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Mariana C. Chrispim is an environmental
manager with a master’s degree in Public Health
and concentration in Environmental Health
(at the University of Sao Paulo-USP, Brazil). In
her research, she has focused on analyzing
the possibilities of resource recovery from
wastewater treatment processes, addressing
various aspects, seeking to facilitate the
transition to a circular economy vision.
Most of the world megacities are in developing
countries and face similar issues: water scarcity,
water pollution, lack of provision of clean
water, and safe disposal of wastewater. Thus,
appropriate treatment and resource recovery
solutions are effective water conservation
measures. This thesis explores the potentials
and limits of resource recovery in municipal
wastewater treatment plants, particularly in
large cities of developing countries, as well
as offers guidance for planning and implementation. The information and knowledge presented
here should be useful for government, managers, and researchers to guide further technological
development, and support transition to sustainable and efficient wastewater treatment plants and
sustainable cities.
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Wastewater is only wastewater when we choose to waste it
(Michael J. Wilson).
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LQWHJUDWLRQ RI UHVRXUFH UHFRYHU\ SURFHVVHV DW GLIIHUHQW VFDOHV RU DERXW WKH PDLQ
EDUULHUV WR LPSOHPHQWDWLRQ LQ GHYHORSLQJ FRXQWULHV DUH PLVVLQJ LQ WKH OLWHUDWXUH
$OVRWKHUHLVDQHHGIRUSODQQLQJPHWKRGRORJLHVWRLGHQWLI\WKHPRVWVXVWDLQDEOH
VROXWLRQLQHDFKFRQWH[W8QGHUVWDQGLQJWKHFXUUHQWVLWXDWLRQLVDQHVVHQWLDOVWHSWR
VXSSRUWSODQQLQJDQGDFFHOHUDWHUHVRXUFHUHFRYHU\LPSOHPHQWDWLRQ7RDGGUHVVWKHVH
LVVXHV WKLV WKHVLV DLPV WR JXLGH SODQQLQJ WHFKQRORJ\ DQG SROLF\ GHYHORSPHQW
WRZDUGV UHVRXUFH UHFRYHU\ IURP PXQLFLSDO ::73 LQ ODUJH FLWLHV RI GHYHORSLQJ
FRXQWULHV 7KLV WKHVLV SUHVHQWV D FRPSUHKHQVLYH NQRZOHGJH EDVH IRU ZDVWHZDWHU
WUHDWPHQWSODQWPDQDJHUVDQGGHFLVLRQPDNHUVOHDGLQJWRDEHWWHUXQGHUVWDQGLQJRI
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GDWD IURP OLWHUDWXUH DQG SULPDU\ GDWD REWDLQHG WKURXJK TXHVWLRQQDLUHV  ZHUH
FROOHFWHG DQG DQDO\VHG 0HJDFLWLHV LQ GHYHORSLQJ FRXQWULHV DUH DQDO\VHG LQ WKH
SDSHUV ZLWK WKH IRFXV RQ WKH 0DFURPHWURSROLV RI 6DR 3DXOR ZKLFK LV WKH PRVW
SRSXORXV DUHD LQ WKH 6RXWKHUQ +HPLVSKHUH 7KH FXUUHQW VLWXDWLRQ VKRZV D ORZ
LPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\SUDFWLFHVLQWKHUHJLRQDQGORFDOFRQGLWLRQV
DIIHFW WKH LPSOHPHQWDWLRQ RI ZDWHU UHXVH DQG QXWULHQWV DQG HQHUJ\ UHFRYHU\ $
IUDPHZRUNFRQVLVWLQJRIHOHYHQVWHSVLVSURSRVHGWRVXSSRUWSODQQLQJDQGGHFLVLRQ
PDNLQJRQUHVRXUFHUHFRYHU\IURPZDVWHZDWHU7KLVQHZWRROZDVWHVWHGDQGFDQEH
DSSOLHG E\ GHFLVLRQPDNHUV LQ ZDVWHZDWHU VHFWRU IRU EHWWHU RSHUDWLRQ DQG
PDQDJHPHQW 0DUNHW OHJLVODWLRQ ORFDO HFRQRPLF GHYHORSPHQW DQG FRRSHUDWLRQ
ZLWK VWDNHKROGHUV DUH UHOHYDQW DVSHFWV FRYHUHG LQ WKH DQDO\VLV 7KHUH LV D JUHDW
SRWHQWLDO WR H[SDQG ZDVWHZDWHU WUHDWPHQW LQWHJUDWHG ZLWK QXWULHQW DQG HQHUJ\
UHFRYHU\VWUDWHJLHVLQGHYHORSLQJFRXQWULHV3RWHQWLDOVIRUSKRVSKRUXVDQGHQHUJ\
UHFRYHU\ ZHUH HVWLPDWHG DQG VRPH UHFRYHU\ VFHQDULRV DUH UHFRPPHQGHG ,Q
FRQFOXVLRQ WKH ILQGLQJV FDQ KHOS SODQQLQJ DQG HODERUDWLRQ RI UHVRXUFH UHFRYHU\
SURMHFWV LQ ZDVWHZDWHU WUHDWPHQW LQ XUEDQ DUHDV DQG VWLPXODWH FUHDWLRQ RI SXEOLF
SROLFLHV7KHPDLQUHVHDUFKJDSVLGHQWLILHGLQWKLVWKHVLVFDQJXLGHIXUWKHUUHVHDUFK
DQGWHFKQRORJLFDOGHYHORSPHQWLQWKLVILHOG
.H\ZRUGV &LUFXODU HFRQRP\ 5HVRXUFH 5HFRYHU\ 6HZDJH 3ODQQLQJ :DWHU
1XWULHQW%LRJDV'HYHORSLQJFRXQWULHV8UEDQDUHDV

Y

5HVXPR

&RQVLGHUDQGRDDWXDOHVFDVVH]GHUHFXUVRVDV(VWDo}HVGH7UDWDPHQWRGH(VJRWRV
(7(  GHYHP VHU DGDSWDGDV SDUD VH WRUQDUHP PDLV VXVWHQWiYHLV 3RU H[HPSOR p
SRVVtYHOUHFXSHUDURVUHFXUVRVSUHVHQWHVQRHVJRWRPXQLFLSDO(QWUHWDQWRHVWXGRV
UHJLRQDLVVREUHDLQWHJUDomRGHSURFHVVRVGHUHFXSHUDomRGHUHFXUVRVHPGLIHUHQWHV
HVFDODV RX DFHUFD GDV SULQFLSDLV EDUUHLUDV SDUD D LPSOHPHQWDomR HP SDtVHV HP
GHVHQYROYLPHQWR HVWmR IDOWDQGR QD OLWHUDWXUD $OpP GLVVR VmR QHFHVViULDV
PHWRGRORJLDVGHSODQHMDPHQWRSDUDLGHQWLILFDUDVROXomRPDLVVXVWHQWiYHOHPFDGD
FRQWH[WR (QWHQGHU D VLWXDomR DWXDO p XPD HWDSD HVVHQFLDO SDUD VXEVLGLDU R
SODQHMDPHQWRHDFHOHUDUDLPSOHPHQWDomRGDUHFXSHUDomRGHUHFXUVRV3DUDDERUGDU
HVVDV TXHVW}HV HVWD WHVH WHP FRPR REMHWLYR RULHQWDU R SODQHMDPHQWR R
GHVHQYROYLPHQWRWHFQROyJLFRHGHSROtWLFDVS~EOLFDVGLUHFLRQDGRVjUHFXSHUDomRGH
UHFXUVRVHP(7(VPXQLFLSDLVGHJUDQGHVFLGDGHVGHSDtVHVHPGHVHQYROYLPHQWR
(VVD WHVH DSUHVHQWD XPD EDVH GH FRQKHFLPHQWR DEUDQJHQWH SDUD JHVWRUHV H
WRPDGRUHV GH GHFLVmR QR WUDWDPHQWR GH HVJRWRV SURSLFLDQGR XPD PHOKRU
FRPSUHHQVmRGDVVROXo}HVGHUHFXSHUDomRGHUHFXUVRVHGDVDo}HVQHFHVViULDVSDUD
IDFLOLWDUDLPSOHPHQWDomR$PHWRGRORJLDFRQVLVWLXHPUHYLV}HVFUtWLFDVGDOLWHUDWXUD
HGRLVHVWXGRVGHFDVR)RUDPFROHWDGRVHDQDOLVDGRVGDGRVVHFXQGiULRVDSDUWLUGD
OLWHUDWXUD H GDGRV SULPiULRV REWLGRV DWUDYpV GH TXHVWLRQiULRV  0HJDFLGDGHV HP
SDtVHV HP GHVHQYROYLPHQWR VmR DQDOLVDGDV QRV DUWLJRV FRP IRFR QD
0DFURPHWUySROH3DXOLVWDDiUHDPDLVSRSXORVDGR+HPLVIpULR6XO$VLWXDomRDWXDO
PRVWUDXPDEDL[DLPSOHPHQWDomRGHSUiWLFDVGHUHFXSHUDomRGHUHFXUVRVQDUHJLmR
VHQGRTXHDVFRQGLo}HVORFDLVDIHWDPDLPSOHPHQWDomRGHSUiWLFDVGHiJXDUH~VR
UHFXSHUDomRGHQXWULHQWHVHGHHQHUJLD8PIUDPHZRUN IHUUDPHQWDFRPHVWUXWXUDH
SURFHGLPHQWRV TXHFRQVLVWHHPRQ]HHWDSDVpSURSRVWRSDUDDSRLDURSODQHMDPHQWR
HDWRPDGDGHGHFLV}HVVREUHDUHFXSHUDomRGHUHFXUVRVDSDUWLUGRHVJRWR(VVDQRYD
IHUUDPHQWDIRLWHVWDGDHSRGHVHUDSOLFDGDSHORVWRPDGRUHVGHGHFLVmRQRVHWRUGH
HVJRWRSDUDPHOKRURSHUDomRHJHVWmRGDVHVWDo}HV2PHUFDGRDVOHJLVODo}HVR
GHVHQYROYLPHQWRHFRQ{PLFRORFDOHDFRRSHUDomRFRPDVSDUWHVLQWHUHVVDGDVVmR
DVSHFWRVUHOHYDQWHVDERUGDGRVQDDQiOLVH+iXPJUDQGHSRWHQFLDOGHH[SDQVmRGR
WUDWDPHQWR GH HVJRWRV LQWHJUDGR FRP HVWUDWpJLDV GH UHFXSHUDomR GH QXWULHQWHV H
HQHUJLDHPSDtVHVHPGHVHQYROYLPHQWR2VSRWHQFLDLVGHUHFXSHUDomRGHIyVIRURH
HQHUJLD IRUDP HVWLPDGRV H DOJXQV FHQiULRV GH UHFXSHUDomR GH UHFXUVRV VmR
UHFRPHQGDGRV 3RU ILP FRQFOXLVH TXH RV UHVXOWDGRV SRGHP DX[LOLDU QR
SODQHMDPHQWRHQDHODERUDomRGHSURMHWRVGHUHFXSHUDomRGHUHFXUVRVQRWUDWDPHQWR
GHHVJRWRVHPiUHDVXUEDQDVHHVWLPXODUDFULDomRGHSROtWLFDVS~EOLFDV$VSULQFLSDLV
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ODFXQDV GR FRQKHFLPHQWR FLHQWtILFR LGHQWLILFDGDV QHVVD WHVH SRGHP GLUHFLRQDU
SHVTXLVDVIXWXUDVHRGHVHQYROYLPHQWRWHFQROyJLFRQHVVHWHPD
3DODYUDVFKDYH(FRQRPLDFLUFXODU5HFXSHUDomRGHUHFXUVRV(VJRWRVGRPpVWLFRV
3ODQHMDPHQWRÈJXD1XWULHQWH%LRJiV3DtVHVHPGHVHQYROYLPHQWRÈUHDVXUEDQDV
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3RSXODUVXPPDU\

&RQYHQWLRQDO ZDVWHZDWHU WUHDWPHQW V\VWHPV FDXVH HQYLURQPHQWDO LPSDFWV
LQFOXGLQJHQHUJ\FRQVXPSWLRQDQGVROLGZDVWHJHQHUDWLRQ HJVOXGJH ZKLFKSRVH
FKDOOHQJHVWRFLWLHV%DVHGRQUHFHQWWHFKQRORJLFDONQRZOHGJHWKHUHLV DQHHGWR
DGRSW D QHZ VDQLWDWLRQ DSSURDFK EDVHG RQ UHFRYHU\ RI UHVRXUFHV SUHVHQW LQ
ZDVWHZDWHU5HVRXUFHUHFRYHU\LVWKHSURGXFWLRQRUH[WUDFWLRQRIDQ\PDWHULDORU
HQHUJ\ IURP WKH RSHUDWLRQV RI ZDVWHZDWHU WUHDWPHQW SODQWV +RZHYHU UHJLRQDO
VWXGLHVDERXWWKHLQWHJUDWLRQRIUHVRXUFHUHFRYHU\SURFHVVHVDWGLIIHUHQWVFDOHVRU
WKDWKDYHLGHQWLILHGWKHPDLQEDUULHUVWRLPSOHPHQWDWLRQLQGHYHORSLQJFRXQWULHVDUH
PLVVLQJLQWKHOLWHUDWXUH
7KH LQIRUPDWLRQ DQG NQRZOHGJH SUHVHQWHG LQ WKLV WKHVLV VKRXOG EH XVHIXO IRU
JRYHUQPHQWV PDQDJHUV DQG UHVHDUFKHUV WR JXLGH IXUWKHU WHFKQRORJLFDO
GHYHORSPHQW VXSSRUW WUDQVLWLRQ WR PRUH VXVWDLQDEOH DQG HIILFLHQW ZDVWHZDWHU
WUHDWPHQW SODQWV ::73  DV ZHOO DV VXVWDLQDEOH FLWLHV &RQVHTXHQWO\ UHVRXUFH
UHFRYHU\KDVDSRWHQWLDOWRSURYLGHHQYLURQPHQWDOVRFLDODQGHFRQRPLFEHQHILWVWR
ORFDO FRPPXQLWLHV HJ UHGXFLQJ ZDWHU VWUHVV DQG LPSURYLQJ ZHOOEHLQJ DQG
SURGXFLQJ DOWHUQDWLYH VRXUFH RI IHUWLOL]HU  2XU UHVXOWV FDQ SURYLGH JXLGDQFH DQG
VXSSRUWGHFLVLRQVDW::73DQGUHJLRQDOOHYHOVFRQVLGHULQJWHFKQLFDOHFRQRPLF
DQGHQYLURQPHQWDODVSHFWV7KHUHVXOWVFDQDOVREHXVHGE\SROLF\PDNHUVPDQDJHUV
DQG RWKHU SHRSOH ZRUNLQJ LQ WKLV ILHOG WR VWLPXODWH UHVRXUFH UHFRYHU\
LPSOHPHQWDWLRQIRUH[DPSOHFUHDWLQJSURMHFWVRIHQHUJ\UHFRYHU\RUHGXFDWLQJDQG
HQJDJLQJ ORFDO VWDNHKROGHUV WKURXJK DZDUHQHVV RI UHVRXUFH UHFRYHU\ LPSRUWDQFH
7KHUHIRUH WKH UHVXOWV UHSUHVHQW YDOXDEOH LQIRUPDWLRQ IRU SODQQLQJ SURFHVV DERXW
ORFDOFRQGLWLRQVWKDWFDQDIIHFWUHFRYHU\WHFKQRORJLHVFKRLFH
7KHUHLVDKLJKSRWHQWLDOIRUUHVRXUFHUHFRYHU\LQGHYHORSLQJFRXQWULHVKRZHYHU
QRWZHOOH[SORUHGVRIDUDVVKRZQE\WKHUHVXOWV3KRVSKRUXVUHFRYHU\WHFKQRORJLHV
UHFRPPHQGDWLRQV IRU WKH /DWLQ $PHULFD UHJLRQ DUH JLYHQ EDVHG RQ WKH H[LVWLQJ
WUHDWPHQWLQIUDVWUXFWXUH7KHFXUUHQWFKDOOHQJHVWRSKRVSKRUXVUHFRYHU\DUHODFNRI
GHFLVLRQPDNLQJWRROV::73VL]HPDUNHWYDOXHRIUHFRYHUHGUHVRXUFHVHFRQRPLF
LQFHQWLYHV HFRQRPLF IHDVLELOLW\ SXEOLF DFFHSWDQFH OHJLVODWLRQV ODFN RI DQ
LQWHJUDWHG DSSURDFK DQG SHUVRQQHO VNLOO OLPLWDWLRQV 0RVW RI WKHVH EDUULHUV ZHUH
FRQILUPHG WKURXJK WKH LQYHVWLJDWLRQ RI UHDO FDVHV LQ WKH 0DFURPHWURSROLV RI 6DR
3DXOR ZKHUH ORFDO OHJLVODWLRQV DQG LQFHQWLYHV WRZDUGV UHVRXUFH UHFRYHU\ DUH
PLVVLQJ(QHUJ\UHFRYHU\LPSOHPHQWDWLRQDQGORFDOFRQGLWLRQVDUHDOVRLQYHVWLJDWHG
7KHUHVXOWVLQGLFDWHGWKDWDOOWKHDVVHVVHGPHJDFLWLHV 6DR3DXOR&DLURDQG0H[LFR

L[

&LW\ QHHGWRVWUHQJWKHQWKHLUSROLFLHVDQGVXEVLGLHVUHODWHGWRFOLPDWHFKDQJHDQG
HQHUJ\UHFRYHU\
0RVWRIZRUOG VPHJDFLWLHVDUHLQGHYHORSLQJFRXQWULHVDQGIDFHVLPLODULVVXHVZDWHU
VFDUFLW\ ODFN RI LQIUDVWUXFWXUH ZDWHU SROOXWLRQ KLJK SRSXODWLRQ GHQVLW\ ODFN RI
SURYLVLRQ RI FOHDQ ZDWHU DQG VDIH GLVSRVDO RI ZDVWHZDWHU 7KXV DSSURSULDWH
WUHDWPHQWDQGUHVRXUFHUHFRYHU\VROXWLRQVVXFKDVUHXVHRIWUHDWHGZDVWHZDWHULVDQ
HIIHFWLYHZDWHUFRQVHUYDWLRQPHDVXUH
7KLVWKHVLVIRFXVHGRQHYDOXDWLQJWKHFXUUHQWVLWXDWLRQSUREOHPVDQGSRWHQWLDOVIRU
LPSURYHPHQW RI UHVRXUFH UHFRYHU\ LQ XUEDQ DUHDV SDUWLFXODUO\ RI GHYHORSLQJ
FRXQWULHV7KHPDLQVFRSHZDVPHJDFLWLHVRIGHYHORSLQJFRXQWULHV7KLVUHVHDUFK
LQFOXGHV WZR FULWLFDO OLWHUDWXUH UHYLHZV RQ SKRVSKRUXV DQG HQHUJ\ UHFRYHU\
FKDOOHQJHV DQG RSSRUWXQLWLHV $OVR WKH WKHVLV LQFOXGHV WZR FDVH VWXGLHV LQ WKH
0DFURPHWURSROLV RI 6DR 3DXOR WKH PRVW SRSXORXV DUHD LQ %UD]LO 'DWD ZHUH
FROOHFWHG IURP YDULRXV VRXUFHV D VXUYH\ ZLWK ZDVWHZDWHU WUHDWPHQW XWLOLWLHV
QDWLRQDODQGUHJLRQDOGDWDEDVHVORFDOUHJXODWLRQVDQGLQWHUQDWLRQDOOLWHUDWXUH7KH
UHDVRQVZK\UHVRXUFHUHFRYHU\LVVWLOOOLWWOHLPSOHPHQWHGLQZDVWHZDWHUWUHDWPHQW
SODQWV SDUWLFXODUO\LQGHYHORSLQJFRXQWULHV DUHH[SORUHG
,Q VXPPDU\ WKLV WKHVLV DGGUHVVHG ZKDW QHHGV WR FKDQJH WR LPSOHPHQW UHVRXUFH
UHFRYHU\VWUDWHJLHVIURPZDVWHZDWHUVHFWRUSDUWLFXODUO\LQPHJDFLWLHVRIGHYHORSLQJ
FRXQWULHV$JHQHULFIUDPHZRUNZKLFKLQFOXGHVHOHYHQVWHSVZDVSURSRVHGDVDWRRO
WR IDFLOLWDWH SODQQLQJ DQG LPSOHPHQWDWLRQ 7KH IUDPHZRUN DSSOLFDWLRQ ZDV WHVWHG
DQG LV FRQVLGHUHG DQ LPSRUWDQW PHDVXUH WR HQKDQFH UHVRXUFH UHFRYHU\
LPSOHPHQWDWLRQ ,Q DGGLWLRQ WKH FUHDWLRQ RI QHZ EXVLQHVV PRGHOV DQG SXEOLF
SROLFLHV SDUWQHUVKLSV ZLWK NH\ VWDNHKROGHUV FUHDWLRQ RI QHWZRUNV HGXFDWLRQDO
PHDVXUHVGHYHORSPHQWRIPDUNHWUHGXFWLRQRILQYHVWPHQWDQGRSHUDWLRQDOFRVWVRI
UHFRYHU\ WHFKQRORJLHV ILQDQFLQJ PHFKDQLVPV DQG LQFHQWLYHV DUH QHHGHG IRU
SURPRWLQJLPSOHPHQWDWLRQ

[

3DSHUV

$SSHQGHGSDSHUV
,&KULVSLP0&6FKRO]01RODVFR0$3KRVSKRUXVUHFRYHU\IURP
PXQLFLSDOZDVWHZDWHUWUHDWPHQW&ULWLFDOUHYLHZRIFKDOOHQJHVDQGRSSRUWXQLWLHVIRU
GHYHORSLQJ
FRXQWULHV
-
(QYLURQ
0DQDJH


KWWSVGRLRUJMMHQYPDQ
,,&KULVSLP0&6FKRO]01RODVFR0$$IUDPHZRUNIRUUHVRXUFH
UHFRYHU\IURPZDVWHZDWHUWUHDWPHQWSODQWVLQPHJDFLWLHVRIGHYHORSLQJFRXQWULHV
(QYLURQ5HVKWWSVGRLRUJMHQYUHV
,,, &KULVSLP 0& GH 6RX]D ) GH 0 6FKRO] 0 1RODVFR 0$  $
)UDPHZRUNIRU6XVWDLQDEOH3ODQQLQJDQG'HFLVLRQ0DNLQJRQ5HVRXUFH5HFRYHU\
IURP :DVWHZDWHU 6KRZFDVH IRU 6mR 3DXOR 0HJDFLW\ :DWHU    
KWWSVGRLRUJZ
,9&KULVSLP0&6FKRO]01RODVFR0$ 0DQXVFULSWVXEPLWWHGRQ
-DQXDU\ %LRJDVUHFRYHU\IRUVXVWDLQDEOHFLWLHVDUHYLHZRIHQKDQFHPHQW
WHFKQLTXHV DQG NH\ ORFDO FRQGLWLRQV IRU LPSOHPHQWDWLRQ 6XVWDLQDEOH &LWLHV DQG
6RFLHW\

$XWKRU¶VFRQWULEXWLRQWRWKHDSSHQGHGSDSHUV
,7KHDXWKRUFRQGXFWHGWKHOLWHUDWXUHUHYLHZ VHDUFKHVDQGUHDGLQJRIWKHSDSHUV 
ZURWHWKHIXOOPDQXVFULSWSUHSDUHGWKHILJXUHVDQGWKHVHWRIWDEOHVDQGUHYLVHGWKH
PDQXVFULSW EDVHG RQ WKH FRDXWKRUV IHHGEDFN 7KH DXWKRU DOVR FRQWULEXWHG WR WKH
PDQXVFULSWUHYLVLRQDQGWKHUHVSRQVHVWRWKHUHYLHZHUV¶FRPPHQWV7KHFRDXWKRUV
SDUWLFLSDWHGLQGLVFXVVLRQVUHYLVLRQVDQGPDQXVFULSWHGLWLQJ
,, 7KH DXWKRU ZDV UHVSRQVLEOH IRU WKH FRQFHSWXDOL]DWLRQ PHWKRGRORJ\
LQYHVWLJDWLRQGDWDFROOHFWLRQDQDO\VLVDQGIUDPHZRUNFUHDWLRQ7KHDXWKRUZURWH
WKH IXOO PDQXVFULSW SUHSDUHG WKH ILJXUHV DQG WDEOHV DQG PDGH WKH UHYLVLRQV 7KH
VHFRQGFRDXWKRUFRQWULEXWHGWRWKHFRQFHSWXDOL]DWLRQ7KHFRDXWKRUVSDUWLFLSDWHG
LQGLVFXVVLRQVUHYLVLRQVDQGPDQXVFULSWHGLWLQJ
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,,, 7KHDXWKRUGHVLJQHGWKHVXUYH\DQGPHWKRGRORJ\FRQGXFWHGWKHLQYHVWLJDWLRQ
DQGFROOHFWHGDOOWKHGDWDIRUWKHIUDPHZRUNDSSOLFDWLRQZLWKWKHDVVLVWDQFHRIWKH
VHFRQGFRDXWKRU7KHDXWKRUZURWHWKHIXOOPDQXVFULSWSUHSDUHGWKHILJXUHVDQG
WDEOHV DQG UHYLHZHG WKH PDQXVFULSW 7KH VHFRQG FRDXWKRU FRQWULEXWHG WR WKH
UHYLVLRQV 7KH WKLUG DQG IRXUWK FRDXWKRUV VXSHUYLVRUV  FRQWULEXWHG WR
FRQFHSWXDOL]DWLRQSDUWLFLSDWHGLQGLVFXVVLRQVUHYLVLRQVDQGPDQXVFULSWHGLWLQJ
,9 7KHDXWKRUSHUIRUPHGWKHOLWHUDWXUHUHYLHZ VHDUFKHVDQGUHDGLQJRIWKHVHOHFWHG
SDSHUV  FRQFHSWXDOL]DWLRQ GHYHORSHG WKH FULWLFDO DQDO\VLV GDWD FROOHFWLRQ DQG
SUHSDUHGWKHILJXUHVDQGWDEOHV7KHDXWKRUZURWHWKHIXOOPDQXVFULSWDQGUHYLVHGLW
EDVHG RQ WKH FRDXWKRUV IHHGEDFN 7KH FRDXWKRUV VXSHUYLVRUV  FRQWULEXWHG WR
GLVFXVVLRQVPLQRUHGLWLQJDQGSURRIUHDGLQJ

5HODWHGSXEOLFDWLRQVQRWLQFOXGHGLQWKLVGLVVHUWDWLRQ
-RXUQDODUWLFOHV
&KULVSLP0&1RODVFR0$*UH\ZDWHUWUHDWPHQWXVLQJDPRYLQJEHG
ELRILOP UHDFWRU DW D XQLYHUVLW\ FDPSXV LQ %UD]LO - &OHDQ 3URG  ±
KWWSVGRLRUJMMFOHSUR
&KULVSLP 0& 7DUSHK :$ 6DOLQDV '73 1RODVFR 0$  7KH
VDQLWDWLRQDQGXUEDQDJULFXOWXUHQH[XVXULQHFROOHFWLRQDQGDSSOLFDWLRQDVIHUWLOL]HU
LQ 6mR 3DXOR %UD]LO - :DWHU 6DQLW +\J 'HY    ±
KWWSVGRLRUJZDVKGHY

%RRNFKDSWHU
&KULVSLP 0&  (YDOXDWLRQ RI GHFHQWUDOL]HG DSSURDFKHV WR ZDVWHZDWHU
WUHDWPHQW V\VWHPV DV DOWHUQDWLYH WR HQYLURQPHQWDO LPSDFWV DQG LQGLFDWLRQ RI
VXVWDLQDEOHVROXWLRQIRUZDWHUFRQVHUYDWLRQLQFLWLHV3URFHHGLQJVRIWKH5HJLRQDO
:RUNVKRS :DVWHZDWHU 7UHDWPHQW DQG UHXVH IRU PHWURSROLWDQ UHJLRQV DQG VPDOO
FLWLHVLQGHYHORSLQJFRXQWULHVVWHG*|WWLQJHQ&XYLOOLHUYS

&RQIHUHQFHDEVWUDFWV
&KULVSLP0&6FKRO]01RODVFR0$5HVRXUFHUHFRYHU\IURPZDVWHZDWHU
WUHDWPHQWSODQWVLQPHJDFLWLHVRIGHYHORSLQJFRXQWULHVFXUUHQWVWDWXVDQGSRWHQWLDOV
,Q:DWHU6HFXULW\DQG&OLPDWH&KDQJH&RQIHUHQFHRQOLQHHYHQW
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&KULVSLP0&1RODVFR0$6FKRO]0)LQDO'LVSRVDODQG9DORUL]DWLRQRI
6HZDJH 6OXGJH &XUUHQW 3UDFWLFHV DQG 2QJRLQJ 5HVHDUFK ,Q WK ,QWHUQDWLRQDO
:RUNVKRS $GYDQFHV LQ &OHDQHU 3URGXFWLRQ 7RZDUGV 6XVWDLQDEOH HQHUJ\ZDWHU
IRRG QH[XV WKH FRQWULEXWLRQ RI D FOHDQHU SURGXFWLRQCC  RQOLQH HYHQW
&RQIHUHQFH
3URFHHGLQJV

S

$YDLODEOH
DW
KWWSZZZDGYDQFHVLQFOHDQHUSURGXFWLRQQHWWKILOHVSURFHHGLQJVBWKSGI
&KULVSLP 0 & 1RODVFR 0 $ 6FKRO] 0 2SRUWXQLGDGHV H GHVDILRV GD
UHFXSHUDomR GH IyVIRUR D SDUWLU GR WUDWDPHQWR GH HVJRWR HP SDtVHV HP
GHVHQYROYLPHQWR 2SSRUWXQLWLHV DQG FKDOOHQJHV RI SKRVSKRUXV UHFRYHU\ IURP
ZDVWHZDWHU WUHDWPHQW LQ GHYHORSLQJ FRXQWULHV  ,Q  6HPLQiULR 1DFLRQDO VREUH
(VWDo}HV6XVWHQWiYHLVGH7UDWDPHQWRGH(VJRWRUHFXSHUDomRGHUHFXUVRVHP(7(V
HSURGXomRGHiJXDSDUDUH~VR QG1DWLRQDO6HPLQDURQ6XVWDLQDEOH:DVWHZDWHU
7UHDWPHQW 3ODQWV UHVRXUFH UHFRYHU\ DQG SURGXFWLRQ RI UHFODLPHG ZDWHU  
)RUWDOH]D3URFHHGLQJV$YDLODEOHDWKWWSVVHPLQDULRHWHVVXVWHQWDYHLVXIFEUDQDLV
&KULVSLP0&%HFNLQJKDXVHQ$)LQDO'LVSRVDODQG9DORUL]DWLRQRI6HZDJH
VOXGJHDVWXG\RIFXUUHQWSUDFWLFHVDQGRQJRLQJUHVHDUFK2UDOSUHVHQWDWLRQDQGH
3RVWHU ,Q ,QWHUQDWLRQDO 6XPPHU 6FKRRO DQG :RUNVKRS RQ :DVWHZDWHU DQG
%LRVROLGV 0DQDJHPHQW  -XO  (ERRN RI SURFHHGLQJV S
$YDLODEOHDWKWWSZDVWHZDWHUHDSJULQGH[SKSHERRNRISURFHHGLQJV
&KULVSLP 0& 1RODVFR 0$ 6FKRO] 0 5HVRXUFHV UHFRYHU\ LQ ZDVWHZDWHU
WUHDWPHQW SODQWV LQ 6DR 3DXOR 0DFURPHWURSROLV ,Q WK ,:$ /HDGLQJ (GJH
&RQIHUHQFHRQ:DWHUDQG:DVWHZDWHU7HFKQRORJLHV-XQ(GLQEXUJK
8QLWHG.LQJGRP2QOLQHSUHSULQWSURFHHGLQJV3
&KULVSLP 0 & 1RODVFR 0$ 5HVRXUFHV UHFRYHU\ LQ :DVWHZDWHU 7UHDWPHQW
3ODQWV LQ ODUJH FLWLHV ,Q VW /DWLQ $PHULFDQ &RQIHUHQFH RQ 6XVWDLQDEOH
'HYHORSPHQWRI(QHUJ\:DWHUDQG(QYLURQPHQW6\VWHPV5LRGH-DQHLUR
%UD]LO
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,QWURGXFWLRQ

7KLVFKDSWHUFRQWH[WXDOL]HVWKHPDLQWRSLFLQWURGXFHVWKHUHVHDUFKJDSVDQGKRZ
WKLVWKHVLVFRQWULEXWHVWRILOOLQJWKHVHJDSV7KHQWKHVFRSHDQGPDLQFURVVFXWWLQJ
UHVHDUFKTXHVWLRQVDUHSUHVHQWHG)LQDOO\WKHDLPDQGREMHFWLYHVDUHSUHVHQWHGDV
ZHOODVWKHVWUXFWXUHRIWKHWKHVLVDQGKRZWKHSDSHUVDUHOLQNHGWRHDFKRWKHU

%DFNJURXQGUHVHDUFKJDSVDQGPRWLYDWLRQV
+XPDQLW\XVHVQDWXUDOUHVRXUFHVPDLQO\IRUWKHIXQFWLRQVRIIRRGSURYLVLRQHQHUJ\
DQGZDWHUVXSSO\DVZHOODVIRUHFRQRPLFJURZWK+RZHYHUDQWKURSLFDFWLYLWLHV
HJODQGXVHXUEDQL]DWLRQLQFUHDVHDQGSRSXODWLRQJURZWK FDXVHLPSDFWVRQWKHVH
UHVRXUFHVDQGSRVHVHYHUDOFKDOOHQJHVWRFLWLHV
%\WKHLQWHUQDWLRQDOFRPPXQLW\LQFOXGLQJJRYHUQPHQWVRIWKH8QLWHG1DWLRQV
81 DQGRWKHUFLYLOVRFLHW\VWDNHKROGHUVKDVSDUWLFLSDWHGLQDSURFHVVRIDVVHVVLQJ
WKH SURJUHVV WRZDUGV WKH 6XVWDLQDEOH 'HYHORSPHQW *RDOV 6'*V  DQG GHILQHG D
JOREDO DJHQGD WRZDUGV VXVWDLQDEOH GHYHORSPHQW *RDOV ZHUH SURSRVHG WR EH
DFKLHYHGE\$PRQJWKHHVWDEOLVKHGJRDOVDUHWRHUDGLFDWHKXQJHUDQGSURPRWH
VXVWDLQDEOHDJULFXOWXUH 6'* HQVXUHDFFHVVWRZDWHUDQGVDQLWDWLRQIRUDOO 6'*
 DQGHQVXUHDFFHVVWRVXVWDLQDEOHHQHUJ\IRUDOO 6'* 5HJDUGLQJ6'*D
JRDOUHODWHGWRZDWHUDQGVHZDJHWUHDWPHQWLVWRH[SDQGLQWHUQDWLRQDOFRRSHUDWLRQLQ
ZDWHU DQG VDQLWDWLRQ WHFKQRORJLHV E\  LQFOXGLQJ ZDVWHZDWHU WUHDWPHQW DQG
UHXVH 8QLWHG1DWLRQV 
&XUUHQWO\ LQQRYDWLYH SUDFWLFHV DQG DSSURDFKHV KDYH EHHQ GLVFXVVHG RQ KRZ WR
LQWHJUDWH WKH WKUHH V\VWHPV ZDWHU HQHUJ\ DQG IRRG SURGXFWLRQ WR DFKLHYH WKH
VXVWDLQDEOH GHYHORSPHQW %LJJV HW DO   7KH LQWHJUDWHG DSSURDFK ZDWHU
HQHUJ\IRRG QH[XV ZDV ILUVW FRQFHLYHG DQG XVHG GXULQJ WKH :RUOG (FRQRPLF
)RUXP LQ  WR GLVFXVV WKH VWURQJ UHODWLRQVKLS EHWZHHQ WKH XVH RI QDWXUDO
UHVRXUFHVWRJXDUDQWHHDFFHVVULJKWVWRIRRGZDWHUDQGHQHUJ\ :RUOG(FRQRPLF
)RUXP  %LJJV HW DO   /DWHU LQ  DQRWKHU YHUVLRQ RI WKLV WHUP
DSSHDUHG LQFOXGLQJ DQRWKHU FRPSRQHQW :DWHUHQHUJ\ODQG XVHIRRG :RUOG
(FRQRPLF )RUXP  %LJJV HW DO   7KH LQWHJUDWLYH DSSURDFK :DWHU
HQHUJ\IRRG QH[XV  KDV EHFRPH D FHQWUDO SDUW RI GLVFXVVLRQV RQ KRZ WR EHWWHU
XQGHUVWDQGWKHFRQQHFWLRQEHWZHHQWKHVHVHFWRUVDQGKRZWRPRQLWRUDQGDFKLHYH



WKH6'*V %LJJVHWDO5DVXO:DQJHWDO/HHXZHQHWDO 
:LWKLQWKLV1H[XVDSSURDFKWKHUHDUHUHVHDUFKDUHDVWRXVHQDWXUDOUHVRXUFHVPRUH
HIILFLHQWO\ VXFK DV LQQRYDWLRQV WR UHGXFH ZDWHU DQG HQHUJ\ FRQVXPSWLRQ DQG
FRQYHUVLRQRIELRPDVVLQWRIXHOVDQGPDWHULDOV 16) 
7KH REMHFWLYHV RI ZDVWHZDWHU WUHDWPHQW KDYH JHQHUDOO\ EHHQ WKH UHPRYDO RI
FDUERQDFHRXV RUJDQLF PDWWHU WRWDO VXVSHQGHG VROLGV FKHPLFDO SROOXWDQWV H[FHVV
QXWULHQWV DQG UHGXFWLRQ RI SDWKRJHQV EHIRUH GLVSRVLQJ RI WKH HIIOXHQWV LQ WKH
HQYLURQPHQW 9HUVWUDHWH HW DO  7FKREDQRJORXV HW DO   +RZHYHU
UHF\FOLQJ RI UHVRXUFHV HJ QXWULHQWV DQG ZDWHU  WKURXJK UHFRYHU\ SURFHVVHV LV
HPHUJLQJ LQ VHZDJH WUHDWPHQW V\VWHPV GXH WR HQYLURQPHQWDO DQG HFRQRPLF
PRWLYDWLRQV UHGXFLQJ GULQNLQJ ZDWHU FRQVXPSWLRQ DQG JHQHUDWLQJ UHYHQXH IRU
ZDVWHZDWHU WUHDWPHQW SODQWV ::73  0HKWD HW DO 5DR HWDO   )RU
LQVWDQFHXUEDQ::73DUHFRQVLGHUHGFUXFLDOV\VWHPVWRHQKDQFHSKRVSKRUXV 3 
UHF\FOLQJ DQG WR PLWLJDWH HXWURSKLFDWLRQ LVVXHV DVVRFLDWHG ZLWK 3 UHOHDVH IURP
ZDVWHZDWHUWUHDWPHQWHIIOXHQWV %RX]DVHWDO 6RZDWHUXWLOLWLHV ZDVWHZDWHU
WUHDWPHQW FRPSDQLHV  KDYH D JUHDW RSSRUWXQLW\ WR H[WHQG WKHLU UROHV EH\RQG WKH
SURYLVLRQ RI WKH VHUYLFHV /DP DQG 9DQ GHU +RHN   $V WKH\ FRQFHQWUDWH
VHYHUDO UHVRXUFHV WKH\ FDQ H[SORUH UHVRXUFH UHFRYHU\ WR VXSSO\ UDZ PDWHULDOV
IHUWLOL]HUV DQGRU HQHUJ\ DQG FRQVHTXHQWO\ EHQHILW IURP HFRQRPLF RSSRUWXQLWLHV
OLNHUHYHQXHJHQHUDWLRQDQGUHGXFWLRQRIRSHUDWLRQDOFRVWV
:RUOGZLGHVHZDJHVOXGJHPDQDJHPHQWDQGGLVSRVDOKDVEHFRPHGLIILFXOWGXHWR
WKHLQFUHDVHLQWKHYROXPHRIZDVWHZDWHUWUHDWHG -LPpQH]HWDO&KULVSLPHW
DOD DQGVWULQJHQWUHJXODWLRQVWKDWPDNHLWGLIILFXOWWRDSSO\WKHVOXGJHWR
IDUPODQGDVIHUWLOL]HUIRUERWKGLVSRVDODQGQXWULHQWVUHF\FOLQJ 0LQLQQLHWDO
&KULVSLPHWDOD /DQGILOOLQJLVDFRPPRQRSWLRQIRUWKHGLVSRVDORIVHZDJH
VOXGJH PDLQO\ LQ GHYHORSLQJ FRXQWULHV +RZHYHU GHFUHDVLQJ ODQG DYDLODELOLW\
ODQGILOO FRVWV ULVH DV ZHOO DV LQFUHDVLQJO\ VWULFW OHJLVODWLRQ DQG HQYLURQPHQWDO
VWDQGDUGV ZLOO DIIHFW WKH IXWXUH SURPLQHQFH RI ODQGILOOLQJ DV D GLVSRVDO WHFKQLTXH
7MDQGUDDWPDGMD HW DO  )\WLOL DQG =DEDQLRWRX   )URP DQ HFRQRPLF
SHUVSHFWLYH VOXGJH WUHDWPHQW DQG GLVSRVDO UHSUHVHQW D KLJK FRVW LQ ZDVWHZDWHU
WUHDWPHQW IDFLOLWLHV DERXW  RI WKH WRWDO RSHUDWLQJ FRVWV :HL HW DO  
7KHUHIRUH LW LV LPSRUWDQW WR HYDOXDWH PRUH HIILFLHQW DQG VXVWDLQDEOH RSWLRQV
HVSHFLDOO\FRQVLGHULQJWKHLQFUHDVLQJLQVHZDJHVOXGJHSURGXFWLRQ &KULVSLPHWDO
D 
$V DQ LOOXVWUDWLRQ WKH TXDQWLW\ RI VHZDJH VOXGJH JHQHUDWHG LQ WKH 6mR 3DXOR
0HWURSROLWDQ 5HJLRQ LQ   ZDV HVWLPDWHG DW  WRQVGD\ VOXGJH GU\ EDVLV 
FRQVLGHULQJ WKH ILYH ODUJHVW ::73 6$%(63   DQG LW LV GLVSRVHG RI LQ
ODQGILOOV7KDWLVDVLJQLILFDQWDPRXQWWKDWFRXOGEHXVHGDVDUHVRXUFH7KHFKDOOHQJH
RIVOXGJHGLVSRVDOLVDOVRDFRPPRQUHDOLW\IRURWKHUGHYHORSLQJFRXQWULHVVXFKDV
&KLQDZKHUHDERXWRIWKHVHZDJHVOXGJHLVVWLOOLPSURSHUO\GLVSRVHGRI /XHW
DO 



5HGXFLQJVHZDJHVOXGJHSURGXFWLRQDQGSUHSDULQJLWIRUIXUWKHUXWLOL]DWLRQFDQEH
FRQVLGHUHGDVFRVWHIIHFWLYHDOWHUQDWLYHVLQVOXGJHPDQDJHPHQWFRPSDUHGZLWKWKH
VWDQGDUGSUDFWLFH &KULVSLPHWDOD 7KHXVHRIVHZDJHVOXGJHDVDVRXUFHRI
UDZPDWHULDOVRUHQHUJ\FDQSURGXFHOHVVUHVRXUFHLQWHQVLYHFRQVXPSWLRQSDWWHUQV
6IH]HWDO ,QDGGLWLRQUHVRXUFHUHFRYHU\IURPVOXGJHDOORZVIRUDFLUFXODU
HFRQRP\ DQG PLQLPL]HV ZDVWH JHQHUDWLRQ DQG HQYLURQPHQWDO LPSDFWV DVVRFLDWHG
ZLWKVOXGJHPDQDJHPHQW /XQGLQHWDO0LQLQQLHWDO 6WUDWHJLHVRI
YDORULVDWLRQ RI VHZDJH VOXGJH DUH DGGUHVVHG LQ WKLV WKHVLV LQFOXGLQJ SKRVSKRUXV
UHFRYHU\ HQHUJ\ UHFRYHU\ DQG VRLO FRQGLWLRQHU DQG RUJDQLF IHUWLOL]HU SURGXFWLRQ
IURPFRPSRVWLQJ
%HVLGHV VHZDJH VOXGJH JHQHUDWLRQ DQRWKHU LPSRUWDQW LPSDFW DVVRFLDWHG ZLWK
FRQYHQWLRQDO ZDVWHZDWHU WUHDWPHQW V\VWHPV LV HQHUJ\ FRQVXPSWLRQ 3RSXODWLRQ
JURZWKHFRQRPLFJURZWKLQIUDVWUXFWXUHH[SDQVLRQDQGPRUHVWULQJHQWOHJLVODWLRQ
RQVHZDJHWUHDWPHQWLQFUHDVHWKHHQHUJ\FRQVXPSWLRQLQ::73 0RDQG=KDQJ
  7ZR FRPSOHPHQWDU\ DVSHFWV FDQ EH DGGUHVVHG WR DFKLHYH HQHUJ\ VHOI
VXIILFLHQF\LQ::73HQHUJ\VDYLQJVYLDLPSURYLQJHIILFLHQF\LQXQLWSURFHVVHV
FRQVHTXHQWO\ UHGXFLQJ WKHLU HQHUJ\ LQSXW DQG HQHUJ\ UHFRYHU\ IURP UHQHZDEOH
HQHUJ\VRXUFHVLQ::73 *XHWDO 7KLVWRSLFLVDOVRDQDO\VHGLQWKLVWKHVLV
SDUWLFXODUO\WKHUHFHQWGHYHORSPHQWVRQHQHUJ\UHFRYHU\IURPDQDHURELFGLJHVWLRQ
DQGWKHUPDOHQHUJ\UHFRYHU\IURPFRSURFHVVLQJRIVHZDJHVOXGJH
%DVHG RQ WKH WHFKQRORJLFDO NQRZOHGJH GHYHORSHG VR IDU WKHUH LV D FOHDU QHHG WR
DGRSWDQHZVDQLWDWLRQSDUDGLJPFRQVLGHULQJWKHUHFRYHU\RIUHQHZDEOHUHVRXUFHV
VXFKDVQXWULHQWVHQHUJ\DQGZDWHUIURPWKHWUHDWHGHIIOXHQW6HYHUDOSDSHUVLQWKH
OLWHUDWXUHKDYHIRFXVHGRQWHFKQRORJLHVIRUUHVRXUFHUHFRYHU\DQGWKHLURSHUDWLRQDO
FRQGLWLRQVSHUIRUPDQFHVDQGFKDOOHQJHV+RZHYHUWKHUHDUHUHPDLQLQJUHVHDUFK
JDSVWKDWVKRXOGEHDGGUHVVHGWRIDFLOLWDWHWKHLPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\
LQ::739DQGHU+RHNHWDO  VWDWHWKDWWKHFXUUHQWSUREOHPLVQRWWKHODFN
RI DYDLODEOH WHFKQRORJLHV IRU UHVRXUFH UHFRYHU\ EXW WKH ODFN RI D SODQQLQJ
PHWKRGRORJ\ WR LGHQWLI\ WKH PRVW VXVWDLQDEOH VROXWLRQV LQ HDFK FRQWH[W 0R DQG
=KDQJ  DUJXHWKDWIHZVFLHQWLILFSXEOLFDWLRQVKDYHDVVHVVHGWKHLQWHJUDWLRQRI
UHVRXUFHUHFRYHU\SURFHVVHVDWGLIIHUHQWVFDOHV,QWKLVWKHVLVWKLVJDSLVDGGUHVVHG
HVSHFLDOO\E\WKHSURSRVDORIWKHIUDPHZRUNDQGLWVDSSOLFDWLRQ
8VXDOO\WKHUHLVDSRRUOLQNDJHEHWZHHQZDVWHZDWHUWUHDWPHQWVHFWRUDQGDJULFXOWXUH
9DQGHU.RRLMHWDO 6RWKHUHLVDOVRDQHHGIRUVWXGLHVWKDWFRQVLGHUWKH
OLQNDJHRI::73ZLWKORFDOFRQGLWLRQV )LJ LQWHUDFWLRQVZLWKWKHHQYLURQPHQW
DQG NH\ VWDNHKROGHUV UHVHDUFKHUV SROLF\PDNHUV DQG HQGXVHUV  LQ D KROLVWLF
DSSURDFK 6JURL HW DO  6DUYDMD\DNHVDYDOX HW DO   5HVRXUFH UHFRYHU\
GHSHQGV RQ VSHFLILF VLWXDWLRQV DQG LQWHUDFWV ZLWK VHYHUDO IDFWRUV HJ PDUNHW
VRFLHW\OHJLVODWLRQDQGORFDOHFRQRPLFGHYHORSPHQW 7KHUHIRUHLGHQWLI\LQJOHJDO
DQGLQVWLWXWLRQDOFKDOOHQJHVUHODWHGWRUHVRXUFHUHFRYHU\FDQDOVRFRQWULEXWHWRWKH
SODQQLQJRIVHZDJHWUHDWPHQWSODQWVWKDWLQFOXGHVUHVRXUFHUHFRYHU\VWUDWHJLHV7KLV



WRSLFLVWKRURXJKO\DGGUHVVHGLQWKLVWKHVLVHLWKHUE\WKHIUDPHZRUNDSSOLFDWLRQRU
E\WKHDQDO\VLVRIORFDOFRQGLWLRQVLQPHJDFLWLHV

)LJ&RQQHFWLRQVEHWZHHQZDVWHZDWHUWUHDWPHQWDQGRWKHUVHFWRUVDQGVWDNHKROGHUV

&XUUHQWO\ KRZ WR VKLIW WRZDUGV D FLUFXODU HFRQRP\ LQ ZDVWHZDWHU WUHDWPHQW IRU
H[DPSOHE\LQWHJUDWLQJUHVRXUFHUHFRYHU\VROXWLRQVLVDFKDOOHQJLQJSURFHVV7KH
WUDQVLWLRQWRZDUGVDFLUFXODUHFRQRP\UHTXLUHVDV\VWHPLFFKDQJHDQGUHJLRQVSOD\
DYLWDOUROHWKURXJKWKHLPSOHPHQWDWLRQRIVXVWDLQDEOHVWUDWHJLHV 9DQKDPlNLHWDO
  5HJLRQDO VWXGLHV ZRXOG SURYLGH YDOXDEOH LQVLJKWV IRU SROLF\PDNHUV E\
FRQVLGHULQJORFDOVWUDWHJLHVWRLQFUHDVHZDVWHZDWHUWUHDWPHQWIRULQVWDQFHWKURXJK
HQHUJ\UHFRYHU\VXEVLGLHV %UHDFKDQG6LPRQRYLF +RZHYHUUHJLRQDODQG
ODUJHVFDOHVWXGLHVRQZDWHUHQHUJ\QH[XVLQXUEDQZDWHUV\VWHPVDQGUHVHDUFKRQ
SUDFWLFDO H[SHULHQFHV DUH PLVVLQJ 9DQKDPlNL HW DO   7KH FDVH VWXGLHV
FRPSULVHGLQWKLVWKHVLVUHSUHVHQWDQHIIRUWWRSDUWLDOO\EULGJHWKLVJDSDWDUHJLRQDO
OHYHO
$QRWKHUUHVHDUFKJDSZLWKLQWKLVWRSLFLVWKHODFNRIUHOLDEOHUHFHQWDQGGHWDLOHG
GDWD UHJDUGLQJ ZDVWHZDWHU IORZ UDWHV WUHDWPHQW SHUIRUPDQFH DV ZHOO DV UHFRYHU\
SUDFWLFHVUHDOH[DPSOHVIURPZDVWHZDWHUWUHDWPHQWZRUNVLQGHYHORSLQJFRXQWULHV
0DWHR6DJDVWDHWDO&RDWVDQG:LOVRQ $VVHVVPHQWRIDSSOLFDWLRQV
RI ZDWHU UHXVH DQG HQHUJ\ UHFRYHU\ IURP ZDVWHZDWHU WUHDWPHQW SODQWV DQG
PRQLWRULQJ RI FLUFXODU HFRQRP\ DSSOLFDWLRQ LQ WKH ZDWHU VHFWRU DUH WRSLFV UDUHO\
H[SORUHG E\VWXGLHV HVSHFLDOO\ LQ GHYHORSLQJ FRXQWULHV *XYHQDQG 7DQLN
.DNZDQLDQG.DOEDU 7KHVHGDWDDQGDVVHVVPHQWVDUHHVVHQWLDOWRHQDEOHWKH
LGHQWLILFDWLRQRISUREOHPVDQGHYDOXDWLRQRISRWHQWLDOVIRULPSURYHPHQWSODQQLQJ
DQG GHFLVLRQPDNLQJ IRU UHVRXUFH UHFRYHU\ ZLWKLQ XUEDQ DUHDV ,Q D UHFHQW
V\VWHPDWLFUHYLHZSDSHU -RKDQQHVGRWWLUHWDO WKHDXWKRUVKDYHFRQFOXGHG
WKDWWKHUHLVDQHHGIRUPRUHSULPDU\UHVHDUFKRQWHFKQRORJLHVIRUUHFRYHU\ HJ


FDUERQRUQXWULHQWUHFRYHU\ DQGUHXVHIURPZDVWHZDWHUHVSHFLDOO\LQ$IULFD6RXWK
$PHULFD DQG $VLD DSDUW IURP &KLQD  6R UHVHDUFK RQ WKLV WRSLF FDQ FRQWULEXWH
HIIHFWLYHO\WRVWLPXODWHDFWLRQVDQGUHVRXUFHUHFRYHU\LPSOHPHQWDWLRQ
7KH SHUFHQWDJH RI WKH SRSXODWLRQ OLYLQJ LQ XUEDQ DUHDV ZRUOGZLGH LV H[SHFWHG WR
LQFUHDVHWRE\ 81'HVD 7KLVXUEDQJURZWKZLOOKDYHHIIHFWVRQ
WKHIXWXUHVXSSO\DQGGHPDQGIRUIRRGHQHUJ\DQGZDWHU &KDQJHWDO ,Q
WKLVFRQWH[WVXVWDLQDEOHVROXWLRQVLQFOXGLQJUHVRXUFHUHFRYHU\IURPZDVWHZDWHUDUH
LPSRUWDQW7KHFLW\ZLGHLQFOXVLYHVDQLWDWLRQDSSURDFKLVEDVHGRQHQVXULQJDFFHVV
WRVDIHO\PDQDJHGVDQLWDWLRQWRHYHU\RQHLQDFLW\SURPRWLQJDUDQJHRIVROXWLRQV
ZKLOH SURWHFWLQJ HQYLURQPHQWDO DQG KXPDQ KHDOWK ,W LQFOXGHV FHQWUDOL]HG DQG
GHFHQWUDOL]HG VROXWLRQV ZLWK UHVRXUFH UHFRYHU\ DQG UHXVH DV ZHOO DV LQVWLWXWLRQDO
DUUDQJHPHQWV UHJXODWLRQV DQG ZHOODOLJQHG LQFHQWLYHV WR SURPRWH DGHTXDWH
VDQLWDWLRQ V\VWHPV :RUOG %DQN   7KH UHVXOWV SUHVHQWHG LQ WKLV WKHVLV
SDUWLFXODUO\ WKH IUDPHZRUN SURSRVHG FDQ VXSSRUW WKH DSSOLFDWLRQ RI WKH FLW\ZLGH
VDQLWDWLRQDSSURDFKLQFHQWUDOL]HGV\VWHPVLQXUEDQDUHDV
0RVWZDVWHZDWHUWUHDWPHQWSODQWVGRQRWSHUIRUPUHFRYHU\SUDFWLFHVDQGDUHIRFXVHG
RQO\RQVHZDJHWUHDWPHQWDQGGLVSRVDOWRVXUIDFHZDWHUV5HVRXUFHUHFRYHU\LVQRW
HIILFLHQWLQWKHPHJDFLWLHVRIGHYHORSLQJFRXQWULHV,QDGGLWLRQWKHVHUHJLRQVIDFH
VLPLODULVVXHVZDWHUVFDUFLW\ODFNRILQIUDVWUXFWXUHDQGSXEOLFVHUYLFHVDLUZDWHU
ODQGDQGQRLVHSROOXWLRQKLJKSRSXODWLRQGHQVLW\ODFNRISURYLVLRQRIFOHDQZDWHU
DQGVDIHGLVSRVDORIZDVWHZDWHUDQGVWRUPZDWHU .KDQHWDO ,QPHJDFLWLHV
QHZFKDOOHQJHVDULVHEHFDXVHWKHSURYLVLRQRIVXLWDEOHVDQLWDWLRQLVH[SHQVLYHDQG
UHTXLUHV LQIUDVWUXFWXUH H[SDQVLRQ WKURXJK WKH EXLOGLQJ RI VHZHU QHWZRUNV DQG
LQFUHDVH RI WUHDWPHQW SODQWV FDSDFLW\ 7MDQGUDDWPDGMD HW DO   &RQVLGHULQJ
WKHLUFKDUDFWHULVWLFVPHJDFLWLHVKDYHODUJHULPSDFWVRQZDWHUUHVRXUFHVWKDQVPDOOHU
FLWLHVRUUXUDOVHWWOHPHQWV,QWKLVFRQWH[WWKHFRQVHUYDWLRQRIZDWHUUHVRXUFHVVKRXOG
EH D SULRULW\ IRU DOO PHJDFLWLHV $SSURSULDWH WUHDWPHQW DQG UHXVH RI PXQLFLSDO
ZDVWHZDWHU IRU QRQSRWDEOH XVHV LV D FRVWHIIHFWLYH ZDWHU FRQVHUYDWLRQ PHDVXUH
$GGLWLRQDOO\ WKH LQWURGXFWLRQ RI LQQRYDWLYH DQG DIIRUGDEOH UHVRXUFH UHFRYHU\
VROXWLRQVLQVXFKFLWLHVFRXOGLPSURYHZDVWHZDWHULQIUDVWUXFWXUHDQGSURYLGHPDQ\
HQYLURQPHQWDOVRFLDODQGHFRQRPLFEHQHILWV

6FRSH
7KLVUHVHDUFKFRQVLGHUVPXQLFLSDOZDVWHZDWHUWUHDWPHQWDVDVRXUFHRIUHQHZDEOH
UHVRXUFHV 7KLV WKHVLV LQFOXGHV WZR FDVH VWXGLHV LQ WKH 0DFURPHWURSROLV RI 6DR
3DXOR WKH PRVW SRSXORXV DUHD LQ %UD]LO 3DSHUV ,, DQG ,,,  DQG DGGUHVVHV RWKHU
VLPLODUPHJDFLWLHVLQGHYHORSLQJFRXQWULHV 3DSHUV,,,,,DQG,9 ,Q%UD]LOWKHUH
LV D VKRUWDJH RI UHVHDUFK RQ WKH LPSOHPHQWDWLRQ RI UHVRXUFH UHFRYHU\ DFWLRQV IRU
GLIIHUHQWORFDWLRQVDQGOLWWOHSURJUHVVKDVEHHQPDGHLQGDWDFROOHFWLRQWRVXSSRUW



WKHGHYHORSPHQWRIFRKHUHQWSROLFLHVIRUUHVRXUFHUHFRYHU\ &KULVSLPHWDOE 
7KXVLWLVQHFHVVDU\WRH[SDQGWKHVFLHQWLILFNQRZOHGJHLQRUGHUWRFRQWULEXWHWRD
QHZYLVLRQDERXWZDVWHZDWHUWUHDWPHQWLQWKHFLWLHVEHVLGHVDQDO\VLQJWHFKQRORJLHV
DQG SURFHVVHV WKDW FDQ EH IHDVLEOH DFFRUGLQJ WR WHFKQLFDO HFRQRPLF VRFLDO DQG
HQYLURQPHQWDODVSHFWV7KHGDWDJDWKHUHGDQGDQDO\VHGLQWKLVWKHVLVFDQSURYLGH
JXLGDQFHLQWKLVVXEMHFWDQGVXSSRUWVXVWDLQDEOHGHFLVLRQVDW::73DQGUHJLRQDO
OHYHOV
7KHSUHVHQWVWXG\LQFOXGHVWKHDQDO\VHVRIWKHFXUUHQWVLWXDWLRQRIH[LVWLQJ::73V
UHJDUGLQJ UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ LQ VRPH PHJDFLWLHV LQ GHYHORSLQJ
FRXQWULHV LQ GHWDLO IRU WKH 0DFURPHWURSROLV RI 6DR 3DXOR $ VHFRQG FDVH VWXG\
DGGUHVVHGDUHSUHVHQWDWLYH::73WRWHVWDSURSRVHGIUDPHZRUNDQGVLPXOWDQHRXVO\
LGHQWLI\RSSRUWXQLWLHVLQFOXGLQJSURFHVVHVDQGWHFKQRORJLHVIRUUHVRXUFHUHFRYHU\
$OWKRXJKJOREDOOLWHUDWXUHLQWKHILHOGZDVFRQVXOWHGLQDOOWKHIRXUSDSHUV HJLQ
WKH GLVFXVVLRQV RI WKH UHVXOWV DQG WKH UHYLHZ SDSHUV  WKLV UHVHDUFK IRFXVHG
SDUWLFXODUO\ RQ PHWURSROLWDQ DUHDV RI GHYHORSLQJ FRXQWULHV 7KHUHIRUH WKH UHVXOWV
FDQ KHOS WKH HODERUDWLRQ RI UHVRXUFH UHFRYHU\ SURMHFWV LQ ZDVWHZDWHU WUHDWPHQW
PDLQO\LQWKHVWXG\DUHDDQGSURYLGHJXLGDQFHIRUSODQQLQJRIFRQILJXUDWLRQVWKDW
DOORZWKHLPSURYHPHQWRIWKH::73VPDNLQJWKHPPRUHVXVWDLQDEOH,QDEURDGHU
FRQWH[WWKHUHVXOWVFRXOGDOVRFRQWULEXWHWRWKHFUHDWLRQRIWHFKQLFDODQGVFLHQWLILF
NQRZOHGJH DQG D EHWWHU XQGHUVWDQGLQJ RI SODQQLQJ UHWURILWWLQJ DQG XSJUDGH RI
PXQLFLSDO ::73 ZLWK UHVRXUFH UHFRYHU\ DQG WR VXSSRUW WKH FUHDWLRQ RI SXEOLF
SROLFLHVDQGUHJLRQDOSURJUDPVLQWKLVILHOG

$LPDQGREMHFWLYHV
7KLV WKHVLV SUHVHQWV D FRPSUHKHQVLYH NQRZOHGJH EDVH IRU ZDVWHZDWHU WUHDWPHQW
SODQW PDQDJHUV RSHUDWRUV DQG GHFLVLRQPDNHUV WR D EHWWHU XQGHUVWDQGLQJ RI
UHVRXUFHUHFRYHU\VROXWLRQVDQGDFWLRQVQHHGHGWRIDFLOLWDWHWKHWUDQVLWLRQWRZDUGV
VXVWDLQDEOHVDQLWDWLRQV\VWHPV
$LP
7RJXLGHSODQQLQJWHFKQRORJ\DQGSROLF\GHYHORSPHQWWRZDUGVUHVRXUFHUHFRYHU\
IURPZDVWHZDWHUWUHDWPHQWSODQWVLQODUJHFLWLHVRIGHYHORSLQJFRXQWULHV
6SHFLILF2EMHFWLYHV
L



WR FKDUDFWHUL]H TXDQWLWDWLYHO\ DQG TXDOLWDWLYHO\ WKH IORZV ZDWHU
SKRVSKRUXV RUJDQLF PDWWHU DQG E\SURGXFWV  DQG WKH SRWHQWLDOV IRU
UHVRXUFHUHFRYHU\LQDUHSUHVHQWDWLYH::73FDVHVWXG\

LL

WR UHFRPPHQG RSHUDWLRQDO DQG WHFKQRORJLFDO VWUDWHJLHV IRU UHVRXUFH
UHFRYHU\ SKRVSKRUXV DQG HQHUJ\  WR EH DSSOLHG LQ WKLV UHSUHVHQWDWLYH
IDFLOLW\ FRQVLGHULQJ HFRQRPLF WHFKQLFDO HQYLURQPHQWDO VRFLHWDO DQG
SROLWLFDOLQGLFDWRUV

LLL

WR FKDUDFWHUL]H DQG PDS WKH FXUUHQW VLWXDWLRQ RI H[LVWLQJ ::73V LQ WKH
0DFURPHWURSROLV RI 6DR 3DXOR DQG FRPSDUH LW ZLWK RWKHU UHSUHVHQWDWLYH
PHWURSROLWDQDUHDV LQGHYHORSLQJFRXQWULHV UHJDUGLQJLPSOHPHQWDWLRQRI
UHVRXUFHUHFRYHU\VWUDWHJLHVLQWKHLUZDVWHZDWHUWUHDWPHQWV\VWHPV

LY

WR LGHQWLI\ UHOHYDQW IDFWRUV WKDW FDQ HQFRXUDJH RU KLQGHU EDUULHUV  WKH
LPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\IURPPXQLFLSDOZDVWHZDWHUWUHDWPHQW

Y

WR SURYLGH D JHQHULF IUDPHZRUN WR VXSSRUW DQG IDFLOLWDWH SODQQLQJ DQG
GHFLVLRQPDNLQJ WRZDUGV WKH LPSOHPHQWDWLRQ RI UHVRXUFH UHFRYHU\
VWUDWHJLHVLQODUJHFLWLHV

YL

WR LGHQWLI\ VXLWDEOH WHFKQRORJLHV WKDW FRXOG EH DSSOLHG LQ WKH VWXGLHG
PHJDFLWLHVDIWHUH[DPLQLQJWHFKQRORJLHVWKDWDUHEHLQJXVHGLQZDVWHZDWHU
WUHDWPHQWSODQWVWRUHFRYHUSKRVSKRUXVDQGHQHUJ\

YLL

WRDQDO\VHUHFHQWWHFKQRORJLFDODGYDQFHVUHODWHGWRELRJDVSURGXFWLRQDQG
KRZ ORFDO IDFWRUV PD\ DIIHFW WKH LPSOHPHQWDWLRQ RI HQHUJ\ UHFRYHU\ LQ
PHJDFLWLHVRIGHYHORSLQJFRXQWULHV

7KHVLVVWUXFWXUHFRQQHFWLRQVDPRQJWKHSDSHUVDQG
UHVHDUFKTXHVWLRQV
7KLVWKHVLVIROORZVWKHIRUPDWRIDFRPSLODWLRQRISDSHUVLQWURGXFHGLQWKHSUHVHQW
WKHVLV VXPPDU\ $ EULHI GHVFULSWLRQ RI WKH DSSHQGHG SDSHUV DQG WKHLU
LQWHUFRQQHFWLRQVDUHSUHVHQWHGLQWKHIROORZLQJSDUDJUDSKVDQGLQ)LJXUHVDQG
7KHSDSHUVDGGUHVVWKHREMHFWLYHVDVIROORZV
3DSHU, LY DQG YL 
3DSHU,, LLL  LY DQG Y 
3DSHU,,, L  LL  Y DQG YL IRUWKH6DR3DXORUHJLRQ
3DSHU,9 LY  YL DQG YLL 
,Q 3DSHU , WKH PDLQ EDUULHUV UHODWHG WR UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ ZHUH
LGHQWLILHGEHVLGHVDFRPSDULVRQRIWKHPDLQWHFKQRORJLHV IRUSKRVSKRUXVUHFRYHU\ 
DQGWKHSRWHQWLDORILPSOHPHQWDWLRQRIQXWULHQWUHFRYHU\LQGHYHORSLQJFRXQWULHV
SDUWLFXODUO\LQWKH/DWLQ$PHULFDDQG&DULEEHDQUHJLRQLVH[SORUHG



7KH FDVH VWXG\ 3DSHU ,,  LQFOXGHV DQ DQDO\VLV RI WKH FXUUHQW VLWXDWLRQ LQ VRPH
PHJDFLWLHVPDLQO\LQWKH6DR3DXORUHJLRQ WKHPRVWSRSXORXVLQ6RXWK$PHULFD 
WKH PDLQ EDUULHUV DQG RSSRUWXQLWLHV IRU LPSURYHPHQW DQG VFDOLQJ XS UHVRXUFH
UHFRYHU\PHDVXUHV$OVR3DSHU,,LQWURGXFHVDQHZIUDPHZRUNWRROSURSRVHGE\WKH
DXWKRUVWRVXSSRUWSODQQLQJDQGGHFLVLRQPDNLQJ
7KLV WKHVLV FRPSULVHV DQRWKHU FDVH VWXG\ 3DSHU ,,,  EXW DW D VPDOOHU VFDOH
FRQVLGHULQJ D UHSUHVHQWDWLYH ::73 LQ 6mR 3DXOR 0HJDFLW\ WR LOOXVWUDWH WKH
SURSRVHG IUDPHZRUN DSSOLFDWLRQ 7KH DSSOLFDWLRQ ZDV EDVHG RQ WKH FDVH VWXG\
VSHFLILF GDWD DQG LQIRUPDWLRQ IURP WKH FXUUHQW OLWHUDWXUH 7KH UHVXOWV LQFOXGH DQ
DVVHVVPHQWRIUHVRXUFHUHFRYHU\VFHQDULRVIRUWKHVWXGLHGUHJLRQTXDQWLILFDWLRQRI
UHVRXUFH UHFRYHU\ SRWHQWLDOV DQG IUDPHZRUN LPSURYHPHQW VXJJHVWLRQV WKDW FDQ
JXLGHSRWHQWLDODSSOLFDWLRQVLQRWKHUFRQWH[WV
)LQDOO\ 3DSHU ,9 DGGUHVVHV HQHUJ\ UHFRYHU\ LQ GHWDLO 7ZR UHFHQW DQG UHOHYDQW
WRSLFV ZLWKLQ ELRJDV IRU HQHUJ\ UHFRYHU\ ILHOG WHFKQRORJLFDO DGYDQFHV DQG ORFDO
FRQGLWLRQVIRULPSOHPHQWDWLRQDUHDGGUHVVHG7HFKQLTXHVIRUHQKDQFHPHQWRIELRJDV
SURGXFWLRQVXFKDVFRGLJHVWLRQDQGPLFURDOJDHJURZWKZHUHUHYLHZHGDQGUHVHDUFK
JDSVZHUHLGHQWLILHG7KHSDSHUDOVRGLVFXVVHVKRZORFDOFRQGLWLRQVDIIHFWHQHUJ\
UHFRYHU\LPSOHPHQWDWLRQLQWKUHHPHJDFLWLHV 6DR3DXOR0H[LFR&LW\DQG&DLUR 
7KLV SDSHU FRQWULEXWHV WR HVWDEOLVKLQJ IXWXUH GLUHFWLRQV IRU WKH UHVHDUFK ILHOG RQ
HQHUJ\UHFRYHU\IURPZDVWHZDWHUSDUWLFXODUO\UHODWHGWRELRJDV
)LJXUHKLJKOLJKWVWKHOLQNDJHVDPRQJWKHSDSHUV H[FHSWEHWZHHQ3DSHUV,DQG,9 




)LJ,QWHUFRQQHFWLRQVEHWZHHQWKHSDSHUV'HY GHYHORSLQJ

$OOWKHSDSHUVDUHLQWHUFRQQHFWHGDVVKRZQLQ)LJ,Q3DSHUV,,,,,DQG,9ZH
FRQVLGHUHG VRPH RI WKH EDUULHUV LGHQWLILHG LQ 3DSHU , DQG DQDO\VHG WKHP LQ PRUH
GHWDLO )RU LQVWDQFH LQ 3DSHU ,, D WRRO ZDV SURSRVHG WR VXSSRUW SODQQLQJ DQG
GHFLVLRQPDNLQJ3DSHU,,,LVOLQNHGWR3DSHU,EHFDXVHZKLOH3DSHU,KLJKOLJKWVWKH
QHHG IRU VWXGLHV WKDW DVVHVV HQYLURQPHQWDO LPSDFWV RI UHVRXUFH UHFRYHU\
WHFKQRORJLHV 3DSHU ,,, SURYLGHV WKLV DVVHVVPHQW IRU WKH IRXU SURSRVHG UHFRYHU\
VFHQDULRV 3DSHU ,,, LV DOVR UHODWHG WR 3DSHU ,, VLQFH LW LOOXVWUDWHV WKH IUDPHZRUN
DSSOLFDWLRQ3DSHU,9UHODWHVWR3DSHU,)RUH[DPSOHLQ3DSHU,FRQFOXVLRQVLWLV
VXJJHVWHG WR IXUWKHU DQDO\VH WKH HIIHFWV RI UHJXODWLRQV DV GULYHUV RU EDUULHUV WR
LPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\LQ::737KHQWKLVLVH[SORUHGLQ3DSHU,9
IRUHQHUJ\UHFRYHU\1RQWHFKQRORJLFDOEDUULHUVDVZHOODVWHFKQRORJLFDOUHVHDUFK
JDSV DUH H[SORUHG LQ WKH SDSHUV IRU SKRVSKRUXV UHFRYHU\ LQ 3DSHU , DQG HQHUJ\
UHFRYHU\LQ3DSHU,9 


)LJ/LQNDJHVDPRQJWKHIRXUSDSHUV'HY GHYHORSLQJ

,Q DOO WKH SDSHUV WKHUH LV D SDUWLFXODU UHIHUHQFH WR GHYHORSLQJ FRXQWULHV  FRQWH[W
+RZHYHULQJHQHUDOWKHLQIRUPDWLRQDQGNQRZOHGJHSUHVHQWHGLQWKLVWKHVLVFRXOG
EH XVHIXO IRU JRYHUQPHQWV VWDNHKROGHUV DQG UHVHDUFKHUV WR GHYHORS UHVRXUFH
UHFRYHU\IRURWKHUXUEDQDUHDVEH\RQGWKHDVVHVVHGPHJDFLWLHV
2XUILQGLQJVPD\JXLGHIXUWKHUWHFKQRORJLFDOGHYHORSPHQWGHFLVLRQPDNLQJRQWKLV
WRSLF DQG VXSSRUW WUDQVLWLRQV WR VXVWDLQDEOH DQG HIILFLHQW ::73 PDLQO\ LQ
GHYHORSLQJ FRXQWULHV ,Q DOO WKH SDSHUVWKH UHDVRQV ZK\ UHVRXUFH UHFRYHU\ LVVWLOO
OLWWOH LPSOHPHQWHG LQ ZDVWHZDWHU WUHDWPHQW SODQWV SDUWLFXODUO\ LQ GHYHORSLQJ
FRXQWULHV  DUH H[SORUHG $OO WKH SDSHUV ZHUH GHYHORSHG ZLWK WKH SXUSRVH RI



FRQWULEXWLQJWRDQVZHUWKHPDLQTXHVWLRQ+RZWRLQWHJUDWHZDVWHZDWHUWUHDWPHQW
ZLWKUHVRXUFHUHFRYHU\SUDFWLFHV"
7KHPDLQUHVHDUFKTXHVWLRQVDQGFURVVFXWWLQJWKHPHVDGGUHVVHGDUH
:KDWUHVRXUFHVDUHSUHVHQWLQPXQLFLSDOZDVWHZDWHU"
:KDWUHVRXUFHVFDQEHUHFRYHUHGDQGLQZKDWWUHDWPHQWSURFHVVHV",VLWSRVVLEOHWR
UHFRYHUUHVRXUFHVDWGLIIHUHQWVFDOHV"
,QZKDWFRQWH[WVLVUHVRXUFHUHFRYHU\IURPZDVWHZDWHUWUHDWPHQWLPSRUWDQW":K\"
:KDWDUHWKHGULYLQJIRUFHVEHKLQGWKLVWUDQVLWLRQ"
:KDWDUHWKHPDLQWHFKQRORJLHVFXUUHQWO\XVHGLQWKHZRUOGWRUHFRYHUSKRVSKRUXV
IURPPXQLFLSDOZDVWHZDWHU"
:KDWDUHWKHUHFHQWDGYDQFHVWRHQKDQFHELRJDVSURGXFWLRQIRUHQHUJ\UHFRYHU\"
+RZWRUHFRYHUUHVRXUFHVLQZDVWHZDWHUWUHDWPHQWSURFHVVHVLQDVSHFLILFFRQWH[W
VXFKDVWKHFDVHRIWKH0DFURPHWURSROLVRI6mR3DXOR "
:KDWDUHWKHEDUULHUVUHODWHGWRWKHLPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\VFKHPHVDW
::73LQWKH0DFURPHWURSROLVRI6mR3DXOR"
:KDWLVWKHORFDOGHPDQGIRUUHVRXUFHVDQGZKRDUHWKHNH\VWDNHKROGHUVLQWKLV
UHJLRQ"
+RZ ORFDO IDFWRUV HJ OHJLVODWLRQ H[LVWLQJ LQIUDVWUXFWXUH SXEOLF DFFHSWDQFH 
LQWHUIHUHZLWKWKHGHSOR\PHQWRIUHVRXUFHUHFRYHU\VWUDWHJLHV ZKHWKHUWRHQFRXUDJH
RUUHVWULFW ",VWKHUHDQHQDEOLQJHQYLURQPHQWIRUUHVRXUFHUHFRYHU\LQWKH6mR3DXOR
UHJLRQDQGRWKHUPHJDFLWLHV"
7KLVILUVWVHFWLRQ ,QWURGXFWLRQ DLPHGWRSUHVHQWPDLQO\WKHPRWLYDWLRQDQGUHVHDUFK
REMHFWLYHV RI WKLV WKHVLV 7KH UHPDLQGHU RI WKH VXPPDU\ LV VWUXFWXUHG DV IROORZV
&KDSWHU7ZRSURYLGHVDEULHIH[SODQDWLRQRIWKHUHVHDUFKGHVLJQWKHPHWKRGVXVHG
DQGWKHOLPLWDWLRQV,Q&KDSWHU7KUHHWKHPDLQUHVXOWVIURPWKHDSSHQGHGSDSHUVDUH
VXPPDULVHG DQG EULHIO\ GLVFXVVHG )LQDOO\ &KDSWHU )RXU SUHVHQWV WKH PDLQ
FRQFOXVLRQVDQGUHFRPPHQGDWLRQVIRUIXWXUHZRUN






0HWKRGV

7KLV FKDSWHU SURYLGHV D EULHI GHVFULSWLRQ RI WKH UHVHDUFK GHVLJQ LQFOXGLQJ GDWD
FROOHFWLRQ DQG DQDO\VLV VWHSV )RU IXUWKHU GHWDLOV WKH UHDGHU LV UHIHUUHG WR WKH
DSSHQGHG SDSHUV 7KH FKDSWHU FORVHV E\ SUHVHQWLQJ WKH OLPLWDWLRQV DQG HWKLFDO
FRQVLGHUDWLRQV

'DWDFROOHFWLRQDQGWKHVWXGLHGUHJLRQV
7KHFDVHVWXG\DSSURDFK <LQ DQGOLWHUDWXUHUHYLHZV 7RUUDFR ZHUH
WKH PDLQ PHWKRGRORJLHV XVHG WR DFKLHYH WKH WKHVLV REMHFWLYHV %RWK JHQHULF DQG
FRQWH[WVSHFLILFGDWDZHUHFROOHFWHG)LJXUHVXPPDULVHVWKHPDLQPHWKRGVIRUWKH
GDWDFROOHFWLRQLQDOOWKHIRXUDSSHQGHGSDSHUV


)LJ,OOXVWUDWLRQRIWKHZD\VRIFROOHFWLQJGDWDIRUWKLVWKHVLV

4XDQWLWDWLYH DQG TXDOLWDWLYH GDWD ZHUH REWDLQHG IURP VHYHUDO VRXUFHV 6$%(63
ZDVWHZDWHU WUHDWPHQW XWLOLW\  SURYLGHG GDWD UHODWHG WR D SDUW RI WKH SODQWV LQ WKH
VWXG\UHJLRQ LQFOXGLQJWKHGHWDLOHGGDWDRI::73$%&WKHFDVHVWXG\LQ3DSHU
,,, DQGWKHOLVWRIFRQWDFWVRIPDQDJHUVLQHDFKPHWURSROLWDQUHJLRQZKRDQVZHUHG
WKHTXHVWLRQQDLUH2WKHURUJDQLVDWLRQVVXFKDVZDVWHZDWHUWUHDWPHQWXWLOLWLHVSULYDWH
FRPSDQLHVDQGFLW\FRXQFLOVLQWKHVWXG\DUHDDOVRUHVSRQGHGWRWKHTXHVWLRQQDLUH



(03/$6$ 6DR 3DXOR 0HWURSROLWDQ 3ODQQLQJ &RPSDQ\ 6$  SURYLGHG XSGDWHG
GDWD DERXW WKH 0DFURPHWURSROLV RI 6DR 3DXOR HJ SRSXODWLRQ JURVV GRPHVWLF
SURGXFWDPRQJRWKHUV )RUWKHUHYLHZSDSHUVVHYHUDOVHDUFKVWUDWHJLHVLQWKHPDLQ
GDWDEDVHVZHUHFRQGXFWHG

&DVHVWXGLHV 3DSHUV,,DQG,,, 
7KLV WKHVLV LQFOXGHV WZR FDVH VWXGLHV 7KH ILUVW 3DSHU ,,  ZDV FDUULHG RXW WR
XQGHUVWDQG WKH ORFDO FRQWH[W RI ZDVWHZDWHU WUHDWPHQW DQG UHVRXUFH UHFRYHU\
VLWXDWLRQ LQ D ODUJH XUEDQ UHJLRQ 7KH VHFRQG FDVH VWXG\ 3DSHU ,,,  FRPSULVHG D
VPDOOHUVFDOH RQH::73DQGWKHVXUURXQGLQJPXQLFLSDOLWLHV ZLWKWKHSXUSRVHWR
DSSO\WKHIUDPHZRUNWRWHVWLQJLWDQGUHFRPPHQGLQJUHVRXUFHUHFRYHU\VROXWLRQV
DSSURSULDWHIRUDVSHFLILFFRQWH[W
,Q3DSHU,,WKHVWXG\UHJLRQZDVWKH0DFURPHWURSROLVRI6DR3DXOR )LJ WKHPRVW
SRSXORXVXUEDQDJJORPHUDWLRQLQWKH6RXWKHUQ+HPLVSKHUH7KLVUHJLRQDFFRXQWV
IRURIWKHXUEDQL]HGDUHDRIWKH6WDWHRI6mR3DXORFRQFHQWUDWLQJDERXW
RI WKH VWDWH SRSXODWLRQ DQG LQFOXGLQJ  PXQLFLSDOLWLHV LQFOXGLQJ &DPSLQDV
6DQWRV6mR-RVpGRV&DPSRV3LUDFLFDEDDQG6RURFDED (03/$6$ 7KH
0DFURPHWURSROLV RI 6DR 3DXOR FRPSULVHV  PHWURSROLWDQ UHJLRQV DQG  XUEDQ
DJJORPHUDWLRQV )LJ 2QHRILWVPHWURSROLWDQUHJLRQVLVWKH0HWURSROLWDQ5HJLRQ
RI6DR3DXORRU6DR3DXORPHJDFLW\ZKLFKZDVDOVRWKHVWXG\DUHDIRU3DSHU,,,
7KLVPHWURSROLWDQUHJLRQFRQFHQWUDWHVPRUHWKDQRIWKHLQKDELWDQWVRI%UD]LOLQ
OHVVWKDQRIWKHWHUULWRU\RIWKHFRXQWU\ 5LEHLUR6HQHVH1HWR 
7KH0DFURPHWURSROLVSUHVHQWVKLJKLPSRUWDQFHIRUWKHHFRQRP\DWERWK6WDWHDQG
QDWLRQDOOHYHOV
7KLV UHJLRQ IDFHV VHYHUDO FKDOOHQJHV LQ ZDWHU DQG VDQLWDWLRQ IRU H[DPSOH ZDWHU
VFDUFLW\ULYHUVKHDYLO\SROOXWHGE\WKHGLVFKDUJHRIXQWUHDWHGVHZDJHDQGFRQIOLFWV
RYHU GLIIHUHQW XVHV RI ZDWHU 7KH ZDWHU DYDLODELOLW\ SHU FDSLWD SHU \HDU LQ WKH
0HWURSROLWDQ 5HJLRQ RI 6DR 3DXOR LV  Pñ ZKLFK LV FRQVLGHUHG D VLWXDWLRQ RI
DEVROXWHZDWHUVFDUFLW\E\WKH8QLWHG1DWLRQV EHORZPñSHUFDSLWDSHU\HDU 
8QLWHG1DWLRQVD6RULDQRHWDO&DUGRVR 



)LJ0DSRIWKHVWXG\DUHDRI3DSHU,,WKH0DFURPHWURSROLVRI6DR3DXOR%UD]LO58%5HJLRQDO8QLW%UDJDQWLQD8$-8UEDQ$JJORPHUDWLRQRI-XQGLDt8$38UEDQ
$JJORPHUDWLRQRI3LUDFLFDED05%60HWURSROLWDQ5HJLRQRI%DL[DGD6DQWLVWD05&0HWURSROLWDQ5HJLRQRI&DPSLQDV0560HWURSROLWDQ5HJLRQRI6RURFDED0563
0HWURSROLWDQ5HJLRQRI6DR3DXOR05391&0HWURSROLWDQ5HJLRQRIWKH3DUDtED9DOOH\DQGWKH1RUWK&RDVW6RXUFH&KULVSLPHWDO E 

7KHUH LV D FXUUHQW &RQWLQJHQF\ 3ODQ IRU WKH :DWHU 6XSSO\ IRU WKH 0HWURSROLWDQ
5HJLRQ RI 6DR 3DXOR WKDW LQFOXGHV VHYHUDO DFWLRQV VXFK DV WR FRPSOHPHQW DQG
UHSODFHSRWDEOHZDWHUE\DOWHUQDWLYHVRXUFHVIRUQRQSRWDEOHSXUSRVHVDQGWRUHGXFH
ZDWHU ORVVHV LQ WKH GLVWULEXWLRQ V\VWHPV DQG LUUHJXODU DEVWUDFWLRQV :DWHU &ULVLV
&RPPLWWHH 7KH0DFURPHWURSROLVRI6mR3DXORLVFRQVLGHUHGWKHQHZVSDFH
XQLWRIUHIHUHQFHIRUZDWHUPDQDJHPHQWLQWKH6WDWHRI6mR3DXOR 3LUHVGR5LRHW
DO   7KH 6DR 3DXOR 0DFURPHWURSROLV :DWHU 5HVRXUFHV 8WLOL]DWLRQ 3ODQCC
SURSRVHVQHZDEVWUDFWLRQVRIZDWHUIURPRWKHUVRXUFHVWKDWDUHGLVWDQWDQGRILQWHUHVW
WRRWKHUUHJLRQV 7DJQLQHWDO 7KHUHIRUHWKHHYDOXDWLRQRIUHVRXUFHUHFRYHU\
VWUDWHJLHVHVSHFLDOO\ZDWHUUHXVHLVLPSRUWDQWWRVXSSRUWWKHGHFLVLRQPDNLQJRQ
SURMHFWVLQWKLVDUHD$FFRUGLQJWRSURMHFWLRQVIRUWKHFRPLQJ\HDUVWKHUHLVDWUHQG
RILQFUHDVLQJZDWHUGHPDQGDQGSRSXODWLRQLQWKH8SSHU7LHWrULYHUEDVLQ '$((
)$%+$7 7KHUHLVDOVRDSURMHFWLRQWKDWWKHGHPDQGIRUZDWHULQWKH
0DFURPHWURSROLV RI 6DR 3DXOR ZLOO EH  PñV FRQVLGHULQJ XUEDQ VXSSO\
LUULJDWLRQDQGLQGXVWULDOXVH LQ *RYHUQPHQWRIWKH6WDWHRI6mR3DXORHWDO
3LUHVGR5LRHWDO 
&RQVLGHULQJ WKH FKDUDFWHULVWLFV RI ZDWHU YXOQHUDELOLW\ WKH KLJK SRSXODWLRQ
FRQFHQWUDWLRQVRFLRHFRQRPLFXUEDQL]DWLRQIHDWXUHVWKHJUHDWFRQVXPSWLRQUDWHRI
QDWXUDOUHVRXUFHVDQGWKHFOLPDWH]RQHWKHUHJLRQRI6DR3DXORZDVFKRVHQDVD
UHSUHVHQWDWLYHFDVHVWXG\IRURWKHUPHJDFLWLHVLQGHYHORSLQJFRXQWULHV
)LUVWWKHRUJDQL]DWLRQVUHVSRQVLEOHIRUWKH::73VLQHDFKPXQLFLSDOLW\EHORQJLQJ
WRWKH6DR3DXOR0DFURPHWURSROLVZHUHLGHQWLILHG7KHQWRFROOHFWLQJWKHGDWDRI
::73LQWKH0DFURPHWURSROLVDTXHVWLRQQDLUHZDVHODERUDWHG EDVHGRQ3DSDHW
DO DQGIRUZDUGHGWRWKHPDQDJHUVRIDOOZDVWHZDWHUWUHDWPHQWFRPSDQLHVLQ
WKHVWXG\DUHD7KLVPHWKRGZDVFKRVHQVLQFHWKHUHTXLUHGGDWDZHUHQRWDYDLODEOH
LQ RWKHU VRXUFHV HJ ZHEVLWHV SXEOLFDWLRQV RU UHSRUWV  )RU PRUH LQIRUPDWLRQ
DERXWWKHTXHVWLRQQDLUHSOHDVHFRQVLGHU6XSSOHPHQWDU\0DWHULDO 60 DQG)LJXUH
RI3DSHU,,
$GGLWLRQDO GDWD ZHUH FROOHFWHG WR HQULFK WKH GLVFXVVLRQ VXFK DV WKH VHZDJH
FROOHFWLRQDQGWUHDWPHQWUDWHVLQHDFKPXQLFLSDOLW\DQGWKHQXPEHURI::73LQ
HDFK PXQLFLSDOLW\ 7KHVH GDWD ZHUH REWDLQHG IURP WKH VRXUFHV 6HZHUV $WODV
5HGXFLQJSROOXWLRQRI5LYHU%DVLQVIURPWKH1DWLRQDO:DWHU5HVRXUFHV,QIRUPDWLRQ
6\VWHP 61,5+ ZKLFKFRQWDLQVLQIRUPDWLRQDERXWWKHQXPEHURISODQWVIRUHDFK
%UD]LOLDQ FLW\ DQG RWKHU UHODWHG GDWD 61,5+   WKH ,QIRUPDWLRQ 6\VWHP RQ
6DQLWDWLRQ IRU 6DR 3DXOR 6WDWH 6,6$1   DQG :DWHU DQG 6HZDJH 6HUYLFHV
'LDJQRVWLFV RI WKH 1DWLRQDO 6DQLWDWLRQ ,QIRUPDWLRQ 6\VWHP 61,6  61,6
DE %DVHGRQWKHUHVXOWVRIWKH0DFURPHWURSROLVVXUYH\DIUDPHZRUN
ZDVFUHDWHGWRVXSSRUWSODQQLQJDQGGHFLVLRQPDNLQJ
,Q3DSHU,,,WKHGDWDZHUHFROOHFWHGWRDSSO\WKHIUDPHZRUNLQDODUJH::73LQ
6DR 3DXOR FLW\ )LJ   'DWD UHODWHG WR WKH SODQW LH UHJXODUO\ UHFRUGHG
PHDVXUHPHQWV ZHUHFROOHFWHGIURPWKHUHVSRQVLEOHFRPSDQ\ 6$%(63 7KHOLVW



ZLWK WKH UHTXLUHG GDWD JHQHUDO GDWD FKDUDFWHULVWLFV RI WKH WUHDWPHQW SURFHVVHV
PRQLWRULQJGDWDE\SURGXFWVDQGHQYLURQPHQWDOLQGLFDWRUV WRWKHSODQWLVDYDLODEOH
LQ 6XSSOHPHQWDU\ 0DWHULDO  RI 3DSHU ,,, &RPSOHWH GHVFULSWLRQ RI WKH VWXGLHG
IDFLOLW\ ::73 $%&  WUHDWPHQW SURFHVVHV DQG DGGLWLRQDO LQIRUPDWLRQ DUH LQ
6XSSOHPHQWDU\0DWHULDORI3DSHU,,,



)LJ0DSRIWKHVWXG\DUHDLQ3DSHU,,, HJ6WHSVDQG LQFOXGLQJWKHORFDWLRQRIWKH::73LQWKH6DR
3DXORPHJDFLW\6RXUFH&KULVSLPHWDO F 

7KH WHPSRUDO ERXQGDU\ RI WKH DQDO\VLV FRPSULVHG D SHULRG RI RQH \HDU IURP
 WR   VR WKH PRQLWRULQJ GDWD UHIHU WR WKLV SHULRG 7KH
GHILQLWLRQRIWKLVSHULRGIROORZHGWKHUHFRPPHQGDWLRQRI%UXQQHUDQG5HFKEHUJHU
  7R DFKLHYH WKH RWKHU VWHSV RI WKH IUDPHZRUN GDWD ZHUH FROOHFWHG IURP
YDULRXVVRXUFHVWKURXJKFRQVXOWLQJ WKHUHODWHGOHJLVODWLRQRQZDWHUUHXVHVOXGJH
UHF\FOLQJ DQG HQHUJ\ UHFRYHU\ WHFKQLFDO UHSRUWV UHJLRQDO GDWDEDVHV MRXUQDO
DUWLFOHVDQGSODQQLQJGRFXPHQWVIRUWKHVWXG\DUHD6FHQDULRDQDO\VLVZDVXVHGWR
H[SORUHVRPHSRVVLEOHUHVRXUFHUHFRYHU\PHDVXUHVIRUWKHVWXGLHGSODQW'HWDLOHG



LQIRUPDWLRQ IRU HDFK DWWULEXWHLQGLFDWRU FDQ EH IRXQG LQ WKH 6XSSOHPHQWDU\
0DWHULDOVDQGRI3DSHU,,,
%HVLGHV6mR3DXORPHJDFLW\RWKHUPHJDFLWLHVZHUHDQDO\VHGLQ3DSHUV,,,,,DQG
,9 0RVWRIWKHZRUOGPHJDFLWLHVWRGD\DUHLQGHYHORSLQJFRXQWULHV 8QLWHG1DWLRQV
E 8QLWHG 1DWLRQV  $JJDUZDO DQG +DJOXQG  &LW\ 3RSXODWLRQ
 )LJXUHSUHVHQWVWKHPRVWSRSXORXVFLWLHVLQWKHZRUOG0DQ\PHWURSROLWDQ
DUHDV LQ GHYHORSLQJ FRXQWULHV KDYH EHHQ IDFLQJ ZDWHU VFDUFLW\ DQG ZDWHUUHODWHG
LVVXHVHVSHFLDOO\EHFDXVHRIUDSLGXUEDQJURZWK %ULWWRHWDO )RULQVWDQFH
WKHVHPHJDFLWLHVVKDUHFRPPRQLVVXHVVXFKDVWKHJURZWKRILQIRUPDOVHWWOHPHQWVLQ
SURWHFWHG DUHDV HJ RFFXSDWLRQV LQ WKH VXUURXQGLQJV RI VXUIDFH ZDWHUV  DQG
TXDOLWDWLYHFRPPLWPHQWRIVXUIDFHZDWHUV $JJDUZDODQG+DJOXQG 

)LJ0RVWSRSXORXVPHJDFLWLHVLQWKHZRUOG'DWDUHIHUWRWKH\HDUEDVHGRQ'HPRJUDSKLD  

,Q3DSHU,,VRPHFLWLHV 0RVFRZ-RKDQQHVEXUJDQG6KDQJKDL RI%5,&6 %UD]LO
5XVVLD ,QGLD &KLQD DQG 6RXWK $IULFD  FRXQWULHV ZHUH EULHIO\ FRPSDUHG LQ WKH


GLVFXVVLRQ 7KH GDWD IURP WKHVH PHJDFLWLHV ZHUH REWDLQHG IURP WKH OLWHUDWXUH ,Q
3DSHU,,,PRUHVSHFLILFGDWDZHUHFROOHFWHGWRPDNHLQGLFDWLRQVRQWKHSRWHQWLDORI
IUDPHZRUN DSSOLFDELOLW\ LQ VHYHQ PHJDFLWLHV 0H[LFR &LW\ -RKDQQHVEXUJ &DLUR
&KHQJGX6KDQJKDL'HOKLDQG1HZ<RUN 7KLVHYDOXDWLRQZDVEDVHGRQH[SHUW¶V
MXGJHPHQW RI WKH DXWKRUV DIWHU FRQVXOWLQJ ZLWK ORFDO H[SHUWV LQ WKH DUHD ORFDO
UHSRUWVXUEDQVXVWDLQDELOLW\LQGH[HVDQGOLWHUDWXUH 
$OO WKH VHOHFWHG PHJDFLWLHV KDYH DSSUR[LPDWHO\  PLOOLRQ LQKDELWDQWV RU PRUH
EDVHGRQWKHPRVWXSGDWHGGDWDVRXUFHV'HPRJUDSKLD  DQG&LW\3RSXODWLRQ
 

&ULWLFDOOLWHUDWXUHUHYLHZV 3DSHUV,DQG,9 
7R LQYHVWLJDWH WKH PDLQ SKRVSKRUXV UHFRYHU\ SURFHVVHV ZRUOGZLGH D V\VWHPDWLF
OLWHUDWXUHUHYLHZZDVGRQHLQ3DSHU,E\FRQVXOWLQJVHYHUDOGDWDEDVHV6FRSXV:HE
RI 6FLHQFH $TXDFXOWXUH &RPSHQGLXP (PHUDOG ,QVLJKW DQG WKH ZHEVLWHV
,QWHJUDWHG 6HDUFK 3RUWDO 6,%,863  6FLHOR DQG 6FLHQFH 'LUHFW 7KH OLWHUDWXUH
UHYLHZZDVDOVRLPSRUWDQWWRLGHQWLI\WKHPDLQEDUULHUVDQGRSSRUWXQLWLHVFRQFHUQLQJ
UHVRXUFHUHFRYHU\7KHXVHGNH\ZRUGVDQGH[SUHVVLRQVDUHJLYHQLQWKH0HWKRGV
VHFWLRQ RI 3DSHU , $GGLWLRQDO VHDUFKHV IRFXVHG RQ GHYHORSLQJ FRXQWULHV ZHUH
SHUIRUPHG 2WKHU VRXUFHV JUH\ OLWHUDWXUH SXEOLFDWLRQV  ZHUH FRQVXOWHG WR REWDLQ
LPSRUWDQW LQIRUPDWLRQ WKDW GLG QRW VKRZ XS LQ WKH MRXUQDO SDSHUV VXFK DV WKH
ZHEVLWHV RI WKH FRPSDQLHV WKDW GHYHORSHG SKRVSKRUXV UHFRYHU\ WHFKQRORJLHV DQG
UHSRUWVE\WKH8QLWHG1DWLRQV
)RU3DSHU,9DV\VWHPDWLFOLWHUDWXUHUHYLHZZDVFRQGXFWHGXVLQJWKHGDWDEDVHV:HE
RI6FLHQFH&RUH&ROOHFWLRQDQG6FRSXVE\ILOWHULQJWKHWLPHWRWKHUDQJHRIWKH\HDU
WR1RYHPEHURI7KHVHOHFWLRQRISDSHUVZDVEDVHGRQWKHLUFRQWHQW$OO
WKHXVHGNH\ZRUGVDQGSURFHGXUHVDUHGHVFULEHGLQWKH0HWKRGVVHFWLRQRIWKHSDSHU
*UH\ OLWHUDWXUH VRXUFHV VXFK DV WHFKQLFDO JXLGDQFH GRFXPHQWV DERXW ELRJDV DQG
HQHUJ\ UHFRYHU\ HJ 7KH ,QWHUQDWLRQDO (QHUJ\ $JHQF\  ZHUH FRQVXOWHG WR
FRPSOHPHQW VRPH LQIRUPDWLRQ 7KH DQDO\VLV RI KRZ ORFDO FRQGLWLRQV DIIHFW WKH
LPSOHPHQWDWLRQZDVOLPLWHGWRWKUHHPHJDFLWLHV6DR3DXOR0H[LFR&LW\DQG&DLUR
%HVLGHVFRQVXOWLQJWKHUHOHYDQWOLWHUDWXUHWKHDXWKRUVFRQVXOWHGZLWKORFDOH[SHUWV
IURP%UD]LO0H[LFRDQG(J\SW DQGDFFHVVHGORFDOUHSRUWVVHQWE\WKHPWRJDWKHU
PRUHVSHFLILFGDWDWRFRPSOHPHQWWKHDQDO\VLV

6XPPDU\RIWKHPDLQPHWKRGRORJLFDODVSHFWV
7DEOHVXPPDULVHVWKHNH\LQIRUPDWLRQUHJDUGLQJWKHGDWDFROOHFWLRQIRUWKHIRXU
DSSHQGHGSDSHUVDQGWKHUHVHDUFKREMHFWLYHV





7DEOH6\QWKHVLVRIWKHPHWKRGRORJLFDODVSHFWVRIWKLVUHVHDUFK
6SHFLILF2EMHFWLYH
&ROOHFWHGGDWD
0HWKRGVRI'DWDFROOHFWLRQ

5HVHDUFK
2XWSXW V 

7RFKDUDFWHUL]HTXDQWLWDWLYHO\
DQG TXDOLWDWLYHO\ WKH IORZV
DQG SRWHQWLDOV IRU UHVRXUFH
UHFRYHU\ LQ WKH RSHUDWLRQDO
XQLWV RI D UHSUHVHQWDWLYH
::73FDVHVWXG\

0RQLWRULQJ GDWD RI WKH SODQW
HJ
SK\VLFRFKHPLFDO
SDUDPHWHUV
E\SURGXFWV
JHQHUDWLRQ
HQYLURQPHQWDO
LQGLFDWRUV 

&DVHVWXG\/LVWRIUHTXHVWHGGDWD
ZDV VHQW WR WKH UHVSRQVLEOH
RUJDQLVDWLRQ YLVLW WR WKH SODQW
FRQWHQW DQDO\VLV RI UHSRUWV
TXDQWLILFDWLRQ RI PDVV IORZV DQG
FRQFHQWUDWLRQVDQGFDOFXODWLRQRI
UHPRYDOHIILFLHQFLHV

3DSHU,,,

7R UHFRPPHQG RSHUDWLRQDO
DQG WHFKQRORJLFDO VWUDWHJLHV
RI UHVRXUFH UHFRYHU\ WR EH
DSSOLHGLQWKLVUHSUHVHQWDWLYH
IDFLOLW\
FRQVLGHULQJ
VXVWDLQDELOLW\LQGLFDWRUV

%DVHG RQ WKH GDWDVHW LH
UHVXOWVRIFKDUDFWHUL]DWLRQIURP
WKH SUHYLRXV REMHFWLYH  ORFDO
GHPDQG
DQG
OHJLVODWLRQV
DQDO\VLV VHFRQGDU\ OLWHUDWXUH
UHODWHG WR ZDWHU HQHUJ\ DQG
VRFLRHFRQRPLF GDWD RI WKH
VXUURXQGLQJ DUHD HJ ZDWHU
FRQVXPSWLRQ LQ LQGXVWULHV DQG
HWF  2WKHU LQSXW GDWD ZHUH
FROOHFWHG
WR
DSSO\
WKH
IUDPHZRUN

&DVH VWXG\ /LWHUDWXUH UHYLHZ RQ
UHVRXUFH UHFRYHU\ WHFKQRORJLHV
IUDPHZRUN DSSOLFDWLRQ LQFOXGLQJ
GHPDQG PDSSLQJ EDVHG RQ
UHJLRQDO GDWDEDVHV MRXUQDO
DUWLFOHVDQGSODQQLQJGRFXPHQWV
DQDO\VLV  VWDNHKROGHU DQDO\VLV
LQVWLWXWLRQDODQDO\VLV

3DSHU,,,

7R GHVFULEH DQG PDS WKH
FXUUHQW VLWXDWLRQ RI WKH
0DFURPHWURSROLV RI 6DR
3DXOR
DQG
RWKHU
UHSUHVHQWDWLYH PHWURSROLWDQ
DUHDV
LQ
GHYHORSLQJ
FRXQWULHV  UHJDUGLQJ WR
LPSOHPHQWDWLRQ RI UHVRXUFH
UHFRYHU\ VWUDWHJLHV IURP
ZDVWHZDWHUWUHDWPHQW

5HVSRQVHV
WR
WKH
TXHVWLRQQDLUHV HJLQLWLDWLYHRI
UHVRXUFH UHFRYHU\ LQWHUHVW RU
IXWXUH SODQV DQG GHWDLOV  IURP
WKH ::73 PDQDJHUV GDWD
DERXW ZDWHU UHXVH QXWULHQW
UHFRYHU\ DQG HQHUJ\ UHFRYHU\
LPSOHPHQWDWLRQ
DQG
NH\
HOHPHQWV UHFRYHUHG YROXPH
ILQDOSURGXFWDQGHWF 

&DVH VWXG\ 6XUYH\ XVLQJ
TXHVWLRQQDLUHV WR FROOHFW GDWD
IURP DOO WKH ::73 LQ WKH VWXG\
DUHD ORFDO GRFXPHQWV DQG
GDWDEDVHV FRQVXOWDWLRQ HJ
1DWLRQDO 6DQLWDWLRQ ,QIRUPDWLRQ
6\VWHP  OLWHUDWXUH UHYLHZ WR
JHWWLQJGDWDRIRWKHUPHWURSROLWDQ
UHJLRQVLQGHYHORSLQJFRXQWULHV

3DSHU,,

7R LGHQWLI\ UHOHYDQW IDFWRUV
WKDWFDQHQFRXUDJHRUKLQGHU
EDUULHUV WKHLPSOHPHQWDWLRQ
RI UHVRXUFH UHFRYHU\ IURP
PXQLFLSDO
ZDVWHZDWHU
WUHDWPHQW

6HFRQGDU\ OLWHUDWXUH SDSHUV
LQFOXGLQJ WHFKQLFDO VRFLDO
HFRQRPLF
SROLWLFDO
DQG
LQVWLWXWLRQDO DVSHFWV UHODWHG WR
UHVRXUFH UHFRYHU\ UHVSRQVHV
WR
VRPH
TXHVWLRQV
TXHVWLRQQDLUH 

/LWHUDWXUH UHYLHZ LQ WKH PDLQ
UHVHDUFK GDWDEDVHV LQVWLWXWLRQDO
DQG SROLF\ DQDO\VLV
HJ
OHJLVODWLRQV DQGUHVSRQVHVIURP
WKH VXUYH\ ZLWK WKH PDQDJHUV
3DSHU,, 

3DSHUV ,
,,DQG,9

7R SURYLGH D JHQHULF
IUDPHZRUN WR VXSSRUW DQG
IDFLOLWDWH WKH WUDQVLWLRQ WR
ZDVWHZDWHU WUHDWPHQW SODQWV
ZLWK UHVRXUFH UHFRYHU\
VWUDWHJLHVLQODUJHFLWLHV

5HVXOWV IURP 3DSHUV , DQG ,,
OLWHUDWXUHLQWKHILHOGRISODQQLQJ
IRUUHVRXUFHUHFRYHU\

3HUVRQDO H[SHULHQFH EDVHG RQ
WKHSUHYLRXVSDSHUV ,DQG,, DQG
OLWHUDWXUH UHYLHZ WR VHW WKH
LQGLFDWRUV

3DSHUV ,,
DQG,,,

7R
LGHQWLI\
VXLWDEOH
WHFKQRORJLHV WKDW FRXOG EH
DSSOLHG LQ WKH VWXGLHG
PHJDFLWLHV
WR
UHFRYHU
SKRVSKRUXVDQGHQHUJ\

6HFRQGDU\ OLWHUDWXUH VHOHFWHG
SDSHUV
ZKLFK
FRQWDLQHG
LQIRUPDWLRQ DERXW SKRVSKRUXV
DQG
HQHUJ\
UHFRYHU\
SURFHVVHV IDFWRUV WKDW DIIHFW
LPSOHPHQWDWLRQ IURP3DSHUV,
,,DQG,,, 

/LWHUDWXUH UHYLHZ LQ WKH PDLQ
UHVHDUFK GDWDEDVHV FRPSDULVRQ
ZLWK WKH ORFDO FRQGLWLRQV LQ
PHJDFLWLHV DQG IUDPHZRUN
DSSOLFDWLRQ

3DSHUV ,
,,,DQG,9

7R
DQDO\VH
UHFHQW
WHFKQRORJLFDO
DGYDQFHV
UHODWHG WR ELRJDV SURGXFWLRQ
DQG KRZ ORFDO IDFWRUV PD\
DIIHFW LPSOHPHQWDWLRQ RI
HQHUJ\
UHFRYHU\
LQ
PHJDFLWLHV RI GHYHORSLQJ
FRXQWULHV

6HFRQGDU\ GDWD IURP SDSHUV
DERXW
WHFKQRORJLHV
IRU
HQKDQFHPHQW
RI
ELRJDV
SURGXFWLRQ ORFDO FRQGLWLRQV
GDWD IRU HDFK PHJDFLW\
OLWHUDWXUH DERXW ::73 FDVHV
ZLWKELRJDVUHFRYHU\

/LWHUDWXUH UHYLHZ GRFXPHQW
DQDO\VLV HJ ORFDO UHSRUWV  WR
FKHFN WKH H[LVWHQFH RI EHQHILWV
DQGLQFHQWLYHVWRELRJDVUHFRYHU\

3DSHU,9



'DWDDQDO\VHV
,Q3DSHU,,WKHFRQWHQWRIWKHGDWDFROOHFWHGE\WKHTXHVWLRQQDLUHVZDVDQDO\VHGDQG
RUJDQLVHGLQWR([FHOVSUHDGVKHHWVIRUFRPSDULVRQDQGIXUWKHUDQDO\VHV'DWDRIDOO
WKH ::73 ZHUH DQDO\VHG IURP VRPH SDUDPHWHUV VXFK DV WKH VL]H RI WKH SODQW
ZDVWHZDWHULQIORZUDWHWUHDWPHQWRIOLTXLGDQGVROLGSKDVHVORFDWLRQ HJZKLFK
PHWURSROLWDQ UHJLRQ EHORQJ UXUDO RU XUEDQ PXQLFLSDOLW\  DQG DFFRUGLQJ WR HDFK
TXHVWLRQRIWKHTXHVWLRQQDLUH7KHUHVXOWVZHUHUHSUHVHQWHGDVILJXUHV HJPDSV
GLDJUDPV DQG JUDSKV  DQG WDEOHV .H\ IDFWRUV WKDW DIIHFW LPSOHPHQWDWLRQ ZHUH
PDSSHGSULRULW\DUHDVIRUUHVRXUFHUHFRYHU\ HJZDWHUUHXVH ZHUHLGHQWLILHGDQG
VXJJHVWLRQVIRULPSURYHPHQWVZHUHJLYHQ)LQDOO\DIUDPHZRUNZDVFUHDWHGEDVHG
RQWKHUHVXOWVRIWKHVXUYH\7KHVXJJHVWHGVHWRILQGLFDWRUV LQVWHS ZHUHEDVHG
RQSUHYLRXVOLWHUDWXUH 9DQ'HU+RHNHWDO+XHWDO6LNRVDQDHWDO
+DUULV/RYHWWHWDO:ROWHUVGRUIHWDO 
3DSHU,,,ZDVPDLQO\EDVHGRQWKHFROOHFWHGUDZGDWDDERXWWKHUHSUHVHQWDWLYHSODQW
DQGWKHVWXG\DUHD0HDQFRQFHQWUDWLRQVRUJDQLFDQGQXWULHQWORDGVDQGUHPRYDO
HIILFLHQFLHVIRUWKHPDLQSDUDPHWHUV &2'%2'1DQG3 ZHUHFDOFXODWHG7KHQ
WKH PDLQ UHVXOWV ZHUH UHSUHVHQWHG DV WDEOHV DQG ILJXUHV 7KH ILQDO VWHS ZDV D
FRPSDULVRQEHWZHHQWKHUHFRYHU\RSWLRQVDFFRUGLQJWRWKHLQGLFDWRUV7KHRXWORRN
UHFRYHU\VFHQDULRV ZDVDUHVXOWRIWKHGLIIHUHQWDVVHVVPHQWLQGLFDWRUVJLYHQLQWKLV
ZRUN HGXFDWHGJXHVVHV DQGEDVHGRQWKHOLWHUDWXUHDQGWKH::73GDWD)XUWKHU
H[SODQDWLRQDERXWWKHUHVRXUFHUHFRYHU\VFHQDULRVLVLQ6XSSOHPHQWDU\PDWHULDOV
DQGRI3DSHU,,,
,Q3DSHU,WKHUHFRYHU\WHFKQRORJLHVZHUHJURXSHGE\HDFKSKDVH OLTXLGRUVROLG
DQGWKHODWWHUZDVVXEGLYLGHGLQWRVHZDJHVOXGJHDQGDVKHV 2YHUYLHZWDEOHVZHUH
FUHDWHGWRDVVLVWLQWKHLGHQWLILFDWLRQRIWKHPDLQFKDOOHQJHVDQGRSSRUWXQLWLHVIRU
UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ FODVVLI\LQJ WKHP LQWR VRFLDO HFRQRPLF
WHFKQLFDODQGSROLWLFDOLQVWLWXWLRQDOFKDOOHQJHV
,Q3DSHU,9EDVHGRQWKHUHVXOWVIURPWKHVHDUFKHVLQELEOLRJUDSKLFGDWDEDVHVWKH
VHOHFWLRQRIWKHSDSHUVZDVSHUIRUPHGXVLQJ%LEOLRPHWUL[WRRO $ULDDQG&XFFXUXOOR
 56WXGLRDQG([FHOVSUHDGVKHHWZLWK2UGLQDWLRQFODVVLILFDWLRQDVUHSRUWHGE\
%DOGDP  7KHQWKHVHOHFWHGSDSHUVZHUHJURXSHGEDVHGRQHDFKWRSLFRIWKH
DUWLFOH HJ FRGLJHVWLRQ PLFURDOJDH PHJDFLWLHV GDWD DQG VR RQ  'DWD ZHUH
UHSUHVHQWHG LQ ILJXUHV DQG WDEOHV DQG WKH PDLQ UHVHDUFK JDSV LQ WKH ILHOG RI
HQKDQFHPHQW RI ELRJDV SURGXFWLRQ SDUWLFXODUO\ PLFURDOJDH JURZWK FRGLJHVWLRQ
DQG WKHUPDO SUHWUHDWPHQW ZHUH LGHQWLILHG E\ WKH DXWKRUV 7KH FKRLFH RI WKH ORFDO
IDFWRUV ZDV EDVHG RQ 'LD](OVD\HG HW DO   &KULVSLP HW DO E  DQG
&KULVSLPHWDO  7KLVDVVHVVPHQWZDVPDGHFRQVLGHULQJWKHGDWDDYDLODEOHLQ
WKHUHYLHZHGSXEOLFDWLRQV



/LPLWDWLRQV
7KH ILQGLQJV RI WKH FDVH VWXGLHV 3DSHUV ,, DQG ,,,  UHSUHVHQW WKH VLWXDWLRQ LQ WKH
PRQLWRUHGSHULRGEXWWKHVWXG\UHJLRQLVG\QDPLFVRWKHDQDO\VHVVKRXOGEHXSGDWHG
LQ WKH IXWXUH 6RPH ZDVWHZDWHU WUHDWPHQW RUJDQL]DWLRQV GLG QRW DQVZHU WKH
TXHVWLRQQDLUHZKLFKOLPLWVWKHLQWHUSUHWDWLRQRIWKHILQGLQJV LQWKHVXUYH\RI3DSHU
,,  2WKHU OLPLWDWLRQV ZHUH GLIILFXOW\ ZLWK WKH HVWLPDWLRQ RI FRVWV RI UHFRYHU\
WHFKQRORJLHV LQVFHQDULRDQDO\VLVRI3DSHU,,, GXHWRQRUHDODSSOLFDWLRQLQWKHDUHD
DQGODFNRIVRPHGDWD HJPRQLWRULQJRIVHZDJHVOXGJHTXDOLW\SDUDPHWHUVLQWKH
VWXGLHG::73LQ3DSHU,,, 
5HJDUGLQJ WKH QRQUHVSRQVLYH SODQWV OLPLWDWLRQ RI 3DSHU ,, LW GRHV QRW VHHP WR
VLJQLILFDQWO\ DIIHFW WKH UHVXOWV EHFDXVH WKH PHWURSROLWDQ UHJLRQ ZLWK WKH ORZHVW
UHVSRQVHV 05391&  FRUUHVSRQGV WR RQO\  RI WKH WRWDO IORZ RI WKH WUHDWHG
ZDVWHZDWHU LQ WKH ZKROH 0DFURPHWURSROLV UHJLRQ 05391& LQFOXGHV WKH 1RUWK
&RDVWDQGWKH3DUDtED9DOOH\VXEUHJLRQV7KHODUJHVWSODQWVRIWKH1RUWK&RDVWZHUH
LQFOXGHGLQWKHVXUYH\KRZHYHUZHGLGQRWJHWUHVSRQVHVIURPWKHODUJHVWSODQWVRI
WKH3DUDtED9DOOH\DUHD$OVRWKHUHDUHPDQ\PXQLFLSDOLWLHVZLWKRXW::73LQWKLV
PHWURSROLWDQUHJLRQDQGLWFRUUHVSRQGVWRWKHVHFRQGKLJKHVWIORZRIXQWUHDWHGDQG
QRW FROOHFWHG VHZDJH ZKHQ FRPSDUHG WR RWKHU PHWURSROLWDQ UHJLRQV RI WKH
0DFURPHWURSROLV

(WKLFDOFRQVLGHUDWLRQV
,QWKHSDUWRIWKHUHVHDUFK 3DSHU,, ZKLFKLQYROYHGWKHPDQDJHUV SDUWLFLSDWLRQWKH
TXHVWLRQQDLUHVZHUHVHQWE\HPDLOZLWKDQLQIRUPHGFRQVHQWIRUPWRHGXFDWLQJWKH
SDUWLFLSDQWVDERXWWKHSXUSRVHRIWKHUHVHDUFKDQGWRJXDUDQWHHLQJWKHSDUWLFLSDQWV
WKHUHVSHFWIRUWKHLUULJKWVIROORZLQJHWKLFDOVWDQGDUGV,QWKLVFRQVHQWIRUPWKH\
ZHUHJLYHQDEULHILQWURGXFWLRQDERXWWKHSURMHFWWKHLUUROHDQGKRZWKHLQIRUPDWLRQ
REWDLQHGIURPWKHTXHVWLRQQDLUHZRXOGEHXVHGLQWKHUHVHDUFK$OVRWKHSDUWLFLSDQWV
ZHUHLQIRUPHGWKDWWKHLUQDPHVZRXOGQRWEHXVHGLQDQ\SXEOLFDWLRQXQOHVVWKHLU
SHUPLVVLRQZDVVRXJKWDQGDVXPPDULVHGUHSRUWZDVSURYLGHGWRWKHPIRUDSSURYDO
7KHVHSURFHGXUHVZHUHDOVRIROORZHGIRU3DSHU,,,UHVHDUFKZKHQVRPHGDWDZHUH
FROOHFWHGZLWKD::73FRPSDQ\
7KH SXEOLFDWLRQ UHVXOWDQW IURP WKH VXUYH\ ZKLFK ZDV EDVHG RQ WKH PDQDJHUV 
UHVSRQVHV 3DSHU,, ZDVVKDUHGZLWKDOOWKHSDUWLFLSDQWVUHVSRQVLYHPDQDJHUVRI
::733DSHU,,,ZDVVKDUHGZLWKWKHZDVWHZDWHUXWLOLW\UHVSRQVLEOHIRUWKH::73
$%&$OVRDZRUNVKRSLVSODQQHGWRRFFXURQOLQHVRRQLQZKLFKWKHHVVHQFHRIWKH
ILQGLQJVRIERWKSDSHUVZLOOEHSUHVHQWHGWRDOOWKHSDUWLFLSDQWV



5HVXOWV

,QWKLVVHFWLRQWKHPDLQUHVXOWVRIWKHDSSHQGHGSDSHUVDUHSUHVHQWHGDQGDUHEULHIO\
GLVFXVVHGZLWKLQDZLGHUFRQWH[W7KLVFKDSWHUFORVHVE\SUHVHQWLQJWKHFRPPXQLFDWLRQ
RIWKHUHVXOWVDQGH[SHFWHGLPSDFWVWRWKH6XVWDLQDEOH'HYHORSPHQW*RDOV

3KRVSKRUXVUHFRYHU\UHYLHZ 3DSHU, 
7KLVVHFWLRQZDVGLYLGHGLQWRWZREDVHGRQWKHPDLQFRQWHQWVRI3DSHU,)LUVWO\D
JHQHUDO FRQWH[WXDOL]DWLRQ DERXW UHVRXUFH UHFRYHU\ DQG DIWHU VSHFLILFDOO\ IRU
SKRVSKRUXVUHYLHZUHVXOWV

&RQWH[WXDOL]DWLRQDERXWWKHUHVRXUFHRULHQWHGVDQLWDWLRQ
DSSURDFK
7KH5HVRXUFH2ULHQWHG6DQLWDWLRQDSSURDFKIRFXVHVRQWKHUHFRYHU\RIUHVRXUFHV
SULRULWL]LQJ ZDWHU UHXVH HQHUJ\ UHFRYHU\ DQG UHF\FOLQJ RI VHZDJH FRQVWLWXHQWV
QLWURJHQ SKRVSKRUXV RUJDQLF PDWWHU DPRQJ RWKHUV  WR JHQHUDWLQJ DGGHG YDOXH
SURGXFWV 0RUDQGLHWDO 
0DQ\UHVRXUFHVFDQEHUHFRYHUHGIURPZDVWHZDWHUVXFKDVUHFODLPHGZDWHUIRUSRWDEOH
DQGQRQSRWDEOHSXUSRVHVQXWULHQWVDVIHUWLOL]HUVDQGVRLOFRQGLWLRQHUELRHQHUJ\DQG
ELRIXHOV 6ROp%XQGyHWDO SURWHLQVIRUDQLPDOIHHGRUKXPDQIHHGVXSSOHPHQWV
&DSVRQ7RMRHWDO DOJLQDWHFHOOXORVHSRO\K\GUR[\DONDQRDWH IRUELRSODVWLF
SURGXFWLRQ  9DOHQWLQR HW DO  /HHXZHQ HW DO   DVKHV IURP LQFLQHUDWHG
VOXGJH DVUDZPDWHULDOIRUFRQFUHWHFHPHQWDQGEULFNVPDQXIDFWXULQJ 5DKHHPHWDO
 JULW 3DSDHWDO UDUHHDUWKHOHPHQWV HJJDGROLQLXP PHWDOV FRSSHU
]LQF  3X\ROHWDO-DGKDYHWDO.HJOHWDO DVZHOODVHQ]\PHV
HJSURWHDVHFDWDODVH IRULQGXVWULDODSSOLFDWLRQV *KHUJKHOHWDO 6RPHRI
WKHVHUHVRXUFHVVXFKDVSURWHLQVDQGHQ]\PHVDUHUHFRYHUHGE\HPHUJLQJWHFKQRORJLHV
WKDWDUHQRW\HWDSSOLHGDWIXOOVFDOHDQGUHTXLUHIXUWKHUUHVHDUFKDQGGHYHORSPHQWDV
ZHOO DV UHGXFWLRQ RI FRVWV 7DEOH  SUHVHQWV VRPH H[DPSOHV RI UHVRXUFH UHFRYHU\
SDWKZD\V LQ ZDVWHZDWHU WUHDWPHQW 6RPH RI WKHP HJ DQDHURELF GLJHVWLRQ FR
SURFHVVLQJPLFURDOJDHV\VWHPVVWUXYLWHSUHFLSLWDWLRQDQGZDWHUUHXVH DUHDGGUHVVHG



LQ WKLV WKHVLV WKURXJK WKH DSSHQGHG SDSHUV ,Q 3DSHU , 3 UHFRYHU\ SURFHVVHV ZHUH
DQDO\VHG
7DEOH6\QWKHVLVRIWKHPDLQSURFHVVHVDQGDSSOLFDWLRQVIRUZDWHUUHXVHHQHUJ\DQGQXWULHQWUHFRYHU\
7\SHRIUHVRXUFHUHFRYHU\
3URFHVVHV
3RWHQWLDODSSOLFDWLRQV

(QHUJ\UHFRYHU\

1XWULHQWUHFRYHU\

:DWHUUHXVH

$QDHURELF'LJHVWLRQ
&RSURFHVVLQJRIELRVROLGV
*DVLILFDWLRQ
3\URO\VLV
6PDOO K\GURSRZHU SODQWV
HIIOXHQWV
+HDWSXPSV
%LRHOHFWURFKHPLFDO6\VWHPV
0LFURDOJDHJURZWK

(OHFWULFLW\
JHQHUDWLRQ
KHDW
UHFRYHU\DQGELRIXHOSURGXFWLRQ

ZLWK

6WUXYLWHSUHFLSLWDWLRQ
%LRPDVVJURZWK HJPLFURDOJDH 
,RQH[FKDQJH
3KRVSKRUXV UHFRYHU\ IURP VHZDJH
VOXGJHDQGDVKHV
%LRVROLGVDIWHUDQDHURELFGLJHVWLRQ

$SSOLFDWLRQ RI ELRVROLGV LQ VRLO VRLO
FRQGLWLRQHU  XVH RI IHUWLOLVHU LQ
DJULFXOWXUH IRU GLIIHUHQW FURSV IRU
UHVWDXUDWLRQRIGHJUDGHGODQGVDQG
IRUODQGVFDSLQJ

7HUWLDU\ WUHDWPHQW HJ PHPEUDQH
ELRUHDFWRUUHYHUVHRVPRVLV 
6HFRQGDU\ WUHDWPHQW IROORZHG E\
GLVLQIHFWLRQ GHSHQGLQJRQWKHWUHDWHG
HIIOXHQWTXDOLW\DQGILQDODSSOLFDWLRQ 

,UULJDWLRQLQDJULFXOWXUH
,QGXVWULDOUHXVH
8UEDQUHXVH
'LUHFWSRWDEOHUHXVH
,QGLUHFWSRWDEOHUHXVH
5HFKDUJHRIDTXLIHUV

6RXUFH0RGLILHGIURP&RUQHMR  

3HUIRUPDQFHRISKRVSKRUXVUHFRYHU\SURFHVVHVFKDOOHQJHVDQG
RSSRUWXQLWLHVIRUGHYHORSLQJFRXQWULHV
7KLV SDSHU DLPHG WR JXLGH SKRVSKRUXV UHFRYHU\ RSWLRQV LQ ZDVWHZDWHU WUHDWPHQW
VHFWRU 7KH IRFXV ZDV SDUWLFXODUO\ RQ GHYHORSLQJ FRXQWULHV VXFK DV WKH UHJLRQ RI
/DWLQ$PHULFDQDQGWKH&DULEEHDQ0HWKRGVIRUSKRVSKRUXVUHFRYHU\DWIXOOVFDOH
SLORWVFDOH DQG ODERUDWRU\VFDOH DUH SUHVHQWHG DQG FRPSDUHG HJ LQ WHUPV RI
UHFRYHU\UDWHVFDOHDQGUHFRYHUHGSURGXFW 7KHQWKHHQYLURQPHQWDOLPSDFWVDQG
EHQHILWVDVVRFLDWHGZLWKSKRVSKRUXVUHFRYHU\VWUDWHJLHVDUHGLVFXVVHG)LJXUHVDQG
VXPPDULVHWKHPDLQWRSLFVDGGUHVVHGLQWKLVSDSHU




)LJ6XPPDU\RIWKHPDLQFRQWHQWRI3DSHU,6RXUFH&KULVSLPHWDO  


)LJ7RSLFVDGGUHVVHGLQ3DSHU,

7KH PDMRU GULYHUV IRU UHVRXUFH UHFRYHU\ VWUDWHJLHV DUH WKH YDOXH DQG WKH OLPLWHG
DYDLODELOLW\ RI IHUWLOL]HUV PDLQO\ SKRVSKRUXV  JURZLQJ HQHUJ\ FRVWV VWULFWHU
UHJXODWLRQVRQQXWULHQWUHPRYDOIRUHIIOXHQWGLVFKDUJHDQGUHGXFWLRQRIPDLQWHQDQFH
FRVWVRIZDVWHZDWHUWUHDWPHQWZRUNV %DWVWRQHHWDO&KULVSLPHWDO 
7KH LQFRUSRUDWLRQ RI UHVRXUFH UHFRYHU\ VWUDWHJLHV LQWR ::73 EHFRPHV WKHLU
SURFHVVHV PRUH HIILFLHQW DQG UHGXFHV WKH DPRXQW RI ZDVWH HQYLURQPHQWDO DQG
HFRQRPLFEHQHILWV 7KHXVHRIDOWHUQDWLYHZDWHUVRXUFHVDQGUHFRYHU\RIQXWULHQWV
IURPVHZDJHFRQWULEXWHWRVXVWDLQDELOLW\LQWKHDJULFXOWXUHDQGVDQLWDWLRQVHFWRUV
3KRVSKRUXVLVDILQLWHUHVRXUFHDQGDQHVVHQWLDOQXWULHQW3KRVSKRUXVOLPLWDWLRQIRU
SODQW SURGXFWLRQ LV D ZRUOGZLGH LVVXH +RX HW DO   7KH PDLQ EHQHILWV RI
SKRVSKRUXVUHFRYHU\DUHWKHJHQHUDWLRQRIDQDOWHUQDWLYHDQGUHQHZDEOHVRXUFHRI



IHUWLOL]HUUHGXFWLRQRIFRVWVDVVRFLDWHGZLWKVOXGJHPDQDJHPHQW WUDQVSRUWDQGILQDO
GLVSRVDO  SUHYHQWLRQ RI HXWURSKLFDWLRQ RI ZDWHU ERGLHV GXH WR ORZHU SKRVSKRUXV
FRQFHQWUDWLRQV LQ WKH ILQDO HIIOXHQW GLVFKDUJHG WR VXUIDFH ZDWHUV DYRLGDQFH RI
RSHUDWLRQDOSUREOHPVUHODWHGWRVWUXYLWHSUHFLSLWDWLRQLQSLSHVDQGHTXLSPHQWDQG
SRWHQWLDOWRFRQWULEXWHIRULQFUHDVLQJIRRGVHFXULW\
7KHPRVWFRPPRQPHWKRGIRUSKRVSKRUXVUHFRYHU\LVWKHFKHPLFDOSUHFLSLWDWLRQRI
VWUXYLWH HVSHFLDOO\ IRU VHFRQGDU\ VWUHDPV VOXGJH OLQH  ZKLFK KDYH KLJKHU 3
FRQFHQWUDWLRQV2WKHUUHFRYHU\SURFHVVHVKDYHEHHQVWXGLHGVXFKDVLRQH[FKDQJH
ZLWK]HROLWHVELRPDVVSURGXFWLRQ HJPLFURDOJDHJURZWK DQGYLYLDQLWHUHFRYHU\
IURP GLJHVWHG VOXGJH %XW WKHVH SURFHVVHV UHTXLUH IXUWKHU GHYHORSPHQW WR UHDFK
FRPPHUFLDODSSOLFDWLRQV
7KHFRPSDULVRQRISURFHVVHVIURPOLTXLGDQGVROLGSKDVHV 7DEOHVRI3DSHU, 
VKRZVWKDWWKHUHFRYHU\UDWHRI3 LQRIWKH::73LQIOXHQW IURPOLTXLGSKDVH
PD\UHDFKZKLOHWKHUHFRYHU\UDWHIURPVOXGJHLVLQWKHUDQJHRI
DQGIURPDVKHV7KHPDLQSURGXFWVDUHVWUXYLWHFDOFLXPSKRVSKDWHLURQ
SKRVSKDWHDQGSKRVSKRULFDFLG6RPHSURFHVVHVEDVHGRQVHZDJHVOXGJHDVKHVDOVR
HQDEOHUHFRYHU\RIDOXPLQXPDQGLURQFRDJXODQWV
7KH PDLQ HQYLURQPHQWDO FRQFHUQV UHODWHG WR UHFRYHU\ SURFHVVHV DUH HQHUJ\
FRQVXPSWLRQ UHDFWDQWV GHPDQG DQG KHDY\ PHWDOV FRQWDPLQDWLRQ 5HFRYHU\
SURFHVVHV IURP OLTXLGSKDVH JHQHUDWH IHZHU HPLVVLRQV DQG KDYH ORZHU HQHUJ\
GHPDQGVEXWORZHUUHFRYHU\UDWHVWKDQVROLGSKDVHSURFHVVHV)RUUHFRYHU\IURP
DVKHV WKHUH LV D FRQFHUQ UHODWHG WR KHDY\ PHWDOV GHFRQWDPLQDWLRQ %DVHG RQ WKH
FRQVXOWHGSXEOLFDWLRQVVHYHUDOSKRVSKRUXVUHFRYHU\SURFHVVHVSUHVHQWKLJKUHPRYDO
RI KHDY\ PHWDOV   LQGLFDWLQJ QR FRQFHUQV IRU SKDUPDFHXWLFDOV DQG KHDY\
PHWDOVLQVWUXYLWHSURGXFWVDVWKH\PHHWWKH(XURSHDQ8QLRQOHJDOOLPLWV (JOHHWDO
9ODHPLQFNHWDO 
)RU FRXQWULHV ZKHUH VOXGJH LQFLQHUDWLRQ LV QRW D FRPPRQ SUDFWLFH QR H[LVWLQJ
PRQRLQFLQHUDWLRQ IDFLOLWLHV  RU IRU VPDOO VFDOH WUHDWPHQW SODQWV SKRVSKRUXV
UHFRYHU\ IURP DVKHV LV QRW D VXLWDEOH DOWHUQDWLYH ,Q GHYHORSLQJ FRXQWULHV WKH
VROXWLRQVIRUSKRVSKRUXVUHFRYHU\VKRXOGKDYHORZFRVWVKLJKUHFRYHU\UDWHVQR
VSHFLDOL]HGODERXUUHTXLUHPHQWIRURSHUDWLRQDQGPDLQWHQDQFHDQGQRODUJHVSDFH
QHHG ,Q WKH /DWLQ $PHULFDQ DQG WKH &DULEEHDQ WKH FXUUHQW FKDOOHQJH LV WR
XQLYHUVDOL]H DFFHVV WR SURSHU VDQLWDWLRQ VHUYLFHV EXW UHVRXUFH UHFRYHU\
LPSOHPHQWDWLRQFRXOGEHSDUWRIWKLVSURFHVV%DVHGRQWKHWUHDWPHQWFRQILJXUDWLRQ
RIWKHSODQWVLQWKLVUHJLRQVRPHUHFRPPHQGDWLRQVZHUHPDGH)RUDFWLYDWHGVOXGJH
SODQWV  RI WKH WRWDO  WKH UHFRYHU\ RI SKRVSKRUXV IURP WKH OLTXLG SKDVH IURP
VOXGJHGHZDWHULQJOLTXRUFRXOGEHLQGLFDWHG)RUVWDELOL]DWLRQSRQGV::73  
PLFURDOJDH FXOWLYDWLRQ IURP WKH PDLQVWUHDP LV VXJJHVWHG 7KH DGYDQWDJHV DUH
IDYRXUDEOHZHDWKHULQWKHUHJLRQDQGWKHEDUULHULVWKDWWKLVSURFHVVLVVWLOODWSLORW
VFDOH



6RPHNH\IDFWRUVWKDWDIIHFWSKRVSKRUXVUHFRYHU\LPSOHPHQWDWLRQZHUHLGHQWLILHG
LQ 3DSHU , 7DEOHV  DQG   7KH\ ZHUH FODVVLILHG DV WHFKQLFDO EDUULHUV ODFN RI
GHFLVLRQPDNLQJ WRROV DQG PHWKRGRORJLHV SURGXFW VDIHW\ ULVNVUHODWHG  ::73
VL]H HFRQRPLF PDUNHWYDOXH RI WKH UHFRYHUHG UHVRXUFH HFRQRPLF LQFHQWLYHV
HFRQRPLF IHDVLELOLW\ VRFLDO SXEOLF DFFHSWDQFH VWDNHKROGHUV¶ SHUFHSWLRQ DQG
SROLWLFDOLQVWLWXWLRQDO OHJLVODWLRQ DQG UHJXODWLRQV ODFN RI DQ LQWHJUDWHG DSSURDFK
DQG SHUVRQQHO VNLOO OLPLWDWLRQV $OO WKH FKDOOHQJHV PHQWLRQHG LQ 7DEOHV  DQG 
VKRXOG EH DGGUHVVHG WR HQFRXUDJH DQG DFFHOHUDWH WKH LPSOHPHQWDWLRQ RI UHVRXUFH
UHFRYHU\VROXWLRQV
)RULQVWDQFHDERXWWKHSODQWVL]HWKHFRVWSHUNJRI3UHFRYHUHGYDULHVDFFRUGLQJWR
WKH ZDVWHZDWHU YROXPH GDLO\ IORZ UDWH  DQG 3 FRQFHQWUDWLRQ 7KHVH FRVWV DUH
UHODWLYHO\KLJKHUIRUVPDOOHUSODQWVDQGIRUORZHUGLVFKDUJH3FRQFHQWUDWLRQV 2WRR
DQG 'UHVFKVHO   1HZ EXVLQHVV PRGHOV SXEOLF SROLFLHV SDUWQHUVKLSV
HGXFDWLRQDOPHDVXUHVFUHDWLRQRIQHWZRUNVILQDQFLQJPHFKDQLVPVDQGLQFHQWLYHV
DUHQHFHVVDU\SUDFWLFHVWRIDFLOLWDWHSODQQLQJDQGLPSOHPHQWDWLRQ,QWKLVFRQWH[W
JRYHUQPHQW VXEVLGLHV WRZDUGV 3 UHFRYHU\ RU LPSRVLQJ WD[HV RQ H[WUDFWHG
SKRVSKRUXV FRQYHQWLRQDOIHUWLOLVHUV DUHLPSRUWDQWPHDVXUHV /LHWDO $OVR
UHJXODWRU\LQWHUYHQWLRQVOLNHEDQQLQJODQGILOOVWRGLVSRVHRIVHZDJHVOXGJHDQGRU
UHF\FOLQJ REOLJDWLRQV FDQ SURPRWH QXWULHQW UHFRYHU\ DQG UHXVH 5RVHPDULQ HW DO
 
5HJDUGLQJ SKRVSKRUXV UHFRYHU\ VWUXYLWH SUHFLSLWDWLRQ LV D PDWXUH WHFKQRORJ\
KRZHYHUWKHPDUNHWYDOXHRIWKHSURGXFWLVQRW\HWFRPSHWLWLYHWRWKHFRQYHQWLRQDO
IHUWLOL]HU6RWKHQH[WVWHSVFRXOGEHWRGHYHORSWKHPDUNHWWRUHGXFHWKHSURGXFWLRQ
DQGRSHUDWLRQFRVWVDQGFRQGXFWUHVHDUFKRQKRZWRFRPELQH3UHFRYHU\ZLWKRWKHU
YDOXDEOHVUHFRYHU\SURFHVVHVWRLQFUHDVHSURILWDELOLW\0RVWIXOOVFDOH::73ZLWK
3 UHFRYHU\ DUH LQ (XURSH DQG 1RUWK $PHULFD 7KHQ WKHUH LV JUHDW SRWHQWLDO IRU
SKRVSKRUXVUHFRYHU\LPSOHPHQWDWLRQLQGHYHORSLQJFRXQWULHVVXFKDVWKRVHLQWKH
/DWLQ$PHULFDDQG&DULEEHDQ5HJLRQ

&DVHVWXG\DERXWWKH0DFURPHWURSROLVVLWXDWLRQDQG
WKHIUDPHZRUNSURSRVDO 3DSHU,, 
,QGHYHORSLQJFRXQWULHVWKHUHLVDODFNRILQIRUPDWLRQDQGVWXGLHVDERXWUHVRXUFH
UHFRYHU\IURPZDVWHZDWHUWRVXSSRUWWKHGHYHORSPHQWRIFRKHUHQWSROLFLHVLQWKLV
DUHD3DSHU,,FRQWDLQVDQDQDO\VLVDQGHYDOXDWLRQRISRVVLELOLWLHVDQGDOWHUQDWLYHVRI
UHVRXUFH UHFRYHU\ HVSHFLDOO\ UHFODLPHG ZDWHU SKRVSKRUXV DQG HQHUJ\ IURP
ZDVWHZDWHU WUHDWPHQW LQ WKH 0DFURPHWURSROLV RI 6DR 3DXOR WKH PDLQ XUEDQ
FRQFHQWUDWLRQRI%UD]LO )LJ 



)LJ*UDSKLFDODEVWUDFWRI3DSHU,,6RXUFH&KULVSLPHWDO E 

7KHPDLQUHVXOWVDUHGLYLGHGKHUHEDVHGRQWKHVSHFLILFREMHFWLYHVRIWKHSDSHUWKH
ILQGLQJVIURPWKHTXHVWLRQQDLUHVDQGDQDO\VLVRQKRZUHFRYHU\SUDFWLFHVYDU\DFURVV
WKHVWXG\UHJLRQWKHNH\IDFWRUVWKDWDIIHFWWKHLPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\
DSURSRVHGIUDPHZRUNDVDWRROWRVWLPXODWHVXSSRUWSODQQLQJDQGGHFLVLRQPDNLQJ
SRVVLELOLWLHV IRU UHVRXUFH UHFRYHU\ VWUDWHJLHV DQG LPSURYHPHQWV WKDW FRXOG EH
LPSOHPHQWHGLQWKHVWXG\DUHDDQGDFRPSDULVRQEHWZHHQWKHUHJLRQRI6DR3DXOR
DQGRWKHUPHJDFLWLHVFRQFHUQLQJUHVRXUFHUHFRYHU\IURPZDVWHZDWHUWUHDWPHQW
5HJDUGLQJ WKH VLWXDWLRQ RI UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ LQ WKH
0DFURPHWURSROLVWKHUHVXOWVKDYHUHYHDOHGWKDWRQO\RIWKHSODQWVSHUIRUPHG
DWOHDVWRQHSUDFWLFHRIUHVRXUFHUHFRYHU\DQGWKHSUHGRPLQDQWSUDFWLFHZDVLQWHUQDO
UHXVHRIZDWHU5HVRXUFHUHFRYHU\LQLWLDWLYHVZHUHFRQFHQWUDWHGLQODUJHUSODQWVDQG
XUEDQPXQLFLSDOLWLHV&RQVLGHULQJWKHH[LVWLQJSODQWVZLWKZDWHUUHXVHIRUH[WHUQDO
SXUSRVHV WKH SURGXFWLRQ DQG FRPPHUFLDOL]DWLRQ RI UHFODLPHG ZDWHU IURP WUHDWHG
HIIOXHQWDUHUHODWLYHO\ORZ
6HZDJH VOXGJH LV GLVSRVHG RI LQ ODQGILOOV H[FHSW IRU  SODQWV WKDW SHUIRUP
FRPSRVWLQJIRUXVHLQDJULFXOWXUH )LJ $QRWKHULPSRUWDQWILQGLQJLVWKDWWKHUH
LVQRHQHUJ\UHFRYHU\LQWKHVXUYH\HGSODQWV$OWKRXJKVHYHUDOSODQWV RIWKH
WRWDO  SURGXFH ELRJDV LW LV QRW UHFRYHUHG 7DEOH  RI 3DSHU ,,  6RPH PDQDJHUV
UHSRUWHG LQWHUHVW LQ ELRJDV UHFRYHU\ LQLWLDWLYHV H[SDQVLRQ RI UHFODLPHG ZDWHU
SURGXFWLRQDQGVOXGJHUHF\FOLQJIRUDJULFXOWXUHRUEXLOGLQJPDWHULDOVVRPHRIWKHP
SURYLGHGPRUHLQIRUPDWLRQDERXWWKHLUFXUUHQWSODQVRQUHVRXUFHUHFRYHU\VXFKDV
&DPSLQDVFLW\DVUHSRUWHGLQ3DSHU,,



)LJ5HVRXUFHUHFRYHU\PHDVXUHVLQWKHVWXG\DUHDLQDOOWKHDVVHVVHG::736RXUFH&KULVSLPHWDO E :DWHUH[WH[WHUQDOZDWHUUHXVHZDWHULQWLQWHUQDOZDWHU
UHXVHZDWHULQWVOXGJHSODQWZLWKLQWHUQDOZDWHUUHXVHDQGVOXGJHUHF\FOLQJZDWHULQWZDWHUH[WDSODQWZLWKLQWHUQDODQGH[WHUQDOZDWHUUHXVH55UHVRXUFHUHFRYHU\

%DVHGRQWKHFRQVXOWHGOLWHUDWXUHWKHNH\IDFWRUVWKDWDIIHFWWKHLPSOHPHQWDWLRQRI
UHVRXUFH UHFRYHU\ DUH WKH VL]H RI WKH SODQW ORFDO OHJLVODWLRQ DQG WUHDWPHQW
WHFKQRORJLHV 7KHVH IDFWRUV DUH GLVFXVVHG LQ WKH SDSHU )RU WKH 6DR 3DXOR
0DFURPHWURSROLV FDVH VWXG\ VRPH EDUULHUV DUH VWULFW UHJXODWLRQV DERXW WKH
DSSOLFDWLRQ RI WUHDWHG VOXGJH LQ DJULFXOWXUH ODFN RI LQFHQWLYHV WR VXSSRUW WKH
LQWURGXFWLRQRIWKHUHFRYHUHGSURGXFWVLQWKHPDUNHWODFNRIWHFKQLFDONQRZOHGJH
RISODQWPDQDJHUVDERXWUHVRXUFHUHFRYHU\RSWLRQVORZGHPDQGIRUUHFODLPHGZDWHU
IURPWUHDWHGHIIOXHQW LQWKHVXUURXQGLQJDUHDRIVRPHSODQWVDQGORZDPRXQWDQG
TXDOLW\RIELRJDVSURGXFHGLQVPDOOSODQWV,QJHQHUDOVRPHRWKHULGHQWLILHGEDUULHUV
DUHOLWWOHXWLOLW\LQWHUHVWWRZDUGVLQQRYDWLRQDQGFLUFXODUHFRQRP\QRFRPSHWLWLYH
SULFHRUQRH[LVWLQJORFDOPDUNHWIRUWKHUHFRYHUHGSURGXFW HJVWUXYLWH DQGODFN
RILQFHQWLYHEDVHGSROLFLHVWRLQWHJUDWHHQHUJ\HIILFLHQF\PHDVXUHVLQWR::73
6KHUPDQHWDO  KDYHFRQGXFWHGDVLPLODUUHVHDUFKZLWKXWLOLW\PDQDJHUVEXW
LQ WKH 8QLWHG 6WDWHV WR XQGHUVWDQG WKH EDUULHUV WR LQQRYDWLRQ LQ WKH PXQLFLSDO
ZDVWHZDWHU VHFWRU 7KH\ FRQFOXGHG UHJXODWLRQV HJ ZDWHU UHXVH VWDQGDUGV  DUH
UHOHYDQW ZLWKLQ WKH FRQWH[W RI LQQRYDWLRQ DV PDQ\ QHZ WHFKQRORJLHV HPSKDVL]H
UHVRXUFHUHFRYHU\DQGPXOWLVHFWRUEHQHILWV+RZHYHULQWKHLUVWXG\WKHPDQDJHUV
GLG QRW LGHQWLI\ VSHFLILF UHJXODWRU\ UHTXLUHPHQWV DQG WKH VWULQJHQF\ RI WKRVH
UHTXLUHPHQWV DV WKH PDLQ EDUULHU WR LQQRYDWLRQ ,Q WKLV SRLQW LQ WKHLU VWXG\ WKH
PDQDJHUV KLJKOLJKWHG WKH QHHG IRU LPSURYHG FRPPXQLFDWLRQ FROODERUDWLRQ DQG
LQFUHDVHGIOH[LELOLW\WRHQFRXUDJHLQQRYDWLRQ7KHUHIRUHVWDNHKROGHUVLQWHUHVWHGLQ
LQQRYDWLRQFRXOGKHOSZDVWHZDWHUXWLOLWLHVDQGUHJXODWRUVEXLOGVROXWLRQVDQGEHWWHU
PDNH GHFLVLRQV DERXW UHVRXUFH UHFRYHU\ WHFKQRORJLHV 7KLV NLQG RI FROODERUDWLRQ
DPRQJVWDNHKROGHUVLVSDUWRIRXUSURSRVHGIUDPHZRUN
7KHILQDOVHFWLRQRIWKHSDSHULQWURGXFHVDWRROFDOOHGDIUDPHZRUNZLWKVHYHUDOVWHSV
WRKHOSUHVRXUFHUHFRYHU\LPSOHPHQWDWLRQ )LJRI3DSHU,, $OVRWKHIUDPHZRUN
FDQ VXSSRUW SODQQLQJ GHFLVLRQPDNLQJ DQG DVVHVVPHQW RI UHVRXUFH UHFRYHU\
VFHQDULRV7KHIUDPHZRUNZDVGHULYHGIURPWKHVXUYH\DQGLQFRUSRUDWHGLPSRUWDQW
IDFWRUV VXFK DV WKH H[LVWLQJ WUHDWPHQW FKDUDFWHULVWLFV DQG ORFDO FRQGLWLRQV HJ
GHPDQG IRU UHVRXUFHV  DQG D VHW RI VXVWDLQDELOLW\ LQGLFDWRUV ,QYROYLQJ VWUDWHJLF
DFWRUV VWDNHKROGHUV LVLPSRUWDQWIRUVFDOLQJXSQRWRQO\IRFXVLQJRQWHFKQRORJLFDO
DVSHFWV VR VWDNHKROGHUV PDSSLQJ DQG FROODERUDWLRQ DUH SDUW RI WKH IUDPHZRUN¶V
VWHSV 7KH SURSRVHG IUDPHZRUN VKRXOG EH XVHIXO IRU GHFLVLRQPDNHUV DQG LWV
DSSOLFDWLRQ VKRXOG IDFLOLWDWH WKH SODQQLQJ SURFHVV UHGXFH WKH WLPH IRU GHFLVLRQ
PDNLQJ RI UHVRXUFH UHFRYHU\ SURMHFWV DQG SURYLGH HQYLURQPHQWDO DQG HFRQRPLF
EHQHILWV
&RQVLGHULQJ WKH UHVXOWV RI RXU VXUYH\ LQ WKH 0DFURPHWURSROLV UHJLRQ WKH ORFDO
FRQGLWLRQVDQGGLVFXVVLQJWKHPZLWKWKHOLWHUDWXUHZHPDGHVHYHUDOVXJJHVWLRQVIRU
LPSURYHPHQWRIUHVRXUFHUHFRYHU\%LRJDVUHFRYHU\LVVXJJHVWHGIRUWKHDQDHURELF
SODQWV ZLWK FRGLJHVWLRQ IRU WKH RQHV ZLWK ORZ ELRJDV SURGXFWLRQ  0LFURDOJDH
JURZWKV\VWHPVDUHVXJJHVWHGIRUSRQGV\VWHPVDQGWKHELRPDVVFRXOGEHXVHGIRU
VHYHUDODSSOLFDWLRQVDVVKRZQE\OLWHUDWXUH HQHUJ\SURGXFWLRQELRIXHOIHUWLOL]HU 


)RU WKH SODQWV ZLWK WKH 1HUHGD SURFHVV UHFRYHU\ RI DOJLQDWHOLNH
H[RSRO\VDFFKDULGHVDQGSKRVSKRUXVUHFRYHU\IURPVOXGJHDUHUHFRPPHQGHG7KH
H[SDQVLRQRIZDWHUUHXVHLVUHFRPPHQGHGSDUWLFXODUO\IRUHOHYHQPXQLFLSDOLWLHVRI
3LUDFLFDED&DSLYDUL-XQGLDt%DVLQZKLFKIDFHDGHILFLWRIZDWHUVXSSO\IRULQGXVWULDO
SXUSRVHV1XWULHQWUHFRYHU\VROXWLRQVDUHHVSHFLDOO\LQWHUHVWLQJIRUWKH0HWURSROLWDQ
5HJLRQRI6RURFDEDGXHWRSUHGRPLQDQWDJULFXOWXUDODFWLYLW\7KHQWKHSODQQLQJDQG
LPSOHPHQWDWLRQ RI UHVRXUFH UHFRYHU\ FRXOG EHQHILW WKH ORFDO HFRQRP\ RI WKHVH
PHWURSROLWDQUHJLRQV
2WKHUNH\SUHVHQWHGGDWDDUHUHJDUGLQJVHZDJHFROOHFWLRQDQGWUHDWPHQWLQWKHVWXG\
UHJLRQ$ERXWRIWKHFROOHFWHGVHZDJHLVQRWWUHDWHGDQGVHYHUDOPXQLFLSDOLWLHV
VWLOO GR QRW KDYH WUHDWPHQW IRU WKHLU FROOHFWHG VHZDJH -XVW DURXQG  RI WKH
JHQHUDWHG ZDVWHZDWHU LV FROOHFWHG DQG WUHDWHG 6R H[SDQVLRQ RI SURSHU VHZDJH
PDQDJHPHQWLVUHTXLUHGLQWKLVDUHDSDUWLFXODUO\LQWKHPHWURSROLWDQUHJLRQV0563
DQG 05391& ,Q WKLV VHQVH LW LV UHOHYDQW WR FRPPHQW DERXW LUUHJXODU DUHDV
$FFRUGLQJWR,%*( 7KH%UD]LOLDQ,QVWLWXWHRI*HRJUDSK\DQG6WDWLVWLFV RI
WKH SRSXODWLRQ RI WKH 0HWURSROLWDQ 5HJLRQ RI 6mR 3DXOR OLYHG LQ LOOHJDOLUUHJXODU
XUEDQDUHDV DOVRFDOOHGVXEQRUPDOFOXVWHUVRUIDYHODV LQFRUUHVSRQGLQJWR
PRUHWKDQPLOOLRQLQKDELWDQWV ,%*( ,WLVHVWLPDWHGDERXWLUUHJXODU
RFFXSDWLRQV LQ 6mR 3DXOR FLW\ ,QVWLWXWR 7UDWD %UDVLO HW DO   ,Q WHUPV RI
SRSXODWLRQWKHFLWLHVRI6mR9LFHQWH  DQG*XDUXMi  DUHWKHRQHVZLWK
WKHKLJKHVWSHUFHQWDJHRISHRSOHOLYLQJLQLUUHJXODUDUHDV ,QVWLWXWR7UDWD%UDVLOHW
DO ,WLVZRUWKQRWLQJWKDWVRPHGDWD LQGH[HVDQGSHUFHQWDJH DQGVXUYH\V
RQFROOHFWLRQDQGWUHDWPHQWRIGDWDVRXUFHVGRQRWFRQVLGHULUUHJXODUDUHDVZKLFKLQ
VRPH PHWURSROLWDQ UHJLRQV KDYH LQFUHDVHG DQG LW LV GLIILFXOW WR PHDVXUH ,Q WKLV
VFHQDULRVWUXFWXUDOFKDOOHQJHVVXFKDVVHZDJHFROOHFWLRQDQGWUHDWPHQWSURYLVLRQ
DUHSULRULWLHV $OFDQWDUDHWDO IXUWKHULPSURYHPHQWVOLNHUHVRXUFHUHFRYHU\
ZRXOGGHSHQGRQLW)XWXUHVWXGLHVRQWKLVWRSLFDUHVXJJHVWHGLQWKH&RQFOXVLRQV
6HFWLRQ 
7KH FRPSDULVRQRI WKH UHVXOWV ZLWKRWKHU PHJDFLWLHV LQ %5,&6 FRXQWULHV VKRZHG
WKDWWKHLUVLWXDWLRQUHJDUGLQJUHVRXUFHUHFRYHU\LPSOHPHQWDWLRQLVVLPLODUWRRXUFDVH
VWXG\ KLJKOLJKWLQJ D IHZ LQLWLDWLYHV RI UHVRXUFH UHFRYHU\ LQ WKHLU ZDVWHZDWHU
WUHDWPHQW IDFLOLWLHV 7KH SRWHQWLDOV RI ZDWHU UHXVH HQHUJ\ UHFRYHU\ DQG QXWULHQW
UHF\FOLQJDUHEULHIO\GLVFXVVHGLQVXFKPHJDFLWLHV






)UDPHZRUNDSSOLFDWLRQDWD::73LQ6DR3DXOR
PHJDFLW\DQGWKHSRWHQWLDOVIRUUHVRXUFHUHFRYHU\ 3DSHU
,,, 
$ VXVWDLQDEOH ZDVWHZDWHU WUHDWPHQW SODQW DOVR FDOOHG ZDWHU UHVRXUFH UHFRYHU\
IDFLOLW\RUELRUHILQHU\ XVHVOHVVUHVRXUFHVDQGLVPRUHHIILFLHQWUHF\FOHLWVZDVWHV
LQWHJUDWHVUHVRXUFHUHFRYHU\VROXWLRQVJHQHUDWHVILQDQFLDOUHWXUQVDQGSUHVHQWVD
WHFKQRORJLFDO GHVLJQ DQG RSHUDWLRQ FRPSDWLEOH ZLWK VRFLDO HFRQRPLF DQG
HQYLURQPHQWDO FKDUDFWHULVWLFV RI LWV VXUURXQGLQJ DUHDV 3RWW HW DO  5REOHV
 )LJXUHLOOXVWUDWHVDQH[DPSOHRIDZDWHUUHVRXUFHUHFRYHU\IDFLOLW\7KLV
SDSHU DLPHG WR VKRZFDVH WKH QHZ IUDPHZRUN IRU SODQQLQJ LPSOHPHQWDWLRQ DQG
DVVHVVPHQWRIUHVRXUFHUHFRYHU\VWUDWHJLHVIRUDUHSUHVHQWDWLYH::73WRVXSSRUW
WKHWUDQVLWLRQRIWKLVSODQWWRDZDWHUUHVRXUFHUHFRYHU\IDFLOLW\

)LJ,OOXVWUDWLRQRIDZDWHUUHVRXUFHUHFRYHU\IDFLOLW\ ELRUHILQHU\ ZLWKVRPHUHVRXUFHUHFRYHU\SUDFWLFHV

,QWKLVVHFWLRQWKHPDLQUHVXOWVDUHVXPPDULVHGDFFRUGLQJWRHDFKVSHFLILFREMHFWLYH
DSSOLFDWLRQRIWKHVWHSVRI WKHSURSRVHG IUDPHZRUNWRVXSSRUWGHFLVLRQPDNLQJ RQ
UHVRXUFHUHFRYHU\VWUDWHJLHVWRUHFRPPHQGRSHUDWLRQDODQGWHFKQRORJLFDOVWUDWHJLHV
RIUHVRXUFHUHFRYHU\ QXWULHQWVDQGHQHUJ\ IRUWKLVUHSUHVHQWDWLYHIDFLOLW\FRQVLGHULQJ
HFRQRPLFWHFKQLFDOHQYLURQPHQWDOVRFLHWDODQGSROLWLFDOLQGLFDWRUVDQGWRLGHQWLI\
VWUHQJWKVDQGSRWHQWLDOLPSURYHPHQWVRIWKHIUDPHZRUN7KHIUDPHZRUN )LJ ZDV
DSSOLHGLQDODUJHZDVWHZDWHUWUHDWPHQWSODQWLQ6DR3DXOR0HJDFLW\


)LJ*UDSKLFDODEVWUDFWRI3DSHU,,,LOOXVWUDWLQJWKHPDLQVWHSVRIWKHIUDPHZRUN6RXUFH&KULVSLPHWDO
F 

7UHDWPHQW FRQILJXUDWLRQ ZDVWHZDWHU DQG E\SURGXFWV FRPSRVLWLRQ SRWHQWLDO
GHPDQG IRU ZDWHU HQHUJ\ DQG SKRVSKRUXV VWDNHKROGHU LGHQWLILFDWLRQ DQG ORFDO
OHJLVODWLRQDUHIDFWRUVWKDWLQIOXHQFHUHVRXUFHUHFRYHU\GHFLVLRQPDNLQJDQGZHUH
WKRURXJKO\ GLVFXVVHG 6WHS RQH FRQVLVWV RI HYDOXDWLQJ WKH H[LVWLQJ WUHDWPHQW
FKDUDFWHULVWLFVDQGWKHH[SHFWHGXSJUDGHV7KLVDQDO\VLVLVUHOHYDQWZKHQSODQQLQJ
UHVRXUFHUHFRYHU\VWUDWHJLHVVLQFHWKHLQFUHDVHRIWKHSODQW¶VFDSDFLW\ZLOOLPSO\DQ
LQFUHDVH RI JHQHUDWHG E\SURGXFWV DPRXQW HJ VOXGJH  DQG ZLOO KDYH HIIHFWV RQ
FKDUDFWHUL]DWLRQ HIIOXHQW DQG VOXGJH TXDOLW\  )URP 6WHS  WKH UHVXOWV VKRZHG D
SUHGRPLQDQFH RI SURFHVVLQJ LQGXVWULHV LQ WKH VWXG\ DUHD DQG IHZ FLWLHV ZLWK
DJULFXOWXUH DFWLYLW\ )LJXUH  RI 3DSHU ,,, SUHVHQWV WKH GLVWULEXWLRQ RI HFRQRPLF
DFWLYLWLHV LQ WKH VWXGLHG UHJLRQ 7KH PDLQ SURFHVVLQJ LQGXVWULHV DUH DXWRPRELOH
FKHPLFDOPHWDOOXUJ\UXEEHUDQGSODVWLFSURGXFWLRQIRRGDQGWH[WLOH7KH\KDYHD
KLJKGHPDQGIRUZDWHUDVVKRZQLQ7DEOH7KXVZDWHUUHXVHIURPWUHDWHGHIIOXHQW
IRU LQGXVWULDO SXUSRVHV LV D SURPLVLQJ VROXWLRQ LQ WKLV UHJLRQ 7KHUH LV DOUHDG\
SURGXFWLRQ RI UHFODLPHG ZDWHU LQ WKH ::73 HYDOXDWHG EXW DQ H[SDQVLRQ RI WKLV
LQLWLDWLYH IRU H[DPSOH WR RWKHU SODQWV DQG WR PRUH LQGXVWULHV LV UHFRPPHQGHG
5HJDUGLQJ DJULFXOWXUH WKH XUEDQ FRPPXQLW\ JDUGHQV DV ZHOO DV KRUWLFXOWXUH DQG
IORULFXOWXUHVHWWOHPHQWVFRXOGEHHQGXVHUVRIWKHUHFRYHUHGQXWULHQWVDVIHUWLOLVHUV
$QDO\VLQJ WKH ZDVWH VWUHDP FRPSRVLWLRQ LV HVVHQWLDO WR WKH VHOHFWLRQ RI VXLWDEOH
UHVRXUFHUHFRYHU\WHFKQRORJLHV6WHSSUHVHQWVDTXDQWLILFDWLRQRIWKHE\SURGXFWV
JHQHUDWHGLQWKHWUHDWPHQWSURFHVVHV5HPDUNDEO\KLJKDPRXQWVRIVOXGJHJULWDQG
VFUHHQLQJPDWHULDODUHJHQHUDWHGDQGGLVSRVHGRILQODQGILOOV WRQGD\
NJGD\DQGNJGD\UHVSHFWLYHO\ 5HVXOWVIURP6WHSSURYLGHDJRRGSLFWXUH
RI WKH GHPDQGV IRU ZDWHU QXWULHQW DQG HQHUJ\ LQ WKH ORFDO FRQWH[W DV ZHOO DV
SRWHQWLDO FXVWRPHUV HJ LQGXVWULHV IDUPHUV  DQG ORFDO PDUNHW YDOXH IRU WKH
UHFRYHUHGSURGXFWV



,Q6WHSWKHOHJDOIUDPHZRUNDQGSXEOLFSROLFLHVDUHDQDO\VHG,QWKH6WDWHRI6DR
3DXOR LUULJDWLRQ DSSOLFDWLRQ IRU DJULFXOWXUDO XVHV JUD]LQJ DQG IRUHVWU\ LV QRW
LQFOXGHG LQ WKH OHJLVODWLRQ RQ ZDWHU UHXVH 6RPH EDUULHUV DUH ODFN RI ILQDQFLDO
LQFHQWLYHVWRSODQQLQJDQGLPSOHPHQWDWLRQRIZDWHUUHXVHSURMHFWV7KLVDJUHHVZLWK
6JURLHWDO  ZKRFRQFOXGHGWKDWHFRQRPLFVDQGWKHODFNRIIXQGLQJDUHWKH
PDLQEDUULHUVWRWKHGHYHORSPHQWRIZDWHUUHXVHZRUOGZLGH0XQLFLSDODQGUHJLRQDO
SODQVSUHVHQWELRJDVIRUHQHUJ\UHFRYHU\DVVWUDWHJLFPHDVXUHVWRUHGXFHJUHHQKRXVH
JDV *+* HPLVVLRQV
5HJDUGLQJ VHZDJH VOXGJH UHJXODWLRQV D QHZ UHJXODWLRQ Q &21$0$  KDV
EHHQUHFHQWO\SXEOLVKHG %UD]LO DQGKDVXSGDWHGDQGUHYLVHGWKHUHJXODWLRQV
 DQG  1DWLRQDO (QYLURQPHQW &RXQFLO D E  7KLV
UHJXODWLRQ Q H[SDQGVRSSRUWXQLWLHVIRUWKHXVHRIWUHDWHGVHZDJHVOXGJHLQ
VRLOVDQGLQJHQHUDOLVPRUHIOH[LEOHWKDQWKHSUHYLRXVRQHV LQWHUPVRIIUHTXHQF\
RI DQDO\VHV JXLGHOLQHV IRU DSSOLFDWLRQ DQG SHUPLWWHG XVHV  6R IURP QRZ LW LV
H[SHFWHGWKDWWKHSUDFWLFHRIDSSO\LQJWUHDWHGVOXGJHIRUDJULFXOWXUDOXVHFDQEHPRUH
VSUHDGLQWKHQDWLRQDOWHUULWRU\FRQWULEXWLQJWRDQHIIHFWLYHDQGVXVWDLQDEOHGLVSRVDO
6WHS  SURYLGHV DQ LGHQWLILFDWLRQ RI WKH UHOHYDQW JURXSV RI VWDNHKROGHUV DQGKRZ
WKH\FDQHQJDJHDQGZRUNWRJHWKHULQUHVRXUFHUHFRYHU\SURMHFWV/DPDQG9DQGHU
+RHN   FODLP WKDW WKH EXLOGLQJ RI SDUWQHUVKLSV EHWZHHQ ::73 DQG RWKHU
VHFWRUVLVLPSRUWDQWWRHQDEOHUHVRXUFHUHFRYHU\DQGWRVHOOWKHUHFRYHUHGSURGXFWV
$OVR:HLVVEURGWHWDO  KLJKOLJKWWKHLPSRUWDQFHRIXQLYHUVLW\DQG::73
XWLOLW\SDUWQHUVKLSVDVDEHQHILFLDOVWUDWHJ\IRUERWKVLGHV,WZRXOGEHGLIILFXOWWKDW
WKH ::73 WDFNOH WKH FKDOOHQJLQJ WDVNV RI UHVRXUFH UHFRYHU\ SODQQLQJ DQG
LPSOHPHQWDWLRQDORQHVRFROODERUDWLRQLVHVVHQWLDO
%DVHGRQWKHUHVXOWVRI6WHSVWRHQHUJ\UHFRYHU\DQGVOXGJHPDQDJHPHQW HJ
QXWULHQWUHF\FOLQJ VKRZHGDKLJKHUSRWHQWLDODQGZHUHFKRVHQDVSULRULWLHV)URP
VWHS  VXLWDEOH QXWULHQW DQG HQHUJ\ UHFRYHU\ VFHQDULRV ZHUH DQDO\VHG EDVHG RQ
LQGLFDWRUV7DEOHRI3DSHU,,,SURYLGHVGHWDLOHGLQIRUPDWLRQRQWKHDVVHVVPHQWRI
DOOUHVRXUFHUHFRYHU\VFHQDULRVDQG)LJXUHRIIHUVDQHDVLHUYLVXDOL]DWLRQIRUWKH
VFHQDULR¶VDVVHVVPHQW)RUWKHVWXGLHGSODQWVHZDJHVOXGJHFRPSRVWLQJDQGELRJDV
UHFRYHU\VKRZHGPRUHIDYRXUDEOHFRQGLWLRQVGXHWRVLPLODUH[SHULHQFHVLQWKHDUHD
DQG UREXVW OHJLVODWLRQ 6FHQDULR % VHHPV WR EH WKH PRVW IDYRXUDEOH IRU QXWULHQW
UHFRYHU\GXHWRORZFRVWVKLJKUHFRYHU\SRWHQWLDODQGOHVVUHTXLUHPHQWIRUVNLOOHG
ODERXU )URP D WHFKQLFDO DQG HQYLURQPHQWDO SHUVSHFWLYH FRPSRVWLQJ RI VHZDJH
VOXGJH LV PRUH IDYRXUDEOH WKDQ VWUXYLWH UHFRYHU\ IRU WKH DQDO\VHG FRQWH[W )RU
HQHUJ\ UHFRYHU\ ELRJDV UHFRYHU\ LV PRUH IDYRXUDEOH FRQVLGHULQJ WKH VHW RI
LQGLFDWRUV 5HJDUGLQJ 6FHQDULR ' GHYHORSLQJ FRXQWULHV XVXDOO\ KDYH SRRU RU QR
ZDVWHPDQDJHPHQWLQIUDVWUXFWXUHWKHUHIRUHSURSHUO\FRQWUROOHGFRSURFHVVLQJFDQ
EHDSUDFWLFDOFRVWHIIHFWLYHDQGPRUHVXVWDLQDEOHRSWLRQLQVWHDGRIODQGILOOLQJ&R
SURFHVVLQJ RI ZDVWHV SURYLGHV HQHUJ\ DQG PDWHULDOV UHFRYHU\ GXULQJ FHPHQW
SURGXFWLRQ 81(3 



7KHFKRLFHRILQGLFDWRUVDQGUDQNLQJRIUHFRYHU\RSWLRQVGHSHQGRQWKHSUHIHUHQFHV
RI WKH GHFLVLRQPDNHU V  ZKLFK ZLOO EH LQIOXHQFHG E\ WKH ORFDO VLWXDWLRQ 7KHQ
GHFLVLRQPDNLQJZLOOGHSHQGRQSODQWPDQDJHUVDQGVWDNHKROGHUV¶SUHIHUHQFHV


)LJ5HVXOWVRIWKHFRPSDULVRQRIUHVRXUFHUHFRYHU\VFHQDULRV$6WUXYLWHUHFRYHU\%&RFRPSRVWLQJRI
VHZDJH VOXGJH & %LRJDV UHFRYHU\ IURP FRGLJHVWLRQ ' (QHUJ\ UHFRYHU\ IURP FRSURFHVVLQJ RI VHZDJH
VOXGJH*UHHQFRUUHVSRQGVWRPRUHIDYRXUDEOHFRQGLWLRQVZKHQWKHYDOXHRIWKHDWWULEXWHXQGHUHYDOXDWLRQLV
QRWSUREOHPDWLF LWLVFRQVLGHUHGSRVLWLYH \HOORZUHSUHVHQWVLQWHUPHGLDWHVLWXDWLRQVDQGUHGLVXVHGZKHQWKH
YDOXHRIDWWULEXWHUDLVHVDSRWHQWLDOSUREOHP LWFRXOGUHSUHVHQWDQHJDWLYHVLWXDWLRQ *UD\QRWDSSOLFDEOH0RUH
LQIRUPDWLRQRQWKHDVVHVVPHQWDQGTXDQWLWDWLYHYDOXHVDUHLQ606RXUFH&KULVSLPHWDO F 

&RQVLGHULQJ WKH FDVH VWXG\ ::73 WKH SDSHU SURYLGHV HVWLPDWHV RQ UHFRYHUHG
UHVRXUFHVDVVWUXYLWHHOHFWULFLW\UHFRYHUHGWKURXJKFRGLJHVWLRQDQGWKHUPDOHQHUJ\
UHFRYHUHGIURPFRSURFHVVLQJLQFHPHQWLQGXVWULHV7KHIHUWLOL]HURUVRLOFRQGLWLRQHU
SURGXFWV VFHQDULRV $ DQG %  FRXOG EH XVHG IRU VHYHUDO DSSOLFDWLRQV VXFK DV
ODQGVFDSLQJLQDJULFXOWXUHWRUHVWRUHGHJUDGHGODQGRUWRFXOWLYDWHFURSVVXJDUFDQH
HXFDO\SWXVRUQDPHQWDOSODQWVFRIIHHDQGYHJHWDEOHV7KHHOHFWULFLW\SURGXFHGE\
VFHQDULR&ZRXOGEHXVHGWRVXSSO\SDUWRIWKHLQWHUQDOGHPDQGRIWKH::73ZKLOH
LQVFHQDULR'WKHUHFRYHUHGHQHUJ\ZRXOGEHXVHGE\FHPHQWLQGXVWULHV
7KH VWUHQJWK RI WKH IUDPHZRUN ZKHQ FRPSDUHG WR RWKHU IUDPHZRUNV LV WKDW LW
LQFOXGHV PRUH LQGLFDWRUV DQG LQYROYHV D YDULHW\ RI VWDNHKROGHUV LV PRUH
FRPSUHKHQVLYHDQGRIIHUVGHVFULSWLYHLQVWUXFWLRQVRQKRZWRDSSURDFKHDFKVWHS
7KXV WKHQHZ IUDPHZRUN KDV D SUDFWLFDO YDOXH DQGVWLPXODWHV SODQW PDQDJHUV WR
WKLQNDERXWQHZSRWHQWLDOVROXWLRQVE\SURYLGLQJUHOHYDQWLQIRUPDWLRQ$IWHUWHVWLQJ
WKHIUDPHZRUNVRPHVXJJHVWLRQVRILPSURYHPHQWDUHJLYHQVXFKDVWRFKDQJHWKH
RUGHURIVRPHVWHSVWRIDFLOLWDWHGDWDFROOHFWLRQDQGVSHHGXSWKHSURFHVVWROLPLW
WKHVFDOHRIDQDO\VLVWRDVPDOOHUDUHDDQGWRDGDSWWKHIUDPHZRUNIRUDSSOLFDWLRQLQ
GLIIHUHQW FRQWH[WV HJ ::73 LQ XUEDQ RU UXUDO DUHDV  DQG IRU RWKHU WDUJHW
UHVRXUFHV
%HVLGHVWKHFDVHVWXG\LQ6DR3DXORPHJDFLW\3DSHU,,,SURYLGHVDQDVVHVVPHQWRI
WKH SRWHQWLDO DSSOLFDWLRQ RI WKH IUDPHZRUN WR RWKHU PHJDFLWLHV 0H[LFR &LW\
-RKDQQHVEXUJDQG'HOKLKDYHDKLJKOHYHORIDSSOLFDELOLW\DQGWKHH[SHFWHGLPSDFW



RIWKHIUDPHZRUNDSSOLFDWLRQYDULHGIURPPHGLXPWRKLJKLQVXFKPHJDFLWLHV7KLV
LVUHODWHGPDLQO\WRWKHKLJKGHPDQGIRUSRWHQWLDOUHVRXUFHV HJZDWHUDQGHQHUJ\ 
LQWKHVHPHJDFLWLHV7KHDVVHVVPHQWFRQVLGHUHGQRWRQO\WKHGHPDQG DQGXVH IRU
ZDWHUHQHUJ\DQGSKRVSKRUXVEXWDOVRLIWKHUHKDVEHHQDQLQFUHDVHLQWKHUHVRXUFH
FRQVXPSWLRQ HJHOHFWULFLW\ LWVFXUUHQWDYDLODELOLW\DQGLILWUHSUHVHQWVDNH\LVVXH
IRUWKHFLW\
6RPHOHVVRQVOHDUQHGIURPWKHFDVHVWXGLHVLQ3DSHUV,,DQG,,,DUHWKHNH\YDULDEOHV
WKDW DIIHFW UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ HJ SODQW VL]H OHJLVODWLRQ DPRQJ
RWKHUV VXLWDEOHUHVRXUFHUHFRYHU\WHFKQRORJLHVDQGSRWHQWLDOVEDVHGRQWKHH[LVWLQJ
WUHDWPHQWSURFHVVHVDQGDQHZWRROIRUVXSSRUWLQJSODQQLQJDQGGHFLVLRQPDNLQJ
LQFOXGLQJZKDWDVSHFWVQHHGWREHFRQVLGHUHGWRDVXFFHVVIXOLPSOHPHQWDWLRQ

%LRJDVIRUHQHUJ\UHFRYHU\UHFHQWWUHQGVUHVHDUFK
JDSVDQGFRQGLWLRQVIRULPSOHPHQWDWLRQ 3DSHU,9 
7KLV SDSHU LV D OLWHUDWXUH UHYLHZ RQ HQHUJ\ UHFRYHU\ IURP ELRJDV LQ ZDVWHZDWHU
WUHDWPHQW SODQWV 7KH UHVXOWV VXPPDULVHG KHUH DUH EDVHG RQ WKH VXEPLWWHG
PDQXVFULSW &KULVSLP HW DO   5HFRYHULQJ HQHUJ\ IURP VHZDJH DQG VHZDJH
VOXGJH LV QRW RQO\ DQ HIILFLHQW ZD\ WR SURGXFH UHQHZDEOH HQHUJ\ EXW DOVR DQ
HIIHFWLYHPHDVXUHWRPLWLJDWHFOLPDWHFKDQJHE\UHGXFLQJJUHHQKRXVHJDVHPLVVLRQV
:DVWHZDWHUWUHDWPHQWSODQWVDUHWKHPRVWHQHUJ\LQWHQVLYHSXEOLFRSHUDWLRQLQPRVW
WRZQVLQWKHGHYHORSHGZRUOG 'DQHVKJDUHWDO VRPHDVXUHVWRUHGXFHHQHUJ\
FRQVXPSWLRQDQGLPSURYHHQHUJ\UHFRYHU\LQVXFKIDFLOLWLHVDUHYHU\LPSRUWDQW
7KHUHDUHPDQ\WHFKQLTXHVWRUHFRYHUHQHUJ\IURPZDVWHZDWHUEXWLQWKLVSDSHUWKH
IRFXVZDVRQELRJDVIURPDQDHURELFGLJHVWLRQ(QHUJ\VHOIVXIILFLHQW::73UHIHUV
WRD::73JHQHUDWLQJRUPRUHRIWKHHQHUJ\LWQHHGVIRULWVRSHUDWLRQVROHO\
IURP WKH HQHUJ\ HPEHGGHG LQ WKH ZDWHU DQG ZDVWHV LW WUHDWV ZLWK ]HUR H[WHUQDO
HQHUJ\VXSSO\ 6YDUGDODQG.URLVV*XHWDO 7KLVFRQFHSWKDVHPHUJHG
UHFHQWO\DQGEHFDPHDJOREDOKRWWRSLFDPRQJUHVHDUFKHUVZRUOGZLGH 3DVVRVHWDO
*XHWDO DQGKDVEHHQSDUWRIWKHJRDOVRIVHYHUDOXWLOLWLHVZRUOGZLGH
/DPDQG9DQGHU+RHNHWDO 
+RZHYHU SDUWLFXODUO\ LQ GHYHORSLQJ FRXQWULHV WKH SURJUHVV WRZDUGV HQHUJ\
UHFRYHU\IURPZDVWHZDWHUKDVEHHQVORZ7KHVSHFLILFREMHFWLYHVRIWKLVSDSHUZHUH
WRJLYHDQRYHUYLHZRIUHFHQWWHFKQLTXHVWRHQKDQFHELRJDVSURGXFWLRQSDUWLFXODUO\
FRGLJHVWLRQ DQG PLFURDOJDHEDVHG WUHDWPHQW V\VWHPV WR LGHQWLI\ DSSOLFDWLRQV RI
ELRJDVUHFRYHU\LQIXOOVFDOHZDVWHZDWHUWUHDWPHQWSODQWVSDUWLFXODUO\LQGHYHORSLQJ
FRXQWULHV DQG WR XQGHUVWDQG KRZ ORFDO IDFWRUV PD\ DIIHFW WKH LPSOHPHQWDWLRQ RI
HQHUJ\UHFRYHU\LQWKUHHPHJDFLWLHVRIGHYHORSLQJFRXQWULHV)LJXUHVXPPDULVHV
WKHPDLQWRSLFVDGGUHVVHGLQWKLVSDSHU




)LJ0DLQFRQWHQWRI3DSHU,9

,Q WKLV SDSHU WKH PDLQ WHFKQRORJLHV IRU HQKDQFHPHQW RI ELRJDV SURGXFWLRQ DUH
GLVFXVVHG3UHWUHDWPHQWPHWKRGVHQDEOHWKHLPSURYHPHQWRIWKHRUJDQLFPDWHULDO¶V
DYDLODELOLW\E\HQKDQFLQJWKHELRGHJUDGDEOHRUJDQLFIUDFWLRQRIWKHVHZDJHVOXGJH
0LUPDVRXPL HW DO  *DUFtD&DVFDOODQD HW DO   ([DPSOHV RI WKHUPDO
K\GURO\VLVVWXGLHVDUHJLYHQLQWKHSDSHUDQGUHSRUWDQLQFUHDVHRIELRJDVSURGXFWLRQ
DQG FRQVHTXHQWO\ HOHFWULFDO HQHUJ\ SURGXFWLRQ 7KH UHVHDUFK JDSV LGHQWLILHG WR
WKHUPDOK\GURO\VLVDUHKLJKHQHUJ\UHTXLUHPHQWVHYDOXDWLRQFRQFHUQLQJWKHRYHUDOO
HQYLURQPHQWDOLPSDFWV\QHUJ\EHWZHHQHIIOXHQWTXDOLW\DQGHQHUJ\SURGXFWLRQDQG
UHGXFWLRQRIFRVWV
&RGLJHVWLRQ LV D VXLWDEOH PHDVXUH WR LQFUHDVLQJ WKH RUJDQLF ORDGLQJ UDWH 2/5 
ELRJDVSURGXFWLRQLPSURYLQJQXWULHQWEDODQFHLQWKHSURFHVVDQGGLOXWLQJLQKLELWLYH
VXEVWDQFHV *URVVHUDQG1HF]DM$UKRXQHWDO 6HYHUDOVWXGLHVKDYH
FRPELQHG GLIIHUHQW VXEVWUDWHV ZLWK VHZDJH VOXGJH IRRG ZDVWH DJURLQGXVWULDO
ZDVWHZDWHU DQGSUHVHQWHGLQFUHDVHVLQELRJDVSURGXFWLRQ&RGLJHVWLRQLVDJRRG
VWUDWHJ\WRRSWLPL]HWKHDQDHURELFGLJHVWLRQSURFHVVDQGFRQWULEXWHVWRD::73WR
UHDFKHQHUJ\VHOIVXIILFLHQF\6RPHLGHQWLILHGUHVHDUFKJDSVIRUFRGLJHVWLRQDUHWKH
QHHG IRU ODUJHVFDOH DQG ORQJWHUP VWXGLHV HIIHFWV RI FRGLJHVWLRQ LQ WKH RYHUDOO
*+*HPLVVLRQVDQGFKDUDFWHULVWLFVRIVXEVWUDWHV
%LRPDVV IURP ZHWODQGV RU PLFURDOJDH JURZWK V\VWHPV KDYH JDLQHG DWWHQWLRQ
UHFHQWO\DQGFDQEHXVHGDVDVXEVWUDWHIRUFRGLJHVWLRQZLWKVHZDJHVOXGJHRURWKHU
RUJDQLF VXEVWUDWHV HJ VZLQH PDQXUH  7KH UHYLHZHG VWXGLHV VKRZHG WKDW FR
GLJHVWLRQRIPLFURDOJDHDQGVOXGJHLPSURYHPHWKDQHSURGXFWLYLW\FRPSDUHGWRHDFK
VXEVWUDWH PRQRGLJHVWLRQ 2WKHU EHQHILWV IURP ELRPDVV SURGXFWLRQ WKURXJK
PLFURDOJDHDUHWKHUHGXFWLRQRIHQHUJ\GHPDQGDQGDVVLPLODWLRQRI&27KHUHDUH
VRPH FRQVWUDLQWV UHODWHG WR PLFURDOJDH IRU HQHUJ\ UHFRYHU\ VXFK DV VHDVRQDO
FRQGLWLRQV DQG UHPDLQLQJ UHVHDUFK JDSV HJ HFRQRPLF IHDVLELOLW\ RSHUDWLRQDO
FRQGLWLRQVKDUYHVWLQJWHFKQLTXHVORQJWHUPVWXGLHV 7DEOHRI3DSHU,9SUHVHQWV
DOOWKHLGHQWLILHGUHVHDUFKJDSV
7KH SDSHU DOVR DGGUHVVHV VHYHUDO H[DPSOHV RI HQHUJ\ UHFRYHU\ IURP ZDVWHZDWHU
ZRUOGZLGHLQFOXGLQJIXOOVFDOHDQGHQHUJ\VHOIVXIILFLHQW::73V0RVWDQDO\VHG


HQHUJ\VHOIVXIILFLHQW::73VXVHELRJDVIURPDQDHURELFFRGLJHVWLRQRIVOXGJHIRU
GLJHVWHU KHDWLQJ DQG HOHFWULFLW\ JHQHUDWLRQ DQG VRPH RI WKHP DSSO\ SUHWUHDWPHQW
PHWKRGV HJ WKHUPDO K\GURO\VLV  DV VWUDWHJLHV WR HQKDQFH ELRJDV SURGXFWLRQ
%HVLGHVHQHUJ\UHFRYHU\WKHXVHRIGLJHVWLRQE\SURGXFWV GLJHVWDWHDQGGLJHVWHG
VOXGJH DVRUJDQLFIHUWLOLVHULQDJULFXOWXUHFDQSURYLGHHQYLURQPHQWDODQGHFRQRPLF
EHQHILWV
$VQRWHGLQ7DEOH 3DSHU,9 WKHUHDUHVRPHH[DPSOHVRIHQHUJ\UHFRYHU\SODQWV
LQGHYHORSLQJFRXQWULHV7KHSRWHQWLDORIELRJDVLQVHZDJHVHFWRULVIHZH[SORUHG
IRUH[DPSOHLQ%UD]LODQG0H[LFR,QGHYHORSLQJFRXQWULHVELRJDVUHTXLUHVIXUWKHU
DGYDQFHV IRU ODUJHVFDOH LPSOHPHQWDWLRQ RI HQHUJ\ UHFRYHU\ IRU HOHFWULFLW\
JHQHUDWLRQDQGIRUXVHDVIXHOIRUWUDQVSRUWDWLRQ0RUHSRSXODWHGFLWLHVDUHPRUH
YLDEOHWRH[SORLWELRJDVSURGXFHGLQ::73VEHFDXVHRIODUJHUYROXPHVRISURGXFHG
VHZDJH PRUH JHQHUDWHG ELRJDV DQG SURGXFHG HOHFWULFLW\ &DPSHOOR HW DO  
$OVR WKHVH ODUJH SODQWV XVXDOO\ FRXQW ZLWK PRUH LQIUDVWUXFWXUH IRU H[DPSOH
DQDHURELFGLJHVWHUVWKDQ PHGLXPRUVPDOOHUSODQWVZKLFKPLQLPL]HVLQYHVWPHQW
FRVWVDQGWKHQHHGIRUVNLOOHGODERXUIRUHQHUJ\UHFRYHU\LPSOHPHQWDWLRQ
)URP WKH DVVHVVPHQW RI ORFDO FRQGLWLRQV WKDW LQIOXHQFH HQHUJ\ UHFRYHU\ LQ
PHJDFLWLHV 7DEOHRI3DSHU,9 ZHFDQKLJKOLJKWWKHQHHGIRUUHQHZDEOHHQHUJ\
SROLFLHV DQG LQFHQWLYHV WR SURPRWH LPSOHPHQWDWLRQ )XUWKHU SROLFLHV ZLWK FOHDU
LQFHQWLYHVDQGVSHFLILFOHJLVODWLRQWRELRJDVUHFRYHU\DUHQHHGHGVRHQHUJ\UHFRYHU\
SURMHFWVFDQEHFUHDWHGDQGH[SDQGHGLQGHYHORSLQJFRXQWULHV7KHVHILQGLQJVDJUHH
ZLWKWKHOLWHUDWXUHLQWKLVILHOG 0DLQDUGLVHWDO'tD]7UXMLOORHWDO
*XVWDIVVRQ DQG $QGHUEHUJ   7KH YDULDEOHV DVVHVVHG E\ RXU SDSHU DUH
HOHFWULFLW\SULFHVWKHSURSRUWLRQRIIRVVLOIXHOVXVHGWKHHOHFWULFLW\JHQHUDWLRQPL[
WKHUHJXODWLRQVOLPLWLQJHPLVVLRQVWKHODQGILOOFRVWVWKHJRYHUQPHQWVXEVLGLHVWKH
QXPEHU RI SODQWV ZLWK DQDHURELF GLJHVWHU DQG WKH SODQW FDSDFLW\ 2XU UHVXOWV
LQGLFDWHGWKDWPRVWRIWKHYDULDEOHVDUHIDYRXUDEOHWRSURPRWHHQHUJ\UHFRYHU\LQ
WKHWKUHHDVVHVVHGPHJDFLWLHV:HUHFRPPHQGVRPHRIWKHYDULDEOHVWREHPDQDJHG
RU IXUWKHU GHYHORSHG WKLV LV WKH FDVH RI JRYHUQPHQW VXEVLGLHV IRU DOO WKUHH
PHJDFLWLHV SODQWVZLWKDQDHURELFGLJHVWHUVDQGHOHFWULFLW\SULFHV IRU&DLUR DQG
ODQGILOO FRVWV IRU 6DR 3DXOR  $OVR LQ 7DEOH  3DSHU ,9  ZH UHFRPPHQG WKH
IROORZLQJ PDLQ VWUDWHJLHV WR SURPRWH HQHUJ\ UHFRYHU\ DQG IDFH WKH LGHQWLILHG
FKDOOHQJHV WR SURPRWH IXQGLQJ DQG ILQDQFLDO LQFHQWLYHV WR ::73 FUHDWH ZHOO
WDUJHWUHQHZDEOHHQHUJ\SROLFLHVDQGPXOWLVHFWRUDOSDUWQHUVKLSV
7KH DQDO\VLV RI ORFDO IDFWRUV SURYLGHV XVHIXO LQIRUPDWLRQ WR LGHQWLI\ WKH FXUUHQW
FKDOOHQJHVDQGJXLGHEHWWHUSODQQLQJDQGGHFLVLRQPDNLQJ7KLVDOVRFDQEHXVHGWR
VXSSRUW DVVHVVPHQWV LQ RWKHU PHJDFLWLHV RU IRU FRPSDULVRQ SXUSRVHV (QHUJ\
UHFRYHU\LPSOHPHQWDWLRQLQWKHVHXUEDQDUHDVFDQFRQWULEXWHVLJQLILFDQWO\WRPHHW
WKHLU QDWLRQDO RU UHJLRQDO WDUJHWV UHODWHG WR FOLPDWH FKDQJH DQG VXVWDLQDEOH
GHYHORSPHQW HJ6XVWDLQDEOH'HYHORSPHQW*RDOV 



&RPPXQLFDWLRQRIWKHUHVXOWVDQGH[SHFWHGLPSDFWV
RQWKH6XVWDLQDEOH'HYHORSPHQW*RDOV
7KHFRPPXQLFDWLRQRIWKHPDLQUHVXOWVWRORFDOVWDNHKROGHUVLVDQLPSRUWDQWVWHSWR
GHDO ZLWK VRPH FKDOOHQJHV HQKDQFH PDUNHW DQG VRFLDO DFFHSWDQFH SURPRWH
HGXFDWLRQ DQG DZDUHQHVV DERXW UHVRXUFH UHFRYHU\ SRWHQWLDO DQG FRQVHTXHQWO\
FXOWXUDOFKDQJHV7KHUHVXOWVRI3DSHU,,ZHUHVKDUHGZLWKUHSUHVHQWDWLYHVRIVHYHUDO
RUJDQLVDWLRQV)LUVWO\WKHZDVWHZDWHUWUHDWPHQWSODQWPDQDJHUVLQWKHVWXG\UHJLRQ
UHFHLYHGDFRS\RIWKHSDSHUDQGZHUHLQYLWHGWRMRLQDQRQOLQHHYHQWIRUNQRZOHGJH
H[FKDQJHZKHUHWKHPDLQUHVXOWVRI3DSHUV,,DQG,,,ZLOOEHH[SODLQHG
$OVRWKH3DSHU,,ZDVVKDUHGWRRWKHUUHOHYDQWVWDNHKROGHUVIURPGLIIHUHQWVHFWRUV
:DWHU5HVRXUFHV*URXSIURPWKH:RUOG%DQN ZKRDFWVLQSDUWQHUVKLSZLWK
WKH ORFDO ZDWHU XWLOLW\ WR RSWLPL]DWLRQ RI WKH ::73V LQ 6DR 3DXOR 0HWURSROLWDQ
UHJLRQDQGFRQGXFWSURMHFWVUHODWHGWR ZDWHU VHFXULW\ :DVWH5HVRXUFHLQLWLDWLYH
IURPWKH:RUOG%DQN ,QVWLWXWR7UDWD%UDVLO &LYLO6RFLHW\2UJDQL]DWLRQRI3XEOLF
,QWHUHVWIRUPHGE\FRPSDQLHVZLWKDQLQWHUHVWLQWKHDGYDQFHVLQEDVLFVDQLWDWLRQ
DQG LQ WKH SURWHFWLRQ RI ZDWHU UHVRXUFHV  & &LWLHV &OLPDWH /HDGHUVKLS *URXS
QRQSURILWRUJDQL]DWLRQZKLFKKDVQHWZRUNRQZDVWHWRUHVRXUFHV UHVHDUFKJURXSV
ZLWKLQ WKH VDPH ILHOG LQ 863 DQG RWKHU XQLYHUVLWLHV WKH QDWLRQDO QHWZRUN RI
6XVWDLQDEOH :DVWHZDWHU 7UHDWPHQW SODQWV 0DFURDPE SURMHFW RQ 6DR 3DXOR
0DFURPHWURSROLV  7KHPDWLF *URXS RI 6HZDJH 7UHDWPHQW RI $%(6  %UD]LOLDQ
$VVRFLDWLRQ RI 6DQLWDU\ DQG (QYLURQPHQWDO (QJLQHHULQJ 2EVHUYDWRULR GDV
0HWURSROHV UHSUHVHQWDWLYHRIDSURMHFWRQXUEDQZDWHUPDQDJHPHQWLQPHWURSROLWDQ
UHJLRQV  7KLV VWHS KDG WKH SXUSRVH WR SURYLGH NH\ LQIRUPDWLRQ WKDW SUDFWLWLRQHUV
HJPHPEHUVRIZDVWHZDWHUXWLOLWLHV FDQFRQVLGHUZKHQLPSOHPHQWLQJUHVRXUFH
UHFRYHU\SURMHFWVDQGDFDGHPLFFRPPXQLW\FDQXVHWRGHYHORSLQJUHODWHGUHVHDUFK
7KLV NLQG RI LQLWLDWLYH FRPPXQLFDWLRQ RI VFLHQWLILF UHVXOWV  PDNHV WKH UHVHDUFK
DYDLODEOH UHDFKHV D EURDG DXGLHQFH DQG LPSURYHV WKH OLNHOLKRRG RI NQRZOHGJH
XWLOL]DWLRQ HJWKHIUDPHZRUNDSSOLFDWLRQ LQWKHUHDOZRUOG
)URPWKLVVWXG\UHVXOWVDQLPSUHVVLRQZDVFUHDWHGWKDWFXUUHQWO\WKHSODQWPDQDJHUV
KDYHQRWPXFKLQWHUHVWLQGHYHORSLQJUHVRXUFHUHFRYHU\EHFDXVHWKHUHLVDODFNRI
LQFHQWLYHV DQG WKH GHFLVLRQPDNHUV QHHG PRUH NQRZOHGJH RQ UHVRXUFH UHFRYHU\
VROXWLRQV,Q3DSHU,,,ZHLGHQWLILHGWKHSRWHQWLDOVWDNHKROGHUVWKHLUPDLQUROHVDQG
VXJJHVWHGKRZWKH\FRXOGHQJDJHDQGFRQWULEXWHZLWKWKHSURFHVV:HWKLQNWKLV
UHVHDUFKUHVXOWLVDQLPSRUWDQWILUVWVWHSWKDWFDQPRWLYDWHWKHPVRWKH\FRXOGVWDUW
DFROODERUDWLRQ
$VUHVRXUFHUHFRYHU\LVDPXOWLGLVFLSOLQDU\WRSLFDQGUHODWHGWRVHYHUDODVSHFWVRI
VXVWDLQDELOLW\ ZH DVVHVVHG KRZ WKLV UHVHDUFKWKHVLV FRXOG LPSDFW WKH 6XVWDLQDEOH
'HYHORSPHQW*RDOV 6'*  )LJ 5HVRXUFHUHFRYHU\VROXWLRQVDQGRXUUHVXOWV
FDQ LPSDFW SRVLWLYHO\  6'* EHLQJ  JRDOV GLUHFWO\ FOHDU ZDWHU DQG VDQLWDWLRQ
DIIRUGDEOH DQG FOHDQ HQHUJ\ VXVWDLQDEOH FLWLHV DQG FRPPXQLWLHV UHVSRQVLEOH


FRQVXPSWLRQ DQG SURGXFWLRQ  DQG  JRDOV LQGLUHFWO\ ]HUR KXQJHU LQGXVWU\
LQQRYDWLRQ DQG LQIUDVWUXFWXUH FOLPDWH DFWLRQ OLIH EHORZ ZDWHU SDUWQHUVKLSV IRU
JRDOV 7KLVLQGLFDWHVDFOHDUFRQWULEXWLRQDQGWKHFRQQHFWLRQVRIWKLVUHVHDUFKZLWK
VXVWDLQDELOLW\

)LJ,PSDFWVRIWKLVWKHVLVRQWKH6XVWDLQDEOH'HYHORSPHQW*RDOVEDVHGRQDVHOIDVVHVVPHQWXVLQJWKH
6'*,PSDFW$VVHVVPHQW7RRO &KDOPHUV8QLYHUVLW\RI7HFKQRORJ\HWDO 



&RQFOXVLRQVDQGUHFRPPHQGDWLRQV
IRUIXWXUHZRUN

7KHPDLQFRQFOXVLRQVDQGVXJJHVWLRQVIRUIXWXUHZRUNDUHGLYLGHGLQWRIRXUSDUWV
EDVHG RQ HDFK RQH RI WKH DSSHQGHG SDSHUV )LQDOO\ JHQHUDO FRQFOXVLRQV DUH
SURYLGHG
5HJDUGLQJ3DSHU,WKHPRVWFRPPRQSURFHVVIRU3KRVSKRUXVUHFRYHU\LVVWUXYLWH
SUHFLSLWDWLRQ SDUWLFXODUO\ IRU VHFRQGDU\ VWUHDPV 7KLV SURFHVV LV VWLOO H[SHQVLYH
FRPSDUHGWRFRQYHQWLRQDOSKRVSKDWHIHUWLOL]HUSURGXFWLRQ7KHLPSOHPHQWDWLRQRI3
UHFRYHU\ DW IXOOVFDOH LV FRQFHQWUDWHG LQ GHYHORSHG FRXQWULHV %DVHG RQ WKH
DVVHVVPHQW RI WHFKQRORJLHV UHFRYHU\ IURP WKH OLTXLG SKDVH JHQHUDWHV IHZHU
HPLVVLRQVDQGKDVORZHUHQHUJ\GHPDQGVEXWKDVORZHUUDWHVRIUHFRYHU\FRPSDUHG
WRUHFRYHU\IURPWKHVROLGSKDVH VOXGJHDQGDVKHV 'HYHORSLQJDQGORZLQFRPH
FRXQWULHVVKRXOGFRQVLGHUVLPSOHDQGFRVWHIIHFWLYHPHWKRGV KLJKUHFRYHU\UDWHQR
VSHFLDOL]HG ODERXU DQG QR ODUJH VSDFH QHHG  7KH /DWLQ $PHULFD DQG &DULEEHDQ
UHJLRQKDVDJUHDWSRWHQWLDOWRLPSOHPHQWSKRVSKRUXVUHFRYHU\LQH[LVWLQJDQGQHZ
WUHDWPHQWIDFLOLWLHV3URFHVVHVIURPWKHOLTXLGSKDVHDUHVXLWDEOHIRUDFWLYDWHGVOXGJH
SODQWVZKLOHPLFURDOJDHFXOWLYDWLRQFRXOGEHDSSOLHGLQVWDELOL]DWLRQSRQGV\VWHPV
,PSOHPHQWDWLRQ RI UHVRXUFH UHFRYHU\ IURP ZDVWHZDWHU LQ GHYHORSLQJ FRXQWULHV
FRXOGJHQHUDWHPDQ\HQYLURQPHQWDOHFRQRPLFDQGVRFLDOEHQHILWVDQGFRQWULEXWH
WR WKHVH FRXQWULHV DFKLHYH WKHLU ZDWHU DQG VDQLWDWLRQ JRDOV DQG RWKHU UHODWHG
6XVWDLQDEOH 'HYHORSPHQW *RDOV  6HYHUDO WHFKQLFDO VRFLDO HFRQRPLF DQG
SROLWLFDOLQVWLWXWLRQDO EDUULHUV VKRXOG EH DGGUHVVHG WR DOORZ SURJUHVV WRZDUGV WKH
LPSOHPHQWDWLRQRISKRVSKRUXVUHFRYHU\
6XJJHVWLRQVIRUIXUWKHUUHVHDUFK






(FRQRPLFIHDVLELOLW\RI3UHFRYHU\SURFHVVHV
+RZ WR LPSURYH WKH SHUIRUPDQFH RI 3 UHFRYHU\ SURFHVVHV HJ UHFRYHU\
HIILFLHQF\ 
9DORULVDWLRQ RI SRWHQWLDO E\SURGXFWV IURP 3 UHFRYHU\ SURFHVVHV HJ IURP
VHZDJH VOXGJH DVKHV SURFHVVHV DOXPLQLXP VLOLFD VDQG  DQG SRVVLEOH
DSSOLFDWLRQV HJFRQVWUXFWLRQLQGXVWU\ 
'LYHUVLILFDWLRQ RI SKRVSKRUXV UHFRYHUHG SURGXFW HJ FDOFLXP SKRVSKDWH 
DSSOLFDWLRQV HJKLJKSXULW\SURGXFWVDVDGGLWLYHVIRUDQLPDOIHHGDQGIRRG
DQGEHYHUDJHLQGXVWULHV 







(QYLURQPHQWDOLPSDFWV HJUHDFWDQWVDQGHQHUJ\GHPDQG UHODWHGWRUHFRYHU\
SURFHVVHVVKRXOGEHIXUWKHUHYDOXDWHG
7RLQYHVWLJDWHKRZWRLQWHJUDWHVWDNHKROGHUV¶SHUVSHFWLYHV HJHQGXVHUV LQ
SODQQLQJDQGGHFLVLRQPDNLQJSURFHVVHV
7RDSSURDFKHGXFDWLRQDOPHDVXUHVWRLQFUHDVHSXEOLFDFFHSWDQFHRIWKHSURGXFWV
GHULYHGIURPZDVWHZDWHU
7RVWXG\KRZWRIDFHWKHLGHQWLILHGEDUULHUVWRLPSOHPHQWDWLRQ

)URP 3DSHU ,, ZH FDQ GUDZ WKH IROORZLQJ FRQFOXVLRQV 7KH VWXG\ DUHD
0DFURPHWURSROLVRI6DR3DXOR SUHVHQWVDORZLPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\
EXW RXU UHVXOWV DOVR VKRZ D JUHDW SRWHQWLDO WR H[SDQG WKH VWUDWHJLHV RI UHVRXUFH
UHFRYHU\ HLWKHU IRU QHZ SODQWV RU IRU UHWURILWWLQJ WKH H[LVWLQJ RQHV ,Q WKH
0DFURPHWURSROLVRI6DR3DXORZDWHUUHXVHIRULQWHUQDOSXUSRVHVLVWKHSUHGRPLQDQW
UHFRYHU\ SUDFWLFH 3DUWQHUVKLSV EHWZHHQ ZDWHU XWLOLWLHV DQG XQLYHUVLWLHV DQG ZLWK
SULYDWHFRPSDQLHVFDQKHOSWRDFKLHYHDVXFFHVVIXOLPSOHPHQWDWLRQDVVKRZQIRUWKH
FDVHVZLWKQXWULHQWUHF\FOLQJIURPVHZDJHVOXGJH3ULRULW\DUHDVZLWKKLJKHUSRWHQWLDO
IRUZDWHUUHXVHDQGRUQXWULHQWUHFRYHU\DUHLGHQWLILHGDFURVVWKHVWXG\UHJLRQ7KH
PDLQ IDFWRUV WKDW DIIHFW LPSOHPHQWDWLRQ DUH ORFDO OHJLVODWLRQ SHUFHSWLRQ RI
VWDNHKROGHUVSXEOLFDFFHSWDQFHSODQWVL]HORFDWLRQ XUEDQUXUDO ODFNRIWHFKQLFDO
NQRZOHGJH DERXW UHFRYHU\ WHFKQRORJLHV DQG WKH H[LVWLQJ WUHDWPHQW FRQILJXUDWLRQ
5HVRXUFHUHFRYHU\PHDVXUHVDUHQRWFRPPRQO\LPSOHPHQWHGLQZDVWHZDWHUWUHDWPHQW
SODQWVLQGHYHORSLQJFRXQWULHVDVDGGUHVVHGLQWKHSDSHUIRU%UD]LO&KLQD5XVVLD
DQG6RXWK$IULFD,QFHQWLYHEDVHGSROLFLHVDUHLPSRUWDQWWRVWLPXODWHWKHLQWHUHVWRI
ZDWHU XWLOLWLHV LQ WKH LPSOHPHQWDWLRQ RI UHVRXUFH UHFRYHU\ WHFKQRORJLHV $OO WKH
LGHQWLILHGIDFWRUVVKRXOGEHDGGUHVVHGLQDQLQWHJUDWHGZD\WRDOORZIRUSURJUHVVLQ
UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ 7KH SURSRVHG IUDPHZRUN FRQVLGHUV WKHVH NH\
IDFWRUVDQGRIIHUVXVHIXOSURFHGXUHVIRUWKLQNLQJSODQQLQJDQGGHFLVLRQPDNLQJRQ
SRWHQWLDOUHVRXUFHUHFRYHU\PHDVXUHV
6XJJHVWLRQVIRUIXUWKHUUHVHDUFK









7RVWXG\KRZWRH[SDQGUHVRXUFHUHFRYHU\VROXWLRQVWRVPDOO::73
7RGHYHORSHQHUJ\UHFRYHU\SURMHFWVLQWKHH[LVWLQJDQGQHZ::73LQWKHVWXG\
DUHD
7RIRFXVRQLOOHJDORFFXSDWLRQVVHWWOHPHQWVWRJHWDPRUHSUHFLVHDQGUHDOLVWLF
SLFWXUH RI WKH VDQLWDWLRQ LVVXHV IDFHG E\ WKHVH XUEDQ DUHDV E\ VHDUFKLQJ
ZDVWHZDWHU FROOHFWLRQ DQG WUHDWPHQW FRYHUDJHV DQG KRZ WKH\ FRXOG EH
LPSURYHG
7RLGHQWLI\ORFDOEDUULHUVLQRWKHUPHJDFLWLHV
7R DQDO\VH WKH HIIHFWV RI JRYHUQPHQW LQFHQWLYHV DQG OHJLVODWLRQV UHODWHG WR
UHVRXUFHUHFRYHU\







7R HVWDEOLVK D JOREDO RU UHJLRQDO HJ E\ FRQWLQHQW  LQYHQWRU\ RI UHDO
VLWXDWLRQVSUDFWLFHV RI UHVRXUFH UHFRYHU\ DQG LGHQWLI\ DUHDV ZLWK KLJKHU
SRWHQWLDO
7R FRPELQH RWKHU PHWKRGRORJLHV HJ /LIHF\FOH DVVHVVPHQW /&$  &RVW
EHQHILW DQDO\VLV &LW\ %OXHSULQW $SSURDFK 8UEDQ *URZWK PRGHOV 6RFLDO
HFRORJLFDOV\VWHPVDQDO\VLV ZLWKWKHSURSRVHGIUDPHZRUN
7RDSSO\WKHIUDPHZRUNLQUHJLRQVZLWKVLPLODU RUGLIIHUHQW FRQGLWLRQVIURP
RXUFDVHVWXG\

3DSHU,,,OHGWRWKHPDLQIROORZLQJFRQFOXVLRQVEDVHGRQWKHIUDPHZRUNDSSOLFDWLRQ
/HJLVODWLRQV RQ ZDWHU UHXVH DQG VHZDJH VOXGJH UHXVH LQ DJULFXOWXUH KDYH VRPH
UHVWULFWLRQV ZKLFK PD\ KLQGHU WKHVH SUDFWLFHV LQ WKH VWXG\ UHJLRQ %DVHG RQ WKH
DVVHVVPHQW IURP IUDPHZRUN DSSOLFDWLRQ FRFRPSRVWLQJ RI VHZDJH VOXGJH DQG
HQHUJ\ UHFRYHU\ IURP ELRJDV DUH WKH PRVW VXLWDEOH VROXWLRQV DQG VKRZ D PRUH
IDYRXUDEOH HQYLURQPHQW WR LPSOHPHQWDWLRQ 7KH PDLQ EHQHILWV SURYLGHG E\ WKH
LPSOHPHQWDWLRQRIWKHVXJJHVWHGUHFRYHU\VFHQDULRVDUHWKHLPSURYHPHQWRIHIIOXHQW
TXDOLW\ORZHU&2HPLVVLRQVUHGXFWLRQLQJOREDOZDUPLQJSRWHQWLDODQGUHGXFWLRQ
RIZDVWHJHQHUDWLRQ7KH::73SURGXFHVTXDQWLW\RIWUHDWHGHIIOXHQWVXIILFLHQWWR
PHHW DOO WKH LUULJDWLRQ DQG LQGXVWULDO GHPDQGV LQ WKH UHJLRQ DQG WKH HVWLPDWHG
VWUXYLWHUHFRYHU\IRUWKLVSODQWFRXOGVXSSO\WKHWRWDOGHPDQGIRUSKRVSKDWHIHUWLOL]HU
LQ WKH VWXG\ DUHD 7KH DSSOLFDWLRQ RI FLUFXODU HFRQRP\ YLVLRQ WR WKH ZDVWHZDWHU
VHFWRU WKURXJK UHVRXUFHV UHFRYHU\ EHQHILWV DOVR RWKHU VHFWRUV VXFK DV HQHUJ\
LQGXVWULHV DQG DJULFXOWXUH 'HWDLOHG JXLGHOLQHV DQG LQVLJKWV DUH SURYLGHG LQ HDFK
VWHS RI WKH IUDPHZRUN 7KHQ LW LV H[SHFWHG LW FDQ IDFLOLWDWH WKH SODQQLQJ DQG
GHFLVLRQPDNLQJSURFHVVHVLQXUEDQDUHDV
6XJJHVWLRQVIRUIXUWKHUUHVHDUFK







7RWHVWDQGHYDOXDWHVWUXYLWHUHFRYHU\WHFKQRORJLHVDWSLORWVFDOHLQ::73LQ
WKHVWXG\DUHD
7RPRQLWRUWKHTXDOLW\RIVXSHUQDWDQWVDQGVHZDJHVOXGJHSURGXFHGLQ::73
DQGWRUHVHDUFKWKHRSWLPDORSHUDWLRQDOFRQGLWLRQVIRUUHVRXUFHUHFRYHU\
7R VXUYH\ WKH ORFDO PDUNHW QHHGV HJ ZKDW NLQG RI SURGXFWV GR WKH\ KDYH
LQWHUHVWLQ" DQGSXEOLFDFFHSWDQFHIRUWKHUHFRYHUHGSURGXFWV
7R GHYHORS EXVLQHVV PRGHOV WR VXSSRUW LPSOHPHQWDWLRQ RI GLIIHUHQW UHVRXUFH
UHFRYHU\VROXWLRQV
7RHGXFDWHWKHSODQWPDQDJHUVDQGSROLF\PDNHUVVRWKH\FDQGHYHORSDORQJ
WHUPWKLQNLQJDQGEHPRUHDZDUHDQGLQWHUHVWHGLQUHVRXUFHUHFRYHU\
7RXSGDWHWKHIUDPHZRUNDSSOLFDWLRQLQWKHVWXGLHG::73LQWKHIXWXUHDQG
DSSO\LWLQRWKHUSODQWVLQ6DR3DXORPHJDFLW\








7R DSSO\ WKH IUDPHZRUN LQ RWKHU FRQWH[WV HJ WKH VXJJHVWHG PHJDFLWLHV LQ
7DEOH DQGWRWHVWWKHVXJJHVWHGLPSURYHPHQWV 6HFWLRQRI3DSHU,,, 
7RVWXG\KRZDUHFRYHU\SURFHVVRUGLIIHUHQWWUHDWPHQWFRQILJXUDWLRQVZRXOG
DIIHFW RWKHU UHFRYHU\ SURFHVVHV HJ ZKHWKHU SKRVSKRUXV SUHFLSLWDWLRQ IRU 3
UHFRYHU\DIIHFWVELRJDVSURGXFWLRQIRUHQHUJ\UHFRYHU\ DQGKRZWRRSWLPL]H
UHVRXUFHUHFRYHU\LQ::73
7R H[SORUH WKH VWDNHKROGHU¶V HQJDJHPHQW DQG FRRSHUDWLRQ WKURXJK WKH
IUDPHZRUNDSSOLFDWLRQ

3DSHU,9IRFXVHGRQHQHUJ\UHFRYHU\DQGWKHPDLQFRQFOXVLRQVDUHVXPPDULVHGDV
IROORZV7KHUHDUHPDQ\SRVVLELOLWLHVWRLPSURYHHQHUJ\HIILFLHQF\LQZDVWHZDWHU
WUHDWPHQW6HYHUDOH[DPSOHVRIHQHUJ\VHOIVXIILFLHQWSODQWVDUHJLYHQDQGPRVWRI
WKHP DUH EDVHG RQ ELRJDV UHFRYHU\ IURP DQDHURELF FRGLJHVWLRQ IRU HOHFWULFLW\
JHQHUDWLRQ &RGLJHVWLRQ DQG PLFURDOJDH V\VWHPV FDQ FRQWULEXWH WR LQFUHDVLQJ
ELRJDV SURGXFWLRQ DQG UHPDLQLQJ UHVHDUFK JDSV ZHUH LGHQWLILHG ,Q GHYHORSLQJ
FRXQWULHVWKHSURJUHVVRQELRJDVUHFRYHU\IURPZDVWHZDWHUDQGVHZDJHVOXGJHKDV
EHHQ VORZ 7KH DVVHVVPHQW RI ORFDO FRQGLWLRQV HQDEOHV WR DQDO\VH ZKDW QHHGV WR
FKDQJH WR SURPRWH HQHUJ\ UHFRYHU\ IURP ELRJDV LQ 6DR 3DXOR0H[LFR &LW\ DQG
&DLURPHJDFLWLHV$OORIWKHPQHHGWRVWUHQJWKHQWKHLUSROLFLHVDQGVXEVLGLHVUHODWHG
WRFOLPDWHFKDQJHDQGHQHUJ\UHFRYHU\,QWKHFDVHRI6DR3DXORHOHFWULFLW\PL[ZLWK
ORZ HPLVVLRQV IDFWRU DQG ORZ UHODWLYH ODQGILOO FRVWV FDQ KLQGHU HQHUJ\ UHFRYHU\
LPSOHPHQWDWLRQ ,Q &DLUR ORZ HOHFWULFLW\ SULFHV ODFN RI JRYHUQPHQW VXEVLGLHV WR
UHQHZDEOH HQHUJLHV DQG IHZ DQDHURELF GLJHVWHU LQIUDVWUXFWXUHV FDQ KLQGHU
LPSOHPHQWDWLRQ,QDOOWKHWKUHHPHJDFLWLHVPRVWRIWKHORFDOFRQGLWLRQVLQIOXHQFH
SRVLWLYHO\WKHLPSOHPHQWDWLRQRIHQHUJ\UHFRYHU\ZKLFKLQGLFDWHVWKH\VKRZDKLJK
SRWHQWLDO WR DSSO\ LW :H FRQFOXGHG WKDW IXQGLQJ IRU HQHUJ\ UHFRYHU\ SURMHFWV LQ
::73 DQG FUHDWLRQ RI PXOWLVHFWRUDO SDUWQHUVKLSV ZLWK NH\ VWDNHKROGHUV DUH WKH
PDLQ LPSRUWDQW VWUDWHJLHV WR HQDEOH HQHUJ\ UHFRYHU\ LQ FLWLHV RI GHYHORSLQJ
FRXQWULHV2YHUDOORXUUHVXOWVFDQVXSSRUWWKHLQFRUSRUDWLRQRIELRJDVUHFRYHU\LQ
::73V DQG JLYH LQVLJKWV WR IXWXUH UHVHDUFK RQ WKH HQKDQFHPHQW RI ELRJDV
SURGXFWLRQ
6XJJHVWLRQVIRUIXUWKHUUHVHDUFK


7RSHUIRUPIXOOVFDOHDQGORQJWHUPVWXGLHVRIWKHHYDOXDWLRQRIFKDUDFWHULVWLFV
RIKDUYHVWHGPLFURDOJDOELRPDVV



7RLQYHVWLJDWHWKHTXDOLW\RIGLJHVWDWHDQGELRVROLGVUHVXOWDQWIURPFRGLJHVWLRQ



7RPRQLWRURSHUDWLRQDOFRQGLWLRQVDQGLQYHVWLJDWHV\QHUJLVWLFHIIHFWVDWV\VWHP
OHYHORIFRGLJHVWLRQDQGPLFURDOJDHV\VWHPV



7R DQDO\VH WKH RYHUDOO HQYLURQPHQWDO LPSDFW RI WKHUPDO K\GURO\VLV DV
SUHWUHDWPHQWDQGLWVHQHUJ\GHPDQG





7RPDSDQGHYDOXDWHWKHSRWHQWLDORIHQHUJ\UHFRYHU\IURPELRJDVLQ8SIORZ
$QDHURELF 6OXGJH %ODQNHW 5HDFWRU 8$6%  SODQWV IRU HQHUJ\ UHFRYHU\ LQ
GHYHORSLQJFRXQWULHV



7RLQYHVWLJDWHLQPRUHGHWDLOWKHLQIOXHQFHRIHDFKYDULDEOH RURWKHUV LQHQHUJ\
UHFRYHU\LPSOHPHQWDWLRQLQHDFKPHJDFLW\



7R H[SORUH WKH PD[LPXP SRWHQWLDO RI HQHUJ\ DQG UHVRXUFH UHFRYHU\ IURP
ZDVWHZDWHUDQGLWVE\SURGXFWV

*HQHUDOFRQFOXVLRQV
7KHWUDQVLWLRQWRUHVRXUFHUHFRYHU\LQWKHZDVWHZDWHUWUHDWPHQWVHFWRULVDJUDGXDO
SURFHVVDQGLQYROYHVVHYHUDOFKDOOHQJHV7KLVWKHVLVDGGUHVVHVZKDWQHHGVWRFKDQJH
WRLPSOHPHQWUHVRXUFHUHFRYHU\VWUDWHJLHVIURPWKHZDVWHZDWHUVHFWRUSDUWLFXODUO\
LQPHJDFLWLHVRIGHYHORSLQJFRXQWULHV7KLVLVWKHILUVWUHVHDUFKWRDQDO\VHWKHFXUUHQW
VLWXDWLRQ RI ::73 DQG LQYHVWLJDWH SRVVLELOLWLHV RI UHVRXUFH UHFRYHU\ LQ D
FRPSUHKHQVLYH ZD\ LQ WKH %UD]LOLDQ FRQWH[W XVLQJ D KROLVWLF DSSURDFK HJ
LQWHJUDWLQJWKHVXVWDLQDELOLW\GLPHQVLRQV 
7KHUHVXOWVRIWKLVUHVHDUFKSURYLGHDQRYHUYLHZRIWKHVLWXDWLRQRI::73VLQWKH
DVVHVVHGPHJDFLWLHVUHJDUGLQJUHVRXUFHVUHFRYHU\LQGHWDLOIRUWKH6DR3DXORUHJLRQ
:H FRQFOXGHG WKHUH LV D KLJK SRWHQWLDO IRU QXWULHQW DQG HQHUJ\ UHFRYHU\ LQ
GHYHORSLQJ FRXQWULHV ZKHUH IHZ SUDFWLFDO H[DPSOHV RI UHVRXUFH UHFRYHU\ DUH
DYDLODEOHFXUUHQWO\7KHLGHQWLILHGEDUULHUVDQGORFDOIDFWRUVDUHXVHIXOLQIRUPDWLRQ
WRWKHHODERUDWLRQRIUHVRXUFHUHFRYHU\SURMHFWVDQGSURYLGHJXLGDQFHIRUZDVWHZDWHU
WUHDWPHQWFRPSDQLHVDERXWKRZWRSODQFRQILJXUDWLRQVIRULPSURYLQJWKHH[LVWLQJ
::73V DQG GHVLJQLQJ QHZ SODQWV 7KH ODFN RI ORFDO UHJXODWLRQV DQG LQFHQWLYH
PHFKDQLVPVDVZHOODVHFRQRPLFIHDVLELOLW\RIUHFRYHU\SURFHVVHVVHHPWREHWKH
PDLQ FXUUHQW FKDOOHQJHV WR IXOOVFDOH SKRVSKRUXV UHFRYHU\ LPSOHPHQWDWLRQ )RU
HQHUJ\UHFRYHU\WKHPDLQEDUULHUVLGHQWLILHGDUHODFNRIJRYHUQPHQWLQFHQWLYHVDQG
H[LVWLQJWHFKQRORJ\DQGLQIUDVWUXFWXUH7KHPHWKRGRORJ\XVHGLQ3DSHU,,FDQDVVLVW
LQ WKH PRQLWRULQJ RI WKH FLUFXODU HFRQRP\ LPSOHPHQWDWLRQ LQ WKH ZDWHU VHFWRU LQ
XUEDQ DUHDV DQG WKH SURSRVHG IUDPHZRUN 3DSHU ,,,  FDQ VXSSRUW SODQQLQJ DQG
LPSOHPHQWDWLRQRIUHVRXUFHUHFRYHU\SUDFWLFHVLQ::73
7KHSURSRVHGIUDPHZRUNVKRXOGEHXVHIXOWRPDQDJHUVDQGGHFLVLRQPDNHUVDQGLWV
DSSOLFDWLRQ HQDEOHV WKHP WR FRSH ZLWK WKH LGHQWLILHGEDUULHUV IDFLOLWDWLQJ UHVRXUFH
UHFRYHU\LPSOHPHQWDWLRQ:HWHVWHGWKHIUDPHZRUN LQDUHDOFDVHDQGSHUIRUPHG
LQGLFDWLRQV RI LPSURYHPHQWV DV ZHOO DV VXJJHVWLRQV IRU DSSOLFDWLRQ LQ VLPLODU
PHJDFLWLHV
5HJXODWLRQVDQGWKHLQYROYHPHQWRIVWUDWHJLFVWDNHKROGHUVDUHLPSRUWDQWPHDVXUHV
IRUVFDOLQJXSUHVRXUFHUHFRYHU\VWUDWHJLHV0DSSLQJRIHQGXVHUVIRUWKHUHFRYHUHG
SURGXFWVLVDOVRFKDOOHQJLQJIRULQVWDQFHLQWKHFDVHVWXG\UHJLRQDQGOLNHO\LQRWKHU
GHYHORSLQJFRXQWULHVWKHSURGXFW HJVWUXYLWH LVQRWZHOONQRZQE\WKHIDUPHUV


,Q WKLV VHQVH LW LV LPSRUWDQW WR HQJDJH WKH HQGXVHUV FRQVXPHUV  WR NQRZ WKHLU
SUHUHTXLVLWHVUHJDUGLQJWKHUHFRYHUHGSURGXFWV HJLQWHUPVRITXDOLW\DQGSULFH 
7KXVHQKDQFLQJVRFLDODFFHSWDQFHE\SURPRWLQJGHPRQVWUDWLRQVLWHVWRVKRZWKH
VDIHW\DQGTXDOLW\RIWKHSURGXFWLVHVSHFLDOO\LPSRUWDQW<HWGHYHORSLQJEXVLQHVV
PRGHOV IRU UHVRXUFH UHFRYHU\ VROXWLRQV RI ORFDO LQWHUHVW HJ GHILQH ZKR LV
UHVSRQVLEOHIRUHDFKVWHSRIWKHYDOXHFKDLQ LVDOVRUHTXLUHGIRULPSOHPHQWDWLRQ$OO
WKHVHVWUDWHJLHVFRXOGEHFRPELQHGZLWKWKHIUDPHZRUNDSSOLFDWLRQ)XUWKHUUHVHDUFK
LVQHHGHGLQWKHVHDVSHFWVSDUWLFXODUO\LQWKHVWXG\DUHD 6DR3DXORUHJLRQ :HDOVR
UHFRPPHQG IRU GHYHORSLQJ FRXQWULHV WKH GHYHORSPHQW RI D QDWLRQDO VWUDWHJ\ IRU
QXWULHQWPDQDJHPHQWDQGXVHVXFKVWUDWHJ\LVDOUHDG\LQXVHLQIRUH[DPSOH6ZHGHQ
DQG6ZLW]HUODQG HJQXWULHQWSODWIRUPV 7KHVHSODWIRUPVFRXOGZRUNDVVSDFHVIRU
H[FKDQJLQJ NQRZOHGJH RQ QXWULHQW UHFRYHU\ VROXWLRQV DQG IRU FURVVVHFWRUDO
FROODERUDWLRQDQGGLVFXVVLRQ
7KH LQWURGXFWLRQ RI UHVRXUFH UHFRYHU\ VROXWLRQV VXFK DV WKRVH GLVFXVVHG LQ WKLV
UHVHDUFKFDQFRQWULEXWHWRDVKLIWIURPOLQHDUWRDFLUFXODUHFRQRP\&RQVLGHULQJWKDW
PHHWLQJWKHZDWHUQHHGVRIIDVWJURZLQJFLWLHVLVDQHVSHFLDOO\LPSRUWDQWDQGFXUUHQW
FKDOOHQJHJOREDOO\ZDVWHZDWHUWUHDWPHQWSODQWVZLWKUHVRXUFHUHFRYHU\WHFKQRORJLHV
FDQ JHQHUDWH PDQ\ HQYLURQPHQWDO VRFLDO DQG HFRQRPLF EHQHILWV WKH\ FDQ IRU
H[DPSOHQRWRQO\SURYLGHDOWHUQDWLYHZDWHUVRXUFHIURPWKHWUHDWHGHIIOXHQWEXWDOVR
SURYLGH HQHUJ\ DQG YDOXDEOH SURGXFWV 0RUHRYHU UHVRXUFH UHFRYHU\ IURP
ZDVWHZDWHU LV LPSRUWDQW WR JHQHUDWH UHVLOLHQW DQG VXVWDLQDEOH FLWLHV ZKLFK DUH
SUHSDUHGWRDGDSWWRFOLPDWHFKDQJH%DVHGRQWKHDVVHVVPHQWXVLQJWKH6'*,PSDFW
$VVHVVPHQW7RROWKHUHVXOWVRIWKLVWKHVLVFDQFRQWULEXWHSRVLWLYHO\WRQLQH6'*
)LJXUH 7KLVKLJKOLJKWVWKHFRQQHFWLRQVRIWKLVUHVHDUFKZLWKVXVWDLQDELOLW\DQG
SRVVLEOHLPSDFWVRQVRFLHW\
,QWKLVYLHZZDVWHZDWHUWUHDWPHQWSODQWVFDQSOD\DQLPSRUWDQWUROHIRUDFKLHYLQJ
VXVWDLQDEOHGHYHORSPHQWDQGDUHQRORQJHUFRQFHLYHGDVVHUYLFHSURYLGHUVRQO\EXW
DOVRDVUHVRXUFHUHFRYHU\IDFLOLWLHV7KHUHVRXUFHRULHQWHGVDQLWDWLRQDSSURDFKKDV
WKH SRWHQWLDO WR ERRVW LPSURYHPHQWV LQ ZDVWHZDWHU WUHDWPHQW LQIUDVWUXFWXUH DQG
XQLYHUVDOL]DWLRQRISURSHUVDQLWDWLRQDFFHVVLQGHYHORSLQJFRXQWULHV$GGLWLRQDOO\
UHVRXUFHUHFRYHU\FDQVXSSRUWHFRQRPLFGHYHORSPHQW7KHNQRZOHGJHJHQHUDWHGLQ
WKLVWKHVLVFRXOGEHDSSOLHGWRLPSURYHWKHOLYHVRIORFDOFRPPXQLWLHVDQGLPSDFW
VRFLHW\WKURXJKWKHEHQHILWVIURPDEHWWHUZDWHUUHVRXUFHVPDQDJHPHQWDQGUHVRXUFH
UHFRYHU\LPSOHPHQWDWLRQ HJUHGXFWLRQRIZDVWHDQGSROOXWLRQDQGDQLQFUHDVHRI
UHF\FOLQJ 



5HIHUHQFHV

$JJDUZDO 50 +DJOXQG /  $GYDQFLQJ :DWHU 6XVWDLQDELOLW\ LQ 0HJDFLWLHV
&RPSDUDWLYH 6WXG\ RI 6mR 3DXOR DQG 'HOKL 8VLQJ D 6RFLDO(FRORJLFDO 6\VWHP
)UDPHZRUN6XVWDLQDELOLW\  KWWSVGRLRUJVX
$OFDQWDUD5*GH$OFDQWDUD0&3*GH&KLQHOOL&.'LDV)&0DULDQR5/9
/RQJR 2& 6RDUHV &$3  7KH 0DLQ 'ULYHUV WR )DFH WKH &KDOOHQJHV RI
,QFUHDVLQJ WKH ,QWHOOLJHQFH RI 6DQLWDU\ 6HZDJH 6\VWHPV LQ %UD]LOLDQ &LWLHV :DWHU
  KWWSVGRLRUJZ
$UKRXQ % 9LOOHQ*X]PDQ 0' 9HUHGD$ORQVR & 5RGULJXH]0DURWR -0 *DUFLD
+HUUX]R ) *yPH]/DKR] &  $QDHURELF FRGLJHVWLRQ RI PXQLFLSDO VHZDJH
VOXGJHDQGIUXLWYHJHWDEOHZDVWHHIIHFWRIGLIIHUHQWPL[WXUHVRQGLJHVWHUVWDELOLW\DQG
PHWKDQH \LHOG - (QYLURQ 6FL +HDO 3DUW $    ±
KWWSVGRLRUJ
$ULD0&XFFXUXOOR&%LEOLRPHWUL[$Q5WRROIRUFRPSUHKHQVLYHVFLHQFHPDSSLQJ
DQDO\VLV-,QIRUPHWU  ±KWWSVGRLRUJMMRL
%DOGDP 5  6FLHQFH 0DSSLQJ %LEOLRPHWULFV  ZLWK 5 6WXGLR %LEOLRPHWUL[ DQG
LQWHUQDWLRQDO
LQGH[HV
>:::
'RFXPHQW@
85/
KWWSVVLWHVJRRJOHFRPYLHZHYHQWWUDLQLQJKRPHVFLHQFHBPDSSLQJBELEOLRPHWULD
)HGHUDO8QLYHUVLW\RI(VStULWR6DQWR DFFHVVHG 
%DWVWRQH'-+OVHQ70HKWD&0.HOOHU-3ODWIRUPVIRUHQHUJ\DQGQXWULHQW
UHFRYHU\ IURP GRPHVWLF ZDVWHZDWHU $ UHYLHZ &KHPRVSKHUH  ±
KWWSVGRLRUJMFKHPRVSKHUH
%LJJV(0%UXFH(%RUXII%'XQFDQ-0$+RUVOH\-3DXOL10F1HLOO.1HHI
$9DQ2JWURS)&XUQRZ-+DZRUWK%'XFH6,PDQDUL<6XVWDLQDEOH
GHYHORSPHQW DQG WKH ZDWHU±HQHUJ\±IRRG QH[XV $ SHUVSHFWLYH RQ OLYHOLKRRGV
(QYLURQ6FL3ROLF\±KWWSVGRLRUJMHQYVFL
%RX]DV$0DUWt1*UDX6%DUDW50DQJLQ'3DVWRU/,PSOHPHQWDWLRQRI
DJOREDO3UHFRYHU\V\VWHPLQXUEDQZDVWHZDWHUWUHDWPHQWSODQWV-&OHDQ3URG
±KWWSVGRLRUJMMFOHSUR
%UHDFK3$6LPRQRYLF63:DVWHZDWHU7UHDWPHQW(QHUJ\5HFRYHU\3RWHQWLDO)RU
$GDSWDWLRQ7R*OREDO&KDQJH$Q,QWHJUDWHG$VVHVVPHQW(QYLURQ0DQDJH±
KWWSVGRLRUJV
%ULWWR $/ 0DLHOOR $ 4XLQWVOU 6  :DWHU VXSSO\ V\VWHP LQ WKH 5LR GH -DQHLUR
0HWURSROLWDQ5HJLRQ2SHQLVVXHVFRQWUDGLFWLRQVDQGFKDOOHQJHVIRUZDWHUDFFHVVLQ
DQ
HPHUJLQJ
PHJDFLW\
-
+\GURO

±
KWWSVGRLRUJMMK\GURO



%UXQQHU3+5HFKEHUJHU+3UDFWLFDO+DQGERRNRI0DWHULDO)ORZ$QDO\VLVVWHG
3XEOLVKHU&5&3UHVV%RFD5DWRQ
&DPSHOOR/'%DUURV507LDJR)LOKR*/GRV6DQWRV,)6$QDO\VLVRIWKH
HFRQRPLF YLDELOLW\ RI WKH XVH RI ELRJDV SURGXFHG LQ ZDVWHZDWHU WUHDWPHQW SODQWV WR
JHQHUDWHHOHFWULFDOHQHUJ\(QYLURQ'HY6XVWDLQKWWSVGRLRUJV
\
&DSVRQ7RMR*%DWVWRQH'-*UDVVLQR09ODHPLQFN6(3X\RO'9HUVWUDHWH:
.OHHUHEH]HP52HKPHQ$*KLPLUH$3LNDDU,/HPD-0+OVHQ7
3XUSOH SKRWRWURSKLF EDFWHULD IRU UHVRXUFH UHFRYHU\ &KDOOHQJHV DQG RSSRUWXQLWLHV
%LRWHFKQRO$GYKWWSVGRLRUJMELRWHFKDGY
&DUGRVR /  'LVSRQLELOLGDGH KtGULFD GH 6mR 3DXOR p GH] YH]HV PHQRU TXH
UHFRPHQGDGD SHOD 218 :DWHU DYDLODELOLW\ LQ 6DR 3DXOR LV WHQ WLPHV ORZHU WKDQ
UHFRPPHQGHG E\ 8QLWHG 1DWLRQV  $81 $JrQFLD 8QLY 1RWtFLDV 85/
KWWSVSDLQHLUDXVSEUDXQLQGH[SKSGLVSRQLELOLGDGHKLGULFDGHVDR
SDXORHGH]YH]HVPHQRUTXHUHFRPHQGDGDSHODRQX DFFHVVHG 
&KDOPHUV 8QLYHUVLW\ RI 7HFKQRORJ\ 8QLYHUVLW\ RI *RWKHQEXUJ DQG 6'61 1RUWKHUQ
(XURSH  6'* ,PSDFW $VVHVVPHQW 7RRO >::: 'RFXPHQW@ 85/
KWWSVVGJLPSDFWDVVHVVPHQWWRRORUJ DFFHVVHG 
&KDQJ1%+RVVDLQ89DOHQFLD$4LX-.DSXFX17KHUROHRIIRRGHQHUJ\
ZDWHUQH[XV DQDO\VHV LQ XUEDQ JURZWKPRGHOV IRUXUEDQVXVWDLQDELOLW\ $ UHYLHZRI
V\QHUJLVWLF
IUDPHZRUN
6XVWDLQ
&LWLHV
6RF


KWWSVGRLRUJMVFV
&KULVSLP 0& 6FKRO] 0 1RODVFR 0$  3KRVSKRUXV UHFRYHU\ IURP PXQLFLSDO
ZDVWHZDWHUWUHDWPHQW&ULWLFDOUHYLHZRIFKDOOHQJHVDQGRSSRUWXQLWLHVIRUGHYHORSLQJ
FRXQWULHV
-
(QYLURQ
0DQDJH


KWWSVGRLRUJMMHQYPDQ
&KULVSLP0&1RODVFR0$6FKRO]0D)LQDO'LVSRVDODQG9DORUL]DWLRQRI
6HZDJH 6OXGJH &XUUHQW 3UDFWLFHV DQG 2QJRLQJ 5HVHDUFK ,Q WK ,QWHUQDWLRQDO
:RUNVKRS$GYDQFHVLQ&OHDQHU3URGXFWLRQ7RZDUGV6XVWDLQDEOHHQHUJ\ZDWHUIRRG
QH[XV WKH FRQWULEXWLRQ RI D FOHDQHU SURGXFWLRQCC  RQOLQH HYHQW &RQIHUHQFH
3URFHHGLQJV

S

$YDLODEOH
DW
KWWSZZZDGYDQFHVLQFOHDQHUSURGXFWLRQQHWWKILOHVSURFHHGLQJVBWKSGI
&KULVSLP 0& 6FKRO] 0 1RODVFR 0$ E $ IUDPHZRUN IRU UHVRXUFH UHFRYHU\
IURPZDVWHZDWHUWUHDWPHQWSODQWVLQPHJDFLWLHVRIGHYHORSLQJFRXQWULHV(QYLURQ5HV
KWWSVGRLRUJMHQYUHV
&KULVSLP0&GH6RX]D)GH06FKRO]01RODVFR0$F$)UDPHZRUNIRU
6XVWDLQDEOH3ODQQLQJDQG'HFLVLRQ0DNLQJRQ5HVRXUFH5HFRYHU\IURP:DVWHZDWHU
6KRZFDVH
IRU
6mR
3DXOR
0HJDFLW\
:DWHU


KWWSVGRLRUJZ
&KULVSLP0&6FKRO]01RODVFR0$%LRJDVUHFRYHU\IRUVXVWDLQDEOHFLWLHVD
UHYLHZ RI HQKDQFHPHQW WHFKQLTXHV DQG NH\ ORFDO FRQGLWLRQV IRU LPSOHPHQWDWLRQ
6XVWDLQDEOH&LWLHVDQG6RFLHW\6XEPLWWHGPDQXVFULSW
&LW\ 3RSXODWLRQ  0DMRU DJJORPHUDWLRQV RI WKH ZRUOG >::: 'RFXPHQW@ 85/
KWWSVZZZFLW\SRSXODWLRQGHHQZRUOGDJJORPHUDWLRQV DFFHVVHG 



&RDWV (5 :LOVRQ 3,  7RZDUG 1XFOHDWLQJ WKH &RQFHSW RI WKH :DWHU 5HVRXUFH
5HFRYHU\ )DFLOLW\ :55)  3HUVSHFWLYH IURP WKH 3ULQFLSDO $FWRUV (QYLURQ 6FL
7HFKQRO  ±KWWSVGRLRUJDFVHVWE
&RUQHMR 3.  (QYLURQPHQWDO 6XVWDLQDELOLW\ RI :DVWHZDWHU 7UHDWPHQW 3ODQWV
,QWHJUDWHGZLWK5HVRXUFH5HFRYHU\7KH,PSDFWRI&RQWH[WDQG6FDOH'RFWRUDOWKHVLV
8QLYHUVLW\RI6RXWK)ORULGD
'DQHVKJDU6&DOOHJDUL$&DSRGDJOLR$9DFFDUL'7KH3RWHQWLDO3KRVSKRUXV
&ULVLV 5HVRXUFH &RQVHUYDWLRQ DQG 3RVVLEOH (VFDSH 7HFKQRORJLHV $ 5HYLHZ
5HVRXUFHV  KWWSVGRLRUJUHVRXUFHV
'HPRJUDSKLD'HPRJUDSKLD:RUOG8UEDQ$UHDV >:::'RFXPHQW@ WK $QQXDO
(GLWLRQ85/KWWSZZZGHPRJUDSKLDFRPGEZRUOGXDSGI DFFHVVHG 
'LD](OVD\HG15H]DHL11GLD\H$=KDQJ47UHQGVLQWKHHQYLURQPHQWDODQG
HFRQRPLFVXVWDLQDELOLW\RIZDVWHZDWHUEDVHGUHVRXUFHUHFRYHU\$UHYLHZ-&OHDQ
3URGKWWSVGRLRUJMMFOHSUR
'tD]7UXMLOOR /$ 7RYDU)DFLR - 1iSROHV5LYHUD ) 3RQFH2UWHJD -0 
(IIHFWLYH8VHRI&DUERQ3ULFLQJRQ&OLPDWH&KDQJH0LWLJDWLRQ3URMHFWV$QDO\VLVRI
WKH%LRJDV6XSSO\&KDLQWR6XEVWLWXWH/LTXHILHG3HWUROHXP*DVLQ0H[LFR3URFHVVHV
  KWWSVGRLRUJSU
(JOH / 5HFKEHUJHU + .UDPSH - =HVVQHU 0  3KRVSKRUXV UHFRYHU\ IURP
PXQLFLSDO ZDVWHZDWHU $Q LQWHJUDWHG FRPSDUDWLYH WHFKQRORJLFDO HQYLURQPHQWDO DQG
HFRQRPLFDVVHVVPHQWRI3UHFRYHU\WHFKQRORJLHV6FL7RWDO(QYLURQ±
KWWSVGRLRUJMVFLWRWHQY
)XQGDomR$JrQFLDGD%DFLD+LGURJUiILFDGR$OWR7LHWr )RXQGDWLRQ$JHQF\RI8SSHU7LHWr
5LYHU%DVLQ )$%+$75HODWyULRGH6LWXDomRGRV5HFXUVRV+tGULFRV%DFLD
+LGURJUiILFDGR$OWR7LHWr8*5+,DQREDVH>:::'RFXPHQW@85/
KWWSZZZVLJUKVSJRYEUSXEOLFXSORDGVGHOLEHUDWLRQ&%+$7GHOLEHUDFDR
FEKDWGHDQH[RLUHODWRULRGHVLWXDFDRGRVUHFXUVRVKLGULFRVGD
XJUKLDQREDVHSGI DFFHVVHG 
)\WLOL'=DEDQLRWRX$8WLOL]DWLRQRIVHZDJHVOXGJHLQ(8DSSOLFDWLRQRIROGDQG
QHZ PHWKRGV²$ UHYLHZ 5HQHZ 6XVWDLQ (QHUJ\ 5HY    ±
KWWSVGRLRUJMUVHU
*DUFtD&DVFDOODQD - %RUJH'tH] ' *yPH] ;  (QKDQFLQJ WKH HIILFLHQF\ RI
WKHUPDO K\GURO\VLV SURFHVV LQ ZDVWHZDWHU WUHDWPHQW SODQWV E\ WKH XVH RI VWHDP
DFFXPXODWLRQ ,QW - (QYLURQ 6FL 7HFKQRO  ±
KWWSVGRLRUJV
*KHUJKHO$7HRGRVLX&'H*LVL6$UHYLHZRQZDVWHZDWHUVOXGJHYDORULVDWLRQ
DQGLWVFKDOOHQJHVLQWKHFRQWH[WRIFLUFXODUHFRQRP\-&OHDQ3URG±
KWWSVGRLRUJMMFOHSUR
*RYHUQPHQWRIWKH6WDWHRI6mR3DXOR6HFUHWDU\RI6DQLWDWLRQDQG:DWHU5HVRXUFHVDQG
'HSDUWPHQW RI :DWHU DQG (OHFWULFLW\  3ODQR 'LUHWRU GH $SURYHLWDPHQWR GH
5HFXUVRV+tGULFRVSDUDD0DFURPHWUySROH3DXOLVWD6XPiULR([HFXWLYR 0DVWHU3ODQ
IRU WKH 8VH RI :DWHU 5HVRXUFHV IRU WKH 0DFURPHWURSROLV RI 6DR 3DXOR ([HFXWLYH
VXPPDU\ 
>:::
'RFXPHQW@
85/
KWWSZZZGDHHVSJRYEULQGH[$SKS"RSWLRQ FRPBFRQWHQW YLHZ DUWLFOH LG 



SODQRGLUHWRUGHDSURYHLWDPHQWR$GRVUHFXUVRVKLGULFRVSDUDD
PDFURPHWURSROHSDXOLVWD FDWLG $FRPEDWHDHQFKHQWHV DFFHVVHG 
*URVVHU $ 1HF]DM (  6HZDJH VOXGJH DQG IDW ULFK PDWHULDOV FRGLJHVWLRQ 
3HUIRUPDQFH DQG HQHUJ\ SRWHQWLDO - &OHDQ 3URG  ±
KWWSVGRLRUJMMFOHSUR
*X</L</L;/XR3:DQJ+5RELQVRQ=3:DQJ;:X-/L)
7KHIHDVLELOLW\DQGFKDOOHQJHVRIHQHUJ\VHOIVXIILFLHQWZDVWHZDWHUWUHDWPHQWSODQWV
$SSO(QHUJ\±KWWSVGRLRUJMDSHQHUJ\
*XVWDIVVRQ0$QGHUEHUJ6'LPHQVLRQVDQGFKDUDFWHULVWLFVRIELRJDVSROLFLHV±
0RGHOOLQJWKH(XURSHDQSROLF\ODQGVFDSH5HQHZ6XVWDLQ(QHUJ\5HY
KWWSVGRLRUJMUVHU
*XYHQ+7DQLN$:DWHUHQHUJ\QH[XV6XVWDLQDEOHZDWHUPDQDJHPHQWDQGHQHUJ\
UHFRYHU\ IURP ZDVWHZDWHU LQ HFRFLWLHV 6PDUW 6XVWDLQ %XLOW (QYLURQ  ±
KWWSVGRLRUJ6$6%(
+DUULV/RYHWW6/LHQHUW-6HGODN'7RZDUGVD1HZ3DUDGLJPRI8UEDQ:DWHU
,QIUDVWUXFWXUH ,GHQWLI\LQJ *RDOV DQG 6WUDWHJLHV WR 6XSSRUW 0XOWL%HQHILW 0XQLFLSDO
:DVWHZDWHU7UHDWPHQW:DWHU  KWWSVGRLRUJZ
+RX(/XR<.XDQJ<&KHQ&/X;-LDQJ//XR;:HQ'*OREDO
PHWDDQDO\VLVVKRZVSHUYDVLYHSKRVSKRUXVOLPLWDWLRQRIDERYHJURXQGSODQWSURGXFWLRQ
LQ
QDWXUDO
WHUUHVWULDO
HFRV\VWHPV
1DW
&RPPXQ


KWWSVGRLRUJVZ
+X0)DQ%:DQJ+4X%=KX6&RQVWUXFWLQJWKHHFRORJLFDOVDQLWDWLRQD
UHYLHZ RQ WHFKQRORJ\ DQG PHWKRGV - &OHDQ 3URG  ±
KWWSVGRLRUJMMFOHSUR
,QIRUPDWLRQ6\VWHPRQ6DQLWDWLRQIRU6DR3DXOR6WDWH 6,6$1 *HQHUDO,QIRUPDWLRQ
>:::
'RFXPHQW@
85/
KWWSZZZVLVDQVSJRYEU$63VLJPXQLFLQIRUPBJHUHQFB'*DVS["8VHU 
DFFHVVHG 
,QVWLWXWR 7UDWD %UDVLO &RRUGHQDoDR GH 6DQHDPHQWR %DVLFR 5HLQIUD &RQVXOWRULD 
3HVTXLVD6DQHDPHQWR%iVLFRHPÈUHDV,UUHJXODUHVGR(VWDGRGH6mR3DXOR 5HVHDUFK
RQ%DVLF6DQLWDWLRQLQ,UUHJXODU$UHDVRIWKH6WDWHRI6mR3DXOR >:::'RFXPHQW@
85/
KWWSZZZWUDWDEUDVLORUJEUGDWDILOHVHVWXGRVDUHDVLUUHJXODUHV$UHDV
,UUHJXODUHV6DR3DXORYIBKSGI DFFHVVHG 
-DGKDY '$ *KRVK 5D\ 6 *KDQJUHNDU 00  7KLUG JHQHUDWLRQ LQ ELR
HOHFWURFKHPLFDOV\VWHPUHVHDUFK±$V\VWHPDWLFUHYLHZRQPHFKDQLVPVIRUUHFRYHU\
RI YDOXDEOH E\SURGXFWV IURP ZDVWHZDWHU 5HQHZ 6XVWDLQ (QHUJ\ 5HY  ±
KWWSVGRLRUJMUVHU
-LPpQH] % 'UHFKVHO 3 .RQp ' %DKUL $ 5DVFKLG6DOO\ / 4DGLU 0 
:DVWHZDWHU 6OXGJH DQG ([FUHWD 8VH LQ 'HYHORSLQJ &RXQWULHV $Q 2YHUYLHZ LQ
'UHFKVHO3HWDO (G :DVWHZDWHU,UULJDWLRQDQG+HDOWK$VVHVVLQJDQG0LWLJDWLQJ
5LVN LQ /RZ,QFRPH &RXQWULHV (DUWKVFDQ ,QWHUQDWLRQDO 'HYHORSPHQW 5HVHDUFK
&HQWUH ,'5& ,QWHUQDWLRQDO:DWHU0DQDJHPHQW,QVWLWXWH ,:0, /RQGRQ2WWDZD
DQG&RORPERSS±



-RKDQQHVGRWWLU 6/ 0DFXUD % 0F&RQYLOOH - /RULFN ' +DGGDZD\ 15
.DUF]PDUF]\N $ (N ) 3LQLHZVNL 0 .VLĊĪQLDN 0 2VXFK 3  :KDW
HYLGHQFHH[LVWVRQHFRWHFKQRORJLHVIRUUHF\FOLQJFDUERQDQGQXWULHQWVIURPGRPHVWLF
ZDVWHZDWHU"$V\VWHPDWLFPDS(QYLURQ(YLGKWWSVGRLRUJV

.DNZDQL 16 .DOEDU 33  5HYLHZ RI &LUFXODU (FRQRP\ LQ XUEDQ ZDWHU VHFWRU
&KDOOHQJHV DQG RSSRUWXQLWLHV LQ ,QGLD - (QYLURQ 0DQDJH  
KWWSVGRLRUJMMHQYPDQ
.HJO7.RãDN$/REQLN$1RYDN=.UDOM$.%DQ,$GVRUSWLRQRIUDUH
HDUWK PHWDOV IURP ZDVWHZDWHU E\ QDQRPDWHULDOV $ UHYLHZ - +D]DUG 0DWHU 
KWWSVGRLRUJMMKD]PDW
.KDQ 0=+ .DULP 05 +DTXH $$0 +RVVDLQ 0=  :DWHU VXSSO\ DQG
VDQLWDWLRQ IRU PHJD FLWLHV LQ &RQIHUHQFH WK ,QWHUQDWLRQDO 6\PSRVLXP RQ 1HZ
7HFKQRORJLHVIRU8UEDQ6DIHW\RI0HJD&LWLHVLQ$VLD 860&$ 3KXNHW
/DP ./ YDQ GHU +RHN -3  /RZ&DUERQ 8UEDQ :DWHU 6\VWHPV 2SSRUWXQLWLHV
EH\RQG:DWHUDQG:DVWHZDWHU8WLOLWLHV"(QYLURQ6FL7HFKQRO  ±
KWWSVGRLRUJDFVHVWF
/HHXZHQ.9DQGH9ULHV(.RRS65RHVW.7KH(QHUJ\ 5DZ0DWHULDOV
)DFWRU\5ROHDQG3RWHQWLDO&RQWULEXWLRQWRWKH&LUFXODU(FRQRP\RIWKH1HWKHUODQGV
(QYLURQ0DQDJH±KWWSVGRLRUJV
/L%8GXJDPD,$0DQVRXUL66<X:%DURXWLDQ6*HUQDH\.9<RXQJ%5
 $Q H[SORUDWLRQ RI EDUULHUV IRU FRPPHUFLDOL]LQJ SKRVSKRUXV UHFRYHU\
WHFKQRORJLHV
-
&OHDQ
3URG

±
KWWSVGRLRUJMMFOHSUR
/X-<:DQJ;0/LX+4<X+4/L::2SWLPL]LQJRSHUDWLRQRI
PXQLFLSDO ZDVWHZDWHU WUHDWPHQW SODQWV LQ &KLQD 7KH UHPDLQLQJ EDUULHUV DQG IXWXUH
LPSOLFDWLRQV(QYLURQ,QW±KWWSVGRLRUJMHQYLQW
/XQGLQ 0 %HQJWVVRQ 0 0RODQGHU 6  /LIH &\FOH $VVHVVPHQW RI :DVWHZDWHU
6\VWHPV ,QIOXHQFH RI 6\VWHP %RXQGDULHV DQG 6FDOH RQ &DOFXODWHG (QYLURQPHQWDO
/RDGV(QYLURQ6FL7HFKQRO  ±KWWSVGRLRUJHVI
0DLQDUGLV0%XWWD]]RQL0*RL'8S)ORZ$QDHURELF6OXGJH%ODQNHW 8$6% 
7HFKQRORJ\ IRU (QHUJ\ 5HFRYHU\ $ 5HYLHZ RQ 6WDWHRIWKH$UW DQG 5HFHQW
7HFKQRORJLFDO
$GYDQFHV
%LRHQJLQHHULQJ
  

KWWSVGRLRUJELRHQJLQHHULQJ
0DWHR6DJDVWD - 5DVFKLG6DOO\ / 7KHER $  *OREDO :DVWHZDWHU DQG 6OXGJH
3URGXFWLRQ 7UHDWPHQW DQG 8VH LQ 'UHFKVHO 3 4DGLU 0 :LFKHOQV ' (G 
:DVWHZDWHU6SULQJHU1HWKHUODQGV'RUGUHFKWSS±KWWSVGRLRUJ
B
0HKWD&0.KXQMDU:21JX\HQ97DLW6%DWVWRQH'-7HFKQRORJLHVWR
5HFRYHU1XWULHQWVIURP:DVWH6WUHDPV$&ULWLFDO5HYLHZ&ULW5HY(QYLURQ6FL
7HFKQRO  ±KWWSVGRLRUJ
0LQLQQL * %ODQFK $5 /XFHQD ) %HUVHOOL 6  (8 SROLF\ RQ VHZDJH VOXGJH
XWLOL]DWLRQDQGSHUVSHFWLYHVRQQHZDSSURDFKHVRIVOXGJHPDQDJHPHQW(QYLURQ6FL
3ROOXW5HV±KWWSVGRLRUJV



0LUPDVRXPL6(EUDKLPL66DUD\5.(QKDQFHPHQWRIELRJDVSURGXFWLRQIURP
VHZDJHVOXGJHLQDZDVWHZDWHUWUHDWPHQWSODQW(YDOXDWLRQRISUHWUHDWPHQWWHFKQLTXHV
DQGFRGLJHVWLRQXQGHUPHVRSKLOLFDQGWKHUPRSKLOLFFRQGLWLRQV(QHUJ\±
KWWSVGRLRUJMHQHUJ\
0R:=KDQJ4(QHUJ\±QXWULHQWV±ZDWHUQH[XV,QWHJUDWHGUHVRXUFHUHFRYHU\LQ
PXQLFLSDO ZDVWHZDWHU WUHDWPHQW SODQWV - (QYLURQ 0DQDJH  ±
KWWSVGRLRUJMMHQYPDQ
0RUDQGL&*:DVLHOHZVNL60RXDUNHFK.0LQNH56WHLQPHW]+,PSDFWRI
QHZ VDQLWDWLRQ WHFKQRORJLHV XSRQ FRQYHQWLRQDO ZDVWHZDWHU LQIUDVWUXFWXUHV 8UEDQ
:DWHU-  ±KWWSVGRLRUJ;
1DWLRQDO(QYLURQPHQW&RXQFLO &21$0$ D5HVROXomR&21$0$ 5HJXODWLRQ
&21$0$
 
85/
KWWSZZZPPDJRYEUSRUWFRQDPDOHJLDEUHFIP"FRGOHJL  DFFHVVHG 
1DWLRQDO(QYLURQPHQW&RXQFLO &21$0$ E5HVROXomR&21$0$ 5HJXODWLRQ
&21$0$
 
85/
KWWSZZZPPDJRYEUSRUWFRQDPDOHJLDEUHFIP"FRGOHJL  DFFHVVHG 
1DWLRQDO (QYLURQPHQW &RXQFLO &21$0$   5HVROXomR Q  GH  GH DJRVWR GH
 5HJXODWLRQ$XJXVWWK %UD]LO
1DWLRQDO 6DQLWDWLRQ ,QIRUPDWLRQ 6\VWHP 61,6   'LDJQRVLV RI :DWHU DQG 6HZDJH
6HUYLFHV>:::'RFXPHQW@85/KWWSZZZVQLVJRYEUGLDJQRVWLFRDJXDH
HVJRWRVGLDJQRVWLFRDH DFFHVVHG 
1DWLRQDO 6DQLWDWLRQ ,QIRUPDWLRQ 6\VWHP 61,6  D 'LDJQRVLV RI :DWHU DQG 6HZDJH
6HUYLFHV>:::'RFXPHQW@85/KWWSZZZVQLVJRYEUGLDJQRVWLFRDJXDH
HVJRWRVGLDJQRVWLFRDH DFFHVVHG 
1DWLRQDO 6DQLWDWLRQ ,QIRUPDWLRQ 6\VWHP 61,6  E 'LDJQRVLV RI :DWHU DQG 6HZDJH
6HUYLFHV  >::: 'RFXPHQW@85/ KWWSZZZVQLVJRYEUGLDJQRVWLFRDQXDO
DJXDHHVJRWRVGLDJQRVWLFRGRVVHUYLFRVGHDJXDHHVJRWRV
DFFHVVHG
 
1DWLRQDO 6FLHQFH )RXQGDWLRQ  )RRG (QHUJ\ DQG :DWHU 7UDQVIRUPDWLYH 5HVHDUFK
2SSRUWXQLWLHVLQWKH0DWKHPDWLFDODQG3K\VLFDO6FLHQFHV>:::'RFXPHQW@5HSRUW
85/
KWWSZZZQVIJRYPSVDGYLVRU\PSVDFBRWKHUBUHSRUWVQVIBIRRGBVHFXULW\BUHSRUWBUHY
LHZBILQDOBUHYSGI DFFHVVHG 
1DWLRQDO:DWHU5HVRXUFHV,QIRUPDWLRQ6\VWHP 61,5+ $WODV(VJRWRV'HVSROXLomR
GH%DFLDV+LGURJUiILFDV 6HZHUV$WODV5HGXFLQJSROOXWLRQRIULYHUEDVLQV >:::
'RFXPHQW@85/KWWSZZZVQLUKJRYEUSRUWDOVQLUKVQLUKDWODVHVJRWRV DFFHVVHG
 
2WRR0'UHFKVHO35HVRXUFHUHFRYHU\IURPZDVWHEXVLQHVVPRGHOVIRUHQHUJ\
QXWULHQWDQGZDWHUUHXVHLQORZDQGPLGGOHLQFRPHFRXQWULHV5RXWOHGJH2[RQ8.
3DSD0)RODGRUL3*XJOLHOPL/%HUWDQ]D*+RZIDUDUHZHIURPFORVLQJWKH
ORRSRIVHZDJHUHVRXUFHUHFRYHU\"$UHDOSLFWXUHRIPXQLFLSDOZDVWHZDWHUWUHDWPHQW
SODQWV LQ ,WDO\ - (QYLURQ 0DQDJH  3DUW  ±
KWWSVGRLRUJMMHQYPDQ



3DVVRV)*XWLpUUH]58JJHWWL(*DUIt0*DUFtD-)HUUHU,7RZDUGVHQHUJ\
QHXWUDO PLFURDOJDHEDVHG ZDVWHZDWHU WUHDWPHQW SODQWV $OJDO 5HV  ±
KWWSVGRLRUJMDOJDO
3LUHVGR5LR*'UXPPRQG+55LEHLUR&5ÈJXD8UJrQFLDGHXPDDJHQGD
WHUULWRULDO :DWHU7KHXUJHQF\RIDWHUULWRULDODJHQGD $PELHQW6RF  ±
3RWW 5 -RKQVWRQH5REHUWVRQ 0 9HUVWHU % 5XPMHHW 6 1NDGLPHQJ / 5DSHU 7
5DGHPH\HU6+DUULVRQ67/:DVWHZDWHU%LRUHILQHULHV,QWHJUDWLQJ:DWHU
7UHDWPHQW DQG 9DOXH 5HFRYHU\ LQ 7KH 1H[XV (QHUJ\ (QYLURQPHQW DQG &OLPDWH
&KDQJHSS±KWWSVGRLRUJB
3X\RO'%DWVWRQH'-+OVHQ7$VWDOV63HFHV0.U|PHU-25HVRXUFH
5HFRYHU\ IURP :DVWHZDWHU E\ %LRORJLFDO 7HFKQRORJLHV 2SSRUWXQLWLHV &KDOOHQJHV
DQG3URVSHFWV)URQW0LFURELRO±KWWSVGRLRUJIPLFE
5DKHHP$6LNDUZDU96+H-'DVW\DU:'LRQ\VLRX'':DQJ:=KDR0
 2SSRUWXQLWLHV DQG FKDOOHQJHV LQ VXVWDLQDEOH WUHDWPHQW DQG UHVRXUFH UHXVH RI
VHZDJH
VOXGJH
$
UHYLHZ
&KHP
(QJ
-

±
KWWSVGRLRUJMFHM
5DR.&2WRR0'UHFKVHO3+DQMUD0$5HVRXUFH5HFRYHU\DQG5HXVHDVDQ
,QFHQWLYHIRUD0RUH9LDEOH6DQLWDWLRQ6HUYLFH&KDLQ:DWHU$OWHUQ  ±
5DVXO*0DQDJLQJWKHIRRGZDWHUDQGHQHUJ\QH[XVIRUDFKLHYLQJWKH6XVWDLQDEOH
'HYHORSPHQW *RDOV LQ 6RXWK $VLD (QYLURQ 'HY  ±
KWWSVGRLRUJMHQYGHY
5LEHLUR:&2IHUWDHHVWUHVVHKtGULFRQDUHJLmR0HWURSROLWDQDGH6mR3DXOR :DWHU
VXSSO\DQGZDWHUVWUHVVLQWKH0HWURSROLWDQ5HJLRQRI6mR3DXOR (VWXG$YDQoDGRV
  ±
5REOHV$1:HELQDU0DQHMRGHiJXDVUHVLGXDOHVPXQLFLSDOHVDQWHVGXUDQWHV\
GHVSXpVGHO&RYLG 0DQDJHPHQWRIPXQLFLSDOZDVWHZDWHUEHIRUHGXULQJDQGDIWHU
&RYLG 5HG'HO$JXD81$0 8QLYHUVLGDG1DFLRQDO$XWyQRPDGH0p[LFR 
5RVHPDULQ $ 0DFXUD % &DUROXV - %DUTXHW . (N ) -lUQEHUJ / /RULFN '
-RKDQQHVGRWWLU63HGHUVHQ60.RVNLDKR-+DGGDZD\152NUXV]NR7
&LUFXODUQXWULHQWVROXWLRQVIRUDJULFXOWXUHDQGZDVWHZDWHU±DUHYLHZRIWHFKQRORJLHV
DQG
SUDFWLFHV
&XUU
2SLQ
(QYLURQ
6XVWDLQ

±
KWWSVGRLRUJMFRVXVW
6mR 3DXOR 0HWURSROLWDQ 3ODQQLQJ &RPSDQ\ 6$ (03/$6$   0DFURPHWUySROH
3DXOLVWD
6DR 3DXOR 0DFURPHWURSROLV  >::: 'RFXPHQW@ 85/
KWWSVHPSODVDVSJRYEU003 DFFHVVHG 
6DR 3DXOR 6WDWH :DWHU DQG 6HZDJH 6HUYLFHV &RPSDQ\ 6$%(63   5HODWyULR GH
6XVWHQWDELOLGDGH DQR  6XVWDLQDELOLW\ 5HSRUW<HDU   >::: 'RFXPHQW@
85/
KWWSVLWHVDEHVSFRPEUXSORDGVILOHVRFLHGDGHBPHLRDPEUVBBSRUWXJXHVSGI
DFFHVVHG 
6DUYDMD\DNHVDYDOX6/X<:LWKHUV3-$3DYLQDWR363DQ*&KDUHRQVXGMDL3
3KRVSKRUXVUHFRYHU\DQHHGIRUDQLQWHJUDWHGDSSURDFK(FRV\VW+HDO6XVWDLQ
  ±KWWSVGRLRUJ



6HQHVH 1HWR (  3ODQLOKD FRP 'DGRV $WXDOL]DGRV GD 0DFURPHWUySROH 3DXOLVWD
6SUHDGVKHHW ZLWK 8SGDWHG 'DWD RI WKH 6DR 3DXOR 0DFURPHWURSROLV  6mR 3DXOR
0HWURSROLWDQ3ODQQLQJ&RPSDQ\6$ (03/$6$  8QSXEOLVKHGUHVXOWV6DR3DXOR
%UD]LO 
6IH]6'H0HHVWHU69ODHPLQFN6('HZXOI-,PSURYLQJWKHUHVRXUFHIRRWSULQW
HYDOXDWLRQ RI SURGXFWV UHFRYHUHG IURP ZDVWHZDWHU $ GLVFXVVLRQ RQ DSSURSULDWH
DOORFDWLRQLQWKHFRQWH[WRIFLUFXODUHFRQRP\5HVRXU&RQVHUY5HF\FO±
KWWSVGRLRUJMUHVFRQUHF
6JURL 0 9DJOLDVLQGL )*$ 5RFFDUR 3  )HDVLELOLW\ VXVWDLQDELOLW\ DQG FLUFXODU
HFRQRP\ FRQFHSWV LQ ZDWHU UHXVH &XUU 2SLQ (QYLURQ 6FL +HDO  ±
KWWSVGRLRUJMFRHVK
6KHUPDQ / &DQWRU $ 0LOPDQ $ .LSDUVN\ 0  ([DPLQLQJ WKH FRPSOH[
UHODWLRQVKLSEHWZHHQLQQRYDWLRQDQGUHJXODWLRQWKURXJKDVXUYH\RIZDVWHZDWHUXWLOLW\
PDQDJHUV
-
(QYLURQ
0DQDJH


KWWSVGRLRUJMMHQYPDQ
6LNRVDQD0./15DQGDOO'*9RQ%ORWWQLW]+$WHFKQRORJLFDODQGHFRQRPLF
H[SORUDWLRQRISKRVSKDWHUHFRYHU\IURPFHQWUDOLVHGVHZDJHWUHDWPHQWLQDWUDQVLWLRQLQJ
HFRQRP\FRQWH[W:DWHU6$  KWWSVGRLRUJZVDYL
6ROp%XQGy03DVVRV)5RPHUR*L]D06)HUUHU,$VWDOV6&RGLJHVWLRQ
VWUDWHJLHV WR HQKDQFH PLFURDOJDH DQDHURELF GLJHVWLRQ $ UHYLHZ 5HQHZ 6XVWDLQ
(QHUJ\5HY±KWWSVGRLRUJMUVHU
6RULDQRe/RQGH/GH5'L*UHJRULR/7&RXWLQKR036DQWRV/%/:DWHU
FULVLVLQ6mR3DXORHYDOXDWHGXQGHUWKHGLVDVWHU¶VSRLQWRIYLHZ$PELHQW6RF  
±KWWSVGRLRUJDVRFUY
7DJQLQ5$&DSHOODUL%5RGULJXHV/&'51RYDVIRQWHVGHVXSULPHQWRGHiJXD
SDUDDPDFURPHWUySROH3DXOLVWDUHSURGX]LQGRFULVHV" 1HZZDWHUVRXUFHVWRVXSSO\
WKH PDFURPHWURSROLV RI 6mR 3DXOR UHSURGXFLQJ FULVHV"  ,QWHUIDF(+6±6D~GH 0HLR
$PELHQWH6XVWHQWDELOLGDGH  ±
7FKREDQRJORXV*6WHQVHO+'7VXFKLKDVKL5%XUWRQ)$EX2UI0%RZGHQ*
3IUDQJ:0HWFDOI (GG\$(&207UDWDPHQWRGHHIOXHQWHVHUHFXSHUDomR
GH UHFXUVRV :DVWHZDWHU WUHDWPHQW DQG UHVRXUFHV UHFRYHU\  WK HG $0*+ (GLWRUD
/WGD3RUWR$OHJUH
7KH%UD]LOLDQ,QVWLWXWHRI*HRJUDSK\DQG6WDWLVWLFV ,%*( 'DGRVGR&HQVR
,%*( 
&HQVXV
GDWD 
>:::
'RFXPHQW@
85/
KWWSZZZLEJHJRYEUKRPHHVWDWLVWLFDSRSXODFDRFHQVRDJORPHUDGRVBVXEQRU
PDLVWDEHODVBSGIWDESGI DFFHVVHG 
7KH 'HSDUWPHQW RI :DWHU DQG (OHFWULF 3RZHU '$((   3ODQR 'LUHWRU GH
$SURYHLWDPHQWRGH5HFXUVRV+tGULFRVSDUDD0DFURPHWUySROH3DXOLVWD 0DVWHU3ODQ
RI:DWHU5HVRXUFHV8VHIRUWKH0DFURPHWURSROLVRI6DR3DXOR >:::'RFXPHQW@
85/
KWWSZZZGDHHVSJRYEULQGH[SKS"RSWLRQ FRPBFRQWHQW YLHZ DUWLFOH LG S
ODQRGLUHWRUGHDSURYHLWDPHQWRGRVUHFXUVRVKLGULFRVSDUDDPDFURPHWURSROH
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In developing countries, there is often a lack of a comprehensive data set that supports the development of
coherent policies on resource recovery from wastewater treatment. This paper aims to contribute to the elaboration of resource recovery projects by providing accurate and updated data from wastewater treatment plants
such as those located in the region of the Macrometropolis of Sao Paulo. The authors discuss possibilities of
improvement of resource recovery for this illustrative example. Comprehensive analyses were performed based
on data from 143 municipal wastewater treatment plants to understand the situation regarding resource recovery implementation in this region. The results show that just 26% of the plants perform at least one resource
recovery practice. The predominant resource recovery practice is internal water reuse, and recovery is concentrated more in large plants than in medium and small ones. The sludge is disposed in landﬁlls except for three
plants, which perform sludge recycling for compost. Some plant managers reported interest in recovering energy
from biogas, in expanding water reuse and in recovering sludge for fertilizer production or for building materials. Several aspects that have been regarded as relevant to the implementation of resource recovery processes
in previous literature are discussed, such as the size of the plant, related legislation as well as treatment technologies and conﬁgurations. Finally, the authors propose a generic framework with several steps that can help to
achieve resource recovery implementation. Therefore, the results can provide support for planning of resource
recovery projects for large cities in developing countries.

1. Introduction
Wastewater contains important resources that should be recovered
in wastewater treatment plants to generate value-added products such
as renewable energy, biofertilizers and water for diﬀerent purposes.
The recycling of resources through innovative recovery processes is
only a recent objective in wastewater treatment systems (Mehta et al.,
2015; Rao et al., 2017) and makes the processes of the plants more
eﬃcient; it reduces the amount of waste and it provides environmental
and economic beneﬁts. Some of the key resources that can be recovered
are nutrients and energy.
Regarding nutrient recovery, it provides sustainable use of phosphorus (Sarvajayakesavalu et al., 2018), produces a high-quality efﬂuent with low phosphorus concentration, which mitigates eutrophication risks in water bodies as well as produces an alternative

source of fertilizer, alleviating phosphate rock reserves (Chrispim et al.,
2019). Regarding eutrophication, Lwin et al. (2017) estimated the
amount of phosphorus ﬂowing from agriculture and domestic wastewater and concluded that India, China, Brazil and USA will be the
countries with the largest ﬂows of phosphorus by 2100.
A promising solution for wastewater treatment systems is energy
recovery, since wastewater contains chemical, thermal and hydraulic
energies. In a conventional wastewater treatment plant, it is possible to
recover energy in the eﬄuent treatment or in the sludge line to supply
at least a substantial part of the wastewater plant's energy demand
(Đurđević et al., 2019). The ultimate aim would be for the plant to
become energy self-suﬃcient with zero external energy supply (Svardal
and Kroiss, 2011). As there is substantial energy consumption during
several stages of the treatment (sewage collection, transportation, efﬂuent treatment, sludge treatment and disposal), energy recovery in a
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Council, 1996; WHO, 2018).
Because of their high population, large cities require massive
quantities of energy, water and food provision (Khan et al., 2006). So,
resource recovery strategies for wastewater treatment plants in megacities could mitigate some of these problems by supplying water, energy
or raw materials for products to meet the demand, and simultaneously
provide economic beneﬁts from the recovered products. The reduction
of operational costs (Catarino et al., 2007) relates to the disposal and
treatment of byproducts such as sludge. Environmental beneﬁts include
improvement of the eﬄuent quality and reduction of emissions.
In the case study country Brazil, the most populous region is located
in the State of Sao Paulo. The term Sao Paulo might refer to four different levels. The State of Sao Paulo (level 1) comprises several regions
including the region of the Macrometropolis of Sao Paulo (level 2),
which is one of the largest urban settlements in the world, concentrating more than 33 million inhabitants and accounting for 50% of
the urbanized area of the State of Sao Paulo and for 75% of its population (São Paulo Metropolitan Planning Company S/A (EMPLASA),
2019). The region of the Macrometropolis of Sao Paulo comprises eight
urban agglomerations. One of these agglomerations is the Metropolitan
Region of Sao Paulo, also known as Megacity of Sao Paulo (level 3) (The
United Nations, 2018). This megacity includes the City of Sao Paulo
(level 4). For reasons of simplicity, in this paper, the authors will refer
to the above four levels as state, region, megacity and city, respectively,
if and when the oﬃcial meaning is clear from the context. However,
this study is mainly concerned with the region (level 2).
The region of Sao Paulo faces several challenges regarding water
and sanitation infrastructure. Considering that it is a very populous
area, water management is a complex issue. According to projections
for the coming years, there is a trend to increase both the water demand
and the population in this region (The Department of Water and Electric
Power (DAEE), 2013). The qualitative commitment of the water sources
used for human supply and the low water availability characterizes a
critical scenario in this area. Considering its size, rapid population
growth, high population density and economic situation, the region has
been chosen as a representative case study for other megacities in developing countries, which face similar conditions such as water scarcity
and inadequate wastewater treatment and collection.
In this context, tools that facilitate the process of planning and decision-making are necessary and allow for more cost-eﬀective and
sustainable means to recover resources from wastewater. This paper
aims to produce organized and reliable data related to resource recovery application in megacities in developing countries to support and
facilitate the transition to sustainable wastewater treatment plants
through the assessment of the potential of resource recovery implementation at diﬀerent scales in an eﬀective way. The corresponding
objectives are (a) to analyse the current situation of existing plants in
the region of Sao Paulo used as a representative case study regarding
the implementation of resource recovery solutions; (b) to identify relevant factors that can stimulate and support the implementation of
resource recovery from wastewater treatment; (c) to suggest potential
areas for improvement in the respective case study such as interventions of resource recovery technologies; (d) to propose a generic framework to facilitate the planning and implementation of resource recovery in plants; and (e) to discuss brieﬂy the results of the case study
region and other megacities in developing economies.

wastewater treatment plant can reduce electricity costs.
In the context of the perspectives described above, there is a need
for energy, water and waste systems to be analysed by a nexus approach
to move towards more sustainable cities (Wang et al., 2018a) characterised by water conservation and the eﬃcient use of natural resources. According to Mo and Zhang (2013), sustainability in wastewater management needs to consider not only treatment of sewage, but
also the potential for resource recovery from the treatment.
However, most of the wastewater treatment installations currently
only aim for sewage treatment and ﬁnal disposal into the environment.
Papa et al. (2017) analysed 600 plants in Italy to understand the situation of resource recovery, and concluded that 60% of the works did
not perform any kind of recovery. The most common recovery options
in the plants with resource recovery were internal water reuse from
treated eﬄuent and sludge reuse for agricultural application. So, these
systems did not reach their maximum potential of resource recovery.
Especially in developing countries, there is a lack of reliable, recent
and detailed data regarding wastewater ﬂow rates, treatment performance as well as recovery actions from wastewater works (Sato et al.,
2013; Malik et al., 2015; Mateo-Sagasta et al., 2015) and solid waste
recycling (Harris-Lovett et al., 2018). Consequently, quantifying the
current situation of resource recovery in developing countries is a
challenge. According to Guven and Tanik (2018), assessments of applications of water use and energy recovery from wastewater treatment
plants in developing countries are generally lacking. The available information does not use uniform terminologies and units to describe
current practices, making it diﬃcult to compare data or establish global
inventories (Jiménez et al., 2010).
Most of the publications on this topic (Van Der Hoek et al., 2016;
Kretschmer et al., 2016; Leeuwen et al., 2018) do not cover developing
countries. Coats and Wilson (2017) state that real implementation examples of resource recovery remain relatively scarce in the literature.
For instance, there is a shortage of research that addresses the implementation of resource recovery actions for diﬀerent locations in
Brazil, where little progress has been made in collecting data to support
the development of coherent policies in resource recovery. Few studies
have addressed how to integrate resource recovery technologies in
municipal wastewater treatment processes. Borges et al. (2015), Santos
et al. (2016), Bressani-Ribeiro et al. (2017) and Rosa et al. (2018)
analysed energy recovery in some plants in Brazil. Moreover, only some
studies (Chrispim et al., 2017; Paulo et al., 2019) were based on decentralized and source-separation sanitation systems.
Besides analyzing measures and technologies from technical, economic and environmental aspects, it is necessary to implement inventories of the quality and the quantity of the resources in municipal
wastewater, the current application status as well as opportunities and
challenges for future implementation. Sato et al. (2013) state that this
type of information on wastewater generation, treatment and use are
crucial for decision-makers, researchers and practitioners for the development of national and local plans aiming at safe wastewater reuse
and for assessment of the potential of resource recovery at diﬀerent
scales.
The introduction of resource recovery strategies into existing wastewater treatment systems or into new facilities is particularly interesting for megacities and urban agglomerations. In these areas, there is
signiﬁcant scarcity of natural resources to meet the population demand
and a need to improve wastewater treatment services (Wang et al.,
2018b). These cities have larger impacts on water resources than
smaller urban or rural settlements for several reasons. Because of the
large quantities of surface water that may be diverted, the water supplies to downstream users are aﬀected. In addition, as a result of inadequate wastewater management, surface waters can become severely
polluted, compromising the quality and availability of future supplies
and creating health risks (National Research Council, 1996). Therefore,
the main challenges include improvement and expansion of the population's access to water and wastewater services (National Research

2. Methodology
2.1. Region of Sao Paulo (study area)
The region of Sao Paulo is located in the State of Sao Paulo and
includes 174 municipalities. The demographic density is 630.5 inhabitants/km2. This region has signiﬁcant socio-economic importance
and is well-industrialized, including diversiﬁed commerce, complex
services and a productive agroindustry (EMPLASA, 2019). It represents


Fig. 1. (a) Map of geographical location of Brazil, highlighting the State of Sao Paulo in bold; (b) Macrometropolis of Sao Paulo location in the State of Sao Paulo; and
(c) locations of the 143 wastewater treatment plants in the metropolitan regions and urban agglomerations. RUB, Regional Unit Bragantina; UAJ, Urban
Agglomeration of Jundiaí; UAP, Urban Agglomeration of Piracicaba; MRBS, Metropolitan Region of Baixada Santista; MRC, Metropolitan Region of Campinas; MRS,
Metropolitan Region of Sorocaba; MRSP, Metropolitan Region of Sao Paulo; MRPVNC, Metropolitan Region of the Paraíba Valley and the North Coast.

83% of the state gross domestic product (GDP; 1.61 trillion reais,
equivalent to 0.4 trillion US dollars) and represents about 27% of the
national GDP (referring to the GDP of 2015) (Senese Neto, 2018). The
region of Sao Paulo comprises ﬁve metropolitan regions and three
urban agglomerations (EMPLASA, 2019) (Fig. 1).
In the state of São Paulo, tropical climate dominates the central
region of São Paulo. This climate is characterised by a rainy season in
summer, a dry winter and an average temperature of over 22 °C in the
warmest month. In some mountainous areas, the average upper temperature is below 22 °C in the warmest month. In the higher areas
(Serra do Mar and Serra da Mantiqueira), summer is milder and rainier.
The coast has a tropical rainy climate without a dry season and average
rainfall of the driest month exceeding 60 mm (Sao Paulo State
Government, 2018). The Köppen Climate Classiﬁcation subtype predominant in the study area is “Cfa” (Humid Subtropical Climate)
(Weatherbase, 2020).
The region of Sao Paulo presents several challenges related to water
management. The megacity of Sao Paulo is an example of this problem,
since it concentrates more than 10% of the inhabitants of Brazil in less
than 0.1% of its corresponding territory. Moreover, the megacity has
low water supply provision. Several municipalities within the region
have high industry activity and agricultural production. The coastal
area is also subjected to water scarcity, especially because of the intensive water consumption by complex industries, and an increase in
water demand during the holiday season (Ribeiro, 2011).

Most surface water bodies within the region are polluted due to
urban sprawl (Tagnin et al., 2016). In 2010, there were 3.8 million
people living in favelas (Sayuri, 2014), with lack of access to proper
wastewater collection and treatment as well as absence of safe water
supply. Favelas are known as low and middle-income unregulated
neighbourhoods experiencing governmental neglect.
Due to the mentioned characteristics, highlighting the problematic
of water vulnerability (National Water Agency (ANA), 2014), the high
population concentration, socio-economic urbanization characteristics,
the great consumption rate of natural resources and climate zone, the
region of Sao Paulo was chosen as a representative case study for other
megacities in developing countries.
2.2. Resource recovery implementation survey
The procedure for the survey of wastewater treatment plants in the
study region to assess the corresponding resource recovery implementation is outlined in this section. This process was divided into
three phases: 1) Deﬁnition of the sample in the study area and contact
with the organizations responsible for the works; 2) questionnaire for
data collection; and 3) data analysis.
2.2.1. Phase 1
This phase comprised the following steps: survey of contacts, communication with the managers and sending of questionnaire. First, the
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2.2.3. Phase 3
After data collection, both qualitative and quantitative data from
questionnaires were organized into data spreadsheets for comparison
purposes. The results were parameterized according to the size of the
plant with three classes being established according to the Brazilian
Resolution 377 of the National Environment Council (CONAMA): small
WWTP with a wastewater inﬂow rate ≤50 L/s or a population
equivalent of up to 30,000 people; medium-sized plants: the plant with
a nominal wastewater inﬂow rate > 50 L/s but ≤400 L/s, or with a
capacity to serve 30,000 to 250,000 inhabitants; large plants: the plant
with an inﬂow > 400 L/s and with a capacity of supporting more than
250,000 inhabitants (National Environmental Council, 2006a).
Within the region of Sao Paulo, there are cities without any wastewater treatment. Also, some cities sent their sewage to plants belonging to other municipalities nearby. In order to estimate the number
of wastewater treatment plants within the case study region, the authors referred to the questionnaire answers. Concerning non-responsive
municipalities, the authors consulted two national databases: Atlas
Sewers: Depollution of Water Basins from the National Water Resources
Information System (SNIRH), which contains information about the
number of plants for each Brazilian city (SNIRH, 2013); and the Information System on Sanitation for Sao Paulo State (SISAN, 2016) that
contains the municipal plan of sanitation for each municipality. Based
on this, it was possible to estimate the total amount of plants and to
calculate the percentage of the responsive plant managers.
Based on questionnaire ﬁndings, existing resource recovery initiatives were mapped and described. Then, the key factors that can
aﬀect the implementation of resource recovery were identiﬁed and
potential areas for improvement were discussed. The authors identiﬁed
what can be done in the future to develop sustainable works based on
successful examples that are already underway in the region. The

organizations responsible for the plants in each of the 174 municipalities belonging to the region were identiﬁed. Regarding the municipalities where the Sao Paulo State Water and Sewage Services
Company is the authority responsible for wastewater treatment, the
managers of each sub-region were contacted. For the other cities, where
other organizations are responsible for wastewater treatment, data
were obtained from other sources such as the Water and Sewage
Services Diagnostics of the National Sanitation Information System
(SNIS, 2018), the websites of the Regulatory Agency of Sanitation and
Energy of the State of Sao Paulo (ARSESP, 2019) and websites of the
city councils (speciﬁcally those linked to the department/secretary
managing wastewater treatment; e.g., the municipal secretary of sanitation). For private companies, their respective websites were searched.
After this step, the department and the manager responsible for the
wastewater treatment services of each municipality received the questionnaire.

2.2.2. Phase 2
In order to collect the data in relation to the resource recovery actions implemented in the wastewater treatment plant, an easy-to-ﬁll-in
questionnaire was prepared based on Papa et al. (2017). The questionnaire consisted of two sections: preliminary questions and speciﬁc
questions about the existence of resource recovery options (Fig. 2).
Supplementary Material 1 contains the questionnaire.
The questionnaires were sent by e-mail with an informed consent
form to educate the participants about the purpose of the research,
following ethical standards. All data collected with the questionnaires
are relevant for the period between July 2017 and April 2019. In some
cases, managers were contacted with additional questions via e-mail or
telephone to clarify the collected information.

Fig. 2. Summary of the content of the questionnaire provided to the managers of wastewater treatment plants located in the Macrometropolis of Sao Paulo.
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predominant uses for reclaimed water were washing and cleaning of
courtyards as well as landscape irrigation (57.1% of the plants), sludge
dewatering processes with polymers, cleaning of centrifuges and
screens (45.7%), washing of sewage treatment equipment and reactors
(40%), cleaning and unblocking of sewage collection networks (20%)
and others (sewage lift station, preparation of chemicals and toilet
ﬂushing) (20%). The total volume of water reused (considering the
plants that perform internal reuse and with response for this question)
was about 405,094 m³/month.
In relation to the plants that practice external water reuse, the applications are mostly (present in 44% of the plants with external reuse)
for industrial purposes such as cooling towers, (textile) industry, civil
(and ground) construction companies, laundries and urban use. The
latter includes irrigation of parks, ﬁreﬁghting, washing streets after
fairs, washing of trucks for transportation of recycled waste, transportation (airplanes and trains), urban cleaning, clearing of rain gutters
and sewage pipes, washing of courtyards and cleaning of public streets
and squares. Considering the responses from the plants, which perform
external reuse (n = 9), the total was 1,176,516 m³/month. In 2018, the
plants located in the megacity of Sao Paulo marketed a volume of
1,461,470 m³ of reclaimed water. This ﬁgure does not include the volume provided by the Aquapolo Project (see below). In spite of this, the
reclaimed water supplied at nominal plant capacity was 38.3%. In
comparison, the reclaimed water sold as treated eﬄuent was only
0.43% (SABESP, 2018a), which indicates that the production and
commercialization of reclaimed water is relatively low.
Some treatment plants implemented more robust technologies such
as the combination of physicochemical processes. This is the case for
two plants with a high volume of reclaimed water for external reuse.
They comprise tertiary treatment. One of these plants is located in Sao
Paulo city and has tertiary treatment by granular ﬁlters, cartridge ﬁlters
and chlorine for disinfection. The other plant is part of the Aquapolo
Project and comprises disc ﬁlters (400 μm), anoxic reactors, aerobic
reactors, membrane bioreactors (0.05 μm pores) and reverse osmosis
units, producing an eﬄuent of high quality reclaimed water. The
Aquapolo Project is an advanced water reuse plant for industrial purposes. In this works, the ABC plant eﬄuent is the supply source to the
Aquapolo Project's treatment system, which serves a Petrochemical
Complex (SABESP, 2018a). The volume of treated eﬄuent from the
ABC WWTP to the Aquapolo project was 1,044,576 m³/month for the
period from January to June 2017.
Regarding sewage sludge, Fig. 3 shows that just three plants recycle
nutrients from sludge through composting and subsequent fertilizer
production. In all the other plants, the sewage sludge is disposed via
landﬁlls. The results of Ribarova et al. (2017) showed that disposal via
landﬁlls and temporary storage at wastewater treatment sites were the
most common destinations for sewage sludge. Their study indicated
that about 26% of the total generated sludge was used in agriculture. In
other developing countries such as China, landﬁlling is also the most
common option (about 50%) of treated sludge disposal (Zhang et al.,
2016).
In this study, one similarity was observed between the three plants
with sludge recycling: the existence of partnerships with private companies and/or with universities. In one of these plants, there was an
experimental study collaboration with the Faculty of Agronomical
Sciences. At the Jundiai plant, the composting facility was built inside
the wastewater treatment area to minimize costs of transport. The operators use dried sludge combined with other organic solid waste (e.g.,
wood chips, chopped urban pruning, sugarcane bagasse and eucalyptus
husk) for composting, resulting in commercial organic fertilizer production for agriculture supported by a spin-oﬀ company.
Concerning the surveyed plants, the fertilizer has been accredited by
the Brazilian Ministry of Agriculture, Livestock and Food Supply as a
safe product, and it is therefore used for cultivation of corn, sugarcane,
coﬀee, apple, orange, soy, citrus, eucalyptus and ﬂowers. However,
there is a restriction for crops where the eatable parts have been in

results were discussed, and key measures of resource recovery were
recommended.
2.3. Framework creation
The authors propose a new generic framework for planning and
implementation of resource recovery. This framework was initially
derived based on the results from the conducted survey. For step 9 of
the framework, indicators were selected based on various references.
Technical indicators were after Sikosana et al. (2017), Van Der Hoek
et al. (2016) and Harris-Lovett et al. (2018). Economic indicators were
inﬂuenced by Sikosana et al. (2017). Environmental indicators were
inspired by Hu et al. (2016). Finally, societal indicators as well as institutional and political ones were based on Woltersdorf et al. (2018).
3. Results and discussion
3.1. Overview
The ﬁndings are organized in six sections: (1) Findings obtained
from the questionnaires and a discussion on how practices vary in the
diﬀerent metropolitan regions; (2) the key factors that aﬀect the implementation of resource recovery; (3) possibilities for resource recovery strategies that could be implemented in the study area, considering the local context; (4) a proposed framework as a tool to
stimulate/support planning and decision-making; (5) a comparison
between the region of Sao Paulo and other megacities concerning resource recovery from wastewater treatment; and (6) limitations of this
study.
3.2. Implementation of resource recovery measures
About 53% of the total number of plants in the region of Sao Paulo
were analysed. This equates to 143 facilities located in 75 municipalities across the region. The proportion of plants with responses for
each metropolitan region was 100% for MRBS, RUB and UAJ, 85.7% for
MRSP, 77.1% for MRS, 67.5% for UAP, 20.3% for MRC and 7.9% for
MRPVNC (see Fig. 1 for meanings of abbreviations). From the total
(143) analysed, just 37 plants performed at least one resource recovery
strategy (not considering the recycling of oil waste). The only other
form of recovery mentioned was the separation of equipment-related oil
waste, which is collected and conveyed to appropriate facilities for
recycling.
Regarding the surveyed plants with some resource recovery action,
the situation varies among diﬀerent metropolitan regions. Considering
the plants with surveyed data, the metropolitan area with the highest
predominance of resource recovery plants is Baixada Santista (76.9% of
the total of plants). Fig. 1 displays the distribution of the plants in the
study area.
Fig. 3 shows the general results for the situation of the implementation of resource recovery strategies from wastewater treatment in the region of Sao Paulo. As can be seen, few plants currently
include resource recovery practices. Only 26% of the surveyed plants
performed at least one resource recovery action. Among the plants with
resource recovery, it can be noted that water reuse for internal purposes
was the most common resource recovery action implemented in this
region. This ﬁnding agrees with the results reported by Papa et al.
(2017), where water reuse was the most common resource recovery
practice. The prevalence of internal reuse over external reuse was expected since reclaiming water externally involves several other variables such as speciﬁc eﬄuent quality requirement compliance, market
demand in the surrounding area, higher investments and infrastructure
of distribution of the reclaimed water (e.g., pipes or trucks) to the
destination. Supplementary Material 2 shows the distribution of all
resource recovery practices in the region of Sao Paulo.
Considering the group of plants with internal reuse, the
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Fig. 3. Implementation of resource recovery options in the surveyed wastewater treatment plants in the Macrometropolis of Sao Paulo. Data from 143 wastewater
treatment plants collected between 2017 and 2019. Note that there were plants that performed more than one action.

wastewater treatment facilities in Brazil, which already have practical
experience and perform biogas recovery (e.g. in Paraná State); (c)
economic incentives from government, for example, to buying equipment; and (d) co-digestion with organic food waste or combined with
biogas from sanitary landﬁll could be done to increase biogas production. Felca et al. (2018) highlighted the need of public policies to
support the generation of energy from renewable sources, lack of research and lack of investment in biogas in Brazil.
Regarding the existence of on-going project and future initiatives of
resource recovery, managers of 25 plants answered positively (17.5% of
the total of plants). The recovery practices reported were sludge recycling for fertilizer or soil conditioner (16 plants), biogas for energy
recovery (6), external water reuse (5) and sludge reuse for civil construction materials (3).
Some plant managers replied that studies were already performed to
evaluate the potential of biogas and sludge recovery. One mentioned a
study for assessing the potential for biogas recovery. Two other plants
already performed studies for evaluating the use of sludge in bricks,
tiles or as fuel for ovens. Their results indicated that these solutions
could be applied under favourable economic and technical boundary
conditions. Three other plant managers expressed an interest in transforming sludge into fertilizer, depending on favourable legislation. One
example is Campinas municipality, where there is an intention to
compost sludge to produce biofertilizer. There is a current agreement
with the city council and a company to recycle urban organic waste
(tree pruning waste, fruits and vegetables together combined with
sewage sludge) to be treated in a composting process. Also, in the same
city, there is a project to expand the reuse of water (from treated efﬂuent) through pipes connecting the reclaimed water to the Airport and
Industrial Park of Campinas. In addition, some new plants are being
built with the goal of water reuse and another one is being retroﬁtted
for tertiary treatment as well as nitrogen and phosphorus removal for
production of water for reuse from the treated eﬄuent.
Some plant managers reported interest in initiatives for recovery of
biogas. This is the case for the ﬁve largest plants in the megacity of Sao
Paulo. It includes the project entitled Waste to Energy Barueri. Barueri
is the largest wastewater treatment plant in South America with a
wastewater inﬂow rate of 10.84 m³/s. This plant receives more than
half of the treated wastewater of the megacity. In this plant, the implementation of a pilot plant for sludge thermal treatment using plasma
technology is being considered. It aims to reuse sludge either for energy

contact with soil such as roots, tubers and vegetables. About 28,000
tonnes per annum of fertilizer are being produced from thermophilic
composting at the Jundiai plant.
Another important ﬁnding of this study is that there is no energy
recovery in the surveyed plants. Although several of them produce
biogas through anaerobic processes (Table 1), it is not used sustainably
but ﬂared. According to the response of some managers, the main
reason for not recovering the biogas was that the generated volume is
too low and that recycling is therefore not economically feasible. They
also mentioned that some previous studies were undertaken to estimate
the potential of biogas recovery. However, follow-up statements indicated that some managers do lack knowledge about energy recovery
solutions.
According to the Brazilian Association of Biogas (ABIOGAS, 2019),
in 2018, there was a potential of 5.8 billion Nm³ biogas production
linked to the sanitation sector in Brazil. Forbes et al. (2018) evaluated
the feasibility for biogas recovery for power generation and/or thermal
heat production for three plants with anaerobic digestion in Brazil. The
results were promising for two of the analysed utilities (wastewater
inﬂow rates of 1500 L/s and 2290 L/s). The beneﬁts of installing biogas
utilization facilities include the production of electrical and thermal
power as well as the reduction of biosolid volume, energy bills, expenses related to sludge transport and disposal, and revenue from sale.
For a plant with low capacity (350 L/s), the ﬁnancial analysis was not
favourable, mainly due to the estimated costs of producing electricity,
which was higher than the corresponding purchase price. So, as anaerobic digestion and biogas utilization facilities have strong economies
of scale, their unit costs tend to decrease and become more attractive as
processing capacities increase. Some diﬃculties related to biogas utilization in Brazil are the high cost of equipment, too few cogeneration
(combined heat and power) projects, absence of good data, lack of
operator's knowledge of cogeneration systems; potential need for additional staﬀ, lack of area available for new equipment and limited
governmental incentives (Forbes et al., 2018). Santos et al. (2016)
evaluated the economic viability and the potential of energy generation
by biogas in anaerobic plants in Brazil. Their results indicated economic
viability only for cities with populations greater than 300,000.
In the study region, some measures that could be applied to stimulate energy recovery are (a) the creation of partnerships with private
companies and/or with universities to share knowledge and support on
energy recovery technologies and operation; (b) partnership with other
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Includes batch, continuous and extended aeration as well as the activated sludge process followed by a moving bed bioﬁlm reactor.
Includes the following: aerated pond and settling pond (with or without disinfection); aerated pond, settling pond and maturation pond; anaerobic pond and facultative pond maturation; anaerobic pond, aerated
biological ﬁlter and settling tank; anaerobic pond, aerobic pond and maturation pond; anaerobic pond and facultative pond; facultative and settling pond; facultative pond (with or without disinfection); facultative pond
and maturation pond; aerated pond, anaerobic ﬁlter, secondary clariﬁer and disinfection; and stabilization pond with aeration and mixing as well as settling pond; anaerobic pond, facultative pond, ﬂotation with diﬀuse
air and disinfection.
c
Includes anaerobic reactor followed by aerobic reactor; upﬂow anaerobic sludge blanket (UASB); UASB and submerged aerated ﬁlter; combined systems of UASB and aeration tanks; UASB and ponds.
d
The data do not include the following cases: plants without sludge line, where the sludge is stored and subsequently transferred to other large plants; mainly pond treatment where the removal of sludge does not
occur at a ﬁxed frequency or the sludge is removed after 10 or 20 years; and replies with no speciﬁcations for the sludge line.
e
Depending on water quality and regulatory requirements.

recovery or for civil construction material. In this process, the sludge is
subjected to high temperatures of around 1500 °C. An inert vitreous
residue with a drastic reduction of the initial volume is being created.
There is a possibility of application of the material in the construction
sector (SABESP, 2017; SABESP, 2018b).
Harris-Lovett et al. (2019) undertook a survey with stakeholders
(diverse groups of regulators, wastewater managers, coastal stewards,
researchers as well as advocates for environmental or industrial causes)
to analyse their preferences concerning nutrient management options
and corresponding objectives. Most stakeholders mentioned the option
of recycling treated eﬄuent to irrigation to increase resource recovery.
In comparison, concerning the region of Sao Paulo, the option of reuse
of treated eﬄuent for irrigation in agriculture was not mentioned by the
managers, probably because there is not yet local regulation for water
reuse in agricultural irrigation, except for the irrigation of landscapes
and green areas.
3.3. Factors that aﬀect resource recovery implementation
Some managers reported the following barriers to resource recovery
implementation: low amount and quality of biogas; no possibility of
energy recovery due to the type of biological treatment through ponds
(not true according to the authors’ understanding), impracticability of
the current legislation for sludge reuse and the low demand for reclaimed water in areas close to the plant. These factors and others reported in the previous literature are discussed below.
According to Bertanza et al. (2018), a key factor that interferes with
the ability of plants to incorporate resource recovery strategies is the
corresponding scale of operation. For larger wastewater treatment
works, the recovery of the corresponding eﬄuent as reclaimed water
and the retrieval of major nutrients from sludge can be easier achieved,
while potential restrictions are linked to small- and medium-sized
works. In relation to this aspect, most of the plants, which perform at
least one type of resource recovery, are large- and medium-sized
(Table 2). The classiﬁcation of size is based on Resolution CONAMA
377 (National Environmental Council, 2006a). Supplementary Material
3 shows the distribution of wastewater treatment plant size and inﬂow
rates in the region of Sao Paulo, and Supplementary Material 4 contains
the raw data for the surveyed plants. Results indicate that the size of the
plant aﬀects its ability to implement resource recovery. Most of the
large plants performed resource recovery, while few of the small ones
recovered resources. This is likely due to the constraints in investment
(economies of scale) for small plants (Papa et al., 2017). Hanna et al.
(2018) compared the energy consumption in wastewater treatment
facilities and also noticed that larger facilities are usually more energyeﬃcient in terms of volume of water to be treated. In addition, larger
facilities are able to invest more money in their installations and can
therefore aﬀord newer and more eﬃcient equipment such as process
control systems.
Although in this study we considered a Brazilian regulation to
classify the size of plants, the distribution of them in relation to size was
similar to another study in the USA (Diaz-Elsayed et al., 2019). Overall,
the results in this study showed a higher number of small plants compared to large ones, considering the region of Sao Paulo. Diaz-Elsayed
Table 2
Size distribution of the wastewater treatment plants (see also Supplementary
Material 3) and corresponding indication of resource recovery implementation.
Size of plant

Number of
plants

Number of plants with
resource recovery

Proportion (%)

Small
Medium
Large

86
47
10

4
25
8

4.7
53.2
80.0

Note: The classiﬁcation of size was based on Resolution CONAMA 377
(National Environmental Council, 2006a).

b

Power supply (onsite and external)

21.7
Water reusee and
energy recovery

Not applicable
Power supply (onsite and external)
Internal purposes or
external reuse
Usage possibilities

a

46.9
Phosphorus from dewatering eﬄuent, biosolids for
fertilizer, sludge for composting (or to manufacture building
materials) and biosolids as source for valuable metals
Application in agriculture and insertion of the recovered
products into the market

Dewatering
Anaerobic digestion

2.8
Phosphorus from digester
supernatant and biogas for
energy recovery
Application in agriculture and
power supply (on-site and
externally)
21.7
Phosphorus recovery from
supernatant and sludge for
reuse
Application in agriculture
30.8
Water reusee and
energy recovery
38.5
Water reusee and
phosphorus recovery
Proportion of plants (%)
Potential of resource
recovery

Anaerobic reactorsc

9.0
Not applicable

Sludge lined

Thickening
Activated sludgea

Others
Pond systemsb
Secondary treatment line

Treatment process conﬁguration
Type of data

Table 1
Diﬀerent municipal wastewater treatment plant (143 plants) processes in the region of the Macrometropolis of Sao Paulo, and corresponding possibilities of resource recovery.

M.C. Chrispim, et al.
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This indicates that the type of service provider does not seem to be a
factor that inﬂuences resource recovery implementation since most of
the plants (64% of the total of 143) in the Macrometropolis of Sao Paulo
are managed by SABESP (public-private partnership).

et al. (2019) found that almost 80% of the wastewater treatment plants
are of small or medium size (below 10,000 population equivalent), and
about 20% plants are classiﬁed as large. According to their ﬁndings, the
strategies of energy recovery from wastewater are more prevalent in
large-scale plants in the form of biogas and/or electricity generated
from sludge.
Besides the plant size, another important aspect is location.
Concerning rural and semi-urban areas, it may not be economically
feasible to implement resource recovery technology such as phosphorus
recovery, because of the low recovery rate and the elevated cost of
innovative technology. Therefore, Sarvajayakesavalu et al. (2018)
propose farmland application of sludge as a viable alternative for recovery of phosphorus.
Legislation is an important aspect to consider when planning resource recovery implementation. For example, water reuse regulations
are important to incentivise the wastewater treatment plants to produce
water for reuse from their treated eﬄuent. In the State of Sao Paulo, the
Joint Regulation SES/SMA/SSRH n.1 (Sao Paulo State Government,
2017) governs the non-potable direct reuse of treated wastewater for
urban purposes. This was an important milestone in establishing
guidelines and criteria for non-potable direct water reuse. The categories covered by this resolution are landscape irrigation, washing of
streets and other public and private spaces, civil construction, clearing
of rainwater galleries and sewage networks, car washing, and ﬁreﬁghting. The use of treated eﬄuent for irrigation, agriculture, grazing
and forestry are not included. In this regulation (Sao Paulo State
Government, 2017), there are quality standards and categories of use
such as moderate and severe restrictions.
Regarding sewage sludge reuse, two national regulations (CONAMA
375/2006 and 380/2006) establish the criteria and requirements for
agricultural use of sewage sludge and other derived products. Some of
the requirements relate to environmental permission, speciﬁc treatment
processes and criteria for frequent monitoring of the sewage sludge
products (biosolids) depending on the speciﬁcities of agricultural application. The analysis of several parameters is mandatory including
inorganic substances (heavy metals such as mercury, lead, arsenic and
copper), pathogens (thermotolerant coliforms, helminth eggs,
Salmonella spp. and viruses) and organic substances (chlorinated benzenes and non-chlorinated phenols). This regulation also deﬁnes the
crops that can be cultivated in soil where the sludge will be applied, and
restrictions of application for some speciﬁc sites such as preservation of
natural areas (National Environmental Council, 2006b, 2006c). Currently, there are discussions on proposals to update these regulations,
including the ﬂexibilization of some requirements. In the present
survey, these regulations were mentioned by some of the managers as a
barrier to reuse sewage sludge. For instance, some analyses that are
required have high costs and technical limitations.
One factor that could be considered as a barrier to implementation
of resource recovery (De Boer et al., 2018) is the mind-set of water
boards (plant managers) and the perception of other stakeholders in
wastewater management and the general public (Poortvliet et al.,
2018). According to our results, few managers answered positively
(17.5% of the total of plants) about their interest in future initiatives of
resource recovery. This ﬁnding raises the need for awareness about the
beneﬁts and importance of resource recovery to increase the interest of
stakeholders, and consequently encourage implementation.
Another aspect that varied between the surveyed plants of our case
study was the legal nature of the service provider. In the region of Sao
Paulo, wastewater treatment management is the responsibility of the
municipalities. The legal status of service providers can be divided into
the following categories: private company, private right with public
administration, public right/autarchy (absolute rule) and public-private
partnership. Considering just the management of plant groups that
perform resource recovery, the distribution of them according to service
providers is as follows: 27 public-private partnerships, 5 private, 2
public right with private administration and 2 public right/autarchy.

3.4. Improvement options for resource recovery in the macrometropolis of
Sao Paulo
Our results indicate that most of the evaluated regional plants are
not operating at their maximum capacity, and some recently started
their operation, which indicates that they can treat a higher volume of
wastewater. This represents an opportunity to implement resource recovery actions in parallel to the expansion of wastewater treatment.
In the study area (Macrometropolis of Sao Paulo), the total volume
of sewage generated is in the range between 39,885 and 59,238 L/s,
considering the data of average water consumption per person per day
(SABESP, 2018a), total population data (EMPLASA, 2019) and quantitative information provided by SNIRH (2013). The most populous
metropolitan region (MRSP) contributes to 58.4% of the total ﬂow. The
other regions provide ﬂow proportions as follows: MRPVNC 12%, MRC
8.9%, MRS 6.3%, MRBS 6%, UAP 5%, UAJ 2.3% and RUB 1.1%
(SNIRH, 2013).
Considering the total of 143 surveyed plants, the approximate
quantity of wastewater treated per year is 992 million m³. This total
volume contains resources that could be recovered, and some options
will be presented below. The corresponding real value is certainly even
higher, because it does not include all plants in the region, and the
volume of sewage, which is not treated or not collected and treated.
Based on the data from SNIRH (2013), the average index without collection and treatment was 13%, and the total sewage ﬂow rate without
collection and deprived of treatment was 6.8 m³/s for the region.
In addition, based on data from SNIS (2019a), the authors calculated that the total collected sewage was 1.44 billion m³/year and the
total treated proportion was 1.06 billion m³/year for the region in
2017. This indicates that about 26% of the collected sewage is not
treated and several municipalities still do not have treatment for their
collected sewage. Based on the estimate of total sewage generation in
comparison with the total collected and treated wastewater (SNIRH,
2013), it can be estimated that around 70.3% of generated wastewater
is collected and treated. With the future expansion of sanitation services
in this area, resource recovery technologies could be integrated in the
treatment systems.
In terms of urban and rural population, from the total municipalities
(174) in the study region, most of them (162) are predominantly urban
(urban population higher than 50%), of which 144 municipalities have
an urban population higher than 75%. There are 3 municipalities that
have the same proportion (50% rural and 50% urban) and only 9 municipalities have a higher rural population (IBGE, 2010). In developing
countries, wastewater management is usually worse in secondary cities
than in capital and large cities (Coulibaly et al., 2016). The sanitation
issues (lack of proper sewage collection and treatment) are more accentuated in secondary cities, since governments prioritise major cities,
which attract most of the economic activity (Coulibaly et al., 2016). The
results of this study show that rural municipalities and the group with
the same proportion (of rural and urban) have lower collection of
wastewater (63.2%) and lower treatment (62.7% of the treated sewage)
proportions than the urban municipalities (73.7% of collection and
74.6% of treatment) according to SNIS (2019b). Another ﬁnding was
that all the surveyed plants with resource recovery are in urban municipalities. So, there is an opportunity to expand wastewater treatment
particularly in rural municipalities integrated with resource recovery
strategies.
Among the metropolitan regions, the MRSP is the one with the
highest ﬂow of untreated and not collected sewage (4615.8 L/s), followed by MRPVNC (1218 L/s), MRBS (466.1 L/s) and MRS (347.6 L/s)
(SNIRH, 2013). The three ﬁrst regions (MRSP, MRPVNC and MRBS)
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process. This technology can recover valuable biopolymers, because
aerobic granular sludge contains alginate-like exopolysaccharides,
which can be harvested/extracted for economic applications in the
food, paper, medical and construction industries (Van der Roest et al.,
2015; Royal Haskoning DHV, 2017; Leeuwen et al., 2018). Thus,
combining alginate extraction with existing excess sludge treatment
processes has been the focus of some recent research (Van der Roest
et al., 2015). In addition, as the Nereda process removes high proportions of phosphorus, consequently it allows for extra phosphorus recovery as struvite (Van Der Hoek et al., 2016). Another plant within the
“others” group has a bioreactor with ultraﬁltration membranes, which
produces high-quality eﬄuent that can be reused for several purposes
including potable use (Yin and Xagoraraki, 2014). However, for developing countries, economic indicators still have a high weight in
decision-making processes (Kalderis et al., 2010; Ngan et al., 2019).
The performances of the WWTP may be very variable and depend
on the treatment processes, operational conditions and other factors.
For the region of Sao Paulo (Macrometropolis), considering the BOD
load of the total sewage volume, which is collected and treated, and the
BOD load of the eﬄuent discharged to the receiving surface waters, the
estimated BOD removal eﬃciencies of the plants were around 83%
(SNIRH, 2013). For example, a plant with an activated sludge process
(the most common treatment process in the study area) unit is located
in Sao Paulo city. This plant had mean removal eﬃciencies of 85.7% for
COD, 24.5% for total N and 73.5% for total P (SABESP, 2018b). Oliveira
and Von Sperling (2005) evaluated the performances of plants comprising several diﬀerent technologies. These plants are located in Sao
Paulo State and Minas Gerais State. For the activated sludge process,
the removal eﬃciencies were higher: 85% (BOD), 81% (COD), 76%
(TSS), 50% (NTK) and 46% (TP).
Other treatment processes commonly found in the study area are the
up-ﬂow anaerobic sludge blanket (UASB) and pond systems. According
to Oliveira and Von Sperling (2005), the removal eﬃciencies for facultative ponds and anaerobic ponds followed by facultative ponds
were 75% and 82% (BOD), 55% and 71% (COD), 48% and 62% (TSS),
38% and 45% (NTK), and 46% and 36% (TP), respectively. Moreover,
for UASB systems without and with post treatment, the removal eﬃciencies were 72 and 88% (BOD), 59 and 77% (COD), 67 and 82%
(TSS), −13 and 24% (NTK), −1. and 23% (TP), correspondingly.
Water reuse in cities is an important strategy to address current
water shortage and quality challenges (Sun et al., 2016). However, the
ﬁnal water quality has to follow the regulation January 2017 (Sao
Paulo State Government, 2017). Therefore, operational plant improvements might be required to uphold the regulation.
The water demand in São Paulo region is about 223 m³/s distributed
in household supply (48.95%), industry (31.32%) and agricultural irrigation (19.73%) (Sao Paulo State et al., 2013). Considering the
average water consumption per person (128 L/day based on SABESP
(2018a)) and the population of the region of Sao Paulo (Senese Neto,
2018), the total water demand for supplying households is around 4.3
million m³/day. It is worth highlighting that about 49% of the total
water demand is associated with the Alto Tiete river basin, which
comprises 87% of the municipalities of MRSP (Sao Paulo State et al.,
2013).
The potential of water reuse for industrial purposes was identiﬁed in
a forecast for 2035 by the Master Plan for Water Resources Use in Sao
Paulo Macrometropolis (Sao Paulo State et al., 2013). Mairiporã was
the only city classiﬁed as having a “very high potential” for water reuse
in the future. The other eleven municipalities were classiﬁed as “high
potential”; all of them belong to the Piracicaba/Capivari/Jundiaí Basin
indicating a deﬁcit for industrial water supply. All treated wastewater
could be directed to supply part of the industrial demand in these cities,
especially Paulínia and Limeira. Based on the results from the survey
presented in this paper, there is only one wastewater treatment plant
that produces water for external reuse in this basin. Several other
municipalities, including some in other metropolitan regions, were

have a higher index without collection and treatment; 21.2%, 15% and
15%, respectively (SNIRH, 2013). In terms of access to sewage collection, MRSP is the region with the lowest percentage (58.5%) of which
56% is treated, followed by RUB with 59.7% and 68.5%, respectively.
The other metropolitan regions have a sewage collection proportion
and treatment percentage higher than 70% (SNIS, 2019b).
Considering the results of this case study, the most adopted treatment technology in the study region is activated sludge, followed by
pond systems and anaerobic reactors (Table 1). The treatment process
types for the 37 plants in the group with resource recovery solutions are
distributed as follows: 25 plants with activated sludge, 7 with anaerobic
reactors, 3 with other systems and 2 with pond systems. In general, the
authors did not notice that the presence of resource recovery action is
dependent on treatment technologies.
Depending on the wastewater treatment works, the recovery technology could be introduced in a way that it ﬁts with the existing conﬁguration of treatment units (Sarvajayakesavalu et al., 2018). Therefore, the existing treatment conﬁguration can be an important aspect to
be considered for planning purposes.
Anaerobic treatment processes (e.g., up-ﬂow anaerobic sludge
blanket, anaerobic membrane bioreactor and anaerobic digestion of
sludge) are some technologies used for energy and valuable biochemical recovery (Akyol et al., 2019). However, in some of the plants with
anaerobic processes, the low volume of biogas was reported by some
managers as the reason for not performing recovery actions. One alternative would be to include other organic waste such as food waste
into the anaerobic treatment process of sewage sludge, which may increase biogas production, and consequently the generation of heat or
energy (Tolksdorf and Cornel, 2017). Co-digestion raises the concentration of methane in the biogas, and the biogas production increased by 25%–50% with the addition of 1%–5% food manufacturing
and processing wastes to sewage sludge (Zahan et al., 2016). In some
cases, the combined use of biogas from wastewater treatment plants
and from sanitary landﬁlls is also an option with great potential, as
explored by Santos et al. (2018) within the Brazilian context. Other
options for energy recovery such as heat pumps are not commonly
applied worldwide (Kretschmer et al., 2016).
Considering that pond treatment was commonly applied in the
study area, one possibility that could be evaluated for implementation
is microalgae growth technology to make use of the existing infrastructure within these plants. The application of microalgae in open
pond systems can oﬀer many advantages such as the reduction of energy consumption (through aeration), improvement of the eﬄuent
quality, biomass harvesting for production of biofuel, food supplements
and green pharmaceuticals (Craggs et al., 2014). The microalgae harvested can be used as a co-substrate together with primary sludge and
waste activated sludge in anaerobic digestion for biogas production
(Olsson et al., 2018). The biomass could be transported to larger plants
equipped with digesters. Such initiatives are particularly interesting for
developing and/or tropical countries, which can reduce their wastewater treatment costs via the recovery of their resources.
Raceway ponds, photobioreactors and hybrid systems of microalgae
can be applied as a complement to existing wastewater treatment systems (Christenson and Sims, 2011). This is especially interesting for
existing systems with aerated ponds, because of oxygen production by
microalgae that reduce energy consumption. This technology is being
applied to the side streams such as the reject water from digesters or the
excess water from dewatering of digested sludge due to their high nutrient concentrations (Marazzi et al., 2019). As the reject water has a
high temperature, it could be diluted to allow for a more optimal
temperature supporting microalgae growth. Other sustainable adaptations that could be made to the ponds are ﬂoating macrophyte systems
with the ability to produce nutrient-enriched plants simultaneously
with wastewater treatment.
The treatment processes grouped under “others” in Table 1 require
some further explanations. There are two plants using the Nereda


Fig. 4. Framework to guide decision-making on resource recovery for water and sanitation service providers. Notes: 1 It is also a technical indicator; and 2 The
environmental load includes pollutants (nutrients and organic matter) measured through the removal eﬃciencies of biological oxygen demand (BOD), chemical
oxygen demand (COD), ammonia (NH3), nitrate (NO3) and phosphorus (P).

classiﬁed as having a “medium potential”. There are cities classiﬁed as
having a “medium potential” in the megacity of Sao Paulo (e.g.,
Guarulhos, Embu and Mauá), Piracicaba Agglomeration and Sorocaba
region (Sao Paulo State et al., 2013).
The agriculture sector also requires a lot of water. The water demand for irrigation in agriculture will increase by 33, 31 and 10% in
Tietê and Sorocaba, Piracicaba/Capivari/Jundiaí and Mogi-Guaçu
water resources management units, respectively, by the year 2035.
Based on this forecast, there are several municipalities, which are likely
to face water scarcity challenges. Furthermore, the public water supply
demand is also likely to increase according to the projections, especially
in the water resources management units of Alto Tietê, Piracicaba
Capivari Jundiaí, Baixada Santista and Tietê/Sorocaba (Sao Paulo State
et al., 2013).
Nutrient recovery is especially interesting for municipalities that
have agriculture as the main economic activity. The predominant economic activity of the municipalities was assessed based on data from
The Brazilian Institute of Geography and Statistics (IBGE, 2016). There
are ﬁve relevant municipalities in the Macrometropolis of Sao Paulo;
most of them are located in the Metropolitan Region of Sorocaba.
Furthermore, there are 14 other municipalities where agriculture is the
second or third main economic activity in terms of importance. If the
wastewater treatment facilities in these cities or nearby ones apply
nutrient recovery techniques from wastewater treatment, this activity

could also beneﬁt them as an alternative fertilizer source.
Some measures of resource recovery compete with each other.
Therefore, it is necessary to prioritise. In this context, the value pyramid
is a tool that allows for the distinction between the recovered products
and can support the decision. According to this tool, the hierarchy from
low to high value is as follows: energy (electricity and heat), transportation fuels, materials and chemicals (e.g., fertilizers), food, and
health and lifestyle (e.g., pharmaceuticals and ﬁne chemicals) (Van Der
Hoek et al., 2016; Betaprocess Bioenergy, 2019). Moreover, the framework proposed by the authors in the next section is a tool facilitating
further decision-making.

3.5. Framework for resource recovery planning and implementation
In most urban areas within developing countries, there is no eﬀective system for collection and treatment of wastewater, which causes
eutrophication and other water pollution issues. The lack of both infrastructure and a legislative framework for the new treatment processes further intensiﬁes this challenge, and poor incentives can be
considered as the reason for low resource recovery implementation
(Sarvajayakesavalu et al., 2018). Moreover, these areas face the overall
challenge of the use of natural and ﬁnancial resources in a sustainable
manner (Woltersdorf et al., 2018).
Informal urban settlements lack infrastructure entirely, and could
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be the ﬁrst to adopt new sustainable and cost-eﬀective treatment systems (Mega-Cities Project, 2019). In the case of resource recovery implementation, there is an opportunity to implement these solutions in
the megacities of developing countries. These areas need to expand the
coverage of wastewater treatment through building new wastewater
treatment plants or retroﬁtting the existing ones.
Public acceptance is an important challenge, since low-income
communities do not want to have “second class” solutions (Mega-Cities
Project, 2019). For instance, public perception is commonly an important barrier to implementation of water reuse. For example, low
public acceptance for water reuse might be attributed to the lack of
information such as evidence demonstrating the technological success
and safety for public health (Wilcox et al., 2016).
The selection of an appropriate method is a challenge as it is highly
site-dependant. It follows that the regional water quality and inﬂuent
quantity, size of the treatment plant and other economic considerations
play a major part in the selection procedure.
In order to accelerate the process of resource recovery implementation, several complex aspects should be considered. Therefore,
the authors created a framework (Fig. 4) to support the planning process and encompass a set of measures to contribute to decision-making.
The proposed framework contains several steps and can work as an
action plan to achieve resource recovery implementation. The qualitative and quantitative characteristics of the inﬂuent vary in diﬀerent
regions of a country (Sun et al., 2016), and this should be considered for
evaluating the eﬄuent for reuse. When mapping the demand, it is
useful to analyse regional planning documents. Each city has a diﬀerent
context and a speciﬁc demand of what resource is more important to
recover from the wastewater treatment plant. According to Günther
et al. (2018), plant managers can choose from a wide range of techniques to decide which of them is more appropriate and ﬁts better to local
raw material availability, economic and ecological boundary conditions.
For the framework step 9, which is concerned with a comparison
between the selected recovery options, some indicators were proposed.
This comparison between the recovery methods allows for the discussion of their advantages and disadvantages, considering the option that
best adjusts the economic-technical-environmental tripod, facilitating
decision-making. This framework could be integrated into the plans of
wastewater treatment companies to base strategies of resource recovery
at municipal and regional levels. It is expected that the framework is
ﬂexible and can be adapted by users, depending on the context (e.g.,
plant size and speciﬁc demand) and available data. Besides supporting
retroﬁtting of resource recovery solutions for existing treatment facilities, the framework can also be applied for new plants at the planning
stage.
The expected beneﬁts from a successful implementation of the
proposed framework are (a) the reduction in time for decision-making
of resource recovery projects; (b) lowering of adverse environmental
impacts related to wastewater treatment processes through improvement of eﬄuent quality, reduction of energy consumption and allowance for more eﬃcient natural resources management; (c) contribution
to water conservation providing economic beneﬁts by generation of
revenues of recovered products; and (d) saving money from operational
costs related to, for example, by-product management and disposal as
well as energy consumption.

grit chambers.
The wastewater of Moscow City is treated at the Kuryanovskaya and
Luberetskaya secondary biological treatment plants, which discharge
treated eﬄuents to the Moscow River downstream of the city. In some
plants, the wastewater inﬂow rate is between 10,000 and 100,000 m³/
day. The sludge for these works is only reused for composting after the
digestion tank and the mechanical sludge dewatering room. In larger
plants with an inﬂow rate higher than 100,000 m³/day, digestion gases
are also recovered beneﬁtting a mini-thermal power plant
(MosvodokanaINIIproject Institute, 2015). After biogas puriﬁcation, the
mini-thermal power plant produces electricity and additional heat to
supply a central heat-supply station. This form of energy recovery can
improve the energy eﬃciency of these plants and reduce greenhouse
gas emissions (MosvodokanaINIIproject Institute, 2015).
In Johannesburg, South Africa, there is a need for policy change and
implementation to promote the reduction, reuse and recycling of
phosphate as well as to control pollution. The wastewater treatment
capacity is insuﬃcient in South Africa for the treatment of all wastewater types. This causes pollution both from untreated wastewater and
from treated eﬄuents, which do not meet standards and might cause
microbial contamination, particularly due to the rapid urbanization of
informal settlements located near cities (Food and Agriculture
Organization of the United Nations (FAO), 2016). Policies could be
updated to promote the reduction, reuse and recycling of phosphate.
Consequently, this would mitigate the pollution challenge. Regarding
phosphorus recovery, struvite processes were shown to be unproﬁtable,
partly due to low struvite prices, which are subject to relatively low
regional South African phosphate fertilizer market prices (Sikosana
et al., 2017). As such, fertilizer policy and price regulations would help
to improve the placement of struvite in the fertilizer market and to
increase fertilizer prices to values more comparable to the global
market (Sikosana et al., 2017).
In China, the mostly adopted treatment technologies in municipal
plants are oxidation ditches (30.5%), anaerobic-anoxic-oxic processes
(16.2%), conventional activated sludge systems (10.0%), anaerobicoxic processes (8.2%) and sequencing batch reactors (6.8%) (Sun et al.,
2016). Thus, the analysis of each context is important to assess the
potential for resource recovery strategies. There is some resource recovery from municipal wastewater in some regions, but the proportion
of resources utilization after treatment is low. According to Zhang et al.
(2016), who studied 656 WWTP in 70 cities of 7 Chinese regions, the
proportion of resource recycling (recycled building materials and
compost) is only 25%. Approximately 15% of wastewater is ineﬃciently treated, and the water reuse from treated eﬄuent is low.
Another concern is that up to 40% of sewage sludge is still improperly
disposed of (Lu et al., 2019). In addition, the operation ratio of the
treatment plants is below the design capacity due to insuﬃcient sewer
networks (Lu et al., 2019).
Sun et al. (2016) estimated the recovered resources from wastewater in China: water reuse of 3.76 × 109 m3/year, NH3–N recycling of
2.05 × 105 tons/year and total phosphorus recovery of 2.92 × 104
tons/year (Sun et al., 2016). The water reuse rate in some megacities in
China has reached 35–60%, and provinces with low available water
resources and high gross domestic product (GDP) levels showed larger
proportions of reclaimed water construction and utilization (Chen et al.,
2017). Thus, the calculated potential for recovery of water, nutrients
and organics from wastewater at national scale is much higher (Sun
et al., 2016).
Regarding energy recovery, there is a large wastewater treatment
plant with a population equivalent of 3.5 million in Shanghai recovering energy from biogas to meet the heat demand of both digesters
and sludge thermal drying processes. The remaining biogas is burned
(Zhao et al., 2019).
Resource recovery measures are not commonly implemented in
wastewater treatment plants in developing countries, so studies supporting the planning of more recovery practices are important.

3.6. Comparison of the region of Sao Paulo with other megacities in
developing countries
This comparison complements the discussion and contextualizes
original results with the literature. Treatment technologies are usually
basic in developing economies of the Brazil, Russia, India, China and
South Africa (BRICS) group. For example, in Russia, wastewater treatment facilities have a similar conﬁguration compared to the region of
Sao Paulo, consisting of preliminary treatment units such as screens and
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Potential multiple societal beneﬁts linked to resource recovery should
be highlighted to attract more investment from new sectors such as
agriculture (Andersson et al., 2018). For example, in countries with
strong agricultural activity, there is an opportunity to develop a biofertilizer market model resulting from anaerobic digestion (Felca et al.,
2018; Battista et al., 2019) or other nutrient recovery solutions from
their wastewater treatment plants, beneﬁtting both rural and urban
communities.

could be combined with the framework application. Our contribution
can be useful for decision-makers applying the same procedures as
proposed in this study to other cities and regions with similar conditions. Also, countries with diﬀerent conditions from the ones described
in this study might beneﬁt from the proposed assessments. The proposed framework has been designed for application in similar case
studies. However, further studies are encouraged to validate its potential.

3.7. Study limitations

Author contribution

Some wastewater treatment organizations did not answer the
questionnaire, which limits the interpretation of ﬁndings. Also, in some
municipalities with a high number of wastewater treatment plants and/
or insuﬃcient staﬃng resources, it was not possible to collect data from
all plants. Another limitation was that few responses concerning less
important data were incomplete. Furthermore, some plant managers
were temporarily unavailable, which led to a pre-longed period (July
2017 to April 2019) of data return.

Mariana Cardoso Chrispim – Conceptualization, Methodology,
Investigation, Formal analysis, framework creation, Visualization,
Writing - original draft, writing-review & editing. Miklas Scholz –;
Conceptualization, Writing - review & editing, Supervision. Marcelo
Antunes Nolasco –; Project administration, Writing - review & editing,
Supervision.
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4. Conclusions and recommendations
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This study was undertaken to increase the evidence base of resource
recovery options by providing accurate and relevant data from wastewater treatment plants and their resource recovery levels in the most
populous area in South America; the region of Sao Paulo. These data
should support the planning of various resource recovery projects in the
region: water reuse, biofertilizer production and energy recovery initiatives based on local socio-economic activities and regional demand,
contributing to long-term sustainable water management in urban
areas.
The results show that there is currently low implementation of resource recovery in the region, but there is a great potential to expand
the strategies of resource recovery, either for new plants or for retroﬁtting existing ones. The predominant recovery action is internal water
reuse while other options have not been much explored. Another
ﬁnding is that recovery is concentrated mainly in large- and mediumsized plants. However, there are more small plants in the studied region, so it is important to evaluate how to expand the recovery solutions to these small plants as well.
For most of the studied works, the sludge generated is disposed in
landﬁlls. In dense large cities, there is no space available for this, which
involves additional costs for wastewater treatment facilities. So, other
options such as sludge reuse are very promising. One factor that can
help to support the implementation of such options is partnership with
universities for new developments and with private companies for implementation as shown for sludge reuse cases. In addition, results can
facilitate the identiﬁcation and evaluation of the regional demands for
which resources can be recovered; e.g., fertilizer or water for reuse, and
the identiﬁcation of priority areas in each metropolitan area that
comprises the region of Sao Paulo.
Most of the addressed megacities in developing countries have low
implementation of resource recovery and poor management and operational conditions for their wastewater treatment facilities. Incentivebased policies are important to stimulate the interest of water utilities
on implementation of resource recovery technologies and to support the
introduction of recovered products in the market. According to some of
the managers, some barriers for sludge reuse implementation are the
lack of government incentives and legislation. These are thus interesting aspects for future studies.
This study also oﬀers several further research possibilities.
Speciﬁcally, the detailed data obtained for the region of Sao Paulo
could be compared with data from other urban agglomerations to establish a global inventory. Further studies involving life-cycle assessments are recommended, particularly for the evaluation of environmental impacts related to resource recovery options. Moreover, they
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Supplementary material 1: Questionnaire
This material outlines the questionnaire filled-in by managers of wastewater treatment
plants.
x
x
x
x
x
x
x
x

Type of plant (treatment unit) including configuration and flow chart of
treatment processes: Water line (effluent) and solid line (sludge)
Presence of industrial wastewater (% of total)
Population equivalent (number of inhabitants)
Current raw wastewater inflow rate (m³/day) and a specification of the period for
these data
Initial strategy regarding recovery of some types of resource (e.g., biogas, reuse
water and sludge as fertilizer)
Retrofitting of resource recovery options
Description of intentions and initiatives (with timings) to recover resources
Table SM1 on material and energy

Table SM1. Material and energy for the water and sludge treatment lines as well as other
forms of recovery (partly after Papa et al. (2017)).
Material

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Energy
Water treatment line
Solid waste from pre-treatment
x Energy recovery specifications for the
plant (e.g., use of biogas from
Grit (specify destination)
anaerobic reactor, heat recovery and
Screening of material (destination)
others)
Oils and grease (destination)
Treated effluent (reclaimed water)
for external purposes;
Volume/month; Destination
Treated Effluent for internal purposes
(volume/month and destination)
Others
Sludge treatment line
Sludge reuse actions such as soil
x Energy recovery from biogas
conditioner, compost or incineration
(thermal or electrical energy)
x Enhancement of biogas production
Bio-fuel production
(e.g., co-digestion with solid waste
Nutrient recovery
from food or gardening)
Others
x Others
Other forms of recovery
Engine/machine waste oils
x Energy production from other
renewable sources (e.g., photovoltaic
Recovery of chemical products for
systems and wind turbines)
phosphorus precipitation
x Recovery of heat produced by
Recovery of organic matter for
blowers/pumping systems
denitrification enhancement
x Others
Others

)LJ 60 5HVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ RYHUYLHZ 1RWHV 6OXGJH SODQW ZLWK VOXGJH UHF\FOLQJ :DWHU H[W
H[WHUQDOZDWHUUHXVHZDWHULQWLQWHUQDOZDWHUUHXVHZDWHULQWVOXGJHSODQWZLWKLQWHUQDOZDWHUUHXVHDQGVOXGJH
UHF\FOLQJZDWHULQWZDWHUH[WSODQWZLWKLQWHUQDODQGH[WHUQDOZDWHUUHXVH55UHVRXUFHUHFRYHU\



6XSSOHPHQWDU\PDWHULDO5HVRXUFHUHFRYHU\LPSOHPHQWDWLRQ
7KH VLWXDWLRQ RI ZDVWHZDWHU WUHDWPHQW SODQWV UHJDUGLQJ UHVRXUFH UHFRYHU\ LPSOHPHQWDWLRQ LQ WKH UHJLRQ RI WKH
0DFURPHWURSROLVRI6DR3DXORLVVKRZQLQ)LJXUH60

)LJ60'LVWULEXWLRQRIZDVWHZDWHUWUHDWPHQWSODQWVL]H



6XSSOHPHQWDU\PDWHULDO'LVWULEXWLRQRIZDVWHZDWHUWUHDWPHQWSODQWVL]H
)LJXUH60VKRZVWKHGLVWULEXWLRQRIZDVWHZDWHUWUHDWPHQWSODQWVL]HVDQGWKHFRUUHVSRQGLQJLQIORZUDWHVLQWKHUHJLRQ
RIWKH0DFURPHWURSROLVRI6DR3DXOR

Águas de São Pedro
Alumínio
Araçariguama
Arujá
Atibaia
Atibaia
Atibaia
Atibaia
Atibaia
Barueri
Barueri
Bertioga
Bertioga
Biritiba Mirim
Boituva
Boituva
Bragança Paulista
Cabreúva
Cabreúva
Cabreúva
Cajamar
Campinas

Municipality

small
small
small
medium
small
small
small
small
medium
small
large
medium
medium
small
small
medium
medium
small
small
small
small
medium

Size
yes
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
no
no
yes
no
yes

Resource
recovery

14,773.50
5,200

water int, water
ext.

Recovered amount
(m³/month) of
internal water reuse

water int

water ext
water int

sludge

Type of recovery

Table SM4. Raw data for surveyed plants (plant names are confidential).
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340

1,814.40

Recovered amount
(m³/month) for external
water reuse

2
13.24
6.6
93.76
1.6
4.54
6.51
9
150.46
2.5
10,843
63.9
91.6
29.6
10.46
54.12
210.13
0.5
7
38
0.28
256.63

Raw wastewater
inflow rate (L/s)

no
no
no
yes

small
small
small
medium

small
small
small
small
small
small
small
small
medium
medium
small
small
small
small
medium
small
medium

medium
small
medium
small

Cerquilho
Cerquilho
Cerquilho
Cerquilho
Cesário Lange
Cesário Lange
Charqueada
Cotia
Cubatão
Cubatão
Elias Fausto
Elias Fausto
Embu-guaçu
Embu-guaçu
Guarujá
Guarulhos
Guarulhos

Guarulhos
Holambra
Hortolândia
Ibiúna

no
no
yes
no

no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
yes
no
yes

yes

medium

Campo Limpo
Paulista e Varzea
Paulista
Capela do Alto
Capela do Alto
Caraguatatuba
Caraguatatuba

water int

water int, water
ext

water int

water int
water int

water int

water int

3,402

300
150

87404.4

2,592

70
27.2
315
24.1

6.9
11
41.2
41.2
2.6
13.97
19
47.88
84.5
131.8
4.3
16
14.71
18.87
234.14
16
70.00

0.79
13.74
125
220

281

small
small
medium

medium
medium
small
small
small
small
small
medium
small
medium
small
small
large
medium
small
medium
medium
large
small
large

small
medium
medium
small

Iperó
Iperó
Itanhaem

Itanhaem
Itapetininga
Itaquaquecetuba
Itaquaquecetuba
Itaquaquecetuba
Itaquaquecetuba
Itatiba
Itatiba
Itupeva
Itupeva
Jarinu
Joanópolis
Jundiaí
Leme
Limeira
Limeira
Limeira
Limeira
Mairiporã
Mauá

Mombuca
Mongagua
Mongagua
Monte Mor

no
no
yes
no

no
no
no
no
no
no
no
yes
no
yes
no
no
yes
no
no
no
yes
no
no
yes

no
no
yes

1100

560

195.15

water int, sludge

water int

water int, water
ext

80

22,549

water int

water int

1,522

80

water int

water int, water
ext

375.5

320

4
69.5
178.7
4.2

178.5
191.5
0.3
4.32
12.19
13.19
0.9
141
9.8
58
8
11.15
1133.44
353.6
2.7
75
76
438
33.43
481.83

4.06
16.7
79.3

Monte Mor
Monte Mor
Morungaba
Nazaré Paulista
Paulínia
Paulínia
Peruíbe
Peruíbe
Piedade
Pilar do Sul
Pinhalzinho
Piracaia
Piracicaba
Piracicaba
Piracicaba
Piracicaba
Piracicaba
Piracicaba
Piracicaba
Pirapora do Bom
Jesus
Porto Feliz
Rio Claro
Rio Claro
Rio Claro
Rio Claro
Rio Claro
Rio Claro
Rio Claro

no
yes
no
no
no
no
yes
yes
no
no
no
no
no
no
no
yes
yes
yes
yes
no
yes
no
no
no
no
no
no
yes

small
small
small
small
small
medium
medium
medium
small
small
small
small
small
small
small
small
medium
medium
large
small

medium
small
small
small
small
small
medium
medium

64,800
64,800
64,800
64,800

water int
water int
water int
water int

water int, sludge

150

80
80

water int
water int

water int

442.8

water int

95
2
3
6.3
10
14
85
155

22
41
15
5.06
7.9
148
57.8
237.1
24.28
24.1
7.73
26.35
5
12
30
67.5
357
413
436
2.41

small
medium
small
medium
medium
small
small
medium
medium

large

São Paulo

São Roque
São Roque
São Sebastião
São Vicente
São Vicente
Sorocaba
Sorocaba
Sorocaba
Sorocaba

large

São Paulo

no
no
yes

small
small
medium

no
no
no
yes
yes
no
no
no
no

yes

yes

yes

no

small

large

yes
no
no
no
no
no
no
no

medium
small
small
small
small
small
small
small

São Paulo

Rio Claro
Salesópolis
Salesópolis
Saltinho
Salto de Pirapora
Santa Gertrudes
Santana de Parnaíba
São Bernardo do
campo
São Bernardo do
campo
São Miguel Arcanjo
São Paulo
São Paulo

water int
water int

water int, water
ext
water int, water
ext
water int, water
ext
water int, water
ext

water int

100
500

7,225

78,796.80

1,044,576

7,257.60

40,444

0.1
61.34
45
53.8
89.9
2
8
60
100

2,573.60

2,483

992.9

22.1
2
49.64

12.8

254
1.37
13
12.5
44.11
33.6
1.78
4.35

Sorocaba
medium
no
Sorocaba
medium
no
Sorocaba
medium
no
Sorocaba
large
yes
water int
Suzano
large
no
Tatuí
small
no
Tatuí
small
no
Tatuí
medium
no
Ubatuba
small
no
Vargem
small
no
Vargem Grande
small
no
Paulista
Vinhedo
small
no
Vinhedo
medium
no
Votorantim
small
no
Votorantim
medium
no
Votorantim
medium
yes
water int
Water int., internal water reuse; sludge, sludge recycling; water ext., external water reuse.
43.7
96.9
30
90
105

170
300
309
700
779.8
13.19
22.61
94.13
155.8
3.91
9.44
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Abstract: Currently, it is important to develop strategic frameworks to support the selection
of sustainable resource recovery solutions. This study applies a new framework for planning,
implementation, and assessment of resource recovery strategies for a full-scale wastewater treatment
plant (WWTP) in São Paulo megacity. The framework comprises several steps based on case
study-speciﬁc data and information from current literature. Data were collected from various sources:
a survey with a wastewater treatment utility, national and regional databases, and review of local
regulations and international literature. Treatment conﬁguration, wastewater and by-products
composition, potential demand (for water, energy, and phosphorus), stakeholder identiﬁcation,
and local legislation were thoroughly discussed regarding decision-making on resource recovery.
Scenario analysis was used to explore suitable nutrient and energy recovery measures based on
indicators. Biogas recovery and sewage sludge composting showed more favorable conditions due
to similar experiences in the area and robust legislation. The proposed framework is a simpliﬁed
tool, and its application can support managers to get information on resource recovery and how to
plan such initiatives in easier ways to facilitate wiser decision-making, and better operation and
management. The results on framework use and reﬁnement can guide potential applications in other
contexts and stimulate public policy formulation and further research.
Keywords: decision-support system; resource-oriented sanitation; sewage; integrated process;
water–energy–food nexus; dense urban areas; developing countries; energy recovery

1. Introduction
The scarcity of natural resources is a driver for initiatives of resource recovery and reuse, by
producing biogas, fertilizer, and water that can be returned to the market. Recovering valuable
compounds of municipal wastewater includes several important aspects for the planning process,
decision-making, and implementation.
Due to the increase of global urbanization, cities are special places for recovery of resources,
and wastewater treatment plants (WWTP) are sites where such processes can take place. Wastewater
Water 2020, 12, 3466; doi:10.3390/w12123466
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treatment facilities are part of the cities’ metabolism and the local region; thus, resource recovery
processes should be planned in an integrated way. For instance, how the treatment plant could
contribute with potential resources to the local industries clusters or agriculture. WWTP should be
integrated within the local community and economic activities [1]. Thus, cities have great potential to
support the progress towards regional sustainable development [2].
Sustainable Development Goal 11 focuses on making cities inclusive, safe, resilient, and sustainable,
and with the inclusion of policies and plans towards resource eﬃciency, and by 2030, to reduce the
adverse environmental impacts of cities with particular attention to waste management [3]. In this
context, cities require eﬃcient management of natural resources in the face of growing demands and
changing environmental conditions [4].
The incorporation of resource recovery solutions (e.g., water reuse, nutrient and energy recovery)
can improve the overall performance of WWTP [5] and contribute to the circular economy in wastewater
treatment and urban sustainability [6]. The beneﬁts provided by resource recovery implementation are
higher in areas that face stress and low availability or high consumption of resources (e.g., water) [7].
Conservation of water resources should be a priority especially for megacities in developing countries,
which face water shortages, water pollution, lack of infrastructure and public services, and a lack
of provision of clean water and safe disposal of wastewater and stormwater [8,9]. Megacities,
where large WWTP are usually in operation, can improve resource recovery with economic eﬃciency
and proﬁtability while generating environmental beneﬁts such as improvement of surface water quality
and mitigation of eutrophication issues [10,11].
However, there is an absence of studies on how to integrate resource recovery technologies
in municipal wastewater treatment plants. Some current barriers to implementation of resource
recovery from wastewater are: How to combine resource recovery solutions to maximize plant
productivity [7,12,13]; and a lack of decision-making tools and methodologies to identify the best
solution for each context [14,15]. Most literature on resource recovery focuses on the discussion of
recovery processes and technologies and not on the interactions with environment and stakeholders
(researchers, policymakers, and end-users) [16,17]. Therefore, an integrated approach of potential
resource recovery solutions on a real scale is necessary [16] (Table 1).
Table 1. Identiﬁed knowledge gaps with key journal paper references and how these gaps are directly
addressed by the present paper.
Knowledge Gaps

References of Previous Papers

How this Gap is Addressed in Our Paper

Great potential of application of resource
recovery solutions in megacities; few studies on
nutrient recovery in South American countries

[9–11,18]

The framework is applied to a representative
WWTP in São Paulo megacity. Additionally, there
is an indication of applicability to other
megacities, considering resource scarcity and
local characteristics. Nutrient recovery options
are assessed.

Lack of studies that focus on interactions with
local environment and stakeholders
(integrated approach)

[16,17,19]

Linkages of sanitation with economic activity
(market demand), social (stakeholders), and
analysis from water–energy–nutrient nexus
perspective (e.g., water consumption in the area).

Comparison of resource recovery strategies from
systems’ perspective and understanding of
related impacts

[20]

Step 9 of the framework contains detailed
comparison of diﬀerent scenarios for energy and
nutrient recovery.

Lack of tools and methodologies to identify the
best solution to each context, to support planning
and decision-making

[12–14]

The framework application allows the most
suitable solution to be identiﬁed considering
technical, environmental, societal, economic, and
political/institutional indicators.

[21–24]

The proposed framework is tested in a real case:
It is shown to be simple to apply and facilitates
the planning process and the choice of the
recovery technology. Nutrient and energy
recovery scenarios are analyzed in detail.

More comprehensive framework for planning,
decision-making, and assessment of any kind of
resource recovery action, including a large set of
indicators and stakeholders’ groups.
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Decision-making on urban water infrastructure projects is complex, since it should consider the
interactions between infrastructure (e.g., technological options), environmental, institutional, economic,
and social characteristics [19]. Several decision-making parameters can be evaluated to choose the
optimum recovery technology such as costs (capital and operational expenditures), recovery rate (%),
environmental impacts (heavy metals and organic contaminants), wastewater composition, and market
for the recovered product (e.g., phosphate fertilizer) [25]. These parameters should be considered as
early as possible, such as at the design stage [23].
Local context characteristics should be carefully examined and considered in the planning process
for resource recovery [7,26]. Especially in developing countries, there is insuﬃcient planning to
include eﬃcient sanitation systems [27]. Many technical options are available to recover resources from
wastewater and sludge; however, some technologies might not be suitable for developing countries,
because of the costs and requirements on treatment processes and energy demand [28].
Besides the costs, local legislation can also inﬂuence the selection of resource recovery measures [14].
In some cases, legislation can act as a barrier and changes are required, while in others legislation
and standards can be drivers for resource recovery implementation. Then, identifying legal and
institutional challenges related to resource recovery can assist in the planning of wastewater treatment
plants to support strategic decisions.
It is important to develop strategic frameworks to support society (policymakers and general
public) in the selection of resource recovery solutions, such as sustainable options for sewage sludge
management [22,29]. According to Romeiko [20], it is necessary to compare environmental performances
of resource recovery-based wastewater treatment plants to support the design and implementation of
resource recovery strategies from system perspectives. This comparison can include several indicators.
As a result, a better understanding of resource recovery technologies will allow for the design of future
systems [30].
A proposed framework as a tool to stimulate/support planning and decision-making on resource
recovery from wastewater treatment was presented by Chrispim et al. [31]. As the next step, this
paper presents how this framework can be applied, oﬀers signiﬁcant suggestions for improvement,
and addresses research gaps in the ﬁeld (Table 1). The aim was to showcase the new framework
for planning, implementation, and assessment of resource recovery strategies for a representative
WWTP. The speciﬁc objectives were to apply all the steps of the proposed framework to support
decision-making on resource recovery strategies; to recommend operational and technological strategies
of resource recovery (nutrients and energy) to be applied in this representative facility, considering
economic, technical, environmental, societal, and political indicators; and to identify strengths and
potential improvements of the framework.
In this paper, the case study was a large WWTP in São Paulo megacity and the authors
identiﬁed current practices and opportunities for improvement of this facility, including processes
and technologies for resource recovery. Based on real data from a practice system, it was possible to
propose innovations, and to support the implementation of new strategies and more eﬀective solutions
for resource recovery from wastewater. Understanding and testing the framework application was an
important task to prioritize future data collection eﬀorts.
The results could contribute to the creation of technical and scientiﬁc knowledge and a better
understanding of planning, retroﬁtting, and upgrading of municipal WWTP with resource recovery, and
to support the development of public policies or regional programs in this area. Wider applicability of
the results for other cities is suggested for better wastewater management practices and for supporting
resource recovery implementation. Through the framework application, it is possible to address what
needs to change to achieve or optimize the resource recovery initiatives. Some key questions addressed
in our paper are: What resources are available in the waste streams in the studied plant; what market
demand there might be for them; how they could be recovered; what the linkages with local legislation
are; and who the key stakeholders are.
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2. Methods
2.1. Developed Framework
The methodology applied in this paper was based on a framework developed to support
the planning and decision processes about resource recovery strategies in wastewater treatment
plants [31]. In the cited paper, the framework was just outlined (brieﬂy introduced). The present paper
contains novel aspects: The ﬁrst application in a real situation, suggestions of improvements and
new arrangements of the framework, potential impact of its application in world’s megacities, and
estimation of potential resource recovery solutions for the study region. The framework (Figure 1) was
applied in a case study of a wastewater treatment plant in the São Paulo megacity (or the metropolitan
region of São Paulo). Wider applicability of the framework is suggested in Table 2.

Figure 1. Framework applied in this study (adapted from [31]).
Table 2. Indication of the framework applicability in megacities similar to São Paulo (New York is
shown for comparison purposes).

Megacity

Level of
Applicability

Reliability
Level

São Paulo
Mexico City
Johannesburg
Cairo
Chengdu
Shanghai
Delhi
New York

high
high
high
medium
medium
medium
high
low

high
medium
medium
medium
low
low
low
medium

Similarity
of
Demand for
Wastewater
Potential
Treatment
Resources
Characteristics
high
high
high
medium
low
medium
high
high

high
high
high
medium
medium
medium
high
low

Water
Demand;
Water Scarcity

Energy
Demand

Phosphorus
Demand

Expected
Impact of
Framework
Application

high
high
high
high
medium
high
high
low

high
high
high
low
high
medium
high
medium

medium
medium
low
low
low
low
high
low

high
high
medium
high
medium
medium
high
low

Notes: Based on expert’s judgement of the authors (after consulting with local experts in the area and urban
sustainability indexes; Sustainable Cities Water Index [32], Blue City Index [33], and SDEWES Index [34]).
The assessment considered not only the demand (and use) for water, energy, and phosphorus, but also if there has
been an increase in the resource consumption (e.g., electricity), its current availability, and if it represents a key issue
for the city. São Paulo, Mexico City, Cairo, and Delhi refer to their metropolitan areas, Johannesburg, Chengdu,
and New York to urban agglomerations, and Shanghai is the city proper (based on classiﬁcation from the United
Nations [35]).
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2.2. Studied WWTP
The information regarding the plant was gathered with the support of the São Paulo State Water
Supply and Sewerage Company (SABESP), who owns and operates this facility. The wastewater
treatment plant ABC is located in São Paulo city (23◦ 36 41.58 ’ S and 46◦ 35 9.24 ’ W) (Figure 2).
This facility treats sewage from six cities, totalizing an approximate population equivalent of
1.4 million inhabitants.

Figure 2. Map of the study area.

This plant started up in 1998, with a maximum treatment capacity of 3 m3 /s, and it is foreseen
to increase this capacity (Section 3.1.1). The mean wastewater inﬂow rate was 2.33 m3 /s during the
analyzed period (07/2016 to 06/2017). The treatment processes for liquid and solid phases are illustrated
in Figure 3. A detailed description of treatment stages is given in Section 3.1.1. Detailed information
about the study area is presented in Section 3.1.2.

Figure 3. Diagram of the wastewater treatment plant ABC with all the treatment processes and ﬂows.
Notes: Wide arrows: Liquid state; dashed arrows: Solid state; thin arrows: Gaseous state. On the ﬁnal
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arrows that do not have continuity in another unit operation: Final eﬄuent, part is discharged in the
river, part is conducted to a non-potable water reservoir, and part is sent to the Aquapolo Project;
scum from settling tanks is conducted to digesters or disposed in landﬁll.

The motivation for the choice of this plant was based on the availability of data, its completeness,
representativeness (in terms of scale, treatment ﬂow, and treatment processes compared to other
large-scale WWTPs of São Paulo megacity), and because this plant already applies one measure of
resource recovery: Water reuse. It is noted that Cornejo et al. [36] also used similar criteria to choose
WWTP in their study.
2.3. Data Collection for Application of The Framework in the Case Study
The input data to achieve steps 1, 3, and 4C of the framework (treatment conﬁguration; qualitative
and quantitative characterization of eﬄuent and by-products; and identiﬁcation of internal demand)
were obtained with the managers and engineers of the plant (WWTP ABC). For this, a list of the
necessary primary data (general data, characteristics of the treatment processes used, monitoring data,
by-products, and environmental indicators) was prepared (Supplementary Material S1).
For characterization purposes (step 3), the substances considered for analysis were: Water,
phosphorus, nitrogen, and organic matter. The water (treated eﬄuent, reclaimed water, and water
consumed by the WWTP) represents a relevant local resource for the context of the study area.
Phosphorus (P) is a resource that is globally limited, and it presents actual scale recovery processes
implemented in several countries where it is considered economically viable. In addition, P can
be recovered from diﬀerent units of wastewater treatment processes. Nitrogen is an important
constituent (in quantitative terms) of municipal sewage, as well as P, and has potential as fertilizer.
Organic matter is source for recovery of many products (e.g., energy from biogas and soil conditioner).
Further information on research design is presented in the Supplementary Material S2 (2A).
The temporal boundary of the analysis comprised a period of one year (from 07/01/2016 to
06/30/2017). The deﬁnition of this period followed the recommendation of Brunner and Rechberger [37],
and it was considered a reasonable period to determine reliable average values, since the period should
be enough to counterbalance momentary instabilities of the analyzed system and seasonal variations.
The analysis included all processes and unit operations of the WWTP ABC from the arrival of raw
wastewater until the discharge of treated eﬄuent (Figure 3).
The data to achieve the other steps of the framework were collected from various sources,
consulting the related legislations on water reuse, sludge recycling (in the form of organic fertilizer
and soil conditioner) and energy recovery, technical reports, regional databases, journal articles,
and planning documents for the study area. For step 4, in order to complement the data (estimated
volume and price of reclaimed water for non-potable uses in urban areas), we contacted the plant
managers of WWTP that commercialize reclaimed water and the responsible secretaries of the city
council of study area cities.
The comparison of recovery technologies options (step 9) considered evidence from the literature
about the respective technologies. Scenario analysis was used to explore some possible resource
recovery measures for the studied plant. Detailed information for each attribute/indicator can be found
in the Supplementary Material S3.
2.4. Data Analysis
After data collection, both qualitative and quantitative data were organized into data spreadsheets
for comparison purposes. Based on the collected raw data about the plant, mean concentrations,
organic and nutrient loads, and removal eﬃciencies for the main parameters chemical oxygen demand
(COD), biochemical oxygen demand (BOD), nitrogen (N) and P were calculated. In general, the results
were represented as tables and graphs. The ﬁnal step was the comparison between the recovery options
according to the indicators. The outlook (recovery scenarios) was a result of the diﬀerent assessment
indicators given in this work (educated guesses) and based on the literature.
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3. Results and Discussion
3.1. Application of the Proposed Framework for Resource Recovery in a WWTP in São Paulo Megacity
The results are organized and discussed according to each step of the proposed framework.
Further information on each step is in Supplementary Material S2B–H.
3.1.1. Step 1—Existing Treatment Conﬁguration
The ﬁrst step of the framework included liquid and solid phases and the analysis of all the
existing treatment units in the plant (Figure 3) as well as the expected upgrades for this facility.
Detailed characteristics of all treatment units are summarized in Supplementary Material S2B.
Future upgrades of the studied plant are changes to increase its treatment capacity. The expected
upgrades are to increase to 6 m3 /s, and a further stage to upgrade the settling tanks to increase the
treatment capacity to 8.5 m3 /s. Currently, it is foreseen that there will be an increase of the treatment
capacity to 4 m3 /s in 2023. It is important to take it into account when planning resource recovery
strategies since the increase of the plant’s capacity will imply increase of generated by-products
(e.g., sludge) and will have eﬀects on characterization (eﬄuent and sludge quality).
3.1.2. Step 2—The Surrounding Areas of the WWTP
Understanding the local context is a crucial step to support future decisions about which resource(s)
to recover. Firstly, we deﬁned the area nearby the WWTP. The named group 1 includes the municipalities
of the Great ABC Region (Santo Andre, São Bernardo do Campo, São Caetano do Sul, Diadema, Maua,
Ribeirao Pires, and Rio Grande da Serra) and São Paulo city. Furthermore, a broader area (group 2)
was considered, including four other municipalities of the metropolitan region of São Paulo (MRSP)
(Biritiba-Mirim, Mogi das Cruzes, Salesópolis, and Suzano) due to their importance to agricultural
activity (high values added to agriculture among the cities of the MRSP). Figure 2 shows the study
area, comprising cities of groups 1 and 2. The main economic sectors correspond to those with the
highest contribution to gross domestic product in the study region (groups 1 and 2). Figure 4 shows
the distribution of the main economic activities in terms of the number of facilities in the study region.

Figure 4. Predominance of agricultural and industrial activities in the surrounding area of the
wastewater treatment plant. Notes: (a) Based on the Brazilian Institute of Geography and Statistics
(IBGE) [38]; data refer to 2017; (b) it includes planted and native forests; (c) based on [39]; data refer
to January to September of 2019; the automobile sector is not included. Other sectors were not
included because they are not highlighted in the Great ABC region [40]. Other sectors correspond
to the mechanical industry; electrical and communications industry; transport material industry;
wood and furniture industry; paper, cardboard, editorial, and graphic industry; and footwear industry
(23,390 facilities in total); (d) manufacturing of materials such as cement; (e) industries such as
pharmaceutical, veterinary, perfumery, and others; (f) smoke, leather, fur, and similar industries.
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In the group 1 region, there is a predominance of processing industries and other services
(transport, post oﬃce; accommodation and food; information and communication; private education;
health; among others) [41]. The main processing industries are automobile industries, chemical
industries, metallurgy industries, rubber and plastic production, food industries, and textile [40].
Agriculture and livestock are not signiﬁcant economic activities in the group region 1. Nevertheless,
in the small city of Rio Grande da Serra, there is considerable agricultural activity (fruit and vegetable
production and farms for chicken production) [42]. In quantitative terms, there are 5064 units
considering agriculture, forestry, plant extractivism, and livestock in group 2 (considering the
12 municipalities) [39]. It is worth adding that in the rural zone of São Paulo city, there are about
428 units of agricultural production, particularly in the southern region, for fruit, ornamental, and leave
crops [43].
In the analyzed region (group 2), the quantity of settlements is higher in horticulture and
ﬂoriculture [38]. In addition, there are initiatives such as: Urban agriculture programs in Diadema
and Santo Andre, community gardens in São Paulo city [44], and vertical farming. The products of
horticulture in the region are diverse, but the crops linked to the highest number of farms are lettuce,
cabbage, and coriander [45]. Therefore, this diagnostic (step 2) can support the identiﬁcation of the
local area needs and the potential demand for resources that could be recovered by the studied WWTP,
which is discussed in step 4.
3.1.3. Step 3—Qualitative and Quantitative Characteristics of the Treated Eﬄuent and by-Products
This step allows for the support of decisions on what recovery measures would be feasible for
a speciﬁc facility. It is possible to identify resources that are present in which treatment stages and
in what quantities. The analysis was based on the volumes of wastewater, consumption of inputs,
and generation of waste in the period of one year. All treatment processes are summarized in Figure 3.
Regarding quantitative data, the average daily raw wastewater ﬂow rate that entered the plant
was 2.33 m3 /s. The total volume of the raw wastewater inﬂow rate during the analyzed period was
73,720,195 m3 and the total volume of treated eﬄuent was 71,266,865 m3 per annum. Part of the treated
eﬄuent by the plant was discharged into the river nearby, another part was directed to the Aquapolo
Project (423 L/s during the monitored period), and a third part went to an internal reclaimed water
facility. This reclaimed water was used internally for washing of streets and installations, sealing of
pumps, cooling equipment, and foam breaking.
The Aquapolo Project is the largest wastewater reuse facility in the southern hemisphere, and the
ﬁfth largest of its kind in the world. In the Aquapolo Project, the advanced treatment processes used
are disk ﬁlters (400 microns), membrane bioreactor (0.05 microns), and reverse osmosis [46]. After this
treatment, the reclaimed water is pumped to a Petrochemical Complex, mainly for cleaning of cooling
towers and boilers [46]. The current capacity is to provide up to 650 L/s of water to the industrial
complex [47].
Steps 3B and 3C (Figure 1) comprise the qualitative monitoring of the treated eﬄuent and the
by-products (Tables 3 and 4) to identify potential resources to be recovered. The removed grit and
screening material are currently sent to landﬁlls. The annually removed amount was about 765,755 kg
of grit and 152,641 kg of screening material. The generation of screening material was 2.07 kg per
1000 m3 of raw wastewater (plant inﬂuent) and 10.38 kg of grit per 1000 m3 . The generation of screening
material was lower than the ﬁndings of a previous study [48]: Average of 6 kg per 1000 m3 , but in
other WWTP in the São Paulo state. It is worth noting that the data on generated screening material
and grit (of our studied plant) were underestimated due to maintenance of the equipment during part
of the monitored period, which can explain the lower value.

Water 2020, 12, 3466

9 of 35

Table 3. Quantitative data of by-products of the wastewater treatment plant (WWTP) and
potential resources.
Unit

Resources with Potential
to be Recovered

554.55

kg/day

Energy

3175

kg/day

Grit

Sludge

1093.8

m3 /day

Energy

Scum

0.864

m3 /day

Energy

Sludge

-

-

-

Scum

9.09

m3 /day

Energy

Unit

Material

Quantity b

Screening

Screening material a

Grit chamber

Grit

Primary settling

Secondary clariﬁer
Gravity thickeners
Flotation thickeners
Digesters
Chemical conditioning
and dewatering of
sludge

Thickened sludge

748.7

m3 /day

Nutrients

Thickened sludge

250.36

m3 /day

Nutrients

Digested sludge

1215.75

m3 /day

Nutrients

Biogas

3036 c

Nm3 /day

Energy

Digested and dried
sludge

112.9

ton/day

Fertilizer (P or biosolids)
Energy

Notes: a It includes screening with ﬁne, medium, and course screens; b data referring to the period between 1 July
2016 and 30 June 2017; for grit and screening material quantities there were missing data for some months due to
maintenance; and c data from December 2017. Cells with “-”: data not available or not measured by the wastewater
treatment plant operators.

Table 4. Mean concentration of main parameters at diﬀerent sampling points.
Parameter

Inﬂuent (Raw
Wastewater) a

Final Eﬄuent
(Treated) b

Thickeners
(by Gravity)
Supernatant

Thickeners
(by Flotation)
Supernatant

Dewatering
Centrate

COD (mg/L)

462.2

66.0

6970.0

118.3

1250.0

Dissolved COD
(mg/L)

124.8

83.3

-

-

-

BOD5,20

241.0

30.3

-

-

-

Total Phosphorus
(mg/L)

14.8

3.9

23.9

3.8

6.1

Dissolved
phosphorus (mg/L)

2.4

1.8

10.0

2.1

4.4

Total nitrogen
(mg/L)

33.2

25.1

-

-

a

b

Notes: Sampling point located at the entrance of the ABC WWTP (before grit chamber); eﬄuent of secondary
clariﬁer. “-”: data not available due to no measurement.

The total amount of produced dewatered sludge (or biosolids, which refer to stabilized sewage
sludge) was 41,190 tons in the analyzed period (one year). The WWTP ABC had higher sludge
production compared to a similar study [49], which obtained 2894 tons annually of biosolids produced
in a WWTP in USA with a ﬂow rate of 0.541 m3 /s using activated sludge process. However, it is
emphasized that the amount of sludge produced depends on the treatment ﬂow rate, the treatment
processes used, and the composition of sewage.
In the anaerobic digestion of sewage sludge (of WWTP ABC), the mean biogas composition
was 69.79% of CH4 (methane), 27% of CO2 (carbon dioxide), 2.7% of N2 (nitrogen), 0.59% of O2
(oxygen), and <30 ppm of H2 S (hydrogen sulﬁde). The methane production was about 2118.8 Nm3 /day.
Estimates regarding electric power generation from methane production are discussed in Section 3.1.7.
In the studied plant, the removal eﬃciencies were: 85.7% COD, 24.5% total N, and 73.5% total P.
The COD load was 93,350 kg/day. The total P load that entered the plant during the analyzed period
was 2997 kg/d, which totalized around 1094 tons/year. The total N load that entered the WWTP ABC
was 6707 kg/day, or 2448 tons/year. Considering that 73.5% of the P total load was removed by the

Water 2020, 12, 3466

10 of 35

studied plant, which ended up in the sewage sludge, the content of P was estimated to be around
2.2 tons P per day in the sludge.
Analyzing the waste stream composition is essential to the selection of suitable resource recovery
technologies. Diﬀerent technologies may have strengths and weaknesses in targeting speciﬁc
wastewater components [23]. Data for P concentration (Table 4) in secondary streams allow for
technology options for recovery to be deﬁned. The highest P concentration was observed in the
supernatant from the gravity thickeners. There was no monitoring of P concentration in the supernatant
of digesters. In the case where the nutrient concentration was below 20 mg/L, it was recommended
to apply accumulation techniques such as: Wetland or microalgae cultivation, and physicochemical
treatment [50]. There was no monitoring for nutrient content in sludge for the studied facility. However,
a recent study [51] reported the mean value of 16.4 ± 2.1 (g P/kg of dewatered sludge) for the studied
plant (ABC).
Characterization of inﬂuent and eﬄuent quality of WWTP provided useful information for
designing strategies and selecting processes for resource recovery [5,52]. The next steps aimed to guide
on how the WWTP could be improved, deﬁning strategies for recovering resources.
3.1.4. Step 4—Mapping the Demand for Recovered Resources
This step aimed to identify the needs for resources (water, nutrient, and energy) in the local context
as well as potential customers (e.g., industries, farmers, and households) for recovered products.
Consumption of water, electricity, and fertilizers in the surrounding area and internally in the plant is
presented in Table 5.
Table 5. Estimated demand for the wastewater treatment plant and nearby locations for resources.
Demand

External

Internal

Sector

Water (m3 /month)

Electricity
(kWh/month)

Fertilizer P2 O5
(kg)

Processing
industries

1,124,786 (food and
beverage); 1,020,714
(chemical); 436,314
(textile); 367,722
(metallurgy); 247,293
(rubber); 206,790
(non-metallic mineral
products); and 168,714
(automobile) a

50,450 e

-

Agriculture

761,271 b

-

132,139 g ;
93,961 h

Urban purposes

5450 c

222 (households),
23,210 (public
lighting), 2352
(stores/shops) f

-

WWTP analyzed

6622 d

2,598,708

-

a

Notes: Based on [53], referring to 2015 and the study region (12 municipalities), considering only predominant
industrial sectors; b data refer to 2015; based on [54] (data not available for four cities without predominant
agricultural practices); c data from [55]; referring to November 2019; d potable water consumption (June 2016 to
July 2017); e mean consumption per industry in São Caetano do Sul city; for all types of industries [56]; f mean
consumption per unit in São Caetano do Sul city [56]; g total fertilizer sold per planted area in the study area (data
not available for ﬁve cities, which do not have predominant agriculture activity); based on [57] referring to 2014;
h total fertilizer used in the studied area (data not available for ﬁve cities as mentioned) based on [58], referring to
2015, planted area obtained from [59] and referring to 2016; “-” not applicable.

In Brazil, the highest water demand from industries is in São Paulo state (59.7 m3 /s). The industries
of manufacturing of food products, beverages, cellulose and paper, petroleum products, biofuels,
chemical products, and metallurgy correspond to 90% of the ﬂow of the water consumption by the
national industry [60]. The quality required for industrial uses is highly variable, depending on the
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sector and level of process sophistication. A further step could be to analyze the quality of the treated
eﬄuent to ﬁnd out if it could meet the speciﬁc quality requirements of one industry or a group of them
in the same sector. Then, it is possible to evaluate the need for additional treatment to water reuse.
In quantitative terms, in some sectors such as paper and cellulose, chemical products, textile,
and cement industries, the water consumed for cooling (non-contact) can represent up to 94%, 95%,
57%, and 82% of the total water consumption, respectively [61,62]. It is worth noting that industries
of chemical and textile sectors are predominant in the studied region and represent high water
consumption rates (Figure 4 and Table 5).
Other important water use is agricultural irrigation. In Brazil, the south-eastern region corresponds
to the largest irrigated area for agriculture; 34% of the total irrigated area [63]. Reclaimed water could
be used for irrigation in agriculture, but currently there is not yet local regulation for water reuse for
agricultural irrigation in the state of São Paulo.
The demand for non-potable urban purposes (irrigation of parks, squares, public cleaning, clearing
of rainwater galleries, and sewage networks) was based on the volume reported by one plant as
commercialized to urban purposes in São Paulo city (Table 5). Comparing the total water demand for
the predominant industries, agriculture and urban use (4,339,054 m3 /month) (Table 5) and the treated
eﬄuent ﬂow that is discharged into the river (4,341,600 m3 /month) by the studied plant, if directed to
reuse, this ﬂow would be suﬃcient to supply all the water demand for these corresponding purposes.
Electricity consumption data were collected for São Caetano do Sul city, which is close to the
WWTP (Table 5) [56]. Regarding the internal demand of the plant, the average energy consumption of
WWTP ABC was about 2.6 GWh/month (consumption for all processes). Considering the volume of
treated sewage, the energy consumption corresponds to 0.42 kWh/m3 of treated sewage.
In this paper, the local market value (of phosphate fertilizer, water, and electricity) was estimated
to make the analysis more complete. The price for potable water is dependent on the consumed
volume. Based on SABESP (service provider), the current fee for potable water in São Paulo city varies
from 3.6 € per m3 (for consumption higher than 50 m3 /month) to 9.3 € per month (for consumption
lower than 10 m3 /month) in commercial, industrial, and public sectors [64]. This value varies among
the cities. Regarding the reclaimed water, there is no standard price for the reclaimed water from
treated eﬄuent. According to information from one WWTP in São Paulo city, which sells reclaimed
water, the price varies from 0.4 €/m3 and 1 €/m3 , depending on the consumed volume and type of
contract [55]. The price of phosphate fertilizers (monoammonium phosphate (MAP)) was estimated as
315 € per ton in 2017 [65] and superphosphate was 214 € per ton in 2019 [66].
Regarding other megacities, Table 2 provides an indication on which resources (water, energy, or
P) are scarce in each megacity, supporting the identiﬁcation on where resource recovery technologies
could be more beneﬁcial. Moreover, detailed sustainability assessments considering stresses based on
local data are necessary to identify the most suitable technologies to each context [7].
3.1.5. Step 5—Relevant Legal and Regulatory Framework
In Brazil, legislation (regulation, quality standards, and requirements) related to wastewater
treatment focuses more on standards for discharging the treated eﬄuent than on standards for
water reuse. In this section, current legislations related to water reuse, energy and nutrient recovery
are addressed.
At a national level in Brazil, there are two national regulations for non-potable reuse: National
Water Resources Council (CNRH) 54/2005 and CNRH 121/2010. The ﬁrst deﬁnes general criteria
for non-potable direct reuse, while the second establishes guidelines for non-potable direct reuse in
agriculture and forestry. The states and municipalities may have more restrictive laws and regulations
than the national ones [67].
In the state of São Paulo, where this study took place, the joint resolutions SES/SMA/SSRH n.1
(2017) and SES/SIMA n.1 (2020) govern the non-potable direct reuse of water for urban purposes,
originated from WWTP, and establish guidelines and general criteria. There are quality standards
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for uses (e.g., landscape irrigation, washing of streets and other public and private spaces, and civil
construction). Irrigation for agricultural uses, grazing and forestry is not included. The WWTP must
have at least secondary treatment, disinfection, and ﬁltration, and meet the quality standards and a
microbiological characterization of the treated eﬄuent [68,69].
In the state of São Paulo, there is also a decree (48138/2003), which determines some measures for
the rational use of water, among which is the prohibition of use of potable water for cleaning streets,
squares, and sidewalks, except in speciﬁc cases [70]. The Environmental Agency of the State of São
Paulo (CETESB) has guidelines for irrigation in agriculture with treated eﬄuent. The application is
permitted for fruit gardens, raw uneaten crops, forage (except for direct grazing), reforestation areas,
and forest plantations, and establishes some restrictions regarding areas of application and eﬄuent
monitoring (heavy metal concentration, thermotolerant coliforms, helminth eggs, sodium adsorption
ratio, and electrical conductivity) [71,72]. At the city level, some legislations to promote water reuse
from treated eﬄuents for urban non-potable purposes are mentioned in Supplementary Material S2F.
The main barriers to water reuse projects are: No federal program or ﬁnancial incentives for
planning and implementation of water reuse projects (e.g., loan guarantees, tax-free); there are no
nationally or locally deﬁned goals (e.g., no obligations or incentives for industries to reuse); the criteria
for urban reuse adopted (resolutions n.1/2017 and n.1/2020) in the state of São Paulo are perceived as very
restrictive, do not consider agricultural irrigation, and hinder urban reuse [67]. Appropriate policies
and the establishment of water quality regulations are required to encourage the creation of markets
and the development of water reuse technologies [19].
Regarding energy recovery, the relevant legal and regulatory framework is discussed below.
There is a regulation (SMA-079/2009) from the Environment Secretary of the State of São Paulo, which
provides guidelines and conditions for operation of thermal treatment of solid waste for energy
recovery (e.g., incineration of biosolids) [73]. The Brazilian Electricity Regulatory Agency (ANEEL)
establishes the general conditions for the access of microgeneration and mini-generation to the electricity
distribution systems (resolution 482/2012). In the case of self-producer, the electricity generated is to
meet, partially or totally, the consumption needs of the producer, although the sale of eventual surplus
energy may be authorized by ANEEL (law 9427/1996, [74–76]).
In Brazil, biomethane from wastes is an emerging biofuel, and the legal framework for biogas and
biomethane recovery has been developed, especially for the state of São Paulo [77]. The regulations
in the state of São Paulo about biomethane production are in Supplementary Material S2F. The state
decrees n. 60,001 (2013) and 60,298 (2014) provide economic beneﬁts (tax deductions) to utilities that
recover biogas or biomethane [78,79].
The national regulation (CONAMA 498/2020) [80] deﬁnes the criteria and requirements for
production and application of treated municipal sewage sludge (biosolids) in soil. Some requirements
are environmental permission, treatment processes, criteria for application, and frequent monitoring of
the biosolids quality depending on application. This regulation also deﬁnes conditions for cultivation of
food crops consumed raw and crops whose edible part has contact with the soil as well as for pasture and
forages, food crops that are not consumed raw, fruit trees, and non-food crops [80]. This regulation [80]
has been recently published and has updated the previous regulation [81]. It expands opportunities for
use of sewage sludge, and in general is more ﬂexible than the previous regulation (in terms of frequency
of analyses, guidelines for application, and permitted uses). Therefore, it is expected that this new
practice of biosolids for agricultural use will be more widespread in the national territory, contributing
to organic matter and nutrient recycling. Biosolids as a product to be applied in soil for agriculture
must be registered in the Brazilian Ministry of Agriculture, Livestock and Food Supply (MAPA). It is
also possible (based on standard n. 06/2016 of MAPA) [82] to register sewage sludge as a raw material,
and to send it externally to a fertilizer or soil conditioner production process. More detailed information
about standards on biosolids fertilizer and soil conditioner are in Supplementary Material S2F.
Besides legislation, regional planning documents were consulted (Master Plan of Great ABC
region, Municipal Master Plans, Municipal Plan of Sanitation, and others) to identify whether they
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mention resource recovery from wastewater and/or set goals for implementation. The Policy on
Climate Change of the State of São Paulo encourages the methane recovery from anaerobic digester of
WWTP [83]. The Action Plan on Climate Change in the Great ABC mentions as strategic the biogas
recovery from wastewater treatment plants to reduce GHG emissions. In addition, this plan states that
sludge generated by the plants is disposed in landﬁlls and has not explored its energy potential [84].
Municipal master plans (Mogi das Cruzes and São Caetano do Sul cities) mention, as one of their
guidelines for the promotion and stimulation through tax incentives, the reuse from WWTP-treated
eﬄuent. The Municipal Plan of Sanitation of São Paulo states that new arrangements of reuse of
sewage sludge for agriculture and civil construction as well as energy recovery from biogas are studied
and highlight the potential of expansion of water reuse from treated eﬄuent [85].
The analysis of the local institutional environment (addressed in step 5) allows for checking
whether there is legal compliance and availability of supportive incentives [86]. Consequently, these
results support the deﬁnition of resource recovery scenarios.
3.1.6. Step 6—Stakeholders Identiﬁcation
The stakeholders (groups and institutions) are those interested in resource recovery measures, the
potential beneﬁciaries, those who may be impacted by these measures, and the ones that have power to
inﬂuence the process [29,87]. In our framework, stakeholders were divided into groups (Figure 1) based
on their main roles. The stakeholders for assistance with recovery technology, research, and innovation
include universities and research institutes as well as private companies in the region. We considered
stakeholders mainly in the municipalities close to the plant: São Paulo city, São Caetano do Sul,
Santo Andre, São Bernardo do Campo, and Diadema. Some stakeholders identiﬁed were universities
that oﬀer undergraduate and postgraduate courses in environmental science and engineering ﬁelds
and conduct scientiﬁc research in related topics, research groups, and private companies on resource
recovery technologies. Another group of stakeholders is the potential customers or end-users for the
recovered product. It includes the main local farmer associations, trade and industrial associations of
the study area, and others. All the mapped stakeholders are listed in Supplementary Material S2G.
The identiﬁcation of stakeholders should also consider governmental agencies active in the ﬁeld
(e.g., water, energy, and agriculture sectors) that act as intermediary and have control on operation [88].
Thus, stakeholders regarded with political and legal support should be considered such as local
governments, authorities, and environmental regulatory organizations. Some examples are water
resources managers and the river basin committees, municipal secretaries of environment, and the
Secretary of Agriculture. Additional stakeholders could be mapped such as the ones to provide
funding or stakeholders supporting public awareness activities related to resource recovery acceptance
(e.g., non-governmental organizations (NGO)).
During this process (step 6), potential roles and responsibilities should be assigned to diﬀerent
stakeholders and how they can engage and collaborate in the framework application towards resource
recovery implementation. Some examples of key roles for universities and research institutes are to
perform laboratorial analysis to ensure the quality of the product, to perform risk analyses, life-cycle
assessments, and experimental studies, while NGO or public authorities could assist by awareness
raising and promotion of resource recovery approach among the public. The company in charge of
providing wastewater treatment services owns the studied plant and their plant managers or board of
directors are important stakeholders. In our case study of the framework application, it was considered
hypothetically that the water and sanitation provider would manage and coordinate the resource
recovery system. We highlight that the list of stakeholders (Supplementary Material S2G) is not
exhaustive and can be updated in the future.
All the identiﬁed relevant stakeholders could contribute with their opinions and participate actively
in the resource recovery project formulation, which would result in an acceptable solution within the
local context. Thus, design strategies could incorporate the stakeholders into the decision-making
process for a better governance [22,89]. In step 6, it is expected that representatives of the mapped
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stakeholders’ groups have regular meetings. It could include interactive workshops (group learning,
discussion of the current state, and strategies and pathways, as proposed by Iwaniec et al. [90]). In these
collaborative meetings, the stakeholders could provide practical recommendations for overcoming
some of the barriers to planning and implementation of resource recovery target solutions [91].
Results from Laura et al. [22] corroborate with our ﬁndings regarding the lack of contact among
the stakeholder’s groups. For instance, WWTP managers and local authorities have very little
collaboration with scientiﬁc experts and negligible relationships with NGOs, causing an absence
of technical support to WWTP. Some measures to address this barrier are visits to universities for
demonstration of technologies/studies related to resource recovery, pilot-scale projects in WTTP to
increase the collaboration with research universities, benchmarking of successful operational practices
in other contexts, and the regular stakeholders’ meetings (as suggested previously).
3.1.7. Steps 7 to 9—Comparison between Resource Recovery Technologies Options
Previous steps of the framework assisted decision-making about which resource is worth being
recovered. Based on this diagnosis (steps 1 to 6), the energy recovery and sludge management
(e.g., nutrient recycling) seem to have higher potential and to be priorities according to consulted
regional planning documents, and based on a previous study [31], when these options were reported
as an area of interest by plant managers. The choice of recovery technologies considered the existing
technology set-up in the plant, the level of development of the technology, and the availability of a
thorough data basis for analysis. Only processes at full-scale (reported in the literature) were considered.
The scenario evaluation captured the necessary infrastructure updates, operational changes,
and reuse applications [92]. Our purpose was not to produce an exhaustive evaluation of all possible
technological alternatives that could be employed to recover resources. Instead, we focused on the
most appropriated ones based on the previous steps of the framework and on previous literature.
The evaluated scenarios are listed as follows (Table 6):
A:

B:

C:
D:

Struvite production from supernatant obtained from thickeners and digesters, and sludge
dewatering centrate. Crystallization of struvite with magnesium (Mg) and pH increase via NaOH
(sodium hydroxide). Examples: Fluidized bed reactor Pearl® , Struvia® , and others.
Organic fertilizer and soil conditioner production from windrow co-composting of dewatered
sludge. Pre-treatment by mixing diﬀerent types of wastes (e.g., sawdust/wood chips, chopped
urban pruning, sugarcane bagasse, and eucalyptus husk) to achieve the C/N ratio of 20:1 to
30:1 [93,94]. During composting, the temperature of sludge rises to about 50–60 ◦ C, which reduces
the pathogen content. After composting, screening using sieves.
Energy recovery from biogas of anaerobic digesters. Co-digestion with food waste from street
markets. Optimum temperature: 35–36 ◦ C [95,96]. Otto cycle engine to generate electricity [97].
Energy recovery by co-processing of sludge as raw material and fuel in kilns for cement industry.
Pre-treatment for extra drying of sewage sludge (e.g., ﬂuidized bed dryers and rotary dryers,
solar drying, or by recovering residual heat from the cement kiln) until moisture content is less
than 30%–25% [98–100]. The sewage sludge should be fed to a kiln system from the main burner,
kiln inlet, or pre-calciner [99].
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Full-scale, similar initiative already taking
place in Brazil (TRL 9)12

Low energy demand and low demand for
reagents for composting (it may require
micronutrient addition and additives to the
product) [22]

Additional personnel for operation of
composting [22] (middle), simple operation12

Biosolids’ land application avoids excess
nutrients entering the environment because
of their low nutrient contents compared with
fossil fuel-based fertilizers [12], global
warming impact is reduced [122], presence of
heavy metals and persistent pollutants in the
sludge and compost should be investigated
[123], low gas emissions, possible generation
of leachate [22,124]

Full-scale, but TRL 5 in Brazil 3
[15,107]

Electricity: 4.9–6.6 kWh/kg P
rec., reactants consumption:
MgCl2 *6H2 O 7.7–8.5 kg/kg P
rec. and NaOH: 0.2–0.22 kg/kg
P rec. 4 [103]

Require a high degree of
operator skill to maximize the
recovery eﬃciency, additional
labor and maintenance
requirements [108,109]

Low concentrations of
phosphate and ammonia in the
ﬁnal eﬄuent, P concentration in
ﬁnal eﬄuent (around 0.4 mg/L)
5 [110], reduced energy demand
(for returning side-streams
ﬂows and for aeration
[101,103]), no need for
reduction of heavy metals, and
no organic micropollutants in
the product, less production of
surplus sludge [111,112]

Resource utilization (e.g.,
energy
and chemical consumption)

Need for additional skilled
labor

Quality of eﬄuent and sludge
(removal of pollutants) and
environmental concern

Reduction of greenhouse gas emissions
(52.4%–63.2% kgCO2 eq. per ton of waste
and sludge) when comparing with
digesting sewage sludge as single feedstock
[134]. Considering a WWTP with a scale
similar to the studied plant (2.29 m3 /s),
biogas recovery would provide a reduction
of 146.1 tons of CO2 eq./month [137].
The digestate could be used in agriculture

Release of contaminant gases [141]; no
need of speciﬁc treatment for ashes [99];
signiﬁcant reduction in sludge volume to
be disposed of; replacement of fossil fuels;
the ashes recovery causes a reduction of
use of raw material [145]; reduction in
greenhouse gas emissions; lower
emissions of CO2 and NOx [146,147]

Low (authors’ assumption). No need of
additional skilled personnel for sludge
co-processing, especially in industries
which already perform co-processing

Energy consumption for sewage sludge
drying: 30 to 1400 kWh per ton of
evaporated water (depends on the
process) [143,144]. Estimate for the
studied plant: 34,577.88 kWh/day [11]

Electricity consumption for pre-treatment:
35 kWh per ton of organic waste [132].
Electricity consumed by Otto cycle engine:
2% of the total generated (up to 219.9
kWh/day) [133].
Water consumption: 0.37 m3 per ton of
waste (in pre-treatment) [134]
Additional personnel for operation of
biogas recovery system and of
pre-treatment of food waste (middle,
authors’ estimation) [135,136]

Full-scale, few applied in Brazil (sewage
sludge corresponds to 0.4% of the total
amount of co-processed wastes by
cement companies in Brazil) [142] (TRL 9)

Energy (Co-processing of Sludge
in Cement Industries)

Full-scale biogas recovery initiatives
already take place in Brazil, including one
plant with co-digestion in Paraná state
(20,000 m3 of biogas/day) (TRL 9) [131]

D.

Typical higher heating value (energy
content) of dried sewage sludge is
11.10–22.10 MJ/Kg (mean value: 16.05)
[141].
Estimate for the studied plant:
599,786.9MJ/day (thermal energy
recovered) [11]

Energy (Biogas from Co-digestion
with Food Waste)

Co-digestion (an increase of 20% of organic
loading rate) causes an increase of
21%–50% of methane yield compared to
sewage sludge mono-digestion [95,130].
Current methane production: 2118.8
Nm3 /day; with co-digestion: 2565.9–3178.2
Nm3 /day. Estimated electric power:
8877.7–10,996.4 kWh/day 13

C.

Resource Recovery Technology Options
Nutrients and Organic Matter (Sewage
Sludge Co-composting)

Technology maturity

B.

Recovery potential

Phosphorus (Struvite
Recovery)
Organic matter content in dewatered sewage
sludge (50%–70%), N (3.4%–4%), P
(0.5%–2.5%) and micronutrients [118–120].
Compost composition: organic carbon 224.5,
P 16.7, TKN 28.1 (g/Kg) [121]. Estimate: 2.02
ton P/day in the dewatered sludge 11

A.

10%–40% from WWTP inﬂuent
P and 85%–95% of P input of the
recovery process 1
Estimate for the studied plant 2 :
About 532.6 kg of P/day (in
struvite)

Technical and Environmental

Indicator

Table 6. Assessment of the recovery technology options against the indicators (step 9 of the framework). Further explanations are in Supplementary Material 3 (SM3). [102–152].
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Logistics (necessary changes)

Acceptance

Societal

Revenue from recovery

Operation and maintenance cost

Investment cost

Economic

Technical and Environmental

Indicator
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4 (high) 9 , struvite is not a
well-known fertilizer among
local farmers

3 (medium), may cause bad odour, more
acceptable if the composting facility is
located adjacent to the WWTP [116,129]

4 (high) (authors’ assumption), interest in
biogas recovery is reported in local
planning documents

5 (high), considering cement industries
perception on sewage sludge for
co-processing [100]

Pre-treatment of sludge drying necessary;
transport of sewage sludge until cement
industries; dosing and feeding system
might be needed [99]; possibility of
adaptations in the kiln exhaust system
[152]

Requires storage, transportation, and
pre-treatment of food waste (e.g., wheel
loaders, crusher) [140]; biogas collection,
transport, and storage system; biogas
treatment (desulfurization); energy
recovery unit; monitoring unit [135]

Requires transportation until end-users,
space demand for composting and for
storage of the compost, partnership with
providers of other organic wastes necessary 8 ,
it may require further sludge drying prior
composting [93]

Product is easy to transport
[114], transportation until
end-users necessary, installation
of reactor for struvite
production 8

10–40 EUR/ton of dewatered sludge [150];
or 90–100 EUR/ton of dried sludge [127]
(includes also investment costs).

Proﬁt from compost sales, price of organic
fertilizer: 14.5–17 EUR/ton [125,128]

22,546 EUR/year [125], 894–1254 EUR/month;
97,000 EUR/year [127]

Reduces production, operational and
maintenance costs of cement industries
[93]; the saving out of using a 7.5% wet
sludge in one kiln normally consuming
6.3 t/h of dry pet-coke (1% moisture)
reach 8.0 EUR/h [151]; reduction of 66%
of fossil fuel consumption [145]

[102]

Energy (Co-processing of Sludge
in Cement Industries)

11,704–45,016 EUR/(ton of sludge/day)
[148]; sludge co-processing does not
demand high investments [149]

D.

Considering the electricity price (0.06
EUR/kWh) and the mean power generated
by the WWTP, the avoided costs would be
185,641.6–229,944.2 EUR per year14 .
Avoidance of transport and disposal costs
of organic waste to landﬁll (EUR 12.2/ton of
waste per month) [139]

7

Energy (Biogas from Co-digestion
with Food Waste)

750,000 EUR (for pre-treatment of food
waste, considering 10 ton/day) [95];
348,519–394,323 EUR (equipment total
costs) [135,138]
50 EUR/ton of treated waste [95];
0.003–0.005 EUR per kWh per year (repair
and maintenance); 0.006 EUR per m3 of
biogas (biogas treatment); 2691 EUR/year
(other maintenance costs) [135]

C.

Resource Recovery Technology Options
Nutrients and Organic Matter (Sewage
Sludge Co-composting)

88,565 EUR [125]; 1.69 million EUR [94];
150–310 EUR/ton DM (dry matter) [126]

B.

Price of struvite 0.3–1 EUR/kg P
[101], proﬁt from struvite
production: EUR -0.04 to 0.46
per kg of struvite recovered
each day [113], there are savings
due to the avoidance of
unwanted struvite encrustations
in pipes and pumps [103]

1.6 EUR/kg P rec.

6

Phosphorus (Struvite
Recovery)

4.4 to 10 EUR/kg P rec.
[102,103]

A.

Table 6. Cont.
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Possible, but national legislation
(e.g., quality criteria of the
product) needs to be developed
to facilitate struvite recovery
options 10
Yes, there are suﬃcient regulations and
policies 10

Yes, there are suﬃcient regulations and
policies, and incentives (tax deductions) to
utilities that recover biogas 10

Resource Recovery Technology Options

Table 6. Cont.

Yes, there are national and state
legislations that regulate co-processing in
general 10

17 of 35

Notes: P: Phosphorus; N: Nitrogen; TKN: Total Kjeldahl nitrogen; TRL: Technology readiness level; MgCl2 *6H2 O: Magnesium chloride; NaOH: Sodium chloride; CO2 : Carbon dioxide,
NOx: Nitrogen oxides; EUR: Euros; 1 : Considering processes from liquid phase, based on [102,103]; 2 : Based on [104–106] and monitoring data from the plant; 3 : TRL in Brazil was
estimated by the authors; 4 : Considering the process Ostara Pearl® ; P rec.: Recovered phosphorus; 5 : P concentration in the ﬁnal eﬄuent was estimated by the authors; 6 : Considering
processes Ostara® , DHV® , PRISA® , P-RoC® , and Nuresys® ; 7 : Considers Nuresys® process; 8 : Authors’ assumption based on site visit and observation; 9 : Estimated by authors based
on [115–117]; 10 : Based on consulted legislations and regulations valid in the study region (authors’ assumption); 11 : Explanation in SM3; 12 : Based on authors’ experience; Biosolids:
Compost; 13 : Explanation in the text (Section 3.1.7); 14 : Authors’ estimation based on electricity price [135] and estimated generated power from co-digestion.

Accordance with policies and
legal requirements

Institutional and political
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Technologies for P recovery based on sludge ashes were not included among the scenarios, because
the plant does not perform sludge incineration and it is not a common route in Brazil (for municipal
sewage sludge). The existing sludge disposal route in the plant is an important variable that inﬂuences
the cost [101].
Existing P recovery techniques (e.g., struvite crystallization) are economically feasible with high P
concentration streams (>50 mg-P/L), such as sludge liquors obtained from anaerobic digestion [153,154].
The recovery potential of struvite was estimated for the case study. Based on Jansen et al. [104], it was
estimated that the thickeners’ supernatant ﬂow corresponded to 1%–2% of the raw wastewater ﬂow,
which approximately equaled to 35.1 L/s. The digester supernatant ﬂow was around 29.23 L/s (0.5%–2%
of raw wastewater ﬂow), and the reject water from dewatering was 8.2 L/s. These side streams could be
directed to a reactor for P recovery-precipitation, and about 10%–40% of P in the raw wastewater could
be recovered [104]. There were no data for P concentration in the digester supernatant for our case
study, but according to literature, sludge liquor (thickener supernatant, dewatering centrate, and the
anaerobic digestion side streams) had total P concentrations between 110 and 289 mg/L [105,106].
Considering the ﬂow of the P-enriched streams (72.53 L/s), a mean P concentration (100 mg/L), and the
average rate of recovery of 85% from P inﬂuent (supernatant), the estimated P recovered would be
532.6 kg/day in the studied plant. This value would be enough to meet the annual fertilizer demand
(P2 O5 ) in the study area (Table 5).
However, for the removal of lower P concentrations, both operational and investment costs
would be higher [102]. The studied WWTP does not have enhanced biological phosphorus removal
(EBPR); thus, it could be a limitation for struvite recovery processes from the liquid phase [106].
The polyphosphate contained in P-accumulating organisms (PAOs) can be released as orthophosphate
when EBPR sludge is digested [155], facilitating struvite recovery [156]. By combining EBPR and P
precipitation, a great percentage of P in solution could be recovered as struvite [157]. If the studied plant
applied EBPR, the P content in sludge would increase, consequently allowing for a higher recovery.
Regarding scenario B, a previous study [158] in another WWTP in Brazil showed that the
composting process was enough to produce a compost that complied with the national quality
standards (from the National Environmental Council) for heavy metals and pathogens. Thus,
we expect that the composting scenario will be suitable to meet the quality requirements, but further
regular analyses of the sewage sludge composition for the studied plant are necessary. A recent
study by Nascimento et al. [51] investigated the quality of dewatered sludge generated in several
plants in São Paulo state and assessed the suitability of the sludges for agricultural applications.
Considering the results for São Paulo megacity plants, all sludge samples complied with the threshold
values from CONAMA standards (National Environmental Council [81]), except for samples from two
plants where Zn exceeded the maximum permitted. The authors considered the sludge promising
as agricultural correctives to soils due to their high pH and micronutrient contents (Fe, Zn, and Mn).
Regarding organic contaminants (e.g., pharmaceuticals and persistent organic pollutants) in sewage
sludge, in Brazil, this research ﬁeld is incipient so far. Souza et al. [123] evaluated aromatic polycyclic
hydrocarbons (APH) in sewage sludge in Porto Alegre (Brazil) and found that the concentration
was lower than the limits established by the European Union for APH. Another study [159] showed
degradation of antibiotics during co-composting of sewage sludge with vegetable wastes (in Morocco).
Co-digestion with fruit and vegetable wastes was chosen for scenario C because it can
improve biogas yield [160]. In addition, anaerobic sludge digesters are usually oversized
due to low organic sludge loading, indicating capacity to receive other substrates, enabling
co-digestion [97,161]. Considering methane production, the lower caloriﬁc value of methane
(9.97 kWh.Nm-3CH4) [139], and assuming an electric conversion eﬃciency of 38% [135], the generator
power capacity would be 405–501.7 kW. In addition, considering 8000 operating hours per annum
by the motor-generator [135,162], the annual and daily power generation capacities were estimated
(Supplementary Material S3 and Table 6).
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A low temperature in digesters (22 ◦ C) was noted for our case study. Thus, the following
improvements in operation conditions were suggested: The increase of temperature of digesters,
and frequent measurement of biogas ﬂow and its composition. These matters (digesters operation)
are currently under consideration by SABESP (wastewater treatment company). It is also possible to
suggest the implementation of a co-generation system to recover thermal energy from exhaust gases of
the engine for heating the digesters, which would increase the eﬃciency of the process [163].
For scenario D, the following aspects should be considered. The dewatered sludge in the studied
plant contained humidity between 60.6% and 74.5%; thus, it would be necessary to dry the sludge
before forwarding it to cement industries. Supplementary Material S2H contains some drying options.
Another relevant aspect when exploring sewage sludge as fuel for co-processing is the proximity
between the WWTP and cement industries. There are cement industries across the state of São Paulo,
which makes it a possible alternative. However, in Brazil, fossil fuels represent 82% of caloriﬁc value
in cement industries [142], and the use of sewage sludge for co-processing is irrelevant, being just
some tests until the present moment. Sewage sludge corresponded to 0.4% of the total amount of
co-processed wastes by cement companies in Brazil [142]. However, it is expected that it will increase
signiﬁcantly, particularly in south-eastern and southern regions in 2030 [164].
In developing countries, the most common routes for sludge disposal are landﬁlling and
agricultural application [27]. These countries usually have little or no waste management infrastructure;
therefore, properly controlled co-processing can be a practical, cost-eﬀective, and more sustainable
option instead of landﬁll and incineration [165]. In the metropolitan region of São Paulo, the sewage
sludge is disposed in landﬁll [31]. In the studied plant, 113 tons of dewatered sludge was produced per
day. Thus, scenarios B and D represent promising sustainable solutions to sewage sludge management.
Based on their quality, the fertilizer or soil conditioner products (scenarios A and B) could be used
for several applications such as landscaping in agriculture to restore degraded land or to cultivate
crops, especially sugarcane, eucalyptus, ornamental plants, and in some cases, coﬀee and vegetables,
following the existing standards (step 5). The electricity produced by scenario C would be used to
supply part of the internal demand in the WWTP (about 10%–13% of the total electricity consumed
daily). For scenario D, the recovered energy would be used by cement industries. Considering two
cement industries with kilns for clinker production (about 134 and 115 km of the WWTP ABC) [166],
the thermal energy recovered by scenario D could meet about 2.3% of its total thermal energy demand
annually (Supplementary Material S2H).
Social acceptance depends on the context and issues can be more critical for facilities in a densely
populated region rather than in a nearly inhabited area [150]. One of the most inﬂuential factors
associated with public acceptance in wastewater sector is the level of contact [167]. For scenarios C
and D (energy recovery), the social acceptance is not truly relevant since these solutions do not directly
aﬀect the local population (no contact). Diﬀerently, the acceptance of plant managers and cement
industries for these options could be aspects for further investigation.
In addition, concerns about environmental risks and human health associated with resource
recovery measures can aﬀect acceptance. For struvite recovery in agriculture, low acceptance can be
attributed to low environmental awareness, lack of knowledge of public, and few scientiﬁc studies on
this topic [168]. Until the present moment, struvite granules have been unknown by local fertilizers
consumers in the São Paulo metropolitan region [18].
Regarding acceptance of compost from sewage sludge, there is a positive example in Jundiai
city (60 km from São Paulo city) where the acceptance of the product is very good, and it does not
represent a barrier. According to the technical director, responsible for composting facility, they have
not done any prior acceptance studies, but they conducted initiatives such as promotion of visits
to their plant, lectures, dissemination of information, sales oﬀers, and participation in events with
farmers. There was no resistance to the use of the product due to its origin (sewage sludge as raw
material). The quality of the produced compost meets the standards (e.g., heavy metal concentration
and pathogens-thermotolerant coliforms, Salmonella sp., and helminth eggs) [128]. In our scenario B,
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the composting plant could be built inside the WWTP area to reduce transportation costs, then only
the compost volume (ﬁnal product) would have to be transported.
As addressed in Table 6, all scenarios require further changes and demand necessary training for
operators of the recovery processes. Further aspects that contribute to a better decision on recovery
strategies are analysis of the ﬁnal products and estimation of the market size [126]. However, concerning
the economic indicators, cost calculations and estimates related to recovery processes are challenging,
since there is no market for the recovered products in some cases. Indeed, the development of the
market can occur in parallel to the implementation of resource recovery solutions in the WWTP.
The selected example WWTP already performs water reuse. Thus, in the future, other measures
that could take place in parallel with the increase of its treatment capacity would be the expansion of
water reuse for internal purposes, industrial supply and for other sectors such as irrigation, non-potable
urban purposes, and for indirect potable reuse through discharging of the treated eﬄuent in water
reservoirs (of water supply systems).
The diﬀerent scenarios (step 9) can provide new insights in the design of sustainable value
chains. Delanka–Pedige et al. [169] have proposed the wastewater infrastructure attributes that
support sustainability: Reuse-quality of water recovered from wastewater; safe pathogen reduction
from wastewater; energy use and recovery in wastewater treatment; biofertilizer recovery from
wastewater; and emission (direct and indirect) reduction in wastewater treatment. The recovery
scenarios proposed (Table 6), together with the existing water reuse practice contribute to sustainability
in all these attributes.
The proposed framework supports the application of a circular economy at a regional level,
through the integration of production and consumption systems. In practice, the success of a circular
economy approach in the water and sanitation sector will depend on some factors such as partnerships
among stakeholders, user engagement, and overcoming of existing barriers [170]. In this context,
there is a need for tools that enable the translation of scientiﬁc results to create an evidence base that
supports decision-makers to act [171,172]. The proposed framework can be an example of tools that ﬁt
to this purpose.
Considering all indicators (Table 6 and Figure 5) for the studied plant, scenario B seems to be the
most favorable for nutrient recovery due to low costs, high recovery potential, and a lesser requirement
for skilled labor. For energy recovery, biogas recovery seems more favorable considering the set
of indicators. In terms of institutional and political indicator, the biogas recovery scenario is the
most favorable.

Figure 5. Comparison of resource recovery scenarios. (A) Struvite recovery; (B) co-composting of
sewage sludge; (C) biogas recovery from co-digestion; (D) energy recovery from co-processing of
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sewage sludge. Green corresponds to more favorable conditions, when the value of the attribute under
evaluation is not problematic (it is considered positive); yellow represents intermediate situations;
and red is used when the value of attribute raises a potential problem (it could represent a negative
situation). Gray: Not applicable. More information on assessment and quantitative values are in SM4.

Steps 10 and 11 were not considered in this paper, since the resource recovery solution
implementation was not part of this research, and decision-making depended on wastewater treatment
plant managers’ and local stakeholders’ preferences. For instance, they could assign a high weight
to one of the sets of indicators (e.g., economic or environmental), which would inﬂuence the ﬁnal
choice about the best solution among the deﬁned scenarios [26]. Depending on stakeholders’ and
decision-makers’ preferences, more than one scenario could be chosen, or they could be combined.
Overall, prior to a decision on implementation of any resource recovery technology (e.g., nutrient
recovery), it is recommended that quantitative ﬂows and qualitative data should be more thoroughly
analyzed (e.g., nutrient content in the supernatants and in sludge, and other relevant parameters such
as contaminants).
3.2. Strengths and Potential Improvements of the Framework
3.2.1. Strengths of the Proposed Framework and Comparison with Similar Studies
Some frameworks related to urban water management have been proposed and can play an
important role to enable sustainability assessments, planning, and decision-making at diﬀerent
scales [173]. Frameworks can be useful to multiple purposes: To enable the diagnosis of a speciﬁc
current situation, to be a management tool, to assess opportunities of improvement, and to facilitate
stakeholder engagement and communication [173]. The framework tested in our study ﬁts all
these purposes.
Previous studies have developed frameworks for water reuse [21] and sludge management [22].
Papa et al. [21] developed a tool for evaluating the water reuse from technical and economic sustainability.
Their framework aimed to judge the feasibility of wastewater reuse and considered the rating
of the WWTP, hydraulic system (required for transportation), and the ﬁnal user. The need for
additional/polishing treatment of the eﬄuent to satisfy quality criteria, and an increase of the costs
(e.g., for plant upgrade, water distribution system, and the monitoring of reuse system) were considered
as constraints to water reuse [21].
Laura et al. [22] created a framework to guide decision-making towards selecting sustainable
options to handle sewage sludge. It included the evaluation of possible scenarios and considered four
dimensions: Economic, environmental, social, and technical. Similarities with our study were the
inclusion of stakeholder analysis (mapping), characterization data of sewage sludge, and analysis of
local regulation.
O’Dwyer et al. [23] created a framework focusing on the optimization of design schemes of
treatment plants and transport networks. In their assessment, environmental impacts and ﬁnancial
costs were considered for each scenario. Kehrein et al. [24] presented a framework for designing and
planning of WWTP towards resource recovery activities. Some similarities compared to our framework
are market analysis for recovered resources, inclusion of stakeholders, treatment performance analysis,
and techno-economic and environmental assessment.
In our study, the proposed framework is not restricted to water reuse or sludge scenarios and
serves for assessing other resource recovery measures, including more indicators and involving a
variety of stakeholders. Thus, compared to previous developed frameworks, our framework is more
comprehensive and oﬀers descriptive instructions on how to approach each step. Another highlight is
the ﬁnal step of implementation and monitoring, which allows to optimize the recovery process and/or
restart the framework application to combine with other resource recovery solutions.
One advantage of the proposed framework is that it could be easily presented to third parties
with no speciﬁc technical background. Operationalization of the framework may be complicated and
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complex especially in data-scarce regions, but applying the framework in a collaborative way with key
stakeholders (representatives of diﬀerent groups/sectors) could facilitate the process and contribute to
an increase in managers’ and policy-makers’ understanding of the subject (resource recovery).
Planning in the sanitation sector in developing countries should consider a multi-sectoral approach
recognizing the interrelations between sanitation and other sectors such as water supply and solid waste
management [174]. Van der Kooij et al. [17] highlighted the importance of making connections between
wastewater treatment systems, agri-food systems, and ecological aspects to ﬁnd more suitable recovery
options. In our study, the application of the framework allowed us to identify these interactions and
contributed to a better knowledge on recovery options.
Our framework aimed to capture context-speciﬁc characteristics to make a better decision.
This addressed the future research needed mentioned by Diaz–Elsayed et al. [7] about the analysis of
demand for resources and potential resources that can be recovered within design and local conditions.
By applying our framework, it would be possible to identify potential challenges in the selection
and implementation of resource recovery process conﬁgurations (e.g., water, energy, and nutrients),
and as an additional step it was possible to restart the framework application (from step 7) to combine
technologies to recover diﬀerent resources. This should facilitate decision-making on integrated
resource recovery since the previous steps were already concluded. Thus, the new framework had a
practical value and allowed for plant managers to think about new potential solutions by providing
relevant information. The proposed framework could also be complementary to the City Blueprint
Framework, which is a tool that evaluates urban water management in a city [33].
3.2.2. Practical Challenges as well as Future Directions and Perspectives
After testing the framework with the case study, suggestions for improvements were evaluated.
Step 7 (the choice of resource to be recovered) could be placed before step 6. Then, based on the target
resource potential, key stakeholders could be mapped. This could make conducting step 6 easier and
quicker; i.e., narrow down the number of stakeholders. Other suggestions for future applications of the
framework were to limit the scale of analysis, for instance, to a smaller geographical area (at a city level
or a neighborhood), or to a speciﬁc sector as an end-user (industry or agriculture). We believe that it
could reduce the complexity of analysis and reduce the amount of data required, and, consequently,
the challenges related to data collection and availability, despite losing the holistic perception of
recovery alternatives and the view of the interactions at diﬀerent scales.
Another possibility could be to start the framework application at step 6 (identifying stakeholders),
particularly for contexts and places where data are scarce. It would likely facilitate (reduce time
demand) the process to gather data needed for applying the other steps of the framework. For instance,
if stakeholders from a local environmental agency/government were involved from the beginning,
they could assist in the identiﬁcation of the relevant legal and regulatory frameworks.
In this study, the authors considered the application of the framework for recovering of water,
energy, and nutrients, although it is highlighted that the framework could be adapted for application
even in diﬀerent contexts (e.g., WWTP in urban or rural areas) and for other target resources.
The planning process requires detailed and accurate data and information. In step 9, in order to
perform more accurate evaluations, it is recommended to replace qualitative limits by quantitative
values as mentioned by a previous study [22]. This could be done in future studies, depending on
data availability.
3.3. Limitations
The presented ﬁndings captured only a snapshot in time, conveying the current developments of
recovery technologies and providing the framework application considering the data collected during
a speciﬁc period. But the study region is very dynamic. Therefore, some aspects and data continually
change in short or long terms (e.g., price of recovery technology, demand, and regulations), and the
analysis through the proposed framework should be updated or restarted. According to Van der Hoek
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et al. [14], many external factors may change over time due to technological, environmental, economic,
and market developments, and these uncertainties can inﬂuence the possibilities of resource recovery
implementation. Other limitations noticed during application of the proposed framework was the lack
of availability of some input data (e.g., some parameter concentration of treated eﬄuent and sludge
composition data, and costs for struvite precipitation in the Brazilian context).
Finally, we would like to emphasize that integrated evaluations at large-scale are characterized by
a high degree of complexity (as mentioned by Papa et al. [21]). This was the case for our study, because
we considered a large area, and the steps of the framework considered several types of data. The results
of framework application depend on the overall availability of input data. Therefore, it highlights
the need for improvement of monitoring practices either in a wastewater treatment plant or beyond
(in other sectors; for example, water consumption in urban uses). There is uncertainty associated
with secondary data used in the framework. For instance, although we considered the most updated
available data, in some cases, they came from various sources.
4. Conclusions and Recommendations
Through the framework application, local context was deeply analyzed and the demand for water,
energy, and P was identiﬁed. Some scenarios were recommended, and opportunities for improvement
of existing processes were proposed.
Based on the results, all scenarios could be feasible for the studied WWTP, especially biogas recovery
from co-digestion and sludge co-composting considering all the technical, environmental, societal,
and political/institutional indicators. Local legislations seem to be favorable to implementation in all
scenarios, except for struvite recovery, which needs further development. In addition, we recommend
tests at pilot scale in the study region before applying struvite at full-scale WWTP. The suggested
scenarios have potential to provide environmental beneﬁts such as improvement of eﬄuent quality
(scenario A), low CO2 emissions, reduction in global warming potential, and reduction of waste
generation (scenarios B, C, and D).
With increasing demands for water, energy and food, particularly in urban areas, recovering
resources from sewage is an important strategy. Considering only one WWTP in São Paulo megacity,
the authors showed there is a potential to meet all the current demand for phosphorus fertilizer and
non-potable water (main industries and agriculture) in the study region. Therefore, in quantitative
terms, water reuse from the treated eﬄuent could meet the current water demand for industrial and
agricultural uses; and P recovery potentials from recovery scenarios could supply all the current
demand for phosphate fertilizer in agriculture in the study region.
In summary, the strengths of the proposed framework are addressing the complexities of dynamic
systems and integrating with relevant sectors and stakeholders, while the main limitations include
the need of some data, which may not be available. The methodology used in this paper might be
applied to other contexts, and the data from the case study (eﬄuent and by-product characterization
and potential demand) could be compared to other studies/regions. In addition, the comparison of
recovery scenarios based on indicators and literature (Table 6) can be used as a basis for further studies
under the circular economy perspective.
This paper provided a simple tool as a structuring mechanism to support resource recovery
implementation from wastewater treatment, which is useful to managers and decision-makers.
The results can help the elaboration of resource recovery projects. The framework reﬁnement and use
(presented here) can guide potential applications in other contexts.
In future studies, as soon as the market for recovered products develops, it is possible to calculate
economic indicators using detailed local prices, and the social acceptance evaluation after consulting
stakeholders and survey with the local community. Further studies could also explore stakeholder
engagement and cooperation during framework application. Other relevant and necessary themes are
the monitoring of sludge quality, removal of persistent organic pollutants in sewage sludge composting,
analysis of risks to environment and human health from its application in soil, monitoring of P in
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reject water (thickeners, digester supernatants and dewatering centrate), development of local business
models for resource recovery, multi-sectoral engagement approaches, and testing of the framework
application in other cities.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3466/s1,
Supplementary Materials S1–4. Supplementary Material S1: List of data collected for the wastewater treatment
plant; Supplementary Material S2 (2A–H): Further information concerning framework application; Supplementary
Material S3: Further explanation regarding Table 6; Supplementary Material S4: Further explanation to Figure 5.
References [175–210] are cited in the Supplementary Materials S2 to S4.
Author Contributions: Conceptualization, M.C.C., M.S., M.A.N.; methodology, M.C.C.; formal analysis, M.C.C.;
investigation, M.C.C., F.d.M.d.S.; data curation, M.C.C., F.d.M.d.S.; writing—original draft preparation, M.C.C.;
writing—review and editing, M.C.C., F.d.M.d.S., M.S., M.A.N.; visualization, M.C.C.; supervision, M.S., M.A.N.
All authors have read and agreed to the published version of the manuscript.
Funding: This study was funded by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (Brazilian
Federal Agency for Support and Evaluation of Graduate Education), Brazil (CAPES), ﬁnance code 001, through a
scholarship granted to the double degree doctoral student Mariana Cardoso Chrispim.
Acknowledgments: The authors thank the staﬀ of SABESP (water and sanitation company) for kindly providing
the requested data about the studied wastewater treatment plant. We acknowledge the support received from
local experts concerning the selected megacities for their contribution by providing related data. We are also
grateful to the student Karla Mesquita for assisting in part of the data collection (and the scientiﬁc initiation
scholarship from Cnpq).
Conﬂicts of Interest: The authors declare no conﬂict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References
1.

2.

3.
4.
5.

6.
7.
8.

9.
10.
11.
12.

Bressani-Ribeiro, T.; Mota Filho, C.R.; de Melo, V.R.; Bianchetti, F.J.; de Lemos Chernicharo, C.A. Planning
for achieving low carbon and integrated resources recovery from sewage treatment plants in Minas Gerais,
Brazil. J. Environ. Manag. 2019, 242, 465–473. [CrossRef]
Zhang, P.; Zhang, L.; Chang, Y.; Xu, M.; Hao, Y.; Liang, S.; Liu, G.; Yang, Z.; Wang, C. Food-energy-water
(FEW) nexus for urban sustainability: A comprehensive review. Resour. Conserv. Recycl. 2019, 142, 215–224.
[CrossRef]
United Nations. Goal 11: Sustainable Development Knowledge Platform. 2016. Available online: https:
//sustainabledevelopment.un.org/sdg11 (accessed on 10 September 2020).
Andersson, K.; Dickin, S.; Rosemarin, A. Towards “Sustainable” Sanitation: Challenges and Opportunities in
Urban Areas. Sustainability 2016, 8, 1289. [CrossRef]
Zhang, Y.; Zhang, C.; Qiu, Y.; Li, B.; Pang, H.; Xue, Y.; Liu, Y.; Yuan, Z.; Huang, X. Wastewater treatment
technology selection under various inﬂuent conditions and eﬄuent standards based on life cycle assessment.
Resour. Conserv. Recycl. 2020, 154, 104562. [CrossRef]
Boiocchi, R.; Matafome, B.; Gargalo, C.L.; Carvalho, A.; Sin, G. Techno-economic analysis of resource recovery
technologies for wastewater treatment plants. Comput. Aided Chem. Eng. 2017, 40, 1945–1950. [CrossRef]
Diaz-Elsayed, N.; Rezaei, N.; Ndiaye, A.; Zhang, Q. Trends in the environmental and economic sustainability
of wastewater-based resource recovery: A review. J. Clean. Prod. 2020, 265, 121598. [CrossRef]
Khan, M.Z.H.; Karim, M.R.; Haque, A.A.M.; Hossain, M.Z. Water supply and sanitation: For mega cities.
In Proceedings of the Conference 5th International Symposium on New Technologies for Urban Safety of
Mega Cities in Asia (USMCA), Phuket, Thailand, 10–12 February 2006.
Chen, Z.; Wu, Q.; Wu, G.; Hu, H.Y. Centralized water reuse system with multiple applications in urban areas:
Lessons from China’s experience. Resour. Conserv. Recycl. 2017, 117, 125–136. [CrossRef]
Kim, H.; Son, J.; Lee, S.; Koop, S.; van Leeuwen, K.; Choi, Y.; Park, J. Assessing Urban Water Management
Sustainability of a Megacity: Case Study of Seoul, South Korea. Water 2018, 10, 682. [CrossRef]
Bouzas, A.; Martí, N.; Grau, S.; Barat, R.; Mangin, D.; Pastor, L. Implementation of a global P-recovery system
in urban wastewater treatment plants. J. Clean. Prod. 2019, 227, 130–140. [CrossRef]
Mo, W.; Zhang, Q. Energy-nutrients-water nexus: Integrated resource recovery in municipal wastewater
treatment plants. J. Environ. Manag. 2013, 127, 255–267. [CrossRef]

Water 2020, 12, 3466

13.

14.
15.

16.
17.

18.
19.
20.
21.
22.

23.
24.

25.
26.

27.
28.
29.
30.
31.
32.

33.
34.
35.

25 of 35

Puchongkawarin, C.; Gomez-mont, C.; Stuckey, D.C.; Chachuat, B. Optimization-based methodology for
the development of wastewater facilities for energy and nutrient recovery. Chemosphere 2015, 140, 150–158.
[CrossRef]
Van Der Hoek, J.P.; De Fooij, H.; Struker, A. Wastewater as a resource: Strategies to recover resources from
Amsterdam’s wastewater. Resour. Conserv. Recycl. 2016, 113, 53–64. [CrossRef]
Chrispim, M.C.; Scholz, M.; Nolasco, M.A. Phosphorus recovery from municipal wastewater treatment:
Critical review of challenges and opportunities for developing countries. J. Environ. Manag. 2019, 248,
109268. [CrossRef] [PubMed]
Sarvajayakesavalu, S.; Lu, Y.; Withers, P.J.A.; Pavinato, P.S.; Pan, G.; Chareonsudjai, P. Phosphorus recovery:
A need for an integrated approach. Ecosyst. Health Sustain. 2018, 4, 48–57. [CrossRef]
Van der Kooij, S.; Van Vliet, B.J.M.; Stomph, T.J.; Sutton, N.B.; Anten, N.P.R.; Hoﬄand, E. Phosphorus recovered
from human excreta: A socio-ecological-technical approach to phosphorus recycling. Resour. Conserv. Recycl.
2020, 157, 104744. [CrossRef]
Sánchez, A.S. Technical and economic feasibility of phosphorus recovery from wastewater in São Paulo’s
Metropolitan Region. J. Water Process. Eng. 2020, 38, 101537. [CrossRef]
Wilcox, J.; Nasiri, F.; Bell, S.; Rahaman, M.S. Urban water reuse: A triple bottom line assessment framework
and review. Sustain. Cities Soc. 2016, 27, 448–456. [CrossRef]
Romeiko, X.X. Comprehensive water footprint assessment of conventional and four alternative resource
recovery based wastewater service options. Resour. Conserv. Recycl. 2019, 151, 104458. [CrossRef]
Papa, M.; Bertanza, G.; Abbà, A. Reuse of wastewater: A feasible option, or not? A decision support system
can solve the doubt. Desalin. Water Treat. 2016, 57, 8670–8682. [CrossRef]
Laura, F.; Tamara, A.; Müller, A.; Hiroshan, H.; Christina, D.; Serena, C. Selecting sustainable sewage sludge
reuse options through a systematic assessment framework: Methodology and case study in Latin America.
J. Clean. Prod. 2020, 242, 1–12. [CrossRef]
O’Dwyer, E.; Chen, K.; Wang, H.; Wang, A.; Shah, N.; Guo, M. Optimisation of wastewater treatment
strategies in eco-industrial parks: Technology, location and transport. Chem. Eng. J. 2020, 381. [CrossRef]
Kehrein, P.; van Loosdrecht, M.; Osseweijer, P.; Garfí, M.; Dewulf, J.; Posada, J. The SPPD-WRF Framework:
A Novel and Holistic Methodology for Strategical Planning and Process Design of Water Resource Factories.
Sustainability 2020, 12, 4168. [CrossRef]
Thornberg, D.; Jorgensen, P. Working towards P-recovery from sludge ash in Copenhagen. In Proceedings of
the IWA Sweden, BIOFOS, Malmö, Sweden, 11 April 2018; pp. 1–16.
Woltersdorf, L.; Zimmermann, M.; Deﬀner, J.; Gerlach, M.; Liehr, S. Beneﬁts of an integrated water and
nutrient reuse system for urban areas in semi-arid developing countries. Resour. Conserv. Recycl. 2018, 128,
382–393. [CrossRef]
Gallego-Schmid, A.; Tarpani, R.R.Z. Life cycle assessment of wastewater treatment in developing countries:
A review. Water Res. 2019, 153, 63–79. [CrossRef]
Otoo, M.; Drechsel, P. Resource Recovery from Waste: Business Models for Energy, Nutrient and Water Reuse in
Low- And Middle-Income Countries; Routledge: Abingdon, UK, 2018.
Cordell, D.; Rosemarin, A.; Schröder, J.J.; Smit, A.L. Towards global phosphorus security: A systems
framework for phosphorus recovery and reuse options. Chemosphere 2011, 84, 747–758. [CrossRef]
Ma, X.C.; Xue, X.; González-Mejía, A.; Garland, J.; Cashdollar, J. Sustainable water systems for the city of
tomorrow-A conceptual framework. Sustainability 2015, 7, 12071–12105. [CrossRef]
Chrispim, M.C.; Scholz, M.; Nolasco, M.A. A framework for resource recovery from wastewater treatment
plants in megacities of developing countries. Environ. Res. 2020, 188, 109745. [CrossRef]
Arcadis. Sustainable Cities Water Index–Which Cities are Best Placed to Harness Water for Future Success?
Available online: https://www.arcadis.com/media/4/6/2/%7B462EFA0A-4278-49DF-9943-C067182CA682%
7DArcadisSustainableCitiesWaterIndex_003.pdf (accessed on 4 December 2020).
Feingold, D.; Koop, S.; van Leeuwen, K. The City Blueprint Approach: Urban Water Management and
Governance in Cities in the U.S. Environ. Manag. 2018, 61, 9–23. [CrossRef]
SDEWES Centre. SDEWES Index. Available online: https://www.sdewes.org/sdewes_index.php (accessed on
4 December 2020).
United Nations. The World’s Cities in 2018. Available online: https://www.un.org/en/events/citiesday/assets/
pdf/the_worlds_cities_in_2018_data_booklet.pdf (accessed on 10 September 2019).

Water 2020, 12, 3466

36.

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.
47.

48.

49.
50.
51.

52.

26 of 35

Cornejo, P.K.; Zhang, Q.; Mihelcic, J.R. How Does Scale of Implementation Impact the Environmental
Sustainability of Wastewater Treatment Integrated with Resource Recovery? Environ. Sci. Technol. 2016, 50,
6680–6689. [CrossRef]
Brunner, P.H.; Rechberger, H. Practical Handbook of Material Flow Analysis, 1st ed.; CRC Press: Boca Raton, FL,
USA, 2004.
IBGE/SIDRA. Tabela 6778–Número de Estabelecimentos Agropecuários (Table 6778—Number of Agricultural
Establishments). 2017. Available online: https://sidra.ibge.gov.br/tabela/6778#resultado (accessed on
11 October 2019).
Ministério do Trabalho e Emprego (MTE) (Ministry of Labor and Employment).
Cadastro
Geral de Empregados e Desempregados—Perﬁl do Munícipio (General Register of Employed and
Unemployed—Proﬁle of the Municipality), 2019. Available online: http://bi.mte.gov.br/bgcaged/caged_
perﬁl_municipio/index.php (accessed on 12 October 2019).
Certi (Reference Center in Innovative Technologies).
Planejamento e Modelagem do Parque
Tecnológico de Santo André (Planning and Modeling of the Santo André Technology Park).
Available online: http://www3.santoandre.sp.gov.br/parquetecnologico/wp-content/uploads/2019/08/CERTIEtapa-2-Ecossistema-ABC-compactado.pdf (accessed on 10 October 2019).
IBGE. Produto Interno Bruto dos Municípios—Tabelas 2010–2017 (Gross Domestic Product of
Municipalities—Tables 2010–2017). Available online: https://www.ibge.gov.br/estatisticas-novoportal/
economicas/contas-nacionais/9088-produto-interno-bruto-dos-municipios.html?=&t=resultados
(accessed on 8 February 2019).
Xavier, M.L.P.; Souza, A.N.C.; Rodrigues, J.P.; Bresciani, L.P. O novo perﬁl econômico do Grande ABC (The
new economic proﬁle of the Great ABC Region). Rev. Organ. Contexto 2007, 6, 103–122.
Sao Paulo City Council. Cadastramento de Unidades Produtivas (Registration of Production Units).
Available online: https://ligueospontos.prefeitura.sp.gov.br/agricultura-familiar/cadastro/ (accessed on
2 November 2019).
Caisan (Intersecretary Chamber of Food and Nutritional Security of São Paulo).
1o
Plano Municipal de Segurança Alimentar e Nutricional (1st Municipal Food and Nutritional
Security Plan). Available online: https://www.prefeitura.sp.gov.br/cidade/secretarias/upload/trabalho/
PLAMSANVERSAOFINALcompleta.pdf.%0A (accessed on 25 March 2020).
IBGE/SIDRA. Tabela 6953—Número de Estabelecimentos com Horticultura (Table 6953—Number of
Establishments with Horticulture). Available online: https://sidra.ibge.gov.br/tabela/6953#resultado%0A
(accessed on 20 November 2019).
Aquapolo. Sobre o Aquapolo (About Aquapolo). Available online: http://www.aquapolo.com.br/quemsomos/sobre-o-aquapolo/%0A (accessed on 1 March 2018).
Hildebrand, A.; Silva, P.C. SABESP: Relatório de Sustentabilidade 2019 (2019 Sustainability
Report). Available online: http://site.sabesp.com.br/site/uploads/ﬁle/relatorios_sustentabilidade/Relatorio_
Sustentabilidade_2019_port.pdf (accessed on 5 May 2020).
Borges, N.B. Aproveitamento dos Resíduos Gerados no Tratamento Preliminar de Estações de Tratamento
de Esgoto (Utilization of the Waste Generated in the Preliminary Treatment of Sewage Treatment Plants).
Ph.D. Thesis, University of São Paulo, São Carlos, Brazil, 2014.
Cornejo, P.K. Environmental Sustainability of Wastewater Treatment Plants Integrated with Resource Recovery:
The Impact of Context and Scale. Ph. D. Thesis, University of South Florida, Tampa, FL, USA, 2015.
Mehta, C.M.; Khunjar, W.O.; Nguyen, V.; Tait, S.; Batstone, D.J. Technologies to Recover Nutrients from
Waste Streams: A Critical Review. Crit. Rev. Environ. Sci. Technol. 2015, 45, 385–427. [CrossRef]
Nascimento, A.L.; de Souza, A.J.; Oliveira, F.C.; Coscione, A.R.; Viana, D.G.; Regitano, J.B. Chemical attributes
of sewage sludges: Relationships to sources and treatments, and implications for sludge usage in agriculture.
J. Clean. Prod. 2020, 258, 120746. [CrossRef]
Sun, Y.; Chen, Z.; Wu, G.; Wu, Q.; Zhang, F.; Niu, Z.; Hu, H. Characteristics of water quality of municipal
wastewater treatment plants in China: Implications for resources utilization and management. J. Clean. Prod.
2016, 131, 1–9. [CrossRef]

Water 2020, 12, 3466

53.

54.

55.
56.

57.

58.

59.

60.

61.
62.

63.

64.
65.
66.

67.

68.

27 of 35

National Water Agency. Demanda Hídrica na Indústria de Transformação em 2015-Resultados por UF, Município
e Tipologia Industrial-Planilha (Water Demand in the Manufacturing Industry in 2015-Results by FU, Municipality
and Industrial Typology-Spreadsheet). Available online: https://metadados.ana.gov.br/geonetwork/srv/pt/main.
home?uuid=c3cd1505-0a96-4b79-9604-4f69f8cec225%0A (accessed on 10 December 2019).
National Water Agency. Atlas Irrigação: Uso da Água na Agricultura Irrigada. Demanda Hídrica por
Tipologia, por Município e Unidade da Federação (Water use in Agriculture Irrigation. Water Demand per
Typology, Municipality and Federation Unit). Available online: https://metadados.ana.gov.br/geonetwork/
srv/pt/main.home?uuid=c639ac44-8151-421d-a1ed-c333392d76a9%0A (accessed on 30 November 2019).
Costa, E.F. Água de Reúso ETE (Reclaimed Water). Unpublished results. Sao Paulo, Brazil. Personal
communication, 2019.
Secretary of Infrastructure and Environment. Consumo de Energia no Estado de São Paulo (Energy
Consumption in the State of São Paulo). Available online: http://dadosenergeticos.energia.sp.gov.br/
Portalcev2/Municipios/ranking/index.html (accessed on 12 October 2019).
IBGE Indicadores de Desenvolvimento Sustentável: Tabela 768—Quantidade Comercializada de Fertilizantes
por Área Plantada, Segundo o Tipo de Nutriente (Sustainable Development Indicators: Table 768—Amount of
Fertilizers Traded by Planted Area, According to). Available online: https://sidra.ibge.gov.br/Tabela/768%0A
(accessed on 1 December 2019).
IBGE. Produção Agrícola Municipal: Tabela 770—Utilização de Fertilizantes por Unidade de Área por Tipo
de Nutriente (Municipal Agricultural Production: Table 770—Use of Fertilizers Per Unit Area Per Type of
Nutrient). Available online: https://www.ibge.gov.br/estatisticas-novoportal/economicas/contas-nacionais/
9088-produto-interno-bruto-dos-municipios.html?=&t=resultados%0A (accessed on 2 August 2019).
IBGE. Produção Agrícola Municipal: Tabela 5457—Área Plantada ou Destinada à Colheita, Área Colhida,
Quantidade Produzida, Rendimento Médio e Valor da Produção das Lavouras Temporárias e Permanentes
(Municipal Agricultural Production: Table 5457—Area Planted). Available online: https://sidra.ibge.gov.br/
tabela/5457%0A (accessed on 20 November 2019).
National Water Agency. Água na Indústria: Uso e Coeﬁcientes Técnicos (Water in Industry: Use and Technical
Coeﬃcients). Available online: https://www.ana.gov.br/noticias/estudo-da-agencia-nacional-de-aguasaborda-uso-da-agua-no-setor-industrial/agua-na-industria-uso-e-coeﬁcientes-tecnicos-versao-ﬁnal.pdf
(accessed on 12 May 2019).
Kollar, K.L.; Macauley, P. Water requirements for industrial development (USA). J. Am. Water Works Assoc.
1980, 71, 2–9. [CrossRef]
Federation of Industries of the State of São Paulo (FIESP). O Uso Racional da Água no Setor Industrial
(Rational Water Use in Industrial Sector), 2nd ed.; Federation of Industries of the State of São Paulo, National
Confederation of Industry: Brasilia, Brazil, 2017.
National Water Agency. Atlas Irrigação: Uso da Água na Agricultura Irrigada (Atlas Irrigation: Water Use
in Irrigated Agriculture). Available online: https://arquivos.ana.gov.br/imprensa/publicacoes/AtlasIrrigacaoUsodaAguanaAgriculturaIrrigada.pdf (accessed on 12 May 2019).
SABESP. Conheça as Nossas Tarifas (Know our Rates—Sabesp). Available online: https://www9.sabesp.com.
br/agenciavirtual/pages/template/siteexterno.iface?idFuncao=13%0A (accessed on 20 December 2019).
IEA. Mercado de Fertilizantes (Fertilizer Market). Available online: http://www.iea.sp.gov.br/out/TerTexto.
php?codTexto=14447%0A (accessed on 13 November 2019).
Companhia Nacional de Abastecimento (National Company of Supply). Insumos Agropecuários
(Agricultural Inputs). Available online: https://consultaweb.conab.gov.br/consultas/consultaInsumo.do?
d-6983528-p=1&uf=SP&d-6983528-o=1&ano=2019&method=acaoListarConsulta&idSubGrupo=71&
btnConsultar=Consultar&jcaptcha=rcu3&d-6983528-s=1&idGrupo=27 (accessed on 20 May 2005).
Ministry of Cities and IICA. Elaboração de Proposta do Plano de Ação Para Instituir Uma Política
de Reúso de Eﬂuente Sanitário Tratado no Brasil: Produto VI—Plano de Ações/Política de Reúso
(RF) (Preparation of a Proposal for the Action Plan to Institute a Policy for the Reuse of).
Available online: https://antigo.mdr.gov.br/images/stories/ArquivosSNSA/interaguas/reuso/produto4_
avaliacao_do_potencial_de_reuso.pdf (accessed on 4 December 2020).
Sao Paulo State Government. Resolução Conjunta SES/SMA/SSRH n◦ 1 (Joint Resolution 01); Sao Paulo State
Government: Sao Paulo, Brazil, 2017.

Water 2020, 12, 3466

69.
70.
71.

72.

73.
74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.

85.

86.

87.

28 of 35

Sao Paulo State Government. Resolução Conjunta SES/SIMA n◦ 1 (Joint Resolution 01); Sao Paulo State
Government: Sao Paulo, Brazil, 2020.
Sao Paulo State Government. Decreto n◦ 48.138 (Decree No. 48138); Assembléia Legislativa do Estado de São
Paulo: Sao Paulo Brazil, 2003.
Cetesb (Environmental Agency of the State of Sao Paulo).Orientação Para Apresentação de Projeto Visando a
Aplicação de Água de Reuso Proveniente de Estação de Tratamento de Esgoto Doméstico na Agricultura
(Guidance for Project Presentation Aiming at the Application of Reuse Water From Domestic Sewage
Treatment Plant in Agriculture). 2006. Available online: https://cetesb.sp.gov.br/aguas-subterraneas/
publicacoes-e-relatorios/ (accessed on 20 February 2020).
Ministry of Cities and IICA. Elaboração de Proposta do Plano de Ação Para Instituir Uma Política de Reúso de
Efluente Sanitário Tratado no Brasil: Produto III—Critérios de Qualidade da Água (RP01B) (Preparation of a
Proposal for the Action Plan to Institute a Policy for the Reuse o). Available online: https://arquivos.ana.gov.br/
interaguas/MCID_Reuso_Produto3-CriteriosdeQualidadedaAguadeReuso.pdf (accessed on 15 May 2020).
Sao Paulo State. Government Resolução SMA no 079 (Joint Resolution 079); Environmental State Secretariat: Sao
Paulo, Brazil, 2009.
Brazil. Lei no. 9.427 (Law No. 9.427); Government of Brazil: Brasilia, Brazil, 1996.
PNUD and MMA. Produto 6—Resumo Executivo: Estudo Sobre o Potencial de Geração de Energia a partir
de Resíduos de Saneamento (Lixo, Esgoto), Visando Incrementar o Uso de Biogás Como Fonte Alternativa
de Energia Renovável (Product 6—Executive Summary: Study on the Potential for Energy Generation from
Sanitation Waste (Garbage, Sewage), Aiming to Increase the Use of Biogas as an Alternative Source of
Renewable Energy). [WWW Document]. 2010. Available online: https://www.mma.gov.br/estruturas/164/
_publicacao/164_publicacao10012011033201.pdf (accessed on 3 March 2020).
Agência Nacional de Energia Elétrica. Resolução Normativa n◦ 482 (Joint Resolution 482); Agência Nacional de
Energia Elétrica: Brasilia, Brazil, 2012.
Joppert, C.L.; Perecin, D.; Santos, M.M.; Coelho, S.T.; Camacho, J.L.P. A short-cut model for predicting
biomethane availability after biogas upgrading. J. Clean. Prod. 2018, 200, 148–160. [CrossRef]
Sao Paulo State Government. Decreto n◦ 60.001 (Decree No. 60001); Legislative Assembly of the State of Sao
Paulo: Sao Paulo, Brazil, 2013.
Sao Paulo State Government. Decreto n◦ 60.298 (Decree No. 60298); Legislative Assembly of the State of Sao
Paulo: Sao Paulo, Brazil, 2014.
National Environment Council (CONAMA). Resolução CONAMA 498 (Regulation CONAMA 498); National
Environment Council (CONAMA): Brasilia, Brazil, 2020.
National Environment Council (CONAMA). Resolução CONAMA 375 (Regulation CONAMA 375); National
Environment Council (CONAMA): Brasilia, Brazil, 2006.
MAPA (Ministério da Agricultura, Pecuária e Abastecimento or Ministry of Agriculture, Livestock and Supply).
Instrução Normativa N◦ 6 (Normative Instruction No. 6); MAPA: Brasilia, Brazil, 2016.
Sao Paulo State Government. Lei n◦ 13.798 (Law No. 13798); Sao Paulo State Government: Sao Paulo, Brazil, 2009.
Consórcio Intermunicipal Grande ABC (Intermunicipal Consortium Grande ABC). Plano de Ação de
Enfrentamento às Mudanças Climáticas do Grande ABC (Greater ABC Climate Change Action Plan). 2017.
Available online: http://consorcioabc.sp.gov.br/imagens/noticia/Plano%20de%20Acao%20de%20Enfrentamento%
20as%20Mudancas%20Climaticas%20do%20Grande%20ABC.pdf (accessed on 1 January 2020).
Sao Paulo. Plano Municipal de Saneamento Básico de São Paulo (Municipal Basic Sanitation Plan of São
Paulo). 2019. Available online: https://gestaourbana.prefeitura.sp.gov.br/wp-content/uploads/2019/05/
PMSB_Caderno_Completo_-ﬁnal-para-impressa%CC%83o.pdf (accessed on 2 May 2020).
SSWM (Sustainable Sanitation and Water Management Toolbox). Week 4: Analyse the Institutional
Environment. 2019. Available online: https://sswm.info/iwmi-business-development/module-2-scanningbusiness-environment/m2-%E2%80%93-week-4%3A-analyse-the-institutional-environment (accessed on
23 November 2019).
Lienert, J.; SSWM (Sustainable Sanitation and Water Management Toolbox). Stakeholder Identiﬁcation.
2019. Available online: https://sswm.info/planning-and-programming/exploring-tools/stakeholder-analysis/
stakeholder-identiﬁcation (accessed on 15 October 2019).

Water 2020, 12, 3466

88.

89.
90.
91.

92.

93.
94.
95.

96.

97.

98.
99.
100.
101.

102.

103.

104.
105.
106.
107.

108.

29 of 35

De Boer, M.A.; Romeo-Hall, A.; Rooimans, T.; Slootweg, J. An Assessment of the Drivers and Barriers for the
Deployment of Urban Phosphorus Recovery Technologies: A Case Study of The Netherlands. Sustainability
2018, 10, 1790. [CrossRef]
McConville, J.R.; Künzle, R.; Messmer, U.; Udert, K.M.; Larsen, T.A. Decision Support for Redesigning
Wastewater Treatment Technologies. Environ. Sci. Technol. 2014, 48, 12238–12246. [CrossRef]
Iwaniec, D.M.; Metson, G.S.; Cordell, D. P-Futures: Towards urban food & water security through
collaborative design and impact. Curr. Opin. Environ. Sustain. 2016, 20, 1–7. [CrossRef]
Harris-Lovett, S.; Lienert, J.; Sedlak, D. Towards a New Paradigm of Urban Water Infrastructure: Identifying
Goals and Strategies to Support Multi-Beneﬁt Municipal Wastewater Treatment. Water 2018, 10, 1127.
[CrossRef]
Fang, L.L.; Valverde-Pérez, B.; Damgaard, A.; Plósz, B.G.; Rygaard, M. Life cycle assessment as development
and decision support tool for wastewater resource recovery technology. Water Res. 2016, 88, 538–549.
[CrossRef]
Andreoli, C.V.; Sperling, M.V.; Fernandes, F. Sludge Treatment and Disposal; IWA Publishing: London, UK, 2007.
Tarpani, R.R.Z.; Azapagic, A. Life cycle costs of advanced treatment techniques for wastewater reuse and
resource recovery from sewage sludge. J. Clean. Prod. 2018, 204, 832–847. [CrossRef]
Bolzonella, D.; Battistoni, P.; Susini, C.; Cecchi, F. Anaerobic codigestion of waste activated sludge and
OFMSW: The experiences of Viareggio and Treviso plants (Italy). Water Sci. Technol. 2006, 53, 203–211.
[CrossRef] [PubMed]
Matheri, A.N.; Ndiweni, S.N.; Belaid, M.; Muzenda, E.; Hubert, R. Optimising biogas production from
anaerobic co-digestion of chicken manure and organic fraction of municipal solid waste. Renew. Sustain.
Energy Rev. 2017, 80, 756–764. [CrossRef]
Brazil, National Secretary of Environmental Sanitation. Probiogás, 2015. Guia Técnico de Aproveitamento
Energético de Biogás em Estações de Tratamento de Esgoto (Technical Guide for Energy Use of Biogas in
Sewage Treatment Plants). Available online: https://www.giz.de/en/downloads/probiogas-guia-etes.pdf
(accessed on 21 March 2020).
Bennamoun, L.; Arlabosse, P.; Léonard, A. Review on fundamental aspect of application of drying process to
wastewater sludge. Renew. Sustain. Energy Rev. 2013, 28, 29–43. [CrossRef]
Li, Y.; Wang, H.; Zhang, J.; Wang, J.; Lan, O. Co-Processing Sewage Sludge in Cement Kiln in China. J. Water
Resour. Prot. 2013, 05, 906–910. [CrossRef]
Pries, R.T.A. Uso do Lodo de Esgoto Para Coprocessamento em Fornos de Clínquer (Use of Sewage Sludge
for Co-Processing in Clinker Kilns). Master’s Thesis, University of Paraná, Curitiba, Parana, Brazil, 2018.
Nättorp, A.; Remmen, K.; Remy, C. Cost assessment of diﬀerent routes for phosphorus recovery from
wastewater using data from pilot and production plants. Water Sci. Technol. 2017, 76, 413–424. [CrossRef]
[PubMed]
Desmidt, E.; Ghyselbrecht, K.; Zhang, Y.; Pinoy, L.; Van Der Bruggen, B.; Verstraete, W.; Rabaey, K.;
Meesschaert, B. Global phosphorus scarcity and full-scale P-recovery techniques: A review. Crit. Rev.
Environ. Sci. Technol. 2015, 45, 336–384. [CrossRef]
Egle, L.; Rechberger, H.; Krampe, J.; Zessner, M. Phosphorus recovery from municipal wastewater: An
integrated comparative technological, environmental and economic assessment of P recovery technologies.
Sci. Total Environ. 2016, 571, 522–542. [CrossRef]
Arvin, E.; Henze, M.; Harremöes, P. Wastewater Treatment Biological and Chemical Processes; Polyteknisk Forlag:
Copenhagen, Denmark, 2019; ISBN 978-87-502-1150-1.
Münch, E.V.; Barr, K. Controlled struvite crystallisation for removing phosphorus from anaerobic digester
sidestreams. Water Res. 2001, 35, 151–159. [CrossRef]
Zhou, K.; Barjenbruch, M.; Kabbe, C.; Inial, G.; Remy, C. Phosphorus recovery from municipal and fertilizer
wastewater: China’s potential and perspective. J. Environ. Sci. 2017, 52, 151–159. [CrossRef]
Xavier, L.D.; Cammarota, M.C.; Yokoyama, L.; Volschan, I. Study of the recovery of phosphorus from struvite
precipitation in supernatant line from anaerobic digesters of sludge. Water Sci. Technol. 2014, 69, 1546–1551.
[CrossRef] [PubMed]
Stratful, I.; Scrimshaw, M.D.; Lester, J.N. Removal of Struvite to Prevent Problems Associated with its
Accumulation in Wastewater Treatment Works. Water Environ. Res. 2004, 76, 437–443. [CrossRef] [PubMed]

Water 2020, 12, 3466

30 of 35

109. Sikosana, M.; Randall, D.G.; Petrie, D.J.; Oelofse, M.; Russo, V.; Von Blottnitz, H. Nutrient and Energy Recovery
from Sewage: Towards an Integrated Approach; WRC Report; Water Research Comission: Gezina, South Africa,
2016; ISBN 9781431207862.
110. Le Corre, K.S.; Valsami-Jones, E.; Hobbs, P.; Parsons, S.A. Phosphorus Recovery from Wastewater by Struvite
Crystallization: A Review. Crit. Rev. Environ. Sci. Technol. 2009, 39, 433–477. [CrossRef]
111. Amann, A.; Zoboli, O.; Krampe, J.; Rechberger, H.; Zessner, M.; Egle, L. Environmental impacts of phosphorus
recovery from municipal wastewater. Resour. Conserv. Recycl. 2018, 130, 127–139. [CrossRef]
112. Ye, Y.; Ngo, H.H.; Guo, W.; Chang, S.W.; Nguyen, D.D.; Zhang, X.; Zhang, J.; Liang, S. Nutrient recovery
from wastewater: From technology to economy. Bioresour. Technol. Reports 2020, 100425. [CrossRef]
113. Shu, L.; Schneider, P.; Jegatheesan, V.; Johnson, J. An economic evaluation of phosphorus recovery as struvite
from digester supernatant. Bioresour. Technol. 2006, 97, 2211–2216. [CrossRef]
114. Ahmed, M.; Chowdhury, H.; Rahman, H.; Uddin, S.A. Prospects of Using Wastewater as a Resource- Nutrient
Recovery and Energy Generation Prospects of Using Wastewater as a Resource-Nutrient Recovery and
Energy Generation. Am. J. Environ. Sci. 2015, 11, 99–114. [CrossRef]
115. Oyama, C. Nutrientes da Urina Humana Como Fertilizante Agrícola: Análise de Viabilidade Econômica
Sobre um Modelo de Produção Baseado na Economia Solidária e na Agricultura Familiar (Nutrients of
Human Urine as Agricultural Fertilizer: Economic Feasibility Analysis on a Production Model Based on
Solidarity Economy and Family Agriculture). Master’s Thesis, Technological Research Institute of the State
of São Paulo, Sao Paulo, Brazil, 2013.
116. Bena-Filho, N.B. Estruvita: Identiﬁcação de Potenciais Perigos e Eventos Perigosos no Processo de Produção,
Percepção e Aceitabilidade de Agricultores Quanto ao Seu Uso Agrícola (Struvite: Identiﬁcation of Potential
Hazards and Hazardous Events in the Production Process, Perception and Acceptability of Farmers Regarding
Their Agricultural Use). Master’s Thesis, Federal University of Espirito Santo, Vitoria, Brazil, 2019.
117. Lassen, J. Technologies in organic farming: Consumers? Values and acceptance. In Know Your Food;
Wageningen Academic Publishers: Wageningen, The Netherlands, 2015; pp. 40–271. ISBN 978-90-8686-264-1.
118. Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU application of old and new methods—A review.
Renew. Sustain. Energy Rev. 2008, 12, 116–140. [CrossRef]
119. Tyagi, V.K.; Lo, S.-L. Sludge: A waste or renewable source for energy and resources recovery? Renew. Sustain.
Energy Rev. 2013, 25, 708–728. [CrossRef]
120. Samolada, M.C.; Zabaniotou, A.A. Comparative assessment of municipal sewage sludge incineration,
gasiﬁcation and pyrolysis for a sustainable sludge-to-energy management in Greece. Waste Manag. 2014, 34,
411–420. [CrossRef]
121. Sabesp. Uso de Lodo de Esgoto na Agricultura—Estudo de Caso: Produzindo Fertilizantes na Estação
de Tratamento de Franca (Use of Sewage Sludge in Agriculture—Case Study: Producing Fertilizers
at the Franca Treatment Station). Available online: http://www.sabesp.com.br/Sabesp/ﬁlesmng.nsf/
DC466180BB9121BF8325760F006AEB08/$File/uso_lodo_esgoto_agricultura.pdf (accessed on 15 March 2020).
122. Shiu, H.-Y.; Lee, M.; Chiueh, P.-T. Water reclamation and sludge recycling scenarios for sustainable resource
management in a wastewater treatment plant in Kinmen islands, Taiwan. J. Clean. Prod. 2017, 152, 369–378.
[CrossRef]
123. Souza, R.A.S.; González, M.D.M.; Santos, J.L.; Aparício, I.; Bissani, C.A.; Alonso, E. Metais pesados e
compostos orgânicos tóxicos em lodo de esgoto e composto de lixo produzidos na cidade de Porto Alegre,
RS (Heavy metals and toxic organic compounds from waste produced in Porto Alegre). In Proceedings of
the XXXIII Congresso Brasileiro de Ciência do Solo, Uberlândia, Brazil, 31 July–5 August 2011.
124. Onwosi, C.O.; Igbokwe, V.C.; Odimba, J.N.; Eke, I.E.; Nwankwoala, M.O.; Iroh, I.N.; Ezeogu, L.I. Composting
technology in waste stabilization: On the methods, challenges and future prospects. J. Environ. Manag. 2017,
190, 140–157. [CrossRef] [PubMed]
125. Visentin, R. Viabilidade econômica da compostagem de lodo de esgoto para ﬁns agrícolas (Economic viability
of composting sewage sludge for agricultural purposes). Master’s Thesis, Paulista State University, Botucatu,
Brazil, 2019.
126. Kacprzak, M.; Neczaj, E.; Fijałkowski, K.; Grobelak, A.; Grosser, A.; Worwag, M.; Rorat, A.; Brattebo, H.;
Almås, Å.; Singh, B.R. Sewage sludge disposal strategies for sustainable development. Environ. Res. 2017,
156, 39–46. [CrossRef] [PubMed]

Water 2020, 12, 3466

31 of 35

127. Wei, Y.-S.; Fan, Y.-B.; Wang, M.-J. A cost analysis of sewage sludge composting for small and mid-scale
municipal wastewater treatment plants. Resour. Conserv. Recycl. 2001, 33, 203–216. [CrossRef]
128. Oliveira, F.C. Compostagem de lodo (Sewage sludge composting). Tera Ambiental. Unpublished results.
Sao Paulo, Brazil. Personal communication, 2020.
129. Delovitch, E.; Ringskog, K. Wastewater Treatment in Latin America: Old and New Options; The International
Bank for Reconstruction and Development/The World Bank: Washington, DC, USA, 1997; Volume 1,
ISBN 0821339699.
130. La Cour Jansen, J.; Gruvberger, C.; Hanner, N.; Aspegren, H.; Avärd, Å. Digestion of sludge and organic
waste in the sustainability concept for Malmö, Sweden. Water Sci. Technol. 2004, 49, 163–169. [CrossRef]
131. CS Bioenergia. Bioenergia (Bioenergy). Available online: http://csbioenergia.com.br/bioenergia/#processo
(accessed on 15 April 2020).
132. Edelmann, W.; Engeli, H.; Gradenecker, M. Co-digestion of organic solid waste and sludge from sewage
treatment. Water Sci. Technol. 2000, 41, 213–221. [CrossRef]
133. Doehler, H.; Eckel, H.; Froeba, N. Faustzahlen Biogas (Rule of thumb biogas). Darmstadt: Kuratorium Für
Technik Und Bauwesen In der Landwirtschaft (Board of Trustees for Technology and Building in Agriculture).
2013; 360.
134. Edwards, J.; Othman, M.; Crossin, E.; Burn, S. Anaerobic co-digestion of municipal food waste and sewage
sludge: A comparative life cycle assessment in the context of a waste service provision. Bioresour. Technol.
2017, 223, 237–249. [CrossRef]
135. Brazil, National Secretary of Environmental Sanitation. Probiogás, 2016. Análise da Viabilidade
Técnico-Econômica de Produção de Energia Elétrica em ETEs no Brasil a Partir do Biogás (Analysis
of the Technical and Economic Feasibility of Producing Electricity in WWTPs in Brazil from Biogas).
Available online: https://www.giz.de/en/downloads/Probiogas-EVTE-ETEs.pdf (accessed on 23 March 2020).
136. Wiese, J. Co-Digestion of Organic Waste on Wastewater Treatment Plants and Biogas Plants. In Proceedings
of the Summer School on Wastewater and Biosolids Management, Patras, Greece, 22–27 July 2019; p. 35.
137. Forbes, R.; Fortin, A.; de Andrade, B.H.; Sa, L. Exploring the Feasibility of Water Resource and Recovery
Facility (WRRF) Biogas Utilization in Brazil. Proc. Water Environ. Fed. 2018, 2018, 4090–4101. [CrossRef]
138. Felca, A.T.A.; Barros, R.M.; Tiago Filho, G.L.; dos Santos, I.F.S.; Ribeiro, E.M. Analysis of biogas produced by
the anaerobic digestion of sludge generated at wastewater treatment plants in the South of Minas Gerais,
Brazil as a potential energy source. Sustain. Cities Soc. 2018, 41, 139–153. [CrossRef]
139. Ornelas-Ferreira, B.; Lobato, L.C.S.; Colturato, L.F.D.; Torres, E.O.; Pombo, L.M.; Pujatti, F.J.P.; Araújo, J.C.;
Chernicharo, C.A.L. Strategies for energy recovery and gains associated with the implementation of a
solid state batch methanization system for treating organic waste from the city of Rio de Janeiro—Brazil.
Renew. Energy 2020, 146, 1976–1983. [CrossRef]
140. Krupp, M.; Schubert, J.; Widmann, R. Feasibility study for co-digestion of sewage sludge with OFMSW on
two wastewater treatment plants in Germany. Waste Manag. 2005, 25, 393–399. [CrossRef]
141. Syed-Hassan, S.S.A.; Wang, Y.; Hu, S.; Su, S.; Xiang, J. Thermochemical processing of sewage sludge to
energy and fuel: Fundamentals, challenges and considerations. Renew. Sustain. Energy Rev. 2017, 80, 888–913.
[CrossRef]
142. Associação Brasileira de Cimento Portland (ABCP, Brazilian Portland Cement Association). 2019. Panorama
do Coprocessamento 2019—Ano Base 2017 (2019 Coprocessing Outlook—Base Year 2017). Available online:
https://abcp.org.br/wp-content/uploads/2019/11/Panoramaco_processamento_2019_v2-bx.pdf (accessed on
11 March 2020).
143. AFNOR. Caracterisation des Boues- Bonne Pratique pour le Séchage des Boues; Technical Report FD X33-047;
AFNOR: Paris, France, 2008.
144. Arlabosse, P.; Ferrasse, H.; Lecomte, D.; Crine, M.; Dumont, Y.; Léonard, A. Eﬃcient Sludge Thermal
Processing: From Drying to Thermal Valorization. In Modern Drying Technology; Wiley-VCH: Weinheim,
Germany, 2012; Volume 4, pp. 295–329. ISBN 9783527631681.
145. Husillos Rodríguez, N.; Martínez-Ramírez, S.; Blanco-Varela, M.T.; Donatello, S.; Guillem, M.; Puig, J.; Fos, C.;
Larrotcha, E.; Flores, J. The eﬀect of using thermally dried sewage sludge as an alternative fuel on Portland
cement clinker production. J. Clean. Prod. 2013, 52, 94–102. [CrossRef]
146. Nadal, M.; Schuhmacher, M.; Domingo, J.L. Cost-beneﬁt analysis of using sewage sludge as alternative fuel
in a cement plant: A case study. Environ. Sci. Pollut. Res. 2009, 16, 322–328. [CrossRef] [PubMed]

Water 2020, 12, 3466

32 of 35

147. Lv, D.; Zhu, T.; Liu, R.; Lv, Q.; Sun, Y.; Wang, H.; Liu, Y.; Zhang, F. Eﬀects of co-processing sewage sludge in
cement kiln on NO, NH3 and PAHs emissions. Chemosphere 2016, 159, 595–601. [CrossRef]
148. Xu, J.; Ping, L.; Cao, H.; Liu, W.; Gu, Y.; Lin, X.; Huang, J. Application status of co-processing municipal
sewage sludge in cement kilns in China. Sustainability 2019, 11, 3315. [CrossRef]
149. Rulkens, W. Sewage sludge as a biomass resource for the production of energy: Overview and assessment of
the various options. Energy Fuels 2008, 22, 9–15. [CrossRef]
150. Bertanza, G.; Baroni, P.; Canato, M. Ranking sewage sludge management strategies by means of Decision
Support Systems: A case study. Resour. Conserv. Recycl. 2016, 110, 1–15. [CrossRef]
151. Zabaniotou, A.; Theoﬁlou, C. Green energy at cement kiln in Cyprus-Use of sewage sludge as a conventional
fuel substitute. Renew. Sustain. Energy Rev. 2008, 12, 531–541. [CrossRef]
152. Kääntee, U.; Zevenhoven, R.; Backman, R.; Hupa, M. Cement manufacturing using alternative fuels and the
advantages of process modelling. Fuel Process. Technol. 2004, 85, 293–301. [CrossRef]
153. Cornel, P.; Schaum, C. Phosphorus recovery from wastewater: Needs, technologies and costs.
Water Sci. Technol. 2009, 59, 1069–1076. [CrossRef]
154. Wong, P.Y.; Cheng, K.Y.; Kaksonen, A.H.; Sutton, D.C.; Ginige, M.P. A novel post denitriﬁcation conﬁguration
for phosphorus recovery using polyphosphate accumulating organisms. Water Res. 2013, 47, 6488–6495.
[CrossRef] [PubMed]
155. Batista, J.R.; Jeong, H. Prediction of struvite formation potential in EBPR digested sludges. In Proceedings
of the Water Environment Federation (WEFTEC 2006), Dallas, TX, USA, 22–25 October 2006; Volume 2006,
pp. 5185–5196.
156. Kataki, S.; West, H.; Clarke, M.; Baruah, D.C. Phosphorus recovery as struvite from farm, municipal and
industrial waste: Feedstock suitability, methods and pre-treatments. Waste Manag. 2016, 49, 437–454.
[CrossRef] [PubMed]
157. Tomei, M.C.; Stazi, V.; Daneshgar, S.; Capodaglio, A.G. Holistic Approach to Phosphorus Recovery from
Urban Wastewater: Enhanced Biological Removal Combined with Precipitation. Sustainability 2020, 12, 575.
[CrossRef]
158. Moretti, S.M.L.; Bertoncini, E.I.; Vitti, A.C.; Alleoni, L.R.F.; Abreu-Junior, C.H. Concentration of Cu, Zn,
Cr, Ni, Cd, and Pb in soil, sugarcane leaf and juice: Residual eﬀect of sewage sludge and organic compost
application. Environ. Monit. Assess. 2016, 188, 163. [CrossRef] [PubMed]
159. Khadra, A.; Ezzariai, A.; Merlina, G.; Capdeville, M.-J.; Budzinski, H.; Hamdi, H.; Pinelli, E.; Haﬁdi, M.
Fate of antibiotics present in a primary sludge of WWTP during their co-composting with palm wastes.
Waste Manag. 2019, 84, 13–19. [CrossRef] [PubMed]
160. Di Maria, F.; Sordi, A.; Cirulli, G.; Micale, C. Amount of energy recoverable from an existing sludge digester
with the co-digestion with fruit and vegetable waste at reduced retention time. Appl. Energy 2015, 150, 9–14.
[CrossRef]
161. Di Maria, F.; Sordi, A.; Cirulli, G.; Gigliotti, G.; Massaccesi, L.; Cucina, M. Co-treatment of fruit and vegetable
waste in sludge digesters. An analysis of the relationship among bio-methane generation, process stability
and digestate phytotoxicity. Waste Manag. 2014, 34, 1603–1608. [CrossRef]
162. Rouhollahi, Z.; Ebrahimi-Nik, M.; Ebrahimi, S.H.; Abbaspour-Fard, M.H.; Zeynali, R.; Bayati, M.R. Farm
biogas plants, a sustainable waste to energy and bio-fertilizer opportunity for Iran. J. Clean. Prod. 2020, 253,
119876. [CrossRef]
163. Uusitalo, A.; Uusitalo, V.; Grönman, A.; Luoranen, M.; Jaatinen-Värri, A. Greenhouse gas reduction potential
by producing electricity from biogas engine waste heat using organic Rankine cycle. J. Clean. Prod. 2016, 127,
399–405. [CrossRef]
164. Visedo, G.; Marcelo, P.C. Roadmap Tecnológico do Cimento: Potencial de Redução das Emissões de
Carbono da Indústria do Cimento Brasileira Até 2050 (Technological Cement Roadmap: Potential to
Reduce Emissions Carbon Emissions from the Brazilian Cement Industry by 2050). Available online:
http://snic.org.br/noticias-ver.php?id=28 (accessed on 3 December 2019).
165. United Nations Environment Programme (UNEP). Technical guidelines on the environmentally sound co
processing of hazardous wastes in cement kilns. In Proceedings of the Conference of the Parties to the Basel
Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal Tenth
meeting, Cartagena, Colombia, 17–21 October 2011.

Water 2020, 12, 3466

33 of 35

166. CETESB (Environmental Agency of the State of Sao Paulo). Estudo de Baixo Carbono Para a Indústria de Cimento
no Estado de São Paulo de 2014 a 2030 (Low Carbon Study for the Cement Industry in the State of São Paulo from
2014 to 2030). 2018. Available online: URLhttps://cetesb.sp.gov.br/proclima/wp-content/uploads/sites/36/2018/09/
CIMENTO-PUBLICA%C3%87%C3%83O_on-line.pdf (accessed on 30 November 2020).
167. Saad, D.; Byrne, D.; Drechsel, P. Social perspectives on the eﬀective management of wastewater.
In Physico-Chemical Wastewater Treatment and Resource Recovery; InTech: London, UK, 2017; pp. 253–267.
168. Martins, E.S.C.S. Efeito do Armazenamento Sobre as Características de Urina e Águas Amarelas (Eﬀect of
Storage on Urine and Yellow Water Characteristics). Master’s Thesis, State University of Paraiba, Campina
Grande, Brazil, 2016.
169. Delanka-Pedige, H.M.K.;
Munasinghe-Arachchige, S.P.;
Abeysiriwardana-Arachchige, I.S.A.;
Nirmalakhandan, N. Wastewater infrastructure for sustainable cities: Assessment based on UN
sustainable development goals (SDGs). Int. J. Sustain. Dev. World Ecol. 2020, 1–7. [CrossRef]
170. Aguasan. Circular Economy—Transforming Waste into Resources: From Linear to Circular Water and Sanitation
Models; Swiss Agency ford Development and Cooperation: Spiez, Switzerland, 2017; pp. 1–6.
171. Kurian, M. The water-energy-food nexus. Environ. Sci. Policy 2017, 68, 97–106. [CrossRef]
172. Andersson, K.; Otoo, M.; Nolasco, M. Innovative sanitation approaches could address multiple development
challenges. Water Sci. Technol. 2018, 77, 855–858. [CrossRef] [PubMed]
173. Marttunen, M.; Mustajoki, J.; Sojamo, S.; Ahopelto, L.; Keskinen, M. A Framework for Assessing Water
Security and the Water–Energy–Food Nexus—The Case of Finland. Sustainability 2019, 11, 2900. [CrossRef]
174. Ramôa, A.R.; McConville, J.; Lüthi, C.; Matos, J.S. Use of process guides for comprehensive urban sanitation
technology decision-making: Practice versus theory. Water Policy 2018, 20, 158–174. [CrossRef]
175. Allesch, A.; Brunner, P.H. Material Flow Analysis as a Decision Support Tool for Waste Management: A
Literature Review. J. Ind. Ecol. 2015, 19, 753–764. [CrossRef]
176. Yiougo, L.S.A.; Spuhler, D. SSWM (Sustainable Sanitation and Water Management Toolbox). Stakeholder
Identification. Available online: https://sswm.info/ar/sswm-university-course/module-4-sustainable-water-supply/
further-resources-water-sources-software/material-flow-analysis-%28mfa%29 (accessed on 5 May 2018).
177. Krause, A.; Rotter, V.S. Linking energy-sanitation-agriculture: Intersectional resource management in
smallholder households in Tanzania. Sci. Total Environ. 2017, 590–591, 514–530. [CrossRef]
178. Brazil. Resolução n◦ 687. (Joint Resolution No. 687). Brazil. 2015. Available online: https://microinversor.
com.br/resolucao-normativa-687-aneel/?v=9a5a5f39f4c7 (accessed on 7 July 2020).
179. MAPA (Ministério da Agricultura, Pecuária e Abastecimento or Ministry of Agriculture, Livestock and
Supply). 2006. Instrução Normativa SDA n◦ 27. (Normative Instruction N. 27). Brazil. Available online:
https://www.legisweb.com.br/legislacao/?id=76854 (accessed on 20 January 2020).
180. MAPA (Ministério da Agricultura, Pecuária e Abastecimento or Ministry of Agriculture, Livestock
and Supply). 2009. Instrução Normativa SDA/MAPA n◦ 25. (Normative Instruction N. 25).
Brazil. Available online: http://sistemasweb.agricultura.gov.br/sislegis/action/detalhaAto.do?method=
recuperarTextoAtoTematicaPortal&codigoTematica=1229186 (accessed on 20 January 2020).
181. MAPA (Ministério da Agricultura, Pecuária e Abastecimento or Ministry of Agriculture, Livestock
and Supply). 2016. Instrução Normativa SDA n◦ 7. (Normative Instruction No. 7). Brazil.
Available online: https://www.lex.com.br/legis_27129277_INSTRUCAO_NORMATIVA_N_7_DE_12_DE_
ABRIL_DE_2016.aspx (accessed on 24 January 2020).
182. Ministry of the Environment. Resolução n◦ 153. (Joint Resolution No. 153). Brazil. 2013. Available online:
http://www.cnrh.gov.br/aguas-subterraneas/1715-resolucao-153-recarga/ﬁle (accessed on 30 March 2019).
183. Miranda-Sampaio, L. Tendências recentes da espacialização das indústrias e serviços em São Paulo e no ABC
paulista (Recent trends in the spatial distribution of industries and services in São Paulo and ABC paulista).
Econ. Soc. Territ. 2015, 15, 483–515.
184. National Agency for Petroleum, Natural Gas and Biofuels. Resolução n◦ 685 (Joint Resolution No. 685).
Brazil. 2017. Available online: http://legislacao.anp.gov.br/?path=legislacao-anp/resol-anp/2017/junho&
item=ranp-685--2017 (accessed on 10 March 2019).
185. National Water Agency (ANA). Resolução n◦ 744. (Joint Resolution No. 744). Brazil. 2017. Available online:
http://arquivos.ana.gov.br/resolucoes/2017/744-2017.pdf. (accessed on 10 April 2019).

Water 2020, 12, 3466

34 of 35

186. Página Rural (Rural Page). SP: Agricultura Resiste no Grande ABC (SP: Agriculture Resists in Greater ABC)
2005. Available online: http://www.paginarural.com.br/noticia/24485/sp-agricultura-resiste-no-grande-abc
(accessed on 10 March 2019).
187. Rostichelli, M. Entre a Terra e o Asfalto: A região Metropolitana de São Paulo no contexto da Agricultura
Urbana (Between Earth and Asphalt: The Metropolitan Region of São Paulo in the context of Urban
Agriculture). Master’s Thesis, in Geography. University of Sao Paulo, São Paulo, 2013.
Lei n◦ 5.316 (Law No.
5316).
Brazil.
2015.
Available online:
188. Sao Caetano do Sul City.
https://leismunicipais.com.br/a/sp/s/sao-caetano-do-sul/lei-ordinaria/2015/531/5316/lei-ordinaria-n-53162015-aprova-o-plano-municipal-de-educacao-e-da-outras-providencias (accessed on 2 June 2019).
189. Sao Paulo City. Lei n◦ 16.174 (Law No. 16174). Brazil. 2015. Available online: https://www.legisweb.com.br/
legislacao/?id=283663 (accessed on 15 February 2020).
190. Sao Paulo State Government. Decreto n◦ 58.107 (Decree No. 58107). Brazil. 2012. Available online: https:
//www.al.sp.gov.br/repositorio/legislacao/decreto/2012/decreto-58107-05.06.2012.html (accessed on 5 May 2019).
191. Sao Paulo State Water and Sewage Services Company (SABESP) Sustainability Report 2018.
Available online: http://site.sabesp.com.br/site/uploads/ﬁle/relatorios_sustentabilidade/sabesp_rs_2018_
portugues.pdf (accessed on 6 July 2019).
192. Tchobanoglous, G.; Stensel, H.D.; Tsuchihashi, R.; Burton, F.; Abu-Orf, M.; Bowden, G.; Pfrang, W. Metcalf &
Eddy/AECOM: Tratamento de Eﬂuentes e Recuperação de Recursos (Wastewater Treatment and Resource Recovery),
5th ed.; AMGH Editora Ltd.: Porto Alegre, Brazil, 2015; p. 2008.
193. Brazil (National Environment Council-CONAMA). Resolution Number 499 of National Environment
Council of 6 October 2020. Licenciamento de co-processamento de resíduos em fornos rotativos
de produção de clínquer (Licensing of co-processing of waste in rotary kilns for clinker production).
Available online: https://www.in.gov.br/en/web/dou/-/resolucao-conama/mma-n-499-de-6-de-outubro-de2020-281790575 (accessed on 1 November 2020).
194. Brazil Resolution number 316 of National Environment Council (CONAMA) of 29 October 2002. Dispõe Sobre
Procedimentos e Critérios Para o Funcionamento de Sistemas de Tratamento Térmico de Resíduos (Provides
for Procedures and Criteria for the Operation of Thermal Waste Treatment Systems). Available online:
https://www.legisweb.com.br/legislacao/?id=98287 (accessed on 2 October 2019).
195. Brazil Resolution number 436 of National Environment Council of 22 December 2011. Estabelece os Limites
Máximos de Emissão de Poluentes Atmosféricos Para Fontes Fixas Instaladas ou Com Pedido de Licença de
Instalação Anteriores a 02 de Janeiro de 2007 (Establishes Maximum limits for Emissions of Atmospheric
Pollutants). Available online: https://www.normasbrasil.com.br/norma/resolucao-436-2011_114141.html
(accessed on 20 January 2020).
196. Cao, H.; Liu, J.; Xu, J.; Liu, W.; Huang, X.; Li, G. The Property of Lime Sewage Sludge and its Inﬂuence on
Co-Processing in Cement Kilns. Pol. J. Environ. Stud. 2016, 25, 959–971. [CrossRef]
197. CETESB (Environmental Agency of the State of Sao Paulo). Norma Técnica n◦ P4. 263, de Dezembro de 2003
(Technical Standard No. P4. 263 of December 2003). Procedimento para Utilização de Resíduos em Fornos de
Produção de Clínquer (Procedure for Using Wastes in Kilns for Clinker Production). 2003. Available online:
https://cetesb.sp.gov.br/camaras-ambientais/wp-content/uploads/sites/21/2013/12/P4_263.pdf (accessed on
4 December 2020).
198. Favaro Junior, D. Co-Processamento de Resíduos Industriais em Fornos de Clínquer (Co-Processing of Industrial
Waste in Clinker Kilns); Cia de Cimento Itambé: Balsa Nova, Brazil, 2018.
199. Hannoun, G. Energetic potential and environmental assessment of solid wastes as alternative fuel for cement
plants. Appl. Ecol. Environ. Res. 2019, 17, 15151–15168. [CrossRef]
200. Kim, H.-W.; Han, S.-K.; Shin, H.-S. The optimisation of food waste addition as a co-substrate in anaerobic
digestion of sewage sludge. Waste Manag. Res. 2003, 21, 515–526. [CrossRef] [PubMed]
201. Leite, T.A. Compostagem termofílica de lodo de esgoto: Higienização e produção de biossólido para uso
agrícola (Thermophilic composting of sewage sludge: Cleaning and production of biosolids for agricultural
use). Master’s Thesis, University of Sao Paulo, São Paulo, Brazil, 2015.
202. Leite, V.D.; Barros, A.J.M.; Menezes, J.M.C.; de Sousa, J.T.; Lopes, W.S. Codigestão anaeróbia de resíduos
orgânicos. Rev. DAE 2017, 65, 35–46. [CrossRef]
203. Modaresi, Z.K.; Karimi, G.; Mowla, D. Study of co-combustion of dried sewage sludge with coke:
Thermogravimetric assessment and gaseous emissions. J. Environ. Chem. Eng. 2019, 7, 102871. [CrossRef]

Water 2020, 12, 3466

35 of 35

204. Rahman, A.; Rasul, M.G.; Khan, M.M.K.; Sharma, S. Recent development on the uses of alternative fuels in
cement manufacturing process. Fuel 2015, 145, 84–99. [CrossRef]
205. Rizk, M.C.; Bergamasco, R.; Tavares, C.R.G. Anaerobic Co-digestion of Fruit and Vegetable Waste and Sewage
Sludge. Int. J. Chem. React. Eng. 2007, 5. [CrossRef]
206. Sao Paulo (State). Resolution of Secretary of the Environment N. 38 of May 31, 2017; Secretary of Environment of
the State of Sao Paulo: Sao Paulo, Brazil, 2017.
207. Sosnowski, P.; Klepacz-Smolka, A.; Kaczorek, K.; Ledakowicz, S. Kinetic investigations of methane
co-fermentation of sewage sludge and organic fraction of municipal solid wastes. Bioresour. Technol.
2008, 99, 5731–5737. [CrossRef]
208. Udaeta, M.E.M.; Medeiros, G.A.; da Silva, V.O.; Galvão, L.C.R. Basic and procedural requirements for energy
potential from biogas of sewage treatment plants. J. Environ. Manag. 2019, 236, 380–387. [CrossRef]
209. Flaga, A. The Aspects of Sludge Thermal Utilization. Available online: https://pdfs.semanticscholar.org/18ce/
db07850fd28afc5695ed1f8497a1c6687355.pdf (accessed on 9 February 2020).
210. CSBio. Bioenergia (Bioenergy). 2019. Available online: http://csbioenergia.com.br/portfolio/videos/
(accessed on 30 November 2020).
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
aﬃliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Supplementary Material

A Framework for Sustainable Planning and DecisionMaking on Resource Recovery from Wastewater:
Showcase for Sao Paulo Megacity
Mariana C. Chrispim 1,2, Fernanda de M. de Souza 2, Miklas Scholz 1,3,4,* and Marcelo A. Nolasco 2
Supplementary material 1: List of data requested by the wastewater treatment plant managers. It
refers to the period between 01/07/2016 and 30/06/2017 for one treatment plant.
1. General data
-General information - historical data of the WWTP (e.g., year of the start of operation, possible
changes or extension…).
-What is the percentage of different contributions from generators (sources) that make up the
sewage received by the plant? (e.g. domestic, industrial, commercial, hospital)*.
-Flow chart of the treatment processes.
-Detailed description of the treatment steps - all the operational units (including the sludge line).
-Capacity- wastewater flow rate of the project (L/s).
-Current wastewater flow rate (L/s).
2. Monitoring data
-Raw wastewater flow rate that enters the WWTP (m³/day).
-Hydrographs of flow rate (variation during the day and the year).
-Flow rate in each treatment unit*.
-Volume of treated wastewater (m³/month).
-Raw data of concentrations of monitored parameters (COD filtered and not filtered, BOD,
phosphorus, nitrogen series- NH3, NO3, VSS…) in the entrance of the WWTP and the exit of each
treatment unit. Specify if the sample is punctual or compound (24h), day, and time of sample
collection**.
-Location of sampling points.
-Mass balances existing for the studied period.
2.1. By-products
-Volume of course solid waste removed per day or monthly.
-Volume of grit removed daily or monthly.
-Volume of scum generated daily or monthly.
-Volume of sludge produced daily in each process of sludge treatment (e.g. primary settling
tank) and its solid content.
2.2. Indicators
-Volume of chemical reactants used per month in each step of treatment (e.g. sludge
conditioning and disinfection of effluent).
-Volume of produced biogas and data about its composition and volume produced per kg of
COD removed**.
-Mean consumption of potable and non-potable water per month (e.g. reclaimed water for
internal purposes in the WWTP or external purposes, and specify the purposes)**.
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-Electricity consumption per month (points of energy consumption and points of energy
generation)**.
- Volume of treated effluent that is directed to the Aquapolo project.
- Volume of treated sewage that is discharged into the river.
Note: The data marked with one asterisk was not provided by the company because there was
no measurement of these parameters. The item marked with two asterisks was partially provided.
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Supplementary Material 2: Further information in the framework application
1. Text SM2 – 2A Methods (Step 3 of the framework)
Many techniques allow the assessment of environmental impacts of WWTP, such as LCA,
Benchmarking, indicators, Carbon Footprint and Water Footprint, Material Flow Analysis, among
others. Material Flow Analysis allows the assessment of a current status/situation and on a
spatial/regional scale, and is considered an excellent instrument for public policy decision-making,
as well as encouraging sustainable approaches, for example, planning and choosing strategies for
resource recovery [175]. Material Flow Analysis approach is similar to the Step 3 of the proposed
framework.
In this study, steps from 1 to 3 (of Material Flow Analysis-MFA) were done: the identification of
the key (material flow related) issues; system analysis (selection of the relevant matter, processes,
indicator substances (elements), and system boundaries); and quantification of mass flows and
concentrations of indicator substances [37, 176]. The system analysed was the WWTP ABC.
Table A presents the main characteristics of the MFA for this study to meet step 3 of the
framework. The table was based on the structure proposed by Krause and Rotter [177].
Table A- Characteristics of the Material Flow Analysis of WWTP ABC
Defining element

Description of the system
(i) Wastewater contains resources that could be recovered during the

Problem description

treatment processes in the WWTP; (ii) increasing demand for water,
energy and nutrients in the study area

Activities developed in the

Municipal wastewater treatment; non-potable water reuse

analyzed system
(i) to characterize qualitatively and quantitatively the flows of
Specific objective

materials in the treatment units of WWTP ABC; from this, (ii) to
recommend operational and technological strategies of resources
recovery that could be implemented.

Spatial boundary

Treatment processes of WWTP ABC

Temporal boundary

1 year

Indicators

Concentrations of COD (organic matter), N, P, wastewater flow rates
in different locations during the treatment, and reclaimed water

2. Text 2B- Results: Step 1 (description of treatment units)
The following information is based on the WWTP project and considers the final stage/expected
treatment capacity (8.5 m³/s). The plant has two course screens with space of 80 mm between bars.
Each screen has a usable width of 3 m and a thickness of 12 mm. The maximum flow rate per screen
is 6.1 m³/s. The screening material is removed and stored in containers (capacity of 3.5 m³), and then
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is transported to be disposed of in landfills. The lift station is located downstream of the coarse screen
and has the function of raise the sewage so that the sewage flow occurs by gravity in the following
units of the liquid phase of the plant until the discharge of treated effluent. This plant has two
medium screens (space of 25 mm). The maximum flow rate per screen is 6.1 m³/s. The width of the
channel is 2.6 m and the thickness of bars is 15 mm.
Another stage in the preliminary treatment is the grit chamber. In this plant, there are aerated
grit chambers and a clamshell removes the deposited grit. About 85-90% of grit material with
diameter equal or higher than 0.2 mm is captured. The plant has three grit chambers with total
volume of 3,282 m³. The air flow rate (m³/min.m) is minimum: 0.13 and maximum: 0.45.
The next step is the primary settling tank. The plant has eight primary settling tanks, which is
equivalent to a total volume of 37,800 m³. The hydraulic retention time with the mean daily flow rate
is 1.14 minutes, and 0.86 minutes with the maximum hourly flow rate. There are mechanized sludge
scrapers that direct the sludge to concentration wells, from where the sludge is pumped to the
thickeners by gravity.
The biological treatment occurs by conventional activated sludge process. There are eight
aeration tanks, which are fed with effluents from primary settling tanks plus recirculated activated
sludge from secondary clarifiers. The dimensions of the aeration tanks are: 25.5 m wide, 115 m long,
average water height of 6 m, and unit volume: 17,595 m³. Considering all tanks, the volume is 140,760
m³. Detention time is 4.32 days.
There are 14 secondary clarifiers in the plant, with a total volume of 93,016 m³. The retention
time is 2.86 hours with the mean wastewater flow rate and 2.12 hours with the maximum flow rate.
The maximum flow rate of recirculation is 32,555 m³/h.
The solid phase treatment consists in four thickeners by gravity with mechanical removal (by
pumps) of the thickened sludge and the exit of the liquid supernatant is by gravity. Also, there is a
fine screen (space of 6 mm) located upstream of gravity thickeners. There are six flotation thickeners
with dissolved air, and the exit of its liquid supernatant is by gravity. Then, the stabilization of sewage
sludge is by anaerobic digestion (in two stages). The plant has eight digesters with hydraulic retention
time of 22 days. There is a chemical conditioning of the digested sludge (with dosing of FeCl 3 and
CaO) for further dewatering by press filters. There are 150 filters with capacity of 15 m³ and operates
16h per day.
All the units of each stage of treatment did not operate all the time. During the evaluated period
there were one course screen and one medium screen, two grit chambers, four primary settling tanks,
four aeration tanks and five secondary clarifiers operating.
In this plant there is a Non-Potable Water Reuse Unity. In this unity, the effluent passes through
a basket filter system (spacing of 0.6 mm) and hypochlorite dosage. It should be noted that in the
analysed period, due to operational problems, there was no addition of hypochlorite.
3. Text 2C - Step 2
In Biritiba Mirim the agriculture is the main economic activity, and in Salesópolis agriculture is
the third more important economic activity [41]. There are 71,873 processing industries in the ABC
region and Sao Paulo city [39].
Regarding all analysed municipalities of the broader area (Group 2), the predominant economy
activity is services [41].
From the perspective of installed production competence, the economic sectors that are
considered strategic in the municipalities of ABC region in the industrial sector are: manufacturing
of parts and accessories for vehicles; manufacturing of vehicles, buses and pickup trucks;
manufacturing of plastic and rubber products; metallurgy and production of metals; chemicals
production, and in services sector: information technology; and transport and logistics [40].
Some examples of industrial complexes in this region are Brazilian Complex of Cosmetics,
Capuava Petrochemical Complex, Sertaozinho Complex of industries, and Technological Complex
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of Pottery [42]. Group 1 concentrates many vehicle companies: Volkswagen, Ford, Mercedes-Benz,
General Motors and Scania [183].
There are urban Agriculture Programs in Diadema and Santo Andre [186], with 26 community
gardens in Diadema [187], about 40 community gardens in Sao Paulo city (East zone) [44] and an
urban farm located in Mercedez-Benz factory.
4. Text 2D- Step 3
The processes of Aquapolo Project for industrial reuse are advanced treatment with disc filters
(400 microns), anoxic reactor, aerobic reactor, membrane bioreactor (with 0.05-micron pores) and
reverse osmosis [191].
Regarding Table 3, there were missing data on grit and screening material generation for four
months and three months, respectively, during the first year monitoring period due to maintenance
of these units (the facility did not measure the generation during these months.
5. Text 2E- Step 4
Most common water applications in industries are: sanitary (restroom, kitchen and others with
direct human contact), raw material (water incorporated in the final product or the water used to
obtain an intermediate product, auxiliary fluid (for cleaning or chemicals reactants and solutions
preparation), electricity generation, fluid for heating or cooling and others (e.g. irrigation of green
areas) [62].
The urban demand for non-potable urban purposes (irrigation of parks, squares, public cleaning,
clearing of rainwater galleries and sewage networks) is difficult to estimate (due to lack of
monitoring/available data) and it is variable.
6. Text 2F- Step 5
-It is worth highlighting the sludge management is complex and surpass the boundary of
WWTP.
-Other water reuse regulation is CNRH 153/2013, which establishes guidelines for aquifers
recharge.
-Examples of vehicles wash covered by the resolution n.1 (2017): cars, trains, bus, airplanes and
trucks for waste collection [68].
-The State Water Council established CRH 204 (in 2017) to complement the resolution (n.1/2017)
[67].
-Complement regarding Decree 48138- except the cases where the existence of material that is
harmful to health is confirmed.
-At the city level, Sao Paulo has the legislation 16174/2015 which establishes rules and measures
to promote water reuse for urban non-potable purposes from treated effluents and rainwater
harvesting [189]. Other example of municipal legislation is of Sao Caetano do Sul city (5329/2015)
which mentions the incentive to use reclaimed water for purposes that tolerate lower quality water,
in industry, commerce and general services, not including human consumption and food
preparation, among other activities which require potable water [188].
-There is a regulation that determines the quality of biomethane from landfills and wastewater
treatment plants (ANP -Brazilian National Agency of Petroleum, Natural Gas and Biofuels, 685/2017)
[184]. In the State of Sao Paulo, ARSESP (Regulatory Agency of Sanitation and Energy of the State of
Sao Paulo) regulates (deliberation n. 744/2017) the conditions for distribution of biomethane from
agrosilvopastoral waste, solid urban waste and sewage treatment plants. The regulation REN 687/15
(ANEEL) [178] complements the regulation 482/2012.
-The State of Sao Paulo set as a goal to increase, until 2020, the participation of 55% to 69% of
renewable energies in the final consumption of energy of the State (including biogas) [190].
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-Sewage sludge legislation includes requirements such as environmental permission of the
facility which produces the fertilizer based on sewage sludge. In comparison to previous regulations,
this regulation is more flexible; for example, it does not require analyses of some parameters such as
viruses [80].
-The standard n. 25 (MAPA, [180]) considers sewage sludge as an organic fertilizer and classifies
it in group D specifying the conditions of its composition and label (with nutrients content and
restrictions of application). According to this standard, the use of this type of fertilizer is forbidden
for pastures and cultivation of vegetables, tubers and roots, and flooded crops, as well as other crops
whose edible part encounters the soil. The standards n.27 and n. 07 (MAPA) [179, 181] establish the
maximum limits for contaminants (e.g. pathogens and heavy metals) in organic fertilizer and for soil
conditioner.
-The forecast of Municipal Plan of Sanitation of Sao Paulo includes incentive programmes for
water reuse produced by the WWTP for urban reuse, civil construction applications, and irrigation
of certain crops, practices to accelerate the reuse of biosolids, and to implement systems of biogas
recovery [85]. Biosolids are defined as the sludge treated at a level (e.g. anaerobic digestion, alkaline
stabilization and others) that allows its application for different further uses or safe disposal [192].
7. Text 2G- Step 6
-Stakeholders identified in Group B: Federal University of ABC (UFABC), Universidade
Metodista de Sao Paulo, Unifesp (campus Diadema) and University of Sao Paulo. These institutions
were identified based on CERTI [40]. Main research groups related to the field were identified:
International Reference Centre on Water Reuse (CIRRA-USP), Research Group in Water, Sanitation
and Sustainability (USP), Technologies in Environmental Sanitation group (UFABC), Bioenergy
research group (USP), Renewable Energy group (UFABC) and INOVAUFABC (innovation agency).
Some companies were identified as recovery technologies suppliers (sewage sludge treatment):
Arcori Process solutions, Estre; Oxien (energy and phosphorus recovery); Algae Biotecnologia
(microalgae solutions).
-Stakeholders group C: main local farmers associations Collectives Cooperapas (Agroecological
Cooperative of Rural farmers of Água Limpa and South Zone of Sao Paulo), APROATE (Association
of organic farmers of Alto Tietê) and Municipal Agriculture Houses, the private company BeeGreen
responsible for a vertical farm in São Bernardo city, Trade and Industrial Associations of ABC region
cities, ABISOLO (Brazilian Association of Industries of Technology in Vegetable Nutrition).
-Stakeholders group D: water resources secretaries and the River basin Committee of Alto Tietê
-subcomitee Billings Tamanduateí, Municipal secretaries of environment, Federal Superintendence
of Agriculture, Livestock and Food Supply of São Paulo, Secretary of Agriculture and Supply of the
State of Sao Paulo, the environmental regulatory agency CETESB office in Sao Paulo city (Santo
Amaro), Municipal Council for Sustainable and Solidary Rural Development. Additional
stakeholders could be mapped such as the ones for funding (Brazilian Development Bank-BNDES,
The Brazilian Innovation Agency- FINEP, donor agencies, foundations, impact investors or private
funding), and stakeholders for supporting through public awareness activities related to resource
recovery acceptance (NGOs) (e.g. Institute GEA- Ethics and Environment, and Global Sustainable
Development Association of São Bernardo do Campo).
8. Text 2H-Steps 7 to 9
-In scenario D, main processes for pre-treatment for extra drying of biosolids (dewatered sewage
sludge) are belt dryers, fluidized bed dryers and rotary dryers, disc, paddle and thin film dryers;
solar drying; or by recovering residual heat from the cement kiln for drying the biosolids [98-100].
-The estimate on thermal energy recovered by Scenario D in relation to the total energy demand
considered the data from 2013 (most recent data) regarding thermal energy consumed by the cement
industries (GJ per ton of cement), and the capacity of cement production per year in the cement
industry with kiln for clinker production (megatonnes per year), in industries which are closer to the
WWTP (in Salto de Pirapora and Votorantim cities) (data from Cetesb [166]). Considering these two
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cement industries with kiln for clinker production, the thermal energy recovered by Scenario D could
meet 2.3% of the total thermal energy demand annually.
-Besides economic benefits, resource recovery can generate societal value/benefits. For small
producers (farmers), nutrient recovery can improve their life quality, reduce their expenses with
fertilizer, and increase their production [26].
-One limitation of the study was to estimate the costs of recovery technologies due to no real
application/implementation in the area.
-Depending on the composition of struvite, other fertilizers rich in N and K may be needed to
meet the nutrient requirements based on the demand by the market in the region.
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Supplementary Material

A Framework for Sustainable Planning and DecisionMaking on Resource Recovery from Wastewater:
Showcase for Sao Paulo Megacity
Mariana C. Chrispim 1,2, Fernanda de M. de Souza 2, Miklas Scholz 1,3,4,* and Marcelo A. Nolasco 2
Supplementary material 3: Further explanation for Table 6.
1. General notes
The units of values are expressed in the Table 6 and depend on type of data, quantitative or
qualitative. For simplification reasons, the technical and environmental indicators were grouped in
one category, but these could be separated depending on the user's preference. For economic
indicators, the costs found in literature were converted to Euro (considering 1 Brazilian real equal to
0.17 euros). For institutional and political indicator, it was analysed the existence of current legislation
or if it needs to be changed for each scenario implementation. The logistics parameter was assessed
considering the logistics challenges definition mentioned by Cordell [29]. The acceptance scale was
created inspired by Laura et al. [22] and it varied from no accepted (1) to highly accepted (5).
2. Scenario A (Struvite recovery)
2.1. Technical and Environmental indicators
-Recovery potential rate: considering the processes such as Ostara pearl®, Crystallactor® and
ANPHOS® based on Desmidt et al. [102]; Egle et al. [103]. Estimate of phosphorus recovery by
struvite production for the studied plant was based on data from Jansen et al. [104], Münch and Barr
[105], Zhou et al. [106] and monitoring data from the plant, as explained in section 3.1.7.
-Technology maturity: based on data about status/scale of P recovery technologies from
Chrispim et al. [15] and Xavier et al. [107].
-Resource utilization (energy and chemical consumption): Based on Egle et al. [103], considering
the process Ostara Pearl®.
-Need for additional skilled labour: data from Stratful et al. [108]; Sikosana et al. [109].
-Quality of effluent and sludge (removal of pollutants and environmental concern): precipitation
of struvite can remove 80-90% of soluble phosphate and 20-30% of soluble ammonia [110]. P
concentration in final effluent was estimated based on the raw influent data; reduced NH 4 back-flow
results in a lower energy demand for aeration [103]; no need of reduction of heavy metals and no
organic micropollutants in the product [111].
2.2. Economic indicators
-Investment costs: rec = recovered. Data based on Egle et al. [103] and Desmidt et al. [102]
considering processes Ostara®, DHV®, PRISA®, P-RoC®, and Nuresys® treating 60 m3.hr−1
wastewater containing 120 mg.L−1 PO4-P. Egle et al. [103] calculated the annual costs (including
investment + operational costs).
-Operation and maintenance costs: The data considers Nuresys® process treating 60 m3.hr−1
wastewater containing 120 mg.L−1 PO4-P [102]. The processes from side-streams are economically
feasible [192], it should include the cost of magnesium (reactants).
-Revenue from recovery: market price of struvite [101], profit from struvite production [113];
savings due to the avoidance of unwanted struvite encrustations [103].
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-Logistics (necessary changes): easy transportation from Ahmed et al. [114]. Other cited
necessary changes were author’s assumption based on site visit and observation.
2.3. Societal indicator
-Acceptance: Estimated by authors based on Oyama [115] and Bena-Filho [116], considering
struvite fertilizer from human urine, acceptance value estimated in 4: more acceptable than
composted sewage sludge [117].
2.4. Institutional and political indicator
-Accordance to policies and legal requirements: based on consulted legislations and regulations
valid in the study region (authors’ assumption).
3. Scenario B (Sewage sludge co-composting for organic matter and nutrient recovery)
3.1. Technical and Environmental indicators
-Recovery potential rate: Nutrient content in sewage sludge from Fytili and Zabaniotou [118];
Tyagi and Lo [119]; Samolada and Zabaniotou [120]. Data about compost produced from SABESP
considering a WWTP with sewage sludge composting in Franca (Sao Paulo State, Brazil) [121]. The
estimate value is an average and was calculated based on P removal efficiency of the WWTP ABC, P
concentration in the dewatered sludge from Nascimento et al. [51] for the same plant (16.4 g/kg), and
the produced amount of dewatered sludge per day (112.9 ton) of this plant.
-Technology maturity: Based on authors experience. There are many full-scale composting
processes reported in the literature, few of them in Brazil.
-Resource utilization (energy and chemical consumption): No associated energy consumption
and 10-50% additional requirement of reagents needed for composting [22].
-Need for additional skilled labour: Based on data from Laura et al. [22] in Guatemala, 10-20%
additional personnel for operation of composting. Based on authors estimation, medium level of need
of skilled labour. Simple operation mentioned by Leite [201].
-Quality of effluent and sludge (removal of pollutants) and environmental concern: mitigation
of excess nutrients entering the environment in comparison with fossil fuel based fertilizers [12], as
the sludge is used as replacements of fertilizers, significant reduction of global warming impact (from
32.4 to -18.8 kg CO2 eq) [122]. Concern about pollutants in the sludge [123]; low production of gas
emissions [22]; leachate generation [124].
3.2. Economic indicators
-Investment costs: capital cost from Visentin [125] in Botucatu, Brazil; data cost from Tarpani
and Azapagic [94], considering an aerated composting facility in UK. The third data corresponds to
total cost based on Kacprzak et al. [126] in relation to the amount of dry matter and considering
European countries. Leite [201] states that investment costs of windrow composting are low.
-Operation and maintenance costs: from Visentin [125] based on a study in Botucatu, Brazil;
standard operating costs from Wei et al. [127]; annual operating costs from Wei et al. [127],
considering data for a windrow composting and moisture content of 70%, this cost includes cost for
maintenance and operation, labour, bulking agents, energy and contingency.
-Revenue from recovery: price of organic fertilizer refers to December 2017 from a WWTP that
produces organic fertilizer by composting in Jundiaí city, Brazil [125].
-Logistics (necessary changes): moisture values above 65% interfere with the process, calling for
sludge dewatering (>35% dry solids) prior to composting [93].
3.3. Societal indicator
-Acceptance: acceptance based on Bena-Filho [116]; bad odours concern [129].
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3.4. Institutional and political indicator
-Accordance to policies and legal requirements: based on the information gathered in Step 5
about related legislations.
4. Scenario C biogas (Co-digestion of sewage sludge and organic food waste)
4.1. Technical and Environmental indicatorsVolume of treated wastewater (m³/month).
-Recovery potential rate: VS = volatile solids. The increase on methane production was calculated
based on data from La Cour Jansen et al. [130] and Bolzonella et al. [95]. La Cour Jansen et al. [130]
evaluated co-digestion of sewage sludge with food waste. Their main result was that an increase of
17% of OLR (Organic Loading Rate, in Kg.VS/m³.day) caused an increase of 21.2% of methane yield.
Bolzonella et al. [95] concluded that an increase of 20% in OLR resulted in an increase of 50% of biogas
yield. The estimates of current methane production and production with co-digestion, and electric
power considered the following data. The methane production is around 2118.8 Nm³/day. With codigestion this value could be increased to 2565.9 Nm³/day (increase of 21%) or 3178.2 (increase of
50%, assuming 69.79% of methane in biogas). Considering it, the lower calorific value of methane
(9.97 kWh.Nm-3CH4) [139] and assuming an electric conversion efficiency of 38% [135] the electrical
power would be 405.05 – 501.71 kW. In addition, assuming 30 days off per year for system repair and
maintenance, the working hours of the biogas plant was considered as 8,000 h/year [135, 162], the
electric power would be around 3,240,385.0 – 4,013,689.1 kWh/year or 8,877.7 – 10,996.4 kWh/day.
-Technology maturity: Energy recovery from biogas to supply internal demand is an option very
spread over the world [208]. There are some examples in Brazil, WWTP Arrudas, in Belo Horizonte
and WWTP in Ribeirão Preto city [135] most of them are biogas recovery from mono-digestion. There
is an experience of co-digestion at one WWTP in Paraná State (full scale) [131] and some studies at
experimental scale [202, 205]. Authors estimated TRL as 9 for Brazilian situation.
-Resource utilization (energy and chemical consumption): Data about electricity consumption in
pre-treatment are from Edelmann et al. [132], considering a WWTP in Switzerland, the pre-treatment
with mixporter, macerator, pumps, pasteurization, stirring of the storage tank and stirring and
pumping while digesting. Data of electricity by Otto cycle engine are based on Döhler et al. [133].
Water consumption data from Edwards et al. [134].
-Need for additional skilled labour: Based on data from Brazil [135] and Wiese [136]. Based on
authors estimation, medium level of need of skilled labour.
-Quality of effluent and sludge (removal of pollutants) and environmental concern: data of
reduction of greenhouse gases emission calculated based on Edwards et al. [134], considering codigestion of sewage sludge (with 16.5 and 20% of food waste) in Australia. This reduction is
compared to the reference scenario (destination of food waste to landfill with energy use, and
anaerobic digestion of sludge, followed by energy recovery and destination of biosolid to
agriculture). Data of emissions of a similar plant are from Forbes et al. [137].
4.2. Economic indicators
-Investment costs: cost of pre-treatment is from Bolzonella et al. [95], including waste crushing,
removing ferrous materials, mixing and removal of floating part and bottom. Cost of equipment are
from Brazil [135] and Felca et al. [138] and refers to a WWTP with population equivalent of 100,000130,000 inhabitants. The equipment considered were: Otto cycle engine with 176 kW power, biogas
treatment system (bio-desulfurizer and refrigerator with activated filter - to remove H2S, moisture
and siloxanes), gas compressor, 400 m³ gasometer, biogas transport system (conductor tubes, valves
blocking, condensate removers and pressure gauges), electrical installations for the generator engine,
biogas flow measurement, biogas composition measurement, flaring system (in case of excess biogas
production). The cited studies [135, 138] did not consider co-digestion.
-Operation and maintenance costs: 50 EUR for pre-treatment of organic fraction of municipal
solid waste is from Bolzonella et al. [95]; repair and maintenance costs and biogas treatment
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maintenance costs are from Brazil [135]. The repair and maintenance costs included the control of the
starting sequence, tightness control, oil and coolant change, back pressure measurement and exhaust
gas quality, verification and replacement of spark plugs, replacement of spare parts and others. The
maintenance cost of the biogas treatment system included: replacement of activated carbon,
preventive maintenance of the bio-sulfurization and the refrigerator [135]. Other maintenance costs
are from Brazil [135] and include maintenance of electric installations, and maintenance of
equipment.
-Revenue from recovery: price of electricity based on Brazil [135], considering the electricity
produced by co-digestion (4,013,689.1 kWh/year). Avoidance of transport and disposal costs of
organic waste to landfill, considering 705 ton of organic waste per month [139].
-Logistics (necessary changes): need of storage, pre-treatment and transport of food waste
reported by Krupp et al. [140]. Biogas collection, transport and treatment system, energy recovery
unit and monitoring [135].
4.3. Societal indicator
-Acceptance: Not found. Authors assumption. There is an interest in biogas recovery as reported
in local planning documents. In addition, acceptance is not considered relevant for this scenario since
it does not affect directly the local population.
4.4. Institutional and political indicator
-Accordance to policies and legal requirements: based on the information gathered in Step 5
about related legislations.
5. Scenario D (Co-processing of sewage sludge in cement industries)
5.1. Technical and Environmental indicators
-Recovery potential rate: Heating value of dewatered sludge (dry basis) considered the data
from Syed-Hassan et al. [141], which is an average based on 32 values reported in 18 literatures, and
other references also have reported values in this range [199]. The WWTP ABC generates 112.9
tonnes/day, with a mean moisture 66.9% (37.37 tonnes/day of dry solids of sludge). Considering the
calorific power 16.05 MJ/Kg of dry solids - from Syed-Hassan et al. [141], it results in 599,786.90
MJ/day. Considering 1 kWh=3,6 MJ, the recovered energy would be 166,607.47 kWh/day.
-Technology maturity: TRL 9. There are many full-scale co-processing experiences with sewage
sludge in cement industry in China, Japan, USA [99, 148, and 196]. Data for Brazilian situation in
cement industries refer to 2017 and is from ABCP [142] -fossil fuels represent 82% of calorific value
in cement industries; sewage sludge corresponds to 0.4% of the total amount of co-processed wastes
by cement companies. In Brazil, about 70% of the installed capacity of cement industries with kilns
for clinker production are licensed for co-processing (referring to 2017) [142].
-Resource utilization (energy and chemical consumption): Drying processes have the following
requirements of energy consumption: convective dryer varies from 700 kWh to 1400 kWh per ton of
evaporated water, conductive dryer (disc, paddle and thin film) 800 kWh to 955 kWh, and solar
drying between 30 kWh and 200 kWh [143,144].
-Need for additional skilled labour: Not found. But based on authors assumption there is no
need of additional skilled personnel for sludge co-processing, especially in industries which already
perform co-processing (with other wastes). The consulted literature did not mention the demand for
skilled labour. So, we classified as low.
-Quality of effluent and sludge (removal of pollutants) and environmental concern: examples of
released contaminants during sewage sludge combustion: organo-metallic compounds and volatile
heavy metals [141] and SO2 emissions [203]; the fly and bottom ashes from sewage sludge combustion
can be incorporated into cement clinker or to return to kiln system again as raw material [99];
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reduction in sewage sludge volume, reduction in fossil fuels consumption and raw-material
consumption: Rodríguez et al. [145]; reduction of CO2 and NOX emissions [204].
5.2. Economic indicators
-Investment costs: data from Xu et al. [148] in China, depending on the processing route adopted.
In the first route (11,704 EUR), the sludge is added in the wet form (with humidity <80%) directly in
the oven from a transition chamber, with the aid of special pumps. In the second route (15,305 EUR),
the sludge is dried by direct thermal drying (humidity <30%, using the residual heat from the factory)
and added to the precalciner with the aid of a plate chain conveyor. In the third route, (more
expensive), the sludge entries into the process with humidity range <35% or <10%, passing through
indirect thermal drying and is added to the precalciner by means of plate chain conveyor [148].
Rulkens [149] states that for co-processing of biosolids, no major modifications are needed, which
eliminates the need for large investments.
-Operation and maintenance costs: first data includes CAPEX and OPEX cost for cement kiln use
of dried sludge, based on Bertanza et al. [150]; the second data refer to costs for management of
cement co-incineration from Kacprzak et al. [126] in Germany; unit refers to euro per ton of sludge
(considering dry greater than 85%).
-Revenue from recovery: data about reduction in operation costs are from Andreoli et al. [93];
data about savings are from Zabaniotou and Theofilou [151]; the cost related to fuel for cement
manufacturing varies from 20-25%, so the replacement of conventional fuels (e.g. co-processing with
alternative fuels) can reduce significantly production costs [198]; reduction in 66% of fossil fuels
consumption in cement production, and the use of ashes provided a reduction of up to 14% of rawmaterials consumption (e.g. limestone and iron ore) for clinker production [145].
-Logistics (necessary changes): adaptions to kiln exhauster [152]; transport of biosolids, dosing,
and feed adaptions [99, 100]. Sludge drying facility could be located inside the WWTP.
5.3. Societal indicator
-Acceptance: high, based on Pries [100] who interviewed cement industries in Brazil about the
use of sewage sludge for co-processing, and all of them considered sewage sludge adequate for their
production process. The only concern reported was with pathogens due to the health of their
employees. Acceptance is not considered relevant for this scenario since it does not affect directly the
local population.

5.4.Institutional and political indicator
-Accordance to policies and legal requirements: Related legislations about co-processing at
national level in Brazil (CONAMA n.499, resolutions 316 and 436) determine standards for emissions
(e.g., persistent organic pollutants and other atmospheric pollutants) in co-processing in cement
factories, and other criteria; and at state level (standard P4.263-CETESB and resolution SMA n. 38)
[193, 194, 195, 197, 206]. They do not contain specifications for sewage sludge in co-processing.
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Indicators
A
B
C
D
Recovery potential
0.53 ton/day
2.025 ton/day
9,937.05 kWh/day
166,607.47 kWh/day
Technology maturity
5
9
9
9
Resource utilization
middle
low
80,263.5 kWh/y
12,620,927.30 kWh/y
Technical and Environmental
Need for additional skilled labour
high
middle
middle
low
Positive environmental effect
moderate
significant
significant
moderate
Quality of final product
very high
high
n.a.
n.a.
Investment cost
7.2 EUR/kg
0.2 EUR/kg
572,161.5 EUR
1,623,871.2 EUR
Operation and maintenance cost
311,038.4 EUR/year
22,546 EUR/year 23,488.9 EUR/year included in the investment cost
Economic
Revenue from recovery
0.65 EUR/kg
0.015 EUR/kg
207,792.9 EUR/year
63,360 EUR/year
Logistics
middle
high
middle
low
Societal
Acceptance
high
middle
high
high
Institutional and political
Accordance to policies and legal requirements possible but insufficient
sufficient
sufficient + incentives
sufficient
Notes: n.a.: not applicable; A: Phosphorus (Struvite); B: Nutrients and organic matter (Sewage sludge co-composting); C: Energy (Biogas from co-digestion
with food waste); D: Energy (Co-processing of sludge in cement industries).

Category

Quantitative and qualitative values considered for elaboration of Figure 5.

1. Table A.
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The assessment considered the application of the scenarios in the studied WWTP.
-Recovery potential: The assessment was based on quantitative values estimated and displayed
in Table 6. For scenario C, the average between 8,877.7 – 10,996.4 kWh/day was considered. Green
values were attributed when there is a higher value of recovered resource.
-Technology maturity: Based on TRL. Green values for scenarios B, C and D due to highest TRL
and intermediate (yellow) to scenario A, due to lower TRL.
-Resource utilization: Scenarios A and B are compared in terms of energy and reactants
consumption. Scenario A was classified as middle because of more consumption of reactants (e.g.
MgCl2*6H2O). The lesser the resource utilization the more favourable the solution is. For scenarios C
and D, we considered only the electricity consumption. In scenario C, the electricity consumed by
Otto cycle engine would be 219,9 kWh/day or 80,263.5 kWh/year. For scenario D the electricity
consumption (12,620,927.30 kWh/year) refers to sludge drying process and was estimated.
Considering that the sludge should have 30% of water after drying, the amount that needs to
evaporate is 41.66 tons of water from the initial moisture (66.9% of 112.9 tons), and the mean energy
demand is 850 kWh/ton of water (based on Flaga [209]).
-Need for additional skilled labour: Based on Table 6. Low (green), middle (yellow), high (red),
because the more the need for skilled labour the more difficult and expensive to implement the
solution.
-Positive environmental effect: scale: significant (green); moderate (yellow); insignificant
(red). For Scenario A we attributed moderate while B is significant because composting has more
benefits in terms of avoided emissions, no need for disposal of sludge, reduction of global
warming, than struvite recovery scenario. Both scenarios contribute to reduce eutrophication.
Scenario C: significant, because would reduce 50-60% of GHG emissions and the digestate could
be used in agriculture. Scenario D was classified as moderate, because of possibility and
uncertainties related to emissions of pollutants during burning and reduction of GHG emissions.
- Quality of final product: scale from 1 to 5- very low (red) to very high (green). Scenario A
was assessed as very high (5) and B high (4) because there is a concern related to pollutants or
heavy metals in the compost, which is not associated to struvite product. As compost contains
micronutrients and organic matter, both scenarios were classified as favourable in this indicator.
-Investment cost: Scale: high (red), middle (yellow), low (green). Scenario A assessment was
based on the average of the values in Table 6. Scenario B was based on value from Kacprzak et al.
[126]. Scenario A was classified as middle because requires much higher investment costs than
scenario B. Regarding scenarios C and D, both were considered as middle. In Scenario C, the authors
considered the average between 750,000 EUR and 394,323 EUR, (Table 6), value within the range 500
thousand to 1 million euros. For scenario D, we considered 25 EUR/tonnes of dewatered (mean value
from Bertanza et al. [150]. Considering 112.9 tonnes per day, it results in 1,030,212.5 EUR/yearincluding capital and operation expenditures. The authors did not find the operation costs separately.
-Operation and maintenance cost: scale: low (green), middle (yellow), high (red). For scenario
A, the value was calculated based on 1.6 EUR/kg P rec (Table 6) times the recovered P per day (532.6
kg). Scenario B was based on data from Visentin [125]. The calculations for scenario C and D are as
follows. For scenario C: the estimated cost considered repair and maintenance costs, biogas treatment
and other maintenance costs (Table 6 values) 23,847.9 EUR/year. We assumed these costs as higher
due to the additional costs for organic waste pre-treatment (50 EUR/ton) (Scenario C); the authors do
not know the amount of food waste would be co-digested per day since it depends on its
characteristics, but in another Brazilian WWTP with co-digestion with a similar capacity to the
WWTP ABC, the food waste amount per day was 120 tonnes [210], which gives a rough indication of
a large amount that requires pre-treatment. For scenario D, operational costs will depend on the
drying process used to dry the sludge, we classified as middle due to the possibility of high electricity
demand for drying.
-Revenue from recovery: scale: low (red), middle (yellow), high (green). Scenario A and B:
Considering the price per kg of product, struvite is more valuable than compost (Table 6), however
considering the estimated amount produced per year, the potential revenue would be higher for
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scenario B than scenario A. The daily amount of produced sludge is much higher than supernatant
flow. So, we considered scenario B as green and A as yellow. Scenario C: based on the mean value
(Table 6). Scenario D: based on data from Hannoun et al. [199], savings of 8 EUR/h x 7920 hours of
operation of cement kilns.
-Logistics (necessary changes): low (green), middle (yellow), high (red). The lesser the necessary
changes the more favourable the scenario is. Scenario B was considered as red because it demands
more space (e.g. for composting plant, storage of compost) and partnership with organic waste
providers/generators. The assessment of scenarios C and D considered the necessary changes
presented in Table 6 and SM3.
-Acceptance: scale from 1 to 5 (no accepted to highly accepted); 1 and 2 (red), 3 (yellow), 4 and 5
(green). The more the social acceptance the more favourable the scenario is. Based on Table 6 and
SM3 information.
-Accordance to policies and legal requirements: scale: possible but insufficient (red); sufficient
(yellow), sufficient + incentives (green).
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