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The vast maJonty of the world's populatIon and busmesses does not have access to, or utIlize any waste
water treatment technology ThIS lack of treatment places an enormous burden on natural systems but can
represent an opportumty for U5AID, and others to posItIvely Impact the economIC development, human
health, and enVIronment of the commumtIes that do not currently have access to treatment

Due to the hIgh capItal and operatIon costs generally assocIated With tradItIonal aerobIc technologIes,
wastewater treatment IS typIcally not provIded, even where wastewater collectIon systems are m place
The envIronment m and down stream from many cItIes around the world can no longer absorb our waste
water, nature has been overburdened ThIS report, With a focus on low cost, low mamtenance anaerobIc 1eac
tors, IS a posItIve step m IdentIfying alternatIve technologIes that are three to SIX tImes less expensIve than
tradItIonal technologIes

AnaerobIc treatment of wastewater has been a vIable technology used around the world for centunes
Better understandmg of both the engmeenng and the bIOlogy mvolved m these natural enhanced process
es has led to technologIcal advances that have made anaerobIC reactors a vIable treatment technology
These systems are modular, compact, low cost, effectIve and are operatmg m many countrIes It IS a
technology on the verge of commerCIalizatIon WIth assIstance from the mternatIonal donors, It WIll
spread qUIckly, as developmg countnes explore less costly, yet effectIve technologies to deal WIth theIr
wastewater Issues

It IS our hope that thIS report provIdes affordable and effectIve optIons for both the engmeers and policy
makers around the world as they consIder the treatment alternatIves avaIlable to them

Enc A Peterson, PE
DIrector
CapItal Projects and Engmeenng
Center for EnVIronment
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Explodmg mdustnahzatIon and urbanizatIon m
developmg countnes are pollutIng groundwater
and degradmg the quality of surface waters by
overloadmg them wIth more organic matenal than
can be aSSImIlated naturally Raw or msuffIciently
treated wastewater spreads pathogenic mIcroor
ganisms and mtestmal parasItes m the enVIron
ment and ultImately to humans

Improved water supply and sanitatIon servIce lev
els are needed m developmg countnes, but the
hIgh cost of the mfrastructure, scarCIty of develop
ment funds and dIffIcultIes m managzng the rela
tIvely few faCIlitIes that eXIst are major constramts

ConventIonal mechanical treatment faCIhtIes m
developmg countnes have had a sparse record of
success They frequently do not functIon as expect
ed because of a vanety of technIcal, fInanCIal and
mstItutIonal reasons AlternatIve treatment tech
nologIes emphaSIZe cost reductIon, mtegrated sys
tem management, mInImal mechanical operatIons,
water reclamatIon and nutnent converSIOn wher
ever feaSIble The technologIes descnbed m thIS
report mclude SImplifIed, lower cost wastewater
collectIon mfrastructure, anaerobIC enhanced pn
mary treatment and lagoon-based post-treatment
processes that can achIeve hIgh effluent quality
levels and that can be managed adequately by non
speCIalists

MechanIcally aerated wastewater treatment sys
tems are more compact than naturally aerated sys
tems and are capable of provIdmg an effluent low
m BODs (<10 mg/l) ConventIonal treatment sys
tems are used m large, medIUm and small scale
applicatIons for domestIc and mUnICIpal waste
water effluents ConventIonal treatment systems
that have been used m developmg countnes
mclude the actzvated sludge process and more
recent variants, IncludIng sequencmg batch reactors,
e"Ctended aeratwn and the oxzdatlOn dztch

The dIsadvantages of conventIonal treatment that
are most promment m developmg countries
Include hIgh power consumptIon, vulnerabIlity to
power outages, hIgh mamtenance reqUIrements
and the need for close supervISIOn by skIlled oper
ators

IX

ANAEROBIC REACTORS

AnaerobIC treatment not only removes solids, but
Includes actIve bIOlOgical stabzlzzatlOn of the maJor
Ity of oxygen consummg substances AnaerobIC
treatment processes can achIeve an effluent quah
ty mtermedzate between the pnmary and secondary
that can be claSSIfIed as an enhanced pnmary treat
ed effluent AnaerobIC treatment removes the
major part of the carbonaceous oxygen demand
from raw wastewater, but typIcally the reSIdual
mtrogenous oxygen demand In the effluent reqUIres
further treatment to be competItIve WIth a conven
tIonal secondary treatment process

The upflow anaerobIC sludge blanket (UASB) reac
tor IS a hIgh rate, suspended growth type of reactor
that IS becomIng popular for mUnICIpal and mdus
tnal wastewater treatment In many developIng
countnes Annex 2 prOVIdes deSIgn parameters
developed for UASB reactors

OrganIc loadIngs of up to 15 kg COD/m3 can be
applied to the UASB reactor for most types of
wastewater effluents Dependmg on the compOSI
tIon of the wastewater, the removal effICIency of the
UASB process may vary between 60-70 percent for
COD and 75-85 percent for BODs, at mfluent tem
peratures between 20-35° C

The UASB reactor traps partIcles of organIc mater
Ial In a "sludge blanket" and dIgests them over a
long tIme penod, whIle passIng the hqUId fractIon
thlOugh m a matter of a few hours As a result, the
volume of the reactor IS kept to a mmimum and the
treatment plant IS compact The UASB reactor IS
deSIgned around two mam cntena hydrauIzc reten
tIon hme, the average amount of tIme that the liqUId
part of the wastewater stays m the reactor, and
sollds retentIon tIme, the average reSIdence tIme of
the solIds In the reactor A properly deSIgned
UASB reactor elImmates the need for mechanIcal
mIXIng and has few movIng parts TypIcally, a
UASB treatment plant may need pumps only to
remove excess sludge from the reactor

The authors VISIted four full scale anaerobIC treat
ment plants m IndIa and ColombIa that were com
mISSIOned m the early 1990s CapItal and operat-



mg costs for mUniCIpal wastewater treatment
range from $5/caput and $003/caput respectIvely
m IndIa, to $13 9/caput and $0 43/caput respectIve
ly m ColombIa DetaIls about the desIgn, effectIve
ness and costs for these treatment plants are pro
vIded m Annex 3

ADVANTAGES AND LIMITATIONS OF
TREATMENT WITH ANAEROBIC
REACTORS

AnaerobIc treatment of wastewater IS an effective
enhanced pnmary treatment option for developIng
countrIes, partIcularly those With mild clImates, and
has Important advantages over aerobIc processes

.. EaSler to manage With relatIvely less skilled
employees than conventIonal treatment plants,

.. Costs on the order of 3-6 less than aerobIc sec
ondary treatment plants,

.. Few movmg parts, lower operatmg costs, lIttle or
no power consumptIon,

.. HIgh strength waste streams can be treated
effiCIently at no energy penalty,

.. Shock loads handled better than aerobIc
systems,

.. Large flow VarIatIOns and prolonged shutdown
are not problematIc,

.. Reduced Inorganic nutrIents In effluent are
Ideal for plant uptake,

.. Low amounts of resIdual sludge byproduct,
sludge has good settlmg propertIes, IS
easIly dewatered and needs no addItIonal treat
ment,

.. Blogas fuel may be economIcal to utIhze for
large scale faCIlItIes,

.. Can attenuate or degrade many refractory
orgamc compounds,

.. VIrtually complete stabilizatIon of orgamc mate
rIal to COz and methane

LIMITATIONS OR DISADVANTAGES

.. Best reactor temperature IS 20° C and above,
lower temperatures slow reactIon rate,

.. Longer reactor startup tIme because of slow
growth rate of anaerobIC bacterIa,

.. AddItIonal treatment IS typIcally reqUIred to
meet secondary qualIty standards,

.. Odor control measures are more Important
than for aerobIC treahnent,

.. TOXIC effects of hIgh concentratIons of heavy
metals, tOXiC orgamcs, free ammoma (> 50 mg/l)
and free HzS (> 250 mg/l) may mhIbit
methanogemc actIVIty,

.. ChemIcal bufferIng may be reqUIred to mam
tam alkalImty m reactor,

.. CorrOSIOn reSIstant materIals, such as plastIcs

x

and masonry coatIngs are reqUIred for the reac
tor vessel and pIpes

POST-TREATMENT

Mechanical AeratIon Where skIlled manpower and
a rehable electrIC power supply are available, but not
enough affordable land for pond systems, the mvest
ment and operatIng costs of conventIonal mecham
cally aerated treahnent plants may be reduced by
USIng anaerobIC reactors as the InItial maJor treat
ment process Research In BrazIl demonstrated that
USIng an anaerobIC reactor In serIes With a mecham
cally aerated post-treahnent process has several
Important advantages

.. The volume of the anaerobIc!aerobIC treatment
plant Will be about half the volume of a conven
tIonal actIvated sludge plant, reducmg the capItal
cost correspondmgly

.. The demand for electrIC power for mechamcal
aeratIon IS reduced by more than 50 percent,
reducmg operatIng costs,

.. The anaerobIC reactor replaces both the prImary
clarIfIer and the sludge dIgester of a conventIon
al system Excess aerobIC sludge can be reCIrCU
lated to the UASB reactor, where It wIll be stabI
lIzed and denslf1ed, faclhtatIng sludge handhng,

.. NItrIfIcatIon and demtrlf1catIon zones can be
mcluded to remove mtrogen, and the anaerobIC
sludge can proVIde a carbon source to support
demtrIfIcatIon

Waste StabIlIzatIon Ponds Three baSIC types of
non-mechamcal pond-based post pnmary treat
ment processes are

.. Pond systems deSIgned to favor algae produc
tIon over aerobIC bacterIa Such systems can
remove nutnents and are capable of effectIve
pathogen destructIon,

.. Constructed wetlands, where aerobIC bactenal
hIms on plant roots proVIde treatment, and

.. Pond systems deSIgned for the cultIvatIon of
floatmg aquatIc macrophytes, such as speCIes
of the duckweed famIly The plants remove
nutnents from the water and convert them mto
commerCIally valuable plant bIOmass mstead
of algae

BraZIlIan researchers have developed deSIgn crIte
na for pond systems that prOVIde effectIve post
treatment of anaerobIC reactor effluents m a warm
clImate An anaerobIC reactor substItutes for the
ImtIal cells m a conventIonal pond senes that are
deSIgned to stabIlIze orgamc matenal The SIze of
the post-treatment ponds IS only 20 percent of the
space of a conventIOnal senes of 4-5 ponds
deSIgned to receIve raw wastewater



A plug flow pond system for post-treatment can be
desIgned to maXImIze algae growth, so that photo
synthesIs by algae predommates over bactenal
growth LIght can penetrate almost all of the water
column m a shallow pond (0 3-0 65 m depth)
because of the relatIvely low turbIdIty of the reac
tor effluent The post-treatment ponds are
desIgned to achIeve hIgh pH values (above 10) dur
mg the day, resultmg m ammoma stnppmg and
phosphate removal by preCipItatIon

AquatIc Farmmg Systems There has been mcreas
mg mterest m recent years m usmg aquacultwe sys
tems as natural smks for oxygen consummg sub
stances and wastewater-borne and recogmtIon of
theIr capaCity to provIde an advanced qualIty final
effluent The common duckweeds are group of float
mg macrophytes With excellent potentIal as a com
merCial crop plant because of theIr hIgh growth rate,
hIgh nutntIonal value and low fiber content The
duckweed plants cover the surface of the water m a
dense mat that mterferes With mosqUIto breedmg,
and the qUIescent condItIons under the mat are
Ideal for sedImentatIon of suspended solIds

AgronomIc management of the duckweed plants on
wastewater can result m productIon rates of about
300-800 metnc tons of fresh bIOmass per hectare
per year (ha/year), or the eqUIvalent as a dned
meal of about 20-40 metnc tons ha/year Dned
duckweed meal can substItute for equal quantItIes
of soybean meal m balanced poultry feeds, and
fresh duckweed satIsfies the nutntIonal reqUIre
ments of certam fish grown m ponds, such as
tIlapia and a carp polyculture

IntegratIon of anaerobIC enhanced pnmary treat
ment of wastewater and duckweed farmmg constI
tutes a synergtshc processes that IS (a) a complete
wastewater treatment technology and (b) a farmmg
system that IS capable of producmg more hIgh
qualIty protem than soybeans on an eqUIvalent
land area

Land for a duckweed post-treatment system IS SIm
Ilar to a waste stabIlIzatIon pond senes The
amount of treatment surface area necessary to
achIeve an advanced qualIty treated effluent was
about 1 6 m2/PE (PE =person eqUIvalent) m a pIlot
proJect m Bangladesh

The potentIal revenues to an owner/operator of a
treatment and duckweed-fed fish productIon sys
tem m Bangladesh are attractIve For example, at
an average lIve weIght pnce of fish of $1 5/kg, the
gross revenues from duckweed-fed fish productIon
m Bangladesh IS on the order of $2 4-$3 6/PE/year,
or about $038-$0 56/m2/year m gross revenues

Xl

from the total amount of land used for the treat
ment and productIon system

Duckweed aquaculture that does not mclude fish
productIon has dned duckweed meal as the final
product The total amount of land needed for
duckweed productIon m Bangladesh IS 2 1 m 2/PE
If duckweed meal IS pnced the same as soybean
meal, between $0 25-$0 30/kg, gross revenues from
duckweed meal sales wIll be about $038
$0 46/m2/year of total land used, or about $080
$0 96/PE/year

LAND ISSUES

AnaerobIC reactors for mitIal treatment, followed
by pond, wetland or aquatIc farmmg systems for
post-treatment represent a fleXIble configuratIon
optIon that can reduce both land and mfrastruc
ture cost., compared WIth pond-based systems
alone The reactors (or septIc tanks) can be located
m or near the urban area m one or more locatIons
Because anaerobIC reactor effluent IS Virtually free
of settleable solIds It can be conveyed to the post
treatment SIte through a small dIameter effluent
dramage system deSIgned as a hydraultc system,
rather than as a sewer to convey raw wastewater
ThIS type of configuratIOn can have several Impor
tant advantages

.. Reduced treatment and land reqUIrements at
the post-treatment faCIlIty, because maJor
removal of solIds and oxygen consummg sub
stances takes place upstream of the post-treat
ment faCIlIty,

.. Reduced constructIOn costs of the effluent col
lector that replaces the trunk sewer because of
shallower, narrower trenches, elImmatIon of
manholes and mmimum reqUIrements to con
trol the gradIent and honzontal alIgnment of
the pIpes,

.. Reduced matenals costs because smaller
dIameter pIpes, runmng full, can handle the
lower peak flows that result from attenuatIon
of peak flows m the reactors, and

.. Lower mamtenance costs because blockages m
the effluent conveyance system are less lIkely

FINANCIAL AND ECONOMIC ISSUES

TechnologIes for both wastewater collectIon and
treatment m developmg countnes should be
selected to protect publIc health and the enVIron
ment, whIle ensurmg the fullest use of the water
resource The selectIon process should factor m the
costs and avaIlabIlIty of land, labor, eqUIpment,
and bUIldmg matenals and the cost, avaIlabIlIty



COSTS AND COST COMPARISONS

and rehablhty of support servIces, such as utIhtIes,
eqmpment and systems mamtenance Technology
selectIon ObjectIves that should apply m most
developmg countnes mclude

An analytIcal framework IS presented m Annex 4,
usmg capItal and operatIng costs based on recent
ly constructed plants or recently completed stud
Ies The analytIcal framework mIght be used to
mdlcate the kmds of data reqmred for a useful
evaluatIon of proposed projects The smgle-sheet
analytIcal approach presented was deSIgned to
faCIlItate senSItIVIty testmg on uncertam economIc
values

Treatment plant desIgns have become suffiCIently
standardIzed that developmg lIsts of quantItIes of
essentIal matenals and eqmpment IS relatIvely
straightforward Recent SImIlar projects can pro
VIde the baSIS for umt pnces Wlthm a partIcular
country some SIte-specIfIc vanatIOns may be
expected, but compansons With several recent pro
Jects m that country can provIde Important mfor
matIon about the economy of a system utIhzmg an
anaerobIC reactor More Importantly, compansons
of capItal and operatIng costs among alternatIve
deSIgns for a speCIfic new SIte are essentIal If sound
mvestment deCISIOns are to be made For example,
a comparatIve study conducted m ColombIa m
1992 concluded that the costs of anaerobIC treat
ment plants (mcludmg post-treatment to sec
ondary qualIty) for mumclpal wastewater appear
to be between three to SIX tImes less than conven
tIonal actIvated sludge and extended aeratIon

BeSIdes the baSIC treatment benefit, there are a
vanety of productIve ways of reusmg the treated
effluent almost everywhere, but partIcularly In
countnes WIth water scarCIty The umt values added
for each of these uses are amenable to estImatIon
The examples presented m Annex 4 assume that
no wastewater IS treated to potable quahty
Instead, an allocatIon has to be made between on
SIte use (WhIch m these examples was an aquatIc
productIon system for duckweed and fish) and off
SIte uses, eIther m mdustry or IrngatIon

tIes These estImates wIll be useful pnmanly to
compare the conventIonal approach WIth pOSSIble
alternatIves WhIch method to use to estImate the
treatment benefit IS not prescnbed Expenenced
engmeers and economIsts workmg m that country
would be able to make the estImates and could
suggest where the process of senSItIVIty testIng
should start

AlternatIve mfrastructure that IS less costly to
operate IS mcreasmgly of mterest to mUniCIpal
deCISIOn makers, and the posslblhty of pOSItIve
cash flows from a treatment IS attractIve The pos
SIbIlIty of corporate profits mduces engmeers and
contractors to seek out bankers Funds for con
structIon come from non-tradItIonal sources, and
the attentIon of all partICIpants IS focused on less
costly technologIes It IS here that on-SIte, produc
tIve uses of the wastewater resource, such as duck
weed and fish productIOn, are hkely to play an
Important role m the future

New fmancmg trends are emerging fInancmg of
pubhc works by the pnvate sector on a bulld, own,
operate (BOO) or bulld, own, operate, transfer (BOOT)
baSIS ConsortIa mcludmg contractors and bankers
budd a WIde range of faCIlItIes The fact that the
budders' own funds are used leads to an mcreased
focus on economy of deSIgn

TechnologIcal sImphCIty,
mmlmal capItal and operatmg costs,
maXImum treatment and removal effiCIency for
capItal and recurrent mvestment, and
water reclamatIon and reuse capablhty to off
set costs

..

..

..

..

ECONOMIC AND FINANCIAL
ANALYSIS

WIth appropnate SIte-speCIfic Input, the analytIcal
format presented In Annex 4 Will produce e~tI

mates of potentIal economIC returns to Investment
In the constructIon of wastewater treatment faclh-

XlI



I BACKGROUND

11 PURPOSE

The purpose of th1s report 1S to analyze anaerob1c
enhanced pnmary treatment of wastewater and
ophons for further treatment, usmg examples from
developmg countnes Parhcular attenhon 1S g1ven
to the upflow anaeroblc sludge blanket (UASB) tech
nology because of the successful apphcahon of rel
ahvely large scale treatment plants m Latm
Amenca and South AS1a and the mcreasmg accep
tance of th1s technology m developmg countnes

The reVlew also refers to convenhonal"secondary"
treatment technolog1es that are common m mdus
tnahzed countnes m the temperate zone Ophons
for further treatment of anaerob1cally treated efflu
ents are exammed, and anaerobIc and aerobIc
treatment systems are compared

Treatment of"pomt sources" of polluhon IS cons1d
ered, e g, treatment of mumc1pal wastewater and
effluents from food processmg plants An example
of anaerob1c treatment of an mdustrlal (tannery)
effluent dduted with mumclpal wastewater IS Clted
m a case study Treatment of non-pomt sources of
polluhon, such as agncultural runoff 1S excluded
from conslderahon

1 2 WASTEWATER ISSUES IN
DEVELOPING COUNTRIES

Accordmg to the World Bank's 1994 Annual Report,
"Adequate water supply and samtary d1sposal of
wastes are fundamental to a reasonable quahty of
hfe Poor samtahon and lack of access to safe water
contnbute to more than two mllhon deaths annually,
whIle large economIC and enVlronmental costs are
mcurred to compensate for poor quahty sefVlces "

The exploslOn of mdustnahzahon and urban
growth worldwIde 1S pollutmg groundwater and
degradmg the quahty of surface waters by over
loadmg them WIth more wastewater-borne orgamc
matenal than can be ass1ml1ated naturally For
example 45 percent of all streams m pemnsular
MalaysIa are cons1dered effechvely "dead" from
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the effects of eutrophIcation, and the typIcally
short nvers transport pollutants rapIdly to coastal
waters (Ref 1)

There IS great demand for Improved water supply
and samtahon sefVlce levels m many developmg
countnes, but the hIgh cost of the mfrastructure
and compehhon for development funds from other
development sectors are major constramts
Furthermore, whde most urban populahons are
wlllmg to pay for wastewater collechon, there IS
general resIstance to bearmg the costs of treat
ment In most developmg countnes the clhes that
have wastewater collechon usually do not treat the
effluent For example, WHO reported m 1987 that
only about 10 percent of those m Latm Amenca
have treatment

There are s1gmf1cant d1fferences between the
mdustnahzed, affluent countnes and most devel
opmg countnes that shape the dlSCUSSlOn about
chOlce of wastewater treatment technolog1es d1f
ferences m chmate, hydrology, avaIlab1hty of cap1
tal, the cost of labor, skIll levels and access to rea
sonably pnced energy and large vanahons m the
capaClty of the enVlronment to ass1mIlate wastes

The key Issues that constram wastewater treatment
m most developmg countnes are d1fficulhes m
managmg the relahvely few facIllhes that eXIst, fol
lowed closely m Importance by the h1gh cost of
buddmg convenhonal treatment fac1hhes
ConcesslOnary fmancmg IS often avaIlable to buIld
treatment plants, but not to support operatmg
costs Recurrent costs are almost always regarded
as the respons1blhty of the owners, usually the
local government From the pomt of V1ew of the
local government technologIes that are mexpen
S1ve to operate and manageable by non-speClahsts
are preferable to those that w1ll stram the1r budget
and management resources

The two pnmary hlstoncal Jushhcahons of waste
water treatment have been (a) to prevent the
spread of orgamsms that cause mfechous dIseases
m humans, and (b) to remove blOdegradable
orgamc matenal that pollutes groundwater and
upsets the ecologIcal balance m surface waters A
thIrd reason, parhcularly Important m water scarce
reglOns, IS to be able to reuse the treated effluent



dIrectly and safely for economIcally productIve
purposes

1 21 HEALTH ISSUES

Entenc dIseases are the leadmg cause of mortalIty
and morbIdIty among chIldren m developmg
countnes Raw or msuffIciently treated wastewater
IS a vehIcle for spreadmg pathogenIc mIcroorgan
Isms and mtestmal paraSItes m the enVIronment
and ultImately to humans Water scarCIty m many
countnes has led to IrngatIon of vegetable and
other crops WIth untreated wastewater and conse
quent exposure of the publIc to serIOUS health
nsks (Ref 2)

122 EFFLUENT DISCHARGE GUIDE
LINES IN DEVELOPING
COUNTRIES

In general establIshmg adequate effluent dIS
charge gUIdelmes has not been a hIgh prIonty m
developmg countnes Where they eXIst, enforce
ment has been constramed eIther by madequate
regulatory budgets or polItical conSIderatIons The
hIgher profIle of envIronmental Issues worldWIde
appears to have provoked a wave of envIronmental
legIslatIon, for example m Costa RIca, ChIle,
ColombIa and Argentma

1 23 ENVIRONMENTAL POLLUTION

Untreated or madequately treated wastewater dIs
charged mto a reCeIVIng stream brIngs WIth It
bIOdegradable organIC matenal that dIverse com
mUnItIes of mIcrobes decompose These reduc
tIon/OXidatIon processes consume dIssolved oxygen
m streams and mmerallze organIcally bound nutn
ents that then become avaIlable to plants The mIn
eralIzed nutrIents stImulate growth of algae at the
base of the food web ExceSSIve mIcrobIal depletIon
of dIssolved oxygen, or eUhophlcatwn, can result m
the mabIlIty of streams, lakes or coastal waters to
support aerobIC forms of aquatIc organIsms

MUnICIpal wastewater effluents m many develop
mg countrIes tend to be more concentrated than m
IndustnalIzed countnes because less water IS used
on average m household actIVItIes Where the clI
mate IS seasonally dry or and, the small amount of
surface water restncts the capaCIty of the enViron
ment to dIlute and aSSImIlate wastewater-borne
pollutants In such cases the economIC value of
good qualIty water IS hIghest, and the hazard of
wastewater-borne pollutIon of surface and ground
water resources IS magnIfIed compared WIth
regIOns WIth more ramfall Adequate wastewater
treatment protects the quality of the water
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resource by mterceptmg and fIxmg wastewater
borne pollutants whIle restonng wastewater qualI
ty to a level SUItable for reuse

124 RESOURCE RECOVERY

A systems approach to water resource manage
ment recognIzes that wastewater management IS
SImply another component of water resource man
agement, WIth an assocIated set of costs and bene
fIts and defInable lInkages to the rest of the hydro
logIcal system The most Important lInkages are
the amount and qualtty of water needed by the CIty
and the effects of wastewater effluents on the
quahty of rest of the water resource

FIgure 1 shows that the amount of water available per
person has been declInIng throughout the world as a
result of expandIng populatIons and enVironmental
changes (Ref 3) Water scarCIty has resulted In a senes
of problems degradatIon and overuse of water
resources and IncreasIng competItIon and conflIcts
among user groups that are provokIng pohey makers
to reconSIder wastewater dIsposal practIces

WorldWIde, agnculture accounts for about 69 per
cent of water use, Industry 23 percent and domestIc
consumptIon about eIght percent Water use pat
terns, however, vary from country to country and
WIthm SIngle countrIes Water demand for Irngated
agnculture IS partIcularly hIgh In and reglOns, such
as the MIddle East and North AfrIca, and there IS
Increasmg demand to satIsfy urban needs (Ref 4)

TradItIonally, urban water supply has followed a
flow thlOUgh model, ImportIng hIgh qualIty water
and dIschargIng low qualIty used water Into the
publIc domaIn, often to the detnment of the Inter
ests of downstream users, who typIcally bear the
costs of envIronmental pollutIon A more ratIOnal
economIC model would proVIde for reuse of a large
fractIon of the wastewater resource withm the
urban area while dIschargIng InSIgnIfIcant amounts
of pollutants mto the general enVIronment

Where the development of addItIOnal supplIes of
hIgh qualIty domestIc water IS very costly, waste
water IS hkely to be an economIcal source Treated
wastewater effluents can substItute for hIgh quah
ty water m apphcatIons that can accept a lower
level of chemIcal and blOlogical quahty, such as
IrngatlOn of crops and parklands, flushmg tOIlets
and many Industnal applIcatIons Although an
unconventIonal source, wastewater has character
IStICS that can be advantageous m an urban settmg

II It IS a renewable resource whose avaIl
abIlIty mIrrors water consumptIon, and
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.. It 1S located near the areas where It IS

needed, mmImlZmg transport costs

Reuse of treated wastewater effluents conserves

water resources by reducmg the net amount of

water extracted from the pnmary source In addI

tion to proVIdmg health benefits planned reuse of

treated wastewater can result m several economI

cally Important benefits, mcludmg

.. the value of the reclaImed water, eqUIVa

lent to the opportumty cost of developmg

an alternabve supply,

e the value of the water and nutnents to a

crop produchon system,

" the value of aVOIdmg or mIbgahng enVIron

mental damage to receIvmg water bodIes

1 25 SUSTAINABILITY OF WASTE

WATER TREATMENT

FACILITIES

Where conventlOnal mechamcal treatment facI11

bes eXIst m developmg countnes, they frequently

do not function as expected for many of the follow

mg reasons

.. shortage of operatmg capItal,

III unrelIable or expenSIve electrIC power

supphes,
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.. msufficlent numbers of tramed techmcal

personnel,

" madequate or unrehable resupply of spare

parts,

.. pubhc sector mstItutIonal problems

Alternative treatment technolOgies developed over

the past 20 years emphaSIze cost reductIOn, mte

grated system management, mmimal mechamcal

operabons, sImple mfrastructure, water reclama

bon and nutnent converSIOn wherever feaSIble

TechnologIeS mclude sImphfted, lower cost waste

water collectIOn mfrastructure, anaerobIC

enhanced pnmary treatment and lagoon-based

post-treatment processes that can achIeve hIgh

effluent qualIty levels and that can be managed

adequately by non-speCIalIsts

Two baSIC types of non-mechamcal lagoon-based

post pnmary treatment processes are

.. Pond hystems deSIgned to favor algae pro

ductIon over aerobIC bactena Such sys

tems can remove nutrIents and are capable

of effechve pathogen destruction, and

.. BlOlogICal converSIOn of nutrIents mto use

ful plant bIOmass mstead of algae, for

example, floatmg aquahc macrophytes of

the duckweed famIly



These mtegrated systems have many l..haractens
tIcs that SUIt the needs of developmg countnes
relatIvely low constructIon and operatIng costs,
neglIgIble energy reqUIrements, few movmg parts,
constructIOn WIth locally avaIlable matenals and
management that can be supplIed (after appropn
ate training) by semI-skIlled personnel and farmers

Wastewater treatment systems that are organIZed
as productwn systems yIeld dIrect benefIts m the
form of fungIble products, such as reusable water,
animal feedstuff and food If fees for the servIce of
wastewater treatment are collected, they add to the
potentIal revenue stream from the treatment and
farmmg systems The owners of a profItable sys
tem have a clear vested mterest m mamtainIng It m
good workIng order Integrated treatment and
productIon systems managed as a busmess are
mherently more lIkely to be sustamable than a tra
dItIonal, publIc sector approach to treatment,
where the benefIts are more dIffuse, longer term
and not dIrectly related to the welfare of the own
ers and operators of the system

13 WASTEWATER TREATMENT

"Treatment" of mUniCIpal wastewater depends on
natural processes, such as graVity to clarIfy an
effluent and bacterIal actIOn to stabIlIze the
bIodegradable organic fractIon PathogeniC organ
Isms are removed through natural dIe-off, deprIva
tIon of approprIate hosts and competItIon from
other organisms m a generally hostIle enVIron
ment Adequate detentIon tIme and temperature
are the two most Important varIables affectIng
pathogen mortalIty (Ref 5)

BaSIC treatment mechanisms mclude screenmg,
sedImentatIOn and fIltratIon to remove solId mate
rIal, stabIlIzatIon of bIOdegradable organic materI
al by bacterIal degradatIon and removal of mor
ganIc nutrIents, such as nitrogen and phosphorus,
by several mechanisms, mcludmg bacterIal nitrIfI
catIon and demtrIficatIon, bIOaccumulatIon by
plants, adsorptIon or chemIcal preCIpItatIon

Complete wastewater treatment conSIsts of a senes
of steps, commonly defIned as follows (Ref 6)

• Preitmmary treatment, removes large and
heavy solIds by screening and degrIttmg,

.. Pnmary treatment sedImentatIon of 45-70
percent of settlable solIds that contam SIg
nifIcant amounts of oxygen consummg
substances (20-40 percent), but lIttle or no
removal of collOIdal and dIssolved organic
matter,
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• Secondary treatment conSIsts of removal of
about 85 percent of suspended solIds and
BODs ICOD and partIal stabIlIzatIon of the
latter and some destructIon of pathogeniC
organIsms,

.. Advanced, or tertIary treatment IS an added
stage of bIOlogIcal, chemIcal and phYSIcal
processes to treat wastewater beyond the
secondary stage Removal of up to 99 per
cent of reSIdual suspended solIds and
nutrIents, the most Important of whIch are
nitrogen (N) and phosphorus (P)

The nomenclature of the succeSSIve stages of treat
ment, pnmary, secondary and advanced, reflects the
quahty of the effluent at partIcular pomts on a con
tmuum that ends WIth an effluent SImIlar to
potable qualIty water Most technologIcal
approaches, conventIonal or mnovatIve, arrIve at or
pass through the prImary stage, durmg whIch the
majorIty of the solId materIal IS removed along
WIth a SIgnifIcant portIon of the oxygen consummg
substances assocIated With those solIds

AnaerobIC processes are capable of achlevmg an
effluent qualIty mtermedlate between the prImary
and secondary categorIes AnaerobIC treatment, m
addItIon to the paSSIve process of solIds removal,
mcludes actIve bIOlogIcal stabtlcatwn of the maJor
Ity of oxygen consummg substances through
mIcrobIal degradatIon of organic partIculate mat
ter and collOIdal and dIssolved organics The result
of thorough anaerobIC treatment IS an effluent that
may be claSSIfIed as an"enhanced"prImary treated
effluent

Complete treatment, or treatment to the advanced
stage, IS typIcally not undertaken except to protect
economIcally Important receIvmg bodIes of water
agamst eutrophIcatIon, or to meet speCIfIc crIterIa
for a partIcular reuse applIcatIOn The mam reason
IS the hIgh cost mfrastructure and operatIng costs
escalate dramatIcally to achIeve an advanced qual
Ity fInal treated effluent In addItIon, operator~

WIth speCIalIst knowledge are needed to manage
the hIstOrIcally prevalent treatment processes

1 31 TYPES OF WASTEWATER
EFFLUENTS

Table 1 characterIzes typIcal mUniCIpal wastewater
as "weak", "medIum" and "strong" m terms of the
concentratIons of the major constItuents, oxygen
consummg substances (BODs), suspended solIds
(TSS) and nutrIents (N and P) Generally, the
stronger the effluent, the greater the mvestment m
mfrastructure and energy mputs reqUIred to



Table 1
CharactenstIcs of Raw MumCIpal Wastewater

Parameter Weak MedIUm Strong

BODs (mg/l) 110 220 400

TSS (mg/l) 100 200 350

Ntotal (mgll) 20 40 85

P (mgll) 4 8 15

Fecal cohforms (most
probable number per 100 ml) 108 108 108

Source Metcalf and Eddy 1984

achIeve an acceptable quahty of treatment Also
shown IS the typIcal concentration of fecal col
Iforms, a group of bactena that mhabits the human
dIgestive system These bactena are mdicator
orgamsms used to evaluate the bIOlogical quahty of
a wastewater effluent m terms of ItS potential to
contam VIable pathogemc bactena

1 4 TREATMENT SYSTEMS
CURRENTLY IN USE IN
DEVELOPING COUNTRIES

141 "PASSIVE" OR "NATURAL"
SYSTEMS

Waste stablllzatwn ponds are the most common
wastewater treatment technology used m develop
mg countnes In terms of numbers of facIlIties
pond systems outnumber all others m the Umted
States and Canada They may be used m conJunc
tion WIth other treatment technolOgies, or alone
When used alone, they are usually deSIgned as a
senes of three to fIve cells that hold the wastewater
for at least 20-25 days to provIde for adequate
pathogen removal (Ref 7)

Waste stabIhzatIon ponds have been WIdely utI
hzed m commumtIes where land IS avaIlable at
affordable pnces Construction costs are low and
pond systems are not dIffIcult to operate and mam
tam compared WIth mechamzed faClhtIes
However, they are land mtensive and the effluent
often contams large quantItIes of suspended
solIds, mostly algae, that transmIt orgamc pollutIon
to receIVIng water bodIes
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The fIrst pond m a typIcal senes, the pnmary pond,
receIves raw wastewater and functions as a sem
mentation basm WIth a 2-5 day retentIon bme An
anaerobIc pnmary pond may be 2 5-5 m deep It IS
a low rate anaerobIc reactor, removmg 90-98 per
cent of the eaSIly settlable sohds and 30-60 percent
of mfluent BODs The remammg ponds m the
senes are SItes for sedImentation of suspended
sohds and removal of reSIdual BODs by the acbon
of heterotrophIc bactena

Pond systems are more effective than most conven
tional wastewater treatment processes at pathogen
destruction Pond systems can remove 99 99 to
99 999 percent of pathogemc bactena, VIruses and
mtestmal paraSIte eggs, so that the treated effluent
IS bwlogzcally safe for agncultural reuse, e g, safe
for agncultural workers who may come mto con
tact WIth the water and safe for ammals and
humans to consume the Irngated crops In 1989
the World Health OrgamzatIon adopted a standard
defInmg mmimal bwloglcal quahty standards for
reuse of treated wastewater effluents m agnculture
and aquaculture The 1989 standard IS found m
Annex 1 (Ref 8)

142 CONVENTIONAL WASTEWATER
TREATMENT SYSTEMS

ConventIOnal "secondary" wastewater treatment
systems use vanous types of mechamcal eqUIp
ment to supply aIr to aerobIC bactena that stabIhze
orgamc matenal and to mIX the substrate WIth the
bulk lIqUId The eqUIpment mcludes pumps for
lIqUIds, compressors or blowers for aIr, rotatmg
deVIces and aUXIlIary electrIcal eqUIpment and
control systems HIgh-rate aerobIC treatment sys-



tems rely eIther on suspended bactenal growth, In
WhICh the aerobIc bactena are mIxed With the
wastewater by mechamcal stIrring or inJecting aIr
Into the reactor, or attached growth where the waste
water IS exposed to bactenal fIlms that grow on a
fIxed medIUm In the reactor A few types of sys
tems combine both suspended and attached
growth AerobIC treatment systems may be
desIgned to support mtnftcatlOn and demtnftcatlOn
to remove mtrogen and to remove phosphorus
through bIologIcal actIon

Mechamcally aerated wastewater treatment sys
tems are more compact than naturally aerated sys
tems and are capable of proVIding an effluent low
In BODs «10 mgll) ConventIonal treatment sys
tems are used In large, medIUm and small scale
applIcatIons for domestIc and mumCIpal waste
water effluents ConventIonal treatment systems
that have been used In developing countnes
mclude the aerobIc actIvated sludge process and
more recent vanants, mcludIng sequencmg batch
reactors, extended aeratIon and the OXIdatIon
dItch, also known as the carrousel

ConventIOnal treatment technologIes are not capa
ble of removing pathogemc orgamsms as well as
waste stabIlIzatIon ponds The most effectIve con
ventIonal technology, the aerobIC actIvated sludge
process, can remove 90-99 percent of all VIruses,
protozoa cysts and 99 9 percent of helmmth eggs,
WhICh typIcally IS not suffICIent to meet the WHO
qualIty standard for agncultural reuse Without a
dISinfectIOn step (Ref 8) Waste stabIlIZatIon ponds
With at least 20 days retentIon tIme can typIcally
remove 99 99 percent of VIruses, 99 9999 of bactena
and all helmmth eggs

DIsadvantages of conventIOnal treatment mclude
hIgh power consumptIon, hIgh mamtenance
reqUIrements and the need for close supervIsIOn
by skIlled operators (Ref 7) In developmg coun
trIes there IS a relatively sparse record of successful
management compared WIth the SImpler pond sys
tems Developmg countnes could perhaps address
theIr wastewater treatment needs more effectIvely
by substItutmg, where pOSSIble, labor and land for
capItal and mechamcal eqUIpment

II WASTEWATER TREATMENT
PROCESSES

21 PRELIMINARY TREATMENT

PrelImmary treatment IS usually defIned as the
conditIOmng of wastewater at Its source before dIS-
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charge Into a wastewater collectIon system to
remove or neutralIze substances harmful to sewers
and subsequent treatment processes Umt opera
tIons may mclude screenmg, commmutIon (grmd
mg) and gnt removal to prepare the wastewater for
subsequent maJor treatment (Ref 6) These
processes may also take place at the treatment
plant as inItIal treatment measures

Some wastewater effluents may contam substances
WIth suffICIent value to make recovery worthwhIle,
such as protem or fats m food processmg effluents
or chemIcals that may be reused m industrIal
processes In other cases removal of tOXIC or haz
ardous matenals may be mandated before permlt
tmg the dlsLharge of the effluent mto a collectIon
system

22 PRIMARY TREATMENT

"Pnmary treatment" often mcludes the umt
processes defIned as prelImmary treatment It IS
typIcally the fIrst maJor treatment process at a
wastewater treatment plant, usually sedImenta
tIon, but not bIOlogIcal OXIdatIon, of 45-70 percent
of settlable solIds, that removes 20-40 percent of
BODs/COD, but lIttle or no collOIdal and dIssolved
matter removal (Ref 6)

A pnmary qualIty treated effluent results from var
IOUS sorts of sedImentatIon basms, such as septIc
tanks, anaelObic ponds or "pnmary clanfIers" m
conventIonal treatment plants The sludge IS
removed from the basm, treated and dIsposed of
A pnmary effluent generally reqUIres addItIonal
treatment before dIsposal IS conSIdered enVIron
mentally sound A pnmary treated effluent may be
dIsposed of In a dram fIeld, by land applIcatIon or
by IrngatIon of certam types of crops

23 SECONDARY TREATMENT

Secondary treatment IS generally conSIdered to be
a level of treatment that achIeves about 85 percent
removal of suspended solIds and oxygen consum
mg substances and partIal stablhzatIon of the lat
ter Anothel defImtIon speCIfIes the quahty of the
effluent as concentratIons of less than 30 mg/l of
both BODs and suspended sohds, taken as a
monthly average (Ref 6)

Table 2 compares the average performance and
sludge productIOn of some of the most common
aerobIC treatment technologIes Performance
vanes WIth the qualIty of the effluent, temperature,
process modIfIcations and the constItuents of the
wastewater (Ref 5)



Table 2
Performance of Most Common AerobIc Wastewater Treatment TechnologIes

Treatment Technology Removal EffIcIency Effluent Sludge productIon
BOD5 TKN Ntotal p TSS (dry weIght)

(%) (mg/l) (kg/kg BODremoved)

Pnmary sedImentatIon 20-30 5-20 0 - - -
ActIvated sludge

hIgh load 90 25 30 30 25 09-10
low load 95 75 55 45 10 05-07

OXIdatIon dItch 95-98 80-90 50-70 10-20 10-15 03

Tnckhng fIlter
hIgh load 80 20-35 25 - 45 06
low load 90 60-80 35 - 25 04

Rotatmg bIOlogICal contactor 90-95 50-75 - - - 06

Aerated lagoon 70-80 - - - - 003-008 m3/caput/year

Waste stabdlZatIon ponds 80-90 - 50-90 - 50-75 % 003-008 m3/caput/year
removal

Source Adapted from REF 5 page 61

2 31 WASTE STABILIZATION PONDS

A stabdlZatIon pond senes that holds the waste
water for 20-25 days IS capable of provldmg a sec
ondary quahty fmal effluent that IS also bIOlogIcal
ly safe for reuse StablhzatIon ponds may be clas
sIfIed accordmg to the dommant bIOlogIcal reac
tIons that take place m the pond anaerobIC, facul
tatIve, aerobIC and aerated In a warm chmate a
stablhzatIon pond senes 1-1 5 m deep can receIve
an orgamc loadmg of 40-120 kg/ha/day of BOD5
and wdl produce a fInal effluent WIth concentra
tIons of BOD5 from 20-40 mg/l and TSS from 80-140
mg/l over a retentIon tIme of 10-40 days Although
algae are necessary for oxygen productIOn, theu
relatIvely hIgh concentratIon m the fInal effluent IS
one of the most senous performance problems
assocIated With stablhzatIon ponds (Ref 9)

Waste stablhzatIon ponds are attractIve m develop
mg countnes because they are technologICally SIm
ple and mexpenSIve to operate They reqUIre mm
Imal maIntenance, IncludIng penodic sludge
removal, control of bank erOSIon and control of
excess vegetatIon at the land/water mterface and
on the surface of the water

232 ACTIVATED SLUDGE AND
RELATED PROCESSES

The actIvated sludge process IS a suspended growth
process m whIch aerobIC bactena are supphed With
oxygen by mlxmg au WIth the pre-treated mfluent
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FIgure 2 Illustrates the elements of a typIcal con
ventIonal aerobIC treatment plant usmg the actIvat
ed sludge umt process After prehmmary treat
ment, effluent IS allowed to sedIment m a pnmary
clanftcahon tank for a few hours It IS then trans
ferred to a complete mIX aerahon tank (an aerobIC
reactor) where aIr IS contmuously pumped mto the
water column Penodically, a portIon of the aerobIC
bIOmass IS removed and allowed to sedIment m a
secondary clanftcahon tank Part of the concentrated
bIOmass (sludge) IS returned to the aeratIon tank to
keep the actIve bIOmass at the optImal concentra
tIon for aerobIC dIgestIon of the orgamc matter m
the wastewater The balance of the sludge IS a
waste byproduct A typIcal conventIonal sludge
dIsposal process mvolves thIckemng, stabzllzahon,
condlhomng, dewatenng and removal from the treat
ment SIte StablhzatIon can be by anaerobIC or aer
ObIC dIgestIon, dry hme stablhzatIon or aerobIC
compostmg Fmal dIsposal can be by landfIll or
land applIcatIon (Ref 7)

About a thIrd to one half of the costs of operatmg a
conventIonal hIgh-rate aerobIC treatment plant are
attnbutable to sludge handlmg costs (Ref 10) The
aerobIC sludge IS mostly bactenal bIOmass that IS
stIll hIgh m bIOdegradable matenal, volahle solzds,
1 e, orgamc matter that reqUIres further stabIlIza
tIon The sludge has poor settlmg charactenstIcs
because of the small average SIze of the suspended
partIcles The volume of aerobIC sludge IS about
fIve to SIX tImes that of an anaerobIC sludge and
reqUIres a thickenmg process pnor to stabIhzatIon
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Figure 2
Schematic Diagram of a Typical Activated Sludge Treatment Plant Including Sludge Treatment by AnaerobiC Digestion

233 SEQUENCING BATCH REACTOR

The sequencmg batch reactor (5BR) process IS a
vanatIon of the activated sludge process m whIch
the aeration, sedImentation and decant steps are
combmed m a smgle leactor, conslstmg of two or
more parallel tanks The process uses a fIve step
cycle fill, aerate, settle, draw and Idle Durmg the fIll
stage, pre-treated wastewater mIxes WIth the set
tled bactenal bIOmass that remams from the preVI
ous cycle The mIxed hquor IS then aerated
mechamcally, and the orgamc matenalls stablhzed
by aerobIC dIgestion Aeration and mlxmg are
stopped durmg the settle stage, and sedImentation
of sohds occurs The clanfled supernatant IS
decanted durmg the draw stage, and after decant
mg, waste sohds are removed from the bottom of
the tank durmg the Idle stage to end the cycle The
cycles of parallel reactors are managed so that they
operate m tandem to prOVide contmuous treat
ment (Ref 7)

Although the 5BR "flow through process" IS eaSIer
to manage than the conventional actIvated sludge
process and has lower O&M reqUIrements, It still
reqUIres a skilled operator and regular mamte
nance The batch nature of the process prevents
washout of sohds, and the process IS capable of
handhng WIde vanatIOns m flow and changes m
orgamc loadmg There IS no need for a secondary
clanfIer and aerobIC sludge recycle system The
process IS typIcally used for relatively small flows
(up to about 11 hters per second) and IS capable of
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provldmg a very good effluent quahty (BODs, 33
21 mg!l, 55,3-25 mg!l, NH3 , 0 3-12 mgll) (Ref 7)

24 ADVANCED TREATMENT

Advanced, or terhary treatment uses bIOlogIcal, chem
Ical and phYSIcal processes to treat wastewater
beyond the secondary stage, typIcally entatlmg
removal of to 99 percent of reSIdual suspended
sohds and the two major plant nutnents of sIgmfI
cance to the samtatIon sector, mtrogen and phos
phorus The concern for nutnent removal IS to pre
vent eutrophIcation of surface waters and to pre
vent mtrate accumulation m groundwater, whIch IS
harmful to small chIldren

NItrogen IS conserved m nature, passmg through a
cycle of natural processes through whIch atmos
phenc mtrogen (Nz) IS converted by mtrogen fIxa
tion and mtnfIcation mto compounds used by
plants and ammals to buIld protem NItrogen IS
eventually returned to atmosphenc mtrogen by the
decay of orgamc matenal through mIcrobIal action

NItrogen IS present m wastewater m several states
of OXIdation as the reduced forms, ammoma!
ammomum (NH3!NH4+), as the parhally OXIdIZed
form, mtnte (NOz ) and as mtrate (N03 ) NItrogen
IS removed from wastewater by several phYSIcal,
chemIcal and bIOlogIcal processes, mcludmg
volatIlIZahon (stnppmg) of ammoma, demtnfIca
han and plant uptake



Figure 3
COD Balance and Energy Comparison Between AerobiC and Anaerobic

Treatment Processes
Source Ref 12

Treatment m an anaerobIC reactor removes the
major part of the carbonaceous oxygen demand
from raw wastewater, but substantial mtrogenous
o\ygen demand remams The nutnent reqUIrements
to support anaerobIC dIgestion are low, and the
concentration of ammOnium m the treated effluent
reflects the concentration of organic nitrogen m the
raw wastewater (Ref 5)

DIFFERENCES BETWEEN
AEROBIC AND
ANAEROBIC PROCESSES

FIgure 3 shows that aerobIC dIgestion
transforms oxygen consummg sub-
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ANAEROBIC TREATMENT
PROCESSES

Some anaerobIC treatment systems reqUIre
mechanical mlxmg However, there are examples
of technologIcally SImple anaerobIC reactors that
are more appropnate for developmg countnes
These SImple technologIes can prOVide effective
treatment for mUnIClpal and food processmg
wastewaters up to an effluent qualIty mtermedlate
between prImary and secondary Secondary treat-

ment IS usually mterpreted as attamment
of at least 85 percent removal of BODs
and 55 (suspended solIds), or a sec
ondary effluent concentration of less
than 30 mg!l for BODs and 55, averaged
over one month (Ref 6) Dependmg on
the composItion of the raw wastewater,
anaerobIc reactors can achIeve 65-85 per
cent removal of BOD5 at 200 C (generally
COD removal effICIency IS 10-20 percent
lower) and 60-80 percent SS removal

AnaerobIc treatment IS the use of bIOlogIcal
processes m the absence of oxygen to stabIlIze
organic (carbonaceous) matenal by converSIOn to
methane (CH4) and morganIc products, mcludmg
orthophosphate (ortho-P04 3), carbon dIOxIde
(C02), hydrogen sulfIde gas (H2S), nitrogen gas
(N2) and ammOnia (NH3) (Ref 11) Included m the
process IS the creation of addItional anaerobIc bIO
mass

The actIvated sludge process has been modlfIed m
the recent past to mclude nItnfIcatIon and denItn
fIcatIon zones and "bIOlogIcal" removal of phos
phorus through bactenal action These processes
can remove approxImately 80-90 percent of total
nitrogen and 80 percent of total phosphorus The
resulting effluent IS classIfIed as an advanced or
tertiary treated effluent
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Phosphorus has no known health sIgnifIcance m
wastewater treatment, but IS an Important contnb
utor to eutrophIcation of surface water bodIes
because It IS the lImIting nutrIent for algae popula
tions m surface water The potential removal
mechanisms mclude adsorption by soIl particles,
chemIcal precIpItation, plant uptake and other bIO
logIcal processes

NItrogen may also be removed from a wastewater
effluent through plant uptake as the plants convert
morganIc nitrogen mto protems ThIS occurs m
ponds when algae and other plants grow and aSSIm
Ilate nitrogen m natural and constructed wetlands
and m ponds desIgned as aquatic farms to cultivate
floatmg aquatic plants Permanent removal of nitro
gen through plant uptake reqUIres regular harvest
mg of plant bIOmass to make room for new growth
and to prevent recyclIng of organic matter and nitro
gen through plant mortalIty and decay

NItrogen can be removed from wastewater through
the bIOlogIcal processes of mtnftcatwn and demtnft
cahon The cycle begms wIth ammomftcahon, the
anaerobIc bIOdegradation of organic nitrogen to the
reduced morganIC product, ammOnia NItnfIcatIon
IS the madatIon of ammOnia to nitrate by the genus
of aerobIc bactena, Nltrosomonas, m the presence of
atmosphenc oxygen DenItnfIcatIon occurs m an
anOXIC enVironment, where anaerobIc bactena of
the genus Nltrobacter reduce nitrate to carbon dIOx
Ide and nitrogen gas (N2), WhICh escapes to the
atmosphere The processes of nitrIfIcation and den
ItrIfIcation can be organIZed as a senes of aerated
and anOXIC zones m a treatment plant usmg
mechanical treatment Both processes also occur m
naturally aerated pond systems, constructed wet
lands and m land applIcation systems

9



stances m the wastewater mto a resIdual sludge
The resultmg sludge contams large amounts of
volatile sohds, mostly m the form of bactenal bIO
mass, that reqmre further stablhzatIOn Smaller
amounts of oxygen consummg substances and
sohd matenal remam m the effluent, but the large
amounts of unstable sludge mean an addItIonal
dIsposal problem

AnaerobIC dIgestIon results m a much smaller
amount and relatIvely more stable sludge than aer
ObIC processes Methane and other gases are pro
duced, but larger amounts of reSIdual sohds and
oxygen demand remams m the effluent than a typ
Ical aerobIC effluent The reSIdual sludge does not
reqmre addItIonal treatment because It IS more sta
ble, 1 e, It IS more thoroughly bIOdegraded than an
aerobIC sludge AnaerobIc sludge has better set
thng propertIes than an aerobIC sludge and IS eaSI
er to dewater Where a secondary quahty treated
effluent IS reqUIred, addItIonal treatment IS needed
to remove the reSIdual oxygen demand and sus
pended sohds from the anaerobIC enhanced pn
mary treated effluent

Several vanables determme the SIze and aSSOCIat
ed costs of an anaerobIC reactor the rate of bacte
nal cell growth, the amount of bactenal bIOmass
retamed m the reactor, the orgamc loadmg and
the operating temperature of the mfluent

261 CELL GROWTH

AnaerobIC mlcroorgamsms are hmlted to a
narrower temperature range and grow more
slowly than theIr aerobIC counterparts For
example, none of the methane producmg bac
tena grows optImally below 200 C

Cellular yIeld IS the largest dIfference between
aerobIC and anaerobIC systems More than half
of the orgamc matenal removed by aerobIC sys
tems can Yield new mIcrobIal mass as reSIdual
sludge By companson, cellular Yield under
anaerobIC condItIons IS usually less than 15 per
cent of the orgamc substances removed (Ref 13)
ThIS means that, whl1e an aerobIC process
removes more contammants from the waste
water stream, It produces more unstable reSId
uals that reqmre further stablhzatIon

Another major dIfference IS that the low
growth rate of anaerobIC bactena Imposes a
longer start-up penod for an anaerobIC reac
tor TypIcally, 50 days are reqUIred to develop
a stable population of methanogemc bactena
(Ref 14) However, mnoculatlOn WIth "active"
sludge from another anaerobIC reactor can

shorten the start-up tIme ThIS Issue IS dIscussed m
further detal1 m Annex 2

2 62 ENERGY RELATIONS

A thud Important dIfference IS the amount of ener
gy that mechamcally aerated treatment systems
consume to mIX aIr WIth wastewater to support aer
obIC stablhzatIon of the orgamc matenal The
process mvolves a relatIvely homogenous group of
aerobIC bactena and results m CO2 and water
AnaerobIC dIgestIon reqUIres that several groups
of bactena work m concert through several stages
to convert orgamc matenal mto fmal products

FIgure 4 shows the several phySIOlogIcal groups of
anaerobIC bactena that work together sequentIally
to bIOdegrade protems, carbohydrates and fats
Also shown are the mIcrobIOlogIcal processes and
energy pathways that charactenze methane fer
mentatIon of orgamc matter Stage 1 conSIsts of
hydrolySIS and fermentatwn, Stage 2, acetogenesls
and dehydrogenatwn, and Stage 3, methanogenesIs
(Ref 15)

Overall methamzatIon effICIency IS hmlted by the
mdlvldual effICIenCIes of each essentIal group of
bactena Changes m the compOSItIon and concen-

HydrolySIS

Fermentation

Acetogenesls

Figure 4
Flow of Carbon Dunng AnaerobiC Degradation of Orgamc Matenal

Source (Ref 15)
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trahon of the orgamc matenal m the reactor mflu
ent can result m reduchon of COD removal rates
because of hmltahons that can develop at any
stage Slowdown at one stage can cause accumula
hon of bIOdegradable mtermedlate products that
eXIt the reactor With the effluent Sulfate reducmg
bactena can also reduce COD removal effICIency
when the wastewater contams hIgh concentrahons
of sulfates The sulfate reducers can lower
methane produchon effICIency because they are
more effICIent than methanogens and can compete
effechvely for substrate that the methanogens
depend on to complete the last stage of the anaer
ObIC bIOdegradahon

2 63 CELL IMMOBILIZATION AND
BIOMASS RETENTION

The effICIency of an anaerobIC reactor depends on
the amount of bactenal bIOmass mSIde the reactor
ThIS means that accumulatmg and retalmng the
maXimum amount of anaerobIC bIOmass are key
deSIgn Issues for anaerobIC reactors If bactena
that are washed out of the reactor and those that
are lost through normal mortahty are not replaced
at an eqmvalent rate, the reactIOn rate Will be
reduced proporhonally The anaerobIc dlgeshon
rate of sohds m wastewater IS relahvely slow, and If
hydrauhc retenhon hme IS not decoupled from
sohds retenhon hme, the SIze of the reactor wIll
have to be very large (Ref 13)

Consequently, to mmimIZe the volume of an anaer
obIC reactor, It should be deSIgned to have a long
sohds (bactenal bIOmass) retenhon hme and as
short a hqmd retenhon hme as possIble There are
several approaches to thIS challenge

.. FIlhng the reactor WIth a carner that reSIsts
wash-out, a sohd medIUm, such a pellets,
dIsks, stnps, etc, to whIch a fIlm of bactena
attach themselves fIrmly, (Ref 13)

.. Dlstnbutmg and regulahng hydrauhc
mflow so that a bactenal mass forms and
remams suspended wlthm the reactor,
(Ref 5)

.. Captunng washed-out bactenal solIds and
returnIng them to the reactor,

.. ControllIng solIds retention time by oper
atmg the system as a sequential batch
reactor

The dIffUSIOn rate of substrate WIthm the bulk hq
md depends pnmanly on temperature, and the
dIgestion rate IS determmed by dIffUSIOn of sub
strate to the bactena The mam groups of anaero
bIC bactena grow best when they form close, com
plementary, syntrophIc aSSOCIations that mimmIZe
the dIstance across whIch mass transfers take
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place Two examples of syntrophlc assoclahons are
the anaerobIC granule consortlum, seen m suspended
growth reactors, and the dense attached bactenal
films on the surface of sohd objects The dense
granules have good settlmg properhes and are
more easIly retamed m a suspended growth reac
tor at hIgher flow velOClhes than less dense assoCI
ahons of bactena HIgher flow velOCIties Imply
shorter average hydrauhc retenhon hme and cor
respondmgly smaller reactor volume

However, formahon of gJanular sludge m the DASB
reactor IS not common m complex wastewaters
With hIgh concentrahons of suspended sohds, such
as typIcal mumCIpal wastewater effluents Instead,
the growth of the anaerobIC bactena WIll be dIS
persed among the large numbers of suspended
parhcles, formmg a floccular sludge, and the granu
lahon phenomenon WIll eIther be retarded or
absent (Ref 16) Stablhzahon of the parhculate
orgamc matter reqmres a relahvely long reSIdence
hme m the reactor, and lower flow veloclhes are
used to mmlmlze loss of bactenal bIOmass (Ref 5)

2 7 BYPRODUCTS

AnaerobIC dlgeshon produces blOgas, a mIxture of
mostly methane (rangmg from 60-95 percent
dependmg on the composlhon of the wastewater),
carbon dIOXIde, ammoma, mtrogen gas and hydro
gen sulfIde Hydrogen sulfIde IS corrOSIve to the
conveyance system at concentrahons ~ 11 mg!l
(Ref 18) WIth appropnate treatment to remove
hydrogen sulfIde, the bIOgas may be used as a fuel
for engmes to power electncal generators It may
also be may be compressed and reCIrculated to the
reactor to mcrease mlxmg mtenslty However, the
mvestment m gas collechon and handlmg systems
IS usually not economIcal unless the scale of the
plant IS larger than 10-15 MLDI (mllhon hter per
day), capaCIty, correspondmg to populations of
between 75,000-100,000 (Ref 5)

AnaerobIC dIgestion produces a well-stablhzed
sludge that has small concentrations of reSIdual
nutnents Dewatenng the anaerobIC sludge on
drymg beds IS the fInal step before It IS ready for
dIsposal, except for destruction of reSIdual
pathogens The sludge cake wIll be fully dry m a
few days and may be processed to destroy para
SItes so that It may be safely used as a soIl condI
tioner Potentially pathogemc bactena are qmckly
killed by drymg and exposure to sunhght and aIr,
but the dned sludge IS hkely to contam helmmth
eggs that can remam VIable for up to a year Dned
sludge cake IS nsky for farmers to handle or to
apply to crops until It has been eIther (a) stored for
up to a year, or (b) aerobIcally composted unhl no
VIable helmmth eggs are detectable, generally



between 30-40 days, dependmg on the ambIent
temperature It mIght be worthwhIle to mvestIgate
the effectIveness of heatmg the sludge dunng
decantatIon to kIll helmmth ova, usmg the
methane generated by the reactor

2 8 TYPES OF ANAEROBIC
REACTORS

AnaerobIc reactors may be classIfIed as suspended
growth when the bactena are suspended m the
bulk lIqUId or attached film when the bactena are
attached as dense fIlms to solId medIa WIthm the
reactor Both types of reactors may be further cat
egonzed accordmg to the effIcIency of dIgestIon as
low and hIgh rate

The septIc tank IS the most famIlIar low rate anaer
ObIC reactor and one of the most common Others
mclude the Imhoff tank, the anaerobIc fIlter, anaer
ObIC ponds and bIOgas-producmg dIgesters that are
typIcally used m farm waste management to dIS
pose of manures and crop reSIdues and to prOVide
a fuel for on-farm use and composted sludge as a
soIl condItioner

281 LOW RATE REACTORS

The septIc tank IS most often used for smgle house
holds or small groups of houses where no waste
water collectIon system eXIsts SeptIc tanks are
essentIally sedImentatIon basms desIgned to
remove 90-98 percent of settlable solIds and 40-60
percent of BODs durmg an average hydraulIc

retentIon tIme of several hours to a couple of days
A septIc tank IS usually a smgle tank wIth a baffle
on the mlet SIde and one on the outlet SIde More
baffles may be mcluded to Improve sedImentatIon
of settlable solIds The solId matenal accumulates
on the bottom of the tank and IS slowly dIgested,
often over several years, before the accumulated
sludge needs evacuatIon The pnmary qualIty
effluent IS generally allowed to percolate mto the
ground through a subsurface dram fIeld, or may be
collected m a small bore effluent dramage network
for further treatment FIgure 5 Illustrates the ele
ments of a septIc tank

The anaerobIc fIlter was developed early m the
TwentIeth Century as a modIfIcatIOn of the septIc
tank, mcorporatmg a solId medIUm (rocks) on
WhICh a fIlm of anaerobIc bactena can grow The
attached fIlm IS reSIstant to washout of bactenal
cells from the reactor An anaerobIc fIlter treatIng
domestIc wastewater can remove about the same
amount of BODs as a septIc tank and IS more effec
tIve at removmg suspended solIds When over
growth of bactenal bIOmass occurs, however, the
fIlter can become clogged

Treatment systems consIstmg of a septIc tank fol
lowed by an anaerobIc fIlter were studIed m detaIl
m the 1950s (Ref 19) and are currently used m
BrazIl for flow rates up to 75 m3/day, correspondmg
to a populatIon of 500 The system IS capable of
provldmg an effluent WIth about 140 mg/l COD
and low m suspended solIds (Ref 20)

>
primary
treated
effluent

Figure 5
Cross Sectional View of a Typical Septic Tank Design

12



(Ref 5, 10, 11, 12, 13, 15, 20, 22, 23, 24, 25, 34)

and has Important advantages over aerobIC
processes

2 92 LIMITATIONS OR
DISADVANTAGES

282 HIGH RATE REACTORS

HIgh rate suspended growth reactors have been
apphed to treat concentrated mdustnal effluents,
such as those of the food processmg mdustry Two
examples are the anaerobIc contact react01 and the
upflow anaerobIc sludge blanket (UASB) reactor

The anaerobIc contact reactor IS the anaerobIc ana
logue of the aerobIc actIvated sludge process that
has been used wIdely m mdustry Both feature
constant mechanIcal mIxmg of the substrate withm
the bulk hqUId and recyclmg to the reactor vessel
of bactenal sohds recovered from the effluent The
anaerobIc contact reactor has been used extensIve
ly m the food processmg mdustry to treat the typI
cally hIgh strength effluents wIth relatIvely hIgh
suspended sohds It IS not used to treat mUnIcIpal
wastewater because the relatIvely low organIc con
tent Imphes a very large volume to achIeve the nec
essary sohds retentIon tIme

The UASB reactor IS a hIgh rate suspended growth
reactor that has been apphed successfully m the
1990s m large scale to the treatment of mUnIcIpal
and mIxed mdustnal and the relatIvely more dIlute
domestIc wastewater effluents

The hIgh rate attached film reactors employ a gran
ular sohd medmm as a carner through whIch the
wastewater stream flows, usually from the bottom
upwards The bed of granular partIcles may be
expanded or fluIdIzed by a regulated upflow veloCIty
of the mfluent ThIS type of reactor can develop
much hIgher bactenal denSItIes than the suspend
ed growth type of reactor and has been demon
strated to be the more effICIent at COD removal
rates (on the order of 80 percent)

The hIgh rate attached fIlm reactor type has not so far
been demonstrated for mumCIpal wastewater treat
ment m a typIcal developmg country settIng The
mam reason seems to be the relatIvely more
demandmg operatIonal reqUIrements than the
UASB, mcludmg sophIstIcated feed mlet dIstnbutIon,
mgh rates of effluent recycle and the requIrement for
a pnmary treatment step upstream of the reactor

29 ADVANTAGES AND
LIMITATIONS OF ANAEROBIC
TREATMENT

291 ADVANTAGES

AnaerobIc treatment of wastewater IS an effectIve
enhanced pnmary treatment optIon for developmg
countnes, partIcularly those WIth mIld chmates,
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AnaerobIC reactors are SImple to buIld and
operate and have lower capItal and operat
mg costs,
AnaerobIc dIgestIon IS a paSSIve process
that can be operated WIth httle or no exter
nally supplIed energy,
HIgh strength waste streams can be treated
effICIently at no energy penalty,
AnaerobIC systems Withstand shock loads
better than aerobIC systems,
Large dmrnal flow vanatIons and even
prolonged shutdown are not problematIc,
AnaerobIc dIgestIon reduces organIc nutn
ents to morgamc forms that are readIly
avaIlable for plant uptake, a feature that
makes aquatIc farmmg systems Ideal for
nutnent removal,
Low amounts of reSIdual sludge by
product,
Sludge has good settlmg propertIes and IS
easIly dewatered,
No need to treat reSIdual sludge, (See
Annex 3)
ProductIon of methane-nch bIOgas fuel
that may be economIcal to utIhze for large
scale faClI1tIes (>100,000 populatIon
eqUIvalent),
AnaerobIc processes can attenuate or
degrade many refractory orgamc com
pounds so that they are less tOXIC, no
longer tOXIC or no longer aVailable to
threaten water quahty,
AnaerobIc treatment can be managed WIth
relatIvely less skIlled employees than
reqUIred for conventIOnal treatment
plants,
AnaerobIc treatment prOVIdes VIrtually
complete stabIhzatIon of orgamc matenal
to C02 and methane

OptImal reactor temperature IS 20° C and
above, (the lower hmit of currently apphed
anaerobIC technology m developmg coun
tnes IS mfluent temperatures above 12° C),
Longer startup tIme because of the slow
growth rate of anaerobIC bactena,
AddItIonal treatment IS reqUIred to meet
secondary quahty standards m terms of
oxygen consummg substances,



.. Odor control measures are more Important
than for aerobIc treatment,

.. Methanogemc actIvIty may be mhibited
from the toXIC effects of hIgh concentra
tIons of heavy metals, tOXIC orgamcs, free
ammoma (> 50 mgll) and free HzS (> 250
mgll),

.. ChemIcal buffenng may be reqUlred to
mamtam alkahmty m reactor,

e CorrOSIOn resIstant matenals, such as plas
tIcs and masonry coatmgs are reqUlred for
the reactor vessel and pIpes

(Ref 5, 10, 11, 12, 13, 15, 20, 22, 23, 24, 25, 34)

III ANAEROBIC TREATMENT IN
DEVELOPING COUNTRIES

31 UPFLOW ANAEROBIC SLUDGE
BLANKET (VASB) REACTOR

pend, a blanket of anaerobIc sludge PartIculate
matter IS trapped as It passes upward through the
sludge blanket, where It IS retamed and dIgested
DIgestIon of the partIculate matter retamed m the
sludge blanket and breakdown of soluble orgamc
matenal generates gas and relatIvely small
amounts of new sludge The nsmg gas bubbles
help to mIX the substrate wIth the anaerobIC bIO
mass The mam elements of the type of VASB reac
tor dIscussed m Annexes 2 and 3 are Illustrated m
FIgure 6

The bIOgas, the hqUld fractIOn and the sludge are
separated m the gas/hqUld/sohds (GLS) phase
separator, conSIstIng of the gas collector dome and a
separate qUlescent settlmg zone The settlmg zone
IS relatIvely free of the mIxmg effect of the gas,
allowmg the sohd partIcles to fall back mto the
reactor The clanned effluent IS collected m gutters
at the top of the reactor and removed The bIOgas
has a methane content typIcally around 75 percent
and may be collected and used as a fuel or flared

The VASB IS a hIgh rate suspended growth type of
reactor m whIch a pre-treated raw mfluent IS mtro
duced mto the reactor from the bottom and dIS
tnbuted evenly "Flocs" of anaerobIc bactena Will
tend to settle agamst moderate flow velocItIes The
mfluent passes upward through, and helps to sus-

A properly deSIgned VASB reactor ehmmates the
need for mechamcal mIxmg and has few movmg
parts If graVIty dIstnbutIon of the mfluent IS pOS
sIble, the treatment plant may need pumps only to
remove excess sludge from the reactor penodically
for transfer to drymg beds
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Figure 6
Schematic Cross Sectional View of a UASB Reactor
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3 11 DESIGN CRITERIA FOR THE UASB
REACTOR

actenstIcs of the treatment plants are proVIded
below Annex 3 dIscusses the treatment plants m
more detaIl

1 One MLD = 0263 million US gallons/day

The government of IndIa has made a major com
mItment to anaerobIc treatment technology m ItS
national nver basm Improvement program As of
1996, thIrteen new anaerobIc treatment plants, WIth
an aggregate treatment capaCity of over 306 MLD 1

(mIllIon lIter per day), are under construction m
IndIa (Ref 21) The treatment plants descnbed
below have been m operation long enough to be
able to evaluate theIr treatment effectiveness and
theIr finanCIal and economIC costs and benefits

The UASB reactor IS desIgned around two mam
cntena hydraullc retentIon tIme (HRT), the average
amount of time that the lIqUId part of the waste
water stays m the reactor, and sollds retentIon tIme
(SRT), the average resIdence time of the solIds m
the reactor

For a wastewater wIth hIgh concentrations of sus
pended solIds, sedImentation of the solIds IS the
mam concern The desIgn cntena are largely dIC
tated by the maXImum upflow veloCIty that the solId
particles can WIthstand before bemg washed out of
the reactor, generally between 0 5 and 1 0 m/hour
for mumCIpal effluents (Ref 17)

The sollds retentIon tIme should be long enough to
allow the growth of enough anaerobIc bactena to
dIgest the bulk of the orgamc matenal m the waste
water The optimal SRT wIll determme at what
HRT the UASB can be operated, and the HRT wIll
dIctate the volume of the reactor

Orgamc loadmgs of up to 15 kg COD/m3 can be
applIed to the UASB reactor for most types of
wastewater effluents Dependmg on the composI
tion of the wastewater, the removal effiCiency of the
UASB process may vary between 60-70 percent for
COD and 75-85 percent for BOD5, at mfluent tem
peratures between 20-350 C A UASB reactor treat
mg a typIcal mumCIpal wastewater wIll provIde a
treated effluent that corresponds to an enhanced
pnmary treated effluent m terms of oxygen con
summg substances and suspended solIds
ApprO)omately 3 kg of COD can produce one m3 of
bIOgas, whIle about 5-10 percent of total COD IS
converted mto stabIlIzed sludge For a typIcal
mumCIpal wastewater effluent the solIds resIdence
time m the reactor IS up to one year, whIle the
hydraulIc retention time ranges from 5-12 hours
(Ref 15) DeSIgn parameters for UASB reactors are
dIscussed m greater detaIl m Annex 2

3 12 EXAMPLES OF FULL SCALE
ANAEROBIC TREATMENT
PLANTS IN DEVELOPING
COUNTRIES UASB TREATMENT
PLANT CASE STUDIES

The authors VISIted three full scale UASB treatment
plants operatmg m IndIa and a large UASB facIlIty
located m Bucaramanga, ColombIa These full
scale anaerobIc treatment plants were commIS
sIOned m the early 1990s Summanes of the char-
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A 5 MLD plant m Kanpur, m the state of
Uttar Pradesh, bUIlt m the late 1989, was
the pIlot project that demonstrated the
feaSIbIlIty of the UASB reactor for mumCI
pal wastewater treatment m IndIa The
plant conSIsts of two UASB umts WIth a
total volume of 1,200 m3, followed by a fac
ultative pond for post-treatment that has a
retention time of 24 hours The ImtIal
COD concentration m the mfluent aver
ages 560 mg/l, and the removal effiCiency
of the reactor IS approxImately 74 percent
The removal effICIency for suspended
solIds IS 75 percent No use IS made of the
bIOgas The treatment plant IS still m oper
ation as of 1996 WIth few modIfications
(Ref 17)

A 14 MLD plant m MIrzapur, Uttar
Pradesh, based on the Kanpur pIlot plant
deSIgn, was commISSIOned m 1991, servmg
a population of about 130,000 The concen
tratIon of orgamc matenal m the raw
wastewater averages about 360 mg/l for
COD The plant conSIsts of two UASB umts
of 2,400 m3 each, followed by facultative
ponds for post-treatment, With a retention
time of 24 hours The final effluent con
tams from 70-130 mg/l of COD, represent
mg an average removal effiCiency of about
81 percent The plant has enough bIOgas to
generate 70 kW of electncal power dally,
but needs only an average 12 kW per day
for plant operatIon Two generator sets of
18 kW each are powered by dual-fuel
dIesel engmes, whIle excess gas IS flared
The capItal cost of the treatment plant,
mcludmg the facultatIve ponds used for
post-treatment was about $650,000
($5/caput), or about $46,500 per MLD of
treatment capaCIty Annual operatmg costs
are about $4,000 ($0 03/caput) (Ref 17)



.. A 36 MLD plant m Kanpur reached full
performance m 1994, treatmg a mIxture of
up to 75 percent mumcipal wastewater and
25 percent tannery effluent The COD con
centration of the combmed mfluent ranges
from 1,100-2,500 mg/l The COD removal
effiCIency of the reactors ranges between
55-60 percent The capItal cost of the UASB
reactors was $396 mIllIon (about $8/PE)
and $1 87 m for the aerobIc post-treatment
facIlIty that IS under construction Overall
operatmg and mamtenance costs of UASB
reactors are around $0 6 mIllIon/year, of
whIch $0 23 mIllIon IS paId back by electnc
Ity generation (Ref 16)

OIl The COD concentration of the mIXed mflu
ent IS about 7 times that of the MIrzapur
mumcipal wastewater, analogous m terms
of the amount of COD to mumcipal waste
water from a population of over 900,000
Comparmg the two, the capItal cost of the
MIrzapur reactors was about $129/kg of
COD removal capaCIty, whIle the Kanpur
reactors was $44/kg of COD removal
capaCIty The operatmg costs per umt of
COD removed was $217/metnc ton for
MIrzapur and $11 26/metnc ton for
Kanpur The dIfference m operating costs
IS attnbuted to the more numerous
mechamcal and electncal components
of the Kanpur plant and greater manage
ment reqUIrements of a more complIcated
system

ColombIa was the SIte of an early UASB research
project that led to the current state-of-the-art

I Baffled Module I

deSIgn for the three IndIan plants VISIted and the
Bucaramanga treatment plant descnbed below

A 42 MLD peak capaCIty anaerobIc treatment plant
serves a population eqUIvalent of 230,000, about 1/3
of the total population of the CIty of Bucaramanga,
ColombIa The plant consIsts of three UASB reactor
modules and two facultative ponds for post-treat
ment Reactor removal effiCIencIes are 65, 75 and
70 percent for COD, BODS and TSS respectively
and 75, 90 and 90 percent for the final effluent The
mvestment cost of the plant was about $3 2 mIllIon,
mcludmg land ($13 90/caput) Annual operatmg
costs are about $100,000 ($0 43/caput or $0 008/m3)

The blogas IS collected and flared Two more faCIlI
ties of the same deSIgn and SImIlar scale are under
conSIderation to complete the CIty'S wastewater
treatment needs (Ref 22,23)

3 2 HYBRID REACTORS

3 21 HYBRID BAFFLED/VASB
REACTOR (REF 24)

Researchers at the Umversity of the Andes m
Bogota developed and demonstrated a hybnd
anaerobIc reactor that has a relatively hIgh COD
removal effiCIency (around 70 percent) m the sub
optimal temperature range for methanogemc bac
tena below 20° C The purpose of developmg the
reactor was to make anaerobIc treatment of mumc
Ipal effluents feaSIble m the range from 13-20° C
that preVaIls on the plateau on whIch Bogota IS
located The reactor geometry Imposes a plug flow
hydrodynamIC regIme on the wastewater
Alternatmg vertical baffles force the flUId alter-

gas/liqUid/solids

Isettlmg zone I

or •

_ " '.". • 0 • • 0

0

• ._) ~
- ~ c n _.

IUASB Module

Figure 7
Cross Sectional View of Hybrid Baffled Plug Flow/UASB Reactor
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Figure 8
Cross Sectional View of Hybnd UASB/Attached Film Reactor

nately upward and downward before It enters a
fmal UASB compartment FIgure 7 IS a schematIc
dIagram of the hybnd reactor

The kmetIcs of the "RAP" reactor (the acronym for
"plug flow anaerobIc reactor" m Spamsh) favors
granulatIon of the anaerobIC bactena The granular
sludge has better setthng charactenstIcs than floc
cular sludge so that bIOmass accumulates m the
upflow compartments of the reaLtor at hIgher flow
velOCItIes, whIle lIghter partIcles are washed out
The granular sludge IS preferred because the meta
bolIc actIVIty IS double that of floccular sludge The
workmg hypotheSIS explammg the good perfor
mance of the RAP reactor m the suboptImal tem
perature range IS the greater accumulatIon of actIve
bIOmass and the hIgher metabolIc rate of the bIO
mass than IS common m a typIcal smgle stage UASB

The upper surface of the RAP reactor may be eIther
open or enclosed to capture gases If open, gases
wIll escape to the atmosphere To aId m separatmg
gas bubbles from solId partIcles m the baffled
module, solId medIa are placed Just below the sur
face of the wastewater These are standard PVC
plastIc beverage crates, WIth alternatmg VOIds and
solId surfaces The effluent has a reduced gas con
tent when It reaches the UASB compartment,
whIch IS thought to enhance phase separatIon

The RAP reactor IS SImple to bUIld It conSIsts of a
concrete tank WIth removable vertIcal baffles and a
fmal UASB compartment The UASB compartment
prOVIdes separatIon of the gas/lIqUId/solId phases
and removal of the clanfIed effluent m gutters The
flow IS dIstnbuted wIthm the UASB compartment

through a honzontal slot on the upstream SIde of
the reactor, elImmatIng the overhead dIstnbutIon
from splItter boxes and mamfold pIpes that are
common m the reactors seen m Bucaramanga and
IndIa SIX RAP reactors have been commISSIOned
m ColombIa as of 1996, the largest of whIch IS about
4 MLD capaCIty, located m Ubate, servmg a popu
latIOn of about 60,000

322 HYBRID DASB/ATTACHED
GROWTH REACTOR

An EPA-sponsored demonstratIon project located
m Maryland evaluated the performance of an
anaerobIC reactor that proVIded enhanced pnmary
treatment m a system treatmg pre-treated waste
water from the Fredenck County treatment plant
The treatment obJectIve, advanced quahty fInal
effluent, was met for all cntena except for phos
phorus removal (Ref 25) The hybnd reactor, a
schematIc dIagram of whIch IS presented m FIgure
8, Incorporates both baSIC types of anaerobIC
processes In one umt suspended growth and freed
film, attached growth

ill The fIrst compartment contaInS a UASB
reactor (WIthout the three-phase gas/hq
UId/solIds separator) that dIgests pnmanly
partIculate organIC matenal, whIch IS
retaIned and dIgested over a retentIon hme
of up to one year Gases are collected
under the floatmg cover

.. The fInal compartment contams a solId
medIUm on whIch a bactenal fIlm forms
The attached growth process IS capable of
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Post-treatment can also deSIgned to explOIt the
economIC value of the nutnents by convertmg
them mto commerCially valuable plant bIOmass
The effluent from an anaerobIC reactor IS a renew
able source of water, maJor plant nutnents and

Although anaerobIC reactors are effective at stabI
lIzmg orgamc matenal by degradmg carbonaceous
oxygen demand to methane and carbon dIOXIde, a
typIcal anaerobIC enhanced pnmary effluent has
substantIal reSIdual oxygen demand, mostly from
the reduced form of mtrogen, ammoma The read
Ily OXIdIzable reSIdual oxygen demand may be
dealt With m an addItIonal aerobIC treatment step
or converSIOn to plant bIOmass m an mtegrated
treatment and productIOn system

A normally functIomng UASB reactor can remove
an average of 65 percent of COD (range 50-75 per
cent), 80 percent of BODs (range 70-90 percent) and
75 percent of suspended solIds (range 60-85 per
cent) (Ref 5) Begmmng WIth a typIcal mumCIpal
raw wastewater, thIS level of treatment wIll gener
ally result m a treated effluent that corresponds to
an Ifenhanced pnmary" qualIty, mtermedlate
between pnmary and secondary (between 30-70
mgll for BODs) (Ref 6) An effluent less than sec
ondary quahty wIll generally not meet enVIron
mentally sound effluent dIscharge standards and
wIll defImtely need further treatment to be safe for
reuse m agnculture The post-treatment should be
deSIgned to Improve the effluent qualIty m the fol
lOWing parameters

BeSIdes the carbonaceous end products, methane
and C02f soluble, morgamc nutrIents are the end
products of anaerobIC bIOdegradation of orgamc
matenal The mmeralIzed nutnents, ammomum
(NH./) and orthophosphate (O-P043 ) are pnmary
growth nutnents that are readIly aSSImIlated by het
erotrophIc bactena and plants, mcludmg algae and
hIgher plants These may be removed by phYSIcal
processes, such as volatIlIzatIon and preCIpItation
and aerobIC bIOlogIcal processes, such as mtnfIca
tIon (and subsequent anaerobIC demtnfIcatIon)
that complement anaerobIC treatment to Improve
the qualIty of the fInal treated effluent The means
of aeratIon may be eIther mechamcal, as m the actI
vated sludge process, OXIdation dItch and sequenc
mg batch reactor optIons, or paSSIve, as m waste
stabIlIzatIon ponds or constructed wetlands

pathogen contammatIon (measured by the
mdex of E colt),
reSIdual orgamc matenal (COD/BODs),
oxygen demand from the reduced forms of
Nand S,
reSIdual suspended solIds (TSS)
morgamc Nand P (nutnents)

IS

..

..

The average quahty of the raw wastewater mfluent
was hIgh strength by US standards COD 1,285
mg/l, BODs 434 mg/l, and TSS 500 mg/l, and the
temperature of the mfluent ranged from a hIgh of
about 19° C to a low of about 17° C over the sea
sonal cycle The average performance of the reac
tor was adequate, despIte the suboptImal tempera
ture for anaerobIC dIgestion Removal effICienCies
for pollutants were as follows 65,63 and 83 percent
for COD, BODs and TSS respectively The constant
flow rate of prehmmary treated wastewater mflu
ent was about 0 152 MLD, and the average HRT
was about 16 hours (Ref 25)

The desIgners of the hybnd reactor, Sunwater
Systems, call It an IfanaerobIc bIOreactor" It IS a
sImple desIgn that resembles a septIc tank It fea
tures a tank wIth two or three compartments, bmlt
wIth masonry walls on a concrete slab and a rubber
or polyethylene cover that floats on foam blocks
There IS no gas/sohds/hqmd phase separator m the
UASB reactor module, gas collects at the penphery
of the cover and passes through a soIl fIlter to
remove odors and dIscharged through a vent pIpe
Polypropylene net curtams are suspended m the
compartment downstream of the UASB module
The purpose of the nettmg IS to prOVIde a sohd
medIUm on WhICh anaerobIc bactenal fIlm can
grow The crossflow of effluent from the UASB
module bnngs dIssolved and collOIdal orgamc
matenal mto close contact wIth the attached
growth fIlm

digestmg soluble and collOIdal orgamc
matter that IS less readIly retamed and
degraded m a suspended growth reactor

3 3 OPTIONS FOR POST
TREATMENT OF ANAEROBIC
REACTOR EFFLUENTS

The other elements m the demonstratIon proJect
proVIded further treatment to the enhanced pnma
ry treated effluent from the anaerobIC reactor by
means of aerated tanks and anOXIC zones for mtn
fIcatIon and demtnfIcatIon and a subsurface flow
marsh for fInal polIshmg The anaerobIC reactor
removed approXimately 65 percent of the pollu
tants, and cost apprOXImately $40,000, or about
$263/m3 of dally treatment capaCity

AerobIC treatment of an anaerobIcally treated
enhanced pnmary effluent stabIlIzes the reSIdual
oxygen demand m the hIghly reduced effluent and
can be deSIgned to remove sIgmfIcant amounts of
nutnents
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trace nutnents, or mlcronutnents, that can support
aquatic farmmg systems and can be used to Irn
gate terrestnal crops

3 31 ANAEROBIC REACTORS IN
SERIES WITH MECHANICALLY
AERATED TREATMENT
SYSTEMS

Aquaculture-based wastewater treatment systems
have been developed m the recent past that can
provIde post-treatment to an anaerobIC effluent to
advanced quahty standard (Ref 26, 27) Integrated
treatment and productIon systems can proVIde not
only mdlrect benefIts, such as envIronmental and
health Improvements, but also duect fInanCIal ben
efIts salos of reclaImed water and agncultural
products

Where skIlled manpower and a rehable electnc
power supply are avaIlable, but not enough afford
able land for pond systems, the mvestment and
operatIng costs of conventIonal mechamcally aer
ated treatment plants may be reduced by usmg
anaerobIC reactors as the mitIal major treatment
process Research m BrazIl demonstrated that
USing an anaerobIC reactor In senes WIth a
mechamcally aerated post-treatment process has
several Important advantages (Ref 28) The tncklmg fIlter process IS a SImple and robust

process that can operate at hIgh or low loads WIth
reCIrculatIon, It can remove 80-90 percent of BODs
and 25-35 percent of total mtrogen In warm clI
mates the trIcklmg fIlter may become mfested WIth
flIes, and may be the source of odors

333 LOW ENERGY POST
TREATMENT TECHNOLOGIES

.. NltnfIcatIon and demtnfIcatIon (alternat
Ing aerobIC and anOXIC) zones can be
Included to remove mtrogen, and the
anaerobIC sludge can prOVIde a carbon
source to support demtnfIcatIon

The tnckhng fIlter IS an aerobIC attached growth
process that dlstnbutes settled wastewater or an
anaerobIC effluent over sohd medIa, such as rock,
broken bnck or plastIc Attached fIlms of aerobIC
bIOmass grow on the medIa and dIgest the orgamc
matenal m the wastewater Penodlcally, excess
bIOmass sloughs off the medIa and IS collected for
dIsposal m a secondary clanfIer Part of the clan
fIed effluent IS reCIrculated over the fIlter to
mcrease hydrauhc scour to keep the fast growmg
bIOmass m check The aerobIC sludge byproduct of
the tncklmg fIlter may be combmed WIth the raw
wastewater mfluent and dIgested In the anaerobIC
reactor that IS used as the mitIal treatment step,
mcreasmg the orgamc loadmg to the reactor and
Improvmg ItS removal effICIency

Smce anaerobIC treatment needs httle electnc
power, other than small amounts for pumpmg
wlthm the treatment plant, It would be reasonable
m a developmg country to select a post-treatment
process that can also operate WIth httle or no

332 TRICKLING FILTER

The OXIdatIon dItch IS also an optIOn for post-treat
ment of an anaerobIC effluent It IS a secondary
treatment process that IS less dIfftcult to manage
than the actIvated sludge process It uses an oval
channel WIth a rotor placed across It to prOVIde aer
atIon and CIrculatIon The screened wastewater m
the dItch IS aerated by the rotor and CIrculated at
the rate of 03-06 m/second The OXIdatIon dItch IS
a lower rate process that produces less reSIdual
sludge It has the further advantage of provldmg
full mtnfIcatIon (OXIdatIon of all of the ammoma to
mtrate) when deSIgned on the baSIS of the mtroge
nous oxygen demand (NOD) m the reactor efflu
ent (Ref 5) The SIze and power consumptIon of an
OXIdatIon dItch used for post-treatment of an
anaerobIC effluent WIll be smaller than one that
treats the raw wastewater

The volume of the anaerobIc/aerobIC treat
ment plant wIll be about half the volume of
a conventIonal actIvated sludge plant, Illus
trated m FIgure 2, redUCing the capItal cost
correspondingly
The demand for electnc power for
mechamcal aeratIOn IS reduced by more
than 50 percent, reducmg operating costs,
The anaerobIC reactor replaces both the
pnmary clanfIer and the sludge dIgester of
a conventIonal system Excess aerobIC
sludge can be reCIrculated to the DASB
reactor, where It WIll be stablhzed and den
sifIed, faCIhtatIng sludge handhng,

..

..

..

ConventIonal processes of mtrogen removal from
wastewater mclude mtnftcatlOn and demtnftcahon,
ammoma stnppmg and IOn exchange None of
those processes are desIgned speCIfIcally to take
advantage of the resource value of the mtrogen
Phosphorus removal by conventIonal processes
mcludes chemIcal preCIpItatIon and adsorptIon,
more recently, bIOlogIcal removal of P has been
developed as a modIfIcatIon of the actIvated sludge
process These processes are not desIgned to explOIt
the full value of the phosphorus, except for a small
reSIdual m sludge that may be used as a soIl condI
tIonmg product m agnculture and hortIculture
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power supply Pond technologIes meet that
reqUIrement, reCeIVIng the energy needed for the
bIOlogIcal treatment processes dIrectly from sun
lIght and oxygen from natural rearatIon from the
atmosphere through the surface of the pond
SImIlarly, subsurface flow wetlands rely on
attached fIlms of aerobIc bactena that receIve oxy
gen from the vascular system of the plants through
the roots

334 WASTE STABILIZATION PONDS
FOR POST-TREATMENT OF
ANAEROBIC REACTOR
EFFLUENTS

StabIlIzation ponds may be used to treat waste
water effluents typIcally to secondary qualIty,
begInnIng wIth raw wastewater, or they may be
deSIgned to treat effluents at any stage of treat
ment A pond system can polIsh an anaerobIc
enhanced pnmary treated effluent and, wIth
appropnate retention time, can remove pathogens
to an acceptable level before dIscharge Into a
reCeIVIng stream or before reuse for IrngatIon or
groundwater recharge

BraZIlIan researchers have developed desIgn cnte
na for pond systems that prOVIde effective post
treatment of anaerobIc reactor effluents In a warm
clImate (Ref 29) These desIgn cntena are descnbed
In the follOWIng paragraphs

The substantially reduced oxygen demand and
sohds content of an anaerobIC reactor effluent
make It pOSSIble to reduce the pond area by half or
more compared wIth a conventional pond system
that receIves raw wastewater It has been estab
lIshed emPIncallY that InItial anaerobIC treatment
faCIlItates the removal of nItrogen and phos
phorus by means of phySIco-chemIcal processes
(volatIhzatIon and preCIpItation) that develop In
the pond An anaerobIC reactor substitutes for the
InItial cells In a conventional pond senes that are
deSIgned to stabIlIze organIc matenal The effect IS
to reduce the overall pond area, and the post-treat
ment ponds are optimIZed to destroy pathogens
and to remove reSIdual oxygen demand and
nutnents

ApphcatIon of a plug flow hydraulIc regIme for
post-treatment ponds reduces the pond space
needed by 50-65 percent compared WIth a pond
senes that would normally be deSIgned for polIsh
Ing The SIze reduction IS more than 80 percent
compared WIth a conventional senes of 4-5 ponds
deSIgned to receIve raw wastewater A plug flow
pond system for post-treatment can be deSIgned to
maXImIZe algae growth, so that photosynthesIs by
algae predomInates over bactenal growth LIght
can penetrate almost all of the water column In a
shallow pond (0 3-0 65 m depth) because of the rel
atively low turbIdIty of the reactor effluent The
production of CO2 durIng photosynthesIs elevates
the pH of the water SIgnIfIcantly durIng the mIddle

Table 3
VanatIons In CharactenstIcs of Wastewater In a Plug Flow Senes of Four Ponds

WIth 0 65 m Depth and Retention TIme of FIve Days Eachl

UASB (HRT 72 hr) Pond number
Parameter UnIts Influent Effluent I II III IV

E co1l2 (per 100 ml) 27 x 107 90 x 106 39 x lOS 98 X103 77 X102 lOx 102

E colI (log 10) 744 696 559 399 289 201
helmInth ova (ova/l) 16,093 1013 39 ND3 NAl NA4
BODs (mg/l) 726 88 55 46 45 40
COD (mgll) 1,271 314 190 223 210 249
suspended

solIds (mgll) 422 63 53 73 52 50
TKN (mgll) 63 53 29 16 58 31
P (mg/l) 73 90 94 67 34 12
alkahnIty (meq/l) 62 84 68 60 52 48
pH 76 70 77 85 91 94
DOS (mg/l) - - 28 75 >10 >10
Chlorophylla (pg/l) - - 673 833 673 878

I Source Ref 28 2 Eschenchla coll One of the specIes of bactena m the fecal cohform group that IS used as an md,cator orgamsm for the presence of

less easily detected pathogemc bactena (Ref 6) 3 ND = not detected 4 NA = not anal) zed S DO = chssoh ed OX) gen measured m the mIddle of the

water column
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part of the day, parbcularly m a well-buffered
water body

At pH values between 9-10, ammomum IOns
(NH4+) are converted to free ammoma (NH3),

whIch volabhzes as a gas The plug flow post-treat
ment ponds are desIgned to achIeve hIgh pH val
ues (above 10) durmg the day, resultmg m ammo
ma stnppmg and phosphate removal by preCIpIta
tion, typIcally as salts of calcmm or magnesmm,
dependmg on the composlbon of the wastewater
The plug flow post-treatment pond system IS an
effiCIent and rehable process to remove nutnents
from the effluent of an effIcIent anaerobIc system,
provldmg that an elevated pH IS estabhshed m the
pond Table 3 shows nutnent removal rates m
expenments conducted m Brazd (Ref 29)

A hIgh pH accelerates the rate of dIe-off of E colt m
the pond (Ref 8) Expenments mdlcate that the
dIe-off constant IS approxImately mversely propor
tIonal to the depth of the pond Once the detentIOn
hme 1S proportIOnal to the depth, the area of the system
1S essenhally mdependent of the depth for whatever
removal effic1ency des1red (Ref 29)

The anaerobIC reactor IS capable of removmg 90
percent of cohform bactena, the mdicator organ
Isms for presence of pathogemc bactena (Ref 5)
Table 3 shows the vanatIons m charactenstIcs of
wastewater m a plug flow post-treatment pond sys
tem consIstmg of four ponds, 0 65 m deep, With a
detentIon tIme of fIve days per pond The pond
senes was capable of reducmg fecal cohforms
(mdlcated by a speCifIc fecal cohform orgamsm, E
colt) m the reactor effluent to levels that meet the
1989 WHO standard for water reuse for agncultur
al purposes (fecal cohforms :::; 1,000 most probable
number per 100 ml and:::; 1 helmmth egg per hter)
The deSIred fecal cohform reducbon was reached
m the thIrd pond, makmg the fourth redundant
The same effect was seen m a pond senes WIth the
same surface area but half the depth and retentIon
bme (0 32 m depth and 2 5 days retentIon tIme
each) the number of E colt were reduced to
acceptable levels m pond number three despIte the
dIfferences m depth and retentIon tIme Shallow
ponds may reqUIre speCIal measures to suppress
the growth of unwanted emergent macrophytes
that could mterfere WIth the treatment process

If the pond effluent IS to be used m fish culture ItS
mmlmum acceptable bIOlogIcal quahty should be
no more than 1 X 105 fecal cohforms per 100 ml m
order to mamtam a fIsh pond water quahty no
more than 1 X 104 FC/100 ml That quahty pond
water Will assure that that the fIsh WIll be free of
pathogemc paraSItes, bactena or VIruses (Ref 2)
Accordmg to Table 3, thIS effluent quahty could be
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expected from the shallow plug-flow type of ponds
With a surface area mtermedlate between the total
area of ponds I and II The addItIonal detentIon
tIme m the fIsh ponds wdl prOVIde further treat
ment, and the system can be optImIZed to assure
adequate bIOlogIcal quahty of the effluent from the
fIsh ponds, so that It IS SUitable for reuse m agncul
ture

3 35 CONSTRUCTED WETLANDS
(REF 9)

Wetlands can be the SIte for most bIOlogIcal and
phYSIcal treatment processes, such as mIcrobIal
degradatIOn of orgamc matenal, sedImentatIon of
suspended sohds and removal of pathogens They
also functIOn as smks where mmeralIZed nutnents
are fIxed m plant bIOmass or removed through the
processes of adsorption, preCIpItatIOn, mtnfIcatIon
and demtnfIcatIon

The sod m wetlands IS saturated With water for all
or most of the year and colomzed by aquatIc vege
tatIon, mcludmg macrophytes (hIgher plants) and
bactena Natural wetlands dIffer m the dommant
types of vegetatIon natIve to each swamps have
mostly trees, bogs have pnmanly mosses and peat,
and marshes, that are charactenzed by grasses,
other emergent macrophytes and floatmg macro
phytes Marshes are the most common type of wet
land used for wastewater treatment

Constructed wetlands have a controlled hydrauhc
regIme, a graded bottom and prOVISIOn for man
agement of vegetatIon and other system compo
nents There are two mam types of constructed
wetland, accordmg to the pOSItIon of the water sur
face WIth respect to ground level ft ee water surface
and subsurface flow

The water surface m a free water surface wetland IS
exposed to the atmosphere, where reaeratIon
occurs, and the emergent vegetatIon IS rooted m
the sod at the bottom of the excavated basm
Operatmg depths range from 0 3-0 8 m and reten
tIon tImes up to several days

A subsurface flow wetland has porous med1a, such
as gravel, fIllmg the excavated basm to a depth of
o3-0 6 m, and the surface of the water IS mam
tamed below the surface of the medIa The same
types of emergent plants as m the free water sur
face wetland are rooted m the gravel

MIcrob1al films grow on the surfaces of roots and
medIa In constructed wetlands and are the SItes of
actIve bIOlogIcal treatment, medIated by tempera
ture, oxygen avadabIhty and by the sUlface mea of



the attached growth Oxygen IS transported by the
vascular system of the plants, from the leaves to the
roots to the mIcrobIal fIlms that colomze the roots
and media

Constructed wetlands can remove large amounts
of BODs, nutnents and suspended sohds
Mamtammg hIgh nutnent removal effICIenCIes
through the mechamsm of plant uptake ultImate
ly depends on penodic harvestmg to provIde
space for addItIonal plant growth and to prevent
recyclmg of BODs and nutnents withm the sys
tem

3 36 AQUATIC FARMING SYSTEMS

There has been mcreasmg mterest m recent years
m usmg aquaculture systems as natural smks for
oxygen consummg substances and wastewater
borne nutrIents and recogmtIOn of theIr capaCIty to
provIde an advanced quahty fInal effluent

Water hyacmths (Elchnorma crasslpes) are tropIcal
floatIng macrophytes that can remove nutnents
effiCIently, because of the mIcrobIal colomes that
form on the root system of the plants However,
the low nutrItIOnal value, hIgh ash content and
hIgh bulk of the bIOmass make the water hyacmth
unattractIve as a commercIal crop plant Moreover,
water hyacmths allow mosqUItoes access to the
water surface and prOVIde an excellent breedmg
enVIronment

The common duckweeds are group of floatmg
macrophytes WIth excellent potentIal as a commer
CIal crop plant because of theIr hIgh growth rate,
hIgh nutntIonal value and low fIber content They
are a dIverse faml1y of plants and are adapted to a
WIde spectrum of chmatIc and envIronmental con
dItIons The small plants conSIst of a smgle struc
ture, a flat, OVOId frond, 2-20 mm long, Without
stems or sIgmficant fIbrous support tIssue
Duckweed speCIes reproduce pnmanly by bud
dmg, although they occasIOnally flower and pro
duce seeds They cover the water surface m a mat
that shades the water column, preventmg the
growth of competItIve plants, such as algae The
duckweed mat also mterferes WIth mosqUIto
breedmg, and the qUIescent condItIons under the
mat are Ideal for sedImentatIon of suspended
sohds (Ref 26, 27, 30)

Duckweed speCIes belong to the Lemnaceae faml1y,
compnsmg four genera and over SIXty speCIes that
are dIstnbuted worldWIde They grow rapIdly
under Ideal condItIons, doublmg theIr mass m one
or two days The small free-floatIng plants and can
be harvested by skImmmg AgronomIC management
of the duckweed on wastewater can result m pro-
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ductIon rates of about 300-800 metnc tons of fresh
bIOmass per hectare per year (ha/year), or the
eqUIvalent as a dned meal of about 20-40 metnc
tons ha/year Dned duckweed meal can substItute
for equal quantItIes of soybean meal m balanced
poultry feeds (Ref 31), and fresh duckweed satIsnes
the nutntIonal reqUIrements of certam nsh grown
m ponds, such as tIlapia and a carp polyculture
(Ref 26)

Duckweed aquaculture can be orgamzed and man
aged as a wastewater treatment system that
removes reSIdual oxygen demand, suspended
sohds and nutnents from a settled (pnmary treat
ed) wastewater effluent (Ref 26) The prodUCtIVIty
of duckweed farmmg IS enhanced by ImtIal treat
ment m an anaerobIc reactor (Ref 27)

Wastewater treatment effIcacy, duckweed produc
tIon techmques and the nutntIonal value of the
plants were venfIed m a pl10t project m
Bangladesh The project was estabhshed m 1989
and has been m contmuous operatIOn smce that
tIme, as of mId-1996 The demonstratIon treatment
facIhty IS located at the Kumudim Welfare Trust
HospItal and nursmg school campus m MIrzapur,
Bangladesh The project was evaluated m 1994
by staff of the InternatIOnal InstItute for
Infrastructural, Hydrauhc and EnVIronmental
Engmeenng (IHE), located m Delft, the
Netherlands The 06 hectare duckweed pond sys
tem treated the wastewater from a populatIon of
about 2,500 The wastewater was a mIxture of
domestIc and hospItal wastes and was low strength
m terms of orgamc loadmg Pnmary treatment of
the raw wastewater was proVIded m an anaerobIC
pond WIth a retentIon of about three days (Ref 27)

From the anaerobIC pond the effluent flowed to a
serpentme channel system where the duckweed
was cultIvated The surface loadmg rate was 48-60
kg BOD.;/ha/day and the average hydrauhc reten
tIon tIme was 20 4 days Removal rates were 90-97
percent for COD, 95-99 percent for BODs, and 74
77 percent for KJeldahl N and total P The effluent
contamed 2 7 mg/l of KJeldahl Nand 0 4 mg/l of
total P The water column remamed aerobIC At two
thIrds of retentIon tIme, the duckweed plants had
absorbed VIrtually all ammomum (NH4+) and
ortho-P043 IOns from the water column

Leakage m the unhned channels accounted for
water and nutnent loss dunng the dry season In a
watertIght pond the duckweed harvestmg would
remove 60-80 percent of the Nand P load, or a26
g/m2/day of mtrogen and 005 g/m2/day of phos
phorus m the fIrst three quarters of the retentIOn
tIme, e g withm 15 3 days Duckweed productIvIty
has been mamtamed for several years at the level



of 58-105 kg/ha/day (dry weIght), or 750-1500
kg/halday fresh weIght m the dry and wet seasons
respectIvely

The evaluatIon team concluded that the mlcyoblal
hydrolysIs of the orgamcally sequesteJed nutnents IS the
lzmIhng step for enhanced duckweed bwmass produchon
(Ref 27) ThIS fmdmg confIrms the complementarity
of mitIal, thorough anaerobIc treatment followed by
duckweed aquaculture for post-treatment

A commonly held VIew IS that a duckweed mat cov
ering a pond wIll result m a completely anaerobIC
water column That VIew was contradIcted by the
fIndmgs of the IHE evaluatIon team The explana
tIon gIVen by the authors was as follows

"DespIte the fact that the duckweed/water sur
face remamed undIsturbed, except for frequent
harvestmg, oxygen appeared conSIstently m
ample supply, possIbly because contmuous oxy
gen transfer through the plant and root system
supplements reaeratIon The aeratIon through
the surface was calculated to be 3-4 g/m2 of oxy
gen, whIch IS slIghtly hIgher than transfer
through an uncovered surface" (Ref 27)

The report also noted that actIVIty of heterotrophIc
bacteria (that use up oxygen to oXIdIze COD)

decreases from the upper to the lower reaches of
the system, as more COD IS converted aerobIcally

Research m Israel concluded that duckweed
(Lemna gzbba) cultIvatIon on "settled" domestIc
wastewater can produce a secondary qualIty efflu
ent after fIve days retentIon tIme that IS SUItable for
IrrIgatIon of certam types of crops OptImal depth
for the water column was about 0 3 m, and the
maXImum extrapolated yIeld reported for Lemna
gzbba was 55 metriC tons per hectare per year of dry
weIght material Longer retentIon tIme Improved
the qualIty of the effluent m terms of nutrient con
centratIons and reduced the duckweed productIVI
ty because of reduced nutrient avaIlabIlIty The
economIC benefIt of dried duckweed meal produc
tIon on wastewater was estImated to be on the
order of $US 0 02-0 05/m3 of treated wastewater
(Ref 32)

AgronomIC management, 1 e, mamtammg optImal
denSIty of the duckweed mat on a primary treated
wastewater effluent, optImIZes both duckweed
productIVIty and the rate of nutrient removal
Adequate mmeralIzatIon of the nutrients m an mI
tIal anaerobIC bIOdegradatIon process makes the
maXImum amount of growth nutrients avaIlable to
the plant crop IntegratIon of anaerobIc enhanced
primary treatment of wastewater and duckweed
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Figure 9
SchematiC Diagram of a Duckweed Aquaculture Treatment and Production System
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farmmg constItutes a synergzsttc process that IS (a) a
complete wastewater treatment technology and (b)
a farmmg system that IS capable of producmg more
hIgh quahty protem than soybeans on an eqUIva
lent land area (Ref 26)

A duckweed aquaculture treatment and produc
tIon system can be orgamzed as a senes of plug
flow channels as shown schematically m FIgure 9
The amount of treatment surface area necessary to
achIeve an advanced quahty treated effluent was
about 1 6 m2/PE (PE = person eqUIvalent) m the
pIlot project m Bangladesh One umt of pond area
for duckweed cultivation could support about dou
ble the area for fIsh cultivatIon, or approxImately
3 2 m2/PE The land area for levees and access
pathways was about 1/3 of the total pond area, or
another 1 6 m2/PE, for a grand total of 64m2 of
land needed per person (Ref 26) Average fresh
duckweed production rates of 30 kg/m2/year can
sustam ftsh production rates between 1-15
kg/m2/year, or about 16-24 kg/PE/year

The potential revenues to an owner/operator of a
treatment and duckweed-fed fIsh production sys
tem m Bangladesh are attractive For example, at
an average hve weIght pnce of fIsh of $15/kg, the
gross revenues from duckweed-fed fIsh productIon
m Bangladesh IS on the order of $24-$3 6/PE/year,
or about $038-$0 56/m2/year m gross revenues
from the total amount of land used for the treat
ment and productIon system These estimates
exclude fees for servIce, the mcome from sales of
reusable water, collateral crops grown on the con
tamment and access portion of the land (about 1/3)
and the excess duckweed meal not converted to
fIsh Operatmg costs are pnmanly labor three
agnculturallaborers full time per hectare of duck
weed production and one per hectare for fIsh pro
duction Wages m Bangladesh for casual agncul
turallabor are eqUIvalent to about one kg of nce
per day, worth approxImately $1 00-$1 50

Duckweed aquaculture that does not mclude fIsh
productIOn to convert the duckweed produces
dned duckweed meal as the fInal product The
total amount of land needed for duckweed produc
tion m Bangladesh IS 2 1 m2/PE If duckweed meal
IS pnced the same as soybean meal, between $0 25
$030/kg, gross revenues from duckweed meal
sales wIll be about $0 38-$0 46/m2/year of total land
used, or about $0 80-$0 96/PE/year

The use of land for a duckweed post-treatment sys
tem IS SImIlar to a waste stablhzatIon pond senes
The effluent quahty from a duckweed aquaculture
treatment system, m terms of the concentrations of
oxygen consummg substances, suspended sohds

24

and nutnents, wIll be supenor to a waste stablhza
tIon pond senes of SImIlar hydrauhc retention
time Addmg fIsh production makes the package
more extenSIve However, the duckweed aquacul
ture and fIsh production systems, are more mten
Sive than terrestnal farmmg systems, such as nce,
wheat or soybeans and the fInal product IS hIgh
quahty ammal protem In Bangladesh, as m many
developmg countnes, protem IS m short supply,
agncultural labor IS abundant and there IS an
urgent need to mtenslfy food productIOn across the
board

At the current stage of development of the duck
weed aquaculture technology, there IS not enough
expenence to conclude whether the effluent from a
system WIth less than 20 days total retention time
wIll meet the 1989 WHO bIOlogIcal quahty gUIde
lmes for reuse m agnculture Where fIsh produc
tion IS mcluded m the mtegrated farm, dlschargmg
the fInal effluent from the duckweed system mto
the fIsh ponds can provIde more than enough
hydrauhc retentIOn time to meet the 20 day rule-of
thumb However, the bIOlogIcal quahty of the
treated effluent should not exceed 1 X 105 fecal col
Iforms per 100 ml to assure that the harvested fIsh
are free of pathogemc orgamsms, bactena and
VIruses (Ref 2)

The dIstinctive feature of a duckweed aquaculture
and treatment system IS ItS mclusIOn of mtegrated
farmmg systems that can generate hIgher rates of
return than conventional crops per umt of land
Wastewater-fed duckweed aquaculture IS especIal
ly competitive where (a) access to water IS the mam
hmitIng factor for agnculture, (b) the cost of labor
low and (c) protem IS m short supply

3 37 LAND ISSUES

Land Issues assocIated WIth wastewater treatment
generally resolve to two mam consIderatIons the
amount reqUIred and ItS locatlOn relatIve to the cen
ter of the urban area Ideally, the amount of land
needed should be small, the pnce low, the dIstance
short, the elevatIon dIfference negative and WIth no
mtervenmg obstacles In many countnes the local
governments own substantIal amounts of reserve
land that may be used for parks, sohd waste dIS
posal and wastewater treatment Increasmg urban
IzatIon m most countnes has generally made land
m or near CltIes more expenSIve

Several factors may mfluence deCISIOns to allocate
land for wastewater treatment

.. The owners of the urban land may have
other, more fInanClally attractIve optIons,



.. The current or projected UnIt pnce of the
land may be consIdered too expensIve to
dedIcate to the perceIved "low value"
wastewater treatment applIcatIon,

., AesthetIc concerns about odors and
appearance and theIr effect the value of
adjacent land,

The locatIon of the treatment plant IS a key deCISIOn
that wIll affect the capItal and operatmg costs of
the wastewater collectIon network and the treat
ment system WhIle land IS cheaper farther from
the CIty, the savmgs can be qUIckly consumed by
the hIgher capItal and mamtenance costs of the
addItIonal length of a trunk sewer that conveys the
raw wastewater from the sewer system to the treat
ment plant

AnaerobIc reactors are relatIvely compact They
may be used to prOVIde mitIal treatment, followed
by pond, wetland or aquatIc farmmg systems for
post-treatment Together they represent a flexIble
confIguratIon optIon that can reduce both land and
mfrastructure costs compared With pond-based
systems alone The reactors can be located m or
near the urban area In one or more locatIons
Because anaerobIc reactor effluent IS Virtually free
of settlable solIds It can be conveyed to the post
treatment sIte through a small dIameter effluent
dramage system deSIgned as a hydraulIc system,
rather than as a sewer to convey raw wastewater

AnaerobIC reactors and pond systems for post
treatment are both fleXible With respect to scale
and confIguratIon A subdwIded wastewater collec
tIon system can be conSIdered WIth reactors dIs
tnbuted m multIple catchments connected by an
effluent collectIon network A subdIVIded effluent
collectIon system has potentIally lower mvestment
costs than a smgle sewer system because raw
wastewater IS conveyed shorter average dIstances
SImIlarly, several post-treatment faCIlItIes could be
dIstnbuted around the penphery of the urban
area, mcreasmg the optIons for planners to fInd
less expensIve land However, a major concern of
a decentralIzatIon strategy would be odor control at
the reactor SItes WIth effICIent gas collectIOn and
treatment m compost fIlters or the eqUIvalent

Fmally, commItment to a land mtenslVe treatment
technology near an urban area may be a good long
term mvestment for the mUnICIpalIty

II> When the 20-25 year working lIfe of the
treatment plant has been realIzed, the
value of the land WIll lIkely have appreCIat
ed conSIderably because of the growth of
the urban area,

II> Development of the land for alternatIve
uses wIll be low cost because the CIvIl
works assocIated WIth pond technologIes
are mInImal and mexpensive to remove

An mfrastructure package consIstIng of anaerobIc
reactors connected to post-treatment faCIlItIes WIth
solIds-free effluent collectIon systems ran have
several Important advantages (Ref 33) 41

IV FINANCIAL AND
ECONOMIC ISSUES

GENERAL
.. Reduced treatment and land reqUIrements

at the post-treatment faCIlIty, because
major removal of solIds and oxygen con
summg substances takes place upstream of
the post-treatment faCIlIty,

.. Reduced constructIon costs of the effluent
collector that replaces the trunk sewer
because of shallower, narrower trenches,
elImmatIon of manholes and mInImUm
reqUIrements to control the gradIent and
honzontal alIgnment of the pIpes,

.. Reduced matenals costs because smaller
dIameter pIpes, runnIng full, can handle
the lower peak flows that result from atten
uatIon of peak flows m the reactors, and

• Lower mamtenance costs because block
ages m the effluent conveyance system are
less lIkely,
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TechnologIes for both wastewater collectIon and
treatment m developmg countnes should be
selected to protect publIc health and the enVIron
ment, whIle ensurmg the fullest use of the water
resource The selectIon process should factor m the
costs and avaIlabIlIty of land, labor, eqUIpment,
and bUIldmg matenals and the cost, aVailabIlIty
and relIabIlIty of support servIces, such as utIlItIes,
eqUIpment and systems mamtenance Technology
selectIon objectIves that should apply m most
developmg countnes mclude

.. technologIcal SImplICIty,

.. mInImal capItal and operatmg costs,
• maXImum treatment and removal effICIen

cy for capItal and recurrent mvestment,
and

.. water reclamatIon and reuse capabIlIty to
offset costs



42 COST AND COST
COMPARISONS

Costs and cost compansons are a complex set of
Issues and lIkely to be controversIal at best
MakIng compansons that are accepted as vahd
generally IS dIffIcult because of the dIfficulty of
obtaInIng data that are based on the same assump
tions In addItion cost Information rapIdly
becomes obsolete

Nevertheless, treatment plant deSIgns have
become suffiCIently standardIzed that developmg
lIsts of quantities of essential matenals and eqUIp
ment IS relatively straIghtforward Recent SImIlar
proJects can prOVIde the baSIS for UnIt pnces
Withm a particular country some site-speciftc van
atIons may be expected, but compansons WIth sev
eral recent proJects m that country can proVIde
Important mformatIon about the economy of a new
proposal More Importantly, compansons of capI
tal and operatmg costs among alternative deSIgns
for a speCIfIc new SIte are essential If sound mvest
ment deCISIons are to be made For example, a
comparative study conducted m ColombIa m 1992
(Ref 34) concluded that the costs of anaerobIC treat
ment plants (mcludmg post-treatment to sec
ondary qualIty) for mUnICIpal wastewater appear
to be between three to SIX times less than conven
tional aerobIC alternatIves, mcludmg actIvated
sludge and extended aeratIon

By contrast, cross-country and cross-regIOnal com
pansons are dIffIcult and may be misleadmg rather
than useful For reasons too lengthy to present
here, an actIvated sludge treatment plant m the
MIddle East may cost one thIrd more than m
ColombIa, and three tImes as much as a SImIlar one
of equal capaCIty m the IndIan Subcontment

The capItal and operatmg costs shown m Annex 4
are based on recently constructed plants or recent
ly completed studIes The analytIcal framework
presented mIght be used to mdicate the kmds of
data reqUIred for a useful evaluatIon of proposed
proJects The smgle-sheet analytIcal approach pre
sented was deSIgned to faCIlItate senSItIVIty testmg
on uncertam economIC values

The numbers m the boxes m the lower left quarter
of each sheet are the "cntIcal parameters and
assumptIons" that are mtended to faCIlItate a
process of pragmatIc estImatIon If a partIcular
number IS uncertam or unknown, the analyst IS
encouraged to supply a plaUSIble number based on
the hIghest qualIty mformatIon avaIlable
SenSItIVIty analySIS often shows that the results are
so msensitIve to vanatIons m a partIcular parame
ter (over the plaUSIble range) that maJor research
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efforts to mcrease the level of preCISIOn of the estI
mate would be a waste of resources Where sub
stantIal senSItIVIty IS found, gUIdance IS gIVen to
the research or data collectIon effort

4 3 BENEFIT ESTIMATES

It IS only recently, and as a result of Increasmg
competItIon for mvestments funds, that efforts
have been made to quantIfy the benefIts of waste
water treatment Many of these have mvolved
attempts to measure the costs assocIated WIth the
transmISSIOn of waterborne dIsease and the sav
mgs that mIght result from Improved wastewater
treatment Because of the many factors that affect
a communIty's health, however, most of these
efforts have been disappomtmg There are several
alternative approaches

As general concern WIth enVIronmental qualIty has
developed, the sophIsticatIon of enVlronmental
Impact evaluatlOns has mcreased substantIally
Many studIes now routmely mclude assessments
of the costs aSSOCIated WIth repamng or mItIgating
envIronmental damage For example, If the dIS
charge of X mIllIon CUbIC meters per year
(MCM/year) of effluent of known qualIty WIll cost
$Y mIllIon to clean up, a rough estImate of the
treatment beneftts, expressed as $/m3, can be made
for that partIcular treatment task

Also, there IS the lowest alternatwe cost approach
used WIdely m the recent past by the World Bank
and SImIlar agenCIes Although now m dIsuse, the
method depends on the notIon that the country m
questIon has accepted that wastewater treatment
to a specifted qualIty standard IS a SOCIal neceSSIty
If the last several wastewater treatment plants bUIlt
are analyzed m terms of capaCIty and cost, and the
result of the analySIS produces values of UnIt treat
ment cost, It may be postulated that expendItures to
at least that level represent an acceptable economIC
cost If a newly proposed plant, or one employmg
an alternatIve technology, can treat an effluent to
the eqUIvalent qualIty at a lower UnIt cost, the dIf
ference can be deemed to be the beneftt of the new
proposal

The mdicatIve economIC analySIS m Annex 4 does
not prescnbe whIch method should be used to estI
mate the treatment beneftt That there IS such a
beneftt IS certam otherWIse SOCIetIes would not
demand that treatment faCIlItIes should contmue
to be bUIlt The speClftc value to be used m a par
tIcular case would be up to the project analyst
Expenenced engmeers and economIsts workmg m
that country would be able to make the estImates
and could suggest where the process of senSItIVIty
testIng should start



BesIdes the basIc treatment benefi-t, there are a
variety of productIve ways of reusmg the treated
effluent almost everywhere, but partIcularly m
countries With water scarcIty The Unit values added
for each of these uses are amenable to estImatIon
The examples presented m Annex 4 assume that
no wastewater IS treated to potable qualIty
Instead, an allocatIon has to be made between on
sIte use (whIch m these examples was an aquatIc
productIOn system for duckweed and fIsh) and off
sIte uses, eIther m mdustry or IrrigatIon

44 ECONOMIC AND FINANCIAL
ANALYSIS

WIth appropriate sIte-speCIfIc mput, the analytIcal
format presented m Annex 4 wIll produce estI
mates of potentIal economIC returns to mvestment
m the constructIon of wastewater treatment facIlI
tIes These estImates wIll be useful pnmarIly to
compare the conventIOnal approach wIth possIble
alternatIves The assumptIons and estImates on
whIch the analysIs IS based should be plausIble
and consIstent, rather than precIsely correct m an
engmeenng or accountmg sense

Fmancial returns are even mOle sIte specIfIc, but
they are eaSIer to calculate because they must be
based on legIslated or agreed rates of payment
Hlstoncally, sewer connectIon fees for wastewater
collectIon have been levIed by vanous levels of
mUniCIpal government, and rates, often based on
metered water use, are Widely charged for collectIon
and treatment servIces Rates, or tarIffs, can be set
to cover only operatIon and mamtenance costs or
O&M costs plus capItal costs They may even be set
sufficIently hIgh to yIeld a prevIOusly establIshed
return on funds mvested Because these rates are
typIcally set at levels to cover costs, the questIon of
fInanCIal "ViabIlIty" sImply does not anse

In developmg countries grant fmancmg of all
forms of mfrastructure development has declIned
Many governments have accumulated debt bur
dens of sufficIent weIght to make further borrow
mg Imprudent or ImpossIble As a result, new
fmancmg trends are emergmg fmancmg of publIc
works by the pnvate sector on a bulld, own, opeJate
(BOO) or bulld, own, operate, transfer (BOOT) basIs
ConsortIa mcludmg contractors and bankers buIld
a WIde range of faCIlItIes rangmg from airports to
the BritIsh-French "Chunnel" Where revenue
~treams can be easIly captured to pay for both con
structIon and operatIon of these works, e g, land
mg fees f01 airports and tolls for hIghways, fInanc
mg IS normally straightforward The fact that the
buIlders' own funds are used does, however, lead
to an mcreased focus on economy of deSIgn
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WIth respect to wastewater treatment the Issues
are less sImple In many areas the costs of buIldmg
sewerage networks and treatment faCIlItIes have
escalated to the pomt that users have refused to be
connected to the system Instead, wastewater IS
collected m cIsterns and cess PItS from whIch It IS
pumped out occasIOnally What does not seep mto
groundwater must be hauled away m tankers to a
nearby treatment faCIlIty Frequently, a local
stream IS found to be a more convenient and mex
pensIve dIsposal alternatIve

Under these CIrcumstances It IS not possIble to
mcrease tariffs to cover the costs of buIldmg or
operatmg new treatment faCIlItIes AlternatIve
mfrastructure that IS less costly to operate becomes
of mterest to mUnicIpal deCISIOn makers, and the
possIbIlIty of pOSItIve cash flows from a treatment
plant becomes mcreasmgly attractIve The pOSSI
bIlIty of corporate profIts mduces engmeers and
contractors to seek out bankers Funds for con
structIon come from non-tradItIonal sources, and
the attentIon of all partICIpants IS focused on less
costly teLhnologies It IS here that on-SIte, produc
tIve uses of the wastewater resource, such as duck
weed and fIsh productIon, are lIkely to play an
Important role m the future

4 5 INDICATIVE ANALYSIS

Although based on rough estImates, the analyses
presented m Annex 4 mdlcate some mterestmg
generalIzatIons The costs of both constructIon and
operatIon are far hIgher m Jordan than m LatIn
America or South ASia ThIS may be because there
IS a contmumg dependence on Imported expertIse
and eqUIpment

However, because the economy IS relatIvely strong
and water IS so scarce, treatmg wastewater m
Jordan can pay handsomely In fact, the potentIal
economIC value of recycled water IS so hIgh, espe
CIally f01 mdustrIal reuse, that on-SIte uses Will
have to be tested very carefully before they can be
broadly recommended ThIS IS partIcularly true for
on on-site uses WhICh are hIghly water consump
tIve, such as fIsh ponds

In more humId clImates the greater general avaIl
abIlIty of water reduces the demand for, and the
value of treated effluent for IrrigatIon and the
mcentIve for mdustnes to accept water reclaimed
from wastewater In thIS SItuation the profItabIlIty
of effluent reuse on the SIte of the treatment faCIlI
ty may be consIderably hIgher



46 MADRAS WASTEWATER
RENOVATION

Shortly before the prmtIng deadlme for thIS docu
ment a paper became aVailable that describes a
large scale wastewater renovatIon project m
Madras, the capItal of the southern IndIan State of
TamIl Nadu The paper, prepared by the chairper
son of the Madras MetropolItan Water Supply and
Sewerage Board (MMSSB) and a World Bank
EnvIronmental OffIcer, Illustrates the value of
reuse of treated wastewater m a large urban area
that faces chronIc water shortages The paper was
presented at the World Bank "Conference on
Recyclmg Waste for Agriculture The Rural-Urban
ConnectIon", held m Washmgton 23-24 September,
1996 and IS mcluded m ItS entIrety as Annex 5

Two mdustrIes, a petroleum refInery and a fertIlIz
er plant, mstalled mdividual treatment plants at
theIr own cost to treat a total of 30 MLD of sec
ondary qualIty treated effluent supplIed by the
munlClpalIty to tertIary qualIty The treatment
processes used are chemIcal treatment and sedI
mentatIon and reverse osmOSIS for polIshmg
Reuse of the tertIary effluent replaces about 55 per
cent of the total water demand for the two mdus
tries that were prevIOusly dependent on ground
water of mcreasmgly poor qualIty The results were
twofold

1 The mdustrIes now have the capabIlIty to
operate at about 75 percent of capaCIty m
periods of severe drought For example, m
1987 mdustrial water supply was entIrely
shut down for SIX months because domes
tIc water users were gIVen priOrity

2 ThIrty MLD of groundwater abstractIon IS
replaced by the treated effluent

Each of the two mdustrIes fInanced the construc
bon of ItS own tertIary treatment plant and relIed
on the mUniCIpalIty to manage the desIgn and con
structIon The capItal cost of the two treatment ter
bary plants was about $0 34 mIllIon per MLD of
capaCIty The UnIt cost cIted for effluent treatment
from secondary to tertIary qualIty was Rs 40/kIlo-

28

htre {SIc} (1 kilolIter =1,000 hters =1 m3), and the
purchase price for secondary effluent was gIVen as
Rs 41m3 ($011/m3 ) Although It IS unclear m the
paper, the mUnICIpalIty apparently charges Rs 41m3

for secondary treated effluent and Rs 251m3

($0 701m3) for tertIary qualIty effluent (for users
other than the two mdustrIes that bUIlt theIr own
plants)

The example of mutually benefIcIal partnershIp
between the publIc and private sectors has led to a
commItment by another refInery to fInance a 17
MLD tertIary treatment plant The mUnICIpal gov
ernment plans to mstall an addItIonal 100 MLD
treatment plant by the year 2000 at an mvestment
cost of about $163 mIllIon The plant wIll supply
tertIary qualIty treated effluent at a price of Rs
301m3 ($0851 m3) to 14 medIUm and small scale
mdustrIes that can not afford to fInance theIr own
mdividual treatment facIlItIes The mUnICIpalIty
expects to recover 85 percent of the costs of the
treatment plant over thIrty years

The MUnICIpal government owns 780 ha of farm
land that for several years was rented to farmers
who grew fodder crops Irngated WIth secondary
qualIty treated effluent Although the rental
mcome covered operatmg costs, undeSIrable enVI
ronmental SIde effects (groundwater contamma
tIon, odors and mcreased mosqUIto populatIons)
led to collaboratIon WIth the Forestry Department
m experiments WIth agroforestry, a more attractIve,
hIgher value effluent reuse optIon By the end of
1997 It IS expected that 400-500 ha of woodlots wIll
be Irngated WIth secondary treated effluent, and
the return (approxImately $560/ha/year) IS estImat
ed to be double that of fodder crops Another
reuse optIon under conSIderatIon IS IrrigatIon of
landscaped SItes that have recreatIonal and
tOUrism value

Over-explOItatIon of groundwater m Madras, a
coastal CIty, has led to salIne mtrusIOn mto coastal
aqUIfers and to deterIoratmg groundwater qualIty
In addItIon to legIslatIon to regulate groundwater
use, conSIderatIon has been gIven to mJectIon of
treated wastewater mto coastal aqUIfers to counter
salme mtrusIOn
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advanced, or tertiary
treatment

aerobIC treatment

ammomfIcatIon

anaerobIC treatment

attached growth

bIOgas

bIOmass

BODs

clarIfIer

COD

colIform bacterIa

collOIdal matter

commInution

conditIomng

demtrIfIcatIon

an added stage of bIOlogIcal, chemIcal and phySIcal processes to treat wastewater
beyond the secondary stage Removal of up to 99 percent of reSIdual suspended
solIds and nutrIents, the most Important of whIch are mtrogen (N) and phospho
rus (P)

bIOlogIcal converSIOn of orgamc materIal m wastewater to a more stable or mmer
al form by mIcrobes In the presence at oxygen

the anaerobIC bIOdegradation of orgamc mtrogen to the reduced Inorgamc prod
uct, ammoma

bIOlogIcal degradation of orgamc materIal In wastewater by bacterIa m the
absence of oxygen

bacterIal fIlm that forms on a solId medIUm, such as particles, rocks or plastic net
tIng

the gas mIXture produced by anaerobIC dIgestion of orgamc materIal, conSIsting of
mostly methane (rangmg from 60-95 percent dependIng on the compOSItion of the
wastewater), and carbon dIOXIde, ammoma, mtrogen gas and hydrogen sulfIde

the mass of bIOlogIcal materIal In a system

bIOchemIcal demand, the quantity of oxygen m mgll utilIzed m the bIOchemIcal
OXIdation of orgamc matter over a fIve day time perIod at standard temperature, a
measure of the bIodegradable orgamc matter In wastewater

any large CIrcular or rectangular sedImentation tank used to remove settlable
solIds from wastewater

chemIcal oxygen demand, the quantity of oxygen In mg!l reqUIred for the chemI
cal OXIdation of carbonaceous (orgamc) materIal m wastewater usmg morgamc
dIchromate or permanganate salts as OXIdants In a two hour test

a group of bacterIa predommantly mhabItmg mtestmes of humans and ammals,
used to mdicate the presence of fecal contammatIon m water The group mcludes
(a) all aerobIC and facultative anaerobIC Gram-negative, non-spore-formmg, rod
shaped bacterIa that ferment lactose WIth the production of gas, and (b) all bacte
rIa that produce a dark purplIsh-green metallIc sheen by the membrane fIlter tech
mque used for colIform IdentifIcation

fInely dIVIded solIds that wIll not settle, but may be removed by coagulation, bIO
chemIcal action or membrane fIltration

an m-stream process of grmdmg or shreddmg gross solIds contamed In waste
water

the chemIcal, phySIcal or bIOlogIcal treatment of sludges to Improve theIr dewa
termg characterIstics

anaerobIC reduction of mtrate by bacterIa of the genus Nitrobacter to carbon dIOX
Ide and nItrogen gas (Nz)
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enhanced pnmary
treatment

entenc dIsease

eutrophIcatIon

facultatIve ponds

heterotrophIC
mIcro-organIsms

hydrolysIs

macrophyte

methane

MLD

nItnfIcatIon

NOD

nutnents

organiC loading

orthophosphate

Parshall flume

pathogens

phytoplankton

an effluent qualIty intermedIate between pnmary and secondary Depending on
the compOSItIon of the raw wastewater, anaerobIC reactors can achIeve 65-85 per
cent removal of BODs at 20° C (generally COD removal effICIency IS 10-20 percent
lower) and 60-80 percent SS removal

bactenal or VIral infectIous dIsease of the gastrointestinal tract, dIarrhea or dysen
tery

nutnent ennchment of a lake or other surface water body, typIcally charactenzed
by Increased growth of planktOniC algae and hIgher plants

a treatment pond WIth an aerobIC upper sectIon and an anaerobIc bottom sectIon
so that both aerobIC and anaerobIc bIOlogIcal process occur sImultaneously

bactena and other mIcroorganisms that utIlIze organiC matter syntheSIZed by
other organisms for energy and growth

inItIal stage of bIOchemIcal degradatIon that Includes transformatIon of organic
polymers (proteins, carbohydrates and fats) to organic monomers (amino aCIds,
sugars and alcohols)

hIgher plant, a multIcellular plant With a vascular system and dIverse speCIalIzed
structures

a colorless, odorless, flammable, gaseous hydrocarbon, CH4! present In natural
gas, formed by the anaerobIC decomposItIon of organic matenal

mIllIon lIter per day

the OXIdatIon of ammOnia to nitrate by the aerobIC bactena, Nltrosomonas, In the
presence of atmosphenc oxygen

nitrogenous oxygen demand, the amount of oxygen In mg!l needed for the bIO
logIcal OXIdatIon of nitrogen, usually measured after the carbonaceous oxygen
demand has been satIsfIed, also called "second stage oxygen demand"

chemIcal substances that are necessary for all bIOlogIcal growth, usually refers to
Inorgamc forms of mtrogen, phosphorus and potaSSIUm that can contnbute to
eutrophIcatIon of surface water bodIes

the amount of organiC matenal, measured as COD or BODs, applIed to a gIVen
treatment process, expressed as weIght per Unit of tIme per Unit surface area or
per Unit weIght

a salt that containS phosphorus as (P04-3), hydrolysIs product of condensed (poly
menc) phosphates, a nutnent reqUIred for plant growth

a calIbrated deVIce for measuring the flow of lIqUId In an open condUIt, conSIsting
of a contracting length, a throat, and an expanding length At the throat IS a sIll
over WhICh the flow passes at Belanger's cntIcal depth The upper and lower heads
are each measured at a defInite dIstance from the sIll The lower head need not be
measured unless the sIll IS submerged more than about 67 percent

dIsease prodUCing organisms, such as bactena, VIruses, helminths or protozoa
transmItted through fecal-oral means and by wastewater

algae, Single-cell photosynthesIzing plants

30



plug flow

prelImmary
treatment

pnmary treatment

resource recovery

secondary treatment

sludge

splItter box

sulfate reducmg
bactena

suspended growth

suspended solIds

thickemng

UASB

volatIle solIds

waste stabIlIzatIon
ponds

flow m whIch flUId partIcles are dIscharges from a system m the same order that
they entered the system, The partIcles retam theIr dIscrete IdentItIes and remam
m the system for a tIme equal to the theoretIcal detentIon tIme

removal of large and heavy solIds by screemng and degnttmg,

sedImentatIon of 45-70 percent of settIable solIds that contam SIgnifIcant amounts
of oxygen consummg substances (20-40 percent), but lIttle or no removal of col
lOIdal and dIssolved organic matter,

explOItatIon of wastewater as a source of (a) water for dIrect or mdirect reuse (b)
wastewater-borne nutnents (c) bIOgas fuel and (c) sludge as a SOlI conditIonmg
mgredient

removal of about 85 percent of suspended solIds and BOD5/COD and partIal sta
bIlIzatIon of the latter and some destructIon of pathogeniC organisms

the accumulated solIds separated from wastewater dunng processmg, the
removed matenal resultmg from chemIcal treatment, coagulatIon, flocculatIon,
sedImentatIOn, flotatIon and/or bIOlogIcal OXIdatIon or anaerobIc dIgestIon of the
organic matter m wastewater

a dIVISIOn box that splIts the mcommg flow mto two or more streams

bactena capable of assimIlatmg oxygen from sulfate compounds, reducmg them to
sulfIdes, Important competItors of methane fermentmg bactena

a type of reactor m whIch the bactenal bIOmass IS suspended m the bulk lIqUId
and not attached to a solId medIUm (carner), e g actIvated sludge or the UASB
reactor

msoluble solIds that eIther float on the surface of, or are m suspensIOn m waste
water, solId organiC or morganIC partIcles (collOIdal, dIspersed, coagulated, floc
culated) phySIcally held m suspenSIOn by agttatIon or flow, commonly abbreVIat
ed SS or TSS (total suspended solIds)

the process after graVIty sedImentatIon that mcreases the concentratIon of solIds
m sludges WIth or WIthout the use of chemIcal flocculatIon

upflow anaerobIC sludge blanket reactor, a type of hIgh rate, suspended growth
anaerobIC reactor that mamtams a suspended blanket of bactenal bIOmass

matenals, generally organiC, that can be dnven off from a sample by heatIng, usu
ally to 5500 C for 60 mmutes, commonly abbreVIated VSS

a senes of three to five ponds that may be used to treat wastewater at any stage of
treatment, typIcally used to remove settlable solIds and to stabIlIze organic mate
nal by anaerobIC and aerobIC mIcrobIal actIon and to remove pathogens by sedI
mentatIon and natural dIe-off
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BODs biochemical oxygen MLD million liters per day
demand mm millimeter
bulid-awn-operate ml milliliterBOO

N elemental nitrogenBOOT bulid-awn-operate-
transfer N2 nitrogen gas

C elemental carbon NHs ammonia
°c degrees CelsIus (centl- NH/ ammonium Ion

grade) NOD nitrogenous oxygen
CH4 methane gas demand
COD chemical oxygen N02 nltnte

demand NOs nitrate
cm centimeter 0 elemental oxygen
CO2 carbon dioxide O2 oxygen gas
DO dissolved oxygen O&M operation and mamte-
EPA EnVironmental Protection nance

Agency OM&R Operation, Maintenance
g gram and EqUipment
GLS separator gas/liqUid/solids separa- Replacement

tor In a UASB reactor s
orthophosphate Ionortho-P04H hydrogen

P elemental phosphorus
ha hectare

PE person eqUivalent
H2S hydrogen sulfide gas

pH symbol for the degree of
HRT hydraulic retention time aCidity or alkalinity of a
IHE International Institute for solution

Hydraulic and S elemental sulfur
EnVironmental SBR sequencing batch
Engmeenng reactor

kg kilogram S04 sulfate
kW kilowatt

SRT solids retention time
kWh kilowatt hour SS suspended solids
m meter

TKN total KJeldahl nitrogen, or
m2 square meter

total organic nitrogen
m3 cubic meter

TSS total suspended solids
MMSSB Madras Metropolitan

UASB reactor upflow anaerobic sludge
Water Supply and

blanket reactor
Sewerage Board

VFA volatile fatty aCids
MCM million cubic meters per

VSS volatile suspended solids
year

WHO World Health
mg/I milligrams per liter

Organization
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The WHO gUIdelmes for use of wastewater m agnculture and aquaculture were adopted m 1989 as a result
of the consensus of a group of experts that met m 1985 m Engelberg, SWItzerland The group exammed
the nsks of wastewater reuse and ranked the relahve nsks of mfectIon from mIcrobes and parasItes as fol
lows

1 HIgh WIth mtestInal nematodes,
2 Moderate WIth bactenal mfectIons and diarrheas,
3 Mmimal With vIral mfectIons and dIarrheas and hepatitis A, and
4 HIgh to nonexistant WIth trematode and cestode mfectIOns, SchIstOSOmiaSIS, clonorchIaSIS and

taemasIs, dependmg on local practices and CIrcumstances

The mIcrobIOlogICal quahty gUIdehnes recommended for wastewater use m agrIculture are gIVen below

Recommended MIcrobIOlogIcal Quahty GUIdehnes for Wastewater Use m Agnculture

Intestmal Fecal cohforms Wastewater treatment
Group Nematodes· (geometrIc expected to achle\ e regurred

Category Reuse ConditIOns Exposed (anthmetlc mean of no per microbIological quahty
mean of no 100 mlb

eggs/hterb)

A IrngatIon of crops hkely Senes of stablhzatIon ponds
to be eaten uncooked V\orkers ~1 ~ 1 OOOe deSigned to achle\ e the
sports fields pubhc consumers microbiological quahtv
parkse mdlcated or eqUIvalent

treatment

B IrngatlOn of cereal RetentIon m stablhzatlon
mdustnal and fodder workers ~1 No standard ponds for 8 10 days for
crops pasture and treesC recommended eqUIvalent helmmth and tecal

cohform removal

C Locahzed IrngatlOn Pretreatment IS reqUIred bv
category B crops If None N/A N/A IrngatlOn technologv
worker and pubhc less than pnmary
exposure does not occur sedIment

Source WHO (1989) Reuse of Wastewater m AgrIculture A GUIde for Planners Water and SamtatIon Report 6
UNDP/World Bank Water and SamtatIon Program 1990
Note In speciftc cases, local epidemlOlogical, soclOcultural and envIronmental factors should be taken mto account
and the gUIdelmes modifted accordmgly
a Ascans and Tnchurus speCIes and hookworms
b DUrIng the IrngatIon perIod
e A more strmgent gUIdelIne (> 200 fecal cohforms per 100 ml) IS appropnate for pubhc lawns, such as hotel lawns,

With WhICh the publIc may come mto dIrect contact
d In the case of fruIt trees, IrrIgatIon should cease two weeks before frUIt IS pIcked and no frUIt should be pIcked off

the ground Sprmkler IrrIgatIon should not be used
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Loadmg and dImenSIOnIng parameters for DASB
reactors were developed by Haskonmg Consultmg
Engmeers and ArchItects and desCrIbed m a desIgn
manual, excerpts of WhICh are gIVen below

The first step m the deSIgn of a DASB reactor IS to
determme the volume of the reactor, upon WhICh
the detaIls are based The most Important detaIls
are mfluent dIstrIbutIOn, gas/hqUId/sohds (GLS)
separator and effluent collectIon FIgure A IS a
schematIc dIagram IllustratIng the mam elements
of a DASB reactor 1 mfluent dIstrIbutIon, 2
sludge blanket, 3 gas dome, 4 effluent collectIon
gutter

INFLUENT DISTRIBUTION

DEPTH

The typIcal water depth for a DASB reactor for
mUnICIpal wastewater IS 4 m Above that heIght a
freeboard of 0 3-0 8 m IS reqUIred A sump 0 3-0 5
m deep IS reqUIred at the bottom of the reactor to
allow complete dramage Four meters IS conSId
ered the optImal water depth at the current state of
the art Deeper, more compact deSIgns wIll be the
subject of further research

fine sludge

heavy sludge

Even dIstrIbutIon of the mfluent over the bottom
surface of the reactor IS one of the essentIal pomts
for good performance For mUnICIpal wastewater

wIth hIgh concentratIons of suspended solIds
(55) and fibrous materIals, a serIes of sphtter
boxes has gIVen the best results so far From
each of the several outlets of the final sphtter
box, usually located on top or mSIde the
upper part of the reactor, a pIpe leads to a
fixed pomt at the bottom of the reactor The
denSIty of dIstrIbutIon pomts should Ideally
be as hIgh as possIble, but for practIcal rea
sons, a denSIty of one mlet pomt per 2 5-4 m2

sludge blanket d
IS regarded as optImal At the recommen -

excess sludge ed denSItIes, the mlet pIpe can be 50-80 mm
m dIameter and the water veloCIty 0 3-0 8
m/s For example, a reactor wIth an effectIve

blogas bubble
volume of 1,000 m3 (and a bottom surface
area of 250 m2) would have 40-62 mlet pomts

settling zone

. ..... .... .. .. .. .. . . ... .

~-----""",,------"blogas

. ... . .. . ... : .: ..... ..
pre treated wastewater

GENERAL

GAS/LIQUID/SOLIDS (GLS)
SEPARATOR

VOLUME

The volume of the reactor IS determmed by the
hydraultc loadmg, orgamc loadmg or gas loadmg If
COD IS below about 1,000 mg/l hydrauhc loadmgs
are hmitIng and determme the volume Above
1,000 mg/l COD, the organIc or gas loadmg should
be apphed as the deSIgn parameters Dependmg
on the wastewater temperature and the hydrauhc
regIme, a hydrauhc retentIon tIme (HRT) IS deter
mmed, usually between 3 and 6 hours for peak
loadmg and 18 hours for average loadmgs

The GLS separator IS the second essentIal detaIl
The mchnatIon of the walls of the gas dome should
be between 50-55° A flatter angle wIll lead to accu
mulatIon of sludge m the settlmg compartment
and a steeper angle wIll result m an unnecessarIly
deep reactor The SIze of the openIng between the
dIgestIon compartment and the upper settlmg
compartment IS determmed by the aperture veloc
Ity The aperture veloCIty should be less than the
mitIal settlmg veloCIty of the sludge Generally,
less than 10 m/hour should be deSIgned for at peak
loadmg condItIons and five m/h at average loadmg

36



conditIOns The overlap between the lower
extremes of the GLS separator and the deflectors
should be 10-20 cm (See FIgure A) The surface area
of the settler should be 60-80 percent of the total
surface area of the reactor

EFFLUENT COLLECTION

Equal collection of the effluent IS the thIrd crucIal
part of the desIgn of a VASB reactor Overflow
WIers, or gutters, on both SIdes of the setthng com
partment proVIde good results The WIers should
have 45° v-notches, rounded at the apex that pro
Vide an overflow table of 10-20 mm under all load
mg condItions

SLUDGE SAMPLING AND
WITHDRAWAL

The dynamIcs of the sludge blanket can be con
trolled only by mamtammg optimal blanket heIght
To determme the heIght of the blanket and the dIS
trIbution of the dry sohds concentration over the
heIght of the reactor, or the sludge profile, samples
need to be taken at dIfferent heIghts SamplIng
ports of 25-40 mm dIameter and located 20-30 cm
apart are placed m the reactor wall More than one
serIes of samplmg ports are recommended for
larger reactors Sludge Withdrawal ports 100-150
mm dIameter are placed at dIfferent heIghts and at
dIfferent locations around the reactor Sludge
should be wIthdrawn at 0 2, 0 5 and 15m from the
bottom, dependmg on the dynamIcs of the sludge
blanket One set of sludge Withdrawal pIpes
should be specrfIed for each 100-150 m2 of bottom
surface area A sump wIth a 150-250 mm outlet IS
needed to completely empty the reactor

PERFORMANCE

Removal effICIenCIes depend on water tempera
ture, hydrauhc loadmg, reactor deSIgn, the quahty
of the works and the mamtenance status of the
reactor Dependmg on the composItion of the
wastewater, the removal effICIency of the VASB
process may vary between 60-70 percent for COD
and 75-85 percent for BODs, at mfluent tempera
tures between 20-35° At 24° C a properly
deSIgned and bUilt reactor treatmg a typIcal
mumcipal wastewater, when operated WIthm the
deSIgn parameters, may be expected to average
removal effICIenCIes of 75 percent of BOD, 70 per
cent of COD and 80 percent ofTSS Only neghgI
ble amounts of mtrogen and phosphorus are
removed, 75-90 percent of N Will be converted to
ammOnIum IOn (NH4+) Sulfur compounds are
almost completely converted to hydrogen sulfide
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(HzS) Removal of low concentrations of helmmth
ova IS almost complete In endemIC regIOns WIth
hIgh concentrations, 80-90 percent removal may be
expected Removal of pathogemc bacterIa and
VIruses IS about 50 percent

The compOSItIOn of bIOgas generated m the reactor
depends on the characterIstics of the wastewater
and on the loadmgs apphed Gas production IS
typIcally 220-250 lIkg of mfluent COD, excludmg
gas dIssolved m the effluent For an mfluent COD
concentration of 300 mg!l, gas production Will be
about 60-75 11m3 of treated wastewater The mea
sured gas production IS the prImary control para
meter of the reactor, e g, the parameter that mdI
cates whether the reactor IS functIomng properly
Lower production mdicates mhibitIon of the bIO
logIcal process, sludge loss or some other problem
Sludge produchon depends mamly on the concen
tration and orgamc content of suspended sohds m
the wastewater and the SRT and IS adversely
affected by sludge washout

CONSTRUCTION MATERIALS

For reasons of prIce and avaIlabIlIty, concrete IS the
most utIhzed materIal for the tank and mternal
components of the reactor, such as columns, beams
and GLS separator Steel or plastics for the tank
are not prIce competitive, but mternal components
could be made of polyester or polyethylene If these
materIals are available at a competIhve prIce The
concrete must be of superIor quahty, well compact
ed, and cast m smooth forms Concrete exposed to
a corrOSIve atmosphere, such as outlet structures,
could be protected With a lmmg or coatmg of a cor
rOSIOn reSIstant materIal, such as epoxy Larger
sphtter boxes are generally made of concrete and
smaller ones of polyester Inlet pIpes are prefer
ably made of PE or PVC Other plpmg can be of
PVC or polyethylene gas pIpe (hostalene) The use
of metal should be mmImrzed, smce the gas and
the treated effluent are hIghly corrOSIve Where
metal IS essenhal, stamless steel should be used
Galvamzed surfaces may be used m non-sub
merged or open spaces, such as ladders and raIl
mgs

ODOR ABATEMENT

Gases from anaerobIC treatment plants contams
many offenSIve compounds If odors cause a prob
lem they may be reduced by ensurIng a gas-tIght
gas collechon system Concrete gas collectors may
be hned Settlers and effluent gutters can be cov
ered and the aIr above the water surface extracted
and treated by compost fIltration or a SImIlar
process



I INTRODUCTION

The desIgn of the four wastewater treatment plants
selected for thIS reVIew and VIsIted by the authors
denve from practIcal expenence In an InItIal
research project In Call, ColombIa that studIed
anaerobIc wastewater treatment between 1983
1988 FInancIng for the research project was pro
vIded by the Dutch government, and techmcal
assIstance to the Call mumcIpalIty was supplIed by
Haskomng ConsultIng EngIneers, the Agncultural
UmversIty of Wagemngen and the UmversIty del
Valle (Ref 22,23) PractIcal expenence gaIned wIth
the Call pIlot plant (0064 MLD) led to the desIgn
and constructIon In 1990 of a full scale treatment
plant, (4 MLD) servIng a populatIon of about 20,000
In Call and to the larger 32 MLD RIO Fno treatment
plant In Bucaramanga, commISSIOned In 1991 and
expanded to 42 MLD peak capaCIty In 1994 (Ref 17,
22,23)

At about the same tIme the Dutch government pro
vIded techmcal assIstance to the government of

IndIa m an mtegrated envIronmental and samtary
engmeenng project to prevent pollutIon of the
Ganges RIver BasIn, The Ganga ActIon Plan AgaIn
Haskomng Consultmg EngIneers were the source
of techmcal assIstance In 1989 Haskonmg and
theIr IndIan collaborators, Iram Consult, desIgned
a full scale (5 MLD) UASB treatment plant that was
bUIlt m Kanpur In the state of Uttar Pradesh to
demonstrate the feasIbIlIty of anaerobIC treatment
m IndIa The expenence gamed treatIng mumcIpal
wastewater In the Kanpur demonstratIon project
led to the construchon of a 14 MLD mumcIpal
wastewater treatment plant In Mlrzapur, also In
Uttar Pradesh Later, a 36 MLD plant was bUIlt m
Kanpur to treat a mIxture of tannery wastewater
and mumclpal wastewater (Ref 17) As of 1996,
over 300 MLD of UASB treatment capaCIty, In thIr
teen treatment plants, IS beIng Installed In
Northern IndIa (Ref 21)

Each anaerobIc treatment plant conSIsts of the fol
lOWIng maIn elements, Illustrated In FIgure B

excess
flared

gas
holder

to gnt disposal

raw

wastewate;J---.
--I-J"-+.

facultative lagoon ~f-===--- - --~
effluent to reuse or disposal

~_ rt-w-,-"-ijl-"'~"-------- .-J~

sludge drying beds ---+~

sludge to agnculture

Figure B Flow Diagram of a UASB Treatment Plant
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.. overflow bypass and flow measurement
structures
1 prehmmary treatment structures
2 coarse and fme screens
3 gnt trap
4 enhanced pnmary treatment struc

tures (UASB reactor module~)
.. byproduct handhng structures

1 gas handlmg system
2 sludge drymg beds

til post-treatment structures
1 all three mumcipal wastewater treat

ment plants use fal..UltatIve lagoons,
2 flash aeratIon, mechamcal aeratIon for

1/2 hour, and chemIcal flocculatIOn
(only at Kanpur 36 MLD mIxed effluent
treatment plant)

The basIc operatIng parameters of the UASB umt
process for treatment of mumcipal wastewater,
such as upflow veloCIty (0 5-10 m/s), flow dIstnbu
tIon (0 25 mlet/m2) and average hydrauhc retentIon
tIme (HRT 4-6 hours) were establIshed empmcally
m the early applIed research project m ColombIa
OperatIng expenence proVIded some practIcal
Improvements to the desIgn that made the plant
more relIable and eaSIer to mamtam For example,
It was establIshed that thorough prel1mmary heat
ment lS essentlal to prevent large sohd partIcles from
entermg the reactors, where It wIll tend to clog the
flow mlets and decrease the effectIve volume
Baffles Installed In front of the effluent dIscharge
gutters were found to be effectIve m aVOIdmg
obstructIon of the v-notches The corrOSIveness of
the effluent reqUIred substItutIon of staInless steel

or plastIc for metal components and protectIve
coatIng of concrete surfaces

Table A gIVes the average removal effICIenCIes the
UASB anaerobIC treatment for oxygen consummg
substances (BODs and COD) and total sohds for
the four treatment plants VISIted, Includmg three
treatIng mumCIpal wastewater at Bucaramanga,
ColombIa, Muzapur and Kanpur In IndIa and one
treatIng a mIXture of tannery and mumCIpal waste
water effluents, also In Kanpur

II KANPUR 5 MLD
DEMONSTRATION TREATMENT

PLANT

21 BACKGROUND

The Kanpur 5 MLD demonstratIon project was part
of the larger Indo-Dutch EnVIronmental and
Samtary EngIneenng Project at Kanpur and
Muzapur m the state of Uttar Pradesh ThIS state
level project was part of an Integrated program of
preventIon of pollutIon to the Ganges Basm m
cooperatIon WIth the MInIstry of EnVIronment and
Forestry of the Government of IndIa

The treatment plant was buIlt WIth the follOWIng
objectIves m mInd

.. to demonstrate the feasIbIhty of anaerobIC
treatment of wastewater under typIcal con
dItIons In IndIa,

Table A
Companson of Average Influent and Reactor Effluent QualIty and Removal Rates

From Four Full Scale UASB Reactors
/f I -' "I "'."1 (/ /) / ./ ,rt' I)' /'

MUnICIpal Wastewater MIxed
Parameter Bucaramanga, MIrzapur, Kanpur, Kanpur,

ColombIa IndIa IndIa IndIa
DeSIgn Peak CapaCIty (MLD) 42 14 5 36
OperatIng CapaCIty (MLD) 36 10 48 218
Average orgamc loadmg

COD (mg/l) 400 360 560 1,183
BODs (mgll) 150 180 210 484
TSS (mgll) 230 360 420 1,000

Average Removal EffiCIency
COD (%) 65 61 74 57
BODs (%) 75 66 75 63
TSS (%) 70 70 75 56

Average HRT (hour) 5 8 6 52

Influent temp Range (oC) 23-25 21-30 20-30 22-30
Gas productIon (m3/day) 3,300 500 480
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2 3 DESIGN CRITERIA FOR THE
KANPUR 5 MLD PLANT

The raw wastewater from a pumpmg station IS
receIved by a flow control box From the flow con
trol box the raw effluent flows by graVity Into the
gnt trap that prevents heavy particles from enter
Ing the reactor From the gnt trap the effluent
flows to the sphtter box where the flow IS dIVIded
among the three compartments DIstnbutIon
boxes receIve the flow from the sphtter box and
dIstnbute the effluent evenly to the feed mlet pIpes
at the bottom of the reactor compartment

The 5 MLD treatment plant was desIgned to
account for the dIfferences m condItions between
ColombIa and IndIa more concentrated waste
water, dIfferent composItIOn, wIde fluctuation
between summer and WInter temperature The
plant was deSIgned to accommodate dIfferent
loadmg rates and to be able to studv desIgn alter
natives The UASB reactor was desIgned WIth a
1,200 m3 total volume dIVided among three com
partments, one WIth 600 m3 and two With 300 m3,

and WIth the capabIlIty to alter the flow rate to each
of the compartments

The volume of the raw mfluent IS measured m a
Parshall flume The blOgas IS measured by a wet
test gas meter for each chamber Sludge may be
dIscharged by graVity mto sludge PItS (sumps),
where It IS pumped to the sludge drymg beds

The 600 m3 fIrst compartment was used as a refer
ence umt Compartments 1 and 3 had no baffles to
prevent floatmg matenal from cloggmg the v
notches m the effluent collection gutters All com
partments are 4 5 meters deep Compartment 2
has baffles m front of the effluent collection gut
ters, whIle compartment 3 has double the number
of feed mlets (0 51m3)

RESULTS OF DEMONSTRATION
PROJECT

Two gnt traps that operate m tandem, each
WIth 250 m3 capaCIty, honzontal velOCIty 0 3
mIs, surface loadmg 45 m/h, and gnt stor
age capaCIty of three days
Flow dIVISIon box WIth four-part dIVISIOn of
125 m3/hour each
Three-compartment UASB reactor, consIst
mg of 600 m3, 300 m3, 300 m3 volume com
partments WIth the follOWIng charactenstics
a) average HRT of 6 hours,
b) mmlmum HRT 2 4 hours,
c) orgamc loadmg rate 2-5 kg of COD

per m3 of reactor volume per day,
d) reactor depth 4 5 m,
e) feed mlet denslty one per 37m2, except

for compartment 3 (one per 1 85 m2),

f) aperture between gas collectors
03 m,

g) average flow velOCIty m aperture
4 m,

h) overlap baffles at gas collectors 0 15 m,
1) average WIer loading at effluent gutters

07 m3/m/hour
Sludge drying beds to handle sludge pro
duction as follows
J) sludge production 300 mg/hter of total

solIds,
k) sludge concentration 6 percent total

sohds,
1) wet sludge production 25 m3/day,
m) sludge loadmg on drying beds 265

kg/m2/year of total solIds,
n) helght of sludge applIcation 0 2 m,
0) duration of drymg cycle and removal

14 days
Gas sy'5tem to handle maXImum gas pro
duction of 20 m3/hour, wlth one gas meter
per compartment wlth maXlmum gas
capaCIty of 10 m3

"

..

'"

"
..
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241 PROCESS PARAMETERS

The plant was started up at an HRT (hydrauhc
retention time) of SlX hours and wlthout addItion of
seed sludge After SlX weeks, the mflow was
stopped and the sludge was allowed to dIgest for a
penod of two weeks Wlthm one month after
restart, the plant was consldered to be operatmg
satisfactonly The mfluent temperature ranged
between 20-300 C

PLANT LAYOUT

to gam practIcal expenence wIth the
deSIgn vanables to faCIhtate extenSIOn of
the technology m Kanpur and MIrzapur,
to assess treatment effICIenCIes,
to develop an operations and mamtenance
manual, and
trammg of the plant's personnel m opera
tion and mamtenance of a UASB treatment
plant

..

..

..

22

"
"

Twelve MLD capaCIty mlet to treatment plant
Flow control structure to regulate the feed
rate of approxImately 5 MLD

The best performance was obtamed m compart
ment two where the effluent gutters were provlded
WIth SIde baffles Performance was fIve percent
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less m the other two compartments wIthout baffles
No dIfference m performance was noted m the
compartment wIth double the recommended feed
mlet densIty However, dunng startup, compart~
ment two fIlled up more rapIdly wIth sludge and
had a slIghtly faster startup tIme

COD and TSS removal effICIenCIes were hIgher
than m prevIOus research expenence, but the BOD5
removal rate was lower because of the septIc
nature of the effluent and the presence of sulfates m
the mfluent to the plant that tends to retard the
growth of methanogemc bactena The source of
the sulfate IS chromIUm sulfate, used by tannenes
Effluent dIscharge standards to surface water m
IndIa are BODs 30 mg!l, TSS 50 mg!l Post-treat
ment IS necessary to meet treatment objectIves
Average removal effICIencIes of the Kanpur 5 MLD
reactor are presented m Table B

The lower mfluent temperature (200 C) m wmter
does not affect the treatment effICIenCIes appreCIa
bly, but lower sludge actIVIty reduces gas produc~

tIon durmg a three week penod The gas IS dIS
charged mto the atmosphere through a stack No
odor problems from gas dIsposal were notIced at
the reactor SIte, and there were no reported com
plamts from neIghbors The most lIkely explana
tIon IS that the odors from the treatment plant are
not conSIdered unusual Vrban areas m IndIa typ
Ically have open drams, and the odors from the
drams are an unaVOIdable fact of urban lIfe If odor
wntrol measures become necessary, covenng all
exposed water surfaces, extractmg and treatIng the
gases m a compost fIlter would reduce odors at the
plant SIte to neglIgIble levels

242 CONSTRUCTION DETAILS

The gas collectIon domes were constructed of con
crete, but poor workmanshIp resulted m porOSIty
and leakage of gas that groutmg could not com
pletely correct The deSIgn of the gas domes was
changed completely to fiber remforced plashc (FRP)
sectIons attached to a concrete structure The FRP
sectIons can be removed to prOVIde access to the
water surface mSIde the gas collectIon dome

The feed mlet pIpes were made of polyethylene (PE)
pIpes Jomed by weldmg ObstructIons can result
from careless weldmg that can cause frequent
cloggmg of the mlet pIpes The system has been
changed for the MIrzapur VASB reactor deSIgn

Poor qualIty castIng of the reactor walls led to the
deCISIOn to use masonry walls for the MIrzapur
reactors Masonry walls can be plastered WIth sul
fIde reSIstant cement and covered WIth an epoxy
coatmg Masonry IS also more reSIstant to CO2 cor
rOSIOn than concrete The ongInal effluent gutters
were made of coated steel, but were completely
corroded wIthm two years Stamless steel was
rejected as a replacement matenal, and FRP was
selected for the Muzapur deSIgn

HI MIRZAPUR 14 MLD
TREATMENT PLANT

31 BACKGROUND

The CIty of Muzapur has a populatIon of about
130,000 MumCIpal wastewater was preVIously dIS
charged dIrectly mto the Ganges RIver through
four large natural drams, called nallahs The Indo
Dutch EnVIronmental and Samtary Engmeenng
Project constructed mfrastructure to mtercept the
wastewater m the nallahs and pump It to the treat
ment plant, The plant conSIsts of advanced pnma
ry treatment m VASB reactors and post-treatment
m a facultatIve lagoon WIth retentIon tIme of one
day The current flow mto the treatment plant IS
about 10 MLD and IS prOjected to mcrease to 14
MLD by the year 2006 and about 20 MLD by 2021
The constructIon plan called for a 14 MLD peak
capaCIty plant WIth expanSIOn capabIlIty to add
reactor modules and pond space to reach the 20
MLD planmng honzon

3 2 DESCRIPTION OF TREATMENT
PLANT

The layout of the MIrzapur VASB treatment IS as
shown m FIgure B The mlet chamber receIVes raw

Table B
Kanpur 5 MLD Average Influent and Effluent QualIty and Removal

Rates

'Parameter Influent Effluent Removal Rate
(averages) (mgll) (mg/l) (%)

COD 560 150 74
BODs 210 55 75
TSS 420 110 75

Compartment two
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wastewater through a 700 mm dIameter mam from
a pumpmg station Two parallel grit traps operate
m tandem on a two day cycle of manual cleamng
The surface loadmg rate of the grit traps IS 45 m/h
The UASB reactor IS comprised of two 2,400 m3

umts, deSIgned for an orgamc loadmg rate for
COD as volatile sollds of 03 kg/day/m3 of reactor
capaCIty The mlmmum heIght of the sludge blan
ket IS two meters, and the average HRT IS about
eIght hours The sludge setthng compartment of
the GLS (gas/hqUId/sohds) phase separator IS
deSIgned to accommodate a maXimum surface
loadmg rate of 2 m3/m2/hour

Gas productIOn IS on the order of 500 m3/day on the
baSIS of a gas yIeld of 01-015 m3/kg of COD
removed The gas compOSItion IS about 80 percent
methane and has a potential to produce 70 kW of
electnc power Because the dally power reqUire
ment of the plant IS 12 kW, two dual-fuel generator
sets of 18 kW are prOVIded Until other applications
can be developed, the excess gas wIll be flared

Excess anaeroblc sludge (the amount m excess of that
needed to sustam anaerobIC dIgestion) IS produced
at the rate of 0 2 kg of total suspended solids (TSS)
per m3 of treated effluent and IS Withdrawn regu
larly and dewatered on sludge drymg beds that
have a total area of 2,000 m2 The loadmg rate on
the drymg beds IS 520 kg/m2 of total sohds per year,
WIth a drymg time of seven days The dned sludge
IS removed manually and sold to farmers as a soIl
condItioner

3 3 UASB PERFORMANCE

Table C presents average removal rates and the
average quahty of the mfluent, reactor effluent and
fmal effluent (Ref 15)

IV KANPUR 36 MLD MIXED
EFFLUENT TREATMENT PLANT

41 GENERAL

The 36 MLD treatment plant was bUilt to treat a
mIxture of mumCIpal wastewater and the effluent
from about 175 tanneries m Kanpur The project

was part of the Indo-Dutch EnVIronmental and
Samtary EngmeerIng Project aSSIstance to the
Ganga Action Plan of the Mlmstry of EnVIronment
and Forestry The UASB reactor deSIgn was based
on about fIve years practical experience by the con
sultants WIth the smaller Kanpur 5 MLD treatment
plant adjacent to the new 36 MLD plant and on the
results of earher research m ColombIa conducted
by the same consultants

4 2 TANNERY WASTEWATER

The prOjected flow of tannery wastewater by 2001 IS
about 9 MLD, plus about 2 6 MLD of domestic
wastewater that wIll be collected m the same sys
tem, for a total of 11 6 MLD The average quality of
the wastewater IS approxImately 3,000 mg/l of
COD, 1,250 mg/l of BODs, 1,500 mg/l of TSS and
800 mg/l of sulfate Each tannery operates ItS own
prehmmarv treatment plant that conSIsts of
screemng, gnt removal and sedImentation The
pre-treated tannery effluents are dIscharged mto a
10 8 km system of hned channels that collects efflu
ent from all four clusters of tannenes, each With a
pumpmg station Each pumpmg station has two
screens and gnt traps

ChromIUm sulfate IS the mam chemIcal reagent for
the "chrome tannmg" process As a fIrst order
Improvement, the tannenes are takmg measures to
mcrease the effICiency of chrome fIxmg m the
leather Second they are bemg encouraged to
mvest m dIrect or mdlrect recyclmg techmques

From 50-80 percent chromIUm recovery IS pOSSIble
WIth duect recycle of used chrome liquors to the
tanmng and "pIckhng" processes and more effI
Cient collection systems Fmally chromIUm salts
can be chemIcally preCIpItated and recovered for
reuse Accordmg to project authontIes, the pnce of
chromIUm sulfate from the suppher IS Rs 411kg
(about $115) The recovered reagent costs about Rs
14/kg ($039), and the cost of mvestment m the
recovery system be recouped WIthm one year

43 MUNICIPAL WASTEWATER

A conventional aerobIC treatment faCilIty WIth a
capaCity of 130 MLD IS bemg constructed adjacent

Table C
MIrzapur 14 MLD Average Influent and Effluent QualIty and Removal Rates

I I I I

Parameter Influent Effluent Removal Rates (%)
(averages) (mg/l) (mg/l) Reactor Effluent FIllal Effluent

COD 411 160 61 81
BODs 193 50 66 84
TSS 360 108 70 87
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to the 36 MLD anaerobIc treatment plant The aer
ObIC treatment plant was planned before the expe
nence wIth the anaerobIc treatment technology
was avaIlable for consIderatIon Current plans are
to provIde fmal treatment of the anaerobIc reactor
effluent m the aerobIc faCIlIty Of the 160 MLD of
total mUnIcIpal wastewater, 25 MLD WIll be used to
dIlute the tannery wastewater 3 1 to reduce the sul
fate concentratIon to a treatable level The qualIty
of the mUnIcIpal wastewater IS clasSIfIed as medI
um strength WIth concentratIons of COD of 500
574 mg!l, BODs 200-240 mgll, TSS 450-240 mg!l and
sulfates 110-150 mg!l

Table D summanzes average performance of the
VASB reactors

4 7 DISCUSSION

The contnbutIon of volatIle fatty aCIds (bIOlogIcally
degradable soluble components) to the reSIdual
COD m the effluent IS low, mdlcatmg that the bIO
logIcal performance of the reactor IS hIgh The
maJonty of the reSIdual COD m the effluent con
SIStS of suspended solIds, mdlcatmg that efforts
toward optImIzatIon should be dIrected toward
removmg solIds

44 PRELIMINARY TREATMENT 48 POST-TREATMENT
The layout of the treatment plant IS as shown m
FIgure B, except that equalIzatIon tanks are prOVId
ed upstream of the reactors The mfluent passes
through mechanIcally raked, coarse rectangular
bar screens WIth 15 mm clearance, and set at an
angle of 70° Mesh screens are placed behmd the
bar screens to remove fIner matenal Screened
matenaiis collected on a conveyor belt that trans
ports the debns to a contamer Stamless steel
mesh SIeves WIth 12 x 12 mm apertures are set at a
60° angle WIth respect to the gnt chamber floor and
are deSIgned to be cleaned manually Two paIrs of
gnt channels are operated m tandem on an alter
nate day cleanIng cycle, one parr for the tannery
wastewater and the other for mUnIcIpal waste
water The dImensIOns for the gnt channel for tan
nery wastewater are 22 11 x 2 0 x 0 7 m, and for the
mUnIcIpal wastewater 14 44 x 15 x 063 m

4 5 WASTEWATER EQUALIZATION,
INTERMEDIATE PUMPING AND
MIXING

GraVIty flow supplIes tannery wastewater to two
equalIzatIon tanks where It IS mIxed WIth mUnICI
pal wastewater that IS pumped m to achIeve a con
stant dIlutIon ratIo The volume of each IS 3,300 m3

of mUnIcIpal effluent plus 5,400 m3 of tannery efflu
ent, for a total of 8,700 m 3 of mIxed effluent The
two tanks are 4 m deep by 372m m dIameter and
have submerSIble mIxers
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The two reactor modules are each 38 9 x 20 8 x 62
m m SIZe and are bUIlt above ground The mfluent
IS pumped from the mIxmg tank to the reactors at
a constant rate and the effluent flows by graVity to
the post-treatment plant The average HRT IS 5 3
hours and the pH mSIde the reactors IS kept some
what hIgh (74-75) to reduce sulfIde tOXICIty The
reactors reached full performance m October 1994

The post-treatment technology selected for the
mIxed effluent treatment plant was flash aeration, to
stnp dIssolved gases The detentIon tIme for aera
tIon IS 30 mmutes, followed by chemIcal floccula
tIon to remove suspended solIds The treatment
plant IS mtended for startup by the end of 1996
Fmal treatment of the effluent WIll be proVIded by
the adjacent aerobIC treatment plant when It IS
eventually completed

V 42 MLD VASB TREATMENT
PLANT IN BVCARAMANGA,

COLOMBIA

51 BACKGROUND

The "Rio Fno" mUnICIpal wastewater treatment
plant located m Bucaramanga, ColombIa, was
developed m the context of a master enVIronmen
tal sanItatIon plan for the Bucaramanga metropolI
tan area that mcluded a reforestatIOn program The
agency responSIble for the master plan IS CDMB,
the SpanIsh acronym for Autonomous CorporatlOn
for the Defense of the Plateau of Bucaramanga, orga
nIzed m 1965 to counter catastrophIc erOSIOn on the
plateau where the CIty, now almost one mIllIon
populatIon, IS located

The ongmal proposal for long term wastewater
treatment capabIlIty was waste stabIlIzatIon ponds
that would ultImately occupy a total of 42 ha The
anaerobIc enhanced pnmary treatment m VASB
reactors and post-treatment m ponds reduced the
land reqUIrement for the plant to 20 ha for the 2008
plannmg horIZon

The Dutch government prOVIded aSSIstance to
CDMB between 1983-1988 to Implement the master
plan, and the expenence WIth the VASB research
project m Cab led CDMB to deCIde to test the VASB
reactor and several other optIons on a pIlot scale
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Table D
Kanpur 36 MLD Average Influent and Effluent QualIty and Removal Rates

Parameter Untt Influent Effluent Reactor 1 Effluent Reactor 2

Total flow m3!day 11,248 10,520

Temperature °c 26 26 26

pH 83 74 75

CODtotal mg!l 1,183 504 517

CODftltered mg!l 506 246 252

BODs total mg!l 484 187 190

BODs ftltered mg!l 211 97 95
VFA meqll 39 10 10

AlkalImty mg!l 184 221 220

TSS mg!l 1,000 452 459
VSS mg!l 480 198 202
Sulfate mgll 396 193 209
SulfIde mg!l 84 139 137

TS mg!l 4,632 2,456 2,569
VS mgll 852 329 344

Average Removal EffiCiency

COD % 579 569

BODs % 635 622
TSS % 564 562

The factors that accounted for the success of the
project mclude,

Management of the RIO Fno plant IS lIkely to be
sustamable CDMB has taken action to correct the
odor problem and corrOSIOn on the metal and concrete
components of the plant, along With leaks m the

by phased ImplementatIon of the works, and com
plamts about odors from land owners who want to
develop housmg near the plant CDMB has
responded by covermg the exposed water surfaces
above the VASB and extractmg the gases The
extracted gases are then exhausted through a com
post fIlter to remove odors The bIOgas generated
by the plant IS flared m the absence of any useful
applIcation thus far

The CDMB engmeers desIgned the plant With tech
mcal assIstance from the Dutch team The compo
nents and layout of the RIO Fno VASB treatment
plant are as shown schematically m FIgure B

The fIrst two reactor modules and a post-treatment
lagoon were completed dunng the construction
phase 1990-1991 and were fully operational m July
1991 The cost of bUIldmg the plant was $2 5 mIl
lIon, excludmg the cost of land, or $17 per caput
Annual operatmg costs are about $101,000
($043!caput or $0008!m3) A breakdown of the
mvestments IS shown graphIcally m FIgure C, and
the 1991 annual operatmg costs are analyzed m
FIgure D The thIrd reactor module and the second
facultative lagoon were completed 1994 and the
thIrd reactor module started up m December 1994

The performance of the VASB plant as been satis
factory Over the fIve year penod the fInal treated
effluent qualIty showed an average BODs removal
of 90 percent, of WhICh 75 percent IS removed m the
reactors Table E gIves mfluent and effluent quan
titIes and qualIties and removal effICIenCIes at var
IOUS stages m the treatment process

The mam problems have been constructIon
ImperfectIons, temporary under-capaCIty caused

"

"
..

"
..

CDMB's autonomy, techmcal and manage
nal competence and fInanCIal stabIlIty
CDMB's mstItutIonal culture that encour
ages mnovatIon and nsk takmg
The avaIlabIlIty of sound techmcal aSSIS
tance and the abilIty to take advantage of It
Competent contractors WillIng to expen
ment WIth unfamIlIar bUIldmg matenals
Adequate superVIsory and fmanCIal
resources to manage the plant

44



52 DESIGN PARAMETERS OF THE
RIO FRIO VASB TREATMENT
PLANT

gas collectIon system and mappropnate screens It
IS hkely that CDMB wIll be able to buIld the two
addItIonal treatment plants called for m the master
plan and WIll be able to manage them successfully

1,100!reactor,
or 71/1,000 m3

of treated
wastewater
methane (CH4)

80, carbon
dIOXIde (C02)

10, mtrogen
(N2) 10, hydro
gen sulfIde
(H2S) 0 1

1,400

27
dImenSIOns
135 x 200 m,
WIth 3 honzon
tal baffles
45 x 200 m
2 for fIrst chan
nel, rest 15
once every 8-10
months
24

5,760
48
120 (6 x 20 m)
025 to 03
7
> 50

(%)

(kg!day)

(kg!ha!day)
(hectare)

depth (m)

dredgmg of sludge

detentIon tIme (hours)

Sludge Drymg Bed
total area (m2)

number of UnIts
SIze per umt (m2)

sludge loadmg depth (m)
drymgtIme (day)
dry bohds product (%)

Gas ProductIOn
measured productIon (m3)

compOSItIon

FacultatIve Ponds
BODs (orgamc) load
from reactors
deSIgn orgamc
loadmg rate
SIze

maxImum
42
25
450
180
300
35

4
3 at 15 m from
bottom, 1 at
o5 m from bot
tom, dIameter
100mm

52
35
3
3350
4
288, one per
29m2, dlstnb
utIOn VIa 3
sphtter boxes
18, dImenSIons
24 x 192m,
mclmabon 52°26'

(umts)

(m!hr)
(outlet)

GLS separator

velocIty m settler
aperture
sludge WIthdrawal

Influent CharactenstIcs
average mmlmum

Average flow (MLD) 37
Temperature (0 C) 24 23
COD (mg!l) 380 330
BODs (mgll) 160 105
TSS (mgll) 240 210
NKJeldahl (mg!l) 29 24

VASB Reactors UnIts
HRTaverage (hour)
HRTmmlmlUm (hour)
number of reactors (UnIts)
volume of each reactor (m3)

water depth of reactor (m)
mfluent dlstnbutIon (mlet)

Table E
Average Influent and Effluent Quahty and Removal Rates,

Includmg Post-treatment for Bucaramanga 42 MLD Treatment Plant
,; )'. ,Yl' I' /

Parameter UnIt Influent VASB Lagoon Total
Total flow MLD 42 153 306 46
HRT hour - 5 30 -
CODtotal mg!l 400 160 95 95
CODfIltered mgll 180 93 82 82
BODs total mgll 150 35 19 19
BODs fIltered mgll 70 20 15 15
TSS mg!l 230 85 22 22
VSS mg!l 155 40 18 18
/Refuoval 'EffICIenCieS %
CODtotal % - 65 40 75
BODs total % - 75 50 90
TSS % - 70 75 90
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Figure C Breakdown of Investment Costs for Bucaramanga AnaerobiC Treatment Plant
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F~gure D Breakdown of Operating Costs for Bucaramanga AnaerobIc Treatment Plant
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1 INDICATIVE ANALYSIS

Table A summanzes the results of the mdicatIve
economIC analyses presented m SIX scenanos
Each scenano IS descnbed m detaIl by a smgle
worksheet whIch follows Table A Three chmatIc
zones were selected as examples and sub-tropI
cal, humId tropIcal and very humId and the specIf
IC examples from each were Jordan, ColombIa and
Bangladesh respectIvely The dommant mdepen
dent vanable m these examples IS the aVaIlabIhty
of water, whIch affects the value of water m that
country

EconomIc analySIS IS an attempt to deCIde how best
to allocate resources to development actIVItIes
based on the full costs, dIrect and mdirect to
achIeve a set of benefits, also dIrect and mdirect
FmancIaI costs and benefits are the eaSIest to Iden
tIfy and estImate and are mcluded m the set of eco
nomIC costs and benefits EconomIc costs and ben
efits are less easIly quantIfied, partIcularly when
they are mdirect and matenalIZe over the long
term

The values of the cntIcal parameters and assump
tIons were based on rough estImates and the best
mformatIon about speCIfic projects avaIlable from
each country Readers are encouraged to supply
assumptIons that refer to a context of theIr choos
mg and to examme the economIC costs and benefits
of partIcular projects of mterest to them

2 COSTS

.. The dIscount rate represents the assumed
cost of capItal and affects the outcome of the pro
Ject Three outcomes are analyzed, based on three
dIscount rates 8, 10 and 12 percent

.. CapItal outlay IS the total dIrect mvestment
cost of buIldmg the treatment plant

.. OperatIon, Mamtenance and EqUIpment
Replacement (OM&R) represent the costs of mam
tenance of the facIhty and penodic replacement of
eqUIpment

.. Value of water used on SIte IS the term rep
resentmg the amount of water used m the treat
ment process Itself that IS not avaIlable for reuse,
1 e, not avaIlable to sell
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" Energy produced on SIte IS an estImate of
the value of blOgas fuel produced, If any

" Sludge dIsposal costs are estImated sepa
rately from O&M costs to Illustrate the dIfferences
In sludge handlmg costs between anaerobIC and
aerobIC treatment plants

" Total costs are the sum of the costs hsted
above and are used to determme the annual eco
nomIC cash flows that are the baSIS for calculatIng
the economIC rate of return for the mvestment

3 BENEFITS

.. The treatment benefit IS an estImate of the
value of the enVironmental damage aVOIded or
mItIgated by treatmg the wastewater

.. Value of use on SIte represents an estImate
of the value of the agncultural productIon on SIte
that IS made pOSSIble by the reclaImed wastewater,
Includmg duckweed meal productIon, collateral
crops, such as vegetables, and fish

o Value added In mdustry IS the term to estI
mate the value of the mcremental productIon that
IS made pOSSIble by the avaIlabIhty of the treated
effluent to the Industry

.. Value added m reuse for IrngatIon IS an
estImate of the mcremental productIon off-SIte that
IS made pOSSIble by the use of the treated effluent
to farmers

.. Total benefIts IS the sum of the benefits hst
ed above

4 OUTCOMES

o Net economIC cash flow represents the dIf
ference between the total costs and total benefits

" The economIC mternal rate of return calcu
lates the economIC rate of return on mvestment m
wastewater treatment based on a senes of annual
Ized cash flows that accrue from the sum of the
annual benefits of treatment on-SIte use, reuse for
IrngatIon and value-added m mdustry

5 COST INDICATORS

.. Umt gross treatment cost mdicates the
total economIC costs of treatment of one CUbIC
meter of the wastewater descnbed by the cntIcal
parameters and assumptIons



.. Umt net treatment benefIts is the term that
mdicates the net gam to the society of treatment of
one cubic meter of the wastewater descnbed by the
cntical parameters and assumptions

" Umt cost of BOD and COD reduction are
sIml1ar to the umt gross treatment cost, except that
the umt of mterest the cost of removmg one kg of
BOD or COD, both measures of oxygen consummg
substances

Table A
Compansons of Results of Indicative Analysis for Activated Sludge Treatment Plants and Resource

Recovery Treatment and Production Systems

ARID HUMID VERY
e g, Jordan e g, HUMID

Colombia Bangladesh

Scenano lA IB 2A 2B 3A 3B
COSTS

CapItal Cost US$m 954 450 450 225 360 150
OM&RCost US$ m/year 048 011 027 006 027 025

EFFLUENT ALLOCATION

On-site use % 5 35 5 30 5 30
Industry % 15 15 30 30 22 22
Agnculture % 70 40 30 30 50 10

ECONOMIC VALUES
Treatment $/m3 025 025 020 020 015 015
On-site use $/m3 088 095 033 033 011 019
Industry $/m3 150 150 050 050 025 025
Agnculture $/m3 075 075 015 015 005 005

RESULTS OF ANALYSIS
EconomIc mternal rate of return % 266 360 174 366 97 432

Other Economic Indicators (calculated at 10% discount rate)
Umt gross treatment cost $/m3 049 049 030 019 023 012
Umt Net Treatment benefIts $/m3 051 051 009 021 000 020
Umt Cost of BOD Reduction $/kg 104 104 178 113 137 069
Umt Cost of COD Reduction $/kg 052 052 069 044 053 027
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PLANT
LOCATION

INDICATIVE ECONOMIC ANALYSIS -1 A

Activated Sludge
And Sub tropical e g Jordan

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added In re use Total ECONOMIC
(MCMIYR) Outlay water used produced disposal costs benefit ** on site Industry Irrigation benefits CASHFLOW

on site on site use***

1 a 9S 095 095
2 334 334 334
3 382 382 382
4 143 1 43 016 006 000 002 1 67 036 000 032 075 1 43 024
5 291 032 013 000 004 048 073 000 066 1 53 291 243
6 434 048 019 000 005 072 1 09 000 098 228 434 362
7 434 048 019 000 005 072 1 09 000 098 228 434 362
8 434 048 019 000 005 072 1 09 000 098 228 434 362
9 434 048 019 000 005 072 109 000 098 228 434 362
10 434 048 019 000 005 072 109 000 098 228 434 362
11 434 048 019 000 005 072 109 000 098 228 434 362
12 434 048 019 000 005 072 109 000 098 228 434 362
13 434 048 019 000 005 072 109 000 098 228 434 362
14 434 048 019 000 005 072 109 000 098 228 434 362
15 434 048 019 000 005 072 109 000 098 228 434 362
16 434 048 019 000 005 072 109 000 098 228 434 362
17 434 048 019 000 005 072 109 000 098 228 434 362
18 434 048 019 000 a as 072 109 000 098 228 434 362
19 434 048 019 000 a as 072 1 09 000 098 228 434 362
20 434 048 019 000 a as 072 109 000 098 228 434 362

ECONOMIC INTERNAL RATE OF RETURN 266%
I

Cost and capacity estimates from
Stanley Consultants & Shubellat Badran Assoc Upgrading & Expansion of Ba qa and Abu NuseJr Wastewater Treatment Plants Amman Jordan Apnl 1995

CRITICAL PARAMETERS & ASSUMPTIONS COST INDICATORS Discount Rate
8% 10% 12%

Design Peak Capacity (MLD) I 149 ' Unit gross treatment cost ($/m3) 035 037 038
DeSign Operating Capacity (MLD) 11 9 Unit net treatment benefits ($/m3 044 039 041

DeSign Influent Quality BOD mg/I 500 Unit cost of BOD reduction ($/kg) 075 078 081
COD mg/I 1000 Unit cost of COD reduction ($/kg) 034 039 041

DeSign Effluent Quality BOD mg/I 30
COD mg/I 60

Qty treated at deSign operating cap (MCM/yr) 434 NOTES
Fraction used on site

I

5%1 * Operation Maintenance & EqUipment Replacement
Fraction allocated to Industry 15% (Intermittent replacements annualized)
Fraction allocated to Irrigation 70% ** Treatment Benefit represents an estimate of the
Fraction not re used 10% value of environmental costs avoided

*** On site production may ,nclude fish farming or
Capital Cost (US$m )

I

954 biomass production for poultry feed (e g duckweed)
OM&R (Fraction of Capital Cost) 5% **** Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) 0% cost of not re uSing It for other purposes downstream

(this IS accordingly a calculated result not an Input number)
Unit Sludge Production (MT/MCM/yr) bJUnit cost of sludge disposal (US$/MT) 25
Treatment benefit ($/m3) 025

Unit value added In on site production ($/m3) I 0001
Unit value of water consumed on site ($/m3)**** 088
Unit value added In re use ($/m3)

Industry

I~Irrigation 075
I
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PLANT
LOCATION

INDICATIVE ECONOMIC ANALYSIS - SCENARIO 1B

UASB followed by Duckweed & Fish ponds
And Sub tropical e 9 Jordan

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added In re use Total ECONOMIC
(MCMlYR) Outlay water used produced disposal costs benefit on site Industry Irngatlon benefits CASHFLOW

on site on site use**
I

1 045 045 045
2 1 58 1 58 1 58

3 1 80 180 180
4 143 068 004 1 45 002 000 215 036 038 032 043 149 066
5 291 008 145 004 001 1 50 073 076 066 087 3 02 1 52
6 434 all 145 006 001 1 52 109 114 098 1 30 451 299
7 434 all 145 006 001 1 52 109 114 098 1 30 451 299
8 434 all 145 006 001 1 52 109 114 098 1 30 451 299
9 434 all 145 006 001 1 52 109 114 098 1 30 451' 299
10 434 all 145 006 001 1 52 109 114 098 1 30 451

1

299
11 434 all 145 006 001 1 52 1 09 114 098 1 30 451 299
12 434 011 145 006 001 1 52 109 114 098 1 30 451 299
13 434 011 145 006 001 1 52 1 09 114 098 1 30 451 299
14 434 011 145 006 001 1 52 1 09 1 14 098 1 30 451 299
15 434 all 145 006 001 1 52 109 1 14 098 1 30 451 299
16 434 all 145 006 001 1 52 109 1 14 098 1 30 451 299
17 434 I 011 145 006 001 1 52 109 114 098 1 30 451 299
18 434 011 145 006 001 1 52 109 1 14 098 1 30 451 299
19 I 434 011 145 006 001 1 52 109 1 14 098 1 30 451 299
20

I

434 011 145 006 001 1 52 109 1 14 098 130 451 299

ECONOMIC INTERNAL RATE OF RETURN 360%

I

'CRITICAL PARAMETERS & ASSUMPTIONS COST INDICATORS Discount Rate
8% 10% 12%

IDesign Peak Capacity (MLD) 1 1491 Unit gross treatment cost ($/m3) 035 037 038
DeSign Operating Capacity (MLD) 11 9 Unit net treatment benefits ($/m3 044 039 041

DeSign Influent Quality BOD mg/I 500 Unit cost of BOD reduction ($/kg) 075 078 081
COD mg/I 1000 Unit cost of COD reduction ($/kg) 034 039 041

DeSign Effluent Quality BOD mg/I 30
COD mg/I 60

Qty treated at deSign operating cap (MCMlyr) 434 NOTES
Fraction used on site 35%1 * Operation Maintenance & EqUipment Replacement
Fraction allocated to Industry 15%1 (Intermittent replacements annualized)
Fraction allocated to irrigation 40%1 ** Treatment Benefit represents an estimate of the

Fraction not re used 10% value of environmental costs avoided
I*** On site production may Include fish farmmg or

Capital Cost (U5$m ) 450 biomass production for poultry feed (e 9 duckweed)
OM&R (Fraction of Capital Cost) 25% r*** Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) 50% cost of not re usmg It for other purposes downstream

(this IS accordingly a calculated result not an Input number)
Unit Sludge Production (MT/MCM/yr)

~Unit cost of sludge disposal (US$/MT) 25
Treatment benefit ($/m3) 025

Unit value added In on site production ($/m3) 1 0751
Unit value of water consumed on site ($/m3)**** 095
Unit value added In re use ($/m3)

Industry EffijIrngatlon 075
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PLANT
LOCATION

INDICATIVE ECONOMIC ANALYSIS - SCENARIO 2A

Activated Sludge
Humid Sub tropical e g Colombia

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) I NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added rn re use Total ECONOMIC
(MCM/YR) Outlay water used produced disposal costs benefit ** on site Industry Irngatlon benefits CASHFLOW

on site on site use r*

1 a 4S 045 045
2 1 58 1 58 1 58
3 180 180 180
4 145 068 009 002 000 011 090 029 000 022 007 057 033
5 293 018 005 000 022 045 059 000 044 013 1 16 071
6 438 027 007 000 033 067 088 000 066 020 1 73 106
7 438 027 007 000 033 067 088 000 066 020 1 73 1 06
8 438 027 007 000 033 067 088 000 066 020 1 73 1 06
9 438 027 007 000 033 067 088 000 066 020 1 73 1 06
10 438 027 007 000 033 067 088 000 066 020 1 73 106
11 438 027 007 000 033 067 088 000 066 020 1 73 106
12 438 027 007 000 033 067 088 000 066 020 173 106
13 438 027 007 000 033 067 088 000 066 020 173 106
14 438 027 007 000 033 067 088 000 066 020 1 73 106
15 438 027 007 000 033 067 088 000 066 020 1 73 106
16 438 027 007 000 033 067 088 000 066 020 1 73 1 06
17 438 027 007 000 033 067 088 000 066 020 1 73 1 06
18 438 027 007 000 033 067 088 000 066 020 1 73 106
19 438 027 007 000 033 067 088 000 066 020 1 73 106
20 438 027 007 000 033 067 088 000 066 020 1 73 106

I

ECONOMIC INTERNAL RATE OF RETURN 174%

CRITICAL PARAMETERS & ASSUMPTIONS ICOST INDICATORS Discount Rate
8% 10% 12%

Design Peak Capacity (MLD) I 15 01 Unit gross treatment cost ($/m3) 022 023 023
Design Operating Capacity (MLD) 12 Unit net treatment benefits ($/m3 009 007 007

Design Influent Quality BOD mg/I 200 Unit cost of BOD reduction ($/kg) 1 32 1 34 1 36 '
COD mg/I 500 Unit cost of COD reduction ($/kg) 045 052 053

Design Effluent Quality BOD mg/I 30
COD mg/I 60

Qty treated at design operating cap (MCM/yr) 438 NOTES
Fraction used on site

~
* Operation Marntenance & Equipment Replacement

Fraction allocated to Industry t3ft (Intermittent replacements annualized)
Fraction allocated to Irrigation 30% I* Treatment Benefit represents an estimate of the
Fraction not re used 35% value of environmental costs avoided

1* * On site production may rnclude fish farming or
Capital Cost (US$m ) 450 biomass production for poultry feed (e g duckweed)
OM&R (Fraction of Capital Cost) I 6% **** Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) 0% cost of not re uSing It for other purposes downstream

I 3~~1
(this IS accordingly a calculated result not an rnput number)

Unit Sludge Production (T/MCMlyr)
Unit cost of sludge disposal (US$/T)
Treatment benefit ($/m3) 02

Unit value added In on site production ($/m3) I 0001
Unit value of water consumed on site ($/m3)**** 033

I~~
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PLANT
LOCATION

INDICATIVE ECONOMIC ANALYSIS - SCENARIO 28

UASB followed by Duckweed & Fish ponds
Humid Sub tropical e 9 Colombia

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added In re use Total ECONOMIC
(MCMlYR) Outlay water used produced disposal costs benefit ** on site Industry Irrigation benefits CASHFLOW

on site on site use***

1 t 023 023 023
2 I 079 079 079
3 I 090 090 090
4 t 14S I 034 002 014 001 002 o Sl 029 020 022 007 077 026
5

I
293 004 029 002 004 034 059 040 044 013 1 16 082

6 438 006 043 003 005 051 088 059 066 020 1 73 1 22
7 438 006 043 003 005 051 088 059 066 020 1 73 1 22
8 438 006 043 003 005 051 088 059 066 020 1 73 1 22
9 438 006 043 003 005 051 088 059 066 020 1 73 1 22
10 438 006 043 003 005 051 088 059 066 020 1 73 1 22
11 438 006 043 003 005 051 088 059 066 020 1 73 1 22
12 438 006 043 003 005 051 088 059 066 020 1 73 1 22
13 438 006 043 003 005 051 088 059 066 020 1 73 1 22
14 438 006 043 003 005 051 088 059 066 020 1 73 1 22
15 438 006 043 003 005 051 088 059 066 020 1 73 1 22
16 438 006 043 003 005 051 088 059 066 020 1 73 1 22
17 438 006 043 003 005 051 088 059 066 020 1 73 1 22

18 438 006 043 003 005 051 088 059 066 020 1 73 1 22
19 438 006 043 003 005 051 088 059 066 020 1 73 1 22
20 438 006 043 003 005 051 088 059 066 020 1 73 1 22

t

ECONOMIC INTERNAL RATE OF RETURN 366%

I

CRITICAL PARAMETERS & ASSUMPTIONS COST INDICATORS Discount Rate
8% 10% 12%

DeSign Peak Capacity (MLD) I 1501 Unit gross treatment cost ($/m3) 014 014 014
DeSign Operating Capacity (MLD) 12 Unit net treatment benefits ($/m3 017 016 014

DeSign Influent Quality BOD mg/I 200 Unit cost of BOD reduction ($/kg) 085 085 085
COD mg/I 500 Unit cost of COD reduction ($/kg) 028 033 033

DeSign Effluent Quality BOD mg/I 30
COD mg/I 60

Qty treated at deSign operating cap (MCMlyr) 438 NOTES
Fraction used on site 30% * Operation Maintenance & EqUipment Replacement
Fraction allocated to Industry 30% (Intermittent replacements annualized)
Fraction allocated to Irngatlon 30% ** Treatment Benefit represents an estimate of the
Fraction not re used 10% value of environmental costs avoided

** On site production may Include fish farming or
Capital Cost (US$m ) 225 biomass production for poultry feed (e g duckweed)
OM&R (Fraction of Capital Cost) 25% **.* Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) 50% cost of not re uSing It for other purposes downstream

(thiS IS accordingly a calculated result not an Input number)
Unit Sludge Production (MT/MCMlyr)

~Unit cost of sludge disposal (US$/MT) 25
Treatment benefit ($/m3) 020

Unit value added In on site production ($/m3) 1 0451
Unit value of water consumed on site ($/m3 )**** 033
Unit value added In re use ($/m3)

Industry

I~Irrigation 015
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PLANT
LOCATION

INDICATIVE ECONOMIC ANALYSIS - SCENARIO 3A

Activated Sludge
Extra Humid Sub tropical e g Bangladesh

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added In re use Total ECONOMIC
(MCM/YR) Outlay water used produced disposal costs benefit ** on site Industry Irngatlon benefits CASHFLOW

on site on site use***

1
I

036 036 036
2 1 26 1 26 1 26
3 144 144 144
4 145 054 009 001 000 007 070 022 000 008 004 033 037
5 293 018 002 000 013 033 044 000 016 007 067 035
6 438 027 002 000 020 049 066 000 024 011 101 052
7 438 027 002 000 020 049 066 000 024 011 101 052
8 438 027 002 000 020 049 066 000 024 011 101 052
9 438 027 002 000 020 049 066 000 024 011 101 052
10 438 027 002 000 020 049 066 000 024 011 101 052
11 438 027 002 000 020 049 066 000 024 011 101 052
12 438 027 002 000 020 049 066 000 024 011 101 052
13 438 027 002 000 020 049 066 000 024 011 101 052
14 438 027 002 000 020 049 066 000 024 011 101 052
15 438 027 002 000 020 049 066 000 024 011 101 052

I 16 438 027 002 000 020 049 ' 066 000 024 011 101 052
17 438 027 002 000 020 049 066 000 024 011 101 052

I
18 438 027 002 000 020 049 066 000 024 011 101 052
19 438 027 002 000 020 049 066 000 024 011 101 052
20 438 027 002 000 020 049 066 000 024 011 101 052

ECONOMIC INTERNAL RATE OF RETURN
1

97%

CRITICAL PARAMETERS & ASSUMPTIONS COST INDICATORS Discount Rate
8% 10% 12%

DeSign Peak Capacity (MLD) 1 1501 Unit gross treatment cost ($/m3) 017 017 018
DeSign Operating Capacity (MLD) 12 Unit net treatment benefits ($/m3 001 000 000

105 1DeSign Influent Quality BOD mg/I 200 Unit cost of BOD reduction ($/kg) 101 103
COD mg/I 500 Unit cost of COD reduction ($/kg) 034 040 040

DeSign Effluent Quality BOD mg/I 30
COD mg/l 60

Qty treated at deSign operating cap (MCMlyr) 438 NOTES
Fraction used on site 5% * Operation Maintenance & EqUipment Replacement
Fraction allocated to Industry 22% (Intermittent replacements annualized)
Fraction allocated to Irngatlon 50% ** Treatment Benefit represents an estimate of the
Fraction not re used 23% value of environmental costs avoided

*** On site production may Include fish farming or
Capital Cost (US$m ) 360 biomass production for poultry feed (e g duckweed)
OM&R (Fraction of Capital Cost) 75% **** Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) I 0% cost of not re uSing It for other purposes downstream

(this IS accordingly a calculated result not an Input number)
IUnit Sludge Production (T/MCM/yr)

I~Unit cost of sludge disposal (US$/T)
Treatment benefit ($/m3) 015

Unit value added In on site production ($/m3)
Unit value of water consumed on site ($/m3)****
Unit value added In re use ($/m3)

Industry
Irngatlon

0001
011

1

------0251
==::Q]K]
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INDICATIVE ECONOMIC ANALYSIS - SCENARIO 38

UASB followed by Duckweed & Fish ponds

Humid Sub tropical e g Bangladesh

YEAR QUANTITY COSTS (US$ Millions) BENEFITS (US$ millions) NET
TREATED Capital OM&R* Value of Energy Sludge Total Treatment Value of Value added In re use Total ECONOMIC
(MCMiYR) Outlay water used produced disposal costs benefit * on site Industry Irrigation benefits CASHFLOW

on site on site use***

1 015 015 015
2 053 053 053
3 060 060

I
060

4 1 45 023 001 008 001 001 032 022 015 008 001 046 013
5 293 003 017 001 002 020 044 031 016 001 092 072
6 438 004 025 002 003 030 066 046 024 002 1 38 108
7 438 004 025 002 003 030 066 046 024 002 1 38 1 08
8 438 004 025 002 003 030 066 046 024 002 1 38 1 08
9 438 004 025 002 003 030 066 046 024 002 1 38 1 08
10 438 004 025 002 003 030 066 046 024 002 1 38 108
11 438 004 025 002 003 030 066 046 024 002 1 38 108
12 438 004 025 002 003 030 066 046 024 002 1 38 108
13 438 004 025 002 003 030 066 046 024 002 1 38 108
14 438 004 025 002 003 030 066 046 024 002 1 38 108
15 438 004 025 002 003 030 066 046 024 002 1 38 108
16 438 004 025 002 003 030 066 046 024 002 1 38 108
17 438 004 025 002 003 030 066 046 024 002 138 108
18 438 004 025 002 003 030 066 046 024 002 1 38 108
19 438 004 025 002 003 030 066 046 024 002 1 38 108
20 438 004 025 002 003 030 066 046 024 002 1 38 108

I
ECONOMIC INTERNAL RATE OF RETURN 432%

CRITICAL PARAMETERS & ASSUMPTIONS ICOST INDICATORS Discount Rate
8% 10% 12%

Design Peak Capacity (MLD) I 1501 Unit gross treatment cost ($/m3) 009 009 009
DeSign Operating Capacity (MLD) 12 Unit net treatment benefits ($/m3 016 015 013

DeSign Influent Quality BOD mg/I 200 Unit cost of BOD reduction ($/kg) 052 052 053
COD mg/I 500 Unit cost of COD reduction ($/kg) 018 020 020

DeSign Effluent Quality BOD mg/I 30
COD mg/I 60

Qty treated at deSign operatrng cap (MCM/yr) 438 NOTES
Fraction used on site 30% * Operation Marntenance & EqUipment Replacement
Fraction allocated to Industry I 22%1 (Intermittent replacements annualized)
Fraction allocated to Irrigation 10% ** Treatment Benefit represents an estimate of the
Fraction not re used 38% value of environmental costs aVOided

*** On site production may rnclude fish farmrng or
Capital Cost (US$m ) 1 50 biomass production for poultry feed (e g duckweed)
OM&R (Fraction of Capital Cost) 25% **** Unit value of water used on site represents the opportunity
On site energy prod (Fraction of O&M) 50%1 cost of not re usrng It for other purposes downstream

(thiS IS 1ccordlngly a calculated result not an rnput number)
Unit Sludge Production (MT/MCMiyr)

~Unit cost of sludge disposal (US$/MT) 15
Treatment benefit ($/m3) I 015

Unit value added In on site production ($/m3) 1 0351
Unit value of water consumed on site ($/m3)**** 019
Unit value added In re use ($/m3)

Industry

~
I

Irrigation 005
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INDIA MADRAS - RENOVATED SEWAGE FOR AGRICULTURE. INDUSTRY AND
GROUNDWATER RECHARGE

Sanatha Sheela NaIf l

L Panneer Selvam

SYNOPSIS

1 Madras CIty and Its suburban areas have been expenencmg perenmal acute ~hortage of water for the
past several years Increasmg urban populatIon decreasmg groundwater table and msufficlent ramfall have all
contnbuted to the cntIcal water supply sItuatIon Forced by nece~sIty the Madras MetropolItan Water Supply
and Sewerage Board (MMWSSB), whICh IS responsIble for dehvenng water supply servIces started
expenments on the use of the renovated sewage for mdustry agro-forestry and groundwater recharge

2 The successful expenence gamed m usmg renovated sewage by large-scale mdustnes has led to
launchmg one of the largest sewage reclamatIOn projects m the world The 130 mId capacIty plant to supply
renovated sewage to fourteen mdustnes IS e"'\pected to be completed by the year 2000 Encouraged by the
success of the expenment to use renovated sewage magro-forestry proJect,> MMWSSB was mstrumental m
enactmg a Groundwater RegulatIOn Act m 1987 to control the unrestncted explOItatIOn of groundwater and
arrest the sallmty mtrusIOn

3 ThIS paper reVIews MMWSSB's expenences and outlmes ItS future plans to promote large-scale use
of renovated sewage for groundwater recharge, agro-fore~try and mdustnal consumptIOn

MADRAS CITY PROFILE

4 Madras, one of the five major metropolItan CItIes ot IndIa, IS located on the south-ea~tem coast of the
IndIan penmsula The CIty has a tropIcal clImate, and temperatures range from 41 to 18 degree CelsIUS The
CIty gets an average annual ramfall of about 1000 mm, dlstnbuted between June/July (south-west monsoon)
and October to December (north-east monsoon) months Per 1991 census, 42 mIllIon people lIve m an area
of 170 sq kIn'

FRESH WATER DEMAND VERSUS SUPPLY

5 Madras CIty and Its suburbs depend on ramfed re~ervOIrs and groundwater aqUIfers to meet dnnkmg
mdustna1 and Imgatlon water reqUIrements As shown m FIgure 1 there 1~ a shortfall of 500 mIllIon lIters
per day (mId), equal to 50 percent between demand and supply

6 The current demand for domestIc water supply to serve 4 5 mllhon people at a modest servIce level
of 140 hters per capIta per day Opcd) IS estImated to be 630 mId However, only about 280 mId of water,
eqUIvalent to 45 percent of demand IS supphed dally at the consumer end for one to three hours As a result,
people of Madras are partly dependent on two addItIonal <;ources (1) domestIc groundwater from open dug

'ChaIrperson cum Managmg Drrector Madras Metropohtan Water Supply and Sewerage BOdfd
EnVironment Officer The World Bank New Deihl Office The views expre:.sed m thiS paper are entirely tho,e ot the author'; and should not be
attnbuted m any manner to the World Bank
'The current (1996) population of about 4 5 millIOn IS estlmdted to reach 513 rrnlhon In the year 2001
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well or bore well, and (n) commercIal groundwater supply servIces by pnvate water vendors It IS estImated
that these two sources meet only about 12 percent of total demand, of WhICh ten percent IS from domestic
groundwater sources ExplOItmg the water sc,arcity sItuation, the pnvate water vendors charge the consumers
from Rs 25 to 45 per kIlolItre, as compared to a flat rate of Rs 30 per month per connectiOn charged by
MMWSSB

1000

1000i900

BOO

700 630

600
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400

300
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0
Domestic Irngatlon Industnal Total

FIgure 1 Fresh Water Demand Vs Supply m MLD (1996)

7 Due to growmg populatlOn and Improvement m the wrrent servIces level, the dome~tIc water demand
m the year 2011 IS estimated to reach about 1570 mId an mcrease of about 250 percent However dunng
the same penod the demand for mdu~tnal purpo&e IS expected to grow only margmally and the ImgatlOn
demand IS lIkely to fall due to mcrea~ed urbanIZatIOn of suburban areas

8 The current supply level of 500 mId IS met from three ma.Jor sources - (1) 270 mId from ramfed
reservOirs (n) 200 mId from groundwater aqUifers and (m) 30 mId from renovated sewage

EXCESSIVE GROUNDWATER EXTRACTION AND SALINITY INTRUSION

9 IndIscnmmate and continuous extractlOn of groundwater by pnvate water supply vendors wntnbuted
to salInIty mtruSIOn mto the coastal aqUIfer ThIS was partIcularly promment m the northern part of the CIty
where the saltwater mcursIOn, lnmted to 3 kIn from the coastlIne m 1969, has progressed mwards to 7 kIn m
1983 and 9 Ian m 1987 As a result the pnvate water supply vendors began movmg towards the southern
coastal aqUIfer Large-scale groundwater mmmg and the lIkely salInIty mtrusIOn m the southern pdrtS of
Madras as well created a VIrtual panIc and called for Immediate corrective measures

10 The MMWSSB's respon~e to meet the mcreasmg gap between demand and supply was two pronged
(1) groundwater management and (n) use of renovated sewage for mdustnal and agro-forestry uses The
major project to augment the supply IS to bnng 960 mid of the Knshna River s water from the neighbonng
state of Andhra Pradesh ThIs project mitIated m 1983 mcludes constructIOn of a 420 km long open canal
and IS expected to be completed by the year 2000
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Groundwater Management

11 In order to regulate mdlscnmmate extraCTIon of groundwater and to arrest '>ahmty mtrui',IOn
MMWSSB started Implementmg the followmg correCTIve measures

a MMWSSB was mstrumental m the enactmg, for the first time m India a
groundwater act called the Madras Metropohtan Area Groundwater (Regulation)
Act The purpose of thiS Act was to regulate and control the extractIOn use or
transport of groundwater and to comerve groundwater m certam areas of TamIl
Nadu Under tills Act, which IS Implemented bv MMWSSB certam notified
areas would reqUIre pnor penmsslon and hcense for commercial use of
groundwater Offenders are hable to pumshment WIth tIne and/or Impnsonment
Stnct enforcement of tills Act, SInce 1988 has helped In ImproVIng the
groundwater table of the southern coastal aqUIfer by two to three meters

b In order to augment groundwater supply for ImgatIon MMWSSB constructed
two check dams m 1992 In the Kortlayar RIVer course 25 km north-west of
Madras These check dams helped In stonng the flood water and ImproVIng the
groundwater level, even when the monsoon failed For example m ~ummer

1991 despIte a good monsoon WIth 1573 mm ramfall the groundwater level was
as low as 235m After the constructIon of check dams, the groundwater table
started ImproVIng steadIly and by summer 1995 It was as hIgh ao;; 145m even
though recorded ramfal1 was only 809 rom

c Another project along the northern coast was begun on a pIlot scale to contam
salImty mtruSIOn and to Improve the qualIty of water Fifteen groundwater
recharge bore wells of 350 rom dIameter were dnlled Into the aqUIfer and fresh
water from dIstant sources was used for recharge a scheme comrmsslOned m 1992

d StartIng from the year 1993 MMWSSB IS also promotmg ramwater harvestmg
measures Now It IS mandatory under the bmldIng bylaws to mstall tacilItIes to
harvest ramwater for groundwater recharge New water servIce and sewerage
connectIons are gIVen only on the baSIS of comphance of the ramwater
harvesting measures A major project for collectmg ramwater and conservmg the
same through pumped storage schemes haS also been taken up for
ImplementatIOn In 1996

Use of Renovated Sewage For Industry

12 Industnal water demand approxImately 15 percent of the total demand receives a lower pnonty,
espeCially dunng the drought penods WhIle domestIc water supply hai', to be mamtamed to the maximum
extent pOSSIble mdustnal supply IS progressiveiv reduced dependmg on the gravity ot the SituatIOn For
example dunng the worst water scare year of 1987 the Industnal water supply was fully shut down for a
penod of SIX months and the domestIC water supply was curtailed substantially WIth alternate day '>upphes
for over ten months

13 In the early eIghtIes, MMWSSB evaluated the optIons for recvclIng sewage for mdustnal use PIlot
treatment plants were set up In two of ItS sewage treatment plans at Koyambedu and KodungaIyur to develop
deSIgn parameters and evaluate theIr feasIblhty DespIte the encouragIng results none of the Industnes came
forward to mstall theIr own sewage renovatIon plants This was maInly due to reqmrements of large
mvestments and lack of confidence to use renovated sewage
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14 Unprecedented drought m 1987 motivated two large-scale process mdustnes to respond to
MMWSSB's suggestIOn 4 In 1992, the Madras Refinenes LimIted (MRL) and the Madras FertIhzers LImIted
(MFL) mstalled theIr captive sewage renovatIOn plants to treat 17 and 13 mId respectively of sewage These
two plants are operatmg satIsfactonly and the average sewage charactenstKs at each stage of treatment as
reported by these companIes, are gIven m Table 1 Pnor to 1992 these mdustnes were fully dependent on
groundwater to meet theIr demand of 45 mId In 1996,55 percent of theIr demand IS met from renovated
sewage and the rest from groundwater sources

fhaftbarT bl 1 Aa e verage sewage c actenstlcs er eac stage 0 treatment
Treatment Process Steps BOD mgll 55 mgll IDS Amm N NItrate Phosphate

mg/I mgll mgll mgll

Raw sewage 400 480 1500 85 NIl 40
Pre-treated Sewage
- Screemng and gnt removal 390 460 1500 85 NIl 40
Pnmarv Treatment
- Pnmarv setthng 280 200 1500 85 NIl 40
Secondary Treatment
- A.ctIvated sludge process 20 30 1500 Nl1 20 15
TertIarv Treatment

15- ChemIcal treatmentlsettlmg 5 1500 NIl 20 Nll
FInal Treatment (polishIng)
- MIcro filtratIon & Reverse NIl 1'111 500 NIl 5 NIl
osmOSIS

15 EconomICS The capIta1mvestment excludmg the cost of land, mcurred by these mdustnes was about
034 mllhon $US per mId of mstalled capaCIty MFL and MRL spent Rs 200 mIlhon (5 7 mIlhon $US) and
Rs 150 rrnlhon (43 rrnlhon $US) respectively MMWSSB leased out about 40 ha of land at the KodungaIyur
treatment plant SIte for the next 30 years Also the secondary treated sewage IS supphed to MFL and MRL
at a cost of Rs 4 per ktlohtre Although the finanCIal cost of renovated sewage-about Rs 40 per ktlohtre
was about 60 percent hIgher than the cost charged by MMWSSB-Rs 25 per ktlohtre-the addItIOnal
econorrnc benefits were m favor of sewage renovation Key economIC benefits mcluded umnterrupted
aVaIlabIhty of renovated sewage For example, m 1993 when all other mdustnes were forced to shut down,
MFL and MRL contmued WIth theIr productIOn by meetmg 75 percent of theIr water reqUIrements Also
TDS level m the renovated sewage was about 500 mg/l, less than that of groundwater s 800 to
1000 mg/l, and mdustnes could decrease theIr coolmg water reqUIrements

16 One more plant Encouraged by the succes'S of MFL and MRL another large-scale petrocherrncal
mdustry m the pnvate sector, Southern PetrochemIcal Industnes has now come forward to mstall a
17 mld sewage renovatIon plant and has sought the aSSIstance of MMWSSB m deSIgn and constructIOn of
the proposed plant It has already depOSIted R~ 50 mIlhon as advance payment towards capItal cost WIth the
MMWSSB and the deSIgn work IS m progress ThIS plant IS expected to be commIs~IOned by 1998 and WIll
come up at the eXIstIng KodungaIyur sewage treatment plant SIte

Other key reasons to go In for sewage renovatiOn were (I) MFL and MRL beIng large scale public 'ector undertakIng, could aftord the
mvestments (II) theIr Inherent proce,s deslgm dId not permIt any InterruptIOn In theIr productIOn and water was a CrItIcal Input and (Ill) .tnct
enforcement of the Groundwater Act and non aVailabIlity of other source, ot water
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17 Key lessons learnt from the MRL and MFL expenence were (1) partner"hIp between utIlItieS such as
MMWSSB and the pnvate sector IS essentlal to promote large-scale use of renovated sewage and (11) whIle
large-scale Industnes could afford theIr own sewage renovatIOn plant,; large numbers of small scale
Indu&tnes do not have adequate finanCIal and techmcal capacittes to mstall operate and mamtaIn theIr own
sewage renovatIon plants Also, layIng and maIntaInIng mdividual dIstnbutIOn networh for secondary treated
sewage wIll be an expenSIve propoSItion

18 Madras Sewerage Renovatton and FunctIOnal Improvement ProJect 0996-2000) The MMWSSB IS
currently ImplementIng a large-scale renovatton project WIth the hnancIal aSSIstance from the Japanese
Overseas EconomIC CooperatIOn Fund (OECF) ThIS project costIng Rs 5720 mIllIon (163 5 mIllIon $US)
WIll produce 100 mId of renovated sewage m the year 2000 Fourteen small and medIUm scale mdustnes
located m a north Madras mdustnal estate, have agreed to buy the entIre quantIty at Rs 30 per kIIohtre,'
mcludmg a 10 percent annual escalatIOn m pnce At present these mdustnes pay R" 25 per kIlohtre of water
supplIed by MMWSSB The project has been evaluated to be economIcally vldble and capable of repayIng
the loan (85 percent of total project costs) In 30 years

Use Of Sewage For Agro-Forestry

19 In the past several years, MMWSSB has been growIng paragrass (Brachana MutIca) In ItS 780 ha of
secondary treated sewage-fed farmland ImgatIon by floodIng combIned WIth regular larvaeclde sprayIng to
control mosqUIto breedIng and occasIOnal use of InsectICIdes, partIcularly dunng WInteI months gave a yIeld
of 60 to 80 tons of paragra<;s or Rs 12,000 to 16 000 per hd per year The nght to Imgate and harvest each
parcel ot farmland was aucttoned every year WhICh was Just suffiCIent to meet the expeme Incurred by
MMWSSB In mamtamIng the farmland

20 The sewage-fed cultIvatton of paragrass as cattle fodder once comidered an economIC use of sewage,
was dIscovered to be a major envIronmental health hazard For example :-.tagnatIOn of 'iewage over large
areas led to breedIng of mosqUItoes and 'imallInsects, odor problemi'> and contammatIOn of groundwdter
Also the large-scale avmlabilIty of fodder encouraged cattle owners to retmn theIr cattle even as mumclpal
authonttes were tryIng to relocate them outSIde CIty lImIts In 1990-91 WIth the growth of urban populatIOn
around the sewage-fed farms, MMWSSB started expenmental agro-forestry projects In about 8 ha of land at
Its Koyambedu and Nesapakkam sewage treatment plants The goals of thIS expenment carned out under
expert supervISIOn were to Identtfy SUItable speCIes opttmallmgatton and plantIng (spacIng between two
plants) methods that would use more sewage In less area and proVIde hIgher economIC and envIronmental
benefits After extenSIve momtonng for over two years, the follOWIng conclUSIOn,; were reached

a) BaSIn ImgatIOn methods WIth 3 m spacIng were found to be better SUIted for
Madras condIttons,

b) Of the ten speCIes tned, SIX speCIes regIstered good growth They were (1) Leucaena
(Subabul) (11) Ailanthus Excelsa (Matchwood) (111) Tectona Grandis (Teak), (IV) CaSSIa
SIamea (MayIlkonnm), (v) Eucalyptus, and (VI) Bamboo

c) The ttmber value of these trees exceeded the recelptslbenefits from cattle fodder and

d) The above speCIes adapted themselves qUIckly to treated :-.ewage exhIbIted good
charactenstIcs for bIO-drmnmg excess water and regIstered good growth rates (as shown
below) both m the root and shoot system

The cost of treated sewage IS expected to be lower than Rs 40 per ld the wrrent co,>t ot treatment reported b) MRL and MFL mamly because
(1) economy of scale (11) 10 years of mordtonum on loan repayment and (111) capital repayment '>pread over a penod ot twenty years
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Species

(1) Leucaena (Subabul)
(11) AIlanthus Excelsa (Matchwood)
(111) Tectona Grandis (Teak)
(IV) Cassia Siamea (MayIlkonnaI)
(V) Eucalyptus
(VI) Bamboo

Height

8m
10m
10m
8m
10m
8m

Girth (GBH)

60 cm
70 cm
40 cm
80 cm
70 cm
100 shoots

21 Encouraged by the pOSItive results MMWSSB IS currently developmg an addItIonal 100 ha of agro-
forestry The Forest Department, Government of TamIl Nadu, IS assIstmg MMWSSB m Implementmg the
project at a total cost of Rs 5 mIllIon (0 14 mIllIon $US) It IS e~tImated that about 30 mId of secondary
treated sewage wIll be used to grow nme dIfferent speCIes TImber value of these trees after five years WIll be
about Rs 15 mIllIon, tWIce that of mcome from growmg paragrass as cattle fodder

22 Another large-scale agro-forestry project to use 70 mId of secondary treated sewage m about
300-4000 ha of land IS currently under preparatIon ImplementatIOn of thIS project IS expected to commence
m December 1996 In total, by the end of 1997 MMWSSB wIll be usmg about 100 mId of secondary treated
sewage m 400 to 500 ha of agro-fore~try

FUTURE PLANS FOR LARGE-SCALE USE OF RENOVATED SEWAGE

23 MMWSSB IS pursumg varIOUS project optIons for large-scale recyclmg of renovated sewage for
groundwater recharge, mdustnal use landscapmg, etc The aim IS to treat the CIty sewage as a resource for
meetmg conflIctmg water demands Key optIons under senous conSIderatIOn are bnefly descnbed below

24 Groundwater Recharge - Coastal ImectIOn MMWSSB has commISSIOned Tahal ConsultIng Engmeers
Ltd from Israel to evaluate the scope for Integrated use of 100 mId of sewage currently treated at PerungudI,
south of Madras The consultants are closely evaluatmg the optIon for coastal mJectIOn of 60 mId of
renovated sewage to fonn a bamer agamst salImty mcur~IOn Such projects have been successfully executed
In Orange County, CalIfornIa

25 Industnal Reuse New demand for about 200 mId of fresh water has been receIved from the proposed
mdustnal complexes m North Madras To respond to thIS emergmg demand, MMWSSB IS currently
prepanng a Second Madras Sewage RenovatIOn Project for further supply ot about 200 mId of renovated
sewage to new mdu~tnes

26 Agnculture The rural hmterland of Madra~ CIty, partIcularly along the southern coast, has a tradItIon
of farmers raIsmg eucalyptus and casuanna tree~ on theIr agnculturallands Presently such cultIvatIOn IS
done under ramfed condItIons PrelImmary mqumes WIth Agnculture and Forest Department offiCIals and
farmers mdtcate excellent response to the potentlal for usmg treated ~ewage for raIsmg casuanna and
eucalyptus Under normal raInfed condItIOns these trees reqUIre a mmlmum of SIX years growth before they
can be harvested mostly for the pulp mdustry Experts estlmate that use of treated sewage for ImgatIOn
would reduce the harvest penod by half It would be pOSSIble to make aVailable through open channels up to
100 mId of treated sewage at a cost of Rs 4 per kIlohtre to Imgate an area of approxImately 250 to 500
hectares ThIS optIOn needs to be further evaluated for potentIal publIc health and envIronmental Impacts of
large-scale use of ~econdary treated sewage by farmers
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27 Landscapmg Large pen-urban areas partIcularly a .,tretch along the southern coast up to the Temple
town of Mahabal1purdm, approxImately 40 kIn away from Mddras CIty l~ presently developmg as dll

extended recreatIOnal and tounst belt It 1" e~tImated that these upcommg tounst spots would reqmre large
quantItIes of water, about 133 mId for landscapmg and other purpo~e" ThIs stretch WhICh IS also close to
the Perungudl sewage treatment plant, can be suppl1ed wIth treated <;ewage for land"capmg ThIs optIon
needs to be evaluated m detaIl and discussIOns wIth potenhal users are takmg place at pre"ent

CONCLUSION

28 Water IS cnhcally scarce m many parts of IndIa Water utIl1hes, wIth theIr fragmented management of
the scarce water resources and neglect of mter~ectoralmteractIOns wlthm an mterdependent "ystem have
faded to dehver sustamable servIces It IS m thIS context MMWSSB " attempts to l1nk dnnkmg water supply,
the envIronment, and econ01ll1C development are relevant The key lessons for del1venng "ustaInable water
servIces that have emerged from these expenences are

a) We need to change the way we thmk about and manage water

b) It IS finanCIally and technIcally vIable to use renovated sewage for mdustnal
agncultural and groundwater recharge purpose

c) The hIgh opportumty costs of reduced or non-supply of water make mdustnes
real1ze the economIC benefit& of mve&tIng m treatment and recycl1ng of sewage

d) The faCllltahng role of utIlltIes and local government (provldmg techmcal
gmdance, long-tenn leasmg of land, mstallmg central1zed treatment and
dlstnbutlOn networks, etc) IS very useful,

e) Renovated sewage for agnculture partKuldfly agro-forestry could become a
financially and commerCially viable propo~ltIon m water SCdfce areas, and

f) Supportmg pollcy mterventIons such as the Groundwater Act and economIC
water pncmg encourage the use of renovated sewage

29 The spm-off benefit IS the llkellhood of Improved samtdtIon m small and medmm sIzed towns For
example, most of these towns m IndIa do not have pIped sewerage systems And due to lack of financial
re<;ources, the sItuatIOn IS unl1kely to change m the near future The success m &ellmg renovated sewage to
mdustnes m Madras and the finanCIal returns have prompted both the MMWSSB and the mumcipallty of a
nearby ~uburban area-Tarnbararn-to senously conSIder lmplementmg a sewage system
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