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Abstract

This study presents the Sanitation Needs and Innovation (SaNI) framework for identi-
fying underserved populations and gaps between their sustainable sanitation require-
ments and sanitation system performance. Safe, sustainable sanitation is a vital, fre-
quently unmet need — especially in low and middle-income countries. In India alone,
economic losses from poor sanitation are estimated to be $53.8 billion annually, or
6.4% of the country’s 2006 GDP. Too often, sanitation solutions fail to address the full
problem due to the complexity of constraints imposed by the environment, available
technology options, and the many different stakeholders involved. Several frameworks
have been established to distill possible solution paths, such as technoeconomic analy-
sis and multi-criteria analysis (MCA). However, technoeconomic analyses alone do not
consider the multitude of other facets that contribute to sustainable sanitation, and
MCAs are often very context-specific, non-quantitative, and used primarily for com-
parative purposes. The SaNI framework enables analysis of cost of sanitation systems
vs. population density to yield underserved populations and perform an MCA-like
analysis to determine whether other, non-monetary, sustainable sanitation require-
ments are met. A case study applying this framework to the Indian context identifies
population densities between 10,000 and 23,000 people/km? as regions where current
technologies fail to meet cost requirements. The test case demonstrates quantitatively
that septic tanks, a ubiquitous on-site sanitation method, are likely to be unsuitable
for people with lower-than-average available land areas and abilities to pay. By quan-
tifying the deficiencies of current sanitation technologies, the proposed framework can
guide the development of the next generation of truly sustainable solutions.
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Chapter 1

Introduction

Worldwide, over two billion people lack access to at least basic sanitation [1|. The
World Health Organization (WHO) identifies India as a key country in need of safely-
managed sanitation. Although India’s Swachh Bharat Mission reduced open defeca-
tion by building over 100,000,000 toilets, making sanitation sustainable remains a
significant challenge |2, 3, 1]. There is no “one-size-fits-all” solution for the sanita-
tion difficulties that remain in such a widely-variable environment as India. The
inter-connected challenges of economics, technology, culture, and politics, are often
considered separately which hinders the solution creation process [5].
Technoeconomic analyses are very effective at considering the financial feasibility
of sanitation systems. High-level studies performed by the World Bank are excellent
at exploring the in-depth feasibility of a class of solutions at the country-level [6, 7].
Stantec (2019) presents a detailed model-based analysis of eight different systems
through the lens of costs to a municipality [8]. Daudey (2018) performs a compar-
ative analysis on the life cycle costs of complete sanitation systems to reveal the
cheapest-per-capita solutions [9]. These financial analyses are effective for identifying
cost-related gaps in sanitation technologies and infrastructure but other aspects of
sustainability must also be considered. Some technoeconomic analyses, like Kamble
et al. (2019) extend their framework to one or more sustainability metrics through
the use of life cycle analysis (LCA) [10]. Although these LCA-type analyses are capa-

ble of analyzing the cost and cost-adjacent facets of sanitation, sustainable sanitation
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often requires parsing disparate types of information.

Multi-criteria analyses (MCA) are effective multi-faceted approaches for parsing
such disparate information. Hellstrom et al. (2004) propose a framework for such
an analysis while Lennartsson et al. (2009), Salisbury et al. (2018), and Vidal et
al. (2019) use similar frameworks to compare the sustainability of current sanitation
systems to each other within a particular context 11, 12, 13, 11]. Bassan et al. (2015)
is the first known case of a quantitative MCA used in sanitation to judge deficiencies
in management and planning [15]. These analyses are able to identify an optimal
solution but, with the exception of the analysis done in Bassan et al. (2015), are
unable to elucidate whether these sanitation solutions are “good enough” to meet
the needs of the populations they serve. Identification of the gaps between current
sanitation system performance and the requirements of the people most in need would
lead to an effective prioritization path forward for technology and solution developers.

We seek a generalizable, quantitative framework capable of identifying these gaps.
This framework should be context-specific enough to elucidate meaningful deficien-
cies while still being general enough to not require a detailed case study for each
city considered. Using an MCA-like approach, the Sanitation Needs and Innovation
(SaNI) framework uses technoeconomic analysis of common sanitation solutions, as
functions of population density, to identify underserved populations. It then uses es-
timates of technology performance along multiple quantitative sustainability criteria
to assess whether the needs of the identified population are met. This allows identifi-
cation — and quantification — of gaps between the performance of the most commonly-
implemented sanitation systems and requirements of this fairly well-defined — yet still

general — underserved market segment.
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Chapter 2

Presentation of the SaNI framework

The goal of this work is to create a framework capable of identifying how existing
technologies do not meet key, quantitative needs of high-risk Indian populations. The
incredible cultural and geographical diversity of India necessitates a coarse analysis
of which populations are most able to benefit from improved sanitation. To do this,
the framework, shown in Fig. 2-1, first identifies an underserved population based on
the financial feasibility of existing sanitation systems. This context is then further
defined by examining what types of communities contain these populations and what
business models are most prevalent within those institutional capacities.

Within this context, sustainable sanitation criteria can be selected from a list of
candidate criteria proposed by other multi-criteria analyses like Lennartsson et al.
(2009) and Salisbury et al. (2018) [12, 13]. Because this framework is based on
quantifying needs, only quantifiable and measurable sustainable sanitation criteria
are selected. Context-specific requirements are then estimated by aggregating expert
opinion, academic publications, grey literature, and field observations. Technology
performance estimation is performed in a similar fashion by taking a subset of existing
sanitation technology systems for evaluation, breaking them down to the sub-system
level (where manufacturer specifications are available), and summing system compo-
nent contributions to obtain total system performance. Comparison of these context-
specific requirements to the estimated sanitation technology performance yields quan-

titative gaps between these two quantities along each chosen sustainable sanitation
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criterion.

2.1 Context definition

For the purposes of the initial coarse scoping analysis, we focus on using simple
sanitation system scaling relationships to evaluate the economic feasibility of
sanitation as a function of population density. This high-level technoeconomic anal-
ysis yields underserved population densities by modeling archetypal sanitation
technology systems, for example, sewered conveyance to centralized treatment or
completely on-site sanitation.

Dalberg Advisors (2018) identified that the overall feasibility of sanitation sys-
tems relies primarily on four variables (population, topography, aridity, and enabling
ecosystem) of which population is the most important [16]. In the SaNI framework,
we identify high risk populations by their population density rather than total pop-
ulation. Population density, total population and catchment area are all popular
coarse ways of describing cities, towns and villages. Since processes like treatment
are easy to think of in terms of their capacity, which is driven by the total population
of the service area, a popular choice for executing a technoeconomic analysis is using
population as the primary independent variable. A detailed analysis done by Stantec
(2019) uses total population in this way but simulates an average population density
that changes with population based on the city classes defined by the Central Public
Health and Environmental Engineering Organisation (CPHEEO) [8]. This approach
is effective if you consider the city to be homogenous but it is often the case that a
single sanitation system is not uniformly economical over the whole city. For example,
many Indian cities with sewerage have FSM toward the outskirts [17].

If a city is considered as an average, uniform population density, it is modeled as
in Fig. 2-2 (left) where the total population is the volume of the cylinder. Inspired
by Bettencourt et al. (2013), we instead consider the same city, but modeled as
exponentially decreasing population density with distance from the city center (Fig.

2-2, right). In this case the densest parts of the city are near the center but each
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Figure 2-1: Process diagram of the SaNI framework for determining gaps between
sanitation technology performance and the requirements of context-specific sustain-
able sanitation. The context definition subsection identifies an underserved subset
of Indian communities using technoeconomic analysis. The requirements estimation
subsection synthesizes disparate sources of information to yield context-specific re-
quirements. The technology performance estimation subsection uses similar types of
information sources to quantify sanitation technology performance.
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density

C——
City radius

Figure 2-2: (Left) a city modeled as an area with constant (average) population
density. (Right) a city of the same area and population modeled as smaller, discrete
chunks of constant density that decrease exponentially as distance from the city center
increases. Our model considers these “neighborhood-sized” chunks instead of a full
city.

neighborhood-sized step outward density decreases. These smaller, neighborhood-
sized chunks of a particular density can occur near the edges of large cities, or the
centers of small cities. Using population density as the primary independent variable
in our analysis allows the results to be generalized to a range of city archetypes.
Once population densities with the greatest gaps between cost of sanitation and
ability to finance it have been identified, city classes containing those densities are
characterized by “city archetype” like those presented by Dalberg Advisors (2018)
[16]. Each of these city archetypes will have differing institutional and infrastructural
factors that affect the feasibility of certain sanitation solutions in them (i.e. exist-
ing infrastructure, end-user ability to pay, and institutional ability to secure capital).
These factors will also affect which business/service models are feasible. The require-
ments specified and the system performance evaluated are done so through the chosen

business model(s) and city archetypes.

2.2 Requirements estimation

While the context definition identifies a financial gap, sustainable sanitation requires

much more than just economic feasibility. The goal of this subsection of the framework
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is to define measurable criteria along which a sanitation system should be evaluated
and its corresponding requirements for sustainability. Salisbury et al. (2018) and
Lennartsson et al. (2009) present a compendious list of such criteria and factors that
may affect their relevance to certain contexts|!3, 12|. To clearly identify a sanita-
tion gap, our analysis focuses on quantitative metrics of sustainability. Furthermore,
quantitative metrics should also be measurable and data available. Using our context
definition and understanding of the city archetypes, we are also able to filter out met-
rics that are always met in the chosen context. For example, it may be that energy
use is a quantitative, measurable criterion for sustainable sanitation but grid power
is widely and consistently available in a city of the chosen archetype; thus, lack of
electricity is extremely unlikely to cause the sanitation system to fail. It should be
noted that this filtering process removes many important factors of successful, sus-
tainable sanitation that are hard to quantify or difficult to measure. Because of this,
criteria and requirements presented in this framework are necessary, but not sufficient

for sustainable sanitation.

Household water usage is a key constraint in sustainable sanitation systems -
especially as water stress becomes greater [18]. This requirement could be thought
of as a sustainability metric where the system boundary is drawn at the water table
(requirement based on water recharge rate) or where system boundary is drawn at the
municipal level (requirement based on supply). Basing the requirement on ground-
water recharge rate would be a better absolute maximum in terms of environmental
sustainability but basing it on supply capacity takes economic water scarcity into ac-
count as well. A more complete measure of this requirement would be the minimum
of these two definitions. Due to lack of available high-detail groundwater recharge
rates, our estimation uses the municipal level water availability minus drinking water

provision to calculate an absolute maximum on water per person per unit time.

Household land usage is a prime determinant of on-site sanitation feasibility.
In this case, we examine the ability for OSS to exist on the land allocated to the
household (owned or rented). The area must be accessible, which means that land

with a structure on it is assumed off-limits. This requirement is estimated based
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on ability rather than willingness since we were unable to quantify the amount of

available land a household is willing to allocate for sanitation.

Capital cost is important for determining the community-scale affordability of
the system. Regardless of how the systems are financed, each community has a capac-
ity to acquire capital for sanitation. In India, capital cost is often financed externally
as a lump sum (from the central government or a non-governmental organization
(NGO)). Our estimation uses central government grant history to municipalities to

define this requirement.

Annual cost is important for the financial sustainability of the system. In many
cases, the annual costs that are paid for the upkeep of the system ultimately come from
the citizens it serves. Whether it is a direct payment (sanitation tax), or municipality-
sponsored (cross subsidized), the end-users are paying (|6]. Willingness to pay (WTP)
is a function of what end-users are paying for and perceived value gained, so this
metric is highly variable across different financing models ([19]. Instead, our analysis
considers maximum ability to pay by examining household expenditure.

End-user participation is a requirement based on how much physical labor end-
users will tolerate for sanitation. People will tolerate some actions (such as routine
cleaning) at some frequency but not others (like hauling treated compost). The
end-user participation metric is the product of the work the end-user does (energy
measured in kJ) for sanitation normalized per time per person. We estimate this

requirement based on willingness, not physical ability.

Smell to end-user is a requirement based on ensuring the usability of a system.
Smell is often cited as one of the main reasons for not using a toilet [20, 21]. If a user
does not opt to use the system, it does not matter how “sustainable” it is. It does not

achieve its goal.

2.3 Technology performance estimation

This framework does not require that a particular set of sanitation technology sys-

tems be considered. As long as the performance of the system can be quantified, it is
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applicable within this framework. This makes analysis of widely-used, experimental,
and theoretical systems all possible. Systems that are feasible for the underserved
context identified should be selected for analysis. Much like the requirements, tech-
nology performance is estimated from the aggregation of the same types of published
sources, field observation and technical specifications of sanitation systems and sys-
tem components. Data sources vary widely depending on the performance criterion
being estimated and the system it is being estimated for. Frequently, it is convenient
to split up systems or sub-systems into smaller components. Tilley (2014) provides an
excellent framework for considering the linking of sanitation sub-components. How-
ever, thinking about sanitation components as defined by Tilley (2014) is difficult
when using real data on integrated systems like treatment plants [20]. These plants
are often comprised of several different treatment subsystems, all using different tech-
nologies appropriate for that stage of the process. For example, if data on capital cost
of a full treatment plant is available, and that plant uses three different treatment
technologies, it is hard to attribute cost to each of these subsystems. This precise
process for how to approximate this attribution is described in more detail in Chapter

4.
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Chapter 3

Identifying a sanitation service gap in

India

To identify potential gap in sanitation service, we used the framework to perform
a technoeconomic analysis of common sanitation systems. This analysis determined
which types of Indian population centers are likely to be underserved by modeling
equivalent annual cost of three common sanitation systems, as a function of popula-
tion density, and comparing them to consumer willingness and ability to pay. These
full systems are each broken down into the five main components of the general-
ized sanitation value chain: user interface, containment, conveyance, treatment and
reuse/disposal, as defined by Tilley et al. (2014) [20]. The three systems used in the
analysis were: (1) sewer-based, centralized municipal sanitation; (2) on-site sanitation
to centralized treatment (faecal sludge management, or FSM); and (3) dual pit latrine
on-site sanitation (OSS) (Fig. 3). These three solutions were chosen for evaluation
because they represent different balances between household and municipal infras-
tructural responsibility. In OSS, the household is primarily (or solely) responsible for
the system, while in sewer-based, centralized treatment the municipality is primarily
responsible for the system infrastructure and maintaining service. The FSM-based
system represents a middle-ground of shared responsibility between these two solu-
tions. This responsibility is apparent in the components one could expect to see in

each of these model systems (tabular in Fig. 3-1). In OSS, since treatment is done on-
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Sanitation Service Chain
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On-site sanitation . . . -
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(Usually called 055) ' P P / ( )
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. Centralized Liquid discharge
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Figure 3-1: The sanitation service chain. While this graphic depicts a typical non-
sewered system, the five processes are generally representative of all physical compo-
nents of a sanitation system. Waste is captured via user interface at the household
level, contained until it is conveyed to treatment where it is reused or disposed of.
Three complete sanitation systems of different scale are listed with their common
components. Adapted from “Sanitation Value Chain" by the Bill and Melinda Gates
Foundation (BMGF) licensed under CC BY 2.0.

*These systems are user interface-agnostic but our model uses the ubiquitous squat
pans

**Many treatment options exist. Often, these are combinations of technologies

site there is no conveyance or reliance on central treatment. In both FSM-based and
sewer-based systems the treatment options are widely-varied and a typical treatment
system is made of many treatment steps for both liquids and solids. In sewer-based
systems, sewage is conveyed directly from the user interface to the treatment plant

so household-side containment is not necessary.

3.1 Construction of the technoeconomic model

To capture the scaling relationships between these three systems, we modeled capital
and annual costs dependent on four major types of population density-dependent cost
drivers: treatment cost, network cost, household unit cost, and land cost. Table 3.1

shows how they apply to each of the three systems, their associated equations, and
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Table 3.1: Cost drivers of the technoeconomic model and their associated equations.

Treatment cost Network cost Household unit cost Land cost
Volume Cost
Sewer-based Eq. 3.1: CPHEEO (1993) Eq. 3.2: Best fit Eq. 3.4: Best fit
Data: CPHEEO (1993) Data: Pannirselvam (2015) Data: Balalji (2015)

. Eq. 3.2: Best fit Eq. 3.5 Eq. 3.6: Bertaud (2015)

FSM-based S‘Z'tj_'ipﬁgg Eig;i; Data: NIUA (2019) Data: Kone (2012),  Data: Ganesan (2017)  Data: Chakravorty (2013),
: CPHEEO (1993) GOI Census (2011)

Eq. 3.6: Bertaud (2015)

Dual pit latrine Data: Ulrich (2016) Data: Chakravorty (2013),

GOI Census (2011)

data sources from which the relationships were derived. The Central Public Health &
Environmental Engineering Organization (CPHEEQ) is a technical wing of Ministry
of Housing and Urban Affairs, Government of India, and publishes guidelines on the

engineering of sewerage and sewage treatment systems.

In each case, it was assumed that population is uniformly distributed over a
neighborhood-sized area, rather than a city-sized one (as described in Fig. 3-1).
Furthermore, each system considered was assumed to be the only sanitation system
implemented and reaches 100% of households. Each cost driver is described in turn
below. For each cost driver, V' denotes volume delivered to a treatment plant, P
denotes the total population served, C' denotes capital cost, and A denotes an annual

cost.

Treatment cost includes both the capital and annual costs incurred by treating
sewage or septage at a centralized treatment plant. Capital costs include the construc-
tion costs of the plant, and annual costs are inclusive of operation and maintenance
costs. Both of these costs scale primarily with the volume treated. For the sewage

treatment plant (STP), our model assumes that volume delivered to the treatment

plant is given by CPHEEO (1993) [22],

V = 0.8Vauppiy P, (3.1)

and assumes that Vi, is 100 L/capita/day for a piped domestic water supply as
per CPHEEO (2013) [23]. Treatment plant capital cost was regressed from data in
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Pannirselvam (2015) and is given by

Ctreat = Vana (32)

where a and b are regression constants |24]. The plants included in the dataset are all
in Tamil Nadu and based on the activated sludge process, which is common in India.
Annual cost for the STP is estimated to be 10% of the built system’s capital cost
based on Faecal Sludge Treatment Plant (FSTP) annual and capital cost data from
NIUA (2019) [25]. While this estimate is not for the same type of treatment plant, it
is consistent with annual cost to capital cost ratios of centralized sewage treatment
infrastructure [20].

For septic tanks, the volume of liquid waste produced is estimated following Tayler

(2018) as

~ Nugey
=7

v (3.3)

where V is the volume delivered to the treatment plant in m3/year, N is the number

of pits and tanks in the service area, v, is the average tank capacity in m?3

, C¢ 1S
the proportion of pits that are regularly desludged (assumed to be 1), and T is the
average interval between tank desludging in years [27|. The septic tank sizing, v,
was calculated assuming only discharge from the water closet (excluding domestic
wastewater) using septic tank sizing guidance from CPHEEO (1993). This analysis
assumes T is 3 years as recommended in CPHEEO (1993) [22].

Septage (faecal sludge) treatment cost is regressed from a limited set of four full
liquids and solids treatment FSTPs across India (NIUA 2019) [25]. The cost rela-

tionship between capital cost and annual cost follows the same form as Eq. 3.2 with

different regression constants.

Network cost includes both the capital and annual costs of conveyance from
the household to the treatment plant. Capital cost of the sewer network is defined
primarily by the amount of linear sewer length and associated pumping stations the

network requires. This model assumes service areas do not have significant elevation

28



change. Downward slope to the STP decreases the number of pumping stations
required while an upward slope increases it. Given these two competing factors, and
lacking any topographical specificity, a flat service area is assumed to be a good
average case. Our model used the constructed costs of 33 sewer networks in Tamil
Nadu from Balaji 2015 to regress the following relationship between population served

and total sewer network capital cost [25],

Cnetwork: =aP + b. (34)

Intuitively, both population and land area should be correlated with sewer network
capital cost but there was no significant correlation in this dataset (see supplemental
information for details). Annual cost required to upkeep the network was taken to be
approximately 5% of the capital cost in the case of a conventional sewer network [26].
This exact percentage will be different for India due to different labor and material
costs, but the conveyance technology is the same, so it is assumed suitable for the
coarse analysis performed here.

The FSM network cost is driven by the number of trucks and operators required

to keep up conveyance. The relationship derived from values presented in Chowdry

et al. (2012) yields

Oruc
Cnetwork = tk kPu (35)

where k is a service population of 25,000 people per truck, assuming Indian emptying
frequencies, and a standard 2.5 — 5 m?® capacity truck. Cy.e is the unit cost of a
truck ($10,000 USD per truck) [29]. Annual cost is driven by operator wages, main-
tenance, and other fees. Assuming profit margin is 30% of the total emptying fee for
an on-demand desludging schedule ([29]), an average cost of 1000 INR per desludging
([30]) yields an average cost of 700 INR per desludging. Using the 3-year desludging
frequency recommended in CPHEEO (1993), the total annual cost is the total num-
ber of households multiplied by desludging frequency and cost per desludging [22].

These first-order scaling relationships are limited by the lack of consideration given
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to geography- and city-specific factors. However, they are sufficient to highlight cost

trends across a range of population densities and identify high-level coverage gaps.

Household unit cost is the cost of household capture and containment systems
such as a pit latrine. Ganesan et al. (2017) reports a range of 25,000 — 40,000 INR
per constructed septic tank across eight different states, which is consistent with the
authors’ field observations in Maharashtra and Gujarat [31]. Unit cost of a pit latrine
is around $184 USD but depends on the cost of locally-available materials [32]. The
cost of the plumbing of a water closet is assumed to be included in the network cost

and the cost of the user interface is assumed to be negligible.

Land cost of the system is only the cost of land used for the on-site units. Since
municipalities often already have land procured or tend to put treatment facilities on
undesirable plots, land usage of municipal systems is not considered. In this model,
land cost is accounted for in one of two ways: (1) as a soft constraint where it is
added to the total cost of the system or, (2) as a hard constraint where it is not
added to total cost but systems are not modeled above population densities that
make them infeasible. This infeasibility is based on the ability for an OSS to fit in
the total land area allocated to the household minus the area of the dwelling. The
equation for the cost of land used in the soft constraint is derived from the land cost
and population density relationships given by Bertaud and Malpezzi (2003) with data
from Chakravorty (2013) and the Government of India census (2011) [33, 34, 35]. The

resultant land cost relationship is

Oland = ClDb, (36)

where D is the population density and a and b are regression constants. For more
information, see the supplemental information.

When considering the overall cost of a system with several hardware components
of different service lives, it is common to normalize them by amortization [3, 30].
An equivalent annual cost of each hardware subsystem considered in this analysis is

calculated using
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(1+4)" %

EAC =C~—1"—
¢ C(l—i—i)"—l

+ A, (3.7)
where FAC' is the equivalent annual cost of the amortized system, C' is its capital
cost, n is its service life, i is the real interest rate, and A is the annual cost (including
maintenance, operations, etc.). The real interest rate, i, is an adjusted interest rate
equal to a nominal, reported interest rate minus inflation. In our analysis, we assumed

this real interest rate is 5%.

To elucidate possible financial gaps, cost of sanitation was compared to the end-
user’s willingness to pay. Similar to the requirements discussed in Chapter 2, this
point of comparison could be quantified using either ability or willingness to pay. Due
to the lack of generalizable population density-correlated willingness to pay data, we
used expenditure as a proxy for ability to pay. Household expenditure is used as an
estimate of true ability to pay instead of income to discount income that goes toward
savings. Household expenditure data is from the Indian National Sample Survey
Organisation’s NSS 69" round [37]. Data from the NSS 72°¢ round further breaks
down expenditures showing that urban households spend an average of 0.21% of
their budget on “sewage disposal & sanitation” [35]. Because this amount consumers
currently pay may not be an accurate maximum for what they are willing to pay,
for the remainder of the analysis, we considered the hypothetical that consumers are

willing to pay up to 5% of the total expenditure (though it is a high upper bound).

A successful sanitation system must “ensure access to water and sanitation for
all” [39]. In the context of this economic analysis, it means that a solution should
be financially feasible for every household, not just those wealthy enough to access
services. To represent this equity requirement, household expenditures are grouped
into population density ranges with a distribution of expenditures for each range. In
an effort to make our analysis a reflection of this equity goal, our “ability to pay” is
specified by the 5™ percentile household of each of these bins. For more information,

see the supplemental information.
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3.2 The missing middle in sanitation technologies

The equivalent annual costs of each sanitation technology system were compared
to consumer ability to pay to yield population densities where sanitation costs may
be greater than the consumer’s willingness to pay. Fig. 3-2 illustrates the cost
of the three modeled sanitation systems as functions of population density. Unmet
sanitation needs occur where the least-cost solution exceeds the consumer’s willingness
to pay, characterized by the green line. The most cost feasible option of these three
is the dual pit latrine, which remains a viable option up to population densities of
10,000 people per km?, where it becomes infeasible to build due to the available land
per household. Household septic tanks become equally infeasible for similar reasons
above 18,000 people per km?. This means that at very high population densities, the
only feasible solution of these three classes is the sewer-based system. This line does
decrease with population density, though it is still more expensive than the others

overall.

Land cost modeled (included as dashed lines in Fig. 3-2) is not explicitly paid by
households but is representative of the opportunity cost of what could have otherwise
been done with the land. This method of accounting for land is not financially
accurate (no Indian households pay such an inflated price for OSS since they already
have the land) but is illustrative the tradeoff a household must make when considering

what to do with the land area they have.

Compared to the fully model-based approach taken by Stantec 2019, our model
outputs higher costs for both the septic tank-based FSM and sewer-based systems
(Dual pit latrines were not modeled in their analysis) [8]. For the septic tank-based
system, this cost difference can be attributed primarily to the difference in the system
boundary considered. Our system factors in the household costs of user interface and
containment while the Stantec 2019 approach excludes these costs for the purposes of
focusing on costs to a municipality. Stantec’s model is a least-cost scenario that does
not include secondary site infrastructure at the STP or FSTP such as roads, office, and

other costs not directly associated with the physical treatment process. Our costing
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Figure 3-2: The total equivalent annual cost of the three modeled sanitation systems
as a function of population density. Pit latrines are an inexpensive option that is
infeasible at population densities greater than 10000. Septic tanks are the second
least costly option but are also infeasible at high population densities. Willingness
to pay is plotted based on 5% of a 5" percentile person’s total yearly expenditure.
Dotted lines are inclusive of land costs of the household part of the system.
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process implicitly includes costs such as these because our models were regressed
from real data on built costs that do include this secondary infrastructure. Stantec
estimates that these secondary infrastructure costs could be up to an additional 50
- 100% of total capital cost [3]. This is consistent with the discrepancy between
their and our modeled results. It should also be noted that the sewer networks
from Balaji 2015 are all smaller sewers of up to about 3,500 people/km? [25]. The
regressed model was confirmed to correlate with costs from the Tamil Nadu Water
Supply and Drainage (TWAD) Board for populations up to about 10,000 people/km?.
Beyond that, our model extrapolates the established trend in sewer network cost with

increasing population served.

Because our analysis is in the generalized population density space, these high-risk
population densities are not cities themselves but are neighborhoods that can occur
in many city types. These regions in the 10,000+ people/km? range fit within two
largest city archetypes proposed by the Sanitation Technology Program (STeP): the
“Sprawling Megacity” and “Rising Metro” [16].

These city archetypes are classified by total population, existing sewerage, abil-
ity to secure financial capital, topography, and whether the city/town has a special
sanitation-related focus. For demonstration of the framework, we focus on one sam-
ple case in the “Rising Metro” city archetype. Cities of this type have population
between 1 and 8 million people, more than 40% existing sewerage, and an expanding
periphery, which is likely to remain unsewered for the near future. The ability to

secure finance in these cities is high due to their high total population.

These cities are predominantly funded by central government and donor-led busi-
ness models which enables sanitation systems that would otherwise be financially
infeasible, such as in the JNNURM or AMRUT missions [10, 11]. Because of its re-
liance on external charitable funding, this business model is not sustainable, nor is it
scalable [12]. A commonly-implemented version of this model utilizes these donated
funds to construct, but not operate the sanitation system. Once constructed, busi-
ness operations of the system could be managed by the municipality itself or handed

off to a private partner [30]. For the remainder of the presented analysis using the
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Consumer-facing Cost of Sanitation Solutions per capita per year
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Figure 3-3: Consumer-facing costs of the three modeled sanitation systems assuming
capital cost of centralized infrastructure is grant-funded (not passed on to the con-
sumer). Willingness to pay is plotted based on 5% of a 5" percentile person’s total
yearly expenditure.

SaNI framework, we assume this most prevalent business model: capital costs of the
centralized infrastructure are grant-funded and operational expenses are recouped
through consumer expenditure. Fig. 3-3 shows the same population density space as
figure 3-2, but with only the consumer-facing costs of the systems given the assumed

business model.

Even with grant-funded capital, consumer costs are still high enough to produce
unmet need. Since the costs of these sanitation systems are much higher than the
0.21% of household expenditure that people reported to pay for sanitation services
(NSSO 2016) we can conclude that sanitation services operate with significant sub-
sidies [38]. Cross subsidy, commonly through property tax, is a popular method for

financing this cost gap (World Bank 2016; HPEC 2011). It is also possible that

35



consumers are willing to pay more than they are currently paying. In Fig. 5, the
hypothetical 5% of consumer expenditure shows that at this (very high) rate, the me-
dian consumer is able to cover their share of the sanitation cost but the 5* percentile
person is not. These 5" percentile households living between 10,000 people/km? and
about 24,000 people/km? inhabit a gap in sanitation service. These households at
the upper-medium population densities are at higher risk for having no cost-feasible,
equitable sanitation solution.

Using the SaNI framework provided a simple way to elucidate this market gap
and quantify why it exists. Each piece that went into the framework aligns with what
is expected: on-site sanitation is infeasible when land becomes scarce, centralized
systems get cheaper per capita as they get larger, and people are not willing to pay
enough to cover the complete costs of sanitation. With these pieces quantitatively
defined and combined — even with simple scaling relationships — there are clear gaps

between what people require of the system and what the system requires of them.
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Chapter 4

Test case: Evaluation of an

FSM-based system

The goal of this analysis was to determine the performance gap between what cur-
rent sanitation solutions can provide and what the needs of the “Rising Metro” city,
contingent to a donor-sponsored business model are. Given the high-risk context of
low-income households at the population densities of 10,000 people/km? to 24,000
people/km? and the sustainable sanitation criteria chosen in the Chapter 2, the re-
quirements for sanitation technology performance could be estimated. To illustrate
how the SaNI framework is used to evaluate candidate solutions against requirements,

we analyze an FSM-based system within the “Rising Metro” city.

4.1 Requirements estimation

Each requirement estimate belongs to one of two categories: physical possibility or
realistic capability. Physical possibility indicates a fundamental resource constraint.
For example, in water usage, the absolute maximum quantity that may be available
for sanitation is the volume of water extracted minus the volume of drinking water
consumed. While this estimate is unrealistic due to uses other than drinking or
sanitation, it is still a useful upper-bound. A more accurate, albeit harder to measure

bound is one specified by realistic capability. For water usage, this would likely take
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the form of surveying constituents of the target populations to quantify how much
water they would be willing to expend for sanitation. This is the effect of ability versus
willingness to expend a resource for sanitation. Notably, willingness can be changed
with improved service, marketing or education (like in community-led total sanitation
or CLTS) while ability cannot. Whenever possible, we try to capture willingness in

our requirements but when infeasible, we instead capture ability.

The household water usage requirement is estimated assuming water supply
capacity is the limiting factor (not ground water recharge rate). Using the reasoning
put forth in the Chapter 2, we find “Rising Metro” archetype cities supply between 70
and 135 L per capita per day (LPCD) [35]. According to Shaban (2007), these cities
use 15.9% to 25.7% of total water use for sanitation [13]. Assuming the remainder of
the supplied water must be used for higher-value uses, this puts an upper bound on

how much water could possibly be used for sanitation.

The household land usage requirement is estimated using the assumptions and
reasoning in the Chapter 2 section. Data from the NSS 69*" round and 2011 Census
show the 5" percentile household in the high-risk population density range has up to
2.25 m? per person of non-dwelling land that could possibly house an on-site sanitation
system. Many of the households do not have any non-dwelling land which is reflective

of the constraints of the high-density urban environment.

The capital cost requirement for this context is the average capital local govern-
ments were able to secure from the central government for sanitation projects. The
average and 75" percentile are used as “maximum bounds” since cities with a special
sanitation focus are shown to be outliers. If an average city of this type wants to build
sanitation infrastructure, there is a high probability that it will be able to secure an
average amount, but it is far from guaranteed that every city could reach the high
points that the outliers can.

The annual cost requirement is estimated as outlined in the Chapter 2. The
business model assumed relies on the citizens financing this part of the system so it
is directly-comparable to the ability to pay. This quantification is done similarly to

the willingness to pay, where household expenditure data are taken from the NSS
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69" round. Similarly, this annual cost requirement is imposed by the 5™ percentile
household expenditure for population densities that span the high-risk city archetype.

The level of end-user participation requirement is estimated based on data
gathered on willingness to participate in the household recycling process, which is a
process similar in nature to the process of household sanitation maintenance tasks
[44]. This provides an amount of time the task takes and the frequency of the task.
Our analysis weights tasks differently by considering how strenuous they are. Human
power expenditure for a wide variety of tasks is given in Ainsworth (1993) [15]. The
product of power expenditure and time spent participating in maintenance of the
system gives the physical work (in kJ) per person per year to keep the sanitation
system functional.

The end-user smell does not have a resource constrained “physical limitation” on
how much a system can smell, but we instead use published data on what smell level
of certain “sanitation smells” users are willing to tolerate. In this case, the measured
“sanitation smell” is Hydrogen Sulfide, H2S, chosen for its simple detectability [1(].
According to the World Health Organization (2000), for H2S, 0.1 ppm is the thresh-
old for avoiding annoyance over a prolonged, 24-hour exposure. The threshold for
“substantial complaints about odour annoyance” is 0.05 ppm over a period of thirty
minutes.

The six requirements of sustainable sanitation for the 5" percentile and median

households in the “Rising Metro” city are summarized in Table 4.1.

4.2 Sanitation technology performance estimation

When evaluating potential sanitation solutions using the SaNI framework, it is as-
sumed that all sanitation systems provide adequate protection of human and envi-
ronmental health (high enough service level) and that systems are 100% functional
and properly-maintained.

Technology performance estimation is done on the subsystem level. This is con-

venient because subsystems are often specified as single units (like the user interface
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Table 4.1: Quantifiable requirements of sustainable sanitation in upper-middle pop-
ulation density Indian communities
*This low estimate requirement signifies that the 5* percentile household does not
have any non-dwelling area

Requirement Requirement

Criterion Indicator/unit (low estimate) (high estimate)
Household Water usage m*3/person/year 4 13

Household land usage m"2/person 0.00* 2.25

Capital cost UsD/person 23.86 33.77

Annual cost UsD/person/year 0.15 5.50

Level of end-user participation kl/person/year 33.5 50.2

End-user smell ppm H25 x 100 5 10

component). However, even when they are not (for example, when the total cost of a
treatment plant is given but it contains multiple different technologies) approximate
general cost breakdown percentages can be gleaned from built systems with an associ-
ated cost breakdown. We assume that full technology systems of the same type have a
similar cost breakdown. This allows us to use the same percentages to estimate cost
breakdowns for other built systems (from government tenders and other published
figures) that only have total system costs. For the other, non-cost, system perfor-
mance metrics we use the same process where data are available. When unavailable,
we use the cost percentages as a proxy for the percentage-wise contributions of each
subsystem to the total. This enables us to mix and match compatible subsystems to

quickly explore the effects of many combinations of sanitation solutions.

4.3 Example results for an FSM-based system

The six requirements in Table 4.1 are plotted against the performance of an FSM-
based system on a six-pointed radar plot (Fig. 4-1). An FSM-based system was used

because it is the system closest to meeting the financial requirement of the three in
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Figure 4-1: faecal sludge management-based sanitation system (blue) plotted against
the requirements (green) of the “Rising Metro” city archetype. This system meets all
requirements with the exception of the capital cost requirement.

the technoeconomic analysis. This graphical depiction allows us to easily gauge the
performance of the technology system relative to the requirements along each of the

criteria.

The FSM-based systems plotted in blue in Fig. 4-1 tend to satisfy the quantified
sustainable sanitation requirements of the “Rising Metro” city archetype. When both
the high and low performance estimates lie inside both of the requirement estimates,
we can have high confidence that the requirement is met. Likewise, if both perfor-
mance bounds lie outside the requirements, then the requirement is very likely not
met. It is unsurprising that the solution violates at least one of the cost requirements
(capital cost) since the cost of this sanitation technology was higher than willingness

to pay in the techno-economic analysis.

The goal of this part of the SaNI framework is to determine what aspects of the
chosen sanitation systems need to be improved, and by how much. A traditional

MCA used to pick the best solution for a given context relies on weighing the criteria
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used for analysis. In this case, because the goal is sustainable, equitable sanitation,
meeting every is necessary. It is therefore not useful to measure which are more
important. They must all be met. However, because this analysis is quantitative, we
are able to estimate how much a system would have to improve along the unsatisfied
criteria to meet the requirements.

In this sample analysis, the lower limits of household land and annual cost are
zero and nearly zero, respectively. From this, we can posit that septic tank-based
FSM systems are largely feasible in the “Rising Metro” city (also evidenced by their
existence) but present two challenges: (1) annual cost is still too high to meet en-
sure equitable service and (2) there is some fraction of the population (greater than
5%) that simply cannot have a system that takes up permanent area outside the
household. We also see that the capital cost is higher than even the median person’s
willingness to pay. This is just one example of how the SaNI framework can be ap-
plied. One could imagine that if this same analysis was done on a sanitation system
that was not as ubiquitous, different requirements may have been violated, therefore
highlighting different areas of opportunity for improvement of that technology sys-
tem. Furthermore, as long as requirements and sanitation technology performance
can be quantified, they can be included in the gap analysis. The SaNI framework
could also serve as a first-order feasibility assessment for solutions that have not yet

been tested in the field.
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Chapter 5

Discussion and implications

The SaNI framework is built to identify tangible ways to improve sanitation technol-
ogy systems relative to the requirements imposed by a context of greatest financial
need. Bassan (2015) presented a framework motivated by similar goals to uncover
deficiencies on the management and operations side of sanitation systems [15]. The
SaNI framework fills a comparable role but for the technologies themselves. This
enables the identification of quantified ways in which sanitation technology systems
can be improved to better-meet the needs of whichever underserved market segment
is identified by the framework (in this case, upper-medium population densities in
the “Rising Metro”). In the chosen sample case, our framework identifies that upper-
medium scale population densities do not necessarily have access to sanitation that
meets their financial needs. The quantitative performance-requirements analysis done
for this underserved region found that an FSM-based example system falls short of
meeting the land area, annual cost and capital cost requirements of households who
have the least.

The SaNI framework accomplishes this by defining an underserved context based
on population density, the prime driver of sanitation technology scaling. This way of
segmenting the solution space is specific enough to use a multi-criteria-like approach,
while being general enough to be applicable outside a single city. The simple process
for estimating community requirements and sanitation system performance is capable

of identifying non-financial deficiencies in these systems. This ultimately leads to
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areas of opportunity for technology development. This same framework could also be
applied to theoretical sanitation solutions with hypothetical scenarios to serve as a

first-order test for feasibility across a few necessary sustainability criteria.

One limitation of the framework is that it focuses on quantifiable sustainable
sanitation criteria. There are likely many other less-quantifiable metrics that are
equally, if not more, important for determining the overall sustainability of a system.
System complexity is one such example of a metric that is not sufficiently quantifiable
to be included in the framework as we present it here. It is often cited as a major factor
in the successful operation of a system [17, 18]. The concept of system complexity
encompasses the understanding that a system should rarely fail, be observable when
it does, and be easy to fix. These criteria, among others, are difficult to quantify
concisely. Bassan (2015) is a strong example of such an analysis for management
and operations practices in wastewater and faecal sludge treatment. However, an
analogous technical analysis, perhaps based on “failure modes and effects analysis”
(FMEA), could identify — and quantify — how sanitation technologies can become

easier to maintain and operate.

The filtering process used to generate the final list of sustainable sanitation criteria
also presents a limitation of the analysis. Meeting quantitative requirements for
sustainable sanitation does not necessarily mean a system is sustainable. Some non-
quantitative considerations, removed by the filtering process, may render the system
unsustainable. In a sustainable system, all criteria relevant to the identified context
are necessary. This means any chosen subset of the full criteria list may rule out
a solution or identify areas of opportunity. However, it is impossible to guarantee
sustainability even if all known criteria are met. Some notable, non-quantitative
criteria left out of the analysis are: equity (ability to adapt to needs of differing age,
gender and income groups), resource recovery potential, nutrient removal/circularity,
air emissions, physical suitability of the particular context and legal capacity [12].

These non-quantitative criteria need to be considered externally to the framework.

The technoeconomic analysis used to define the underserved context considers

three main classes of sanitation solutions to represent the solutions space. Together,
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these chosen solutions cover a large portion of the solution space due to their use
frequency, they do not account for all of the possible solutions [19]. Therefore, claims
about any of the modeled trends being a least cost solution are limited to those three
solutions and are not inclusive of novel technologies such as omni-processors. Despite
the model’s relative simplicity, the trends and results match those of the model in
Stantec (2019) once difference in system boundary is accounted for.

The SaNI framework does not require that a particular set of sanitation technology
systems be considered. As long as the performance of the system can be quantified,
it is applicable within this framework. Fven given its simplicity, this framework
is an effective way to identify gaps between end-user requirements and sanitation
technology system performance. The focus on analyzing neighborhood-sized chunks
grouped by population density makes it capable of identifying sanitation deficiencies
that occur in similar neighborhoods of otherwise dissimilar cities. These deficiencies
are categorized by the sustainability criteria and quantified to elucidate actionable

ways in which technologies can be improved.
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Chapter 6

Conclusions

The SaNI framework presented in this work synthesizes disparate types of information
to present insight into precisely how existing sanitation technologies do not meet
a set of key, quantitative, community-scale needs based on sustainability criteria.
It is capable of scaffolding the identification of underserved populations, and then
quantifying potential unmet needs of that population along each of these sustainability
criteria. This makes the SaNI framework a generalizable gap analysis tool.

As an example case, this work presents insight into precisely how FSM-based
sanitation technology systems do not meet a set of key, quantitative needs of high-
risk Indian population densities. We conclude that our technoeconomic analysis,
based only on simple scaling relationships, can identify these high-risk population
densities where cost of sanitation is lower than a consumer ability to pay that would
constitute equitability.

In one test case of an FSM-based sanitation technology system, our framework
finds that this commonly-implemented system does not inherently meet the require-
ments of equitable, sustainable sanitation for India. While the system does meet
most requirements, it does not satisfy the capital cost requirement imposed by insti-
tutional capacity or the lower-bound household area and annual cost requirements.
This means that the system, in its current form, is feasible on average, but is likely
to be unsuitable for people with lower available land areas and lower abilities to pay.

Quantified deficiencies of current sanitation technologies are paramount to un-
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derstanding what technology developers and researchers can contribute to making
sustainable sanitation more equitable and attainable. Utilizing this framework to
explore market gaps and candidate solutions could create a more coherent under-
standing of precisely how solutions fail to fill the human and institutional needs of

sustainable sanitation.
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Appendix A

Technoeconomic analysis

supplemental information

49



NpeN [IWe] Ul SUMO} WoJj passaiday
Snsua) uelpu| TTOZ Woly eyep pajusawaddns
STOT !fejeg wodj 3|qel Y

160 SS0629T €ScT 6L°CT 9SL ¥L06 00CT 18€1 00001 'yl I (nprungyueddnigiepy) ignnyguednigeRN
€L°0 8YVLLYET 908T €CTe L06°C 9191 95's 8SHT 000TT 6°8C T NIRATRANIIY ],
1.0 S09£09T LECT 14944 61€ TET8 0S°'SC 6bLL 00ST1 0z SI1 NP
S0 9S9VELT YEET 1871 80L LL96 99°€T (4344 00081 ¥S'LT 8l teypdewury
€40 08910€ TeeT 69°LC [(orard 8S/9T 09°'L S8I€ 000€T 8¢ €T weeA
TL0 €8€S0TC 0791 86'€T 8Y9°C 68671 99's 69TC 0001T 65761 1C (wreueAndnury ) weueAnqnury
290 L6V1S0T 608 6C'S 0s€ 09S 0097 66C1 0006 S8 60 Infegewnid g
€9°0 62508¢€C TE]T 9€'8T 678°C 99291 SL'S LT6T 0009T €6 9T (IPIOPEIA) YINOS INpejy
950 806L1SC LE6T 85981 9.6 6€E9YT 00°'ST Obve 0009T €€ 9T [eseAgpoy]
0.0 8/8L0OET 900T €08 ¥S9°T 0S¥9 06'€ Sevl 0026 SPIT 60 LIdYoepRIod]
9.0 9TSLStT LELT LT €ST'T YSLTT 9r's 06CT 00SST €C SS'1 [EEETTON
SL°0 92LTI6LT LYTT 1LLe £69°T [44A%4 08'CT L98T 0006C LE (pdnyinpy) renadnynjy
8L0 0v¢819T 749 8Y'1T €95°€ 9€€6 09t 0091 000C1 9ILY1 WE[ESURWEPOON
LL0 €9LV6LT T8€T 65°ST ST 749 009 To6Ll 000T1 0T (LoUyoRNLL) LOYdEYIEY L
90 09/S69T Y0€ET oT'vT 890C e 00t 0S0T 000€T 91°CT (INJOATIY) NJOATY
SL°0 T51950¢C 8ST 9197 (43 LT06 0S'ST S01CT 000T1 1s°1T Tl npaweueiy
LL0 6€4500C VST 99vT 976 9/9L 6C'8 010T 00001 16l 1 (J10)[UBIEMSIOUIIEA ) [TONURIEASIYIIEA
S9°0 [44:i 3444 TTLT [4 379 020C 80TTT 0s's 819 000LT e L1 [CEETHON
980 TVLTIELT CEET 69'VT 9.0°T S0LL IT'L 9551 0006 9I'LT 60 dn) wendeArddn
€L°0 E6CEVET €08T 6L'6T 99€'T 086¢T 056 8SHT 00LLT 66'9C LLT (od
€L°0 946667C 69LT LT S06°C €LOET oSt 9E¥T 00081 £F'ET 81 anueuuey ‘S
L0 TE90VPT 80TT jzan’ 9751 S06L 8T'S 0051 00L01 st LO°T (anjeany) meaood
S8°0 98EELYT €ETT 67'8T 698 1891 8'8 8Tel 0006 L9°1T 60 weefednpoy
SE0 14474141 €96 €T'L €99 002, 08°CT EVLT 00502 1£°02 S0°T INURII]
190 S979tST 6S6T €6'TC 19T 979vT 09's vice 000¥T 86°S¢ (Ipopequueres) prjequieeyy
LLO 9T¥00LT 80€T 0€'LT LV8 9068 1501 6891 00ST1 YETT [eseAeuUY
€9°0 9589¢0¢ 6SST 891 069 ozt 00°8T €LYT 00L61 89°9C L6T anfequininyy
9.0 €6T000¢ 6€ST 68'ST ss L9YCT 09°CC 20T 00+91 60T 9°1 InAequInIy
(asn) (e ul -sy) (wn) (w *bs (wn *bs) (yye uj -sy) (wy) (@w)
Jad 9|doad)
(eAad ay3 Jo azis ayy S TE) A A | ny Aysuap uone|ndod ease A3y 3502 afoud  uonendod y18us| 43 Anuenb aweu umoy
pue azis 193foid pasejpap J1BY3 SI ||N} 40§ 350D [EIOL [N} J0J1SOd B0 Joj YaSu3|amas  uonejndod leloL leloL uSisag Mas/1@ans usisag

udJ91p moy) ,ones uonejodesx3,

‘Apngs 1lrereqg oY)
puR Snsuod 1107 Y} Uoomidq Ymois 3y o} onp A[qissod oryer uoryejoderixo mo[ © Jo 9sneI9( POIOPISUOD JOU SeM ‘INURINDY
‘“A310 BU() “Paeds Uea( Ser A)1D 9} YONUL MOY MOTS 0} JYSLI je paje[nofes omer uoneodel)xs, Uy POAISS RIIR YIOM)IU IOMIS
)M UOTJR[OIIOD AUR 998 0} SNSUD [0X) oy AQ porrodor se eare s .AJ10 o) 9sn 01 sn smofre sy, -uornendod s .A)0 oIjus oY)
OAIOS 0} PO[RIS ST BOIR 9FRIDAOD 9FRIOMIS “BOIR [[}IM UOT}R[DII00 d[qIssod o1o[dxo OF, "snsuoo RIpU] JO JUOWUIOAOY) TT()E O WO}
sorjstvgoRIRYD A0 oY) Aq pojuoworddns st ey GT07 7P 70 ilereg woly s3s00 [ejided JIomiou Iomos Jo S[qR], 1Y O[qel,

50



‘poatas uorjendod [e)0) PUR }S0D JIOMIOU IOMIS JO UOISSOIZOL IedUl] -y 2In31

Z S0+20%02°Z B58L0 97 BEGLO ZI+96292°1 TAod N 1S027|BI0 1 " 15027 1aMas )
JASWY LONEPIEN IS5 UOHEPIEA  BIBQ UOBERIEA Haod# el bs—y lpy EE] aenbs-y ass adhz 4 eleq ¥ BWEU 34
@ s1i4 Jo 3|qe |
TR uoiEndod el0L
ze z 48 L ¥ zl ! g0 0
1 T T T T T T T ., J1
- [}
- ¥l }
SO0+ap0Z°7 ISWH
- gL 658/°0 :=ienbs-y paisnipy
L 1 m 8€6/°0 ‘2uenbs-y
= = ZT+IEQT'T 358
B 8 11} JO S53Upoon)
= [+ _W
L ve o J0+3P00T "SO+IETLE) SO+RIgEL =gd
(EET 'S9°28) £°0T1 =1d
B diE (Spunog aJuspiuod %56 YiIM) SIUaID1}J30D
UOEERIDe 500 JaMEG g Nn_ + xh._”n_ = (%))
| vonepndod El0) EA P 1EOD EIDL W de .._”-»_On_ [epOw Jeaur]
1 1 | 1 | 1 1 1 |

g0k synsay
suondQ 114 H (auou) s1yBrapy
3[EJS PUE J31U3) | | H (3uou) B1EP 7
dois E Ho snqoy H [Ny 15027 e10L BIED A
14 n 1 aaubag H uonendod [e10L BI1EP X
W oy @ E [elwouAog uoIssaIBaIT1S0d T IAMaS  [aLEeU 34

+ | uoissaifaiTisod T Iamas _

51



TPPol STIOU0220UI9) INO WOI] PaAOTILL SeM I9[(BLIBA
S1U} RQ.HOmw.H@QrH "UO1)e[a.LI09 pﬁdoﬁﬁﬂmﬁm Ou ST o9 J, "PoAdaS Boalk PUR] PUB )SOI MIOMISU Jomos JO Qoﬂmmwhmwh Ieaul | G-V @Hﬁwﬂh

BB A0
(4 0z 5k oL 5
- T T = T T T =
L - 4z
- 5 ' Hr
: S0+2LT8F ISWY
- c., P e 1522070~ 1enbs—y paisnipy
. . Jer g £5T0°0 2Jenbs-y
- . : iz o ZT+9Z£0°9 35S
- . . g ‘114 JO sSaupoon
B - n AN
. c
5 - . dve = 90+3FEP°Z '90+269°T) 90+3290°7 = zd
i . +3957°7 "PO+5LT ) pO+HRTOT- =1d
i 1% (SpUNog 2JUPYUOI %56 YIIM) SIUBIDIE0D)
I T TS - Hee 7d + x.7d = (x)}
|| BBiE A BN IEDOEID] e . de “._”>__on_ |2pow Jeaur]
| : | _ _ g0k synsay
~suondg 114 H (auou) ss1yBIapy
2[EDS pUB JAIRD | ﬂ {auou) BIEp 7
dois n 1O 15nqoy H Iny 1503710 BIEp A
F 2] 1 | abag < | ease" A1 ®IEp X

w oy @ ﬂ [BIWoUAjog uo1ssa16aIT150071aMIS BB 114

52



JpW=WOl}¢ SWI'09259569/M0OYsajonue/qlp-e|ypjo-1e-dn-awod-01-1ue|d-juawieal)-a8emas-15a81e|-Selpul /uolleu-pue-sanijod /SMau /Wod Sa WIIeIpUl S W11 WOU0d //:sd11y WOl e1ep,
£00 1e3A 9seq ylIM S)UdWISN[pPe 1502 3INJONIISEIJUI UBGIN JOJ XSPUI 150D UOIIINIISUOD JAID
poliad awi3 s1y3 104 YNIO9 = ASNT

Wwawauinbal oy pasn ssa204d 98pn|S pajeAdy ay) uo paseg
98'€C ajenb pig STOT WeA|3SIIUUER WOJ) e1ep d1S
LLEE ajiuenb doy
€8'9C 8vC'0 6T 00T 06'vT 00°086S «981e7 6107 ST'T0V
9€'8T 0LT'0 ot €V'T 4% 9T°S8L as1e7 £00C o1t
ST'TC 5020 €T €T LE6 90795 as1e7 800C 09
1S'€C 8TC'0 T'€T €V'T 1443 LEBYS as1e1 £00T 09
v8'€T 1220 Ter €v'T LT6 55005 a81e1 £00T S
L8°€T 1220 €€T €v'T 876 90°T0S a81e1 £00C S
6E€T 1 Z4%0] vL 3 128 0€'80C wnipaN £00T ov
€5°TT 911’0 oL VT L8Y 6L'76T wnipaN £00T ov
8¥'LT 2910 L'6 62T vS'L 06'6LT wnIpaN 600C S8'€T
€8'9T 9ST°0 €6 62T 9L TwTLT wnipaN 6002 S9'€T
SE°0C 8810 €T V' 16'L 0v'€0T wnipaN £00T LOET
0€'6T 6LT0 L0T 6CT €€'8 00'20T WnIpaN- 6002 44
96'8T 9LT'0 S0T wt 798 88°€0T wnipaN 0T0T S0°ZT
05'0C 06T°0 71T €T 198 01’26 wnipaN 800T 90T
[ANT4 96T°0 LT 6T 16 00'Z8 wnIpaN 600C 6
180T €6T°0 9TL 62T 106 S0'18 wnIpaN 600C 6
180T €6T°0 9T 62T 00'6 TL'98 wnipaN 600C €96
€CTC L6T0 8T 62T 9T'6 69'6L wnIpaN 600C L8
L0°'TT S6T°0 LT wt 856 0E'€L wnipaN 0T0T S9'L
€7'TC 8020 S'TT €T 676 10°0L wnipaN 800C 8€L
[4%4 5020 €T 621 S5'6 78'99 wnipaN 600C L
19T 1020 0zt wt 98'6 0z'89 wnipaN 0T0T 69
88'6T ¥8T°0 01T wt v0'6 v6EY llews 0T0Z 98y
05°0T 06T°0 v'TT [4% [4%0) 00°'6% |lews Z10Z v8'y
19°TT 1020 0zt wt 98'6 ov'TY |lews 010 44
62'8C 2920 L'ST 62T 1zer TL'8Y llews 6002 66'€
£9'9T LYT0 8T wt €T'CT €LY llews 010z 6€
88'LT 8570 §'sT 62T €0°CT ot'ey llews 6002 S€
€9°TE €620 9LT 62T S9'ET ov'ov llews 6002 96'C
LLEE €1€0 881 62T LSYT v9'CE llews 6002 {744
(Rep/18°0 « SET) Aep/1 80T = Uosiad auo dwINSSY 8Z'EE 80€°0 S'8T 621 9EVT 65'T€E llews 6002 T
(uosiad /(@A / 9vOT @SN) 51502 6T0T Jopey (1A / 9vOT UNI)  (9vOT ¥NI) (@)
asn) d1s J0 3502 uun d1S 40 3502 Jun o1paisnipy  uawisnlpy DD dLSJO1S0dNUN  d1SJ01s0)  ssepAldeded  uone||elsul Jo JedA  dLS jo Aypdede)

"1osejep 9[3UIS SIY} WOIJ npeN [TWe], JO SIS oY) 03 pajIu]
9Ie 9197 SIequuNu 2Yy1dads oY} ‘SI070v] IoY}0 9SO} UO BJep SUIARY J0U JO NI U] "Ajoeded uey) Ioyj0 JI,S U JO 1S0D oY} j0o)e
Je} SI0)0R] oIk 9I0Y ], "SIOIINO SUIeq 0} SNP }9S B)eP dY) WOIJ PIpN[dXa aIam SJ IS Ayoeded oa3re] omy pue JI,S L)oedes-ysy

AToA 9U() '$S9001J 98PN[S PIYeAI}dy o1} U0 paseq aIe SIS [[V ‘ST0¢ P 70 WeAfesIituue Wolj eyep JI.S JO 9[qRe], 'V 998l

53



SE

0e

4

ANOECQED d1S
0¢

Sl

o]

"SWIO)SAS POIOMIS 10] SISATRUR DIWIOUO0ISOUYDD) ) UL POSTL ST
[erjuouOdxoe PassoIsal sIy [, "Ajedes jueld [e10) Jo wONOUNJ © sk $1500 J1un Jue(d JUoUIIROI) 9FeMIS d1[) JO UOISSOISOY :¢-Y 2InTIq

uojssaibal juswness |
Ayoedes d1S "SA IS0 IUN 1S

doas

E

1 oy 3

“*suondo 114

ﬁ_<Xx.m

:uoienb3

Swiel JO JsquinN

Jamod

1S02 JUN 418

721070 “ISNY
955870 :2lenbs-y paisnipy

97980 :aJenbs-y
296900°0 :3SS

111} JO ssaupoon

72°0- ‘995£°0-) SZOE0-
(ZSZ€°0 “E90€°0) 8OVE0

q
e

1 IUBPIIUOD %SE YIIM) SIUID1}IR0D)
QvX:e = (X))
:TloMod [2pow [eauan

S3|nsay
(suou) :siybram
(uou) ‘Blep 7
1S0271UNT41S ‘BIEP A
Alpeded41s elep X
uolssaibalJuswileal]  dweu 34

o4



10daJ 6TOZ SIIB4Y UBGIN JO 3INYIISU| |BUOIIRN :92JNOS

s|eo8 uollellues a|qeuleisns 193w jou op sweld pa1ysiysiH

S9/7°0 00°0S¥6SE 00'00000€T  0000S9/T 00000000T  000ESS 0000002 Aluo pinbr zoo 0z EIET
9ZIETLLT'O 00°0VEOVE 00°00¥TZ6T  00008T9C 000008/¢T  00060ET 00006€L Aluo pinbr1 500 0s 1nd
609T¥0LT'0 00°09SCTC 00'086S0€T  0000TTLT 00009¥00T 000958 000€£20S Auo pinbn 500 0s Jndjeqer
EEVLIVT'0 EE'EES6TS 00'0005S9S  €£EEE€8€9 000000SE¥  00099L 0000225 Aluo pinb1 z10°0 a yan
SSYSYSZI'0 00°00096TT €E'EEEEES6  000000T6 €EEEEEEEL  00008ET 000000TT Y09 ST0'0 ST |eSuesem
L¥8T8TLO'0 00°0Y060T £9'9920T6C  0000809T £99998€7C  000907T 00006£9T Y09 SL0°0 St Jemysauenyg
9/£95620°0 00°000VEST €€°€€8088TS  0000008TT €EEEE8066E€  00080L 000S¥6£T Y109 900°0 9 ela|nyd
€9/15L0°0  00°0SYIvE 000058097 0000599 00000S¥SE  000EES 000060. Y09 200 (014 leyeuenaq

(+eaA/@IN/asn) (@w/asn)  (1edh/aTIn/uNI) (@n/uNI (+1e9A/YNI) A0

d154 40 3500 d1s4 d1S44013S00 4154403500 d1SH J0 350D (4NI1) d1S4 uswieasl  (QIN) dLS4 (@) d1s4

Jeuoijesado jun 401502 Jun  |euonesado yun leuded yun |euonjesadQ jo 3s0) |ende) pijos/pinb jo Aypede) jo Aipede)

"sprjos pue spmbiy yjoq jo jueuryeary [0y jo osrqedes sq 1,84
POIOPISUOD ATUO oM ‘SISATRUR INO 10 *(PIemumop J.I,Sg 9Y3 JO 1500 o) SMoYs Os[e YDIYM) PajeaI) A[nJ jou oIe sprjos ‘sjyue[d A[uo
-spmbI[ o) 104 “AJUO juOMIIRSI) PINDI] oIom [DIYM JO INOJ ‘YU RAI} PI[OS PUR PmbI] oIom UOIYM JO INoJ ‘SIS IS popnour

p10da1 oY, °,RIPUJ Ul SjUR[J JUUIYeal], 98pN[g [eder] Jo SIsA[euy,, uo y1oder 610 S, VNIN WOl SIS JO °o[qRl, €V °[qrRl

95



"spijos pue spinbi| joq a1} yey) SIS INOoJ oY) JO UOIssaISay]

fyoedead)sy

L0700 a0 500 ¥oo 200 0o LoD
T T T T T T T

-V 0InSLq

SO+98Z5°E ASINY
10Z°0 @1enbs-y paisnipy
£008°0 2renbs—y
TT+268%°Z 355

1) JO ssIUpOO)

(£689°0 '8ET°7-) S¥P2L0- =4
S0+ISED’E "SO0+ISST'T-) FOHIZOGEE =
(SpunNog 2UBPLUOD %SE YUM) S1URID1JR0D
QuXsE = (X))
ITdaMod [apow |eJauany

s)|nsay

~suondQ 14

doig Qux.E

1E| n T

w ony 1 o

uoienby

ISWIIRY JO JAQUINN

Jamog

(auou) :syBrag

(auou) BYep 7

xadoyun BIEp A

Ayzedeadysy TBIED X

T 3§ papaun aweu 4

56



|00} YJOMIWIELJ 150D | 1Y UO Paseq UOI1e|nd|ed 3S0d pueT

T-V 9|qeL e1ep SNsua) TTOZ W) SIIBWISS AU0Z 1SIMO| pue 1saysiH

0TOZ=HEIS'ZN |=SUONEIO|'BETOT=PUS: SZ 1430 ddD AN/J03edipul /310 jueqpom elep//:sdny 1031e|49p queg pUoM
£T0z AuoAesyjey) wouy s3s0)

SUOIBI0] B|qRIISAP SS3] Ul NG 37 PINOM Sd 1S4 PUE d 1S 1By} Bulwnsse pasn saoud U0z 1samoT,,

(9T0Z “fueg PO ) 1018139 daD Buisn 6TOZ 03 s22Ud OTOZ WO} PALBAUOD SISO0)

150D pueT, 318[Nd|Ed 0} PAAOWAI S11502 SIY} 1bS/SYOOOT INOGE SI SINSIY Ul PIPN|IUI UOHINIISUOD JO 150D

8ZE'T$ S8Z$ €218 9z$ (345 s (asn) asesany
0L120T 2061C 6v6 SE0T TOOTT 14413 (6102 ‘4NI) 38esany
989.9 0TSPT 8829 8VET 88¢L 8VET (010Z ‘4NI) 38219y
120 vES'6 So€ 19°80S 0900 881ST STTL Tl 799 11444 1991 leing
SLT0 95%9 SL TL0LY 900 SPIST 0069 LOVT ™9 Love 9T Moudpn
ozeo LLY'S L8T S0°0S€ 1120 VEVES 8VLS 96V veS 965 veST |edoyg
L2720 1266 VET'T LL°69T 9500 To¥8T 9€60T STLT 9101 STLT 910C eujed
SLEO SYE'6 TLE [4444 €0€°0 6SCTE 14514 06T E114 06€ STCT Jandier
LT20 1859 091 vv'0c6 T¢T0 SC661 0€ST TS8T GET 1S8¢C SECT (Peqepewyy) peqepawyy
B1Ep WPISINO JO oeT PNNN# 90€'vT 0 00°G8T T61°0 (44143 Tv08 SECE Lyl Qe yAZAN e1e3|0)
0TZ’0 90L9 69T'T 81T franl] 89€TE 9€9TT L00€ 180T L00Y 180C peqepuey
Blep HP{SINO JO )de] PNNN# TLT'8T 0 00°LTC £0°0 TTe9e ECTVT SEVC TeT SEVE ree peqiapAy
S80°0 8Y8'TT 166C 0z'918 800°0 €9TVT YTETT 1444 86T 14743 186C aund
¥90°0 86T 150°€ 0’16 00€°0 909 SPYeET 2929 6veT 9tL 6vee 1420y
Blep UP{SINO Jo Xde TNNN# £95°9C 0 00°'SLT STT°0 ToEoY 9CTLT wwLe T6ST i47A% 16SC leuusyy
STT°0 €STYT 87T 95°9STT vL0°0 8TISTCT 09T6¢C 68CTT 60LC 68¢CT 60LE yiea
8L1°0 2/8'0T L29 G8'708 w00 S8€86 08¢0S ovTe TL9Y ov10T TL9S alojeSueg
Blep HPISINO JO yoeT 000°0 759'6T 759'6T 009171 697°0 865911 79691 0L8¢ 9LST 0L6E 9LS¢T lequniy
jualpess Aususp  (wbs/ajdoad)  (wdjbs/sjdoad)  (wdibs) spanjsino uaipess (4N1) (4N1) (4N1) (4N1) (uononnsuod (uononnsuod uonedo]
uonejndod auoz1saysiH sywij ueqan ueqJn o} easy 1500 pueq wbs Jad 150y wbs Jad1s0)  Ybs Jad 1500 pueq Ybs 13d 3500 pueq |enuapisas apIsal
Jo Aysusp apisino Aysusp :auoz3isaysiH 13U0Z }59MO :auoz3isaysiH 13U0Z }59MO Buipnpur) Buipnpur)
uonejndod uonejndod ybs aad 3s0) ybs aad 3500
:3u0Z 159y SiH :3U0Z 153MO7

"SNISUOD 9} UL RJRp | [RINL, JO JOR] JO 9SNRII( POAOUISI SIR SOI}ID dWIOG * JusIpels Ajsuap uorjendod,, mojourered Sur)yy
1M GT(OZ pPheltog Aq paqLIdSep suoljouny [erpuauodxa oY) SUISSOISaI 10] SISe( oY) ULIOJ 90UaIoJal Jo sjutod om) 9say ], "sisA[eue
S,£10¢ AJI0ARINRY) WOIJ SOUOZ MO[ PUR [SIY U} [[IIM POJR[OIIOD 9( O} POWINSSR US[} oIR8 RIJRP 980U [, A0 UOAIS © I0J SOI}ISUIP
uoryendod | einr, pue ,ueqan, sepraoid snsued [0 [05) o) woly eyep Ajsuop uonendod -1jourered Surjy JULIpRIS 1S0D
puel, © pRIL 0} GT()Z pneldyg Wolj [Ppouwl [erpuauodxe o) 03 Pa1yy oI ¢1()g AJIOARINRY) WOIJ ®iep 9S0)) A[oAridadsar ‘1ojuad
£315 WO} I9Y)IR] PUR DU AJIO 0) 9SO[D SeoIR YIM PUOdSOLIOD | OUO0Z JSOMO[, PUR | OUO0Z ISOYSIY,, 9} I0J SIS0D pue| §'V O[qR],

57



A1 oes Jo syutod uonyendod | ueqin, pue | [RINL,
oY) Juesardar s9ssOId Poy A JUSISHPIP ® ST UI[ oN[q [ORY ‘g-g Ul UMOUS sodeys 0URI[OA, 9} JO 9OI[S [RIpRI | G-y 2INSI]

(W) 193u2d A319 WO IUBISIP
0€ St 0t S1 01 S 0

—— 0

(ZuDL/a[doad) Ansuap dod

IS OUBI[OA L

58



"$)S00 pue[ SISA[RUR DIWIOUOII0UYDA) 9Y) UL PIST SBM JRI[) SUI[ SR dFRIAR, O1[)
syuesardar aul] on[q ay) *(I0jued A3 o) IeaU ATUSIY pue| anfea [[1js a[doad) jusipeld 3500 pue[ deays ® sey [[13s Jnq (uoryemndod
PoInqLIYSIP-ATUaAs) Jueipelsd Aysuep uonemdod jepy AIea e sey dn seAaInd jer) IoIIno au() ‘Iodesypd oIe SIAYI0 S[IYM (SO1IID
Surfed-1oyS31 10 9[qRIISOP 910U ) $90LId IOYSI [[RISAO SARY SOI}ID OWIOG “AJ1D ® ST OAIND Pa3I0p Yor[q Yory " (Aysusp uoryerndod o
spuodsor100 adpysap ‘)s00 pue| 03 spuodseriod adnysatd) Aysuap uorpendod Jo UOIPOUNJ B SB UOISSOIFOI 1S00 PURT Q- 9IS

adeysal p
000 L oooct 0000 L 0008 0009 000F% 0002 0
I T I T I T I T

oo lo oo oo . oﬂo.m tuoﬁoooﬁ‘”l‘
ooaooo.oo.oooocoooo»oooo‘ooo.o -
. P

1€ #0+2%89°T ‘ISWY
Z€0°0 2ienbs-y paisnipy
17 20t 0 2tenbs-y
TT+3ETT € 3SS
111} JO ssaupoon

adeysesd

I g T1¥9°0 '1625°0) 15850 q
A ST * (T'SLE “L'¥ET) 6'7SC =F
. . )q IUBPIJUOD %56 YIIM) SIUBIDI}4R0D
; qvX.B = (X)}
Ausuap Jad soud

adeyses p 'shedeyses d - :T49M0Od [spowW |elauan
| | 1 1 |

1
pOF% s1|nsay

(puou) :s1ybram
(auou) ‘eyep 7
rsuondQ 314

dois qvXx.e :uolrenb3 adeysasd “BIEp A

Y 1 ISWLIRY JO JAquinN adeysaip ‘erep X

oy 3

19MOg Alisuap Jad 814 dwWeU 114

59



ourye] 91d e 10J palmbal pue[ JO JUNOWR 9} ISAO SISSOID PUR[ S[(R[IRAR JO PUSI)
premumop 9y} ‘wybs 1od spdoad (00T INOQR SAOQY UOWIWIOD SSI[ IR SAIJISUSD A9 Se ‘IS[ews 108 sozls ojdures oY) ‘wybs
Iad o1doad (G‘6 IMOQR 9AOQY "SIOP HOR[( S® UMOUS 9IR SIdBI[IN() "XO( 9U) M PayIRW oIk So[llrenb o[ppru pue ‘IoySIym oY)
M pasIew o1e so[iprenb wojjoq pue doy ‘our[ sype[q ® Ypm poxrew st Aysusp uoryendod jer) ur uosiod ueIpow o) ‘UIq ord
104 -outrye] 31d e 10 pelmbal pue[ Jo junouwre oY) ST OUI[ IR [RIUOZLIOY O], 'SIXe-A oY) uo pajjord st (] S0[) pue[ Sul[omp
-uou o[qelreAy opim (¢ surq Ajsuop uoryendod ojur jids punor 69 Loaing ojdureg [euOIjeN U} WO BIR(] :L-Y OINSL]

leadajul Ayisusp dod

_[v0+921L70+059°L)
. [v0+9Ge L v0+9€"))
_[v0+9Z'L70+0G1 "))
[r0+21€0+95°6)
[€0+9G°6'€0+986)
[£0+85°8'c0+28)
[€0+08'c0+05°2)
_|:[]_ [€0+852'€0+9L)
H []] [£0+8.2'c0+85°9)
[€0+05°9'€0+99)
[€0+89'¢0+05°G)
A [|_ [£0+85°G'€0+8G)
_|_|_.— . [eo+eg'c0+95%)
[c0+87'¢0+05°¢)
[€0+05°€'€0+9¢)
[€0+0€'¢0+05°C)
[€0+9G°2'€0+9¢)

[€0+92'€0+95 L)

[€0+85'L'€0+81)

[£0+81°005)

[oos'0]

-v0-eL

T....
'
[se]
<
[*]
2

|
I —-

[
I
—

-c0-9l

_::'7 . [eo+egv'co+ey)
e

— T
aoeds apisino

-l0-®L

- 00+3}

60



Bibliography

1]

2l

131

4]

[5]

[6]

7]

8]

19]

[10]

World Health Organization and UNICEF. Progress on drinking water, sanitation
and hygiene: 2017. 2017.

David M. Berendes, Trent A. Sumner, and Joe M. Brown. Safely Managed San-
itation for All Means Fecal Sludge Management for At Least 1.8 Billion People
in Low and Middle Income Countries. FEnvironmental Science € Technology,
51(5):3074-3083, mar 2017.

Natalie G. Exum, Emma M. Gorin, Goutam Sadhu, Anoop Khanna, and Kel-
logg J. Schwab. Evaluating the declarations of open defecation free status under

the Swachh Bharat (a Clean India’) Mission: Repeated cross-sectional surveys
in Rajasthan, India. BMJ Global Health, 5(3):1-11, 2020.

C. S. Sharada Prasad and Isha Ray. When the pits fill up: (in)visible flows of
waste in urban India. Journal of Water, Sanitation and Hygiene for Development,
9(2):338-347, jun 2019.

Christopher Hyun, Zachary Burt, Yoshika Crider, Kara L. Nelson, C.S. Sharada
Prasad, Swati D.G. Rayasam, William Tarpeh, and Isha Ray. Sanitation for Low-
Income Regions: A Cross-Disciplinary Review. Annual Review of Environment
and Resources, 44(1):annurev—environ—101718-033327, oct 2019.

World Bank. Approaches to Capital Financing and Cost Recovery in Sewerage
Schemes Implemented in India: Lessons Learned and Approaches for Future
Schemes. Technical report, 2016.

World Bank. Evaluating the Potential of Container-Based Sanitation. Technical
report, World Bank, Washington, DC., feb 2019.

Stantec. Techno-Economic Analysis (TEA) of Model Fecal-Sludge Management
and Sewer-Based Systems in India | STeP. (February), 2019.

Loic Daudey. The cost of urban sanitation solutions: a literature review. Journal
of Water, Sanitation and Hygiene for Development, 8(2), 2018.

Sheetal Kamble, Anju Singh, Absar Kazmi, and Markus Starkl. Environmental
and economic performance evaluation of municipal wastewater treatment plants
in India: A life cycle approach. Water Science and Technology, 79(6):1102-1112,
mar 2019.

61



[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]

[21]

Daniel Hellstrom, Ulf Jeppsson, and Erik Kadrrman. A framework for systems
analysis of sustainable urban water management. Environmental Impact Assess-
ment Review, 20(3):311-321, 2000.

Maria Lennartsson, Elisabeth Kvarnstréom, Tommy Lundberg, Jacinto Buenfil,
and Ron Sawyer. Comparing sanitation systems using sustainability criteria.
Technical report, Stockholm Environment Institute, Stockholm, 2009.

Frances Salisbury, Chris Brouckaert, Dave Still, and Chris Buckley. Multiple
criteria decision analysis for sanitation selection in South African municipalities.

Water SA, 44(3):448-458, 2018.

Brenda Vidal, Annelie Hedstrom, Sylvie Barraud, Erik Kéarrman, and Inga
Herrmann. Assessing the sustainability of on-site sanitation systems using
multi-criteria analysis. Environmental Science: Water Research and Technol-
0gy, 5(9):1599-1615, 2019.

Magalie Bassan, Doulaye Koné, Mbaye Mbéguéré, Christof Holliger, and Linda
Strande. Success and failure assessment methodology for wastewater and faecal
sludge treatment projects in low-income countries. Journal of Environmental
Planning and Management, 58(10):1690-1710, oct 2015.

Dalberg Advisors. India : Market Insights for the Omni Processor. Technical
Report July, STeP, 2018.

Joep Verhagen and Pippa Scott. Safely Managed Sanitation in High-Density
Rural Areas. World Bank, Washington, DC, sep 2019.

Central Ground Water Board (CGWB). National Compilation on Dynamic
Ground Water Resources of India. Technical Report July, Central Ground Water
Board, Faridabad, 2019.

Soumya Balasubramanya, Barbara Evans, Richard Hardy, Rizwan Ahmed,
Ahasan Habib, N. S.M. Asad, Mominur Rahman, M. Hasan, Digbijoy Dey,
Louise Fletcher, Miller Alonso Camargo-Valero, Krishna Chaitanya Rao, and
Sudarshana Fernando. Towards sustainable sanitation management: Establish-
ing the costs and willingness to pay for emptying and transporting sludge in rural
districts with high rates of access to latrines. PLoS ONE, 12(3), 2017.

Elizabeth Tilley, Lukas Ulrich, Christoph Luthi, Philippe Reymond, and Chris-
tian Zurbrugg. Compendium of Sanitation Systems and Technologies. EAWAG,
2nd edition, 2014.

Marc Deshusses, Kathy Jooss, and Karl Linden. Duke University / University

of Colorado Boulder Sanitation Odor Survey. Technical report, Duke University,
University of Colorado Boulder, 2016.

62



[22] Central Public Health Environmental Engineering Organization. Manual on Sew-
erage and Sewage Treatment. Technical report, Ministry of Housing and Urban
Affairs, Delhi, 1993.

[23] Central Public Health Environmental Engineering Organization. Chapter 3: De-
sign and construction of sewers. Technical report, 2013.

[24] R Pannirselvam and A Navaneetha Gopalakrishnan. Development of Cost Func-
tions for Sewage Treatment Plants based on Conventional Activated Sludge Pro-
cess. Indian Journal of Science and Technology, 8(30)(November), 2015.

[25] National Institute of Urban Affairs. Cost Analysis of Faecal Sludge Treatment
Plants in India. Technical report, National Institute of Urban Affairs, Delhi,
2019.

[26] United States Environmental Protection Agency. Construction Costs for Munic-
ipal Wastewater Conveyance Systems: 1973-1977. Technical report, 1978.

[27] Kevin Tayler. Faecal Sludge and Septage Treatment. 2018.

[28] B. Balaji, P. Mariappan, and S. Senthamilkumar. A cost estimate model for sew-
erage system. ARPN Journal of Engineering and Applied Sciences, 10(8):3327—
3332, 2015.

[29] Sangeeta Chowdry and Dr. Doulaye Kone. Business Analysis of Fecal Sludge
Management: Emptying and Transportation Services in Africa and Asia. Tech-
nical Report September, 2012.

[30] Kanakeshwar K Devangan, Nikhil Gampa, and Reema Parikh. Faecal Sludge
Management Plan - Dhenkanal Municipality, Odisha. Technical report, 2018.

[31] Prathibha Ganesan. Review of Household use of Septic Tanks and Fecal Sludge
Management in Rural India. CLTS Knowledge Hub, pages 1-17, 2017.

[32] Lukas Ulrich, Prit Salian, Caroline Saul, Stefan Justrich, and Christoph Luthi.
Assessing the Costs of on-site sanitation facilities. (March):27, 2016.

[33] Alain Bertaud and Stephen Malpezzi. The Spatial Distribution of Population
in 48 World Cities: Implications for Economies in Transition. Technical report,
The Center for Urban Land Economics Research, Madison, WI, 2003.

[34] Sanjoy Chakravorty. A new price regime: Land markets in Urban and Rural
India. Economic and Political Weekly, 48(17):45-54, 2013.

[35] Government of India. 2011 Census Data, 2011.

[36] Pierre-Henri Dodane, Mbaye Mbéguéré, Ousmane Sow, and Linda Strande. Cap-
ital and operating costs of full-scale fecal sludge management and wastewa-
ter treatment systems in Dakar, Senegal. Environmental science € technology,

46(7):3705-11, apr 2012.

63



[37] National Sample Survey Organisation. Key indicators fo drinking water, sanita-
tion, hygiene and housing condition in India, 2012.

[38] National Sample Survey Organisation. Key Indicators of Household Expenditure
on Services and Durable Goods - NSS 72nd Round. page 22, 2016.

[39] United Nations. Sustainable Development Goal 6 Synthesis Report on Water
and Sanitation 2018. Technical report, United Nations, New York, 2018.

[40] Grant Thornton. Appraisal of Jawaharlal Nehru National Urban Renewal Mis-
sion (JuNURM). Technical Report March, 2011.

[41] Ministry of Housing and Urban Affairs (MoHUA). Atal Mission for Rejuvenation
and Urban Transformation, 2020.

[42] STeP (Sanitation Technology Platform) and Eram Scientific. Creating the Path
to Profitability for the Reinvented Toilet. Technical Report September, 2019.

[43] Abdul Shaban and R.N. Sharma. Water Consumption Patterns in Domestic
Households in Major Cities Water Required for Different Activities. FEconomic
& Political Weekly, (1993):2190-2197, 2007.

[44] J J Momoh and D H Oladebeye. Assessment of Awareness,attitude and Will-
ingness of people to participate in household solid waste recycling programme

in Ado-Ekiti. Journal of Applied Sciences in Environmental Sanitation, 5(1):93—
105, 2010.

[45] Barbara E. Ainsworth, William L. Haskell, Arthur S. Leon, David R. Jr. Jacobs,
Henry J. Montoye, James F. Sallis, and Ralph S. Jr. Paffenbarger. Compendium
of physical activities: classification of energy costs of human physical activities.
Medicine and Science in sports and FExercise, 1993.

[46] Peter Appiah Obeng, Sampson Oduro-Kwarteng, Bernard Keraita, Henrik Breg-
nhgj, Robert C. Abaidoo, Esi Awuah, and Flemming Konradsen. Measurement
of Odour in On-Site Sanitation Systems in Low-Income Settings. Enuvironmental
Processes, 3(1):217-227, 2016.

[47] Allie Davis, Amy Javernick-Will, and Sherri Cook. The use of qualitative com-
parative analysis to identify pathways to successful and failed sanitation systems.
Science of The Total Environment, 663:507-517, 2019.

[48] Kara L. Nelson and Ashley Murray. Sanitation for Unserved Populations: Tech-
nologies, Implementation Challenges, and Opportunities. Annual Review of En-
vironment and Resources, 33(1):119-151, nov 2008.

[49] Water and Sanitation Program. Financial Requirements of Urban Sanitation in
India: An exploratory analysis. Technical report, 2016.

64



	Introduction
	Presentation of the SaNI framework
	Context definition
	Requirements estimation
	Technology performance estimation

	Identifying a sanitation service gap in India
	Construction of the technoeconomic model
	The missing middle in sanitation technologies

	Test case: Evaluation of an FSM-based system
	Requirements estimation
	Sanitation technology performance estimation
	Example results for an FSM-based system

	Discussion and implications
	Conclusions
	Technoeconomic analysis supplemental information

