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Cities in the developing countries have multiple modes
of human and animal waste treatment and disposal
that finally decide the overall impact on the urban
ecosystem, and these have been studied for the city of
Bangalore. Four modes are found, namely underground
sewage systems, decentralized soak pits and septic
tanks, open defecation and a miniscule effort at com-
posting. The extent of N released per unit area is high,
ranging between 0.44 and 1.4 t ha™ of the urban land-
scape. In this study the N release and outflow have
been estimated. The N entering or flowing in the lithe-
sphere, hydrosphere and in wastewater streams forms
the major component. The pool size has first been de-
termined. The size and movement through these pools
were estimated with a view to determine the state of
the N cycle and if there is a cause for alarm in similar
cities in other developing countries. N contribution from
human waste (excreta and urine) forms the single
largest influx and sewage flowing out of the city forms
the single largest efflux of N pool. Owing to a seem-
ingly large use of soak pits and open conveyance of
sewage in some parts of the city, coliforms and NO;-N
have seeped into shallow and deep-ground aquifers
and show up in ground- and sub-soil waters in the city.
The level of N in these waters at a few places is slightly
higher than the permissible limits. This suggests that
there is a need to find alternatives to modes like the
ubiquitous soak pit, such that pollution of shallow and
deep aquifers is avoided in the future. Currently,
there is little effort in stripping the waste water off N.
Also, there is no significant effort in recovery and re-
use of nutrients, and this is required to increase the
sustainability levels.

Keywords: Developing countries, human waste mana-
gement, nitrogen pool, urban ecosystem.

ANTHROPOGENIC deposition of reactive N is reported to
exceed the net N found in the natural cycles and proc-
esses. Compared to the anthropogenic interference in the
C-cycle of <10%, man-made perturbations of the global
N cycle exceed 95% of the overall reactive N in nature'™.

*For correspondence. (e-mail: chanakya@ astra.iisc.ernet.in)
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Tt is therefore feared that in the case of such perturbations
with reactive N, the resulting disasters will manifest in
shorter time-frame and to a greater extent than those found
for global C. Among the more sensitive areas of nitrogen
perturbations is likely to be the urban ecosystems in de-
veloping as well as the developed world, where man-
made nitrogen deposition or release can exceed 1500 kg yr™
ha™ of the urban landscape®. The N-cycle in urban eco-
systems is therefore highly stressed in the presence of
disproportionate deposition of N in relation to the net C
deposited®. Tt is therefore a cause of serious concem.

The N balance in urban ecosystems could be visualized
as a series of transfers or flows between the various pools
of N such as the biosphere, lithosphere, hydrosphere and
atmosphere®. This approach attempts to account for the
changing sizes of these pools in the process of man-made
perturbations. Nitrogen in man-made waste (sewage and
urban solid wastes)*, followed by N released during fossil-
fuel combustion in IC engines of automobiles’, which
form the bulk of the reactive N released or deposited by
human interventions. A significant quantity of the NO,
generated in automobiles and engines travels quickly and
only a fraction comes back into the city. This article deals
with quantifying and determining the various flows of
N originating in human waste in a typical urban conglo-
merate.

As cities grow in size and develop, they set up sewage-
treatment plants that generally remove the C content of
the sewage. As most often sewage is first treated anaero-
bically, it leaves an appreciable quantity of N intact in the
treated sewage. More modern treatment plants include a
combination of nitrification—denitrification steps during
the secondary sewage treatment to remove a large portion
of N in the treated sewage. When these nitrogen-removal
mechanisms are absent or function partially, the residual
N almost inevitably enters the nearest freshwater body
downstream and causes eutrophication in all parts of the
world®™.

To ensure that environmental balances are maintained,
it is important to account for all sources of N entry, exit
and leakages. A few studies have been taken up by cities
in the developed countries, that monitor and balance the
quantities of N flowing through the wastewater sys-
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tems™*?. Similar studies, experimental and modelling,

have been carried out for cities of the developing coun-
tries, that point to status of N management as well as the
N loads in the receiving bodies®'®'*'*. Most of these
studies are concerned about the status of pollution in the
receiving water bodies and an avoidance of their eutro-
phication. The rising levels of imbalance in the relative
ratios of C and N in the receiving bodies, be it water or
soil, are also of concern today. It is therefore suggested
that the C and N budgets are studied together rather
than singly®®. This is likely to provide a clearer picture
whether it will result in stimulating growth of autotrophs
in receiving water bodies’® or lead to unusable or wasted
N fluxes. When biosolids from the sewage-treatment sys-
tem are applied to agricultural soils, such an approach en-
ables prediction of the levels of N fluxes, N
immobilization and potential for its capture in plant bio-
mass or crops'’.

Nitrogen moving through urban ecosystems, its sewage
and into water bodies has been viewed as a source of poten-
tial pollution of the receiving water body. This therefore
presents a need to evolve and follow location-specific
methods that arrest the flow of N into water bodies. More
recently, concepts of sustainability of the underlying
methods and the approach to remove N in the water are
being reviewed. Even a simplistic approach to sustain-
ability suggests that N flowing through the wastewater
system needs to be brought back into productive use —
capturing it in crops for direct and indirect human use.
Such efforts are expected to achieve sustainability™®. A
higher level of sustainability is measured when the mass
balance is combined with energy estimates. This can de-
termine the appropriate route for N handling in urban
ecosystems. The concepts of sustainability are often
qualitatively expressed, which in the present case must
lend itself to quantification, such that it makes a choice of
the N-management route or method (including losses)
amenable for comparison. Many criteria have been listed” .

1. Efficiency of use of physical resources.

Limiting the use of non-renewable inputs.

3. Minimizing the current and future ecological and environ-
mental risks.

4. Retaining ability to reuse N even in the future.

N

Estimates of mass balance, movement of N between vari-
ous pools within the urban ecosystem, loss and accumula-
tion, and finally the exergy of N management in specific
urban settlements are therefore expected to enable switching
to more sustainable practices. The city of Bangalore pro-
vides a unique study opportunity. The city is situated on a
plateau, with land sloping in all directions. In this situa-
tion wastewater and its N do not enter the city from any
direction. There are few opportunities for N from other
sources to interfere in the estimations. All N generated is
from within the city itself. The city has been studied only
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in a sporadic manner for its N management. The objective
of this article is to estimate the flow of N in and out of the
various N pools, to evolve a picture of the level of under-
lying sustainability and areas of concern.

The N-dynamics of urban soils especially with regard
to the pool sizes and their relationships with transfers and
losses from and to these pools has been inadequately
studied, especially for cities in developing countries, where
there is a significant proportion of on-land deposition of
N compounds by humans. There is a significant level of
scatter in the way land is used in urban areas. However, a
mass-balance approach is possible to provide a better pic-
ture'®*!. In semi-arid and sub-tropical crop lands, typical
land use and agronomic practices lead to soils and crops
being N-deficit, making such soils N-sinks?’. However,
urban soils receive large N-influxes. In a developing
country situation with large N-influxes brought about by
open urination and/or defecation, overflowing septic
tanks, soak-pits, open sewerages, etc., there is a large N-
influx with poor sinks. This phenomenon of N-accumulation
in the absence of tilling and soil disturbance could mean
gradual accumulation of N in the soil, with potential for
high N-leaching losses****. Such high N-leaching poten-
tial often leads to groundwater pollution®® and a need to
adopt interventions to reverse soil damage, groundwater
pollution, meet environmental obligations and address
sustainability threats. There is a need for interdisciplinary
knowledge-driven decisions making trade-offs between
perceived damage, actual damage and anticipated cost of
efforts”®. At an estimated'” daily per capita deposition of
6-20 g N and a population density of 200 person ha™,
this translates into an N-flux of 0.44 to 1.46 t ha* yr", far
too large for any soil-plant system to assimilate. Typically
N-pool sizes may be determined as input—output mass
balances™, where the overall N pool arises from

Ndep + Nfix = Ni + Nu + Nad + Nfire + Neros + Nvol + Nle:

where dep is deposition, fix is microbial fixation, i is
immobilization, u is uptake, ad is adsorption, eros is ero-
sion, vol is volatilization and le is leaching.

Urban conglomerates have been studied in the recent
past for their contribution to environmental problems at a
system/sub-system level, mainly driven by a larger political
need to efficiently provide urban services and facilities,
as well as effective governance. In a resource-constrained
country like India, where practices of reuse and recycle
have long been in use, we need to examine underlying is-
sues and processes at a higher hierarchic level of sustain-
ability assessment. The case of nitrogen is taken as an
example for discussion in this article. Human waste, the
single largest component of urban N flow, is deposited on
land as well as discharged as sewage. The N-in sewage is
an important N-resource that is now appreciable in size
and can be considered as inadequately and improperly
utilized. Urban wastelands have tight N-cycles that tend
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to deteriorate with abuse. When human waste is deposited
on land, it significantly influences the N-cycles making it
favourable for a few plant species to colonize typical
‘waste/barren lands’. In the following discussion we first
estimate and validate the size of the N-pool. We draw
upon examples of constrained N-cycles from nearby
wastelands to show that urban wastelands/unvegetated
lands continuously discharge unusable N. We also exam-
ine how sewage abuse in peri-urban agriculture can threaten
water quality in terms of nitrate toxicity in drinking water.
We target resource recycling and to some extent envi-
ronment objectives (greenhouse gas (GHG) emissions) in
a larger perspective of sustainability goals.

While anaerobic fermentation of the organic fraction of
human waste tends to produce methane, it must be
pointed out at the outset that, along with recovery of ni-
trogen, the current method of sewage management has
the potential to generate 0.11 million m® methane daily
from human waste through typical anaerobic digestion
processes (biogas). In this study we focus on quantifying
the N-pool size and determining the various pools be-
tween which it is moving. Denitrification steps involved
in transformations of N tend to release N,O in small
quantities, as the main GHG emitted. N,O generated is
thus quantified. Human and animal excreta and waste
contribute maximum to the N-pool size in urban areas
and therefore treatment of sewage and solid waste deter-
mines the movement of various forms of N between seg-
ments. An assessment of current practices and future
options for managing household urban waste will also be
attempted, to determine whether it is possible to achieve
N-recycling with small environmental footprint.

Sources of N in waste

Human and animal waste (excreta and urine) forms the
largest source of N waste generated in the city of Banga-
lore (24,000 t/year). Beside residents, a significant fraction
of the population is floating — those who visit Bangalore
on a daily basis for work-related activities. We estimate
that the floating population contributes N largely in the
form of urine and partially in excreta. In addition to human
beings, Bangalore is populated by a large number of do-
mestic animals and birds, all of which generate N-rich
waste (Tables 1 and 2).

Mode of disposal and its influence on the N-pool

In the city of Bangalore there exist three types of sanitary
facilities and practices along with one in which no facility
is available to handle human excreta. These are:

(a) Underground drainage
water-closet systems.

(UGD, sewer)-connected
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(b) Soak-pit/septic tank-connected decentralized indi-
vidual house water-closet systems.

(c) Defecation in open spaces (open defecation and uri-
nation).

(d) Public toilets connected to UGDs.

The relative proportion of N from human waste in the
above four modes of disposal is presented in Tables 1 and
2. It is important to note that while a certain fraction of
human and animal excreta is consigned through conven-
tional sewage/soak-pit routes, a higher proportion of
urine-N is sent through direct deposition on land. It is dif-
ficult to estimate this fraction, and thus the same distribu-
tion used for human excreta is used for urine-N. A
detailed study on how these fractions have been estimated
has been made earlier®.

Ecological and environmental impact of open
deposition and decomposition

Human excreta when left in the open creates many civic,
aesthetic and hygiene problems. Such a practice carries
pathogens and cysts (if present) into surface water bodies
during periods of heavy run-off. This is common know-
ledge and is not discussed here. Bangalore is characterized
by a generally semi-arid climate conducive to rapid dry-
ing of waste. It is estimated that such waste is subject to
anaerobic (24 h) and aerobic (48-72 h) decomposition af-
ter which it becomes too dry for normal microbiological
decomposition with attendant GHG emissions®. At this
stage the waste is consumed by micro and macro fauna,
enabling its N content to re-enter the biosphere.

Nitrogen influx and efflux resulting through
human waste management

When we consider the city of Bangalore as an ecosystem
into which nitrogen forms enter and leave, the data in Ta-
bles 1 and 2 may be summarized as a flowchart as in Figure
1. Nitrogen enters the system largely in the form of human
and animal excreta as well as through many forms of
waste and emission USW 6570 t N/yr, fertilizers, manure,
deposition 1370 t N/yr, 24,000 t NO,/yr automobile emis-
sions’ (not discussed). To reduce the complexity, USW is
not considered and only human waste is considered here.
With regard to the origin of nitrogen, the different
sources may be grouped into four broad classes:

¢ Originating from residential houses in the city.

e Originating from population using Bangalore on a
daily basis (floating population).

e Commercially reared animals (major animals — cattle,
buffalo, sheep and goat).

e Non or semi-commercially reared animals (‘minor
animals’, see Table 3 for details).
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Figure 1.

Estimates of nitrogen flows through various spheres calculated for Bangalore city. The total influx

and efflux into various streams is shown. The total sewage is partitioned into that flowing through underground
pipes and that leading to soak pits. This number is not accurately available and placed as one.

Table 3. Nitrate, ammonia and coliform counts in various water samples from Bangalore®

Source, location or area name Data source Water type Nitrate (mg/1) Ammonia (mg/l) Coliform count
Near sewage-treating water bodies (K&C valley) 1 BW 42-54 ND <1.8
Near sewage-treating water bodies (K&C valley) 1 ow 28.7 12.5 220
Random sampling range in K&C valley course 1 BW 1.9-54 ND-22 <1.8->1600
Random sampling Bangalore district” 2 BW NA-316° NA NA
Bellandur township 3 BW 52-60 NA-6 NA
Bellandur lake 3 ™ 7.33-12° NA-32° 220

*From KSPCB, Bangalore; "Department of Mines and Geology, Bangalore; “Chanakya et al..

Nitrogen originating from these sources may move
through three modes:

Into sewage (or soak pits) and suffer anaerobic diges-
tion soon after discharge.

Transported out of the city for the purpose of compost
preparation and land application.

Deposited in open spaces and subject to rapid drying,
partial decomposition and ingested by micro-fauna/
flora subsequently.

Approximately 89% of the nitrogen fraction in human
waste is subject to short-term anaerobic digestion of sew-
age. Nitrogen ending up in the sewage is handled in two
ways.

Sewage collected through a reticulated network of un-
derground pipes and passing through one of the three
large sewage-treatment plants.
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Sewage moving through household-level soak-pit-
type treatment systems. This is a decentralized treat-
ment method. Obviously, here nitrogen travels to
deeper horizons of sub-soil and reaches the groundwater.
There is only sporadic information on its impact on
groundwater sources, which will be discussed later in
the article. Nitrate entering groundwater from the soak
pits, where groundwater forms an important drinking
water source, is potentially dangerous. However, un-
der normal circumstances, in the presence of a small
concentration of organic matter in this nitrate-bearing
water, the nitrate is used up quickly by ubiquitous deni-
trifiers and the water is rendered reasonably safe in a
short while.

A total of about 245 million litres per day (MLD, cur-

rent estimates 1100 MLD) of sewage from Bangalore
flows out through three treatment systems located along

CURRENT SCIENCE, VOL. 94, NO. 11, 10 JUNE 2008
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Figure 2.

Treated water
(less evaporation)

Micro & macio phytes

Settled sludge

N flow through the last water purification system at the K&C valley, namely the Bellandur tank. It is

seen that the wastewater treatment plant upstream and the Bellandur tank together remove significant C content
while producing treated water, phyto biomass and settled sludge. Bangalore sewage N = 58.4 tpd (x 0.4 Bellandur
fraction = 23.5 tpd) x 0.7 UGD fraction = 16.35 tpd into lake.

the course of three major streams (AUS-AID, 2001; fig-
ures in italics are from other sources* for May 2006).

e Vrishabhavati valley (installed capacity 180 MLD;
500 MLD)

e Koramangala and Challaghatta (K&C) wvalley (in-
stalled capacity 180 MLD; 500 MLD)

e Nagavara—Hebbal system (60 MLD; 100 MLD).

Soil sub-system in urban conglomerates

As urban conglomerates expand a significant area of land
around the city is taken off agriculture and the land is kept
barren for nearly a 10-yr period and then becomes real es-
tate. During this shift from arable to urban land, a lot of
N held in the soil is lost with gradually reducing annual N
inputs in the form of plant-derived organic matter entering
the soil. As soil N goes through the annual cycle of min-
eralization, ammonification, nitrification and partial re-
absorption by soil microbiota, a part of it remains as un-
used NO3—N and is quickly leached downwards when there
is no vegetative cover to function as a sink. In wastelands
this forms a significant mechanism for N loss*'. Similar
situations exist in urban soils. In the absence of vegetative
cover as a sink, nitrate is irrecoverably lost to lower hori-
zons and possibly groundwater. While this mechanism
was measured for farm lands its magnitude and behaviour
in urban soils where the N pool is artificially kept high by
human deposition of urine and foeces is not studied well.
While wasteland soils function with a small size of N-
pool and often suffer a high degree of competition between
various N-sinks and N-reabsorption mechanisms, urban
soils on the other hand, are expected to be characterized
by a high levels of N-pool and organic-material deposi-
tion. This arises from a combination of open defecation
and urination, a large proportion of soak pits that release
N at levels below the root zone and due to the small size
of vegetative sinks in the system. Further, NO; release in
the soils and water availability (favourable soil moisture
levels) are asynchronous and increase the incidence of N
loss®.

These N-abused soils function in N-excess conditions
unlike typical agro-ecosystems that are chronically N-
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deficit”. Such high levels of the N-pool without a natural
sink can be deleterious and tend to keep these soils in a
perpetual state of eutrophication®™***. In cities with dis-
tributed locations receiving constant influx of urine, high
levels of ammonification and its subsequent volatilization
hinder plant growth and subsequent reabsorption. The N-
pool size from urine is presented in Table 2 along with
the N,0 generated. It is expected that a significant quan-
tity of NO3;—N travels downwards in the soil, with potential
threat for mixing with groundwater.

When components of solid wastes are added, the cycle
depiction is expected to be complete. We believe under
N-excess conditions, significant N losses occur and alter-
native strategies to tap the N efflux and convert it to plant
biomass need to be evolved and monitored. The concen-
trations of NO; and NH,-N from various studies are
summarized in Table 3. It may be seen that while there is
the presence of NO;j at levels marginally higher than the
standards along sewage courses, it is also clear that many
random samples across the Bangalore district have shown
higher NO;. The NOj levels are much higher than those
found in the flowing sewage nearby. The N levels in
groundwater of areas having only soak pit-type treatment
is higher. Yet adequate data are not available to explain
how the NO;-N concentrations increase significantly
compared to the levels found in the sewage itself. This
requires a more intense study. More so, in the easterly
flow reaching K&C valley and Bellandur tank. Earlier studies
have also found similar results that wastewater treatment
plant and Bellandur tank together remove about 109 and
16.4 t of C and N/d (Figure 2). Here we find that the N
estimates based on population and estimates based on deter-
mining wastewater composition have only 15% difference.
This indicates that much of the estimates is realistic.

Conclusion

Nitrogen in human waste forms the single largest source
of N flow through various pools in the city of Bangalore.
A large proportion of N is lost in the outflow of the Bel-
landur tank, indicating that there is great potential to tap
this N and reconvert it to plant biomass. At present there
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is only sporadic increase in NO3;—-N in the water sources
and it is time to wake up to the cause of efficient waste-
water treatment and better N recovery methods. The coli-
form count is widespread among the wastewaters tested
and this indicates that sewage, especially from soak pits
is entering the soil water (both groundwater and subsoil
water resources). This increase shows that the extensive
soak pits adopted in Bangalore fail to remove coliforms
and potential pathogen hazard from sewage. It also indicates
that sometimes sewage infiltrating through soil fails to
remove NO,;—N. Alternative treatment systems substituting
soak pits need to be developed and deployed soon. Signi-
ficant increase in the concentration of nitrates in ground-
water compared to that of the wastewaters is currently
explained inadequately, and requires further research.
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