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Biogas production through the syntrophic acetate-oxidising 
pathway. Characterisation and detection of syntrophic acetate-
oxidising bacteria  

Abstract 
%LRJDV� SURGXFHG� IURP� ZDVWHV�� UHVLGXHV� DQG� HQHUJ\� FURSV� KDV� SURPLVLQJ� SRWHQWLDO� WR�
UHGXFH� JUHHQKRXVH� JDV� HPLVVLRQV� DQG� WR� VHFXUH� IXWXUH� HQHUJ\� VXSSO\��0HWKDQH� LV� WKH�
HQHUJ\�ULFK�FRPSRQHQW�RI�ELRJDV��DQG�LV�IRUPHG�DV�WKH�HQG�SURGXFW�GXULQJ�GHJUDGDWLRQ�
RI�RUJDQLF�PDWHULDO�ZLWKRXW�R[\JHQ��DQDHURELF���$FHWDWH�LV�DQ�LPSRUWDQW�LQWHUPHGLDWH�LQ�
DQDHURELF� GHJUDGDWLRQ� DQG� FDQ� EH� FRQYHUWHG� WR� PHWKDQH� WKURXJK� WZR� SDWKZD\V��
DFHWLFODVWLF�PHWKDQRJHQHVLV�DQG�V\QWURSKLF�DFHWDWH�R[LGDWLRQ��6$2���6$2�LV�D�WZR�VWHS�
UHDFWLRQ��FRQVLVWLQJ�RI�DFHWDWH�R[LGDWLRQ�WR�K\GURJHQ�DQG�FDUERQ�GLR[LGH�E\�V\QWURSKLF�
DFHWDWH�R[LGLVLQJ� EDFWHULD� �6$2%��� IROORZHG� E\� FRQYHUVLRQ� RI� WKHVH� SURGXFWV� WR�
PHWKDQH� E\� K\GURJHQRWURSKLF� PHWKDQRJHQV�� $PPRQLD� DQG� DFHWDWH� FRQFHQWUDWLRQ��
K\GUDXOLF� UHWHQWLRQ� WLPH�� WHPSHUDWXUH� DQG� PHWKDQRJHQLF� SRSXODWLRQ� VWUXFWXUH� DUH�
RSHUDWLRQDO�SDUDPHWHUV�FRQVLGHUHG�WR�LQIOXHQFH�WKH�DFHWDWH�FRQYHUVLRQ�SDWKZD\��
���7KLV� WKHVLV�VRXJKW� WR� LQFUHDVH�XQGHUVWDQGLQJ�RI�6$2�E\�H[DPLQLQJ�V\QWURSKLF�DFHWDWH�
R[LGLVHUV� LQ�SXUH�FXOWXUH��FR�FXOWXUH�DQG�PHWKDQRJHQLF�UHDFWRUV��7ZR�QRYHO�VSHFLHV�RI�
6$2%��6\QWURSKDFHWLFXV�VFKLQNLL�DQG�7HSLGDQDHUREDFWHU�DFHWDWR[\GDQV��ZHUH�LVRODWHG�
DQG�WKHLU�SKHQRW\SLF�DQG�SK\ORJHQHWLF�WUDLWV�ZHUH�FKDUDFWHULVHG��4XDQWLWDWLYH�PROHFXODU�
DSSURDFKHV� ZHUH� GHYHORSHG� DQG� DSSOLHG� WR� GHWHUPLQH� VWUXFWXUDO� G\QDPLFV� LQ� WKH�
PHWKDQH�SURGXFLQJ� SRSXODWLRQ� LQ� D� PHVRSKLOLF� ELRJDV� UHDFWRU� GXULQJ� DQ� DPPRQLD�
LQGXFHG� VKLIW� IURP� DFHWLFODVWLF� WR� V\QWURSKLF� DFHWDWH� GHJUDGDWLRQ�� 7KH� DEXQGDQFH� RI�
6$2%� LQFUHDVHG�� ZLWK� D� VLPXOWDQHRXV� GHFUHDVH� LQ� DFHWLFODVWLF� PHWKDQRJHQV�� 7KH�
PDMRULW\�RI�NQRZQ�6$2%�DUH�FRQVLGHUHG�DFHWRJHQV��DQG�JUDGXDOO\�LQFUHDVHG�DPPRQLD�
FRQFHQWUDWLRQ�ZDV�VKRZQ�WR�FDXVH�GLVWLQFW�VKLIWV� LQ� WKH�SXWDWLYH�DFHWRJHQLF�SRSXODWLRQ�
VWUXFWXUH� LQ�PHVRSKLOLF� ELRJDV� UHDFWRUV��+RZHYHU�� WKH� DFHWRJHQLF� EDFWHULDO� DEXQGDQFH�
UHPDLQHG� UHODWLYHO\� VWDEOH�� %LRDXJPHQWDWLRQ� RI� V\QWURSKLF� DFHWDWH�R[LGLVLQJ� FXOWXUHV�
GLG�QRW�LPSURYH�SURFHVV�SHUIRUPDQFH�RU�VXSSRUW�HVWDEOLVKPHQW�RI�6$2�DV�WKH�GRPLQDQW�
DFHWDWH�GHJUDGDWLRQ�SDWKZD\��
,Q� FRQFOXVLRQ�� 6$2%� DUH� HQGXULQJ� DQG� LPSRUWDQW� FRPSRQHQWV� RI� WKH� PHWKDQH�

SURGXFLQJ� FRPPXQLW\� LQ� PHVRSKLOLF� ELRJDV� UHDFWRUV� ZLWK� KLJK� SUHYDLOLQJ� DPPRQLD�
FRQFHQWUDWLRQV��

.H\ZRUGV�� V\QWURSKLF�DFHWDWH�R[LGDWLRQ��6\QWURSKDFHWLFXV�VFKLQNLL��7HSLGDQDHUREDFWHU�
DFHWDWR[\GDQV��PLFURELDO�SRSXODWLRQ�VWUXFWXUH��ELRJDV�SURGXFWLRQ��DPPRQLD��
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1 Introduction 
,QWHQVLI\LQJ�GHPDQGV�WR�PLWLJDWH�DQWKURSRJHQLF�JUHHQKRXVH�JDV�HPLVVLRQV�DQG�
WR�VXSSO\�VXVWDLQDEO\�SURGXFHG�HQHUJ\�KDYH�LQ�UHFHQW�\HDUV�LQFUHDVHG�DWWHQWLRQ�
LQ�WKH�SURGXFWLRQ�RI�ELRJDV�WKURXJK�DQDHURELF�GHJUDGDWLRQ�RI�RUJDQLF�PDWHULDO��
0HWKDQH�� ZKLFK� UHSUHVHQWV� WKH� PDLQ� FRPSRQHQW� LQ� ELRJDV�� FDQ� EH� XVHG� IRU�
UHSODFHPHQW� RI� IRVVLO� IXHOV� LQ� KHDW� DQG� HOHFWULFLW\� JHQHUDWLRQ� DQG� DV� YHKLFOH�
IXHO�� )XUWKHUPRUH�� DQDHURELF� GLJHVWLRQ� LV� D� VXLWDEOH� PHWKRG� IRU� ZDVWH� DQG�
ZDVWHZDWHU�WUHDWPHQW��DQG�WKH�UHVLGXH�PD\�EH�XVHG�DV�ELR�IHUWLOLVHU��

2YHUDOO�� DQDHURELF� GHJUDGDWLRQ� LV� D� PXOWL�VWHS� SURFHVV� DQG� GHSHQGV� RQ�
QXPHURXV�PLFURELDO�SRSXODWLRQV��ZKLFK�RSHUDWH� LQ�FORVH� LQWHUDFWLRQ�ZLWK�HDFK�
RWKHU��:LWKLQ�WKLV�SURFHVV��DFHWDWH�LV�DQ�LPSRUWDQW�VRXUFH�RI�PHWKDQH��.DVSDU�	�
:XKUPDQQ��������+REVRQ�	�6KDZ��������DQG�GHJUDGDWLRQ�SULPDULO\�SURFHHGV�
WKURXJK� WZR� SDWKZD\V�� DFHWDWH� FOHDYDJH� E\� DFHWLFODVWLF� PHWKDQRJHQV� DQG�
V\QWURSKLF� DFHWDWH� R[LGDWLRQ� �6$2��� 6$2� HQFRPSDVVHV� DFHWDWH� R[LGDWLRQ� WR�
K\GURJHQ�DQG�FDUERQ�GLR[LGH�E\�V\QWURSKLF�DFHWDWH�R[LGLVLQJ�EDFWHULD��6$2%���
DQG� VXEVHTXHQW� FRQYHUVLRQ� RI� K\GURJHQ� DQG� FDUERQ� GLR[LGH� WR� PHWKDQH� E\�
K\GURJHQ�XWLOLVLQJ�PHWKDQRJHQV��=LQGHU�	�.RFK���������$PPRQLD�DQG�DFHWDWH�
FRQFHQWUDWLRQ��GLOXWLRQ� UDWH�DQG�PHWKDQRJHQLF�SRSXODWLRQ�VWUXFWXUH�DUH� IDFWRUV�
FRQVLGHUHG�WR�LQIOXHQFH�WKH�GHYHORSPHQW�RI�6$2��+DR�HW�DO���������6FKQ�UHU�	�
1RUGEHUJ�� ������.DUDNDVKHY�HW�DO��� ������ 6KLJHPDWVX�HW�DO��� ������$KULQJ�HW�
DO��� ������ 3HWHUVHQ� 	� $KULQJ�� ������� 7KH� VLJQLILFDQFH� RI� 6$2� KDV� UHFHQWO\�
EHHQ� HPSKDVLVHG� LQ� VHYHUDO� VWXGLHV� RI�PHWKDQRJHQLF� V\VWHPV� �9�� +DR�HW�DO���
������ 6DVDNL� HW� DO��� ����D�� 6KLPDGD� HW� DO��� ������� 6WXGLHV� WR� GDWH� RQ� WKH�
RSHUDWLRQ� DQG� RSWLPLVDWLRQ� RI� ELRJDV� UHDFWRUV� KDYH� WHQGHG� WR� IRFXV� RQ�
PDLQWDLQLQJ� WKH� DFWLYLW\� RI� WKH� DFHWLFODVWLF� PHWKDQRJHQV� �.DUDNDVKHY� HW� DO���
������� ZLWK� WKH� UROH� RI� 6$2� QHJOHFWHG�� 5H�HYDOXDWLRQ� DQG� RSWLPLVDWLRQ� RI�
ELRJDV�UHDFWRUV�RSHUDWLQJ�WKURXJK�6$2�FRXOG�EH�EHQHILFLDO��LQ�RUGHU�WR�VXSSRUW�
JURZWK� DQG� DFWLYLW\� RI� WKH� GRPLQDQW� PLFURRUJDQLVPV�� &RQVHTXHQWO\�� IXUWKHU�
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UHVHDUFK� ZLWKLQ� WKLV� DUHD� LV� LPSRUWDQW� WR� LQFUHDVH� WKH� FXUUHQWO\� OLPLWHG�
XQGHUVWDQGLQJ�RI�WKH�QDWXUH�RI�6$2%���

1.1 Aims of the thesis 

7KH� PDLQ� DLP� RI� WKLV� WKHVLV� ZDV� WR� VWXG\� V\QWURSKLF� DFHWDWH� R[LGDWLRQ�� WKH�
PLFURRUJDQLVPV� UHVSRQVLEOH�� WKHLU� JURZWK� FRQGLWLRQV� DQG� WKHLU� SUHVHQFH� DQG�
DSSHDUDQFH�G\QDPLFV�LQ�ELRJDV�UHDFWRUV�ZLWK�SUHYDLOLQJ�PHVRSKLOLF�FRQGLWLRQV��
�
&XOWLYDWLRQ� RI� QRYHO� 6$2%� ±� ([WHQGHG� XQGHUVWDQGLQJ� RI� WKH� PLFUREHV�
UHVSRQVLEOH� IRU� 6$2� LQ� PHVRSKLOLF� FRQGLWLRQV� UHTXLUHG� LVRODWLRQ� DQG�
FKDUDFWHULVDWLRQ�RI�QRYHO�6$2%��%\�FXOWLYDWLRQ�RI� WKH�6$2%�LQ�SXUH�FXOWXUH��
DQG� FR�FXOWXULQJ� ZLWK� D� K\GURJHQRWURSKLF� PHWKDQRJHQ�� ZH� VRXJKW� WR� IXOO\�
GHWHUPLQH� JURZWK� FRQGLWLRQV�� RSWLPDO� SDUDPHWHUV� IRU� JURZWK� DQG� VXEVWUDWH�
SDWWHUQ�RI� WKH� LVRODWHV��&KHPRWD[RQRPLF�DQG�SK\ORJHQHWLF�DQDO\VHV�ZHUH�DOVR�
LQFOXGHG� LQ� WKH� VWXG\� LQ� RUGHU� WR� HVWDEOLVK� SRVVLEOH� PHWDEROLF� SDWKZD\V�� WKH�
WD[RQRPLF�SRVLWLRQ�DQG� WKH� UHODWHGQHVV�RI� VWUDLQV�ZLWKLQ� WKH�QRYHO� VSHFLHV�� DV�
ZHOO�DV�FORVHO\�UHODWHG�VSHFLHV��,��,,���
�
0ROHFXODU�LQYHVWLJDWLRQV�±�7R�HQDEOH�LQ�VLWX�LQYHVWLJDWLRQV�RI�PLFURRUJDQLVPV�
LQYROYHG� LQ�PHWKDQRJHQHVLV� RI� DFHWDWH�� D�PROHFXODU�EDVHG� DSSURDFK� WDUJHWLQJ�
6$2%�KDG�WR�EH�GHYHORSHG��7KH�REMHFWLYH�ZDV�WR�XVH�WKH�JHQHWLF�LQIRUPDWLRQ�
���6� U51$� JHQH�� REWDLQHG� �,�� ,,�� IRU� GHYHORSPHQW� RI� D� TXDQWLWDWLYH�PHWKRG�
VSHFLILF�IRU�6$2%��7KLV�PHWKRG�ZRXOG�WKHQ�EH�XVHG�WR�HVWDEOLVK�WKH�DEXQGDQFH�
G\QDPLFV� RI� KLJK�DPPRQLD� ELRJDV� UHDFWRUV� �,,,��� 7KH�PDMRULW\� RI� WKH� 6$2%�
LGHQWLILHG� WR�GDWH�KDYH�EHHQ�FODVVLILHG�DV�DFHWRJHQV��7KXV� WKH�DLP� LQ� WKH�QH[W�
VWXG\� ZDV� WR� XVH� DQ� HVWDEOLVKHG� PHWKRG� IRU� SURILOLQJ� DQG� TXDQWLI\LQJ� WKH�
DFHWRJHQLF� SRSXODWLRQ� LQ� PHVRSKLOLF� KLJK� DPPRQLD� ELRJDV� UHDFWRUV�� 7KH�
VSHFLILF� REMHFWLYH� ZDV� WR� HYDOXDWH� WKH� LQIOXHQFH� RI� LQFUHDVLQJ� DPPRQLD�
FRQFHQWUDWLRQ�RQ�WKH�VWUXFWXUH�DQG�LQFLGHQFH�RI�WKH�DFHWRJHQLF�SRSXODWLRQ��DQG�
H[WHQG� WKH� FXUUHQW� XQGHUVWDQGLQJ� RI� WKH� 6$2� SRSXODWLRQ� LQ� WKH� UHDFWRUV�� $Q�
DGGLWLRQDO�REMHFWLYH�ZDV�WR�H[DPLQH�WKH�SRVVLEOH�SUHVHQFH�RI�LPSRUWDQW�DQG�DV�
\HW�XQUHFRJQLVHG�6$2%��,9����
�
%LRJDV� UHDFWRUV� ±� /LWWOH� LV� NQRZQ� RI� WKH� HFRORJLFDO� QDWXUH� RI� 6$2%� LQ�
PHWKDQRJHQLF� UHDFWRUV��:H� WKHUHIRUH� UHTXLUHG� WR� OLQN� RSHUDWLRQDO� SDUDPHWHUV�
DQG�FKDQJHV�LQ�WKH�GRPLQDQW�PHWKDQRJHQLF�SDWKZD\�ZLWK�DOWHUDWLRQV�LQ�6$2%�
DQG� PHWKDQRJHQLF� SRSXODWLRQ� DEXQGDQFH� �,,,�� ,9��� +LJK� DPPRQLD�
FRQFHQWUDWLRQV�KDYH�SUHYLRXVO\�EHHQ� LGHQWLILHG�DV�D�SURPRWHU�RI�6$2�DQG� WKH�
LQIOXHQFH� RI� WKLV� SDUDPHWHU� RQ� WKH� 6$2%� SUHVHQW� ZDV� WKHUHIRUH� DQDO\VHG��
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)XUWKHUPRUH�� E\� GHWHUPLQLQJ� WKH� G\QDPLFV� RI� WKH� K\GURJHQRWURSKLF� SDUWQHU�
PHWKDQRJHQ� DQG� WKH� PDLQ� FRPSHWLWRUV� IRU� DFHWDWH�� WKH� DFHWLFODVWLF�
PHWKDQRJHQV�� ZH� VRXJKW� WR� REWDLQ� YDOXDEOH� LQIRUPDWLRQ� RQ� WKH� LQWHUDFWLRQ�
EHWZHHQ�WKH�PHWKDQRJHQV�DQG�6$2%��7KH�DLP�RI�WKH�ILQDO�VWXG\�ZDV�WR�H[WHQG�
RXU� SUHYLRXV� ILQGLQJV� DQG� DSSO\� WKHP� WR� ELRJDV� V\VWHPV��7KH�PDLQ� REMHFWLYH�
ZDV� WR� DVVHVV� SRVVLEOH� HQULFKPHQW� RI� PLFURRUJDQLVPV� UHVSRQVLEOH� IRU� 6$2�
WKURXJK�WKH�DGGLWLRQ�RI�6$2�FXOWXUHV�WR�ELRJDV�UHDFWRUV�H[SRVHG�WR�LQFUHDVLQJ�
DPPRQLD� OHYHOV��%\�FRUUHODWLQJ� WKH�DEXQGDQFH�RI�6$2%�DQG�PHWKDQRJHQV� WR�
WKH�SUHYDLOLQJ�RSHUDWLRQDO� FKDUDFWHULVWLFV� DQG�SHUIRUPDQFH�RI� WKH� UHDFWRUV��ZH�
LQYHVWLJDWHG�ZKHWKHU�WKLV�ZDV�D�SURFHGXUH�WR�FLUFXPYHQW�XQVWDEOH�SHULRGV��RIWHQ�
DVVRFLDWHG�ZLWK�D�VKLIW�LQ�WKH�GRPLQDQW�PHWKDQRJHQLF�SDWKZD\��DQG�WR�LPSURYH�
SURFHVV�VWDELOLW\�GXULQJ�LQKLELWLRQ�RI�DPPRQLD��9���
�
� �
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�

)XWXUH�JHQHUDWLRQV�PD\�ZHOO�KDYH�RFFDVLRQ�WR�DVN�WKHPVHOYHV��³:KDW�ZHUH�RXU�
SDUHQWV�WKLQNLQJ"�:K\�GLGQ¶W�WKH\�ZDNH�XS�ZKHQ�WKH\�KDG�D�FKDQFH"´�:H�KDYH�
WR�KHDU�WKDW�TXHVWLRQ�IURP�WKHP��QRZ��
�
$O�*RUH��$Q�,QFRQYHQLHQW�7UXWK��������

�
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2 Biogas production  
%LRJDV�LV�IRUPHG�GXULQJ�GHJUDGDWLRQ�RI�ELRPDVV�ZLWKRXW�DFFHVV�WR�R[\JHQ�DQG�
LV�SULPDULO\�FRPSRVHG�RI�PHWKDQH��&+����FDUERQ�GLR[LGH��&2���DQG�ORZ�OHYHOV�
RI� K\GURJHQ� VXOSKLGH� �+�6�� DQG� DPPRQLD� �1+����0HWKDQH� LV� WKH� HQHUJ\�ULFK�
FRPSRQHQW� RI� WKH� JDV� DQG� FDQ� EH� XVHG� IRU� UHSODFHPHQW� RI� IRVVLO� IXHO� LQ�
HOHFWULFLW\�DQG�KHDW�SURGXFWLRQ�� LQ�SURGXFWLRQ�RI�FKHPLFDOV�DQG�PDWHULDOV��DQG�
DV�YHKLFOH�IXHO��:HLODQG���������ZKLFK�FRQWULEXWHV�WR�UHGXFHG�JUHHQKRXVH�JDV�
HPLVVLRQV���

/RZ�VOXGJH�SURGXFWLRQ�DQG�KLJK�FRVW�HIIHFWLYHQHVV�FRPSDUHG�ZLWK�DHURELF�
GLJHVWLRQ�PDNH�DQDHURELF�GLJHVWLRQ�D�VXLWDEOH�PHWKRG�IRU�ZDVWH�DQG�ZDVWHZDWHU�
WUHDWPHQW� �/LX� 	� :KLWPDQ�� ������ 7DOERW� HW� DO��� ������ 6WH\HU� HW� DO��� ������
%DWVWRQH�HW�DO���������*KRVK�	�3RKODQG���������$�ZLGH�UDQJH�RI�RUJDQLF�ZDVWH�
W\SHV� FDQ� EH� XVHG� DV� VXEVWUDWH� IRU� WKH� SURGXFWLRQ� RI� ELRJDV� IURP� DQDHURELF�
GHJUDGDWLRQ�� VXFK� DV� DQLPDO� PDQXUH�� DJULFXOWXUDO� UHVLGXHV� DQG� E\�SURGXFWV��
VHZDJH�VOXGJH��VRXUFH�VHSDUDWHG�KRXVHKROG�ZDVWHV�DQG�RUJDQLF�LQGXVWULDO�ZDVWH�
�$QJHOLGDNL�HW�DO���������$KULQJ���������,Q�DGGLWLRQ�WR�ORZHULQJ�JUHHQKRXVH�JDV�
HPLVVLRQV� WKURXJK� UHSODFHPHQW� RI� IRVVLO� IXHO� ZLWK� ELRJDV�� WKH� LQGLUHFW�
HQYLURQPHQWDO�EHQHILWV�DVVRFLDWHG�ZLWK�WKH�DQDHURELF�GLJHVWLRQ�RI�ZDVWHV�DUH�RI�
JUHDW� LPSRUWDQFH�� HVSHFLDOO\� GXH� WR� WKH� VWURQJ� LPSDFW� RI� PHWKDQH� RQ� JOREDO�
ZDUPLQJ�� 6XFK� EHQHILWV� LQFOXGH� D� UHGXFWLRQ� LQ� WKH� VSRQWDQHRXV� HPLVVLRQV� RI�
DPPRQLD� DQG�PHWKDQH� WKDW� RWKHUZLVH� RFFXU� GXULQJ� FRPSRVWLQJ� RU� VWRUDJH� RI�
XQWUHDWHG� DQLPDO� PDQXUH� �%|UMHVVRQ� 	� %HUJOXQG�� ������ %|UMHVVRQ� 	�
0DWWLDVVRQ����������

%LRJDV� UHVLGXH� FDQ� EH� DSSOLHG� DV� IHUWLOLVHU� RQ� DJULFXOWXUDO� ODQG�� ZKLFK�
FRQWULEXWHV�WR�UHF\FOLQJ�RI�QXWULHQWV�DQG�UHGXFHV�WKH�XVH�RI�DGGLWLRQDO�PLQHUDO�
QLWURJHQ� IHUWLOLVHUV�� $QDHURELF� WUHDWPHQW� FRQYHUWV� RUJDQLFDOO\� ERXQG� QLWURJHQ�
LQWR� DPPRQLXP��ZKLFK�PDNHV� LW�PRUH� DYDLODEOH� WR� SODQWV��7KH� XVH� RI� ELRJDV�
UHVLGXH�KDV�DOVR�EHHQ�UHSRUWHG� WR� LPSURYH�VRLO�PLFURELRORJLFDO�SURSHUWLHV�DQG�
WR� UHGXFH� WKH� RGRXU� DQG� WKH� ORVV� RI� QLWURJHQ� E\� DPPRQLD� HPLVVLRQV�� GXH� WR�



����

IDVWHU�SHQHWUDWLRQ�LQWR�WKH�VRLO��2GODUH�HW�DO���������:HLODQG��������$UWKXUVRQ��
������'HERV]�HW�DO���������0DULQDUL�HW�DO�����������

2.1 Biogas production in Europe 

/DWHO\�SULPDU\�HQHUJ\�SURGXFWLRQ�IURP�ELRJDV�KDV�HQMR\HG�SDUWLFXODUO\�VWURQJ�
JURZWK� DQG� LQ� �����PRUH� WKDQ� ����� ELRJDV� SODQWV�ZHUH� RSHUDWLQJ� LQ� (XURSH�
�(XURSHDQ� %LRJDV� $VVRFLDWLRQ�� ������� SURYLGLQJ� DERXW� ����� 7:K� ELRJDV�
GHULYHG�HQHUJ\�LQ�WRWDO��*HUPDQ\�LV�WKH�OHDGLQJ�(XURSHDQ�ELRJDV�SURGXFHU�DQG�
DORQH� DFFRXQWHG� IRU� DERXW� ���� RI� WKH� (XURSHDQ� 8QLRQ¶V� ELRJDV�VRXUFHG�
SULPDU\� HQHUJ\� SURGXFWLRQ� LQ� ������ $Q� DGGLWLRQDO� ����� ELRJDV� SODQWV� ZHUH�
FRQVWUXFWHG� LQ� *HUPDQ\� GXULQJ� ������ EULQJLQJ� WKH� WRWDO� DPRXQW� WR� �����
RSHUDWLQJ�SODQWV� �(XU2EVHUY
(5���������+XQJDU\�DQG� WKH�&]HFK�5HSXEOLF� DUH�
RWKHU� FRXQWULHV� WKDW� KDG� D� KLJK� QXPEHU� RI� ELRJDV� SODQWV� LQVWDOOHG� LQ� ������
*HUPDQ\� LV� DOVR� D�SLRQHHU� LQ�ELRJDV�SURGXFWLRQ�SHU� FDSLWD� �����N:K�FDSLWD���
IROORZHG� E\� $XVWULD� ����� N:K�FDSLWD�� DQG� 6ZHGHQ� ����� N:K�FDSLWD��
�(XURSHDQ� %LRJDV� $VVRFLDWLRQ�� ������� ,Q� 6ZHGHQ� WKHUH� DUH� FXUUHQWO\� ����
ELRJDV� SODQWV� LQ� RSHUDWLRQ�� SURGXFLQJ� DERXW� ���� 7:K� ELRJDV�GHULYHG� HQHUJ\�
DQQXDOO\��(QHUJLP\QGLJKHWHQ���������+RZHYHU��WKH�WKHRUHWLFDO�ELRJDV�SRWHQWLDO�
LQ�6ZHGHQ�KDV�EHHQ�HVWLPDWHG�WR�EH�DERXW����7:K��ZKLFK�RI����7:K�FRXOG�EH�
GHULYHG� IURP� WKH� DJULFXOWXUDO� VHFWRU� �1RUGEHUJ� 	� (GVWU|P�� ������� 'LIIHUHQW�
FURSV� DQG�ZDVWHV� IURP� WKH� DJULFXOWXUDO� VHFWRU� DUH� OLNHO\� WR� EHFRPH� LPSRUWDQW�
VXEVWUDWHV�IRU�6ZHGLVK�ELRJDV�SURGXFWLRQ�LQ�WKH�IXWXUH��%|UMHVVRQ�	�%HUJOXQG��
������� ,Q� ������ WKH� PDMRULW\� RI� 6ZHGLVK� ELRJDV� ZDV� SURGXFHG� DW� VHZDJH�
WUHDWPHQW�SODQWV��������IROORZHG�E\�FR�GLJHVWLRQ�SODQWV��������ODQGILOO��������
LQGXVWU\�������DQG�IDUP�VFDOH�ELRJDV�SODQWV�������(QHUJLP\QGLJKHWHQ����������

:KLOH�D�ODUJH�SDUW�RI�WKH�ELRJDV�SURGXFHG�LQ�*HUPDQ\�LV�GHULYHG�IURP�FURSV�
DQG� OLTXLG� PDQXUH� �:HLODQG�� ������� WKH� FRPPRQ� VXEVWUDWHV� LQ� 6ZHGLVK� FR�
GLJHVWLRQ�SODQWV�DUH�VODXJKWHUKRXVH�ZDVWH��ZDVWH�IURP�IRRG�DQG�IHHG�LQGXVWULHV��
VRXUFH�VHSDUDWHG�IRRG�ZDVWH�DQG�PDQXUH��$ERXW�����RI�WKH�ELRJDV�SURGXFHG�DW�
FR�GLJHVWLRQ�SODQWV�LQ�6ZHGHQ�LV�GHULYHG�IURP�PDWHULDOV�ZLWK�D�KLJK�FRQWHQW�RI�
SURWHLQV�� VXFK� DV� VODXJKWHUKRXVH�ZDVWH�� VZLQH�SRXOWU\�PDQXUH� DQG�GLVWLOODWLRQ�
ZDVWH� �E\�SURGXFWV� IURP� HWKDQRO� SURGXFWLRQ�� �1RUGEHUJ�� ������� +LJKO\�
SURWHLQDFHRXV�PDWHULDOV�UHSUHVHQW�HQHUJ\�ULFK�VXEVWUDWHV�IRU�ELRJDV�SURGXFWLRQ�
DQG�WKH�JDV�SURGXFHG�KDV�D�KLJK�UDWLR�RI�PHWKDQH��:HLODQG����������

2.2 Substrate composition and operation parameters 

)RU�HIILFLHQW�GHJUDGDWLRQ�RI�RUJDQLF�PDWHULDO�LQ�D�ELRJDV�SURFHVV��WKH�IHHGVWRFN�
QHHGV�WR�KDYH�D�EDODQFHG�QXWULHQW�FRQWHQW�LQ�RUGHU�WR�VXSSRUW�WKH�JURZWK�RI�WKH�
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PLFURELDO�ELRWD��&DUERQ� �&���QLWURJHQ� �1���SKRVSKRUXV� �3��DQG�RWKHU�HVVHQWLDO�
QXWULHQWV��YLWDPLQV�DQG�WUDFH�HOHPHQWV�DUH�UHTXLUHG��2QH�LPSRUWDQW�IDFWRU�LV�WKH�
UDWLR�RI�FDUERQ�WR�QLWURJHQ��&�1���/RZ�&�1�UDWLR�SRVHV�D�ULVN�RI�DFFXPXODWLRQ�
RI� YRODWLOH� IDWW\� DFLGV� �9)$�� DQG� SURFHVV� GLVWXUEDQFH� GXH� WR� DPPRQLD�
LQKLELWLRQ�� ZKHUHDV� D� SURFHVV� ZLWK� D� KLJK� &�1� UDWLR� PD\� H[SHULHQFH� 1�
GHILFLHQF\�� 7KH� RSWLPDO� UDWLR� IRU� SURGXFWLRQ� RI� ELRJDV� YDULHV� ZLWK� GLIIHUHQW�
VXEVWUDWHV� DQG� RSHUDWLRQDO� FRQGLWLRQV�� EXW� RIWHQ� UDQJHV� EHWZHHQ� ��� DQG� ���
�6FKQ�UHU�	�-DUYLV��������:HLODQG��������<DGYLND�HW�DO�����������

$W�ELRJDV�SODQWV�D�VXLWDEOH�FRPSRVLWLRQ�RI�QXWULHQWV�LQ�WKH�UHDFWRU�VOXGJH�LV�
RIWHQ� DFKLHYHG� WKURXJK� FR�GLJHVWLRQ� RI� GLIIHUHQW� VXEVWUDWHV�� 7KH� SRVLWLYH�
V\QHUJLVPV�WKDW�PD\�RFFXU�WKURXJK�WKH�VXSSO\�RI�PLVVLQJ�QXWULHQWV�E\�WKH�FR�
VXEVWUDWH� FRPPRQO\� LPSURYH� WKH�PHWKDQH�\LHOG� FRPSDUHG�ZLWK� WKDW� DFKLHYHG�
GXULQJ� GHJUDGDWLRQ� RI� WKH� LQGLYLGXDO� VXEVWUDWHV� �:HVWHUKROP� HW� DO��� ������
$OYDUH]� 	� /LGpQ�� ������ 3DUDZLUD� HW� DO��� ������ 1RUGEHUJ� 	� (GVWU|P�� ������
<DGYLND�HW�DO���������$KULQJ��������YDQ�/LHU�HW�DO���������0DWD�$OYDUH]�HW�DO���
��������

%LRJDV� SODQW� RSHUDWLRQ� FRPPRQO\� SURFHHGV� DW� PHVRSKLOLF� ������� °&�� RU�
WKHUPRSKLOLF� ������� °&�� FRQGLWLRQV� �YDQ�/LHU�HW�DO��� ������� ,QFUHDVHG� SURFHVV�
WHPSHUDWXUH� JHQHUDOO\� IDYRXUV� WKH� PHWDEROLF� DFWLYLW\� RI� WKH� PLFURRUJDQLVPV�
�=iEUDQVNi�HW�DO���������'XUDQ�	�6SHHFH��������DQG�D�KLJKHU�VDQLWLVDWLRQ�HIIHFW�
LV�DFKLHYHG��%DJJH�HW�DO���������6DKOVWU|P��������=iEUDQVNi�HW�DO���������2OVHQ�
	� /DUVHQ�� ������� 5HGXFHG� YLVFRVLW\� DQG� LQFUHDVHG� GLIIXVLRQ� UDWHV� DUH� RWKHU�
DGYDQWDJHV�RI�WKH�WKHUPRSKLOLF�SURFHVV��+ROVW�HW�DO����������2Q�WKH�RWKHU�KDQG��
PHVRSKLOLF�SURFHVVHV� UHTXLUH� OHVV�HQHUJ\� LQSXW� IRU�KHDWLQJ� �*HOOHUW�	�:LQWHU��
������ DQG� DUH� OHVV� DIIHFWHG� E\� LQKLELWRU\� FRPSRXQGV�� VXFK� DV� DPPRQLD�
�6iQFKH]� HW� DO��� ������ $QJHOLGDNL� 	� $KULQJ�� ������ +DVKLPRWR�� �������
)XUWKHUPRUH�� PLFURELDO� GLYHUVLW\� DQG� GHJUDGDWLRQ� HIILFLHQF\� RI� D� QXPEHU� RI�
GLIIHUHQW� SKHQROV� KDYH� EHHQ� UHSRUWHG� WR� EH� ORZHU� DW� WKHUPRSKLOLF� SURFHVV�
WHPSHUDWXUH� WKDQ� DW� PHVRSKLOLF� FRQGLWLRQV� �/HYpQ� HW� DO��� ������ /HYpQ� HW� DO���
��������

)RU� DQDHURELF� GHJUDGDWLRQ� RI� DJULFXOWXUDO� UHVLGXHV�� DQLPDO� PDQXUH�� DQG�
LQGXVWULDO�DQG�PXQLFLSDO�ZDVWHV��FRQWLQXRXVO\�VWLUUHG�WDQN�UHDFWRUV��&675��DUH�
WKH�PRVW�FRPPRQ�FRQILJXUDWLRQ��'XH�WR�WKH�FRQWLQXRXV�ORVV�RI�DFWLYH�PLFURELDO�
ELRPDVV��&675�DUH�SUHIHUDEO\�RSHUDWHG�ZLWK�D�K\GUDXOLF�UHWHQWLRQ�WLPH��+57��
H[FHHGLQJ� WKH�GRXEOLQJ� WLPH�RI� WKH� VORZHVW�JURZLQJ�PLFURRUJDQLVPV��6KRUWHU�
UHWHQWLRQ� WLPH� LV� OLNHO\� WR� FDXVH� ZDVKRXW� RI� WKH� PLFURELDO� SRSXODWLRQ�
�$QJHOLGDNL�HW�DO���������:HLODQG���������+57�LV�WKH�DYHUDJH�WLPH�WKH�ZDVWH�RU�
VOXGJH�UHPDLQV�LQ�WKH�UHDFWRU��7KH�+57�RI�&675�LV�W\SLFDOO\�LQ�WKH�UDQJH����
��� GD\V� XQGHU� PHVRSKLOLF� FRQGLWLRQV� DQG� ������ GD\V� XQGHU� WKHUPRSKLOLF�
FRQGLWLRQV��$QJHOLGDNL�HW�DO����������7KH�+57�GHSHQGV�RQ�WKH�RUJDQLF�ORDGLQJ�
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UDWH� �2/5�� DQG� WKH� UHDFWRU� YROXPH��2/5� LV� WKH� WHUP�FRPPRQO\�XVHG� IRU� WKH�
DPRXQW�RI�PDWHULDO�WKDW�LV�DGGHG�WR�WKH�SURFHVV�SHU�XQLW�RI�WLPH���

+LJK� +57� DQG� ORZ� 2/5� DOORZ� H[WHQVLYH� FRQWDFW� WLPH� EHWZHHQ� WKH�
PLFURRUJDQLVPV� DQG� WKH� VXEVWUDWH��ZKLFK� RIWHQ� UHVXOWV� LQ� LPSURYHG�GHJUHH� RI�
GLJHVWLRQ� DQG� HQKDQFHG�PHWKDQH� \LHOG� IURP� D� JLYHQ� VXEVWUDWH��7KH� GHJUHH� RI�
GLJHVWLRQ� LV� GHILQHG� DV� WKH� SHUFHQWDJH� RI� WKH� RUJDQLF� PDWHULDO� GHJUDGHG� DQG�
FRQYHUWHG� WR� ELRJDV� GXULQJ� D� VSHFLILF� SHULRG� RI� WLPH� DQG� YDULHV� ZLWK� WKH�
VXEVWUDWH�� 7KH� GHJUHH� RI� GLJHVWLRQ� FDQ� YDU\� IURP� ����� �IRU� PDLQO\� ZDWHU�
VROXEOH� PDWWHU�� GRZQ� WR� ���� �IRU� KLJKO\� SDUWLFXODWH� PDWWHU��� $QDHURELF�
GHJUDGDWLRQ�RI�PDQXUH��IRU�LQVWDQFH��FRPPRQO\�DFKLHYHV�D�GHJUHH�RI�GLJHVWLRQ�
EHWZHHQ���������$QJHOLGDNL�HW�DO����������

2.2.1 Reactor disturbance 

$�ZLGH�YDULHW\�RI� FRPSRXQGV�� VXFK�DV� DPPRQLD�� VXOSKLGH� DQG�KHDY\�PHWDOV��
DUH�LQKLELWRU\�IRU�DQDHURELF�PLFURRUJDQLVPV��&KHQ�HW�DO����������0HWKDQRJHQLF�
UHDFWRUV� DFFRPPRGDWH� WKH� DFWLYLW\� RI� YDULRXV� VWURQJO\� LQWHUUHODWHG� PLFURELDO�
SRSXODWLRQV�� DQG� QXWULWLRQDO� VKRUWDJH� RU� LQKLELWLRQ� FDXVLQJ� LPEDODQFH� LQ� RQH�
WURSKLF� OHYHO� PD\� DIIHFW� WKH� HQWLUH� FRPPXQLW\� DQG� UHDFWRU� SHUIRUPDQFH�
�)HUQiQGH]� HW� DO��� �������)XUWKHUPRUH�� FHUWDLQ� RSHUDWLRQDO� SDUDPHWHUV� VXFK� DV�
KLJK� LQIOXHQW� FRQFHQWUDWLRQV� DQG� VKRUW�+57�SRVH� DQ� LQFUHDVHG� ULVN�RI� UHDFWRU�
IDLOXUH��6WH\HU�HW�DO����������

&RQFHQWUDWLRQ�RI�WR[LF�RU�LQKLELWRU\�FRPSRXQGV��+57��WHPSHUDWXUH��S+�DQG�
WKH�PLFURELDO�FRPPXQLW\�DUH�IDFWRUV�DIIHFWLQJ�WKH�H[WHQW�RI� WKH� LQKLELWLRQ�DQG�
WKH�SURFHVV�UHVSRQVH��6FKQ�UHU�	�-DUYLV���������+RZHYHU��SURFHVV�LQVWDELOLW\�LV�
FRPPRQO\� UHIOHFWHG� E\� UHGXFHG� ELRJDV� SURGXFWLRQ� DQG�RU� PHWKDQH� FRQWHQW��
IOXFWXDWLRQV� LQ� S+� DQG� DONDOLQLW\� DQG� DFFXPXODWLRQ� RI� 9)$� �WRWDO� RU�
LQGLYLGXDO��� $FHWDWH� DQG� SURSLRQDWH� LQ� SDUWLFXODU� WHQG� WR� DFFXPXODWH� GXULQJ�
UHDFWRU� GLVWXUEDQFH� �9�� :HVWHUKROP� HW� DO��� ������:HLODQG�� ������ %RH� HW� DO���
������ 6WH\HU� HW� DO��� ������� 7KH� SUHVHQFH� RI� KLJK� 9)$� FRQFHQWUDWLRQV�
VXEVHTXHQWO\� FDXVHV� IXUWKHU� DFLGLILFDWLRQ� DQG� PLFURELDO� VWUHVV� �&KHQ� HW� DO���
��������

&RPSOHWH�EUHDNGRZQ�FDQ�EH�DYRLGHG�E\�LQFUHDVLQJ�WKH�+57��GHFUHDVLQJ�WKH�
2/5�RU�UHGXFLQJ�WKH�FRQFHQWUDWLRQ�RI� WKH�LQKLELWRU\�FRPSRXQG�E\�GLOXWLRQ�RU�
DGMXVWPHQW� RI� IHHGVWRFN� FRPSRVLWLRQ� �&KHQ� HW� DO��� ������� ,PPRELOLVLQJ� WKH�
PLFURRUJDQLVPV� ZLWK� GLIIHUHQW� W\SHV� RI� LQHUW� PDWHULDO�� VOXGJH� VHWWOLQJ� RU�
DFFOLPDWLVDWLRQ�RI�WKH�PLFURELDO�FRPPXQLW\�PD\�EH�RWKHU�ZD\V�WR�FLUFXPYHQW�
ORVV�RI�FHOO�ELRPDVV�DQG�RSHUDWLRQDO�SUREOHPV��&KHQ�HW�DO���������:KLWPDQ�HW�
DO��� ������� $FFOLPDWLVDWLRQ� DWWDLQHG� E\� H[SRVLQJ� WKH� PLFUREHV� WR� VORZO\�
DXJPHQWHG� OHYHOV� KDV� DOVR� EHHQ� VKRZQ� WR� LQFUHDVH� WKH� WROHUDQFH�� SUREDEO\�
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WKURXJK� LQWHUQDO� FKDQJHV� LQ� WKH� SUHGRPLQDQW� VSHFLHV� RU� D� VKLIW� LQ� SRSXODWLRQ�
�&KHQ�HW�DO�����������

2.3 The microbiology of the biogas process 

7KH� DQDHURELF� GLJHVWLRQ� IRU� ELRJDV� SURGXFWLRQ� FDQ�EH� GLYLGHG� LQWR� IRXU�PDLQ�
VWDJHV�� K\GURO\VLV�� IHUPHQWDWLRQ�� DQDHURELF� R[LGDWLRQ� DQG� PHWKDQRJHQHVLV�
�)LJXUH������

�
)LJXUH����$QDHURELF�GHJUDGDWLRQ�RI�FRPSOH[�RUJDQLF�PDWHULDO�WR�PHWKDQH�DQG�FDUERQ�GLR[LGH�����
+\GURO\VLV�� ��� )HUPHQWDWLRQ�� ��� $QDHURELF� R[LGDWLRQ�� ��� +\GURJHQ� R[LGDWLRQ�� ��� 6\QWURSKLF�
DFHWDWH� R[LGDWLRQ� �6$2��� ���+\GURJHQRWURSKLF�PHWKDQRJHQHVLV�� ���$FHWLFODVWLF�PHWKDQRJHQHVLV��
,QWHUPHGLDU\� SURGXFWV� DUH� FRPSRXQGV� VXFK� DV� DOFRKROV�� IDWW\� DFLGV�� ODFWDWH� HWF��0RGLILHG� DIWHU�
=LQGHU����������

+\GURO\VLV�LQYROYHV�HQ]\PH�PHGLDWHG�FRQYHUVLRQ�RI�FRPSOH[�RUJDQLF�PDWHULDO�
�FDUERK\GUDWHV�� SURWHLQV� DQG� OLSLGV�� WR� VLPSOHU� FRPSRXQGV�� &DUERK\GUDWHV� RI�
LQVROXEOH� RU� FRPSOH[� VROXEOH� IRUP� DUH� LQLWLDOO\� K\GURO\VHG� E\� H[RHQ]\PHV�
VHFUHWHG�E\�K\GURO\WLF�EDFWHULD��7KH�VPDOOHU�SURGXFWV�DQG�VROXEOH�VXJDUV�HQWHU�
WKH� FHOOV� RI� IDFXOWDWLYH� DQDHUREHV� DQG� VWULFW� DQDHUREHV�� DQG� DUH� VXEVHTXHQWO\�
GHJUDGHG� E\� HQGRHQ]\PHV�� 7KH� SURWHLQV� DUH� K\GURO\VHG� E\� H[RHQ]\PHV�
�SURWHDVHV� RU� SHSWLGDVHV�� WR� DPLQR� DFLGV��ZKLFK� DUH� VXEVHTXHQWO\� WUDQVSRUWHG�
LQWR� WKH� EDFWHULDO� FHOO� DQG� FRQYHUWHG� WR� RUJDQLF� DFLGV� �5DPVD\� 	�
3XOODPPDQDSSDOOLO�� ������� /LSLGV� DUH� K\GURO\VHG� WR� JO\FHURO�� JDODFWRVH� DQG�
ORQJ�FKDLQ� DQG� PHGLXP�FKDLQ� IDWW\� DFLGV� E\� H[RHQ]\PHV�� QDPHG� OLSDVHV��
H[FUHWHG�E\�IHUPHQWDWLYH�EDFWHULD��0DFNLH�HW�DO�����������

,Q�WKH�IROORZLQJ�VWHS��D�ODUJH�YDULHW\�RI�IHUPHQWDWLYH�EDFWHULD�DQG�K\GURJHQ�
SURGXFLQJ� DFHWRJHQLF� EDFWHULD� �DFHWRJHQV�� SHUIRUP� VHYHUDO� GLIIHUHQW�
IHUPHQWDWLYH�SURFHVVHV�RU�DQDHURELF�R[LGDWLRQ�UHDFWLRQV�WR�GHJUDGH�WKH�VROXEOH�

ORGANIC MATERIAL

SOLUBLE MONOMERS

VOLATILE FATTY 
ACIDS

HYDROGEN
CARBON DIOXIDE ACETATE

METHANE
CARBON DIOXIDE

1

222

33

4

5
6 7
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FRPSRXQGV�SURGXFHG�WKURXJK�K\GURO\VLV�RU�DGGHG�WR�WKH�UHDFWRU��$W�WKLV�VWDJH�
FDUERQ� GLR[LGH�� DFHWDWH�� IRUPDWH�� K\GURJHQ� JDV�� DOFRKROV�� VKRUW�FKDLQ� IDWW\�
DFLGV� DQG� DPPRQLD� DUH� SURGXFHG�� 7KH� VKRUW�FKDLQ� IDWW\� DFLGV� �RWKHU� WKDQ�
DFHWDWH�� DUH� VXEVHTXHQWO\� FRQYHUWHG� WR� DFHWDWH�� K\GURJHQ� JDV� DQG� FDUERQ�
GLR[LGH� �$QJHOLGDNL� HW� DO��� ������� 7KLV� VWHS� LV� HQGHUJRQLF� XQGHU� VWDQGDUG�
FRQGLWLRQV�DQG�FDQ�RQO\�EH�SHUIRUPHG�GXULQJ�SURGXFW�UHPRYDO�E\�PHWKDQRJHQV��
LQ�D�VR�FDOOHG�V\QWURSKLF�DVVRFLDWLRQ��6FKLQN����������

0HWKDQRJHQV� SHUIRUPLQJ� WKH� ILQDO� VWHS� LQ� WKH� DQDHURELF� FRQYHUVLRQ� RI�
ELRPDVV� WR� PHWKDQH� DUH� PHPEHUV� RI� WKH� GRPDLQ�$UFKDHD�� ZKLFK� V\QWKHVLVH�
PHWKDQH� DV� WKH� PDMRU� SURGXFW� RI� WKHLU� HQHUJ\� PHWDEROLVP� �:KLWPDQ� HW� DO���
������� 7KH�PDLQ� JURXSV� RI�PHWKDQRJHQV� GLVWLQJXLVKHG� LQ� WKH� ELRJDV� SURFHVV�
DUH�K\GURJHQRWURSKLF�DQG�DFHWLFODVWLF��$FHWLFODVWLF�PHWKDQRJHQV�FOHDYH�DFHWDWH��
ZKHUHDV� K\GURJHQRWURSKLF� PHWKDQRJHQV� XVH� K\GURJHQ�� RU� IRUPDWH�� DV� DQ�
HOHFWURQ� GRQRU� LQ� WKH� FRQYHUVLRQ� RI� FDUERQ� GLR[LGH� WR� PHWKDQH� �'HPLUHO� 	�
6FKHUHU�� ������� 7KH� PHWKDQRJHQLF� UHDFWLRQV� JHQHUDWH� D� H[FHSWLRQDOO\� VPDOO�
TXDQWLW\�RI�HQHUJ\�DQG� WKH�DPRXQW�RI�$73�SURGXFHG�RI�RQH�PROH�PHWKDQH� LV�
RQH� RU� OHVV� �:KLWPDQ� HW� DO��� ������� 7KH� UHGXFWLRQ� RI� FDUERQ� GLR[LGH� E\�
K\GURJHQ�LV� WKH�PRVW�IDYRXUDEOH�PHWKDQRJHQLF�UHDFWLRQ��ZKLOH�WKH�DFHWLFODVWLF�
PHWKDQRJHQV� JDLQ� WKH� ORZHVW� DPRXQW� RI� HQHUJ\�� &RQVHTXHQWO\�� WKH� QDWXUDO�
SUHVVXUH� RI� VHOHFWLRQ� UHVXOWV� LQ� D� PRUH� GLYHUVH� K\GURJHQRWURSKLF� SRSXODWLRQ�
WKDQ�LQ�WKH�DFHWDWH�XWLOLVLQJ�PHWKDQRJHQV��*DUFLD�HW�DO����������7KH�K\GURJHQ�
XWLOLVLQJ� PHWKDQRJHQV� DUH� GLVWULEXWHG� LQ� DOO� VL[� SK\ORJHQHWLF� RUGHUV�
0HWKDQREDFWHULDOHV��0HWKDQRFRFFDOHV��0HWKDQRPLFURELDOHV��0HWKDQRS\UDOHV��
0HWKDQRVDUFLQDOHV�DQG�0HWKDQRFHOODOHV��$QJHOLGDNL�HW�DO����������$FHWLFODVWLF�
PHWKDQRJHQV� EHORQJ� WR� WKH� JHQHUD�0HWKDQRVDUFLQD� RU�0HWKDQRVDHWD�� ZLWKLQ�
WKH� RUGHU� 0HWKDQRVDUFLQDOHV� �'HPLUHO� 	� 6FKHUHU�� ������� 0HPEHUV� RI�
0HWKDQRVDHWD� XVH� RQO\� DFHWDWH� IRU� JURZWK�� ZKHUHDV� 0HWKDQRVDUFLQD�
FRQJUHJDWHV�VSHFLHV�DEOH�WR�XVH�DFHWDWH��PHWKDQRO�DQG�PHWK\ODPLQHV�DQG�VRPH�
VSHFLHV�DUH�DOVR�DEOH�WR�XVH�K\GURJHQ�WR�UHGXFH�FDUERQ�GLR[LGH�RU�PHWKDQRO�WR�
PHWKDQH��:KLWPDQ�HW�DO�����������

2.3.1 Structure and diversity in biogas reactors 

7KH� VWUXFWXUH� DQG� DFWLYLW\� RI� WKH�PLFURELDO� SRSXODWLRQ� LQYROYHG� LQ� DQDHURELF�
VOXGJH� RIWHQ� GHSHQG� RQ� WKH� RULJLQDO� LQRFXOXP�� DQG� GLIIHUHQFHV� LQ� RSHUDWLRQDO�
DQG� HQYLURQPHQWDO� FRQGLWLRQV� �'HPLUHO� 	� 6FKHUHU�� ������ .DUDNDVKHY� HW� DO���
������ *X\RW� HW� DO��� ������� +RZHYHU�� VRPH� JHQHUDO� GLUHFWLRQV� FDQ� EH�
GLVWLQJXLVKHG�� ,Q� PHVRSKLOLF� DQDHURELF� UHDFWRUV� WKH� PHWKDQRJHQV� FRPPRQO\�
REVHUYHG�DUH�PHPEHUV�RI�WKH�RUGHUV�0HWKDQRPLFURELDOHV��0HWKDQREDFWHULDOHV��
0HWKDQRFRFFDOHV� DQG� 0HWKDQRVDUFLQDOHV�� 7KHUPRSKLOLF� FRQGLWLRQV� XVXDOO\�
IDYRXU�K\GURJHQRWURSKLF�PHWKDQRJHQV��EHORQJLQJ�WR�WKH�0HWKDQREDFWHULDOHV���
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DOWKRXJK�0HWKDQRVDUFLQD� DQG�0HWKDQRVDHWD� VSHFLHV� PD\� RFFXU� �'HPLUHO� 	�
6FKHUHU�� ������ /LX� 	�:KLWPDQ�� ������� 7KH� RSHUDWLRQDO� WHPSHUDWXUH� LV� DOVR�
FRQVLGHUHG� WR� LQIOXHQFH� WKH� PLFURELDO� GLYHUVLW\�� +LJKHU� EDFWHULDO� DQG�
PHWKDQRJHQLF�GLYHUVLW\��ERWK�LQ�VSHFLHV�ULFKQHVV�DQG�UHSUHVHQWDWLRQ�RI�GLIIHUHQW�
SK\OD�� KDV� EHHQ� UHSRUWHG� LQ� PHVRSKLOLF� UHDFWRUV� FRPSDUHG� ZLWK� WKH�
FRPPXQLWLHV� SUHYDLOLQJ� LQ� WKHUPRSKLOLF� FRQGLWLRQV� �/HYpQ� HW� DO��� ������
.DUDNDVKHY� HW� DO��� ������ 6HNLJXFKL� HW� DO��� ������� 7KH� FRPSRVLWLRQ� RI� WKH�
DFHWRJHQLF� SRSXODWLRQ� KDV� DOVR� EHHQ� VKRZQ� WR� GHSHQG� RQ� WKH� RSHUDWLRQDO�
WHPSHUDWXUH�DQG�� LQ�DFFRUGDQFH� WR� WKH�EDFWHULDO�DQG�PHWKDQRJHQLF�SRSXODWLRQ��
KLJKHU� GLYHUVLW\� ZDV� REVHUYHG� LQ� PHVRSKLOLF� WKDQ� LQ� WKHUPRSKLOLF� FRQGLWLRQV�
�5\DQ�HW�DO��� ������ ,Q� DGGLWLRQ�� DPPRQLD�PD\�EH� FRQVLGHUHG� D� VWURQJ� LPSDFW�
IDFWRU� RQ� EDFWHULDO� �)LJXUH� ��� DQG� DFHWRJHQLF� SRSXODWLRQ� VWUXFWXUH� �)LJXUHV� ��
DQG���LQ�,,,����

�
)LJXUH����3K\ORJHQHWLF�DIILOLDWLRQ�RI�EDFWHULDO���6� U51$�VHTXHQFHV� UHFRYHUHG� IURP�RQH�FRQWURO�
UHDFWRU� �ILOOHG� EDUV��ZLWK� DQ� DPPRQLXP�QLWURJHQ� FRQFHQWUDWLRQ� RI� ����� J� 1+�

��1� /��� DQG� RQH�
H[SHULPHQWDO� UHDFWRU� �RSHQ� EDUV�� RSHUDWLQJ� DW� ���� J� 1+�

��1� /���� %RWK� UHDFWRUV� RSHUDWHG� XQGHU�
PHVRSKLOLF�FRQGLWLRQV��'DWD�ZHUH�REWDLQHG�IURP�FRQVWUXFWLRQ�RI�FORQH� OLEUDULHV�DQG�FORQHV�ZHUH�
JURXSHG� LQWR� FDWHJRULHV� EDVHG� RQ� WKHLU� SK\OXP� OHYHO� DIILOLDWLRQ��'LVWLQFWO\� KLJKHU� GLYHUVLW\�ZDV�
UHYHDOHG� LQ� WKH� UHDFWRU� ZLWK� ORZ� DPPRQLD� FRPSDUHG� ZLWK� WKH� UHDFWRU� RSHUDWLQJ� DW� KLJK�
FRQFHQWUDWLRQ���

&RQVLGHULQJ� PHWKDQRJHQV�� WKH� FRQFHQWUDWLRQV� RI� DPPRQLD� DQG� DFHWDWH� KDYH�
EHHQ� GHPRQVWUDWHG� WR� LPSDFW� RQ� WKH� SRSXODWLRQ� VWUXFWXUH�� %LRJDV� UHDFWRUV�
RSHUDWLQJ�XQGHU�VWDEOH�FRQGLWLRQV�ZLWK�D�ORZ�FRQWHQW�RI�DFHWDWH��1+��DQG�9)$�
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DUH� RIWHQ� FKDUDFWHULVHG� E\� 0HWKDQRVDHWDFHDH� VSHFLHV�� ZKHUHDV�
0HWKDQRVDUFLQDFHDH� RU� K\GURJHQRWURSKLF� 0HWKDQRPLFURELDOHV� �SDUWLFXODUO\�
0HWKDQRFXOOHXV� VSHFLHV�� QRUPDOO\� GRPLQDWH� LQ� XQVWDEOH� UHDFWRUV� ZLWK� KLJK�
DPPRQLD�DQG�DFHWDWH�FRQFHQWUDWLRQV��1HWWPDQQ�HW�DO���������.DUDNDVKHY�HW�DO���
������0F0DKRQ�HW�DO�����������

2.3.2 Methane production pathways 

,Q� ELRORJLFDO� DQDHURELF� GLJHVWLRQ� IRU� ELRJDV� SURGXFWLRQ�� PHWKDQH� LV� PDLQO\�
V\QWKHVLVHG� IURP� K\GURJHQ� DQG� FDUERQ� GLR[LGH�� RU� IURP� DFHWDWH�� $FHWDWH� LV�
FRQVLGHUHG�WR�EH�WKH�PRVW�LPSRUWDQW�LQWHUPHGLDWH��.DVSDU�	�:XKUPDQQ��������
+REVRQ�	�6KDZ��������DQG�WKH�PHWKDQLVDWLRQ�RI�DFHWDWH�FDQ�SURFHHG�WKURXJK�
WZR� SDWKZD\V�� 7KH� PRVW� FRPPRQO\� GHVFULEHG� LV� WKH� DFHWLFODVWLF� SDWKZD\��
ZKHUH� DFHWDWH� LV� FOHDYHG� GLUHFWO\� WR� PHWK\O� DQG� FDUER[\O� JURXSV� E\� WKH�
DFHWLFODVWLF�PHWKDQRJHQV��7KH�PHWK\O�JURXS�LV�FRQYHUWHG�WR�PHWKDQH��ZKHUHDV�
WKH� FDUER[\O� JURXS� LV� R[LGLVHG� WR� FDUERQ� GLR[LGH� �:KLWPDQ� HW� DO��� �������
$FHWDWH�R[LGLVLQJ�EDFWHULD� LQ�V\QWURSKLF� LQWHUDFWLRQ�ZLWK�K\GURJHQ�FRQVXPLQJ�
PHWKDQRJHQV� UHSUHVHQW� WKH� VHFRQG�PHFKDQLVP��6$2� �=LQGHU�	�.RFK�� �������
ZKLFK�LV�IXUWKHU�GHVFULEHG�LQ�VHFWLRQ����
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� Syntrophic acetate oxidation (SAO)�
6\QWURSKLF� DFHWDWH� R[LGDWLRQ� ZDV� RULJLQDOO\� SURSRVHG� E\� %DUNHU� ������� DQG�
ODWHU� FRQILUPHG� E\� =LQGHU� 	� .RFK� �������� 6$2� LQYROYHV� WZR� UHDFWLRQV��
R[LGDWLRQ�RI�DFHWDWH�WR�K\GURJHQ�DQG�FDUERQ�GLR[LGH�E\�6$2%��UHDFWLRQ�L���DQG�
WKH� VXEVHTXHQW� FRQYHUVLRQ� RI� K\GURJHQ� DQG� FDUERQ� GLR[LGH� WR� PHWKDQH� E\�
K\GURJHQRWURSKLF�PHWKDQRJHQV��UHDFWLRQ�LL���

�
L� ������� � ���� � ������ � ��� � ���
LL� ���� � ����� � �� � ��� � �����
�

6LQFH� WKH� FRRSHUDWLQJ� SDUWQHUV� DUH� DEOH� WR� PHWDEROLVH� ERWK� IRUPDWH� DQG�
K\GURJHQ��:KLWPDQ�HW�DO���������6FKLQN���������IRUPDWH�KDV�DOVR�EHHQ�UHSRUWHG�
DV�D�OLNHO\�HOHFWURQ�FDUULHU�LQ�6$2��+DWWRUL�HW�DO�����������

6$2%�DQG� WKH�PHWKDQRJHQ�PXWXDOO\�GHSHQG�RQ�HDFK�RWKHU� WR�SHUIRUP�WKH�
PHWDEROLF� DFWLYLW\�� $FHWDWH� R[LGDWLRQ� �UHDFWLRQ� L�� FDQ� RQO\� SURFHHG� LI� WKH�
K\GURJHQ�IRUPDWH� OHYHO� LV� NHSW� ORZ� E\� WKH�PHWKDQRJHQ� �UHDFWLRQ� LL�� �6FKLQN��
������ 6FKLQN�� ������ 6WDPV�� ������� 7KHUPRG\QDPLFDOO\�� WKH� R[LGDWLRQ� RI�
DFHWDWH�WR�FDUERQ�GLR[LGH�DQG�K\GURJHQ��UHDFWLRQ�L��LV�DQ�XQIDYRXUDEOH�UHDFWLRQ�
LQ� VWDQGDUG� FRQGLWLRQV� ��*�¶ ������� N-� PRO����� +RZHYHU�� WKLV� UHDFWLRQ� FDQ�
SURFHHG� LI� K\GURJHQRWURSKLF� PHWKDQRJHQHVLV� �UHDFWLRQ� LL�� ��*�¶ ������� N-�
PRO����FRQVXPHV�WKH�K\GURJHQ��+DWWRUL��������6WDPV���������$FFRUGLQJO\�� WKH�
UHPRYDO�RI�K\GURJHQ�E\�WKH�PHWKDQRJHQ�PDNHV�WKH�DFHWDWH�R[LGDWLRQ�H[RUJHQLF�
DQG�E\�FRPELQLQJ�WKH�WZR�UHDFWLRQV�WKH�IUHH�HQHUJ\�FKDQJH�HQGV�XS�DW��*�¶ �
�����N-�PRO����7KH�FRRSHUDWLQJ�RUJDQLVPV�WKHUHE\�GLYLGH�D�GLPLQXWLYH�DPRXQW�
RI�HQHUJ\�E\�WKHLU�SHUIRUPDQFH��6FKLQN���������7KH�DYDLODEOH�HQHUJ\�IRU�6$2�
KDV� EHHQ� FDOFXODWHG� WR� EH� ��� N-� PRO��� IRU� HDFK� RUJDQLVP� LQ� D� WUL�FXOWXUH�
FRQWDLQLQJ� &ORVWULGLXP� XOWXQHQVH�� VWUDLQ� 75;�� DQG� 0HWKDQRFXOOHXV� 0$%��
�XQGHU�WKH�IROORZLQJ�FRQGLWLRQV�����°&�����P0�DFHWDWH������P0�+&2�

��DQG����
N3D�PHWKDQH���6FKQ�UHU�HW�DO����������7KLV�YDOXH�LQGLFDWHV�WKDW�RQO\�IUDFWLRQV�RI�
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$73� HTXLYDOHQWV� DUH� JDLQHG� SHU� UHDFWLRQ� UXQ� �WKH� V\QWKHVLV� RI�$73� GHPDQGV�
DERXW��*�¶ ������N-�PRO�����6FKLQN���������

3URGXFW�IRUPDWLRQ�E\�6$2%�EHFRPHV�PRUH�IDYRXUDEOH�LI�WKH�K\GURJHQ��RU�
IRUPDWH�� FRQFHQWUDWLRQ� LV�NHSW� ORZ��EXW� OHYHO�PXVW�EH� VXIILFLHQW� WR� IDYRXU� WKH�
K\GURJHQ�FRQVXPLQJ�PHWKDQRJHQHVLV��7KHVH�FRQWUDU\�UHTXLUHPHQWV�UHVWUDLQ�WKH�
K\GURJHQ� DQG� IRUPDWH� FRQFHQWUDWLRQ� ZLWKLQ� D� ORZ� DQG� QDUURZ� UDQJH� �6WDPV��
�������,Q�WKHUPRSKLOLF�FRQGLWLRQV��������°&���WKH�SDUWLDO�SUHVVXUH�RI�K\GURJHQ�
PHDVXUHG� LQ� V\QWURSKLF� FR�FXOWXUHV� LV� LQ� WKH� UDQJH� ������ 3D� �+DWWRUL� HW� DO���
������/HH�	�=LQGHU�� ����D���ZKHUH� WKH� ORZ� OHYHO� LQGLFDWHV� WKH� WKUHVKROG� IRU�
K\GURJHQ�XWLOLVDWLRQ�E\�WKH�PHWKDQRJHQ��,Q�PHVRSKLOLF�FRQGLWLRQV�����°&���WKH�
K\GURJHQ� FRQFHQWUDWLRQ� FDQ� EH� DV� ORZ� DV� �������� 3D� �6FKQ�UHU� HW�DO��� �������
HPSKDVLVLQJ�WKH�LPSRUWDQFH�RI�HIILFLHQW�K\GURJHQ�UHPRYDO�E\�WKH�PHWKDQRJHQ�
XQGHU�PHVRSKLOLF�FRQGLWLRQV��

+LJK�UHODWLYH�FRQWULEXWLRQ�RI�6$2�WR�FRQYHUVLRQ�RI�DFHWDWH�WR�PHWKDQH�KDV�
EHHQ� UHSRUWHG� LQ� VHYHUDO� LQYHVWLJDWLRQV� RI� ELRJDV� UHDFWRUV� RSHUDWLQJ� XQGHU�
GLYHUVH�FRQGLWLRQV��9��6XQ�HW�DO���������+DR�HW�DO���������6DVDNL�HW�DO�������D��
6KLPDGD�HW�DO��� ������/DXNHQPDQQ�HW�DO��� ������6FKQ�UHU�	�1RUGEHUJ�� ������
.DUDNDVKHY� HW� DO��� ������ 6KLJHPDWVX� HW� DO��� ������ 6FKQ�UHU� HW� DO��� �������
)XUWKHUPRUH�� 6$2� KDV� EHHQ� VXJJHVWHG� WR� RFFXU� LQ� GLYHUVH� QDWXUDO�
HQYLURQPHQWV��VXFK�DV�ODNH�VHGLPHQWV��1�VVOHLQ�HW�DO����������DFLGLF�SHDW��+RUQ�
HW�DO����������RLO�UHVHUYRLUV��*UD\�HW�DO���������-RQHV�HW�DO����������VRLO��&KDXKDQ�
	�2JUDP��������DQG�ULFH�ILHOG�VRLO��5XL�HW�DO���������/LX�	�&RQUDG���������

3.1 Syntrophic acetate-oxidising bacteria (SAOB) 

2QO\� D� UHVWULFWHG� QXPEHU� RI� EDFWHULDO� VSHFLHV� NQRZQ� WR� SHUIRUP� V\QWURSKLF�
DFHWDWH� R[LGDWLRQ� LQ� FRRSHUDWLRQ� ZLWK� D� K\GURJHQRWURSKLF� PHWKDQRJHQ� KDYH�
EHHQ� FKDUDFWHULVHG� WR� GDWH�� ,QLWLDOO\� D� WKHUPRSKLOLF� VWUDLQ� GHVLJQDWHG�
5HYHUVLEDFWHU� ZDV� GHVFULEHG� �/HH�	� =LQGHU�� ����E��� EXW� WKLV� EDFWHULXP�ZDV�
ORVW� EHIRUH� LWV� SK\ORJHQHWLF� SRVLWLRQ�ZDV� HVWDEOLVKHG�� 6LQFH� WKHQ�� ILYH� 6$2%�
KDYH� EHHQ� LVRODWHG� DQG� FKDUDFWHULVHG�� WKH� WKHUPRSKLOHV� 7KHUPDFHWRJHQLXP�
SKDHXP��+DWWRUL�HW�DO���������DQG�7KHUPRWRJD�OHWWLQJDH��%DON�HW�DO����������WKH�
WKHUPRWROHUDQW� 7HSLGDQDHUREDFWHU� DFHWDWR[\GDQV� �,,�� DQG� WKH� PHVRSKLOHV� &��
XOWXQHQVH� �6FKQ�UHU�HW�DO��� ������ DQG�6\QWURSKDFHWLFXV�VFKLQNLL� �,���+RZHYHU��
LQGLFDWLRQV�RI� WKH�H[LVWHQFH�RI�DV�\HW�XQUHFRJQLVHG�6$2%�KDYH�EHHQ�UHSRUWHG�
�H�J�� ,9��� &�� XOWXQHQVH�� 7�� SKDHXP�� 6�� VFKLQNLL� DQG� 7�� DFHWDWR[\GDQV� DUH� DOO�
DIILOLDWHG� ZLWK� WKH� SK\OXP� )LUPLFXWHV�� ZKHUHDV� 7�� OHWWLQJDH� EHORQJV� WR� WKH�
SK\OXP� 7KHUPRWRJDH�� ,VRWRSH� WUDFHU� PHDVXUHPHQWV� DQG� PROHFXODU� DQDO\VHV�
KDYH� LQGLFDWHG� GLVWULEXWLRQ� RI� 6$2� SKHQRW\SHV� LQ� RWKHU� EDFWHULDO� SK\OD�� )RU�
LQVWDQFH�� PHPEHUV� RI� *HREDFWHU�� $QDHURP\[REDFWHU� �DQR[LF� ULFH� ILHOG� VRLO��
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+RUL�HW�DO��� �������6PLWKHOOD� �PHWKDQRJHQLF� FUXGH� RLO�GHJUDGLQJ� HQULFKPHQW�
FXOWXUHV��*UD\� HW� DO��� ������� %HWDSURWHREDFWHULD� DQG� 1LWURVSLUD� �ODNH�
VHGLPHQWV��6FKZDU]�HW�DO��� ������ KDYH� EHHQ� VXJJHVWHG� WR� EH� UHVSRQVLEOH� IRU�
DFHWDWH�R[LGDWLRQ�LQ�V\QWURSKLF�SDUWQHUVKLS�ZLWK�K\GURJHQWURSKLF�PHWKDQRJHQV���

,Q�DGGLWLRQ�� V\QWURSKLF�EDFWHULD�DEOH� WR�R[LGLVH�DFHWDWH�ZLWK� WKH� VXSSRUW�RI�
QRQ�PHWKDQRJHQLF� K\GURJHQ�XWLOLVLQJ� SDUWQHU� RUJDQLVPV� KDYH� EHHQ�
FKDUDFWHULVHG�� )RU� LQVWDQFH�� WKH� DONDOL� EDFWHULXP� &DQGLGDWXV� µ&RQWXEHUQDOLV�
DONDODFHWLFXP¶� KDV� EHHQ� VKRZQ� WR� R[LGLVH� DFHWDWH� LQ� FR�FXOWLYDWLRQ� ZLWK� DQ�
K\GURJHQRWURSKLF�� DONDOLSKLOLF� VXOSKDWH� UHGXFHU�� ZLWK� WKH� SURGXFWLRQ� RI�
VXOSKLGH��=KLOLQD�HW�DO����������$QRWKHU�H[DPSOH� LV�*HREDFWHU�VXOIXUUHGXFHQV��
ZKLFK� R[LGLVHV� DFHWDWH� LQ� V\QWURSKLF� DVVRFLDWLRQ� ZLWK� QLWUDWH�� RU� VXOSKDWH�
UHGXFLQJ�K\GURJHQWURSKLF�EDFWHULD��7KH�K\GURJHQ�SDUWLDO�SUHVVXUH� UHFRUGHG� LQ�
WKH� FR�FXOWXUH� RI� *�� VXOIXUUHGXFHQV� DQG� WKH� QLWUDWH�UHGXFLQJ� :ROLQHOOD�
VXFFLQRJHQHV�LV�FRQVLGHUDEO\�ORZHU������������3D��WKDQ�OHYHOV�UHSRUWHG�WR�RFFXU�
GXULQJ� 6$2� ZLWK� K\GURJHQRWURSKLF� PHWKDQRJHQV�� &RQVHTXHQWO\�� WKH� IUHH�
HQHUJ\� IRU� WKH� EDFWHULXP� LV� DOVR� KLJKHU� DQG� FDOFXODWHG� WR� DERXW� ���� N-�PRO���
XQGHU� WKH� FRQGLWLRQV� LQYHVWLJDWHG� �&RUG�5XZLVFK� HW� DO��� ������� :KHWKHU� WKH�
WZR�EDFWHULD�&DQGLGDWXV� µ&��DONDODFHWLFXP¶�DQG�*��VXOIXUUHGXFHQV�DUH�DEOH� WR�
R[LGLVH�DFHWDWH� LQ�FRRSHUDWLRQ�ZLWK�PHWKDQRJHQV�KDV�QRW�\HW�EHHQ�HVWDEOLVKHG�
DQG� WKHVH� EDFWHULD� DUH� WKXV� QRW� LQFOXGHG� LQ� IXUWKHU� GLVFXVVLRQV� LQ� WKLV� WKHVLV��
)XUWKHUPRUH��WKH�DONDOLSKLOLF�IHDWXUH�RI�&DQGLGDWXV�µ&��DONDODFHWLFXP¶��JURZWK�
DW�S+�����LQGLFDWHV�WKDW�WKLV�V\QWURSK�LV�SUREDEO\�QRW�D�FRPPRQ�FRPSRQHQW�LQ�
ELRJDV�SURGXFLQJ�FRQVRUWLD���

3.1.1 Growth conditions in pure culture  

,Q� SXUH� FXOWXUH�� WKH� DERYH� PHQWLRQHG� LVRODWHV� �L�H�� VWUDLQ� 5HYHUVLEDFWHU�� 7��
SKDHXP�� 7� OHWWLQJDH�� 7�� DFHWDWR[\GDQV�� &�� XOWXQHQVH�� 6�� VFKLQNLL�� KDYH� WKH�
DELOLW\� WR�XVH�RUJDQLF�DFLGV��DOFRKROV�DQG�DPLQR�DFLGV��DQG�SURGXFH�DFHWDWH�DV�
WKH�PDLQ�IHUPHQWDWLRQ�SURGXFW��%DON�HW�DO���������+DWWRUL�HW�DO���������6FKQ�UHU�
HW�DO���������/HH�	�=LQGHU������E���7KLV�VXEVWUDWH�SDWWHUQ�VXJJHVWV�LQYROYHPHQW�
LQ� GLIIHUHQW� IHUPHQWDWLRQ� DQG� DQDHURELF� R[LGDWLRQ� UHDFWLRQV� XQGHU� QRQ�6$2�
FRQGLWLRQV�� LQVWHDG� RI� FRQWULEXWLQJ� WR� DFHWDWH� R[LGDWLRQ� �,,��� 7KH� QXPEHU� RI�
VXEVWUDWHV�XVHG�E\�&��XOWXQHQVH��7��SKDHXP�DQG�6��VFKLQNLL� IRU�JURZWK� LQ�SXUH�
FXOWXUH� LV� UHVWULFWHG� �,��+DWWRUL�HW�DO���������6FKQ�UHU�HW�DO����������ZKHUHDV�7��
OHWWLQJDH� DQG�7��DFHWDWR[\GDQV� KDYH� EHHQ� VKRZQ� WR� XVH� D� EURDG� VSHFWUXP� RI�
VXEVWUDWHV��7DEOH���LQ�,,��%DON�HW�DO����������7��SKDHXP�DQG�VWUDLQ�5HYHUVLEDFWHU�
KDYH� EHHQ� VKRZQ� WR� EH� DEOH� WR� SHUIRUP� UHYHUVH� DFHWDWH� R[LGDWLRQ� LQ� SXUH�
FXOWXUH�� L�H�� REWDLQ�HQHUJ\�E\� WKH� UHGXFWLRQ�RI�FDUERQ�GLR[LGH�E\�K\GURJHQ� WR�
DFHWDWH�� 7KLV� IHDWXUH� KDV� QRW� EHHQ� GHPRQVWUDWHG� IRU� 6�� VFKLQNLL�� 7��
DFHWDWR[\GDQV��,�� ,,���&��XOWXQHQVH�RU�7��OHWWLQJDH��+RZHYHU��&��XOWXQHQVH� FDQ�
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FRQYHUW�FDUERQ�GLR[LGH�DQG�K\GURJHQ�WR�DFHWDWH� LQ�GHQVH�UHVWLQJ�FHOO�FXOWXUHV��
DQG�7��SKDHXP� DQG�7�� OHWWLQJDH� DUH� DEOH� WR� R[LGLVH� DFHWDWH�ZLWKRXW� D� SDUWQHU�
RUJDQLVP� ZKHQ� DQ� DOWHUQDWLYH� HOHFWURQ� DFFHSWRU� LV� SUHVHQW� �L�H�� VXOSKDWH��
WKLRVXOSKDWH�� HOHPHQWDO� VXOSKXU�� )H�,,,�� RU� DQWKUDTXLQRQH�����GLVXOSKRQDWH���
5HSUHVHQWDWLYH�FKDUDFWHULVWLFV�RI�NQRZQ�6$2%�DUH�VXPPDULVHG�LQ�7DEOH����
&�� XOWXQHQVH�� 6�� VFKLQNLL� DQG� 7�� DFHWDWR[\GDQV� SRVVHVV� D� UHODWLYHO\� KLJK�

DPPRQLXP� WROHUDQFH� ���������0� 1+�&O�� �,�� ,,�� 6FKQ�UHU� HW� DO��� ������� 7KLV�
IHDWXUH� SUREDEO\� FRQIHUV� WKH� EDFWHULD� ZLWK� D� FRPSHWLWLYH� DGYDQWDJH� LQ�
DPPRQLD�VWUHVVHG� V\VWHPV�� 6�� VFKLQNLL� DFKLHYHV� H[WUHPHO\� ORZ� FHOO� GHQVLW\�
XQGHU� ODERUDWRU\� FRQGLWLRQV�� HYHQ� DW� RSWLPDO� WHPSHUDWXUH� DQG� S+�� +RZHYHU��
DGGLWLRQ�RI�H[WUD�DPPRQLD��!���P0��WR�WKH�FXOWXUH�PHGLD�UHVXOWV�LQ�LQFUHDVHG�
JURZWK��,���$PPRQLD�FRQFHQWUDWLRQ�UDQJHV�IRU�JURZWK�DUH�QRW�DYDLODEOH�IRU�7��
SKDHXP� DQG� 7� OHWWLQJDH�� EXW� WKH� UHODWLYHO\� KLJK� VDOW� WROHUDQFH� RI� WKH� VWUDLQV�
LQGLFDWHV�WKDW�WKH\�PD\�EH�DEOH�WR�JURZ�DW�LQFUHDVHG�DPPRQLD�FRQFHQWUDWLRQV��
7�� SKDHXP� DQG� 7�� OHWWLQJDH� JURZ� DW� FRQFHQWUDWLRQV� XS� WR� ���� 0� DQG� ���� 0�
1D&O��UHVSHFWLYHO\��DQG�7��OHWWLQJDH�HYHQ�GLVSOD\V�DQ�RSWLPDO�JURZWK�UDWH�DW�����
0� 1D&O��7KH� VLWXDWLRQ� LV� VLPLODU� IRU�&��XOWXQHQVH�� ZKLFK� FDQ� JURZ� DW� 1D&O�
FRQFHQWUDWLRQV�XS�WR�����0���

7HPSHUDWXUH� RSWLPXP� DQG� UDQJHV� IRU� JURZWK� IRU� WKH� PHVRSKLOLF��
WKHUPRWROHUDQW� DQG� WKHUPRSKLOLF� 6$2%� DUH� VSHFLILHG� LQ� 7DEOH� ��� 7KH�
WKHUPRWROHUDQW� FRPSHWHQF\� RI�7��DFHWDWR[\GDQV�ZLWK� RSWLPXP�JURZWK� UDWH� DW�
������°&��)LJXUH���LQ�,,��LV�VRPHZKDW�VXUSULVLQJ��DV�WKH�VWUDLQ�RULJLQDWHV�IURP�D�
UHDFWRU� RSHUDWLQJ� XQGHU� PHVRSKLOLF� FRQGLWLRQV� �,,��� *URZWK� RI� 6�� VFKLQNLL� LQ�
SXUH�FXOWXUH�ZDV�RQO\�FRQILUPHG�DW� WHPSHUDWXUHV�EHWZHHQ����DQG����°&��7KH�
RSWLPDO� WHPSHUDWXUH� IRU�JURZWK�RI�6��VFKLQNLL� FRXOG�QRW�EH�GHWHUPLQHG�GXH� WR�
WKH� H[WUHPHO\� ORZ� FHOO� GHQVLW\� DFKLHYHG�� HYHQ� DIWHU� VHYHUDO� PRQWKV� RI�
FXOWLYDWLRQ��+RZHYHU�� LW� VKRXOG� EH� SRLQWHG� RXW� WKDW� WKHVH� LQYHVWLJDWLRQV�ZHUH�
SHUIRUPHG�LQ�GHILQHG�JURZWK�PHGLD��DQG�FRQVHTXHQWO\�WKH�FKDUDFWHULVWLFV�RI�6��
VFKLQNLL� PD\� QRW� DGHTXDWHO\� UHIOHFW� JURZWK� SURSHUWLHV� LQ� WKH� FRQGLWLRQV�
SUHYDLOLQJ� LQ�DQDHURELF� UHDFWRUV��)RU� LQVWDQFH�� WKH� LQFUHDVHG�FHOO�GHQVLW\�RI�6��
VFKLQNLL� DW� KLJKHU� DPPRQLD� FRQFHQWUDWLRQV� LQGLFDWHV� WKDW� VRPH� FRPSRQHQWV��
HVVHQWLDO� IRU�RSWLPDO�JURZWK�RI� WKH� VWUDLQ��PD\�QRW�EH� LQFOXGHG� LQ� WKH�JURZWK�
PHGLD�� 5HDFWRU� VOXGJH� LV� RIWHQ� TXLWH� FRPSOH[� DQG� PD\� WKHUHE\� PRUH�
VDWLVIDFWRULO\�SURYLGH�WKH�UHTXLUHPHQWV�IRU�JURZWK���
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7DEOH� ��� &KDUDFWHULVWLFV� RI� NQRZQ� 6$2%� DFFRUGLQJ� WR� /HH�	� =LQGHU� �����E��� 6FKQ�UHU� HW� DO��
��������+DWWRUL�HW�DO����������%DON�HW�DO����������3DSHUV I� II����
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3.1.2 Growth conditions in co-culture 

:RUN�WR�HOXFLGDWH�WKH�NLQHWLF�SDUDPHWHUV�RI�6$2�LV�VWLOO�DW�LWV�LQIDQF\��EXW�WKH�
V\QWURSKV�DUH�JHQHUDOO\�FRQVLGHUHG�WR�EH�VORZ�JURZHUV��7KH�ORZ�JURZWK�UDWH�LV�
SUREDEO\� D� FRQVHTXHQFH� RI� WKH� ORZ� DPRXQW� RI� IUHH� HQHUJ\� DYDLODEOH� IRU� WKH�
V\QWURSKLF�FRQVRUWLD��+DWWRUL��������6FKQ�UHU�HW�DO����������7��SKDHXP�KDV�EHHQ�
UHSRUWHG� WR� FRQVXPH� DFHWDWH� DW� D� UDWH� RI� ������PRO� �PLQ� J� GU\� FHOO� ZW���� LQ�
V\QWURSKLF� LQWHUDFWLRQ� ZLWK� D� K\GURJHQ�XWLOLVLQJ�PHWKDQRJHQ�� ,Q� FRPSDULVRQ��
WKH� WZR� PHVRSKLOLF� DFHWLFODVWLF� PHWKDQRJHQV� 0HWKDQRVHDWD� VRHKQJHQLL� DQG�
0HWKDQRVHDWD� FRQFLOLL�� IUHTXHQWO\� LGHQWLILHG� LQ� DQDHURELF� GLJHVWLRQ� V\VWHPV��
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KDYH� EHHQ� VKRZQ� WR� UHDFK�PD[LPDO� DFHWDWH� FRQVXPSWLRQ� UDWHV� RI� ��� DQG� ���
�PRO��PLQ�J�GU\�FHOO�ZW�����UHVSHFWLYHO\��+DR�HW�DO�����������

+RZHYHU�� JURZWK� RI� WKH� PHVRSKLOLF� 6$2%� LV� HYHQ� VORZHU�� 7KHUPRSKLOLF�
V\QWURSKLF� FR�FXOWXUHV� RI� VWUDLQ� 5HYHUVLEDFWHU� RU� 7�� SKDHXP� FRXSOHG� ZLWK�
SDUWQHU�PHWKDQRJHQV�JURZ�RQ�DFHWDWH�ZLWK�GRXEOLQJ� WLPHV�RI�D� IHZ�GD\V� �����
GD\V� DQG� �� GD\V�� UHVSHFWLYHO\�� �+DWWRUL� HW� DO��� ������ /HH� 	� =LQGHU�� ����E���
ZKHUHDV� WKH� PHVRSKLOLF�&��XOWXQHQVH� DQG� WKH� K\GURJHQ�XWLOLVLQJ� PHWKDQRJHQ�
0HWKDQRFXOOHXV� VS��0$%�� GHJUDGH� DFHWDWH�ZLWK� D� GRXEOLQJ� WLPH� RI� ��� GD\V�
�6FKQ�UHU�HW�DO����������7KH�JHQHUDWLRQ�WLPH�RI�6��VFKLQNLL�DQG�0HWKDQRFXOOHXV�
VS��0$%��ZDV� FDOFXODWHG� WR�EH� DERXW� ������GD\V� �XQSXEOLVKHG� UHVXOWV���7KLV�
FDQ�EH�FRPSDUHG�ZLWK�WKH�JHQHUDWLRQ�WLPH�REVHUYHG�LQ�FXOWLYDWLRQ�RI�GLIIHUHQW�
DFHWLFODVWLF� PHWKDQRJHQV�� ����� K� IRU� 0HWKDQRVDUFLQD� VS�� DQG� ���� GD\V� IRU�
0HWKDQRVHDWD� VS�� �'HPLUHO� 	� 6FKHUHU�� ������� +RZHYHU�� E\� FDOFXODWLQJ� WKH�
PHWKDQH� IRUPDWLRQ� UDWH� LQ� WKH� H[SRQHQWLDO� SKDVH� RI� D� V\QWURSKLF� DFHWDWH�
GHJUDGLQJ�FXOWXUH�FRQWDLQLQJ�WKH�6$2%�&��XOWXQHQVH��7��DFHWDWR[\GDQV�DQG�6��
VFKLQNLL�DQG�0HWKDQRFXOOHXV�VS��0$%���KHUHDIWHU�GHVLJQDWHG�6$2�FXOWXUH���D�
GRXEOLQJ�WLPH�RI�RQO\���GD\V�ZDV�IRXQG��)LJXUH������

�
)LJXUH���� 6\QWURSKLF� GHJUDGDWLRQ� RI� DFHWDWH��� DQG� SURGXFWLRQ� RI� PHWKDQH��� E\� 6$2�FXOWXUH��
LQFOXGLQJ� WKH� 6$2%�&�� XOWXQHQVH�� 6�� VFKLQNLL� DQG� 7�� DFHWDWR[\GDQV� DQG� WKH� K\GURJHQRWURSKLF�
0HWKDQRFXOOHXV�VS��0$%���DW����&�DQG���0�1+�&O���

,QIRUPDWLRQ� DERXW� WKH� GRXEOLQJ� WLPH� RI� 7�� DFHWDWR[\GDQV� LQ� V\QWURSKLF�
FXOWLYDWLRQ� ZLWK� D� K\GURJHQ�XWLOLVLQJ� PHWKDQRJHQ� LV� QRW� DYDLODEOH� DW� WKH�
PRPHQW��,,���&RQVHTXHQWO\��RQO\�VSHFXODWLRQV�FDQ�EH�PDGH�UHJDUGLQJ�WKH�FDXVH�
RI� WKH�REVHUYHG�GHFUHDVH� LQ�GRXEOLQJ� WLPH�RI� WKH�6$2�FXOWXUH�FRPSDUHG�ZLWK�
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WKH� FR�FXOWXUHV�� (LWKHU� SUHVHQFH� RI� 7�� DFHWDWR[\GDQV� LV� WKH� RULJLQ� RI� WKH�
UHODWLYHO\�KLJK�UDWH�RI�PHWKDQH�IRUPDWLRQ��RU�FRRSHUDWLRQ�LV�FDUULHG�RXW�EHWZHHQ�
WKH�VWUDLQV��$OWHUQDWLYHO\�� WKH� WKUHH�GLIIHUHQW� VWUDLQV�SRVVHVV�PD[LPXP�DFHWDWH�
GHJUDGDWLRQ� UDWH� LQ� GLIIHUHQW� DFHWDWH� FRQFHQWUDWLRQV�� UHVXOWLQJ� LQ� LQFUHDVHG�
RYHUDOO�GHJUDGDWLRQ�UDWH�LQ�WKH�EDWFK�H[SHULPHQW��

7KH� XVH� RI� DOWHUQDWLYH� VXEVWUDWHV� �H[FHSW� IRU� DFHWDWH�� IRU� JURZWK� E\� WKH�
V\QWURSKLF� FXOWXUHV� KDV� QRW� EHHQ� H[DPLQHG� DGHTXDWHO\� WR� GDWH�� +RZHYHU�� 7��
OHWWLQJDH�KDV�SULPDULO\�EHHQ�FKDUDFWHULVHG�DV�D�V\QWURSKLF�PHWKDQRO�GHJUDGLQJ�
EDFWHULDO� VWUDLQ� LQ� DVVRFLDWLRQ� ZLWK� D� K\GURJHQRWURSKLF� PHWKDQRJHQ�� EXW� KDV�
DOVR�EHHQ�VKRZQ�WR�V\QWURSKLFDOO\�R[LGLVH�DFHWDWH��7KH�JURZWK�UDWH�RI� WKH�FR�
FXOWXUH�LV�FRQVLGHUDEO\�HQKDQFHG�ZKHQ�PHWKDQRO�LV�XVHG�DV�VXEVWUDWH��FRPSDUHG�
ZLWK� WKH� JURZWK� UDWH� REVHUYHG� GXULQJ� GHJUDGDWLRQ� RI� DFHWDWH�� ,Q� DGGLWLRQ� WR�
DFHWDWH�� VWUDLQ� 5HYHUVLEDFWHU� DQG� 7�� SKDHXP� DUH� DEOH� WR� R[LGLVH� HWKDQRO� WR�
PHWKDQH� LQ� WKH� SUHVHQFH� RI� K\GURJHQ�XWLOLVLQJ� PHWKDQRJHQV� �+DWWRUL�� �������
6\QWURSKLF� GHJUDGDWLRQ� RI� HWKDQRO� RU� PHWKDQRO� E\� RXU� 6$2� FXOWXUH� KDV� QRW�
EHHQ�HVWDEOLVKHG��+RZHYHU��GHJUDGDWLRQ�RI�IDWW\�DFLGV�E\�WKH�6$2�FXOWXUH�ZDV�
WHVWHG� DQG� UHYHDOHG� WKDW� EXW\UDWH� ZDV� XVHG� DV� VXEVWUDWH�� EXW� QR� JURZWK� ZDV�
REVHUYHG�ZKHQ�SURSLRQDWH�ZDV�DGGHG�DV�VXEVWUDWH��XQSXEOLVKHG�UHVXOWV����

3.1.3 Presence in biogas reactors 

7KH�LPSRUWDQFH�RI�6$2�DQG�SUHVHQFH�RI�6$2%�KDYH�UHFHQWO\�EHHQ�VWUHVVHG�LQ�
VHYHUDO�EDFWHULDO�SRSXODWLRQ� VWXGLHV�RI�ERWK� ODERUDWRU\�DQG� IXOO�VFDOH� UHDFWRUV���
)XUWKHUPRUH�� JHQH� VHTXHQFHV� DIILOLDWHG� WR� WKH� WKHUPRSKLOLF�7��SKDHXP� DQG�7��
OHWWLQJDH�KDYH�EHHQ�GHWHFWHG�LQ�UHDFWRUV�RSHUDWLQJ�DW�ERWK�KLJK��5DGHPDFKHU�HW�
DO���������6XQ�HW�DO���������6DVDNL�HW�DO�������D��DQG�PRGHUDWH��6KLPDGD�HW�DO���
������6FKO�WHU�HW�DO���������WHPSHUDWXUH�FRQGLWLRQV��6HTXHQFHV�FRUUHODWHG�WR�WKH�
PHVRSKLOLF� DQG� WKHUPRWROHUDQW� 6$2%� �&�� XOWXQHQVH�� 6�� VFKLQNLL� DQG� 7��
DFHWDWR[\GDQV�� KDYH� DOVR� EHHQ� UHWULHYHG� IURP� ERWK� WKHUPRSKLOLF� �6XQ� HW� DO���
������ :HLVV� HW� DO��� ������ DQG� PHVRSKLOLF� UHDFWRUV� �,,,�� 9�� .DUOVVRQ� HW� DO���
������6XQ�HW�DO���������6KLPDGD�HW�DO����������7KH�SUHVHQFH�RI�WKH�WKHUPRSKLOLF�
7��OHWWLQJDH� DQG�7��SKDHXP�LQ� UHDFWRUV� RSHUDWLQJ� XQGHU�PHVRSKLOLF� FRQGLWLRQV�
DQG�RI� WKH�PHVRSKLOLF�&��XOWXQHQVH� DQG�6��VFKLQNLL� LQ� WKHUPRSKLOLF� V\VWHPV� LV�
VXUSULVLQJ�� 7KH� UHDVRQ�PD\� EH� GHILFLW� LQ� DYDLODELOLW\� RI� FRPSRQHQWV� HVVHQWLDO�
IRU�RSWLPDO�JURZWK� LQ�SXUH�FXOWLYDWLRQ��DV�GLVFXVVHG�SUHYLRXVO\��$OWHUQDWLYHO\��
KLWKHUWR�XQFKDUDFWHULVHG�VSHFLHV�FORVHO\�UHODWHG�WR�WKHVH�EDFWHULD�SRVVHVV�PRUH�
GLYHUVH�IHDWXUHV�WKDQ�WKH�6$2%�LVRODWHG�WR�GDWH���

$�QRWHZRUWK\� ILQGLQJ� LQ� WKLV� WKHVLV� LV� WKDW� GHVSLWH� WKH� GLIIHUHQFH� LQ� RULJLQ�
DQG�SK\VLRORJLFDO�WUDLWV�RI�WKH�PHVRSKLOLF�DQG�WKHUPRWROHUDQW�6$2%��7DEOH����
,�� ,,��� DOO� WKUHH� LVRODWHV� �&��XOWXQHQVH��6��VFKLQNLL� DQG�7��DFHWDWR[\GDQV�� KDYH�
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EHHQ� GHWHFWHG� LQ� UHDFWRUV� RSHUDWLQJ� XQGHU� GLYHUVH� FRQGLWLRQV� UHJDUGLQJ�
DPPRQLD�FRQFHQWUDWLRQ��WHPSHUDWXUH��+57�DQG�VXEVWUDWH�IHHG��,,,��9����

'XULQJ� FRQVWUXFWLRQ� RI� EDFWHULDO� ��6� U51$�JHQH� OLEUDULHV� RI� WKHUPRSKLOLF�
PXQLFLSDO� ELRJDV� SODQWV�� ���������� DQG� ��������� RI� WKH� VHTXHQFHV� DQDO\VHG��
UHVSHFWLYHO\�� ZHUH� DOORFDWHG� WR� WKH� JHQRPH� RI� &�� XOWXQHQVH� DQG� 7��
DFHWDWR[\GDQV�ZLWK�KLJK�DOOLDQFH������PD[LPXP�LGHQWLW\���)RU�6��VFKLQNLL�WKH�
FRUUHODWLRQ�ZDV�DV�KLJK�DV�������������:HLVV�HW�DO����������+RZHYHU��WKH�OHYHOV�
REWDLQHG�ZLWK�TXDQWLWDWLYH�DQDO\VHV�ZHUH�FRQVLGHUDEO\�ORZHU��,Q�ELRJDV�UHDFWRUV�
RFFXS\LQJ� 6$2�PHGLDWHG� DFHWDWH� GHJUDGDWLRQ� WKH� UHODWLRQV� RI� WKH� VSHFLILF�
6$2%�JHQH�DEXQGDQFH�WR�WKH�WRWDO�EDFWHULDO�JHQH�DEXQGDQFH�ZHUH���������������
DQG� ��������� IRU�&��XOWXQHQVH��7��DFHWDWR[\GDQV�DQG�6��VFKLQNLL�� UHVSHFWLYHO\�
�,,,��6XQ�HW�DO�����������

,QWHUUHODWHG�OHYHOV�RI�JHQH�DEXQGDQFH�GHWHUPLQHG�LQ�TXDQWLWDWLYH�VWXGLHV�RI�
6$2%�FDQ� EH� GLVWLQJXLVKHG��7KH� DEXQGDQFH� RI� JHQHV� DIILOLDWHG� WR�6��VFKLQNLL�
ZDV� IRXQG� WR� UDQJH� IURP� DERXW� ���� WR� ����� SHU� P/� UHDFWRU� VOXGJH� �,,,�� 9��
.DUOVVRQ�HW�DO��� ������ 6XQ�HW�DO��� �������ZKHUHDV� DEXQGDQFH� RI�&��XOWXQHQVH�
UHODWHG� JHQHV�ZDV� DERXW� ���� DQG�7��DFHWDWR[\GDQV� JHQHV� UHDFKHG� OHYHOV� IURP�
����WR� �����SHU�P/�UHDFWRU� VOXGJH� LQ�PHVRSKLOLF� UHDFWRUV� GRPLQDWHG� E\� 6$2��
7KH� FRUUHVSRQGLQJ� OHYHOV� LQ� UHDFWRUV� GRPLQDWHG� E\� WKH� DFHWLFODVWLF� SDWKZD\�
ZHUH� ��������� ������ DQG� ������ IRU� 6�� VFKLQNLL�� &�� XOWXQHQVH� DQG� 7��
DFHWDWR[\GDQV��UHVSHFWLYHO\��,,,��9��6XQ�HW�DO�����������

7KXV� WKHVH� ILQGLQJV� LPSO\� WKDW� WKH� 6$2%� DUH� HQGXULQJ� DQG� LPSRUWDQW�
FRPSRQHQWV�RI� WKH�ELRJDV�SURGXFLQJ�FRQVRUWLD��DEXQGDQW�DW� LQWHUUHODWHG� OHYHOV�
GHWHUPLQHG�E\�WKH�SUHYDOHQW�DFHWDWH�GHJUDGDWLRQ�SDWKZD\���

3.1.4 Partner methanogen 

7KH�DYDLODEOH�K\GURJHQ�XWLOLVLQJ�SDUWQHU� LV�RI�PRVW� LPSRUWDQFH� IRU� VXFFHVVIXO�
DFHWDWH� GHJUDGDWLRQ� WKURXJK� 6$2�� ,W� LV� SDUWLFXODUO\� LPSRUWDQW� LQ� PHVRSKLOLF�
FRQGLWLRQV�� ZKHUH� WKH� K\GURJHQ� UHOHDVHG� IURP� DFHWDWH� R[LGDWLRQ� QHHGV� WR� EH�
HYHQ�PRUH�HIILFLHQWO\�FRQVXPHG�LQ�RUGHU�WR�SURYLGH�WKH�UHTXLUHG�HQHUJ\�IRU�WKH�
FRRSHUDWLQJ�SDUWQHU��FRPSDUHG�ZLWK�DW�KLJKHU�WHPSHUDWXUHV��6FKLQN���������7KH�
SDUWQHU� PHWKDQRJHQV� XVHG� LQ� LQYHVWLJDWLRQV� RI� V\QWURSKLF� DFHWDWH� R[LGLVLQJ�
FXOWXUHV� LQ� WKHUPRSKLOLF� FRQGLWLRQV� KDYH� EHHQ��0HWKDQREDFWHULXP� VS�� VWUDLQ�
7+)� �/HH� 	� =LQGHU�� ����E�� DQG�0HWKDQRWKHUPREDFWHU� WKHUPRDXWRWURSKLFXV�
VWUDLQV� �+� DQG� 70� �%DON� HW� DO��� ������ +DWWRUL� HW� DO��� ������� 3K\ORJHQLF�
DQDO\VHV� RI� WKH� PHWKDQRJHQLF� SRSXODWLRQ� LQ� 6$2�GRPLQDWHG� WKHUPRSKLOLF�
UHDFWRUV� KDYH� UHYHDOHG� KLJK� DEXQGDQFH� RI� K\GURJHQRWURSKLF�
0HWKDQREDFWHULDOHV� �H�J��0HWKDQREDFWHULXP� DQG�0HWKDQRWKHUPREDFWHU�� DQG�
0HWKDQRPLFURELDOHV� �H�J��0HWKDQRFXOOHXV��� EXW� WKH� DEXQGDQFH� RI� DFHWLFODVWLF�
0HWKDQRVDUFLQD� VSHFLHV� LV� DOVR� UHSRUWHG� WR� EH� KLJK� �9�� +DR� HW� DO��� ������
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6KLPDGD� HW� DO��� �������0HWKDQRFXOOHXV� ZDV� UHYHDOHG� WR� EH� WKH� SUHGRPLQDQW�
JURXS� RI� PHWKDQRJHQV� LQ� PHVRSKLOLF� ELRJDV� SODQWV� ZLWK� V\QWURSKLF� DFHWDWH�
R[LGDWLRQ� �6FKQ�UHU�HW�DO��� ������ DQG�ZDV� WKHUHIRUH�XVHG� �0HWKDQRFXOOHXV� VS��
0$%�� DQG� 0$%��� 6FKQ�UHU� HW� DO��� ������ DV� SDUWQHU� PHWKDQRJHQ� LQ� FR�
FXOWLYDWLRQ� XQGHU� PHVRSKLOLF� DQG� WKHUPRWROHUDQW� FRQGLWLRQV� �,�� ,,��� )XUWKHU�
LQGLFDWLRQV�RI�WKH�LPSRUWDQFH�RI�PHPEHUV�RI�0HWKDQRPLFURELDOHV��LQ�SDUWLFXODU�
0HWKDQRFXOOHXV�VSHFLHV��IRU�6$2�KDYH�EHHQ�UHSRUWHG�LQ�PHVRSKLOLF��$QJHQHQW�
HW� DO��� ������ DQG� WKHUPRSKLOLF� FRQGLWLRQV� �6DVDNL� HW� DO��� ����D��� ,W� LV� ZRUWK�
FRQVLGHULQJ� LQ� WKLV� UHJDUG� WKH� RSWLPDO� PHWKDQH� SURGXFWLRQ� UDWH� DW� ������ �&�
REWDLQHG�LQ�D�JURZWK�VWXG\�RI�0HWKDQRFXOOHXV�0$%���)LJXUH�����7KLV�LQGLFDWHV�
SRVVLELOLWLHV� WR�RSWLPLVH� WKH� UDWH�RI�6$2�E\�DGMXVWPHQW�RI� WHPSHUDWXUH� LI� WKLV�
VSHFLHV�RSHUDWHV�DV�WKH�SDUWQHU�PHWKDQRJHQ��

�
)LJXUH� ��� 0HWKDQH� SURGXFWLRQ� UDWH� RI�0HWKDQRFXOOHXV� VS�� 0$%�� GXULQJ� JURZWK� DW� GLIIHUHQW�
WHPSHUDWXUHV���

,QWULJXLQJO\�� GLIIHUHQWLDO� H[SUHVVLRQ�RI�PHWKDQRJHQHVLV� JHQHV�ZDV� UHSRUWHG� LQ�
DQ� LQYHVWLJDWLRQ� RI�0��WKHUPRDXWRWURSKLFXV� VWUDLQ�70�GXULQJ� JURZWK� LQ� SXUH�
FXOWXUH� FRPSDUHG� ZLWK� JURZWK� LQ� FR�FXOWXUH� ZLWK� WKH� 6$2%� 7�� SKDHXP� LQ�
WKHUPRSKLOLF�FRQGLWLRQV��/XR�HW�DO����������,Q�SXUH�FXOWXUH��WZR�JHQHV�HQFRGLQJ�
PHWK\O� FRHQ]\PH� 0� UHGXFWDVH� �0&5,� DQG� 0&5,,��� UHSUHVHQWLQJ� WKH� ILQDO�
HQ]\PH� LQ� WKH� PHWKDQRJHQHVLV� SDWKZD\�� ZHUH� WUDQVFULEHG�� +RZHYHU�� LQ� FR�
FXOWXUH�RQO\�RQH��0&5���ZDV�WUDQVFULEHG�E\�WKH�PHWKDQRJHQ��7KLV�UHVXOW�LV�LQ�
DFFRUGDQFH�ZLWK�ILQGLQJV�LQ�SUHYLRXV�SXUH�FXOWXUH�LQYHVWLJDWLRQV�FRPSDULQJ�WKH�
H[SUHVVLRQ�RI�JHQHV�XQGHU�H[FHVV�DQG� OLPLWHG�VXSSO\�RI�K\GURJHQ� �0RUJDQ�HW�
DO��� ������ %RQDFNHU� HW�DO��� ������� )XUWKHUPRUH�� LQLWLDWLRQ� RI� FR�FXOWXUH� RI�&��
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XOWXQHQVH�� 7�� SKDHXP�� 6�� VFKLQNLL� DQG� 7�� DFHWDWR[\GDQV� ZLWK� WKH�
K\GURJHQRWURSKLF� PHWKDQRJHQ� KDV� SURYHQ� WR� EH� WURXEOHVRPH� DQG� D� WLPH� ODJ�
IURP� WKUHH� ZHHNV� �7�� SKDHXP�� �+DWWRUL� HW� DO��� ������ XS� WR� IRXU� PRQWKV� �6��
VFKLQNLL�� �,,�� KDV� EHHQ� UHSRUWHG�� (YHQ� DQ� DWWHPSW� WR� REWDLQ� UDSLG� FRQYHUVLRQ�
IURP� SXUH� JURZWK� RQ� S\UXYDWH� RU� PHWKDQRO� WR� 6$2� E\� UHVWLQJ� FHOOV� RI� 7��
SKDHXP�ZLWK�0��WKHUPRDXWRWURSKLFXV�JURZQ�ZLWK�K\GURJHQ�FDUERQ�GLR[LGH�KDV�
SURYHQ� XQVXFFHVVIXO� �+DWWRUL� HW� DO��� ������� /RZ� HQHUJ\� \LHOG� KDV� EHHQ�
VXJJHVWHG�DV�D�SRVVLEOH�UHDVRQ�DQG�WKH�IROORZLQJ�IDFWRUV�DUH�FRQVLGHUHG�FUXFLDO�
IRU�VXFFHVVIXO�LQLWLDWLRQ�RI�WKH�FR�FXOWLYDWLRQ���L��FRPELQDWLRQ�RI�WKH�6$2�VWUDLQ�
ZLWK� WKH� PHWKDQRJHQ� GLUHFWO\� DIWHU� LVRODWLRQ� RI� WKH� EDFWHULXP� IURP� DFHWDWH�
R[LGLVLQJ� FXOWXUH�� �LL�� KLJK� FHOO� GHQVLW\� RI� WKH�PHWKDQRJHQLF� FXOWXUH�� �LLL�� ORZ�
DPRXQW� RI� K\GURJHQ� LQ� WKH� JDV� SKDVH� ZKHQ� DGGLQJ� WKH� EDFWHULXP� WR� WKH�
PHWKDQRJHQLF� FXOWXUH� DQG� �LY�� SUHVHQFH� RI� FDUULHUV� �,,��� +RZHYHU�� WKH�
GLIIHUHQFH�LQ�JHQH�H[SUHVVLRQ�RI�WKH�PHWKDQRJHQ�REVHUYHG�E\�/XR�HW�DO���������
LQGLFDWHV�WKDW�WKH�JHQHWLFV�DQG�PHWDEROLF�DFWLYLW\�RI�WKH�SDUWQHU�PHWKDQRJHQ�DUH�
SUREDEO\�DOVR�RI�LPSRUWDQFH��7KH\�VXJJHVW�VLJQLILFDQW�SK\VLRORJLFDO�GLIIHUHQFHV�
EHWZHHQ� PHWKDQRJHQV� WKDW� DUH� H[SRVHG� WR� KLJK� K\GURJHQ� SDUWLDO� SUHVVXUH�
DSSOLHG�GXULQJ�SXUH�FXOWXUH�DQG�PHWKDQRJHQV�WKDW�DUH�VXSSOLHG�ZLWK�H[WUHPHO\�
ORZ�K\GURJHQ�OHYHOV��ZKLFK�RFFXUV�XQGHU�V\QWURSKLF�FRQGLWLRQV��&RQVHTXHQWO\��
DQRWKHU� LPSRUWDQW� IDFWRU� IRU� VXFFHVVIXO� 6$2� FR�FXOWXUH� PLJKW� EH� WR� DYRLG�
H[WHQVLYH� FXOWXUH� SHULRGV� RI� WKH� K\GURJHQRWURSKLF� PHWKDQRJHQ� DW� KLJK�
K\GURJHQ�FRQFHQWUDWLRQV�EHIRUH�FRPELQDWLRQ�ZLWK�WKH�EDFWHULDO�VWUDLQ��

$�UHFHQW�PROHFXODU�VWXG\�UHSRUWHG�RI�LQGLFDWLRQV�WKDW�PHPEHUV�EHORQJLQJ�WR�
WKH� RUGHU�0HWKDQRVDUFLQDOHV� PD\� DFW� DV� K\GURJHQ�XWLOLVLQJ� PHWKDQRJHQV� LQ�
6$2� �.DUOVVRQ� HW� DO��� ������� 7KH� ILQGLQJV� VKRZHG� WKDW� RYHU� ���� RI� WKH�
PHWKDQRJHQLF� SRSXODWLRQ� DQDO\VHG� LQ� ELRJDV� UHDFWRUV� ZLWK� 6$2� DV� WKH�PDLQ�
PHFKDQLVP� IRU� PHWKDQH� IRUPDWLRQ� FRQVLVWHG� RI� 0HWKDQRVDUFLQDOHV��
)XUWKHUPRUH�� WKH� UHODWLYHO\� VWDEOH� DEXQGDQFH� RI� 0HWKDQRVDUFLQDFHDH�
HVWDEOLVKHG� LQ� UHDFWRUV� H[SHULHQFLQJ� D� VKLIW� LQ� WKH� DFHWDWH� PHWKDQLVDWLRQ�
SDWKZD\�PD\�DOVR�EH�LQGLFDWLYH�RI�LQYROYHPHQW�LQ�6$2�RI�VSHFLHV�DIILOLDWHG�WR�
WKLV� IDPLO\� �9��� ,Q� FRQWUDVW� WR� 0HWKDQRVDHWDFHDH�UHODWHG� VSHFLHV�� VHYHUDO�
PHPEHUV� RI� WKH� 0HWKDQRVDUFLQDFHDH� DUH� PL[RWURSKLF� DQG�� LQ� DGGLWLRQ� WR�
DFHWDWH�� DUH� DEOH� WR� XWLOLVH�PHWKDQRO��PHWK\ODPLQHV� DQG� K\GURJHQ� DQG� FDUERQ�
GLR[LGH�IRU�JURZWK��:KLWPDQ�HW�DO����������0RUHRYHU��RFFXUUHQFH�RI�K\GURJHQ�
SURGXFWLRQ� DQG� FRQVXPSWLRQ� GXULQJ� DFHWDWH� PHWDEROLVP� WR� PHWKDQH� E\�
0HWKDQRVDUFLQD� VSHFLHV� �/RYOH\�	�)HUU\�� ������ LQGLFDWHV� DQ� DELOLW\� RI� WKHVH�
PHWKDQRJHQV� WR� PHGLDWH� WKH� HQWLUH� SURFHVV�� ERWK� DFHWDWH� R[LGDWLRQ� DQG�
VXEVHTXHQW�PHWKDQRJHQHVLV��.DUDNDVKHY�HW�DO����������
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3.1.5 Metabolic pathway 

7KH�PDMRULW\�RI� WKH�6$2%��&��XOWXQHQVH��7��SKDHXP��7��DFHWDWR[\GDQV�DQG�6��
VFKLQNLL�� DUH� FRQVLGHUHG� DFHWRJHQV�� ZKLFK� SRVVHVV� WKH� DELOLW\� WR� XVH� WKH�
UHGXFWLYH�DFHW\O�&R$��:RRG��SDWKZD\�IRU�DVVLPLODWLRQ�RI�FDUERQ�GLR[LGH�LQWR�
FHOO� FDUERQ� DQG� IRU� WKH� FRQVHUYDWLRQ� RI� HQHUJ\� �,9��� 7KH� SDWKZD\� LQFOXGHV�
VHYHUDO�UHDFWLRQV��EXW�RYHUDOO�FRPELQHV�WZR�RQH�FDUERQ�XQLWV�DQG�SURGXFHV�RQH�
DFHW\O�JURXS��7KH�DFHW\O�&R$�SDWKZD\�FDQ�SURJUHVV�XQGHU�ERWK�DXWRWURSKLF�DQG�
KHWHURWURSKLF� FRQGLWLRQV�� 7KDW� LV�� WKH� FDUERQ� DQG� HQHUJ\� IRU� DFHWDWH� DQG�
ELRPDVV�IRUPDWLRQ�FDQ�EH�GHULYHG�IURP�HLWKHU�LQRUJDQLF��H�J��K\GURJHQ�FDUERQ�
GLR[LGH�� RU� RUJDQLF� �H�J�� JOXFRVH�� FRPSRXQGV� �5XKODQG�HW�DO��� �������'XULQJ�
EDFWHULDO�JURZWK�RQ�VXJDUV��WKH�PDLQ�IXQFWLRQ�RI�WKH�DFHW\O�&R$�SDWKZD\�LV�WKH�
UHR[LGDWLRQ� RI� HOHFWURQ� FDUULHUV� �1$'�� IHUUHGR[LQ�� HWF���� &DUERQ� GLR[LGH�
IXQFWLRQV� DV� WKH� WHUPLQDO� HOHFWURQ� DFFHSWRU� DQG� WKH� SUHVHQFH� RI� H[RJHQRXV�
FDUERQ�GLR[LGH� LV� HVVHQWLDO� IRU� JURZWK�RI� DFHWRJHQV��+RZHYHU�� RWKHU� WHUPLQDO�
HOHFWURQ�DFFHSWRUV��H�J��QLWUDWH��KDORJHQDWHG�FRPSRXQGV�DQG�DURPDWLF�DFU\ODWHV��
PD\�EH�XVHG�E\�DFHWRJHQV�HLWKHU�LQ�SUHIHUHQFH�WR��RU�FRQFXUUHQWO\�ZLWK��FDUERQ�
GLR[LGH�� 7KH� HQHUJ\� LV� FRQVHUYHG� E\� VXEVWUDWH�OHYHO� SKRVSKRU\ODWLRQ��
PHPEUDQRXV�HOHFWURQ�WUDQVSRUW�V\VWHPV�DQG�$73DVHV��'UDNH�HW�DO�����������

7KH�FDSDELOLW\�WR�XVH�WKH�DFHW\O�&R$�SDWKZD\�GLVWLQJXLVKHV�DFHWRJHQV�IURP�
RUJDQLVPV� WKDW� SURGXFH� DFHWDWH�E\�RWKHU�PHWDEROLF�SDWKZD\V��$FHWRJHQV�PD\�
DOVR�SURGXFH�FRPSRXQGV�RWKHU�WKDQ�DFHWDWH�LI�WHUPLQDO�HOHFWURQ�DFFHSWRUV�RWKHU�
WKDQ�FDUERQ�GLR[LGH�DUH�XVHG��VLQFH� WKH�DFHW\O�&R$�SDWKZD\�FDQ�EH�UHSUHVVHG�
�'UDNH�HW�DO����������&RQVHTXHQWO\��LQ�RUGHU�WR�DVVLJQ�DQ�DFHWRJHQ�LW�LV�HVVHQWLDO�
WR� FRQILUP� WKDW� WKH� EDFWHULXP� KDUERXUV� WKH� DFHW\O�&R$� SDWKZD\�� )RU� &��
XOWXQHQVH�DQG�7��SKDHXP�HQ]\PH�DFWLYLW\�� WHVWV�LQGLFDWH�RSHUDWLRQ�WKURXJK�WKH�
DFHW\O�&R$�SDWKZD\��+DWWRUL�HW�DO���������6FKQ�UHU�HW�DO����������+RZHYHU��IRU�
7��DFHWR[\GDQV� �,,��DQG�6��VFKLQNLL� �XQSXEOLVKHG�UHVXOWV���GHWHFWLRQ�DQG�SDUWLDO�
VHTXHQFLQJ� RI� WKH� JHQH� HQFRGLQJ� WKH� DFHWRJHQ� NH\� HQ]\PH�
IRUP\OWHWUDK\GURIRODWH�V\QWKHWDVH��)7+)6��LQGLFDWH�DFHWRJHQLF�IHDWXUHV�RI�WKH�
LVRODWHV��)7+)6� LV�D�KLJKO\�FRQVHUYHG�HQ]\PH�DQG� WDUJHWLQJ�RI� WKLV�JHQH�KDV�
UHFHQWO\� EHHQ� DVVHVVHG� WR� VWXG\� DFHWRJHQLF� SRSXODWLRQV� LQ� DQDHURELF� UHDFWRUV�
�,9��5\DQ�HW�DO��� �������1R�JHQH� HQFRGLQJ�DFHW\O�&R$�V\QWKDVH� �DOVR� WHUPHG�
&2� GHK\GURJHQDVH��� DQRWKHU� LPSRUWDQW� HQ]\PH� LQ� WKH� DFHW\O�&R$� SDWKZD\��
ZDV�HQFRXQWHUHG�LQ�WKH�FRPSOHWH�JHQRPLF�VHTXHQFH�RI�7��OHWWLQJDH�� LQGLFDWLQJ�
WKDW� WKHVH� EDFWHULD� SRVVHVV� DQ� DOWHUQDWLYH� PHWDEROLF� PHFKDQLVP� IRU� WKH�
R[LGDWLRQ�RI�DFHWDWH��+DWWRUL���������

,Q� V\QWURSKLF� DFHWDWH� R[LGDWLRQ�� WKH� 6$2%� DUH� EHOLHYHG� WR� RSHUDWH� WKH�
DFHW\O�&R$� SDWKZD\� UHYHUVLEO\�� 7KXV�� WKH� V\QWURSKLF� EDFWHULD� XVH� WKH� VDPH�
ELRFKHPLFDO� UHDFWLRQ� DSSDUDWXV�� DQG� V\QWKHVLVH� $73�� LQ� ERWK� GLUHFWLRQV�
�6FKLQN����������
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4 Detection of SAOB and the 
methanogenic pathway  

7KH�SULPDU\�DFHWDWH�FRQYHUVLRQ�SDWKZD\�DQG�GHWHFWLRQ�RI�WKH�PLFURRUJDQLVPV�
LQYROYHG� FDQ� EH� GHWHUPLQHG� WKURXJK� VHYHUDO� GLIIHUHQW� DSSURDFKHV�� 7KHVH�
LPSOHPHQWDWLRQV� DUH� RI� LPSRUWDQFH� LQ� RUGHU� WR� LQFUHDVH� WKH� XQGHUVWDQGLQJ� RI�
6$2�� LWV� HFRORJLFDO� GLVWULEXWLRQ� DQG� WR� VXEVWDQWLDWH� WKH� IDFWRUV� DIIHFWLQJ� WKH�
GHYHORSPHQW� RI� D� FHUWDLQ� GHJUDGDWLRQ� SDWKZD\�� 7UDFHU� H[SHULPHQWV� DUH�
FRPPRQO\� XVHG� WR� HVWDEOLVK� WKH� GRPLQDQW� SDWKZD\� IRU� DFHWDWH� FRQYHUVLRQ� LQ�
DQDHURELF� ELRJDV� UHDFWRUV��ZKHUHDV� 7�5)/3�� T3&5� DQG� FXOWXUH�EDVHG� VWXGLHV�
KDYH� EHHQ� SHUIRUPHG� IRU� GHWHFWLRQ�� TXDQWLILFDWLRQ�� LVRODWLRQ� DQG�
FKDUDFWHULVDWLRQ�RI�6$2%��,�9���

4.1 Culture-based studies  

(QULFKPHQW�� LVRODWLRQ�DQG�FXOWLYDWLRQ�RI�V\QWURSKLF�DFHWDWH�R[LGLVHUV�DUH�WLPH�
FRQVXPLQJ� DQG� UHFRQVWUXFWLRQ� RI� FR�FXOWXUHV� ZLWK� D� K\GURJHQ�XWLOLVLQJ�
PHWKDQRJHQ�UHTXLUHV�D�VLJQLILFDQW�ODJ�SHULRG��,,��6FKQ�UHU�HW�DO���������/HH�	�
=LQGHU�� ����E��� ,VRODWLRQ� RI� V\QWURSKLF� DFHWDWH�R[LGLVLQJ� FR�FXOWXUHV� ZDV�
WKHUHIRUH�ORQJ�FRQVLGHUHG�WR�EH�H[WUHPHO\�GLIILFXOW�RU�HYHQ�LPSRVVLEOH��+DWWRUL��
������� +RZHYHU�� FXOWXUH�EDVHG� VWXGLHV� DUH� RI� PRVW� LPSRUWDQFH� LQ� RUGHU� WR�
REWDLQ� GHWDLOHG� LQVLJKWV� LQWR� WKHLU� SK\VLRORJ\�� EHKDYLRXU� DQG� LQWHUDFWLRQV��
)XUWKHUPRUH�� LQIRUPDWLRQ� JDLQHG� IURP�FXOWXUH�EDVHG� VWXGLHV�PD\� EH� HVVHQWLDO�
IRU� WKH� GHYHORSPHQW� RI�PROHFXODU� WHFKQLTXHV�� )RU� LQVWDQFH�� WKH� LVRODWLRQ� DQG�
FKDUDFWHULVDWLRQ� RI� 6$2%� �,�� ,,�� 6FKQ�UHU� HW� DO��� ������ IDFLOLWDWHG� PROHFXODU�
VWXGLHV�RI�WKH�PHVRSKLOLF�V\QWURSKLF�DFHWDWH�R[LGLVHUV�LQ�VLWX��,,,��,9��9����

&XOWLYDWLRQ� RI� DQDHURELF� RUJDQLVPV� GHPDQGV� LPSOHPHQWDWLRQ� RI� VSHFLDO�
FXOWXUH� WHFKQLTXHV� DQG� WKH� PHWKRGRORJ\� LV� EDVHG� RQ� WKH� ZRUN� RI� +XQJDWH�
�������� +RZHYHU�� WKH� LVRODWLRQ� RI� 6$2%� LV� GLVWLQJXLVKHG� IURP� WKH� JHQHUDO�
DQDHURELF� FXOWLYDWLRQ� SURFHGXUH� GXH� WR� WKH� UHTXLUHPHQW� WR� XVH� D� VXEVWUDWH� LQ�
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SXUH�FXOWXUH��GLIIHUHQW�IURP�WKH�FRPSRXQG��DFHWDWH��XWLOLVHG�GXULQJ�V\QWURSKLF�
JURZWK�� WKH� PXWXDO� IHDWXUH� FKDUDFWHULVWLF� IRU� WKLV� JURXS� RI� EDFWHULD� �,�� ,,���
,VRODWLRQ�LV�FRPPRQO\�SHUIRUPHG�ZLWK�WKH�DJDU�VKDNH�RU�WKH�DQDHURELF�UROO�WXEH�
WHFKQLTXH�� EXW� LV� DGYDQWDJHRXVO\� SUHFHGHG� ZLWK� HQULFKPHQW� RI� WKH� VRXUFH�
FRQVRUWLXP� RQ� DFHWDWH�� 7KH� LQWHQWLRQ� ZLWK� WKLV� LV� WR� HQKDQFH� WKH� QXPEHU� RI�
DEXQGDQW�DFHWDWH�XWLOLVLQJ�PLFURRUJDQLVPV��ZKLFK�FDQ�WKHQ�EH�IXUWKHU�VHOHFWHG�
ZLWK�VHULDO�GLOXWLRQ��,QFOXVLRQ�RI�DPPRQLD�DW�WKLV�VWDJH�PD\�EH�DQ�DSSURDFK�WR�
LQKLELW�DFHWLFODVWLF�PHWKDQRJHQHVLV��'XULQJ�LVRODWLRQ�RI�WKH�EDFWHULD�DQG�JURZWK�
LQ�SXUH�FXOWXUH��VHYHUDO�GLIIHUHQW�FRPSRXQGV��NQRZQ�WR�EH�VHOHFWLYH�DQG�VXSSRUW�
JURZWK�RI�DFHWRJHQLF�EDFWHULD��DUH�RIWHQ�WHVWHG��6XEVHTXHQW�HVWDEOLVKPHQW�RI�D�
SXUH� EDFWHULDO� FXOWXUH� DQG� FRQILUPDWLRQ� RI� V\QWURSKLF� DFHWDWH�R[LGLVLQJ�
FDSDELOLW\� LQ�FR�FXOWLYDWLRQ�ZLWK�D�K\GURJHQRWURSKLF�PHWKDQRJHQ�DUH� UHTXLUHG�
LQ�RUGHU�WR�DVVLJQ�WKH�LVRODWHG�EDFWHULD�WR�WKH�6$2%��7KLV�KDV�EHHQ�LGHQWLILHG�DV�
DQ�H[FHSWLRQDOO\�WURXEOHVRPH�DQG�WLPH�FRQVXPLQJ�VWHS��,��,,��%DON�HW�DO���������
+DWWRUL�HW�DO���������6FKQ�UHU�HW�DO���������/HH�	�=LQGHU������E���

4.2 Selective inhibition 

0HWK\O� IOXRULGH� �&+�)�� VSHFLILFDOO\� LQKLELWV� DFHWLFODVWLF� PHWKDQRJHQHVLV� DQG�
FDQ�EH�XVHG�DW�FHUWDLQ�FRQFHQWUDWLRQV�WR�GHWHUPLQH�WKH�UHODWLYH�FRQWULEXWLRQ�RI�
DFHWDWH�YHUVXV�K\GURJHQ�FDUERQ�GLR[LGH�WR�WRWDO�PHWKDQH�SURGXFWLRQ��-DQVVHQ�	�
)UHQ]HO�� ������� 7KH� VHOHFWLYH� LQKLELWRU� KDV� HVSHFLDOO\� EHHQ� XVHG� LQ�
PHWKDQRJHQLF� HQYLURQPHQWV�� VXFK� DV� ULFH� ILHOG� V\VWHPV� �3HQQLQJ� 	� &RQUDG��
������ &RQUDG�	�.ORVH�� ������� ZKHUHDV� WKH� NQRZOHGJH� DERXW� DSSOLFDWLRQV� LQ�
ELRJDV�UHDFWRUV�LV�OLPLWHG��+DR�HW�DO����������

4.3 Tracer experiment 

/DEHOOHG�VXEVWUDWHV��UDGLRFDUERQ�RU�VWDEOH�LVRWRSLF�SURELQJ��KDYH�EHHQ�XVHG�LQ�
VHYHUDO� VWXGLHV� WR�PRQLWRU� WKH� FRQWULEXWLRQ�RI�6$2� WR�PHWKDQH�SURGXFWLRQ� LQ�
DQDHURELF� UHDFWRUV� �9�� +DR� HW� DO��� ������ 6DVDNL� HW� DO��� ����D�� 6FKQ�UHU� 	�
1RUGEHUJ�� ������ .DUDNDVKHY� HW� DO��� ������ 6FKQ�UHU� HW� DO��� ������ 3HWHUVHQ� 	�
$KULQJ�� ������� ,Q� WKH� UHDFWLRQV� LQYROYHG� LQ� V\QWURSKLF� DFHWDWH� R[LGDWLRQ� �VHH�
EHORZ��� ERWK� WKH� PHWK\O� DQG� WKH� FDUER[\O� JURXS� RI� DFHWDWH� DUH� R[LGLVHG� WR�
FDUERQ� GLR[LGH� DQG� K\GURJHQ�E\�6$2%�� IROORZHG� E\� UHGXFWLRQ� RI� RQH� RI� WKH�
FDUERQ� GLR[LGH� PROHFXOHV� WR� PHWKDQH� E\� WKH� PHWKDQRJHQ�� $FHWLFODVWLF�
GHJUDGDWLRQ�RQ�WKH�RWKHU�KDQG��LQYROYHV�FOHDYDJH�RI�DFHWDWH��ZKHUH�WKH�PHWK\O�
JURXS� LV� FRQYHUWHG� WR�PHWKDQH� DQG� WKH� FDUER[\O� JURXS� IRUPV� FDUERQ� GLR[LGH�
�=LQGHU�	�.RFK����������
�
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6\QWURSKLF�DFHWDWH�R[LGDWLRQ��6$2��UHDFWLRQV��
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$FHWLFODVWLF�FOHDYDJH��$&��UHDFWLRQV��
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�$VWHULVNV�UHSUHVHQW�WKH�FDUERQ�RI�PHWK\O�JURXS�LQ�DFHWDWH���

4.3.1 Radiocarbon 

7UDFHU� H[SHULPHQWV� ZLWK� UDGLRFDUERQ� LQYROYH� DGGLWLRQ� RI� ��&� RU� ��&�ODEHOOHG�
DFHWDWH� LQ� EDWFK� LQFXEDWLRQV� IRU� GHWHUPLQDWLRQ� RI� WKH� GRPLQDQW� SDWKZD\� IRU�
DFHWDWH� GHJUDGDWLRQ� �6FKQ�UHU� 	� 1RUGEHUJ�� ������ .DUDNDVKHY� HW� DO��� ������
6FKQ�UHU� HW� DO��� ������� 7KH� DFHWLFODVWLF� PHWKDQRJHQHVLV� RI� [����&]�ODEHOOHG�
DFHWDWH�IRU�LQVWDQFH��SULPDULO\�SURGXFHV���&+���ZKHUHDV�6$2�IRUPV�ERWK���&2��
DQG� ��&+�� �VHH� UHDFWLRQV� DERYH��� 0HDVXUHPHQWV� RI� WKH� ODEHOOHG� JDVHRXV�
SURGXFWV� WKHQ� LQGLFDWH� WKH�GRPLQDQW�SDWKZD\�IRU�PHWKDQH� IRUPDWLRQ��ZKHUH�D�
��&2����&+�� UDWLR� H[FHHGLQJ� �� LQGLFDWHV� GRPLQDQFH� RI� 6$2� �6FKQ�UHU� HW� DO���
�������+RZHYHU��WKH�UDWLR�GRHV�QRW�UHIOHFW�WKH�TXDQWLWDWLYH�FRQWULEXWLRQ�RI�HDFK�
SDWKZD\�� VLQFH� GLOXWLRQ� RI� WKH� ODEHOOHG� ELFDUERQDWH� PD\� RFFXU� LQ� XQODEHOOHG�
ELFDUERQDWH�SRRO�SUHYDLOLQJ�LQ�WKH�GLJHVWHU�OLTXLG���

4.3.2 Stable carbon isotopic probing (SIP) 

6WDEOH� FDUERQ� LVRWRSLF� SURELQJ� �6,3�� RI� PHWKDQH� ����&+��� SURYLGHV� D� PRUH�
FRPSUHKHQVLYH� LQVLJKW� LQWR� WKH� FDUERQ� F\FOH� LQ� WKH� PHWKDQRJHQLF� V\VWHP�
FRPSDUHG�ZLWK�UDGLRFDUERQ�WUDFLQJ�RU�VHOHFWLYH�LQKLELWLRQ��DQG�FDQ�SULQFLSDOO\�
EH� XVHG� WR� TXDQWLI\� WKH� UHODWLYH� LPSRUWDQFH� RI� WKH� DFHWLFODVWLF� DQG�
K\GURJHQRWURSKLF�SDWKV�RI�PHWKDQH�SURGXFWLRQ��&RQUDG���������)RU�HVWLPDWLRQ�
RI� WKH� UHODWLYH� FRQWULEXWLRQ� RI� HDFK� SDWKZD\�� GHWHUPLQDWLRQ� RI� �&+��� �&2���
���&�DFHWDWH�DQG�WKH�IUDFWLRQDWLRQ�IDFWRUV�LV�UHTXLUHG��6,3�KDV�FRPPRQO\�EHHQ�
FRPELQHG� ZLWK� PROHFXODU� DQDO\VHV� VXFK� DV� 3&5�GHQDWXULQJ� JUDGLHQW� JHO�
HOHFWURSKRUHVLV� �3&5�'**(�� �+DR� HW� DO��� ������� IOXRUHVFHQFH� LQ� VLWX�
K\EULGLVDWLRQ��),6+���4X�HW�DO���������RU�FRQVWUXFWLRQ�RI�FORQH�OLEUDULHV��6DVDNL�
HW�DO��� ����D�� LQ�RUGHU� WR� OLQN� WKH�GRPLQDQW�PHWKDQH�SURGXFLQJ�SDWKZD\�ZLWK�
WKH�PLFURELDO�FRPPXQLW\�VWUXFWXUH�LQ�DQDHURELF�UHDFWRUV��

$OWHUQDWLYHO\�� QXFOHLF� DFLG�EDVHG� 6,3� �'1$�6,3� RU� 51$�6,3��� ZKLFK�
HQDEOHV� OLQNLQJ�RI�D�VSHFLILF�PHWDEROLF�IXQFWLRQ�WR� WD[RQRPLF�LGHQWLW\��FDQ�EH�
XVHG��7KLV� DSSURDFK� LV� EDVHG� RQ� LQFRUSRUDWLRQ� RI� ��&�ODEHOOHG� DWRPV� LQWR� WKH�
QXFOHLF� DFLG� GXULQJ� JURZWK� RQ� WKH� ODEHOOHG� VXEVWUDWH�� 7KH� ��&�ODEHO� LQFUHDVHV�
WKH�GHQVLW\�RI�'1$�RU�51$�DQG�WKH�ODEHOOHG�DQG�XQODEHOOHG�QXFOHLF�DFLGV�FDQ�
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WKHQ�EH�VHSDUDWHG�E\�GHQVLW\�JUDGLHQW�FHQWULIXJDWLRQ��7KH�LVRODWHG�'1$�FDQ�EH�
FKDUDFWHULVHG� WD[RQRPLFDOO\� DQG� IXQFWLRQDOO\� E\�PROHFXODU�EDVHG� WHFKQLTXHV��
VXFK�DV�JHQH�SURELQJ�DQG�VHTXHQFLQJ��7KH�PLFURRUJDQLVPV�DFWLYHO\�LQYROYHG�LQ�
D�PHWDEROLF�SURFHVV��VXFK�DV�6$2��FDQ�VXEVHTXHQWO\�EH�LGHQWLILHG�ZLWKRXW�WKH�
QHHG� IRU� WLPH�FRQVXPLQJ� SHUIRUPDQFH� RI� LVRODWLRQ� DQG� FXOWLYDWLRQ�� $QRWKHU�
SRVLWLYH� IHDWXUH� RI� 6,3� LV� WKDW� LW� SURYLGHV� DFFHVV� WR� WKH� JHQHV� LQYROYHG� LQ� D�
VSHFLILF� IXQFWLRQ�� +RZHYHU�� GLOXWLRQ� RI� WKH� ODEHOOHG� VXEVWUDWH� E\� XQODEHOOHG�
VXEVWUDWHV�SURGXFHG�E\�LQWHUQDO�SURFHVVHV��FURVV�IHHGLQJ�GXULQJ�WKH�HQULFKPHQW�
SKDVH� DQG� ORZ� JURZWK� UDWH� RI� LQYHVWLJDWHG� PLFURRUJDQLVPV� PD\� DSSHDU� DV�
OLPLWDWLRQV�GXULQJ�QXFOHLF�DFLG�EDVHG�6,3�DSSOLFDWLRQ��5DGDMHZVNL�HW�DO���������
5DGDMHZVNL�HW�DO����������7KH�PHWKRG�KDV�EHHQ�XVHG�WR�GHWHFW�RUJDQLVPV�DFWLYH�
LQ�PHWKDQH�SURGXFWLRQ�IURP�DFHWDWH�LQ�SURIXQGDO�VHGLPHQW�RI�D�IUHVKZDWHU�ODNH�
�6FKZDU]�HW�DO���������EXW��WR�P\�NQRZOHGJH��QRW�\HW�IRU�FKDUDFWHULVDWLRQ�RI�WKH�
DFHWDWH�GHJUDGLQJ�PLFURELDO�SRSXODWLRQ�LQ�ELRJDV�V\VWHPV���

4.4 Molecular biological methods 

0ROHFXODU�EDVHG� DVVHVVPHQWV� SURYLGH� SRVVLELOLWLHV� WR� VWXG\� PLFURELDO�
FRPPXQLWLHV� LQ� DQDHURELF� UHDFWRUV� DQG� WKH� UHVSRQVH� WR� SUHYDLOLQJ� RSHUDWLRQDO�
SDUDPHWHUV��7KH�JHQHWLF�LQIRUPDWLRQ�REWDLQHG�GXULQJ�WKH�FKDUDFWHULVDWLRQ�RI�&��
XOWXQHQVH� �6FKQ�UHU�HW�DO����������7��SKDHXP� �+DWWRUL�HW�DO����������6��VFKLQNLL�
�,�� DQG� 7�� DFHWDWR[\GDQV� �,,�� SURPRWHG� WKH� GHYHORSPHQW� RI� PROHFXODU�
DSSURDFKHV� IRU�TXDQWLILFDWLRQ�RI�6$2%� LQ�VLWX� �,,,���7KH�PROHFXODU� WHFKQLTXH�
LV� EDVHG� RQ� WDUJHWLQJ� RI� WKH� ��6� U51$� JHQH� HQFRGLQJ� WKH�PDMRU� SDUW� RI� WKH�
VPDOO�VXEXQLW�RI�WKH�ULERVRPH��7KLV�JHQH�LV�SUHVHQW�LQ�DOO�SURNDU\RWHV�LQ�YDULRXV�
FRS\�QXPEHUV��DQG�LV�FRPPRQO\�XVHG�LQ�PROHFXODU�EDVHG�DQDO\VHV�EHFDXVH�RI�
WKH� KLJK� VHTXHQFH� FRQVHUYDWLRQ� IRU� SUHFLVH� DOLJQPHQW�� EXW� DOVR� WKH� VXIILFLHQW�
YDULDELOLW\�WR�GLVWLQJXLVK�GLIIHUHQFHV�DW�VSHFLHV�OHYHO��:RHVH����������

$OWHUQDWLYHO\�� WDUJHWLQJ� RI� IXQFWLRQDO� JHQHV� DOORZV� WKH� VWXG\� RI�
PLFURRUJDQLVPV�SRVVHVVLQJ�D�VSHFLILF�IXQFWLRQ�RU�D�VSHFLILF�IXQFWLRQDO�JURXS�RI�
RUJDQLVPV�� $� PROHFXODU� ELRPDUNHU� IRU� WKH� JHQH� HQFRGLQJ� )7+)6� KDV� EHHQ�
XVHG�IRU�LQYHVWLJDWLRQ�RI�WKH�DFHWRJHQLF�SRSXODWLRQ�LQ�ELRJDV�UHDFWRUV�RSHUDWLQJ�
DW�PHVRSKLOLF� �,9�� DQG�RU� WKHUPRSKLOLF� FRQGLWLRQV� �+RUL�HW�DO��� ������5\DQ�HW�
DO��� �������ZKHUH� VRPH� UHVXOWV� LQGLFDWH� WKH� RFFXUUHQFH� RI� DV� \HW� XQLGHQWLILHG�
6$2%�� ,Q� WKH� PHVRSKLOLF� UHDFWRU� WKLV� ZDV� IXUWKHU� LQYHVWLJDWHG� WKURXJK�
SHUIRUPDQFH� RI� TXDQWLWDWLYH� DVVHVVPHQW� RI� D� )7+)6� HQFRGLQJ� JHQH�� KLJKO\�
DEXQGDQW� LQ� WKH� 6$2�GRPLQDWHG� UHDFWRU�� ZLWK� UHODWLYHO\� ORZ� LGHQWLW\� WR�
SUHYLRXVO\� UHFRYHUHG� JHQH� VHTXHQFHV� �,9���+RZHYHU�� LW� VKRXOG� EH� WDNHQ� LQWR�
FRQVLGHUDWLRQ�WKDW�WKH�)7+)6�SULPHU�SDLU�KDV�D�OLPLWHG�VSHFLILFLW\�IRU�LVRODWHG�
6$2%��,9���DQG�WKDW�EDFWHULD�RWKHU�WKDQ�DFHWRJHQV��LQFOXGLQJ�7��OHWWLQJDH��DUH�
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SUREDEO\� LPSRUWDQW� IRU� WKH� SHUIRUPDQFH� RI� V\QWURSKLF� DFHWDWH� R[LGDWLRQ�
�+DWWRUL�� ������� )XUWKHUPRUH�� VLQFH� WKH� DFHW\O�&R$� SDWKZD\� LV� DOVR� XVHG� E\�
QRQ�DFHWRJHQV�� IRU� LQVWDQFH� SXULQRO\WLF� FORVWULGLD�� WKH� JHQH� HQFRGLQJ� )7+)6�
PD\�EH�SUHVHQW�LQ�WKHLU�JHQRPH�DQG�WDUJHWHG�LQ�PROHFXODU�DVVHVVPHQW�ZLWK�WKLV�
SULPHU� SDLU�� &RQVHTXHQWO\�� D� PRUH� FRPSUHKHQVLYH� VXUYH\� RI� WKH� 6$2%�
SRSXODWLRQ�SUREDEO\�GHPDQGV� D�ELRPDUNHU� WDUJHWLQJ�JHQH�V�� GLVWLQJXLVKHG� IRU�
VSHFLHV�DEOH�WR�PHGLDWH�V\QWURSKLF�DFHWDWH�R[LGDWLRQ���

7KH� PROHFXODU�EDVHG� DQDO\VHV� RI� WKH� 6$2� SRSXODWLRQ� WKDW� KDYH� EHHQ�
SHUIRUPHG�WR�GDWH�GR�QRW�GHILQH�WKH�GRPLQDQW�SDWKZD\�IRU�PHWKDQH�IRUPDWLRQ��
+RZHYHU��TXDQWLWDWLYH�DQDO\VHV�RI�6$2%�LQ�ELRJDV�UHDFWRUV�LQGLFDWH�LQFUHDVHG�
FRQWULEXWLRQ� RI� 6$2� IRU� PHWKDQLVDWLRQ� RI� DFHWDWH� ZKHQ� WKH� DEXQGDQFH� RI�
6$2%�LQFUHDVHV��,,,��9��6XQ�HW�DO����������0ROHFXODU�DSSURDFKHV�XVHG��H�J��,,,��
,9��9���RU�KDYLQJ� WKH�SRWHQWLDO� WR�EH�XVHG�� IRU�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�
6$2%�LQ�ELRJDV�UHDFWRUV�DUH�GHVFULEHG�PRUH�FRPSUHKHQVLYHO\�EHORZ����

4.4.1 Quantitative PCR 

4XDQWLWDWLYH�SRO\PHUDVH�FKDLQ� UHDFWLRQ� �T3&5��DQDO\VLV�KDV�EHHQ�H[WHQVLYHO\�
XVHG�WR�VWXG\�WKH�EDFWHULDO�DQG�DUFKDHDO�SRSXODWLRQ�LQ�ELRJDV�UHDFWRUV��%OXPH�HW�
DO��� ������)HQJ�HW�DO��� ������0XQN�HW�DO��� ������1HWWPDQQ�HW�DO��� ������<X�HW�
DO��� ������� T3&5� SURYLGHV�PHDVXUHPHQWV� RI� JHQH� DEXQGDQFH� SHU� XQLW� VOXGJH�
VDPSOH�� 7KH� LQLWLDO� QXPEHU� RI� WKH� RULJLQDO� WDUJHW�PROHFXOHV� LQ� WKH� VDPSOH� LV�
VSHFLILHG� E\� WKH� FXUYH� UDWH� RI� DFFXPXODWHG� SURGXFWV� LQ� 3&5�� 7KH� DPSOLFRQ�
V\QWKHVLV�FDQ�EH�PRQLWRUHG�E\�SUREHV�ODEHOOHG�ZLWK�D�UHSRUWHU�G\H��7KH�SUREH�
ELQGV� WR� WKH� WDUJHW� '1$� EHWZHHQ� WKH� WZR� SULPHU� VLWHV� DQG� OLEHUDWHV� D�
IOXRUHVFHQFH� VLJQDO�ZKHQ� UHOHDVHG� IURP� WKH�PROHFXOH� GXULQJ�'1$� V\QWKHVLV��
$Q� DOWHUQDWLYH� DSSURDFK� LV� WR� XVH� D� GV'1$�ELQGLQJ� G\H� �H�J�� 6<%5�*UHHQ���
ZKLFK� HPLWV� IOXRUHVFHQFH�ZKHQ� LW� ELQGV� WR� GV'1$� DQG� WKH� VLJQDO� LQWHQVLILHV�
FRUUHVSRQGLQJ� WR� WKH� LQFUHDVH� LQ� DPSOLILHG� SURGXFWV� �6KDUPD� HW� DO��� �������
6SHFLHV�VSHFLILF�SULPHUV�WDUJHWLQJ�WKH���6�U51$�JHQH�RI�VHYHUDO�NQRZQ�6$2%�
KDYH�EHHQ�GHYHORSHG��,,,���DQG�FDQ�EH�XVHG�LQ�T3&5�IRU�TXDQWLILFDWLRQ�RI�WKH�
EDFWHULDO� JHQH� DEXQGDQFH� LQ� VLWX�� &RQYHUVLRQ� RI� JHQH� DEXQGDQFH� WR� FHOO�
GHQVLWLHV�UHTXLUHV�NQRZOHGJH�RI�FRS\�QXPEHU�SHU�JHQRPH�DQG�RU�JHQRPH�VL]H��
ZKLFK�FDQ�EH�YHU\�YDULDEOH��.ODSSHQEDFK�HW�DO����������7KH�FRPSOHWH�JHQRPLF�
VHTXHQFH�RI�7��DFHWDWR[\GDQV�ZDV�UHFHQWO\�HVWDEOLVKHG��*HQ%DQN�DFFHVVLRQ�QR��
&3��������� DQG� VHTXHQFLQJ� RI� WKH�&��XOWXQHQVH� DQG�6��VFKLQNLL� JHQRPH� LV� LQ�
SURJUHVV��XQSXEOLVKHG�UHVXOWV���ZKLFK�ZLOO�HQDEOH�TXDQWLILFDWLRQ�RI�WKH�EDFWHULD�
DEXQGDQFH���

T3&5� LV� DQ� LQIRUPDWLYH� PHWKRG� IRU� TXDQWLILFDWLRQ� RI� PLFUREHV� LQ� VLWX��
+RZHYHU��DQ�ROLJRQXFOHRWLGH�LV�RQO\�DV�SUHFLVH�DV�WKH�GDWDEDVH�IURP�ZKLFK�LW�LV�
GHULYHG�� 7R� GDWH�� RQO\� D� IHZ� EDFWHULDO� VSHFLHV� NQRZQ� DV� 6$2%� KDYH� EHHQ�
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FKDUDFWHULVHG� DQG� SK\ORJHQHWLFDOO\� DQDO\VHG�� )XUWKHUPRUH�� VLQFH� DPSOLILHG�
VHTXHQFHV� LQ� T3&5� DQDO\VLV� DUH� VKRUW�� WKHUH� LV� D� ULVN� WKDW� XQFKDUDFWHULVHG�
FORVHO\�UHODWHG�VWUDLQV�EHORQJLQJ�WR�RWKHU�VSHFLHV�PLJKW�EH�WDUJHWHG��UHVXOWLQJ�LQ�
RYHUHVWLPDWLRQ�RI�WKH�JHQH�DEXQGDQFH���

4.4.2 Terminal restriction fragment length polymorphism (T-RFLP) 

7HUPLQDO� UHVWULFWLRQ� IUDJPHQW� OHQJWK� SRO\PRUSKLVP� �7�5)/3�� LV� DQRWKHU�
DSSURDFK�DSSOLHG�WR�PRQLWRU�FKDQJHV�LQ�WKH�PRVW�DEXQGDQW�PLFURRUJDQLVPV�LQ�
UHVSRQVH�WR�RSHUDWLRQDO�YDULDEOHV�RI�ELRJDV�UHDFWRUV��,9��=LJDQVKLQ�HW�DO���������
)HQJ�HW�DO���������3DGPDVLUL�HW�DO����������,Q�7�5)/3��3&5�LV�FRQGXFWHG�ZLWK�
SULPHUV�ODEHOOHG�ZLWK�D�IOXRUHVFHQW�G\H��IROORZHG�E\�GLJHVWLRQ�RI�WKH�DPSOLFRQV�
E\�UHVWULFWLRQ�HQ]\PHV��)OXRUHVFHQW�ODEHOOHG�WHUPLQDO�UHVWULFWLRQ�IUDJPHQWV��7�
5)��RI�GLIIHUHQW� OHQJWKV��QXPEHUV�RI�EDVH�SDLUV��DUH� WKHQ�SURGXFHG�GXH�WR� WKH�
VHTXHQFH� SRO\PRUSKLVP�� 7KHVH� GLVWLQFWLYH� 7�5)V� DUH� VHSDUDWHG� RQ� D� JHO� RU�
FDSLOODU\� VHTXHQFHU� DQG� GHWHFWHG� E\� DQ� DXWRPDWHG� VHTXHQFHU�� 7KH� UHODWLYH�
LQWHQVLW\�RI�WKH�IOXRUHVFHQFH�LV�DOVR�UHJLVWHUHG��UHIOHFWLQJ�WKH�UHODWLYH�DEXQGDQFH�
RI� WKH� LQGLYLGXDO�7�5)��ZKLFK�SURYLGHV�D�SURILOH�RI� WKH�PLFURELDO�FRPPXQLW\�
FRPSRVLWLRQ�� ,QGLYLGXDO� 7�5)� FDQ� EH� LGHQWLILHG� DQG� OLQNHG� WR� D� SK\ORJHQHWLF�
SRVLWLRQ�E\�IXUWKHU�DQDO\VHV��H�J��E\�WKH�SHUIRUPDQFH�RI�FORQLQJ�DQG�VHTXHQFLQJ�
�,9���7KH�VXUYH\�RI�6$2%�E\�7�5)/3�ZLWK�JHQHUDO�SULPHUV�PD\�EH�UHVWULFWHG�
E\�WKH�UHODWLYHO\�ORZ�DEXQGDQFH�RI�WKH�EDFWHULD�LQ�UHDFWRU�VOXGJH��)RU�LQVWDQFH��
LQ� 7�5)/3� DQDO\VHV� XVLQJ� SULPHUV� WDUJHWLQJ� WKH� JHQH� HQFRGLQJ� ��6� U51$�
�XQSXEOLVKHG� UHVXOWV�� RU� )7+)6� �EXW� RQO\� WDUJHWLQJ�&��XOWXQHQVH� DQG� QRW� 7��
SKDHXP�� 6�� VFKLQNLL� RU� 7�� DFHWDWR[\GDQV�� QRQH� RI� WKH� 7�5)V� REWDLQHG� ZDV�
DIILOLDWHG� WR� NQRZQ� 6$2%� �,9��� HYHQ� WKRXJK� SUHVHQFH� RI� VRPH� RI� WKHVH�
EDFWHULD�KDV�SUHYLRXVO\�EHHQ�GHWHUPLQHG�LQ�WKH�UHDFWRUV��,,,���

4.4.3 Cloning and sequencing 

6HYHUDO� VWXGLHV� KDYH� LGHQWLILHG� 6$2%� LQ� ELRJDV� UHDFWRUV� E\� DVVHVVPHQW� RI�
FORQLQJ� DQG� VHTXHQFLQJ� �6DVDNL�HW�DO��� ����D��6KLPDGD�HW�DO��� ������:HLVV�HW�
DO��� ������� &ORQLQJ� LQYROYHV� LQFRUSRUDWLRQ� RI� 3&5� DPSOLFRQV� LQWR� SODVPLGV��
ZKLFK� DUH� IXUWKHU� XVHG� WR� WUDQVIRUP� KRVW� FHOOV� �(VFKHULFKLD� FROL��� 7KH�
WUDQVIRUPHG�FHOOV�DUH�WKHQ�SODWHG��ZLWK�WKH�SURVSHFW�RI�JHQHUDWLQJ�FRORQLHV�IURP�
VLQJOH� FHOOV�� 7KH� FORQHV� FDQ� EH� DQDO\VHG� E\� FRORQ\� 3&5� DQG� UHVWULFWLRQ�
IUDJPHQW� OHQJWK� SRO\PRUSKLVP� �5)/3�� XVLQJ� UHVWULFWLRQ� HQ]\PHV�� &ORQH�
IDPLOLHV� DUH� GLVWLQJXLVKHG� E\� GLIIHUHQW� UHVWULFWLRQ� SDWWHUQV�� IROORZHG� E\�
VHTXHQFLQJ�RI�UHSUHVHQWDWLYHV�IURP�HDFK�JURXS��$V�ZLWK�7�5)/3�DQDO\VLV��WKH�
DVVHVVPHQW� RI� FORQLQJ� IRU� GHWHFWLRQ� RI� 6$2%� LQ� WKH� ELRJDV�SURGXFLQJ�
PLFURELDO� FRQVRUWLD� PD\� EH� OLPLWHG� E\� WKH� UHODWLYHO\� ORZ� DEXQGDQFH� RI� WKH�
EDFWHULD� LQ�UHDFWRU�VOXGJH��*HQHV�DIILOLDWHG�WR�6$2%�ZHUH�QRW�GHWHFWHG�LQ�RXU�
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VWXGLHV� GXULQJ� FORQLQJ� ZLWK� SULPHUV� WDUJHWLQJ� WKH� JHQH� HQFRGLQJ� ��6� U51$�
�XQSXEOLVKHG�UHVXOWV��RU�)7+)6��,9������

4.4.4 454 pyrosequencing 

&RQWLJV�DOORFDWHG�WR�WKH�JHQRPH�VHTXHQFH�RI�6$2%�KDYH�EHHQ�REWDLQHG�E\�����
S\URVHTXHQFLQJ� RI� ELRJDV�SURGXFLQJ� PLFURELDO� FRPPXQLWLHV� �5DGHPDFKHU� HW�
DO���������6FKO�WHU�HW�DO��������������S\URVHTXHQFLQJ�LV�DQ�XOWUDIDVW�VHTXHQFLQJ�
DSSURDFK� WKDW� SURYLGHV� KXQGUHGV� RI� WKRXVDQGV� RI� VLQJOH� UHDGV� RI� QXFOHRWLGH�
VHTXHQFH�GDWD�DQG�LV�VXLWDEOH�IRU�HVWLPDWLQJ�ELRGLYHUVLW\�RI�FRPSOH[�PLFURELDO�
FRPPXQLWLHV��0DQLFKDQK�HW�DO����������7KH�UHDG�OHQJWKV�REWDLQHG�ZLWK�WKH�ILUVW�
JHQHUDWLRQ� RI� WKH� WHFKQLTXH� ZHUH� VKRUW� ������ WR� ���� ES�� DQG� QRW� DOZD\V�
VXIILFLHQW� IRU� FRPSOHWH� SK\ORJHQHWLF� DQG� IXQFWLRQDO� FKDUDFWHULVDWLRQ� RI� WKH�
ELRJDV� FRPPXQLW\� �:RPPDFN� HW� DO��� ������� +RZHYHU�� WKH� UHDG� OHQJWK� KDV�
LPSURYHG� DQG�ZLWK� WKH� ODWHVW� JHQHUDWLRQ� RI� WKH� ���� VHTXHQFLQJ� V\VWHP�PRUH�
WKDQ� ���� ES� FDQ� EH� REWDLQHG�� ZKLFK� LV� HQRXJK� IRU� DQ� DFFXUDWH� SK\ORJHQHWLF�
FKDUDFWHULVDWLRQ��/RJXH�HW�DO������������

4.4.5 Fluorescence in situ hybridisation (FISH) 

)OXRUHVFHQFH� LQ� VLWX� K\EULGLVDWLRQ� �),6+�� DQDO\VLV� KDV� EHHQ� ZLGHO\� XVHG� WR�
YLVXDOLVH�� LGHQWLI\� DQG� TXDQWLI\� EDFWHULDO� DQG� PHWKDQRJHQLF� PHPEHUV� ZLWKLQ�
ELRJDV� UHDFWRUV� �.UDNDW�HW�DO���������1HWWPDQQ�HW�DO���������.DUDNDVKHY�HW�DO���
������� ),6+� LV� EDVHG� RQ� K\EULGLVDWLRQ� RI� ROLJRQXFOHRWLGH� SUREHV� WR� VSHFLILF�
UHJLRQV�ZLWKLQ�WKH�PLFURELDO�ULERVRPH��FRPPRQO\�51$V���6LQFH�WKH�RUJDQLVPV�
DUH� H[DPLQHG�ZLWKRXW� DOWHULQJ� WKH� FHOO� VWUXFWXUH�PRUSKRORJ\�� DEXQGDQFH� DQG�
VSDWLDO�GLVWULEXWLRQ�FDQ�EH�GRFXPHQWHG��$PDQQ�HW�DO�����������

7R�WKH�EHVW�RI�P\�NQRZOHGJH��6$2%�KDYH�QRW�\HW�EHHQ�LGHQWLILHG�LQ�UHDFWRU�
VOXGJH� E\� DVVHVVPHQW� RI� WKH� ),6+� DSSURDFK�� +RZHYHU�� GHYHORSPHQW� RI� D�
6$2%�VSHFLILF� ),6+� PHWKRG� PLJKW� UHYHDO� WKH� SUHIHUUHG� ORFDWLRQ� RI� WKH�
EDFWHULD�LQ�WKH�UHDFWRUV�DQG�WKHLU�SRVLWLRQ�UHODWLYH�WR�WKHLU�SDUWQHU�PHWKDQRJHQ���

$XWRIOXRUHVFHQFH� IURP� WKH� DFWLYDWHG� UHDFWRU� VOXGJH� DQG� IURP�
PLFURRUJDQLVPV��HVSHFLDOO\�PHWKDQRJHQV���DQG�WKH�UHODWLYHO\�ORZ�DEXQGDQFH�RI�
WKH�EDFWHULD� LQ�WKH�PLFURELDO�FRPPXQLW\��PLJKW�EH�OLPLWDWLRQV�LQ�GHYHORSPHQW�
RI� D� ),6+� DSSURDFK� IRU� GHWHFWLRQ� RI� 6$2%��+RZHYHU�� LQFUHDVHG� ODEHOOLQJ� RI�
WKH�SUREHV�RU� WKH�XVH�RI� LQGLUHFW� ODEHOOLQJ� WHFKQLTXHV�PLJKW� FLUFXPYHQW� WKHVH�
SUREOHPV��([DPSOHV�RI�LQGLUHFW�ODEHOOLQJ�DUH�HQ]\PDWLF�VLJQDO�DPSOLILFDWLRQ�RU�
OLQNLQJ� WKH� SUREH� WR� D� UHSRUWHU� PROHFXOH� ODWHU� GHWHFWHG� E\� D� IOXRUHVFHQW�
DQWLERG\��0RWHU�	�*|EHO���������

�
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5 Factors regulating the dominant pathway 
6\QWURSKLF� DFHWDWH� R[LGLVHUV� KDYH� EHHQ� VXJJHVWHG� WR� EH� OHVV� FRPSHWLWLYH� IRU�
DFHWDWH�WKDQ�WKH�DFHWLFODVWLF�PHWKDQRJHQV��5XL�HW�DO����������7KHUHIRUH�6$2�LV�
FRQVLGHUHG�WR�EH�WKH�GRPLQDQW�SDWKZD\�LQ�V\VWHPV�RSHUDWLQJ�XQGHU�FRQGLWLRQV�
WKDW� VXSSUHVV� JURZWK� RI� WKH� DFHWLFODVWLF�PHWKDQRJHQV�� VXFK� DV� KLJK� DPPRQLD�
�6FKQ�UHU�	�1RUGEHUJ��������6FKQ�UHU�HW�DO����������2WKHU�IDFWRUV�FRQVLGHUHG�
WR�LQIOXHQFH�WKH�DFHWDWH�FRQYHUVLRQ�SDWKZD\�LQ�DQDHURELF�GLJHVWLRQ�V\VWHPV�DUH�
DFHWDWH� FRQFHQWUDWLRQ�� +57�� WHPSHUDWXUH� DQG� WKH� PHWKDQRJHQLF� SRSXODWLRQ�
VWUXFWXUH��+RZHYHU��WKH�DFWXDO�UHDVRQ�IRU�FKDQJH�LQ�SUHYDOHQW�SDWKZD\�PD\�QRW�
DOZD\V�EH�HQWLUHO\�REYLRXV��$QDHURELF� UHDFWRUV�DUH�JHQHUDOO\�FKDUDFWHULVHG�E\�
FRPSOH[� PLFURELDO� FRPPXQLWLHV� �5LYLpUH� HW� DO��� ������� DQG� RSHUDWLRQDO�
SDUDPHWHUV�� FKHPLFDO� FRPSRQHQWV� RI� WKH� VOXGJH� DQG� WKH�PLFURELDO� SRSXODWLRQ�
VWUXFWXUH� DQG� DFWLYLW\� DUH� RIWHQ� VWURQJO\� FRUUHODWHG�� +RZHYHU�� LQ� WKLV� VHFWLRQ�
GLIIHUHQW�IDFWRUV�SURSRVHG�WR�UHJXODWH�WKH�GRPLQDQW�DFHWDWH�GHJUDGLQJ�SDWKZD\�
DUH�IXUWKHU�GLVFXVVHG��

5.1 Ammonia inhibition 

$PPRQLD�LV�UHDGLO\�UHOHDVHG�GXULQJ�DQDHURELF�GHJUDGDWLRQ�RI�SURWHLQV�DQG�KDV�
LQKLELWRU\� HIIHFWV� RQ� WKH� DQDHURELF� PLFURELDO� FRQVRUWLD�� SDUWLFXODUO\� RQ� WKH�
PHWKDQRJHQLF� SRSXODWLRQ� �6SURWW� 	� 3DWHO�� ������ .RVWHU� 	� /HWWLQJD�� �������
&RQFHQWUDWLRQV� IURP� ���� WR� ��� J� /��� RI� WRWDO� DPPRQLD� QLWURJHQ� KDYH� EHHQ�
UHSRUWHG�WR�UHVWUDLQ�WKH�PHWKDQRJHQLF�DFWLYLW\��7KH�ZLGH�FRQFHQWUDWLRQ�UDQJH�LV�
SUREDEO\� FDXVHG� E\� YDULDWLRQV� LQ� VXEVWUDWHV�� LQRFXOXP�� HQYLURQPHQWDO�
FRQGLWLRQV� DQG� DFFOLPDWLVDWLRQ� SHULRGV� �&KHQ�HW�DO��� ������� ,W� LV� SULPDULO\� WKH�
GLVVRFLDWHG� IRUP� RI� DPPRQLD� �1+��� WKDW� LV� FRQVLGHUHG� WR� EH� UHVSRQVLEOH� IRU�
LQKLELWLRQ�� DQG� WKHUH� DUH� GLIIHUHQW� RSHUDWLRQDO� SDUDPHWHUV� WKDW� LQIOXHQFH� WKH�
HTXLOLEULXP�EHWZHHQ�WKH�DPPRQLXP��1+�

���DQG�DPPRQLD��1+���LQ�WKH�UHDFWRU�
VOXGJH��+DVKLPRWR���������$XJPHQWHG�WHPSHUDWXUH�LQFUHDVHV�WKH�UDWLR�RI�1+���
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EXW� DOVR� FRQWULEXWHV� WR� UHGXFHG� VROXELOLW\� RI� FDUERQ� GLR[LGH��ZKLFK� LQFUHDVHV�
WKH� S+� DQG� WKHUHE\� IXUWKHU� VKLIWV� WKH� HTXLOLEULXP� WRZDUGV� 1+�� �*HOOHUW� 	�
:LQWHU�� ������� 7KH� HYHQWXDO� DPPRQLD� FRQFHQWUDWLRQ� LQ� WKH� UHDFWRU� LV� DOVR�
LQIOXHQFHG�E\�VXEVWUDWH�FKDUDFWHULVWLFV�DQG�WKH�GHJUHH�RI�GHFRPSRVLWLRQ��L�H��WKH�
SURSRUWLRQ�RI� WKH�RUJDQLF�PDWHULDO�FRQYHUWHG� WR�PHWKDQH���$W�D� ORZ�GHJUHH�RI�
GHFRPSRVLWLRQ� D� VPDOOHU� SURSRUWLRQ� RI� WKH� QLWURJHQ� LQ� WKH� UHDFWRU� FRQWHQW� LV�
UHOHDVHG�DV�DPPRQLD�WKDQ�DW�KLJKHU�GHJUHHV�RI�GHJUDGDWLRQ��6FKQ�UHU�	�-DUYLV��
�������

7KUHH�PHFKDQLVPV�IRU�DPPRQLD�WR[LFLW\�DUH�FRQVLGHUHG�WR�LQIOXHQFH�JURZWK�
DQG� DFWLYLW\� RI� PHWKDQRJHQLF� VWUDLQV�� 2QH� PHFKDQLVP� LV� EDVHG� RQ� WKH�
DFFXPXODWLRQ� RI� DPPRQLXP� LQVLGH� WKH� FHOO� GXH� WR� SDVVLYH� GLIIXVLRQ� RI�
XQFKDUJHG� DPPRQLD� DFURVV� WKH� FHOO�PHPEUDQH�� HTXLOLEUDWLQJ� WKH� LQWUDFHOOXODU�
DQG� H[WUDFHOOXODU� FRQFHQWUDWLRQV� RI� DPPRQLD�� ,QVLGH� WKH� FHOO�� DPPRQLD� LV�
WUDQVIRUPHG�WR�DPPRQLXP�DQG�D�SURWRQ�LV�VXEVHTXHQWO\�WDNHQ�XS��7KLV�DIIHFWV�
WKH� LQWUDFHOOXODU� S+� DQG� WKH� XSWDNH� RI� SURWRQV� DOVR� VWLPXODWHV� D� .��+��
DQWLSRUWHU�DQG�DQ�LQIOX[�RI�+���UHVXOWLQJ�LQ�ORVVHV�RI�F\WRSODVPLF�.���6SURWW�HW�
DO��� ������� $� VHFRQG� SRVVLEOH� PHFKDQLVP� LQYROYHV� GLUHFW� LQKLELWLRQ� E\�
1+�

��1+�� RQ� WKH� PHWKDQH�V\QWKHVLVLQJ� HQ]\PHV�� $PPRQLXP� LV� EHOLHYHG� WR�
LQWHUDFW�ZLWK�D�&D���0J���VLWH�� ORFDWHG�RQ�WKH�H[WHUQDO�IDFH�RI�WKH�F\WRSODVPLF�
PHPEUDQH��HVVHQWLDO� IRU� WKH�V\QWKHVLV�RI�PHWKDQH�E\� WKH�PHWKDQRJHQV��6SURWW�
HW�DO����������,QFUHDVHG�PDLQWHQDQFH�HQHUJ\�UHTXLUHPHQW� LV�D� WKLUG�PHFKDQLVP�
SURSRVHG�WR�FDXVH�DPPRQLD�LQKLELWLRQ��&DVKLRQ�HW�DO�����������

�$PPRQLD� KDV� EHHQ� VKRZQ� WR� EH� D� VHOHFWLYH� DJHQW� IRU� V\QWURSKLF� DFHWDWH�
R[LGDWLRQ� LQ� PRGHUDWH� WHPSHUDWXUH� FRQGLWLRQV� �9�� 6KLPDGD� HW� DO��� ������
6FKQ�UHU� 	� 1RUGEHUJ�� ������ $QJHQHQW� HW� DO��� ������ 6FKQ�UHU� HW� DO��� �������
7KLV�PD\� EH� GXH� WR� WKH� KLJKHU� VHQVLWLYLW\� RI� WKH� DFHWLFODVWLF�PHWKDQRJHQV� WR�
DPPRQLD�FRPSDUHG�ZLWK� WKH�K\GURJHQRWURSKLF�PHWKDQRJHQV��6WHLQKDXV�HW�DO���
������$QJHOLGDNL�	�$KULQJ������E��6SURWW�	�3DWHO��������=HHPDQ�HW�DO���������
.RVWHU� 	� /HWWLQJD�� ������� $PPRQLD�LQGXFHG� LQKLELWLRQ� RI� WKH� DFHWLFODVWLF�
PHWKDQRJHQV�KDV�EHHQ�VXJJHVWHG�WR�HQFRXUDJH�WKH�UHODWLYHO\�DPPRQLD�WROHUDQW�
6$2%� �,�� ,,�� WR� EH� WKH� GRPLQDQW� DFHWDWH� GHJUDGHU�� WRJHWKHU� ZLWK� WKH�
K\GURJHQRWURSKLF� PHWKDQRJHQ� �.DUDNDVKHY� HW� DO��� ������ $QJHQHQW� HW� DO���
�������7KLV�KDV�EHHQ� IXUWKHU� LQGLFDWHG�E\�PROHFXODU� VWXGLHV�RI�ELRJDV� UHDFWRU�
VOXGJH� VKRZLQJ� LQFUHDVHG� DEXQGDQFH� RI� 6$2%� DQG� K\GURJHQRWURSKLF�
PHWKDQRJHQV�� DQG� GHFUHDVHG� DEXQGDQFH� RI� WKH� DFHWLFODVWLF� PHWKDQRJHQV��
FRLQFLGHQWO\� ZLWK� HQKDQFHG� DPPRQLD� FRQFHQWUDWLRQ� DQG� D� VKLIW� IURP�
DFHWLFODVWLF� WR� V\QWURSKLF� DFHWDWH� GHJUDGDWLRQ� �,,,��9��� $FFRUGLQJO\�� D� VWXG\�
TXDQWLI\LQJ� 6$2%� LQ� ��� IXOO�VFDOH� &675� ELRJDV� UHDFWRUV� IRXQG� FRUUHODWLRQV�
EHWZHHQ� KLJK� DPPRQLD� FRQFHQWUDWLRQV� DQG� SUHVHQFH� RI� 6$2%� �6XQ� HW� DO���
�������+HUH�� JHQHV� DVVLJQHG� WR�&��XOWXQHQVH��6��VFKLQNLL�DQG�7��DFHWDWR[\GDQV�
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ZHUH� REVHUYHG� WR� D� KLJKHU� GHJUHH� LQ� DPPRQLD�VWUHVVHG� ELRJDV� UHDFWRUV�
FRPSDUHG� ZLWK� UHDFWRUV� RSHUDWLQJ� DW� ORZ� DPPRQLD� FRQFHQWUDWLRQV�� 7KLV�
FRQFHUQHG� ERWK� PHVRSKLOLF� DQG� WKHUPRSKLOLF� UHDFWRUV�� 7KH� DQDO\VLV� DOVR�
LQGLFDWHG� D� FRUUHODWLRQ� EHWZHHQ� DEVHQFH� RI� WKH� DFHWLFODVWLF� PHWKDQRJHQV� RI�
0HWKDQRVDHWDFHDH� DQG� KLJK� FRQFHQWUDWLRQV� RI� DPPRQLD�� ZKLFK� LV� LQ�
DFFRUGDQFH�ZLWK�SUHYLRXV�LQYHVWLJDWLRQ��1HWWPDQQ�HW�DO����������

+RZHYHU�� PHPEHUV� RI� WKH� 0HWKDQRVDUFLQDFHDH� DQG� 0HWKDQRVDHWDFHDH�
KDYH� EHHQ� DEXQGDQWO\� GHWHFWHG� LQ� KLJK� DPPRQLD� UHDFWRUV�� LQGLFDWLQJ�
RFFXUUHQFH� RI� DPPRQLD�WROHUDQW� DFHWLFODVWLF�PHWKDQRJHQV� �,,,��9�� 6XQ�HW�DO���
������&DOOL�HW�DO�������E���

7KH� PDMRULW\� RI� WKH� 6$2%� FKDUDFWHULVHG� WR� GDWH� KDYH� EHHQ� LGHQWLILHG� DV�
DFHWRJHQV�DQG�DPPRQLD�KDV�EHHQ�VKRZQ�WR� LQIOXHQFH� WKH�SRSXODWLRQ�VWUXFWXUH�
RI�WKLV�JURXS�RI�EDFWHULD��,9���7KH�SURSLRQDWH�GHJUDGLQJ�DFHWRJHQLF�EDFWHULD�LQ�
SDUWLFXODU� DUH� FRQVLGHUHG� WR� EH� VXVFHSWLEOH� WR� DPPRQLD� WR[LFLW\� �&DOOL� HW� DO���
����D��/RNVKLQD�HW�DO���������3RJJL�9DUDOGR�HW�DO�����������

'LIIHUHQW�SRVVLEOH� DSSURDFKHV�KDYH�EHHQ� VXJJHVWHG� LQ�RUGHU� WR� FLUFXPYHQW�
SUREOHPV� DVVRFLDWHG�ZLWK� KLJK� DPPRQLD� FRQFHQWUDWLRQ� LQ� DQDHURELF� GLJHVWLRQ�
V\VWHPV��([DPSOHV�RI� VXFK�DSSURDFKHV� LQFOXGH�DGGLWLRQ�RI�PDWHULDOV�ZLWK� LRQ�
H[FKDQJH� FDSDFLW\� �+DQVHQ� HW� DO��� ������ $QJHOLGDNL� 	� $KULQJ�� ����D���
ORZHULQJ� WKH� WHPSHUDWXUH� IURP� WKHUPRSKLOLF� WR� PHVRSKLOLF� FRQGLWLRQV�
�$QJHOLGDNL� 	� $KULQJ�� ������� S+� UHJXODWLRQ� �.DUOVVRQ� 	� (OMHUWVVRQ�� �������
LQFUHDVLQJ� WKH� &�1� UDWLR� DQG� GLOXWLQJ� WKH� ELRPDVV� ZLWK� ZDWHU� �.D\KDQLDQ��
������� +RZHYHU�� ORQJ� UHWHQWLRQ� WLPH� LV� RIWHQ� UHTXLUHG�� ZKLFK� UHVWUDLQ� WKH�
HFRQRPLF� IHDVLELOLW\� RI� WKH� SURFHVV� �1LHOVHQ� 	� $QJHOLGDNL�� �������
$FFOLPDWLVDWLRQ� LV� DQRWKHU� IDFWRU� WKDW� FRXOG� LQFUHDVH� WKH� WROHUDQFH� DQG� UHWDLQ�
YLDELOLW\� RI� WKH�PLFUREHV� DW� DPPRQLD� FRQFHQWUDWLRQV� IDU� H[FHHGLQJ� WKH� LQLWLDO�
LQKLELWRU\� FRQFHQWUDWLRQV� �$QJHOLGDNL�	�$KULQJ�� ����E��=HHPDQ�HW�DO��� ������
.RVWHU�	�/HWWLQJD��������.URHNHU�HW�DO����������

5.2 Hydraulic retention time 

7KH� GLOXWLRQ� UDWH� DQG� WKH� K\GUDXOLF� UHWHQWLRQ� WLPH� KDYH� EHHQ� VXJJHVWHG� WR�
LQIOXHQFH�WKH�SDWKZD\�IRU�DFHWDWH�FRQYHUVLRQ�WR�PHWKDQH�LQ�DQDHURELF�UHDFWRUV��
,Q� DQ� DQDHURELF�� PHVRSKLOLF� DFHWDWH�IHG� FKHPRVWDW� �6KLJHPDWVX� HW�DO��� �������
6$2�ZDV� UHSRUWHG� DV� WKH�SULPDU\�SDWKZD\�DW� ORZ�GLOXWLRQ� UDWH� �������GD\�����
ZKHUHDV�WKH�DFHWLFODVWLF�SDWKZD\�GRPLQDWHG�DW�D�KLJKHU�UDWH������GD\�����7KLV�LV�
LQ�DFFRUGDQFH�ZLWK�WKH�UHVXOWV�IURP�D�ODERUDWRU\�VFDOH�&675�VWXG\��LGHQWLI\LQJ�
+57�DV�D�FUXFLDO�IDFWRU�LQ�DYRLGLQJ�ZDVKRXW�RI�WKH�PLFUREHV��+HUH��DFWLYLW\�RI�
ERWK�6$2�DQG�DFHWLFODVWLF�PHWKDQRJHQHVLV�ZDV�LQGLFDWHG�LQ�UHDFWRUV�RSHUDWLQJ�
DW�UHODWLYHO\�ORZ�DPPRQLD�FRQFHQWUDWLRQV������J�1+�

��1�/�����DQG�DW�+57�DQG�
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2/5�RI����GD\V�������GD\����DQG�����J96��/�GD\�����UHVSHFWLYHO\��$FHWLFODVWLF�
PHWKDQRJHQHVLV�EHFDPH�GRPLQDQW��ZKHQ�+57�ZDV�GHFUHDVHG�WR����GD\V��9����

)XUWKHUPRUH�� GRXEOLQJ� WLPHV� REWDLQHG� IURP� FXOWLYDWLRQ� VWXGLHV� RI� WKH�
PHVRSKLOLF� DFHWDWH�GHJUDGLQJ� FR�FXOWXUHV� LQGLFDWH�+57�DV� D� VLJQLILFDQW� IDFWRU�
IRU�PDLQWHQDQFH�RI�WKH�V\QWURSKV�LQ�WKH�UHDFWRU��$V�PHQWLRQHG�SUHYLRXVO\�� WKH�
+57�VKRXOG�H[FHHG�WKH�PLFURELDO�GRXEOLQJ�WLPH�LQ�RUGHU�WR�DYRLG�ZDVKRXW�RI�
WKH� SRSXODWLRQ� �$QJHOLGDNL� HW� DO��� ������ :HLODQG�� ������� &RQVLGHULQJ� WKH�
GLIIHUHQFH� EHWZHHQ� WKH� GRXEOLQJ� WLPHV� RI� PHVRSKLOLF� DFHWDWH�GHJUDGLQJ� FR�
FXOWXUH�����GD\V�� �6FKQ�UHU�HW�DO���������DQG� WKH�6$2�FXOWXUH����GD\V��)LJXUH�
���� DQG� EHWZHHQ� PHVRSKLOLF� ������ GD\V�� DQG� WKHUPRSKLOLF� ������� GD\V�� FR�
FXOWXUHV� �+DWWRUL� HW� DO��� ������ /HH� 	� =LQGHU�� ����E��� WKH� +57� QHHGHG� IRU�
PDLQWHQDQFH� RI� V\QWURSKLF� DFHWDWH� R[LGDWLRQ� LQ� D� FRQWLQXRXV� PHWKDQRJHQLF�
UHDFWRU�LV�SUREDEO\�GLIILFXOW�WR�SUHGLFW��+RZHYHU��SUHVHQFH�RI�6��VFKLQNLL�UHODWHG�
VSHFLHV�KDV�EHHQ�HVWDEOLVKHG�LQ�PHVRSKLOLF�UHDFWRUV�ZLWK�+57�UDQJLQJ�IURP���
�LQ� XSIORZ� DQDHURELF� ILOWHU�� WR� ��� GD\V� �LQ� &675�� �,�� ,,,�� 9�� XQSXEOLVKHG�
UHVXOWV�� 6XQ� HW� DO��� ������ 6FKQ�UHU� HW� DO��� ������� )XUWKHUPRUH�� UHDFWRU�
FRQILJXUDWLRQ�� UHF\FOLQJ� RI� UHDFWRU� VOXGJH� DQG� SUHVHQFH� RI� VXSSRUW� PDWHULDO�
SUREDEO\�DOVR�LQIOXHQFH�WKH�UHVXOWLQJ�+57�QHHGHG�WR�PDLQWDLQ�6$2%�DQG�WKHLU�
SDUWQHU�PHWKDQRJHQ�LQ�WKH�V\VWHP��

5.3 Support material 

7KH� GLVVROYHG� K\GURJHQ� FRQFHQWUDWLRQ� LV� PDLQWDLQHG� ORZ� E\� PHWKDQRJHQV�
WKURXJK�FORVH�LQWHUDFWLRQ�ZLWK�K\GURJHQ�SURGXFHUV��&RQVHTXHQWO\��WKH�PDMRULW\�
RI�K\GURJHQ�GHSHQGHQW�PHWKDQH�IRUPDWLRQ�RFFXUV�LQ�JUDQXODU�VOXGJH��IORFNV�RU�
ELRILOPV�� ZKLFK� IDFLOLWDWH� LQWHUVSHFLHV� K\GURJHQ� WUDQVIHU� E\� UHGXFLQJ� WKH�
GLVWDQFH� EHWZHHQ� WKH� K\GURJHQ�SURGXFLQJ� EDFWHULD� DQG� WKH� K\GURJHQ�
FRQVXPLQJ� PHWKDQRJHQV� �$QJHOLGDNL� HW� DO��� ������ /LX� 	� :KLWPDQ�� ������
6WDPV�� ������� )XUWKHUPRUH�� PL[LQJ� KDV� EHHQ� UHSRUWHG� WR� LQKLELW� V\QWURSKLF�
R[LGDWLRQ� RI� YRODWLOH� IDWW\� DFLGV�� DV� LQGLFDWHG� E\� GLVUXSWLRQ� RI� WKH� VSDWLDO�
MX[WDSRVLWLRQ� RI� WKH� V\QWURSKLF� EDFWHULD� DQG� WKHLU� PHWKDQRJHQLF� SDUWQHU�
�0F0DKRQ�HW�DO��� ������� )DFWRUV� VXFK� DV� WKH� UHDG\� IRUPDWLRQ� RI� JUDQXOHV� RU�
DGKHUHQFH� WR�ERWWOH�ZDOOV�E\� WKH�FHOOV� LQ� V\QWURSKLF�DFHWDWH�R[LGLVLQJ�FXOWXUHV�
�XQSXEOLVKHG�UHVXOWV���WKH�RULJLQ�RI�6��VFKLQNLL��DQDHURELF�ILOWHU�UHDFWRU��DQG�WKH�
UHTXLUHPHQW�RI�DGGLWLRQ�RI�FDUULHUV�WR�JURZWK�PHGLD�IRU�VXFFHVVIXO�LQLWLDWLRQ�RI�
DFHWDWH� R[LGDWLRQ� �,�� ,,�� LQGLFDWH� WKDW� LQFRUSRUDWLRQ� RI� VXSSRUW� PDWHULDO�� RU�
IRUPDWLRQ� RI� JUDQXODU� VOXGJH�� LQ� WKH� UHDFWRUV� FRXOG� SURPRWH� WKH� SUHVHQFH� RI�
6$2%� DQG� KHOS� WR� FRXQWHUDFW� ORVVHV� RI� WKHVH� VORZ�JURZLQJ� V\QWURSKV��
,QFUHDVHG�PLFURELDO�WROHUDQFH�WR�KLJK�DPPRQLD�FRQFHQWUDWLRQ�WKURXJK�LQFOXVLRQ�
RI� FDUERQ� ILEUH� WH[WLOHV� KDV� EHHQ� DVVHVVHG� LQ� ELRJDV� UHDFWRUV� �6DVDNL� HW� DO���
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����E��� ,W� ZDV� IRXQG� WKDW� WKH� ILEUH� WH[WLOHV� VXSSRUWHG� PDLQWHQDQFH� RI� D�
PLFURELDO�SRSXODWLRQ�ZLWK�KLJKHU�WROHUDQFH�WR�DPPRQLD��SRVVLEO\�FKDUDFWHULVHG�
E\�6$2%�DQG�K\GURJHQRWURSKLF�PHWKDQRJHQV��

5.4 Acetate concentration 

7KHUH� LV�FRQIOLFWLQJ� LQIRUPDWLRQ�DERXW�KRZ�WKH� OHYHO�RI�DFHWDWH� LQIOXHQFHV� WKH�
GHYHORSPHQW�RI�6$2��8QGHU�WKHUPRSKLOLF�FRQGLWLRQV��6$2�KDV�EHHQ�SURSRVHG�
DV� WKH�SUHGRPLQDQW�DFHWDWH�GHJUDGDWLRQ�SDWKZD\� LQ�DQDHURELF� UHDFWRUV�DW�ERWK�
ORZ��������P0���+RUL�HW�DO���������$KULQJ��������$KULQJ�HW�DO���������3HWHUVHQ�
	�$KULQJ��������DQG�KLJK������P0��DFHWDWH�FRQFHQWUDWLRQV��+DR�HW�DO����������
7KH� LQIOXHQFH� RI� DFHWDWH� FRQFHQWUDWLRQ� KDV� QRW� EHHQ� H[WHQVLYHO\� H[DPLQHG� LQ�
PHWKDQRJHQLF� V\VWHPV� SUHYDLOLQJ� ZLWKLQ� PHVRSKLOLF� UHDFWRUV�� +RZHYHU�� RQH�
VWXG\�XVLQJ�PHVRSKLOLF�ORQJ�WHUP�DFHWDWH�IHG�FKHPRVWDWV�VKRZHG�GRPLQDQFH�RI�
6$2�DW� ORZ� DFHWDWH� FRQFHQWUDWLRQV� �����P0���ZKLOH� KLJKHU� FRQFHQWUDWLRQV� ���
P0��IDYRXUHG�WKH�DFHWLFODVWLF�SDWKZD\��6KLJHPDWVX�HW�DO����������+RZHYHU��WKH�
FRQFHQWUDWLRQ� RI� DPPRQLD� ZDV� SUREDEO\� ORZ� �QRW� VSHFLILHG� LQ� WKH� UHSRUW���
ZKLFK�SUREDEO\�LQIOXHQFHG�WKH�FRQVWLWXWLRQ�RI�WKH�DFHWDWH�GHJUDGDWLRQ�SDWKZD\�
DW� ORZ� DQG� KLJK� DFHWDWH� FRQFHQWUDWLRQV�� 6LQFH� KLJK� DPPRQLD� FRPPRQO\� LV�
DFFRPSDQLHG� E\� KLJK� 9)$� FRQFHQWUDWLRQV�� LW� LV� GLIILFXOW� WR� GLVWLQJXLVK� WKH�
FDXVH�DQG�HIIHFW�ZLWKLQ�WKLV�DVSHFW���

7KHUPRG\QDPLFDOO\�� 6$2� LV� IDYRXUHG� E\� KLJK� FRQFHQWUDWLRQV� RI� DFHWDWH��
:LWKRXW� WKH� SUHVHQFH� RI� FRPSHWLWRUV� IRU� DFHWDWH�� KLJK� DFHWDWH� FRQFHQWUDWLRQV�
KDYH� EHHQ� VKRZQ� WR� VWLPXODWH� JURZWK� �WKH� PHWKDQH� IRUPDWLRQ� UDWH�� RI�
V\QWURSKLF� DFHWDWH�R[LGLVLQJ� FXOWXUHV� LQ� JURZWK� VWXGLHV� XQGHU� PHVRSKLOLF�
FRQGLWLRQV� �6FKQ�UHU�HW�DO��� ������%ORPJUHQ�HW�DO��� �������7KLV�REVHUYDWLRQ� LV�
FRQVLVWHQW� ZLWK� JURZWK� H[SHULPHQWV� SHUIRUPHG� ZLWK� WKH� PHVRSKLOLF� 6$2�
FXOWXUH�� FRPSULVLQJ� &�� XOWXQHQVH�� 7�� DFHWDWR[\GDQV�� 6�� VFKLQNLL� DQG� WKH�
K\GURJHQ�XWLOLVLQJ� SDUWQHU�0HWKDQRFXOOHXV� VS�� 0$%��� 7KH� UHVXOWV� IURP� WKLV�
WULDO� DOVR� LQGLFDWH� WKDW� D� UHODWLYHO\� KLJK� LQLWLDO� FRQFHQWUDWLRQ� RI� DFHWDWH� �!���
P0�� LV� UHTXLUHG� IRU� LQLWLDWLRQ�RI� V\QWURSKLF� DFHWDWH� GHJUDGDWLRQ� �XQSXEOLVKHG�
GDWD����

7KH� PLQLPXP� WKUHVKROG� OHYHO� IRU� DFHWDWH� RI� WKH� 6$2%�� L�H�� WKH� ORZHVW�
FRQFHQWUDWLRQ�RI�DFHWDWH�WKDW�FDQ�EH�PHWDEROLVHG�LQ�DQ�DFWLYH�FXOWXUH��KDV�\HW�WR�
EH� GHWHUPLQHG�� 6FKQ�UHU� HW� DO�� ������� REVHUYHG� FHDVHG� GHJUDGDWLRQ� RI� WKH�
V\QWURSKLF� FR�FXOWXUH� �&�� XOWXQHQVH� DQG� 0HWKDQRFXOOHXV� VS�� 0$%��� DW� DQ�
DFHWDWH�FRQFHQWUDWLRQ�RI����P0��6LPLODU�UHVXOW�ZDV�REWDLQHG�ZLWK�FR�FXOWXUH�RI�
7�� DFHWDWR[\GDQV� DQG� 0HWKDQRFXOOHXV� VS�� 0$%��� +RZHYHU�� DFHWDWH�
GHJUDGDWLRQ�SURFHHGHG�EHORZ�WKH�GHWHFWLRQ�OLPLW�RI���P0�LQ�D�FR�FXOWXUH�RI�6��
VFKLQNLL� DQG�0HWKDQRFXOOHXV� VS�� 0$%��� ZKLFK� DOVR� RFFXUUHG� LQ� WKH� FXOWXUH�



����

KROGLQJ� WKH� WKUHH�6$2%� �&��XOWXQHQVH��6��VFKLQNLL� DQG�7��DFHWDWR[\GDQV�� DQG�
WKH�SDUWQHU�PHWKDQRJHQ��XQSXEOLVKHG�UHVXOWV���7KHVH�ILQGLQJV�LQGLFDWH�WKDW� WKH�
WKUHVKROG� FRQFHQWUDWLRQ� RI� DFHWDWH� YDULHV� EHWZHHQ� WKH� VWUDLQV�� UHVXOWLQJ� LQ� D�
FRPSHWLWLYH� LQWHUDFWLRQ�� RU� H[LVWHQFH� RI� VRPH� VRUW� RI� PHWDEROLF� FRRSHUDWLRQ��
SHUKDSV� E\� SURGXFWLRQ� RI� HVVHQWLDO� LQWHUPHGLDWHV� RWKHUZLVH� DEVHQW� LQ� WKH�
FXOWLYDWLRQ�PHGLD��$Q�DWWHPSW�ZDV�PDGH�WR�TXDQWLI\�WKH�GLIIHUHQW�6$2%�GXULQJ�
WKH� V\QWURSKLF� FRQYHUVLRQ� RI� ���P0�DFHWDWH� WR�PHWKDQH� LQ� EDWFK� FXOWLYDWLRQ��
+RZHYHU�� QR� GLVWLQFW� YDULDQFH� LQ� LQFUHDVHG� JHQH� DEXQGDQFH� EHWZHHQ� WKH�
EDFWHULD� ZDV� REVHUYHG� WKURXJKRXW� WKH� H[SHULPHQW� �XQSXEOLVKHG� GDWD��� 7KH�
FXOWLYDWLRQ� LQ� EDWFK� SUREDEO\� UHVWULFWHG� WKH� GLVWLQFWLRQ� EHWZHHQ� DFWLYH� DQG�
LQDFWLYH�VWUDLQV��ZKLFK�D�VWXG\�LQ�D�FRQWLQXRXV�V\VWHP�ZRXOG�HQDEOH��

7KH�FRQFHQWUDWLRQ�RI�DFHWDWH�LQIOXHQFHV�WKH�GLYHUVLW\�DQG�WKH�GRPLQDQFH�RI�
WKH�DFHWLFODVWLF�PHWKDQRJHQV��0HWKDQRVDUFLQD�JHQHUDOO\�H[KLELWV�KLJKHU�JURZWK�
UDWH�EXW�UHTXLUHV�KLJKHU�DFHWDWH�FRQFHQWUDWLRQ��0F0DKRQ�HW�DO���������-HWWHQ�HW�
DO��� ������� ZKHUHDV� 0HWKDQRVDHWD� VSHFLHV� GRPLQDWH� DW� ORZ� DFHWDWH�
FRQFHQWUDWLRQV�� GXH� WR� WKHLU� KLJKHU� DIILQLW\� IRU� DFHWDWH� �%OXPH� HW� DO��� ������
=KHQJ� 	� 5DVNLQ�� ������� &RQVHTXHQWO\�� RQH� SRVVLEOH� H[SODQDWLRQ� IRU�
GRPLQDQFH�RI�WKH�6$2�SDWKZD\�DW� ORZ�DFHWDWH�FRQFHQWUDWLRQV�LQ�WKHUPRSKLOLF�
PHWKDQRJHQLF� V\VWHPV� LV� WKH� ORZHU� JURZWK� UDWH� UHSRUWHG� IRU� VRPH�
0HWKDQRVHDWD� VSHFLHV� FRPSDUHG� ZLWK� WKHUPRSKLOLF� V\QWURSKLF� DFHWDWH�
GHJUDGLQJ�FXOWXUHV��$KULQJ����������

5.5 Temperature  

6\QWURSKLF� DFHWDWH� R[LGDWLRQ� EHFRPHV� HQHUJHWLFDOO\� IDYRXUDEOH� DW� HOHYDWHG�
WHPSHUDWXUHV��+DWWRUL��������6FKLQN�	�6WDPV��������6FKLQN���������DQG�6$2�
KDV� EHHQ� HVWDEOLVKHG� DV� DQ� LPSRUWDQW� SDWKZD\� LQ� VHYHUDO� WKHUPRSKLOLF�
PHWKDQRJHQLF�UHDFWRUV��+DR�HW�DO���������.UDNDW�HW�DO���������5\DQ�HW�DO���������
+RUL�HW�DO���������.DUDNDVKHY�HW�DO���������6KLJHPDWVX�HW�DO���������3HWHUVHQ�	�
$KULQJ�� ������ =LQGHU� 	� .RFK�� ������� $V� SUHYLRXVO\� PHQWLRQHG�� WKH� ORZHU�
JURZWK�UDWH�RI�FHUWDLQ�0HWKDQRVHDWD�VSHFLHV�FRPSDUHG�ZLWK�V\QWURSKLF�DFHWDWH�
R[LGLVHUV� LQ� WKHUPRSKLOLF� FRQGLWLRQV� PLJKW� IDYRXU� 6$2� �$KULQJ�� �������
+RZHYHU�� LQGLFDWLRQV� RI� 6$2� KDYH� DOVR� EHHQ� UHSRUWHG� LQ� VXEWURSLFDO� ODNH�
VHGLPHQWV�DW�WHPSHUDWXUHV�DV�ORZ�DV����°&��1�VVOHLQ�HW�DO����������

7KH�WHPSHUDWXUH�UDQJHV�IRU�JURZWK�RI�NQRZQ�6$2%�DUH�VSHFLILHG�LQ�7DEOH�
���+RZHYHU��DV�PHQWLRQHG�SUHYLRXVO\��JHQH�VHTXHQFHV�DOORFDWHG�WR�WKH�GLIIHUHQW�
6$2%�KDYH�EHHQ�UHFRYHUHG�IURP�SURFHVVHV�RSHUDWLQJ�DW�WHPSHUDWXUHV�IDU�IURP�
WKH�RSWLPXP�JURZWK�FRQGLWLRQV�GHWHUPLQHG�GXULQJ�SXUH�FXOWLYDWLRQ��
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5.6 The methanogenic population structure 

6\QWURSKLF� DFHWDWH� R[LGLVDWLRQ� KDV� EHHQ� VXJJHVWHG� WR� EH� WKH� GRPLQDQW�
PHWKDQRJHQLF�SDWKZD\�LQ�WKH�DEVHQFH�RI�0HWKDQRVDHWDFHDH��.DUDNDVKHY�HW�DO���
������� )XUWKHUPRUH�� VWDWLVWLFDO� DQDO\VLV� RI� WKH� PHWKDQRJHQLF� SRSXODWLRQ� LQ�
ODUJH�VFDOH� UHDFWRUV�KDV�HVWDEOLVKHG�QHJDWLYH�FRUUHODWLRQV�EHWZHHQ�SUHVHQFH�RI�
6$2%�DQG�PHPEHUV�RI� WKH�0HWKDQRVDUFLQDFHDH� �6XQ�HW�DO����������+RZHYHU��
WKHVH� VWXGLHV� FRQVLGHUHG� WKH�PHWKDQRJHQLF� SRSXODWLRQ� RI� WKH� ELRJDV� SODQWV� DW�
RQH�VDPSOLQJ�SRLQW��GLVSOD\LQJ�WKH�H[LVWLQJ�SURILOH�LQ�WKH�UHDFWRUV�GRPLQDWHG�E\�
WKH� 6$2� SDWKZD\�� 7KHUHIRUH�� LW� PLJKW� EH� LQDFFXUDWH� WR� LGHQWLI\� WKH� H[LVWLQJ�
FRPPXQLW\� VWUXFWXUH� DV� WKH� DFWXDO� IDFWRU� RI� RULJLQ� IRU� WKH� SUHYDLOLQJ� DFHWDWH�
GHJUDGLQJ� SDWKZD\�� 2XU� TXDQWLILFDWLRQ� RI� 6$2%� DQG� WKH� PHWKDQRJHQLF�
SRSXODWLRQ� LQ� ELRJDV� UHDFWRUV� RSHUDWLQJ� DW� JUDGXDOO\� LQFUHDVHG� DPPRQLD�
FRQFHQWUDWLRQ� VKRZHG� D� GHFUHDVH� LQ� 0HWKDQRVDHWDFHDH� EHIRUH� LQFUHDVHG�
DEXQGDQFHV�RI�6$2%�DQG�LQWURGXFWLRQ�RI�WKH�6$2�SDWKZD\��)LJXUH��%�LQ�,,,�
DQG�)LJXUH���LQ�9���+RZHYHU��LQ�ERWK�WKHVH�VWXGLHV�0HWKDQRVDHWDFHDH�ZDV�VWLOO�
SUHVHQW�ZKHQ�6$2�ZDV� WKH�GRPLQDQW� SDWKZD\��)XUWKHUPRUH�� KLJK� DEXQGDQFH�
RI� 0HWKDQRVDHWDFHDH�UHODWHG� VSHFLHV� KDV� EHHQ� IRXQG� LQ� D� ODERUDWRU\�VFDOH�
UHDFWRU�� PDLQWDLQLQJ� 6$2� DV� WKH� SUHGRPLQDQW� DFHWDWH�GHJUDGLQJ� SDWKZD\�
�)LJXUH���LQ�,,,���ZKLFK�FRQWUDGLFWV�WKH�UHVXOWV�E\�.DUDNDVKHY�HW�DO�����������

5.7 Promoting SAO in biogas reactors 

$FHWLFODVWLF� DFWLYLW\� LV� JHQHUDOO\� FRQVLGHUHG� WR� EH� WKH� GRPLQDQW� SDWKZD\� IRU�
PHWKDQH�SURGXFWLRQ�LQ�DQDHURELF�GLJHVWLRQ�SURFHVVHV��3DYORVWDWKLV�	�*LUDOGR�
*RPH]�� ������ =LQGHU� 	� .RFK�� ������� +HQFH�� RSHUDWLRQ� DQG� RSWLPLVDWLRQ� RI�
ELRJDV� UHDFWRUV� LV� JHQHUDOO\� EDVHG� RQ� PDLQWDLQLQJ� DFHWLFODVWLF� PHWKDQRJHQV��
ZKLFK� RYHUORRNV� WKH� LPSRUWDQFH� RI� WKH� 6$2� SDWKZD\�� 7KXV�� UH�HYDOXDWLRQ�
EDVHG� RQ� VXLWDEOH� FRQGLWLRQV� IRU� V\QWURSKLF� DFHWDWH� R[LGLVHUV� LV� HVVHQWLDO� LQ�
RUGHU�WR�RSWLPLVH�6$2�GRPLQDWHG�SURFHVVHV��.DUDNDVKHY�HW�DO�����������

$V� VWDWHG� DERYH�� KLJK� OHYHOV� RI� DPPRQLD�� ORQJ�+57�� SUHVHQFH� RI� VXSSRUW�
PDWHULDO��KLJK�ORZ�DFHWDWH�FRQFHQWUDWLRQ�DQG�KLJK�WHPSHUDWXUH�PD\�HQKDQFH�WKH�
UHODWLYH� FRQWULEXWLRQ� RI� 6$2� WR� DFHWDWH� UHPRYDO� LQ� ELRJDV� UHDFWRUV�� 7KH�
PHWKDQRJHQLF� SRSXODWLRQ� VWUXFWXUH� KDV� DOVR� EHHQ� VXJJHVWHG� WR� LQIOXHQFH� WKLV�
DVSHFW�� 5HDFWRU� VWXGLHV� KDYH� LQGLFDWHG� WKDW� DPPRQLD�LQGXFHG� G\QDPLF�
WUDQVLWLRQ�RI�WKH�PHWKDQRJHQLF�SDWKZD\�IURP�DFHWLFODVWLF�WR�6$2�LV�DVVRFLDWHG�
ZLWK� SHULRGV� RI� XQVWDEOH� SURFHVV� SHUIRUPDQFH�� DFFXPXODWLRQ� RI� 9)$� DQG�
LQFUHDVHG� ULVN� RI� SURFHVV� IDLOXUH� �9�� 6FKQ�UHU� 	� 1RUGEHUJ�� ������� 7KLV�
KLJKOLJKWV� WKH� LPSRUWDQFH� RI� LQWHUSUHWDWLRQ� RI� V\QWURSKLF� DFHWDWH� R[LGLVHUV�
XQGHU� SDUWLFXODU� FRQGLWLRQV� DQG� WKHLU� LPSDFW� RQ� SURFHVV� SHUIRUPDQFH��
+\SRWKHWLFDOO\��VWDUW�XS��RSHUDWLRQ�DQG�UHFRYHU\�RI�D�ELRJDV�SURFHVV��SODQQHG�WR�
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RSHUDWH� DW� SDUDPHWHUV� FRPPRQO\� SURPRWLQJ� 6$2�� PLJKW� EH� RSWLPLVHG� LI�
DGMXVWHG� WR� VXSSRUW� JURZWK� RI� WKH� 6$2%� DQG� WKH� K\GURJHQRWURSKLF� SDUWQHU�
PHWKDQRJHQ���

'RPLQDQFH� RI� 6$2� KDV� EHHQ� REVHUYHG� WR� LQYROYH� D� UHGXFWLRQ� LQ� JDV�
SURGXFWLRQ�UDWH�DQG�PHWKDQH�\LHOG�FRPSDUHG�ZLWK�DFHWLFODVWLF�PHGLDWHG�DFHWDWH�
GHJUDGDWLRQ��9��6FKQ�UHU�	�1RUGEHUJ���������+RZHYHU��WKH�VKLIW�PLJKW�LQYROYH�
GHYHORSPHQW� RI� DQ� DPPRQLD�WROHUDQW� ELRJDV�SURGXFLQJ� FRPPXQLW\� DQG�
SRVVLEOH�RSHUDWLRQ�RI� WKH�SURFHVV�HYHQ�DW� OHYHOV� UHSRUWHG�DV� LQKLELWRU\� IRU� WKH�
DQDHURELF� FRQVRUWLD�� 7KLV� LV� RI� LQWHUHVW� GXH� WR� WKH� FRPSDUDEO\� KLJK�PHWKDQH�
SRWHQWLDO� RI� WKH� DQDHURELF� GHJUDGDWLRQ� RI� SURWHLQ�ULFK�PDWHULDOV�� )XUWKHUPRUH��
WKHVH�SURFHVVHV�SURGXFH�GLJHVWLRQ�UHVLGXH�ZLWK�KLJK�DPRXQWV�RI�SODQW�DYDLODEOH�
DPPRQLD�� WKXV� UHSUHVHQWLQJ� D� YDOXDEOH� IHUWLOLVHU�� 7KHVH� SRVLWLYH� DVSHFWV�PD\�
WKHQ� FRPSHQVDWH� IRU� WKH� UHGXFWLRQ� LQ� JDV� SURGXFWLRQ� UDWH� DQG�PHWKDQH� \LHOG�
REVHUYHG�ZLWK�6$2��

2SWLPLVHG� JURZWK� RI� 7�� DFHWDWR[\GDQV� �)LJXUH� �� LQ� ,,�� DQG� WKH� KLJKHVW�
PHWKDQH� SURGXFWLRQ� UDWH� RI� 0HWKDQRFXOOHXV� VS�� 0$%�� �XVHG� DV� SDUWQHU�
PHWKDQRJHQ� LQ� 6$2�� )LJXUH� ��� REWDLQHG� DW� ������ °&�PLJKW� EH� LQGLFDWLYH� RI�
RSWLPDO� RSHUDWLRQ� FRQGLWLRQV� IRU� 6$2�GRPLQDWHG� SURFHVVHV� DW� D� WHPSHUDWXUH�
EHWZHHQ� WKH� FRQGLWLRQV� QRUPDOO\� XVHG� WRGD\�� L�H�� PHVRSKLOLF� ���� °&�� DQG�
WKHUPRSKLOLF�����°&���

:LWK� WKH� DLP� RI� SURPRWLQJ� 6$2� DQG� GHFUHDVLQJ� WKH� DGDSWDWLRQ� SHULRG� WR�
KLJK� DPPRQLD� FRQFHQWUDWLRQV�� ELRDXJPHQWDWLRQ� RI� WKH� QDWXUDO� ELRJDV�
SURGXFLQJ�FRQVRUWLD�ZLWK�V\QWURSKLF�DFHWDWH�R[LGLVHUV�ZDV�UHFHQWO\�DVVD\HG� LQ�
ODERUDWRU\�VFDOH�ELRJDV� UHDFWRUV��7KH�ELRDXJPHQWDWLRQ� VHHPHG� WR� LQFUHDVH� WKH�
SUHVHQFH�RI�WKH�6$2%�&��XOWXQHQVH�DQG�7��DFHWDWR[\GDQV��EXW�GLG�QRW�KDYH�DQ�
LPSDFW�RQ�WKH�DEXQGDQFH�RI�6��VFKLQNLL��)LJXUH���LQ�9���1R�VLJQLILFDQW�LQIOXHQFH�
RQ�SURFHVV�SHUIRUPDQFH�RI�ELRDXJPHQWDWLRQ�ZDV�REVHUYHG�XQGHU�WKH�FRQGLWLRQV�
VWXGLHG�� ,QVWHDG�� WKH� ILQGLQJV� LQGLFDWHG� WKDW� WKH� SUHVHQFH� RU� VXSSO\� RI� 6$2�
PLFURRUJDQLVPV�LV�QRW�D�FUXFLDO�IDFWRU�IRU�LQWURGXFWLRQ�RI�WKH�6$2�SDWKZD\��,W�
LV� UDWKHU� WKH� RSHUDWLRQDO� FRQGLWLRQV�� VXFK� DV� KLJK� DPPRQLD�� WKDW� SURPRWH� WKH�
G\QDPLF�WUDQVLWLRQ�WR�6$2��9����

�
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6 Conclusions and Perspectives 
$FHWDWH�LV�DQ�LPSRUWDQW�LQWHUPHGLDWH�LQ�PHWKDQRJHQLF�V\VWHPV�DQG�GHJUDGDWLRQ�
SURFHHGV� WKURXJK� WZR� SDWKZD\V�� DFHWDWH� FOHDYDJH� E\� DFHWLFODVWLF�
PHWKDQRJHQHVLV� DQG� 6$2�� 7KH� DFHWLFODVWLF� SDWKZD\� LV� WKH� PRVW� FRPPRQO\�
GHVFULEHG�� EXW� VHYHUDO� UHFHQW� LQYHVWLJDWLRQV� DQG� WKH� VWXGLHV� UHSRUWHG� LQ� WKLV�
WKHVLV�GHVFULEH� WKH� VLJQLILFDQW� FRQWULEXWLRQ�RI�6$2� WR�PHWKDQRJHQLF� V\VWHPV��
6$2�LQYROYHV�DFHWDWH�R[LGDWLRQ�WR�K\GURJHQ�DQG�FDUERQ�GLR[LGH�E\�6$2%��DQG�
VXEVHTXHQW� FRQYHUVLRQ� RI� K\GURJHQ� DQG� FDUERQ� GLR[LGH� WR� PHWKDQH� E\�
K\GURJHQRWURSKLF�PHWKDQRJHQV���

7KH� WUXH� H[WHQW�RI� WKH�SK\ORJHQHWLF� DQG�HFRORJLFDO�GLVWULEXWLRQ�RI�EDFWHULD�
DEOH� WR� GHJUDGH� DFHWDWH� LQ� V\QWURSKLF� UHODWLRQVKLS� ZLWK� D� SDUWQHU�
K\GURJHQRWURSK�LV�FXUUHQWO\�XQNQRZQ��3ULRU�WR�WKLV�ZRUN��RQO\�RQH�PHVRSKLOLF�
DQG� WZR� WKHUPRSKLOLF� 6$2%� KDG� EHHQ� LVRODWHG�� 7KH� LVRODWLRQ� DQG�
FKDUDFWHULVDWLRQ�RI�WKH�QRYHO�6$2%�6��VFKLQNLL��7��DFHWDWR[\GDQV�DQG�VWUDLQ�VS��
(VS�� FORVHO\� UHODWHG� WR� &�� XOWXQHQVH�� WKHUHE\� FRQWULEXWHV� VXEVWDQWLDOO\� WR�
UHVHDUFK� LQWR� 6$2�� 7KHVH� LVRODWHV� WROHUDWH� UHODWLYHO\� KLJK� DPPRQLD�
FRQFHQWUDWLRQ�� ZKLFK� SUREDEO\� SURYLGHV� WKH� 6$2%� ZLWK� D� FRPSHWLWLYH�
DGYDQWDJH� DJDLQVW� RWKHU� DFHWDWH� XVHUV� DW� HOHYDWHG� DPPRQLD� OHYHOV�� 7��
DFHWDWR[\GDQV� XVHV�D�EURDG� VSHFWUXP�RI� VXEVWUDWHV�� LQGLFDWLQJ� LQYROYHPHQW� LQ�
IHUPHQWDWLYH� DQG� R[LGDWLYH� UHDFWLRQV� XQGHU� QRQ�6$2�FRQGLWLRQV��ZKHUHDV� WKH�
JURZWK�SDWWHUQV� IRU�6��VFKLQNLL� DQG� VWUDLQ�(VS�DUH� UHVWULFWHG��7��DFHWDWR[\GDQV�
KDV�DQ�RSWLPDO�JURZWK�UDWH�DW�������°&��ZKLFK�LV�DOVR�D�IHDWXUH�RI�WKH�SDUWQHU�
0HWKDQRFXOOHXV�VS��0$%����

7KH� PROHFXODU� WHFKQLTXH� GHYHORSHG� LQ� WKLV� WKHVLV� SURYHG� XVHIXO� IRU�
FDSWXULQJ� TXDQWLWDWLYH� FKDQJHV� LQ� 6$2%� DEXQGDQFH� DQG� UHYHDOHG� LQFUHDVHG�
DEXQGDQFH�RI�&��XOWXQHQVH��6��VFKLQNLL�DQG�7��DFHWDWR[\GDQV��FRLQFLGHQWO\�ZLWK�
DQ�DPPRQLD�LQGXFHG�VKLIW� IURP�DFHWLFODVWLF� WR�V\QWURSKLF�DFHWDWH�GHJUDGDWLRQ��
)XUWKHUPRUH�� H[DPLQDWLRQ� RI� WKH� G\QDPLFV� RI� DEXQGDQW� K\GURJHQRWURSKLF�
PHWKDQRJHQV� LQGLFDWHG� D� VKLIW� LQ� SRSXODWLRQ� VWUXFWXUH�� ZKHUHDV� D� GHFUHDVH� LQ�
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DFHWLFODVWLF� PHWKDQRJHQLF� DEXQGDQFH� VXJJHVWHG� UHVWUDLQHG� DFWLYLW\� GXH� WR�
HOHYDWHG�DPPRQLD�OHYHOV���

,QFUHDVHG� DPPRQLD� FRQFHQWUDWLRQ� LQIOXHQFHG� WKH� SXWDWLYH� DFHWRJHQLF�
SRSXODWLRQ�VWUXFWXUH�DQG�FDXVHG�GLVWLQFW�VKLIWV�LQ�WKH�PRVW�DEXQGDQW�PHPEHUV��
+RZHYHU�� WKH� DEXQGDQFH� RI� WKH� DFHWRJHQLF� SRSXODWLRQ� UHPDLQHG� UHODWLYHO\�
VWDEOH�� )XUWKHUPRUH�� D� IXQFWLRQDO� JHQH� SRVVLEO\� KDUERXUHG� E\� DQ� HVVHQWLDO�
XQNQRZQ�6$2%�ZDV�LGHQWLILHG���

)LQDOO\�� SUHVHQFH� RI� VRPH� 6$2%� ZDV� LQGXFHG� E\� VXSSOHPHQWDWLRQ� RI�
V\QWURSKLF�DFHWDWH�R[LGLVLQJ�FXOWXUH��EXW�ELRDXJPHQWDWLRQ�GLG�QRW�VLJQLILFDQWO\�
LQIOXHQFH� SURFHVV� SHUIRUPDQFH� XQGHU� WKH� FRQGLWLRQV� LQYHVWLJDWHG�� +LJK�
DEXQGDQFH� RI� 6$2� PLFURRUJDQLVPV� LV� SUREDEO\� QRW� D� FUXFLDO� IDFWRU� IRU�
PHGLDWLRQ� WKURXJK� WKLV� SDWKZD\�� ,QVWHDG�� RSHUDWLRQ� XQGHU� FHUWDLQ�
HQYLURQPHQWDO� FRQGLWLRQV�� VXFK� DV� KLJK� DPPRQLD�� SURPRWHV� WKH� G\QDPLF�
WUDQVLWLRQ�WR�6$2���

6.1 Future perspectives 

.QRZOHGJH�DQG�XQGHUVWDQGLQJ�RI�WKH�EHKDYLRXU�RI�V\QWURSKLF�DFHWDWH�R[LGLVHUV�
DQG� WKHLU� LQIOXHQFH� RQ� SURFHVV� SHUIRUPDQFH� DQG� VWDELOLW\� DUH� VWLOO� LQ� WKHLU�
LQIDQF\� DQG� IXUWKHU� UHVHDUFK� LV� QHHGHG�� 6HYHUDO� LQWHUHVWLQJ� GLUHFWLRQV� FDQ� EH�
WDNHQ�WR�IXUWKHU�VWXG\�WKLV�DUHD���

7KH�TXHVWLRQV�UDLVHG�LQ�SDSHU�9�FDQ�EH�LQYHVWLJDWHG�WR�D�JUHDWHU�H[WHQW��)RU�
H[DPSOH�� RSHUDWLRQDO� SDUDPHWHUV� VXFK� DV� HQKDQFHG� WHPSHUDWXUH�� FKDQJHG�
VXEVWUDWH� FRPSRVLWLRQ� RU� D� PRUH� JUDGXDO� LQFUHDVH� LQ� DPPRQLD� OHYHOV� PLJKW�
LPSURYH�WKH�HVWDEOLVKPHQW�DQG�DFWLYLW\�RI�WKH�DGGHG�6$2�FXOWXUH��,W�ZRXOG�DOVR�
EH� LQWHUHVWLQJ� WR� GHWHUPLQH� WKH� LPSDFW� RI� ELRDXJPHQWDWLRQ� RQ� WKH� UHPDLQLQJ�
PLFURELDO�FRPPXQLW\�LQ�DQDHURELF�UHDFWRUV��:KHQ�WKH�LQGLYLGXDO�HIIHFWV�RQ�WKH�
SRSXODWLRQ� RI� DOWHUHG� RSHUDWLRQDO� SDUDPHWHUV� KDYH� EHHQ� LGHQWLILHG� LQ� WKH�
UHIHUHQFH�UHDFWRUV��DQ\�GLIIHUHQFHV�LQ�SRSXODWLRQ�VWUXFWXUH�EHWZHHQ�WKH�UHDFWRUV�
ZRXOG� WKHQ� LQGLFDWH� WKH� LQIOXHQFH� RI� WKH� DGGHG� FXOWXUH�� 7�5)/3� DQDO\VHV��
FRPELQHG� ZLWK� FORQLQJ� DQG� VHTXHQFLQJ� RU� ���� S\URVHTXHQFLQJ�� FRXOG� EH�
VXLWDEOH� DVVHVVPHQWV� LQ� WKLV� FRQWH[W�� 0RUHRYHU�� WKH� LPSDFW� RI� LQFOXVLRQ� RI�
VXSSRUW�PDWHULDO�RU� IRUPDWLRQ�RI�JUDQXODU� VOXGJH��ZKLFK�DOORZV�DWWDFKPHQW�RI�
PLFUREHV� LQ� WKH� UHDFWRUV� DQG� FRXQWHUDFWV� ZDVKRXW� RI� VORZ�JURZLQJ�
PLFURRUJDQLVPV�� FRXOG� EH� LQYHVWLJDWHG� LQ� 6$2�GRPLQDWHG� SURFHVVHV�� 7KH�
VXSSRUW� PDWHULDO� FRXOG� HLWKHU� EH� SODFHG� LQ� WKH� UHDFWRU� GLUHFWO\� RU� DIWHU� DQ�
LQFXEDWLRQ�SHULRG�LQ�DFHWDWH�GHJUDGLQJ�FR�FXOWXUH�FKDPEHUV��LQ�RUGHU�WR�OHW�WKH�
RUJDQLVPV� DGKHUH� WR� WKH� VXSSRUW� PDWHULDO�� $QRWKHU� LQWHUHVWLQJ� DUHD� WR�
LQYHVWLJDWH� LV� WKH� LQIOXHQFH� RI� LQFUHDVHG� VOXGJH� UHWHQWLRQ� WLPH�� DFKLHYHG�
WKURXJK�UHFLUFXODWLRQ��RQ�6$2%�DEXQGDQFH��6XUYLYDELOLW\�DQG�SODFHPHQW�RI�WKH�
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V\QWURSKV�FDQ�EH�DQDO\VHG�E\�SHUIRUPDQFH�RI�6$2%�VSHFLILF�T3&5�DQG�),6+��
,GHQWLILFDWLRQ�RI�SUHIHUUHG�ORFDWLRQV�LQ�WKH�UHDFWRU�PLJKW�HQDEOH�GHYHORSPHQW�RI�
PHWKRGV�RU�UHFRPPHQGDWLRQV�WKDW�FDQ�VWLPXODWH�WKH�PDLQWHQDQFH�RI�6$2%�LQ�D�
FRQWLQXRXV�UHDFWRU�V\VWHP���

,PSRUWDQW� LQVLJKWV� DERXW� WKH� EHQHILFLDO� RU� XQIDYRXUDEOH� UROHV� RI� WKH�
V\QWURSKLF� DFHWDWH� R[LGLVHUV� IRU� SURILWDEOH� DQDHURELF� GLJHVWLRQ� FRXOG� EH�
REWDLQHG�E\�GHYHORSPHQW�RI�D�UDSLG�LQ�VLWX�GHWHFWLRQ�V\VWHP�IRU�RUJDQLVPV�ZLWK�
6$2�DWWULEXWHV��)RU�H[DPSOH��D�'1$�PLFURDUUD\�WDUJHWLQJ�6$2%�DQG�VSHFLILF�
K\GURJHQRWURSKLF�PHWKDQRJHQV�IRXQG�LQ�DQDHURELF�UHDFWRUV�FRXOG�EH�GHVLJQHG�
DQG� XVHG� WR� VWXG\� WKH� H[SUHVVLRQ� RI� JHQHV� XQGHU� GLIIHUHQW� HQYLURQPHQWDO�
FRQGLWLRQV�� /DUJH� DPRXQWV� RI� VOXGJH� VDPSOHV� FRXOG� WKHQ� EH� VFUHHQHG� DQG�
OLQNHG�WR�SURFHVV�SDUDPHWHUV�DQG�SHUIRUPDQFH���

0RUH� FRPSUHKHQVLYH� UHVHDUFK� RQ� V\QWURSKLF� DFHWDWH�GHJUDGLQJ� FXOWXUHV� LV�
UHTXLUHG�LQ�RUGHU�WR�HVWDEOLVK�RSWLPDO�JURZWK�SDUDPHWHUV��VXFK�DV�WHPSHUDWXUH��
DPPRQLD� FRQFHQWUDWLRQ� DQG� S+�� 'HWHUPLQDWLRQ� RI� JURZWK� UDWHV� RI� 6$2�
FXOWXUHV� LQ� FRQWLQXRXV� V\VWHPV� SUHYDLOLQJ� XQGHU� GLIIHUHQW� RSHUDWLRQDO�
FRQGLWLRQV� LQ� WHUPV� RI� H�J�� WHPSHUDWXUH� DQG� DFHWDWH� DQG� DPPRQLD�
FRQFHQWUDWLRQV� LV� RQH� SRVVLEOH� DSSURDFK� WR� IXUWKHU� H[WHQG� WKH� XQGHUVWDQGLQJ�
DQG� PXWXDO� LQWHUDFWLRQ� DPRQJ� WKH� 6$2%�� DQG� EHWZHHQ� WKH� 6$2%� DQG� WKH�
PHWKDQRJHQV��,Q�DGGLWLRQ��WKH�DIILQLW\�RI�WKH�GLIIHUHQW�6$2%�IRU�DFHWDWH�FRXOG�
EH� GHWHUPLQHG� DQG� FRPSDUHG� DJDLQVW� DYDLODEOH� GDWD� RQ� WKH� DFHWLFODVWLF�
PHWKDQRJHQV�� DOORZLQJ� IXUWKHU� SUHGLFWLRQ� RI� WKH� EHKDYLRXU� RI� WKH� 6$2%� LQ�
PHWKDQRJHQLF� V\VWHPV�� 7KLV� LQIRUPDWLRQ� FRXOG� WKHQ� EH� XVHG� WR� LPSOHPHQW�
VWUDWHJLHV�IRU�LPSURYHG�UHDFWRU�RSHUDWLRQ�XQGHU�FHUWDLQ�FRQGLWLRQV��VXFK�DV�KLJK�
DPPRQLD�FRQFHQWUDWLRQV��

.QRZOHGJH� RI� WKH� PXWXDOLVWLF� LQWHUDFWLRQ� DQG� PHFKDQLVP� RI� LQWHUVSHFLHV�
HOHFWURQ�WUDQVIHU�EHWZHHQ�WKH�6$2%�DQG�WKH�PHWKDQRJHQV�LV�OLPLWHG�DQG�VKRXOG�
EH�H[WHQGHG��)RU�H[DPSOH��0HWKDQRFXOOHXV�VS��0$%��DQG�VS��0$%��JHQHUDWH�
PHWKDQH�IURP�ERWK�K\GURJHQ�DQG�IRUPDWH��LPSO\LQJ�WKDW�ERWK�WKHVH�FRPSRXQGV�
FRXOG�EH�XVHG�IRU�LQWHUVSHFLHV�WUDQVIHU��

,VRWRSH�WUDFHU�PHDVXUHPHQWV�DQG�PROHFXODU�EDVHG�DQDO\VHV�KDYH�VXJJHVWHG�
WKDW�6$2�LV�D�ZLGHO\�GLVWULEXWHG�SKHQRW\SH�LQ�VHYHUDO�GLIIHUHQW�EDFWHULDO�SK\OD��
)XWXUH� UHVHDUFK� ZLOO� SUREDEO\� SURYLGH� PRUH� LVRODWHV�� ZKLFK� LV� RI� VXEVWDQWLDO�
LPSRUWDQFH�LQ�REWDLQLQJ�YDOXDEOH�LQVLJKWV�LQWR�WKH�QDWXUH�RI�WKHVH�V\QWURSKV��

7KH� 6,3� WHFKQLTXH� SUREDEO\� SRVVHVVHV� KLJK� SRWHQWLDO� IRU� LGHQWLILFDWLRQ� RI�
KLWKHUWR�XQFXOWLYDWHG�6$2%�DQG�IRU�GHYHORSPHQW�RI�6$2%�VSHFLILF�PROHFXODU�
WHFKQLTXHV�� 7KH� XVH� RI� WKLV� FXOWXUH�LQGHSHQGHQW� DSSURDFK� ZRXOG� SUREDEO\�
SURGXFH�VLJQLILFDQW�LQVLJKWV�LQWR�WKH�6$2�SRSXODWLRQ�LQ�DQDHURELF�UHDFWRUV��7KH�
SRVVLELOLW\�WR�OLQN�PLFURELDO�IXQFWLRQ�WR�WD[RQRPLF�LGHQWLW\�LV�D�PDMRU�EHQHILW�RI�
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WKLV� DSSURDFK� DQG� LGHQWLILFDWLRQ� RI� QRYHO� 6$2%� FRXOG� SRVVLEO\� IDFLOLWDWH�
VXFFHVVIXO�LVRODWLRQ�DQG�FKDUDFWHULVDWLRQ�RI�DGGLWLRQDO�V\QWURSKLF�VWUDLQV���

�
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+DWWRUL��6���/XR��+���6KRXQ��+��	�.DPDJDWD��<����������,QYROYHPHQW�RI�IRUPDWH�DV�
DQ�LQWHUVSHFLHV�HOHFWURQ�FDUULHU�LQ�D�V\QWURSKLF�DFHWDWH�R[LGL]LQJ�DQDHURELF�
PLFURRUJDQLVP� LQ� FRFXOWXUH�ZLWK�PHWKDQRJHV��-RXUQDO�RI�%LRVFLHQFH�DQG�
%LRHQJLQHHULQJ��������������

+REVRQ�� 3�1�� 	� 6KDZ�� %�*�� �������� 7KH� EDFWHULDO� SRSXODWLRQ� RI� SLJJHU\�ZDVWH�
DQDHURELF�GLJHVWHUV��:DWHU�5HVHDUFK�������������

+ROVW�� 2��� 0DQHOLXV�� c��� .UDKH�� 0��� 0lUNO�� +��� 5DYHQ�� 1�� 	� 6KDUS�� 5�� ��������
7KHUPRSKLOHV� DQG� IHUPHQWDWLRQ� WHFKQRORJ\�� &RPSDUDWLYH� %LRFKHPLVWU\�
DQG�3K\VLRORJ\�$�3K\VLRORJ\���������������

+RUL��7���+DUXWD��6���8HQR��<���,VKLL��0��	�,JDUDVKL��<����������'\QDPLF�WUDQVLWLRQ�
RI�D�PHWKDQRJHQLF�SRSXODWLRQ�LQ�UHVSRQVH�WR�WKH�FRQFHQWUDWLRQ�RI�YRODWLOH�
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IDWW\� DFLGV� LQ� D� WKHUPRSKLOLF� DQDHURELF� GLJHVWHU�� $SSOLHG� DQG�
(QYLURQPHQWDO�0LFURELRORJ\����������������

+RUL�� 7��� 1ROO�� 0��� ,JDUDVKL�� <��� )ULHGULFK�� 0�:�� 	� &RQUDG�� 5�� ��������
,GHQWLILFDWLRQ�RI�DFHWDWH�DVVLPLODWLQJ�PLFURRUJDQLVPV�XQGHU�PHWKDQRJHQLF�
FRQGLWLRQV�LQ�DQR[LF�ULFH�ILHOG�VRLO�E\�FRPSDUDWLYH�VWDEOH�LVRWRSH�SURELQJ�
RI�51$��$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\��������������

+RUL��7���6DVDNL��'���+DUXWD��6���6KLJHPDWVX��7���8HQR��<���,VKLL��0��	�,JDUDVKL��<��
��������'HWHFWLRQ�RI�DFWLYH��SRWHQWLDOO\�DFHWDWH�R[LGL]LQJ�V\QWURSKV� LQ�DQ�
DQDHURELF� GLJHVWHU� E\� IOX[� PHDVXUHPHQW� DQG� IRUP\OWHWUDK\GURIRODWH�
V\QWKHWDVH��)7+)6��H[SUHVVLRQ�SURILOLQJ��0LFURELRORJ\�����������������

+RUQ�� 0�$��� 0DWWKLHV�� &��� .�VHO�� .��� 6FKUDPP�� $�� 	� 'UDNH�� +�/�� ��������
+\GURJHQRWURSKLF� PHWKDQRJHQHVLV� E\� PRGHUDWHO\� DFLG�WROHUDQW�
PHWKDQRJHQV� RI� D� PHWKDQH�HPLWWLQJ� DFLGLF� SHDW�� $SSOLHG� DQG�
(QYLURQPHQWDO�0LFURELRORJ\������������

+XQJDWH�� 5�(�� ��������$� UROO� WXEH�PHWKRG� IRU� FXOWLYDWLRQ� RI� VWULFW� DQDHUREHV�� ,Q��
1RUULV�� -�5��� HW� DO�� �(GV���0HWKRGV� LQ�0LFURELRORJ\�� SS�� ��������� 1HZ�
<RUN��$FDGHPLF�3UHVV�,QF��

-DQVVHQ�� 3�+�� 	� )UHQ]HO�� 3�� �������� ,QKLELWLRQ� RI� PHWKDQRJHQHVLV� E\� PHWK\O�
IOXRULGH��VWXGLHV�RI�SXUH�DQG�GHILQHG�PL[HG�FXOWXUHV�RI�DQDHURELF�EDFWHULD�
DQG�DUFKDHD��$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\����������������

-HWWHQ��0�6�0���6WDPV��$�-�0��	�=HKQGHU��$�-�%����������$FHWDWH�WKUHVKROG�YDOXHV�
DQG� DFHWDWH� DFWLYDWLQJ� HQ]\PHV� LQ� PHWKDQRJHQLF� EDFWHULD�� )(06�
0LFURELRORJ\�(FRORJ\��������������

-RQHV�� '�0��� +HDG�� ,�0��� *UD\�� 1�'��� $GDPV�� -�-��� 5RZDQ�� $�.��� $LWNHQ�� &�0���
%HQQHWW�� %��� +XDQJ�� +��� %URZQ�� $��� %RZOHU�� %�)�-��� 2OGHQEXUJ�� 7���
(UGPDQQ�� 0�� 	� /DUWHU�� 6�5�� �������� &UXGH� RLO� ELRGHJUDGDWLRQ� YLD�
PHWKDQRJHQHVLV�LQ�VXEVXUIDFH�SHWUROHXP�UHVHUYRLUV��1DWXUH���������������

.DUDNDVKHY��'���%DWVWRQH��'�-��	�$QJHOLGDNL��,����������,QIOXHQFH�RI�HQYLURQPHQWDO�
FRQGLWLRQV� RQ� PHWKDQRJHQLF� FRPSRVLWLRQV� LQ� DQDHURELF� ELRJDV� UHDFWRUV��
$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\��������������

.DUDNDVKHY�� '��� %DWVWRQH�� '�-��� 7UDEO\�� (�� 	� $QJHOLGDNL�� ,�� �������� $FHWDWH�
R[LGDWLRQ� LV� WKH� GRPLQDQW� PHWKDQRJHQLF� SDWKZD\� IURP� DFHWDWH� LQ� WKH�
DEVHQFH� RI�0HWKDQRVDHWDFHDH��$SSOLHG�(QYLURQPHQWDO�0LFURELRORJ\� ����
�����������

.DUOVVRQ��$���(LQDUVVRQ��3���6FKQ�UHU��$���(OMHUWVVRQ��-��	�6YHQVVRQ��%�+����������
,PSDFW� RI� WUDFH� HOHPHQW� DGGLWLRQ� RQ� GHJUDGDWLRQ� HIILFLHQF\� RI� YRODWLOH�
IDWW\�DFLGV��ROHLF�DFLG�DQG�SKHQ\O�DFHWDWH�DQG�RQ�PLFURELDO�SRSXODWLRQV�LQ�
D�ELRJDV�GLJHVWHU��6XEPLWWHG��

.DUOVVRQ�� $�� 	� (OMHUWVVRQ�� -�� �������� $GGLWLRQ� RI� +&O� DV� D� PHDQV� WR� LPSURYH�
ELRJDV� SURGXFWLRQ� IURP� SURWHLQ�ULFK� IRRG� LQGXVWU\� ZDVWH�� %LRFKHPLFDO�
(QJLQHHULQJ�-RXUQDO������������

.DVSDU��+�)��	�:XKUPDQQ��.����������.LQHWLFV�SDUDPHWHUV�DQG�UHODWLYH�WXUQRYHUV�
RI� VRPH� LPSRUWDQW� FDWDEROLF� UHDFWLRQV� LQ� GLJHVWLQJ� VOXGJH�� $SSOLHG� DQG�
(QYLURQPHQWDO�0LFURELRORJ\����������



����

.D\KDQLDQ�� 0�� �������� $PPRQLD� LQKLELWLRQ� LQ� KLJK�VROLGV� ELRJDVLILFDWLRQ�� DQ�
RYHUYLHZ�DQG�SUDFWLFDO�VROXWLRQV��(QYLURQPHQWDO�7HFKQRORJ\��������������

.ODSSHQEDFK�� -�$���6D[PDQ��3�5���&ROH�� -�5��	�6FKPLGW��7�0�� �������� UUQGE�� WKH�
ULERVRPDO� 51$� RSHURQ� FRS\� QXPEHU� GDWDEDVH��1XFOHLF�$FLGV�5HVHDUFK�
�������������

.RVWHU�� ,�:��	�/HWWLQJD��*�� ��������7KH� LQIOXHQFH�RI� DPPRQLXP�QLWURJHQ�RQ� WKH�
VSHFLILF�DFWLYLW\�RI�SHOOHWL]HG�PHWKDQRJHQLF�VOXGJH��$JULFXOWXUDO�:DVWHV����
���������

.UDNDW��1���:HVWSKDL��$���6FKPLGW��6��	�6FKHUHU��3����������$QDHURELF�GLJHVWLRQ�RI�
UHQHZDEOH� ELRPDVV�� WKHUPRSKLOLF� WHPSHUDWXUH� JRYHUQV� PHWKDQRJHQ�
SRSXODWLRQ�G\QDPLFV��$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\����������
������

.URHNHU�� (�-��� 6FKXOWH�� '�'��� 6SDUOLQJ�� $�%�� 	� /DSS�� +�0�� �������� $QDHURELF�
WUHDWPHQW� SURFHVV� VWDELOLW\��:DWHU�3ROOXWLRQ�&RQWURO�)HGHUDWLRQ� ���� ����
�����

/DXNHQPDQQ��6���3RODJ��'���+HXZLQNHO��+���*UHXOH��0���*URQDXHU��$���/HOLHYDOG��-��
	� .HSSOHU�� )�� �������� ,GHQWLILFDWLRQ� RI� PHWKDQRJHQLF� SDWKZD\V� LQ�
DQDHURELF� GLJHVWHUV� XVLQJ� VWDEOH� FDUERQ� LVRWRSHV�� (QJLQHHULQJ� LQ� /LIH�
6FLHQFHV��������������

/HH�� 0�-�� 	� =LQGHU�� 6�+�� �����D��� +\GURJHQ� SDUWLDO� SUHVVXUH� LQ� D� WKHUPRSKLOLF�
DFHWDWH�R[LGL]LQJ� PHWKDQRJHQLF� FRFXOWXUH�� $SSOLHG� DQG� (QYLURQPHQWDO�
0LFURELRORJ\����������������

/HH��0�-��	�=LQGHU��6�+�������E���,VRODWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�D�WKHUPRSKLOLF�
EDFWHULXP� ZKLFK� R[LGL]HV� DFHWDWH� LQ� V\QWURSKLF� DVVRFLDWLRQ� ZLWK� D�
PHWKDQRJHQ� DQG� ZKLFK� JURZV� DFHWRJHQLFDOO\� RQ� +��&2��� $SSOLHG� DQG�
(QYLURQPHQWDO�0LFURELRORJ\��������������

/HYpQ��/���(ULNVVRQ��$��	�6FKQ�UHU��$�� ��������(IIHFW�RI�SURFHVV� WHPSHUDWXUH�RQ�
EDFWHULDO� DQG� DUFKDHDO� FRPPXQLWLHV� LQ� WZR� PHWKDQRJHQLF� ELRUHDFWRUV�
WUHDWLQJ�RUJDQLF�KRXVHKROG�ZDVWH��)(06�0LFURELRORJ\�(FRORJ\� ���� ����
�����

/HYpQ�� /��� 1\EHUJ�� .�� 	� 6FKQ�UHU�� $�� �������� &RQYHUVLRQ� RI� SKHQROV� GXULQJ�
DQDHURELF� GLJHVWLRQ� RI� RUJDQLF� VROLG� ZDVWH� �� D� UHYLHZ� RI� LPSRUWDQW�
PLFURRUJDQLVPV� DQG� LPSDFW� RI� WHPSHUDWXUH�� -RXUQDO� RI� (QYLURQPHQWDO�
0DQDJHPHQW�������������

/LX�� )�� 	� &RQUDG�� 5�� �������� 7KHUPRDQDHUREDFWHULDFHDH� R[LGL]H� DFHWDWH� LQ�
PHWKDQRJHQLF� ULFH� ILHOG� VRLO� DW� ���&�� (QYLURQPHQWDO� 0LFURELRORJ\� ����
�����������

/LX�� )�� 	� :KLWPDQ�� :�%�� �������� 0HWDEROLF�� SK\ORJHQHWLF�� DQG� HFRORJLFDO�
GLYHUVLW\�RI� WKH�PHWKDQRJHQLF�DUFKDHD��$QQDOV�RI�WKH�1HZ�<RUN�$FDGHP\�
6FLHQFHV����������������

/RJXH��-�%���/DQJHQKHGHU��6���$QGHUVVRQ��$�)���%HUWLOVVRQ��6���'UDNDUH��6���/DQ]pQ��
$�� 	� /LQGVWU|P�� (�6�� �������� )UHVKZDWHU� EDFWHULRSODQNWRQ� ULFKQHVV� LQ�
ROLJRWURSKLF�ODNHV�GHSHQGV�RQ�QXWULHQW�DYDLODELOLW\�UDWKHU�WKDQ�RQ�VSHFLHV�
DUHD�UHODWLRQVKLSV��,60(�-RXUQDO�'2,���������LVPHM����������
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/RNVKLQD�� /�<��� 9DYLOLQ�� 9�$��� 6DOPLQHQ�� (�� 	� 5LQWDOD�� -�� �������� 0RGHOLQJ� RI�
DQDHURELF� GHJUDGDWLRQ� RI� VROLG� VODXJKWHUKRXVH� ZDVWH�� $SSOLHG�
%LRFKHPLVWU\�DQG�%LRWHFKQRORJ\�������������

/RYOH\��'��	�)HUU\��-�*����������3URGXFWLRQ�DQG�FRQVXPSWLRQ�RI�+��GXULQJ�JURZWK�
RI� 0HWKDQRVDUFLQD� VSS�� RQ� DFHWDWH�� $SSOLHG� DQG� (QYLURQPHQWDO�
0LFURELRORJ\��������������

/XR��+��� =KDQJ��+��� 6X]XNL�� 7���+DWWRUL�� 6��	�.DPDJDWD��<�� ��������'LIIHUHQWLDO�
H[SUHVVLRQ� RI� PHWKDQRJHQHVLV� JHQHV� RI� 0HWKDQRWKHUPREDFWHU�
WKHUPRDXWRWURSKLFXV� �IRUPHUO\�0HWKDQREDFWHULXP�WKHUPRDXWRWURSKLFXP��
LQ� SXUH� FXOWXUH� DQG� LQ� FRFXOWXUHV� ZLWK� IDWW\� DFLG�R[LGL]LQJ� V\QWURSKV��
$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\����������������

0DFNLH��5�,���:KLWH��%�$��	�%U\DQW��0�3�� ��������/LSLG�PHWDEROLVP�LQ�DQDHURELF�
HFRV\VWHPV��0LFURELRORJ\��������������

0DQLFKDQK�� &��� &KDSSOH�� &�(��� )UDQJHXO�� /��� *ORX[�� .��� *XLJR�� 5�� 	� 'RUH�� -��
�������� $� FRPSDULVLRQ� RI� UDQGRP� VHTXHQFH� UHDGV� YHUVXV� ��6� U'1$�
VHTXHQFHV� IRU� HVWLPDWLQJ� WKH� ELRGLYHUVLW\� RI� D� PHWDJHQRPLF� OLEUDU\��
1XFOHLF�$FLGV�5HVHDUFK����������������

0DULQDUL�� 6��� 0DVFLDQGDUR�� *��� &HFFDQWL�� %�� 	� *UHJR�� 6�� �������� ,QIOXHQFH� RI�
RUJDQLF�DQG�PLQHUDO� IHUWLOLVHUV�RQ�VRLO�ELRORJLFDO�DQG�SK\VLFDO�SURSHUWLHV��
%LRUHVRXUFH�7HFKQRORJ\�����������

0DWD�$OYDUH]�� -���0DFp��6��	�/ODEUpV��3�� ��������$QDHURELF� GLJHVWLRQ�RI� RUJDQLF�
VROLG� ZDVWHV�� $Q� RYHUYLHZ� RI� UHVHDUFK� DFKLHYHPHQWV� DQG� SHUVSHFWLYHV��
%LRUHVRXUFH�7HFKQRORJ\�����������

0F0DKRQ�� .�'��� 6WURRW�� 3�*��� 0DFNLH�� 5�,�� 	� 5DVNLQ�� /�� �������� $QDHURELF�
FRGLJHVWLRQ�RI�PXQLFLSDO�VROLG�ZDVWH�DQG�ELRVROLGV�XQGHU�YDULRXV�PL[LQJ�
FRQGLWLRQV�,,��0LFURELDO�SRSXODWLRQ�G\QDPLFV��:DWHU�5HVHDUFK����������
������

0RUJDQ��5�0���3LKO��7�'���1|OOLQJ��-��	�5HHYH��-�1����������+\GURJHQ�UHJXODWLRQ�
RI� JURZWK�� JURZWK� \LHOGV�� DQG� PHWKDQH� JHQH� WUDQVFULSWLRQ� LQ�
0HWKDQREDFWHULXP� WKHUPRDXWRWURSKLFXP� �+�� -RXUQDO� RI� %DFWHULRORJ\�
��������������

0RWHU�� $�� 	� *|EHO�� 8�%�� �������� )OXRUHVFHQFH� LQ� VLWX� K\EULGL]DWLRQ� �),6+�� IRU�
GLUHFW� YLVXDOL]DWLRQ� RI� PLFURRUJDQLVPV�� -RXUQDO� RI� 0LFURELRORJLFDO�
0HWKRGV�������������

0XQN��%���%DXHU��&���*URQDXHU��$��	�/HEXKQ��0����������3RSXODWLRQ�G\QDPLFV�RI�
PHWKDQRJHQV� GXULQJ� DFLGLILFDWLRQ� RI� ELRJDV� IHUPHQWHUV� IHG� ZLWK� PDL]H�
VLODJH��(QJLQHHULQJ�LQ�/LIH�6FLHQFHV��������������

1HWWPDQQ��(���%HUJPDQQ��,���3UDPVFK�IHU��6���0XQGW��.���3ORJVWLHV��9���+HUUPDQQ��
&��	�.ORFNH��0����������3K\ORSKDVLF�DQDO\VHV�RI�PHWKDQRJHQLF�DUFKDHDO�
FRPPXQLWLHV� LQ� DJULFXOWXDO� ELRJDV� SODQWV�� $SSOLHG� DQG� (QYLURQPHQWDO�
0LFURELRORJ\����������������

1LHOVHQ��+�%��	�$QJHOLGDNL�� ,�� �������� 6WUDWHJLHV� IRU� RSWLPL]LQJ� UHFRYHU\� RI� WKH�
ELRJDV� SURFHVV� IROORZLQJ� DPPRQLD� LQKLELWLRQ�� %LRUHVRXUFH� 7HFKQRORJ\�
���������������



����

1RUGEHUJ��8����������%LRJDV�±�QXOlJH�RFK�IUDPWLGD�SRWHQWLDO��9lUPHIRUVN��SURMHNW�
QR�7�������,Q�6ZHGLVK��

1RUGEHUJ��c��	�(GVWU|P��0����������&R�GLJHVWLRQ�RI�HQHUJ\�FURSV�DQG�WKH�VRXUFH�
VRUWHG� RUJDQLF� IUDFWLRQ� RI� PXQLFLSDO� VROLG� ZDVWH�� :DWHU� 6FLHQFH� DQG�
7HFKQRORJ\��������������

1�VVOHLQ�� %��� .XN�MHRQJ�� &��� (FNHUW�� :�� 	� &RQUDG�� 5�� �������� (YLGHQFH� IRU�
DQDHURELF� V\QWURSKLF�DFHWDWH�R[LGDWLRQ�GXULQJ�PHWKDQH�SURGXFWLRQ� LQ� WKH�
SURIXQGDO� VHGLPHQW�RI� VXEWURSLFDO�/DNH�.LQQHUHW� �,VUDHO���(QYLURQPHQWDO�
0LFURELRORJ\�������������

2GODUH��0���$UWKXUVRQ��9���3HOO��0���6YHQVVRQ��.���1HKUHQKHLP��(��	�$EXEDNHU��-��
��������/DQG�DSSOLFDWLRQ�RI�RUJDQLF�ZDVWH���HIIHFWV�RQ�WKH�VRLO�HFRV\VWHP��
$SSOLHG�(QHUJ\����������������

2OVHQ�� -�(�� 	� /DUVHQ�� +�(�� �������� %DFWHULDO� GHFLPDWLRQ� WLPHV� LQ� DQDHURELF�
GLJHVWLRQV�RI�DQLPDO�VOXUULHV��%LRORJLFDO�ZDVWHV��������������

3DGPDVLUL�� 6�,���=KDQJ�� -��� )LWFK��0���1RUGGDKO��%���0RUJHQURWK��(��	�5DVNLQ��/��
�������� 0HWKDQRJHQLF� SRSXODWLRQ� G\QDPLFV� DQG� SHUIRUPDQFH� RI� DQ�
DQDHURELF� PHPEUDQH� ELRUHDFWRU� �$Q0%5�� WUHDWLQJ� VZLQH� PDQXUH� XQGHU�
KLJK�VKHDU�FRQGLWLRQV��:DWHU�5HVHDUFK��������������

3DUDZLUD�� :��� 5HDG�� -�6��� 0DWWLDVVRQ�� %�� 	� %M|UQVVRQ�� /�� �������� (QHUJ\�
SURGXFWLRQ� IURP�DJULFXOWXUDO� UHVLGXHV�� KLJK�PHWKDQH�\LHOGV� LQ�SLORW�VFDOH�
WZR�VWDJH�DQDHURELF�GLJHVWLRQ��%LRPDVV�DQG�%LRHQHUJ\������������

3DYORVWDWKLV�� 6�*��	�*LUDOGR�*RPH]��(�� ��������.LQHWLFV� RI� DQDHURELF� WUHDWPHQW��
:DWHU�DQG�6FLHQFH�DQG�7HFKQRORJ\������������

3HQQLQJ�� +�� 	� &RQUDG�� 5�� �������� (IIHFW� RI� LQKLELWLRQ� RI� DFHWRFODVWLF�
PHWKDQRJHQHVLV� RQ� JURZWK� RI� DUFKDHDO� SRSXODWLRQV� LQ� DQ� DQR[LF� PRGHO�
HQYLURQPHQW��$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\��������������

3HWHUVHQ�� 6�3�� 	� $KULQJ�� %�.�� �������� $FHWDWH� R[LGDWLRQ� LQ� D� WKHUPRSKLOLF�
DQDHURELF� VOXGJH�GLJHVWRU�� WKH� LPSRUWDQFH� RI� QRQ�DFHWRFODVWLF�
PHWKDQRJHQHVLV�IURP�DFHWDWH��)(06�0LFURELRORJ\�(FRORJ\��������������

3RJJL�9DUDOGR�� +�0��� 5RGULJXH]�9D]TXH]�� 5��� )HUQiQGH]�9LOODJyPH]�� *�� 	�
(VSDU]D�*DUFtD�� )�� �������� ,QKLELWLRQ� RI� PHVRSKLOLF� VROLG�VXEVWUDWH�
DQDHURELF� GLJHVWLRQ� E\� DPPRQLD� QLWURJHQ�� $SSOLHG� 0LFURELRORJ\� DQG�
%LRWHFKQRORJ\��������������

4X��;���0D]pDV��/���9DYLOLQ��9�$���(VSLVVDUG��-���/HPXQLHU��0���0RXFKHO��-���+H��3��
	�%RXFKH]��7����������&RPELQHG�PRQLWRULQJ�RI�FKDQJHV�LQ�6��&+��DQG�
DUFKDHDO� FRPPXQLW\� VWUXFWXUH� GXULQJ� PHVRSKLOLF� PHWKDQL]DWLRQ� RI�
PXQLFLSDO�VROLG�ZDVWH��)(06�0LFURELRORJ\�(FRORJ\��������������

5DGDMHZVNL�� 6��� ,QHVRQ�� 3��� 3DUHNK�� 1�5�� 	�0XUUHOO�� -�&�� �������� 6WDEOH�LVRWRSH�
SURELQJ�DV�D�WRRO�LQ�PLFURELDO�HFRORJ\��1DWXUH���������������

5DGDMHZVNL��6���0F'RQDOG��,�5��	�0XUUHOO��-�&����������6WDEOH�LVRWRSH�SURELQJ�RI�
QXFOHLF� DFLGV�� D� ZLQGRZ� WR� WKH� IXQFWLRQ� RI� XQFXOWXUHG� PLFURRUJDQLVPV�
&XUUHQW�2SLQLRQ�LQ�%LRWHFKQRORJ\��������������

5DGHPDFKHU��$���=DNU]HZVNL��0���6FKO�WHU��$���6FK|QEHUJ��0���6]F]HSDQRZVNL��5���
*RHVPDQQ�� $��� 3�KOHU�� $�� 	� .ORFNH�� 0�� �������� &KDUDFWHUL]DWLRQ� RI�
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PLFURELDO� ELRILOPV� LQ� D� WKHUPRSKLOLF� ELRJDV� V\VWHP� E\� KLJK�WKURXJKSXW�
PHWDJHQRPH�VHTXHQFLQJ��)(06�0LFURELRORJ\�(FRORJ\��������������

5DPVD\�� ,�5�� 	� 3XOODPPDQDSSDOOLO�� 3�&�� �������� 3URWHLQ� GHJUDGDWLRQ� GXULQJ�
DQDHURELF� ZDVWHZDWHU� WUHDWPHQW�GHULYDWLRQ� RI� VWRLFKLRPHWU\��
%LRGHJUDGDWLRQ��������������

5LYLpUH�� '��� 'HVYLJQHV�� 9��� 3HOOHWLHU�� (��� &KDXVVRQQHULH�� 6��� *XHUPD]L�� 6���
:HLVVHQEDFK�� -��� /L�� 7��� &DPDFKR�� 3�� 	� 6JKLU�� $�� �������� 7RZDUGV� WKH�
GHILQLWLRQ�RI�D�FRUH�RI�PLFURRUJDQLVPV�LQYROYHG�LQ�DQDHURELF�GLJHVWLRQ�RI�
VOXGJH��7KH�,60(�-RXUQDO�������������

5XKODQG��/�(���'HQPDQ��5�)��	�+RDUH��'�6����������7KH�EHKDYLRXU�RI�WKH�LVRPHUV�
RI� ��� ��GLDPLQRSLPHOLF� DFLG� RQ� SDSHU� FKURPDWRJUDPV�� -RXUQDO� RI�
$PHULFDQ�&KHPLFDO�6RFLHW\����������������

5XL��-���4XL��4��	�/X��<����������6\QWURSKLF�DFHWDWH�R[LGDWLRQ�XQGHU�WKHUPRSKLOLF�
PHWKDQRJHQLF�FRQGLWLRQ�LQ�&KLQHVH�SDGG\�ILHOG�VRLO��)(06�0LFURELRORJ\�
(FRORJ\��������������

5\DQ�� 3��� )RUEHV�� &�� 	� &ROOHUDQ�� (�� �������� ,QYHVWLJDWLRQ� RI� WKH� GLYHUVLW\� RI�
KRPRDFHWRJHQLF� EDFWHULD� LQ� PHVRSKLOLF� DQG� WKHUPRSKLOLF� DQDHURELF�
VOXGJHV� XVLQJ� WKH� IRUP\OWHWUDK\GURIRODWH� V\QWKHWDVH� JHQH��:DWHU�6FLHQFH�
DQG�7HFKQRORJ\��������������

5\DQ�� 3��� )RUEHV��&���0F+XJK�� 6���2
5HLOO\��&��� )OHPLQJ��*�7�$��	�&ROOHUDQ��(��
��������(QULFKPHQW�RI�DFHWRJHQLF�EDFWHULD�LQ�KLJK�UDWH�DQDHURELF�UHDFWRUV�
XQGHU�PHVRSKLOLF�DQG�WKHUPRSKLOLF�FRQGLWLRQV��:DWHU�5HVHDUFK����������
������

6DKOVWU|P��/����������$�UHYLHZ�RI�VXUYLYDO�RI�SDWKRJHQLF�EDFWHULD�LQ�RUJDQLF�ZDVWH�
XVHG�LQ�ELRJDV�SODQWV��%LRUHVRXUFH�7HFKQRORJ\��������������

6iQFKH]��(���%RUMD��5���:HLODQG�� 3��� 7UDYLHVR��/��	�0DUWLQ��$�� ��������(IIHFW� RI�
WHPSHUDWXUH� DQG� S+� RQ� WKH� NLQHWLFV� RI� PHWKDQH� SURGXFWLRQ�� RUJDQLF�
QLWURJHQ�DQG�SKRVSKRUXV�UHPRYDO�LQ�WKH�EDWFK�DQDHURELF�GLJHVWLRQ�SURFHVV�
RI�FDWWOH�PDQXUH��%LRSURFHVV�(QJLQHHULQJ��������������

6DVDNL�� '��� +RUL�� 7��� +DUXWD�� 6��� 8HQR�� <��� ,VKLL�� 0�� 	� ,JDUDVKL�� <�� �����D���
0HWKDQRJQLF� SDWKZD\� DQG� FRPPXQLW\� VWUXFWXUH� LQ� D� WKHUPRSKLOLF�
DQDHURELF�GLJHVWLRQ�SURFHVV�RI�RUJDQLF�VROLG�ZDVWH��-RXUQDO�RI�%LRVFLHQFH�
DQG�%LRHQJLQHHULQJ�������������

6DVDNL��.���0RULWD��0���+LUDQR��6���2KPXUD��1��	�,JDUDVKL��<�������E���'HFUHDVLQJ�
DPPRQLD� LQKLELWLRQ� LQ� WKHUPRSKLOLF� PHWKDQRJHQLF� ELRUHDFWRUV� XVLQJ�
FDUERQ� ILEHU� WH[WLOHV��$SSOLHG�0LFURELRORJ\�DQG�%LRWHFKQRORJ\� ���������
������

6FKLQN�� %�� �������� (QHUJHWLFV� RI� V\QWURSKLF� FRRSHUDWLRQ� LQ� PHWKDQRJHQLF�
GHJUDGDWLRQ��0LFURELRORJ\�DQG�0ROHFXODU�%LRORJ\�5HYLHZV��������������

6FKLQN�� %�� �������� 6\QHUJLVWLF� LQWHUDFWLRQV� LQ� WKH� PLFURELDO� ZRUOG�� $QWRQLH� YDQ�
/HHXZHQKRHN��������������

6FKLQN��%��	�6WDPV��$�-�0����������6\QWURSKLVP�DPRQJ�SURNDU\RWHV��,Q��'ZRUNLQ��
0��� HW� DO�� �(GV��� 7KH� 3URNDU\RWHV�� SS�� ��������� 1HZ� <RUN�� 6SULQJHU�
9HUODJ��



����

6FKO�WHU��$���%HNHO��7���'LD]��1�1���'RQGUXS��0���(LFKHQODXE��5���*DUWHPDQQ��.���
.UDKQ�� ,��� .UDXVH�� /��� .U|PHNH�� +��� .UXVH�� 2��� 0XVVJQXJ�� -�+���
1HXZHJHU��+���1LHKDXV��.��� 3�KOHU��$���5XQWH��.�-��� 6]F]HSDQRZVNL��5���
7DXFK�� $��� 7LONHU�� $��� 9LHK|YHU�� 3�� 	� *RHVPDQQ�� $�� �������� 7KH�
PHWDJHQRPH�RI�D�ELRJDV�SURGXFLQJ�PLFURELDO�FRPPXQLW\�RI�D�SURGXFWLRQ�
VFDOH� ELRJDV� SODQW� IHUPHQWHU� DQDO\VHG� E\� WKH� ����S\URVHTXHQFLQJ�
WHFKQRORJ\��-RXUQDO�RI�%LRWHFKQRORJ\�������������

6FKQ�UHU�� $��� +RXZHQ�� )�3�� 	� 6YHQVVRQ�� %�+�� �������� 0HVRSKLOLF� V\QWURSKLF�
DFHWDWH� R[LGDWLRQ� GXULQJ� PHWKDQH� IRUPDWLRQ� E\� D� WULFXOWXUH� DW� KLJK�
DPPRQLXP�FRQFHQWUDWLRQ�$UFKLYHV�RI�0LFURELRORJ\�������������

6FKQ�UHU�� $�� 	� -DUYLV�� c�� ��������0LFURELRORJLFDO� KDQGERRN� IRU� ELRJDV� SODQWV��
6ZHGLVK�*DV�&HQWUH�UHSRUW������5HY�GHF�������

6FKQ�UHU�� $�� 	� 1RUGEHUJ�� $�� �������� $PPRQLD�� D� VHOHFWLYH� DJHQW� IRU� PHWKDQH�
SURGXFWLRQ� E\� V\QWURSKLF� DFHWDWH� R[LGDWLRQ� DW� PHVRSKLOLF� WHPSHUDWXUH��
:DWHU�6FLHQFH�DQG�7HFKQRORJ\��������������

6FKQ�UHU��$���6FKLQN��%��	�6YHQVVRQ��%�+����������&ORVWULGLXP�XOWXQHQVH�VS��QRY���
D�PHVRSKLOLF�EDFWHULXP�R[LGL]LQJ�DFHWDWH�LQ�V\QWURSKLF�DVVRFLDWLRQ�ZLWK�D�
K\GURJHQRWURSKLF� PHWKDQRJHQLF� EDFWHULXP�� ,QWHUQDWLRQDO� -RXUQDO� RI�
6\VWHPDWLF�%DFWHULRORJ\����������������

6FKQ�UHU�� $��� 6YHQVVRQ�� %�+�� 	� 6FKLQN�� %�� �������� (Q]\PH� DFWLYLWLHV� LQ� DQG�
HQHUJHWLFV�RI�DFHWDWH�PHWDEROLVP�E\�WKH�PHVRSKLOLF�V\QWURSKLFDOO\�DFHWDWH�
R[LGL]LQJ� DQDHUREH� &ORVWULGLXP� XOWXQHQVH�� )(06� 0LFURELRORJ\� /HWWHUV�
��������������

6FKQ�UHU��$���=HOOQHU��*��	�6YHQVVRQ��%�+����������0HVRSKLOLF�V\QWURSKLF�DFHWDWH�
R[LGDWLRQ� GXULQJ� PHWKDQH� IRUPDWLRQ� LQ� ELRJDV� UHDFWRUV�� )(06�
0LFURELRORJ\�(FRORJ\��������������

6FKZDU]�� -�,�.��� /XHGHUV�� 7��� (FNHUW��:�� 	� &RQUDG�� 5�� �������� ,GHQWLILFDWLRQ� RI�
DFHWDWH�XWLOL]LQJ� EDFWHULD� DQG� DUFKDHD� LQ� PHWKDQRJHQLF� SURIXQGDO�
VHGLPHQWV� RI�/DNH�.LQQHUHW� �,VUDHO�� E\� VWDEOH� LVRWRSH� SURELQJ� RI� U51$��
(QYLURQPHQWDO�0LFURELRORJ\�������������

6HNLJXFKL��<���.DPDJDWD��<���6\XWVXER��.���2KDVKL��$���+DUDGD��+��	�1DNDPXUD��
.����������3K\ORJHQHWLF�GLYHUVLW\�RI�PHVRSKLOLF�DQG�WKHUPRSKLOLF�JUDQXODU�
VOXGJHV�GHWHUPLQHG�E\���6�U51$�JHQH�DQDO\VLV��0LFURELRORJ\�����������
������

6KDUPD��6���5DGO��9���+DL��%���.ORRV��.���)XND��0�0���(QJHO��0���6FKDXVV��.��	�
6FKORWHU��0����������4XDQWLILFDWLRQ�RI�IXQFWLRQDO�JHQHV�IURP�SURFDU\RWHV�
LQ�VRLO�E\�3&5��-RXUQDO�RI�0LFURELRORJLFDO�0HWKRGV��������������

6KLJHPDWVX��7���7DQJ��<���.RED\DVKL��7���.DZDJXFKL��+���0RULPXUD��6��	�.LGD��.��
�������� (IIHFW� RI� GLOXWLRQ� UDWH� RQ� PHWDEROLF� SDWKZD\� VKLIW� EHWZHHQ�
DFHWLFODVWLF�DQG�QRQDFHWRFODVWLF�PHWKDQRJHQHVLV� LQ�FKHPRVWDW�FXOWLYDWLRQ��
$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\����������������

6KLPDGD��7���0RUJHQURWK��(���7DQGXNDU��0���3DYORVWDWKLV��6�*���6PLWK��$���5DVNLQ��
/��	�.LOLDQ��5�(����������6\QWURSKLF�DFHWDWH�R[LGDWLRQ�LQ�WZR�SKDVH��DFLG�
PHWKDQH�� DQDHURELF� GLJHVWHUV��:DWHU�6FLHQFH�DQG�7HFKQRORJ\� ���� �����
������
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6SURWW�� *�'�� 	� 3DWHO�� *�%�� �������� $PPRQLD� WR[LFLW\� LQ� SXUH� FXOWXUHV� RI�
PHWKDQRJHQLF�EDFWHULD��6\VWHPDWLF�DQG�$SSOLHG�0LFURELRORJ\�������������

6SURWW��*�'���6KDZ��.�0��	�-DUHOO��.�)����������$PPRQLD�SRWDVVLXP�H[FKDQJH�LQ�
PHWKDQRJHQLF� EDFWHULD�� -RXUQDO� RI� %LRORJLFDO� &KHPLVWU\� ����� ������
�������

6SURWW�� *�'��� 6KDZ�� .�0�� 	� -DUHOO�� .�)�� �������� 0HWKDQRJHQHVLV� DQG� WKH� .��
WUDQVSRUW� V\VWHP� DUH� DFWLYDWHG� E\� GLYDOHQW� FDWLRQV� LQ� DPPRQLD�WUHDWHG�
FHOOV�RI�0HWKDQRVSLULOOXP�KXQJDWHL��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\������
�����������

6WDPV�� $�-�0�� �������� 0HWDEROLF� LQWHUDFWLRQV� EHWZHHQ� DQDHURELF� EDFWHULD� LQ�
PHWKDQRJHQLF�HQYLURPHQWV��$QWRQLH�YDQ�/HHXZHQKRHN��������������

6WHLQKDXV�� %��� *DUFLV�� $�4��� 6KHQ�� /�7�� 	� $QJHQHQW�� $�� �������� $� SRUWDEOH�
DQDHURELF� PLFURELRUHDFWRU� UHYHDOV� RSWLPXP� JURZWK� FRQGLWLRQV� IRU� WKH�
PHWKDQRJHQ� 0HWKDQRVDHWD� FRQFLOLL�� $SSOLHG� DQG� (QYLURQPHQWDO�
0LFURELRORJ\����������������

6WH\HU�� -�3��� %HUQDUG�� 2��� %DWVWRQH�� '�-��	�$QJHOLGDNL�� ,�� �������� /HVVRQV� OHDUQW�
IURP� ��� \HDUV� RI� ,&$� LQ� DQDHURELF� GLJHVWHUV�� :DWHU� 6FLHQFH� DQG�
7HFKQRORJ\������������

6XQ�� /��� 0�OOHU�� %��� :HVWHUKROP�� 0�� 	� 6FKQ�UHU�� $�� �������� 4XDQWLILFDWLRQ� RI�
V\QWURSKLF� DFHWDWH� R[LGL]LQJ� EDFWHULD� LQ� 6ZHGLVK� ODUJH�VFDOH� ELRJDV�
GLJHVWHUV��6XEPLWWHG��

7DOERW��*���7RSS��(��� 3DOLQ��0�)��	�0DVVp��'�,�� ��������(YDOXDWLRQ�RI�PROHFXODU�
PHWKRGV� XVHG� IRU� HVWDEOLVKLQJ� WKH� LQWHUDFWLRQV� DQG� IXQFWLRQV� RI�
PLFURRUJDQLVPV�LQ�DQDHURELF�ELRUHDFWRUV��:DWHU�5HVHDUFK��������������

YDQ�/LHU��-�%���7LOFKH��$���$KULQJ��%�.���0DFDULH��+���0ROHWWD��5���'RKDQ\RV��0���
+XOVKRII�3RO��/�:���/HQV��3��	�9HUVWUDHWH��:����������1HZ�SHUVSHFWLYHV�
LQ�DQDHURELF�GLJHVWLRQ��:DWHU�6FLHQFH�DQG�7HFKQRORJ\�����������

:HLODQG��3����������3URGXFWLRQ�DQG�HQHUJHWLF�XVH�RI�ELRJDV�IURP�HQHUJ\�FURSV�DQG�
ZDVWHV� LQ� *HUPDQ\��$SSOLHG�%LRFKHPLVWU\�DQG�%LRWHFKQRORJ\� ����� ����
�����

:HLODQG�� 3�� �������� %LRJDV� SURGXFWLRQ�� FXUUHQW� VWDWH� DQG� SHUVSHFWLYH�� $SSOLHG�
0LFURELRORJ\�DQG�%LRWHFKQRORJ\��������������

:HLVV��$���-HURPH��9���)UHLWDJ��5��	�0D\HU��+�.����������'LYHUVLW\�RI�WKH�UHVLGHQW�
PLFURELRWD� LQ� D� WKHUPRSKLOLF� PXQLFLSDO� ELRJDV� SODQW�� $SSOLHG�
0LFURELRORJ\�DQG�%LRWHFKQRORJ\��������������

:HVWHUKROP��0���+DQVVRQ��0��	�6FKQ�UHU��$����������,PSURYHG�ELRJDV�SURGXFWLRQ�
IURP� ZKROH� VWLOODJH� E\� FR�GLJHVWLRQ� ZLWK� FDWWOH� PDQXUH� %LRUHVRXUFH�
7HFKQRORJ\���������������

:KLWPDQ��:�%���%RZHQ��7�/��	�%RRQH��'�5����������7KH�PHWKDQRJHQLF�EDFWHULD��
3URNDU\RWHV�������������

:RHVH��&�5����������%DFWHULDO�HYROXWLRQ��0LFURELRORJLFDO�5HYLHZV��������������
:RPPDFN�� .�(��� %KDYVDU�� -�� 	� 5DYHO�� -�� �������� 0HWDJHQRPLFV�� UHDG� OHQJWK�

PDWWHUV��$SSOLHG�DQG�(QYLURQPHQWDO�0LFURELRORJ\����������������
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<DGYLND�� 6��� 6UHHNULVKQDQ�� 7�5��� .RKOL�� 6�� 	� 5DQD�� 9�� �������� (QKDQFHPHQW� RI�
ELRJDV� SURGXFWLRQ� IURP� VROLG� VXEVWUDWHV� XVLQJ� GLIIHUHQW� WHFKQLTXHV� �� D�
UHYLHZ��%LRUHVRXUFH�7HFKQRORJ\�����������

<X�� <��� .LP�� -�� 	� +ZDQJ�� 6�� �������� 8VH� RI� UHDO�WLPH� 3&5� IRU� JURXS�VSHFLILF�
TXDQWLILFDWLRQ� RI� DFHWLFODVWLF� PHWKDQRJHQV� LQ� DQDHURELF� SURFHVVHV��
SRSXODWLRQ� G\QDPLFV� DQG� FRPPXQLW\� VWUXFWXUH�� %LRWHFKQRORJ\� DQG�
%LRHQJLQHHULQJ��������������

=iEUDQVNi�� -��� 6WHSRYi�� -���:DFKWO�� 5��� -HQtFHN�� 3��	�'RKiQ\RV��0�� �������� 7KH�
DFWLYLW\�RI�DQDHURELF�ELRPDVV�LQ�WKHUPRSKLOLF�DQG�PHVRSKLOLF�GLJHVWHUV�DW�
GLIIHUHQW�ORDGLQJ�UDWHV��:DWHU�6FLHQFH�DQG�7HFKQRORJ\������������

=HHPDQ�� *���:LHJDQW��:�0��� .RVWHU�7UHIIHUV�� 0�(�� 	� /HWWLQJD�� *�� �������� 7KH�
LQIOXHQFH� RI� WKH� WRWDO� DPPRQLD� FRQFHQWUDWLRQ� RQ� WKH� WKHUPRSKLOLF�
GLJHVWLRQ�RI�FRZ�PDQXUH��$JULFXOWXUDO�:DVWHV������������

=KHQJ�� '�� 	� 5DVNLQ�� /�� �������� 4XDQWLILFDWLRQ� RI� 0HWKDQRVDHWD� VSHFLHV� LQ�
DQDHURELF� ELRUHDFWRUV� XVLQJ� JHQXV�� DQG� VSHFLHV�VSHFLILF� K\EULGL]DWLRQ�
SUREHV��0LFURELDO�(FRORJ\��������������

=KLOLQD��7�1���=DYDU]LQD��'�*���.ROJDQRYD��7�9���7RXURYD��7�3��	�=DYD]LQ��*�$��
�������� �&DQGLGDWXV� &RQWXEHUQDOLV� DONDODFHWLFXP�� DQ� REOLJDWHO\�
V\QWURSKLF�DONDOLSKLOLF�EDFWHULXP�FDSDEOH�RI�DQDHURELF�DFHWDWH�R[LGDWLRQ�LQ�
D� FRFXOWXUH�ZLWK�'HVXOIRQDWURQXP�FRRSHUDWLYXP��0LFURELRORJ\� ���� ����
�����

=LJDQVKLQ�� $�0��� 6FKPLGW�� 7��� 6FKROZLQ�� )��� ,O
LQVND\D�� 2��� +DUPV�� +�� 	�
.OHLQVWHXEHU�� 6�� �������� %DFWHULD� DQG� DUFKDHD� LQYROYHG� LQ� DQDHURELF�
GLJHVWLRQ� RI� GLVWLOOHUV� JUDLQV� ZLWK� VROXEOHV�� $SSOLHG� 0LFURELRORJ\� DQG�
%LRWHFKQRORJ\����������������

=LQGHU�� 6�+��	�.RFK��0�� ��������1RQ�DFHWLFODVWLF�PHWKDQRJHQHVLV� IURP� DFHWDWH��
DFHWDWH� R[LGDWLRQ� E\� D� WKHUPRSKLOLF� V\QWURSKLF� FRFXOWXUH�� $UFKLYH�
0LFURELRORJ\���������������
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