP�
KLJK� VWRFNLQJ�GHQVLW\� LQ�PDULFXOWXUH�� (YDOXDWLRQV�
RI� JURZWK� SHUIRUPDQFH� DQG� OLSLG� PHWDEROLVP� RI�
UDLQERZ� WURXW� �2QFRUK\QFKXV� P\NLVV��� %LRORJ\��
���������

���� /LX�� 4��� +RX�� =��� :HQ�� +��� /L�� -��� +H�� )���
:DQJ�� -��� HW� DO�� ��������(IIHFW� RI� VWRFNLQJ� GHQVLW\�
RQ� ZDWHU� TXDOLW\� DQG� JURZWK�� ERG\� FRPSRVLWLRQ��

DQG�SODVPD�FRUWLVRO�FRQWHQW�RI�SHQ�UHDUHG�UDLQERZ�
WURXW� �2QFRUK\QFKXV� P\NLVV��� -RXUQDO� RI� 2FHDQ�
8QLYHUVLW\�RI�&KLQD�����������������

����)DWLPD��6���.RPDO��:���0LQDKDO��4���0XQLU��
6���/LDTDW��5���$PPDQ��+����������(IIHFW�RI�VWRFNLQJ�
GHQVLW\�RQ�ILVK�JURZWK�DQG�IHHG�FRQYHUVLRQ�UDWLR��$�
UHYLHZ��,QWHUQDWLRQDO�-RXUQDO�RI�%LRVFLHQFHV��,-%���

����3HUVRQ��-���/DEEH��/���/H�%D\RQ��1���6HYHUH��
$��� /H� 5RX[�� $��� /H� 'HOOLRX�� +��� HW� DO�� ��������
&RPELQHG� HIIHFWV� RI� ZDWHU� TXDOLW\� DQG� VWRFNLQJ�
GHQVLW\� RQ� ZHOIDUH� DQG� JURZWK� RI� UDLQERZ� WURXW�
�2QFRUK\QFKXV� P\NLVV��� $TXDWLF� /LYLQJ�
5HVRXUFHV�����������������
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