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Abstract

Diverse and numerous sanitation sustainability assessment frameworks have been created
to enhance the ability of systems to provide safe sanitation services, especially in resource-limited
contexts. However, many go unused while new frameworks are developed and high sanitation
system failure rates persist. To better support the Sustainable Development Goal around global
sanitation, there is a need to better understand how sanitation sustainability is defined and
measured and the potential advantages and disadvantages of existing assessment frameworks. A
subset of existing sanitation sustainability assessment frameworks was reviewed after applying
each to evaluate multiple successful and failed community sanitation systems in India. Overall, the
evaluated frameworks did not share a sanitation sustainability definition or core set of essential
indicators. Many indicators lacked clear definitions and guidance on data collection and analysis.
When evaluating framework effectiveness, differentiations between successful and failed cases
varied greatly between frameworks. Potential improvements include indicator pilot-testing, to
verify measurement feasibility and that they provide expected results; context-specific weightings;
and project-specific framework selection. Clarifying and improving sanitation sustainability
assessment frameworks could increase their effectiveness and use, leading to better decision-
making and improved public and environmental health, economic viability, and sanitation use and

acceptance.
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Introduction

More than 60 percent of the global population lacks access to safe sanitation.! To improve
sanitation system success and access, researchers and practitioners have developed numerous
sanitation sustainability assessment frameworks, especially for resource-limited contexts.”™
However, sanitation system failure rates are unacceptably high,” and new frameworks are still
being developed. Improving the use and potential effectiveness of assessment frameworks could
address this continued failure. To improve global sanitation sustainability there is a need to
understand how sanitation sustainability is defined and measured.

In particular, first, many sustainability definitions are incomplete or unclear.>® For
example, frameworks often evaluate a sanitation system’s level of service,'”* so definitions should
include service provision. Also, while frameworks that evaluate the three pillars of sustainability
are being increasingly developed,”!* many existing frameworks focus on only one pillar. For

example, numerous frameworks use life cycle assessment principles to evaluate environmental

14-19 .20-24

impacts; others use life cycle costing methodology to quantify economic impacts; and
others assess social impacts.”>?’ Overall, there is a need to measure and define sustainability
consistently and uniformly.>¢

Second, the sanitation field does not have a universal set of sustainability indicators, likely
because of frameworks’ varied sustainability definitions and experts’ disagreement on which
indicators are most appropriate.”®* So many existing frameworks have their own unique set of
indicators that lack consistent measurements and definitions. For example, some indicators are
extremely difficult to measure (e.g., Number of Diarrheal Diseases Annually*®), are too context-

specific (e.g., Post-Flood Latrine Repairs®"), or are too general (e.g., Export of Problems in Time

and Space®). Also, different frameworks use different measurement approaches for the same
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indicator (e.g., System Performance measured with by concentration®* or percent removal®* of
different water quality parameters). Since it is infeasible to collect data on all possible indicators,**
there is a need to identify which indicators and combinations of indicators are most useful and
measurable within resource limitations.

Third, frameworks are structured differently and must be applied appropriately. For
example, they support decisions and data processing in different ways. Frameworks that use:
qualitative methods typically discuss each indicator separately to valuate one sanitation system;*>-
38 semi-quantitative methods typically evaluate whether a sanitation system’s impacts were better,

333940 and quantitative methods typically employ multi-criteria

equal to, or worse than a baseline;
decision analysis (MCDA) to aggregate quantitative data into a single-score per sanitation
system.*'™* 1In addition, there are different frameworks for different project phases. Monitoring-
based frameworks are intended to qualitatively evaluate and discuss impacts and tradeoffs within

334648 or track an existing system’s change over time.*** Comparison-based

a single system
frameworks are intended to compare multiple systems, to each other or to a baseline, by assessing
indicators in relative terms and are often used for technology selection.**3*°%3! These various types
of frameworks are often used interchangeably, showing a need to better understand the capabilities,
benefits, drawbacks, and appropriate applications of existing frameworks.**

To this end, a subset of existing frameworks intended for resource-limited contexts (Table
1) was comprehensively evaluated, by applying each to real case studies (i.e., existing successful
and failed community-based sanitation systems), to help determine the most effective definitions
and measures of sanitation sustainability. The goal of this analysis was to gain insight on the most

effective elements of existing, diverse frameworks and to translate any limitations into

recommendations for the improvement of future framework development and use. The
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frameworks’ various indicators and their measurements required a large range of data, so 12
resource-limited communities in India with small-scale sanitation systems, where extensive data

was already available®*->

and additional data could be collected, were chosen (see Table S1 for
community details). The most effective data (i.e., indicators to differentiate systems with distinct
outcomes), data processing, and results presentation approacheswere examined. Also, the
implications of differing sanitation sustainability definitions and how stakeholders can identify
and adapt a framework based on project-specific goals were discussed. This analysis can improve
how sanitation sustainability is measured, and ultimately achieved, in resource-limited
communities.
Methods
Framework Selection and Description

Existing sanitation sustainability assessment frameworks were identified from the
literature and by consulting water, sanitation, and hygiene (WASH) practitioners. A subset of these
frameworks (Table 1) were selected for further analysis based on three criteria. Each had to: take
a holistic evaluation approach and include, at a minimum, indicators associated with social,
economic, and environmental pillars, to be consistent with common sanitation sustainability
definitions; have an explicit sanitation focus in resource-limited communities; and clearly define
its objective (e.g., monitor community sanitation systems over time. Since the goal was to gain
insight into framework application and development improvements, instead of attempting to
comprehensively evaluate all existing frameworks, a subset of the frameworks that met these
criteria was chosen. Ultimately, six sanitation sustainability frameworks were selected that
captured a range of author-affiliated organizations (e.g., researchers, practitioners), complexity

and diversity of indicators (e.g., number and range of different social indicators), data processing
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98 methods (e.g., MCDA, qualitative), and intended applications (e.g., planning, post-

99  implementation) to help represent the diversity of frameworks (Table 1).
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Table 1. Summary of the six selected sanitation sustainability assessment frameworks, representing a range of author-affiliated organizations, objectives, data
processing methods, sustainability definitions, and indicators.

Intended Framework No. of Indicator
Framework Objective/Purpose . Unit(s) of Analysis Data Processing Method W . N Citation
Project Phase Testing Indicators | Categorization
TechSelect 1.0: L
Small-scale sanitation T
Technology systoms Quantitative indicator
Assessment for To evaluate and rank . | Syster L measurements (scale: 0 to Applied to .
Wastewater sanitation technolo Planning (especially high-rises in 1) aggregated into single hypothetical Economic,
. . £y (Technology India) with unspecified £eres O stk ypott 12 Environmental, 425354
Treatment Using alternatives to select . . . score using multi-criteria scenarios and .
. . . . Selection) toilet connection .. S . Social
Multiple-Attribute appropriate technologies . decision analysis with six technologies
L . (possible for household Lo .
Decision-Making or community toilets) expert weighting options
(TechSelect)
TS Onsite small-scale and . T
Stockholm To help municipalities e Semi-quantitative indicator .
. . . large-scale municipal . Economic,
Environment evaluate the relative Planning o . measurements Applied to .
. . [N sanitation systems with . Environmental,
Institute sustainability of (Technology unspecified toilet (scale: --, -, 0, +, ++) used hypothetical 34 Social 33
Sustainability technologies compared to an Selection and P . to compare system to the scenarios and ’
. . . .. connection (possible for w A . Health,
Criteria existing, conventional System Sizing) 0 alternative” (i.e., technologies .
household or . Technical
(SEI) sewered treatment system . . baseline)
community toilets)
Planning
To provide a decision Technolo .
. o provide a decisio ( 008y WASH technologies
Skat Foundation and support tool to evaluate the Selection) . . .2 . P .
. . A (including sanitation Semi-quantitative indicator . Economic,
WaterAid sustainable application of a or Revised after .
. . systems) of any scale measurements . . Environmental,
Technology potential or implemented Post- . . . piloted with . 39,5556
L g ol . with unspecified toilet (absolute scale of L 18 Social, s
Applicability technology, considering the Implementation . . . existing L
. connection (possible for supportive, unknown, or Institutional,
Framework roles of and impacts on (System . . . systems .
N household or hindering characteristics) Technical
(TAF) beneficiaries, implementers, Improvements . .
community toilets)
and governments and Program
Effectiveness)
Assessing the L T
LS Small-scale sanitation Quantitative indicator
Sustainability of . .
To assess the global Post- systems with measurements (scale: 0 to Applied to .
Small Wastewater R . . . . . . Economic,
sustainability of small-scale Implementation unspecified toilet 1) aggregated into single- hypothetical - 44,57
Treatment Systems: o . . : R . 17 Environmental, ’
A Composite sanitation systems post- (System connection (possible for score using multi-criteria scenarios and Social
Indicator prroach implementation Improvements) household or decision analysis with technologies
community toilets expert weightin
(CIA) ty ) p ghting
To monitor and evaluate the .
impacts of community-led Post- Household latrines
P o oA Implementation resulting from Qualitative and Revised after Economic,
UNICEF total sanitation programs . R . . .
A . . (System community-led total quantitative indicator piloted with Environmental, 36.37.49
Sustainability Checks that aim to achieve open o . . . 20 . =l
. e Improvements sanitation latrine measurements; Qualitative existing Social,
(UNICEF) defecation free districts . . . ) o
. and Program construction programs discussion of impacts systems Institutional
through behavior change Effectiveness) in any size community
and latrine construction Y
enters for Disease . Household latrines (and L
¢ To monitor and evaluate the Post- ( . Qualitative and . . .
Control and . . . small-scale community R Piloted with Economic,
. impacts of implemented Implementation quantitative indicator . . 35.58
American Red Cross . water supply systems L existing 11 Environmental, ’
s integrated WASH (System . . measurements; Qualitative .
Sustainability of . . and hygiene education . . ) systems Social
interventions Improvements discussion of impacts

water, sanitation and

programs)
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Real Cases Data Collection and Evaluation

The various indicators and their measurements required a large range of data. The cases
included 12 resource-limited communities in India with small-scale sanitation systems (Table S1)
where where extensive data could be collected. The communities were peri-urban, slum
resettlements in Karnataka and Tamil Nadu, India. All had sanitation systems that served between
800 and 1000 individuals and were intended to be maintained by community operators. Each
sanitation system’s status (successful or failed) was previously determined;*>** in summary, a
successful system was (1) used daily, exclusively, and correctly by at least 75 percent of the
intended population; (2) maintained correctly and on-time; and (3) complied with local regulations.
Of the ten successful systems, five were conventional sanitation systems intended to solely contain
and treat wastewater; five were resource recovery systems intended to produce and recover biogas,
compost, or water. Two extreme failure caseswere also included to help determine if framework
results reflected the extreme contrast between distinctly successful and failed systems. Only a
limited number of failed cases were included due to the difficulty of data collection from failed
systems.

Data was collected by the first author, with the help of translators and research assistants
trained in sanitation fieldwork, from May to August 2016, January to May 2017, and December
2018 to February 2019. In summary, previously collected data included: interviews, photovoice,
and focus groups that elucidated local priorities for sanitation and the ability of sanitation systems
to address those priorities and interviews with community members, operators, implementing
organizations, and municipalities that discussed major causes of system success or failure.?*->>
Additional data needed to apply each framework included survey questionnaires with community

members using questions provided in the sustainability frameworks to measure household
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expenses, willingness to pay, hygiene behaviors, open defecation free (ODF) verification
processes, and availability of sanitation materials and financing. It also included documentation,
researcher observations, and technical system evaluations that assessed construction quality,
handwashing behavior, ODF verification, and system performance and validated interview and
survey data. All data collection followed the approved Institutional Review Board protocol #16-
0026.

Data analysis (i.e., indicator measurements and scoring) followed the methods described
by each framework. When a framework had an indicator that was ambiguous (i.e., no indication
of how to measure it), then literature and case data were used to define the indicator or to specify
a metric and measurement scale (more details on adaptations are in the Supporting Information
(SI) Section S2 and Table S2).

Framework Evaluation

Each framework was evaluated individually. First, each framework’s sanitation
sustainability definition and objective were identified. Next, a framework’s indicators were
evaluated to determine how well they met the framework’s objective and sustainability definition.
Then, the framework was applied to the real successful and failed sanitation systems. This was
done to determine (i) if and how any indicators needed to be adapted to make them operational,
and (ii) how each framework measured sanitation sustainability, which was done by assessing if a
framework differentiated between systems with distinct outcomes and if it provided a threshold
for sustainability. To help understsand the influence of each framework’s data processing method
on the results, each framework’s results were translated into ranks for each real system from first
(best, most sustainable system) to twelfth (worst, least sustainable system) (Figure S1). The

quantitative results from TechSelect and CIA, which used expert weightings and single-score
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aggregation methods, already ranked each of the twelve real systems. The other frameworks’
results were semi-quantitative and qualitative, so ranks were assigned assuming equal weights
between indicators. For SEI and TAF, the system with the most positive and the least negative
indicator scores was ranked first. For UNICEF and CDC/ARC, systems were ranked within each
indicator, then the sum of the indicator ranks was used to rank the systems.

Finally, for a broader understanding of how sustainability is measured, the complete set of
indicators from all six frameworks were evaluated to determine common indicators, unique
indicators, and indicator comprehensiveness. Indicators were categorized (Table 2) to help identify
the different topics covered by each framework. Most frameworks categorized their indicators
using the three pillars of sustainability (i.e., social, economic, and environmental). If a framework
used sub-categories, they were consolidated into one of the three pillars based on theoretical

373960 and meta-

understanding and typical categorizations used by sustainability frameworks
analyses.>®1"% (e.g., institutional indicators were categorized as social; technical indicators were

categorized as environmental).

Results & Discussion
Sustainability Measurement Approaches and Topics

There were a total of 111 indicators used by the six frameworks. The most common
indicators were Reliability and Acceptability/Appropriateness, which were included in all six
frameworks; Complexity, included in five; Investment Costs, included in four; and O&M Costs,

included in three.
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When considering the three broad sustainability categories, environmental indicators were
the most common (63 out of 111 total), followed by social indicators (36), and economic indicators
(12) (Table S3).

From the 111 indicators, 25 main topics were identified (e.g., reliability, use, legal) (Table
2). Of these, four were covered in only one of the six frameworks: Replicability, Material Use,
Compatibility with Existing System, Water Infrastructure. For the other topics, frameworks
usually proposed different indicators to measure the same topic. For example, five frameworks
included the topic of system performance. Two used global measurements, or indicators whose
impacts are based on total supply chain resource use and emissions: TAF measured the Potential
for Negative Impacts or Benefits for Natural Resources on a Larger Scale; TechSelect measured
global Eutrophication Potential. The other three frameworks used local measurements: CDC/ARC
suggested a generic Water Quality Results measurement; SEI used Discharge levels of
biochemical oxygen demand, nitrogen, and phosphorous; and CIA used Percent Removal of
organic matter, nitrogen, phosphorous, and total suspended solids. While the last two indicators
measure similar pollutants, the measurements are different because percent removal does not
assure a certain water quality, such that systems with the same final water quality can have very
different indicator values since the removal is based on influent wastewater.

Usually, a topic would be more comprehensively evaluated by using multiple indicators
(i.e., measurements). For example, the topic of water reuse could be better measured by the SEI
and CIA frameworks; specifically by using both frameworks’ Potential for Water Reuse indicators,
where the SEI indicator measures quality ( “potential of technologies to achieve an effluent with
enough quality to be reused”) and the CIA indicator measures quantity (“percent of the

consumption of the system”). This approach is used by UNICEF; it used multiple indicators to
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evaluate an ODF program’s breadth and impacts (e.g., Quality of Triggering Process and Quality
of ODF Verification Process). Overall, the differences between frameworks can lead to different
conclusions for a given sustainability category, topic, and even indicator, so there is a need to
ensure that frameworks’ data collection approaches provide a complete and comprehensive

evaluation.
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Table 2. Summary of main indicator topics included in the selected sanitation sustainability assessment frameworks (individual indicators are listed in Table S2).

Indicator

Framework

Sustainability
Categories

Sustainability
Sub-
categories™

Main Topics

TechSelect

CIA

SEI

TAF

UNICEF

CDC/
ARC

Economic

Economic

Investment Costs

O&M Costs

Capacity to Pay/Affordability

Willingness to Pay

Other System Benefits

Environmental

Health

Health & Hygiene

Environmental

Odors

System Performance

Global Warming

Energy Use

Land Use

Material Use

Eo T R T I B T Bl Il I T e I

Water Infrastructure

Technical

Reliability

Design Life

ol

Maintenance

I T o

Complexity

Flexibility

Replicability

Compatibility with Existing System

Ll N

Social

Social

Use

Appropriateness/Acceptability/Satisfaction

ol

Education/Behavior Change

Institutional

External Support/Resources

X
X
X

Legal

X

X

*Reliability and Complexity were categorized as social by CIA; Willingness to Pay was categorized as social by SEI; Potential for Reuse was categorized as environmental and
Local Development as social by CIA and SEI; Odors was categorized as social by CIA. TechSelect, UNICEF, and CDC/ARC frameworks did not explicitly categorize their
indicators, so category was based on the most common category used by the other frameworks and from Balkema et al. (2002).
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Framework Application and Adaptation

When the six frameworks were applied to the 12 existing cases, one-third of the 111
indicators needed adaptations due to lack of clear definitions (Table S4). Four frameworks required
adaptations for nearly 50 percent of their indicators. This high level of adaptation was mainly due
to the frameworks’ use of generic scales without definitions (e.g., a generic three-level scale of
low, medium, and high). Only one framework, TAF, required no adaptation because the
framework included lengthy appendices with complete indicator definitions, measurement
questions, and evaluation methods. Within the frameworks’ indicator sustainability sub-categories,
technical indicators required the most adaptation (76%), followed by social (55%), institutional
(44%), health (43%), economic (33%), and environmental (26%) (Table S5). The relatively low
level of adaptation for economic and environmental indicators was expected since these

2659 and have well-

sustainability categories have been the most studied aspects of sustainability
established and widely accepted measurement methods.®*%* The specificity of technical indicators
could be improved by drawing from extensive monitoring and evaluation processes.”%*®” For
example, Jacimovic and Bostoen (2017) propose five well-defined technical indicators to monitor
humanitarian WASH interventions and to align these measurements with WASH humanitarian
sector (i.e., Sphere) standards.” Overall, frameworks would benefit from increased specificity, such
as providing more comprehensive and clear definitions for each indicator and including specific
measurement (i.e., scoring) scales (e.g., definition of what “low” vs. “high” means for each
indicator).

Results from the framework ranking (Figure S1) show that the two failed cases (Cases 12

and 17) were ranked last and second to last for nearly all frameworks; the exception was

TechSelect, which gave a rank of seventh to one of the failed systems. For the ten successful cases,
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though, the six frameworks produced extremely varied results (Figure S1). For example, Case 13
ranged from a ranking of first (CDC/ARC) to eleventh (TechSelect). The varying results between
frameworks is mostly due to indicator disparity and ambiguity, which is influenced by the
disconnect between the constructs underlying each indicator and what is being measured. For
example, the Joint Monitoring Program’s definition of basic sanitation (“population using
improved sanitation facilities, which are not shared”)! is an indicator (i.e., a measurement of a
particular construct) instead of a construct (e.g. “the minimum level of household sanitation service
that delivers adequate privacy, dignity, and public health protection to users”). This disconnect is
an issue because there has been agreement on the construct’s definition of basic sanitation but
disagreement on the indicators.®*’! If frameworks are not based on unified definitions of
sustainable sanitation constructs, then disagreement on which indicators should be used is likely.
Similarly, there was a wide range of rankings between frameworks for the successful
systems likely because each framework defined and measured sanitation sustainability differently
(Table S6). While some frameworks defined the construct of sustainability, these definitions often
were not specific to sanitation, yet all of the frameworks’ indicators were specific to sanitation.
Therefore, there was a lack of agreement between the sustainability definition and how it was
measured. For example, UNICEF relied on the Brundtland Commission’s definition where
“sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs”.”> UNICEF’s framework,
however, lacked a means to measure future generation’s needs specific to sanitation; its indicators
focused on current sanitation system users, especially the system’s impact on users’ health and
open defecation, and did not include a measure of the sanitation system’s ability to meet broader

or longer-term sustainable development goals.*® Similarly, TechSelect’s indicators did not
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adequately measure the framework’s sustainability construct. TechSelect defined sustainable
technology broadly as “a strategy that enables men and women to rise out of poverty and increase
their economic situation by meeting their basic needs, through developing their own skills and
capabilities while making use of their available resources in an environmentally friendly
manner.”* TechSelect’s indicators focused primarily on environmental resources and immediate
economic costs but lacked measures of poverty, skills development, and basic needs.

The other three frameworks (SEI, CIA, and TAF) used sustainability definitions and
indicators that were sanitation-specific; this specificity may explain why these frameworks’
indicators seemed more aligned with their sustainability constructs. For example, SEI and CIA
adopted the same sustainable sanitation technology definition of a “technology that does not
threaten the quantity and quality of resources and has the lowest costs with respect to the physical,
socio-cultural and economic environments”.”®> Both frameworks proposed at least one indicator to
measure each of the main tenets of their sustainability definition. For example, SEI’s indicators
included measures of Material Use (quantity of resources), Global Warming (quality of resources),
System Performance (physical), Acceptance (socio-cultural), and O&M Costs (economic).>
TAF’s definition was “the applicability of technologies, and of successful introduction, sustainable
use, and the operation of technologies providing lasting services”.>* TAF’s indicators measured
each of its definitions’ sustainability components such as Demand for the Technology (sustainable
use) and Sector Capacity for Validation, Introduction of Technologies, and Follow Up (successful
introduction).

Even when a there was alignment between the sustainability definition and the indicators,
no framework provided adequate guidance to determine when a sanitation system met the goals of

its sustainability construct due to unclear definitions and/or indicators that did not match the
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definitions. For example, CDC/ARC defined sustainability as “the long-term effectiveness of
water and sanitation infrastructure”, but it was unclear what “long-term effectiveness” meant and
how the indicators proposed would measure this concept (no indicator had a time dimension).
Overall, there is a need for frameworks to have a clear and measurable sustainability definition so
that the most appropriate indicators can be used.”*” To help improve sustainability definitions and
provide clear goals for achieving universal sanitation access, there should be a unified definition
of sanitation sustainability.?®?’ Based on this evaluation of sustainability frameworks, a suggested
unified definition of sustainable sanitation is a system that provides long-term functional, safe, and
acceptable sanitation services while also minimizing negative social, economic, and environmental
impacts.

There were 32 indicators that consistently scored successful systems as more sustainable
than failed system (Table S7). Those indicators were related to levels of system use, maintenance,
and performance as well as external support/resources and acceptability, which have also been
previously found to be essential drivers of sanitation success.>>> The other indicators did not
consistently differentiate between successful and failed systems. For example, for UNICEF’s
Affordability indicator, failed Cases 17 and 12 were scored as more sustainable than multiple
successful cases, with a rank of fourth and tenth, respectively (Table S8); the failed systems were
“more sustainable” because they had minimal to no costs associated with them. Similarly, for SEI’s
Material Use indicator, both failed cases used relatively fewer materials than SEI’s 0 alternative
and than six successful cases (Table S9), so the failed cases again appeared more sustainable for
this single indicator. Frameworks need to consider ways to avoid suggesting that systems requiring

minimal resources, because they are providing minimal services, are sustainable.
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One approach would be to consider the impact of both individual and combined (i.e., sets
of) indicators. Most existing sanitation sustainability assessment frameworks already include
multiple indicators to avoid this issue. However, sanitation frameworks could further improve on
sustainability measurements by identifying a universal set of comprehensive indicators. For
example, four frameworks did not include an indicator to measure functionality of the sanitation
infrastructure over its design life. Universal indicators have been identified in other sectors. For
example, the food security sector adopted universal indicators, which improved their ability to
measure, understand, and respond to food insecurity globally, enabling more effective
humanitarian aid and policies.”* Similar efforts are underway to identify universal water insecurity
indicators.”> A sector-wide effort to identify a core set of sanitation indicators could help align
sustainability definitions and measurements as well as the sector’s understanding of its coverage,
impacts, effectiveness, and critical focus areas.

Another approach is to have flexibility in indicators to allow for context-specific
preferences and information since context-specific differences could explain why some indicators
were unable to consistently differentiate between the successful and failed cases. This is
particularly important because some indicator measurements cannot be universal. For example, all
six frameworks proposed some social indicators that are posited to be universal (e.g., Odors, Visual
Impacts, Noise, Convenience), but the importance of these has been shown to vary by context.?>7¢

76.77 and that some communities value

Research demonstrates that priorities are context-specific
different aspects far more than topics specified in some frameworks (e.g., Privacy and Low Cost
versus Odors and Noise).?> Therefore, indicators that have not been proven to be universal and/or

do not consistently differentiate between successful and failed systems should allow for context-

specific adaptations. For example, frameworks could provide a set of possible social indicators to
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select from based on context or could choose a measurement approach that inherently includes this

1,25

contextual adaptation, such as the Addressed Sanitation Priorities Protocol,” which evaluates how

well sanitation systems address important, context-specific priorities.
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Figure 1. Comparison of CIA results using the CIA expert weightings (a) and equal weightings (b) for this
framework’s single-score aggregation approach. * denotes failed systems; all other systems were successful.

A third approach is to consider weights between indicators. For instance, the single-score
aggregation frameworks (CIA and TechSelect) weighted indicators using expert opinions.**>* For
CIA, the ten successful cases had higher scores than the two failed cases; however, there was less
than a 1% difference between the “worst” successful case score and the “best” failed case score
(Figure 1a), making it difficult to determine which systems were unsustainable. When the expert

weights were replaced with equal weights across indicators, the score difference between the
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“worst” successful case and the “best” failed increased to 33%, which presented a clearer
distinction between the 12 cases evaluated (Figure 1b). Similarly, TechSelect did not have a clear
differentiation between successful and failed cases when using its expert weights, andthe ranking
of cases was more accurate w hen the expert weights were replaced with equal weights across all
indicators (Figure S2).

These results demonstrate that expert weights may not always be appropriate, particularly
when there is a lack of consensus in the sanitation sector about the use of weighted approaches due
to their potential to be misleading or prone to bias, and that weights may need to be context-specific
(e.g., determined by local stakeholders instead of, or in addition to, expert weightings). If expert
weightings are used, frameworks should seek to align their weighting schemes in pursuit of
universally agreed upon weights that are developed using multiple experts since a limited number
of experts (usually n<20) often results in weak expert consensus®® and weightings that are highly
sensitive.?®?° For example, the comprehensive and long-established method to calculate disability
adjusted life years (DALY S) uses universal, expert-derived weights that also incorporate local and
social factors such as local air quality and gender.”®’® Sanitation framework weights could emulate
the DALYS model of expert weights that account for context-specific information to help reconcile
the desired universality of indicators with the need for context-specific adaptations.

Many frameworks do not use weights, though, because they do not use quantitative data or
aggregate indicator data. For these frameworks, the user may need to determine and use an
aggregation method to attempt to differentiate between sustainable and unsustainable systems.
TAF and SEI were both semi-quantitative frameworks that compare sanitation alternatives by
scoring each indicator on a relative basis and displaying results in a summary table (Tables 3 and

S9). These frameworks, instead of providing a single-score aggregation method, emphasized that
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sustainability is context-specific and suggested interpreting the results in partnership with local
stakeholders. When these frameworks’ results were aggregated by the authors (by assuming equal
weightings of indicators and subtracting the total number of negative indicator scores from the
sum of the positive and neutral indicator scores), both frameworks differentiated between the
successful and failed cases. Therefore, weights between indicators can still be an important

consideration for frameworks that do not aggregate data.
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359 Table 3. Summary of the framework TAF’s results, which used relative comparison to score each indicator.
. . Case Number
Indicator Sub-category Indicator
18 |11 |13 |7 |15 |14 |8 |2 |3 |1 | 12* | 17*
Demand for the technology (user) + |+ |+ |0+ |+] - - -
Social Need for promotion and market research (producer) 0 0]0(0|0] - -
Need for behavior change and social marketing ol el s lelslelololslo
(regulator/investor) ] ]
Affordability (user) + |+ |+ [+ +]O0]|O[O0O|O]O0O]| - -
Economic Profitability (producer) + |+ | +[0]0]|O0]|O[O|O]|O]| - -
Supportive financial mechanisms sl l+l+slslolslolol+ _ _
(regulator/investor)
Potential for benefits or negative impacts (user) + |+ |+ [+ 0| +]|+[0]0]O - -
Potential for local production of product or spares
Environmental (producer) 0101010010000 0] 0 0
Potential for negative impacts or benefits for natural vl el elolol+lol+lolo
resources on larger scale (regulator/investor) ] ]
Legal structures for management of technology & FUN IR i T (T N (O T _
accountability (users)
Institutional Legal regulation and requirements for registration olololololololololo!l o 0
of producers (producer)
Alignment with national strategies and validation el elel+slol+slololo
procedures (regulator/investor) - -
Skillset of user or operator to manage technology FUN IR i T (T N (O T _
(user)
Capacity Level of technical and business skills needed el e lelsl+l+lololo _ _
(producer)
Sector capacity for validation, introduction of ol el +lolslalsls
technologies, and follow up (regulator/investor) ] ]
Reliability of technology and user satisfaction FUN IR i T (T N (O T _
(user)
Technical Vlab_le supply chains for product, spares, and FUN IR IR S T T N I _ _
services (producer)
Support mgchamsms for upscaling technology sl el +«lololololololo ) )
(regulator/investor)

360 "Note: + = high value, neutral or positive, supportive characteristics; 0 = potential impact, could become critical, needs follow up; - = low value, negative,
361 critical, hindering characteristics. * denotes failed systems; all other systems were successful.
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UNICEF and CDC/ARC were intended for monitoring a single WASH project and did not
definitively reflect which cases were successful or failed. However, each’s individual indicators
highlighted differences between cases (Tables S8 and S10) that could be used to identify
improvements to an existing system. For example, CDC/ARC identified systems with no
infrastructure maintenance committee (Cases 12 and 17) and systems that had committees with
maintenance challenges (Cases 1, 2, 3, and 14). Since having a highly active committee to maintain
WASH infrastructure is important,>® stakeholders could use this information to strengthen
committees’ maintenance preparedness, such as by discussing how to improve sanitation fee
collection and saving funds in a bank account.’® Improvements to an existing system are also
supported when indicators have sustainable targets. For example, CDC/ARC had three indicators
with a quantitative target: 100% Sanitation Coverage; 100% Water Infrastructure Coverage,; and
75% Hygiene Behavior Coverage. UNICEF recognized 100% as the ideal target for all of its
indicators but encouraged framework users to evaluate those targets to assure they were context-
specific and realistic (e.g., based on national standards or implementing organization program
goals).

Framework Development and Use

The many existing sanitation sustainability assessment frameworks have different intended
applications. It is likely that the wide differences in framework results (Figure S1) is partially due
to this difference. To ensure that stakeholders select the most appropriate framework for their goals
(e.g., using a planning framework like SEI for technology selection instead of post-implementation
impact evaluation), frameworks should clearly state intended applications and limitations.

Usually the intended application is based on the sanitation project’s phase (e.g., planning

new or monitoring existing), which has a very large impact on the type, amount, and quality of
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data available. Some frameworks use theoretical values and others measure actual values.
Theoretical values for indicator measurements are useful for comparing between technology
alternatives in the planning phase, but they may not accurately characterize built infrastructure.
For example, CIA measures Odors based on theoretical emission factors®® but does not account
for odor emissions when system designs vary from theoretical designs or are poorly performing.
Also, frameworks and the types of data they use could be better differentiated. For example,
“technology alternatives potential” could be used for frameworks intended for planning and that
rely heavily on theoretical indicator measurements. “Baseline monitoring” could be used for
frameworks that evaluate a single sanitation system’s impacts or track a system’s impacts over
time. “Relative sustainability” could be used for frameworks that compare systems but do not
quantify impacts, while “absolute sustainability” could be used for single-score aggregation
frameworks that quantify and compare system impacts.

The data quality and availability issue is also reflected in the ways in which frameworks
are developed and tested, which varied among the selected frameworks (Table 1). A common
testing approach, used by three of the six selected frameworks, is to use hypothetical scenarios to
demonstrate how a framework works and identify general technology characteristics. A main
limitation of this approach is that data limitations (e.g., data collection challenges, undefined
indicator measurements) are usually not encountered during framework testing. However, data
limitations are common, especially in resource-limited contexts, so frameworks should use a
testing approach that helps to identify the influence of these limitations (e.g., pilot-testing with real
sanitation systems or contexts).

A major reason for the limited use of sustainability assessment frameworks is that many

organizations lack the resources to conduct resource-intensive evaluations (e.g., with extensive
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data collection).*®! To make frameworks more accessible, they should, where possible, use
indicator measurements that are realistic and require minimal resources. For example, Willingness
to Pay is typically measured using the widely-accepted but highly time-intensive®? contingent
valuation method.*® Investigating if less resource-intensive indicators can also effectively measure
Willingness to Pay, such as Acceptance, as called for by WHO and UNICEF,! can improve
framework accessibility and use. Another way to reduce a framework’s resource demands could
be proposing well-defined alternatives (e.g., qualitative scales) to complex measurement methods,
such as the qualitative scale used by SEI to measure Risk of Infection instead of a health risk
assessment (which are beyond most implementing organizations’ regular capabilities®*). Also,
frameworks should eliminate redundant indicators to minimize data collection and analysis
requirements. For example, measuring both Material Use and Global Warming Potential may not
be necessary since the former is used to calculate the latter (e.g., both midpoint and endpoint
impacts are not always needed), and indicator dependencies could exaggerate a system’s impacts.
Frameworks that include less resource-intensive and non-redundant indicators will be
easier for organizations with resource limitations to use. To help achieve this, frameworks could
use a different testing approach, such as pilot testing of the indicators and data processing methods
with real, implemented systems. Pilot testing was used by the other three selected frameworks
(Table 1) and better allows developers to identify potential roadblocks for data collection and to
determine whether indicators accurately capture intended results. Two frameworks, UNICEF and
TAF, revised indicator metrics after pilot testing and have since continued to update the
frameworks’ guidance manuals.*®>°
Overall, the sanitation sector as a whole should also seek consensus on a unified sanitation

sustainability definition and a baseline set of universal indicators. Effective frameworks require
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well-defined, comprehensive indicators and context-specific weightings They also need to provide
adequate guidance for stakeholders to select a framework, understand and evaluate indicators,
process the data, interpret the results, and determine whether systems do (or could) meet minimum
thresholds for sanitation sustainability. These recommended improvements to sanitation
sustainable assessment frameworks could increase the use and effectiveness of existing and future
frameworks, which could lead to better sanitation decision-making and in turn, improved public

and environmental health, economic viability, and sanitation use and acceptance.

Supporting Information

Details of the methods and additional results tables and figures.

Acknowledgements

We thank our assistants, Vijay Kumar and Sridhar Selvaraj, and all participants in this research for
their indispensable time and support. We thank Elizabeth Jordan, Leidy Klotz, Anu Ramaswami,
and JoAnn Silverstein for their valuable input. We thank the anonymous reviewers and editor for
their contributions that strengthened this sanitation sustainability discussion.

Funding Sources

This work was completed with financial support from the Mortenson Center in Global
Engineering, the CU Boulder Engineering Excellence Fund, and the Beverly Sears Graduate

Student Research Grant.

References

(1)  WHO; UNICEF. Progress on Drinking Water, Sanitation and Hygiene: Update and SDG
Baselines; Joint Monitoring Program: Geneva, 2017.

(2) Balkema, A. J.; Preisig, H. A.; Otterpohl, R.; Lambert, F. Indicators for the Sustainability
Assessment of Wastewater Treatment Systems. Urban Water 2002, 4 (2), 153-161.
https://doi.org/10.1016/S1462-0758(02)00014-6.

Page 27 of 34



455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

3)

4

6))

(6)
(7)
®)

€))

(10)

(1D

(12)

(13)
(14)

(15)

(16)

(17)

(18)

Barnes, R.; Roser, D.; Brown, P. Critical Evaluation of Planning Frameworks for Rural
Water and Sanitation Development Projects. Dev. Pract. 2011, 21 (2), 168—189.
https://doi.org/10.1080/09614524.2011.543269.

Schweitzer, R.; Grayson, C.; Lockwood, H. Mapping of Water, Sanitation, and Hygiene
Sustainability Tools; Working Paper 10, IRC/Aguaconsult/Triple-S. 2014. Available
online: http://www. ircwash. org/sites/default/files/triple-
s_wplOmappingofwashsustainabilitytools. pdf (accessed on 7 March 2017), 2014.

Starkl, M.; Brunner, N.; Stenstrom, T.-A. Why Do Water and Sanitation Systems for the
Poor Still Fail? Policy Analysis in Economically Advanced Developing Countries.
Environ. Sci. Technol. 2013, 47, 6102—6110. https://doi.org/10.1021/es3048416.

Dillard, J.; Dujon, V.; King, M. C. Understanding the Social Dimension of Sustainability;
Routledge, 2008.

Jacimovic, R.; Bostoen, K. Monitoring and Evaluation Framework for WASH Market-
Based Humanitarian Programming; Guidance Document; Oxfam, 2017.

Drabble, S.; Parente, V. An Inegrated Approach to Peri-Urban Sanitation and Hygiene in
Maputo: Working with City Authorities to Improve Services and Practices; Topic Brief;
WSUP: Maputo, Mozambique, 2018.

Flores, A.; Buckley, C.; Fenner, R. Selecting Sanitation Systems for Sustainability in
Developing Countries. Water Sci. Technol. 2009, 60 (11), 2973.
https://doi.org/10.2166/wst.2009.375.

Katukiza, A. Y.; Ronteltap, M.; Niwagaba, C. B.; Foppen, J. W. A.; Kansiime, F.; Lens, P.
N. L. Sustainable Sanitation Technology Options for Urban Slums. Biotechnol. Adv. 2012,
30 (5), 964-978. https://doi.org/10.1016/j.biotechadv.2012.02.007.

Muga, H. E.; Mihelcic, J. R. Sustainability of Wastewater Treatment Technologies. J.
Environ. Manage. 2008, 88 (3), 437—-447. https://doi.org/10.1016/j.jenvman.2007.03.008.
Palme, U.; Lundin, M.; Tillman, A.-M.; Molander, S. Sustainable Development Indicators
for Wastewater Systems — Researchers and Indicator Users in a Co-Operative Case Study.
Resour. Conserv. Recycl. 2005, 43 (3), 293-311.
https://doi.org/10.1016/j.resconrec.2004.06.006.

WaterAid. Sustainability Framework; Framework; WaterAid: London, UK, 2011.
Chevalier, C.; Meunier, F. Environmental Assessment of Biogas Co- or Tri-Generation
Units by Life Cycle Analysis Methodology. Appl. Therm. Eng. 2005, 25 (17-18), 3025—
3041. https://doi.org/10.1016/j.applthermaleng.2005.03.011.

Fang, L. L.; Valverde-Pérez, B.; Damgaard, A.; Plosz, B. Gy.; Rygaard, M. Life Cycle
Assessment as Development and Decision Support Tool for Wastewater Resource
Recovery Technology. Water Res. 2016, 88, 538-549.
https://doi.org/10.1016/j.watres.2015.10.016.

Gallego, A.; Hospido, A.; Moreira, M. T.; Feijoo, G. Environmental Performance of
Wastewater Treatment Plants for Small Populations. Resour. Conserv. Recycl. 2008, 52
(6), 931-940. https://doi.org/10.1016/j.resconrec.2008.02.001.

Guest, J. S.; Cook, S. M.; Skerlos, S. J.; Love, N. G. A Methodology to Assess the
Environmental Impacts of Upgrading Wastewater Infrastructure: A Case Study to
Evaluate Energy Recovery from Black Water. Proc. Water Environ. Fed. 2009, 2009 (9),
6584-6602.

Rodriguez-Garcia, G.; Molinos-Senante, M.; Hospido, A.; Hernandez-Sancho, F.;
Moreira, M. T.; Feijoo, G. Environmental and Economic Profile of Six Typologies of

Page 28 of 34



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

(19)

(20)

@2y

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

€1y

(32)

Wastewater Treatment Plants. Water Res. 2011, 45 (18), 5997-6010.
https://doi.org/10.1016/j.watres.2011.08.053.

Schoen, M. E.; Xue, X.; Wood, A.; Hawkins, T. R.; Garland, J.; Ashbolt, N. J. Cost,
Energy, Global Warming, Eutrophication and Local Human Health Impacts of
Community Water and Sanitation Service Options. Water Res. 2017, 109, 186—195.
https://doi.org/10.1016/j.watres.2016.11.044.

Ashley, R.; Blackwood, D.; Butler, D.; Jowitt, P.; Davies, J.; Smith, H.; Gilmour, D.;
Oltean-Dumbrava, C. Making Asset Investment Decisions for Wastewater Systems That
Include Sustainability. J. Environ. Eng. 2008, 134 (3), 200-209.

Brunner, N.; Starkl, M.; Kazmi, A.; Real, A.; Jain, N.; Mishra, V. Affordability of
Decentralized Wastewater Systems: A Case Study in Integrated Planning from India.
Water 2018, 10 (11), 1644. https://doi.org/10.3390/w10111644.

Molinos-Senante, M.; Hernandez-Sancho, F.; Sala-Garrido, R. Economic Feasibility Study
for Wastewater Treatment: A Cost—Benefit Analysis. Sci. Total Environ. 2010, 408 (20),
4396-4402. https://doi.org/10.1016/j.scitotenv.2010.07.014.

Rebitzer, G.; Hunkeler, D.; Jolliet, O. LCC—the Economic Pillar of Sustainability:
Methodology and Application to Wastewater Treatment. Environ. Prog. Sustain. Energy
2003, 22 (4), 241-249.

Van Minh, H.; Hung, N. V. Economic Aspects of Sanitation in Developing Countries.
Environ. Health Insights 2011, 5, 63—70. https://doi.org/10.4137/EHL.S8199.

Davis, A.; Javernick-Will, A.; Cook, S. Priority Addressment Protocol: Understanding the
Ability and Potential of Sanitation Systems to Address Priorities. Environ. Sci. Technol.
2019, 53 (1), 401-411. https://doi.org/10.1021/acs.est.8b04761.

Noga, J.; Wolbring, G. The Economic and Social Benefits and the Barriers of Providing
People with Disabilities Accessible Clean Water and Sanitation. Sustainability 2012, 4
(12), 3023-3041. https://doi.org/10.3390/su4113023.

Sperling, J.; Romero-Lankao, P.; Beig, G. Exploring Citizen Infrastructure and
Environmental Priorities in Mumbai, India. Environ. Sci. Policy 2016, 60, 19-27.
https://doi.org/10.1016/j.envsci.2016.02.006.

Starkl, M.; Brunner, N.; Hauser, A. W. H.; Feil, M.; Kasan, H. Addressing Sustainability
of Sanitation Systems: Can It Be Standardized? Int. J. Stand. Res. 2018, 16 (1), 39-51.
https://doi.org/10.4018/1JSR.2018010103.

Starkl, M.; Brunner, N.; Feil, M.; Hauser, A. Ensuring Sustainability of Non-Networked
Sanitation Technologies: An Approach to Standardization. Environ. Sci. Technol. 2015, 49
(11), 6411-6418. https://doi.org/10.1021/acs.est.5b00887.

Badowski, N.; Castro, C. M.; Montgomery, M.; Pickering, A. J.; Mamuya, S.; Davis, J.
Understanding Household Behavioral Risk Factors for Diarrheal Disease in Dar Es
Salaam: A Photovoice Community Assessment. J. Environ. Public Health 2011, 2011, 1—
10. https://doi.org/10.1155/2011/130467.

Mosler, H.-J.; Mosch, S.; Harter, M. Is Community-Led Total Sanitation Connected to the
Rebuilding of Latrines? Quantitative Evidence from Mozambique. PLOS ONE 2018, /3
(5), e0197483. https://doi.org/10.1371/journal.pone.0197483.

Schaider, L. A.; Rodgers, K. M.; Rudel, R. A. Review of Organic Wastewater Compound
Concentrations and Removal in Onsite Wastewater Treatment Systems. Environ. Sci.
Technol. 2017, 51 (13), 7304—7317. https://doi.org/10.1021/acs.est.6b04778.

Page 29 of 34



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

(33)

(34)

(35)

(36)

(37)

(38)
(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Lennartsson, M.; Kvarnstrom, E.; Lundberg, T.; Buenfil, J.; Sawyer, R. Comparing
Sanitation Systems Using Sustainability Criteria; Stockholm Environment Institute, SEI:
Stockholm, 2009.

Schwemlein, S.; Cronk, R.; Bartram, J. Indicators for Monitoring Water, Sanitation, and
Hygiene: A Systematic Review of Indicator Selection Methods. Int. J. Environ. Res.
Public. Health 2016, 13 (3), 333. https://doi.org/10.3390/ijerph13030333.

CDC. Evaluation of the Sustainability of Water and Sanitation Interventions in Central
America after Hurricane Mitch: February 12 — 27, 20006; U.S. Centers for Disease Control
and Prevention (CDC): Atlanta, 2008.

UNICEF. Sustainability Checks: Guidance to Design and Implement Sustainability
Monitoring in WASH; UNICEF, 2017; p 44.

UNICEF. Madagascar WASH Sector Sustainability Check; UNICEF: Madagascar, 2014.
Kempkes, M. Sustainability Monitoring Framework, 2013.

Olschewski, A.; Casey, V. The Technology Applicability Framework. A Participatory
Tool to Validate Water, Sanitation, and Hygiene Technologies for Low-Income Urban
Areas. In Technologies for Development; Springer International Publishing: Cham, 2015;
pp 185-197. https://doi.org/10.1007/978-3-319-16247-8 18.

Opher, T.; Friedler, E. Comparative LCA of Decentralized Wastewater Treatment
Alternatives for Non-Potable Urban Reuse. J. Environ. Manage. 2016, 182, 464-476.
https://doi.org/10.1016/j.jenvman.2016.07.080.

Iribarnegaray, M. A.; Copa, F. R.; Gatto D’Andrea, M. L.; Arredondo, M. F.; Cabral, J.
D.; Correa, J. J.; Liberal, V. L.; Seghezzo, L. A Comprehensive Index to Assess the
Sustainability of Water and Sanitation Management Systems. J. Water Sanit. Hyg. Dev.
2012, 2 (3), 205. https://doi.org/10.2166/washdev.2012.005.

Kalbar, P. P.; Karmakar, S.; Asolekar, S. R. Technology Assessment for Wastewater
Treatment Using Multiple-Attribute Decision-Making. Technol. Soc. 2012, 34 (4), 295—
302. https://doi.org/10.1016/j.techsoc.2012.10.001.

Malekpour, S.; Langeveld, J.; Letema, S.; Clemens, F.; van Lier, J. B. Judgment under
Uncertainty; a Probabilistic Evaluation Framework for Decision-Making about Sanitation
Systems in Low-Income Countries. J. Environ. Manage. 2013, 118, 106—114.
https://doi.org/10.1016/j.jenvman.2013.01.007.

Molinos-Senante, M.; Gémez, T.; Garrido-Baserba, M.; Caballero, R.; Sala-Garrido, R.
Assessing the Sustainability of Small Wastewater Treatment Systems: A Composite
Indicator Approach. Sci. Total Environ. 2014, 497-498, 607-617.
https://doi.org/10.1016/].scitotenv.2014.08.026.

Murray, A.; Ray, L.; Nelson, K. L. An Innovative Sustainability Assessment for Urban
Wastewater Infrastructure and Its Application in Chengdu, China. J. Environ. Manage.
2009, 90 (11), 3553-3560. https://doi.org/10.1016/j.jenvman.2009.06.009.

Murphy, H. M.; McBean, E. A.; Farahbakhsh, K. Appropriate Technology — A
Comprehensive Approach for Water and Sanitation in the Developing World. Technol.
Soc. 2009, 317 (2), 158-167. https://doi.org/10.1016/j.techsoc.2009.03.010.

Starkl, M.; Brunner, N.; Lopez, E.; Martinez-Ruiz, J. L. A Planning-Oriented
Sustainability Assessment Framework for Peri-Urban Water Management in Developing
Countries. Water Res. 2013, 47 (20), 7175-7183.
https://doi.org/10.1016/j.watres.2013.10.037.

Page 30 of 34



591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

(48)

(49)

(50)

(D

(52)

(33)

(54)

(35)
(56)

(57)

(58)

(39)
(60)

(61)

(62)

Tilley, E.; Strande, L.; Liithi, C.; Mosler, H.-J.; Udert, K. M.; Gebauer, H.; Hering, J. G.
Looking beyond Technology: An Integrated Approach to Water, Sanitation and Hygiene
in Low Income Countries. Environ. Sci. Technol. 2014, 48 (17), 9965-9970.
https://doi.org/10.1021/es501645d.

UNICEF. Sustainability Checks: The UNICEF Experience in Eastern and Southern
Africa; UNICEF, 2012.

Gaulke, L. S.; Weiyang, X.; Scanlon, A.; Henck, A.; Hinckley, T. Evaluation Criteria for
Implementation of a Sustainable Sanitation and Wastewater Treatment System at
Jiuzhaigou National Park, Sichuan Province, China. Environ. Manage. 2010, 45 (1), 93—
104. https://doi.org/10.1007/s00267-009-9398-1.

Wongburi, P.; Park, J. K. Decision Making Tools for Selecting Sustainable Wastewater
Treatment Technologies in Thailand. /OP Conf. Ser. Earth Environ. Sci. 2018, 150,
012013. https://doi.org/10.1088/1755-1315/150/1/012013.

Davis, A.; Javernick-Will, A.; Cook, S. The Use of Qualitative Comparative Analysis to
Identify Pathways to Successful and Failed Sanitation Systems. Sci. Total Environ. 2019,
663 (1), 507-517. https://doi.org/10.1016/].scitotenv.2019.01.291.

Kalbar, P. P.; Karmakar, S.; Asolekar, S. R. Life Cycle-Based Decision Support Tool for
Selection of Wastewater Treatment Alternatives. J. Clean. Prod. 2016, 117, 64-72.
https://doi.org/10.1016/j.jclepro.2016.01.036.

Kalbar, P. P.; Karmakar, S.; Asolekar, S. R. Selection of an Appropriate Wastewater
Treatment Technology: A Scenario-Based Multiple-Attribute Decision-Making Approach.
J. Environ. Manage. 2012, 113, 158—169. https://doi.org/10.1016/j.jenvman.2012.08.025.
Skat Foundation. Technology Applicability Framework (TAF) Manual. WASHTech,
European Commission’s 7th Framework Programme in Africa November 2013.

Skat Foundation; Rural Water Supply Network. [TAF] Technology Applicability
Framework https://technologyapplicability.wordpress.com/ (accessed Feb 12, 2019).
Molinos-Senante, M.; Gémez, T.; Caballero, R.; Hernandez-Sancho, F.; Sala-Garrido, R.
Assessment of Wastewater Treatment Alternatives for Small Communities: An Analytic
Network Process Approach. Sci. Total Environ. 2015, 532, 676—687.
https://doi.org/10.1016/j.scitotenv.2015.06.059.

Sabogal, R. I.; Medlin, E.; Aquino, G.; Gelting, R. J. Sustainability of Water, Sanitation
and Hygiene Interventions in Central America. J. Water Sanit. Hyg. Dev. 2014, 4 (1), 89—
99. https://doi.org/10.2166/washdev.2013.130.

Basiago, A. D. Economic, Social, and Environmental Sustainability in Development
Theory and Urban Planning Practice. The Environmentalist 1998, 19 (2), 145-161.
Blizzard, J. L.; Klotz, L. E. A Framework for Sustainable Whole Systems Design. Des.
Stud. 2012, 33 (5), 456—479. https://doi.org/10.1016/j.destud.2012.03.001.

Billig, P.; Bendahmane, D.; Swindale, A. Water and Sanitation Indicators Measurement
Guide; Food and Nutrition Technical Assistance Project, Academy for Educational
Development, 1999.

Hermann, B. G.; Kroeze, C.; Jawjit, W. Assessing Environmental Performance by
Combining Life Cycle Assessment, Multi-Criteria Analysis and Environmental
Performance Indicators. J. Clean. Prod. 2007, 15 (18), 1787-1796.
https://doi.org/10.1016/j.jclepro.2006.04.004.

Page 31 of 34



635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680

(63)

(64)
(65)

(66)
(67)

(68)

(69)

(70)

(71)
(72)

(73)

(74)

(75)

(76)

(77)

(78)

Kiihnen, M.; Hahn, R. Indicators in Social Life Cycle Assessment: A Review of
Frameworks, Theories, and Empirical Experience: Indicators in Social Life Cycle
Assessment. J. Ind. Ecol. 2017, 21 (6), 1547—1565. https://doi.org/10.1111/jiec.12663.
Hunkeler, D.; Rebitzer, G. Life Cycle Costing—Paving the Road to Sustainable
Development? Int. J. Life Cycle Assess. 2003, 8 (2), 109—110.

ISO. Environmental Management: Life Cycle Assessment: Principles and Framework;
International Organization for Standardization, 1997; Vol. 14040.

Mercy Corps. Design, Monitoring & Evaluation (DM&E) Guidebook; Mercy Corps, 2006.
World Health Organization. 4 Toolkit for Monitoring and Evaluating Household Water
Treatment and Safe Storage Programmes; World Health Organization: Geneva, 2012.
Stafford-Smith, M.; Griggs, D.; Gaftney, O.; Ullah, F.; Reyers, B.; Kanie, N.; Stigson, B.;
Shrivastava, P.; Leach, M.; O’Connell, D. Integration: The Key to Implementing the
Sustainable Development Goals. Sustain. Sci. 2017, 12 (6), 911-919.
https://doi.org/10.1007/s11625-016-0383-3.

Gunther, I.; Niwagaba, B. C.; Luthi, C.; Horst, A.; Mosler, H.-J.; Tumwebaze, K. 1. When
Is Shared Sanitation Improved Sanitation? The Correlation between Number of Users and
Toilet Hygiene; Research for Policy, 2012.

Heijnen, M.; Cumming, O.; Peletz, R.; Chan, G. K.-S.; Brown, J.; Baker, K.; Clasen, T.
Shared Sanitation versus Individual Household Latrines: A Systematic Review of Health
Outcomes. PLoS ONE 2014, 9 (4), €93300. https://doi.org/10.1371/journal.pone.0093300.
WHO; UNICEEF. Progress on Sanitation and Drinking Water: 2015 Update and MDG
Report; Joint Monitoring Programme; World Health Organization: Geneva, 2015.
WCED. Report of the World Commission on Environment and Development: Our
Common Future; World Commission on Environment and Development: Oxford, 1987.
Vleuten-Balkema, A. J. van der. Sustainable Wastewater Treatment: Developing a
Methodology and Selecting Promising Systems. Dissertation, Eindhoven University,
Eindhoven, 2003.

Coates, J.; Swindale, A.; Bilinsky, P. Household Food Insecurity Access Scale (HFIAS)
for Measurement of Food Access: Indicator Guide, 2007.
https://doi.org/10.1037/e576842013-001.

Young, S. L., Collins, S. M., Boateng, G. O., Neilands, T. B., Jamaluddine, Z., Miller, J.
D., Brewis, A. A., Frongillo, E. A., Jepson, W. E., Melgar-Quinonez, H., Schuster, R. C.,
Stoler, J. B., and Wutich, A. Development and Validation Protocol for an Instrument to
Measure Household Water Insecurity across Cultures and Ecologies: The Household
Water InSecurity Experiences (HWISE) Scale. BMJ Open 2019, 9 (1), €023558.
https://doi.org/10.1136/bmjopen-2018-023558.

Nawab, B.; Nyborg, I. L. P.; Esser, K. B.; Jenssen, P. D. Cultural Preferences in Designing
Ecological Sanitation Systems in North West Frontier Province, Pakistan. J. Environ.
Psychol. 2006, 26 (3), 236-246. https://doi.org/10.1016/j.jenvp.2006.07.005.

Kapiriri, L.; Norheim, O. F. Whose Priorities Count? Comparison of Community-
Identified Health Problems and Burden-of-Disease-Assessed Health Priorities in a District
in Uganda. Health Expect. 2002, 5 (1), 55-62.

Murray, C. J. L., Vos, T., Lozano, R., Naghavi, M., Flaxman, A. D., Michaud, C., Ezzati,
M., Shibuya, K., Salomon, J. A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, I.,
Aggarwal, R., Ahn, S. Y., Ali, M. K., AlMazroa, M. A., Alvarado, M., Anderson, H. R.,
Anderson, L. M., Andrews, K. G., Atkinson, C., Baddour, L. M., Bahalim, A. N., Barker-

Page 32 of 34



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726

Collo, S., Barrero, L. H., Bartels, D. H., Basanez, M.-G., Baxter, A., Bell, M. L.,
Benjamin, E. J., Bennett, D., Bernabé¢, E., Bhalla, K., Bhandari, B., Bikbov, B., Abdulhak,
A. B., Birbeck, G., Black, J. A., Blencowe, H., Blore, J. D., Blyth, F., Bolliger, L.,
Bonaventure, A., Boufous, S., Bourne, R., Boussinesq, M., Braithwaite, T., Brayne, C.,
Bridgett, L., Brooker, S., Brooks, P., Brugha, T. S., Bryan-Hancock, C., Bucello, C.,
Buchbinder, R., Buckle, G., Budke, C. M., Burch, M., Burney, P., Burstein, R., Calabria,
B., Campbell, B., Canter, C. E., Carabin, H., Carapetis, J., Carmona, L., Cella, C.,
Charlson, F., Chen, H., Cheng, A. T.-A., Chou, D., Chugh, S. S., Coffeng, L. E., Colan, S.
D., Colquhoun, S., Colson, K. E., Condon, J., Connor, M. D., Cooper, L. T., Corriere, M.,
Cortinovis, M., de Vaccaro, K. C., Couser, W., Cowie, B. C., Criqui, M. H., Cross, M.,
Dabhadkar, K. C., Dahiya, M., Dahodwala, N., Damsere-Derry, J., Danaei, G., Davis, A.,
Leo, D. D., Degenhardt, L., Dellavalle, R., Delossantos, A., Denenberg, J., Derrett, S., Des
Jarlais, D. C., Dharmaratne, S. D., Dherani, M., Diaz-Torne, C., Dolk, H., Dorsey, E. R.,
Driscoll, T., Duber, H., Ebel, B., Edmond, K., Elbaz, A., Ali, S. E., Erskine, H., Erwin, P.
J., Espindola, P., Ewoigbokhan, S. E., Farzadfar, F., Feigin, V., Felson, D. T., Ferrari, A.,
Ferri, C. P., Févre, E. M., Finucane, M. M., Flaxman, S., Flood, L., Foreman, K.,
Forouzanfar, M. H., Fowkes, F. G. R., Fransen, M., Freeman, M. K., Gabbe, B. J., Gabriel,
S. E., Gakidou, E., Ganatra, H. A., Garcia, B., Gaspari, F., Gillum, R. F., Gmel, G.,
Gonzalez-Medina, D., Gosselin, R., Grainger, R., Grant, B., Groeger, J., Guillemin, F.,
Gunnell, D., Gupta, R., Haagsma, J., Hagan, H., Halasa, Y. A., Hall, W., Haring, D., Haro,
J. M., Harrison, J. E., Havmoeller, R., Hay, R. J., Higashi, H., Hill, C., Hoen, B., Hoffman,
H., Hotez, P. J., Hoy, D., Huang, J. J., Ibeanusi, S. E., Jacobsen, K. H., James, S. L.,
Jarvis, D., Jasrasaria, R., Jayaraman, S., Johns, N., Jonas, J. B., Karthikeyan, G.,
Kassebaum, N., Kawakami, N., Keren, A., Khoo, J.-P., King, C. H., Knowlton, L. M.,
Kobusingye, O., Koranteng, A., Krishnamurthi, R., Laden, F., Lalloo, R., Laslett, L. L.,
Lathlean, T., Leasher, J. L., Lee, Y. Y., Leigh, J., Levinson, D., Lim, S. S., Limb, E., Lin,
J. K., Lipnick, M., Lipshultz, S. E., Liu, W., Loane, M., Ohno, S. L., Lyons, R.,
Mabweijano, J., Maclntyre, M. F., Malekzadeh, R., Mallinger, L., Manivannan, S.,
Marcenes, W., March, L., Margolis, D. J., Marks, G. B., Marks, R., Matsumori, A.,
Matzopoulos, R., Mayosi, B. M., McAnulty, J. H., McDermott, M. M., McGill, N.,
McGrath, J., Medina-Mora, M. E., Meltzer, M., Memish, Z. A., Mensah, G. A., Merriman,
T. R., Meyer, A.-C., Miglioli, V., Miller, M., Miller, T. R., Mitchell, P. B., Mock, C.,
Mocumbi, A. O., Moffitt, T. E., Mokdad, A. A., Monasta, L., Montico, M., Moradi-Lakeh,
M., Moran, A., Morawska, L., Mori, R., Murdoch, M. E., Mwaniki, M. K., Naidoo, K.,
Nair, M. N., Naldi, L., Narayan, K. M. V., Nelson, P. K., Nelson, R. G., Nevitt, M. C,,
Newton, C. R., Nolte, S., Norman, P., Norman, R., O’Donnell, M., O’Hanlon, S., Olives,
C., Omer, S. B., Ortblad, K., Osborne, R., Ozgediz, D., Page, A., Pahari, B., Pandian, J.
D., Rivero, A. P., Patten, S. B., Pearce, N., Padilla, R. P., Perez-Ruiz, F., Perico, N.,
Pesudovs, K., Phillips, D., Phillips, M. R., Pierce, K., Pion, S., Polanczyk, G. V., Polinder,
S., Pope, C. A., Popova, S., Porrini, E., Pourmalek, F., Prince, M., Pullan, R. L., Ramaiah,
K. D., Ranganathan, D., Razavi, H., Regan, M., Rehm, J. T., Rein, D. B., Remuzzi, G.,
Richardson, K., Rivara, F. P., Roberts, T., Robinson, C., De Leon, F. R., Ronfani, L.,
Room, R., Rosenfeld, L. C., Rushton, L., Sacco, R. L., Saha, S., Sampson, U., Sanchez-
Riera, L., Sanman, E., Schwebel, D. C., Scott, J. G., Segui-Gomez, M., Shahraz, S.,
Shepard, D. S., Shin, H., Shivakoti, R., Silberberg, D., Singh, D., Singh, G. M., Singh, J.
A., Singleton, J., Sleet, D. A., Sliwa, K., Smith, E., Smith, J. L., Stapelberg, N. J., Steer,

Page 33 of 34



727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759

(79)

(80)

(81)
(82)

(83)

(84)

A., Steiner, T., Stolk, W. A., Stovner, L. J., Sudfeld, C., Syed, S., Tamburlini, G.,
Tavakkoli, M., Taylor, H. R., Taylor, J. A., Taylor, W. J., Thomas, B., Thomson, W. M.,
Thurston, G. D., Tleyjeh, I. M., Tonelli, M., Towbin, J. A., Truelsen, T., Tsilimbaris, M.
K., Ubeda, C., Undurraga, E. A., van der Werf, M. J., van Os, J., Vavilala, M. S.,
Venketasubramanian, N., Wang, M., Wang, W., Watt, K., Weatherall, D. J., Weinstock,
M. A., Weintraub, R., Weisskopf, M. G., Weissman, M. M., White, R. A., Whiteford, H.,
Wiebe, N., Wiersma, S. T., Wilkinson, J. D., Williams, H. C., Williams, S. R., Witt, E.,
Wolfe, F., Woolf, A. D., Wulf, S., Yeh, P.-H., Zaidi, A. K., Zheng, Z.-J., Zonies, D., and
Lopez, A. D. Disability-Adjusted Life Years (DALY's) for 291 Diseases and Injuries in 21
Regions, 1990-2010: A Systematic Analysis for the Global Burden of Disease Study
2010. The Lancet 2012, 380 (9859), 2197-2223. https://doi.org/10.1016/S0140-
6736(12)61689-4.

Allotey, P.; Reidpath, D.; Kouamé, A.; Cummins, R. The DALY, Context and the
Determinants of the Severity of Disease: An Exploratory Comparison of Paraplegia in
Australia and Cameroon. Soc. Sci. Med. 2003, 57 (5), 949-958.
https://doi.org/10.1016/S0277-9536(02)00463-X.

Stellacci, P.; Liberti, L.; Notarnicola, M.; Haas, C. N. Hygienic Sustainability of Site
Location of Wastewater Treatment Plants. Desalination 2010, 253 (1-3), 51-56.
https://doi.org/10.1016/j.desal.2009.11.034.

Parkinson, J.; Liithi, C.; Walther, D. Sanitation 21: A Planning Framework for Improving
City-Wide Sanitation Services; Eawag, IWA, and GIZ, 2014.

Akeju, T.; Oladehinde, G.; Abubakar, K. An Analysis of Willingness to Pay (WTP) for
Improved Water Supply in Owo Local Government, Ondo State, Nigeria. Asian Res. J.
Arts Soc. Sci. 2018, 5 (3), 1-15. https://doi.org/10.9734/ARJASS/2018/39282.

Fujita, Y.; Fujii, A.; Furukawa, S.; Ogawa, T. Estimation of Willingness-to-Pay (WTP) for
Water and Sanitation Services through Contingent Valuation Method (CVM): A Case
Study in Iquitos City, The Republic of Peru; Review 11; Japan Bank for International
Cooperation, 2005; pp 59-87.

Dourson, M.; Becker, R. A.; Haber, L. T.; Pottenger, L. H.; Bredfeldt, T.; Fenner-Crisp, P.
A. Advancing Human Health Risk Assessment: Integrating Recent Advisory Committee
Recommendations. Crit. Rev. Toxicol. 2013, 43 (6), 467—492.
https://doi.org/10.3109/10408444.2013.807223.

Page 34 of 34



	Abstract
	Introduction
	Methods
	Framework Selection and Description
	Real Cases Data Collection and Evaluation
	Framework Evaluation

	Results & Discussion
	Sustainability Measurement Approaches and Topics
	Framework Application and Adaptation
	Framework Development and Use

	References

