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Abstract
Sanitation research focuses primarily on containing human waste and preventing disease; thus, it has traditionally been dominated by the fields of
environmental engineering and public health. Over the past 20 years, however, the field has grown broader in scope and deeper in complexity, spanning
diverse disciplinary perspectives. In this article, we review the current literature in the range of disciplines engaged with sanitation research in low- and
middle-income countries (LMICs). We find that perspectives on what sanitation is, and what sanitation policy should prioritize, vary widely. We show
how these diverse perspectives augment the conventional sanitation service
chain, a framework describing the flow of waste from capture to disposal.
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We review how these perspectives can inform progress toward equitable sanitation for all [i.e.,
Sustainable Development Goal (SDG) 6]. Our key message is that both material and nonmaterial
flows—and both technological and social functions—make up a sanitation “system.” The components of the sanitation service chain are embedded within the flows of finance, decision making,
and labor that make material flows of waste possible. The functions of capture, storage, transport,
treatment, reuse, and disposal are interlinked with those of ensuring equity and affordability. We
find that a multilayered understanding of sanitation, with contributions from multiple disciplines,
is necessary to facilitate inclusive and robust research toward the goal of sanitation for all.
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1. INTRODUCTION
Unsafely managed excreta harm human health overall and child health in particular. They damage
the quality of air, soil, surface water, and groundwater. Yet most of the world’s excreta today are
unsafely managed or not managed at all. Nearly two decades after the United Nations (UN) identified sanitation as a global development priority, more than four billion people, mostly in low- and
middle-income countries (LMICs), lack access to safely managed sanitation (1). Two-thirds of all
human waste generated remains unsafely disposed of (2). Despite sanitation’s economic promise
of multifold investment returns and numerous cross-sectoral benefits—from improving health to
educational attainment for girls (3, 4)—realizing universal and sustainable sanitation access has
proven to be an elusive task. The call for “adequate and equitable” sanitation for all in Sustainable
Development Goal (SDG) 6, with “particular attention” to be paid to women, girls, and vulnerable
populations, has lent new urgency to the design and dissemination of affordable, accessible, and
safe sanitation systems.
Sanitation policy for low-income regions has been, and still is, driven by the need to reduce
open defecation (OD). Recent work has emphasized the human and environmental importance of
Hyun et al.
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The conventional sanitation service chain, showing the functions of capture (e.g., toilets, pits), storage (e.g., pits, septic tanks), transport
(e.g., trucks, pipes), treatment (e.g., centralized or on-site), reuse (e.g., fertilizer amendment), and final disposal (e.g., discharge to
environment). Figure adapted from References 18 and 29.

goals other than public health. These goals include sustainable resource recovery from waste (5),
financial and time savings (6), and sanitation as a vehicle for human rights (7) and gender equality
(8). Reducing the burden of disease, protecting the environment, increasing economic viability,
and safeguarding human rights are all valid goals. In policy and practice, however, differences
in how diverse goals are prioritized can lead to contestations about how safe sanitation is to be
defined. It is possible to eliminate OD at the expense of dignity and rights, for instance; it is
possible to set up waste-to-energy initiatives without sufficient attention to public health. We posit
that dissonance between goals may impede progress toward achieving universal access, and a clear
articulation of diverse goals and the linkages and gaps among them will benefit both researchers
and practitioners.
Diverse goals and diverse priorities are also a feature of disciplinary perspectives within sanitation research. Research on sanitation in low-income regions remains dominated by a focus on
containing and removing fecal waste to prevent the spread of disease. These concerns are squarely
within the domains of environmental engineering and public health. They are the basis for the
sanitation service chain—an established framework describing the multiple functions of waste
management from capture to disposal (see Figure 1). With notable exceptions, it is only over
the past 20 years that the literature has expanded to environmental science, economics, planning
and institutional analysis, cultural studies, and gender studies. This diversity has expanded the
boundaries of traditional sanitation research, adding richness to our understanding of this complex topic. It has also led to multiple, sometimes disparate, definitions of what sanitation is, what
it does, and whom it is for. Most significantly, it has implicitly embedded the conventional sanitation service chain within the many financial, social, and political contexts in which waste flows take
place.
The past decade has seen several excellent reviews of sanitation, either alone or combined
within water, sanitation, and hygiene (WASH), written from the perspective of a specific discipline (e.g., engineering) or with a focus on a specific impact (e.g., socioeconomic status). Examples include reviews of low-cost sanitation technologies (5), the health impacts of sanitation (9, 10),
shared toilets and toilets in informal settlements (11, 12), social marketing (13), behavior change
models and experiments (14, 15), the health and education impacts of school sanitation (16), and
gender and sanitation (17). Each perspective emphasizes different functions of, and thus priorities for, safe sanitation; therefore, discipline-specific recommendations for progress toward SDG 6
may not always be adequate “for all.” Our review takes a broad view and covers sanitation research
in engineering, public health, environmental science, economics, planning, and the social sciences.
Our goals are to understand the overlaps and differences among these perspectives in how sanitation is seen and why it is important, and thus to facilitate constructive discussion toward greater
convergence on safe sanitation for all.
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2. BASELINE UNDERSTANDINGS OF SANITATION
There are two widely used frameworks within which sanitation is often defined in research and
practice. The first is SDG 6, which includes specific indicators to define and measure progress
toward the UN sanitation goals (1). The Joint Monitoring Program ( JMP) is the designated custodian for tracking progress toward SDG 6. The second is the sanitation service chain, which is
a descriptive framework rather than a measurement tool, and which has been popularized by the
Water and Sanitation Program of the World Bank and the Bill and Melinda Gates Foundation
(18, 19). Both the SDG framework and the sanitation service chain are regularly referenced by
the disciplines reviewed in this article.
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2.1. Sanitation and Sustainable Development Goal 6
In 2000, the international community adopted eight Millennium Development Goals (MDGs)
to make and track progress on key dimensions of well-being. Each goal had a set of targets; each
target had indicators to measure and report progress. Improved sanitation was included as a target
under MDG 7 (“Ensure environmental sustainability”). The target was to halve, by 2015, the
number of people without access to improved sanitation. The indicator “improved” sanitation
was coined by the JMP to describe a sanitation facility that hygienically separates excreta from
human contact, primarily during toilet use. Pour-flush toilets connected to sewers or septic tanks,
ventilated improved pit latrines, pit latrines with a slab, and composting toilets were considered
“improved.” Public, shared, or open pit latrines were “unimproved.”
Between 1990 and 2015, 2.1 billion people gained access to improved sanitation and the number practicing OD fell to ∼892 million (1), but the MDG sanitation target was not met. The
MDGs were critiqued for aiming only to halve the proportion of the population without improved sanitation, thus encouraging countries to target easily accessible rather than difficult-toreach groups (6, 20). Furthermore, critics argued that the improved-unimproved binary did not
reflect the rise of shared toilets, which, while categorized as “unimproved,” still provided access
to many communities (21, 22). Others advocated for safe waste handling and disposal to be recognized as essential for safe sanitation (5), while gender and health scholars argued for menstrual
hygiene management (MHM) as a key component (23, 24).
With the replacement of the MDGs by the SDGs in 2016, sanitation became part of a standalone goal. SDG 6 has eight targets, three of which are particularly relevant for this review. Target
6.2 states the following: “By 2030, achieve access to adequate and equitable sanitation and hygiene for all and end open defecation, paying special attention to the needs of women and girls
and those in vulnerable situations.” This now-universal target reflects the explicitly human rights
orientation of the SDGs overall; the MDGs called for significant improvements in access to water
and sanitation without regard to specific groups such as women or people with disabilities (see the
sidebar titled Human Right to Sanitation). Target 6.3 aims to reduce the proportion of untreated
wastewater by 50% and increase recycling and safe reuse; Target 6.6 aims to protect and restore
“water-related ecosystems” such as rivers and aquifers. SDG 6 represents a significant expansion
of the definition of what safe sanitation is, specifically calling attention to marginalized sections of
society and to wastewater treatment as part of a safe sanitation system. Furthermore, in the SDGs,
several targets and indicators within one goal (e.g., health or education) reference other goals (e.g.,
water and sanitation). This feature is an explicit recognition that no human right stands alone, and
it encourages policy makers and practitioners to go beyond their traditional jurisdictions and seek
intersectional solutions to development goals.
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HUMAN RIGHT TO SANITATION
In 2010, the United Nations (UN) explicitly recognized the human right to water and sanitation (160). The UN
Committee on Economic, Social and Cultural Rights clarifies the right to sanitation, where sanitation is “a system
for the collection, transport, treatment and disposal or reuse of human excreta and associated hygiene [for which]
States [i.e., governments] must ensure that everyone, without discrimination, has physical and affordable access to
sanitation in all spheres of life, which is safe, hygienic, secure, socially and culturally acceptable, provides privacy and
ensures dignity” (161). Through identifying “rights-holders” and “duty-bearers” (usually states), the human rights
approach adds a legal dimension to sanitation (157). As with all rights, states can aim for “progressive realization,” or
continual and steady progress toward ensuring the right for all. The language of this right clearly includes provision
of sanitation hardware, but also legal and institutional arrangements, financing, and systems of accountability for
sanitation (157). The rights to water and sanitation are often called “gateway” rights, meaning that these rights are
precursors to meeting other rights, such as health and education.

What was once the “improved” sanitation indicator is now called “basic” sanitation in the JMP’s
new sanitation service ladder. The SDG indicator of progress for Target 6.2 is the population proportion using “safely managed” sanitation (1), in which basic—but not shared—toilets are used
with the waste being adequately treated either on- or off-site. The conceptual and practical jump
from basic to safely managed sanitation is enormous, given that, in 2015, 68% of the global population had basic sanitation but only 39% had safely managed sanitation. Estimates for safely
managed sanitation were not available from the least developed countries, where the proportions
are likely to be even lower than the global average of the available data (25).
Together, SDG Targets 6.2, 6.3, and 6.6 provide an ambitious framework to guide sanitation
policy. Key indicators remain missing, however, for the realization of significant aspects of SDG
6. Indicators do not yet exist for measuring gender-equal access, access for marginalized groups
or people with disabilities, or safe wastewater recycling and reuse. For example, the indicator for
tracking progress on Target 6.2—the proportion of the population using safely managed sanitation services—cannot, by itself, measure gender-equal access or access for vulnerable populations.
Furthermore, while JMP tracks national-level data on primary sanitation access in homes, schools,
and healthcare facilities, it has yet to expand to workplaces, refugee settlements, or public places
(26). These are especially important for the homeless, migrants, low-income women, and other
vulnerable groups (8); even people with household access to toilets may revert to open defecation
if they are away from home. The inevitable gaps in the survey- and census-based data that the
JMP relies on to track progress—and the mutually reinforcing nature of the sanitation indicators
and the data used to measure them—call for a more detailed understanding of where key gaps in
sanitation coverage exist and how they can be better quantified.

2.2. Sanitation Service Chain
While SDG 6 sets out global sanitation goals and the targets through which progress toward these
goals should be tracked, the sanitation service chain is a descriptive framework with distinct technological steps. The chain as a whole describes the flow of waste from capture to disposal. While
precursors of the chain concept (5, 27, 28) can be found in the literature, the Water and Sanitation Program began to diagram and use the terms “sanitation value chain” and “sanitation service
chain” in their reports (19, 29), while international development and engineering institutions generated reference literature, standardizing the concept (30, 31). In one of its most widespread forms,

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

Sanitation for Low-Income Regions

2.5

EG44CH02_Ray

ARjats.cls

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

Fecal sludge
management (FSM):
Collection, treatment,
and disposal/reuse of
fecal waste captured
on-site in containers,
latrines, or septic tanks
Shit Flow Diagram
(SFD): a visual
representation of the
proportion of a
population that
unsafely disposes
excreta across the
sanitation service
chain, used to advocate
for strategies to end
open defecation and to
implement excreta
treatment and reuse
High-income
countries (HICs):
countries with gross
national incomes of
more than 12,055
USD per capita (as
defined by the World
Bank)

May 16, 2019

11:45

the sanitation service chain includes the functions of capture (e.g., toilets, pits), storage (e.g., pits,
septic tanks), transport (e.g., trucks, pipes), treatment (e.g., treatment plants, on-site treatment),
and reuse (e.g., fertilizer) or disposal (e.g., discharge to environment) (see Figure 1).
The framework is general and can represent most types of sanitation systems, both safe and
unsafe—from open pits or flush toilets to truck-based fecal sludge management (FSM) or sewerborne disposal—as shown in Shit Flow Diagrams (SFDs) (32) and other sanitation planning tools
(31). Not all existing sanitation systems employ all the functions; for example, many LMIC systems
convey waste straight to reuse without safe treatment. However, it is assumed that safe sanitation
systems should cover all the functions. As with the SDG indicators, labor conditions, social factors,
and financing are not explicitly included in the sanitation service chain; it primarily describes managed waste flows from the engineering and public health perspectives. The material flows of the
chain, however, cannot exist without nonmaterial flows of political power and finance. We anchor
this cross-disciplinary review to the sanitation service chain; we propose an augmentation of the
conventional chain to better reflect the understandings of sanitation across multiple disciplines
and among multiple actors.

3. DISCIPLINARY UNDERSTANDINGS OF SANITATION
There is an ancient tale of six blind men who were curious about what an elephant looked like.
Each touched a part of the animal, and each concluded that the entire elephant resembled the
part that he had encountered. Each understood a partial truth and yet none could imagine the
enormous creature in its entirety. Sanitation research is likewise a world of partial perspectives.
To understand how diverse disciplines “see” sanitation, we collected more than 4,000 references
in disciplinary and multidisciplinary peer-reviewed journals, as well as from publications of influential implementing organizations. We were not guided by a single focus or question; therefore,
this is not a systematic review. Our primary search terms were “sanitation,” “toilet,” and “latrine,”
anywhere in the document other than the bibliography. We further collected relevant literature
through researcher judgment and expert input. We focused on research outputs; we did not include, for example, policy- or advocacy-based reports prepared by donors or implementers. We
also did not include papers published before 1990, the year from which the MDGs started tracking
global progress on sanitation. Based primarily on journal type, we organize the literature in the
sanitation space into six distinct, albeit partially overlapping, disciplinary perspectives (Figure 2).
For each perspective discussed below, we (a) define its history and scope, (b) summarize its key current and emerging themes, and (c) discuss how it is represented—or not—in the sanitation service
chain. A multiperspective view of sanitation, going beyond the conventional service chain, can lead
to a fuller understanding of the flows, functions, and actors that comprise sanitation systems—in
other words, of what sanitation is, what it does, and whom it is for.

3.1. Engineering
3.1.1. History and scope. Engineering research has contributed over many decades to designing, developing, and evaluating the physical infrastructures and technologies necessary for sanitation. Engineers have primarily designed toward two major goals: (a) separating humans from
excreta and (b) minimizing impacts of excreta and sanitation systems on human health and environmental quality. The engineering perspective has been a significant pillar of sanitation research,
with most research concerning the large, centralized, waterborne systems that became widespread
across the cities of high-income countries (HICs) throughout the twentieth century (33). Among
the perspectives considered in this review, engineering is most closely tied to the conventional
sanitation service chain because it deals explicitly with the physical flow of excreta.
2.6
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Figure 2
Disciplinary perspectives on sanitation. The size of a circle (not to scale) illustrates the amount of literature
that we encountered within that perspective compared to others. The arrows represent a relatively high level
of one perspective contributing to—or being referenced by—another (e.g., public health literature is heavily
cited in social science, economics, and planning literature). Double arrows represent approximately equal
referencing between perspectives. We have omitted connections consisting of few references.

3.1.2. Current and emerging themes. Many research themes in engineering derive from sharp
contrasts in sanitation coverage and infrastructure types between LMICs and HICs. In HICs,
recent contributions aim to increase the sustainability of centralized wastewater management by
reducing energy, chemical inputs, and environmental emissions (34, 35). Ongoing systems-level
research aims to assess the sustainability of new treatment and reuse technologies, increasing data
quality for more precise modeling and customizing analyses to local conditions (36).
In contrast, much of the engineering research on sanitation in LMICs recognizes the centrality of solutions that emphasize either (a) centralized collection and treatment approaches that are
less costly and require less electricity, operation, and maintenance than those common in HICs or
(b) on-site sanitation without waterborne sewerage (37). An estimated 1.8 billion people use onsite sanitation systems (OSS) that require FSM rather than waterborne removal in sewers (38).
FSM has emerged as a priority research area for developing options for the safe collection, transport, treatment, and reuse of fecal waste from pit latrines and septic tanks. It is being recognized
as a long-term solution for low-income regions and not simply a stopgap until transitioning to
waterborne sewerage (30). Both centralized and on-site FSM techniques are being evaluated for
their system-level environmental and economic effects, as well as contributions to achieving the
SDGs (39–41).
In HICs, the wastewater treatment sector has become slow to change because of large capital investments in existing centralized infrastructure. In contrast, excreta management in LMICs
can be extremely innovative because of differing design constraints as well as lower sunk costs
(42, 43). In the past, sanitation has been tailored to HIC constraints; however, designs deemed
state-of-the-art in HICs have been unsuccessfully exported to LMICs (43). Future failures can
be avoided or minimized only with thorough analysis, rigorous definitions of success, and careful
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risk mitigation (44). More recently, engineers have recognized that decentralized treatment approaches originally developed for unsewered settings in LMICs may have potential in HICs as
well, to improve existing on-site systems, to augment centralized systems, or for temporary uses
such as emergencies.
Some new technologies and approaches, such as container-based toilets and shared facilities,
do not currently meet the SDG definition of safely managed sanitation (2, 38). Given the potential
usefulness of these solutions for informal settlements, the definition of “safely managed” sanitation
may need to be reexamined (45). New standards are also needed to bring legitimacy to innovative
solutions so that they can be scaled-up, including certification of technologies (e.g., safe wastewater
reuse) (44). At current expansion rates of centralized excreta management, the majority of people
in Asia and Africa will still not experience safely managed sanitation by 2050 (34). To address
these disparities, new definitions and designs of safely managed sanitation must be reimagined for
extreme scarcity and cost-effective scalability (43).
3.1.3. Engineering and the sanitation service chain. Engineering research addresses several
functions of the sanitation service chain. With respect to capture, research has contributed to
developing and comparing toilet designs for various low-income settings (5, 31). For LMICs,
however, such studies have not sufficiently considered the user experience (e.g., odors, lighting,
privacy); insufficient attention has been paid to cultural practices (e.g., washing versus wiping,
freedom associated with open defecation, dislike of storing feces in a pit close to home) (46) and
to gender- and ability-based design for toilet access. New toilets are being designed with humancentered principles and iterative testing between the laboratory and users in the field (47).
The storage and transport functions are tightly linked for centralized sanitation systems, and
the main alternative to conventional sewerage is simplified or condominial sewerage (37). For
on-site systems, storage and transport are often delinked; where on-site storage occurs in septic
tanks and pit latrines, safe emptying and transport have been a major challenge. New work aims to
(a) redesign pits for easier emptying (40) or (b) employ container-based sanitation, particularly in
urban informal settlements, making sanitation storage mobile and thus advancing innovative toilet
design and collection strategies (48). Recent research also focuses on improving the efficiency
and safety of emptying pits with portable mechanical equipment and safer transport to minimize
contaminant emissions and protect workers (40).
Engineering research on the treatment function aims to develop new technologies—or improve existing technologies—by understanding the biological, physicochemical, and mechanical
mechanisms through which excreta constituents can be transformed. Historical research areas
include low-cost wastewater treatment technologies such as stabilization ponds (49) and on-site
treatment through composting or ecological sanitation (31). Recent advances include anaerobic
biological treatment to reduce energy use (35); on-site toilets that reduce emissions and combine
capture, storage, transport, and treatment (47, 50); and treatment processes specifically designed
for fecal sludge (30, 40).
Further along the sanitation service chain, while the practice of reusing treated wastewater and
excreta for beneficial purposes has long been recognized (51), recent work emphasizes innovative
technologies to facilitate resource recovery. For example, a global spatial analysis identified a large
potential to meet fertilizer demands through nutrient recovery and modest potential for energy
recovery, while simultaneously meeting multiple SDGs (41). To facilitate resource recovery, new
capture, storage, and transport options are being explored, including decentralization to create
products closer to the site of reuse (39, 40, 52), as well as source separation of feces, urine (see the
sidebar titled Urine and Resource Recovery), and greywater (34). Reuse can also reduce harmful
environmental impacts of excreta disposal, such as nutrient-induced eutrophication (34).
Hyun et al.
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URINE AND RESOURCE RECOVERY
Urine separation is part of a larger body of research on source separation, or separately collecting and treating
household waste streams, such as greywater, food waste, urine, and feces (162). One motivation for urine separation is
to facilitate the drying of feces; however, as urine treatment processes have developed (163), urine-derived products
have become increasingly plausible and attractive. While feces have long been recognized as a source of useful
products, over the past two decades, urine has been identified as a low-volume, low-pathogen concentrated source
of nutrients. Comprising only 1% of the wastewater volume, urine contains 80% of the nitrogen, 50% of the
phosphorus, and 70% of the potassium that humans excrete (164). Urine’s high nutrient concentration makes it
particularly suitable for production of excreta-derived fertilizers in both sewered and unsewered settings (165). In
waterborne sanitation, recovering concentrated nutrients from urine at the toilet can improve treatment efficiency
and reduce required inputs while preserving aquatic ecosystems (166). In regions without waterborne sewerage,
urine-derived fertilizers can be produced at lower cost than synthetic fertilizers and sold to offset costs of toilet
construction and excreta collection (167).

3.2. Public Health
3.2.1. History and scope. The public health perspective focuses on human health outcomes
related to sanitation, where health is defined by WHO as “a state of complete physical, mental, and
social well-being” (53). The public health–defined goal of sanitation is to protect human health
through the complete separation of excreta from human contact. There is a long and illustrious
literature on the health consequences of inadequate sanitation, so much so that in 2007, a British
Medical Journal readers’ poll named the “Sanitary Revolution” the greatest medical advance since
1840 (54). Inadequate sanitation has been linked to diarrheal illness, soil-transmitted helminth
infection, trachoma, adverse birth and maternal health outcomes, malnutrition, schistosomiasis,
and growth faltering (9–11, 55–57). Public health literature on sanitation also includes the study
of healthy behaviors (e.g., toilet use) and, more recently, of exposure to animal excreta (58). Major
themes in this perspective include (a) interrupting the transmission of pathogens, (b) toilet use
and access for vulnerable groups, and (c) intervention strategies and challenges, including behavior
change (i.e., adoption and consistent use of toilets).
3.2.2. Current and emerging themes. Diarrheal illness, a leading cause of death among all age
groups, is the most commonly measured health outcome in WASH literature, and estimates of the
disease burden attributable to inadequate sanitation rely heavily on this outcome (59, 60). Severe
diarrhea can have lasting consequences, especially for young children (61). Systematic reviews
of sanitation-related outcomes typically cover a range of combined WASH interventions (9, 10),
making it difficult to isolate the health outcomes of sanitation alone, especially in observational (as
opposed to experimental) studies (62). Details on type, coverage, usage, and quality of sanitation
interventions are often poorly reported; these omissions are unfortunate given that these factors
may determine the reduction in exposure to feces.
Sanitation interventions are typically conceptualized as interrupting transmission of fecal
pathogens from feces to a susceptible host. Tools borrowed from engineering and microbiology
are used to identify specific fecal pathogens responsible for specific health outcomes, model associated health risk (e.g., through quantitative microbial risk assessments), and prioritize transmission
pathways for intervention (e.g., the SaniPath tool) (63, 64). Recent research has explored environmental enteropathy, linking enteric infections from fecal pathogens to nutrient malabsorption
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MENSTRUAL HYGIENE MANAGEMENT IN SCHOOLS
Menstrual hygiene management (MHM) in schools has received recent attention because of the potential connections between school attendance for girls and the presence of safe facilities. School toilets in low-income settings
are often poorly maintained and lack menstruation-sensitive water and sanitation facilities (4). They may not be
gender-segregated or even have doors, making it difficult to change sanitary products. The inability to safely and
privately dispose of a product leads girls to throw it into the toilet, which makes the school toilet (even more) unusable (147). Although there are few rigorous studies on menstruation and girls’ attendance, there is evidence that,
without water and convenient facilities for MHM, girls avoid school at least some of the time (16). Recent work
suggests that absenteeism overall decreases with clean toilets in schools (14), and that sex-specific school toilets
increase girls’ enrollment (168). The research on academic performance and safe MHM is inconclusive; however,
shame, discomfort, fear of staining one’s clothing, and other deeply stressful conditions have been extensively documented. Several authors have found that shame and fear interfere with girls’ abilities to concentrate in class when
they are menstruating (169). This is also a kind of school absence, albeit not one that is captured in enrollment or
attendance data.

Community-led total
sanitation (CLTS):
a participatory
approach to
eliminating open
defecation with a focus
on changing
community-level
sanitation behaviors
rather than funding
toilet infrastructure

2.10

(61). Understanding that nutrition and sanitation may interact has led to changing intervention
strategies. For example, the recently completed WASH Benefits (rural Kenya and Bangladesh)
and SHINE (rural Zimbabwe) studies were large, randomized-controlled trials that included combined WASH and nutrition interventions (65–67); the implications of this work for future sanitation research are still being explored.
A growing body of public health sanitation research focuses on women and girls, who are
at higher risk of assault and psychosocial stress related to the lack of privacy and safety when
urinating and defecating (68). The field’s dominant focus on pathogens fails to account for these
nontraditional—and often socially taboo—outcomes (69). However, a focus on menstruators is
beginning to expand the public health definition of sanitation (see the sidebar titled Menstrual
Hygiene Management in Schools). Qualitative research on psychosocial stress among women and
girls suggests that sanitation-related activities should be broadly defined to include fetching water
for sanitation use and personal hygiene, bathing, menstrual management, and changing clothes
(70).
The public health perspective includes active debates on how to implement effective sanitation in low-income settings. Toilet infrastructure is necessary but known to be insufficient for
ending open defecation and achieving health gains (71, 72). Contextual factors at the household,
community, or societal level that encourage toilet uptake have largely been ignored in the literature (14); however, these are important determinants of toilet use. The subfield of social epidemiology explores the sociocultural determinants of health: toilet-first (supply-side) narratives
list financial constraints as the primary driver of differential sanitation access, while demand-first
(demand-side) narratives argue that sanitation interventions need to address social norms and socioeconomic barriers simultaneously (73). Another debate concerns shared versus private toilets:
Increased health risks and poorer maintenance are associated with shared toilets (11), but an exclusive focus on disease outcomes undermines benefits such as dignity and privacy that shared
solutions could provide (12).
Community-led total sanitation (CLTS) is a strategy that focuses on social motivation and
peer pressure, rather than financial support, to construct toilets and change sanitation behaviors
(74). In a randomized trial in Mali, CLTS was found to increase private toilet access and reduce
under-five mortality, even though the simple facilities constructed with local materials would not
Hyun et al.
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be considered “improved” by JMP’s definition (75). However, the overall evidence of CLTS’s
effectiveness in sustaining behavior change has been questioned (76). Reports of fines, coercion,
and shaming as punishment for open defecation within CLTS programs have also prompted
reminders that public health goals should not be prioritized over human rights; marginalized
individuals are particularly vulnerable to tactics that may reinforce social hierarchies (77).
Overall, public health research is beginning to acknowledge that a narrow focus on reducing
diarrhea or increasing child growth falls short of capturing sanitation’s full benefits for health,
as defined holistically by the World Health Organization (WHO). Additionally, while household
sanitation has been the primary focus thus far, there is a growing emphasis on sanitation in schools
and healthcare facilities; the SDG goal of universal access covers these non-household settings (16,
78).
3.2.3. Public health and the sanitation service chain. In terms of the sanitation service chain,
public health acknowledges multiple steps at which fecal pathogens can be released into the environment. However, public health strategies are primarily concerned with waste capture or lack
thereof (i.e., open defecation). The literature’s main focus has been on toilets, with systematic
reviews often defining sanitation as the use of facilities to reduce contact with human feces (9).
However, contact with fecal pathogens can occur at any point along the sanitation chain; for example, if waste captured at the household level is applied untreated to agricultural fields, workers
will be exposed. Mainstream health research thus underestimates the benefits of full, communitywide sanitation coverage (10). The later steps in the sanitation chain illustrate clear gaps in public
health research. For example, worker exposure to sewage is a major health problem in countries
like India, where an estimated two million sanitation workers are tasked with the removal and
transport of waste in high-risk conditions (79). Occupational health and safety regulation represents a critical intersection between public health and the establishment of safe sanitation systems;
this is gradually emerging as a research (and policy) theme.

3.3. Environmental Science
3.3.1. History and scope. The environmental science perspective highlights interactions between sanitation and the Earth’s systems. It includes environmental quality, which assesses the
impact of sanitation systems (or lack thereof ) on chemical and biological contaminants released
to the environment, and environmental microbiology, which extends from public health to infectious disease ecology. Overall, environmental science frames sanitation as a source of pollution
emissions as well as a means of mitigating emissions through engineered systems. Such research
informs environmental engineering and management, including monitoring, decision making, risk
assessment, and regulations for sanitation and environmental quality. Three major themes specific
to sanitation in LMICs have emerged from the recent literature: (a) reuse over disposal, (b) pollution and emissions, and (c) climate change.
3.3.2. Current and emerging themes. While the idea of excreta as a resource is not new,
it has recently resurfaced through the de facto reuse of wastewater-impacted surface water (80).
Globally, 65% of irrigated croplands are in catchments highly impacted by urban wastewater,
affecting 1.37 billion residents, the majority of whom live in countries with low levels of excreta
treatment (80). Wastewater irrigation productively reuses the nutrients but, if the wastewater is
inadequately treated, irrigation increases exposure to biological and chemical contaminants for
farmers and consumers. Similarly, fecal sludge can be anaerobically digested to produce biogas,
but digester effluent can release contaminants to the environment (5). Producing excreta-derived
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fertilizers, energy, or irrigation water can simultaneously incentivize sanitation management and
provide valuable agricultural inputs (81, 82), exemplifying sanitation’s role in the food-energywater nexus (83) and its contribution to a resource-efficient circular economy (81, 84). Regardless
of discharge method (wastewater, fecal sludge, or open defecation), the majority of excreta enter
the environment unsafely treated (2). When properly treated, safe sanitation reuse can reduce
anthropogenic impacts on global biogeochemical cycles of nitrogen, phosphorus, and carbon (84).
Environmental microbiology has focused specifically on microbial pollution resulting from
the lack of adequate sanitation, as well as its effects on the quality of water bodies and aquatic
species (85–87). Recent work has tracked microbial sources, examined effectiveness of fecal indicator bacteria, and measured specific human pathogens to more precisely assess the contributions
of inadequate excreta collection and treatment on environmental emissions (88, 89). Researchers
in this field maintain that increasing toilet coverage will attenuate risk, but they recognize that increased coverage alone may not reduce pathogen exposure, suggesting the need for a more holistic,
site-specific approach (71, 90).
Chemical emissions from sanitation systems are also important to environmental science.
Nutrient-induced eutrophication (87, 91) and trace organic contaminants (e.g., pharmaceuticals)
can harm ecosystems and, potentially, human health (92). Recent advances in high-resolution instruments now enable contaminant monitoring at lower concentrations. Sanitation systems also
emit airborne pollutants, both directly (e.g., nitrous oxide and methane) and indirectly (e.g., emissions associated with energy use) (36). On-site sanitation systems often employ anaerobic digesters,
which can reduce greenhouse gas emissions and recover energy, but which require reliable water
access (93) and careful containment to prevent methane emissions (94).
A reversal of the usual focus on sanitation’s impact on the environment is research on the
environment’s impact on sanitation. Hydrologic cycles have mixed influences on diarrheal disease risk: short-term extreme rainfall events can increase risks due to unimproved sanitation, but
long-term rainy seasons have a net positive flushing effect on diarrheal disease (95). Recently,
animals—specifically ruminants such as cows and goats—have been identified as contributors to
fecal contamination in urban and rural households (58); there are no global goals, however, for
the management of farm animal waste, although its mass is four times higher than that of human
fecal waste (38). Plants can also reduce excreta loads: Wetlands, for instance, can be leveraged to
reduce nutrient and carbon loads from sanitation systems (81, 96).
Expanding on the above, the environmental science perspective has begun to consider the effects of climate change on sanitation, describing both positive and negative impacts. In areas likely
to become more arid, on-site sanitation infrastructure may more effectively contain pathogens as
groundwater tables drop and floods decline in frequency (97). In coastal areas, declining freshwater
availability, increased flooding, and higher rates of extreme weather events threaten the effectiveness of sewerage and septic systems using water to convey excreta (97). Environmental science perspectives on how climate change influences sanitation systems inform engineering approaches toward resilient, adaptive sanitation systems with multifaceted controls to safely manage excreta (98).
Several contested ideas have emerged within this perspective. While increasingly sensitive instruments can detect lower contaminant levels, these measurements require context, as detection
may not correlate with effects on human health or aquatic ecosystems (89, 91, 92). There is also a
debate between centralized, decentralized, and hybrid sanitation systems on account of their differential effects on the environment (e.g., consolidated emissions with centralized treatment versus distributed emissions with decentralized treatment) (34, 52). Lastly, there is tension between
safeguarding public health at the expense of environmental quality, because the environmental
impacts of on-site sanitation systems and open defecation are often given lower priority than their
public health impacts in LMICs (92).
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3.3.3. Environment science and the sanitation service chain. Within the sanitation service
chain, the environmental science perspective emphasizes capture, reuse, and disposal. Inadequate
capture and disposal are seen as major sources of environmental emissions, while storage, transport, and treatment are secondary. Storage attenuates microbial (but not other) risks, and emissions may occur during transport of excreta. Reuse systems and technologies are not as mature in
this literature as their disposal-oriented counterparts. The environmental science perspective emphasizes the non-built (or “natural”) environment; it identifies new contaminants that should be
measured and attenuated through engineered treatments, such as trace contaminants of emerging
concern (92), antibiotic-resistant genes (99), and microplastics (100). These studies often motivate
engineering investigations into attenuation mechanisms and broader-scale treatment, such as remediation of surface water bodies. Therefore, environmental science overlaps substantially with
environmental engineering because the latter controls emissions from sanitation systems.

Willingness to pay
(WTP): the maximum
price at or below
which a person or
group of people will
purchase a product or
service

3.4. Economics
3.4.1. History and scope. The economics perspective highlights the quantifiable benefits of
sanitation (or the costs related to the lack thereof ), the preferences and purchasing power of the
users of sanitation, and the allocation of resources for the provision of sanitation. Relevant subfields include environmental economics, development economics, public policy, and parts of political economy in LMIC contexts. Overall, sanitation is sparsely covered in top-rated economics
journals and not at all in top public policy journals; most of the relevant literature is located in interdisciplinary journals that focus on water and sanitation. Prominent themes include (a) sanitation
as a proxy or outcome variable, (b) benefit-cost ratios for sanitation services, (c) cost calculations
for services, (d) the political economy of sanitation, and (e) production efficiency modeling.
3.4.2. Current and emerging themes. Sanitation “access” is treated in economics journals as
an explanatory or proxy variable for income, which is itself a proxy for welfare (101). “Access”
is also used as an outcome variable when estimating the impact of income on willingness to pay
(WTP) for environmental improvements (102, 103). Definitions of access are inconsistent, ranging from access to any type of “improved” sanitation to access to the local utility’s sewer system.
Economists also assess the impacts of various interventions on sanitation-related outcomes such
as toilet access and use. A cluster-randomized trial in Bangladesh, for example, found that subsidies were effective at increasing toilet construction and use, but information campaigns were not
(104). Social welfare investments in Nicaragua and Bolivia and foreign aid targeted at water and
sanitation also increased access to a toilet (105).
Sanitation-related investments can be evaluated through benefit-cost ratios (BCR), where a
BCR of greater than one means that benefits exceed costs. In a review of interventions that included improved access to water and sanitation (including treatment and disposal), the BCR was
greater than one in all regions of the globe (106). Similarly, in Southeast Asia, the BCR of on-site
sanitation technologies was found to be large and positive across all studied countries, while the
BCR for sewerage was lower, but still greater than one, in all but one country (107). BCR can
be used as a tool to determine subsidies for sanitation, but generalization is a challenge because
the ratio can vary considerably across locations and over time within the same location (108).
In interdisciplinary journals, sanitation is analyzed as a service with associated supply costs
and demand preferences, which vary widely by site and by technology. CLTS programmatic costs
(e.g., community engagement activities) were roughly three times the cost of private investments
in toilets in Ghana and Ethiopia (109). The costs of emptying pits and septic tanks depends on
many factors including fuel, mass of waste material, proximity to a disposal site, season, and labor
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(110). Condominial or simplified sewer designs have been found to cost slightly over one-quarter
that of conventional sewerage (111). On the demand side, there is ample evidence of user WTP
being lower than the cost of toilet construction: In rural Benin, a 75% subsidy would be needed
to reach 50% coverage (112). In urban Senegal, tenants were less likely to invest in sanitation,
but as likely to pay for emptying, compared to owner-occupied households (113). However, a
study of formalized pit-emptying services in Bangladesh found that the average WTP covered
only half of the costs (114). Low demand and adoption—even where toilets exist—and the challenges of stimulating demand or behavior change have been widely reported across LMICs (9,
115).
Going beyond households and small communities, political economy research has contributed
to important sanitation themes such as autonomy, accountability, decentralization, privatization,
participation, and pro-poor policies. There is no consensus, however, on the effectiveness of any
of these policies across studies. For example, in Mexico the interaction of decentralization with
the commercialization of the water and sanitation sector led to local political conflicts without
service improvements (116). In Brazil, participatory, decentralized budgeting improved access to
toilets and in turn reduced infant mortality (117). A meta-analysis examining the effectiveness of
service provision by “bottom-up approaches,” led by NGOs or community-based organizations,
often in collaboration with utilities, found that interventions with greater participation of community members were more successful at increasing access, as were services focused on individual
as opposed to shared toilets (118). Increased autonomy and accountability in publicly managed
water and sanitation utilities have also improved production efficiency (i.e., cost per unit of treatment) and service quality, but not cost recovery (119). In a review of production efficiency studies,
benchmarking (i.e., a means to increase accountability through cross-utility comparisons) and increased production scope or scale had a positive impact on production efficiency (120). Overall,
political economy of sanitation studies are mostly policy-driven rather than theoretical, and they
have overlaps with the domain of urban/sanitation planning.
3.4.3. Economics and the sanitation service chain. Sanitation is depicted in the service chain
as a material flow of waste through the environment and through society. But the flows of capital and labor—as determined by financial choices made at the individual, municipal, or national
level—determine this material flow. That being said, the economics perspective does not address
the full scope of the sanitation service chain; in many cases, sanitation is equated with toilet access (i.e., capture). Even where transport, treatment, reuse, and disposal are included, many papers
focus on centralized systems, overlooking on-site or decentralized options. For example, an otherwise comprehensive report on water and sanitation in Karnataka, India, ignored all on-site systems,
despite these being common throughout the state (121). Studies that focus on just a part of the
sanitation service chain inadvertently conceal the complexities that determine capital and labor
allocations within sanitation systems. Furthermore, any mention of MHM or women’s and girls’
needs in general is largely absent from economic analyses.

3.5. Planning
3.5.1. History and scope. Planners broadly view sanitation as a service that is essential for creating more livable and sustainable communities. With this in mind, much of the current literature
critiques overly technological (and elitist) approaches to past planning (122, 123). To avoid this,
planners often approach problems by considering the “planner’s triangle”—a triangle made up of
social equity, economic growth, and environmental protection, within which convergences and
conflicts can be negotiated (124).
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The planning perspective encompasses multiple strands that range from highly instrumental
to highly theoretical. Some of the more theoretical and critical literatures are covered in the social science perspective below. This section reviews recent research on the practice of planning
and governance. Sanitation-related studies focused on LMICs tend to come from development
practice with a few prominent studies coming from the more conventional city and regional planning field. There are also studies that originate from engineering-oriented institutions, in particular the growing literature on “sanitation planning.” Below, we categorize sanitation research into
the subliteratures of (a) city and regional planning, (b) development planning, and (c) sanitation
planning.
3.5.2. Current and emerging themes. One of the main contentions in sanitation-related planning research is the disharmony between “modern” centralized infrastructure and the contextual
realities across LMICs, often related to the need to consider informal settlements. Conventional
city and regional planning research has focused little on the problem of sanitation. In fact, instead
of a “wicked problem,” in which one set of solutions throws up a new set of challenges, Rittel &
Webber (125) called sanitary sewers an “easy problem” that had been dealt with—at least from
an HIC perspective. While centralized sewer networks were a significant part of constructing the
“modern city” ideal in HICs, sanitation systems in LMICs are often on-site or hybrid (e.g., septic
tanks and underground sewers utilized in the same community) (126). Furthermore, in LMICs,
networked infrastructure that should unify a city instead splinters it—thus creating a “colonial
core” and a periphery consisting of those “not acknowledged as citizens of the network city, even
if they are the majority of the population” (122, p. 83). These differences, then, drive planners to
consider not only what is planned, but also who is doing the planning. Furthermore, instead of
relying on examples from HICs, there is a growing call for planning from the Global South or
South–South planning (123, 126). At a more local level, there is also a concern about who participates in various phases of sanitation projects (127) and which stakeholders are left out in sanitation
planning (82, 128). Roy highlights the need for deeper, on-the-ground forms of planning participation, building on the Appadurai phrase, “the politics of shit,” to emphasize the need for planners
to consult the defecators themselves (123, 129).
Development planning and practice literature, as opposed to conventional planning literature,
deals more directly with sanitation’s political and governance complexities. Sanitation in LMICs
is considered comprehensively in terms of both scale and breadth—from the appropriateness of
multilateral sanitation agreements (e.g., the SDGs) to contestations over land tenure at the neighborhood scale. Environment and Urbanization has offered a year’s worth of special issues on sanitation, touching on multiple planning-related challenges (130, 131). What these and other development planning studies have shown are the diverse conditions under which international sanitation
norms (e.g., SDG 6) eventually have to be, but are not yet, realized.
Dense urban settlements, where sanitation has been neglected or even ignored (132), have
been of particular concern in development planning. Scholars argue that “low-cost” market-based
sanitation options that are promoted by domestic and international NGOs may not serve the
poorest slum dwellers (133); shared toilets are often unsafe, unclean, and unusable (11), yet private
household toilets may be impossible in such spaces (131). Given this reality, improvements in the
number, maintenance, and hygiene standards of shared sanitation—which is more scalable and
attainable than single-household toilets—may need more attention (21, 22).
McGranahan (134) identifies four “institutional challenges” of sanitation in LMICs, especially
in the context of development planning: challenges of collective action, coproduction, affordability, and tenure. Planning problems related to sanitation technology can be understood within
these institutional concepts (135). The planner’s triangle provides another way of considering
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these challenges, where “property conflicts” are tensions between social equity and economic
growth, “resource conflicts” are tensions between growth and environmental protection, and
“development conflicts” are tensions between environmental protection and equity. Planners
often use several framings that are not in themselves solutions but are helpful heuristics, or ways
in which planners explain complex problems (124).
The term sanitation planning has been used broadly in city and regional planning, but it increasingly refers to planning approaches used by development practitioners and engineers. CLTS
is a popular intervention to eradicate open defecation in South Asia (74). Beyond this, development practitioners have created planning strategies and tools such as Sanitation 21, communityled urban environmental sanitation, city sanitation plans, and the JMP service ladder (136). A
widely adopted advocacy tool used to assist planning is the Shit Flow Diagram (32). Many of
these approaches, however, have been only partially implemented, if at all, creating opportunities
for future research in sanitation planning. Furthermore, enabling environments, regulations, and
enforcement for planning approaches—although called for in policy documents—have not been
adequately researched in sanitation planning.
3.5.3. Planning and the sanitation service chain. Considering the comprehensive nature of
sanitation planning, this perspective addresses many components of the sanitation service chain,
but unevenly so. Historically, planners have focused on sewerage as developed in HICs. With urban challenges in LMICs, researchers have turned their attention to open defecation and toilet
building, or the “front end” of sanitation. There are also calls for planning at the “back end” of
sanitation—the sanitation service chain beyond the toilet—in terms of technology, affordability,
stakeholder participation, and reuse. The integration of governance and infrastructure with economics is where the planning literature extends the current, and technology focused, sanitation
service chain. Relatedly, planners are also concerned with the challenges of tenure and equity—
neither of which the conventional sanitation service chain can readily address.

3.6. Social Sciences
3.6.1. History and scope. Our final perspective comprises anthropology, geography, political
ecology, critical urbanism, and gender studies. Sanitation is treated within the social sciences as
a service essential for dignity and citizenship. Historically, sanitation was not a main focus of the
social sciences; the “indecent” nature of human waste once made it a taboo subject for explicit
discussions within social and policy studies (137). By now, however, toilets and their place in society, culture, and politics have become established research themes. Sanitation-related themes have
even been the focus of art, film, and photography.
A sizeable body of work drawing on science and technology studies has analyzed why so many
seemingly well-designed sanitation interventions fail in LMICs (138). For instance, a large number of studies we reviewed focus on India. With its enormous slum population and its estimated
half-billion people still practicing open defecation (1), India has become a key ethnographic site
for understanding sanitation as a social and cultural service (see the sidebar titled Sanitation Challenges in India). We categorize and review three notable approaches within the social sciences
that seek contextual understandings of both successful and unsuccessful interventions: (a) values
and attitudes (i.e., what drives households to adopt toilets), (b) social disparities (i.e., the unequal
impacts on different groups of how sanitation is defined and promoted), and (c) cultural politics
(i.e., space and bodies as political objects in sanitation practice).
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SANITATION CHALLENGES IN INDIA
Sanitation literature has historically had a disproportionately large number of studies on India. With more than
500 million people still practicing open defecation (OD) (1), the consequences for child diarrhea and long-term
stunting have been severe (141). India’s neglect of sanitation in urban planning has led to inadequate and unusable
facilities in its sprawling slums (131, 170); the lack of accessible toilets is especially stressful for girls and women,
who have high needs for privacy and safety (145, 171). In 2014, the Government of India launched a massive campaign, Swachh Bharat Mission, to build toilets and eliminate OD, with a 2018 budgetary allocation of ∼$2.5 billion
(172). Social marketing campaigns (e.g., “No toilet, no bride!”) are also actively promoted. Sanitation uptake and
maintenance have been especially hard in India (72, 141) where taboos have traditionally designated (only) the most
marginalized castes as toilet cleaners. While the manual removal of feces from unsewered toilets is illegal, it still
provides employment for these groups. New technologies for safe fecal sludge management and new business models for sanitation services, both strongly backed by the Bill and Melinda Gates Foundation, have become active sites
of research and pilot-level projects in several Indian states.

3.6.2. Current and emerging themes. The values approach seeks to explain the adoption and
use—or nonuse—of household toilets, and argues that few households seem to want or use toilets
for health reasons. Freedom from shame is essential if women are to use toilets regularly (23), although shaming may be an “effective” tool against open defecation (139). Status, urban proximity,
wealth, and education (140), coupled with attitudes toward open defecation (46), are also likely
to drive toilet use. In rural India, however, even wealth and education are weakly associated with
adoption (141); the authors surmise that culture, in this case the Hindu concept of caste purity,
is responsible for the de facto devaluation of household sanitation. This literature overall calls
for a contextual understanding of the value of sanitation beyond its role in health and beyond
household-level characteristics.
The core disparities in the sanitation literature are well-known: Only 39% of the world has
access to safely managed sanitation, and rural–urban and interquintile divides remain sharp in
almost all LMICs (1). Recent work has argued that standard measures of access or availability
underestimate disparities; the processes and practices through which sanitation is accessed are
themselves highly unequal (2, 142). Factors that allow one person’s “safe” toilet to harm another
through unregulated disposal, for example, must be recognized as sanitation injustice (143). The
labor of sanitation, meaning the unprotected conditions in which pit latrines are cleaned and the
waste moved out of the community, is also a form of sanitation injustice; the majority of India’s
manual cleaners are low-caste women who contend with daily assaults on their health and dignity
(8, 144). These disparities and human rights violations are mostly invisible in national or international sanitation policy documents (79).
Research on gender disparities has shown that women without safe sanitation face unique
stresses—from walking long distances to being assaulted—as they find ways to defecate, urinate,
and manage their menstruation (145). For social as well as biological reasons, women and girls
need more privacy, time, and space in the toilet than men do, but sanitation facilities are seldom
designed around these needs (146). The shame and taboo associated with menstruation have become a global mental health issue (23), which has led to calls for girl-friendly school sanitation
(147, 148) (see the sidebar titled Menstrual Hygiene Management in Schools). Toilet promotion
programs such as CLTS are starting to include MHM in their training and outreach (149). However, gender-equal access to public toilets as part of equitable urban design (150), transgenderinclusive toilets (151), and the role of accessible public toilets in liberating women and girls when
they are away from home (8) remain understudied themes.
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Finally, the cultural politics approach takes infrastructure, place, and the human body itself as
terrains over which meanings are made and power is exercised. Unequal and fragmented infrastructure produces unequal and fragmented cities (122). When sanitation is provided by a mixture
of sewers, users’ associations, small-scale providers, and political patronage, then power over infrastructure services becomes a form of everyday power over citizens (152). Furthermore, inadequate sanitation in informal settlements leads to coping mechanisms and daily inconveniences
that reproduce urban inequalities through lived, bodily experiences (153), but also to forms of
collective action and political performance such as theater and art (154). Open defecation itself
can be considered a threat to public health (which is the prevalent policy discourse) or a threat
to the expected social order (which may be only implicitly acknowledged) (155). Through these
studies, researchers “see” sanitation infrastructure, governance, and the body as mutually shaping
one another.
3.6.3. Social sciences and the sanitation service chain. In terms of the sanitation service
chain, the social sciences clearly address access to and the value of toilets (capture), indirectly discuss storage, uniquely address the conditions of the labor that conveys the waste from toilet to
disposal site (transport), do not discuss treatment, and just touch on the inequities created by unregulated disposal or reuse. This perspective is most strongly associated with the understanding
of sanitation as a human right (see the sidebar titled Human Right to Sanitation). The gendered
nature of almost every link in the sanitation chain is front and center in this perspective, especially
with respect to front-end access, back-end labor, and MHM. The social sciences highlight perceptions, processes, priorities, and politics—all of which are invisible in the fundamentally “physical”
flows of waste that the traditional sanitation service chain comprises. They define sanitation as a
service that shapes the daily human experience, and they connect that seemingly small experience
to larger networks of pipes as well as of power.

4. DISCUSSION
The sanitation service chain provides a useful framework for understanding the physical flows
and functions comprising sanitation systems. Across all disciplinary perspectives that deal with
low-income regions, the sanitation literature’s primary focus is on capture (e.g., eliminating open
defecation, increasing toilet access) with the next level of scrutiny on disposal. The overarching
emphasis on capture reflects the earliest and still-dominant focus of sanitation: to separate the
human body from its own pathogenic waste.
In its traditional format, the sanitation service chain challenges us to think of the flows of excreta beyond toilets as they are processed through physical infrastructure. At the same time, the
current chain bounds the sanitation sector’s understanding of what it takes to maintain this flow
from capture to eventual reuse and disposal; it de-emphasizes the social, financial, and political
“flows” that shape, and indeed make possible, the material flows of waste. An augmented version
of the sanitation service chain, showing nonmaterial flows and the stakeholders who shape—and
are linked by—these flows, would make clear the simultaneously physical and social nature of the
sanitation system. Our cross-disciplinary review suggests that an expansive view of the sanitation
system is important for interpreting, and thus achieving, the SDG 6 target of adequate and equitable sanitation “for all.”

4.1. Flows and Functions of a Sanitation System
As this review shows, engineering and public health remain the largest bodies of literature represented in the sanitation space. The review also shows that the intellectual domain of sanitation has
2.18
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Table 1 Sanitation system flows, functions, and goals as addressed in the literature
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Disciplinary research
perspectives

Flowsa

Conventional
functions addressedb

Additional functions
addressedc

Engineering

Feces, urine, water,
pathogens, nutrients,
chemicals

Capture, storage,
transport, treatment,
reuse, disposal

None

Technologies
separating humans
and waste

Public health

Pathogens, psychosocial
stressors

Capture

Behavior change,
monitoring health
impacts

Protection of human
health

Environmental science

Pollution, hydrologic,
biogeochemical

Transport, treatment,
reuse, disposal

Monitoring
environmental
impacts, risk
assessment

Environmental
protection

Economics

Finance, labor

Capture

Benefit-cost analysis,
impact assessment

Economic viability of
services

Planning

Decision making

Capture, transport

Planning, participation

Sustainable and
livable
communities

Social sciences

Political power, labor

Capture, transport

Addressing social norms,
analyzing disparities

Dignity, human
rights, and equity

Goals supportedd

a

Flows include both material and social sanitation system flows.
Conventional functions addressed lists the conventional sanitation service chain functions that are emphasized in each literature.
c
Additional functions addressed lists the social functions beyond the conventional sanitation chain reported in each literature.
d
Goals supported identify the sanitation goals supported by each area of research.
b

gone beyond these two perspectives to encompass environmental science, economics, planning,
and social science. These additional perspectives explicate the nonphysical flows within which the
physical flows of waste are embedded. Environmental science emphasizes the flows of contaminants into the environment that result from inadequate sanitation. Economics analyzes the flows
of investments and financing that households and utilities must procure to install sanitation infrastructure, as well as the types of infrastructure that the resource base can support. Planning is
concerned with the flows of policies and decisions, with varying levels of community participation, that determine where and for whom sanitation infrastructures are built or not built, and who
maintains what is built. Finally, the social sciences bring in flows of power and labor, along with
the economic and gender inequalities that shape the—often invisible—constraints within which
planning, economic, public health, and engineering decisions are made and executed. These social
flows run between and across stakeholders, but unlike waste flows, they often are multidirectional.
This interdisciplinary perspective highlights the additional sanitation-related functions that
are absent in the original, engineering-oriented sanitation service chain (see Table 1). By functions, we mean processes or actions that are part of a sanitation system. In the research literature,
public health has extended sanitation’s “pure” function of interrupting transmission pathways (e.g.,
through toilet use) by emphasizing social behavior as a component of a sanitation system. Environmental science emphasizes monitoring and risk assessments as a function of safely managed
sanitation, an explicit acknowledgment of sanitation’s potential third-party effects. Economics
contributes benefit-cost and impact assessments of sanitation for households, communities, and
utilities. Planning considers participatory decision making and the process of planning itself as
part of safe sanitation. Finally, the social sciences foreground the need to analyze and address social disparities and norms in order to achieve adequate sanitation for all. This list of the social
functions of sanitation is not comprehensive; for instance, the research literature does not address
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Benefit-cost
analysis

Addressing
social norms
and monitoring
disparities

Planning and
participation

Regulation and
standardization

Goals

Social flows
and functions

Dignity, human
rights, and equity

NGO
Decision makers

Sustainable and
livable communities

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

Community members

Workers

Economic viability
of services
Protection of
human health

Material flows
and functions O
D

Capture

Storage

Transport

Treatment

Reuse/
Reuse/
disposal
disposal

Technologies
separating humans
and waste
Environmental
protection

Environment (built and natural)

Social function

Material function

Social flow

Material flow

Figure 3
An augmented sanitation service chain. This augmented chain expands the material functions (blue boxes) and flows (blue arrows) of the
conventional service chain by including the environment (bottom), social functions (orange boxes) and flows (orange arrows), and main
stakeholders. Social flows include decision making and financial power, and/or ability to affect others. Stakeholders are grouped as
community members (households, etc.), decision makers (donors, governments, utilities/service providers, NGOs), and workers
(construction workers, truck and plant operators, sewer workers, farm laborers, domestic workers, etc.). OD refers to open defecation.
The various material and social functions, flows, and actors of the chain determine the goals (gray box), although not part of the chain.

the critical processes of regulating technology and safety standards for sanitation services. Furthermore, as with the physical functions in the conventional service chain, the list is normative;
there is no assumption that all sanitation systems will employ all these functions, or that these
functions will be carried out in a sustainable and inclusive manner. The flows and functions emphasized within each disciplinary perspective support the goals that each perspective prioritizes
for a safe and sustainable sanitation system (see Table 1).

4.2. An Augmented Sanitation Service Chain
We thus propose an augmented sanitation service chain that encompasses the social flows and
functions through which the material flows and functions take place (see Figure 3). In particular, the currently people-free sanitation chain should expand to include the main stakeholders in
the sanitation space, to make explicit that social functions shape material functions and that various actors are affected by the way in which these functions are carried out. It is not clear from
the conventional chain, for instance, that a household with a pit latrine poses exposure risks for
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sanitation workers and other households, or that regulations and their enforcement shape the
physical flows of waste. The main stakeholder categories are community members, decision makers, and workers, with social flows of power, influence, decision making, and finance linking them.
Actors within each category are not homogeneous; some are more vulnerable than others at different geographic and political scales. An augmented chain that makes visible the key stakeholder
categories and their positions, both vis-à-vis the conventional sanitation functions and one another, provides a heuristic for researchers to communicate across disciplines, and can assist those
in siloed research programs to be more aware of sanitation’s on-the-ground realities and nonconventional “functions.”

4.3. Sustainable Development Goals: Rights, Interlinkages,
and Sanitation Research
Unlike their predecessors (the MDGs), the SDGs are grounded in the Universal Declaration of
Human Rights (156) and in the intersectionality of these rights. In essence, a claim to a right is
a claim to power: “Realizing any right, including the rights to water and sanitation, will almost
invariably require that existing power structures be challenged…” (157, p. 29). The progressive
realization of the right to sanitation, therefore, calls for progress at the intersection of technology,
planning, health and economic policy, and political action. Recent policy-oriented papers have
supported these ideas. The SDGs as a group, also unlike the MDGs, are explicitly interlinked.
UN documents routinely discuss the linkages between SDG 6 and the other SDGs, such as for
poverty alleviation, ending hunger, sustainable cities, gender equality, education, and health. (They
rarely link SDG 6 with SDG 8 on “decent work,” however, showing the widespread tendency to
neglect labor conditions for sanitation workers.)
The augmented sanitation service chain of Figure 3 attempts to capture the main linkages
among flows, functions, and actors within sanitation systems, incorporating technological and
health assessment “functions” but also those of collective action and confronting social norms.
In this sense, the augmented chain more closely adheres to the inherently cross-disciplinary spirit
of the SDGs than the traditional chain does. At the same time, the prominence of actors such as
sanitation workers serves as a reminder that, although some of SDG 6’s targets address key linkages, the indicators do not fully reflect these interconnections. Sanitation research therefore has
the potential to both reflect on and improve the interlinkages of the SDGs, by working across
perspectives and across functions.
To take but one example, sustainable sanitation in the face of climate change would require environmental scientists and public health scientists to model the emissions and subsequent health
outcomes of sanitation systems; engineers to design resilient treatment systems; economists to
analyze the extent and distribution of the costs and benefits of resilient systems; planners to think
through how to design and site urban sanitation systems; and urban geographers and gender specialists to assess the terms of access under which sanitation systems would promote adequacy
and equity for all (97, 158). This may make sanitation seem like the prototypical “wicked problem” (125), but we contend that not recognizing this characteristic amounts to not recognizing
the range of legitimate stakeholders and values that inhabit the sanitation world. In other words,
if the reality and challenges of sanitation in LMICs cross disciplinary perspectives, then sanitation research, too, has to cross disciplinary perspectives. Many urban and rural areas of LMICs
are implementing or expanding their sanitation systems; the time has come for sanitation researchers to collaborate toward designing systems that contribute to health and cleanliness, and
also to climate change adaptation, to sustainable food systems, and to human rights for the poorest
communities.
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“[It’s] not rocket science,” declares a recent UN video on water and sanitation (see 159), implying
that meeting the SDG goal of universal access to sanitation should surely be simpler than rocket
science. We argue that this may not be the case. This review was motivated by the hypothesis that
achieving adequate and equitable sanitation for all (i.e., SDG 6) would be both slow and challenging because different researchers and practitioners subscribe to different visions of what sanitation
is and what it is for (see Table 1). The research we reviewed across all six disciplinary perspectives
(see Figure 2) shows that the common core of sanitation research remains the protection of humans and the environment from exposure to potentially harmful waste. Across the perspectives,
however, there is variation in how this purpose is to be approached, and of the extent to which the
purpose of sanitation goes beyond limiting harmful exposures (see Figure 3).
In broad strokes, the engineering perspective approaches the separation of humans from waste
through the design and implementation of physical technology. Public health research investigates
human health risks and seeks ways in which to promote safe sanitation practices. Environmental
science approaches this purpose through monitoring and management, but of the larger environment. Economics optimizes costs and benefits to see this purpose realized, while planning seeks to
realize it through efficient, and hopefully equitable, service provision and governance. The social
sciences consider this purpose fully realized only when human rights, gendered needs, and dignity
are protected and affirmed. Additionally, many scholars and practitioners, not only from gender
studies but also from health, microbiology, and engineering, are calling for the social taboos that
still haunt sanitation to be publicly confronted. These approaches and their specific contributions are central within each disciplinary perspective, but they are not as apparent, and thus not as
central to scholars and practitioners across the sanitation sector. Seeing, understanding, and valuing these differences can facilitate constructive conversations across epistemic communities and
collaborations toward sanitation interventions that simultaneously serve multiple, and mutually
compatible, purposes for all.

SUMMARY POINTS
1. Sanitation has conventionally been understood as the separation of humans from flows
of waste, with a primary focus on technological functions. This understanding is presented in the conventional sanitation service chain and its functions of capture, storage,
transport, treatment, and reuse/disposal.
2. Through the perspectives of multiple disciplines and the Sustainable Development
Goals (SDGs), sanitation research now recognizes the multidimensional, multi-actor nature of the service. Key differences in how sanitation is seen, however, characterize the
discipline-based nature of sanitation research and may impede progress toward equitable
sanitation for all.
3. In general, engineering scholarship focuses on optimizing technologies for the sequestration and treatment of waste.
4. Public health and environmental science focus primarily on interrupting the release and
transmission of contaminants for the protection of human health and the environment.
5. Economics and planning analyze financial, policy, and managerial decisions at multiple
scales toward the provision of sanitation services.
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6. The social sciences see sanitation provision as necessary for dignity, but also as reflecting
gender, power, and culture, which can hinder equitable access for all.
7. We propose an augmented sanitation service chain, acknowledging the material, social,
and financial flows and functions, as well as the multiple actors involved, that comprise
a sanitation system from excretion to disposal.
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8. Such an expanded framework can bring sanitation research—and policy—closer to the
intersectional and rights-oriented spirit of the SDGs and possibly improve them.

FUTURE ISSUES
1. In terms of the sanitation service chain, studies on storage, transport, and reuse remain
understudied functions across disciplinary perspectives; this is especially true for unsewered and hybrid systems. Cross-disciplinary work from system design to standards and
regulation to final governance is needed to ensure both sustainability and equity.
2. The cities of low- and middle-income countries (LMICs) are searching for integrated
waste management solutions that incorporate water resources, wastewater, fecal sludge,
stormwater, and municipal solid waste; sanitation research can usefully support these
efforts.
3. Sanitation research on specific vulnerable and/or underserved communities in LMICs
is small but growing; these include homeless and migrant populations, refugees, and
social groups considered to be at the margins in terms of ethnicity, caste, religion, gender
identity, etc.
4. Sanitation research for public settings beyond schools and health facilities is (very) small
but growing; these settings include workplaces, markets and community spaces, transit
centers, and other locations outside the home. New models of financing, planning, and
management for these settings, from traditional to more participatory methods, should
be evaluated for sustainability and inclusivity.
5. Almost all the disciplines engaged in sanitation research neglect the safety and living
conditions of sanitation workers around the world. Sanitation research “for all” must
necessarily include occupational health and quality of life for those who work at each
step of the sanitation service chain.
6. Sanitation, and in particular menstrual hygiene, remains immersed in cultural norms
of shame in many parts of the world. For sanitation research to serve all its necessary
functions, changing norms around sanitation and gender, ability, age, and the body in
general, must become a practical and research priority across disciplines.
7. Finally, sanitation-related “grand challenges” across disciplines and across sectors include climate change, housing, transportation, and the food-energy-water nexus. Future
and emerging research on these cross-sector themes should explicitly incorporate the
results of sanitation research.
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We thank Joe Brown, Ayşe Ercümen, Rebecca J. Gilsdorf, Veronica Jacome, Kripa Jagannathan,
Anoop Jain, Emily Kumpel, and Marni Sommer for critical insights and comments; Rachel Sklar,
Ileana Wald, and N.C. Narayanan for useful discussions; the ERG Water+ Group for helpful
feedback; and Eric Panzer for design work on all the figures. We thank the Annual Review of
Environment and Resources Editorial Committee for clarifying suggestions and comments. Financial support is gratefully acknowledged for Z.B. from the NIEHS Interdisciplinary Training in
Climate and Health (T32ES023770); Y.C. from the National Science Foundation Graduate Research Fellowship (DGE-1752814) and Hellman Graduate Fellowship; C.H. from the National
Science Foundation (DGE-1633740); and W.T. from the National Science Foundation Graduate
Research Fellowship (DGE-1106400).
LITERATURE CITED
1. World Health Organization, United Nations Children’s Fund (WHO/UNICEF). 2017. 2017 Annual
Report: WHO/UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene ( JMP).
Geneva: UN-Water
2. Luh J, Baum R, Bartram J. 2013. Equity in water and sanitation: developing an index to measure progressive realization of the human right. Int. J. Hyg. Environ. Health 216(6):662–71
3. Hutton G. 2013. Global costs and benefits of reaching universal coverage of sanitation and drinkingwater supply. J. Water Health 11(1):1–12
4. Sommer M, Figueroa C, Kwauk C, Jones M, Fyles N. 2017. Attention to menstrual hygiene management
in schools: an analysis of education policy documents in low- and middle-income countries. Int. J. Educ.
Dev. 57:73–82
5. Nelson KL, Murray A. 2008. Sanitation for unserved populations: technologies, implementation challenges, and opportunities. Annu. Rev. Environ. Resour. 33(1):119–51
6. Bartram J, Cairncross S. 2010. Hygiene, sanitation, and water: forgotten foundations of health. PLOS
Med. 7(11). https://doi.org/10.1371/journal.pmed.1000367
7. Langford M. 2010. A poverty of rights: six ways to fix the MDGs. IDS Bull. 41(1):83–91
8. Burt Z, Nelson K, Ray I. 2016. Towards Gender Equality Through Sanitation Access. New York: UN Women
9. Clasen TF, Bostoen K, Schmidt W-P, Boisson S, Fung IC-H, et al. 2010. Interventions to improve
disposal of human excreta for preventing diarrhoea. Cochrane Database Syst. Rev. 16:CD007180
10. Wolf J, Hunter PR, Freeman MC, Cumming O, Clasen T, et al. 2018. Impact of drinking water, sanitation and handwashing with soap on childhood diarrhoeal disease: updated meta-analysis and metaregression. Trop. Med. Int. Health 23(5):508–25
11. Heijnen M, Rosa G, Fuller J, Eisenberg JNS, Clasen T. 2014. The geographic and demographic scope
of shared sanitation: an analysis of national survey data from low- and middle-income countries. Trop.
Med. Int. Health 19(11):1334–45
12. Isunju JB, Schwartz K, Schouten MA, Johnson WP, van Dijk MP. 2011. Socio-economic aspects of
improved sanitation in slums: a review. Public Health 125(6):368–76
13. Evans WD, Pattanayak S, Young S, Buszin J, Rai S, Bihm JW. 2014. Social marketing of water and
sanitation products: a systematic review of peer-reviewed literature. Soc. Sci. Med. 110:18–25
14. Dreibelbis R, Winch PJ, Leontsini E, Hulland KR, Ram PK, et al. 2013. The Integrated Behavioural
Model for Water, Sanitation, and Hygiene: a systematic review of behavioural models and a framework
for designing and evaluating behaviour change interventions in infrastructure-restricted settings. BMC
Public Health 13(1):1015
15. Mosler H-J. 2012. A systematic approach to behavior change interventions for the water and sanitation
sector in developing countries: a conceptual model, a review, and a guideline. Int. J. Environ. Health Res.
22(5):431–49
16. Jasper C, Le T-T, Bartram J. 2012. Water and sanitation in schools: a systematic review of the health
and educational outcomes. Int. J. Environ. Res. Public Health 9(8):2772–87
2.24

Hyun et al.

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

17. Tilley E, Bieri S, Kohler P. 2013. Sanitation in developing countries: a review through a gender lens.
J. Water Sanit. Hyg. Dev. 3(3):298–314
18. Bill & Melinda Gates Foundation. 2010. Water, Sanitation & Hygiene Fact Sheet, August 2010. https://
docs.gatesfoundation.org/documents/water-sanitation-hygiene-fact-sheet-2010.pdf
19. Tremolet S, Evans B. 2010. Output-Based Aid for Sustainable Sanitation. Washington, DC: World Bank
20. Vandemoortele J, Delamonica E. 2010. Taking the MDGs beyond 2015: hasten slowly. IDS Bull.
41(1):60–69
21. Bartram J. 2008. Improving on haves and have-nots. Nature. 452(7185):283–84
22. Rheinländer T, Konradsen F, Keraita B, Apoya P, Gyapong M. 2015. Redefining shared sanitation. Bull.
World Health Organ. 93(7):509–10
23. Sommer M, Hirsch JS, Nathanson C, Parker RG. 2015. Comfortably, safely, and without shame: defining
menstrual hygiene management as a public health issue. Am. J. Public Health 105(7):1302–11
24. Winkler I, Roaf V. 2014. Taking the bloody linen out of the closet: menstrual hygiene as a priority for
achieving gender equality. Cardozo J. Law Gend. 21:1–37
25. World Health Organization, United Nations Children’s (WHO/UNICEF). 2017. Progress on Drinking Water, Sanitation and Hygiene: 2017 Update. Geneva: WHO/UNICEF. https://www.unicef.org/
publications/index_96611.html
26. Cronk R, Slaymaker T, Bartram J. 2015. Monitoring drinking water, sanitation, and hygiene in nonhousehold settings: priorities for policy and practice. Int. J. Hyg. Environ. Health 218(8):694–703
27. Mara D, Drangert J-O, Viet Anh N, Tonderski A, Gulyas H, Tonderski K. 2007. Selection of sustainable
sanitation arrangements. Water Policy 9(3):305–18
28. Panesar A, Werner C, von Münch E, Maksimovic C, Scheinberg A, et al. 2006. Capacity Building for
Ecological Sanitation, Concepts for Ecologically Sustainable Sanitation in Formal and Continuing Education.
Paris, France: United Nations Educ. Sci. Cultural Org. (UNESCO) Int. Hydrol. Progr. (IHP). http://
docs.niwa.co.nz/library/public/146337e.pdf
29. Hawkins P, Blackett I, Heymans C. 2013. Poor-Inclusive Urban Sanitation: An Overview. Water and Sanitation Program Case Study. Washington, DC: World Bank
30. Strande L, Ronteltap M, Brdjanovic D, eds. 2014. Faecal Sludge Management: Systems Approach for Implementation and Operation. London: IWA Publ.
31. Tilley E, Ulrich L, Lüthi C, Reymond P, Schertenleib R, Zurbrügg C. 2014. Compendium of Sanitation
Systems and Technologies. Dübendorf, Switz.: Swiss Fed. Inst. Aquatic Sci. Technol. (Eawag). 2nd ed.
32. Peal A, Evans B, Blackett I, Hawkins P, Heymans C. 2014. Fecal sludge management (FSM): analytical
tools for assessing FSM in cities. J. Water Sanit. Hyg. Dev. 4(3):371–83
33. Burian SJ, Nix SJ, Pitt RE, Durrans SR. 2000. Urban wastewater management in the United States: past,
present, and future. J. Urban Technol. 7(3):33–62
34. Larsen TA, Hoffmann S, Luthi C, Truffer B, Maurer M. 2016. Emerging solutions to the water challenges of an urbanizing world. Science 352(6288):928–33
35. Shoener BD, Bradley IM, Cusick RD, Guest JS. 2014. Energy positive domestic wastewater treatment:
the roles of anaerobic and phototrophic technologies. Env. Sci Process. Impacts 16(6):1204–22
36. Corominas L, Foley J, Guest JS, Hospido A, Larsen HF, et al. 2013. Life cycle assessment applied to
wastewater treatment: state of the art. Water Res. 47(15):5480–92
37. Paterson C, Mara D, Curtis T. 2007. Pro-poor sanitation technologies. Geoforum 38(5):901–7
38. Berendes DM, Sumner TA, Brown JM. 2017. Safely managed sanitation for all means fecal sludge
management for at least 1.8 billion people in low and middle income countries. Environ. Sci. Technol.
51(5):3074–83
39. Orner KD, Mihelcic JR. 2018. A review of sanitation technologies to achieve multiple sustainable development goals that promote resource recovery. Environ. Sci. Water Res. Technol. 4(1):16–32
40. Semiyaga S, Okure MAE, Niwagaba CB, Katukiza AY, Kansiime F. 2015. Decentralized options for
faecal sludge management in urban slum areas of Sub-Saharan Africa: a review of technologies, practices
and end-uses. Resour. Conserv. Recycl. 104:109–19
41. Trimmer J, Cusick RD, Guest J. 2017. Amplifying progress toward multiple development goals through
resource recovery from sanitation. Environ. Sci. Technol. 51:10765–76

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

Sanitation for Low-Income Regions

2.25

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

42. Fry LM, Mihelcic JR, Watkins DW. 2008. Water and nonwater-related challenges of achieving global
sanitation coverage. Environ. Sci. Technol. 42(12):4298–304
43. Niemeier D, Gombachika H, Richards-Kortum R. 2014. How to transform the practice of engineering
to meet global health needs. Science 345(6202):1287–90
44. Starkl M, Brunner N, Feil M, Hauser A. 2015. Ensuring sustainability of non-networked sanitation
technologies: an approach to standardization. Environ. Sci. Technol. 49(11):6411–18
45. Exley JLR, Liseka B, Cumming O, Ensink JHJ. 2015. The sanitation ladder, what constitutes an improved form of sanitation? Environ. Sci. Technol. 49(2):1086–94
46. Dreibelbis R, Jenkins M, Chase RP, Torondel B, Routray P, et al. 2015. Development of a multidimensional scale to assess attitudinal determinants of sanitation uptake and use. Environ. Sci. Technol.
49(22):13613–21
47. Tobias R, O’Keefe M, Künzle R, Gebauer H, Gründl H, et al. 2017. Early testing of new sanitation
technology for urban slums: the case of the Blue Diversion Toilet. Sci. Total Environ. 576:264–72
48. Tilmans S, Russel K, Sklar R, Page LN, Kramer S, Davis J. 2015. Container-based sanitation: assessing
costs and effectiveness of excreta management in Cap Haitien, Haiti. Environ. Urban. 27(1):89–104
49. Verbyla ME, Mihelcic JR. 2015. A review of virus removal in wastewater treatment pond systems. Water
Res. 71:107–24
50. Cid CA, Qu Y, Hoffmann MR. 2018. Design and preliminary implementation of onsite electrochemical
wastewater treatment and recycling toilets for the developing world. Environ. Sci. Water Res. Technol.
4(10):1439–50
51. World Health Organization (WHO). 2006. WHO Guidelines for the Safe use of Wastewater, Excreta and
Greywater, Volume 4: Excreta and Greywater Use in Agriculture. Geneva: WHO
52. Massoud MA, Tarhini A, Nasr JA. 2009. Decentralized approaches to wastewater treatment and management: applicability in developing countries. J. Environ. Manag. 90(1):652–59
53. World Health Organization (WHO). 1946. Constitution of the World Health Organization. New
York: United Nations. https://treaties.un.org/doc/Treaties/1948/04/19480407%2010-51%20PM/
Ch_IX_01p.pdf
54. Ferriman A. 2007. BMJ readers choose the “Sanitary Revolution” as greatest medical advance since 1840.
BMJ 334(7585):111
55. Humphrey JH. 2015. The Sanitation Hygiene Infant Nutrition Efficacy (SHINE) Trial: rationale, design, and methods. Clin. Infect. Dis. 61(Suppl. 7):S685–702
56. Stocks ME, Ogden S, Haddad D, Addiss DG, McGuire C, Freeman MC. 2014. Effect of water, sanitation,
and hygiene on the prevention of trachoma: a systematic review and meta-analysis. PLOS Med. 11(2):1–
29
57. Strunz EC, Addiss DG, Stocks ME, Ogden S, Utzinger J, Freeman MC. 2014. Water, sanitation,
hygiene, and soil-transmitted helminth infection: a systematic review and meta-analysis. PLOS Med.
11(3):e1001620
58. Delahoy MJ, Wodnik B, McAliley L, Penakalapati G, Swarthout J, et al. 2018. Pathogens transmitted in
animal feces in low- and middle-income countries. Int. J. Hyg. Environ. Health 221(4):661–76
59. GBD Diarrhoeal Diseases Collaborators. 2017. Estimates of global, regional, and national morbidity,
mortality, and aetiologies of diarrhoeal diseases: a systematic analysis for the Global Burden of Disease
Study 2015. Lancet Infect. Dis. 17(9):909–48
60. Humphrey JH. 2009. Child undernutrition, tropical enteropathy, toilets, and handwashing. Lancet
374(9694):1032–35
61. Guerrant RL, DeBoer MD, Moore SR, Scharf RJ, Lima AAM. 2013. The impoverished gut—a triple
burden of diarrhoea, stunting and chronic disease. Nat. Rev. Gastroenterol. Hepatol. 10(4):220–29
62. Arnold BF, Null C, Luby SP, Colford JM Jr. 2018. Implications of WASH Benefits trials for water and
sanitation–authors’ reply. Lancet Glob. Health 6(6):e616–17
63. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, et al. 2013. Burden and aetiology of
diarrhoeal disease in infants and young children in developing countries (the Global Enteric Multicenter
Study, GEMS): a prospective, case-control study. Lancet 382(9888):209–22

2.26

Hyun et al.

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

64. Robb K, Null C, Teunis P, Yakubu H, Armah G, Moe CL. 2017. Assessment of fecal exposure pathways
in low-income urban neighborhoods in Accra, Ghana: rationale, design, methods, and key findings of
the SaniPath Study. Am. J. Trop. Med. Hyg. 97(4):1020–32
65. Humphrey JH, Mbuya MNN, Ntozini R, Moulton LH, Stoltzfus RJ, et al. 2019. Independent and combined effects of improved water, sanitation, and hygiene, and improved complementary feeding, on child
stunting and anaemia in rural Zimbabwe: a cluster-randomised trial. Lancet Glob. Health 7(1):e132–47
66. Luby SP, Rahman M, Arnold BF, Unicomb L, Ashraf S, et al. 2018. Effects of water quality, sanitation,
handwashing, and nutritional interventions on diarrhoea and child growth in rural Bangladesh: a cluster
randomised controlled trial. Lancet Glob. Health 6(3):e302–15
67. Null C, Stewart CP, Pickering AJ, Dentz HN, Arnold BF, et al. 2018. Effects of water quality, sanitation,
handwashing, and nutritional interventions on diarrhoea and child growth in rural Kenya: a clusterrandomised controlled trial. Lancet Glob. Health 6(3):e316–29
68. Sclar GD, Penakalapati G, Caruso BA, Rehfuess EA, Garn JV, et al. 2018. Exploring the relationship
between sanitation and mental and social well-being: a systematic review and qualitative synthesis. Soc.
Sci. Med. 217:121–34
69. Baker KK, Padhi B, Torondel B, Das P, Dutta A, et al. 2017. From menarche to menopause: a populationbased assessment of water, sanitation, and hygiene risk factors for reproductive tract infection symptoms
over life stages in rural girls and women in India. PLOS ONE 12(12):e0188234
70. Hulland KRS, Chase RP, Caruso BA, Swain R, Biswal B, et al. 2015. Sanitation, stress, and life stage: a
systematic data collection study among women in Odisha, India. PLOS ONE 10(11):e0141883
71. Clasen T, Boisson S, Routray P, Torondel B, Bell M, et al. 2014. Effectiveness of a rural sanitation
programme on diarrhoea, soil-transmitted helminth infection, and child malnutrition in Odisha, India:
a cluster-randomised trial. Lancet Glob. Health 2(11):e645–53
72. Patil SR, Arnold BF, Salvatore AL, Briceno B, Ganguly S, et al. 2014. The effect of India’s Total Sanitation Campaign on defecation behaviors and child health in rural Madhya Pradesh: a cluster randomized
controlled trial. PLOS Med. 11(8):e1001709
73. Novotný J, Ficek F, Hill JKW, Kumar A. 2018. Social determinants of environmental health: a case of
sanitation in rural Jharkhand. Sci. Total Environ. 643:762–74
74. Kar K, Chambers R. 2010. Triggering: an extract from the Handbook on Community-Led Total Sanitation. In Participatory Learning and Action 61 Tales of Shit: Community-Led Total Sanitation in Africa,
pp. 179–200. London: Int. Inst Environ. Dev. Plan Int.
75. Pickering AJ, Djebbari H, Lopez C, Coulibaly M, Alzua ML. 2015. Effect of a community-led sanitation
intervention on child diarrhoea and child growth in rural Mali: a cluster-randomised controlled trial.
Lancet Glob. Health 3(11):e701–11
76. Venkataramanan V, Crocker J, Karon A, Bartram J. 2018. Community-led total sanitation: a mixedmethods systematic review of evidence and its quality. Environ. Health Perspect. 126(2):026001
77. Bartram J, Charles K, Evans B, O’Hanlon L, Pedley S. 2012. Commentary on community-led total
sanitation and human rights: Should the right to community-wide health be won at the cost of individual
rights? J. Water Health 10(4):499–503
78. Bouzid M, Cumming O, Hunter PR. 2018. What is the impact of water sanitation and hygiene in healthcare facilities on care seeking behaviour and patient satisfaction? A systematic review of the evidence
from low-income and middle-income countries. BMJ Glob. Health 3(3):e000648
79. Sharada Prasad CS, Ray I. 2019. When the pits fill up: (in)visible flows of waste in urban India. J. Water
Sanit. Hyg. Dev. http://doi: 10.2166/washdev.2019.153
80. Thebo AL, Drechsel P, Lambin EF, Nelson KL. 2017. A global, spatially-explicit assessment of irrigated
croplands influenced by urban wastewater flows. Environ. Res. Lett. 12(7):074008
81. Masi F, Rizzo A, Regelsberger M. 2018. The role of constructed wetlands in a new circular economy,
resource oriented, and ecosystem services paradigm. J. Environ. Manag. 216:275–84
82. Murray A, Ray I. 2010. Commentary: back-end users: the unrecognized stakeholders in demand-driven
sanitation. J. Plan. Educ. Res. 30(1):94–102
83. Krause A, Rotter VS. 2017. Linking energy-sanitation-agriculture: intersectional resource management
in smallholder households in Tanzania. Sci. Total Environ. 590–591:514–30

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

Sanitation for Low-Income Regions

2.27

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

84. Spångberg J, Tidåker P, Jönsson H. 2014. Environmental impact of recycling nutrients in human excreta
to agriculture compared with enhanced wastewater treatment. Sci. Total Environ. 493:209–19
85. McArthur JM, Sikdar PK, Hoque MA, Ghosal U. 2012. Waste-water impacts on groundwater: Cl/Br
ratios and implications for arsenic pollution of groundwater in the Bengal Basin and Red River Basin,
Vietnam. Sci. Total Environ. 437:390–402
86. Sclar GD, Penakalapati G, Amato HK, Garn JV, Alexander K, et al. 2016. Assessing the impact of sanitation on indicators of fecal exposure along principal transmission pathways: a systematic review. Int. J.
Hyg. Environ. Health 219(8):709–23
87. Trevisan R, Flores-Nunes F, Dolores ES, Mattos JJ, Piazza CE, et al. 2017. Thiol oxidation of
hemolymph proteins in oysters Crassostrea brasiliana as markers of oxidative damage induced by urban
sewage exposure. Environ. Toxicol. Chem. 36(7):1833–45
88. Fuhrmeister ER, Schwab KJ, Julian TR. 2015. Estimates of nitrogen, phosphorus, biochemical oxygen
demand, and fecal coliforms entering the environment due to inadequate sanitation treatment technologies in 108 low and middle income countries. Environ. Sci. Technol. 49(19):11604–11
89. Julian TR. 2016. Environmental transmission of diarrheal pathogens in low and middle income countries. Environ. Sci. Process. Impacts 18(8):944–55
90. Odagiri M, Schriewer A, Daniels ME, Wuertz S, Smith WA, et al. 2016. Human fecal and pathogen exposure pathways in rural Indian villages and the effect of increased latrine coverage. Water Res. 100:232–44
91. Nyenje PM, Foppen JW, Uhlenbrook S, Kulabako R, Muwanga A. 2010. Eutrophication and nutrient
release in urban areas of Sub-Saharan Africa—a review. Sci. Total Environ. 408(3):447–55
92. Gwenzi W, Chaukura N. 2018. Organic contaminants in African aquatic systems: current knowledge,
health risks, and future research directions. Sci. Total Environ. 619–620:1493–514
93. Laramee J, Tilmans S, Davis J. 2018. Costs and benefits of biogas recovery from communal anaerobic
digesters treating domestic wastewater: evidence from peri-urban Zambia. J. Environ. Manag. 210:23–35
94. Dhingra R, Christensen ER, Liu Y, Zhong B, Wu C-F, et al. 2011. Greenhouse gas emission reductions
from domestic anaerobic digesters linked with sustainable sanitation in rural China. Environ. Sci. Technol.
45(6):2345–52
95. Bhavnani D, Goldstick JE, Cevallos W, Trueba G, Eisenberg JN. 2014. Impact of rainfall on diarrheal
disease risk associated with unimproved water and sanitation. Am. J. Trop. Med. Hyg. 90(4):705–11
96. Wu S, Carvalho PN, Müller JA, Manoj VR, Dong R. 2016. Sanitation in constructed wetlands: a review
on the removal of human pathogens and fecal indicators. Sci. Total Environ. 541:8–22
97. Howard G, Calow R, Macdonald A, Bartram J. 2016. Climate change and water and sanitation: likely
impacts and emerging trends for action. Annu. Rev. Environ. Resour. 41:253–76
98. Mellor JE, Levy K, Zimmerman J, Elliott M, Bartram J, et al. 2016. Planning for climate change: the
need for mechanistic systems-based approaches to study climate change impacts on diarrheal diseases.
Sci. Total Environ. 548:82–90
99. Vikesland PJ, Pruden A, Alvarez PJJ, Aga D, Bürgmann H, et al. 2017. Toward a comprehensive strategy to mitigate dissemination of environmental sources of antibiotic resistance. Environ. Sci. Technol.
51(22):13061–69
100. Cole M, Lindeque P, Halsband C, Galloway TS. 2011. Microplastics as contaminants in the marine
environment: a review. Mar. Pollut. Bull. 62(12):2588–97
101. Soares RR. 2007. Health and the evolution of welfare across Brazilian municipalities. J. Dev. Econ.
84(2):590–608
102. Ben Yishay A, Fraker A, Guiteras R, Palloni G, Shah NB, et al. 2017. Microcredit and willingness to pay
for environmental quality: evidence from a randomized-controlled trial of finance for sanitation in rural
Cambodia. J. Environ. Econ. Manag. 86:121–40
103. Marsiglio S, Ansuategi A, Gallastegui MC. 2016. The environmental Kuznets curve and the structural
change hypothesis. Env. Resour. Econ. 63:265–88
104. Guiteras R, Levinsohn J, Mobarak AM. 2015. Sanitation subsidies. Encouraging sanitation investment
in the developing world: a cluster-randomized trial. Science 348(6237):903–6
105. Gopalan S, Rajan RS. 2016. Has foreign aid been effective in the water supply and sanitation sector?
Evidence from panel data. World Dev. 85:84–104

2.28

Hyun et al.

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

106. Hutton G, Haller L, Bartram J. 2007. Global cost-benefit analysis of water supply and sanitation interventions. J. Water Health 5(4):481–502
107. Hutton G, Rodriguez U-P, Winara A, Anh NV, Phyrum K, et al. 2014. Economic efficiency of sanitation
interventions in Southeast Asia. J. Water Sanit. Hyg. Dev. 4(1):23–36
108. Whittington D, Jeuland M, Barker K, Yuen Y. 2012. Setting priorities, targeting subsidies among water,
sanitation, and preventive health interventions in developing countries. World Dev. 40(8):1546–68
109. Crocker J, Saywell D, Shields KF, Kolsky P, Bartram J. 2017. The true costs of participatory sanitation:
evidence from community-led total sanitation studies in Ghana and Ethiopia. Sci. Total Environ. 601–
602:1075–83
110. Murungi C, van Dijk MP. 2014. Emptying, transportation and disposal of feacal sludge in informal
settlements of Kampala Uganda: the economics of sanitation. Habitat Int. 42:69–75
111. Mara D, Alabaster G. 2008. A new paradigm for low-cost urban water supplies and sanitation in developing countries. Water Policy 10(2):119–29
112. Gross E, Günther I. 2014. Why do households invest in sanitation in rural Benin: Health, wealth, or
prestige? Water Resour. Res. 50(10):8314–29
113. Scott P, Cotton A, Sohail Khan M. 2013. Tenure security and household investment decisions for urban
sanitation: the case of Dakar, Senegal. Habitat Int. 40:58–64
114. Balasubramanya S, Evans B, Hardy R, Ahmed R, Habib A, et al. 2017. Towards sustainable sanitation
management: establishing 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):e0171735
115. Coffey D, Gupta A, Hathi P, Khurana N, Spears D, et al. 2014. Revealed preference for open defecation.
Econ. Polit. Wkly. 49(38):13
116. Herrera V. 2014. Does commercialization undermine the benefits of decentralization for local services
provision? Evidence from Mexico’s urban water and sanitation sector. World Dev. 56:16–31
117. Gonçalves S. 2014. The effects of participatory budgeting on municipal expenditures and infant mortality in Brazil. World Dev. 53:94–110
118. Narayanan S, Rajan AT, Jebaraj P, Elayaraja MS. 2017. Delivering basic infrastructure services to the
urban poor: a meta-analysis of the effectiveness of bottom-up approaches. Util. Policy 44:50–62
119. Schwartz K. 2008. The New Public Management: the future for reforms in the African water supply and
sanitation sector? Util. Policy 16(1):49–58
120. Berg S, Marques R. 2011. Quantitative studies of water and sanitation utilities: a benchmarking literature
survey. Water Policy 13:591–606
121. Saleth MR, Sastry GS. 2004. Water supply and sanitation sector of Karnataka, India: status, performance
and change. Water Policy 6(3):161–83
122. Graham S, Marvin S. 2002. Splintering Urbanism: Networked Infrastructures, Technological Mobilities and the
Urban Condition. London: Routledge
123. Roy A. 2005. Urban informality: toward an epistemology of planning. J. Am. Plann. Assoc. 71(2):147–
58
124. Campbell SD. 2016. The planner’s triangle revisited: sustainability and the evolution of a planning ideal
that can’t stand still. J. Am. Plann. Assoc. 82(4):388–97
125. Rittel HWJ, Webber MM. 1973. Dilemmas in a general theory of planning. Policy Sci. 4(2):155–69
126. Monstadt J, Schramm S. 2017. Toward the networked city? Translating technological ideals and planning models in water and sanitation systems in Dar es Salaam. Int. J. Urban Reg. Res. 41(1):104–25
127. Nance E, Ortolano L. 2007. Community participation in urban sanitation: experiences in Northeastern
Brazil. J. Plan. Educ. Res. 26(3):284–300
128. Whittington D, Davis J, Miarsono H, Pollard R. 2000. Designing a “neighborhood deal” for urban
sewers: a case study of Semarang, Indonesia. J. Plan. Educ. Res. 19(3):297–308
129. Appadurai A. 2001. Deep democracy: urban governmentality and the horizon of politics. Environ. Urban.
13(2):23–43
130. Mitlin D. 2015. Will urban sanitation “leave no one behind”? Environ. Urban. 27(2):365–70
131. Satterthwaite D, Mitlin D, Bartlett S. 2015. Is it possible to reach low-income urban dwellers with goodquality sanitation? Environ. Urban. 27(1):3–18

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

Sanitation for Low-Income Regions

2.29

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

132. Chaplin SE. 2011. Indian cities, sanitation and the state: the politics of the failure to provide. Environ.
Urban. 23(1):57–70
133. Joshi D. 2011. Caste, gender and the rhetoric of reform in India’s drinking water sector. Econ. Polit. Wkly.
46:56–63
134. McGranahan G. 2015. Realizing the right to sanitation in deprived urban communities: meeting the
challenges of collective action, coproduction, affordability, and housing tenure. World Dev. 68:242–53
135. McGranahan G, Mitlin D. 2016. Learning from sustained success: how community-driven initiatives to
improve urban sanitation can meet the challenges. World Dev. 87:307–17
136. Kennedy-Walker R, Evans B, Amezaga J, Paterson C. 2014. Challenges for the future of urban sanitation
planning: critical analysis of John Kalbermatten’s influence. J. Water Sanit. Hyg. Dev. 4(1):1–14
137. Black M, Fawcett B. 2008. The Last Taboo: Opening the Door on the Global Sanitation Crisis. New York:
Earthscan
138. van Vliet BJM, Spaargaren G, Oosterveer P. 2011. Sanitation under challenge: contributions from the
social sciences. Water Policy 13(6):797–809
139. Pattanayak SK, Yang J-C, Dickinson KL, Poulos C, Patil SR, et al. 2009. Shame or subsidy revisited:
social mobilization for sanitation in Orissa, India. Bull. World Health Organ. 87(8):580–87
140. Jenkins MW, Curtis V. 2005. Achieving the “good life”: why some people want latrines in rural Benin.
Soc. Sci. Med. 61(11):2446–59
141. Coffey D, Spears D, Vyas S. 2017. Switching to sanitation: understanding latrine adoption in a representative panel of rural Indian households. Soc. Sci. Med. 188:41–50
142. Truelove Y. 2011. (Re-)Conceptualizing water inequality in Delhi, India through a feminist political
ecology framework. Geoforum 42(2):143–52
143. Rusca M, Alda-Vidal C, Kooy M. 2018. Sanitation justice?: The multiple dimensions of urban sanitation
inequalities. In Water Justice, ed. R Boelens, T Perreault, J Vos, pp. 210–25. Cambridge, UK: Cambridge
Univ. Press
144. Shahid M. 2015. Manual scavenging: issues of caste, culture and violence. Soc. Change 45(2):242–55
145. Sahoo KC, Hulland KRS, Caruso BA, Swain R, Freeman MC, et al. 2015. Sanitation-related psychosocial
stress: a grounded theory study of women across the life-course in Odisha, India. Soc. Sci. Med. 139:80–89
146. Schmitt M, Clatworthy D, Ogello T, Sommer M. 2018. Making the case for a female-friendly toilet.
Water 10(9):1193
147. Caruso BA, Dreibelbis R, Ogutu EA, Rheingans R. 2014. If you build it will they come? Factors influencing rural primary pupils’ urination and defecation practices at school in western Kenya. J. Water
Sanit. Hyg. Dev. 4(4):642–53
148. McMahon SA, Winch PJ, Caruso BA, Obure AF, Ogutu EA, et al. 2011. “The girl with her period is the
one to hang her head.” Reflections on menstrual management among schoolgirls in rural Kenya. BMC
Int. Health Hum. Rights 11(1):7
149. Roose S, Rankin T, Cavill S. 2015. Frontiers of CLTS: Innovations and Insights, Issue 6: Breaking the Next
Taboo: Menstrual Hygiene within CLTS. Brighton, UK: Inst. Dev. Stud. https://opendocs.ids.ac.uk/
opendocs/bitstream/handle/123456789/6578/Issue%206%20-%20%20MHM%20FINAL.pdf?
sequence=5&isAllowed=y
150. Greed C. 2016. Taking women’s bodily functions into account in urban planning and policy: public
toilets and menstruation. Town Plan. Rev. 87(5):505–24
151. Boyce P, Brown S, Cavill S, Chaukekar S, Chisenga B, et al. 2018. Transgender-inclusive sanitation:
insights from South Asia. Waterlines 37(2):102–17
152. McFarlane C, Rutherford J. 2008. Political infrastructures: governing and experiencing the fabric of the
city. Int. J. Urban Reg. Res. 32(2):363–74
153. Desai R, McFarlane C, Graham S. 2015. The politics of open defecation: informality, body, and infrastructure in Mumbai. Antipode 47(1):98–120
154. Appadurai A. 2004. The capacity to aspire: culture and the terms of recognition. In Culture and Public
Action, ed. V Rao, M Walton, pp. 59–84. Stanford, CA: Stanford Univ. Press
155. Doron A, Raja I. 2015. The cultural politics of shit: class, gender and public space in India. Postcolonial
Stud. 18(2):189–207

2.30

Hyun et al.

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

156. United Nations (UN). 1948. Universal Declaration of Human Rights. UN General Assembly, Paris,
France: UN General Assembly
157. de Albuquerque C, Roaf V. 2012. On the Right Track: Good Practices in Realising the Rights to Water and
Sanitation. Lisbon: UNESCO, WWAP
158. Rosenqvist T, Mitchell C, Willetts J. 2016. A short history of how we think and talk about sanitation
services and why it matters. J. Water Sanit. Hyg. Dev. 6(2):298–312
159. United Nations. 2018. Ambitious, but not rocket science: SDG #6. Youtube, July 5. https://www.
youtube.com/watch?v=Cm7Ra5fbDic
160. United Nations (UN). 2010. The human right to water and sanitation. UN Doc. A/RES/64/292. https://
undocs.org/A/RES/64/292
161. United Nations (UN). 2011. Statement on the right to sanitation. UN Doc. E/C.12/2010/1. https://
undocs.org/A/RES/64/292
162. Otterpohl R, Grottker M, Lange J. 1997. Sustainable water and waste management in urban areas. Water
Sci. Technol. 35(9):121–33
163. Maurer M, Pronk W, Larsen TA. 2006. Treatment processes for source-separated urine. Water Res.
40(17):3151–66
164. Larsen TA, Peters I, Alder A, Eggen R, Maurer M, Muncke J. 2001. Re-engineering the toilet for sustainable wastewater management. Environ. Sci. Technol. 35(9):192A–97A
165. Udert K, Larsen T, Gujer W. 2006. Fate of major compounds in source-separated urine. Water Sci.
Technol. 54(11–12):413–20
166. Jimenez J, Bott C, Love N, Bratby J. 2015. Source separation of urine as an alternative solution to
nutrient management in biological nutrient removal treatment plants. Water Environ. Res. 87(12):2120–
29
167. Tarpeh WA, Wald I, Omollo MO, Egan T, Nelson KL. 2018. Evaluating ion exchange for nitrogen
recovery from source-separated urine in Nairobi, Kenya. Dev. Eng. 3:188–95
168. Adukia A. 2017. Sanitation and education. Am. Econ. J. Appl. Econ. 2:23–59
169. Sumpter C, Torondel B. 2013. A Systematic review of the health and social effects of menstrual hygiene
management. PLOS ONE 8(4):e62004
170. Vedachalam S, Riha SJ. 2015. Who’s the cleanest of them all? Sanitation scores in Indian cities. Environ.
Urban 27(1):117–36
171. Nallari A. 2015. “All we want are toilets inside our homes!”: The critical role of sanitation in the lives of
urban poor adolescent girls in Bengaluru, India. Environ. Urban 27(1):73–88
172. Banjot K. 2018. Budget 2018: Swachh Bharat Mission funds cut down. Down to Earth, Febr. 1.
https://www.downtoearth.org.in/news/water/budget-2018-swachh-bharat-mission-funds-cutdown-59596

RELATED RESOURCES
Bill & Melinda Gates Foundation. Reinvent the Toilet: https://www.gatesfoundation.org/What-We-Do/
Global-Growth-and-Opportunity/Water-Sanitation-and-Hygiene/Reinvent-the-Toilet-Challengeand-Expo
Citywide Inclusive Sanitation: https://www.globalwaters.org/resources/assets/water-currents-citywideinclusive-sanitation (with USAID and the World Bank)
Eawag. MOOC sanitation courses by EAWAG: https://www.eawag.ch/en/department/sandec/e-learning/
moocs/
Furtado J. 2007. Saneamento Básico, O Filme. Youtube, https://www.youtube.com/watch?v=I5yE1YPIZx0
IRC. WASHCost. https://www.ircwash.org/washcost
Narain S. 2012. Sanitation for all. Nature 486:185
Nature Microbiology. 2018. We need to talk about crapping. Nat. Microbiol. 3:1189. https://www.nature.com/
articles/s41564-018-0287-3
Penner B. 2012. We shall deal here with humble things. Places. https://placesjournal.org/article/we-shalldeal-here-with-humble-things/

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

Sanitation for Low-Income Regions

2.31

EG44CH02_Ray

ARjats.cls

May 16, 2019

11:45

Annu. Rev. Environ. Resour. 2019.44. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 07/23/19. For personal use only.

Sharada Prasad CS, Ray I. 2018. Where There Are No Sewers—Photoessays on Sanitation Work in Urban India. Eschborn, Ger.: Sustainable Sanitation Alliance. https://www.susana.org/en/knowledge-hub/
resources-and-publications/library/details/3477
Shetterly ML. 2016. Hidden Figures. New York: William Morrow and Co.
SuSanA Forum. 2015. Key documents for the sub-category on financing. SuSanA, May 5. https://
forum.susana.org/component/kunena/164-financing-supply-and-demand-side-costs/13212-keydocuments-for-the-subcategory-on-financing
Sustainable Sanitation Alliance: https://susana.org
toiletguru.com. Toilets as modern and contemporary art: the Fluxus movement. https://toilet-guru.com/
fluxus.php
Vatsa R. 2017. Toilet—Ek Prem Katha to Padman: films that intend to clean the society. News18.org,
https://www.news18.com/news/movies/toilet-ek-prem-katha-to-padman-films-that-intend-toclean-the-society-1488045.html
WHO guidelines on sanitation and health: http://www.worldtoiletday.info/wtd2018/who-launch-globalguidelines-on-sanitation-and-health/
Yang H, Wright JA, Gundry SW. 2012. Improve access to sanitation in China. Nature 488:32

2.32

Hyun et al.

Review in Advance first posted on
July 23, 2019. (Changes may still
occur before final publication.)

