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$Q�$6$%(�0HHWLQJ�3UHVHQWDWLRQ

'2,�����������LGV������������

3DSHU�1XPEHU�����������

5REXVW�RSWLRQV�WR�UHPRYH�QLWUDWH�DQG�SKRVSKDWH�IURP�WLOH�
GUDLQDJH

-DQVHQ��6WHIDQ���*HUULWVH��-DQ���6WXXUPDQ�� 5RHORI���&KDUGRQ��:LP���7DOHQV��5HQHH �

���'HOWDUHV��3ULQFHWRQODDQ� ��������&%�8WUHFKW��7KH�1HWKHUODQGV��

���$OWHUUD�� 'URHYHQGDDOVHVWHHJ� ��������3%�:DJHQLQJHQ��7KH�1HWKHUODQGV��

���$UFDGLV�� %HDXOLHXVWUDDW� ���������'9�$UQKHP��7KH�1HWKHUODQGV�

:ULWWHQ�IRU�SUHVHQWDWLRQ�DW�WKH
��WK�,QWHUQDWLRQDO� 'UDLQDJH�6\PSRVLXP

3DUWQHUV
8QLYHUVLW\�RI�0LQQHVRWD�:DWHU�5HVRXUFHV�&HQWHU

$PHULFDQ�6RFLHW\�RI�$JULFXOWXUDO� DQG�%LRORJLFDO�(QJLQHHUV

0LQQHDSROLV�� 0LQQHVRWD
6HSWHPEHU���±��������

$%675$&7��'LIIXVH�HPLVVLRQ�IURP�DJULFXOWXUDO�ODQG�LV�D�PDMRU��SHUVLVWHQW�VRXUFH�RI�QLWURJHQ�DQG�SKRVSKRUXV�L Q�VXUIDFH�
ZDWHUV��,Q�WKLV�FRQWULEXWLRQ��ZH�SUHVHQW�ILHOG�H[SHULPHQWV�RI�D�VHULHV�RI�UREXVW�RSWLRQV�WR�UHPRYH�QLWUDWH�DQG�SKRVSKRUXV�DW�

ILHOG�GUDLQDJH�OHYHO��

1LWUDWH�UHPRYDO�ZDV�HQKDQFHG�E\�VWLPXODWLQJ�QDWXUDOO\�RFFXUULQJ�GHQLWULILFDWLRQ�E\�DGGLQJ�ZRRG�FKLSV��7KH�UHVXOWV�VKRZHG�

WKDW�WKH�LQLWLDO�UHPRYDO�UDWHV�ZHUH�KLJK��EHWZHHQ����DQG�������(IILFLHQF\�GHFUHDVHV�LQ�FDVH�RI�SHULRGLF�SUHVHQFH�RI�R[\JHQ��

7KH�FRQFHQWUDWLRQV�RI�SKRVSKDWH�LQ�WKH�HIIOXHQW�VKRZHG�SHDNV�GXULQJ�WKH�ILUVW�\HDU�DW�KLJK�WHPSHUDWXUHV�DQG�O RZ�ZDWHU�

GLVFKDUJH��7KH�HPLVVLRQ�RI�QLWURXV�R[LGH�WR�WKH�VXUIDFH�DERYH�WKH�GUDLQV�ZDV�QHJOLJLEOH��EXW�ZDV�LQFUHDVHG�DW�WKH�HQGV�RI�WKH �

GUDLQV��,W�LV�HVWLPDWHG�WKDW�WKH�ORQJ-WHUP�HIILFLHQF\�GHSHQGV�RQ�JRRG�FRQWURO�RI�WKH�ZDWHU�OHYHOV�DQG�IORZ�UDWHV�LQ�WKH�I LOWHU�
EHGV�

3KRVSKRUXV�UHPRYDO�ZDV�HQKDQFHG�E\�XVLQJ�LURQ-R[LGH�FRDWHG�VDQG�DV�ILOWHU�PDWHULDO��7KUHH�PHWKRGV�ZHUH�WHVWHG��GUDLQV�
HQYHORSHG�ZLWK�LURQ�R[LGH�FRDWHG�VDQG��DQ�HGJH�RI�ILHOG�UHDFWRU�DQG�D�VORZ�VDQG�ILOWHU�UHDFWRU�DW�WKH�GRZQVWUHDP�HQG�RI�WKH�

GUDLQDJH�FDQDO��5HVXOWV�VKRZ�WKDW�XS�WR�����RI�WKH�SKRVSKRUXV�FDQ�EH�UHPRYHG��$�UHGXFWLRQ�RI�WKH�K\GUDXOLF�FRQGXFWLYLW\�

GXULQJ�WKH�H[SHULPHQWDO�SHULRG�UHGXFHG�WKH�HIILFLHQF\�RI�WKH�HGJH�RI�ILHOG�UHDFWRU�DQG�WKH�VORZ�VDQG�ILOWHU�UHDFWRU��)RU�DOO�

SKRVSKRUXV�WUHDWPHQW�RSWLRQV�WHVWHG��KLJK�UHPRYDO�HIILFLHQFLHV�FRXOG�EH�UHDFKHG�DQG�QR�QHJDWLYH�VLGH -HIIHFWV�ZHUH�IRXQG�
.H\ZRUGV��HQJLQHHULQJ�WHFKQRORJ\��QXWULHQWV��ZDWHU�TXDOLW\�

,QWURGXFWLRQ

'LIIXVH�HPLVVLRQ�IURP�DJULFXOWXUDO�ODQG�LV�D�PDMRU��SHUVLVWHQW�VRXUFH�RI�QLWURJHQ�DQG�SKRVSKRUXV�LQ�VXUIDFH�ZDWHUV�LQ�PDQ\�
SDUWV�RI�WKH�ZRUOG��,Q�WKH�1HWKHUODQGV��WKH�KLJK�LQWHQVLW\�RI�DJULFXOWXUH�OHDGV�WR�ODUJH�HPLVVLRQV�RI�QXWULHQWV�LQWR�WKH�VXUI DFH�
ZDWHUV��$W�WKH�VDPH�WLPH��WKH�JRDOV�IRU�QXWULHQWV�VHW�E\�WKH�:DWHU�)UDPHZRUN�'LUHFWLYH�DUH�QRW�PHW�IRU�PDQ\�RI�WKHVH�VXUIDFH�

7KH�DXWKRUV� DUH� VROHO\� UHVSRQVLEOH� IRU� WKH� FRQWHQW� RI� WKLV�PHHWLQJ�SUHVHQWDWLRQ��7KH� SUHVHQWDWLRQ�GRHV� QRW� QHFHVVDULO\� UHIOHF W�WKH�RIILFLDO�SRVLWLRQ�RI�WKH�
$PHULFDQ�6RFLHW\� RI�$JULFXOWXUDO� DQG�%LRORJLFDO�(QJLQHHUV� �$6$%(��� DQG�LWV�SULQWLQJ�DQG�GLVWULEXWLRQ�GRHV�QRW�FRQVWLWXWH�DQ�HQGRUVHPHQW�RI�YLHZV�ZKLFK�

PD\� EH� H[SUHVVHG��0HHWLQJ�SUHVHQWDWLRQV� DUH�QRW� VXEMHFW� WR� WKH� IRUPDO� SHHU� UHYLHZ�SURFHVV�E\�$6$%(�HGLWRULDO�FRPPLWWHHV��WKHUHIRUH��WKH\�DUH�QRW�WR�EH�
SUHVHQWHG�DV�UHIHUHHG�SXEOLFDWLRQV��&LWDWLRQ�RI�WKLV�ZRUN�VKRXOG�VWDWH�WKDW�LW�LV�SXEOLVKHG�E\�$6$%(��(;$03/(��$XWKRU¶V�/DVW�1DPH��,QLWLDOV��������7LWOH�RI�
SUHVHQWDWLRQ����WK� ,QW��'UDLQDJH�6\PS�� 6W��-RVHSK��0,��$6$%(��)RU�LQIRUPDWLRQ�DERXW�VHFXULQJ�SHUPLVVLRQ�WR�UHSULQW�RU�UHSURGXFH�D�PHHWLQJ�SUHVHQWDWLRQ��

SOHDVH�FRQWDFW�$6$%(�DW�KWWS���ZZZ�DVDEH�RUJ�FRS\ULJKW�������1LOHV�5RDG��6W��-RVHSK��0,������-����� 86$��40
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ZDWHUV�� 7KLV�XUJHQWO\�FDOOV� IRU�RSWLRQV�WR�UHGXFH�WKH�HPLVVLRQ�RI�QXWULHQWV�LQWR� WKH� VXUIDFH�ZDWHU�E\�GLIIXVH�VRXUFHV��$V�
DSSUR[LPDWHO\�KDOI�RI� WKH�DJULFXOWXUDO�DUHD� LQ� WKH�1HWKHUODQGV�FRQWDLQV�WLOH�GUDLQDJH�DQG�WLOH�GUDLQDJH�LV�D�PDMRU�VRXUFH�RI�
QXWULHQWV�LQWR�WKH�VXUIDFH�ZDWHUV��ZH�KDYH�IRFXVHG�RQ�WKLV�HPLVVLRQ�URXWH�IRU�QXWULHQW�UHPRYDO�RSWLRQV��,Q�WKLV�FRQWULEXWLRQ� �ZH�
GLVFXVV�ILHOG�WULDOV�ZLWK�ILOWHU�V\VWHPV�ZKLFK�FDQ�UHPRYH�QLWURJHQ�RU�SKRVSKRUXV�IURP�WLOH �GUDLQDJH�ZDWHU�EHIRUH�LW�HQWHUV�WKH�
VXUIDFH� ZDWHU�� )RU� QLWURJHQ�� WLOH� GUDLQV� ZHUH� HQYHORSHG� ZLWK� ZRRG� FKLSV� WR� HQKDQFH� QDWXUDOO\� RFFXUULQJ� ELRORJLFDO�
GHQLWULILFDWLRQ��)RU�SKRVSKRUXV��LURQ-R[LGH�FRDWHG�VDQG��D�VLGH�SURGXFW�IURP�GULQNLQJ�ZDWHU�SURGXFWLRQ�IURP�JURXQGZDWHU��
ZDV�XVHG�WR�ELQG�SKRVSKRUXV��7KLV�DSSURDFK�ZDV�WHVWHG�LQ�WKUHH�GHVLJQV��E\�DSSO\LQJ�WKH�VDQG�DURXQG�GUDLQV��DW�WKH�RXWOHW�RI�
GUDLQV�EHIRUH�WKH�ZDWHU�HQWHUV�WKH�VXUIDFH�ZDWHU��DQG�DW�WKH�GRZQVWUHDP�HQG�RI�WKH�GUDLQDJH�FDQDO�

1LWURJHQ�UHPRYDO

0DWHULDOV�DQG�PHWKRGV

2Q�DQ�DUDEOH�IDUP�LQ�D�FOD\�UHJLRQ�LQ�WKH�6RXWK-:HVW�RI�WKH�1HWKHUODQGV��WKUHH�GUDLQV�ZHUH�HQYHORSHG�E\�ZRRG�FKLSV��VDQG�
DQG�YDULRXV�DPRXQWV�RI�EHHW�SXOS�WR�WHVW�WKH�UHPRYDO�RI�QLWUDWH��)LJXUH���DQG�7DEOH�����7KH�SORW�RI�DSSUR[LPDWHO\�����E\�����
PHWHUV�ZDV�GUDLQHG�E\� WXEHV�DW�D�PXWXDO�GLVWDQFH�RI�DERXW����PHWHUV� DQG� DW�DERXW���PHWHU�GHSWK��7KUHH� WHVW� GUDLQV�ZHUH�
DSSOLHG�LQ�EHWZHHQ�WKH�H[LVWLQJ�GUDLQV��RYHU�D�OHQJWK�RI�����PHWHUV��'UDLQ���ZDV�HQYHORSHG�ZLWK�D�PL[WXUH�RI�VDQG�DQG�ZRRG�
FKLSV��DQG�ZDV� FRQVWUXFWHG�DW� WKH� VDPH�GHSWK�DV� WKH�H[LVWLQJ�GUDLQDJH��'UDLQ���ZDV� HQYHORSHG�ZLWK�WKH�VDPH�PL[WXUH��EXW�
SODFHG�PRUH�GHHSO\��DSSUR[LPDWHO\�����PHWHUV�EHORZ�JURXQG�OHYHO���,W�ZDV�H[SHFWHG�WKDW�DW�WKLV�GHSWK�WKH�VRLO�FRQGLWLRQV�DUH�
PRUH�IDYRUDEOH�IRU�GHQLWULILFDWLRQ�GXH�WR�WKH�ORZHU�UHGR[�SRWHQWLDO��'UDLQ���ZDV�DW�WKH�VDPH�GHSWK�DV�WKH�H[LVWLQJ�GUDLQDJH��EXW�
WKH�HQYHORSH�QRW�RQO\�FRQWDLQHG�VDQG�DQG�ZRRG�FKLSV��EXW�DOVR�EHHW�SXOS��7KLV� LV�NQRZQ�WR�EH�D�KLJKO\�HIIHFWLYH�HOHFWURQ�
GRQRU��7KH�H[SHFWDWLRQ�ZDV�WKDW�HYHQ�VPDOO�DPRXQWV�RI�WKLV�VXEVWUDWH�FDQ�VWURQJO\�HQFRXUDJH�GHQLWULILFDWLRQ��7KH�HQYHORSH�
ZDV�GHSRVLWHG�DURXQG�WKH�GUDLQ�LQWR�D�VORW�RI�DERXW����FP�ZLGWK��

1LWURJHQ� UHPRYDO� UDWHV� ZHUH�PHDVXUHG� RYHU� D� WZR� \HDU� WLPH� VSDQ� DQG� VLGH� HIIHFWV� ZHUH� GHWHUPLQHG�� VXFK� DV� ZDWHU�
SHUPHDELOLW\��1�2�HPLVVLRQV��DQG�SKRVSKRUXV�HPLVVLRQV�

)LJXUH����&RQVWUXFWLRQ� RI�GUDLQ� HQYHORSHG� ZLWK�ZRRG� FKLSV�

7DEOH� ���&KDUDFWHULVWLFV�RI�HQYHORSHG� GUDLQV�IRU�QLWURJHQ� UHPRYDO�

'UDLQ�QU�� :RRG�FKLSV��P�� 6DQG��P�� %HHW�SXOS��P�� 'HSWK��P� 'HVFULSWLRQ

� �� � ��� ���� :RRG�FKLSV���EHHW�SXOS

� �� � � ��� :RRG�FKLSV���GHHSHU

� �� � � ��� :RRG�FKLSV

5HVXOWV

,QLWLDO�QLWURJHQ� UHPRYDO� UDWHV�ZHUH�KLJK� �EHWZHHQ����DQG�������)LJXUH���DQG�����7KH�GUDLQV�LQVWDOOHG�DW�D�JUHDWHU�GHSWK�
ZHUH�PRVW�HIIHFWLYH�LQ�WKH�UHPRYDO�RI�QLWURJHQ��,W�ZDV�IRXQG�WKDW�WKH�UHPRYDO�UDWH�RI�WRWDO�QLWURJHQ�E\�GUDLQV�HQYHORSHG�E\�
ZRRG�FKLSV�JUHDWO\�GHFUHDVHG�GXULQJ�WKH�WZR-\HDU�H[SHULPHQWDO�SHULRG��7KLV�GHFUHDVH�GHSHQGHG�RQ�WKH�DSSOLFDWLRQ�PHWKRG��
7KH�HIIHFWLYHQHVV�ZKHQ�GUDLQV�ZHUH�HQYHORSHG�E\�D�PL[WXUH�RI�ZRRG�FKLSV�DQG�EHHW�SXOS�GHFUHDVHG�WR�]HUR��:KHQ�RQO\�ZRRG�
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FKLSV�ZHUH�SUHVHQW��HIIHFWLYHQHVV�GURSSHG�WR�DSSUR[LPDWHO\������7KH�HIIHFWLYHQHVV�IRU�GUDLQV�SRVLWLRQHG�PRUH�GHHSO\�GURSSHG�
WR������7KLV�GHFUHDVH�LQ�HIILFLHQF\�ZDV�DFFRPSDQLHG�E\�D�GHFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI�GLVVROYHG�RUJDQLF�FDUERQ�DQG�DQ�
LQFUHDVH�LQ�WKH�UHGR[�SRWHQWLDO��7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�GHFUHDVH�LQ�HIILFLHQF\�ZDV�FDXVHG�E\�WKH�SHULRGLF�SUHVHQFH�RI�
R[\JHQ�GXH�WR�ORZHULQJ�RI�WKH�ZDWHU�WDEOH�

+\GUDXOLF�SHUPHDELOLW\�GLG�QRW�FKDQJH��DQG�WKXV�QR�FORJJLQJ�LV�EHOLHYHG�WR�KDYH�RFFXUUHG��7KH�FRQFHQWUDWLRQV�RI�SKRVSKDWH�
LQ� WKH� HIIOXHQW�� SUHVXPDEO\� FRPLQJ� IURP� OHDFKLQJ� IURP� WKH� ZRRGFKLSV�� VKRZHG� SHDNV� GXULQJ� WKH� ILUVW� \HDU� DW� KLJK�
WHPSHUDWXUHV�DQG�ORZ�ZDWHU�GLVFKDUJH��EXW�WKH\�ZHUH�QRW�LQFUHDVHG�GXULQJ�WKH�VHFRQG�\HDU�

7KH�HPLVVLRQ�RI�QLWURXV�R[LGH�WR�WKH�VRLO�VXUIDFH�DERYH�WKH�GUDLQV�ZDV�QHJOLJLEOH��EXW�ZDV�JUHDWO\�LQFUHDVHG�DW�WKH�HQGV�RI�
WKH�GUDLQV��7DEOH���DQG�����:LWK�UHVSHFW�WR�WKH�OHDFKLQJ�RI�WRWDO�QLWURJHQ��KRZHYHU��WKHVH�HPLVVLRQV�ZHUH�YHU\�ORZ�

2Q�WKH�EDVLV�RI�WKHVH�UHVXOWV��LW�LV�HVWLPDWHG�WKDW�WKH�ORQJ-WHUP�HIILFLHQF\�VWURQJO\�GHSHQGV�RQ�WKH�PHWKRG�RI�FRQVWUXFWLRQ�
DQG�PDQDJHPHQW��:KHQ� WLOH�GUDLQV� DUH� ODLG�RXW� LQ�D� UHJXODU�ZD\�� WKH�HIIHFWLYHQHVV�FDQ�GLPLQLVK�TXLFNO\�� ,I� WKH�GUDLQV� DUH�
LQVWDOOHG� GHHSHU�� WKLV� HIIHFWLYHQHVV�FDQ�EH�PDLQWDLQHG�PXFK� ORQJHU��+RZHYHU��ZLWK�GHHSHQHG�SODFHPHQW�� WKHUH�LV�D� ODUJHU�
FKDQFH�RI�LQFUHDVHG�SKRVSKDWH�FRQFHQWUDWLRQV�LQ�WKH�HIIOXHQW��

d �E�

)LJXUH����&RQFHQWUDWLRQV� RI�WRWDO� QLWURJHQ�LQ�GUDLQDJH� ZDWHU� HIIOXHQW�XQGHU� IRXU�GLIIHUHQW� FRQGLWLRQV� �ZRRGFKLSV�� ZRRG� FKLSV���GHHSHU��

ZRRGFKLSV� ��EHHW� SXOS�� FRQWURO��

d �E

)LJXUH����5HPRYDO� UDWH��� ��IRU�WRWDO�1�

7DEOH� ���&DOFXODWHG� DYHUDJH� UHPRYDO� UDWH� IRU�QLWUDWH�DQG� WRWDO� 1�GXULQJ� ILUVW�PRQWKV� DIWHU�LQVWDOODWLRQ� �-DQXDU\-$SULO��

5HPRYDO� UDWH����

1LWUDWH 7RWDO�1-WRWDO
:RRGFKLSV ������� ������

:RRGFKLSV��GHHS ������ ������

:RRG�FKLSV���EHHW�SXOS ������ �������
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7DEOH� ���1�2�HPLVVLRQV�DW�WKH�VRLO�VXUIDFH�IRU�ILYH� GDWHV� LQ������

Date N2O emission (µg N2O-N  per  m2 per hour) (average ± standard deviation)

Woodchips with
beet pulp

Deeper drain with
woodchips

Normal drain with
woodchips

Control

8 February 2011 5 ± 3 6 ± 3 4 ± 5 10 ± 8

25 February 2011 3 ± 3 5 ± 5 4 ± 4 5 ± 5

8 March 2011 2 ± 3 7 ± 14 5 ± 7 3 ± 3

10 May 2011 12 ± 9 9 ± 8 8 ± 8 5 ± 6

30 June 2011 4 ± 5 1 ± 3 -61 ± 94 36 ± 82

7DEOH� ���N2O emissions at drain outlets in 2013.
'DWH 'UDLQ 1�2�HPLVVLRQ���J�1�2-1� SHU�GUDLQ�RXWOHW�SHU�

KRXU�

���$SULO����� Normal drain with woodchips

Deeper drain with woodchips
Woodchips with beet pulp
Control

803

Not measurable
Not measurable
Not measurable

��� -XQH����� Normal drain with woodchips
Deeper drain with woodchips

Woodchips with beet pulp
Control

30
86

364
6

��� -XQH����� Normal drain with woodchips
Deeper drain with woodchips
Woodchips with beet pulp

Control

1482
1869
3866

400

'LVFXVVLRQ

%DVHG�RQ� OLWHUDWXUH�GDWD�� WKH�ORQJ-WHUP�HIIHFWLYHQHVV�RI�D�ZRRGFKLSV�HQYHORSHG�GUDLQ�LV�H[SHFWHG�WR�EH����WR����\HDUV�
�0RRUPDQ�HW�DO����������+RZHYHU��FHUWDLQ�PDQDJHPHQW�SUDFWLFHV�PD\�GHFUHDVH�WKH�HIIHFWLYHQHVV�VLJQLILFDQWO\�ZLWKLQ�D�IHZ�
\HDUV��$�OLNHO\�FDXVH�RI�WKLV�GHFUHDVH�LV�DWWULEXWHG�WR�WKH�EUHDNGRZQ�RI�ZRRGFKLSV�GXH�WR�WKH�SUHVHQFH�RI�DHURELF�FRQGLWLRQV�
DURXQG�WKH�GUDLQ�GXULQJ�SHULRGV�ZLWK�D�ORZ�ZDWHU�WDEOH��,W�LV�WKHUHIRUH�YHU\�LPSRUWDQW�WKDW�WKH�ZDWHU�OHYHOV�DQG�IORZ�UDWHV�LQ�WKH�
ILOWHU�EHGV�DUH�FRQWUROOHG��)RU�H[DPSOH��WKLV�FDQ�EH�GRQH�E\�PHDQV�RI�D�ZRRGFKLS�ELRUHDFWRU�DW�WKH�HQG�RI�WKH�SORW�DQG�RU�WKH�
GUDLQV��,Q�FRPELQDWLRQ�ZLWK�FRQWUROOHG�GUDLQDJH��WKLV�LV�D�YHU\�SURPLVLQJ�SRVVLELOLW\��WKH�QLWUDWH�UHPRYDO�DQG�WKH�PDQDJHPHQW �
RI� VLGH-HIIHFWV� FDQ� EH� RSWLPL]HG�� DQG�E\�XVLQJ�D� IRUP�RI�FRQWUROOHG�GUDLQDJH��ZDWHU� VWRUDJH�DQG�FURS�SURGXFWLRQ�FDQ�EH�
RSWLPL]HG�

3KRVSKRUXV�UHPRYDO

0DWHULDOV�DQG�PHWKRGV

7KUHH� SKRVSKRUXV� UHPRYDO� WHFKQLTXHV� ZHUH� WHVWHG� LQ� D� VDQG\� UHJLRQ� LQ� WKH� ZHVWHUQ� SDUW� RI� WKH� 1HWKHUODQGV�� 7KH�
H[SHULPHQWV�ZHUH�FDUULHG�RXW�DW�D���KD�GUDLQHG�EXOE�ILHOG��GUDLQLQJ�WR�D�FHQWUDO��LVRODWHG�GUDLQDJH�GLWFK��7KH�ZDWHU�OHYHO�LQ�WKH�
GUDLQDJH�GLWFK�ZDV�NHSW�ORZHU�WKDQ�LQ�WKH�VXUURXQGLQJ�VXUIDFH�ZDWHU�DUHDV��DQG�H[FHVV�ZDWHU�ZDV�SXPSHG�RXW��'UDLQ�IORZ�DQG�
WKH�RXWIORZ�RI�WKH�GLWFK�ZHUH�FRQWLQXRXVO\�PHDVXUHG�WR�DVVHVV�WKH�FRPSOHWH�ZDWHU�EDODQFH�RI�WKH�DUHD��)LJXUH���VKRZV�WKH�
ORFDWLRQ�ZKHUH�WKH�PHWKRGV�ZHUH�WHVWHG�DQG�DQ�LPSUHVVLRQ�RI�WKH�H[SHULPHQWDO�VHW -XS��

$W�ORFDWLRQ����WKUHH�QHZ�DUWLILFLDO�WLOH�GUDLQV�ZHUH�LQVWDOOHG��7KH�GUDLQV�ZHUH�HQYHORSHG�E\�D����FP�OD\HU�RI�LURQ-FRDWHG�
VDQG��7KH�HQYHORSHG�GUDLQV�ZHUH�SODFHG�DW�D�GLVWDQFH�RI���P�IURP�WKH�H[LVWLQJ�GUDLQV��DQG�WKUHH�H[LVWLQJ�GUDLQV�VHUYHG�DV�D�
UHIHUHQFH��7KH�GUDLQ�ZDWHU�ZDV�FROOHFWHG�LQ�D�FHQWUDO�SLSH��'UDLQ�IORZ�ZDV�PHDVXUHG�FRQWLQXRXVO\�DQG�TXDOLW\�ZDV�PHDVXUHG�
XVLQJ�IORZ-SURSRUWLRQDO�VDPSOLQJ�

$W�ORFDWLRQ����D�VWULS�RI�WKH�FDQDO�EDQN�ZDV�VHW�XS�DV�D�SRURXV�ILOWHU�FRQWDLQLQJ�LURQ-R[LGH�FRDWHG�VDQG��:DWHU�GLVFKDUJHG�
IURP�WKUHH�GUDLQV�ZDV�OHDG�WKURXJK�WKH�ILOWHU��,Q�DGGLWLRQ��IORZ�DQG�ZDWHU�TXDOLW\�ZHUH�PHDVXUHG�FRQWLQXRXVO\�XVLQJ�DXWRPDWHG�
HTXLSPHQW�

$W�WKH�HQG�RI�WKH�GUDLQDJH�FDQDO��ORFDWLRQ�����D�UHDFWRU�ZDV�EXLOW�WR�WHVW�WKH�WUHDWPHQW�RI�WKH�WRWDO�UXQRII�IURP�WKH���KD�EXOE�
ILHOG��7KH�VORZ�VDQG�ILOWHU�ZDV�ILOOHG�ZLWK�LURQ-R[LGH�FRDWHG�VDQG�WR�ELQG�SKRVSKRUXV��,Q�RUGHU�WR�SUHYHQW�FORJJLQJ��WZR�SUH-
ILOWHUV� ZHUH� LQVWDOOHG� WR� UHPRYH� FRDUVH� GHEULV� DQG� ILQHU� PDWHULDO�� ,Q-� DQG� RXWIORZ� RI� WKH� UHDFWRU� ZDV� DOVR� PHDVXUHG�
FRQWLQXRXVO\�
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)LJXUH����([SHULPHQWDO� DUHD��7KH�ORFDWLRQV� RI�WKH�ILHOG� H[SHULPHQWV� DUH�DV�IROORZV�� ����,URQ-R[LGH� FRDWHG� VDQG�GUDLQV�� ����&DQDO�EDQN� UHDFWRU�� DQG� ����
6ORZ� VDQG� ILOWHU�DW�WKH�HQG� RI�WKH�GUDLQDJH� FDQDO�

5HVXOWV

0HDVXUHPHQWV�VWDUWHG�HDUO\������DQG�FRQWLQXHG�XQWLO�WKH�VXPPHU�RI�������%RWK�WKH�FDQDO�EDQN�UHDFWRU�DQG�WKH�VORZ�VDQG�
ILOWHU�DW�WKH�HQG�RI�WKH�GUDLQDJH�FDQDO�VKRZHG�KLJK�HIILFLHQFLHV�IRU�SKRVSKRUXV�UHPRYDO��XS�WR������IRU�WKH�VORZ�VDQG�ILOWHU� ��
7KH�UHPRYDO�HIILFLHQF\�RI�WKH�HQYHORSHG�GUDLQV�ZDV�VRPHZKDW�ORZHU�������GXULQJ�WKH�ZKROH�SHULRG��EXW�JUDGXDOO\�LQFUHDVHG�
WR� !� �����QHDU� WKH�HQG�RI� WKH�SHULRG��(DUOLHU�H[SHULPHQWV� DW�D�GLIIHUHQW� VLWH�DOVR�VKRZHG�WKDW�IRU� WKLV�PHWKRG�� UHPRYDO�
HIILFLHQF\�RI�XS�WR������FDQ�EH�REWDLQHG��*URHQHQEHUJ�HW�DO����������7KXV��D�VXEVWDQWLDO�SDUW�RI�WKH�SKRVSKRUXV�ORDG�IURP�WKH �
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DUHD�FDQ�EH�UHPRYHG�XVLQJ�WKH�WHFKQLTXHV�WHVWHG�

�

)LJXUH����&RQFHQWUDWLRQV� RI�RUWKR-3� LQ�GUDLQDJH� ZDWHU� RI� GUDLQV�HQYHORSHG� ZLWK� LURQ-R[LGH� FRDWHG� VDQG�DQG� FRQWURO�GUDLQV�

�
)LJXUH����5HPRYDO� UDWH�RI�GLVVROYHG� RUWKR-3� DQG� 3-WRWDO��

�
)LJXUH����$YHUDJH� FRQFHQWUDWLRQ� RI�WRWDO�3�DQG� RUWKR�3�LQ�FDQDO�DQG� LQ-�DQG� HIIOXHQW� RI�VORZ� VDQG� ILOWHU��%OXH��FDQDO� VXUIDFH�ZDWHU�� JUHHQ��LQIOXHQW��

UHG�� HIIOXHQW�
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7DEOH� ���5HPRYDO� HIILFLHQFLHV�IRU�RUWKR-� DQG� WRWDO� SKRVSKRUXV�� EDVHG�RQ� WKH�PHDVXUHPHQW� SHULRG� IURP� LQVWDOPHQW� LQ�0DUFK� ������%DQN�UHDFWRU�DQG�
6ORZ� VDQG� ILOWHU��RU�1RYHPEHU� ������,URQ-R[LGH� FRDWHG� GUDLQV�� XQWLO�-XO\������

5HPRYDO�(IILFLHQF\� IRU�2UWKR-3 5HPRYDO�(IILFLHQF\� IRU�7RWDO�3

,URQ-R[LGH� FRDWHG�VDQG�GUDLQV ��� -
&DQDO�EDQN�5HDFWRU ��� ���

6ORZ� VDQG�ILOWHU� ��� ���

&RQFOXVLRQ

7KH�ILHOG�GDWD�SUHVHQWHG�KHUH�GHPRQVWUDWH�WKDW�UREXVW��LQ�ILHOG�WUHDWPHQW�RSWLRQV�IRU�QLWURJHQ�DQG�SKRVSKRUXV�DUH�DEOH�WR�
UHPRYH�VXEVWDQWLDO�DPRXQWV�RI�QLWUDWH�DQG�SKRVSKDWH�IURP�GUDLQDJH�ZDWHU��XS�WR��� -����RI�QLWUDWH��XS�WR�����RI�SKRVSKDWH���
7KH�XVH�RI�ORZ�FRVW�PDWHULDOV��ZRRGFKLSV��LURQ-R[LGH�FRDWHG�VDQG��DQG�LQVWDOODWLRQ�ZLWK�D�PLQLPXP�RI�WHFKQRORJLFDO�PRGXOHV�
VXFK�DV�SXPSV�PDNHV�WKH�RSWLRQV�UREXVW�DQG�SRWHQWLDOO\�FRVW-HIIHFWLYH�

6WLOO��PDQ\�DVSHFWV�GHVHUYH�IXUWKHU�LPSURYHPHQW�WR�PDNH�WKHVH�RSWLRQV�UHDOO\�ILW�IRU�ZLGHVSUHDG�DSSOLFDWLRQ��)RU�WKH�XVH�RI�
ZRRGFKLSV� IRU�QLWURJHQ�UHPRYDO�� WKH�RSWLPL]DWLRQ�RI�UHVLGHQFH�WLPH�WR�FRQWURO�QLWURJHQ�UHPRYDO��UHGR[�SRWHQWLDO�DQG�VLGH�
HIIHFWV�VXFK�DV�1�2�HPLVVLRQV�GHVHUYH�DWWHQWLRQ��)RU�WKH�XVH�RI�LURQ-R[LGH�FRDWHG�VDQG�ILOWHUV�WR�UHPRYH�SKRVSKRUXV��K\GUDXOLF�
SHUPHDELOLW\�QHHGV�DWWHQWLRQ�)RU�DOO�RSWLRQV��IXUWKHU�LPSURYHPHQW�RI�FRQQHFWLRQ�WR�DJULFXOWXUDO�SUDFWLFHV�LV�QHHGHG��%\�VPDUW �
FRQQHFWLRQ�RI�ZDWHU�TXDQWLW\�DQG�ZDWHU�TXDOLW\�PDQDJHPHQW��HXWURSKLFDWLRQ�FRXOG�EH�PLQLPL]HG�DQG�DJULFXOWXUDO�SURGXFWLRQ�
FRXOG�EH�RSWLPL]HG�

$FNQRZOHGJHPHQWV

:H�NLQGO\�DFNQRZOHGJH�WKH�NLQG�FRRSHUDWLRQ�RI�.HHV�&RSSHQV��5HQH�5LMNHQ�DQG�$DINH�.URO��

5HIHUHQFHV

0RRUPDQ��7�%���3DUNLQ��7�%���.DVSDU��7�&��	�-D\QHV��'�%���������'HQLWULILFDWLRQ� DFWLYLW\�� ZRRG�ORVV��DQG�1�2�HPLVVLRQV�RYHU���\HDUV�IURP�D�

ZRRG�FKLS�ELRUHDFWRU��(FRO��(QJ����������������-�����
*URHQHQEHUJ��-�(���&KDUGRQ��:�-���.RRSPDQV��*�)��������� 5HGXFLQJ�3KRVSKRUXV�/RDGLQJ� RI�6XUIDFH�:DWHU�8VLQJ�,URQ-&RDWHG�6DQG��-��(QYLURQ��

4XDO��������±����


