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SL,NO DISTRICT TAI-UK i\A},I E OF TANK B,lSIN

BANGAORE URBAN ANEKAI, ANEKAL DODDA KERE SOUTH PENNAR

2 BANOAORE URBAN ANEKAL ANEKAL RAJAN KERE SOUTH PENNAR

3 RANGAORE I]RBAN ANEKAL ARE HALLI DODDA KERE SOUTH PENNAR

4 BANCAORE URBAN ANEKAL BIDARAGERE DODDA KERE SOUTH PENNAR

5 BANGAORE URBAN ANEKAL BIDARAGUPPE AMANI KERE SOUTH PENNAR

6 BANGAORE URBAN ANEKAL BOMMASANDRA KERE SOUT}I PENNAR

'1 BANGAORE URBAN ANEKAI, AMANI BIDARAGERE SOUTH PENNAR

8 BANGAORE URBAN GUTTAHALLI BOMMANA KERE SOUTH PENNAR

9 BANGAORE URBAN ANEKAL HARAGADDE DODDA KERE SOUTH PENNAR

l0 BAN.CAORE URBAN ANEKAL HENNAGARA AMANI KERE SOUTH PENNAR

ANEKAL TIULIMANGAL DODDA KERE SOUTH PENNAR

t2 BANGAOR-E URBAN ANEKAL HUSKUR KERE SOUTH PENNAR

t3 BANCAORE URBAN ANEKAL JIGANI DODDA KERE

t4 BANGAORE URBAN ANEKAL I'ARPURA KERE SOUTH PENNAR

l5 BANCAORE URBAN ANEKAL MARSUR DODDA KERE SOTJTH PENNAR

16 BANGAORE URBAN ANEKAL MAYASANDRA DODDA KERE SOUTH PENNAR

t1 BANCAORE URBAN ANEKAL MUGALURU KODI KERE SOUTH PENNAR

I8 BANCAORE URBAN ]I{UTHANALLUR AMANI KERE SOUTH PENNAR

t9 BANGAORE I]RBAN ANEKAL PANDITANA AGRAHARA KERE SOUTH PENNAR

20 BANGAORE URBAN ANEKAL SAKALAVAR BHUJANCADASAN SOUTH PENNAR

BANGAORE URBAN ANEKAI- SARJAPURA DODDA KERE SOUTH PENNAR

22 BANGAORE URBAN ANEKAL SARJAPURA CHIKKA KERE SOUTH PENNAR

23 BANGAORE URBAN SINGENA AGRAHARA TANK SOUTH PENNAX

24 BANGAORE URBAN BANGAORE SOUTH URAMLINDINAKERE SOUTH PENNAR

25 BANCAORE URBAN BANGAORE SOUTH TTARALUR KERE SOUTH PENNAR

26 BANGAORE URBAN BANGAORE SOUTH SONNANAHALLI KERE SOUTH PENNAR

2'7 BANGAORE URBAN BANGAORE SOUTH KAYAM GUNTE SOUTH PENNAR

,9 BANCALORE URBAN BANGAORE SOUTH MAUJIKERE SOUTH PENNAR

29 BANGAORE URBAN BANGAORE SOUTH AREKERE MATTIKERE SOUTH PENNAR

30 BANGAORE URBAN BANGAORE SOUTH ITTALURU KERE SOUTH PENNAR

3l BANGAORE URBAN BANGAORE SOUTH I.IOSAXERE SOUTH PENNAR

32 BANCAORE URBAN BANGAORE SOUTH KAIENA ACRA}IARA KERE SOUTH PENNAR

33 BANGAORE URBAN BANGAORE SOUTH K{MMANATIALLI CHIKXAKERE SOUTH PENNAR

34 BANGAORE URBAN BANGAORE SOUTH KANISANDRA K-ERE SOUTH PENNAR

35 BANCAORE URBAN BANCAORE SOUTH BASAVAPURA KERE SOUTH PENNAR

36 BANCAORE URBAN ANGAORE EAST/SOI]T SOUTH PENNAR

3',? BANGAORE URBAN BANGAORE EAST GLNJT-IR URAMI,NDINAKERE SOUTH PENNAR

I

ANEKAL

BANGAORE URBAN

SOUTH PENNAR

ANEKAI

2t

ANEKAI

BELLANDUR AMMANI KERE



SL.NO TALUK NAME OF TANK BASrri

38 BANGAORE URBAN BANGAORE EAST CHOULAKERE SOUTH PENNAR

39 BANGAORE URBAN BANGAORE EAS KODATIJI DODDAKERE SOUTH PENNAR

40 BANGAORE URBAN BANGAORE EAST SULAXI]NTE DEVARA KERE SOIITH PENNAR

41 BANGAORE URBAN BAN(IAORE EAST SADARA MANCALA GRAMADA X SOUTH PENNAR

42 BANGAORE URBAN BANGAORX EAST PASALAREDDY KERE SOUTH PENNAR

43 BANGAORE URBAN BANGAORE EAST NELLORAHALLI KERE SOUTH PDNt.\AR

BANGAORE URBAN BANCAORE EAST MI,'LLURU KERE SOUTH PENNAR

BANGAORE IIRBAN BANGAORE EAST MARALAKERE SOUTH PENNAR

46 BANCAORE URBAN BANGAORE EAST MAUJI KERE SOUTH PENNAR

4'7 BANGAORE URBAN BANGAORE EAST KODIKEREA4AUJIKERE SOUTH PENNAR

48 BANGAORE URBAN BANGAORE EAST URAMUNDINAKERE SOUTH PENNAR

49 BANGAORE URBAN BANGAORE EAST KODAGIKERE SOUTH PENNAR

50 BANGAORE URBAN BANGAORE EAST HONALA KERE SOUTII PENNAR

BANGAORE URBAN BANGAORE EAST HT]DIGIDDANA KERE SOUTH PENNAR

52 BANOAORE URBAN HARALAKUNTE KERE SOUTH PENNAR

53 BANGAORE URBAN BANGAORE EAST KLINDARA}iALLI KERE SOUTH PENNAR

54 BANGAORF, t]RBAN BANGAORE EAST KAYAM CIINTE SOUTH PENNAR

55 BANGAORE T]RBAN BANGAORE EAST MADYADA KERE SOUTII PENNAR

56 BANGAORE URBAN BAGGINA DODDA KERE CAUVERY

5',l BANCiAORE URBAN ANEKAL BOMMANDA HALLI KERE CAUVERY

58 BANGAORE URBAN ANEKAL BYATARAYANA DODDI KERE CAUVERY

59 BANGAORE URBAN YELA}IANKA SRIRAMANAHALLI KERE CAUVERY

60 BANGAORE URBAN YELAI]ANKA SURADENAPURA YEKKANAKERI CAUVERY

6t BANCAORE LIRBAN YELAHANKA NELLAKUNTE KERE CAUVERY

62 YELAHANKA CHELLIHALLI KERE CAUVERY

63 BANGAORE I-IRBAN YELAHANKA DIBBURU KERE CATJVERY

64 BANCAORE URBAN YELAHANKA SURADHENUPURA DODDAKERE CAUVERY

65 BANGAORE URBAN YELAHANKA BHUDAMARANA}IALLI KERE CAUVERY

66 BANGAORE IIRBAN YELA}IANKA IIANIYUR CAUVERY

67 BANGAORE URBAN YELATIANKA KA-RALAPURA CAUVERY

68 BANGAORE URBAN YELAHANKA KAKOLA ITTIKERE CAUVERY

69 BANOAORE URBAN YELATIANKA KOLAVARAYANAHALLI KERE CAUVERY

''t0 BANGAORE URBAN YI]I-AHANKA KUMBARA}IALLI KERT CAUVERY

BANGAORE URBAN YELAI.IANKA
KALA I ITAMMAN AiIALLT
!.FDEA ID A f,,li INT'IIXI A I'EDE CAUVERY

72 BANGAORE URBAN BANGALORE NORTH GUDDADAHALLI KERE CAUVERY

'73 BANCAORE URBAN BANGAORE SOUTH NAGANAIKANAHAI-LI CAUVERY

'74 BANCAORE URBAN BANGAORE SOUTH VADDARAKERE CAUVERY

75 BANGAORE URBAN BANGAORE SOUTH RAMAPPANAKERE

76 BANGAORE URBAN BANGAORE SOUTII MANGAMMA PALYAKERE CAUVERY

11 BANCAORE URBAN BANCAORE SOUTH PALYADAKERE CAUVERY

78 BANGAORE URBAN BANGAORE EAST PAT-YAKERE CAUVERY

DISTRICT

45

5t

BANGAORE EAST

ANEKAL

BANGAORE URBAN

'11

CAUVERY
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ReNing treated waitewrrer is an emergln8 solution to address fteshwater scarcity, a.Dd suface water contaminadon
faced worldwjde A un aque large.scale wasten ater recydjnS project was implement€d to r€plenlsh groundwats by 6I-
in8 se.ondary rreated wastewater (sTw) into existinS irriSation t rlk in s€verely drouSht.hit areas of the (olar dis-

tricts of Southcm India. This study quandfier the socio-economic impacts of tiis larSe-scale indirect groundwater

r€'charge scheme. The chanSes in arcas receivin8 STW t.e., imp.cted areas and those areas whici dld not re.eive
STw i.e., non-impacted areas was sludied. Also, pre aid po6t recyclinS changes were quanrified in the (olar distict
I1le r€sults show thar surface \^,arer quality meeti lndia! most strintent Eeated wastewater dischar8e standar.ls
prercriH by the Honble National Cr€€Il Tribrmal. Due to dlese recyding efforts, sig[i6calt improv€ments i. Sround-
water le!€l ard quality were found. It yras observed that tiere wai a noticeable differenee in agricultural croppinS
arcas, seasons, palrerD5, and pmductioD beMeen imp6cted and non-impacted areas. Post-recyclin8, farmers tanded
to c1itivate cash aod water-intensive cmps over Iess water-intensive cmps. DurinS the pc*-recycliDg period, livestock
and milk prcduction also incleale4 ard in impaded areas, it wa3 signiicandy higher Post-recyding, 6sh producrion

inareaJed and land prices per hecrare increased by 118 % jn jmpacted areas. The farme/s nel income under flowers
and vegetable farminS increaied by 202 % and 150 % resp€ctively itr impacted areas col,pared to non-impact€d
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areas. Furth€rmore, this project contributes to a cirorlar economy E:ansidon in dle water s€ctor, which has economjc,.
environ$ental, social, and cu.lalual benefirs. A key reaomhendation from the ourcomes of rhe study is to alrafr and

implem€nt a policy that eftourages the reuse of recycied water {or groundwat€. recharg€ which in turn will improve
the aSro-€conomic synem ard food seorrity.

1. InEoduction

The world is facin8 challenges to rtraiaSe severe water crises because of
various factors such as population Srora'th, rapid urbanization, rural electri-
6cation, industrialization, clirrate chrnge, ard irresponsible use of natural
resolmes (Okello et al., 201 5; Shan et al.. 2020). This has prompted the pol-
icymakers to consider treated wastewater a5 a sustainable source of wat€i:
supply (Okeuo et al., 2015; Shan et a1.,2020).India is tie largest extnctor
ofSroundwater (GW) in the world, and cW is pdmarily used for agricul-
tural need.s, followed by dornestic and iDdustrial consumption (World
Bank, 2012: Suha8, 2016). India ext acts more cw than China and the
Unired Srates combined (World Bank, 2010; Chindirrkirr and Grafron,
2019). India does not otlly s1rffer from GW scarcity, bu! contamiration of
Sround and suface water has also become a matter of high concern
(Bjswas and Hartley, 2017; Dangar et al., 2021).

The dedining level of India's CW Sained the attention of multiple
stakeholdets indudinS policymal<ers, scientists, academia, national and
intemational institutions (Bera et al., 2022). This har initiated exploring
innovative, sustainable, affordable, and safe solutiors for water manage-
ment that contribute to improve the GW table (Bera et al., 2022). The
develophent and expansion ofuTastewater tieatrnent and reuse have tie
hjSh potential to sustainably develop water ecosystems, improve socio-
economic status, po6iLjvely contritflte to lhe food-water-energy cycle, and
build a cir.ular economy (Jhansi and tlishra, 2013; Sarhaiah and
Chandraselaran, 2020; Kesari et al., 2021), In various courtriei, treated
wastewater is considered an efficient and safe additional water resource
and is used to miligate water scarcity through rechargiog GW table. For
instance, lsrael (Icekon-Ta.l et a1., 2003), ESlDt (Aly Gondia etal., 2021),
Kuwait (Aleisa, 2019), Spain (Jodar-Abellar et .1., 2019), and Mexico
(Mazar:-Hiriart et al., 2008) have pioneered the technoloSy to fieat
>90 0/6 of wastewater and reuse it rnaiily for agrioitural irrigatjorL Jordan
(wHO, 2006), Sin8apore (Tortajada and Bindal,2020), ard Ausralia

Table I
Treatci wastewater reuse in differe countri€s.

((anarek dd Mi.nail 1996i
IcelsoD-Trl er !1.. 2tlo3)

tworid Bak,20r8)

Tne Dan Re8ion R.clamadon Pmjecr 60 96 4rlcdrur.l iriSatlonil0 %.
envjromental fircfi8hdn8; hcreasioS rive. flow;

Srourdwater rechar8e.
A8r,c{ltur. Irri$tion (>90,000 ha l.Dd);
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r.duce pollirMts discbaiscd inro tlE Nil€ {ive..
Treated slud8. Gisolids) us€d .! fenilizc.
IDdusrli.lp!rpo6€s;dom6tj.ur€si inlgarior;
ECha.Et l@l aguit€G d.intins wetei epplia to

lrct t
(Aly condia er al.,2021)

90 % Secorldary, biolo8ical, and teni3ry:
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on m0jor highwals and tle re$ cnmpus of Kuwait
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(ARMCAN et al., 2000) have set lhe standard,/ Sridelines to relrse treated
wastewarer for indirect ard direct cW rel:harte- In SinSapore recyded waste-

water now meets 40 ryo of Singapore's water demard (Kog, 2020) whereas in
Australia GW recharSe initjative is fu]fiIlin8 4 % of the country\ inteSrated
water supPly scheme to inclease the security of urban water (Dillon and
Aishad, 2016). Table I represents the status of these Eeated wastewater
rcuse efforts.

The practice of using untreated or partially treated wastewater for a8r!
cultural irrisation has also been historieally prevalent in India (Minhas

et a1,,2022), But India has not taken any large-scale initiative to reuse

rreated wastewater for different purposes and indirect GW recharSe. The
National Eflvironmental Engide€ring Research Institute (NEERI) ir NaSpur,

lndia conducted a pilot srudy to reuse treated municipal wastewater for
indirect c\ r recharSe by implementinS the soil aquifer teatment (SAT)

method (NEERI, 2015). The SAT ref€rs to the artificial recharge or infiltra-
tioD of wasteu,ater though tle vadose (unsaturated) zor.Ie to recharge
tle underung aquifers (Essandoh et al., 2011). Few other studies witl
the same objective and metlods were @fiied out in Ahmedabad and
Chennai to assess the potential of SAT. However, there aie no reportg
that reveal full-fledged implementation frorn anywhere in lndia (Deepa

and tcishnaveni, 2012i PackiaLkhfii et al., 2015). Recerdy, the Nationa.l

Geoph)sics l Research Institute of lrdia implemented a proSram for indirect
cvi recharge thro!8h maraged aquifer recharge. Percolatiofl tar-ks were
built through community participation to store rainwater (Nandan et al.,
2021).

A review of these works reveals major Saps in the qua[tification of the
socio-economic benefits of wastewater recydirg projects which is the
objective of d s study, I$ge-scale recyding ofsecondary teated municipal
wastewat€r (SIw) was initiated in March 201 8, io the Southem Irdian city
of BenSaluru, whicl currendy generateJ about 1480 millio! litres per day
(MLD) of STW. Under a project titled "KoramanS?la-Challaghatta Valley
(I(&C) project", nearly 440 MLD of STW from Bengaluru is being used for



'indirect GW recharSe in severe drought-hit neighbourinS areas ofBenga-
luru, i.e., Kolar disrricts. Kolar, a neighbouring district of Bengal!l.tr, had
tumed dry due to mininral or no raio for the last 10 years (CGUrB, 2016).
The GW resouces in dle Kolal districl were cateprized as "over-exploited"
and this resulted in the depletion of Ore GW table in the district (DEIAA
2020). The DEIAA, 2020 report indicates tlEt rhe cW rable in rie a-trefied
area was -35H50 m from Smund level.The persjitent drought condition
due to minimal rainfall and GW deficiency adversely impacted land r$e &
iEigating areas, cropping pattem & productivity, socio{conomic stahrs,
and mi8ration of people to BenSaluru in search of employment
(Ballukraya, 1997; Ramaiah er a1., 2017; Garg et al., 2020), The focus of
this study is to quantify the socic€conomic impact of large-scale rccycling
of STW for indirecr GW reclarge. Specifically, the objectives were i) to
detennine the impact of indirect groundwater recharge on surface water
quality, GW level, and cW quality, and ii) to determine the impact on
socio.economic development and sustainability.

The socio economic impact was quantified tly comparing the socio-
economic chanSes in the impacted lo.ations (i.e,, regions inJluenced by
STW) with that of rhe non-impacted locations (i.e., reSions not inJluenced
by STW) ofKolar and a comparative study wal also carried out between
pre ard post recydinS period of the irnpacted a.reas.

2. Material and methods

2. I . Sady areo and dE K&C voiley projprt

Kola-r district is in a semi-arid, drought-prone region located in the
sou$east of Karnatala state and covers an area of 3990 km2 with a popula-
rion of 1 .54 m ill ion. The major source of livelihood in the district is agricul-
ture and associated activities (Kolar disarict profile, 2009; Nagaraj er al.,
2003). Agriculture is mosdy dependent on rainwater, minor irrigation
tank, aDd bore\-rells. Rolar district anciently had around 3000 man-made
surface reservoirs/ranks which rvere the higheJt in Kamataka (CoK
(Govemtuent of Karnataka), 2016). The tank water was used for va-rious
purposes, such as conEolled irrigation, doElestic and livestock nee&, and
also provided GW recharge (lars Ensberg-Pedersen, 2011). With linle or
no rains o\/er the last l0 years, numerous tank ald borewells had gone
dry and tle GW table declined at alarming levels due to over-exploitatjon
(CCWB, 2016), The depth of irrigation borehole wells had reached

-250-300 m fiom dre surfa.r (Ga-rB er al., 2020).
The K&C valley project is a lar8e-scale (-440 MLD), indirect cW

recharSe project initiated in March 2018, by tle Minor lrrigation and
Grcundwater Development (MI&GW) Department of the Goveriment of
Ka.rnataka to provide relief to these persistent drought-hit area6 in the
Kolar disEicB. The project aims to fill exirtinS tanks using fiW coming
from the two seB of sTPs located in Bengaluru. This project covers five
Taluks (sub'unit of a District) in Kolar distdct namely l(olai, Srini%sapura,
Mulabagilu, Banga$pe! and Malur. As ofJuly 2022, a tolal of 137 taflks
have been filled. The distribution of STW to existing rarl6 is divided into
12 cluste$ in order to nack the supply, maintenance, and impact, A key
map of the project is provided in Fig. A.1 in appendix A. The project is
designed/implemented by erBuling safcry and awareness among the publig
for ex: a bi-linSual (lGrDada & Entlish) board is placed near each tank that
reads- "Thh h,ater is meant for indircct groundwater recharge orily". This
project was designed to provide irrigation water to -24,000 ha of land,
enhance water secuity for Kolar, reestablish plant and animal biodiveNity,
revive the rural econoDy, ard ultimately improve the quality of life.

2.2. Data collection

2.2.1. watd quaw analysis of secondary o'eated t&ter and soface 6nk
The SIW samples frorn STP and water salnples Fom surface tank

receivinS STW were collected and analysed following the standard methods
(APHA,2005), The test reJulls were compared with the most striDsent
surface rvater discharSe standards as pEscribed by lndia's The Hon'ble
National Green Tribunal (NGT) (shown in Table 3), which focuses oo the
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discharge offeated wastewater into water bodies as weil as for land dis-
posal,/applications (NGT, 2019)- All the eiSht water quality parameters as

per the Hon'ble NGT standard namely pH, biolo8ical oxygen demand
(BOD5), chemical oxygen demaod (COD), total suspended solids (TSS),

toral niEogen Cno, and ammooical nirrogen (NHa,N), phosphate phosphe
ns (POa-P) and faecal colifom werc monitored. In addition to the above
eight parameters, rhe STW and surface wat€( qualty were also compared
witi the Central Polution Control Bo.rd (CPCB, 2013) standards for
dissolved oxySen (DO), electric conductivity (EC), sodium absorption
ratio (SA.R), and Boron (B) (Table 3). All the water samples rvere tested in
Eiplcates and avera8e values alonS with standard deviation are presented

as avg. i std dev. A detailed aDalysis for heavy metals was also carded out
for the raw sewage eDtering STPS and STW usinS ICPMS (Quadrupole
ICPM- Thermo X seri€s II). An attempt was a.lso made out to analyse phar-
maceutical and personal care product5 (PCPP5) in the STW usint LCMS
(Dionex Ultimate 3000 (Thermo), micro-Lc equipped with Cl8, 150 x
4.6rn n,5Im reversed phase column- Preliminary determination on antibi-
otic resistance bacteria (ARBS) was cal:ried out using Ezy MIC- Strips
(HiMedia).

The STW reaching aI 137 surface tanls of all 12 clusters are beinS mon-
itored by tie authors, The fourth tar < in Clust6 2 i.e., Chowdenaha-lli Taili
which was one of the eailiest tanks to rective STW and is likely ro be stabi-
iized over this p€riod wal chosen as a representative tan-k for comparative
analysis. However, one repr€J€ntalive tanl( from each of the 12 clusteB is
reported itl Table B.l ofappendix B.

2.2.2. Arxlndwoter (GW) leyd oirl quoiily
To fird the impacr of SIW recyding on GW rccharSe and water quality,

Narasapum borewell which was withi, 2 km of Chowdenhalli tank was

identi6ed for this study. Historical data on cw levels and water quality
were obtained fiom the Kamataka Ground Water Audrority (KGWA) ard
precipitation data were obtained Iiom dte f\amataka State Natural Disaster
Monitoring CenE'e (}6NDMC). The parameters srudied for GW qualiry ana]-

,sis were pH, EC, total dissolved sotds (IDS), oimte CNOt), su.fate (SO: -),
phdsphate (Poa-P), rodiun (Na+), Calcium (Ca+), chloride (cl-), magne-

sium (Mg+ ), potassium ((+ ), and fluoride (F*1. ThouSh one rcpresentative
boreu.ell data is provided in the mai, tex! Gw qualitv data of 12 repreJen-
tative borewells, around n1I)l6 Cfable 8.1), for all 12 clusters is provided in
Table 8.2 of appendix B.

2.2.3. Socb <conomic $aats
Villages that are nearest (within 2-3 km) to the rar*s filled wirh STW

have been considered 'impacted" or experiencint benefits from STW

recycling and villaSes where the tank has not received STW continue to
remain statui quo of being drought-prone,/rain-fed, ate considered "non-
impacted".

To assess the socio-economic impact of the I(&C valley project, a two-
step data collection process was followed i.e., l) approachinS farmers
through a st!'uctured household survey and 2) reachinS out to different
govelnment orSanizations of Kolar distiio such as the department of agri-
cultural & horticr.rlture, depaninent of vetednary sciences, Kolar-district
co-opemtive milk produce/s societies union ltd., depar"tment of fishery
sciences and disEict surveillance office. Consecutive data for a 6-year
period, between 2016 and 2021, were collected for Kola! dist ict from
these organizations. Dala benveen 2016 and 2018 were cate8orized as

'pre-recyding' and ftat berween 2019 and 2021 aJ 'post-recyclinS' data
The present study covered 12 villaSei in tle Kolar district comprising 6

yillages liom impaded areas and 6 fiom non-impacted arcas to car'ty out a

comparative sludy to analyse the impact of the K&C valley project a-nd

irs sustainability. It was ensured that the selected impacted and non-
impacted villages were wiriin the Kolar distdct with the s..}me geoSraphi-

cal, hydrological, socio{ultural, aSro{limatig and en\4ronmental condi-
tions. The larSest distance between impacted and non-impacted areas was
just 55 k[ Ato, the impacted and non-impacted grotrps of farmers repre-
sent t,?ically the predomiDant 'small and marginal famers' (SMF, 1-2 ha
land holding) aIld have be€n carrying out a similar pattem of aSriculnfa]

3



kitu ol dE Totol Envin6t@t8s9 (2023) 160207

Fig. l. Aschen)atic framework indicatir'8 comrion and difierentjatjnS factors.

activities for a reasonably lonS period, The predominant diffelence
berw€en the impacted and noo-impacted areas was the availabi.lity of
sTw in the tanks and shallow Gw levels because of this recyclinS. A
schematic framework indicatinS the common and the differe[tiating
factors betweei irnpacted and non-impacted areas is provided in Fig. 1.

Data for the year 2021 was collected from impacted and non-impacted
study areas. The nurnb€r of farmers selected war based on the probability
proportional to the size of SMF of the 12 villa8es. The sample siz€ (n) of
farmer's household units in the study area was detemined by applying
the following formu.la (Arkin and Colton, 1950; lGdao and Bhalerao,
2010; https:/,/wl\.w.suweymookey.cory'mp/sample-size-calculator4 at
95 % ofconfideDce level, where: z = z-score (1.96), d = margio oferror
(0.05), p = estimated population prDportion (0.5, this maximize. tle sam-

pte size) and N = rotal ournber offarmeis household (1035)-

Nzrp(l -p)
rtd +ip(t-i\

AccordinS to this formula, 280 sample sizes were found to be ideal for
the random sampling method, hence a tota.l of 280 farmers were selected

for the present study. The sample dislribution of impacted and non-
impacted areas is preJented in Table 2 and a scherdatic diaSr"am of the
metiodology has been represented in Fig. 2.

Table 2
selection of s€mple farmer.

2.2.4. Q!.nionruir.
Field,/household surveys have emeaSed as a standard tool for elnpilical

research in social scimces (vehovar and lozar-lvlanfieda, 2008).In order to
achieve the obj€ctive oftie present study a questionnaire was desiSned that

iocluded 64 qucstions distributed over 4 se8ments as replesented below.

The data set chose a nearly homoSenous type of far:mels in this region
and the critical differences betlveen the Nvo Sroups v{erc only the accesx

ard availability of Gw for aSrict hue and related livelihoods.

i) Seneral information and socioeconomic starus includirg name, age,

education, occrpation, and income of the respondents.

ii) aSdcultural activities iDcludias ir ormation about land o\.oership,
aSricultural land, crop paft envdiversifi cation, crop production, source

and method of irrigatio4 no. of livestocl, milk production, labour
utiliza tior! and sources of income.

iii) lifestyle ard prope.ty enhancement indudinS the recent purchase of
household amenities, agricultural assetJ, land, refurbishment of
house, land value (pre- and pct-rerycling), and others.

iv) public, animal health, and pereptioD-related questions include
whetler the incidence of diseases mainly waterbome (cholera, diar-
rhea, tphoid, etc.) has increased durint post-recycled warcr use, r}le

status of animal healtvdisease,hortality changes during posr-

recyding, a general opinion about the neSative and positive impact of
the project and swgestioDs.

2.2,5. Doro anolysis

An independent students t-test was pedormed to verify tie statistical
significance difference in obtained data between impacted and non-

impacted areas. The results are represented as follows: (a) NS (not si8nfi-
cant) for p > 0.05, (b) "p < 0.05, (c) and **p < 0.01. The percentaSe of
change was carried out to analyse the differences between pre-and post-

Naile of vill{r Neber
of
fam€ls
hoEhdd

Suple Nde of v rage

35
30
15
20
25

30
25
25
20
l5
25

chowd.n hsll
Doddvallabbi

130
100
80
85
90
70

Bai)€pp3nahalli 105
lnaralute 70
MdNn.parli 85
Ra)tlapad 70
Chill.Japaui 60
Beema8.oapali 90

T..hoolo$,' Entltuhh.ll.t

> Ltig"rion r"h"oL''!r- > cli'n'r'

> rjl,nrr hrd,,riit,il)itnv > Rrnr tillp.r.d
> A8riNltuhl ,.eor,!$ > r\nrbient

> M.r)r.l .uil/nriliy l.NPemtorc

' > Soilry?.

Impacted Aren Conrmon Faclors

So.lo..o..nn. &

> Pop!1DIi.n d.Nil-a

> Crnrl..r disribuion

> Arailibih)' ot sr{ i,r h,ll
rhrolaL o.r rtu r.or

> Snilb\Y grotr \ni.' lxbl!

NoD-Imp:rcted .trt,

dLd,,g mn,y s.*oo orly

> A$llibiiirv.fwd.r

> Deep !r.ud\olrr rihl.

> Los'N .r n.tr,iry

the questionnaire was structffed to be precise on "open and closed'

ended questions", and mlltiple-choice questions to obtain specific data
points. The household srwey was cond[cted by administmting a question-

mire from March 2022-May 2022. Verba.l infomed consent was obtaifled

from respondents before adminiJtering the questionnaire and the purpose

of the study was conveyed (Lawton er al.. 2017i Roy et al., 2018). Head

of the fa.rnilies in the study areas wer the primary respondents.
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Data Collection

rig. 2. Schcmatic diaSram of (he methodolo8y.

Tabl€ 3
Water quality of secondary Eeated wa!e, and surface tank

recyclinS data of Kolar district by taldng an average of 3 years for every

8rotlp.

3. Results and discussion

3.1, Physio-chanical ond microbiologicol anolysis ol secondary teated v,'atet
ond,facewotPr

The resulr of the physio-chemical and microbiological analysis of STw
a! tie oudet of STP and suface water of ChowdeDaialli tal* is pres€nted
in Table 3. It indicates that STW from SIPS and Chowdenahalli raik were
meetinS the Hon'ble NcT standard (except for faecal coliform ir SI'W) to

dlspose of the water into water bodies and for land dis?osal,/applications
(NGT, 2019). The results were also meetinS three important cdteria of
tie CPCB "DesiSnared best user ofwater'i.e., barhinS water quality (B),
propagarion of wildlife and ffsheries (D), and irrigation (E).

3.2. Analysis of heity ne|3ls, personal core, and phomaceuti.ol producB
(PCPPS)

Giveri the risks of healy metals on human health, heavy metal is being
monitored regularly, not only i, the STW Senerated in STPS bur also in mw
sewaSe enterinS STk. Table 4 gives a q?ical analysis of the hea ry meels in
the raw sewage entering the STPs and STW beinS supplied from the STPS to
the taJl.lis. As can be seen from Table 4, both the raw sewage and STW meet
the existinS drinling water standards IS I 0500 fo! heavy merals (Rao et al.,
2021). The sTw has bee! constandy monitored for healy meral coDtent
and has been repolted ro be within acceptable limits (sin8h, 2020).

It is important to note tha! based on the anal)sis ofheavy metals in raw
sewage and STW at the STPS, it is clear tiat tlere are no sedous tireaB to
human health as far as heary metals are concemed. Fultler, the sewa8e

generated underyoes a four-layered purification process namely 1. an an-

aerobic stage during itr conveyance in the seweraSe system, 2. a conven-
tional aerobic sewage treaunent system that heets the NGT standards
(NCT,2019) (Table 3), 3. a > 14 days residence uEle in conlac! with
algal slstem in the open water body and 4. a long passaSe over hundrcds
of meters of soil contact b€fore recharging GW. This Breatly enhances the
potenaial for nearly complete biodeSradation of the slow-to-degrade
PCPPS (Narain-Ford er al., 2020). Studies on PCPPS for these locations
aJ€ underway and preliminary results indlcate that comrnon PCPPS such

as Ibubrofen, Diclofenac, Azithromycin, Ciprofl oxacir, Cedrizine, alrd
Triclosan were alrseDt in tie STW.

j.3, Inpo.t on gm@dwotzr level ond qualiry

Fig. 3 t€presentJ the historical OW level ofNarsapura borewell which
was in the nearby viciniry (wirhin 2 km) of inrpacted Chowdenahalli
tank. It cao be observed ftom Fig. 3 that the depth of the water level in
the Narsapura borewell was approximately 18 mbtl in (Jan-May) 2019

'Hontle
NGT

'?cPcB STWfiom Chowderahlll

otSTP

PH
BOD5 (@20 C)

(tn8./l)
COD (m&/l)
Tss (nEll)
TN (D8.,4)

NH.-N (turl)

(MPN/I00 rn)
POr P (rtrS,4)

DO (m8./l)
EC (@25 'C, !r/on)
SAR (mEq,4)

B (nl&/t)

6.5-9.0
l0

6.5-a.5^'E 7.6
911.0

7.4
3.7 I 0.a

50
lo
10

<230

NS

NS

NS

r.*
s 5o^, s 5o0!
i 5000c
NS

8!2.2
7.4 = 2.5
4.6 1 0.8
280 I 20

6.5 = 1.5
1.5 i 0.1
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190 I 26

0.8 t 0.3
4.5

707
9.3
1.2 t 0.{

0.3 t 0.08
4.5 a 2.1

587 1 2!.5
3-l l t.0
0.5 10.18

2250

souice: tNcr. 2ol9; cPcB, 2or3 cpcb.nic.ir
lvole A: Drinking Water Souce without conventional trerun€flt but after disinfee-

tioD; B-Outdoor Barhing; c: Drinkil8 water source alter con!'entioral treaonenr
aod disinfeclioni D-Pmpagation ofWildlile and Fisheries; E-IrrigadorL Industrial
CooIinS, controlled waste disposal.
NS: not specifie4 sAR-sodiw) absorption rado; DG dissolved oxySerl

I
NS
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Agriculhre, hcrllh,
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h[slrandD rnd
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,, Sodo+coro|lrlc shtus
la[d [!e & coYlragr, cropplng
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and Cl- by (52 %) when compared with pre rec.vcling phase. Tbe concen-
t ation ofcations was also reduced where a reduction in Ca 

+ concentratlon

was by 22 o/o, Na+ by 13 %, Mg+ by 36 o , snd r+ by 56 0,6. It can be

concluded that the wate! qua.lity parameters imprcved due to the rnove-
ment of water frcm the sudac€ lank and through infilEation into the soil,
where tle wateJ percolares downward deep in the soil ard fufiher reaches

the water table, and also due to the dilution factor. Ana.l)"zing the GW qual-

ity is importart as it detemines its suitability for re6e in irriSation- Bekele

et al. (2011) have reponed reductions in phosphorous by 30 %, 6 o for
fluoride, and 5l % for organic carbon due to GW rechar8e experimental
studies in manated aquifer systems. The results of the presented study are
abo supporled by the outcomes of Asano and Cotruvo (2004), Bekele
et al, (2013), Packialakshmi et al, (2015), and Shawaqfah et al. (2021).

This section reprcsent the overall impacts of the I(&C valley Foject in
differert socio-€conomic sectors sucl as:

3.4.1 . lnpact on l@d. usc @td. lrnd covdoge (LULC)

3,4.1 .1 . Contpotison bawear ge- to Ni-ftqcling Wiod. Fig. 4 indicaEs rhe
topographical view of land use and land coverage in the Kolar distrid. Anal-
ysis of land use and land cover of any area is an important researeh asPect to
understand environmental change and sustainability (Vivekanarda el al.,
2021 ). The analysis shows alnosr 6 tiftes improvement h the water spread

area of warer bodies from 9.o1km2 in 2017 to 61km2 in 2022, lt was
observed that a.rea urder t eer incieased from 124 km2 to 177 km2 and
croppiJlg land increased ftom 2477km2 to 2584 kmz duriog the same

p€riod. A major clanSe was observed in the area under flooded vegetation

iridicating a 67 tioes improvement from o.o7 km2 in 2017 to 4.8 ktrl2 in
2022. The data for fallow land and ranSeland indicated a deciease of
41 % and 32 % during the same p€riod. FiB. 4 establishes the contdbution
of filled water bodies and minor tanks in the irnprovement of aieas of
agricultural or Foductive land.

3.4.2. InpoEt on ogridln-od Lond

3.42.1. Cdiv@isaa btweq inwcbn @d @inwtd oreos Fi8. 5(a) rcPIe-
sents that the area under cdtivation of veSetables foa the year 2021 was

relatively hi8he, in impacted areas (57 ha) cornFred to non-irnpac:ted
arcas (29 ha). The computed student's t-test value confirns that thete was

0.36
0.02
ADL
ADL

BDL
o.001

0.024
0.00
BDL
0.045
0.021
BDI,

BDL
BDL
0.00t

whe&as it leached 3 mbgl io July 2019. A clear positive irnpact on GW
levels (83 %) was observed ifl the studied borewell as an immediate impact
ol recyding STW. It can be confirmed that the surfac! water has iDfrltered
into the subsurface and percolated vertically through soil peEneability.
The downward flow ofwater throuth 8iavity r€aches tle water table ard
increases tie levels in the GW leservoir. Similar studies are also reported
by Nardan et al. (2021) who have reported Lnproved cW conditions in
water'scarce regions tirough managed aquilers. Shawaqfai ei al. (2021)
reported GW table recovery to 39.68 m by usilg treated waJtewater as

GW lecharge. Fi8. 3 also represents dre precipitation data which prove!
that 2018-2019 was a rain deficit year in the Kolar district but still the
water level in$eased at the studied location which significantly confirms
liat the increase in GW level is a direcl impact of STW recycling which is
filled in the respective tanl at the studied borewell location.

Table 5 represents a comparison between tie pre-recyding (2018) and
post-tecyclint (2021) phases in the historical water quality data of the
Narsapura borewell. It can be obEerved fiom Table 5 that dle cW qualiry
has improved post re(yeliog in t}rc case of all the studied signGca[t pal-am-

eteis. It ca, be observed lhat post recyding there was no major change in
the pH and the nature ofthe GW was alkaline (pH = 7.5). SiSnificant reduc-
rion was observed in NO; (A,4,5O1- (2Vo), F* (52 %), PO4-P (20 %),
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waler requiring and water-intensive ,/water sensitive crops (vegetables,

floweF, etc.).

:Table 5
ChanSe in groundwater qualry bes*em the pre- to po6t-recydinS p€riod.

Sl. No

t
2
3

5

6
7
8
9
l0
ll
t2

a significant difference in tie mean value ofthe area under cultivation of
vegetablB (p < 0.01). The student's t-test \,alue confitdls that there was a

siSnificant difference in the mea.n \€lue of the alea under cu.ltivation of ce-
reals (p < 0.05), fruits (p < 0.0]), and flowers (p < 0.01) bet$/een im-
pacted and non-impacted areas. It'rras observed that the area under
plantation and pulses was also hi8h in impacted areas compared to non'
impacted areas, but a si8nifieant difference was not folrd,

3.4.2.2. Cotnporien berveq W- tD pst-recydwryiod" Fig. 5(b) indicates a
chan8e in aSricultural land of Xolar district ftom the pre- to p6t-recycli-n8
peliod. It wal observed that the average area under cultilrtion of vegetables

incrcased fiom -20,000 ha to -33,000 ha from the pre- to post-recyding
period which indicates an insease of65 . During the same period avemSe

area uider cultivation of flowels, fruits, and plantatioD and spices &
arorl]atic (SP & Aroma) crops increased by 68 o/o,50 Vn, 42 , and 33 o

respectively. A minimum increase of 10 0/o, 9 Eo, ard 7 was observed
for areas under clrltivation ofpulses, cereals, and oil seeds respectively. It
is obvioEs tlat due to tle assured aEilability ofwater the cmppidg panem
was changed from lor,y water requirijng crops (e.9., puls€s, oil seed) ro high

3.4.3. hrvact on agicululrol (crop) pmfuction

3.4.3.1 . Cdnporison between inpoc@l and non-inqacted dreos. Fi8. 6(a) rep
resents tlat tle productior of different plantation crops was relatively
higher for the year 2021 in impacted areas (23 metric tons (!ff)Aa) com-
pared to nor-impacted areas (lsMT,zha). The computed student's t-test
value indicates dEt tlere was a significant difference in the mean produc-
tion ofplantation crops (p < 0,01), Similarly, the felds of veSetables,
flowers, and cereals were fu8h in impacted arcar. The srudent's t-test
value corfirms that there was a siSniflcant difference in dle mean yield of
vegetables (p < 0.01), flowers (p < 0.01), and cercals (p < 0.05) between
impacted and noo-impacted aleas. lt was also obseffed lhat the production
ofp!. Jes was high in non-impacted areas compared to impac'ted areas, but a
sitnificant difference was not found.

3.4,3.2 Conwdsoi beovcat ye- to post-recydiq poid. Fig. 6(b) i ndicates
improvement in crop production ftom the pre-to-post recyclidg pe od
where the average producoon of llowers, vetetabies, plantation, fruits,
spices, and aromatic plants and pulses increasedby 80 Vo,70 Vo,36 ck,

35 %, 2a oh, ar,d 12 ok, respeaively. While dtring tle same period produc-

tion ofcereals and oil seeds io.reased by l1 % and 7 0,6 only. It is visible tha!
agricultural prcduction has increased significantly as a re$ t of the assrued

availability of irrigatioo water throughout the year, the revival of the GW
rable, and possibly due to improved cW quality (Theregowda et al-,
2019; Tymcbuk et al., 202Oi Oforj et a1., 2021t Pafi.vka and Ronald,
2022). secured water availability throu8hout tie year rcsulted in an

extended croppinS season and a chante in cropping pattem. Considering
the multidimensional benefits of water security, farmers appear to be

more indined towards cash crops (vegetables, flowers) for quick returns
and higher beoefia.
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3.4.4.1. CompdrXon between inpo.teil ond non-Wdcted areas Ab/estock).
Fi8. 7 (a) indicates that the number of sheep, gorts, cows, and buffalo
was higher in impacted areas compared to non-impacted areas i, 2021.
The computed student's t-test value coDfnns that the difference was signif-
icant for sheep (p < 0.5), Soat (p < 0.5), cow (p < 0.01), and buffalo
(p < o.01).

3.4.4.2. Cfipaitn belwea inwnpd ai non-kwcud @cos (,].ilk ptxfur.riDn).

The extmt of milk prcduction in impacted and non-impacted areas is
p.esented i. Fig. 7(b). The total milk production per day was significandy
(p < 0.01) higher in tnpacted ar€as compared to non-impacted areas at
2141 and 1394litre.
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Fig. 5. CharSe in aSriolnfal laod (a) Comparison betwe€n impacted and non-impacted arcas (b) Comparison b€t\,!€en pre- to pct-recyclinS period.

source: (a) Household survey (b) Deparsnenl ofAgriculture & Hordcultur€, Kolrr
lvoDi Studentl t-test valu€: - v€get bles (5.02), cercais (2.61), Plantation (1.39), Fruils (3.93), Flowen (2.83), Puls€s (0.39). NS- not signihcant fot p > 0.05, 'p < 0.05,

erc.; Frit5- mar8o, banar4 sapoia, 8rava, 8rapes, waterm€lon, pomeSranate., papaya, etc.; Cereals- ragi, paddy, maize, jowar, mlnor millets, etc.; Flower- ma-ri8old,

drrlsant}lemtfi, ja$line, rose, cossandra etc.; PulseJ.red grafi, field bean, toor, cowpe& hors€ 8mln,8rEeD 8ram, etc. Oil seed - 8mund nuq sunllower.

3.4.4. Impoct on Uvestc'ck reoing pattat tnd milk production

3.4.4.4. Conqarkon belv/ea pre- a post-recycliry period (mik production).

Fig. 7(d) demonstiates taluk level pre- and post-recycling data for the
average milk productioo. lt indicates thal the average milk production
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3.4.4.3. c@V orison betwear ye to post-,tlclcw perbd Aivestock). F ig. 7 (c)

shows that the average number of livestock was relatively increased durinS
the post-recycling compared to the pre-recyding period, however, there
was no chanSe observed in dle pattem oflivestocl rea ng. The averase
number ofcattle increased from 0.16 million to 0.22 million and buffalos

ako increased ftom 0.03 million to 0.04 millioo ftom the pre- to post-

recyding period which indicates a growth of -37 0/o and -33 yo respec-

tively. Other liveJtocl suci as pigs, sheep, goats, and poultry also witnesscd
an increase ftod the pre-to-post rec,'cling period with a reported Srowth of
10Q 96, 37 o/o, 33 a/r, alld 27 % respectively.

.c
Fi8. 6. Chan8e in aSriculhual producaion; (a) Comparison between imFcted and Don-impacted areas O) Comparhon between pre- to post-recFlin8 p€riod.

Source (a) Household survey O) Deparlrnent of A8ricriture & Horticulture, l(olar

etc.; Fruits- man8o, banana, sapota, Suava, 8rapes, watenDelon, pomeexanates, papaya, etc.; Cereals- ra8i, paddy, maiz€, jowar, minor millets, etc.i Flower- mariSold,

chrysaithemun, Jasmine, ro6e, crossardra, etc.; Pdses-red SrarB 6eld bean, toor, cowp€a, horse 8ram, gree, 8-ram, etc. oil seed - ground nul sunflower.
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increased during the post- recyclinS period compared to the pe'recyclirg
period. MiIi production was increased by 37 oh ftorn 0.08 MLD to
0.1 1 MLD ar BanSarpete. Similarly, an indease of 25 o/o,'17 o/b, a\d '12 o

in average milk ploduction was reported at MulbaSal, Kolar, ard Mular
taluks, respectively. FaIIDers also revealed that the qualiry and quantity of
milk have been improved due to the inGeased use of green fodder in the
daily ration of animals. lt is evident fiom tle results that theavailability of
watei has a positive impact on [vestock learing a.long with milk production.

3.4,5. l,r.pa.i on fsh proA$ion

3.4,5.1, Cofiporisonbelwee,t pft- to post-tecydwpaiod Fig.8(a) indicates a
stecp ris€ in fish farming during the post-recydinS period in aI talul(s of tie
Kolar district. The highest increase of 300 % was observed at KGF followed
by Ban8arpete (221 %), Kolar (133 0,6), MulbaSal (49 %), and Malur (29 %)
from the pre- to post-recycling pe od. Fish farming is one of the most
important allied sectors in the Kolar district ald occupies an important
place in socio-ecoflomic development. There were 8091 fish farmers in
rhe Kolar district who were involved in fisheries on a full'time basis and
94,946 fish ftmers had taken up fuheries activity as a subsidiaiy occupa-

tion (Department of Fishery Sciences, Kolar. 2021).

3.4.5.2. Conporison Mween inpocAd and tun-inlDo.t?d drsoJ. lr could be

observed fiom Fi8. 8(b) that the averaSe fish productior increased by
133 o/o from 647lWI ro 15l0MT liom the pre- to post-recyclinS period in

impacted areas whereas only an 8 incrcase was reported froIn non-
impacled areas. The improvement in fish production echoes various
supportint statements wh,ch elaborated that freated wastewater is
favouable for aquaculture due to tie presence of a higher concenEation
of organic maner and odler nutdents such as arnmoni& nitrite, and potag-

sium which is important for fish 8rowth (zaibel et al., 2019 & zaibel and

ZilberS, 2021).

3.4.6. Itqoct on l@d val ?s

3,4.7. lnpact on lobour utilizatidl

3.4.7.1. Conpatison between i tpacted o d non-irrpdct?d areas. It could be

observed from Fit. 10(a) that rhe total number of mer labour utiliza tion
for the year 2021 in crcp activities, livestock, and the non-farm sector
was higher in impact.{ areas ar 4248, 2568, and 1149 compared to non-
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ri8. 7. ChanSe in livestock pattem and miLk production; (a) Comparision berween impacted and non-impacted arEas in panem of livestock (b) milk production
(c) Comparision between pre to p6l recldinS period in th€ pat€m of liv€stock (d) mill prcduction.
Source (a & b) Household survey; (c) D€parEnent ofvelerinary Sciences, KolaS (d) Kolar-Chflabatkpru Distict Co-op€radve Milk Produca/s Societies union Ltd. Kolar.
,Ydc Studends.-!est value . (a) Sheep (20.05), Goat (2.19), Cow (3.77), BulI.lo (3.18); (b) milk (7.I4). sigaificaht for pt < 0.05, .'p < 0.01.
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3.4.6.1. Conporisot bptween inwcted ond non-Woctel dreas Fig.9 rcprc-
senti that the mean price of agricultural land was substantially higher
(Rs.2.4 million^a) in the impa(ed areas compared to the non-impacted
areas (tu.1 million^a). From the pre. to post-re(yding period land value

ir impafied areas observed a shalp escalation whele pric6 increased by
1 I 8 o/o compared to a mere 25 % incEase in nor-unpacted areas. Assured

aEilability of water throughout the year resulted in fenile and productive

land and has caused this chanSe (Rondhi et a1., 2018).

t l I
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impact€d areas with 3279, 2019 and 930 respectively. The computed stu-
dena's t-teJt value indicater that tlere was a significant difference in the
mean score of men's labour utilization in the crDp activities (p < 0.01),
and livestock sector (p < 0.05) between impacted and non-impacted
areas. However, there were rlo sltnificaDt differences observed in the
mean score of men's labou utilizadon Ln non-farm acdvities.

Fig. 1 0(b) iodicate. tiat tle total number of women labour utilization
for the year 2021 in crop activities was hjgher io impaeted areas (6563)
compar€d to flon-impacted (41 55) aleas. Similarly, duing the same period,
there were substantially higher women's labour utilization observed in
impacted arear in livestock and the non-faiming sector at 4463 and 2501
compared to non'impacted areai with 2895 and 1122 respectively. The
computed students t-test value indiqtes tiat there was a significant dijler-
ence in the meaa score of women! labou! utilizrtion in the crop activities
(p < 0.01), liveJtock sec'tor (p < 0.01), and non-farm activities (p < 0.01)
between impacted and non-impacted areas.

An increase in women's eoployment pattem reveals that the revival
of aSricultural activities expanded women's employment opportunities
thereby providing unique poteDtial for women's empowefnent aod
inlluencing involvement io decision making. This observation also supports
!'aiious studies indicating that empowermert and financial contribution
are the most important factor determinin8 the involvement of women in
decision-making (Lhanj and Aburaida, 2017; Pandey et al., 2021j
(ochar et al., 2022).
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(b)

FIsh Productlon

3,4.8,1. conpotisotl between ifipacted, ond. non"impocad drcaJ. Table 6

indicates that the average net income of farmers was relatively higher in
impacted areas compared to non-impacted arcal. For instance, the avera8e

income fiom flower cultivation was Rs. 2,27,893/ha in impacted areas

whereas Rs. 75,345,/ha in flon-impacted areas, indicatinS an bcrease of
202 0,6. similarly, average income ftom vegetable, plaatation and cereals

cultivation was also relatively hiSh at aJ. 6,54,672ha,Rs.3,72,5&3/Il.a
and Rs.49,3724a h impact€d areas compared ro Rs. 2,62,1434a, Rs.

1,93,790/ha and Rs. 32,3524a at the non-impacted areas, indicating
increase of 150 %, 92 % and,53 0,6 respectively. Recourse to rnultiple
cropping as we.ll as increased agrjcu.ltural caop yields is toge drer responsible
for this increase.

It was observed that the avemge income from livestock was substan-
tially high at k. 1,29,200/fafin in impacted areas compared to Rs.

93,245/farllt in non-impacted areas, indicating an increase of 38 r%.

Similarly, it was observed tlat average income ftom non-farm activitier
was also relatively hisher iD impacted areas. Data from multiple sectors
revea]s that water availability and the increased GW table are playing a,
importart role jn the radical improvement of the agrceconormc syslefi.

3.4.9. Inport on o\td oeaion - reaeit ptof;hrses of a-ts.,].tial ond nn-?st{,lriol

8@&
Table 7 indicates an improvement in the buyinS pattern of variouJ

household goods and agriclrltural tools in impacted arers. There was a 3-

fold increase in tlre prmhase ofnew fou-wheelers. Also, 42 sample farmen
from tle impacted areas refurbished tleir houses from "Kutcha" to 'Pukla"
status as comtxred to ody 19 safiple farmers from non-impacted areas. h
indicates that an increase in income injluenced the purchase behaviour in
the sarnple areas. The positive relatiorship between socio-economic statut
and living standards along with the purchase ofhoGehold Soods is already
well established (Slama and TashchiaJf 1985; Karrhika et al., 2015; Mashao

and Sukdeo, 2018).

3.4, 1 0, IDlpMt o puh[c habh
Table 8 indicates that during the post-recyclinS perlod average inci-

derce ofwater-bom€ diseases such as typhoid and cholera was reported
lower at 3353 and 7 compared to the p.e-recyding period with 3409 ard
11, this indicates a decrease of 1.6 % and 36 0 respectively, wheEas the

ircidence of average diarrhea cases was reported slightly high durirg
post-recycling (46) compared to the pre-recyclinS period (42), A major
surSe was repo(ed in chikunSrmya (182 %) followed by de[8ue (83 %)
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Fig. 8. Change in fish farmi"g (a) Comparison between pre- to post-recycling period (b) Comparison berween impacted and non-impoded are3s

Soulr!: (a) & (b) Depaftn€ot of Pishery Sciences, (olar.
lve Impacted-Kolar taluk and Non-lmpact€d: Srinivaipu! taluk
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cases fiom the pre- to po6Frecyding period. The incidence of average lepto
spirosis cases was repofted lower dur'ing the post-recyclinS period (5) com-
pared to the pre-recycling period (7).

Over the past 2 years, a noticeable increase i-o the numb€r of chikurr-

Sunya ard denSue cases was reported across the KamatalG state (www.
statista.com) a-fter a long period since lrdia reported re-ernerging of th€
chikunSunya outbreal in 2005 (Jain et al., 2020; SenSupta et al.. 2020;
Sujarha, 2021). Expcrts from the health departmeflt revealed that the
increaring numbers of mosquito-bome diseasei are a direcf corisequeoce

of the excess rainfall in the state over tle last 2 years, resulting in an
expanded pool of stagnant freshwater. This has led to the excess breeding
of mosquitoes (Press Trust of India (PTI'), 2021) and therefole do€s not
appear to be due to increased Gw availability.

Data obtained ftom tbe houiehold su.rrey also confinBed that there was
no noticeable increase in watej-bome diseases in impacted areas compared
to non-impacted aleas. The occurence of skin rashes and itchinS was

reported by most of the farmers (80 %) in both the study areas. However,
this is cerrain as a mnge ofstudies has established the relation between
aSrio tulal workers and skin diseasea due to dtect exposue to soil, pla[ts,
inseos, pesticides, sunlighq heat, and inJectious a8en(s durinS farming
(Suiitaival, 2000; Donharn and Thelin, 2016; Bashir et al., 2021).

As discussed in Section 3.2 as far as heavy metals are concemed their
presence is below the permissible drinking water standards Is 10500 of
India and as such does not pose ary serious health risks. Analysis of tie
health reports for the distict and household survey data indicate no
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increaged incidents or ch$nic iripacts due to the presence of chemical com-
pounds in the STW (Sanch€z and EBea,20lB;Yadav et a1.,2021). However,
in order to prevent an urdiscovered public health hazard, direct use /
contact witi water present in tank is prohibited at rhis sta8e.

The surface water from the taals filled with SIW and raln-fed tanls in
the same reSion i.e., tanks that did not receive STW but received only
rainwater, a5 controls, were tested. Water in these tanl<s was studied for
antibiotic resistance based o. minimurn inhibitory coocentrations (MIC)
of a few representative bacterial species, Resistarce to artibiotics such as

azithromycin, ciprofloxacin, cefotaxime, amoxicillin+clavulanic acid,
cefotoxirne + claurlanic acid, and meropenem wai studied. These prelimi-
oary and ongoinS studies indicate a predominance of higher resjstance to
azithromycin anrong all the tanks studied i.e., both controls and those
receivinS STW. Ho\^/ever, there were no si8nificant differences in antibiotic
resistance levels between these two tanks. Further studies are ber'ng

Llvcstock

Table 7
ChanS€ in th€ new purchase ofessendal and non-essential Soods betwe€n impocted
and non-impacted are3s.

CIop

Fig. f 0. Chang€ in labour utilization patt€m between impcted ar no*imFcted arers, (a) M€n (b) Wcmett-
source: Household survcy
lv@: Studend, t"ten value (a) Cmp (4.20), Livestod (238), Non-farm (1,r9). (b) clop (6.22), Uv€.tock (40.05), Non-farm (4.39). SierGcant for rp < 0.0s, *'p < 0.01
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2021

42

2021
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Table 6
Change in income from differot tu ts ofproducdon beh{e€n impact€d and non-im-
pacted areas,

si_

No- (RsAa)in 2021

R.turbbh€d house (Xurcha rc

62
163
38
23

27

60
105
t7
tl
27

t6

3
55
r24
109
124
69
225

Servic!

r 2,62,t43
! 93,552

r 1,93,790
r 75,343
! 93,2{5

s€ed dnll

Drip or Sprinkls S,6ten
cand shed
HarvestirS machine5

seed d.ill

* 49,372
T6.54,672

| 98,027
* 3.72,583
r 2.27,493
t t,29,2@

53
150

5

92
202
39

1a
6

37
14

224

72

l8

ll
3
12
19
5

a6
37
49

ll

100
108
95
1a0
9
l9

64

I]
II

Non- rcted
Impacted

4155

'1122

2895

4463

I

source Household survey

r €,725
x 62352

r 35,213
r 27,422

38

ll

Sou.e Household flllvey.
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Table a
ChanSe in the incidenct of dlJeases between pre to the po6t-re(ydiD8 period in the

Kolar districr
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increased, 58 claimed an increase in livestock rearing and milk pmduc'-
tlon,49 0/6 confirmed about the rjse in lifestyles and pulchasinB power
and 43 % stated that fallow and baren land has been converted into fertile
or productive lalds. lrr the survey, 29 % reported that bird moveftent and
migration inseased and 21 % also informed lhat some of these farmers
who had migated to urban areas for employment have reRrmed to the
village and are now farming once again. This is a clear demonstmtioD of
reverse miSration, an irnportant indicator for lmpmvementr in the agricu]-
tural sector. This study provides empirical evidence that the K&C valley
project has created the potential to improve the a8ro-economic situation,
food security, and environmental aspects, $us building a circular emnomy,
and has been docunented ln this study.

The study provides empidcal eviderce that treard wastewater in ranks
increaseJ a8r:iftltural acovities and iocome.. Resulrs of this study suppon
the findinSs of Pedrero et al. (2010), Sathaiah and Chandiasekaran
(2020), Busaidi and Mushtaque (2017) which indicate a positive .elation
between using treated wastewater in aSriculture and ihprovement in
aSricrrltural production. A study by Nandan et al. (2021) reveals that the
availability of water in tanls increases the CW table, agricultuial produc-
tion, and socio-economic development whde reducing the power consump
tion in water-scarc€ re8ions of Telan8ana state.

4. CoDclusio[ and policy recommendation

(2016-18) (2019-21)

D.n$.
Chikm8$y!
'lhhoid

96
67

3409
ll
7

42

176
190

33s3
7

s
46

a3
182
(-r.6)
(-36)
(-28)
10

Souce: District suryeillance Om.e, Kolar

3.4.11. Inpaat on ani,r.al healdt

Obs€rvaionr on major causes and number of animal deaths ia the Kolar
district are presented in Table 9. The m6t important change iom increased

water availability is the iocrea$d availability of Sreen fodder and fodder in
general leading to better aninal Dutrition. This is indirectly indicated by t}le
increased level of livestock renring ai disclrsed earlier. The varioug other
indicators of health, namely commonly occlrrring diseases ard causes of
anima.l deaths were docunented in this survey. h general, th€re were
only marginal changes in the pattern of causes of livestock morraliry. The
averaSe oumbe! ofcow mortalities was higher during the pre-recycling
period (149) than in the post-recyding period (122). Frcm the pre-to-post

recycling period, tie mortaliry from bloating ard babesia decreased by
12 06 and 36 0,6 respectively, ArnonS buffaloes, therc were sliShdy lower
mortality fiom mo6t causer. lt was a.lso Doted that cow monality was hi8her
than buffalo. The morrality froh waterbome diseases was neSliSible in
livestock animals since direct consumption of Eeated wastewater was
restricted.

3.4.12. Opinio of he so,nple f@fi!,$ of WoLt?t oftas on he wq)n-baleft of
dv ovailobw of wotq in hrrkt

Accolding to Table 1 0, the overall opinion oI fie sample farmers on the
availability ofwater in tanks was recorded. Acaordrng to the resulB,93 % of
sa$ple respordents daimed that the availability ofwater in tank have a

siSnificant impact on a8r'iculture production. According to 88 % of th€
farmers, GW levels incrensed substantially, 78 Eo noted an improvement
in sanitation and hygiene, and 76 % said their incomes have increased. Ac-
cordioS to 67 % of respondeoB, croppinS partemi have changed and there
ls now an option to Siow multiple crops alonS with vegetables and flowers,
620 reported that wateravailability and accessibilityhave jDcr€ased,59 %
reported borevi,ell rejuvenation, 58 o said tllat women empowerment has

Table 9
Major caus$ and numberofanimal death in the Kolar djlEict

(20r6-18) (2016-1 8) 1201,9-21)

Percor"se chanse (%)

Bl03tiDt
8lbiosis

7l
19
32

122

a0

30
39

(-r2)
(- 36)
(- 18)
(- 18)

6

2
1l
l9

5

I

l3

12

(- 77\
(-s0)
(-36)
(-31)

Sourc!: Deparunent of Veteriiary Sci€nces, Kolar.
Not€: Other diseases-Anaplamo6ii, Dovrns cow sJmdrome Choke, Food,/plant poisonings.

The present study quntifies 0le socioecuomic impacb of fie larS$scale
secondary treated wastewater (sTw) fiom an uban city to neighbourin8
areas. About 440 MLD of STW [iom Be[galuru was pumped to Kolar to fill
137 eristing surface water tanl6 to achieve indirect GW recharge. The
results show that tl, e STW in the surface water tan-ks complies with the
most sEingent standards set by lndia's The HoDtle NGT and thee important
criteria of CPCBS "desiSnated k uses of water" i.e., bathing water quality
(B), wild-life propa8"tion and fisheries manatemen! (D), and iftitation (E).

As a consequence of this projec, the surface tanks receiving water have now
become a hotspot for biodiversity, with lapid improvement in 6sh produc'
tion and bird movement" outcome! of thjs study have revealed a Sreater
rarge of beflefitr in impacted areas, such as replenishment of CW table,
rejuvenation of borewells and opel-wells, and improved ]rater security.
SiSnificant improvementJ were observed in crop productjvity (flower-

80 %, vegetables-7o %, plantation-36 %, and fruits-3s %), an extension of
rhe croppiog season, an increase in livestock rearinS (cattle-37 0/6 and
buffalo-33 %), milk produdion (Bangarpete- 37 0/6, Mulbagal' 25 o and
Kolar-U %), land value (118 ryo) and income. This project has created new
job opportunities and leverse miSration from llrban to ruIal areas. Irnprove-
ments io a8ricultuJa.l activities a.lso led to an increase io on-farm employ-
rhent opportunities for women, which in furn had an impact on decision-
making in all domestic spheres. No direct negative effects were reported
on public and animal health as a result ofcw rechar8e. Whereas it is recom.
mended to investigate lonS tenD irnpacts of indirm groundwater reclharge

fthher deeply throuSh STW on public health in the mrdied population as

usrally, they are bio-accumulating.
Similar to Jakkur and Puttenahalli io Bengaluru (which received

treated wastewater) (lnayathulla aid Paul,2013; Ramachrndra et al.,
2020; Pin8lay,2021), this initiative has also become a model for a

pursued to explain dre Senerally h.ith prevalence of antibiotic resista.ce
amonS th6e vrater bodies (induding control tanki). lt has been repo(ed
that rhe strong prevalence ofvarious detergents has triggered tie ex?res-

sion of rDany artibiotic-resjstance genes in vaious represent tive bacteria
and Deeds further understandin8 (Khunria et a1., 2019; Khuntia and

Chanakya, 2020). It is important to note that, these tank receiving STW

do not form drinkiag water sources for people in the region but are only
used for indiIect GW rechar8e.

t2019-2t',)
Pd.entaSe chmgc (9/o)
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'Table l0
opinion of the sample farrDers of impacted areas on the overall benefit of treaaed wastevrater storcd in Danks

A8noltuml prcduction increa*d
Ground$€ls level itrcreased
salitarion, hySiene and cleafllins of rumudinS es imprcyed

Cmp potlcm .hanged (orrliple oop/veSerables)
Easy gcc.rsibillty of warc.
Borewell started tuDctionlnt or prop€rly furcllonitr8

58
5a
58
49
43
29
21

93
aa
7A

67
62
59

Solrce: Household survey

waste water management system that allows GW recharge and biodiver-
sity to be enhanced. In addition to enabling a lransition from urban to
rural water recyclinS, $is project conEibutes to the transition lowards
the circular economy in the water sector, which is beneReial at several
Ievels: economics, environment, social and cultural. The availability
of waler in !anks facilitates local recharge throughout t}e year and
rejuvenation of borewells provides support to small and marginal
faimers \ar'ho caD$or afford to deepen borewells or pay the cost of the
declining cw lable.

To shorten the Baps between water supply afld demand, the results of
this study will e!'entually help rhe different stakeholders induding cenral,
state, district, and Iocal governhent authorities to draft and implement
policies to encourage integrated plannin8, and manaSement of wasrewater
reuse for GW recharge. This in tum has a sustainable approach to rerolving
wat€r crises and has a hiSh potential to imFove the aSro-econoE c system
and food securify. The establishmeot of a proper monjlodng sysrem aware-
ness and training prograin ,unong farmers about tie selection of crop
panems, fertilizer use, and ini8ation technjque muJt be in place for a

sustairable outcome. The involveoent of the comrn!nity in decision-
makin8, plair ng, and irnplementation is also vital for the success of tle
projecf. To promote lhe relse of recyded water, a pubuc-pri!,ate parmer-
ship (PPP) should be established, simr'lar to the Nagpur rnodel (Press

Trust of India (PTIb), 2021), in wbich 90 % of wastewater was reused.
Furthermorq it ilhrsEates how PPP can enlarce water serurity and reduce
wastewater burden by rcusin8 treatql wastewater.

Supplementary data to this article can be found ontine at htrps://doi.
or8l1 0. 1 01 6/j.scitoren v .2022.160207 .
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ARTICLE INFO ABSTRACT

Ediror l{uu hno N8o The over.exploitation and insufficient replenishfien( of Sroundwater (GW) have resulted ir a pressinS ne€d to .:on-

serve frcshwate! and retrse of treated wanewat€r. To ad&els tl s issue, rh€ covemmeni of Karnata-ka lauoched a

lrr8e-scal€ recydioS (440 milion liters,/day) lchem€ to iDdirEctly r€charSe CW usirg secondary treated muniopal
n'astewar€r (STW) in dmuSht-pmne areas of Kolar disEi€t in souri€rn India. Tlis recycu ng emplo,s soil aqujfer treat-
ment (SAT) technolog/, wNch involves filin8 surface run-off tanls wi0r STW that intendonally infilEate and re.harge
aquifers. This study quantifies the impsct of sTw recycljng on cw rc(hrr8e rat6, levels, ard quality in the crystalline
aquifers of peninsular lndia. Tte study area is characterized by hard rock aquifen with fractured gncis!, granites,
sdlstq arNd h,8hly hactured eeathered ro.k. The aSricultural impacts of (}le impmved cW table are also quan.ified
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by comparin8 areas r€ceiving STw to lhos€ not receiving iL and changes befoft and aftei STIY recycling were mea-

sured. The AMBtIAS-1D model was used to eninMte the rccharSe mtes and showed a tenfold incrEase in daily rechar8e

rat€s, resulting in a siSnificant increa-se in the cw levels The resulB indicate that tle $rface water in the rejuveratql
tanlis meeB $e counEy's stnnseDt water discharge standar& for STw. The CW )evels of lhe snrdied boreholes in'
cre6ed by 58-73 %, and the GW qurlity improved siSniffcartly, turning hard 14?ter inro soft water' tard us€ land

cover studies confirmed an increase in dle number ofwatcr bodies, trees, and drltivarcd land. The availabiliry of
cW sisniRcanlly improved aSricultural produ.tivity (11-42 %), milk productiviqr, (33 %)' and fish productjvity
(341 %). The study's outcomes ar€ exp€cted to serve as a lole model for the r6t of IDdian metro cities ard dernonsFate

the potential of reusi.8 sTw to achieve a circular econonry and a water-resilient s)Eten|.

An in(rearin8 Sloba.l population, industrial growdl urbanizatioq land

use changer, and limited precipitation have cauJed a worldwide scarcity
of fi.eshwater, puftin8 pre$ure on groundwater (Cw) resources
(Modrzynski et a1.,2021; Mccance et a1.,2020; Wakode et al., 2018;

Okeuo et al., 2015). lndia is the lar8est user of GW, with over 50 % of its
rural population rellnS on it for basic needs (Car8 et al., 2022). It is esti-
mated that 17 % oflndia is overexploi(ed due to excessive extaction of
Gw (5&65 0/6 in 2020), reducin8 annual reciarSe from 447 billion cubic
meters to 432 BCM (DanSar et al., 2021:, GoI, 2021; CCWB, 2020;
Hussain et al., 2017). To prevent further d€pletion, Iont-teftn wale! man-
aSement strategies are crucial, with artificial GW reclarge methods such

as the use of ruinwater and heated wastewEter for ihproving the GW
table. (Chen et al., 2023i Dihan et al., 2023; Manisha et al., 2023; Dillon
and Arshad, 2016). Manased aquifer rechar8e (MAR) is a common tech-
nique for prcserving GW by intentionally lnfiltra ting water ftom tie flrrface
into Cw and addressinS freshwater scarcity (Sunyer'Caldt et al., 2023;
Al,am et a1., 2021; Grinshpan er a.1., 2021; Ga-oot et al., 20f8). MAR is
achieved through techniques such as pocolation taEk, rainwater haiest-
irg, soil aquifer treatrnert (SAT), and infiltration basin3 (Ala.rn et al., 2021).

SAT ts a 8loba.lly practiced wastewater recycljDg metiod undet MAR
tllat converts wastewater into hiSh{uality recharge effluent by removing
contaminants aJ wastewater iflfiltrates through soil layers (Grinshpan

et al., 2021; Wei et a1.,2015; Rahman et a1.,2012; Icekson-Tal et ai.,
2003). Succes!frrl GW reclarge scieoes based oo SAT are sunmarised in
Table 1 . The reported GW recharSe !ate, soil g?e, and changes in cW qual-
ity are also tabulated in Table 1. As can be seen ftom Table l, cw recharge
ratei vary si8niEcanlly ever ir sandy and sandy loamy soils, from

13.2 mm,/day to 110 mry'day, with varying degrees of Gw quality im-
provement. GW recharge rates and changes in GW quality are inJluenced
by many factors such as soil type, soil permeabiliry, local hydroSeoloty,
heterogenicity, topography, land use, and manaSement practices including
cw pumpin& and climatic conditions (Raflaiah et al., 2017). Very few
studies investigated the effect of Cw recharge throu8h surface tanks in
tndia on cw levels and quality (Nandanwar et al-, 2020; siva Prasad and

Venkateswara Rao,2018; Patil et al.. 2017; Packialakshmi et al., 2015i
NEERI, 2015). There is a lack of quantitative hformation in the literature
on recharge mtes ln hard aqoifers, effect on CW quality, and aSricultural

impact, especially for crystallire aquifers ahalacterized by ha-rd rock with
fractured Bneiss, Sranites, schiss, and highly fractured weather€d rocls of
peninsular India. This study 6lli this 8ap and provides valuable insiShts

into the dfectiveDesg of large-scale water rccyclinS in rural areaj.
Recently, India has started large-scale recycling o(oramanSala-

Challashatta valley project) of 440 rnillion Litets per day (MI-D) of second-

ary treated wastewater (STW) based on SAT method (unlined and no wet/
dry cyde) in Kolar district of Kamataka lrdia. xolar is a semi-arid droughr-
prone region witi a normal aanual rainfall of 650 mm for the pedod 1981

to 2010 (GoK 2016; Cc'.hts, 2009; KSNDMC, 2009). Kolar disrricr had atr
proxjmately four thousard u-r ined carcadinS man-made tarks or water res-

ervoi$ for caphrdag rainwater and were used for various purposes alonS

with GW rechary€ (Engbery-Pedersen, 2011). With litde o. no rairs over
the last 10 years, numerous tanls and borewells had gone dry and dte
Gw table dedined at alarming levels due to over-exploitation (CGWB,

2020). The depth of irrigation borehole wells had reacled - 250-300 m

iom the sxrface (carg et al., 2020). Thus, to pmvide relieJ to the dmrghts,
for effective management ofthe limited Cw resources, and to ensure its
lonS-term sustainability, in 2018, the Minor lrriSarion and Groundwater

Table I
Summary of SAT bas€d Srol$drarater rerhar8e studi€s.

sl. l^,eydr_v Gw red.rSe lare lmpacr on Gw quahry

Sandy 0.5 13.31. ls.ael Arid-!.rniarid Sandy . 70 % rernoval efficis,cy fo. TSS,

COD, BOD, a'l,ronla, nltrogen,
phosphorous, and tubidity

. 100 %e@ql of Coiifom

. COD reducdon by 95 96

. BOD reductioi by 7O+0 %

. R€.harged warer: . r€ll.ble
.t al., 2003

. Coosrarr hydEuuc rat!
ir@.. rhar8e Et by

. 'Irte n@6i.al nDd.l
MODFLoVI for Sround$ais
fld and otaninart BarF

. hfilnation rarcs per brsln
vrried fron 0.1 to I m,/day

2.)3.

4. Austnlia semia'id/d6.n sandyd.y  llt(irt 0.33 1O7

5. BdSium Marltime 6andy I l0

er aI.,2017

2017

(ssline)

. lmprcvment in recharSed warer
qualiry iD telm of EC, OC, TN,.nd
C.CO3

. ImDroved ware. qualiry in tems ot
EC, TOC, hardness, chlorider,
niEares. pho6phat€., s.d hcaq
m€trs. Abs€nce of totsl colifoms

. Redtrction j, N by 65 Yo, laecal coli-
fotu by 99 %, TOC by 93 %

PhMix D.yieserted
(usA)

onelayer, 0.75
alhvinl

2

. A tnified .oncepru! model
was developed, makinS,
fEmewort aor fore@dn8
lorS-rem Srcundwrter sut-

raiDabiljty
. HydFL i.loadinS mte

60-100 n/yr 201{i 8.uwer
H.. 1991

1. lntIoduction

2. EAyil Dryi.lened S€ndy Urconnn.d 0.s 25-3s
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'Development Department of the Govemment of Namataka implernented
Iarge-scale recycling to fll 137 of these tanls with 440 MLD ofSTW conling
from rwo sewage treatment plants (STPS) of Ban8alore, (Manisha et al.,
2023). The recyclinS was aimed to improve the CW table and GW qualiry
by storinS water in the existin8 tanks (Manisha et al., 2023; Sin8h, 2020).
To fie best of author's knowledSe, there are no such larSe-scale ftdl-
fled8ed field implementadon studies available in India wherein STW com-
in8 from major urban cities is used for the rejuvenation of existing surface

tanks and subsequently facilitating indirect GW recharge in the semiarid
drought-effective ruml district, Hence, for the first time, this work
(i) quantifies the GW recharSe rates in tie crystalline aquifers of peninsula.r

Indi4 character?ed by hard rock aquifers with fractured weathered rocks
using AMBHAS 1D GWmodeljns. (ii) Chan8es in GW quality due to the ad-
ditional rechar8e from tlis pmject are also quantified, along with the im-
pact on aSriculture, fisherie5, and milk producrion. (iii) Addirionally, the
social iopacts of t-he improved GW table are quantified by comparing
areas reeiving STW to those not receiving iL

2. Methodology

2,1. Sdtdy o|.o a design of larye-scole ruycling

Kolar disEict lies between nonh latitude 12'45' 54" ro73' 35' 47' and
east lonSirude 77' 50/ 29'to 78'35' 18'(CGWB, 2012; 2009) (Fi8. 1). It has

a total area of 3979 sq. ktn witi a totai populadon of 1,536,401(Census
India, 20lf). Kolar district falls under a paltial rain shadow zone, and
due !o the topography and physiofaphy, there are Do p€rennial sources
(rivers) of water. Ihe soil is distributed in the range of red loamy to red
sandy and lateritic soil (CGWB, 2020; DEIAA,2019), Kolar predorninandy
has fi'actured multi-aquifer systerns wirh 8neiss/granite/sch.ist rock (GoK
2016). Bedrock is p€niEular gneiss of the archeafl a8e and dre area can be
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classified as "hard rock terrain" (cchts, 2020) with a semiarid dimate.
Nearly 60 o/0 of the Seographical area in the district is under aSriculture
which has a high-water demard (CGWB,2020; DEIAA, 2019).

The recycling of STW in Kolar distdct was initiated in March 2018
(Manisha ct al., 2023). The STW from Bangalore STPS is lifted and pumped
first to lalishrBisaSara tanl< (LT) of Kolar distict which travels a distance of
53 km io closed channels. Tie water from this rank flows by gravity in open
channels for a distance of 2 km to tle Narsapura tank (NT) and from tlis
tanl, it flows from several rid8e points to the rert of the other tanks i.clud-
ing Kolar tad( (KT). Kolar region has a network of cascading tanks that are

connected by open channels. lf tle water level in an ups[eam tank exceeds

its overflow weir, the excess water will flow into a downstream tank
tlrrough tlese open channels, driven by natural Sravity. These tanks are
grouped into a totaj of 12 clusters based on &eir location arld water flow
network (a detailed plan of the recyding scleme and cluster classification
along witl the lank namca is provided in Appcndix A as Fig. A1 and Appen-
dix B as Bl a5 tie supplementary data). Only folr pumping stalions are

installed in uphill areas where a 8ravity-based flow was not possible

2.2. s?aondor! treADl wtstewoto @1d s-|fore @nk woEt

STW samples were collected ftom the STP'S outlet and stored at 4 "C in a
refriSerator, beJore anal)6is. A detai.led ph)5io-chemical and microbiologi-
cal aralysis lras carried out to estimate rhe water quality using standard
methods for water and ! rastewater chaEcteization (APHA, 2005). To ana-

lyse tie overall impacts of this recyclin& two surface tanks namely i) NT
and iiJ KT were selected aJ model tar <s [o represenr 137 tanl(s. The tank
sclected in the study were identified as havinS received STW at the start
of the recycling. The NT was 2 km away frorn the very first rank i.e., LT
whereas the KT was 16 km ara,ay ftom the NT (8i8. 2). A detailed warer
quality analysis as per tl:e Hon'ble National Green Tribunal (NcT)
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standards (NGT and National Green Tribunal 2019) lehich includes the
specific eitht parameG$ pH, biologicat oxy8en demand (BOD), chemical
oxygeo demand (COD), tolal suspended solids (TSS), ammoniacrl nitroSen
(NH!-IO, total niEoSefl (IN), phosphate pho$phorur (PO.I-P), and hecd co-
Iiforrn was performed for the STW and surhce water tanks. All the water
saJflples were tested in triplicates atrd average values are rcpresented with
standard deviation as avg. a std. dev. Other than the NGT patameters a de-

tailed analysis fo! heavy metals and up to 10 emerging contaminants rras
also carried out for the STW aJd surface water of the Rrst tank (LI) receiv-
in8 the treated water. ICPMS (Quadrupole ICPM- Themo X series II) tiat
can operate io both analog and pulse counting modes (Awual and Hasan,
2015) wai used for heavy metal analysis, and LCMS (Dionex Ultimate
3000 (Thenno), micro-LC equipped with C18, 150 x 4.6 mm, 5 }m re-
versed phase column fol rhe analysis ofernelging aonlaminarts. The instnr-
mmt sensitivity ranSes between <10 ppb to <1 ppt (parts per thousand).

2.3. Gromdwots

2,3. 1. Sanp\ng and.horncE!1t4tion
To study the impact of indirect GW recharSe using STW on cW qualig

two boreholes namely i) Narsapura (NB) and il) Kolar town ((B) which
were in the viciniry ofthe two selected surface tanks (NT and KT) were
identified and desigoated a5 "impacted" boreholes. NB was 0.5 km from
NT ard KB was 0.75 kEl away from Kf (Fig. 2). Similarly, two boreholes
i) Shapura (SB) and ji) Harati (HB) were around 1G-14 kin away fi'om
one of the impacted tanl6 Kf, were also sampled and was desiglated as de-

layed impacL The cw samples were collected and analysed following the
standard methods (APHA, 2005) for tieir physio-chemical constituents
such as pH, hardness, total dissolved solids C[DS), and electrical conductiv-
iry (Ec). Calciurn (ca*) and sodium (Na*) as important cations, chlorides
( Cl - ), and ni rares (NO; ) as ariorls, (Awual. 201 6). Other water quality pa-

rameters such as magnesium (Mg+ ), potassium (X + 
), sufate (SO?- ), and

fluoride @-) were also measuied using standard methods.

2.3.2 Histoical goundwatq level ond watq Etauty dlta
Historicil data ofGw levels and GW quaiity was collected to anallse the

impacts of indirect GW recharge usinS STW. cW levels data was collected
from the Kamataka Cround Water Autlority (KCWA), and CW quality
data from KGWA, the Central Ground Water Board (CGWB), and lGmatala
State Pollution Control Board (KSPCB), Govemment of Karnataka for
201!2021. Thes€ a8ercies are known to reSrlarly monitor boreholes in
terms of water levels and water qualiLv.

2. 4. Prccbitatiotl data

Historical monthly precipitation data (2013 to 2022) of Kolar district
wal collected from Kamataka State Natuftl Disaster MonitorinS CenEe
(IGNDMC) to find out the rainfall pattem in the study aiea. Preopitation
data helped to confrrm the drought conditions in the study area and helped
tojustiry the impact of.ecyded water on the sNdied GW levels and quality.

2. 5, Camdwotq tnodPlling

Measurements of Gw level fluctuations in response to precipitation
events can pmvjde a practica.l meaDs of estimating tempora.lly and spatially
variable GW recharSe rates. Lumped unconfined aquifer models have been

widely applied for studying tie Cw dlnamics and rechar8e estimation in
the hard rock aquifer regions of southem India (Collins et al., 2020;
Subash et al., 2017; Marechal et al., 2006). Park and Parker (2008) pro-
posed an equation for modelling GWlevel fluctuations in response to rain-
fall considering tle recharge and discharSe terms, however, it lacked a

representation of GW pumpint. Subash et al. (2017) and Kumar (2016)
added the GW pumpinS term to the equation and developed the
AMBHAS-ID model wi$ the equation (Eq. (1)) given as:

(1)

In the above equation, h represents tle hydraulic head (L), sy is the spe-

cific yield of the aquifer s)stem ( - ), ,1 is the discharge constant (T-t), R is

the rainfall (LT-r), r/ is the recharSe factor ( - ) ard Da is the net Sround-
water dia.ft or punping (LT - r).

2, 5, 1. Par@tqtet es{rnation

Sy and rl are two key paramete.s of the model which Sovern the GW

levels. During the calibration, the reliability of simultaneor$ estimation of
both the parameters caa be irnproved ifenouSh redundancy of Gw time se-

ries is considered. A s€quential two-st+ method for estimation ofsy aIld rl
is adopted with a CW time sedes of 5 years as suSSested by Sekhar el al.
(2013). To separcte the impact of the recydin8 on the parameter estima-

tion, the period from 2013 to 2017 b s€lected. The ranges of sPeciEc

yield and recharge factors ar€ tal<en fiom previous studies in the hard-
rock aquifer region of southern India (Gosrvami and Sekhar, 2022a,
2022b; Garg et a1.,2020; Sekia.r et al-, 2013). AveraSe oet GW PumPing
of 150 mm,/year is considered for the encire simulation period (Gar8

dhlr, I:= - -tUt+i-R- -D*4r Jy Jy 5y
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'et a1., 2020). The recharge factor r, estimated rn this step is averaged over
the s-,€ar duration whicl is rcpresentative ofa fi'action ofrainfall dtat Setj
converted into recharge.

2,6- lmpact on lond use land cover (LULC) @d agiEdantl octivities

In addition to the impacts on GW levels and quality, $e present study
a.lso focuses at impacts ofrecycled water on land uJe lajld cover change
(Lljtc), aSricultural productiviry, milk production, and 6she.y smtus sp€-
cifically in the srudy area. A comparative analysis was caJried out between
the impacted area of Kolar disEict which receives recycled water
(Narsapura villaSe) and the non-impacted area (Nelavenki villate) which
is 63 km away from the impacted study area and has not received recycled
water. To strdy the impacB required data was collected fiom different gov-
erDment organizations like LULC data from Environmental Systems Re-
sear:ch Institute (ESRI, 2017-2022), agricu.lture data for the year
2O2l-2O22 from the Department of Agriculore & Honiculture Kolar,
milk production data (2021-2022) fiofiKolar district co-operative milk
produceis socieries union, and fishery data (2021-2022) tsom the Depart-
ment of Fishery Sciences, (olar to carry out this analysis.

3. Resr ts and disclssioD

This section preserts tle analysis of rhe impacrs ofSl'W rerydinS for in-
direct GW lecharSe on the surface water quality, GW levels including GW
modelling, GW quality and agricultural sectors.

3.1. woter quolity anolysis of se.ondory teoted wastewater and srfdce
ta1.]( uloler

Table 2 represents the water quality of the STW comiog from STP and
surface tank water identined for the study. The rest resulrs were compared
lvith dre NGT stardards.

As $e STW is pumped into the tanks, assessidg the water quality in
these ranks is important which represents the health of the tank. As can
be seen from Table 2 the STW com.ing flom the STP meets all the norms
set by the NCT (2019) for the treated waitewater to dispos€ into surfa.e
water bodies or for land disposavapplications except for faecal coliform
levels, which was slighdy above the standard. lt is known that such miGo.
bial population will reduce rapidly when water flows throuSh multiple
ranks and more so during jnfiltralion through soil column to reach the
GW (Grinshpan et al., 2021). As per NGT norms pH should ranSe from
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6.5 to 9 6s most aquatic organisms prefer this as the acidic nature of
water (pH < 7) enhancei the p.oliferation of algae (Bergstrom et al..
2007; Leavitt et al,, 1999). The BOD and COD predominandy represent
the mpidly decomposable aIId more recalcitant organic loads in the treated
wat6 and thus should not exceed 1 0 and 50 m9,4, resp€ctively (NCT, 201 9;
Ar,3iS et al., 2018). The mar8inal change of COD,/BOD in waters of LT and
KT in spite of havinS undergone many days of flow, indicate that tlese
values are stable and do Ilot represent decomposable organics and is more
likely fiom inorganic sources. The discharge limits for TN is <10 mtL
and POa- P is <1 m&/L which is meant ro restrict autotrophic algal growth
(leadinS to algal blooms), if it is in excess can sometimes lead to hypoxia at
pre-dawn hou$ fiom excessive algal respiration and resultant fish deafi
(Abu et a1.,2022j [rishra et a1.,2022; Yaqub er al., 2022; A]idina er al..
2014). The TSS va.lues were lower than the discharge limit of 10 m&4- A
low TSS in the receiyinS waterbody indicates completeness ofthe treatment
systenL

Talrle 2 also preJents the water quality ofthe first tank (LT) recei!'ing
the STW. lt can be obsewed tlrat t}e water quality jn tle LT has sli8hdy im-
proved relative to STW- The marginal improvement in water quality be-
tween the STW and its receipt at LT is suggestive of a small role of the
nearly 22-h residence time for treated water to travel 53 km *Eough
pipes and its contriburion to improved water quality,

As diicussed earlier iII Section 2.1 the STW received first at LT, rernains
there for a siSnificant period before flowing 2.1 km through open channels,
and passiog tluough two more surface tanls before reaching tle NT. Ide-
ally, the Nfs water quality should have imprcved relative to LT, due to nat-
tual treatment kom flow in open channels and residence time in suface
tanks. However, as shown in Table 2, it was observed that dre water qualiry
of Ole NT has marginally deteriorated, likely due to huma, activities such
as fertilizer runoffs ftom agrjcultuial land ard fugitive dischargeJ of donres-
tic sewa8e by houses on the tanl shore-

Whm the overflow from the NT travels to the I(T by covering a distance
of I 6 lcn, while also s?endin8 a larSe residence time in open tanks, it ca, be
ob6erved that the water quality of lhe KT has improved relarive ro rhe NT. It
is indicated tlat in addilion to the long periods of residence time spert by
STW durinS its flow throuth a cascade of surface water tanls as well as

throuSh lhe conoectin8 v/ater channels, rhis treated water is subjected ro
a long residence time wirhln the tarks that it passes through which leads
to natural trealrnenL 'fhe watei quality of KI when compared with rha!
of the STW, it wai obsewed tiat there was alrnost 25 to 50 ol, improvement.
Such an obsen€tion where the treated water encounter multiple treatment
opportunities but still show small thanges in quality indicates tha t the teat-
ment systems are functioning to their near ideal leveli and tea\e behind
very little treatable substances. The presented results are suppoted by
Amin et al. (2022); CGWB, (2020); Sharma and Kennedy (2017) wherc
the vrarer qual.ity of treated wate! improved due to t}le self-purification
mechanism in the flowin8 state and through dilution as an impact ofGW re-
charSe. Eslamian et al. (2018) reported fie removal of dissolved orSanic
compomds durinS GW redlarge *rou8.h SAT system as an impact ofmicro-
bial biodeSradation ard absorption. El Arabi and Dawo d (2012) reponed
the removal of suspended solids, biodegradable materials, bacteria, and
other microbes ftom treated wastewaler through the vadose zoDe as i!

Tabl€ 2
Water qurlity of secondary treateJ wastewater and surf.e tank water.

st. UDiI Hont L NGT dis.h.rse !t ndards
(N6T.2019)

STP (.T) (lr"I) 0{T)

pH

BOD5(@20 "C)

coD
'tss
NHl 'N
1?'I

6.5-9.O
to
50
10

10
l.o

9: 1.0
48 a 4.0
4r2.2
4.6 1 0.8
7.4 ! 2.5
0.4 . 0.3
280 I 20

7.8
?.2 ! 2.0
50 + 4.0
7.2 ! 2.4

2.8 a 0.8
6.9 a 1.0
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I.
z.
3.

6.

a.

nEA
n\g/L
DS/L
6s/L
rn{L
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7.6
6.2 a 1.5

42 ! 8.0
6.8 . 2.0
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5.3 l 1.4
0.3 i 0,t
2m!16

7.7
6.4 ! t.4
42 ! 2.0
6ar.5
2.4 ! o.2

5.2 I 0.8

230 ! 25

2. 5. Z Re.haBe ettin]dtbn
For the estimation of recharge, 5y is kept as estimated in the preyious

step. Net GW pumpinS is kept at 150 mny'year to maintain consistency.
The model estimates montlly total recharge (Rr) by minimjzinS tie sum
of the square oftle error between tle observed and simulaled CW level
fiom 2Ol3 to 2021. The recharSe fiom rainlall (Rp) is obtained by multiply-
int the r/ by the monthly .ainfal time series. Recharge from rhe ranl (Rr) is
calculated by subtracting Rr liom Rr.



Table 3
Hm\y meta.l aralysis of s€condary reated wastewater and ffrst surface tank

sl. 15 I O5C)0 (rDrA) Sccondr,y beated
(aE 10500, 2012) mnqater

6e/L;
lank (LT)

l*E/L)
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population, which serveJ as their primary food source. Large and smallef
frsh were also observed in these tanks, stafting from the Lt indicatinS suc-

cessfiI breeding. These observations suSgest that the recharsed water qual-
ity is sriitable for aquatic life a-nd suppors frsh growtl and reproduction,
which was previously a concem when selectinS 6sh for comm€rcial cdtiva"
tion ir these tanl6. In lhe past, it was challengiJrs for fish to breed in what
was perceived as "hardlpolluted" water. However, these observations dem-
or$tnte that the approach of recbarginS water ln the tanks a.llows for suc-
cessful fish breeding and Srowth, eliminatinS the need for separate
breeding programs and seeding with fingerlings. These observations, show-
ing 6sh in wrious states ofbreeding and growth, clearly indicare the suit-
ability of t}is approach not only for fish cultivation but also for their
breedin8 and t}le long-term sustainability of suface tank water.

3.2. ln4>ort on grotmdwoter loels

Fig. 3 (a) and (b) rcprejents the histodcal daa for CW levels and precip
itation of imFcted as well as non-impacted boreholes of Kolar distrlct-

ft can be observed ftoln Fi8. 3 that the GW levels before recyding STW
(March 201 8) were arourd 1 8 ftbgl (met€rs below giouod level) which im-
proved to 7.5 mbgl for NB and for lG ir was 33 mbgl io Aug 2018 which
rose ro 9 mbgl in September 2018. A clear immediate positive impacl on

GW levels can be observed as the levels increased by 58 % and 73 0,6 respec-

tively in the studied impacted boreholes. Literatule reports a linear rela-
tionship between GW recharge and rainfall (Rasel et al., 2023; AfluraSa
et al., 2006) but it can be observed from the historical precipitation data
(KSNDMC, 2020) represented in Fig. 3 that 201&-2019 was a rai! deficit
period but stjll the GW levels increased which confirms dilect impact of
iecycled water (SIw) filled in tie existing surface tan-ks near to the studied
boreholes. Thb dearly has resulted because surface water fiom rejuvenated
tarks has infilrered through soil layers and percolated verticrlly downward
deep in tle soil through tIe unsatu.rated zone towards tle lvater rable. The
movement of water also depends on soil permeability or hydiaulic conduc-
tivjty. Pore spac€ in the soil serves as the storage comparthent for water. h
is eponed that the l(amatal€ state is underlaio by peninsular gneisses, and
gia4ites (Ranajah et al., 2017). The studied surface tanks are also located
at suc-h highly tsactured and 'reathered rocl and have a sufficient thickness
of pemreable vadose zone which helps for speedy Gw reciarge (veeraDna

and Jeet, 2020; DEIAA, 2019; Asano and Cotruvo, 2004). Fi8. C

(a) (Appendix C) epresents maps showinS lowwaterlevels in Kolardistrict
before commencement of t}le lecyding and Eig. c (b) represeirts increased

water levels alter commencemmt of the prcject.
As discussed in Sectioo 2.1 soil typ€ in Kolar district ranSes from red

loamy soil to red sandy lateritic soil which is a.lso chaJacterlzed by lol{
water holding capacity and increased hy&aulic conductivity (Golq 201 6;

sivapullaiah et al., 2003). This soil has an infilEation ftte of >10 in. per

hour (CCWB, 2020) thus an immediate response can be seen in the im-
pacted boreholes which were in the nearby vicinity of the rejuvenated sur-

face tanks. Thus, it can be concluded that indirect artificial recharge of the

GWhas a significant role in the development and mana8ement of drought-
prone semi-arid areai as it boosts the GW level. Nandan et al. (2021);

Shawaqfah et at (2021); Dillon and Arshad (2016); El Arabi ard Dawoud
(2012); and Icekson-'fa! et aI. (2003) also reported improved GW levels
through indirect GW recharge methods.

Fig. 3 (c) and (d) represenlswater levels of two boreholes (sB and HB)
with delayed impact where it (,n be obsewed thal in both the boreholes

there is no immediate improvement in the Gw levels post recyclinS. It is
thus concltrded that treated water has not reached to these areas which
are far away (at a distance of 10 to 14lm from the l(t) until2020. Wrereas

it can also be obsewed that the wateJ levels have increased ir) both SB and

HB after 2020. At SB, the water level increased by 80 0/6 l?om October 2021

to November 2021 whereas at HB it incEased by 48 0/o ftom October 2020

to November 2020. This is attributed to the fact that these two boreholes

have shown a delayed impact with respect to 2018 post rccyclinS and

may be attributed to lateral movement ofpercolated underSround water
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acts as a natural filter in SAT systems. Wilson et al. (1995) reported 50 %
remoEl of nitrogen, heavy metals, and disinfection bSproductr through
the vadose zone,

Table 3 represerits the water qua.liry in terms of heavy metals. AJ can be
seen fTom Table 2, the STW and LTs water mee$ even the stricter standalds
for drinkinS water (BIS 10500, 2012) for heavy $etab. This suggests two
possibilities: 6rsdy, there is very low contamitEtion of urban ruloffs, and
secondly, the anaercbic staSes experienced by wastewate.s generally
cause heaLy metals to precipitate and sepamte ou! even if tley aJe present
(Manisha et al., 2023; Rao et aL, 2021; A\aral et aI., 2020; A$ral, 2019).
Therefore, ftom this perspective, the wastev\,ate$ are rendered safe for dis-
c-harge to surface water bodies. E Arabi ard Daword, 2012 reported th€ re-
rnoval of heavy metals and olher inorganic conraflioantJ ftom wdtewater
duJing Gw recharge as an irnpact of geochehjcal reactions such as mineral
precipitation, di&solution, adsorption, aad redox reactroN.

Detailed studi€s on the presence of emerging contalninanrJ in sTw and
surface water in tle study area are underuay. PrclimiDary results presented

in Table 4 indicate thek absence in STw and sub6equendy in tle first sur-
face tank (LT) receiving STW. This is because tle STW undergoes djfferent
levels of natural ueatment as it experiences a long residence time
(>14 days) in tanks (Manisha et al., 2023; Teo et al., 2022; IcelsoD-Tal
er al., 2003).

The .ejuvenated tanks are home to a variery ofbirds, such as fish eagles,

herons, ard various type6 of ducks, indicating the presencr of a large fish

Table 4
Summary of elrrerging contamlnants i, secondary neated wastewater and surface
tank.
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over a loag period. To order to confiIm these findings CW modelling rtas
carried out-

3.3. G rolnd]|oter modeLing

As discussed in Section 2.5 a physically lumped unconfined model
AMBIIAS-ID was used to model fte Gw level fluchration in t1vo steps con-

sidering the GW recharSe, discharge, and punping. In the first step model
calibration was carried out for a period of 5 years from 201 3 to 201 7 during
which the Gw levels were representative oflong-rerm GW balance in the
non-impacted region. The estimated set of parameters alon8 with perfor'
mance indices "Root Mean Sqlared Error" (RMSE) and "Coefficient of de-

termination" (R?) are listed iD ?able 5. Fi8. 4 represenLs the comparison
ofsimulated and observed GW levels for the calibration period. ln the sec-

ond step, the calibrated set of aquifer pa-rafieters were forced into the
model to estimate the montlly recharSe values correspondinS to the best

fit berween obselved and simulared cw levels from 2013 ro 2021.

Fig. 5 replesenrs the esaimated monthly rechaJge and the simu.lated Gw
level time series for 2013-2021. The monthly recharge estimates are vali-
dated by comparing the model slmulaled GW levels with observed GW
tanks in rerrns of R2 and RMSE (Goswami and Sekha-r, 2O22a, 2022b',
Sekhar et al., 201 3. In fig. 5, blue and 8re€ri bars correspond to dle recbarge
from rainfall a.nd tank respectively. As diJcursed in Section 3.2 the t$ro im-
pacted boreholes reflect good GW recoveryjust after req/cli,rg was started
in March 201 8. The other two boreholes SB and HB, showed a delayed GW
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Table 5
Esdmated parameters and pedormance of the modcl calibration.

sl.No. RMSE (m) R2 Sy

I
2

3

0.7
0.77
0.48
0.85

0.05
0.039
0.018
0.025

Ndspura (NB)
(old (Kr)
shaplr(sB)
Hararl (HE)

2.4

3.61

3.97

0.\27
0.094
o.124
0.099

2013 2014 ZO15 2t1ti 2011 2!1tt 2019 2020 2021 2022
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recovery because of slow lateml movement of GW as these locations are far
from the rejuvenated tank. The annual water budget for each location is
tabulated and provided in Table 6. Daily rccharge rate befole 2018 are in
the ranSe of 0,1 to 0.48 mm for all four boreholeJ studied. The daily re-
charSe rates of NB and KB reflect the impact of recycling stating from
year 2018 aJ the daily rcchar8e mte is alrnosr 2-10 times higher for 2018
and 2019. The sharp rise in the observed cW levels at impacted locations
in range of 20 m to > 100 m wirhin +6 monrlE dlration supports the higher
recharSe estimates because of contribution of rcjuvenated tanks. Silrce
2019, these two borehole sites exhibit low se.sonal cW level variability
(amund 5 m) as these sites are in 0le vicinity ofthe tank which act as con-
srant head boluldary condition. The other two boreholes (SB and HB), expe-

rience 5-10 times dse in daily rccharge rate in 2020 and 2021 respectively
confrrlrling a delayed impact with reJF,ect to 201 8. Net pumping to recharge
ratio at all locations before the recyding was >1 signifyinS unsustainable
GW punping io the legion. The daily recha..ge rate improved siSni6cantly
post 2018 because of the extra recharge from the tanks which is much
fu8her than the dircct rccharge from rainfall. The increased rccharge com-
pensates for pumping and the ratio of net purnpinS to total recharge drop
b€low 1. The Gw recha-r8e estimateJ based on Cw modelling indicate
that this larSe scale recyclinS of STw has enianced the GW recharSe irl
the region restrlting in rapjd recovely of Cw storage (luanisha et al.,
208; A Arabi and Dawoud, 2012; Icek$n-Tal et al-. 2003).

3.4. lnpact on gowdwatzr ElaW

Resldts represented in section 3.3 .on-Erm that STw filled i[ the tanks

has recharged the GW table of the study area and thus dds section repre-
sents its imp6c! on GW quality as represented in Fi8s. 6, 7, 8 and 9.

ScieEe ol th. T.rol EnyituM,t grV (2023) ft2a69

The Sraphs in Fi8s. G9 ilustrate that, the Sroundwater quality in the im-
pacted boreholes has improved across a.ll srudied pararneters when compar-
ing the data ftom bdore aJrd after the recycllng period. Observations
indicate that in the case of NB, there was no sitnificant change in pH
value. Howeve!, a notable reduction in water quality Frameters was ob-
served, includinS a 55 96 reduction in hardneis, 23 0,6 reduction ir TDS,

12 06 reduction in EC, 46 0^ reduction in Ca +, 62 % reduction in Na *,

22 0/o reduction in Cl-, ard 84 6,6 reduction in NO;. Similarly, for KB, no
chan8e irl pH value was obsere4 but tlere was a significant reduction in
water quality parameters, indudin8 a 70 % reduction in hardness, 76 04 re-
duction in TDS, 85 yo reduction i, EC, 88 0,6 reduction in Ca 

+ 
, 88 9o reduc'

tion in Na+, 96 % reduction in Cl-, and 93 0,6 reduction in No3 -. Fig, Dl
and D2 (Appeddix D) represents reduction in Mg*, K*, SOl-, and F-
when compared between before and after recycling period. clearly the
hard waters ofdeep aqui-fers Oefore recyclind with a lot more dissolved

salts have transformed into a more atriculture f;iendly water (Hasan

er al-. 2023; Teo et al., 2022).
FiBs. 6, 7, 8, ard I hiShliSht the dilurion efrect on the water quality pa-

ranreters resulting from the recharge of recyded water into the de€p aquifer
during its jnfiltratjon througb the soil As discussed earlier, the STw held in
tanlis infiltrates into tie sub$rface and deeper aquife$ rapidly, and percG

lates vertically through the unsaturated zone towards the water table
(Saleetu et al., 2016; Bckele et al., 2011). This infilEation process throuS!

the soil is slot4, which resulB in the puiification of any residual chemicals

that may have escaped the wastewater treatment process Moreover, this

filtration process occurrinS over moltls starr'es the potential pathoSens,

ensuring their rapid die-off (Hasan el al., 2023; Hasan el aI.,2O21t

Mauya et al., 2020i Islam et al., 2020).

The removal oecianismr involved in the lecycling process include
physical liltration, biodeSradation, adsorptlon, chemical preciPitation, ion

8
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exchan8e, and dilution. Miqobial acdon 9?ically converts orgaric contarni-

nants into simpler cornpounds, while filEation dtrough various soil layeB
removes suspcnded matter and patioSens (lslam et al., 2021; Mazrouaa
et al,, 2019; Bekelc et al., 2011), confirming the safety of the recharged
grcundwater for reuse. As shown in Pit. 69, fie delayed impact of recyded
water on 8roundwater recharge in SB and HB resulted in no significant im-
pact on water quality hfore 2019, bur a significant improvernent was ob-

served in 202G-2021 due to dilution. The lesults of this study are

Sciwe ol dE Toral E^ituma1t 877 (mX) 162a69

consistent with the findings ofzhans et aL (2018), who reported improved
groundwater quality with a sandard of dass 1 WQ lndex in a labomtory ex-
perimental setup using reclaimed water for grcundwater rechaJSe. El Ambi
and Dawoud (2012) oh'sened the removal ofsuspended solids, biodegrad-
able substances, nitro8en, phqsphorui, and healy metals due to the vadose

zone actinS as a natural filter. Bekele et al. (201 1 ) reponed 66 % removal ef-

ficiency for fiuoride (F-), 62 ryo for iron (Fe), 51 % for total oryaflic carbon
(TOC), and 30 o/o for phosphorus (P) through a MAR system when treated

Table 6
Annuai water budget and connibution of rechaBe from rain 6nd tanl(l.

2013 2014 2015 2016 2017 2018 2019 2020 202r

150
90
90
0
0.25
1.6

67
67

0
o.t8

a9
89
0
o.21
1.6

?t
7l

0
o.t9
21

150
67
67

0
o.ra

6a
6a
o
0.19
2.2

90
90

0
0.2s
1.6

37
37
o
o.r0
4.0

l5f
139
139

0
0.38
I.0

8a
88

0
0,24
'1.7

t23
123
,o

0.34
1.2

87
a7

0
0.24
t.7

150
69
69
0
0.19
2.1

56
56

0
0.15

66
0
o.t8

39
39

0
0.11

3.8

150
120
120

o
0.33
t.2

l0a
108

0
0.30
1,3

173

o
0.48
0.8

106
106

0
0.29

t.4

150

352
89

263
o,97

0.4
l10l

53
l04a

3.02
0.t

56
56
o
0.15
2,6

65
64
I
0.18

2.3

r50
966
80

886
2.65
0.1

354
77

247
0.98
0.4

a1

a1

0
o.22
1.8

45
2
o.l3
3.1

150

r81
r09
73
0.50
o.a

293
a7

206
o.ao
0.5

134
134

o
oia
1.0

t2t7
84

1134

3.33

o.l

150
284
109

t75
0.78
0.5

429
150

279
l.l8
0.3

1647
la4

1,163

4.5t
0.0

640
119
520

t.75
0.2

Nrt punpio8 (ru[)
Torll Kharse (nm)
REharre frm h:, (mm)

' Recharge froIn late (lnln)
Daily rE haise rate (mm,/day)

Nct pumpinS ro total re.ha.Ec Etjo
Tobl recharye (tm)
Re.h{8e hom rain ('nm)
Rehdse f.om lat (mm)
D6ily echdse l"t€ (nrn/day)
Net pumpinS to tolll rechorye Er,o
ror.l r€dar8e (Em)
Rech&8e from rajn (rnm)
Rc{har8e liom lake (!m)
Dajll Kharte rare (,n rday)
N.( pumpitrS ro total rehdte mrio
Toral e.n se (mn)
Recharre from 6in (mm)
Recnarse lron lale (!m)
Daily rEcharye rat€ (mrn/day)
Nct pumpioS ro total r.<hary. drjo

Sourcs Precipitarion dara fiom XSNDMC and 6W level fion (GiryA and CGWB.
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Fig. 6. Impact on Smimdwate, guality (physiorhemiGl)

Sourcq KGWA and CGl IB

Noie: S€fore recycling pe.iod is 201!2017 whereas afler recvcling period is 2018-2022'

wastewate! was used for glomdwater recharge. Icekson_Tal et al. (2003) re-

ported 70 oA removal efncieDc'/ for COD, BOD, ard other s bstances throtlgh

a SAT s)stem when treated lvastewatel was used ior Sloundwater recharge'

Expe mental studies by Bauwer, 1991 also reponed reduced levels ofN,

TOC, sutfate, and faecal coliforms in recharged SroBndq'ater'

3.s. Inpact on LWC, qyidtu a nil'e otul fish prod tuion

Fig- 10 represents the topogGPhic view of the impacrs of usinS STW for

indirJct Gw recharge on ladd use and laDd cover of impacted area- LJld
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Itirrctgll

Use land Cover (LULC) maps plovide informatioo to unde$tand the

curent landscape (Manisha et al., 2023; Rasel et al , 2023) Ai$ual LULC

infomation on national spatial rlatabases enables the monitorin8 of tempo_

ral d,'namics of the study arca where land cover is the physical mareria] at

the surface of the earh and land use is the description of utilizing the land

for socio-economic activities. A significant shift in LULC was observed be-

tween 2017 and 2022 where t}le number of water bodies have increased

by 5 times, th€ Eees by 43 04, flooded vegetation by 67 tilnes' croppinS

l*d by +.2 o,t, buitt 
"rea 

by 43 %, whereas bare Sround and ranSeland de-

o"*"d by aa 'z -a 3O 0.6 respectively which glves a clear indication ofthe
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desertifred area. It can be attributed that previously in the study area the

drought conditions have resulted in water scarcity, low in situ soll moist1rre

and soil erosion, poor crop and livestock productiyity, poor soil colditions
witi low ol8anic C, nutrients such as phosphorols and zinc which are now
taken care due to secure water avarlability- It can also be concluded that the

assued availabitry of irriSation water throuShout the year (Manisha et al.,

2023; ofori et al., 2021) and lhe revival of the GW table has shifted the

croppinS patrern ftom low waler requirilg crops (e.8., pulses, oil seed) ro

high water requiring and also water-intensive,/water serrsitive crops (ve8e-

tables, flowers, etc).
Fig. 11 (c) and (d) reFesent the impact on milk and fish producrion in

the impacted arca. It can be ob,served (Fig. 11 c) that the quantity of milk
production has improved by 33 % in the impacted area when compaled
with the non-irnpacted atea due the higher observed inctease in lhe

Fi8. 7. lmpact on groundwater quali9 (physical parameters)

source KGWA and CGWB

Note: Before recycling p€riod is 20192017 wher€as after recyclin8 p€riod is 201&.2022

II

increased availability of water and brouSht about positive impact of K&C
lley wate! on the LULC.

Fig. 1 1 (a) and ( b) presents the o. tivated area that is urilized for diller'
ent types ofcrop producoon. It can be obsefled that tle area utilized for
crcp production is more in the impacted area (Narsapura village) when
compared to the [on-impacted area (Nelavenki villate). significant im-
provement is observed in area cultivated usirrg vegetables (80 yo), cereals
(35 %), plantations (38 06), flowers (100 %), fruits (57 %), and pulses

(40 %). This is due to the increased access to GW which is possible ro the

improved cw table by }(&C valley water. similarly, significant chanSes in
crop productivity (Fig. 10 b) are observed for vegetables (37 %), ftuirs
(2 yo), plantJ (13 0/o), cereals (11 %), and pulses (12 %). Overall, there is a

positive trend ir! cropped area (a8riculture) rhmush the availability of indi-
rect GW recharge which has '8reened" the otlentise semi-arid and nearly
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availability ofSreen Iodder for the aninlals and is also a key detemrinant for
maintenance and viability of maintaining milch canle (Manisha et al.,
2023; Zaibel et al., 201 9). It thus appears that tlte improved availability /re-
Iiability of water for fodder cultivarion has a positive impact on livestock
reariag along witl rnilk production (alrhough the extent of land dedicated
to todder and their lelds are not reponed here).

Fig. 11 (d) repreJents the impact of usinS STW in tank reju!'enation on
fish productio, levels. Durirg the drouSht conditions the fish production
decreased as a result of lower water availability and p€rhaps a shorter
growth period for the i roduced 6sh when most of the tanls dried up rap-
idly. However, due to the implementation oftie large scale reryding, there
is year-round availabiliry of water jn the tank and the tarks are generally

filled to daxir un levels. It is suSSested that owing to the higher reliability
of the water in the tanls ar well as the higher volumes of water currendy
stored in these tanks, the fish productivity has resulted in an increase by

Sci.nceof dLT.tolE viMlai877 (z)23) 162a69

341 0.6 when compared with the non-impacted area. As menroned earliet,
there is a significanr improvemeDt in water quality, especially the hardless,
because of which there is now a, oppoftmity to raise not only larSer num-
bers of fish but also a greater variety \r,hile ato facilitating their breeding

in siru.
studieJ supporting the presented res,ulB (zaibel et al., 2019), aamely

the assessment of the food web startinS ftom ph,'tepladlton and zoo-

planktons, indicate that the aquatic flora (phytoplankton) and fauna (zoo-

planlrton) required to suppon good fuh populations are present in adequate

numbers in the tanl water (STW). The incxeased availability ofplankton,
required nutrients suci as ammonia, nirrite, Dirate, calcium, and potas-

sium have now clearly improved and is supported by the food web aralysiJ
(not presented in this paper). Similarly, such additional nutrientJ are Sener_
ally used for fertilization of fish ponds in aquaculture which is also a known
practice around the world (zai bel and Zj lber8, 2021). Nandan et al. (2021 );
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Pedrerc et al. (2010) supports tle resuhs of the presented study and re-
ported positive impact on GW, ag.ioitural sector, and socio€conomic con-
ditions in water-scaEe reSiofls (hrouth maraged aquifer recharge (MAR).

4, Conclusions

ln conclusioq this snrdy highlighs rhe succes of large,scale recyclirg
of secondary Eeated wastewater in addressing freshwater scarcity in
water-stressed regions, p&nicularly the semi-arid Kolar distl.icl The large
scale recyclinS of secondary treated wastewarer effectively rejuvenated
existinS surfacre tanks and recharged groundwater in neighbour'ing villages
of Bargalore city. 'lhe AMBHAS_ID model was utilized to quantify the
groundwater reclar:ge rates in hard rock aquifers with fractured gneiss,

Sanites, schists, and hithly fractrued weathered rocks, and Ge results

Seiee q ttE Totd Etuih@at 8n (mB) 162469

demoDstrated recharge rates up to 3 rfiVday, vrhich is 10 times the other-
wise rccharge lates. This study also quantfieJ the positive impacts of this
recyding effort on Sroundwarer levels and qua.lity. Due to additional re-
charge coming frorn rhe recycling of secondary tleated wastewater, the

Sroundwater levels increased by 58 to 73 yo. Also, dle to inliltration
through the tar i soil and sEata, the groundwater hardness improved by
50-70 04. Furthermore, the land use and land cover studies con-firmed a
fivefold increase in water bodies, resulting in a sifnificant reduction in
background and rangeland, increased a8ricultural activities, increased
milk production and increased 6sh production.

These findings provide valuable insights for stalreholde6 to accelerate
plans for reusing treated wastewater for indirect groundwaEr recharge
and conservinS freshwater. l^ar8e-scale water recycling schemes, such as
the K&C valey ploject, cafl be replicated in towns and cities facing drought
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Fig. I 0. lrnpact on n LC (2017-2018 \o 2021-2022)
Sourcei BSRI (2017 to 2022).

situations, providing long-term water security. However, it is crucial to
monitor groundwater quality reSularly and investigate the long-term ifi-
pacts of usinS secondary treated wastewater for indirect groundwater re-
charge- By doinS so, we can continue to address fteshwater scarcity
slstainably while supportinS agricuitural and economic growth in water-
stressed regionr

Supplementary data to this article can be found online at hftps://doi.
or8l1 0.1 0l 6,/j.scitoten v.2023-162a69.
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Fig. I l. (a) and (b) lJnpact on crop producrivity, (c) milk ard (d) tuh production for 2021-2022
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Itd. xolar and ffshery drta (2021-2022) Depsrunerit oiFish€ry Scienc€s, 2021, Xolsr.

man8old, chrysanthemum, jasmine, ro6e, crossandra etc.; Pulses-red gram, fi€lal bean, toor, cowp€4 horse gmrn, 8leen gram, etc. Oil seed - ground nut, sunflower.
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improved ylelds, fish Foduction, and
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$159.97, confirming tanSible econoEic
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direct Sroundwater recharS€ vya.s 4.34.
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The larSe-scale recydint of treated wastewater plays a pivotal role ln promotinS Srouldwater sustainability,
addressing warar scarclty, and eNudng efficimt resouce udllzation to achieve sustainable development goa.b.

This study aimed to conducl a cost-bereit analysis of a, innovative lar8€-scal€ treated wastewater recyclin8
ploject for indiiect 8roundwaEr reclur8e in tbe Kolar diitrjct of yramara.k4 lndia. Dara reSardin8 projed and
culdvation costs were obtained ftorn multiple govemment organizadons. AMlysis wa5 based on nlne years of
aSiicultural producdon data (201+2022). A.linear exE-apolador was conducted on total production data, uslnt
2018 as a reference point for a buriness-or-usual cas€, to quantily the benentr reJultins Eom the ploject. Th€
study's findlnSs lndicated a siSnificant exparsion in cultlvated land ard improved productivity due to rh€ water
security, leadinS to an increase itr revenues. There was a significant 3-time inctease in raw cocoon production
and related revenues. Year-rcund filled tanls rerulted ln >24-tlnes increase In fuh production and revenu€r. The

" CorrespondinS author.
,-ma, od&arr mi\nlariminishac Sn1ail.corD (M. Manisha)

hirpi.:'d()i ()rts,'10.1 0l 61.tsd 202{.101 264
Received 3 February 2024; Received in revis€d form 16 July 2024; Accepted t7 JIJdy 2024
Available onllne 1.8 July 2024
2352-801V@ 2024 Published by Elj€vier B.V.



crcudwow lot suloinahlc Dc!.lop', tu 26 (2024) 1012U

cost-benefft alysls confimed 6at the project's benefitr erceeded the costs, wlih a net present value of US$

159.97 million at 8 % interest mtes on fiied capital co$ and a benefitrosr mtio (BcR) was 4.34. The BCR in the

context of:he cost of crop cultivation, raw cocoon, and fish production wa5 3.14. This indicates substantial
economic benefft5 due to the water rccyclinS project. Furthermorc, the recyclinS project has pot€ntial to improve
emplolrent opportunities, boost local economy and promote suitainability. R8ultr provlde evidence for poli-
cyrDakeB to design an integrated framework that includes treated wast€water reuse for Sroundwater recharge
and achieve multipl€ Sustainable Development go3l (SDC), mainly SDC - 2 (Z€ro hunger), 3 (Cood h€alti and
well-being) and 6 (vrater ard santtation for 3ll). Thls approach encouraSes circular economies, enhance! aSro-

economic systems, and ensurei a sustainable balance between development, agriculture, aDd resource rc-

Aonsibility in developirg countries.

1, InhoductioD

Water scarcity and decliniq freshwater pose a Srowins threat
worldwide (Tzanakakis et al., 2020; Lel,e. 2022; Akbar et al., 2022). In
response, teated wastewater relrle has emerged as a plomising and
sustainable st atefy for rdtigating water stress in Irdia and many other
countri€s (lrelcson-Ial et al., 2003; 'lona.jada and Birdal, 2020;
.h.nJn.r'ri er ,rl 2022; \4rnr\l'n cI rll., 2023a). Wastewater reuse offers
a multitude of benefits. It addressei wastewater management chal-
lenges, increases water availability, recharges gtoundwater (GW) re-
sources, and boosts agricultural productiviry (Gucna-RodriSuez et al..
2020; EcheycIrln, 2021; Ololi c! x]..2021; Mirfsh:r cl itl., 202:la; Verma
et al.. 2023a). AdditioDally, it fosters a circular economy by minimiziDg
environfiental impact through reduced wastewater discharge direcdy
into freshwater bodies (cuerra-Rodriguez et al-, 2020). However, suc-

cessful implementation of wastewater reuse projects requires carefi

Table 1
Cost-ben€fit analysls of wastewrter reus€ project across valious countrjes.

consideration of several factors such as environmental aDd public health
safety, sociorultura.l acceptance, and economic yiability (Breit(nmoser
et al., 2022; Lsrahlao!ri et al., 2023). Amon8 these, econooic feasibility
studies throuSh cost-benefit analysis (CBA) play a critical role. CBA is an

esseltial tool used by policymakers to evaluate whether a project is

worth investing in, by estimatiag its costs against its benefits
(Hcmiindcz-Siri.ho ct a1.,2010; Boardmao $ al-. 2017). In the 6eld of
wastewater rcuse, CBA can play a significart role in the implementado[
of efficient aDd effective policiei and stiategiei for wastelvater man-
agement and reuse to ensure long-term economic, environmental, and
social sustainability (Scnanrc' Mdinos Ct il., 20ll; Vcrlicrhi r:t a1..

2012; i'iur ct al., 2015; Al Sa'L'd cr i1,, 2015; Arborca 0r i ., 201 7).
while studieJ explore wastewater reuse for irrigation, GW recharSe,

and non-potable us€s are abundant (Jarirmjllo ar\d Rcstrepo, 2017;
Aleisa, 2019; NaDdrn et al.. 2021; Ofori er al . 2021; Minhas e! .1., 2022;
Bassi et al., 2022). Jalanillo and Rcltrepo f20l7) focus on
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'envircnmental and technical aspects, while Alcis| (2019) explores social

ard re8ulatory challeoges. Similarly, Otori e{ ft]. (2021) indicate the
benefits and dEwbacks of usinS treated wastewater for irriSation and

Nandan er al. 12021I discuss the benefits of GW recharge iIr irrigation.
Bissi d al. (2(122) aJsess the national market potential for treated

wastewater reuse and recommend improved 8ovemarce ftamework.
However, all these studies lacl a robus! economic evaluation, creatinS a

gap in understanding the complete cost-benefit analysis.
Table I indicatei that few studies have carried out CBA of Eeated

wastewater reuse, mainly focusing on projects in developed countries.

while there studies evaluate tie beoefits of such syslerrls ftom diffelent
p€rspectives, there is a lack of similar research in developing countties.

Seninie \.lolinos et al. (2010) use shadow prices to assiSn economic

value to environmeIltal impacts durinS wastewater treatrneol high-
lightinS nutrient removal's economic benefit. Scnarte- \4olinos et al.

[2011.i even developed a methodology for assessinS the economic

feasibilig of phosphonrs recovery fiom wastewater, considering both
intemal and extema.l costs. Arbr)rea er al. (20'17) and Arena el al. (2020J

in Italy evaluate the economic value of reclaimed water for irriSation
and its positive impact on GW quality. Far et al. (2015) quatltify the

tangible bene6t5 from reclaimed wastewater reuse iD B€tiDg, induding
revenue geleration, reduced fiehwate! use, and fertilizer savinSs.

Ljenhoop el al. (2014), Hu.n8 et al. {2020), Ye et ,,. {2020}, Csnaj et Lrl.

i2o2'l ), and Cetkor ii er al. (2022) focus on the economic advantages of
irrigation with treated wastewater and tle potentia.l for nutrient re-

covery to implove envircnmental sustainability. However, a key gap

remains in the literature, quantifying the tangible revenue beneffs ftom
improved a$icultural producdon due to enhanced water security
through iDdlrect GW rccharge (vnrasree c( ul., 2024). Thls study ad-

dre$es this critical gap in the literatuft by assessinS tle taDgible eco-

nomic impact of a large-scale wastewater recycling project known as

Korarnangala & Challaghatta valley (K&C Valley) project which aims

for hdirect Gw rechar8e using secondary Eeated wastewat€r (STW)

coming from Bengaluru, India to 6ll sudace tank (irriSation tanks) of
the neighboring semi-a-rid and drought-prone districts of Kolar (SinBh.

2020; N'lir[ishr er lrl., 2023a; VenDa ct al.. 202:ta). The surface tank
water consistendy met the standards oudined by the National Green
Tdbunal (NGT, 2019) for the disposal of treated wastewater into surface
water bodies or for land disposal/applications. To fulther mitiSate po-

tential health risk fiom heavy metals, the wate! also rnet the rtricter
Bueau of lndian Standards (BIs. 20'12; I{anisha er al., 2023a; verma
et al.. 202:Ja, 2023c). The x&C valley project ha6 already shown
promising outcomes in telrls of significaDr 68-7006 improvement in Gw
levels, improvemeot in GW quality (hard ro soft) after implementation
of project (Sinsh. 2020; verm, et al., 2023a,b,c; Manisha et al., 20230,
2A23b).

The objective of this study is to assess the economlc viability of the
K&C Valley waitewate! recyclinS project fo! indirect cw recharge usirg
CBA. The aim includes quandryinS i) the public investmeflt irl the
wastewater recyclinS project, ii) a8ricultural .osts bome by farmers and
iii) stakeholder benefits from increased productivlty and sales (agri-
culture, horticulture, sericulrure, fisheries). This study caa empower
policymake$ in water-streJsed ,egions to make irfomed decisions for
future wastewater reuse initiatives, tiereby contributing to achieving
multiple Sustainable Development Goals (SDGS), specifically, SDG -6
(Clean Watet and Sanitation), SDG- 2 (Zero hunSer) and SDc- 3(cood
Health and Well-bein8).

2. Metlodology

2,1, K&C Valley project ond srudy areo

The (&C Valley indirect GW recharSe project is unique in its out-
comes and is a joint initiative undertaken by the Mlnor lrrigation
Departrnent (MI), the Govemmert of Kamatala, aDd the Bengaluru
Water Supply and Sewerage Board (BWSSB) (water utiuty board) in

CMdbarq Ju sistai^db Ddcloptu 26 (2024) lol2y

March 2018 to address the prolonged and acute drousht situation of
semi-arid Kolar disEic! IGmataka (Manrsha et al., 2023a; Vernra et al.,
2023a). The project involves the rejuveoation of a series of existing

maD-made suface tank cascades and filling them with recycled water
coming from Bengalun! urbar areas, and directinS it into the GW
aquifers tlrough soil aquifer treatment (SAI) method. Around 44o MLD
of sTw is currently prrmped and later disEibuted by favity io over 137

irrigation tanlG which in turn recharte tle GW in the nearby villages
(Singh et a1.,2020; Nlarisha rt ai..2023a; vetma et il., 2023a). The

project encompasses five talul(s (suEunit of a district), namely Kolal
Srinivasapura, Mulabagilu, BanSarapet, and Malur of the Kolar district
(Fig- 1). This study, however, is restricted to only Kolar taluk with the
following features: geographical area - , 210 ha, cultivated area - 30,

215 ha, irriSation tanl - 42, total population- 3,85,410 (rural
population-2,46,948 and urban population-l,3,8,462), and major
occupatior-a8riculture and associated actjvitjes ((olnr district Slar!ce.
201 7). AJ part of the recycliDt project in Kolar taluk, 146 MLD of Eeated

wastewater is distributed into a 42-surface tan-ks.

2.2. Dou co\ecdon

2.2.1. Cosa of wostewatsr d-eonnent and v,larer panpihg
The K&C valley ueated wastewater recycle project is split into two

components, the BWSSB is respoDsible fot establishing the sewa8e

reafiient plant (STP) usinS secordary wastewater treautrent techDolo-
gies to t eat municipal wastewate!. However, the MI deparrrnent has

played a crucial role in the project by designing and monitoring the
project, instalting a pulllping station and elecfical substation, and
constructing and renovating thecanal. This canal helps pump waterioto
various surface tanls in the (olar dist cts. Hence, cost data for the water
taeaE[elt process was obtained ftorD BWSSB, while water pumplng
costs were obtained from the MI departrnent (Eig. 2).

2.2.2. cost of cultilatiou cropt, rat cocoory and. f*h
The link between highe! production ard increased cultivation costs

necessitates a doser look at the specific costs bome by farmers for
various crops, includint labor, seeds, fertilizers, pesticides, manure, and
machinery use (Foster and Rosenzweit. 2011; Sriva-srava et at., 2017;
Roberts et a1., 2023). To calculate the CBA, data on cultivatio,l costs pe!
hectare for va.rious crops, itrdudinS mulberry leaves for the year 2022
was obtained from the Cost of cultivatio[ scheme, University of ASri-
cultural Sciences, Bengaluru, a unit under the Directorate ofEconomicj
aod Statistics (DES) io the Ministry of Agriculture and Fa.rmers Welfare,
Govemment of India. The Deparunent of Sericulture and the Depart-
ment of Fisheries, Kolar provided data o,l raw cocoon and fish produc-
tion for the year 2022, respectively.

Sericulture is an agro business knorrn for being profitable, providinS

Sood retums with minimal iDvesnnent (Alman and Farrell, 2O22t Ekkt!
and Bais. 2023). The production ofraw cocoons is a crucial aspect of the
thriving sericulture industry in Kolar taluk. The Departmert of Serlcul-
ture, Govemmeot of Kamatala, supports sericultu-re through programs
like the Catalytic Development ProSra$ (CDP) in collaboEtion witi the
CenEal Silk Board, ailning to improve the growth and productiviry of
sericulture (Kunlar et al.. 2019). Fish farming assrues a prohpt retum on
inveJtrnenL The state and central govemmeDt are actively supporting
fish farmint by providinS subsidies (Joh! et al.. 2014).

2.2,3. BeiefiB
Da[a on the prcduction and average selling price of va-rious crops,

sericulture (mw cocoon), and fish was obtained from relevant govem-
ment orSanizations in (olar district, including the Departments of
Agriculture, Departmert of Horticulture, Depa.rtrnent of Sericulture, and
Deparunent of Fisheries (Fi8.2). The data on productioD in Kola. taiuk
was collected for a nine-year period (201+2022} This data wai then
cateSorized ioto two troups: 'before-recycling' (201,+.-2018) and 'after"
recydins' (2019-2022) period. It's important to note that cultivation
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practicer for different crops, primarily involving seed quality, fenilizer
application, and pesticide use, remained consistent before and after the
wastewater recycliDs period. The major clanSe observed wai the
availability ofSTW in surface tanks and elevared shallow GW levels due
to wastewate! recyding. ltrls shift iD water availability may have
impacted crop cydes and crop selection. Information on theie practices

was obtained through on-site farmer surveys conducted du-ring visits to
the study area. A schematic diaSram ofthe methodology including data

collection aDd analysis has been plesented iD Fi8. 2.

2,3, Dota onalysis

2.3,1. Cost-bcnefr onollsk (cBA)

In this study CBA was done using conventional methodologiel of
economic analysis ircludinS "Net present value (NPV)" and "Benefit-

cost ratio (BCR)" (Hern6ndez'Sancho et al , 2010; S€n0nte Molinos
e1al., 2O1l; verli.chi et al.. 2012; Ccllini a,nd Edwin Kee, 2015; Sbo .

2022). NPV is a metric used to measute the economic value of the
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Fl8. 1. Drainage networl and water Miel within the study area, Kolar taluk, [olar (rmatak4 Indla.

fi8. 2. Me$odology for cost-benefit analysis of water recycllnS project Data collection and analylis.

project by calculatiag tie difference between the total discounted ben-

efits and the total discounted cost5. [n simpler terms, NPv considers the

time, and value of money by adjustinS for inflation and discountinS

future cash flows and provides a way to estimate whether the project
wiU geDerate positive or negative retums over its lifetime (Djukic et nl.,

20 1 6). The NPV calculation is prerented in Eq, ( 1 ), where TC and TB are,

lespectively, tie total cost and benefit b t}!e year t, ris the discount mte,
and T is the expected plant lifespan. In this study, the selectioD of the 8%

discount rate was based on its alig1lment with the rate at which the
present value of benefits equals tie present value of costs (vc.licchi
('r al., 2012; S;lnonllli, 201 3; l.ijukic el al.. 2016).

The project's cash tlows were projected over 25 years, which is

deemed to be an appropriate time horizon based orl the project's esti-

mated useft life. This time frame allows for a comprehensive assess_

mert of the project's financial p€rformaoce, considering both capital

and operational costl and benefits. By analfzing cash flows over 25

years, decision-makers can more accuately evaluate the project's eco_

nomic viability and determine whether it aliSrs with their inveJtment
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'objectives.

Npv = tlrB(l + r)- - t' -rc(r + 4-
Arother usefril indicator in CBA is the benefrt-cost ratio (BCR). h is

tie ratio of the total present value ofbenefits and the total present value
of costs, presented in Eq. {2).

B-E!=trLtjl e)5'l ^IC{1 + r)-'

A BCR >1 generally indicates a project's economic feasibility,
whereas BCR <1 suggests that the project's projected benefits are likely
lower than its total costs. Simllarly, a negative NPV iDdicates that a
project's discounted benefits are insufficient to recover the initial in-
vestment, while a positive NPV sugSests the project' s belefits outweiSh
its costs, making it financially attractive.

kr this study, "cost' is defined differently for different staleholders.
Govemment staleholders are concemed with the costs associated with
implementinS the wastewater recycling project, while farmers bear the
costs of cultivati[8 various crops uJi[8 indilect recharSed GW.

conversely, whe, it comes to "benefits", farmers are the sta.keholders in
both scenarios. Although the govemmert rnay ircur shon-telm costs to
implement policies and programs that benefit fa.rmels, such invertrnents
can have long-terrn benefib fo. society, including ilcreased food secu-

rity, improyed lutrition, ald reduced poverty,

2.3.2. Cost of Nlosvwat$ wannent @d watar punptng
ln the present study, the annualized total cost (ATC) for the project

was calculated by cornbinhg the ATC of wastewater treatrnent and
water pumping, as prcsented in Table 2. The costs of wastewater treat-
ment, lvhich rver€ incurred by the BWSSB, include tle 6l.ed capital cost
(FCC) for consEuctins the STP. This includes the costs ofcivil works and
electrical aod mechanical wolks (E&M). In addition, the working capital
cost (WCC) was considered, which includes the annual operation ard
maintenance (O&M) cost. Thes€ O&M costs include expenses for power,
civil repairs, efltineerin& and maintenance (E[tt. & M), chemicals, and
manpower. Similarly, the cost ofwaterpumpint, which was incurred by
the MI depaJtment was also calculated indudint FCC a'ld WCC. How-
evet FCC calculation was based on 8% interest lateJ (D for 25 years. The
8% interest €te is a subsidized rate, as established by the Ministry of
Finance, Govemment of lGmatal(a, in contrast to the prevailing market
rate of 15% (\,Iinislrv nl Firnnce. 2023). The ATC was calculated a5

dveD in the fouowin8 Eq:3.

Table 2
Costi of wastewater treatrnent and water punping to surface ta!k.

ctuldwo@lt S6tut t bb D.v.Iop,i.n 26 (2024) 1 2A1

ATC: (FCCI+ WCCr) + GCCz+WCCd (3)

where,
(1)

ATCI= fCCr+ WCCr' ATC2 = FCC2+ WCC2; ATCI =
A1*81*C1*D1*E1*F1+G1;

ATC2 = Ar1gr1Cr*P 2*E2iF 2+G2

Ivota FCC : fixed capital cosq WCC : working capital cost, ATC =
annualized total cost, ATCr = annua.lized total wate, tleatnent cosq
ATC2 = annualized total water puhpinS cort, A = ci\ril workJ B = E&M
work, C = power, D = c'vil repair, E = E[98. & M, F = chemicals, G =
manpower, I = water treatEent,2 = water pumping.

2.3.3. Agriculfr.tol .os| crops, rail co.oon ond fish
The annualized total agricultural production cost (ATA-PC) includes

the cost of crop cultivation, mw cocoon, and fish production as pre-
seDted iD supplementary file Tablc 52. ATAPC includes working costs,

tuch a5 human, anirnal, and machine labor, seeds, fertilizers, manure,
insecticideJ, irrigation charSer, crop i6u.ance, and interest in working
capital. Additionally, fixed costs iDclude the leotal value of owned land,
rent paid for leased-in land, land revenue, taxes, cesses, depreciation on
farm machinery, and interest otl 6xed capital cost at 796 per arnum
(6xed by the Reserve Balk oflndia) (DOES, COC, 2022). The ATAPC was
calculated as given in tie followinS Eq:4.

ATAPC = ATCC + ATRPC + ATFPC .

(4)

Where,
ATCC: ATWCI+ATFCT; ATRPC = ATWC2+ATFC2; ATFPC =

ATWC3+ATFC3

ATWC = Hr+Hz+h+12+Jl+J2+Kr+(2+Ll+L2+L3+Ia

ATFC = Mr*Mz*Nt*NzlNr

Notq ATAPC = annua.lized total agricdtural production cos! ATCC

= annualized total crop cultivation cost, ATRPC = annualized total raw
cocoon production cosl ATIPC = a.nnualized total fish production cost,

ATWC = arDualized rotal workint cost, ATFC = an ualized total fil(ed
cost, I = crop cultivation, 2 : raw cocoon production, 3 : fish pro-
dt ction, Hr = human labo! (family), H2 = hired human labor, Ir = hiled
animal labor, 12 = owned animal labof J1 = hired machine labor, J2 =
owned machine labor, K1 = seed, K2 : fenilizer and manure, Ll =

C€te8ory Unit BWSS& ADlualizld wat€'
E€rEnert msYMLD Jll

!O - Annu,allr.d water
punpint co$^rlD t2l

AjDoallz.d total cosv
MLD=(l+2)

B

GCC)
( +B)

c
D
E

r
G

Engt. & M Rcprir

?.6
1.4

0
0
2_6

ll.6

lir.d @pitd co6t (.t 8% I)

USD Thouland,/
MLD/Arulum

13.6
r8.2
31,8

14.0
2t.2
39.2

4.6
t.4
0.5
0.5
5.8
72.AWo.llnt c.pltal Tot l op.lrdon lud

cdt (wcc) Eaitrrer.n...Et
(c+D+E+P+

An uallz.d total cod (Arg)/MI"D GCC + WCC)
Annuallr.d total c6i/rol,

20.2
us5 0.05

t2.2
2.8
0.5
0.5
8.4
24.4

43.1
usi 0.12

63.6
uss 0.17

,Vot : Annualized meaninS 365 days of op€rariorL
the power cost considered is US$ 0.0724w-hr.
US Doller rate at pr€sent value = 183 only.
Data sou.ce Au*]oE estihate bas€d on data fiom the BWSSB ard MI Deparrmenr (2018)
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insecticides, L2: irrigatio[ charSes, L3: mlscellaneous, [4 = int€rest on
workinS capital, M1 = owoed land, M2 = paid for leased-in-1and, N1 =
land revenu€, taxes, cesses, N2 = depreciatiol on own faim machinery,
N3 = interest on 6xed capital.

2.3,4. Benelt onalysis

The presented sttrdy focuses on assessin8 the economic benefts of
tlree critical factors. The economic benefits are estimated by a88re-
gatinS the revenue Sene.ated from the sale ofproduce in (i) agiicultural
and horticultur"a.l (ii) sericultue (raw cocoon) and (iii) fish-rearint ac-
tivities. The total clops production vrai calculated based on the data
obtained for the total aSricultural (rop area, cloppinS season, and pro-
ductivity, presented in the supplementary file Table 51.

The crop production data analyzed in this study induded thrce pri-
mary types, narnely field crops (cereals and pukeJ), horticultural arops
(predominandy vegetables and fruits), ard floricultural crops (flowers
generally raised for export and domestic uses). This typ€ of grouping was

a necessity arising fiom how data is beinS collected and managed by
govemmental departrnents. Fig. 3 (a) focuses on tle dominant crops
cultivated in the study area that weIe selected fo! benefits amlysis.
These crops (finger milet, groundnut, green leafy vegetabler, tomato,
chrysanthedum, marigold, papaya, aod dango) account for a si8nifi-
canl TToA of the total crop production. Fig. 3 (b) indtcates that the
selected crops conEibute oearly 85% ofthe total reverue generated by
crop productiol in the study area. This focls on dominant crops enau'es
the analysis provides valuable ald relevant insights for both farmers and
policymalers in the overall aSricultural sector.

To quantify the comprehensive economic benefits in agriculture
resultifl8 fiom the water recycling project, a linear extrapolatio[ was
carried out oIr total production data, usi[8 2018 as a refereoce point to
establish a business-or-usual case (Ntiihlbach and Rei err, 1987; Li ,

2006; Lcwjs ct al., 2023). Subsequently, tie benefits for each sector were
calculated by subEacti[g the e-stimated pioduction hom the busi-
ness-or-usual case fiom the actual production. Ther\ the average Sross
revenue (AGR) difference of production was multiplied by the yearly
averaSe market rate received by the Deparunent of ASriculture and
Deapa-rtrnent of Honiculture, Kolar. Tbe AGR was calculated for agri-
culhfe and horticulture, sericulture (raw cocoon), and fish ploduction
ai given in the following Eqs. (5F(7) respectively (I.ble 3),

Xs= (Xr Xz) *&

Gtowdrord ld su|,ihohb D?y..lop,n 26 (2021) to12a4

Ivot : x: agriculture and horticulture, Y=rawcocoon, z: fish, I ='
actual productioo in 2022, 2 = lusiness as usual, 3 = (1-2) i.e-, differ-
ence b€tween attual production aDd business as osual; 4 = sellint rate, 5

= averaSe SToss revenue.
Finally, 'l'^ble 3 presents the computation of TB derived ftom the

water recydinS project, considerinS the estimated AGR from the a8ii-
cultural and horticulture, sericulrure, and fishery sectors. This analysis
war conducted !sin8 Eq. (7)

TB: Xs+Ys+Zs.., (8)

To evaluate tie economic feasibility of the project over 25 years, the
values obtained were used to forecast both the reported revenue and the
business-os-t sual case revenue.

3. Results

3,1, Costs of wostewater teannent aid water pufipw

'Iable 2 shows that the ATC of the recycling project was US$ 63.6
thousand//MlD at 80/6 interest rates on the FCC. This cost indudes both
the cost ofwastewater tleatment and watea pumping to the surfac€ tank.
The cost ofwastewater treatDent was US$ 20.2 thougard, wlule the cost
of wate. pumpin8 was sigaificantly higher at US$ 43.4 thousand. Fis. {
indicates that wastewater treatnent contributed 32% of the total cost,

while water purnping accounted for the remaining 68%. Furthermore,
the analysis indicates that WCC had a hiSher cont butiofl (63%) to
water treaunent costs, while FCC had a higher contribution (73%) to
water purnpin8 cost!. Wastewater Ueatrnent likely requires a hiSher
wCC durinS operation due to continuous technoloSy monitorint,
maintenance efforts to ensure water quality compliance, ard the
ontoint costs of chemicals, manpower, and power consurnption. How-
ever, water purnping involveJ a significant FCC for seninS up new
iDfrastructure ald establishin8 monitorin8 processes. However, once
operadonal, the major ongoing costi are power consumption, mainte-
nance, and manpower. The cuftulative cost distributlon of wastewater
tleatrnent and pumphg shows that 6red capital had the hiShest
conEibution at 62%, followed by working capital at 32%. Analysis of
WCC reveals that power cost was the bigSest contributor at 190,6, fol-
lowed by manpower at 13%. The high-power cost is mainly due to the
hi6b energy demaa& rcquted for operating the water Eeatnent and

water pumping stations. The annualized total cost per 1000 L (KL) for
the recycling project (water reatment and pumping) was US$ 0.17,
Based on per MLD calculations, the annual total cost of readnS and
pumpinS 146 MLD of STW that is distributed into 46 surface tanks in the

Ys:Gr-Y, tYa

z5= (zrz) r4

(s)

(6)

(7)

(!)
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Fi8,3. ConEibutiot of s€lected $ops to (a) total p.oduction (b) total revenue 8€neration in (olar taluk'

source: Authors ertimatc based oll alata frolo DePartment of ASliculture and DtptllD.nent of Honitulltrc. 1(ol2t {2022).
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' Tabl€ 3
Average Sross revenue (BeDent) from crops, raw cc,coon, srnd fish Production in (olar talul.

Acrual Prod'icdon (Th

roM6) Ol ronDcs) (2]
Direrere in huction Oh
rom6) t3l = tll-t2l

Market Et6 (USD,/K8)

I4l
Averare src$ revou. (AGR)
(UsD Million) tsl = t31 't4l

ASdcdtlra dd t98.60
honic1'lrure (@ps) txl

Ssicultur. (nw coc@D) 0.41

IY]
Fi5hery traw fish) tzl l.9o
Ioral b€r,eft CTB) = x5+Y5+zs

102.00

0.25

1.60

Minituu suppon pncel 2t.\7

1.1I

3.05
25.33

96.60

0.r 6

0.30

Data soul.re Authors esrimate based on data from Depsrt nent of Agricultur€, Deparfilert of HortsculoE, D€parEnent of S€ricultute ard Depattment of FlJheri€s

(2022).
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Pi8. 4. Water recycling projecr's cost disnibution ba*d on labi( 3: Wastewate! treaErent, water pumpin& workinS capital and 6i(ed capltal cost

study area i.e., Kolar taluk was estimated to be USS 9.30 million at ar!

8% intere$ rate on FCC.

180/6 (US$ 0.11mi[ion). The 6xed capital ofATFPC cootributed 52% (US

$ 0.50 million), while workinS capital conEibuted 48% (US$ 0.46

rdlion). The high fixed capitat cost is likely due to the rental value of
the leased surface tanli. The ttudy also calculated rhe cost of crop

cultivation, raw cocoon, and frsh produclion in a business-dJ-usual case

to assess cost variationr and their impact on the BCR, presented in
supplementaiy file (l able S2). It was noted that the ATAPC is lower in
the busheir-oi-usual caJe, amounting to US$ 10.81 million, compaled
to the actual ATAPC, which stands at US$ 14.81 miUion.

3.2. Cost of cubb'ation fot dilferent crops

ATAPC includinS cost of cultivatioo of aI rype5 of crops (fin8er
rl1illets, Sroundnur, $een lealy vegetables, tomato, chrysanthemun,
ErariSold, papaya, and manSo) and producdon cost of mw cocoon and
fish ale preJented in lhe supplernentary file (Iabl: S2). However, it's
important to note that the cost of cultivation varies based on cfop se-

lection. Therefore, detailed crop-wise cultivation costs are provided i,l
the supplementary file (lablcs S3-SlO). FiB. 5 presents that in 2022,
ATAPC was US$ 14.81 millior, with shaie ofATCC at 890/6 (US$ 13.22
Billion), ATFPC at 7% (US$ 0.96 rnillion) and ATRPC at 40/o (US$ 0.63
million). Further breakdown of ATCC indicatei that workinS capital
constituted 76% (US$ 9.98 million) and fixed capital 24vo (US$ 3.24
milliorl). Within the workiog capital, a breakdown .eveals human labor
as the highest cootributor at 29%, followed by seed and nut enti at
20%, machine labor at 15o , others at 10%, and animal labor at 2o/o,

within the fixed capital, land rental emerged as the predomiDant
contributor, constituting 230/6 of the shale.

Within ATRPC, working capital had the highest coitribution in the
same period, at 82% (US$ 0.52 million), followed by fixed capital at

3.3. Benefus of wostewazr recyclw ptuject to stakehoders

3.3,1, Increase in cultivaten agriculatol lond
Th€ data presented in fri8. 6 highlights a siSnificanl increase in the

average crop area cultivat€d by farmers during after-recycling period
compared to before-recyclint period. The increase was observed across

all crcps categories, rdith the hiSh$r increase observed in vegetables,
followed by flowers and fruits. The cultivation ofveSetables showed the

most significant increase of 150%, from 2 thousand (Th) hectare to 5 Th
ha. The cultivation of flowers iocreased by 100%, from 0.5 Th ha to 1 Th
ha, while the cultivatiol of fruits increased by 78%, from 4.5 Th ha to 8
Th ha. In contrast, the cultivation of cereals and pulses showed a
comparatively modest inctease of o\ly 25o/o, from 8 Th ha to 10 Th ha.
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fi8. 5. Afilualized tota.l agricultural producdon co3t based on data Table 52 Crop odtivado.\ law cocoon, ard f,sh producdo[, wo*in8 caplt3l 6nd 6xed capital.
l'rora ATCC' Arnualizad total crop cultivatio, cosq ATRPC- Arnuallzed total raw cocoon productiotr cocg ATFPG Annualiz.d total fixh producdon cost.
Data sourcei Autlors stimate based on producllon data f.om Department of Agriculture, Departn€nt of Hortlculturg DeprrtrneDt of Sericultue, Departsnent of
Fisherler, and cost of culdvatlon data fiom tie Djr€ctorate of Fronomlcs aod Stadstics (2022).

-
F

fi8. 6. Comparison in aSricultura.l land use before and a.fter r,vastewater recy-
cling period iD Xolar taluk.
Data source Departnent of ASricultur€ and Depa.tment of Horticulturg
Kolar (2014-2022).

This inqease in crop areas can be explained by th€ availability of
assured water throuShout the year, which allowed farmers to convert
fallow low-productivity land into productive land. with improved ac-

cess to water, fatneni expanded theircultivated arear and prolonSed the
cropping season. This allowed tlem to cultivate multiple crops,
including water-intensive and cash crops like vegetables and flowers,
which typically offer a quicker letum compared to cercals and pulses

(RasLeElrripo!rr cI al.. 2024). Tbe improvement in cropping lard within
the study area is further supported by a previous study conducted in the
same le8ion and the annual report of Kolar, lGmatalG (ICAR. Kns:hr

\ri8)*an Kendra. Kolar, 2018: 2022; Mill}isha ct al., 20234; Vcrmd cr u1-,

2023r). The data hishlights tie cdtical role of water availability for
irrigation. Increased water access led to both afl expansion ofcultivated
land and an extended cropping season. This assured water supply also

empowered famers to diveisify their crops throughout the year,

resulting in a si8niEcant increase in the total orltivated area.

3,3.2, Conporutive analysis of aereol o d pdse ptoduction ond revenue:

beJorq ofter vtostewater rccyclw pefiod and Mdea brrjiress-oj-rr.sual care

3.3.2,1. FIJl.Ser mil,.L According to Fig. 7 (r), the production of finger
millet (also known as Raagi) hal lnGeased after-recyclinS period
compared to before-recycling period. B€fore recycling period, the
average annual production of firger millet was nearly 2.52 Th tonnes,
but it increased to 8.65 Th tonnes after-recycling period, presertinS a

-3-folds increase. The average ploduction ilcrease observed over the
business-ai-usual case wai around 660,6. Thi! inclease in fin8er millet
production hai a positive impact on the agricultural economy, as the
revenue from finger millet siSnificandy increased. In 2014, the revenue
was US$ 1.3 million, which increased to US$ 8 million in 2022, indi-
cating - 5- tiales jump io levenue. Furthermore, the avenSe annual
reveDue before-recycling period was US$ 1.8 million, which increased to
US$ 5.6 miUioD aJter-recycling period, presentinS a - 3-folds increase in
economic bene6t.

This observed increase in production and revenue can be explained
by seveEl factors preJented in lablc sl, ircludinS improved average

lelds per hectare (44%), expansion ofthe avela8e c.opping area (18%),
an extended clopping season dlre to water availablllty fot irriSation and
an annual increase of 1.5 times in t}e minimum selling price (MSP)

between before and after-recyding periods. AdditioDally, there is a

noticeable rise in household grain stock, increasing the poteDtial for
market sales, These data indicate that the availability of water for irri-
gation has played a significant lole ir boosting the ploduction of finter
millet and related food security.

3-3.2.2. Crowld,nuL Iig. 7 (b) indicates that water availabilty has a

significant impact oo Sroundnut prcductio! and revenue accrued. The

average annual producdon of Sroundnut increased from 0.42 Th tonnes

to 2.3 Th tonneJ, presenting a -s-folds increase from b€fore-recyclinS to

afte!-recycliDg period. However, the average increase rn production was

around 78 lrom the business-oJ-usual case. In addition to increased

production, a substantial increase itr revenue was also observed. Before

recycting period, the averaSe annual levedue was US$ 0.8 miuion.

However, after recycling, it jumped to US$ 4.53 million, plesentinS an

ahrost -7-folds increase in economic value. 'lte observed increase can

be aftributed to a combination of three key factors includinS improved

average yields per hectare (81%), expansioD ofthe average cropped area
(53%), lncrease in cropping seasonr, and an increase in the MsP between

11

12

0

0

8

6

4

2

Cereals & Pulses Frulta va0etable3

Crop area

8

15014

100%

8

5

2

0

8

0.

M An€r Projecl (20'19-2022)

E Betor. Proiect (2014-2018)

76%

,l89{,

. azah



- . - Prcducnon (Bcr....r.. su.ro..)

(a)

C@udj9atu Jor Swrojroblr Dd.bp,?. rn 26 (2024) 1o1244

o

6e
Ef

'!3

-E O"o

h F15

E E,O!r6
oi.

0

o.6

3 o.s
EE
5 I oa

E to.s

3Eoz
I o.l
o-

0.0

ltI

o-

16

14

12

10

E

6

4

2

0

0

€
=o
)
e

d

10

I

6

0

6!.0

< 2.6

E E.o
3 e 'r

i r.o
B
E. OJ

e.0pr
- P30

FAg"
E'o

s
o
l

12=
=

sl
6P

G
2

=2-O >
o

151
;

1.0 z

0.. g

€
o
f,
I

d

2014 2015 2010 2017 2016 2o1e 2020 2021 2022

Year

201/1 2015 2016 2ol7 2016 2019 2O2O 2021 AZ2
Y€s,

3

2

:
=o
l

G,

2
o
f

E,

0.5

0.4 €
0.3 0

l
O.2 a

d,

201ir 2015 2010 m17 ZOla 2010 2o2O ?!21 2072
Year

2014 2015 2010 2017 20\A 2019 2020 2021 2022
Year

o_25

000

0

0.8

o.7

0.6

0.5

o.4

0.3

o.2

0.1

0.0

0

30

p
9'-ots.9,-

=g
E
o-

.24

0

05

0

0.

0.

0.

150

S tzo

F--

=E Go

E
8so
d

5

3

2

3

2

00.
2or4 2015 2016 2017 2014 2otg m2o 2021 2022

Yeaa
201a 2015 2o1a 2017 2a1a 201a 2020 2t21 2022

Yoar

0
2o1r 2015 2016 20!7 2018 2019 2A2! 202.t 20?2

Year
2A11 2015 2010 2017 201A 201a &20 2A21 2022

Year

Fi8. 7. Pa(em of differ€nt crop's production and revenue, compared to business-ar-usual prcduction in (ola, talda (a) Fin8er millet O) Groundnut (c) Green leafy
vegetables (d) Tomato (€) Chrysthumun (0 MariSold (8) Papaya (h) Mango.
Data sourte [(a) & (b)] Authors estimate bai€d on data ftom lhe Depanment of ASriculture snd I(c), (d), (e), (0, (8), (h)l Departnent of Hoiiculture,
l<olar (2014-2022).

before and after recydiflg pedod (Table s1), ihpact on the agricu.ltual economy, as it has resulted in a siSnificant
inclease in revmue. Before the recyding period, averaSe arnual revenue
was US$ 0.24 million but after recycllng period it reached to US$ 1.35
million, presenting ahlost 5- times Jump in economic benefiL The
observed increase can be attributed ro a combinatio[ of facto$ pre-
sented in'l a bie S 1 including improved avera8e yields per hectare (88%),
expansion of tie average cropped area (100 ), cropping seaso[, and an
increase in the averaSe annual wholesale price (48%) berween before
and after recycliDs period. The data indicates that the availability of
irrigation water has played a significant role in boosting the production
of Sreen leary vegetables. By ensuring farmeG have a consistent watea
supply, it becomes feasible for them to cultivate water-iDteDsive crcps,
including green leary vetetables, throuthout the entire year and even
rnuldple times annually, which reduces the dependence on seasonal

3.3.3. Conporah,e onolysis of vegeubb prohktion ond reyetae: before,
olter wastewoar recycliig poiod oid @det bu.rDe$-oJ-rJrral cora

3.3.3.1. Green leoly wgerdrle. r-is.7 t.) shows a sitDificant inciease in
tlre production of Sreen leafy vegetables after-recycting period as
compared to before-recycliDg period. Specifically, it was observed that
the average annual production of green leary vegetables was 1.7O Th
tonnes before-recycliDg period, while it increased to 19.26 Th ronnes
ajter-recyclinS period. This indicates a staggering -11-folds increase in
production. However, tle average iDcreas€ in production was observed
to be arouad 33804 over the business-a.'-usual case. Furthermore, the
increase in the production of green leafy vegetables has a positive
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variations ard weather conditions (AIi and Talukder. 2008; lischer
et al., 2022; Maoisha et al., 2023a; Venna et a1.,2023a).

3.j.3.2. Tomato, Fig. 7 fd) indicates that the averate annual productioir
of tomatoes lncreased ftofi 7.21 Th ton[es to 33.60 Th tonnes, pre-
senting ?rn almost 5 times increase from before-recycling to aftet-
recycling period. However, tbe avemge increase in production was
around 520/0 from the business-oJ-usual case. In addition to increased
production, a substartial increase in reve[ue was also observed. Before
recyclinS period, the avelage annua.l revenue was US$ 3.8 million, but
after recycling, it jumped to US$ 10,7 million, presentinS an almost 3-
folds inqease ifl economic profrL The observed increase can be attrib-
uted to a combination ofvarious key factors includinS ifiproved average
yields per hectare (20%), expansion of the average cropping areal
(62%), increase in cropping seasons (Table S1), and an increase in the
averaSe wholesale price (75%) between before and after recyding
period.

3.3.4.1. ClttysanllbmfiL Fi8. 7 (e) indicates a sigrificadt incrcase in
Chrysanthernun production after recycling period. The average annual
production before recydinS period was 0.07 Th tonnes, but it increased
to 0.38 Th tonnes after-recyclinS period. This means that there was -5-
folds increase ln production from before to after recydinS period.
Furthermore, the data also indicates that there was a lOO increase in
average production compaued to the business<t-usual case, This in-
crease in production has a positive impact on revmue as well. Before
recycling period, the average arnua.l revmoe generated from Chrysan-
themurn productioD was US$ 0.03 million. However, after recycling
pertod, the revenue i'rcreased to Us$ 0.15 milliorL which presens aa
almost s-folds inGease in revenue. It is obviour that the increas€ in
Chryranthemu6 production after recycliDs period ir indeed due to an
increase in feld per hectare (56%), €xpansion of the average clopped
areas (67(k), and implovement in GoppiDt seasons Clable 51) and an
increased average wholesale price (210i).

3.3,4.2. Marigou" Fig. 7 (0 preJ€ots that the average production of
tuariSolds experienced a signiffcant incease after-recyclinS p€riod.
Speclfically, lt increased from 0.18 Th tonneJ before-recycling period to
0.77 Th tonnes after-recydiDS, which preJents an alfiost +folds in-
creare in overall production. Furthermore, dlis increase was zubstantial
wheo compared to the bushess-oi-usual case, a.' it resulted in a 63%
juElp i[ productioL Furthemole, rise ln productiotr was accoulpanied
by a siSrfficant improvement ln revenue. The average annual revenue of
marigolds rose from Uso 0.47 million before recyclinS to Us$ 1.78
million after recycling, indicattng a 4-folds ir6eaie. The observed ir-
sease may be attributed to four key factors, namely, an improvement irl
averaSe yields per hectare by 67%, an expansion in the averate $opped
area by 22%, increases in oopping seasons (Table S1), and an increas€
in rhe average MsP by 37% between before and after leryclin8 period.

3.3.5.1. Popaya The data preseoted in fi8. 7 (t) indicates a siSnincant
iocrease in papaya production before-recycling period, The averaSe

arnual prcductioo of papaya increased ftom 0.45 Th tonnes befole
recycling to 2.08 Th tonnes afier-recyclint pedod, which is alrnost a 5-

folds increase. This inclease in producdon is eve, more substantial whed

compared to the business-.rj-usual case, as it telulted in a 196yojump in
production. Furthermore, the increase in papaya production has a sig_

nificant impact on revenue. The averaSe annual revenue of papaya

increased from US$ 0.08 million before recycling to US$ 0.26 rnillion

ercDdwonr lot Swtai"om. Deyelopment 26 (2024) 101284

after the recycling period. Thir prcsents an almost 3-folds increase iii
leveDue and iodicates substartial economic benents. The observed in-
creaie may be explained in terms of rncreases in average yields per
hectare by 66%, coppinS area by 37%, extended cropping seasons
(Iablc S1), and growth ln averaSe wholesale price by 35% between
before ard after recycling period. Papaya plants require a coDsistent
supply of moderate watering to suppon their grotr.th and developmelt.
This is demonsEably supported by the observed lncrease in production
and levenue after implernentin8 the wastewater recycling project- TheJe
fiodiigs aliSa with existirt research on the benefis of prcper water
management for papaya cultivation (Mrhoua.hj and Mirrlcro-Di;rz,
2022; Mahouachi cl a1..2023).

3,3.5,2. Mongo, Mango is tie sinSle larSest fruit crop raised ,n (olar
taluk. The data presented in Fj8. 7 0r) indtcates a siSnificant increase in
mango production after-recyclinS period. Specifically, the average pro-
duction of manto increased from 27.76 Th tonnes before recycliog to
72.14 Th tonnes in the after-recycling perlod, presentil8 nearly a 3-folds
inclease in production. Fu-rthemore, this inclease in prcduction resul-
ted in a 47%jump lnproduction compared to the business-as-usual case.
Moreover, the inclease i, margo production has a significant impact on
levenue. The average annual revenue rose from US$ 0.99 million before
recycling to US$ 3.24 million after-recycliog pe od, This presents
alrnost a 3-foldi increase in revenue and hithlights the economic ben-
efits resulting fiom the incleased mango production. The rise in pro-
duction and revenue can be explained by the significant increase of94%
in lelds pe! hectare, aloDg with a 34% expansion in cropping areas and
a 13% STowth in the average wholesale price between before and after
recyclinS period (Tnbl(: s l),

3.3,6. Conparative onolysis of mubeny leaves paductiorr beJore, aft* the
w$tewoter reqrcling period ond undQr bwinesJ-os-usual case

Fig. 8 (a) indicateJ tiat average annual mulberry leaves production
incieased remarkably from 1 48 Th tonnes before-recyclinS period to 306
tonner after-recycling period. This represents 2-folds rise in mulberry
leaves production. Furtherrnore, due to this increased production,
mulberry leaves experienced a si8nificant 44% jump compared to a

buiiness-oi-usual case. Ite enianced water availability is expected to
extend the mulberry cultivation window, potentially leadinS to a Sreater
nutrber of mulberry crop cycles per year. This, in turn, could positively
impact the numbe! of sl&worm cocoon haivests a farm fahily can un-
dertake anDually (Adeduntan, 2015; Bu et al.. 2022).

3,3.7. Comporative o,.ab5is of raw cocoo produ.tion ohd revenue: b4or.,
after dre wostcwota' reqrcljng peiod oid odet b6inass-oJ-uiuo.l case

Ii8. 8 (b) lndicates raw cocoon production in the study area has seen

a significant ircrease after recyclinS period. Before recycling period, the
average aoual production of raw cocoon was 0.09 Th tonnes, which
increased to 0.29 Th tonnei aJter-recycling period. This presents a
remarkable 3-folds increase in prcduction. Additionally, there was a

49 increase in productlon as compared to the business-oi-usual case.

This increase in cocoon production has not only contributed to the
growth of the sericulture industry but has also SeneGted siSnificant
economic benefits. The average annual revenue fiom ftrw cocooD pro_

duction was US$ 0.34 million before recycling period, which increased

to US$ 1.16 million after-recyding period. This indicatei a 3-folds iD'

clease in economic beneit. The iDcreas€ in raw cocooD Production can

be attributed to the implovement in the cultivation of mulbe!ry Plants
and the duration for which leaves can be harvesled. The inte8ration of
an iacrease ia mulberry and mw cocoofl production and revenue shows

a positive impact on the local economy and the overall well'bein8 of the

comrnunity (Brrcelos et al., 2021; Mushtnq et al., 2023).

10

3.3.4. Cofiporative o^alysis oJff.ower production andrev. )e: b{ore, afto
the wostewater reqtcling period ond :|Il.d,er bt$ilreji-aJ-uiual core

3.3.5. Coqlporativ. o]nalysis of ftuir produ.tion onil revenue: biore, aftEr

the wostawater reqcling period oid undet busine$-aJ-uJual cdie
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3.3.8- Conpontive arralysis of fish prodlictioi ond revenue: before, altet
the recycling peiod ond rmder business-os-usual cae

l.ig. 9 indicates a significant increase in fish production after-
recycling period. Before-recycling period, the average annual 6Jh pro-
duction (nearly all the fish is cau8ht) was 0.06 Th tonnes, while after-
recycling period, it increared siSrificandy to 1.47 Th tonnes, presen!-

ing an enormous 24 times increase i'l production. Compared to tie
business-os-usua.l case, the production showed a lemarkable 525%
jump. Moreover, the increase in fuh production also has a substantial
impact on revenue generatio[. The average revenue genemted fiom
selling fish befor€-recycling period was US$ 0.10 milion, which
increased significandy to Us$ 2.64 milliol after-recycling period, This
preseDts a siSnificant 26 times hike in revenue teneration.

The improvement in fish production can likely be attributed lo
seveEl factors, primadly the increased water availabiliry duration in the

surface tanl. This extended water availability allows fo! a longer growth
period and supporB hiSher stocking densities, The recycled wastewater

used in fish farmin8 is richer in phltoplankton, zooplankton, and other
nutrients such as nitrogen, phosphoru5, and poEssium, which are

essential for growtl of aquatic flora, shelter and multiple Eophic levels

includioS increased food for fish gror,t'th (hibel el aL, 2019; zaibel d

Zilbcr g, 2021; s{khani and Chanalj,a, 2020). This combiDation creates

an ideal environment for 6sh rearinS, leading to improved fish growrh
and production while reducing risk. The 8lowth in 6sh production has

not only improved the overall economic conditions ofthe region but has

also provided a reliable source of income for farmers and livelihoods to
laborers involved in the fishing sector.
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3.4, Cost-benefir onalysis

3.4.1. Net prcse valu. (NPI,
In the present study, the valiouj benefits associated t{ith the rery-

cling project are pres€nted in Table 3. This observauoD revealed that in
2022 the total AGR for the agricultural, sericulture, and fish sectors

combined was Us$ 25.33 million. Ihat value signifles the differeace
between the actual revenue and the busifless-or-usual case, serving ai an

indlcator of the positive impact resulting from the recycling proj€ct-
Table 4 pre.eots the calculated NPV for the wastewater rccycling

Broject. The NPV was US$ 159.97 milion at 8% interert rates on FCc,
which is greater tian 0. The positive NPv provides strong evideDce that
the waitewater recycling project has the potentral to Senerate lonS-term

Tabl. 4
Calculation of net prEsent value (NPy) and b€nefit cost ratio (BCR) over a 25-
year period, ftom 2018 ao 2042.
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and sustainable economic bene6E. This supports the implernentation of
similar projects to achieve broader social and economic benefils.

3.4.2. Bercfit-cost ratio (BCR)
lablc 4 plesenB the details of BCR calculation for the recycling

project. At an S interest rate or FCC, the recyding project presents a
hithly favorable BCR of 4.34. This lieans that for every Us dollar
invested itr the project, there will be a retuin of US$ 4.34 in bene6ts.
This indicates tiat the wastewater recycllnS project is financialty viable
and has the potential to generate sigdficant returns on investmedt.

3.4.3. Benefit-cost ratio in he context of oruualized t,tal agri.ulatroj
proilllation cost

The BCR considers ATAPC includi[g crop cultivation, cocoon, and
fishery production, (detail presented itr supplementary file T.ble 52) in
the deDominatot and benefits accrued in 2022 (avemge Sross revenue
from crops, cocootu, and fuh) in the numerator Cfable 5). Table 5 in-
dicates that the actual sceDario preseDts a sigDificantly higher BCR of
3.14, compaied to 1.96 for the business-or-uJual czlse. This impressive
increase provides evidence dlat revenue from aSricu.ltural saleJ signifi-
cantly outwei8hs total aSricultural costs, even with the added expense!
of fertillzet pesticide cost due expadded croppinS land aod multiple
croppin8 searoni.

The study's findinSs provide robust evidence tiat water availability
for adequate irrigation, facilitated by the recyclirg project, has the po-
tential to significaDdy improve retum oD investment iD the agricultural
sector. This hithlights the economic viability and positive impact of
watea lesoruce marBsement on aSricultural productivity and profit'
ability, particularly in water-scarce regions. The project emerges as a
crucial driver of agro-economic transfoamation, promoting a sustaiDable
and prosperous future for agriculture in the study area.

4- Discrssion

This study presents a compreheisive CBA using NPV and BCR to
eva.luate a wastewater recycling project for indtect GW recharte. The
project aihs to fill exisdng carcadlng surface tank networlG in semt-arid
regiols of Kolar district. The analysis confirms the ploject's economic
viability, its potential to gmerate revenue ard soci€tal b€nefits th.ouSh
increased agricultural production. Findings indicate that after recyding
pedod, agricultural ploductio[ inseased by more than 700 (with vaJ'
iations depending on c!ops), l€adin8 to substantial jumps in farm reve-
nues in Kolar taluk The increased production is driven by several factors
including improved agricultural land (conversion of barren la[d to
productive land), the adoption of multiple cropping seasons and culti-
vation of water-intensive and cash clops due to water security for timely
and adequate iriSation, Ttese findings are supported by a previous
study that docume[ted changes in land-use aod laDd cove! GUrc) in
Kolar district after implementation the recycling p.ojecL This analysis
revealed a significant incEase in water bodies (almost six folds), a

dramatic improvemmt in flooded vegetatioD areas (67 ti$eJ), ad a

10% reduction in fallow land (Manisha et a1.,2023a; verrna et al.,

Ctouhd)|atq Jot SuArolrohL D.\1.lopndt 26 (2024) 101284

20234). The improvement in croppin8 land and crop production is'
further supponed by the annual report of Kolar, Karnataka (ICAR f\rish
ViSyar Kendta, Kolar, 2018; 2022). T\e increased crop production
ali8ns with findinSs ftom other studies, which sug8est that frequent
lrrltatioD and maintaining good water quality play a cnrcial role in
improving toil health and supportinS the cultivation of 6ops specially
water-intensive crops under dimate change condltions (Singh, 2020;
Fischer et al.. 2022; Verma et al.. 2O23b, 2023c; Pasrs.n et dl.- 2024;
Rastcgaripour ct al., 2024). Water stress and hard water have been

lir <ed to stu[ted growth and decreased production of crops (Winter,
2015; Gavrilcscu, 20211 Karimi ct al., 2024). Studies by Sharma and
Kcnncdy (20171, Abn)ad ;md Al Chouti (2020), Raji and Packia]idlshmi
(2022) and Verma et al. {2023a, b) demonstr'ate that indirect GW
rechalge iraproves GW quality through SAT method by reducing electric
conductivity, hardress, total dissolved solids, and sodium adsorption
ratio values. This transformation occurs as a factor of dilution and
addidonaly recycled water intrltrateJ throuSh various soil layers
(vadose zone) aDd ftactuled multi-aquifers. Thus, GW with improved
quality (hard to soft) can potentially lead to healthier soil when used for
irriSation, particularly by lowerinS salinity leveh (shamra and (enoedv,

2017; Vefina ct al.. 2023a; pasBitn er il., 2024).
Traditionally, the surface tank5 in (olar taluk have firnctioned as a

vital resource for fish culuvation. However, due to prclonged drought
conditions before recycling period, water levels in these surface tanks
were reliably sustained only ftom Au8lst to January-February, allowing
for a mere frve-month window for gro*th. Additionally, significant
evapoftrtion losses occu.r, with approximately 75% of the water volume
depleted by January-Febluary. Consequendy, the remaining 2596 water
would sustain a low fish stocking density, leading to suboptimal Srovith
rates and reduced body weight at harvest. However, a-ftea recydinS
period the surface tanks arc almost full throughout the year thereby
lrcreasin8 the potential nsh Srowti period to rearly 10-lt moDths. This
also suppons higher stockinS density as well by providinS rapid insease
in My weighl Both these factors contribrte to 24-folds increase in
capaclty for fish production,

The CBA demor$trates that the NPv calculated at 896 interest rates
on the future cash flows exceeded US$ 159.97 million, indicating po6i-

tive retums on investment. Furthermore, the BCR was 4.34, confir'ming
that the benents of the recycling project outweigh the costi. AccordinS
to Table 2, pumpin8 STW to Kola. tanls has a siSnificantly lower
annualized toral cosyKLD at US$ 0.17 compared to US$1,00 for
pumping the same amount of fiesh water. This indicates a cost saving of
nearly 83%, demonstrating tle Foject's potentid to conserve both
ffnancial resources and fieJhwater. This 6odin8 provides evidenc€ that
inve$ing in wastewater recycling and reuse projects is a wonhwhile
endeavor, especially fo! water-sEessed locations. The results of the
preJent study are supported by previous reseirch studies conducted by
Godfrcy el al. (20091,lJirol et al. (2010), s(nrrte Molinos er al. (2010),

Vcrlicchi et al. (2012), fan et al. (2015), AlSa cd et al. (2015), Alborca
e( al. (20171, Omole er :rl. (2019), Verhutlsclonk ct .1. (2021) and Bassi

et al. (2023) which suSgest that investrnent in reuse of treated waste-

water has siSnificant tarSible and intanSible benefits. several srudies

Table 5
Calculadon of BCR in the context of total agricultural production cosl

Euiress ar usual case

Total cod (usD
Million)

Total Pmdrdion Olt Avent. Gro6. R€veru.
(AGT)
(USD Mtll-ton)

aod C.,ar ruSD
Mlllior)

Crop 198.60

0.41

13.22

0.63

.60

0.16

0.30
BCB=1.95

't9.92

4.72

10.26
0_25

3.63 0.95 0_57 0.301.90
BCR=3.14

Data source Aut}lo$ estimate based on data from Department ofASriculture, Departrhent of Horlculture, DeparEnent of Sericulture, Departrnent of Fish eies (2022)
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Totil Pmducdon CIh Averric Crosr Revcru.
(AGR)
(USD MilIor)

41.10

1.83
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suppon the economic viability of wastewater recyclioS projects. Fari

er a l. f2015 ) conducted a CBA of redaimed water reuse and found a BCR

of 1.7, indicatinS that the belefits were 1.7 times 8reatel than the costs.

Similarly, Verticchi eI al. (201 2) rcpolted a BCR of 1.007 in their study

Djukic ct ri. (2016) also analyzed a wastewater treaunent project with
full cost recovery calculations and obtained a BCR of 1.& (]-able 1).

However, this study' s BCR exceeds those ofprevious studies, indicating
wastewater recycling can be especially cost-effective in semi_arid re_

gions. This approach not only imprcves crop production but also pro-

motes additional income gmeration through activities like sericulture
(silk production) and fisheries.

Beyond the tangible benefits of increased agricultual productjon
and revenue, the wastewater recyclint project offels a range of intan-

Sible advantates. These iodude socio-economic b€refiu such as job
creation, improved sanitatiol and hygien€, and women's empowe!-
mentj and market benefits such aJ improved market accessibility,
trai$action efficiency, and potentially hiSher product prices due to
enhanced quality (Singh, 2020; Zaman ei al., 2022; Nlanisha el al.,
2023a, 2023h; Vernrr et al..2023a).

The findinSs demonstrate that wastewater reuse offels economic
advaotager beyond cosr reductions, playinS a role in achievinS multiple
Sustainable DevelopmeDt coals (sDCs) induding SDC - 2 (zero HunSer),
SDG - 3 (cood Health and well-being), and sDC - 6 (Cl€an wate! and
sanitation). Treated wastewater replenlshes aqullers and leads to
improved agricultural production, and income which plays a crucial role
in improviDs socio-€coDomic status, food security, dietary diveni9, and
nuEirional intake at the household level, directly related to SDG - 2
(Irosrer cr .l . 2018j Maoisha et al.,2023a; (hrandr cr irl.,2023; Vcrma

el nl , 2023n). RisinS GW tables enhance household water security,
enabling improved sanitatiofl and hygiene practicei, cootributing to tle
achievement ofSDC - 6 (Tortajada. 2020; Caffar et al.. 2022; Obaideen
rt al., 2022; llanisha ct al.. 2023b). Furthermore, wastewater reuse for
indirect cW recharge flot ody hcreases water availability and irDproves
GW quality but also reduces $e harmid impacts of direct wastewater
discharge on surface water, soil, public and animal hea.lth (El Arabi and
Dawoud, 2012; Fouroier ea al-. 2016; Al-Hazrni et al.. 2023; Venr)a et al..
202.ia). Pollution free Gw, improved sadtation and hySiene practices,

and eahanced irnjrlunity due to food seculity contribute to SDG - 3
(Bizikov:) cr ill., 202(); Munteasu ard Schwar?,2022; I)unbal er al.,
2023).

The ffadlngs of this study are particularly relevant for developing
nations such a! Etliopia, Keny4 Saudi Arabia, Brazil, and Peru have
encountered severe water shonages, GWdepletion, aDd substantia.l gaps

in wastewater Seneration and reauoent capabilities (bl]s, 2016; Jones

er af., 2021; Nephalvc eru1., 2021; l;]zaro ei al., 2023; Vaidya er al.,
2023). By examininS aod adaptiag similar successfirl projects, the3e

countries can develop robuJt strategies foa GW recharge and strenglr-
ening sustainable and safe agricultural pracrices. Countries like
Maldives, Mauritiui, Adzona, Ias Vegas, and South Africa can draw
insights from the study to eniance water and agdcultural resilience,
especially in the context of dimate change affectint water relources
(lrelini and Santoro, 2021; Balamurugan €t al.. 2024). Findings of rhis
study are partlcularly prcvidiog scie$ti.fic contributiofl to counEies like
Brazil and BaiSlad$h which are seeking economlcally viable waste-
water teatment solutions that are also sustainable arld inalusive (Golii
el al., 2l)18; I(tlmar eI al.. 2020; Kljgenr.D et al.,2O2:r),

This study suggeits that the economic viability oftreated wastewater
reuse for indirect GW recharge depends on reveaal key factors. These
indude the dicacy and cost of ueatment technology, infiasEucture
er(penses, and the implementatiol of stringent water quality control
measu-res, continuous rnodtoring, and comprehensive impact ass€ss-
ments. The outcomeJ of this study iDdicate that wastewater recycling
projects present a circular economy, inEoducing a paradigm shiftwhere
cities transform ftom being mere resource consu]ners to becomhg
sources of Eeated water supplied to villages. T tis symbiotic relatjonship
not only aids in GW rechaige bur also enhancej agdcultural

c.ounleat , Io. Stljloi^oblt De/dopm.nt 26 (2024) t0l284

productivity, creatinS a mutually beneficial resoutce exchange benveen

cities and \rillages. These findings can help policfmal(ers with crucial
evideoce to formulate inteSrated Policies suPPorting wastewater reuse

for indirect Sroundwater recharSe and aSTicultural develoPmenL By

offerh8 multi-dimensional be,lefits acloss social, economic, and agri-
cultt]-ral sectors, this approach justifies investnentl in wastewater
treaEnent infiastructure and promotes t}le adoption of reuse Practices.
This Dot only promotes sustainable water management but also reduces

dependence on freshwater sou(es for ilrigation and other non-potable
needs. Eventually, the findings can pave the way for staDdardized and

efficient wastewats reuse practices acoss lndia, addressin8 water

scarcity and food securiry challenSes ard contributinS to sDGs.

5. Limitation and future scope

The plesented study hi8hliShrs tangible economic benefits in a8ri-
culntal sectols like caop yie.ld, raw cocoon production, and fishery
oulput, However, it is crucial to acknowledge tlat the associated social

and e[virotutrental benefiB remain larSely unquaotified. These poteD-

tial benefits include enhancements in soil quality, rcductions io water-
bome di5eases, employment teneEtion, reverse rualisation, and

biodiversity enhancement.
Therefore, a significant opporturity existi for futuIe research to

conduct a more holistic cost-benefit aaalysis that integrates both
tangible and intangible benefitJ. Potential future directions include
expanding the research area to encompass additional GW recharge
projects and reassessing the impacts a-fter 10 years of implementation
period.

6. Policy recommendation

The relse of treated waitewater foa irdirect Gw recharSe has the
potential to meet the growinS water demand and genelate economic
benefits through improved agricultural productioo and revenue. Eco-

nomic benefits are crucial for supporting public policy decisions
reSarding investments in these initiatives. However, d€cision-maklng
criteria should encompass the broader social and economic benefitJ.

Therefore, to rnaximize benefits and minimize risks associated with
teated wastewater reuse, the study recommends considering the
following during decision"maldnS.

. Compliance with stringent water quality rtandards to ensure the
ueated wastewater meeti saJety lequiremelts fo! iodirect GW
recharge, minimizing risl..s of contaminatiofl.

. continuous maintenance ard upgradation of technoloSy and sTPs to
minimize the risk of malfunctioni and compromting water quality.

. Implementation of robust moDitoring prograrlls to track water
quality and environmental impactr that are crucial for evaluating
project effectiveness and identitrlng potential issuer or risks.

. Require the establishmeot of compreheniive risk minimization, risk
management, and impact assessment strategies. These strategies
should be reviewed every fiv€ years to evaluate long-term project
sustainability.

. Encourage ioter-deparo'nental collaboratioo between water utilities,
aFiculture, public health, and community members for project co-
ordioatior! and knowledSe shadrlg,

. Develop educational pub)ic awareness ca.rnpaitns in local languates
to promote community understanding of the project's beneflts,
addressiDg potential conce[E and hcxeasiog social acceptance.

. Prcvide training to farmers ol safe agricultural practices, including
crop selefiioo and risk minimizatlon strategie, such as avoiding
direct use of treated wastewater foa irdgation.

. Tailored approach based on local geogiaphy, hydrology and needs
for optimizinS project desiSn atd maxiEizing long-term benefits.

. Encourage public-private parme$hips (PPPS) for financial viabiliry
ard scalability.

l3
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This study highlights the econornic viability of waitewater recycling
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sive approach ali8ns with multiple SDGS and informs decislon-makin8
processes fo! the large-scale implementation of such initiatives
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effective sfiategies that offer a sustainable pathway to tackle multiple
cha.llenges simultaneo$ly indudinSuastevrater malra8ement, water
secudty, and freshwater use reduction. Ultimately, this approach pr+
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