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For over 10 years, citywide sanitation plans have been developed, and now, citywide
inclusive sanitation is being piloted globally, yet no tools exist to monitor changes in
sanitation at a citywide level. This paper explores the use of Shit Flow Diagram Graphics
(SFDGs) and City Service Delivery Assessments (CSDAs) to monitor changes in
sanitation at a citywide level. This was done by documenting the changes in
sanitation from 2015 to 2019 in Tiruchirappalli, India, and developing SFDGs and
CSDAs for those years. The changes in the SFDGs and CSDAs were then compared
with the documented changes. The SFDGs captured all changes in service delivery that
affected >1% of the population, and all of the interventions in the enabling environment
change in terms of appropriateness, acknowledgment, or implementation were captured
by the CSDAs. Therefore, units of both tools were assessed to be appropriate for
monitoring purposes. Using these tools to monitor change was complex and tedious,
and this was improved by the development of Trend Graphs and Citywide CSDAs. This
paper highlights the potential of Trend Graphs and Citywide CSDAs to monitor sanitation
at a citywide level. Additionally, this is the first paper to attempt to monitor changes in
sanitation holistically at a citywide level.

Keywords: enabling environment, India, sanitation tools, urban sanitation, Tiruchirappalli

INTRODUCTION

The world is rapidly urbanizing. For the first time over 50% of the world population live in urban
areas and this will rise to 68% by 2050 (UN DESA, 2018). In 2017 it was estimated that 75% of those
living in urban areas live in low - and middle-income countries (Ritchie et al., 2018). Furthermore,
one-third of the people living in urban areas live in slum conditions (Ritchie et al., 2018), defined as
housing that lacks one or more of the following: access to improved sanitation or water, sufficient
living area, durability of housing and security of tenure (UN Habitat, 2018). Rapid and ongoing
urban growth puts pressure on existing urban services such as sanitation.

Additionally, the international community has raised the service level for sanitation. The focus of
the Millennium Development Goals (MDGs) was to increase the percentage of a country’s
population with access to a certain standard of toilet, but the Sustainable Development Goals
(SDGs) considers the whole sanitation service chain (SSC) (Figure 1). The SSC contains a series of
steps from the capture of human excreta in the toilet through to treatment and finally disposal or end
use (Figure 1). There are two categories of sanitation systems: offsite (also referred to as sewered or
networked) and onsite (also referred to as non-sewered or non-networked). Offsite sanitation
systems are defined as systems where excreta and wastewater are collected and transported away

Frontiers in Environmental Science | www.frontiersin.org 5

January 2022 | Volume 9 | Article 751534


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.751534&domain=pdf&date_stamp=2022-01-12
https://www.frontiersin.org/articles/10.3389/fenvs.2021.751534/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.751534/full
http://creativecommons.org/licenses/by/4.0/
mailto:farhad.safi47@gmail.com
mailto:c.furlong@un-ihe.org
https://doi.org/10.3389/fenvs.2021.751534
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.751534

Safi et al.

Monitoring Progress in Citywide Sanitation

Sanitation Service Chain

- N N s 2\ / B\
‘ ; :||> End-use/
Containment % Emptying ]:>[ Transport Treatment Disposal

N\ J Y/ \ J A\ 2

W

Offsite Sanitation Systems

C h h Sewage f )
Wi
we Sewergge netyvork ey Er}d-use/
Pumping stations Disposal
works
- 4 J J N J
Onsite Sanitation Systems
Vacuum truck
) Treatment
Latrine Primary plant End-use/
o emptying [Lanstey disposal
septic tank
Safely covered and replaced in new location

|_Focus of the MDGs

Development Goals (MDGs) and Sustainable Development Goals (SDGs).

|
Focus of the SDGs

FIGURE 1 | The steps of the sanitation service chain (SSC) chain and examples of these steps in offsite and onsite sanitation systems in relation to the Millennium

from where they are generated and use sewers for transport
(Tilley et al., 2014). While onsite sanitation systems are defined as
systems where excreta and wastewater are collected and stored or
treated where they are generated (Tilley et al., 2014), then emptied
and the contents are transported for treatment or buried onsite
(Figure 1). In urban areas in low- and middle-income countries
56% of the population has offsite sanitation, while 38% have
septic tanks or pit latrines (forms of onsite sanitation), and the
remainder of the urban population use other forms of sanitation
or practice open defecation (JMP, 2021). Within low- and
middle-income cities, sanitation is complex as normally both
types of sanitation systems are simultaneously implemented. In a
study with data from 39 cities in low- and middle-income
countries 72% had a combination of onsite and offsite
sanitation, while the remaining cities had onsite sanitation
only (Peal et al., 2020).

Traditional approaches to urban sanitation are focused on
investments in offsite infrastructure, which normally serve only a
part of the city (Evans et al, 2006), meaning that onsite
infrastructure and the enabling environment (as defined by
Luthi et al, 2011—aspects of policies, legislations, financing,
etc. that facilitate service delivery) are neglected. To meet the
target for urban sanitation of the SDGs, more innovative
approaches are required (Gambrill et al.,, 2020). The citywide
sanitation approach (CSA) emerged as a response to the
traditional infrastructure-focused approach (Evans et al,
2006). This approach advocates sanitation development across
a city, as well as strategies and tools for a stage-wise
implementation of contextually appropriate sanitation
solutions (BORDA, 2016; Walther, 2016). It aims to ensure
that sanitation services are equitable, and institutionally and
environmentally sustainable (BORDA, 2016). CSA has been

adopted in India at the national level. To date, over 165 cities
have developed a citywide sanitation plan (MoUD, 2008; MoUD,
2013). CSA has developed into Citywide Inclusive Sanitation
(CWIS), which has a greater focus on equity along the SSC
(Narayan and Liithi, 2020). CWIS focuses on inclusion within
service provision, by prioritizing the most vulnerable in the city
(Schrecongost et al, 2020). Currently, CWIS is being
implemented in over 40 cities globally (Narayan and Liithi
2019; Gambrill et al., 2020). CWIS differs from CSA as it is an
overarching framework formed from seven principles
(Schrecongost et al., 2020), whereas CSA is a planning tool or
method. A planning framework for CWIS has been proposed by
Narayan et al. (2021), but this is yet to be trialled. Within the
proposed CIWS planning framework, the importance of
situational analysis is highlighted, which could include the use
of the tools piloted in this paper. As actions and strategies
implemented in both CSA and CWIS, so there is a need to go
beyond an initial situational analysis and monitor sanitation
progress at the citywide level.

Although there are several tools that can be used to aid the
analysis of the initial context (Schertenleib et al., 2021), limited
tools and frameworks exist to monitoring urban sanitation. Key
Performance Indicator Tool (a part of FSM Toolbox and no
longer available) provides an overview of onsite sanitation and
monitors performance using a set of service targets (FSM
Toolbox, 2017). As this tool does not cover offsite sanitation,
it cannot be used to monitor cities that have a combination of
sanitation systems. Additionally, it does not cover the enabling
environment. The Performance Assessment Tool was developed
to monitor water supply and offsite sanitation in Indian cities
(CEPT University, 2011). This tool again does not cover the
enabling environment nor onsite sanitation, so it is also
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inappropriate. The authors believe that currently, no tools nor
frameworks have been developed to monitor citywide sanitation.

Scott and Cotton (2020) have suggested that Shit Flow
Diagram Graphics (SFDGs) and CSDAs (City Service
Delivery Assessments) could be used for assessing service
delivery and enabling environment aspects of CWIS. SFDGs
were designed as an advocacy and decision support tool and are
used to highlight existing challenges in service delivery along the
SSC (SFD-PI, 2018a). To date, more than 120 SFDGs have been
developed for cities globally (SFD-PI, 2018b). Whereas the
CSDA is used to assess the enabling environment across the
SSC in a city, it has been used less widely than the SDFGs. The
original CSDA only covered onsite sanitation (Ross et al., 2016),
but it has been expanded for citywide use (Safi, 2019; Blackett
and Hawkins, 2020). SFDGs and CSDAs have been used
together to gain an understanding of the current sanitation
situation in urban areas (Peal et al., 2014a; Peal et al., 2014b).
SFDGs have also been used to model future sanitation scenarios
and to assess how these scenarios impact sanitation coverage
across a city (Martinez, 2016). It should be noted that the
outputs of these tools are intrinsically linked, as the enabling
environment captured in the CSDA facilitates the service
delivery captured in the SFD (Scott and Cotton, 2020). It is
hypothesized that these tools, which have previously been used
for situational analysis have the potential to monitor changes in
sanitation service delivery and the enabling environment across
the SSC of a city.

This paper, therefore, aims to pilot and evaluate the use of
SFDGs and CSDAs for monitoring citywide sanitation
approaches (CSA and CWIS) which are being implemented in
Tiruchirappalli (Trichy), India. Trichy was chosen as a
baseline SDFG exist for 2015 (Rohilla et al, 2015), a
citywide sanitation plan was available (TCC, 2018) and it
has adopted a CWIS approach (Safi, 2019). Therefore, it
was expected that significant changes in sanitation had
occurred in the city since 2015 in terms of service delivery
and the enabling environment.

METHODS

Case study area

Trichy is in the South of India on the banks of the Cauvery River
in Tamil Nadu State (Rohilla et al., 2015). The city covers an area
of 167.23 km” and is subdivided into 65 wards, in four zones. It
has a tropical climate and has no major change in temperature
between summer and winter (Rohilla et al., 2015). The population
of the city was calculated to be 1,104,710 with an estimated
household size of four (Safi, 2019).

Recording Changes in the Sanitation

Service Chain

The changes in the SSC both in the service delivery and the
enabling environment from 2015 to 2019 were analyzed through
reviews of secondary data, interviews of key informants with the
city stakeholders, and observations (Safi, 2019). The data

Monitoring Progress in Citywide Sanitation

collection was guided by the SFD manual (SFD-PI, 2018a). It
took approximately 2 months to collect the data, with the aid of a
local organization that acted as a gatekeeper to the sanitation
community.

Shit flow diagram graphics

The 2019 SFDG for the city was developed based on the data
collected (SFD-PI, 2018a). A new SFDG for 2015 was
developed as the design of the SFDG had changed; this was
to enable easier visual comparison. The original SFDG (Rohilla
etal., 2015) was updated in collaboration with the authors as it
was known that it did not capture all the onsite sanitation
systems in Trichy. Trend Graphs were also developed from the
SEDG data, to assess their use when comparing data visually
(Martinez, 2016).

Development of City Service Delivery

Assessments scorecards

The CSDAs of 2015 and 2019 for Trichy were developed as per
the CWIS CSDA Guideline (Blackett and Hawkins, 2020). The
CSDA for 2015 was developed using the SFD Report data
(Rohilla et al., 2015) and key informant interviews (Safi,
2019). For the 2019 CSDA, data collection was guided by
the SDF Manual (SFD-PI, 2018a). Details of the data
collected can be found in Safi (2019). The initial CSDAs
were developed by the researcher. These were then validated
in consultation with sanitation stakeholders and experts in
Trichy, as documented in Safi (2019). Citywide CSDAs were
developed for each year to assess their use when comparing the
data visually (Safi, 2019).

Sensitivity of the tools

The SFDG shows the status of service delivery in the form of
percentage population (SFD-PI, 2018a). The sensitivity of the
SEDG is 1% of the population (SFD-PI, 2018a). The CSDA is
more complex as each pillar is divided into three indicators
(Figure 3), and then each indicator is subdivided into one to
four sub-indicators which are scored 0, 0.5, or 1 (Blackett and
Hawkins, 2020). Scoring is based on the existence,
appropriateness, acknowledgment and implementation of each
sub-indicator, e.g. 0 =not available/inappropriate,
0.5 = appropriate but not widely known, 1.0 =widely known
and acknowledged, available and fully implemented (Blackett
and Hawkins, 2020). The sub-indicator scores are then averaged
to give the indicator score (Blackett and Hawkins, 2020). The
indicator scores are then classified as either poor (red) 0-0.4,
improving (yellow) 0.5-0.7, or satisfactory (green) 0.8-1.0
(Figure 3). The sensitivity of the tools is related to their
original aim, so the ability of each tool to capture change
needs to be assessed.

RESULT AND DISCUSSION

Table 1 highlights the sanitation interventions in Trichy that
occurred between 2015 and 2019, including changes in service
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TABLE 1 | Sanitation interventions in Trichy from 2015 to 2019.

No

Intervention

Service delivery

1

7,218 new individual HH toilets were constructed under Swachh Bharat
Mission (SBM); 60% of these toilets were connected to the sewer line
and the rest (40%) to the onsite sanitation systems (OSS)

7,050 unsanitary household latrines were converted to sanitary latrines
under SBM. Out of those, 81% are connected to the sewer line and
19% to OSS

The number of public toilets and community toilets (PTs/CTs) has
increased from 381 to 427; 70% of these toilets are connected to the
sewer line, and the remaining 30% are connected to the OSS

In the year 2016, a sewerage project was completed in Srirangam area
that covered 3,080 connections to the sewer

The number of fecal sludge (FS) emptying and transportation vacuum
tankers in the city have increased from 30 to 50

One new decanting station was opened in the Vasudevan Street,
Srirangam zone of the city for fecal sludge disposal

The increase in the load of wastewater and fecal sludge for treatment
from the baseline year (2015) is properly handled by the sewage
treatment plant

A 37 million-liters per day sewage treatment plant (rehabilitation of the
old system) was under renovation

A Fecal Sludge Treatment Plant (32,000 L per day) was also planned to
be constructed in the North West of the city

Enabling environment

10

14
15

Numerous information, education, and communication ([EC) activities
on hygienic sanitation were organized as 32 animators and two
supervisors were engaged (the data on the exact number of the IEC
activities was not available). This was undertaken by the SBM and was
effective in the reduction of open defection in the city

A National Fecal Sludge and Septage Management Policy (2017) was
issued

The National Urban Sanitation Policy (2008) and Tamil Nadu Urban
Sanitation Policy (2012) were acknowledged at the local level

The Operative Guidelines for Septage Management (2014) in the Tamil
Nadu State including Trichy city was implemented

A city sanitation plan for Trichy was developed

An investment plan for FSM in Tamil Nadu State was developed and
approved

A Combined Development and Building Rules (2019) was issued for
Tamil Nadu State

The following were the ongoing investment programs related to the
sanitation sector in the city: i. Swachh Bharat Mission (SBM) (since
2014) was constructing toilets and containment units, and connecting
households and community toilets to sewer where the sewer network
exists. ii. Atal Mission for Rejuvenation and Urban Transformation
(AMRUT) were constructing and extending sewerage systems in the
city

Note. FSM, fecal sludge management; SSC, sanitation service chain.

Type
of sanitation
system

Offsite and onsite

Offsite and onsite

Offsite and onsite

Offsite

Onsite

Onsite

Offsite and onsite

Offsite and onsite

Onsite

Offsite and onsite

Onsite

Offsite and onsite

Onsite

Offsite and onsite

Onsite

Offsite and onsite

Offsite and onsite

Monitoring Progress in Citywide Sanitation

Step of SSC

User interface and containment

User interface and containment

User interface and containment

Emptying and transport

Emptying and transport

Transport

Treatment

Treatment

Treatment

User interface and containment
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FIGURE 2 | (A) New Shit Flow Diagram (SFD) for 2015, (B) SFD for
2019, (C) Trend Graphs 2015-2019.

delivery and enabling environment. The impact of the
interventions (Table 1) on SFDGs and CSDA for 2019 was
validated in stakeholder meetings.

Citywide Service Delivery Monitoring Shit

Flow Diagram Graphics
The SFDGs for 2015 and 2019 can be found in Figures 2A,B. In
Figure 2A, it can be seen that 41% of the population were using

Monitoring Progress in Citywide Sanitation

onsite sanitation and 59% offsite sanitation (Rohilla, et al., 2015),
and this remained the same in 2019 (Figure 2B).

The most noticeable change when comparing Figures 2A,B
was the 8% increase (from 66% to 74%) in safely managed
excreta across the city, caused mainly by the elimination of
direct discharge to open drains and reduction in open
defecation. This can be attributed to the following changes
across the SSC:

1) Containment (6%): This improvement was due to the
construction of new individual and community/public
toilets, upgrading of existing unsanitary toilets, conducting
information, education, and communication activities
(Table 1, Interventions 1, 3, 2, and 10).

Emptying (6%) and transport (8%): Twenty new private
vacuum tankers and a new decanting station came into
operation, which increased the fecal sludge emptying and
transport service (Table 1, Interventions 5 and 6). The sewer
network was also extended as 3,080 new connections
were made.

Treatment (8%): The existing sewage treatment plant was
used for the treatment of the increased load of wastewater
and fecal sludge transported to it (Table 1, Intervention 7).
As the plant was underloaded in 2015, the increased
treatment was due to improvement in the previous step
of the SSC, e.g., fecal sludge and wastewater being
transported to the treatment site. A small proportion of
wastewater was managed onsite by septic tanks with soak
pits. It is assumed that the wastewater in the septic tanks
was safely managed as defined by SFD Manual (SFD-PI
2018a).

2

~

3

~

Only Interventions 8 and 9 in Table 1 were not captured in the
SEDGs, as they had not been fully implemented. The visual
comparison of the two SFDGs (Figures 2A,B) took skill, time,
and was tedious, as some changes were not easily seen. Therefore,
Trend Graphs were developed as in Martinez (2016) (Figure 2C).
These graphs captured the individual impact of interventions of
the service delivery as in the original SFDGs. Trend Graphs
(Figure 2C) more clearly show the overall change in each of
the components of the sanitation service chain. The data are not
disaggregated between onsite and offsite, but as the tools are being
explored to monitor citywide sanitation, this level of detail is not
required.

The SFDGs and Trend Graphs only captured change at the
level of +1% population, for Trichy in 2019. This equates to
11,047 population or 2,761 households. The magnitude of the
change is dependent on the scale of the intervention in relation to
the population of the city, e.g., in Trichy an additional 3,080 new
sewer connections, serving an approximate population of 12,320,
(Table 1, Intervention 4), is approximately a 1% improvement in
the safe containment in 2019. Therefore, the magnitude of any
interventions needed to keep pace with population growth. The
effect of population growth was noted to be a major factor when
using these tools to model future sanitation scenarios, as little
impact was seen with many of the proposed interventions
(Martinez, 2016). These units are thought to be appropriate
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FIGURE 3| (A) City Service Delivery Assessments (CSDASs) for Trichy, offsite (blue) and onsite (green) sanitation 2015, (B) offsite (blue) and onsite (green) 2019, and
(C) citywide 2015 and 2019.
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for citywide monitoring as it ensures services are keeping pace
with population growth.

Citywide Enabling Environment Monitoring

City Service Delivery Assessments

The offsite and onsite CSDAs were developed for the years 2015
and 2019 (Figures 3A,B) and were compared separately with the
documented changes (Table 1).

Enabling Pillar-Policy and Legislation

Indicators

Containment changed from 0.7 (improving) to 1.0 (satisfactory)
in offsite sanitation (WC, house connection), whereas it changed
from 0.7 (improving) to 0.8 (satisfactory) for onsite sanitation
(toilet, pit, or septic tank) (Figures 3A,B). Emptying and
transport in offsite sanitation (sewerage) changed from 0.8 to
1.0 (remained satisfactory), while in onsite, they changed from 0.3
(poor) to 0.7 (improving). For treatment and reuse, in onsite and
offsite sanitation, the rating did not change as it gained the
highest rating, 1.0 (satisfactory) in 2015, and it remained at
this level. For onsite sanitation, these changes were linked to
Interventions 11 and 13 (Table 1) and general improvement in
sanitation can be attributed to the implementation of
Intervention 12, Table 1.

Enabling Pillar-Planning and Budgeting

Indicators

For containment, offsite sanitation changed from 0.3 (poor) to 0.8
(satisfactory) and, for onsite sanitation, from 0.3 (poor) to 1.0
(Figures 3A,B). The remaining two steps of the SSC in both
systems changed to 0.8 (satisfactory) from 0.5 (improving) in
offsite and 0.3 (poor) in onsite. These changes are linked to
Interventions 14 and 15, but mainly 17, as this included the
budget, (Table 1).

Enabling Pillar-Inclusion Indicators

This indicator remained at 0.5 (improving) for both offsite and
onsite for containment, and emptying and transport (Figures
3A,B). The policy, planning, and budgetary arrangements before
2015 include some aspects of inclusion; hence, the initial scores
were 0.5. Although CWIS was being implemented in Trichy in
2019, it was only at the planning stage and had not yet been
implemented, so no change was captured in the CSDA for this
indicator as no changes had occurred.

Delivery Pillar-Funding Indicators

For all parts of the offsite, SSC changed to 0.7 (satisfactory), from
0.5 (improving) or 0.3 (poor) (Figures 3A,B). For onsite
sanitation, containment changed from 0.5 (improving) to 1.0
(satisfactory), emptying and transport changed from 0.2 to 0.3
(remaining poor), while treatment and reuse changed from 0.3
(poor) to 0.8 (satisfactory). These changes were linked to
Interventions 15 and 17 (Table 1). As no significant public
funds were assigned for transport and emptying in these

Monitoring Progress in Citywide Sanitation

interventions, these scores increased only slightly. The
CSDAs only capture public funding, so although 20 new
vacuum tankers were purchased by private operators, this
was not captured.

Delivery Pillar-Capacity and Outreach

Indicators

The score increased in all parts of the offsite SSC from 0.7
(improving) to 0.8 (satisfactory) (Figures 3A,B). While in
onsite sanitation, the scores for containment, and emptying
and transport increased from 0.3 (poor) to 0.5 (improving),
and for treatment and reuse, the scores changed from 0.7
(improving) to 0.8 (satisfactory). These slight improvements
were linked to the implementation of outreach activities
(Intervention 10, Table 1).

Delivery Pillar-Inclusion Indicators

Remained at 0.5 (improving) from 2015 to 2019 in both the offsite
and onsite for containment, and emptying and transport (Figures
3A,B). Delivery before 2015 includes some aspects of inclusion;
hence, the initial score was 0.5. Although CWIS was being
implemented in Trichy in 2019, it was only at the planning
stage and had not yet been implemented, so no change was
captured in the CSDA for this indicator as it has not occurred.

Sustaining Pillar-Regulation and Cost

Recovery Indicators

For offsite sanitation, the score remained the same: 0.7
(improving) across the SSC (Figures 3A,B). This is the same
for onsite sanitation for emptying and transport, treatment, and
reuse, except the score for containment, remained 0.5. Although
Intervention 13 (Table 1) was implemented by the municipality,
it was not fully enforced, so no improvement was shown on the
CSDA for onsite sanitation. As the new guidelines and rules for
containment (Intervention 16, Table 1) were reiterations of
previous rules and guidelines, no improvement was shown on
the CSDA.

Sustaining Pillar-Institutions and Service
Providers Indicators

The scores remained the same: 0.5 (improving) for offsite
sanitation and 0.4 (poor) for onsite from 2015 to 2019
(Figures 3A,B). No new interventions relating to these sub-
indicators could be found; the scores remained the same.

Sustaining Pillar-Inclusion Indicators

The scores remained 0.5 (improving) for containment, and
emptying and transport in both onsite and offsite (Figures
3A,B). Sustaining before 2015 includes some aspects of
inclusion; hence, the initial score was 0.5. Although CWIS was
being implemented in Trichy in 2019, it was only at the planning
stage and had not yet been implemented, so no change was
captured in the CSDA for this indicator as it has not occurred.
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Not all interventions on Table 1 were captured in the CSDA,
due to the scoring of the sub-indicators being related to the
appropriateness, level of acknowledgment, or implementation,
rather than the existence of an intervention. The scoring system
and its sensitivity were deemed appropriate for monitoring
changes at a citywide level, as it was able to capture changes
that occurred over the 4 years. Increasing the levels in scoring
criteria would add additional complexity to the tool and make it
harder to score, as differences between the categories would be
reduced. As the CSDA only covers the public sector, this means
any improvement due to the private sector such as investments
were not captured. This may lead to sections of SSC on the CSDA
being rated lower than they are in reality. As there is no indication
of the percentage population using each type of sanitation system,
the most dominant type of sanitation within the city cannot be
identified. Therefore, they must be used in conjunction with an
SEDG (Figures 2A,B), which contains these data. Another option
is to develop a Citywide CSDA for each year by weighting the
CSDA indicator scores for offsite and onsite sanitation by the
percentage of the population using each type of sanitation (Safi,
2019). This CSDA then reflects the enabling environment at a
citywide level for a given year (Figure 3C) and makes the
comparison of the changes easier to analyze.

In general, onsite sanitation scored lower than offsite sanitation
across all pillars in both 2015 and 2019 (Figures 3A,B), and 41% of
the population used this type of sanitation system in both years.
This is reflected in the lowering of the Citywide CSDA indicator
scores (Figure 3C) compared with the score for offsite sanitation in
each year. The sanitation situation in Trichy was unusual, as the
percentage of the population using onsite and offsite was almost
equally split (Figures 2A,B). In a study of sanitation in 39 low- and
middle-income cities, similar sanitation was only found in five
cities (Peal et al,, 2020). Although this situation seems to be more
common in India, 27% of the cities in India in this study had
similar sanitation situations (Peal et al., 2020). If there was a more
dominant sanitation type, the Citywide CSDA would reflect this
and may hide the sanitation needs of the marginalized as they may
be using a different sanitation system compared with the majority
of the population. As all three pillars in the CSDAs (Figures 3A-C)
have an inclusion indicator, this should capture inequalities in the
sanitation focus of a city, but this needs to be evaluated further. As
CSDAs and Citywide CSDAs have not been widely used, the
authors recommend further piloting of these tools for
monitoring purposes, paying special attention to their ability to
capture inclusion. A further development would be to trial change
CSDAs (Safi, 2019), which capture the change in the enabling
environment on one CSDA.

Although piloting of these tools to monitor changes in
citywide sanitation was deemed to be successful, several
limitations or challenges were noted. Extensive data is
required for both the development of the SFDGs and CSDAs.
Trichy was purposively chosen for this study as data on sanitation
were readily available and accessible [an initial SFDG already
existed (Rohilla et al, 2015), a citywide sanitation plan was
available (TCC, 2018), and it has adopted a CWIS approach
(Safi, 2019)], this may not be the case in other cities. Even with
these data being available, the data collection period took
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2 months; in cities where less data are available, it may take
longer, although it should be noted that the researcher was not
from the sanitation sector in Trichy, so the data collection period
stated could be an overestimation of the time required. In most
cities, there is a general lack of data on sanitation, which means
that some assumptions will need to be made. Guidance on these
assumptions is given in the manuals of the tools (SFD-PI, 2018a;
Blackett and Hawkins, 2020). All assumptions made were
validated in consultation with sanitation stakeholders and
experts in Trichy before the final CSDAs and SFDGs were
developed (Safi, 2019). The biases of the sanitation
stakeholders and experts need to be considered in this process,
as there may be political reasons for them wanting the current
sanitation situation to be seen as being worse or better than it is.
These biases can be and were minimized by consulting with a
broad range of sanitation experts and stakeholders from different
organizations within a city. The final outputs of these tools could
be seen as being subjective, due to the methods and assumptions
that are required. This is because both tools were designed for
advocacy and therefore not designed to be accurate or precise
(SFD-PI, 2018a; Blackett and Hawkins, 2020). This subjectivity is
and was minimized by validating the outputs of these tools with a
wide range of sanitation stakeholders and experts. The analysis
and comparison of the output of the tools were done by visual
comparisons without guidance, and it was noted to be time
consuming and tedious. Additionally, this could be seen as
being subjective. Guidance for these comparisons could be
developed, or software could be produced to aid this process.
This software could generate a short report or graphic noting the
positive and negative changes in sanitation at a citywide level.
Although some of these data were in the public domain, some of
the data required could be seen as being sensitive, e.g.,
performance of sewage treatment plant; hence, the results
could also be deemed as being sensitive, as cities may not
want to highlight slippages in sanitation coverage, which could
be linked to the units used, e.g., the city may be increasing
sanitation coverage in terms of numbers, but not keeping up
with population growth. Most of the limitations in terms of
subjectivity and biases discussed can be overcome or
minimized by consulting and working with a wider range of
sanitation stakeholders and experts, meaning that this is not a
standalone process, and it should be done in conjunction with the
sanitation community. This can be difficult to do if there is a lack
of political buy-in or an undeveloped sanitation sector in a city. In
these cities, the tools could be used to monitor changes in
sanitation, but the lack of data, assumptions, and potential
biases should be acknowledged. Undertaking this process may
even stimulate political buy-in and the development of the
sanitation sector in these cities.

CONCLUSION

All the service delivery changes that were fully implemented and
that affected 1% of the population or more were captured on the
SEDGs, but it is difficult to see these changes. Trend Graphs were
then developed, which clearly showed all changes at each step of
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the SSC. The data in the Trend Graphs were not disaggregated,
but this is not required when applying a citywide approach. The
units of the SFDGs and the Trend Graphs (percentage of the
population) and the sensitivity of these tools were judged to be
appropriate for citywide monitoring. An advantage of these units
is that interventions need to keep pace with population growth for
any improvements to be recorded. All of the interventions related
to the enabling environment were captured by the CSDAs if they
had brought about an increase in appropriateness, level of
acknowledgment, or implementation in a certain part of the
SSC. It was noted that the CSDAs only capture public sector
activities, and the sensitivity was assessed to be good enough to
monitor change. Comparing four CSDAs to review these changes
was complex and tedious. This was improved by developing
citywide CSDA. As CSDAs have been used less than SFDGs,
further piloting of this tool is required to assess their suitability for
monitoring. The main challenges in using these tools for citywide
monitoring were linked to the amount and availability of data,
subjectivity, and potential biases, which were overcome by
consulting with a wider range of sanitation stakeholders and
experts, who were used to validate assumptions and outputs of the
tools. This paper highlights the potential of Trend Graphs and
Citywide CSDAs to monitor sanitation at a citywide level.
Additionally, it is thought to be the first paper to attempt to
monitor changes in sanitation at a citywide level.
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Haiti is far from achieving the UN goal of sanitation access for all; 20% of the population has
no sanitation access, and less than 0.1% of the country’s excreta is safely managed.
Container-Based Sanitation (CBS) may be key to achieving timely and equitable sanitation
coverage in Haiti's cities. CBS can provide immediate sanitation access without
preexisting infrastructure, and where permanent infrastructure is impractical. Investor
caution and policy barriers, however, presently limit the growth of CBS solutions. Globally,
most CBS services are provided by private organizations like EkolLakay, which provides a
portable toilet and weekly excreta collection for a monthly fee. While the Ekolakay service
is popular, attrition is high. This study examines the relationship between users and the
service, and its role in improved sanitation accessibility. For this study, 633 active and
former EkolLakay subscribers in Cap Haitien were interviewed to reveal causes and
implications of attrition. Households with active EkolLakay subscriptions are more likely
than former subscribers to live in unauthorized informal residences and to lack energy or
water infrastructure. A quarter of users unsubscribe voluntarily, after investing in
permanent sanitation infrastructure. Over 30% of former users, however, reported
unsubscribing due to economic challenges. Many involuntary terminations resulted in
households losing access to private improved sanitation or reverting to open defecation,
reducing progress toward global sustainability goals. Insights obtained contextualize the
relationship between users and CBS services to inform public strategies for mitigating
barriers to achieving universal safe sanitation.

Keywords: container-based sanitation, urban sanitation, non-sewered sanitation, citywide inclusive sanitation,
safely managed sanitation, SDG6, sustainable sanitation, on-site sanitation

1 INTRODUCTION

In 2015, 10.4% of global citizens lacked access to basic sanitation, a daunting number given the
United Nations’ Sustainable Development Goal 6 (SDG 6) strives to eliminate open defecation and
halve untreated wastewater by 2030 (WHO/UNICEF, 2017). The picture is especially grim in Haiti,
where open defecation rates stood at 19.8% (World Bank, World Development Indicators, 2018a),
and over 99% of the country’s wastewater remained untreated as of 2017 (WHO Joint Monitoring
Programme, 2017). A potential solution for making rapid progress on these goals exists in Container-
Based Sanitation (CBS). CBS is a non-sewered sanitation strategy, through which excreta is captured
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Drivers of Attrition in CBS

Ekolakay's CBS toilet
subscription provides safely
managed sanitation for
vulnerable households where
traditional sanitation
infrastructure is lacking or
impractical.

GRAPHICAL ABSTRACT |

Container-based sanitation services & attrition: an examination of drivers & implications

in sealable containers and transported to semi-centralized'
facilities  for  treatment, requiring limited in-home
infrastructure. Since 2017, CBS technology has been
recognized by the Joint Monitoring Programme as “improved
sanitation” (WHO/UNICEF, 2017). To assess its future viability
in Haiti and potentially other regions of the world facing similar
sanitation needs, and to optimize service delivery, it is vital to
better understand the factors affecting use of CBS services, the
relationship between users and the service, and its role in
improved sanitation accessibility. To address this critical need,
this study utilizes interviews with 633 active and former CBS
service users in Haiti.

As of 2018, two-thirds of Haiti’s urban population lived in
impoverished unplanned communities (World Bank, World
Development Indicators, 2018b). Haiti ranks among the lowest
twenty countries globally for urban sanitation coverage; except
for a small number of local projects, all other forms of improved
sanitation in the country only meet “basic” standards; from
latrines to piped, water-based sanitation, excreta is ultimately
released untreated into the environment (World Bank, World
Development Indicators, 2012). In 2017, diarrhoeal disease was

'Semi-centralized facilities treat the products of sub-city populations; they are
defined by scale, and definitions vary from tens to thousands of households.

the fifth leading contributor to loss of life in Haiti, at a rate of
20.5 years of life lost (YLL) for every 1,000 people in the country
(Fene et al., 2020). About half of the diarrhoeal disease burden in
Haiti is attributable to inadequate excreta management (WHO,
2018).

One of Haiti’s only safely managed sanitation options is
EkoLakay, a privately run CBS service (Russel et al., 2019).
The CBS model is uniquely suited to provide sanitation access
in rapidly urbanizing informal settlements like those found in
Haiti. In such environments, disputed land rights, low-income
levels, inadequate infrastructure, and/or  vulnerable
environmental conditions combine to make forms of
sanitation such as traditional sewage or latrines unattainable
and risky, from environmental and economic perspectives
(Tilmans et al., 2015). CBS allows users to seal excreta in
containers during flooding; it is waterless, and the toilet itself
is space-efficient and portable (Russel et al., 2019). CBS can be
quickly deployed as an immediate intervention to the sanitation
crisis, and can serve as either a transitional or long-term solution
for urban households.

While CBS has identifiable advantages over traditional
sanitation systems, it also has unique vulnerabilities. CBS
service delivery can be interrupted by disruptions in
transportation infrastructure, worker strikes, or pandemics
(Saul and Gebauer, 2018; Mackinnon et al., 2019; Russel et al.,
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2019; World Bank, 2019; Ferguson et al., 2021). CBS technologies
also require greater user engagement than more traditional
sanitation technologies. Perhaps the most significant barrier to
CBS expansion, however, is policy and/or regulatory
environments established without consideration of the
characteristics, abilities, and needs of this unique sanitation
service model (Mara, 2018; UNICEF and WHO, 2020).
Examples range from direct obstacles to excreta reuse, to
ambiguity caused by policy language based on the assumption
of centralized infrastructure. Furthermore, while CBS has lower
life-cycle costs than traditional sanitation infrastructure (EY,
2020), it does not yet benefit from public subsidization
(Remington et al., 2018).

The EkoLakay CBS service, operated by Haitian non-
governmental organization SOIL (Sustainable Organic
Integrated Livelihoods), provides subscribers with a urine-
diverting toilet and weekly container collection. The monthly
service fee is 200-300 HTG (Haitian gourdes); the equivalent of
2.11-3.15 USD as of August 2019 (details of pricing structure in
Supplementary Table S1). The EkoLakay toilet (Supplementary
Figure S1) houses a sealable five-gallon container that receives
solid excreta and a one-gallon jug that receives liquid waste
through a urine diverter. During the weekly exchange of full
excreta containers for sanitized containers, EkoLakay provides
dry carbon-based cover material for covering the fecal matter
after each defecation. Users manually dispose of urine (which has
a minimal pathogen load in comparison to feces) (Bischel et al.,
2019) primarily through infiltration into the ground, reducing the
volume and weight of excreta to be transported and treated.
EkoLakay transports the sealed excreta containers to a treatment
site where trained staff, equipped with personal protective
equipment, thermophilically compost the material for local
sale (Preneta et al., 2013).

Despite their many advantages, CBS services can be subject to
high attrition rates. Such patterns can lead to hesitantancy among
decision-makers to subsidize or fund widespread adoption of CBS
services. EkoLakay provides CBS service to twelve neighborhoods
around Cap Haitien, all of which are flood-prone, dense, urban or
peri-urban, and generally have comparably low sanitation
coverage and income levels. Between August 2014 and August
2019, EkoLakay customers in this service area opened 2,331
contracts, 1,323 of which were eventually closed. Subscription
durations ranged from 1 week to 5 years®. For the economically
vulnerable households® that represent the bulk of the EkoLakay
subscriber base (Russel et al., 2019), financial shocks, resource
constraints, and housing instability may disrupt continuity of
subscription (Alwang et al., 2001; Briguglio et al., 2009).

CBS is likely one of, if not the lowest-cost, most readily
deployable means of extending sanitation coverage to
resource-insecure and low-infrastructure communities (Sklar

*Subscriptions were terminated either by the subscriber voluntarily, or by the
service provider after incurring 3 months of cumulative debt.

*The concept of economic vulnerability takes into account more than the static
concept of poverty level by also looking forward at potential economic shocks and
risks that could plunge a household into poverty.

Drivers of Attrition in CBS

and Faustin, 2017; EY, 2020; Delaire et al., 2021), but among
such households, even the subsidized cost of service may be
prohibitive. The newly emerging Citywide Inclusive Sanitation
(CWIS) framework is a response to such a challenge. CWIS posits
that all urban residents suffer when some lack sanitation access;
therefore, this framework prioritizes sanitation coverage for
vulnerable residents as a tool for protecting community health.
Through the lens of CWIS, urban sanitation coverage is best
achieved through adaptive approaches, employing varied and
context-appropriate technologies, incremental infrastructure
development, and responsive pricing models. This framework
proposes that the public health objectives of urban sanitation can
only be achieved through a public service approach to the
sanitation delivery (Schrecongost et al., 2020).

Analyzing the challenges and opportunities in achieving
sustainable sanitation access requires a system-wide approach.
In this study, problems are viewed in the context of a large,
complex system involving multiple interconnected subsystems
(Clayton and Radcliffe, 1996). For this research, we identify how
household-level factors affect the ability of CBS to close the
sanitation gap an urban Haitian community, allowing for the
emergence of systemic-level variables to describe the larger
context. .

Building on the study of a 2012 pilot project (Russel et al.,
2015) and subsequent expansion of SOIL into Northern Haiti,
this study seeks to gain insight into the causes of attrition from the
EkoLakay CBS service and the implications of attrition for
reaching 100% safely managed sanitation coverage. Toward
this end, we ask four key research questions:

e What characteristics differentiate active and former
EkoLakay subscriber households?

e Why do subscribers terminate their EkoLakay subscription?

e What household characteristics are associated with various
reasons for terminating an EkoLakay subscription?

e Do household-level responses reflect larger systemic-level
relationships, (e.g.relationships between economic, social,
ecological, governance, and technical systems)?

e How do former subscribers feel about their EkoLakay CBS
experience?

The answers to these questions will provide insight into the
challenge of access to safe and reliable sanitation in low-income
urban contexts, and generate important knowledge for
decisionmakers in the public sector. By contextualizing the
relationship between users and CBS services, as well as potential
systemic-level relationships, including those affected by the systems
listed above, we can expand our understanding of the potential role
of CBS as a component of an urban sanitation portfolio, as low-
income countries strive for universal safe sanitation access.

2 METHODOLOGY

This study used a mixed methodology approach (Greene, 2007),
deriving qualitative and quantitative data from EkoLakay
subscriber records and structured interviews with active and
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TABLE 1 | Reported sanitation options available in metro Cap Haitien, and correlative study response categorizations.

WHO Joint Monitoring Programme Categories

Private improved

sanitation °
Basic facilities

Improved
sanitation °

Limited facilities

Non-private improved
sanitation

Unimproved facilites e

No facilities

Detailed WHO sanitation category definitions provided in Supplementary Table S2.

former subscribers of the EkoLakay CBS service in Cap Haitien,
Haiti. Interview questions addressed respondents’ experiences
with EkoLakay, motivations for terminating their subscription,
and post-EkoLakay household sanitation, where relevant. In
addition, self-reported data on household demographics,
household income, infrastructure, expenses, and property were
collected (details in supplemental materials).

2.1 Research Team and Research

Instrument Development

Fourteen field team staff were hired from the Cap Haitien region,
reflecting a range of neighborhoods and socioeconomic
backgrounds. The field team participated in an intensive 4-
week training period facilitated by an investigator, project
manager, and local translator/guide. The field team trained in
research ethics and survey/interview best-practices while
collaboratively refining and validating the survey instrument.
Interview questions were structured around self-reported

results whether by telephone or in-person, to ensure
consistency regardless of interview format. Field team
members then recruited respondents and served as

interviewers. The result of this process was an optimized
research tool, deeply informed by local cultural expertise, as
well as skilled interviewers with an intimate understanding of
the response coding protocols for our interview guide. All
training and tool-development was conducted in Haitian Kreyol.

2.2 Sample Selection, Response Rate,

Confidence

SOIL provided lists of former and active EkoLakay subscribers for
whom telephone contact information was available. To ensure that
active subscribers would have sufficient experience with EkoLakay
to describe their satisfaction (i.e., three financial transactions and
twelve collection events), we filtered out newly enrolled subscribers
with less than 3 months’ exposure to the service. Households of

Options available in Cap Haitien,

- e Ekolakay CBS service

Private latrine, flush, or dry toilet

Study categories and responses
Haiti

Private flush toilet
Private latrine
Private dry toilet

(no treatment after discharge)

Shared or public latrine, flush, or
dry toilet
(no treatment after discharge)

e Public or shared flush toilet, latrine, or dry toilet
Improved sanitation at home of neighbor or
family member

® |mproved sanitation at church, school, or work

Shallow pit e No access to a toilet
Pit with no slab ® “In a hole”

In a bag : “:g a:ag. ,

In a field y the river

By the river

SOIL employees were also eliminated. The total number of
potential participants meeting the criteria was 1,199 former and
733 active subscriber households.

We anonymized and randomized the lists of households.
Research team staff recruited participants by phone, requesting
an in-person appointment for an interview. Respondents who
had moved away from the Cap Haitien area, or were unwilling to
meet in-person, were offered the opportunity to be interviewed by
phone. We recruited one respondent to represent each household
who had decision-making input and was 18 years or older.*

Due to high rates of inactive phone numbers, it was necessary to
attempt contact with all active and former subscribers to achieve an
adequate sample size. Recruiters attempted to reach respondents
up to five times.” Of 733 potential active subscriber households, we
contacted 383; nine declined to participate, 49 failed to schedule an
interview, and we were unable to reach 358. We achieved an active-
subscriber completion rate of 84.5%, for a sample of 44.3% (n =
325), a 95% confidence level and 4% margin of error. Of 1,199
potential former subscribers, we successfully contacted 407; 30
declined to participate, and 68 failed to schedule or complete an
interview. We achieved a former-subscriber completion rate of
75.9%, for a sample of 25.8% (1 = 309), a 95% confidence level and
5% margin of error. Sample sizes vary by analysis because
respondents could decline to answer any prompt.

2.3 Data Collection and Analysis

Interviewers visited households and collected survey responses using
Qualtrics® (XM, 2019) on a handheld smartphone. For the first
month, 347 household interviews were completed both in-person and

“SOIL’s experience in these communities has found household structures rarely
recognize a single “head of household”; they are more likely to have multiple adult
members engage in financial decision-making.

*As answering services are uncommon, telephone numbers are often reassigned to
new users, and returning calls would place the expense burden on the recipient,
recruiters did not leave messages for respondents who did not answer the phone.
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TABLE 2 | Subscriber status, by household characteristics.

By count of selected amenities in home (n = 626)

Former subscribers (n = 303)

0 amenities (n = 333)

1 amenity (n = 155)

2 + amenities (n = 138)

By presence of children under 5 years in home (n = 624)

Former subscribers (n = 302)

No children under 5 years in home (n = 170)

Children under 5 years in home (n = 454)

0.51 (0.37-0.70)*
p = 3.85¢-05"**

1.27 (0.88-1.83)*

2.07 (1.40-3.04)
p = 3.086-04"**

0.69 (0.48-0.99)*

Drivers of Attrition in CBS

Sample odds ratio (95% ClI); p-value

Active subscribers (n = 323)

1.97 (1.43-2.71)*
p = 3.85e-05"**
0.79 (0.55-1.13)*
p =0.230
0.48 (0.33-0.71)*
p = 3.08e-04"*

p = 0.230

Active subscribers (n = 322)

1.44 (1.01-2.06)

p = 0.053 p = 0.053
1.44 (1.01-2.06)F 0.69 (0.48-0.99)"
p = 0.053 p = 0.053

Dark gray field indicates a response occurring more frequently than would occur in a random distribution.
Light gray field indicates a response occurring less frequently than would occur in a random distribution.

*= significant at 0.05 level.
**= significant at 0.01 level.
***= significant at 0.0017 level.

fp-value is the result of Pearson’s chi-square test between the sample and all other respondent-response combinations (1 df).
Selected amenities were self-reported by respondent, from list including: Drilled or Hand-dug well; Generator; Indoor shower; Inverter; Solar panels; Water cistern on house.

over the phone. Due to significant transportation and energy
disruption countrywide, the second month of surveys was
administered exclusively by telephone for a total of 633
interviews® Interviews consisted of closed-ended questions
regarding household demographics, home infrastructure, and
subscription payment method; and open-ended questions
regarding present household sanitation, perceptions of the
EkoLakay service, and factors affecting subscription termination.
These open ended questions focused on household-level factors,
but allowed for potential systemic-level concerns to arise.

Former subscriber respondents were asked What were your
main reasons for leaving EkoLakay? They were not prompted or
offered potential responses or categories. Interviewers limited
participant responses to three “reasons”. Many respondents
described more than one reason; therefore, total responses
exceed total respondent count. Responses to open-ended
questions were categorized in the field by the interviewer,
using predefined codes. Interviewers summarized responses
that did not fit the available codes, and investigators later
categorized these summaries. In some cases, new categories
were necessary to house these responses.

Interviewers coded respondents’ descriptions of their household
sanitation, using a detailed list. After all data had been collected,
investigators further aggregated codes into qualitative categories.
Reports of household sanitation were organized into categories
associated with the WHO Sanitation Ladder (Table 1), and
through an iterative process of team-based coding (Tolley et al,

CAfter data collection, responses to one open- and three closed-ended questions
were analyzed to ensure that this transition did not skew the results (analyses
available in supplemental materials). Results did not yield significant differences
between groups; therefore, all data were included in analyses.

2016), investigators created thematic categories to describe reported
factors affecting an EkoLakay subscription termination (these themes
are fully explored in section 3.2).

Additional closed-ended questions used a Likert-style scale to
ascertain subscriber perspectives on the EkoLakay experience. These
included, Would you want to subscribe to the EkoLakay service
again?, and Would you recommend EkoLakay to a friend or neighbor?

Characteristics of active and former subscriber households
were compared to identify parameters associated with retention
or attrition. Household characteristics were also analyzed for
associations with reported attrition factor themes. Comparisons
were based on odds ratio analysis, performed using chi-square
and Fisher’s exact tests. Relevant contextual factors associated
with systemic-level variables were identified through emergent
themes in open-ended responses (Supplementary Table S3).

3 RESULTS

3.1 Household Characteristics Associated
With Attrition and Retention

We examined multiple household variables for potential
association with attrition and retention of the EkoLakay
service and found associations between subscriber status
(active vs. former) and two household characteristics:
household amenities count, and presence of children under
the age of five in the home.” Selected amenities were self-
reported by the respondent from list including: Drilled well;
Hand-dug well; Generator; Indoor shower; Inverter; Solar

’Non-inferential findings are available in supplemental materials.
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TABLE 3 | Reported factors affecting decision to terminate EkolLakay subscription (n = 308).

Themes; specific reasons

Economic challenges
Il Negative external factors
W Affordability/economic accessibility

Investment in permanent infrastructure
Repaired existing sanitation option
Dug a latrine

M Installed flush toilet

Access to service zone
EkolLakay left the neighborhood
M Subscriber no longer in EkoLakay service zone

Dissatisfaction with aspects of service or product
Dissatisfaction with aspects of cover material

M Dissatisfaction with aspects of service provision

[ Dissatisfaction with aspects of toilet

Disinclination toward/accessibility of payment options
Don’t want to use mobile payment
Payment options

M Unable to reach payment collector

M Difficulty with monthly payment schedule

Targeted or auxiliary use need ended

Renters left
M Semipublic use location (church, school, or business) moved or closed
M liness abated or accessibility need ended

Other
Negative sentiments about CBS or excreta reuse
Irresponsible users or inability to control other users
@ Moved to new location
I Economic means changed positively
M Traveling or rarely at home

All respondents

Respondent count % within theme % of all respondents

9 - 31.2
35 36.5 1.4
75 78.1 24.4
74 - 24.0
8 10.8 2.6
31 41.9 10.1
36 48.6 1.7
58 - 18.8
1 17 0.3
57 98.3 185
34 - 1.0
10 29.4 3.2
11 32.4 3.6
21 61.8 6.8
21 - 6.8
1 48 0.3
4 19.0 13
4 19.0 13
13 61.9 4.2
7 - 2.3
2 28.6 0.6
2 28.6 0.6
3 42.9 1.0
31 - 10.1
2 6.5 0.6
5 16.1 16
8 25.8 2.6
8 25.8 2.6
9 29.0 2.9

308 - -

Cumulative column sums may exceed total respondent count, as respondents could offer up to three ‘reasons’ for terminating subscription.

panels; and Water cistern on house. Active subscribers were
more likely to report none of the selected household amenities
in their home (OR = 0.51, CI = 0.37-0.70, p < 0.001) and less
likely to report two or more amenities (OR = 2.07, CI = 1.40-
3.04, p < 0.001) (Table 2). Active subscriber households are
more likely to have children under the age of five in the home
(OR = 1.44, CI = 1.01-2.06, p = 0.05) * Household and
respondent characteristics with no relationship to attrition or
retention are listed in Supplementary Table S4.

3.2 Self-Reported Factors Affecting
Termination of EkoLakay Subscriptions;

Major Themes
From respondents’ self-described reasons, seven major themes
emerged to describe factors affecting the termination of an

*Note that the number of children in each household was reported as of the time of
interview; it is likely that former subscribers reporting no children under five did
have young children in their household at the time of their subscription to
EkoLakay.

EkoLakay subscription. The two prevailing themes include
economic challenges (n 96; 31.2% of former-subscriber
respondents), and investments in permanent sanitation
infrastructure (n = 74; 24.0%). These are followed by: loss of
access to the service zone (moving away from an EkoLakay service
zone or EkoLakay ceasing service in the area’®) (n = 58; 18.8%),
dissatisfaction with aspects of the EkoLakay service or technology
(n = 34; 11.0%), disinclination toward or accessibility of payment
options (n = 21; 6.8%), cessation of a targeted or auxiliary purpose
for the toilet (n = 7; 2.3%), and other factors (n = 31; 10.1%)
(Table 3). Further breakdown of specific responses within each
category is provided in Supplementary Table S5.

3.2.1 Economic Challenges

Within the dominant theme of economic challenges as a
reason for terminating a household EkoLakay subscription,
responses fell into two sub-themes: general affordability or

“EkoLakay ceased service to one neighborhood (Milo), which was located far from
the processing facility and had insufficient subscriber numbers.
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TABLE 4 | Reported factors affecting termination of EkoLakay subscription, by selected household characteristics.
Odds ratio (95% ClI); p-value

By count of selected amenities in home at time of interview (n = 248)

0 amenities (n = 117) 1 amenity (n = 66) 2 + amenities (n = 65)

Economic challenges (0 = 77) 2.65 (1.52-4.62)* 0.57 (0.30-1.09)* 0.46 (0.24-0.92)*
p = 8.18e-04"** p = 0.121 p = 0.037*

Investment in permanent infrastructure (n = 66) 0.77 (0.44-1.36)* 0.84 (0.44-1.62) 1.62 (0.87-2.99)*
p = 0.448 p =0.729 p =0.170

No longer in EkolLakay service zone (n = 40) 0.48 (0.24-0.98) 1.06 (0.49-2.25)F 2.16 (1.06-2.16)*
p = 0.063 p = 1.000 p = 0.049"

Dissatisfaction with aspects of service or product (n = 31) 0.78 (0.37-1.68)* 1.37 (0.61-3.08)* 0.98 (0.41-2.31)%
p = 0.665 p =0.587 p =1.000

Disinclination toward/accessibility of payment options (n = 20) 0.35 (0.12-0.98)% 2.45 (0.97-6.22) 1.23 (0.45-3.34)%
p = 0.059 p = 0.065 p =0.791

Targeted or auxiliary use need ended (n = 6) 1.12 (0.22-5.67)° 0.54 (0.06-4.75)% 1.42 (0.25-7.95)°
p = 1.000 p = 1.000 p =0.654

Samples include only respondents reporting characteristics of the home associated with their EkolLakay subscription
Amenities considered for this analysis include: generator, indoor shower, inverter, solar panels, water cistern on house, well

By presence of household member(s) with a disability or chronic illness (n = 301)

No disability or chronic illness in home (n = 186) 1 + members with disability or chronic illness in home
(n=115)
Economic challenges (n = 95) 0.90 (0.54-1.47)* 1.12 (0.68-1.84)
= 0.759 p =0.759
Investment in permanent infrastructure (n = 74) 1.94 (1.09-3.46)* 051 (0.29-0.92)*
p = 0.032* p = 0.032*
No longer in EkolLakay service zone (n = 55) 0.83 (0.46-0.83)* 1.20 (0.66-2.18)*
p =0.648 p =0.648
Favorable comparison to existing/other options (n = 34) 1.56 (0.71-3.38)* 0.64 (0.30-1.40)*
p = 0.351 p = 0.351
Disinclination toward/accessibility of payment options (n = 21) 0.28 (0.11-0.72)° 3.54 (1 -39—9-07)§
p = 0.009** p = 0.009"
Targeted or auxiliary use need ended (n = 7) 0.45 (0.10-2.07)% 2.20 (0.48-10.00)%
p =0.434 p=0.434

Disabilities reported for this analysis include: Arthritis, Bad back, Blindness or visual impairment, Chronic medical condition, Cognitive or mental health issues, Deaf, Missing a leg or foot,
Mobility issues, Mute

By reported payment method (n = 302)

Cash only (n = 219) Mobile payment (n = 100) Subsidy (n = 3)
Economic challenges (n = 93) 1.72 (0.96-3.08) 1.01 (0.60-1.70) 16.20 (0.83-316.94)°
o = 0.091 p = 1.000 p = 0.009™
Investment in permanent infrastructure (n = 74) 0.86 (0.48-1.54)* 1.04 (0.60-1.82)* 0.43 (0.02-8.47)%
=0.728 p =0.999 p=0575
No longer in EkolLakay service zone (n = 57) 0.44 (0.24-0.44)* 1.55 (0.85-2.82)* 0.60 (0.03-11.83)°
p =0.010" p = 0.201 p = 1.000
Dissatisfaction with aspects of service or product (n = 34) 4.40 (1.31-14.80° 0.81 (0.37-1.76)* 1.10 (0.06-21.74)°
p = 0.008™ p=0.726 p = 1.000
Disinclination toward/accessibility of payment options (n = 21) 0.94 (0.35-2.52)% 2.32 (0.95-5.67)% 1.85 (0.09-37.00)°
p = 1.000 p = 0.091 p = 1.000
Targeted or auxiliary use need ended (n = 7) 2.31 (0.27-19.48)° 0.79 (0.15-4.13)% 5.57 (0.26-117.71)%
p=0678 p = 1.000 p = 1.000

Dark gray indicates response occurring significantly more frequently than would occur in a random distribution.
Light gray indicates response occurring significantly less frequently than would occur in a random distribution.
*= significant at 0.05 level.
**= significant at 0.017 level.
***= significant at 0.001 level.
fp-value is the result of Pearson’s chi-square test between the sample and all other respondent-response combinations (1 df).
Sp-value is the result of Fisher’'s exact test between the sample and all other respondent-response combinations (1 df).

economic accessibility (n = 75; 24.4% of former-subscriber Within the affordability sub-theme, common explanations
respondents) and negative outside factors (n = 35; 11.4%) included difficulty avoiding debt in the service (n = 37, 12.3%)
(Table 3). or affording the cost (n = 35, 11.6%). Some respondents
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TABLE 5 | Former subscribers’ household sanitation upon leaving, by reported factors affecting subscription termination (n = 309).

Odds ratio (95% CI); p-value

Open Non-private improved sanitation Private improved sanitation
defecation (n = 56) (n =75) (n =169)
Economic challenges (1 = 96) 4.66 (2.53-8.59) 3.56 (2.06-6.15) 0.11 (0.06-0.19)*
p = 4.86e-07*** p = 6.00e-06"** p =7.71e-16™*

Investment in permanent infrastructure (0 = 74) 0.26 (0.01-4.79)% 0.09 (0.03-0.29)% 46.76 (11.19-195.36)"

p =0.343 p = 1.42e-07*** p = 1.69e-15"*
No longer in EkolLakay service zone (n = 61) 0.36 (0.14-0.36)° 0.57 (0.27-1.20)* 2.78 (1.44-5.35)

p = 0.037* p.=0.187 p = 0.003**
Dissatisfaction with aspects of service or product (n = 35) 1.65 (0.73-3.77)° 2.32 (1.11-4.86) 0.32 (0.15-0.68)*

p = 0.245 p = 0.039" p = 0.004**
Disinclination toward/accessibility of payment options (n = 22) 1.69 (0.63-4.53)% 0.64 (0.21-1.95) 0.90 (0.38-2.16)*

p = 0.271 p =0.611 p = 0.993
Targeted or auxiliary use need ended (n = 7) 0.38 (0.02-6.98)% 0.26 (0.01-4.79) 8.59 (0.47-156.83)%

p = 0.598 p =0.343 p = 0.039*

Dark gray indicates response occurring significantly more frequently than would occur in a random distribution.
Light gray indicates response occurring significantly less frequently than would occur in a random distribution.
*= significant at 0.05 level.
**= significant at 0.01 level.
***= significant at 0.001 level.
fp-value is the result of Pearson’s chi-square test between the sample and all other respondent-response combinations (1 df).
Sp-value is the result of Fisher’s exact test between the sample and all other respondent-response combinations (1 df).

TABLE 6 | Former subscriber responses to “Would you want to join the EkoLakay service again?”, by household sanitation status at time of interview (n = 299).

Sample odds ratio (95% ClI); p-value

Open Non-private improved sanitation Private improved sanitation
defecation (n = 47) (n=72) (n = 184)
Yes (n = 117) 3.00 (1.58-5.71)* 1.80 (1.05-3.08)" 0.36 (0.22-0.59)*
p = 9.98e-04** p = 0.042" p = 5.85e-05"**
| don’'t know (n = 59) 1.30 (0.62-1.30) 1.09 (0.57-2.11) 0.75 (0.42-1.33)
p = 0.625 p = 0.921 p = 0.402
No (n = 123) 0.21 (0.09-0.21)* 0.50 (0.28-0.89)* 3.56 (2.12-5.98)*
p = 1.33e-04"* p = 0.026 p = 1.71e-06"*

Dark gray field indicates a response occurring more frequently than would occur in a random distribution.
Light gray field indicates a response occurring less frequently than would occur in a random distribution.
*= significant at 0.05 level.
**= significant at 0.017 level.
***= significant at 0.001 level.
fp-values are the result of Pearson’s chi-square test between the sample and all other respondent-response combinations (1 df).
Row and column counts may exceed respondent count, as respondents could report multiple household sanitation options.

expressed a perception that the service “costs too much” (n=7;  1.52-4.62, p < 0.001), and those with two or more amenities

2.3%).1° were less likely to mention this theme (OR = 2.16, CI =
Negative outside factors described by respondents included a ~ 1.06-2.16, p = 0.049) (Table 4).

change in economic means; reports that cost of living had Respondents reporting that the cost of their EkoLakay

increased; and difficulty due to sudden or large expenses.  subscription was covered by a subsidy were more likely

Many respondents expressed multiple concerns within the  than the average household to report ending their

“economic challenges” theme. subscription due to economic challenges (OR = 16.20, CI =

Respondents reporting none of the selected amenities in ~ 0.83-316.94, p = 0.009) (Table 4). Every respondent
their home at the time of interview were more likely than the  representing a household formerly covered by subsidy
average household to report having terminated their  indicated that withdrawal of the subsidy caused them to lose
subscription over economic challenges (OR = 2.65, CI =  access to the EkoLakay CBS service.

Respondents who attributed their subscription termination to
economic challenges were highly likely to transition to open
'“Respondents were not asked to compare EkoLakay specifically to alternative defecation after losing access to Ekolakay (OR = 4.66, CI =
services. 2.53-8.59, p < 0.001) (Table 5).
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TABLE 7 | Interest in re-subscribing to EkoLakay, by factors affecting subscription termination.

Economic challenges (n = 95)

Investment in permanent infrastructure (n = 73)

Access to service zone (n = 57)

Dissatisfaction with aspects of service or product (n = 34)
Disinclination toward/accessibility of payment options (n = 21)

Targeted or auxiliary use need ended (n = 7)

Odds ratio (95% CI); p-value

Drivers of Attrition in CBS

“Would you want to join the EkoLakay service again?”

Yes (n = 121)
2.44 (1.48-4.00)

I don’t know (n = 59)

0.78 (0.41-1.46)*

No (n = 182)
0.41 (0.25-0.67)*

p = 5.99e-04"* p =0.532 p = 5.99e-04"*
0.33 (0.18-0.62)" 0.51 (0.24-1.09)* 2.99 (1.62-5.52)"
p = 3.25e-04** p = 0.090 p = 3.25e-04"*
0.64 (0.35-1.18)* 1.84 (0.95-3.58)* 1.56 (0.85-1.56)%
p=0.178 p = 0.093 p=0.178
1.06 (0.51-2.19) 1.58 (0.69-3.59)° 0.94 (0.46-1.95)
p = 1.000 p = 0.260 p = 1.000
1.40 (0.58-3.41)* 1.32 (0.46-3.76)° 0.71 (0.29-1.74)*
p = 0.493 p = 0573 p = 0.493
3.88 (0.74-20.33)° 0.68 (0.08-5.79)° 0.26 (0.05-1.35)°
p=0.120 p = 1.000 p=0.120

Dark gray indicates response occurring significantly more frequently than would occur in a random distribution.
Light gray indicates response occurring significantly less frequently than would occur in a random distribution.

*= significant at 0.05 level.
**= significant at 0.01 level.
***= significant at 0.001 level.

tp-value is the result of Pearson’s chi-square test between the sample and all other respondent-response combinations (1 df).
°p-value is the result of Fisher’s exact test between the sample and all other respondent-response combinations (1 df).

3.2.2 Investment in Permanent Sanitation
Infrastructure

Among subscribers who reported that they left the EkoLakay
service because they installed or repaired permanent sanitation
infrastructure in their home, 36 (11.7%) reported installing a
flush toilet, 31 (10.1%) installed a latrine, and 8 (2.6%) reported
repairing or servicing their preexisting sanitation infrastructure
(including emptying a full pit latrine) (Table 3).

3.2.3 No Longer in EkoLakay Service Zone
Most respondents who reported no longer living in an EkoLakay
service zone reported having moved to a neighborhood outside of
the EkoLakay service area (n = 57; 18.5%) (Table 3).
Respondents reporting two or more amenities in the home were
more likely than the average respondent to mention losing access to
an EkoLakay service zone (OR = 2.16, CI = 1.06-2.16, p = 0.049)
(Table 4).

3.2.4 Dissatisfaction With Aspects of EkoLakay
Service or Product

Former subscribers who cited dissatisfaction among their reasons
for leaving EkoLakay offered critiques of the physical toilet
technology (n = 21; 6.8%), customer service or service
provision (n = 11; 3.6%), and characteristics of the cover
material (n = 10; 3.2%) (Table 3). Some respondents
expressed multiple themes within this category.

3.2.5 Disinclination Toward or Difficulty Accessing
Payment Options

Among reports of disinclination toward or difficulty accessing
payment options, most expressed difficulty with the monthly
payment schedule (n = 13; 4.2%). Others reported difficulty
reaching a payment collector, dissatisfaction with the payment

options in general, and disinclination toward mobile payment
specifically (Table 3).

Respondents indicating the presence of a household member
with a disability or chronic illness were more likely than other
household representatives to cite disinclination toward or
accessibility of EkoLakay’s payment options as a reason for
leaving EkoLakay (OR = 3.54, CI = 1.39-9.07, p = 0.009)
(Table 4).

3.2.6 Targeted or Auxiliary Use Need Ended

Six subscribers reported that they terminated their EkoLakay
service because they had used it to meet a targeted or auxiliary
purpose, and that need had ended. These reports included the
abatement of an illness or cessation of an accessibility
need (including the death of a mobility-challenged
household member); departure of renters for whom they
had supplied the EkoLakay toilet; and closing of a
semipublic location (such as a church or business) at which
they had used EkoLakay.

3.2.7 Other Reported Reasons for Terminating an
EkoLakay Subscription

Other factors reported among respondents’ reasons for leaving
the service included travel or time away from the home; positive
changes in economic means; moving to a home with preexisting
sanitation infrastructure; inability to control other users of the
toilet (from within and/or outside the home); and negative
sentiments about transformation or treatment of excreta, or
the use of CBS (Table 3).

3.2.8 Systemic-Level Contextual Factors

Consistent with the intent to consider relationships between
interacting systems, we identified the presence of variables
indicating the influence of systemic-level contextual factors on
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the accessibility and suitability of the EkoLakay CBS system for
respondents. Responses included reference to economic, social,
governance, technical, and ecological systems, with multiple
overlapping responses (Supplementary Table S3).

3.3 Subscriber Retention

3.3.1 Interest in Re-subscribing

Nearly 40% of former subscribers (n = 118) indicated that they would
be interested in subscribing to EkoLakay again. Respondents whose
households practiced open defecation at the time of interview were
more likely than the average respondent to express interest in re-
subscribing to EkoLakay (OR = 3.00, CI = 1.58-5.71, p = 0.001), as
were those using non-private sanitation (OR = 1.80, CI = 1.05-3.08,
p = 0.042). Households with private improved sanitation at the time of
interview were more likely to express disinterest in re-subscribing (OR
= 356, CI = 2.12-5.98, p < 0.001) (Table 6).

Respondents who reported economic challenges among the
reasons for terminating their EkoLakay subscription were
highly likely to be interested in re-subscribing to the service
(OR = 2.44, CI = 1.48-4.00, p < 0.001). Households that left
due to having installed permanent sanitation infrastructure
were likely to be uninterested in re-subscribing (OR = 2.99, CI
= 1.62-5.52, p < 0.001) (Table 7).

3.3.2 Willingness to Recommend EkolLakay

Over 94% of respondents reported that they would recommend
EkoLakay to a friend or neighbor (Supplementary Table S6).
Willingness to recommend was even expressed by some of the
16% of respondents who mentioned dissatisfaction with aspects
of the EkoLakay service or technology among factors affecting
their subscription termination. Willingness to recommend was
not related to subscriber status or interest in re-subscribing
(Supplementary Table S7).

4 DISCUSSION

Using selected household amenities as a proxy for household
economic capacity, it appears that odds of having ended a
household EkoLakay subscription increase as economic
capacity increases. This relationship illustrates the important
role EkoLakay serves in providing sanitation access for
households ~ experiencing  extreme  resource-insecurity;
i.e, lacking basic water and electrical infrastructure.

While resource scarcity is associated with subscription
retention, we can also see that many resource-strained
households struggle to afford even the lowest price of the
service, or to keep up with the monthly payment schedule.
Inconsistent employment incomes, unexpected expenses, or
withdrawal of subsidy can tip this balance, causing a household
to lose access to the CBS service. Though the EkoLakay service
model includes a buffer period for missed payments, ' service is

"' At the time of the study, container exchange would be suspended after two missed
payments, but the toilet would not be reclaimed.

Drivers of Attrition in CBS

eventually terminated when subscribers have not paid down their
debt within 3 months. Whether a subscription was terminated by
EkoLakay due to debt, or preemptively by a subscriber
experiencing economic challenges, many of these departures
can be inferred to be involuntary. This inference is
corroborated by the finding in section 3.3.1, that interest in re-
subscribing to EkoLakay is strongly associated with having cited
economic challenges among reasons for subscription termination.
Furthermore, reports of difficulty affording EkoLakay’s monthly
fee were significantly more common than statements indicating
that the cost of the service is too high. This differentiation is
meaningful: the former responses frame the economic barrier as a
lack of household means, while the latter suggests that the
perceived value of the service is insufficient to warrant its price
tag. The distribution of these responses illustrates broad
recognition of EkoLakay’s value regardless of ability to afford
the service.

Households reverting to open defecation after losing access
to EkoLakay represent the most vulnerable group in terms of
sanitation access. The role of economic barriers in involuntary
attrition suggests that realizing the potential public health
gains of CBS may require economic assistance for resource-
strained households. Subsidization of sanitation access for
economically insecure households is a strategic component of
the CWIS approach. Recent research indicates that the cost of
supporting households with subsidized access to the
EkoLakay CBS service would be comparably low relative to
alternative public sanitation infrastructure investments (EY,
2020), and therefore well warranted from a public health
perspective.

Collectively, respondents who reported having invested in
permanent sanitation infrastructure or no longer living an
EkoLakay service zone represent a quarter of all former
subscribers. The association between higher household
amenities count and likelihood of moving out of an EkoLakay-
serviced neighborhood imply that such movement is associated
with advancement in means rather than poverty-related
instability. For these users, EkoLakay’s CBS service met
immediate sanitation needs while the household amassed the
resources to obtain or repair permanent sanitation infrastructure.
Together with the subscribers who attributed their departure to
an improvement in economic means (section 3.2.7), it appears
that while one third of attrition is attributable to economic
vulnerability, another third is associated with advancement.

Some complaints about the EkoLakay toilet technology give
insight into vulnerabilities of a CBS system like EkoLakay.
Traditional improved sanitation technologies require little
familiarity or user effort to function effectively. Container-
based systems, however, require application of cover material,
exchange of collection receptacles, and in the case of EkoLakay
model, regular emptying of a urine collection jug. Only one
respondent cited dissatisfaction with this effort as a reason for
leaving. Multiple respondents, however, were driven to leave the
service because they could not control the behavior of other toilet
users. While regular users of the CBS system can be trained in the
basic maintenance of these components, non-household users, or
users less committed to stewarding the system, may misuse it,
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causing malfunction. As CBS service providers have refined their
product, this unique challenge has shaped service models. User
responsibility is a key challenge for management of public and
multifamily CBS toilets in Haiti, and this is a main reason that
SOIL transitioned to the EkoLakay household-level service model
from previously providing public toilets. Providing CBS services
at the household level reduces challenges associated with
untrained users, which can occur in public settings; in low-
resource environments, however, household structure and lack
of property barriers limit control over potential users of the toilet.

Along a similar vein, some respondents ended their subscription
for lack of a reasonable place to keep the toilet. A CBS toilet has the
advantage of being small and mobile, but EkoLakay does not provide
a superstructure to protect it from weather if users prefer to place it
outdoors. Subscriber households must provide some form of
protection for the toilet if they want to use or store it outside of
the home. Some EkoLakay users have a household density of up to
11 persons per room; for such households, indoor space is
particularly limited. Such a challenge is likely to characterize
many CBS services, and may be a topic of focus for future
service model research and development.

Reports of difficulty with payment methods imply that aspects
of a CBS business model, other than price alone, may affect
accessibility of the service. EkoLakay ceased offering door-to-
door payment collection to incoming subscribers in 2018 (and
raised the price of door-to-door payment for existing subscribers
to incentivise the shift to a more efficient system) (Saul and
Gebauer, 2018), so for many users, cash payment now requires a
visit to an EkoLakay depot or office. Households reporting
disabled members were the only respondents to cite
unwillingness to use mobile payment or difficulty reaching a
payment collector among reasons for ending their subscription.
The use of mobile payment apps requires one to deposit cash ata
payment agent, and these facilities are sparser in low-income,
low-infrastructure neighborhoods, making mobile payment less
accessible to EkoLakay customers in such neighborhoods.
Furthermore, use of mobile cash apps requires basic literacy,
and therefore this money management tool is not accessible to
some highly vulnerable members of a community. Our findings
imply that pricing differences favoring mobile payment may
place a burden on mobility-challenged subscribers and
households in the distant peri-urban environment with a
limited transportation budget. This burden could be
ameliorated through a context-responive payment model,
either through the service provider or as part of public
sector-supported service delivery.

Reported interest in re-subscribing to EkoLakay, as related to
post-subscription household sanitation, paints a picture of a bimodal
user base; with progress from open defecation to private improved
sanitation, former subscribers express reduced interest in re-
subscribing to EkoLakay. It appears most subscribers either used
EkoLakay to meet their household needs while saving to access
desired permanent sanitation infrastructure, or they exist in a state of
extreme resource scarcity, with marginal resources and scant access
to sanitation alternatives. The latter group will require public support
in order for Haiti to achieve sanitation coverage in urban
communities.

Drivers of Attrition in CBS

The EkoLakay service is perceived positively by most users,
whether it be for its inherent value or its usefulness at a specific
stage in a household’s development, which fits with a growing
body of literature (O’Keefe et al., 2015; Nyoka et al., 2017; Tidwell
et al,, 2020). Respondents who report willingness to recommend
EkoLakay include many who left the service voluntarily. Former
subscribers with private improved sanitation in their home
express high likelihood of recommending EkoLakay, despite
low interest in re-subscribing. This indicates that, while some
may favor permanent infrastructure, former EkoLakay users are
satisfied with the role that CBS played in a past period of their
household history.

5 CONCLUSION

Given the low national sanitation coverage (62% improved access
in 2017), and rapid urban population growth (3% annual increase),
the Haitian public health sector will likely need to prioritize
interventions that can increase urban sanitation coverage
rapidly (The World BankWorld Development Indicators, 2019).
Considering urban Haiti’s land tenure ambiguities, household
poverty, high risk of flooding, and other geologic vulnerabilities,
the traditional large-infrastructure approach to achieving citywide
sanitation coverage is untenable in the near-term and perhaps even
inappropriate in the long-term (Spuhler and Liithi, 2020; Oberg
et al., 2020).

This research has generated insights into the potential of CBS to
close the sanitation gap among resource-insecure households in
environments like that of northern Haiti. Former subscribers from
the 7 years of EkoLakay service provision, fall largely into two
groups; those for whom the service met household needs until they
amassed the resources to invest in desired permanent sanitation
infrastructure, and those who gained private sanitation through the
service but struggled to maintain access due to extreme economic
insecurity. Both groups indicate a 94% willingness to recommend
the service to others.

Widespread desire to re-subscribe among vulnerable households,
and high willingness to recommend the EkoLakay service to others
provide evidence that household-level CBS is a tool with positive
recognition and great potential for meeting SDG six within the Cap
Haitien population. Our findings indicate, however, that the potential
public health gains of the CBS service model cannot be realized
without financial subsidies for many economically vulnerable target
users. Citywide Inclusive Sanitation provides a framework including
context-dependent elements, such as responsive pricing and public
subsidies for extending services to the most vulnerable. Our findings
provide evidence that for CBS to reach those who need it most, a
public service approach may be essential (Schrecongost et al., 2020).
Public-private partnerhips, as have become common in water supply
and distribution, could begin to bridge this gap. The measurable
outcomes of CBS services also make them a suitable candidate for
results-based financing models (Howard and White, 2020).

In addition to measurable household characteristics, it is
evident that multiple interacting systemic-level factors affect
continuity of access to sanitation in urban Haiti. Governance
structures define access to sanitation infrastructure across locales.
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Public policy also interacts with technical resources, including
transportation and communication infrastructures, which affect
the quality and accessibility of CBS service. Social support
networks affect backup options and resilience; social awareness
drives desire to maintain sanitation access. Ecological and
geological characteristics endanger wusers of sanitation
technologies that cannot contain excreta. Further research is
warranted to go beyond household level analysis to specifically
ascertain information regarding systemic-level opportunities and
barriers to CBS adoption.

The abovementioned interconnected sytems impact the
appropriateness and accessibility of CBS for households.
Integrating CBS into community-wide sanitation delivery
models may be key to ensuring that all aspects of the social,
cultural, and technological systems can interact effectively,
thus allowing the benefits of this innovation to reach those who
need it most. Furthermore, increasing the CBS user base in
Haiti could further contribute to cost-effectiveness; a recent
study of resource-oriented CBS services including EkoLakay
suggests that increasing the scale of such operations would
optimize efficiency and reduce the cost of service delivery
(Moya et al., 2019). Thus, the insights provided in this
study may help to inform policy strategies for increasing
safely managed sanitation coverage across vulnerable
communities in Haiti and comparable environments.
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In China, more than 47 million toilets in rural areas have been upgraded since the
nationwide sanitation program, popularly referred to as the “toilet revolution,” was
launched in 2015. However, little is currently known about the environmental risks of
manure, or rural residents’ satisfaction. Here, we have selected 50 rural residents from 10
provinces and focused on two types of toilets to evaluate the environmental and social
impacts of improving toilets in rural areas. The monitoring results showed that human
excrement was mainly alkaline, and the concentrations of total nitrogen and phosphorus in
the composting toilets ranged from 259.21 to 330.46 mg/kg and from 2.71 to 3.71 mg/kg,
respectively, while their contents in septic tank effluents were generally
381.31-2040.84 mg/L and 10.41-80.46 mg/L, respectively. The pH and EC values
exceeded the soil background value in individual regions, and the harmless effect of
the two types of toilets did not fully meet the standard requirements, indicating that toilet
manure, albeit possessed certain resource utilization potential, guard against the risk of
pollution. Additionally, based on a fuzzy comprehensive evaluation model, it was found that
the comprehensive evaluation score of Jiangsu Province is the highest, that of Gansu
Province is the lowest, and the overall score is “high in the southeast and low in the
northwest.” This study provides basic data and references for establishing a scientific and
feasible evaluation system of rural toilet retrofitting and strengthens government guidance
and training related to toilet retrofitting.

Keywords: toilet reform, harmless effect, manure utilization, comprehensive evaluation, physicochemical

1 INTRODUCTION

In the process of rapid economic development and the continuous advancement of rural
urbanization, the huge population and remote geographical location of rural areas have meant
that they have long-term disadvantages in terms of infrastructure, science and technology, and
development awareness, especially with regard to rural toilets, which are considered to be the most
difficult to manage, and there is a lack of rural infrastructure in developing countries (Cheng et al.,
2018; Li et al., 2021). Non-hygienic toilets, such as open toilets, in which feces cannot be safely stored
quickly enough, can cause intestinal infectious diseases such as dysentery and typhoid fever, thereby
increasing the risk of death from infectious diseases (Chen and Kallawicha, 2021; Gao et al., 2021).
Some studies have also indicated that the contributions of total nitrogen and total phosphorus from
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toilet sewage accounted for 84% of the total pollutant load of rural
domestic sewage (Angelakis et al., 2015). Recently, the Chinese
government has launched a series of special actions toward the
retrofitting of toilets in rural areas and formulated a number of
policies, such as the Three-year Action Plan for Rural Living
Environment Improvement Guiding Suggestions related to
promoting the special action of the “Toilet Revolution” in
rural areas, aiming to improve the prevalence of sanitary
toilets and the utilization rate of toilet excreta as a resource.
Chinese statistics have shown that as of 2020, the usage rate of
rural sanitary toilets in China has greatly improved, from 7.5%
(1993) to 68% (2020), with an increase of about 5% per year, and
more than 40 million rural household toilets have been renovated
in total. China has a long history of using human excreta in
agriculture, with farmers generally viewing latrine waste as a
“valuable fertilizer” (Ferguson, 2014). Solid feces’ composition
encompasses a large amount of organic matter, which makes it
possible to turn it into biofuel (Abomohra et al., 2020). However,
feces that are not effectively treated can cause the spread of
diseases through fecal-oral routes, especially in children and
immunocompromised pregnant women (Majorin et al., 2017).
Therefore, the focus has generally shifted toward increasing
people’s access to toilets and ensuring that the handling of
human excreta complies with public health standards.

China lacks a comprehensive means of evaluation of the
effectiveness of toilet retrofitting in rural areas, and the
environmental and social benefits of toilet retrofitting remain ill-
defined (Ma et al., 2021). Most studies have focused on social surveys,
including those on the penetration rate of sanitary toilets and the
perceptions of rural households (Angelakis et al., 2015). For example,
a recent survey of 980 rural households from 22 provinces across
China reported on farmer households’ satisfaction with toilet
retrofitting (Zhou et al, 2022). In addition, based on interviews
with 414 residents from 13 villages across three provinces in the west
of China, a study analyzed the current situation and attitudes related
to possible changes in the rural sanitation service chain (Guo et al,
2021). Recently, sporadic studies evaluating the effects of toilet
retrofitting have gradually emerged, but most of these are limited
to small areas or evaluation methodology. Li et al. (2021) used system
dynamics to assess the effect of toilet improvements in Jiaozhou,
China. Zhu et al. (2021) assessed indicators and ranked their weights
in relation to the innovation of toilet technologies via the analytic
hierarchy process and life cycle assessment methods. These studies do
not reflect the overall effectiveness of rural toilet retrofitting in China.
The pollution load of feces after toilet retrofitting, whether the feces
can be harmless, whether the sanitary environment meets the
requirements of national standards, whether toilet operation, and
maintenance can be long-lasting, etc., remain unknown (Zhang et al.,
2020).

According to the China Health and Family Planning Statistical
Yearbook, the number of three-compartment septic tanks exceeded
80 million by the end of 2017, accounting for 37.6% of the total of
number of rural sanitary household toilets in China. In water-scarce
and cold areas, composting toilets were regarded as the most popular
toilet model. Therefore, here, we evaluated the effects of retrofitting
three-compartment septic tanks and composting toilets in rural
China from the two aspects of the environment and society, to
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improve the effects of the current rural toilet retrofitting approach.
These results provide basic data and references for establishing a
scientific and appropriate evaluation index system for rural toilet
retrofitting and provide a scientific basis as well as policy advice
related to optimizing rural toilets and improving the quality of rural
toilet retrofitting

2 METHODS AND MATERIALS

2.1 Sample Collection

In this study, composting toilet samples were collected from
Heilongjiang Province (HLJ), Jilin Province (JL), Gansu Province
(GS), and Inner Mongolia Autonomous Region (Inner Mongolia:
NM), which belong to the northwest region, 5 in each province, with
a total of 20 samples. A total of 30 samples of three-compartment
septic tank effluent in the southeastern region were collected from
Shandong Province (SD), Ningxia Hui Autonomous Region
(Ningxia: NX), Jiangsu Province (JS), Shaanxi Province (SX),
Hunan Province (HN), and Hubei Province (HB) were collected,
which also corresponded to five samples per province (Figure 1).

2.2 Questionnaire

To ensure that the questionnaire was scientific, authentic, and
representative, this survey adopted a random survey. For some
rural residents who were unable to accurately express the contents
of the questionnaire, we invited people with higher education (high
school degree or above) to retell it with their consent. In addition, we
assured the participants that their answers were private, anonymous,
and confidential to encourage them to express their opinions freely.
The surveyed households in each province had the same toilet mode
and had similar usage time. Fifty questionnaires were valid. The
contents of the questionnaire included the total population,
population structure, existing toilet patterns, toilet sewage
treatment methods, septic tank cleaning frequency, toilet use
time, etc.

2.3 Sample Monitoring

Measurements of total nitrogen (TN), total phosphorus (TP),
organic matter (OM), and pH for composting toilet samples were
obtained using organic fertilizers (NY/T 525-2021) (Wei et al.,
2021). After the septic tank water sample was filtered through a
0.45 ym membrane, the total nitrogen (TN), total phosphorus
(TP), ammonium nitrogen (NH,"-N), and nitrous nitrogen
(NO5;™-N) in the water sample were detected using a
continuous flow analyzer (Skalar SAN+, the Netherlands)
according to the method described (Martinez Salgado et al,
2019). The number of fecal coliforms and the mortality rate of
aphid eggs and Salmonella were measured in accordance with the
standard hygienic requirements for harmless disposal of night soil
(GB7959-2012) (Pathma and Sakthivel, 2012).

2.4 Data Analysis

SPSS 20.0 was used to analyze the intra-group samples by one-way
variance (ANOVA), and the least significant difference (LSD) test was
used for statistical comparison. In addition, the reliability of the
recovered questionnaire was tested using SPSS 20.0 software. The
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FIGURE 1 | Map of the samples of excrement from 50 rural household toilets.
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physical and chemical indicators of the samples were plotted using
ggbetweenstats in ggstatsplot (R 4.0.3).

2.5 Fuzzy Evaluation Method

Here, we chose the fuzzy synthetic evaluation method, which
mainly converts qualitative evaluation into quantitative
according to the membership theory of fuzzy mathematics;
that is, we used fuzzy mathematics to make an overall
evaluation of objects or objects restricted by multiple factors,
and it can better solve vague and difficult to quantify problems,
which is suitable for evaluation involving subjective indicators in
this study. The basic processes of fuzzy synthetic evaluation were
shown as follows:

1) determine a set of evaluation objects;

2) structural evaluation grade;

3) fuzzy synthetic evaluation is used to determine the
subordination degree of a single factor;

4) building a fuzzy evaluation matrix; and

5) the overall evaluation results were calculated.

3 RESULTS AND DISCUSSION

3.1 Environmental Effect of Feces After

Toilet Retrofitting

3.1.1 Physiochemical Characteristics

Figure 2 shows the contents of physical and chemical indicators
in all samples. It was observed that the TN and TP contents in

composting toilet samples ranged from 259.21 to 330.46 mg/kg
and 2.71 to 3.71 mg/kg, respectively, and the samples in Jilin
Province were found to have the highest TN content, while Inner
Mongolian samples had the lowest TN content. Gansu Province’s
composting toilet samples had the highest TP content at
3.71 mg/kg, whereas the lowest level was detected at
2.71mg/kg in Jilin Province. In addition, the contents of
NH,"-N and NO; -N in composting toilet samples in four
provinces ranged from 156 to 50.16 mg/kg and
8.51-24.45 mg/kg, respectively. The organic content (OM) of
feces was 110.78-274.10 g/kg (Gansu > Heilongjiang > Jilin >
Inner Mongolia). The nutritional levels of the treatment products
of composting toilets (259.21-330.46 mg/kg) in this study were
lower than in previous studies (720-950 mg/kg), probably due to
the use of different bulking materials (Kelova et al.,, 2021).
However, it should not be overlooked that this concentration
can still fulfill the nutrient needs of crops and can thus replace the
use of chemical fertilizers and help close the nutrient cycle loop.
Anand and Apul (2014) estimated that 4.9-6.4% of annual
commercial fertilizers used in Australia could be replaced with
human feces. Mature compost can also be used as an amendment,
substituting other materials used for soil remediation (Vinneras
et al, 2003). Therefore, as a type of toilet with no flush,
composting toilets can offer a sustainable solution to the
problem of water and resource reuse.

In septic tank effluent, the concentrations of TN, TP, and
organic carbon were observed at 381.31-2040.84 mg/L,
10.41-80.46 mg/L, and 66.32-1,003.01 mg/L, respectively, and
showed no significant differences between provinces (p > 0.05)
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FIGURE 3 | The physiochemical indicators of three-compartment septic tank effluent. The figure shows box plots, dot plots and violin plots of TN, TP, NH,;*-N,
NO3-N, TOC and EC in different provinces, in which G represents the mean of 5 samples and n represents the number of samples. SX, NX, SD, JS, HN and HB represent
Shaanxi province, Ningxia Hui Autonomous Region (Ningxia), Shandong province, Jiangsu province, Hunan province and Hubei province.

(Figure 3). The results were higher than those in previous studies,
and NH,"-N
194.8-411.16 mg/L and 160.4-322.76 mg/L, respectively, based

which

showed TN

concentrations

at

on 57 septic tanks in six provinces of China (Wang et al., 2021).
Combined with on-site sampling, it was found that the collected
effluent was relatively turbid, especially in Shaanxi, Shandong,
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and Hunan provinces. According to the feedback of the surveyed
rural residents, since these were newly rebuilt septic tanks, the use
time was between 2 and 3 months, thus the feces remained for a
relatively short period in the septic tank to ferment, compared
with the findings of the study of Wang et al. This explains why the
physiochemical indicators of the effluent in this study were higher
than those in other studies (Tan et al., 2021; Cui et al., 2006). In
addition, our investigation found that the rural residents in
Ningxia, Jiangsu, and Hunan provinces have the habit of
discharging domestic water into septic tanks. The dilution
effect of the domestic water may cause the chemical indicators
of the septic tank effluent in this area to be lower than those in the
province. In particular, due to the shortage of local water
resources the Ningxia region, domestic water was
temporarily stored to flush the toilets; however, the mixing of
domestic wastewater into septic tanks meant that the residence
time of the manure failed to meet the standard requirements. The
direct use of agriculture not only pollutes the soil environment
but also increases the risk to human health. When feces is left in
the open, there is a higher risk that humans, especially children,
may come into direct contact with fecal pathogens (Majorin et al.,
2017). The children are at a higher risk of exposure to fecal-oral
pathogens because they play on the ground, and place their hands
near their faces and in their mouths (Bawankule et al., 2017; Islam
et al., 2018). Fecal-oral pathogens can cause diarrheal illnesses,
which can lead to stunting, a condition that affects 162 million
children worldwide (Beardsley et al., 2021).

In addition, the results show that the electrical conductivity of
the septic tank effluent in Shaanxi and Shandong provinces was
relatively high, far exceeding the total salt control limitation given
by the Standard for Irrigation Water Quality (GB 5084-2021).
Salinity is abiotic stress that harms agriculture by decreasing
productivity. High electrical conductivity has a negative impact
on the morphological and biochemical functions of plants, which
can inhibit seed germination, plant growth, development, and
yield (Arif et al., 2020). Moreover, high electrical conductivity
hampers photosynthetic machinery, transpiration, and gaseous
exchange by decreasing the content of chlorophyll and
carotenoids and distorting the chloroplast ultrastructure and
PSII system (Pan et al, 2021). High electrical conductivity
lowers the soil water potential and leaf water potential, thus
disturbing plant-water relations and reducing the turgor of the
plant, which ultimately leads to osmotic stress (Navada et al,
2020). Plants take up salt from the soil via transporters that create
ion toxicity and disturb mineral uptake and ion homeostasis.
Salinity leads to the extensive accumulation of ions (Na* and CI")
and inhibits K" and Ca®* uptake, thus resulting in ionic
imbalance (Isayenkov and Maathuis, 2019). Therefore, septic
tank effluent resources in this area should be diluted first and
then returned to the field. This could prevent the soil salinization
caused by high salt accumulation. In the future, more long-term
positioning studies should focus on the effects of manure return
on crop absorption and soil salt accumulation.

The pH values of composting toilet samples and septic tank
effluent were found to be alkaline, with an average value between
7.32 and 8.37 (Figure 4), suggesting that some of the effluents
from the septic tank cannot be used directly for the irrigation of

in
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FIGURE 4 | The pH of toilet feces surveyed in 10 provinces (regions). The
figure shows box plots, dot plots and violin plots of fecal distribution in different
provinces, in which G represents the mean of 5 samples and n represents the
number of samples.

farmlands as high pH conditions could cause the exchangeable
moiety to combine with other anions and increase the heavy
metal content in the soil (Ouyang et al., 2020). Furthermore, high
pH levels lead to low soil organic matter content; strong acid
leaching; poor texture; poor structure; soil consolidation; poor
ventilation; water permeability; the incoordination of soil water,
air, and heat; easy erosion; soil erosion; and soil fertility, which are
all disadvantageous for tillage and plant growth (Koninger et al.,
2021).

3.1.2 Harmlessness of Toilet Excreta

Fecal coliform, Salmonella, and Ascaris eggs are regarded as
important indices of harmlessness. With reference to the
Hygienic Standard for the Harmlessness of Feces (GB 7959-
2012), we have here defined qualified samples as those with a
mean level of fecal coliforms between 10~" and 1072, a mortality
rate of Ascaris eggs >95%, and no Salmonella was detected.
Among the 50 toilet fecal samples, the total rate of qualified
fecal coliform bacteria was 84%, the total mortality of Ascaris eggs
reached 90%, and Salmonella was not detected in any samples
(Table 1). Specifically, the average qualified rates of fecal coliform
bacteria and Ascaris eggs in the compost toilet samples were 70
and 80%, respectively, while the two qualified rates of septic tank
effluent were 93.3 and 96.7%, respectively, indicating that the
harmlessness of the feces treated in the three-compartment septic
tank was significantly higher than that in composting toilets (p <
0.01). Among them, the composting toilets adopted in the
northwest were generally unable to achieve harmlessness,
especially in the Inner Mongolia region, as the conditions
affecting the process of composting were not sufficient. As
previously stated, the key to composting treatment is
fermentation, and many external factors including water
content and temperature restrict the degradation effect, and it
is thus here proposed to optimize composting toilet technology
and thus improve the level of harmlessness (Hill and Baldwin,
2012). As for three-compartment septic tanks, although the effect
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TABLE 1 | The qualified rate of harmless treatment of feces after toilet modification.

Provinces (autonomous Sample types Qualified rate of fecal Qualified rate of mortality of Ascaris Qualified rate of
regions) coliform group value lumbricoides eggs salmonella value
Heilongjiang Composting toilets 80% 80% 100%
Jilin 80% 100% 100%
Gansu 60% 80% 100%
Inner Mongolia 60% 60% 100%
Shaanxi The effluent of three 80% 100% 100%
Ningxia compartment septic tank 80% 80% 100%
Shandong 100% 100% 100%
Jiangsu 100% 100% 100%
Hunan 100% 100% 100%
Hubei 100% 100% 100%

of treatment on pathogenic factors was better than that in the
composting toilet, it was still lower than that required by the
public health body, which is in line with the findings of the study
by Lusk et al. (2017). The report of Tollestrup et al. (2014) also
raised the fact that the dispersal of septic tank effluents can
contribute to increasing the incidence of infectious diseases.

Fortunately, compared with previously used rural toilets, the
degree of harmlessness of feces after toilet retrofitting increases to
a certain extent (Gao et al, 2017). This can act as a reference for
promoting new sanitation practices that enhance the availability and
sustainability of water and sanitation services in other low- to middle-
income countries worldwide, which will ultimately contribute to
achieving Sustainable Development Goal 6: ensure availability and
sustainable management of water and sanitation for all.

3.2 Social Effect of Toilet Retrofitting

The indicators of the effects of toilet retrofitting were determined
with reference to the standards and policy documents regarding
rural areas in China, and the quantitative values of the influencing

factors were provided by means of expert consultation and scoring.
The 24 participants in the consultation and scoring process included
government officials and scientific researchers in related academic
fields. Additionally, it was determined that the manure utilization
index had the highest weight among the other first-level indicators,
in terms of the national demand orientation, the focus of grassroots
work, and public feedback. The weight of each indicator was
obtained based on the opinions of experts, as shown in Table 2.

3.2.1 Determine the Index Weight

1) Determine a set of evaluation objects

Total object set: A (effect of rural toilet retrofitting) =
{E1,E2,E3,E4} = {Toilet construction, Mass satisfaction, Manure
utilization, Later management, and maintenance}; various levels
of index set: Bl (toilet construction) = {Cl1 (toilet house
construction), C2 (underground construction), C3 (toilet product
quality)}; B2 (mass satisfaction) = {C4 (easy operation), C5 (cost
expenditure), C6 (toilet environment)}; B3 (manure utilization) =

TABLE 2 | Evaluation index system of toilet improvement in rural areas.

First-level index Index Secondary index
weight

Toilet house construction
Toilet construction 0.25 Underground part construction
Toilet product quality
Easy to use
Mass satisfaction 0.2 Cost expenditure
Toilet environment
Harmless treatment
Fecal utilization 0.3 Resource utilization
Environmental risk of faeces
Later stage management 0.25 Regular maintenance of toilet
and protection products
Establish a management and
protection mechanism

Incorporate into the village rules and
regulations

Index Assessment factors
weight

0.1/0.4 Whether the construction of toilet houses meets the requirements of
national standards, and whether the location of toilets is reasonable,
0.1/0.4 Whether the construction, construction and use of water and aqua privies
meet the requirements of national standards
0.05/0.2 The appearance and structural proportion of toilet products meet the
national design requirements.
0.05/0.25  Whether the old toilet will be demolished after the new toilet is built, and
whether the new toilet will be abandoned.
0.05/0.25  Toilet reconstruction expenses, daily use expenses and later operation
and maintenance expenses
0.1/0.5 The toilet house is odorless, free of mosquitoes and flies, and ventilated.
0.1/ (1/3)  Whether the type of toilet is harmless sanitary toilet
0.1/ (1/3)  Whether to carry out unified treatment after returning to the field,
composting or clearing
0.1/ (1/3)  There is no leakage in the septic storage tank, and the feces are not
dumped at random.
0.1/0.4 Professional operation and maintenance team

0.1/0.4 Whether the local government has established the dung removal and
transfer mechanism and whether the mechanism is normal.
0.05/0.2 Raise villagers’ awareness of hygiene
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{C7 (harmless treatment), C8 (utilization of resources), C9
(environmental risk of feces)}; B4 (later management and
maintenance) = {C10 (regular maintenance of toilet products),
Cll1  (establishment of management and maintenance
mechanism), C12 (incorporated into village regulations)}.

2) Structural evaluation grade

We constructed an evaluation level set to score each indicator and
thus obtain relative scores. This study established five relatively fair
evaluation level matrices. The percentile system is easy to operate and
widely used. In order to avoid the problems of the percentile system
being dominated by subjectivity and poor objectivity, here, we have
used “very satisfied, relatively satisfied, general, dissatisfied, and
extremely dissatisfied” grades, which help to effectively overcome
the differences in the professional knowledge of the evaluators. Hence,
S = {very satisfied, relatively satisfied, general, dissatisfied, extremely
dissatisfied} = {100, 80, 60, 40, 20} (Lu and Xu, 2011).

3) The fuzzy evaluation method was used to determine the
subordination degree of a single factor in the effective
evaluation of rural toilet retrofitting.

Taking the Inner Mongolia region as an example, the single-
factor membership degree of the rural toilet renovation effect is
presented in Table 3.

4) Building a fuzzy evaluation matrix

Based on the statistics related to the obtained data and combined
with the use of the fuzzy comprehensive evaluation method, the
first-level fuzzy evaluation matrix of the rural toilet retrofitting
effect was determined to be E1, E2, E3, and E4, respectively.
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3.2.2 Effect Evaluation

According to formula F=Wi*E, where Wi represents a
collection of indicator weights for individual layers, a fuzzy
evaluation calculation is performed on indicators B1, B2, B3,
and B4. E1 is the first level of the toilet construction indicator
fuzzy comprehensive evaluation:

Fl wl*El = (04, 0.4, 0.2)*

= il Ll
al— o u|+—
o Lo il o

Gil— il | =
G U= G| =

(0.28,0.36,0.24, 0.12, 0). (1)

Similarly, the fuzzy ratings for E2, E3, and E4 are F2 = W2*E2=
(0.25,0.2,0.4, 0.1, 0.05), F3 = W3*E3= (0.27,0.27,0.33,0.13,0), and
F4 = W4*E4= (0.2,0.16,0.16,0.32,0.16).

According to the second-level evaluation formula,

F = W*E
028 036 024 012 0
025 02 04 0.1 0.05
= (025,02,03,025% 1 »7 027 033 013 0
02 0.16 0.16 0.32 0.16

= (0.251,0.251,0.279,0.169, 0.05).

The weighted average method was used to calculate the
comprehensive evaluation score of the rural toilet retrofitting
effect in Inner Mongolia (Y 70.67). Similarly, the
comprehensive evaluation scores of the secondary indices were
as follows: Y1 = 76, Y2 = 70, Y3 = 73.6, and Y4 = 58.4.

TABLE 3 | Single factor membership degree of toilet improvement effect in rural areas of Inner Mongolia.

Evaluation index Very satisfied

Toilet house construction C1

Underground part construction C2

Toilet product quality

Easy to use C3

Cost expenditure C4

Toilet environment C5

Harmless treatment C6

Resource utilization C7

Environmental risk of faeces C8

Regular maintenance of toilet products C9

Establish a management and protection mechanism C10
Incorporate into the village rules and regulations C11

O OO W20 =+~ 2N =

More satisfied General Not satisfied Extremely unsatisfied
2 1 1 0
2 1 0 0
1 2 1 0
1 0 0 0
1 2 0 1
1 3 1 0
2 2 0 0
1 1 0 0
1 2 2 0
1 1 2 1
1 1 2 1
0 0 0 0
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TABLE 4 | Comprehensive score and second-level index score of changing rural toilets into toilets in 10 provinces (autonomous regions).

Provinces (autonomous Comprehensive evaluation Toilet

Mass Fecal Later stage management and

regions) score (Y) construction (Y1) satisfaction (Y2) utilization (Y3) protection (Y4)
Heilongjiang 64.2 66.4 67 65.3 58.4
Jilin 72.6 85.6 79 62.7 66.4
Gansu 64.6 71.2 63 62.7 61.6
Heilongjiang 63.6 70.4 61 62.7 60
Shaanxi 72.6 83.2 80 64 66.4
Ningxia 82 81.6 93 77.3 79.2
Shandong 92.4 95.5 98 82.7 96.8
Jiangsu 91.8 94.4 95 88 91.2
Hunan 91.8 95.2 91 86.7 95.2
Inner Mongolia 70.67 76 70 73.6 58.4
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FIGURE 5 | Comprehensive scores of fuzzy evaluations of the second-level indicators of 10 provinces (regions).

The comprehensive evaluation scores of rural toilet retrofitting in
other provinces were in line with those of Inner Mongolia. The
comprehensive and secondary index scores of the ten provinces are
shown in Table 4. The results show that Jiangsu Province had the
highest comprehensive evaluation score of 92.4 followed by Hunan
and Hubei provinces, both with 91.8, whereas Gansu Province had
the lowest score of 63.6. Overall, the scores showed a “high southeast,
low northwest” trend. In the toilet construction indicator layer,
Hunan, Hubei, and Jilin provinces had scores higher than 85,
whereas the northwest region’s scores were generally low, with
Heilongjiang Province achieving the lowest score of 66.4
(Figure 5). In the mass satisfaction indicator layer, the scores of
the four provinces in the southeastern region were all above 90. The
scores of the six provinces in the northwest region ranged from 60 to
80, showing a polarization trend and the scores of the manure

utilization index layer generally exhibited a trend of southern >
eastern > northwestern. In the later management and maintenance
index layer, the scores of Jiangsu, Hunan, and Hubei provinces were
much higher than those of other provinces; Jiangsu Province had the
highest score of 96.8, whereas Ningxia and Jilin provinces had the
lowest scores of only 62.7. Overall, composting toilets are less
acceptable in the rural areas than three-compartment septic tank
toilets. Rural residents are reluctant to accept the technology because
of perceived odor and maintenance issues. Composting toilets require
the user to be more active in managing their waste compared to the
flush model used in the developed areas. Maintenance requirements
such as the turning of the compost, the addition of bulking agents,
emptying the chamber, and cleaning the toilet without using much
water are unacceptable to the rural residents. In addition, the
composting toilets may be perceived as second-class, inconvenient,
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and burdensome, all of which perceptions would limit the adoption of
the technology (Anand and Apul, 2014). However, our results differ
from those of Gao et al. (2017), who believed that the composting
toilets should be given more attention due to their suitability, as they
can be used in water shortage and cold conditions.

Consequently, the comprehensive evaluation scores of toilets
retrofitting in Shandong, Jiangsu, Hunan, and Hubei provinces
were found to be “relatively satisfied” and “very satisfied.” The
scores in Heilongjiang, Jilin, Ningxia Hui, Gansu, Shaanxi, and
Inner Mongolia were between average and relatively satisfactory.
These results indicate that the rural residents were satisfied with
the improvements to rural toilets, but the evaluation via
secondary indicators shows that some problems remain.
Heilongjiang Province achieved the lowest score for toilet
construction mainly because the five households surveyed
stated low satisfaction with the construction of toilet houses,
most of which have leakage problems. The satisfaction levels of
the surveyed rural residents in Ningxia and Gansu provinces were
relatively low mainly because they were dissatisfied with the
convenience of using composting toilets. According to rural
residents’ feedback, compost toilets are only suitable for two to
three people. When there are a large number of users, the
efficiency of the toilet is greatly reduced, and it may even stop
functioning. With regard to manure utilization, the scores in the
provinces (regions) were higher, reflecting the significant
development trend in the utilization of manure resources in
China’s rural environment. However, the low scores pertaining
to the harmlessness treatment and environmental risk indicators
of fecal contamination indicate that the provinces (regions) were
not yet fully equipped with technologies and facilities for fecal
treatment and recycling, and they need to be further
strengthened. It is worth noting that the scores may not reflect
the actual situation, due to the small number of samples, and
certain errors may arise during the sampling and investigation
that mean our results cannot be used as a guiding document.

4 CONCLUSION AND OUTLOOK

Based on the monitoring of the physiochemical properties and
degree of harmlessness of toilet sewage, as well as the
comprehensive evaluation of the mass satisfaction, manure
utilization, and consequential management and maintenance
following toilet retrofitting, in relation to 50 rural residents in
10 provinces (regions) of China, it can be concluded that the
effectiveness of rural toilets after retrofitting was remarkable. The
comprehensive evaluations of the ten provinces (regions) gave
results that were between average and very satisfied, but the
construction of toilet houses, the utilization of manure resources,
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The imbalance of socioeconomic development (SED) in different regions of China has
resulted in the variability of rural infrastructure penetration. This study aims to improve the
SED of each region in China to increase the penetration rate of rural harmless sanitary
toilets (RHST). For this purpose, we used association rule mining to analyze the relationship
between SED indicators and the penetration rate of RHST for proposing differentiated
improvement strategies. Population urbanization rate, tertiary vs. secondary industry
output ratio, nonagricultural output value ratio, nonagricultural employment ratio, per
capita gross domestic product, and the proportion of added value of industry in the
total added value of commaodity were used to measure the SED level of 30 regions in China
from 2007 to 2017. Results showed that the SED of each region has been improving, and
the proportion of added value of industry in the total added value of commodity accounted
for the highest proportion of SED. The penetration rate of RHST in each region increased
continuously but with significant variability from 2007 to 2017. The range of six SED
indicators corresponding to high and low penetration rates of RHST was determined by
association rule mining analysis. On the basis of the degree of RHST penetration rate by
region in China in 2017 as a reference, differentiated measures were proposed to improve
the penetration of RHST in different regions.

Keywords: socioeconomic development, rural harmless sanitary toilet, association rule, differentiated development,
rural toilet retrofitting

INTRODUCTION

More than half (55%) of the global population lacked access to safely managed sanitation services in
2017 (WHO, 2020b). Developing countries (compared with developed countries) face more serious
challenges in achieving the Sustainable Development Goal target of universal sanitation coverage by
2030, which is mainly due to high population growth and low coverage of existing sanitation facilities
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(United Nations (2017) World Population Prospects, 2017;
Trimmer et al, 2020; WHO, 2020b). Moreover, in a recent
survey, only 4% of countries were reported to have sufficient
financial resources to achieve national sanitation targets (WHO,
2020a). Household sanitation expenditures (compared with
government expenditures) account for a higher proportion of
all household water, sanitation, and hygiene expenditures (WHO,
2020a). Rural areas in developing countries also face high
sanitation failure rates, which is often due to most rural areas
not having well-established operation and maintenance systems
(Roubik et al., 2020).

Successful sanitation change not only depends on the supply of
sanitation infrastructure but also requires changes in the political,
economic, social, cultural, and environmental underpinnings of
sanitation, as well as systemic behavior change at the individual,
household, and societal levels (Gasana et al., 2002; Novotny et al.,
2018b; Guo et al., 2021). Rapid socioeconomic development
(SED) is a major driving force for the continuous
improvement in rural sanitation facilities in China. In 2017,
rural residents of 12.519 million (compared with 6.914 million
in 2007) new rural households in China had access to sanitary
toilets (Ministry of Health of the People’s Republic of China,
2008; China National Health Commission, 2018). However, the
imbalance of SED across China’s regions resulted in inconsistent
penetration rate of rural harmless sanitary toilets (RHST) (China
National Health Commission, 2018; Tian and Wang, 2019; Wei
et al,, 2020). Therefore, the high-quality SED of each region is the
key to achieving rapid penetration rate of RHST in China.

The study of SED has been developed for multiple decades.
The per capita income of a country’s inhabitants can be an
indicator that reflects SED (Chenery, 1960). According to the
classical industrialization theory, the level of SED of a country or
region can generally be measured in terms of economic
development level, industrial structure, agricultural structure,
employment structure, and spatial structure (Chen et al,
2006). According to Engel’s law, the proportion of income
spent on food consumption will gradually decrease as a
household’s income increases (Kaus, 2013), which means that
the more a household will be able to improve household
sanitation facilities. With the collection of various statistics
becoming more detailed, the total value of the country’s
primary, secondary, and tertiary industries is also used to
describe the country’s SED (Wolfe, 1955). Chen et al. analyzed
the  distribution characteristicc of China’s regional
industrialization process by introducing per capita gross
domestic product (GDP), the ratio of the output value of
primary, secondary, and tertiary industries, the proportion of
added value of industry in the total added value of commodity,
the urbanization rate of the population, and the proportion of
employment in the primary industry as basic indicators to
provide baseline references for the regional economic
development (Chen et al, 2006). In this study, we followed
Chen’s methodology and collected a multi-indicator of SED to
measure the SED levels of 30 regions in China from 2007 to 2017.
The indicators include population urbanization rate (as spatial
structure), tertiary vs. secondary industry output ratio (as
industrial structure), nonagricultural output value ratio (as
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agricultural structure), nonagricultural employment ratio (as
employment structure), per capita GDP (as economic
development level), and the proportion of added value of
industry in the total added value of commodity (as industrial
structure) (Li et al., 2019). In addition, we collected data on the
penetration rate of RHST in China from 2007 to 2017.

Many efforts have been made to reveal the relationship
between socioeconomic and sanitation facilities (Ghosh and
Cairncross, 2013; Novotny et al., 2018a). Researchers have
discovered a pattern visible in data at the national level, in
which access to sanitation facilities is strongly associated with
the socioeconomic status of households (Ghosh and
Cairncross, 2013; Chandana and Rao, 2022). Other
researchers have also confirmed that taking advantage of
economic opportunities, incorporating specialized
technology, and follows-up with behavior change could
help ensure not only access but also sustainable use,
operation, and maintenance of sanitation (Tilley et al,
2014). However, in low- and middle-income countries,
precision  interventions  (e.g.,, financial  subsidies)
implemented by governments and nongovernmental
organizations in addition to improving regional SED can
achieve higher access to sanitation (Deshpande et al,
2020). China is the largest developing country, with a rural
population of 714.96 million and 556.68 million in 2007 and
2017, respectively. However, many of these rural people
choose to shift from primary to secondary and tertiary
industry employment each year to increase their household
economic income, which undoubtedly improves household
sanitation facilities (Zhang et al., 2020). At the same time, the
rural toilet revolution is being implemented in various regions
of China to increase rural sanitation penetration rate based on
existing SED, which could increase the possibility of achieving
some of the Millennium Development Goals and Sustainable
Development Goals (Cheng et al., 2018). In this study, we
examined the relationship between six selected categories of
SED indicators and RHST penetration rates from 2007
to 2017.

We used the frequent pattern growth algorithm of the
association rule mining method for data analysis to reveal
the association relationships among items in a given dataset
(Li et al., 2019; Liu et al., 2020). The association rule mining
problem was initially studied to discover regularities in the
shopping behavior of supermarket customers, which has
created many commercial opportunities for stores (Agrawal
etal., 1993). In the past decade, the technique has been widely
used in evaluating medical datasets and accident investigation
analysis, which is attributed to frequent patterns enabling the
prediction of one item based on the emergence of others
(Ahmed and Nath, 2021; Cakir et al., 2021). Here, we used
association rule mining to investigate which SED indicators
correspond to high RHST penetration rate and what other
levels are associated with low RHST penetration rate.
Moreover, we identified indicators of SED associated with
influencing the current RHST penetration rate and
summarized differentiated strategies for coordinating SED
for regions to further enhance RHST penetration rate.
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TABLE 1 | Discretization of the socio-economic development (SED) indicators and rural harmless sanitary toilets (RHST) penetration rate for association rule mining.

P T v E G I R
1 (28.24, 38.16) 1 (0.53, 0.80) 1 (71.69, 78.79) 1 (25.88, 47.05) G1 (7,878, 29,963) 11 (26.02, 38.39) R1 (4.70, 23.90)
2 (33.50, 45.2) 2 (0.80, 1.08) 2 (79.35, 83.71) 2 (47.36, 58.05) G2 (30,873, 53,868) 12 (47.43, 65.22) 2 (24.40, 42.30)
3 (45.6, 52.01) T3 (1.09, 1.59) 3 (83.95, 86.83) E3 (58.20, 68.12) G3 (54838, 85,213) 13 (65.78, 76.97) RS (42.60, 60.90)

P4 (52.43, 60.05) 4 (1.72, 2.51) V4 (86.99, 89.71) 4 (68.28, 82.30) G4 (86,969, 128,994) 14 (77.21, 89.58) R4 (62.00, 81.20)

P5 (60.30, 69.85) T5 (2.94, 4.24) V5 (89.75, 92.89) E5 (83.20, 96.91) R5 (83.20, 99.80)
6 (76.31, 89.60) 6 (93.09, 96.26)

7 (97.90, 99.64)

Note: P, population urbanization rate; T, tertiary vs. secondary industry output ratio; V, nonagricultural output value ratio; E, nonagricultural employment ratio; G, per capita GDP; |, the
proportion of added value of industry in the total added value of commodity; R, rural harmless sanitary toilet penetration rate.

MATERIALS AND METHODS

Study Area and Data Sources

A total of 30 regions in mainland China were used as the research
objects (the data on the penetration rate of RHST in Tibet, Hong
Kong, Macao, and Taiwan are lacking; thus, they were excluded in
this study). On the basis of the data provided by the China Statistical
Yearbook (National Bureau of Statistics of China, 2018), China
Health Statistical Yearbook (Ministry of Health of the People’s
Republic of China, 2008), and China Health and Family Planning
Statistical Yearbook (National Health and Family Planning
Commission of the People’s Republic of China, 2013), data on
SED from 2007 to 2017 were collected, including population
urbanization rate, tertiary vs. secondary industry output ratio,
nonagricultural output value ratio (secondary industry output
value + tertiary industry output value)/(primary industry output
value + secondary industry output value + tertiary industry output
value), nonagricultural employment ratio (number of employees in
the secondary industry + number of employees in the tertiary
industry)/(number ~ of  employees in  the  primary
industry + number  of  employees in  the  secondary
industry + number of employees in the tertiary industry), per
capita GDP, the proportion of added value of industry in the total
added value of commodity, and RHST penetration rate.

Socio-Economic Development Level
Quantification Using a Multi-Indicator
System

Each SED indicator was divided by a reference value to remove
units of measurement to obtain a dimensionless percentage
(Supplementary Table S1A). The weights from the
hierarchical analysis process of Chen et al. and the weights
from the factor analysis of Li et al. were cited (Supplementary
Table S2A), and the weights from the hierarchical analysis and
the factor analysis were averaged to obtain the final weights for
each indicator (Chen et al., 2006; Li et al., 2019). Finally, the
indicator values were weighted and summed to obtain a
quantitative measure of SED.

Association Rule Mining
We discretized six SED indicators and RHST penetration rate
into different categories using k-means clustering for association

rule mining (Table 1). We used the frequent pattern growth
algorithm for association rule mining (Agarwal et al., 2000; Han
et al., 2004). The problem of association rule mining is to find
relationships between the items in a database (Assis et al., 2021).
Frequent patterns are patterns that repeatedly appear in a dataset.
These patterns carry relevant dataset relationships or correlations
(Assis et al., 2021).

Let I be the database of frequent item sets, which is obtained
through frequent pattern growth algorithm. Transaction set (T) is
a collection of each event. An association rule is an expression
shaped as X—Y, which indicates that the conditions in X lead to
Y. In the study, we use X to represent different SED indicators,
and Y to represent the penetration rate of RHST. The support
indicates the frequency of the item set in the dataset (Assis et al.,
2021). If the “support” of an item set is greater than a given
minimum support threshold, then the item set is frequent (Li
etal, 2019). The support of X is defined as the probability of event
X occurring in dataset I, support (X) = P (X) (Agarwal, 2013). The
support of the rule (X—Y) is the number of tuples in X and Y, as
described in Eq. 1 (Agarwal, 2013; Heng et al., 2017; Assis et al.,
2021).

support (X = Y) =support(XUY) =

P(XuYy) (1)

The “confidence” is a measure of the accuracy of association
rules. Confidence of rule X—Y is defined as the conditional
probability of the Y event occurring given that the event X has
occurred and is expressed by Eq. 2 (Aggarwal et al., 2014; Assis
et al,, 2021).

support(X = Y)

confidence (X - Y) = support (X)

P(Y|X) = )

Support and confidence constitute the threshold for
establishing association rules. However, these measures are still
insufficient to filter out worthless association rules (Aggarwal,
2014). Lift can solve this weakness in association rules.

Lift can measure the correlation of association rules, and it is
used to evaluate whether the item sets X and Y are independent,
positively correlated, or negatively correlated. If the lift is equal to
1, then the item set is independent; if the lift is less than 1, then the
item set is negatively correlated; if the lift is greater than 1, then
the item set is positively correlated (Heng et al, 2017). The
expression of lift is shown in Eq. 3 (Assis et al., 2021).
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FIGURE 1 | Trends of different socioeconomic development (SED) indicators in 30 regions of China from 2007 to 2017.
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We set the goal of association rule mining to find the set of all
items that have support greater than the minimum support
(ie, 3%) and confidence greater than the minimum
confidence (i.e, 20%) and to make comprehensive decisions
based on the lift (Li et al., 2019; Shabtay et al., 2021).

RESULTS AND DISCUSSION

Progress of Socio-Economic Development
From 2007 to 2017 in China

In general, the population urbanization rate in China’s regions
showed a continuous upward trend from 2007 to 2017, except for

Shanghai, which declined after 2014 (Figure 1A). Shanghai,
Beijing, Tianjin, Guangdong, Jiangsu, and Zhejiang were
ranked in the top six of China’s population urbanization rates,
which are all located in the coastal regions of China, except for
Beijing, the capital of China. Henan, Xinjiang, Guangxi, Yunnan,
Gansu, and Guizhou were the six regions with the lowest
population urbanization rates in 2017. Guizhou, Shaanxi,
Fujian, Henan, Chongging, and Jiangsu were the six regions
with the fastest population urbanization rates between 2007
and 2017.

We analyzed the tertiary vs. secondary industry output ratio
for each region in China from 2007 to 2017 and found a
continuous upward trend overall (Figure 1B). Beijing, Hainan,
Shanghai, Heilongjiang, Gansu, and Tianjin ranked among the
top six regions in terms of the tertiary vs. secondary industry
output ratio in 2017, while Hebei, Henan, Anhui, Jiangxi,
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Guangxi, and Shaanxi were the six regions with the lowest tertiary
vs. secondary industry output ratio in 2017. Beijing’s tertiary vs.
secondary industry output ratio exceeded Shaanxi’s by nearly
four times in 2017.

The nonagricultural output value ratio of China’s regions
generally showed an upward trend from 2007 to 2017
(Figure 1C), except that the ratios in Heilongjiang decreased
after 2010. Shanghai, Beijing, Tianjin, Zhejiang, Guangdong, and
Shanxi ranked among the top six regions in terms of the
nonagricultural output value ratio in 2017. Guangxi, Xinjiang,
Yunnan, Guizhou, Heilongjiang, and Hainan were the six regions
with the lowest nonagricultural output value ratio in 2017.
However, Hunan, Sichuan, Jilin, Guangxi, Anhui, and Hainan
were the top six regions with the fastest growth rate of
nonagricultural output value ratio from 2007 to 2017.

The nonagricultural employment ratio of all regions in China
from 2007 to 2017 showed an overall increasing trend
(Figure 1D), except for Shaanxi where the trend fluctuated
significantly; it increased first (2007-2011) and then decreased
(2011-2012), and it increased again in the end (2012-2017).
Shanghai, Beijing, Tianjin, Zhejiang, Jiangsu, and Guangdong
ranked among the top six regions in terms of the nonagricultural
employment ratio in 2017. Inner Mongolia, Shaanxi, Guangxi,
Yunnan, Gansu, and Guizhou were the six regions with the lowest
nonagricultural employment ratio in 2017. However, Guizhou
was the region with the most rapid growth in the nonagricultural
employment ratio from 2007 to 2017.

The per capita GDP of all regions in China also showed an
overall upward trend from 2007 to 2017 (Figure 1E), except for
Inner Mongolia, which had a downward trend after 2016;
Liaoning, which had a downward trend in 2016, showed
rebound in 2017. Beijing, Shanghai, Tianjin, Jiangsu, Zhejiang,
and Fujian ranked among the top six regions in terms of the per
capita GDP, while Shanxi, Guangxi, Heilongjiang, Guizhou,
Yunnan, and Gansu were the six regions with the lowest per
capita GDP in 2017. The top six regions in terms of per capita
GDP nearly exceeded the lowest six regions by nearly one time
in 2017.

The pattern of changes in the proportion of added value of
industry in the total added value of commodity of each region
from 2007 to 2017 was divided into three cases (Figure 1F): 1)
The proportion of added value of industry in the total added value
of commodity of Hebei, Jilin, Anhui, Fujian, Jiangxi, Henan,
Hubei, Hunan, Guangdong, and Sichuan regions maintained a
positive growth trend; 2) The proportion of added value of
industry in the total added value of commodity of Beijing,
Tianjin, Shanghai, Jiangsu, Zhejiang, Shandong, and Guangxi
remained relatively constant (with + 2 gap stabilized in a fixed
range); 3) The proportion of added value of industry in the total
added value of commodity in Shanxi, Inner Mongolia, Liaoning,
Heilongjiang, Hainan, Chongqing, Guizhou, Yunnan, Shaanxi,
Gansu, Qinghai, Ningxia, and Xinjiang changed with a
negative trend.

The contribution of different indicators to SED is shown in
Figure 2. The proportion of added value of industry in the total
added value of commodity had the largest contribution, followed
by per capita GDP and population urbanization rate. This result
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FIGURE 2 | Contribution of different indicators to SED.

corresponds to the researchers’ finding that the country’s
industrialization process drove the increase in economic
output and contributed to the shift of labor from rural to
urban areas (Li et al., 2019). The trends in the overall level of
SED of China’s regions from 2007 to 2017 are shown in Figure 3.
The SED among China’s regions showed an imbalance. The
overall level of SED in the coastal regions of China was
generally higher than in the central and western regions.

Penetration Rate of Rural Harmless
Sanitary Toilets From 2007 to 2017

The penetration rate of RHST in all regions of China showed
an increasing trend from 2007 to 2017 (Figure 4), except for
Beijing, Tianjin, Hebei, Heilongjiang, Henan, Hubei,
Chongqing, Shaanxi, and Xinjiang, which declined after
2016. The top six rural areas in China in terms of the
penetration rate of RHST in 2017 included Shanghai,
Beijing, Zhejiang, Fujian, Tianjin, and Guangdong, all of
which are located in China’s coastal areas, except for
Beijing, the capital of China. Gansu, Inner Mongolia,
Shaanxi, Jilin, Qinghai, and Heilongjiang were the six
regions with the least penetration rate of RHST in China,
which are located in North China, Northwest China, and
Northeast China. The imbalance in the penetration rate of
RHST between regions in China was still significant. Notably,
the Chinese government has launched a series of special
actions for rural toilet retrofitting since 2018, and it has
formulated a number of policies, such as the Three-Year
Action Plan for Rural Living Environment Improvement and
the Guiding Opinions on Promoting the Special Action of Rural
“Toilet Retrofitting,” which offers new opportunities to
improve the imbalance in the penetration rate of RHST
among China’s regions (Central People’s Government of the
People’s Republic of China, 2018; Ministry of Agriculture and
Rural Affairs of the People’s Republic of China, 2019).
However, each region needs to improve its SED according
to the actual situation to improve the penetration rate of RHST
and achieve sustainable sanitation.
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Association Rules Between
Socio-Economic Development Indicators
and the Penetration Rate of Rural Harmless
Sanitary Toilets in China

A summary of the association rules between the six selected SED
indicators and the penetration rate of RHST is shown in
Supplementary Table S3A. Table 2 summarizes the
association rules between the six selected SED indicators and
the high penetration rate of RHST. Given that the population
urbanization rate ranged from 60.30 to 69.85% and from 76.31 to

89.60%, the tertiary vs. secondary industry output ratio ranged
between 1.09 and 1.59, the nonagricultural output value ratio
ranged from 93.09 to 96.26% and from 97.90 to 99.64%,
nonagricultural employment ratio ranged from 68.28 to
82.30% and from 83.20 to 96.91%, per capita GDP ranged
between 54,838 and 128,994, and the proportion of added
value of industry in the total added value of commodity
ranged between 7721 and 89.58; RHST was of high
penetration rate. A set of reasonable ranges of the population
urbanization rate, the tertiary vs. secondary industry output ratio,
nonagricultural output value ratio, the nonagricultural
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TABLE 2 | Association rules between one SED indicator and high penetration rate of RHST.

Indicators

P5
P6
T3
V6
V7
E4
ES
G3
G4

P5
T2
V6
E4
G2
G3

Indicator interval value

(60.30, 69.85)
(76.31, 89.60)
(1.09, 1.59)
(93.09, 96.26)
(97.90, 99.64)
(68.28, 82.30)
(83.20, 96.91)
(54838, 85,213)
(86,969, 128,994)
(77.21, 89.58)
(60.30, 69.85)
(0.80, 1.08)
(93.09, 96.26)
(68.28, 82.30)
(30873, 53,868)
(54838, 85,213)
(77.21, 89.58)

RHST
penetration rate level

R5
R5
R5
R5
R5
R5
R5
R5
R5
R5
R4
R4
R4
R4
R4
R4
R4

RHST penetration rate
level interval value

(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(83.20, 99.80)
(62.00, 81.20)
(62.00, 81.20)
(62.00, 81.20)
(62.00, 81.20)
(62.00, 81.20)
(62.00, 81.20)
(62.00, 81.20)
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Degree of RHST
penetration rate

Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
High
High
High
High
High
High
High

TABLE 3 | Association rules between one SED indicator and penetration rate of RHST.

Indicators

Indicator interval value

(28.24, 38.16)
(33.50, 45.2)
(52.43, 60.05)
(0.53, 0.80)
79.35, 83.71)
83.95, 86.83)
36.99, 89.71)
89.75, 92.89)
25.88, 47.05)
47.36, 58.05)
(58.20, 68.12)
(7,878, 29,963)
(47.43, 65.22)
(65.78, 76.97)
(33.50, 45.2)
(45.6, 52.01)
(0.53, 0.80)
(1.09, 1.59)
(83.95, 86.83)
(86.99, 89.71)
(25.88, 47.05)
(58.20, 68.12)
(7,878, 29,963)
(47.43, 65.22)
(65.78, 76.97)
(45.6, 52.01)
(52.43, 60.05)
(0.80, 1.08)
(83.95, 86.83
(86.99, 89.71
(89.75, 92.89
(
(

(
(
(
(
(
(

)

)

)

47.36, 58.05)
58.20, 68.12)

(30,873, 53,8689)
(65.78, 76.97)

RHST
penetration rate level

R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R3
R3
R3
R3
R3
R3
R3
R3
R3
R3

RHST penetration rate
level interval value

4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90
4.70, 23.90

(
(
(
(
(
(
(
(
(
(
(
(
(
(4.70, 23.90

)
)
)
)
)
)
)
)
)
)
)
)
)
)

(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(24.40, 42.30)
(42.60, 60.90)
(42.60, 60.90)
(42.60, 60.90)
(42.60, 60.90)
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FIGURE 5 | SED indicators of regions associated with RHST penetration rate in China.
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employment ratio, per capita GDP, and the proportion of added
value of industry in the total added value of commodity can be
found in Table 2 for high RHST penetration degree.

Table 3 summarizes the association rules between SED
indicators and the penetration rate of RHST. We found that a
low level of RHST penetration rate was significantly correlated
with the population urbanization rate, ranging from 28.24 to
38.16% and from 33.5 to 45.2%. The low penetration rate of
RHST with low population urbanization rate may be caused by
inadequate rural infrastructure. The low penetration rate of
RHST also existed in areas where the tertiary vs. secondary
industry output ratio ranged between 0.53 and 0.80%, the
nonagricultural output value ratio ranged between 79.35 and
83.71%, between 83.95 and 86.83%, between 86.99 and 89.71%,
and between 89.75 and 92.89%, the nonagricultural employment
ratio ranged between 25.88 and 47.05%, between 47.36 and
58.05%, and between 58.20 and 68.12%, per capita GDP
ranged between 7,878 and 29,963, and the proportion of
added value of industry in the total added value of commodity
ranged between 47.43 and 65.22% and between 65.78 and 76.97%.
Therefore, the association rule analysis showed that the low value
of the six selected indicators of SED determined the low level of
penetration rate of RHST.

Differentiated Development Strategies to
Increase the Rural Harmless sanitary

Toilets Penetration Rate
We identified SED indicators related to the penetration rate of
RHST by region in China in 2017 according to Supplementary
Table S4A, as shown in Figure 5, to propose differentiated
development strategies to increase the penetration rate of RHST.
For Beijing, Tianjin, Shanghai, Jiangsu, Zhejiang, Fujian, and
Guangdong, the six SED indicator values all corresponded to high
RHST penetration rates (R5), and these regions can maintain

their current rate of SED to increase per capita GDP. With
income increases, local rural residents have more ability to
improve household sanitation. Local governments will also
have more financial resources for the construction, operation,
and maintenance of sanitation facilities.

We found that the SED indicators of Guangxi and Hainan were at
the lower rank, except for Hainan where the tertiary vs. secondary
industry output ratio was in the T4 range, but they corresponded to a
high RHST penetration rate in 2017 (at the R5 rank) given that they
belong to the coastal region. Guangxi and Hainan should further
increase the proportion of added value of industry in the total added
value of commodity, such as investing in high-tech industry
technologies, because they are in the lower rank of I2 and II,
respectively. The tertiary industry needs to be optimized to create
more jobs and raise the resident’s per capita GDP. Local governments
not only need to improve the wastewater treatment facilities in each
rural area but also need to form a long-term management and
maintenance mechanism due to the abundant water resources, to
reduce the pollution of water sources by toilet wastewater.

Among the six socioeconomic indicators studied, the E4, T2,
and G2 indicators in Jiangxi, V6, P5, T2, and E4 indicators in
Shandong, V6, E4, and P5 indicators in Chongging, and G2
indicator in Sichuan were associated with the penetration rate of
RHST at the R4 level. However, the abovementioned SED
indicators associated with the penetration rate of RHST were
all at moderate levels in the aforementioned regions, which means
that more investments could be made in the tertiary industry and
further attract more manufacturers to increase the proportion of
added value of industry in the total added value of commodity for
enhancing the household wealth of the residents in these regions.
The population urbanization rates of Jiangxi and Sichuan were P4
and P3, respectively, which were at middle level. In the process of
SED, on one hand, improving household sanitation facilities
needs to rely on the efforts of rural residents, and on the
other hand, the proportion of financial support from local
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governments needs to be increased to help more rural residents
with financial difficulties, thereby increasing the penetration rate
of local RHST. Liu et al. studied the rural toilet retrofitting model
in Jiaozhou (located in Shandong Province, China) and found
that local rural residents have achieved full access to RHST and
have also constructed a complete sustainable sanitation service
chain covering collection, transportation, treatments, disposal,
and resource recovery of fecal sludge relying on financial support
from the provincial and municipal governments (Liu et al., 2019).
However, the constructed sustainable sanitation service chain in
rural areas requires a large amount of operating capital, part of
which needs to be paid by rural residents, such as the cost of
manure pumping by septic tankers and the maintenance of
sanitation facilities, which is difficult for poor rural households
(Roubik et al., 2020). Therefore, preferential policies and funding
to help serve families with financial difficulties are also a
guarantee of sustainable sanitation (Kaiser, 2015).

Regions in Hebei, Shanxi, Inner Mongolia, Liaoning, Jilin,
Heilongjiang, Anhui, Henan, Hunan, Guizhou, Yunnan, Ningxia,
Xinjiang, Shaanxi, Gansu, and Qinghai did not have SED
indicators associated with high penetration rate of RHST.
Therefore, these regions should increase investment in
industry to enhance SED. In Guizhou and Yunnan, the
tertiary vs. secondary industry ratio (at T3 level) was better
than other SED indicators, but the proportion of added value
of industry in the total added value of commodity was at 12 level
and needs to be further strengthened. Sun et al. also evaluated the
SED of Guizhou province finding that regions with proportion of
secondary industry have a prosperous economy (Sun et al., 2020).
In Heilongjiang and Qinghai, the RHST penetration rate was at
R1 level, which was mined by the association analysis to be related
to the low nonagricultural employment ratio, per capita GDP,
and the proportion of added value of industry in the total added
value of commodity. Therefore, the local government should
increase investment and attract more domestic and international
manufacturers with preferential policies to improve the level of
SED indicators. Guo et al. surveyed villages in western China
(Gansu and Qinghai) and found that poor sanitation awareness
and attitudes impede the progress of the rural toilet revolution
(Guoetal.,, 2021). We hypothesized that sanitation services would
be enhanced if the level of SED in the western region also
approached that of the coastal region. However, achieving
more than 60% RHST penetration rate in a short period based
on the current rate of SED alone is difficult given that huge
challenges exist in the SED process. Therefore, the national
central government should allocate a greater proportion of
central financial resources for rural toilet retrofitting in these
areas during the rural “toilet revolution” process. Overall, the
identification of regional SED indicators related to the
penetration rate of RHST can help develop targeted regional
SED plans to achieve the penetration of RHST in China.

Influence of Policy on the Penetration Rate
of Rural Harmless Sanitary Toilets
Variability exists in rural infrastructure investments in different

regions of China (Li et al, 2020). Nevertheless, the

Sanitation Improvement in China

implementation of the policy successfully promotes SED.
However, inadequate financial resources still constrain rapid
SED in some rural areas, such as those with low rural
infrastructure penetration rates (Zhang al,  2020).
Fortunately, to achieve universal access to sanitation with “safe
management services,” which is defined as “access to a sanitation
facility that is not shared with other households and where
excreta produced can be safely disposed of on-site, or
transported and disposed of off-site” (WHO and UNICEF, 2017),
China’s central government gives provincial governments the
freedom to decide on strategies and methods for rural toilet
retrofitting policies to achieve the desired outcomes. Hueso and
Bell noted that policies should be people-centered, demand-,
incentive-, and practice-oriented, which is ideal for addressing the
rural sanitation crisis (Hueso and Bell, 2013). However, the
researchers found that availability of policy information, the
percentage of subsidies, and the difficulty of obtaining subsidies
affected the motivation of rural residents to participate in rural
toilet retrofitting, especially poor rural households (Kaiser, 2015;
Roubik et al., 2020).

Chinese provinces should clarify short-term development
goals and long-term development goals when formulating
policies. On the one hand, for economically developed
provinces with high penetration of RHST, the supporting
facilities to have access to safe transportation, treatment, and
disposal of toilet wastes are imperfect. In addition to focusing on
SED, the local government needs to formulate more policies to
serve the improvement and operation of supporting facilities for
toilet waste treatment. On the other hand, for backward economic
developing provinces with low penetration of RHST, local
governments should focus on the continuity convergence of
policies. In a short period of time, the penetration rate of
RHST should be improved by adhering to the short-term
promotion strategy of “quantity follows quality and progress
follows effectiveness.” When the penetration rate of RHST is
raised, the policy should focus on the improvement of supporting
facilities for toilet waste treatment.

et

CONCLUSION

We studied the association pattern between SED indicators and
the penetration rate of RHST by regions in China from 2007 to
2017. Overall, the selected six categories of SED indicators of
Chinese regions have been increasing in population urbanization
rate, tertiary vs. secondary industry output ratio, nonagricultural
output value ratio, nonagricultural employment ratio, and per
capita GDP. The proportion of added value of industry in the
total added value of commodity showed three trend changes,
which were 1) a positive trend change, 2) a stable fixed interval
with a *2 ratio difference, and 3) a negative trend change. The
proportion of added value of industry in the total added value of
commodity accounted for the highest proportion of the level of
SED. The penetration rate of RHST continuously increased in all
regions of China from 2007 to 2017. The results of the association
rule emphasize that reasonable SED indicators are essential for
high RHST penetration rate. Differentiated development
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strategies were proposed to optimize SED indicators in different
regions for improving RHST penetration rate.
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At the current rate of progress, there will probably still be 2.8 billion people world-wide
without safely managed sanitation by 2030. To incentivise and increase implementation of
sustainable faecal sludge management (FSM), especially in low and middle-income
countries like Cambodia, human waste must be regarded as a resource. However,
planning data, e.g. on the quantities, composition and fate of faecal sludge after
leaving households, are inadequate and lack accuracy. The aim of this study was to
provide baseline data for effective FSM planning by sanitation stakeholders in Phnom
Penh. This was done by quantifying sludge volumes generated, transport logistics and
resource recovery potential to incentivise sustainable management. Interviews were
conducted with users and emptying and transportation contractors, together with
collection of technical data about on-site sanitation systems. Geographical coordinates
of household sampling locations and disposal sites were also mapped. The results
revealed that Cheung Ek and Kob Srov wetlands are the main recipients of faecal
sludge collected in Phnom Penh with the amount of 18,800m® and 13,700 m?
annually, respectively. The analysis showed that faecal sludge in Phnom Penh contains
valuable resources such as nitrogen (6 tons), phosphorus (13 tons) and energy (148-
165 GWh) annually, but in-depth investigations of appropriate treatment options for
resource recovery are required. Detailed documentation of the location of potential
recoverable resources from faecal sludge would assist decision-makers in developing
action plans for sustainable FSM in Phnom Penh and similar cities.

Keywords: faecal sludge management (FSM), geographic information system (GIS), nutrient recovery, onsite
sanitation, sanitation service chain, spatial analysis
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INTRODUCTION

Nearly half the world’s population lacks access to safely managed
sanitation services. Meeting the goal of universal access to safely
managed sanitation services by 2030 will require at least a four-
fold increase in current rates of progress, depending on the
national context (WHO and UNICEF, 2021). This implies that
there will likely still be 2.8 billion people world-wide without
safely managed sanitation services by 2030 (WHO and UNICEF,
2017). Safely managed sanitation is defined as the use of
improved human waste facilities with safe disposal in situ or
off-site transportation and treatment (Borja et al, 2019
Chandana and Rao, 2022). In many low-income cities, the
majority of faecal sludge collected in on-site sanitation
technologies, such as pit latrines, is not safely managed
(Hafford et al., 2018). Studies in 12 cities have shown that
only 37% have safely managed sanitation and that faecal
sludge ends up in the immediate urban environment, posing
risks to humans and the environment (Peal et al., 2015; Hafford
et al, 2018). Environmental impacts from excess nutrients
include eutrophication and algal blooms in surface waters,
altering the ecosystem functions (Andersson et al., 2016; Singh
etal,, 2017). This means that increasing the sanitation coverage by
expanding the number of toilets cannot be the only solution to
controlling waterborne disease and achieving United Nations
Sustainable Development Goal 6 (UN SDG) target 6.2 (Strande
et al,, 2014; Chandana and Rao, 2022). Increasing toilet coverage
would reduce open defecation, but is not a stand-alone solution to
achieving safely managed sanitation. Rather, solutions and
funding are needed to maintain the functionality of the entire
faecal sludge management service chain. Appropriate faecal
sludge collection and transportation is one of the major future
challenges for low-and middle-income countries and efficient
Faecal Sludge Management (FSM) is a pressing need (Chandana
and Rao, 2021).

There is a misconception that on-site sanitation systems are
simpler to manage than centrally based systems, resulting in
adequate funding often not being allocated (Strande et al., 2018).
Likewise, effective and proper FSM requires attention to the
entire service chain (Boot and Scott, 2008; Strande et al.,
2014), components of which include collection, transportation,
treatment and safe end-uses or disposal (Klingel et al., 2002) and
resource recovery (Zewde et al., 2021). In addition to considering
all these components, for effective and sustainable FSM at city
scale, data on the qualities and quantities of faecal sludge
generated are required (Boot and Scott, 2008). However,
accurate estimation of the qualities and quantities of faecal
sludge on a city-wide level is complicated and such data are
often lacking (Strande et al.,, 2018; Chandana and Rao, 2022).
Faecal sludge characteristics differ widely by region, between
cities, districts and households, and by source, for instance
public and private toilet sludge (Appiah-Effah et al., 2014b;
Gudda et al., 2017). Furthermore, there are variations in the
characteristics of faecal sludge due to socio-economic status of
source households, types of on-site sanitation technologies and
collection system (Chandana and Rao, 2022). Selection of
appropriate treatment technology is difficult due to these wide

Faecal Sludge Quantities and Potential for Resource Recovery in Phnom Penh

ranges of characteristics and unknown stabilisation status of
collected faecal sludge (Dodane et al, 2012; Bassan et al,
2013; Appiah-Effah et al., 2014a). Reliable estimates of the
qualities and quantities of faecal sludge are important when
designing treatment, to avoid over- or under-dimensioned
infrastructure. Inadequately sized or non-existent primary
treatment and management solutions impact treatment plant
operations and pose a direct risk to public health (Strande et al,,
2018). For instance, Phnom Penbh, the capital city of Cambodia,
has no treatment facility in place to receive and treat faecal sludge.
Only 22% of on-site sanitation users in the city report emptying
their sludge container and only 12% of emptied sludge reaches
authorised disposal sites (Peal et al., 2015), while the rest is
probably discharged directly into open canals, the sewerage
system or surrounding lakes (PPCH, 2021).

Treated faecal sludge is a potential source of fuel (Hafford et al.,
2018) and a soil amendment for crop production (Zewde et al.,
2021), benefits that could offset the upfront costs of treatment
(Hafford et al., 2018; Zewde et al., 2021). Indeed, there is an on-
going paradigm shift from viewing human excreta as a waste to
seeing it as a resource (Andersson et al., 2016). High value of the
recoverable product from faecal sludge could serve as an incentive
for appropriate faecal sludge management (Diener et al.,, 2014),
while improving access to sanitation and renewable agricultural
inputs (Echevarria et al., 2021). Different types of faecal sludge
treatment products could be recovered as resources, such as energy,
animal food, building materials, nutrients and water (Schoebitz
et al., 2016). Faecal sludge is currently attracting attention as a
potentially valuable resource for two reasons. First, it has high
potential for generation of biogas, and therefore energy. Second,
the digested sludge has good potential to be recycled and re-used as
a fertiliser on agricultural land (Yin et al., 2016). However, accurate
estimation of the resources contained in sludge is needed to prove
the potential benefit to sanitation planners. Information on the
quantities and flows of sludge after removal from households is
lacking for Phnom Penh and for other similar cities world-wide.

Efficient waste collection and transportation could be a cost-
saving option for municipalities (Kinobe et al., 2015), but setting
up resource recovery systems from FSM requires planning and
efficient logistics within the service chain. Application of spatial
Geographic Information System (GIS) tools can facilitate
logistics planning by reducing the number of trips and travel
distance, thereby decreasing fuel consumption and vehicle
emissions and providing cost savings in overall sanitation
provision (Schoebitz et al, 2017). Using GIS tools for
optimisation of faecal sludge collection and transportation at
city-wide scale can thus provide opportunities to increase
sustainable management of faecal sludge. GIS-based methods
are applicable everywhere, but there is a need for local data
inputs (Schoebitz et al., 2017). Moreover, there is often no
baseline information, e.g. on the overall sanitation landscape,
faecal sludge generation rates and faecal sludge transportation
pathways (from source to final disposal), to support sanitation
stakeholders in efficient planning and decision making for
sustainable FSM.

The overall aims of this study were to provide baseline data for
effective FSM planning to sanitation stakeholders in Phnom Penh

Frontiers in Environmental Science | www.frontiersin.org

50

April 2022 | Volume 10 | Article 869009


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Eliyan et al.

Faecal Sludge Quantities and Potential for Resource Recovery in Phnom Penh

i
H 3
; .
i ¢ %
AT H 7
H §
i %, #‘x ;:
3 s 3
K s, F;
%, g &
!H.ﬂm‘ -, * s
i S i
i by
i P R ',.f"
: e \ e . ;
( ) < i
i AT
; s s \ LA
; ~ L4 (/ ® . \ ° s
i AN ) Toul € %
\ oul ampo
& S \e k/ | S oS
E e
/ \ ° 00 o0 O
a7 N ee  ®
mm” Z ‘l . .0 ° 4
3 D e e
", (\ % f :
£y ° *..,‘.’
'ib«»'g_ — 1 e [( —— ‘*"""u."u-uuu
% \ ° .
i' ) \ ° .:'.‘.: .Tr.a:kkd:’umping Station f
w“'., e® ° P e \ o' L ® &
.E L o \e \ K,

. g [ ) ,w/"/ ° \g . ‘§
03060 120 180 240 o . < e e 3
s Kilofgeters J._,‘ ( -"‘\"? i

£ .« e, _—
/ { s, o
| F »& &
I A Phnom Penht, ettt ‘
2R “r / .
"5:.: "."k
o,"n“; e .“”‘*.""‘"”"’u
® Sampling locations "-,,.».,“: N
! Disposal Sites
|:| Urban Districts 3
Peri-Urban Districts |
FTI ’ G 0 15 3 6 9 12
ot Phnom Penh Capital Administrative Boundary ————— i
FIGURE 1 | Map showing the areas in Phnom Penh where data collection was conducted. The black dots indicate the locations of households surveyed about their
sanitation management practices.

and to identify resource recovery potential in order to incentivise
sustainable FSM. Specific objectives were to: 1) map FSM
practices by households in Phnom Penh; 2) identify where
faecal sludge is disposed of within neighbourhoods and the
environment; 3) quantify faecal sludge production from
household on-site sanitation systems (excreta generation rate,
faecal sludge generation rate, faecal sludge collected and faecal
sludge discharged); and 4) estimate the amounts of potential
resources (nitrogen, phosphorus, energy) that could be recovered
from faecal sludge and within the sanitation service chain.

METHODS

Data were collected through a literature review, surveys of
householders in Phnom Penh, interviews with vacuum truck
drivers and manual sludge tank emptying operatives, and field
observations. The protocols employed in the study were approved
by the National Ethics Committee for Health Research, Ministry
of Health, Cambodia. The following section provides detailed
information on the study area, data collection methods employed
and data analysis performed in this study.

Study Area
Phnom Penh, the capital city of Cambodia (approximately

11°34"N, 104°55"E), is located on the Mekong floodplain,
above the confluence of the Mekong, Tonle Sap and Bassac
rivers (JICA, 2016). Phnom Penh has undergone rapid
development and urbanisation in the past few decades.
Recently, the whole city was divided into 14 districts, classified
as urban areas (5 districts) and peri-urban areas (9 districts). The
total land area of the city is about 679 km?, with a population of
approximately 2 million people in around 500,000 households
(NTS, 2020).

Urban areas located in the centre of Phnom Penh are provided
with full services in terms of water supply and sanitation
(connection to sewerage network). The available network
comprises a closed sewer system or an open canal system,
depending on the location of the household within the city.
Peri-urban areas can be described as adjoining areas, located
outside formal urban boundaries and urban jurisdictions, that are
in the process of urbanisation. These peri-urban areas can also be
described as an interface, i.e., a transition zone or interactive zone,
between urban and rural areas (Appiah-Effah et al., 2014b).
Figure 1 shows a map of the study area, including the
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location of interviews, sampling sites and disposal sites for faecal
sludge investigated in this study.

Phnom Penh still uses a combined drainage system that
transports domestic, commercial and industrial wastewater, as
well as stormwater flow during storm events. The combined
wastewater is pumped into natural wetlands surrounding the city
for treatment, before flowing to the final recipient waters
(Mekong river and Tonle Sap river). There are two extensive
wetlands that play key roles in treating wastewater from the whole
city, Cheung Ek to the south of the city and Kob Srov to the north.
However, the area of these wetlands is declining, due to the
current rapid urbanisation and development in the city, as they
are being filled with earth to reclaim land for development
purposes (Doyle, 2013). Kob Srov wetland is a sewer entry
point for Sen Sok district and high levels of untreated
wastewater and faecal sludge are off-loaded into the wetland,
accompanied by high levels of pathogens (Min, 2019). The Tonle
Sap river is the final recipient of wastewater and faecal sludge
from Kob Srov wetland.

Untreated faecal sludge can pose a significant health risk when
dumped in the open environment, due to the presence of
significant amount of bacteria, viruses and other pathogens
(Strande et al, 2014). This is certainly the case in Phnom
Penh, where downstream communities living along Tonle Sap
are dependent on river water for their livelihoods and for key
functions, including cooking and drinking and where river water
contains varying levels of pathogens that carry risks of infection
and illness (Min, 2019). Cheung Ek wetland, a seasonally
inundated area located about 5km to the south of Phnom
Penh, receives around 80% of wastewater from Phnom Penh’s
urban population and from factories (garment and others). This
wetland is also used for aquatic plant and fish production, with
harvesting being undertaken throughout the year.

Study Design and Data Collection
Household survey: The household survey was designed to collect
demographic information on on-site sewage containment users
and to map the entire sanitation service chain, by tracking faecal
sludge from source through emptying to the final disposal site. The
survey was conducted in the period May-September 2020, and an
attempt was made to include representative households in door-to-
door data collection using a structured questionnaire. Households
were selected based on information received from sewage emptying
contractors about households requesting their services. These
contractors normally offer two different types of service, either
emptying sewage containers when full or de-clogging the
containment/drainage network. Desludging is therefore included
in both services. A total of 195 households were surveyed,
representing both urban and peri-urban areas in Phnom Penh.
Sampling was planned to collect proportional numbers of samples
for urban and peri-urban areas, based on the local population in
these areas. In total, 144 households in peri-urban areas and 51
households in urban areas were interviewed. Since the population
in peri-urban versus urban areas in Phnom Penh is approximately
3:1 (NIS, 2020), the household sampling is representative.

The structured questionnaire included a combination of
dichotomous, multiple choice and open-ended questions (see

Faecal Sludge Quantities and Potential for Resource Recovery in Phnom Penh

Supplementary Information). It was developed in English,
before being translated into Khmer to simplify the interview
sessions by using the local language. The questionnaire covered
aspects of the household’s socioeconomic profile (including sex,
education level, employment status, type of residential building,
age of building, access to water), household sanitation practices
(sewage container type and size, frequency of faecal sludge
emptying, volume emptied) and householders’ perceptions of
faecal sludge management. A draft questionnaire was pre-tested
during 1 week at the beginning of the study and refined based on
feedback from this field testing. A few modifications were made
before the actual survey conducted. The final questionnaire version
took around 20 min to complete and targeted any person in the
household between 18 and 70 years old and aware of the sanitation
system in the house. In most cases, the study team interviewed the
head of the family. All households were allocated an identification
code and the geo-coordinates (coordination system WGS 1984) of
participating households were recorded using a handheld global
positioning device (Garmin GPSMAP 60CSx).

Survey of emptying and transportation contractors: Another
structured questionnaire was used for interviewing vacuum and
manual sludge emptying contractors (see Supplementary
Information). The purpose of interviewing contractors
providing emptying services was to track the final fate of
faecal sludge after removal from households. These
interviewees were asked about the quantity of faecal sludge
they collected and, where possible, the geo-coordinates
(coordination system WGS 1984) of the disposal site of faecal
sludge from each household was recorded using a handheld
global positioning device (Garmin GPSMAP 60CSx). A
specific name was assigned to each disposal site at which
sludge was deposited. However, private contractors in Phnom
Penh sometimes dump sludge illegally (Peal et al, 2015) and
some sludge disposal sites had to be recorded as unknown, since a
member of the study team was not allowed to accompany the
truck driver to the disposal site in all cases.

Field observation: In addition to the interviews with
householders and sewage emptying contractors, the study
team observed the work performed by operatives during each
emptying event. This allowed observations of the accessibility of
the containers, respondents’ willingness to have faecal sludge
treatment before final disposal, and whether the container
emptying operatives used personal protection equipment while
they performed the work. The study team also accompanied truck
drivers to the disposal site and observed the surroundings at the
sites, such as presence of water sources and the possibility of the
neighbouring community using the site for swimming or for daily
water extraction for general purposes.

Literature review: In addition to primary data collection,
secondary data were collected from the literature in order to
enable quantification of faecal sludge and resources. Data
sources included government reports on population census,
published literature on the population served by on-site
sanitation in Phnom Penh and published information on
average urine and faeces generation rates in the city. Statistical
data from the Food and Agriculture Organization (FAO) on the
total nutrient content in staple foods consumed by Cambodians
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TABLE 1 | Sanitation management practices employed by responding households in peri-urban and urban areas of Phnom Penh. Values in brackets are percentage of the
respective total. Values in bold indicate significant difference between peri-urban and urban settings (p < 0.05).

Variable Total n = 195 (%) Peri-Urban Urban n = 51 (%) p-value
n =144 (%)

Type of containment system

Cesspit 181 (92.8)

Septic tank 14 (7.2)
Connection to drainage network

Yes 138 (70.8)

No 57 (29.2)
Toilet type

Auto flush 94 (48.2)

Pour flush 77 (39.5)

Both 24 (12.3)
Water-tight container

Yes 92 (47.2)

No 103 (52.8)
Only blackwater

Yes 36 (18.5)

No 159 (81.5)
Age of toilet/container

<3 32 (17.8)

3-10 72 (40.0)

11-20 58 (32.2)

>20 18 (10.0)
Reason for emptying

Clogged 111 (56.9)

Filled 68 (34.9)

Other 16 (8.2)

135 (93.7) 46 (90.2) 0.527

9(6.9 5(9.8) 0.527
90 (62.5 48 (94.1) <0.001
54 (37.5 3(5.9 <0.001
66 (45.9) 28 (54.9) 0.341
65 (9.0) 12 (21.6) 0.010
13 (45.1) 11 (23.5) 0.036
58 (40.3 34 (66.7) 0.002
86 (59.7) 17 (33.3) 0.002
30 (20.8) 6(11.8) 0.220
114 (79.2) 45 (88.2) 0.220
25 (18.5) 7 (15.6) 0.821
63 (46.7) 9 (20.0) 0.002
40 (29.6) 18 (40) 0.269

762 11 (24.4) <0.001
76 (52.8) 35 (68.6) 0.071
60 (41.7) 8(15.7) 0.001

8(5.5) 8 (15.7) 0.035

were used to calculate the nutrient content in combined excreta
and in faecal sludge.

Data Analysis
Statistical analysis: Microsoft Excel 2010 and R software version
4.0.4 were used for data handling and analysis. Descriptive statistics
were calculated, such as proportion test and Chi-square test/
Fisher’s exact test (where the number of samples (n) broke the
rule of thumb that n (1-p) >10. Samples must be taken for
household data to reveal socio-economic status in relation to
sanitation practices at household level, especially as regards
FSM. p-values <0.05 were considered statistically significant.
Spatial analysis of faecal sludge disposal sites: Geo-coordinate
data on households and sludge disposal sites were processed using
Microsoft Excel 2010. The distance from each household to its
sludge disposal site was calculated using ArcMap 10.8. The
drainage network system serving households within the
coverage area was used to identify the final disposal site
(recipient waters) for faecal sludge. The linear distance
calculation method was used to estimate the distance between
source household and final sludge disposal site. Three transport

zones (4, 9 and 14 km) were added to the map to assess the
distance between the two main disposal sites and the households
from which the faecal sludge was obtained.

Faecal sludge quantification: The sludge collection method
developed by (Strande et al, 2014) was used to quantify the
amount of faecal sludge handled throughout the entire sanitation
service chain. Based on population data for 2020, the amounts were
quantified at six different stages of the chain, using a modified
approach taken from Strande et al. (2018). The parameters
determined at these stages were excreta generation rate (Q),
faecal sludge generation rate (Q,), faecal sludge accumulation rate
(Qs), amount of faecal sludge emptied (Q,), amount of faecal sludge
collected and delivered to Boeung Trabek pumping station (Cheung
Ek wetland) (Qs), and amount of faecal sludge collected and
delivered to Prek Pnov open canal (Kob Srov wetland) (Q).

Q, was calculated as:

Excreta produced Q, (L/year)= P (servetyX (Qurine) + Qfacees))
(1)
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where P(serveq) is the population served by on-site sanitation in
Phnom Penh; Qurine) is urine generation rate, which was set at
1.42 L/cap/day (Rose et al., 2015); and Q(gaeces) is estimated faecal
generation rate, set at 0.236 L/cap/day for low-income countries
(Strande et al., 2018).

Q, was calculated as:

Faecal sludge produced Q, (L/year)
2)

= Q; + Total container inflow (sepic tank +pit latrine)

where:

3)

total container inflow (septic tankspit latine) = P (served) X Cyy

and C,, is the quantity of water inflow to the container (septic
tank and cesspit). Key assumptions made were 1) that water
inflow is similar for septic tanks and latrines, 2) that type of
container does not influence faecal sludge characteristics (based
on Eliyan et al. (2022)); and 3) that water and excreta are the only
substances entering the container, since water is used for anal
cleansing and households predominantly have a piped water
connection, while the small proportion of the population that
use toilet tissue for wiping usually dispose of it in trash bins with
other types of solid waste. According to Koppelaar et al. (2018),
an average of 58.6 L/cap/day of water enter the sewage container
(Cy) in developing countries.

Q; was calculated as:

Faecal sludge accumulation Q, (L/cap/year)

Emptied volume

4

~ Number of users.Empt ying frequency

The input values used for calculating Qs, i.e., emptied volume,
number of users and emptying frequency, were the average value
for each category based on the household questionnaire and
triangulated with data from the container emptying contractors.

The amount of faecal sludge emptied (Q,) was calculated
based on observations during each emptying event. All faecal
sludge in the container was removed and only a small amount of
water was sprayed to clean the container, so it was assumed that
faecal sludge emptied (Qg) was equal to faecal accumulation rate
(Q;). The analysis covered only faecal sludge collected by
mechanical emptying contractors.

Faecal sludge collected and delivered to Cheung Ek wetland
(Qs5) was estimated as the amount of sludge collected from
household containers and delivered to the authorised disposal
site. According to Peal et al. (2015), Boeung Trabek pumping
station is the only authorised disposal site for Phnom Penh.
Therefore Qs was determined based on data collected from the
interviews with container emptying contractors on whether they
discharge the sludge they collect at Boeung Trabek pumping
station or directly into Cheung Ek wetland. Qs was defined
similarly as the amount of faecal sludge collected from
households and discharged into Toul Sampov wastewater
canal or Kob Srov wetland, based on response from

Faecal Sludge Quantities and Potential for Resource Recovery in Phnom Penh

contractors during interviews and on field observations. Toul
Sampov canal, which is located to the north of the city (see
Figure 1), is 5 km long and carries wastewater from the Sen Sok
area to Kob Srov wetland.

Resources quantification: Resources can be described as the
amount of nutrients and energy that could be recovered from
faecal sludge. According to FAO (2019), the total protein
content in food consumed by the Cambodian population is
65.53 g/cap/day and the protein content in vegetable products
consumed is 46.81 g/cap/day. The total amounts of the
macronutrients nitrogen (N) and phosphorus (P) in faecal
sludge in Phnom Penh were calculated using Eqs. 5 and 6,
respectively (Jonsson et al., 2004) and considering the fact that
only 22% of on-site sanitation users report employing a
contractor to empty their sewage container (Frenoux et al,
2011).

Content of nitrogen (N) = 0.13 x Total food protein  (5)
Content of phosphorus (P) = 0.011x (Total food protein
+vegetable food protein) (6)

The nutrient resource in faecal sludge was also calculated
based on concentration of total nitrogen (N and total
phosphorus (Py,) in faecal sludge according to (Eliyan et al,
2022).

The potential for energy generation from faecal sludge was
estimated based on Ahmed et al. (2019), who concluded that the
energy potential in faecal sludge lies within the range
16.39-18.31 MJ/kg at a sludge density of 1,001 kg/m* (Radford
and Sugden, 2014).

RESULTS

Results are presented below for FSM throughout the entire service
chain, from source (households) to the final disposal site, divided
into five parts: demography of respondents; sanitation
management practices by households in Phnom Penh; current
disposal sites for faecal sludge removed by vacuum operators;
faecal sludge quantities; and resources contained in faecal sludge
flows through current pathways.

Demography of Respondents

There was no statistical correlation between demographics of the
respondents and geographical locations (see Supplementary
Table S1).

Sanitation Management Practices

Two types of on-site sewage containment system are used in
Phnom Penh, cesspits and septic tanks, According to our
survey of households, cesspits dominate, serving up to
92.8% of the population, a trend seen in both urban and
peri-urban Around 95% of wurban households
reported having their sludge container connected to the
sewer network, while only 62.5% of households in peri-
urban areas reported have a direct connection (p < 0.001).
Concerning the sanitation management practices performed

areas.
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TABLE 2 | Summary statistics on final disposal sites of faecal sludge on Phnom Penh (N = number of samples, SD = standard deviation).

Disposal Site N % Of Min Transport
Total Distance (km)

Cheung Ek wetland 63 57.8 0.00

Kob Srov wetland 46 42.2 0.00

Total 109 100

by respondents, type of containment system and type of
wastewater received by the system (only blackwater or not)
were found to be unaffected by location in urban or peri-urban
areas in Phnom Penh (Table 1). However, the age of the
sewage container differed significantly with the geographical
location of the household. The containers at houses in peri-
urban areas of the city tended to be newer, reflecting the fact
that the city is developing and expanding outwards.
Mechanical emptying services is the only preferred method
for households in Phnom Penh when their containments were
full or clogged. No evidence of manual emptying practices was
found. According to the observation by the study team during
data collection, none of pit emptiers used personal protective
equipment during emptying Hence, it might
potentially pose risks to their health.

events.

Faecal Sludge Disposal Sites

There is no faecal sludge treatment facility in Phnom Penh and
Boeung Trabek pumping station is the only authorised sewage
disposal site (Peal et al., 2015; JICA, 2016). The disposal sites
identified in this study included public manholes near the
households where faecal sludge was collected, fields around the
Kob Srov area, Toul Sampov wastewater canal, a smaller canal
(1 km) connected to Toul Sampov wastewater canal, and Boeung
Trabek pumping station (Cheung Ek wetland). The survey also
revealed that Cheung Ek wetland is the main disposal site
(receiving 54.1% of all sludge collected), followed by the small
canal and Toul Sampov wastewater canal itself (34.5%). Toul
Sampov canal receives wastewater from the Sen Sok area, which
flows onwards by gravity to Kob Srov wetland, with the Tonle Sap
river being the final receiving reservoir. The remaining 11.4% of
collected faecal sludge goes to open fields in the Kob Srov area and
public manholes near source households. Since those two main
disposal sites are pumping stations, there is limited risk for
spillage and spread of faecal matter to local people living
around those areas.

Wherever faecal sludge is disposed of within the drainage
network, it ends up in one of the two main receiving wetlands,
namely Cheung Ek and Kob Srov. The results obtained in this
study indicated that Cheung Ek wetland is the main faecal
sludge disposal site for container-emptying contractors
(57.8%), while Kob Srov receives 42.2% of all sludge collected
from household sewage containers by mechanical emptiers
(Table 2). The mean travel distance from source households
to Cheung Ek was found to be 4.34 km, while that from source
households to Kob Srov was around 3.87 km. The shortest
estimated distance observed was Okm, in cases where the
faecal sludge removed from a household’s containment

Max Transport Mean Transport SD (km)
Distance (km) Distance (km)
13.9 4.34 2.78
12.7 3.87 2.89

system was disposed of in a manhole located in front of the
household. This only occurred for households with drainage
network coverage.

The linear distance from source (extraction household) to
each disposal site was used to estimate the travel distance for
discharging emptied faecal sludge from households in Phnom
Penh. Three zones were created around the two main disposal
sites, to group travel distances for emptying events. The
resulting map revealed that most travel distances for
emptying faecal sludge fell within the first and second zones,
with few distances within the third outer zone (Figure 2). This
reflects the current practice of contractors, who prefer not to
travel long distances to discharge collected sludge when there is
an opportunity to dispose of it somewhere that could reduce
their travel distance, thereby saving transportation time and
fuel costs.

Faecal Sludge Quantities
Estimation of excreta production (Q;) and faecal sludge
generation (Q,) was based on secondary data taken from the
literature, based on Strande et al. (2014) as indicated in data
analysis section. The production rate of excreta in Phnom Penh
was taken to be 604 L/cap/year for all types of containment
system, based on findings (Eliyan et al., 2022) that type of
containment system does not influence the characteristics of
faecal sludge. The faecal sludge generation rate (Q,) was
estimated to be 21,993 L/cap/year. Based on the primary data
collected in the study, faecal sludge accumulation (Q;) was
estimated to occur at a rate of 106 L/cap/year for all types of
containment system. This was only around half the value
reported previously for the city of Kampala in Uganda
(Strande et al., 2018). However, an earlier study conducted in
12 Asia and Africa cities found faecal sludge accumulation rates
varying from 35.6 to 959 L/cap/year (Chowdhry and Kone,
2012). The accumulation rates in Phnom Penh are at the
lower end of that reported range, possibly because
containment systems in Phnom Penh are usually connected
to the sewerage network, which allows daily overflow of
supernatant from the sludge container to the drain network.
In addition, many of the household containment systems in the
city are not watertight, which allows the liquid portion of
wastewater in the container to drain out to surrounding soil.
According to our calculations, the total amount of faecal sludge
emptied (Qq4), and thus collected (Qs), was 32,500 m3/year
(Table 3).

Our calculations showed that around 52.5% (18,800 m3/year)
of total faecal sludge emptied from household containment
systems during the study period was taken to Cheung Ek
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Origin to Destination

Buffer Distances

disposal sites of faecal sludge in Phnom Penh identified in the study.
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FIGURE 2 | Transport distance zones (within 4, 9 and 14 km) around Toul Sampov wastewater canal and Boeung Trabek pumping station, the two main final

N E— s Kilometers

TABLE 3 | Faecal sludge quantities at different stages along the on-site sanitation service chain for households in Phnom Penh.

Faecal Sludge Quantification as

Excreta produced (Q4)

Faecal sludge produced (Qy)

Faecal sludge accumulation (Qg)

Total faecal sludge emptied (Q4)

Total faecal sludge collected (Qs)

Faecal sludge collected, delivered to Cheung Ek wetland (Qs,)
Faecal sludge collected, delivered to Kob Srov wetland (Qsp)

wetland and 42.2% (13,700 m3/year) was discharged in the Kob
Srov catchment.

Estimation of Resources Content in Excreta
and Faecal Sludge

Potential resources assessed in this study were the amount of
nitrogen, phosphorus and energy contained in faecal sludge.
Based on FAO protein consumption data and resulting N and
P in excreta (Eqgs. 5 and 6), it is estimated that each individual

Amount (L/cap/year) Total Quantity (m®/year)

604 1,380,000
21,990 50,190,000
106 32,500
106 32,500

32,500
- 18,800
- 13,700

excretes around 3.12 kg N and 0.45 kg P per year (Table 4), the
total amount of nitrogen theoretically present in excreta (urine
plus faeces) was thus estimated to be 955 tons/year, while the
amount that could potentially be extracted from faecal sludge was
only 6 tons/year (Jonsson et al., 2004). Thus, according to these
findings faecal sludge in Phnom Penh contains less than 1% of
total nitrogen excreted by humans. Nitrogen in wastewater is
mostly found in the water-soluble form as ammonia and follow
the liquid fraction into the sewer network or into the ground due
to non-watertight containers.
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TABLE 4 | Estimated amounts of resources (total nitrogen (Nior) and total phosphorus (Py.)) contained in excreta (urine + faeces) and in faecal sludge generated annually in

Phnom Penh and discharged to Cheung Ek wetland and Kob Srov wetland.

Generation
rate® (kg/cap/year)

Resource

Total nitrogen in excreta 3.12
Niot in faecal sludge -
Niot to Cheung Ek -
Niot to Kob Srov -
Total phosphorus in excreta 0.45

Piot in faecal sludge
Piot to Cheung Ek _
Piot to Kob Srov -

AEquations 5 and 6.

Amount in Faecal
sludge® (kg/year)

Amount
in excreta® (kg/year)

955,500 -

- 6,100
552,000 3,530
408,000 2,580
137,000

12,980
79,600 7,500
58,200 5,480

bThe number of population used for this calculation was 306,238, represented the population used onsite sanitation with experiences of emptying their containments (Frenoux et al., 2011;

Peal et al., 2015; NIS, 2020).

°The concentration of total nitrogen and total phosphrus were 188 mg/L and 400 mg/L, respectively (Eliyan et al., 2022). Note that it is Q4 x concentration.

The results for phosphorus showed that a larger fraction,
around 9%, remains in faecal sludge (Table 4), presumably
because phosphorus tends to precipitate as metal phosphate
and attach to solid particles in sludge and is less water-soluble
than nitrogen. However, a high proportion of both nutrients
(nitrogen and phosphorus) remains in the liquid wastewater
fraction, which with improved wastewater treatment could be
captured and treated as part of achieving the UN SDG goal 6,
under target 6.2 and 6.3, as well as meeting the Cambodian
wastewater discharge standard (RGC 2017; RGC, 2021) and to
avoid environmental impacts. In conclusion, around 6 tons of
nitrogen and 13 tons of phosphorus could be recovered from
faecal sludge annually.

Potential energy generation was calculated based on the total
faecal emptied annually (Q,). Based on energy potential from
Ahmed et al. (2019), the estimated amount of potential energy
that could be captured from faecal sludge annually was within the
range 532,571-594,959G]J, or 148-165 GWh.

DISCUSSION

The baseline data obtained in this study can support sanitation
stakeholders in future decision-making for more sustainable
FSM, while the logistical data obtained, such as volumes of
sludge generated and travel distance from source to disposal
site, are critical for planning FSM at city-wide scale. The study
also indicated that recovery of resources (plant nutrients, energy)
from faecal sludge could potentially be an incentive for FSM in
the long run.

Factors such as household connection to the city’s sewerage
network and age of sewage containment systems were found to
differ significantly between geographical areas of Phnom Penh,
particularly between urban and peri-urban areas. It emerged that
urban area generally had full drainage coverage, while some parts
of peri-urban area still had limited access to the sewerage network
due to slow development in the city’s wastewater management
sector. Data on the age of the containment systems and toilets in
the households surveyed indicated that there are more new
households in peri-urban settings, since in most cases houses

and toilet are built at the same time. The city is developing and
expanding rapidly, while wastewater management services have
not kept pace with the rate of development.

Different factors were found to lead to indiscriminate disposal
of faecal sludge at sites other than at the official designated site,
Cheung Ek wetland. One such factor was related to cost and travel
distance between households and Cheung Ek wetland. The
unofficial cost of 2.50 USD per truck and km travel distance
between Cheung Ek wetland and the next household served by
the truck. Frenoux et al. (2011) found that reducing the travel
distance from extraction household to faecal sludge disposal site,
by dumping sludge at an unauthorised site closer to the
household, would enable truck drivers to increase their income
by up to 10%, through faster turn-around and potential cost
savings on transport. The largest company among the sludge-
emptying contractors surveyed in this study owns around seven
trucks and pays monthly discharge fees at Cheung Ek wetland, so
it is most likely that faecal sludge extracted by this company is
discharged at the official site. Other survey responses indicated
that the truck drivers would prefer not to travel more than 9 km
between source household and sludge disposal site, for reasons of
turn-around speed and transport distance. This supports findings
by Frenoux et al. (2011) that the shorter the travel distance to
sludge disposal, the more savings the contractor can make, e.g. by
only travelling within 4 km distance to disposal site, they could
save up to 10% of their extraction income. Travel distance and
traffic congestion are also the main business constraints identified
by operators (PPCH, 2021). The first faecal sludge management
strategy for Phnom Penh Capital Administration (2035) pointed
out the need to build up to four treatment plants to treat faecal
sludge for the whole city. The location for the first treatment plant
has been established as Kamboul district, in one of the peri-urban
areas of Phnom Penh (PPCH, 2021). This site lies around 20 km
from the two main sludge disposal sites identified in this study,
which is rather far for transporting sludge from households
located in the centre of the city and likely poses a risk of
indiscriminate dumping still happening to some extent.

The faecal sludge generation rate was found to be quite high
compared with the excreta production rate (Table 3). The
calculation was based on the total generation rate, which
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included the supernatant that continuously flows into the
drainage network for households located within the coverage
area. The discrepancy reflects the fact that on-site containment
systems in Phnom Penh are either connected to the drainage
network, or not, depending on household location, e.g., urban
households located within the drainage coverage area are typically
connected to the network. The amounts of faecal sludge emptied
and disposed of are equal in Phnom Penh, since all mechanical
operators (based on our observations during the study period)
normally removed all faecal sludge from the containers at each
emptying event. With this current practice, more trucks would be
needed to transport the required emptied volume to authorised
disposal sites. PPCH (2021) found that business activity in the
faecal sludge empting and transportation sector in Phnom Penh
has increased by at least 5% in the past 8 years, including the
number of vacuum trucks and intensification of the service.
Greater efficiency in logistics and transportation is needed to
cope with the required transportation of collected sludge along
the entire service chain, which has been identified as one of the
business constraints for sludge collection contractors in the sector
(PPCH, 2021). Similarly, a study conducted in informal
settlements of Kampala, Uganda, found that three key factors
for improving service provision were truck capacity, fuel costs
and travel distance (Murungi and van Dijk, 2014). Another issue
in Phnom Penh is that the supernatant which flows continuously
from household containment systems goes directly to the
drainage network and eventually reaches natural recipient
wetlands without any treatment. The quality of this
supernatant may barely meet the effluent standard for
wastewater discharge (RGC, 2017) and it should be collected
and treated when planning for safely managed sanitation in
Phnom Penh.

The two big natural wetlands in Phnom Penh, Cheung Ek and
Kob Srov, play an important role as recipients and in treatment of
faecal sludge before final discharge. With the current practice, the
nutrients contained in faecal sludge act as pollutants, with
environmental implications for the wetlands. For example,
high ammonia concentrations inhibit algal growth and impair
plant growth in wetland treatment systems (Koné and Strauss,
2004). Excess nutrients could lead to eutrophication and algal
blooms in surface water (Andersson et al., 2016; Singh et al.,
2017). It is possible to change this pollutant loading into resource
recovery, particularly of plant nutrients, as fertiliser plays a key
role in crop productivity and food security. The demand for
fertiliser in Cambodia increased sharply, by around 210%,
between 2002 and 2011 (Vuthy et al, 2014). The present
study demonstrated good potential for nutrient recovery from
faecal sludge in Phnom Penh and the recovered nutrients could
potentially replace commercial fertiliser use in some agricultural
applications in Phnom Penh. According to the Cambodian
Department of Agriculture, Forestry and Fishery, 6,300 ha of
agricultural land in Phnom Penh, located within five of its peri-
urban districts, are farmed in the wet season. According to a
market study conducted by GRET (2019) the amount of N and P
fertiliser used in agricultural applications in Phnom Penh is
around 1,460 ton/year. Therefore, the 6 tons of N and 13 tons
of P that could be recovered from faecal sludge could replace part

Faecal Sludge Quantities and Potential for Resource Recovery in Phnom Penh

of chemical fertiliser use in Phnom Penh, while avoiding logistics
costs in transportation and adding more value to the final product
from wastewater treatment facilities. It would therefore reduce
the total cost of agricultural production, since fertiliser use is the
major determining factor in variable costs (Vuthy et al., 2014).

In addition to the nutrients contained in faecal sludge, it is also
possible to recover energy for domestic use. For instance, based
on the assumption that the average household in Phnom Penh
consumes around 1723 kWh/year (Sovanndara, 2002), the
amount of energy generated from faecal sludge, if converted
into electricity, would be enough to supply 85,900-95,900
households, replacing electricity generated from non-renewable
sources or imported.

CONCLUSION

The comprehensive baseline information obtained in this study can
be used as input for FSM planning throughout the entire service
chain in Phnom Penh. An estimated amount of 32,500 m” of faecal
sludge is emptied from household containment each year. The
results also revealed that the current practice of indiscriminate
disposal of faecal sludge will likely cause environmental problems,
such as eutrophication, in recipient natural wetlands (Cheung Ek,
Kob Srov), which currently act as natural treatment systems.
Annually, approximately 18,800 m®> and 13,700 m’ of faecal
sludge are emptied untreated into Cheung Ek and Kob Srov
wetlands respectively. Treatment of faecal sludge before release
into the environment is thus crucial to meet the goal of safely
managed sanitation in the city. When planning future faecal sludge
treatment plants, our results indicate that efficient transportation
logistics will be needed to maximise the income level of private
contractors, cope with a rising faecal sludge generation rate and
improve the cost effectiveness of FSM. In the case of Phnom Penh
city, there should be at least two treatment plant nodes, one located
in the south and the other in the north of the city. Our study
showed that private operators prefer to discharge the sludge they
collect within a 9-km zone, a finding that should be taken into
account at an early stage when considering possible locations for
wastewater treatment plants. Alternatively, setting up several faecal
sludge transfer stations at regular intervals could be a solution to
avoid long transport distances to wastewater plants for vacuum
truck drivers, and thus reduce the likelihood of indiscriminate
dumping. The supernatant that currently flows continuously from
households’ on-site containment systems should also be properly
treated as part of the goal to achieve safe sanitation management in
Phnom Penh. Depending on plant design, this supernatant could
be treated in faecal sludge treatment plants or sent to a combined
wastewater treatment plant.

To incentivise contractors and compensate for the operational
costs of sludge treatment, resource recovery from faecal sludge
treatment products could be considered. This study indicated a
possibility for alternative FSM through recovering resources from
faecal sludge. Nutrients (6 tons/year of nitrogen and 13 tons/year
of phosphorus) and energy (148-165 GWh/year) could be
recovered from faecal sludge. This could be used to partly
replace chemical fertiliser and imported electricity for
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agricultural applications and household usage. However, resource
recovery alternatives need to be investigated more thoroughly to
enable proper planning of sustainable faecal sludge management
in Phnom Penh and similar cities world-wide.
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Onsite sanitation is the dominant form of sanitation in Sub-Saharan African cities. Services
for emptying the fecal sludge from these facilities and transporting it to safe disposal or
treatment plants are crucial to public and environmental health. While these services are
becoming increasingly regulated, implementation of the regulation remains a challenge.
Through a multiple-case study anchored in the Contextual Interaction Theory, this research
investigated the barriers and enablers to regulating emptying and transport services for
fecal sludge. Looking at the cases of Kampala, Lusaka, and Freetown, this research found
that both the content of the regulation and the regulatory process (initiation, creation or
reform through to implementation) play a key role in the extent to which the regulation is or
can be implemented. New elements relating to the knowledge, motivation, and resources
of all stakeholders are identified as crucial to achieve regulated services. The findings have
resulted in a framework that identifies the key elements to consider when regulating
services. This framework would prove useful to practitioners and researchers engaged
through all stages of creating, implementing, and evaluating regulatory practices.

Keywords: enabling environment, waste management, urban, onsite sanitation, faecal sludge management (FSM),
policy implementation

1 INTRODUCTION

In Sub-Saharan African cities, the majority of the population relies on onsite sanitation facilities, that
typically generate fecal sludge (WHO/UNICEF, 2021). Services that operate to empty and transport
fecal sludge from on-site sanitation containment systems (without which sludge would be left on-site,
pits and septic tanks would overflow, and sludge would not reach treatment or safe disposal sites), are
crucial to enable a safely managed sanitation chain' in cities, to protect public and environmental
health (Ibid, 2021). When inaccessible, unhygienic, or inadequate, these services contribute to the
negative impacts of poor sanitation (disease, environmental pollution, financial loss, lower quality of
life, etc.), especially for those living in low-income urban settlements.

"The sanitation chain is composed of all the steps taken by the fecal sludge and wastewater produced by people, from generation
to end disposal or reuse (user interface, collection, transport, treatment or disposal or reuse) (Strande et al., 2014).
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To address the adverse impacts and the inadequacy of many
such emptying and transport services, local governments and
national entities have started organizing and regulating them
(ESAWAS Regulators Association, 2019; Gero and Willetts,
2020). Regulation can be divided into three main approaches:
command and control, support and incentivize, and leave to self-
regulate (Baldwin and Cave, 1999; Vedung, 2017). Previous
research shows that there are a variety of regulatory situations
in sub-Saharan African cities. Many cities have at least some
regulation in place for emptying and transport services, covering
five categories of regulatory mechanisms: rules, sanctions,
monitoring and control mechanisms, support and incentive
mechanisms and pro-poor measures (Lerebours et al., 2021b).

The implementation of the regulation is often partial or non-
existent (Weststrate et al., 2019; Lerebours et al., 2021b). Earlier
research identified certain elements of the regulation that
influence its implementation, either from the perspective of
the regulated (Lerebours et al., 2021a; Lerebours et al., 2021b),
financial constraints (Jenkins et al., 2015; Acey et al., 2019; Doe
and Aboagye, 2020), or the enabling environment for sanitation
(Mumssen et al., 2018; Sinharoy et al., 2019; Weststrate et al.,
2019). There is, however, no overall analysis of what, both in the
content of the regulation and in the regulatory process itself,
influence its degree of implementation.

An investigation of specific cases was thus needed to
understand better what contributes to and hinders the
implementation of regulation of fecal sludge emptying and
transport services. Through document analysis, an online
survey and semi-structured interviews, this multiple-case study
set out to identify barriers to and enablers of the implementation
of regulation, using Contextual Interaction Theory as the
conceptual lens for the design and analysis.

2 MATERIALS AND METHODS

For this research, investigating multiple cases was necessary to
identify commonalities and differences regarding the barriers to
and enablers of the implementation of regulation in different
cities. As general patterns were sought, a single unit of analysis
was chosen: a city in sub-Saharan Africa. Using the data collected
and analyzed during previous research (Lerebours et al., 2021a;
2021Db), three cities which have regulation in place were selected
(Kampala, Lusaka, and Freetown) that provide insights into the
contextual, process and regulatory elements regarding the
creation of the regulation, the resulting content of the
regulation, and the degree of implementation. While these
three cities are not intended to be representative of all cities in
sub-Saharan Africa, they share traits with many other cities, such
as population growth and considerable unplanned settlements
where access to basic services is limited. The knowledge generated
through this study contains generalizable elements, as shown in
the results and discussion sections.

2.1 Contextual Interaction Theory
As this study investigates the implementation of regulation in
particular, implementation theories were explored. Building on

A Framework for Regulating Sanitation

the work from previous scholars, Contextual Interaction Theory
(CIT) belongs to the third generation of implementation theories
which combines both top-down and bottom-up approaches
(O’'Toole, 2004), recognizing that policymaking and policy
implementation are interdependent, where all actors interact,
exchange, and learn from each other (Bressers, 2004; Bressers and
de Boer, 2013). CIT provides a lens with which to analyze the
course and outcomes of a policy process, looking at three core
characteristics of actors involved: motivation, knowledge, and
resources (Bressers, 2004). It is based on the assumption that
policy processes do not depend only on inputs, but are human-
social interaction processes between actors, both individuals or
collectives. CIT also assumes that many factors, including
external factors, influence the activities and interactions of the
actors, and that their characteristics influence the policy process
but are also influenced by it (Bressers, 2004; Bressers and de Boer,
2013). The interactions between actors are analyzed within their
own contexts, which also influence the resulting policy
implementation. This theory has been applied to various
policy processes, such as river management policy, health
policy, and to sanitation campaign programs (Bressers and de
Boer, 2013; Hueso and Bell, 2013).

CIT investigates the complexity of the implementation process
while providing a lens for analysis, distinguishing actors’ “core
characteristics” from contextual factors. Contextual factors
consist of 1) specific context (goals, instruments, resources,
and timing); 2) structural context (governance elements); and

3) wider contexts (political, economic, cultural, and
technological). The core characteristics of actors to be studied
are 1) knowledge, or “cognitions” (information and

interpretation of reality); 2) motives or motivation (drivers,
values, and perceptions); and 3) resources (financial and non-
financial capacity, skills, and decision-making power) (O Toole,
2004; Bressers and de Boer, 2013). Contextual Interaction Theory
is presented in Figure 1.

2.2 Data Collection and Analysis

This study used multiple sources of evidence for each city: 1) A
document review, including legal documents (to develop a
context summary). Documents selected were census surveys,
legal documents, policies, and strategies developed by the
country, region, and city studied. 2) Interviews with three
regulators in each city. Interviewees were selected because they
were working for the active regulators in their cities: i.e., the
national or city utility and local authority in all three cities, plus
the national regulator and policy maker in two cities. Interview
guides were developed based on the CIT elements (Bressers, 2004;
Bressers and de Boer, 2013). Interviews were held online, in
English, and transcribed. Private emptiers were not interviewed
for this study but their perspectives, collected in a previous study
(Lerebours et al., 2021a), were used to triangulate and discuss the
findings of this research. 3) A pre-interview online survey asking
questions related to the governance in place in the interviewees’
cities (structural context). This survey was administered in
English and adapted from the Governance Assessment Tool
developed as part of the CIT (Bressers, 2004). All interviewees
completed the pre-interview survey. The context summaries were
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also shared with the interviewees, so they could confirm,
complement, or amend them; and emails were exchanged with
interviewees to clarify or confirm information where required
during the analysis. Table 1 below summarizes the sources of
evidence for this study.

The data analysis comprised multiple steps: 1) the initial
document analysis and inputs from respondents led to case
summaries (see above). 2) the transcribed semi-structured
interviews were coded and thematically analyzed. An initial
coding guide was developed before the analysis, based on CIT,
and iteratively modified during the coding process. All
interviews were then coded against this guide to ensure
consistency across all interviews. 3) each case was analyzed
individually against the CIT elements (contextual factors and
core characteristics); and 4) a cross-case analysis was carried
out. The cross-case analysis consisted of identifying
commonalities and differences among the three «cases,
regarding the actors’ core characteristics and the contextual

factors, to identify barriers to and enablers of implementing
regulation. The resulting analysis is presented below in the
results section.

Based on the cross-case analysis, tables were developed
(Tables 2-6) to summarize the findings for the contextual
factors and the core characteristics. They present the key
elements identified by the respondents as influencing the
implementation of the regulation in their cities, either in a
positive way (enabler +) or negative way (barrier —), or a mix
of both (+/-). Using these findings and those from previous
research, a new framework was developed that incorporates the
key elements directly influencing regulation of emptying and
transport services recommended to be taken into account
through the regulatory process (Figure 2).

2.3 Ethical Considerations
Ethical approval for the study was obtained from Loughborough
University (Reference: DT_10496). Participation was voluntary,

TABLE 1 | Sources of evidence for the study.

Contextual factors

Actors’ core characteristics

Sources Specific inputs Structural context
or context

Document review X X

Pre-interview online survey X

Semi-structured interview X

Wider context Knowledge Motivations Resources
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study participants provided prior written informed consent and all
data was securely stored and fully anonymized to protect privacy.

3 RESULTS

The findings and discussions presented in this paper are
structured following CIT: the contextual factors (wider,
structural, and specific contexts) and the actors’ core
characteristics  (knowledge, motivation, and resources).
Applying the CIT lens for design and analysis provides a
comprehensive and robust way to ensure all elements relevant
to the practice of relevant actors and the broader context within
which they interact are accounted for.

3.1 Contextual Factors

3.1.1 Wider Context: Description of the Cities

The three cities studied are the capital cities of their respective
countries. Their populations are all over one million and growing
fast. 60% or more of their residents live in low-income areas, with
limited access to basic services. 85% or more of their residents use
onsite sanitation facilities, which are typically emptied by vacuum
tankers, Gulpers, and manual emptiers. While Kampala and
Lusaka have treatment facilities in operation for fecal sludge,
Freetown’s facility was not operational at the time of the research.
Table 2 below summarizes the contexts of the three cities.

3.1.2 Structural Context: Governance of the Cities
Emptying and transport services for fecal sludge are regulated by
the local governments, supported by their line ministries, in all
three cities. The environmental regulator is also involved in
Kampala and Lusaka, along with the water and sanitation
regulator and the utility in Lusaka. Table 3 below summarizes
the main stakeholders involved in the regulation of emptying and
transport services.

3.1.3 Specific Context: The Regulatory Process and
the Regulation in Place

All three cities started their regulatory processes recently (post-
2010), following regular disease outbreaks and the offer of
support from donors and development partners. They all
benefitted from external support to develop their regulation
and implement it, as part of wider sanitation improvement
projects. Lusaka and Kampala received substantial financial
support from donors and development partners (including
funding for fecal sludge treatment plant construction and
rehabilitation, for toilet construction and rehabilitation,
support to subsidized emptying, etc.). Indeed, the Lusaka
Sanitation Program, led by LWSC and funded by the World
Bank, the European Investment Bank, the African Development
Bank, and the German Development Bank had a budget of
US$350 million (2016-2021). In all three cities, the regulatory
processes began with initial assessments of the sanitation market,
stakeholders and specificities. This was followed by engagement
of a wide range of stakeholders, including emptiers; sanitation
marketing and other awareness-raising activities targeted at
households; capacity building of all stakeholders, especially of

A Framework for Regulating Sanitation

the regulators and the emptiers; and the development of
regulatory documents, some of which are yet to be approved.

The regulations developed in the three cities have some
similarities. Emptiers in each city should register their
businesses, obtain licenses to operate from the local
government and/or the utility, and licenses for their trucks.
They must follow standard operating procedures, key
performance indicators or minimum operating standards, and
report on their work. The bylaws developed by the three local
governments (two pending approval) cover the entire sanitation
chain and emphasize health and safety requirements, mandatory
sites for disposal, and operational standards. All three cities have
set up call centers, together with monitoring and information
systems (under development in Lusaka and Freetown). They all
gather customer feedback through their call centers and other
complaint hotlines. Local government and other regulators
monitor emptiers through this feedback and spot checks,
including visits to emptying sites. However, mapping
sanitation facilities (even if only partial), standards for
sanitation facilities, licenses from the environmental regulator,
self-reporting by emptiers, and regulation by contract, in which
emptiers are under contract with the municipality or utility to
provide a specific service with measurable performance
indicators, can only be found in Kampala and Lusaka. Lusaka
is the only city in which pit-emptiers are not allowed to operate
without a contract and consequently charge a specific fee set by
the utility. In Kampala, emptying prices are not fixed, except
when the service is subsidized by KCCA.

Penalties in place when emptiers break the rules cited above
include fines, arrest, loss of license, loss of contract, loss of access
to disposal site(s) and suspension from the call center registry. In
Freetown for example, the FCC draft bylaws specify that emptiers
who do not abide by standard operating procedures or use the
mandatory disposal site can be fined up to 500,000 SLL> and given
a prison sentence of up to 6 months.

All three cities have taken steps to support emptiers and
incentivize them to operate in a formal and regulated manner.
They were engaged early in the regulatory process, to ensure the
acceptability of the regulation and buy-in of emptiers. Initiatives
to increase demand for services included marketing of safe
services, call centers, and in Kampala and Lusaka, subsidies to
empty pits and tanks and to build or upgrade toilets that are
emptiable. Support to formalize businesses took the form of
training, and the supply of PPE and tools in the three cities.
Business clinics or equivalent were provided in Kampala and
Lusaka and mobile transfer stations occasionally provided in
Kampala.

The implementation status of these somewhat similar
regulations varies widely. In Kampala and Lusaka, while not
fully implemented, according to the regulators the rules described
above are known and followed by the majority of the emptiers.
Kampala’s compliance approach (handholding of emptiers,
incentives and support to be regulated) has led to delaying full
enforcement of the rules in place on paper, but a number of

2500,000 Sierra Leonean Leone = US$45 (March 2022).
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TABLE 2 | Cities’ wider context (source: document analysis and respondents).

Location

Climate
Administration

Population

Low-income
settlements

Access to sanitation

Type of fecal sludge
emptying and transport

Treatment facilities

Kampala

Capital of Uganda. Bordering Lake Victoria, at
an altitude of 1,140 m; total area 178 km?

Tropical, two rainy seasons
Kampala Capital City Authority (KCCA)

1.5 million that doubles during the day due to
commuting. Projected to grow to 1.9 million by
2025

60% of the population live in the 72 informal
low-income settlements that cover aimost
11% of the city area

99% of Kampala’s residents have access to
sanitation facilities, with 92.5% of the
inhabitants using onsite sanitation facilities,
mostly pit latrines, septic tanks and VIP
latrines. 60% of Kampala’s population had
access 1o safely managed sanitation in 2019

Vacuum truck in high- and mid-income areas
and some low-income areas. Gulper and
manual emptiers in low-income areas

Bugolobi and Lubigi wastewater and fecal
sludge treatment plants

Lusaka

Capital of Zambia. Altitude 1269m; total area
360 km?

Subtropical, three seasons
Lusaka City Council (LCC)

2.3 million inhabitants. Average population
growth of 4% pa

Approximately 70% of Lusaka’s residents live in
the 35 informal and unplanned peri-urban areas

85% of Lusaka’s residents have access to
onsite sanitation facilities (partially lined or lined
pit latrines and septic tanks), 14% are
connected to sewers and 1%-4% practice
open defecation. 17% of the population has
access to safe sanitation

Vacuum trucks mostly operating in planned
urban areas. Manual pit emptiers in peri-urban
areas

Manchinchi wastewater treatment plant, or
Chazanga and Kanyama fecal sludge treatment

A Framework for Regulating Sanitation

Freetown

Capital of Sierra Leone
Onthe coast of the Atlantic Ocean at sea level;
total area 82 km?

Tropical, one rainy season
Freetown City Council (FCC)

1.2 million people. Growth rate of 4.2% pa.
Expected to double by 2028

60% of the residents live in low-income areas,
the majority located on the hills and
floodplains

90% of Freetown’s residents use onsite
sanitation facilities (pits and septic tanks), 6%
are connected to sewers, 4%-5% practice
open defecation or use hanging tailets (toilets
located directly over bodies of water)

Vacuum trucks, Gulper operators and manual
emptiers. Some facilities empty directly into
drains and waterways

Disposal at Kingtom dumpsite (not a
treatment facility). A treatment facility has

plant

emptiers are already registered, licensed, and operating under the
existing regulations. Lusaka’s implementation of the regulation
has focused so far on pit-emptiers, and while they are waiting for
the final approval of the bylaws before enforcing all the rules with
all emptiers (to include septic tanks emptiers), pit-emptiers are
already operating under the new regulations. In Freetown,
however, the standard operating procedures are only followed
by emptiers hired by development partners. The new bylaws,
once approved by parliament, will need time to be rolled out to all
service providers.

3.2 Actors’ Core Characteristics
3.2.1 Knowledge
All interviewees reported experience and knowledge of the
sanitation sector in general, including fecal sludge
management services. They assessed the knowledge and
technical skills of their institutions as sufficient to do their
work, in Kampala and Lusaka, while additional capacity
building is needed in Freetown. Respondents found the
regulation to be clear and consistent across regulatory documents.
In all three cities, emptiers were involved in the development
of and trained on the regulatory process. However, all
respondents agree that additional training and outreach is
needed. Similarly, there have been outreach efforts in the three
cities studied to ensure households are aware of the regulation in
place, although respondents said that further awareness
campaigns were needed. In Freetown, respondents shared that
many were still not aware of the regulations. Outreach efforts,

been built (2021) and will start operating
shortly

both towards emptiers and households, have not focused on what
the rules and sanctions are, but rather on why they are needed
(with emphasis on the negative impact of unsafe services), and
how they can be implemented.

The availability of data was in general deemed good enough by
respondents in Kampala and Lusaka, thanks to previous scoping
studies, surveys, and systematic data collection. In these two
cities, the majority of emptiers are known by at least one of the
regulators, except for some informal manual emptiers, especially
in Kampala. Specific data are still lacking, such as a
hydrogeological survey in Lusaka. In Freetown, however, more
extensive data are still lacking about sanitation facilities and
services. In all three cities, monitoring and evaluation (M&E)
systems are being developed. Respondents highlighted the need
for a sound understanding of the baseline situation when starting
the regulatory process, including identifying existing sanitation
facilities and infrastructures, stakeholders, the state of the
sanitation market and services, assessing the whole sanitation
chain to identify gaps, existing solutions and acceptable
minimums. Sharing of data seem to be done easily and
routinely in the three cities among sanitation regulators, and
upon request with others.

Table 4 summarizes the findings of barriers and enables across
the elements under the Knowledge theme.

3.2.2 Motivation
In all three cities, respondents shared their personal commitment
to implementing the regulation in place, along with their pride in
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TABLE 3 | Main stakeholders involved in provision and regulation of emptying and transport services.

Local government

National government

Utility

Independent regulator
for water and sanitation

Independent
environmental regulator

Emptying and transport
service providers

Emptiers’ association

Kampala

Kampala Capital City Authority (KCCA) is
responsible for sanitation and public health;
licenses service providers; and can make and
enforce bylaws

The Ministry of Water and Environment
formulates policies, long-term objectives,
mobilizes financial resources and oversees the
sector

National Water and Sewerage Corporation
(NWSC) is responsible for water and sewerage,
including the operation of wastewater and fecal
sludge treatment plants

None dedicated

National Environmental Management Agency
(NEMA) sets waste disposal and transportation
standards, and licenses environmentally
hazardous practices

e KCCA (mechanical)

e Formal and informal private mechanical and
semi-mechanical (Gulper) emptiers
e |nformal manual emptiers

® The Private Emptiers Association Uganda
(PEAU)

o Kampala Emptiers Association Limited
(KEALtd)
® The Gulpers Association of Uganda

Lusaka

Lusaka City Council (LCC) is responsible for
sanitation and drainage; conserving water
supplies and preventing pollution; and can
make bylaws

The Ministry of Water Development, Sanitation
and Environmental Protection (MWDSEP)
provides oversight and coordination

Lusaka Water and Sanitation Company
(LWSC) provides water and sanitation
services. It delegates emptying services to
private operators

The National Water Supply and Sanitation
Council (NWASCO, since 1997) sets and
enforces standards and guidelines, licenses
and advises institutions and service providers

Zambia Environmental Management Agency
(ZEMA) sets waste disposal and waste
management standards, enforces them,
licenses and advises institutions

e Formal private mechanical emptiers

e Formal manual emptiers, subcontracted by
LWSC
e Informal manual emptiers

Mechanical and formal manual emptiers are
represented by the Zambia Emptiers
Association

A Framework for Regulating Sanitation

Freetown

Freetown City Council (FCC) is responsible for
regulation and delivery of sanitation services;
can raise local taxes; and can make and
enforce bylaws

The Ministry of Health and Sanitation (MoHS)
and the Ministry of Internal Affairs, Local
Government and Rural Development are
responsible for sanitation

Guma Valley Water Company is responsible
for water supply and sewerage in Freetown,
but has no responsibility for onsite sanitation

None dedicated

The Environmental Protection Agency (EPA)
sets standards and guidelines to protect the
environment, but until now, is not active for
onsite sanitation

e FCC (mechanical)

e Formal private mechanical and Gulper
emptiers
e |nformal mechanical and manual emptiers

Private emptiers are represented by an
emptiers’ association

TABLE 4 | Barriers and enablers for knowledge from interviews.

Knowledge elements

Knowledge and technical skills of the regulator(s)

Clear regulation on paper

Knowledge of the regulation by emptiers

Knowledge of the regulation by households
Understanding of the need for regulation by the regulated
Knowledge of the emptiers by the regulators

Availability of data
Sharing of data

Kampala

+
+
+

+/—
+

+/—
+
+

Lusaka Freetown

+ +/—
+ +
+ +

+/— -
+ +/—
+ +
+ _
+ +

Note: this table assesses the different elements of CIT’s knowledge with three potential outcomes: enablers (+), barriers (), or a mix of enablers and barriers (+/-).

seeing the positive outcomes. In Kampala and Lusaka,
interviewees also appreciated the national and international
recognition their institutions are receiving. Respondents
expressed that regulators should be champions of the reform
and vision they are pursuing and advocate for these with all other
stakeholders.

The regulators’ decision to start regulating in the cities studied
was driven by several reasons. First, the respondents all agreed

that it was part of the mandate of their respective institutions.
Second, they shared a will to address public health issues and
disease outbreaks. The support received from development
partners also drove them to lead reforms, especially in
Freetown where it was reported to be the main reason for
regulating services. Finally, respondents wanted to address the
lack, or inadequacy of previous regulations, roles, and
responsibilities. Indeed, Lusaka had almost no regulation for
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emptying and transport services for fecal sludge, while in
Kampala and Freetown the previous rules were seen as
confusing and too vague to be enforced. In the three cities,
regulators received support from higher authorities to enact
the regulation. Respondents highlighted the need to engage
politicians early to gain their support, which is seen as critical.

The households” motivation to implement regulation was built
through education in all three cities, explaining the need for safe
services, how to access them, and how to report issues. In Kampala
and Lusaka, a compliance approach with light enforcement has
been used, while in Freetown, offenders are first warned and given
the opportunity to comply, before being fined and prosecuted.
Respondents emphasized the importance of making the steps of
hiring safe services clear, easy, and well-known.

In the three cities, emptiers were engaged early to help them
understand the regulation and why it was needed. They
contributed to the content of the regulation, as it was seen to
make the regulation more acceptable to them and more context
specific. The three cities host emptiers’ associations, which were
consulted throughout the regulatory process, enabling regular
communication and feedback between regulators and those to be
regulated. Building trust between the regulators and the regulated
was mentioned by respondents in Kampala and Lusaka as a key
component of regulating. The requirements and bidding
processes practiced in both cities are said to be transparent, so
that any decision from the regulators would be accepted. In
Freetown, however, emptiers find the bidding process unfair as
public and private operators have different rules. In Freetown,
emptiers are required to pay an unfixed registration fee, which is
not less than SLL 200,000 (US$17) annually, plus at least SLL
100,000 (US$ 8.50) every dumping trip at the Kingtom disposal
plant. The emptiers complained not only about the high fees, but
also about the fact that the fees vary from one client to another,
and that they continually go up. They also find the requirements
to dispose of sludge at a disposal site and pay disposal fees illogical
when the disposed sludge remains untreated.

Emptiers have also received support to help implement the
new regulation (support and incentive mechanisms). This is in
the form of training (technical, health and safety, business
management, regulation), provision of tools and PPE, and
building demand for services through awareness campaigns.
These support mechanisms were mostly provided by or with
financial support from development partners. Respondents
shared the will of their institution to favor compliant emptiers.
The call centers established in the three cities link potential
customers with emptiers practicing safe emptying. Contracts
given by the utility in Lusaka, the municipality in Kampala,
and development partners in Freetown are restricted to
registered and compliant emptiers. The goal is then to
convince other emptiers that they would benefit from
becoming formal and following the regulation. In the three
cities, there are monitoring and reporting mechanisms in place
to help regulators identify compliant and non-compliant
emptiers, including self-reporting tools for emptiers and
opportunities for communities to report issues, for example
through mobile apps and call centers. The threat of being
penalized when caught breaking the rules (see earlier examples

A Framework for Regulating Sanitation

in Section 3.1.3) was mentioned in all three cities as a motivation
to compliance, although enforcement is still limited.

Finally, other stakeholders’ motivation to implement the new
regulation has been built through clearer roles and
responsibilities in the three cities, strong relationships among
the regulators, and involvement of all. In Kampala and Lusaka,
regulators all shared the supportive relationships between the
institutions involved in fecal sludge management (FSM), and
between the institutions and development partners, while in
Freetown, coordination between institutions and development
partners remained difficult. Respondents recommended to create
a roadmap towards change and agree on a shared vision with
other institutional stakeholders, and to seek opportunities to
support each other, while ensuring external partners are on
board and target their resources to the priorities identified.

Table 5 summarizes the findings across the elements under the
Motivation theme.

3.2.3 Resources

All three cities have the legal power to enact and implement the
regulation for sanitation services. Local government can make
and enforce bylaws, following their respective procedures. While
the final approval of sanitation bylaws is pending in Lusaka and
Freetown, once they are approved local officers will have the legal
power to enforce them, impose sanctions or take offenders to
courts. The roles and responsibilities of each stakeholder in
implementing the regulation are reported by the interviewees
to be clear, at least on paper. In Lusaka, LWSC has the right to
subcontract emptiers with NWASCO approval and is held
accountable by NWASCO. In Kampala, NWSC is responsible
for managing its treatment plants and therefore can bar emptiers
if necessary. In Freetown, respondents shared that in practice,
there is some confusion in who does what, as interventions are led
by funding opportunities. The enactment and implementation of
the new regulation has received political support in the three
cities studied. However, respondents were mindful that their
institutions are operating in a sensitive political environment
and were careful to avoid sanitation becoming politicized.

In the three cities, resources were provided to the regulators to
help establish the new regulation and then implement it, as part of
larger enabling environment-strengthening projects or program
components. This included technical support, through hiring
consultants and providing training for staff; financial support
to enable stakeholder engagement meetings, council meetings,
and communication campaigns; and development of sanitation
infrastructure and equipment, such as treatment plants, vacuum
trucks and toilet facilities. Support and incentive mechanisms for
emptiers and households discussed above were mostly provided
through funding from development partners. This is especially
the case in Lusaka and Kampala where the sanitation sector still
receives substantial support, as highlighted in Section 3.1.3.
However, while in the three cities new institutional
arrangements have been put in place, the staff incorporated
into the utility or local government structures, and new M&E
tools institutionalized, according to the interviewees additional
human resources are needed to enable adequate monitoring and
smooth running. In Kampala and Lusaka, day-to-day operations
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TABLE 5 | Barriers to and enablers for motivation from interviews.

Motivation elements
Personal motivation/pride of regulators
Motives of regulators to start regulating

Mandate of the institution
Address public health issues
External support

Inadequate previous regulation
Government support or directive

Motives of regulators to implement regulation

Public health issues

External support

Government support

Support among the regulators

Households’ motivation to abide by the regulation

Awareness of the need for safe services
Handholding approach to enforcement

Emptiers’ motivation to abide by the regulation

Early engagement in the regulatory process

Regular communication and feedback

Support for emptiers to enable them to implement regulation
System favoring compliant emptiers

Trust between regulators and regulated

Threat of punishment by regulator/police

Shaming of unsafe practices and reporting of issues

Other stakeholders’ motivation to implement

Clarity of the new regulation, roles and responsibilities
Coordination among all stakeholders

A Framework for Regulating Sanitation

Kampala Lusaka Freetown
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +/-
+ + +
+ + +
+ + -
+ +/— -
+ + +/-
+ + +
+ + +/—
+ + +
+ + +/—
+ + -

+/— +/— +
+ +/— -
+ + +
+ + -

Note: this table assesses the different elements of CIT’s motivation with three potential outcomes: enablers (+), barriers (-), or a mix of enablers and barriers (+/-).

are now financially sustainable; however, subsidies and
infrastructure investment still depend on development
partners. The hand-holding approach taken with households
and emptiers requires time and resources. In Freetown, the
fecal sludge management unit, set up within FCC, and other
FCC officers lack basic fuel, car repairs, stationery, and other
essential funds to monitor services and engage communities.
In the three cities studied, households’ own resources to access
safe emptying and transport services for fecal sludge are limited.
Indeed, according to the interviewees, the service, at its full cost, is
not affordable for many poor households. The COVID-19 outbreak
and its financial impact on households’ finances have exacerbated
this. Through targeted subsidies, Kampala and Lusaka have boosted
demand for safe services. In Kampala, subsidized emptying
campaigns have allowed households who were previously hiring
manual emptiers, to hire formal emptiers. Similarly in Lusaka,
through partial subsidies, the price for formal pit emptying is similar
to that for manual informal emptying. In Freetown, however, no
subsidies are available beyond specific development partners’
programs. FCC is planning to provide services on a cost-
recovery basis in due course. The option of cross-subsidies has
been explored by two cities. In Kampala, KCCA explored the
possibility of attaching a sanitation tax to the property tax, but

an outcry against taxation prevented this. In Lusaka, a sanitation
surtax added to the water bill is under consideration.

The emptiers’ resources to implement the new regulation vary
according to the types of emptiers and across cities. Indeed, in all
three cities, respondents reported that many small-scale emptiers
have low administrative and mechanical skills and/or are
illiterate, and therefore need further education and training to
understand and abide by the regulation. Likewise, they are limited
by poor access to financing, high-quality trucks, spare parts, etc.
Moreover, emptiers experience external challenges that hinder
their capacity to implement regulation. Traffic congestion,
remote emptying locations and poor-quality roads were
identified in the three cities. To address the transportation
challenge, in Kampala mobile transfer stations are set up
regularly for emptying events organized by the municipality,
and in Lusaka, new treatment plants are being strategically
located. Other steps of the sanitation chain also limit the
capacity of emptiers to implement new regulations, over which
they have no power. Indeed, in all three cities, pits and septic
tanks are not all accessible and/or safe to empty and the treatment
capacity does not meet the potential demand. To address this
issue, in Kampala and Lusaka, minimum standards for
containment have been created, and communities and masons
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engaged to improve facilities. All three cities are also increasing
their fecal sludge treatment capacities.

Table 6 summarizes the findings across the elements under the
Resources theme.

4 DISCUSSION

4.1 Contextual Factors

4.1.1 Wider Context: The Three Cities

Kampala, Lusaka, and Freetown are all capital cities, with over a
million residents each and undergoing rapid growth. They have
large unplanned settlements, hosting over 60% of their
population. These three cities illustrate well the situation in
many sub-Saharan African countries, which are experiencing
high rates of urbanization and population growth (United
Nations Department of Economic and Social Affairs
Population Division, 2019). Sierra Leone and Uganda are
among the most urbanized countries in the region (United
Nations Department of Economic and Social Affairs
Population Division, 2019). It is estimated that sub-Saharan
African cities commonly have between one-third and two-
thirds of their population living in poor-quality housing
(AfDB, UNEP, and GRID-Arendal, 2020). City planners, city
infrastructure and service providers struggle to meet the demand

A Framework for Regulating Sanitation

for basic services, which keeps increasing due to the high
urbanization rates and population growth (Mitlin and
Satterthwaite, 2012; AfDB, UNEP, and GRID-Arendal, 2020).

In the three cities studied, a large majority of residents use onsite
sanitation facilities and services, with sewerage limited to central and
formal areas. Access to safe sanitation is low, reflecting the region’s
situation, where it is estimated that only 21% of the population had
access to safely managed sanitation in 2020, a very limited increase
since 2015 (19%), showing that the region is not on track to achieve
universal access to safely managed sanitation by 2030, despite
progress (WHO/UNICEF, 2021). As in Kampala, Lusaka and
Freetown, onsite sanitation is predominant in urban sub-Saharan
Africa (62% of the urban population uses onsite sanitation, 16%
sewered sanitation) (WHO/UNICEF, 2021).

The treatment capacity of fecal sludge is limited in the three
cities, with no treatment facility operating in Freetown, and
insufficient capacity to treat all the sludge generated in both
Kampala and Lusaka. The three cities studied are, however,
addressing this issue, at least partially. While there are overall
very limited data available on fecal sludge and wastewater
treatment in sub-Saharan Africa (SSA) (AfDB, UNEP, and
GRID-Arendal, 2020; WHO/UNICEF, 2021), it has been
estimated that only 8% of the wastewater generated is treated
in low-income countries in general (AfDB, UNEP, and GRID-
Arendal, 2020) and 1% in SSA (WHO/UNICEF, 2021).

TABLE 6 | Barriers to and enablers for resources from interviews.
Resources elements

External support to create regulation

External support to implement regulation

Legal power to enact regulation

Legal power to implement regulation

Regulatory documents finalized and approved
Threat of sanction in regulatory documents
Clear roles and responsibilities to implement regulation

Regulators’ resources to implement over time

FSM staff and units incorporated into structures

M&E tools institutionalized

M&E tools in place

Human resources to monitor

Financial resources to monitor

Subsidies and infrastructure developments dependent on external partners

Political interferences in implementation
Households’ ability to abide by regulation

Capacity to pay for safe services without subsidy
Subsidies availability

Emptiers’ ability to abide by regulation

Emptiers’ resources to implement
Influence of containment step of the chain
Influence of treatment step of the chain

Kampala Lusaka Freetown
+ + +
+ + +/—
+ + +

+/—- -
+ + +
+ +/-
+ + +
+ + +
+/— +/- +/—
+/- +/- -
+/—- + -
+/—- + -
+/- +/— -
+/— +/— -
+/- +/- -
+/— +/— -

Note: this table assesses the different elements of CIT’s resources with three potential outcomes: enablers (+), barriers (-), or a mix of enablers and barriers (+/-).
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Stakeholders

Decision to regulate
e Regulators

e Monitors / Enforcers
* Regulated

o Self-regulation bodies

*Regulators' personal and institutional motivation (e.g., public and environmental health, governments
directive, mandate, inadequacy of existing regulation).

eExternal support and pressure.

Regulatory process

* Influencers

Sanitation context

o Emptiability and accessibility of

process).

Creation / Reform of the regulation

*Ability to create adequate regulation (e.g., data, knowledge, technical skills, motivation).
*Building relationships, motivation and knowledge (e.g., early engagement, transparent and inclusive

containment systems

* Accessibility and adequacy of
treatment facilities

o Availability of equipment

{ Social stigma towards emptiers j

Content of the regulation

mechanisms.

*Combination of rules, sanctions, monitoring and control, support and incentive, and pro-poor

*Adequacy of regulation (fair, legitimate, clear, achievable, and favouring compliance).

Urban context

o State of road (e.g., condition,
accessibility)

o Traffic (e.g., volume, congestion)

o Settlements’ planning and

accessibility

Implementation of the regulation

*Regulators' motivation (e.g., public and environmental health, government and external support).
*Regulated's motivation (e.g., understanding and knowledge of the regulation, perceived fairness).
*Long-term availability of human resources, monitoring and enforcement tools, and financial resources.
*Ease to abide by and to implement.

FIGURE 2 | Elements influencing the regulation of emptying and transport services for fecal sludge.

Kampala, Lusaka and Freetown, while not representative of
the whole region, do reflect the situation of many sub-Saharan
African cities. They are capital cities, large urban centers
experiencing rapid growth (over 4% of annual population
growth), with an important proportion of their residents living
in unplanned settlements and, notably in the case of Kampala, a
substantial number of daily commuters. Access to sanitation is
low, especially to safely managed sanitation. The increase in
access to basic sanitation facilities, along with the ongoing
urbanization, is likely to put more pressure on the other steps
of the sanitation chain in the future, as pits and tanks will need to
be emptied, and the removed fecal sludge treated. Sanitation
being only one of many basic services requiring improvement in
these cities (Mitlin and Satterthwaite, 2012; Scott et al., 2019), city
planners and service providers are thus faced with the challenge
of providing safe services to both a growing and fluctuating
population in an environment of competing priorities.

4.1.2 Structural Context: The Governance of Sanitation
Services

In the three cities studied, responsibility for sanitation lies with
local government, who can provide or organize services, license
service providers, make and enforce bylaws. National
governments are responsible for policies, national laws,

technical guidance, coordination of the sector, and approval of
bylaws made by local governments. Only Zambia has a national
water and sanitation regulator. Thus, the number of regulators
involved in FSM services varies: two in Kampala (KCCA and
NEMA), four in Lusaka (LCC, LWSC, ZEMA and NWASCO),
and two in Freetown (MoHS and FCC). Independent national
regulators have been recommended previously (ESAWAS
Regulators Association, 2019; Franceys, 2020), or at least a
clear division of roles between service provision and regulation
(African Ministers’ Council on Water, 2021), which does not
seem to be the case in Freetown and Kampala. Environmental
regulators have become common in sub-Saharan Africa over the
past 20 years (Sommerer and Lim, 2016); however, as in the case
of Sierra Leone, not all are involved in sanitation services
(ESAWAS Regulators Association, 2019). In Uganda, the
involvement of NEMA in fecal sludge management is also
recent. These three cities confirm the critical role of both local
and national government in the regulation of sanitation services
(Mulenga, 2011; AfDB, UNEP, and GRID-Arendal, 2020).
Emptying and transport services for fecal sludge is mostly
provided in the three cities by a range of private emptiers
(manual, semi-mechanical or mechanical). In Kampala and
Freetown, the local government provides limited services as
well, making KCCA and FCC both service providers and
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regulators. Kampala and Lusaka have utilities providing onsite
sanitation services: NWSC (Kampala) only provides treatment of
the fecal sludge, LWSC (Lusaka) provides treatment of the fecal
sludge and contracts pit-emptiers to provide emptying services.
These three service delivery models correspond to those
previously identified in the literature: a mix of public and
private service provision, as in Kampala and Freetown, where
the private sector is the main provider; and a fully private service
provision, as in Lusaka (Mbéguéré et al., 2010; Rao et al., 2016).
Yet, Lusaka is an unusual case for the region, with a contract-
based service delivery model for emptying pit latrines. The only
similar case in the literature is the South African franchising
model of emptying services to schools and households (Rao et al.,
2016). The approach can support innovation and greater
efficiencies in arrangements, with a clear division of roles and
responsibilities for stakeholders within well-defined rules and
penalties. It also requires additional supervision and management
for the contracting authority and has not yet been sufficiently
tested to analyze sustainability of the model at scale.

There are active private emptiers’ associations in the three
cities. The prevalence and roles of these associations have not yet
been explored in depth by researchers, although recent literature
suggests that they are important stakeholders in the FSM sector
(Gero and Willetts, 2020; Peletz et al., 2020). This study shows
that these associations are indeed playing a role in the
coordination of emptiers among themselves and alongside the
regulators.

4.1.3 Specific Context: The Regulatory Process and
the Regulation in Place

The three cities have all started their regulatory processes recently
and received external support. Urban sanitation and its enabling
environment have indeed received more attention in recent years,
with development banks increasing their focus on institutional
capacity building and policy changes (Hutchings et al., 2018). The
cities studied are examples of cities following the citywide
inclusive sanitation (CWIS) approach, supported by their
donors. With the approach focusing on (Gambrill et al., 2020),
this may explain the similarities, may explain the similarities
identified between the regulations set up. The influence of donors
on the regulations enacted has been little studied.

The steps taken in the three cities of assessing the situation,
engaging the stakeholders, and building their capacities have all
been previously recommended by the literature as pre-requisite to
planning and reform in the sanitation sector, and thus to enacting
adequate regulation. Similarly, the need for support mechanisms
to enable service providers to provide safe services while
remaining financially viable has been recommended previously
(Sinharoy et al., 2019; Weststrate et al., 2019; African Ministers’
Council on Water, 2021). The CWIS approach, adopted by the
three cities studied, also encourages supporting service providers
to enable services to reach all residents (Gambrill et al., 2020;
Spuhler and Liithi, 2020). The variety in implementation across
the three cities studied confirms previous findings: much of the
regulation is not fully implemented (Weststrate et al., 2019;
Lerebours et al., 2021b); implementation takes time and effort
(Sinharoy et al., 2019; Franceys, 2020).

A Framework for Regulating Sanitation

4.2 Actors’ Core Characteristics
4.2.1 Knowledge

This study’s findings confirm existing literature on both
sanitation planning and regulation, which identified skills and
capacity as key to planning and delivering sanitation services
(Strande et al., 2014; Franceys, 2020). The capacity of the
regulators and not just of those providing services must be
considered. The importance of the availability of data was
shown in the findings. The need for data for sound sanitation
planning was previously identified in the literature (Schoebitz
et al.,, 2017; Mumssen et al., 2018), but the detail of what this
entails has been less discussed. The findings of this study thus
highlight the variety of data needed by regulators when creating,
reforming, and implementing the regulation.

Previous research showed the importance of clear and
coherent sanitation policies (Hueso and Bell, 2013; Mulumba
et al,, 2015). It highlights that knowledge of the regulation by the
regulated is crucial to its implementation: they cannot be
expected to respect rules, understand sanctions, or benefit
from support and incentive mechanisms if they are not aware
of them (Bressers and de Boer, 2013; Weststrate et al., 2019).
Findings from this research show that the regulation or how to
access safe services is not well known in Freetown. This may
partly explain the difference between the cities regarding the
hiring of safe emptiers by households, which is common in
Kampala and Lusaka but rare in Freetown.

4.2.2 Motivation

The importance of personal commitment to the reforms was
highlighted by respondents. While the institutional commitment to
change has been previously advocated for by researchers (Parkinson
etal, 2014; Sinharoy et al., 2019), the personal commitment and pride
of those responsible for enacting the regulation was not identified as
an enabling element in the literature review.

The drivers to create and implement regulation on the
regulators’ side can be summarized as 1) the protection of
public health and the environment; 2) ongoing external
support; and 3) ongoing government support. The will to
protect public health and the environment corresponds to the
traditional rationale for regulation: unjust or undesirable market
results (market failure) and protection of the interest of the
current and future population (external effect) (Baldwin and
Cave, 1999); and to the sanitation sectors’ commonly cited
regulatory objectives (Mumssen et al., 2018; Weststrate et al.,
2019). However, the role of the development partners as initiators
of regulation has been little researched. Political will has long
been seen as crucial for reform in the sanitation sector (Sinharoy
etal., 2019; Weststrate et al., 2019) and this study confirms this is
also the case for regulation of services.

Respondents emphasized the need for an education-focused
approach to implementing regulation and the importance of
making the steps of hiring safe services clear, easy, and well-
known. The literature shows the importance of educating the
population to increase demand for safe services (Jenkins et al.,
2015; Peletz et al, 2020). This study illustrates how these
recommendations have now been included in practice. A new
point identified, beyond clear, well-known regulation, is the need
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for a simple process for households to hire safe services. Call
centers and mobile apps present in the three cities studied show
signs of being useful tools, as they facilitate access for customers to
providers of safe services, while making reporting processes easier
for the service providers. While a call center has proved useful in
Dakar (Spuhler and Liithi, 2020), those in the cities studied are too
recently established to assess their effectiveness and sustainability.

The emptiers’ motivation to implement the regulation has
been addressed by the regulators in the cities studied through 1)
engaging them early and continuously to convince them of the
need and adequacy of the regulation; 2) support and incentives to
help them comply; and 3) monitoring and reporting of their
practices. While the value of engaging the regulated was already
discussed as an enabler to enacting implementable regulation and
to ensure the buy-in of the regulated (Sinharoy et al, 2019;
Spuhler and Liithi, 2020; African Ministers’ Council on Water,
2021), these results show how this advice has now been integrated
into practice. The role of the emptiers’ association seems to be
growing, both in the creation and implementation of regulation,
despite not being documented yet.

The importance of fair and predictable rules, incentives and
penalties, and of trust between regulators and regulated was
shown previously in the literature (Mbéguéré et al., 2010; Acey
et al.,, 2019; Eales and Blackett, 2019). In the three cities studied,
respondents confirmed this by sharing that resistance to change
has been overcome at least partially in Lusaka and Kampala
through continuous engagement and transparency, while it is said
to be still high in Freetown, where a lower level of engagement
and trust exists between emptiers and authorities.

In this study, the threat of fines and courts is seen by the
respondents as a useful deterrent for offenders, although all want
to focus on educating households and emptiers first. The
approach taken by regulators to favor compliant emptiers
corresponds to the “support and incentivize” regulatory
approach (Baldwin and Cave, 1999; Vedung, 2017) and goes
beyond enabling emptiers. While the review of literature
identified examples of support mechanisms (Doe
Aboagye, 2020 and  Willetts, 2020), incentive
mechanisms are rarely documented and correspond to the
“advise and persuade” enforcement style (Ayres and
Braithwaite, 1992; Baldwin and Cave, 1999). The threat of
sanction is a tool included in the “command and control”
regulatory approach and the “punish” enforcement style.
Although only light enforcement is pursued, it may be enough
to discourage offences if non-compliance is seen as more costly
than compliance (Baldwin and Cave, 1999; Vedung, 2017). In this
study, the cost identified by service providers may go beyond the
fines offenders are charged. Indeed, the sensitization among the
population made communities aware of good and bad practices
and willing to report them, especially in Kampala, where online
shaming happens regularly. In Freetown, however, where the
population is less aware of the need for safe services, the local
authorities say they do not receive many complaints about unsafe
practices. The social cost of being identified as a “bad” service
provider and the potential loss of future customers may also be
acting as deterrents for emptiers.

and
Gero
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4.2.3 Resources

This study shows that, while regulators need to have the legal
power to use such instruments to deter multiple offenders, they
prefer combining different regulatory approaches and tools, and
to focus on the “advise and persuade” enforcement style (Ayres
and Braithwaite, 1992; Baldwin and Cave, 1999). This strategy
corresponds to what Ayres and Braithwaite called for: “responsive
regulation” (Ayres and Braithwaite, 1992), which requires the
regulator to be legally empowered, flexible, and predictable.

As discussed above, clarity of roles and official responsibilities is
necessary to implement the regulation. Findings of this research
illustrate the interdependence of regulators (operating collectively in
one context), and with the other stakeholders (Parkinson et al., 2014;
Spuhler and Liithi, 2020). It thus shows that, beyond ad hoc support
and collaboration, the institutionalization of lines of accountability
between stakeholders and/or supporting systems between the
various regulators contribute to effective and clear regulation.

Interference and resistance to change were experienced at the
local councilors’ level in both cities, in Kampala and Freetown,
and with some development partners in all cities. Knowledge of
the influence of political turnover and interference in sanitation
planning and regulating is still limited; however, protection from
political interference is one of the rationales for regulation
(Baldwin and Cave, 1999; Mulenga, 2011). Regulation protects
the sector from short-term change for political gain and provides
a stable environment where service providers can flourish (Eales
and Blackett, 2019). The process of creating regulation, however,
is politically sensitive, emphasizing within this research the need
to gain buy-in from politicians, especially local ones.

This study’s findings show the importance of the availability of
resources to create and implement the regulation, highlighting the
cost of regulation for the regulator. While there has been research on
the cost-benefits and cost-effectiveness of regulation in high-income
countries, there is little literature looking at the costs of enacting and
implementing regulation for sanitation services in low- and middle-
income countries (one example being Guasch and Hahn, 1999). The
three cities studied here show that development partners are taking
these costs into account and are providing at least some of the
resources required. This study thus raises the question of
sustainability once development projects finish and the
importance of sound exit strategies.

In the three cities studied, households’ resources to access safe
emptying and transport services for fecal sludge are limited. The
limited capacity to pay for safe sanitation services of poor
households has been well demonstrated by researchers
(Jenkins et al., 2015; Peletz et al., 2020). While cross-subsidies
across services, or from higher-income to lower-income
customers, is common for water and sewerage services, they
are rarely reported at-scale for FSM services, despite being
seen as potentially effective tools to enable universal access to
safe sanitation (Acey et al, 2019; Doe and Aboagye, 2020;
Gambrill et al, 2020). This study illustrates both the
attractiveness and the complexity of cross-subsidies for
emptying and transport services for fecal sludge. Indeed, the
additional charge on property tax was not pursued in Kampala
due to political reasons, and the sanitation surcharge on the water
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bill in Lusaka has taken time to be approved by the economic
regulator.

Findings also point to the cost of regulation for the emptiers.
Previous literature identified that emptiers providing unhygienic
services usually operate at a lower cost than compliant service
providers, thus favoring unsafe practices (Mbéguéré et al., 2010;
Peletz et al, 2020). Addressing each of the operational and
administrative costs, financial and non-financial, would aid
implementing the regulation.

The capacity of emptiers to abide by the regulation is also
limited.  This highlighted in the respondents’
recommendations, as they have enjoined other regulators to
accommodate all education and literacy levels in their
engagement of emptiers. Likewise, results emphasize the
interdependencies between the steps of the sanitation chain,
and the need to consider its entirety when regulating
emptying and transport services for fecal sludge (Parkinson
et al., 2014; Doe and Aboagye, 2020).

was

4.3 The Barriers and Facilitators to
Regulating Emptying and Transport

Services: A Framework

Using CIT as a theoretical lens through which to explore the
regulation of emptying and transport services, this research
identified a number of factors enabling and hindering the
regulation and its implementation. The elements presented in
Tables 4-6, and the ones identified in the discussion section
above have been grouped along the different stages of the
regulatory process: its initiation, the creation or reform of the
regulation, and its implementation. The identification and
analysis of these elements have led to the development of a
framework (Figure 2) incorporating the key elements to be
considered to enable effective regulation for safe emptying
services that are accessible to all. The components of the
framework are described below.

4.3.1 Initiation

The decision to start regulating or reforming emptying and
transport services, and what is driving that decision, was shown
to influence the implementation of the regulation. Indeed, when
the drive to regulate comes only from external partners, the
motivation and future efforts to implement from the regulators
and enforcers may be limited, as in Freetown. This research shows
the importance of considering the personal and institutional
motivations of the regulator at this early stage, to ensure their
commitment and leadership in the next stages of the regulatory
process. The rationale to regulate identified in this research aligns
with the rationale present in the literature: improving the access,
quality, and efficiency of the services, protecting public health and
preventing environmental pollution (Strande et al., 2014; Mumssen
et al., 2018). However, the presence of external partners and their
commitment to the regulatory process and the sanitation sector in
general, also contributes to the drive to regulate. Other specific
motives to regulate for the regulator include their belief that it is the
responsibility of their institutions, the inadequacy of existing
regulation, and government directives.

A Framework for Regulating Sanitation

4.3.2 Creation/Reform

Once the decision to regulate has been made, the process of creating or
reforming the regulation can start. The effect of this on future
implementation is twofold: the content of the regulation influences
the implementation; and its characteristics impact the relationships,
motivations, and knowledge of the regulators and the regulated. All of
these are crucial to its implementation. Indeed, inadequate regulation
was identified as a crucial barrier to implementation. Previous
research highlights the interdependency among categories of
regulatory mechanisms (rules, sanctions, monitoring and control
mechanisms, support and incentive mechanisms, and pro-poor
measures), both in their existence and in their implementation,
and the influence of the extent of regulation on its implementation
(Lerebours et al, 2021b). The different categories of regulatory
mechanisms should all be included in regulation, confirming the
recommendations of previous research to provide support and
incentives to emptiers and subsidies to households (Mulumba
et al, 2015; Lerebours et al, 202la, 2021b). The perception of
regulation also influences its implementation. It must be fair,
legitimate, clear, achievable, and favoring compliance, as well as
perceived as such. These requirements have been discussed
individually in the sanitation literature before (Mbéguéré et al,
2010; Mulumba et al, 2015; Mumssen et al, 2018; African
Ministers’ Council on Water, 2021).

4.3.3 Implementation

At the implementation stage, some of the elements presented in
the results enhance points identified in the literature: lack of
capacity, inadequate regulation, unclear roles and responsibilities,
limited monitoring and enforcement capacities, lack of autonomy
for the regulator and lack of data (Strande et al., 2014; Schoebitz
et al., 2017; Weststrate et al., 2019). This research adds to this list
the understanding and knowledge of regulation by the regulated;
the support available to regulators and regulated; the costs,
financial and non-financial, and the ease of implementing the
regulation for all stakeholders; together with the relationships and
trust among the stakeholders.

4.3.4 Context-Related Factors

Finally, this study shows how context-related factors have an
impact on the implementation of the regulation. The sanitation-
related factors identified through this research are linked to the
containment and treatment stages of the sanitation chain, the
accessibility of emptying and transport equipment and the social
stigma around sanitation work. These factors emphasize the
need to look at the entire sanitation chain when planning and
regulating emptying and transport services, in line with the
recent sanitation literature (Franceys, 2020; Gambrill et al,
2020; African Ministers’ Council on Water, 2021). Sanitation
services operate in a wider urban context and are thus affected
by urban issues. Most cities in sub-Saharan Africa are home to
many residents living in poor-quality housing and are
experiencing high urbanization rates and population growth
(Mitlin and Satterthwaite, 2012). As a result, cities’ planners and
service providers are faced with the challenge of providing safe
services to a growing population in an increasingly competitive
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environment. While research has already shown the importance of
integrating sanitation planning to other essential services planning,
due to funding and institutional constraints, it is not always done
(Scott et al., 2019). This study confirms that regulation of emptying
and transport services for fecal sludge must form a core aspect of all
stages of initiating, creating, and implementing service legislation,
firmly grounded in the context and integral to the planning of other
services.

4.4 Limitations

Due to COVID-19 travel restrictions, this study was conducted fully
online, and thus relied on the documents accessible online and
through respondents, and on the respondents’ accounts. However,
the research design facilitated the collection of diverse types of data,
triangulating findings and enhancing their validity and credibility.
This research did not seek a representative sample of respondents for
two of the sources of evidence, but rather to consult relevant working
professionals corresponding to specific criteria. It is possible that
certain perspectives were not included due to an inability of some
professionals to answer online surveys, their limited availability, or
unwillingness to participate.

To address potential biases in the data analysis, the qualitative
analysis followed a theory-informed coding guide, and the
interviews were re-coded after the final coding guide was
developed iteratively. It was checked by the researcher at the
end of the overall analysis and when writing up the results.

5 CONCLUSION

Through multiple-case analysis using Contextual Interaction
Theory, this study investigated the barriers to and enablers of
implementing regulation of emptying and transport services for
fecal sludge in sub-Saharan African cities. This research has
identified several new factors of significance, such as
the motivation, capacity, resources and relationships of all
stakeholders, the external support available, the adequacy
of the regulation, and how easy it is to abide by and
implement the regulation. The cities studied illustrate the
variety of governance arrangement and regulatory processes in
sub-Saharan Africa. They demonstrate the crucial role of
local government in the organization and regulation of
emptying and transport services, highlight the complexity of
FSM services and their regulation, and the importance of
contextualized solutions. This study also points to
the costs, financial and non-financial, of regulating emptying
and transport services, both for regulators and the regulated.
When analyzing the regulation of fecal sludge emptying and
transport services, both the content of the regulation and the
regulatory process (initiation, creation/reform, implementation)
must be considered. Content and process influence one another,
while the desired outputs of safe services for all can be enabled or
hindered by both contextual and regulatory factors. The motivation,
capacity, knowledge, and resources of all stakeholders are crucial to
achieve regulated services. These can be enhanced through early and

A Framework for Regulating Sanitation

continuous engagement and support. Barriers to and enablers of
implementing the regulation identified in this research can be found at
different stages of the regulatory process and have led to the creation
of a framework describing the key elements and stages to take into
consideration when regulating emptying and transport services.

Any city contemplating improving the regulation of sanitation
should consider comparisons with other similar cities, where
improvements have been made, as has been done in this paper,
using a consistent methodology. This study and the resulting
frameworks would prove useful to regulators, sanitation planners
and their development partners 1) when starting to initiate
regulating services, ensuring the consideration of key elements in
the regulatory process from the start, enabling regulation to be
successfully enacted and implemented; and 2) when wanting to
understand why the enacted regulation is not being implemented as
planned, providing suggestions of additional elements to consider,
activities to lead, and stakeholders to engage to offset the issues being
faced. It would also be useful for researchers analyzing regulatory
processes in low- and middle-income country cities, as a framework
to identify the key contextual and regulatory process-related
elements to include in their analysis.
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To achieve SDG 6.2.1 (a) on safely managed sanitation services, several financial flow
models (FFMs) and business models for the sanitation value chain have been implemented
in Bangladesh and elsewhere; however, there is limited research on financial viability and
sustainability of business models. Bangladesh has attained 99% sanitation coverage,
mostly with onsite sanitation systems; however, the country is facing a second-generation
sanitation challenge, fecal sludge management, encompassing the entire sanitation chain.
Kushtia Municipality in Bangladesh is entirely served by onsite systems; the fecal sludge
emptying service is provided by the municipality, and the fecal sludge treatment plant is
managed by a private entity. This study investigated sustainability of FFMs in Kushtia by
using the financial, institutional, environmental, technical, and social (FIETS) sustainability
approach and applying the financial flow simulator (eSOSView ™) tool to analyze financial
viability. Several criteria in each aspect of the FIETS approach were developed, scored,
and validated by stakeholders to determine sustainability. The study found that the financial
aspect is the most important criteria for sustainability and “modified parallel tax and
discharge fee” is the most sustainable business model for Kushtia.

Keywords: fecal sludge management, financial flow models, financial viability, business model, Kushtia

INTRODUCTION

The Sustainable Development Goal 6 (SDG 6) established by the United Nations in 2015 as part
of the 2030 agenda for sustainable development focuses to ensure availability and sustainability
of water and sanitation for all (UN, 2015). SDG 6.2 (a) targets to attain safely managed
sanitation services for all. At least 1.8 billion people from developing countries are users of
onsite sanitation systems (OSS) such as septic tanks, pit latrines, and ventilated improved pits
(Capone et al., 2021), and partially digested material accumulating in OSS is fecal sludge (FS)
(Strande et al., 2014). Many developing countries are facing challenges with management of FS
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from OSS due to rapid urbanization, high population density,
and increased and unplanned growth (Opel, 2012).

Bangladesh is a densely populated South Asian country that
had attained 99% sanitation coverage with OSS (Islam et al,
2016). Negligence toward fecal sludge management (FSM) and FS
discharge to open drains by the majority of households results in
environmental and public health hazards (Al-Hafiz, 2017). There
is an increasing attention to safe sanitation and FSM in
Bangladesh post the announcement of the National Water
Supply and Sanitation Strategy, 2014, for water and sanitation
through partnerships with organizations to implement Citywide
Inclusive Sanitation Engagement (CWISE) in various cities of the
country (Kabir and Salahuddin, 2014), and business models were
introduced for sanitation services. CWISE covers the sanitation
value chain (SVC), which includes superstructure (toilet),
containment, emptying, transport, treatment, and safe reuse or
disposal.

The business model for FSM is a new approach to enhance
business opportunities in the sanitation sector (Diener et al.,
2014) and business model approaches pave a way for increased
private sector participation in sanitation service provision, which
is dominated by public utilities (Rao et al., 2016). The financial
flow is one parameter of the business model approach in FSM,
and the other parameters are service arrangement and contractual
arrangements (CWAS, 2020). The financial flow approach is
helpful for the city administration to understand the financial
sustainability of FSM in their city. Financial flow models (FFMs)
show different financial transfers occurring between stakeholders
in a SVC. There are several FFMs implemented in several parts of
the world, which are generalized into five models (Strande et al.,
2014). Model 1: discrete collection and treatment
model—household pays an emptying fee to the emptying and
transport (E&T) provider to empty FS, and the E&T service
provider empties and transports FS into the fecal sludge
treatment plant (FSTP) and pays the treatment provider a
discharge fee. The treatment provider produces reusable
product at FSTP which is sold for a purchase price to the end-
user. Model 2: integrated collection and treatment model—E&T
and treatment and reuse are handled by a single entity in which
emptying fee is paid by households and the purchase price by
end-users. Model 3: parallel tax and discharge fee
model—household pays emptying fee to the E&T provider and
sanitation tax to the government. E&T pays discharge fee to the
treatment provider and the treatment provider receives a
purchase price from the end-user. From the sanitation tax, the
government provides some budget support to the treatment
provider. Model 4: dual licensing and sanitation tax
model—similar to model 3 except that the discharge fee is
replaced by the discharge license, which is paid to the
government. Model 5: incentivized discharge model—this
model is a modification of model 4 to incentivize the E&T
service provider by providing a discharge incentive instead of
paying a discharge fee or discharge license. A summary of these
models along with pros and cons is presented in Table 1.

Among many financial decision support tools, most of the
tools cover FS emptying and/or treatment and/or reuse and only a
couple of tools cover the entire SVC. The FSM Technical and

FSM Business Model for Kushtia

Financial Assessment tool focuses on the technical and financial
viability of diverse options across emptying, transport, and
treatment and reuse of SVC (Dey et al., 2016). The CLARA
Simplified Planning Tool (SPT) compares the finances of
alternatives for water supply and sanitation interventions in
the early planning stage, which was targeted for a few African
countries (Langergraber and Weissenbacher, 2014). The SaniPlan
tool covers the entire SVC with water supply and solid waste
management, which was developed for Indian municipalities/
cities for improving service provision and offers a comprehensive
financial planning including funding (Dey et al., 2016). Climate
and Costs in Urban Sanitation (CACTUS) is a tool that aids
authorities to make informed decisions on urban sanitation
services at the city level considering the cost of “city-wide
sanitation,” “climate,” and “welfare” (University of Leeds,
2022). The Citywide Inclusive Sanitation (CWIS) Costing tool
was developed to monitor CWIS principles that focus on
investing in safely managed sanitation services at the city level
(World Bank, 2022). The tool analyzes capital expenditure
(CAPEX) and operating expenditure (OPEX) for onsite and
offsite technologies such as septic tanks or pipes that convey
excreta to a treatment site at each component level. Despite the
tool monitoring CAPEX and OPEX for sanitation systems, it does
not indicate how revenue for sustaining sanitation services by the
service provider can be incorporated. There is not a single tool that
can analyze the impacts of different FEMs (as described earlier) in
SVC except for the financial flow simulator tool (eSOS™) (Furlong
et al,, 2020). eSOS™ is an Excel-based decision support tool, which
needs input data on the type of user interface, containment,
transport, and treatment and upon entering mentioned input
data, material flows are determined. Financial flows are linked to
material flows and many charges are assessed on a volume or mass
basis depending on charges levied by stakeholders in SVC. Financial
flow in the tool displays a variety of financial parameter, that is,
CAPEX, OPEX, revenue, profit or loss for each component of SVC
and entire SVC to determine the financial viability of FFMs. A
summary of input data, output, and linkages within SVC in eSOS™
is presented in Table 2. There is flexibility in adding modified FEMs
based on material and financial flows in a city.

There is a lack of information on financial transfers across the
SVC despite a well-established SVC in Kushtia. Due to unavailability
of information on financial transfers, the financial viability of the
FSM business model could not be ascertained. Hence, this study was
conducted in Kushtia Municipality with three main objectives: 1) to
investigate current FSM practices to analyze existing FSM, 2) to
study financial transfers to analyze the financial viability of existing
FFMs, and 3) to evaluate various FFMs/business models to
recommend a sustainable model.

MATERIALS AND METHODS

Kushtia Municipality is a city in Khulna division and located in
southwestern Bangladesh with a population of 418,312 in 2019
living in 93,582 households with an average household size of 4.4
and 33,250 holdings (holdings are property numbers in the city
with one or more households living in one holding) (Kushtia
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TABLE 1 | Summary of financial flow models.

Model

Model 1: discrete
collection, transport, and
treatment model

Model 2: integrated
collection, transport, and
treatment model

Model 3: parallel tax and
discharge fee model

Model 4: dual licensing and
sanitation tax model

Model 5: incentivized
discharge model

Salient Feature

The emptying and transport is operated by
the private operator by collecting the
emptying fee from the households.
Treatment and reuse is operated by the
public utility with the discharge fee
collected from the E&T service providers
and selling the end-products to end-users

The emptying, transport, and treatment are
operated by a single private entity by
collecting the emptying fee and selling the
end-products to end-users

The emptying and transport are operated
by the private entity with the emptying fee
collected from the households

Treatment and reuse are operated by the
discharge fee from E&T service providers
and marketing of end products to end-
users. In addition to that, budget support
by the government through the sanitation
tax collected from the public will help to
operate treatment service provider

The emptying and transport is operated by
the private operator by collecting the
emptying fee from the households

The treatment service provider is operated
by the public utility by licensing the E&T
service provider and the support from the
government through the sanitation tax
revenue collected from the public along
with the revenue generated from marketing
the end-products

This model is similar to model 4, but
additionally discharge incentive is provided
to the E&T service provider

Pros

There is no additional fee to the public other
than the emptying fee

The service delivery will be very prompt as all
the operations are interdependent for revenue
generation

The increased revenue will help to provide
prompt services to public and help to invest on
safe practices to benefit public and
environmental health

The E&T service provider will benefit by having
a discharge license to empty without any
discharge fee and help to solve the illegal
dumping

The discharge incentive will encourage the
E&T service provider to promptly discharge in
the FSTP

FSM Business Model for Kushtia

Cons

The treatment and reuse has to be operated
with the discharge fee collected from the E&T
service provider

The lack of the monitoring agency can cause
environmental damage and emptying tariff
may be increased for profits

The acceptance of public on sanitation tax is
time consuming in some contexts

The process of obtaining discharge license
can be complicated and subject to series of
examinations on the capacity and reliability of
the service provider

There will be a need of separate fund
allocation for discharge incentive by the utility

Municipality, 2019). Based on monthly income, households are
segregated in low-income (up to 117 USD), middle-income
(117-588 USD), and high-income (more than 588 USD)
households (Baki, 2014). The city is dependent on OSS such
as septic tanks and pit latrines. FS emptying services are offered
by the municipality with vacutugs and a private entity operates
and maintains FSTP and runs a co-compost plant to produce co-
compost from FS and municipal solid waste.

The study started with a detailed literature review of reports,
documents, publications, books, and a collection of secondary
data. Several unpublished data were also collected from
stakeholders working in sanitation in Kushtia and reviewed.
Primary data, both quantitative and qualitative were collected
from key informant interviews and focus group discussions
(Table 3). Joint stakeholder meetings (JSMs) were organized
with  support from the municipality comprising 30
participants—municipality officials, council members (elected
representatives), representatives of household, sanitary
hardware shop owners (private actors), FS emptiers, and FSTP
operators. The first JSM was used to triangulate and validate data
collected from primary and secondary sources. Strength,

weakness, opportunities, and threat (SWOT) analysis is a
strategic planning tool to assess the internal and external
SWOT of stakeholders and context (Shikun et al., 2017;
Shabanova et al., 2015) and was conducted in the study.

Input data including financial transfers are fed into the eSOS™
tool to analyze the financial viability of existing FFM and the five
generalized FFMs and proposed FSM. The whole system
approach for sustainability as used by the Dutch Water
Alliance, which has five aspects of sustainability—financial,
institutional, environmental, technical, and social (FIETS)
(Galli et al., 2014) are used in the multi-criteria analysis for
selecting a sustainable business model for the city.

A second JSM was organized to share and discuss existing
FFMs, the five generalized FFMs, and proposed FFMs and
suggestions for weightage of all five aspects and their criterion
for the multi-criteria analysis. Stakeholders were explained about
the study and were asked to award weightage for each aspect and
score for each criterion for the multi-criteria analysis. The
weightage of each aspect and criterion was decided from
discussions/feedbacks received during the meeting and is
illustrated in Table 4.
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TABLE 2 | Summary of input, output, and links to the next SVC component in eSOSView™ (Furlong et al., 2020).

Component of

the SVC

User interface

Containment

Emptying

Transport

Treatment and
reuse

Input

Type of user interface

Number of toilets (household, shared, communal, or public)

Number of people/toilet/day

Amount of feces, urine, excreta, water usage, and black

water generated/day

CAPEX per unit

OPEX per unit

Unit cost of water, electricity, and labor

Type of containment

Containment specifications: holding capacity, number of
units, fecal sludge, accumulation factor, output streams,

and sale price of valuable streams (e.g., biogas)
CAPEX per unit
OPEX per unit

Type of emptying

Number of units to be emptied per time unit
Emptying capacity (e.g., volume pumped/hour)
Emptying fee

CAPEX per unit

OPEX per unit (e.g., labor, fuel, energy, technical
maintenance, tax, and business operation overhead)
Revenue

Type of transport

Carrying capacity of the transportation unit
CAPEX

OPEX (as with emptying)

Revenue

Type of treatment

Design capacity

Amount of fecal sludge received at the treatment
CAPEX (e.g., construction costs and land requisition
OPEX (as with emptying)

Discharge fee (if applicable)

Revenue

Output

Amount of feces, urine, excreta, water, and
black water/toilet/day

Total CAPEX/day, month, or year

Total OPEX/day, month, or year

Amount of fecal sludge, black water, and
urine accumulated/containment unit/day
Emptying frequency

Number of emptying events per year
Total CAPEX/day, month, or year

Total OPEX/day, month, or year
Revenue/day, month, or year

Volume of fecal sludge or other products
emptied per day

Total CAPEX/day, month, or year

Total OPEX/day, month, or year
Revenue/day, month, or year

Volume of fecal sludge transported per day
Total CAPEX/day, month, or year

Total OPEX/day, month, or year
Revenue/day, month, or year

Volume of fecal sludge treated per day
Total CAPEX/day, month, or year
Total OPEX/day, month, or year
Revenue per/day, month, or year
Volume of end-products generated
per day

FSM Business Model for Kushtia

Data flow to
the next SVC
component

Volume of feces, urine, excreta, water, and
black water/toilet type/day

Volume of fecal sludge, black water, or
urine accumulated/containment type/day

Volume of fecal sludge emptied/emptying
technology/day

Volume of fecal sludge transported
per day

TABLE 3 | Field data collection and the method of data analysis.

Type of data

® Quantitative (financial data)

® Qualitative (existing FSM practices, challenges in FSM services,
operation and maintenance of vacutugs, and challenges in
operating treatment facility, demand, and challenges on the
usage of co-compost)

® Quantitative data (financial data)
Qualitative data (existing FSM practices and challenges in FSM

services)

® Qualitative and quantitative data validation
Determination of the weightage of each criterion for multi-
criteria analysis

Key Informant Interviews (KIl) - 7

® Policy stakeholder (ward council members)

® Municipality officials (engineers and town planners)
® Emptier (vacutug operator) and treatment provider
(managing partner and production manager)

® Farmers

Data source

Focus group discussions (FGDs) - 6
e Residents from different regions of the municipality

Joint stakeholder meetings (JSMs) - 2
e Policy stakeholder

© Municipality officials

e Emptier

® Residents of Kushtia municipality
e Treatment provider

Method of analysis

® Quantitative data (financial data) —eSOS™
tool and multi-criteria analysis

e Qualitative data (spreadsheet analysis to
determine SWOT and multi-criteria analysis)
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TABLE 4 | Criteria and weightage for multi-criteria analysis. Bold value is the total (sum) of values of the column i.e. weightage of each aspect totaling to 100%.

Aspect Criteria

Financial Financial viability

Institutional Compatibility with existing regulations
Institutional capacity

Environmental Public and environmental safety

Technical Ease of implementation of the business model

Social Public acceptance and affordability

Sub-criteria Weightage (%)

E&T 25
Treatment and reuse 25
E&T 25
Treatment and reuse 2.5
E&T 25
Treatment and reuse 2.5
E&T 5
Treatment and reuse 5
E&T 5
Treatment and reuse 5
E&T 10
Treatment and reuse 10
100

TABLE 5 | Toilet typology in Kushtia municipality.

Type of toilet

Percentage of users

in Kushtia
Environmentally safe toilet—improved toilet preventing the access to the feces, and human feces are contained in such a 7.3%
way that there is no pollution of surface or ground water
Improved individual toilet (without access to flies) —human feces are contained in a toilet pit/tank with no access for human or 75.6%
animal contact or flies contact
Improved individual toilet (with access to flies) —human feces are contained in a toilet pit/tank with no access for human or 7.1%
animal contact but is accessible to flies
Shared toilet—toilet shared by one or more households 6.7%
Unimproved toilets —human feces are contained in a toilet pit/tank with access for human or animal contact or flies contact, 2.8%
or human feces are directly conveyed to the environment
No toilet 0.4%

The study was formulated as per the Netherlands Code of Conduct
for Research Integrity, 2018, and was supported by the Kushtia
Municipality council. When this study was carried out, IHE Delft
was in the process of establishing a research ethics committee, so no
ethical approval was available. However, the authors are aware of the
research ethics and all subjects involved in the study were informed
about the purpose of the study and the consent was obtained from all
participants of the study. The findings of the field study were shared
with key stakeholders in JSM and later after completion of the study.

The study is limited to households in the study area and
excludes financial flows from institutional and commercial
holdings. The unavailability of some financial data has been
adopted as suggested by stakeholders during JSMs.

RESULTS AND DISCUSSION

Existing FSM

Superstructure and Containment

In Kushtia municipality, more than 90% of the population have
access to improved sanitation facilities (toilets), and their

typology is presented in Table 5 (Chowdhury, 2018). OSS was
prevalently used with 52.1% septic tanks and 47% pit latrines of
volumes 15.33 and 2.58 m°, respectively (Al-Hafiz, 2017). Some
low-income households are having toilets without containment,
and excreta is directly discharged to nearby drains.

Emptying and Transport

Kushtia Municipality offers on demand FS emptying service
through vacutug of capacities 1 m®, 2m?® and 4m’ for a
prescribed fee of 9.41 USD, 11.76 USD, and 14.12 USD,
respectively. OSS are generally emptied in an interval of
4 years with some not emptied even in 12 years, which is
similar to findings in Khulna, where OSS, having an average
volume of 16.64 m> in a septic tank and 1.96 m® in a pit latrine,
are generally emptied every 3 years and some even every 15 years
(Singh et al., 2021). It was revealed that some OSS dispose liquid
portion of FS into nearby open drains, which is a reason for holding
FS for long and results in solidifying FS which is difficult to empty.
One of the biggest challenges in FS emptying is difficulty in
accessing mechanized emptying due to narrow roads which, in
turn, leads to manual emptying. Emptied FS is transported to a
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TABLE 6 | SWOT analysis of FSM stakeholders.

Stakeholder Strength Weakness
Households Primary user of E&T services. Poor environmental and public
Contributes to financial viability by health awareness. Some segments
paying for FSM services lack the capacity to pay for the FSM
services
Kushtia Manages FSM services inthe city by Lack of separate FSM department
Municipality offering E&T service and generates  and inclusive services. Inadequate

Private entity

Farmers

revenue for OPEX of E&T services
Mandated by the law in providing
and regulating FSM services.

Responsible for treatment of FS.
Zero transportation cost for the
waste as it is executed by the
municipality. Contributes to circular
economy by selling the produced
CO-Ccompos

Being the end-user, farmers
determine the co-compost
demand. Improved quality produce
and fertility of soil as a result of

human resources for executing FSM
operations

Unavailability of space.
Administrative delays in the
municipality affect the efficiency

Scarce awareness on co-compost
usage, water management, and
market for organic produce.
Increased transportation costs

Opportunity

Could create demand for quality
and regular FSM services. Could be
engaged in the treatment and reuse
component of the SVC

Could implement FSM regulations
and improve the FSM institutional
framework. Could encourage
private sector participation in FSM
services. Could form FSM unit

Could sensitize stakeholders on co-
compost and FSM with assistance
from community groups and other
collaborators. Could establish stalls
to expand co-compost market to
the farmers

Could create a dedicated market for
organic produce with increased
prices. Could receive guidance from
other stakeholders to improve

FSM Business Model for Kushtia

Threat

Inadequate and under quality FSM
service could impact the SVC (both in
quantity and finance). Improper FSM
regulations and higher fees may
disconnect them in the SVC. Unwilling
to participate in the FSM service

Change of local government can
hamper smooth services. Subsidized
E&T tariffs could cause fund diversion
to other sectors causing financial
challenges

Change of local government may lead
to changed priorities. Low socio-
cultural acceptance toward FS-based
co-compost in agriculture.
Misconceptions toward co-compost
and organic farming could create
negative impact

Low market acceptance for produce
from the FS-based co-compost.
Insufficient institutional support for
organic farmers

organic co-compost usage

ESTP at Baradi, 5 km away from the city, and an average distance
traveled by a vacutug is about 10 km per trip.

Treatment and Reuse

Collected FS is emptied into drying beds of capacity 9 m*/day for
dewatering and there are two units of drying beds. Percolate from
the drying beds is pumped into a coco-pit filter for treatment and
further treated in a pond. Dewatered sludge is co-composted with
organic solid waste generated in the municipality. Co-compost
contains a good amount of nutrients than chemical fertilizer,
which is packaged and sold in fertilizer shops as well as procured
by farmers directly. The co-compost is dried in open spaces due to
the lack of space availability and the process of drying gets
disrupted during rainy seasons. Similar to the co-composting
facility in Devanahalli, India, segregation of municipal solid waste
is the biggest problem faced in this FSTP, where plastic wastes are
separated in the plant before the co-composting process (Rohini
et al.,, 2019).

Major Stakeholders in FSM

Four major stakeholders were identified in FSM in Kushtia
municipality: 1) households, 2) Kushtia municipality, 3)
private entities, and 4) farmers. Households are responsible for
the construction of OSS including plumbing systems for the
proper functioning of OSS and its operation and maintenance.
It is also the responsibility of households to pay for emptying fees
to the E&T service provider. Kushtia Municipality provides E&T
services by scheduling suitable vacutugs on request from
households, operates and maintains vacutugs, and monitors
the performance of FSTP. A single private entity operates and

yields and market awareness

maintains FSTP and produces and markets co-compost. Farmers
are end-users and purchase co-compost and apply in agricultural
fields. The results of the SWOT analysis of stakeholders are
illustrated in Table 6.

It is evident that households are significant stakeholders that
initiate SVC and create demand for FSM services. FSM
regulations should be favorable for households to ensure the
proper working of FSM and sustainability of financial and
business model as the main contribution of FSM business is
through fees paid by households. Kushtia Municipality is the
responsible authority to regulate FSM services and currently
providing the sole E&T service and monitoring of FSTP. Due
to the absence of a dedicated unit/wing for FSM in the
municipality, a lack of planning in FSM services and
management has been observed, which could cause public and
environmental health risks. The municipality should utilize its
authority to create a FSM unit for proper FSM planning and
regularizing FSM services and to create an enabling environment
for the private sector to engage in FSM services. It is also
important to provide inclusive services to low-income
households, which lack access to mechanized emptying due to
narrow roads. The private entity’s role in SVC is limited to
treatment and reuse, which could potentially be included in
E&T as well as to providing quality and timely FS E&T
services. The efficiency of co-composting is affected as a result
of limited space for drying co-compost in the FSTP. Although
the private sector is collaborating with the Department of
Agriculture and farmers, it seems that the current support is
politically influenced and could have an impact in the case of a
shift of power in politics. The smooth support from the
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FIGURE 1 | Financial flows in the existing model.

Lease Fee PurchasePrice
588.4 USD/year 0.43 USD/kg

department needs to be ensured together with increasing
knowledge/awareness of the benefits of using co-compost and
improved water management practices which could lead to a
dedicated market for co-compost benefitting both private entities
and farmers.

Financial Viability of Existing FFM

Existing FFM is a modification of the discrete collection and
treatment model. The E&T service is provided by the
municipality with an emptying fee (2.06 USD/m?), and there is
no discharge fee. Treatment and reuse is provided by a private
entity which pays yearly lease fee (license fee) of 588.4 USD/year
to the municipality to operate the FSTP and produces co-
compost. Financially, the private entity operates with revenue
generated from the sale of co-compost at a price of 0.43 USD/kg.
The FS flow and the financial flow of the existing model are
shown in Figure 1.

For financial analysis, a sanitation tax (tax collected by the
municipality to provide FS emptying service) of 2.35USD/
containment/year for high- and middle-income households
and 1.17 USD/containment/year for low-income households
was adopted after analyzing the user willingness to pay
through focus group discussions and JSMs. Several other cities
such as Dumaguete, Philippines, charges the sanitation tax of
12 USD/family/year (Asian Development Bank Institute, 2018);
Sinnar, India, charges 4.05 USD/property/year (CWAS, 2020);
and Ouagadougou, Burkina Faso, charges 0.04 USD/m’/year
(Water and Sanitation for the Urban Poor-WSUP, 2012). A
discharge incentive of 149 USD/year for emptying service
provider has been adopted in this analysis is significantly less
than 5 USD/truck/trip in Ouagadougou, Burkina Faso, to prevent
the illegal discharge of FS (SANDEC, 2006). Sanitation tax and
discharge incentives could be varied to provide equitable,
inclusive, and safe sanitation to all citizens in the municipality.
The introduction of sanitation tax is welcomed by the residents of
Wai and Sinnar (Mehta et al, 2019), since it reduces the
desludging cost paid by the residents to desludging operators.

Superstructure and Containment

Since the CAPEX and OPEX of superstructure and containment
lie with households and no revenues are generated, this
component is ignored in the financial analysis. The CAPEX of
superstructure and containment is 82,704,020 USD and OPEX is
793,082 USD per year. Financially, it incurs a loss but it benefits

users by providing comfort, safety, and privacy contributing to
good health.

Emptying and Transport

Based on revenues of all vacutugs in Kushtia, an emptying fee of
USD 2.06/m” is calculated, which is collected from households by
the E&T service provider (municipality) in the existing FFM. An
emptying fee of Kushtia Municipality is lower than other
Bangladeshi cities such as Jashore and Jhenaidah (Sarwar,
2019). CAPEX for E&T was funded by a UN agency and
OPEX for E&T is calculated as 18,689 USD per annum and it
comprises the cost of maintenance of vacutugs, fuel cost, and
human resources in E&T. The financial analysis shows that E&T
incur a loss of 4,435 USD per year in existing FFMs as shown in
Table 7 and the loss is primarily due to low emptying fees. In
contrast, globally E&T services are a profitable business in many
cities due to higher emptying fees and higher trips, that is,
Kigamboni, Tanzania (Masaninga, 2020); Jaipur, Delhi,
Khulna, and Madurai (Chowdhry and Kone, 2012).

Treatment and Reuse

CAPEX was funded by a UN agency, and OPEX incurred by the
private entity was 14,906 USD per year comprising lease fee,
human resources, and maintenance of the FSTP. The financial
analysis revealed that the treatment and reuse component of SVC
has a profit of 534 USD per year in existing FFMs as shown in
Table 7, which is similar to findings in Pokhara, Nepal (Furlong
et al,, 2020; Shrestha, 2018), whereas treatment plants in Jashore
and Jhenaidah are not generating sufficient profit as they are not
operating in full capacity (Sarwar, 2019).

Evaluation of FFMs/Business Models

In addition to the existing and five generalized FFMs described
earlier, model 6 (Figure 2), which is a modified form of model 3
(Parallel Tax and Discharge Fee model), was adapted to the
context of Kushtia. In this FFM, the municipality provides E&T
service and households have to pay an emptying fee and yearly
sanitation tax for the service. Treatment and reuse are provided
by a private entity which operates primarily with revenue
generated from the sale of end-product. The private entity
pays a yearly lease fee (license fee) to the municipality to
operate FSTP and produces co-compost, which is sold to the
end-user. The biggest advantage of this FFMs is that the
sanitation tax and lease fee is supportive for the municipality
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TABLE 7 | Analysis of financial flow models (all figures in USD/year).

Part Financial Existing Model Model Model Model Model Model
of SVC parameter model 1 2 3 4 5 6
Emptying and transport CAPEX 100,034 100,034 Emptying, transport and treatment 100,034 100,034 100,034 100,034
OPEX 18,689 19,276 19,276 19,863 19,863 18,689
Revenue 14,254 13,668 13,668 13,668 13,668 77,349
Net profit/loss -4,435 -5,608 -5,608 -6,195 -5,608 49,863
Treatment and reuse CAPEX 292,379 292,379 392,413 292,379 292,379 292,379 292,379
OPEX 14,906 14,318 33,006 14,318 14,318 14,467 14,906
Revenue 15,5634 15,5634 29,202 79,216 79,216 79,216 15,5634
Net profit/loss 534 1,216 -3,805 55,164 55,164 54,665 1,633

Financial sustainability across the SVC

Across the SVC CAPEX 392,413 392,413 392,413 392,413 392,413 392,413 392,413
OPEX 33,595 33,594 33,006 33,594 33,594 33,743 33,5695
Revenue 20,788 29,787 29,200 92,882 92,882 93,031 92,883
Net profit/loss -3,901 -4,392 -3,8056 49,556 48,969 49,057 51,396

FS Flow —bl Emptying |—— Transport |—— Treatment
Financial Flow | Holding |—>| Municipality Je———Private Entity

Purchase
Price - 0.43 USD/kg

Lease
Fee - 588.4 USD

Emptying
Fee - 2.06 USD/m?

Sanitation Tax

2.35 USD/Containment/Year
High Income & Middle Income
Household

1.17 USD/Containment/Year
Low Income Household

FIGURE 2 | Financial flows in the modified parallel tax and discharge fee model (model 6).

to sustain E&T service, whereas the biggest disadvantage is The FFMs were evaluated against FIETS criteria to determine a
public might be reluctant to pay both emptying fee and  sustainable business model. The highest scoring model is the
sanitation tax. To overcome this disadvantage, the  most sustainable model for the municipality. The description and
municipality has significantly reduced the E&T fee that  weightage for each criterion were developed and finalized with
households are currently paying. inputs during JSM. All criteria were evaluated against 1) E&T and
From the financial analysis (Table 7), models 1, 3, 4, and 5 2) treatment and reuse components. The models were rated
incur a loss in E&T as a result of lower E&T fees, whereas in ~ between 0 and 100 for each of the FIETS criteria and
financial analysis across SVC, models 3, 4, and 5 displayed a profit ~ converted to weighted scores as illustrated in Table 8.
0f 49,556 USD, 49,969 USD, and 49,861 USD, respectively, as a result
of the combination of treatment and reuse revenue. The existing ~ Financial Aspect (0% Weightage)
model and models 1 and 2 incurred a loss even after combining the ~ The financial viability of FFMs was the only criterion to evaluate the
revenue of E&T and treatment and reuse, which is due to the absence ~ financial aspect, which is scored against the amount of net profit
of sanitation tax. It is evident that model 6, which generated a net  generated by FEMs. The model with highest net profit scored full
profit of 49,863 USD per year for E&T, 1,533 USD per year for ~ marks, that is, 25 each in E&T and treatment and reuse sub-criteria
treatment and reuse, and 50,439 USD for the entire SVC is the most ~ and other models have scored relative to the highest scoring model.
profitable FFM for the municipality. Higher profit is due to the  For E&T, model 6 scored 25 and all other models did not score any
sanitation tax for E&T services in the municipality. since net profit is negative. For treatment and reuse, models 3 and 4
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TABLE 8 | Multi-criteria analysis of FFMs (FIETS). Bold values are the total (sum) of values of the column i.e. weightage of each aspect totaling to 100%.

SN Aspect Criteria Sub Weightage Rating Weighted score
criteria (%) E M1 M2 M3 M4 M5 M6 E M1 M2 M3 M4 M5 M6
1 Financial Financial viability E&T 25 — — — — — — 100 25
Treatment 25 5 10 0 100 100 95 5 126 25 O 25 25 24 125
and reuse
2 Institutional Compatibility with E&T 25 100 0 100 O 0 0 100 25 0O 25 0 0 0 25
existing regulations  Treatment 2.5 100 100 100 0 0 0 100 25 25 25 O 0 0 2.5
and reuse
Institutional E&T 2.5 75 100 100 100 100 100 75 18 25 25 25 25 25 18
capacity Treatment 2.5 100 0 100 0 0 0 100 25 0 2.5 0 0 0 2.5
and reuse
3 Environmental  Public and E&T 5 75 60 60 60 60 60 100 4 3 3 3 3 3 5
environmental Treatment 5 100 0 100 0 0 0 100 5 0 5 0 0 0 5
safety and reuse
4 Technical Ease of E&T 5 100 50 40 50 40 50 80 5 25 2 25 2 25 4
implementation of Treatment 5 100 40 100 40 40 40 100 5 2 5 2 2 2 5
the business model  and reuse
5 Social Public acceptance E&T 10 100 100 100 70 70 70 70 10 10 10 7 7 7 7
and affordability Treatment 10 40 100 100 100 100 100 80 4 10 10 10 10 10 8
and reuse
Total 100 895 560 900 520 510 515 930 45 35 45 52 51 51 70

scored 25 as a result of profit generated by sanitation tax and the
existing model and model 6 scored the least with a score of 1.25 as
net profit generated is lower than other models. Model 2 has not
scored since it incurs a negative profit albeit providing
comprehensive FSM services covering the entire SVC.

Institutional Aspect (10% Weightage)

The institutional aspect is categorized into two criteria. The first
criteria looked at “compatibility with existing regulations” (5%
weightage), which examined the availability of supportive legal
and regulatory framework for business model implementation.
Without any legal and regulatory frameworks, it would be fairly
difficult for institutions to implement a business model; hence
models that have supportive legal and regulatory frameworks
score high. For E&T, the existing models, models 2 and 6 scored
2.5 because of supportive regulations for the privatization of
services and imposing sanitation tax up to 12% of holding tax.
For treatment and reuse, all models except models 3, 4, and 5
scored 2.5 as there is no provision for imposing sanitation tax
for treatment and reuse as it is handled by the private entity.
Similarly, the discharge fee and discharge incentive are not
being imposed for the same reason. The second criteria looked
at “institutional capacity” (5% weightage), which assessed the
availability of human resources and a dedicated unit for
planning and management of FSM for the implementation of
business model. For E&T, models 1, 2, 3, 4, and 5 scored 2.5 as
the private sector is providing services with adequate capacity
and making a profit. The existing model and model 6 scored less
with a score of 1.8 due to inadequate capacity in planning FSM
and the absence of FSM wing in the municipality. For treatment
and reuse, models 1, 3, 4, and 5 scored 0 as there is no separate
FSM department to operate the FSTP and the existing model,

models 2 and 6 scored 2.5 as it has dedicated man-power to
operate the FSTP and reuse.

Environmental Aspect (10% Weightage)

The environmental aspect was evaluated using the criterion of
public and environmental safety, which assesses the impact of the
business model on public and environmental safety. E&T evaluates
safe hygiene practices that include use of personal protective
equipment, provision of safe emptying services, and disposing of
FS in FSTP. Models 1 to 5, where E&T is privately operated, provide
prompt services being a profit-based entity. The lack of a monitoring
agency and discharge incentive creates a high possibility of unsafe
practices in E&T, and therefore these models scored 3. The existing
model scored 4, higher than the former models as it is the public
entity which provides services in a non-profit manner and it is
monitored by the municipality. Models 1, 3, 4, and 5 scored 0 in
terms of treatment and reuse as there is no FSM wing for operating
FSTP. The private operated treatment and reuse will be
environmentally safe as it is more profit-oriented; therefore,
models 2 and 6 scored 5 in the environmental and public safety.

Technical Aspect (10% Weightage)

The criterion to evaluate this aspect was “ease of implementation
of business model”, which is assessed by any changes required in
the existing behavior of the public or stakeholders and practical
difficulties in implementing the business model. With regard to
E&T, models 2 and 4 scored 2, because finding an entity to
provide comprehensive FSM services which are in loss and
finding an entity to pay for discharge license is difficult.
Models 1, 3, and 5 scored slightly higher than previous models
with a score of 2.5 as the municipality has to develop a plan for a
discharge fee and dumping license. Model 6 scored 4 as there are
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provisions for imposing sanitation tax for emptying and transport
operated by the municipality but achieving maximum collection
efficiency will require some time. The existing model scored 5 as
implementing the existing model is not complicated. The
municipality handling treatment and reuse part is difficult as
there is no separate department for FSM; therefore, models 1, 3, 4,
and 5 scored 2. The existing models, models 2 and 6, scored 5 as
there are no difficulties with the treatment and reuse part of these
models.

Social Aspects (20% Weightage)

In the social aspect, the criterion of “public acceptance and
affordability” of FSM services was used. People will accept the
business model when it is affordable and it was observed that the
public is more concerned about E&T and not much for treatment
and reuse. For E&T, the existing model and models 1 and 2 scored
10, as these do not include any additional charge to public,
whereas models 3, 4, 5, and 6 scored 7 as they add sanitation
tax which is an additional expenditure for households. For
treatment and reuse, all models scored 10 as it does not have
a direct impact on the affordability for the public.

CONCLUSION

The financial flow simulator (eSOSView™) tool could be applied
to determine financial viability of individual components as well
as entire SVC. The financial analysis of existing FFMs in Kushtia
revealed that it is financially unviable, incurring a loss of 3,901
USD per year. While exploring other FFMs, it showed that the
modified parallel tax and discharge fee model generates the
highest net profit of 51,396 USD per year considering the
entire SVC (49,863 USD per year for E&T and 1,533 USD per
year for treatment and reuse). It is evident that sanitation tax and
discharge incentive aid service providers in attaining financial
sustainability. The eSOSView™ tool could be tailored to
determine financial viability of existing FFMs in addition to
the generalized five FFMs. Financial viability is not adequate
to determine a sustainable business model; hence, the FIETS
sustainability approach was adapted to determine a sustainable
FSM business model for Kushtia municipality. Criteria and
weightage for each of the FIETS approaches could be
developed and customized as per the existing situation and
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Analysis of the current state of nutrient stocks, flows, and balances of a territory is
necessary to inform strategies that can transition the agri-food sector to a circular
economy model. In this study, we quantified the nitrogen and phosphorus
budgets for the Bolivian agri-food system at national and regional scales by
way of agro-ecological zoning. We performed nutrient balances to calculate
indicators for sufficiency (extent of nutrient deficit/surplus) and circularity
(proportion of nutrients recirculated). We also evaluated the potential of
renewable stocks (human excreta and livestock manure) to meet nutrient
deficits in the system. Our results showed that there are apparent deficits of
32 kt N and 8 kt P in the system that cannot be accounted for using available data.
We estimate the real deficits required to bring yields of 45 crops grown in Bolivia to
parity with those of neighbouring countries to be 110 kt N and 33 kt P. About 447%
of nitrogen and 74% of phosphorus is currently recirculated in the system, with the
major nutrient inputs being biological nitrogen fixation, livestock manure, and crop
residues. However, nutrient recycling is likely to decrease in the future because the
national strategy to address nutrient deficits is to increase domestic production of
synthetic fertilisers. Our analysis also shows that there is a sufficient stock of
nutrients already available in human excreta (39 kt N and 5 kt P) to cover 100% of
the nitrogen deficit and 64% of the phosphorus deficit. The low-altitude zone of
Chiquitania-Pantanal alone accounts for 65% of cultivation and 80% of the
nutrient demand in the country. Here, export-oriented crops like soybean and
sorghum are grown, but less than 25% of the nitrogen is recirculated. In contrast,
there are nutrient surpluses of 41 kt N and 34 kt P in agro-ecological zones like the
Valleys and Altiplano where traditional agriculture is practiced, and the majority of
food is grown for local consumption. Overall, we find that recycling of human
excreta, combined with transfer of regional nutrient surpluses, could be an
effective strategy to reduce the overall nutrient deficit in the system.

KEYWORDS

circular economy, fertilizer, manure, nitrogen budget, phosphorus, soybean,
sustainable food production, wastewater
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1 Introduction

Nitrogen (N) and phosphorus (P) are the plant-essential
macronutrients that most limit crop yields in agriculture.
Therefore, an evaluation of food security at any geographical
scale must consider whether there are sufficient stocks of these
nutrients to support the production of food. Such evaluations
are highly relevant today, as the global population is growing
rapidly and the nutritional needs of an additional 2 billion
people will need to be met by 2050 (UN, 2019). However, the
agri-food system is already the largest contributor to
anthropogenic transgression of several of the planetary
boundaries, including the boundary for the biogeochemical
flows of N and P (Steffen et al, 2015). To improve
the application of
like urea and diammonium phosphate has

agricultural ~productivity, synthetic
fertilisers
increased over the years (Randive et al., 2021); however, so
has eutrophication due to the linear flow of nutrients from soils
to recipient watercourses (Farmer, 2018).

To reduce the environmental impact of agriculture and keep
earth systems within their safe operating space, it is essential that
we improve both nutrient use efficiency during cultivation and
overall nutrient circularity in the food system (Elser and Bennett,
2011), for example, by changing to better fertiliser application
methods or by recycling nutrients present in livestock manure
(Mayer et al., 2016). However, to inform such circular economy
initiatives, a good understanding and analysis of the current state
of nutrient stocks, flows, and balances is necessary. While such
analyses can be performed at various scales, analysis at the
national and regional scales is most appropriate if the goal is
to inform policymakers (Chowdhury et al., 2014). The literature
on nutrient budgets at various scales is extensive (Senthilkumar
et al., 2012; Chowdhury et al., 2014; Klinglmair et al., 2015; van
der Wiel et al., 2019; Zhang et al., 2020), and there is a growing
body of research (Mihelcic et al., 2011; Morée et al., 2013; Smit
et al., 2015; Hanserud et al., 2016; Akram et al., 2019; van
Puijenbroek et al., 2019) focusing on quantifying the potential
of alternative sources to meet the nutrient demand in agriculture.
We are, however, unaware of any such analysis performed at any
scale for the Bolivian agri-food system.

The population of Bolivia has grown rapidly from 8.4 million
in 2000 to 11.7 million in 2020 and is expected to peak at
17.7 million by 2083 (UN, 2019). About 70% of the
population in the land-locked country lives in urban areas,
where an estimated 72% of people have access to basic
sanitation (MMAyA, 2020) but only 58% of the wastewater is
treated (UN-WATER, 2021). The city of La Paz (the largest of
Bolivia) has no wastewater treatment facility, and raw wastewater
is directly discharged to rivers. As human excreta contain plant-
essential macro- and micro-nutrients (Vinnerds et al., 2006),
many initiatives have attempted to promote alternatives to
in Bolivia, such as

conventional wastewater treatment

wastewater irrigation (Verbyla et al, 2016; Perez-Mercado
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et al, 2022) and ecological sanitation (Silveti and Andersson,
2019).

However, little is known about the nutrient stocks in
excreta available for recycling. To address this gap, this
study attempted to answer the following questions. Can
human excreta-derived nutrients fill the nutrient gap in the
Bolivian agri-food system? What proportion of fertiliser
imports to the country can be substituted by excreta-
derived nutrients? How close or far is the agri-food system
in Bolivia from achieving nutrient circularity?

We conducted an evaluation of the current nutrient stocks,
flows, and budgets for the Bolivian agri-food system at two
geographical scales, national and regional. We quantified the
current nutrient demand in terms of indicators for sufficiency
(Guareschi et al., 2019) and circularity (Papangelou and Mathijs,
2021) and assessed the potential of renewable stocks (human
excreta and livestock manure) to meet the nutrient deficit in the
system. Our findings have implications for food and nutrition
security policy in low- and middle-income countries.

2 Methodology

A mass balance for nitrogen and phosphorus was performed
for the Bolivian agri-food system (ie., crop cultivation and
human consumption). Based on the results of the mass
balance, indicators of nutrient sufficiency (Guareschi et al,
2019) and circularity (Papangelou and Mathijs, 2021) for crop
cultivation were calculated. Subsequently, the potential of
nutrients contained in human excreta to supply the nutrients
required for crop cultivation was estimated. All analyses (mass
balance and calculation of indicators and potential substitution
of crop nutrients by excreta) were done at both national and
regional levels.

2.1 The agri-food system

2.1.1 System components

The agri-food system comprises all of the processes required
to provide food to the population living within the national
boundary of Bolivia and the nutrient flows in and out of this
system (Papangelou and Mathijs, 2021). The system includes the
following eight processes: urea industry, cropland, crop residues,
livestock production, grassland, forest, food industry, and human
consumption (Figure 1A). However, we simplified the agri-food
system (Figure 1B and Table 1) to include only the processes
linked to crop cultivation (cropland and crop residues) and
human consumption for the following reasons. First, data are
not available for all the processes in Bolivia. For example, there is
no literature on the composition of organic wastes or on the
amount of phosphorus added to the system via cleaning agents.
Second, for some processes, there is evidence of significant
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FIGURE 1

Processes (solid-line boxes), flows (arrows) and boundaries (dashed-line boxes) for (A) the complete Bolivian agri-food system and (B) the
simplified system considered for the mass balance calculations for nitrogen and phosphorus. The national boundary is represented by a red dashed
box and grey dashed boxes indicate processes linked to crop cultivation. The dashed arrows represent flows that were not included in the mass

balance due to insufficient data.
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TABLE 1 Processes and flows included in the nutrient mass balance, including how they were estimated or calculated. Data sources are indicated with

superscript letters.

Process or flow

Cropland

Imported and domestic synthetic
fertiliser

Biological fixation

Crop residues (outflow)

Crop residues (inflow)

Applied manure

Emissions, leaching, and run-off from
applied manure and fertilisers

Harvested produce

Left crop residues

Emissions from leftover crop residues

Human consumption

Excreta

Food

Description

Process. N and P taken up by crops according to their needs until
harvest

Input flow. N and P in synthetic fertiliser applied to cropland in
2018

Input flow. Atmospheric N fixed by microorganisms and taken up
by crops

Output flow. N and P left over from crop residues that are
incorporated into the soil

Input flow. N and P left over from crop residues that are
incorporated into the soil and taken up by crops

Input flow. N and P in manure applied to cropland

Output flows. N in manure and synthetic fertilisers applied to
cropland that is lost due to atmospheric emissions, leaching, and
run-off

Output flow. N and P taken up by crops during cultivation prior
to harvest
Process. N and P in crop residues left on soil are released

Output flow. N from leftover crop residues that is emitted to
atmosphere

Process. N and P in food is ingested by the population

Output flow. N and P in human excreta ending up in untreated/
treated wastewater or in soil

Input flow. N and P in food ingested by the population

Calculation method

Calculated as

mass of fertilisers applied® x N and P content for each fertiliser*
Calculated as

crop yield” x proportion of N fixed by each crop*

For N, data are published for each crop®. For P, calculated as

N in leftover crop residues” xratio of N:P (for each crop’s

residues)>¢ef

For N, calculated as N in leftover crop residues incorporated into
the soil> minus N in leftover crop residues incorporated into the
soil that is emitted to the atmosphere®. P is the amount in leftover
crop residues incorporated into the soil (no emissions were
assumed)

For N, data are published for each type of manure®
For P, calculated as
N in manure® x ratio of N:P for each type of manures""

For manure, data are published for each type of manure®. For
fertilisers, calculated as

mass of N applied in fertilisers® x 0.3

Calculated as crop yield® x ratio of nutrient mass:yield mass (for
each Crop)c.e.k.l,m.n.o\p,q.r.s

Data published for each crop’s residue®

Calculated for both nutrients according to Jonsson and Vinnerés
(2003). For N, daily total protein consumption per capita® x 365 x
population x 0.13". For P, daily total protein consumption per
capita® + daily vegetable protein consumption® x 365 x
population x 0.011

Assumed to be equal to the output flow*

a, INIAF, ANAPO, CIAB, (2019); b, FAO (2022); ¢, Guareschi et al. (2019); d, Torma et al. (2018); e, Roy et al. (2006); f, Lal (2009); g, Ali et al. (2019); h, Awodun et al. (2007); i, ASAE
(2005); j, Brown (2013); k, Haifa-group (2021); 1, de Sousa and Lobato (2004); m, Faquin (2004); n, Pires and Portela (2007); o, da Cunha et al. (2018); p, Halliday and Trenkel (1992); q,

Cris6stomo and Naumov (2009); r, Alvar-Beltrdn et al. (2021); s, Intrepid-potash (2021); t, Jonsson and Vinneras (2003).

influence by “grey market” activities that make nutrient flow
estimations unreliable even though data for the processes exist,
e.g., smuggling of produce from abroad (Tito-Velarde and
Wanderley, 2021) and unplanned change of land use,
including conversion of forest land to pastures and cropland
(Miiller et al., 2012).

2.1.2 Flows

We studied the flows of nitrogen and phosphorus in and out of
the crop cultivation (i.e., cropland and crop residues) and human
consumption processes. Detailed information on the data used for
estimating the mass flow of the elements, including data sources, is
summarized in Table 1, and further information is available in the
supplementary material (Supplementary Tables S1-54).
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2.1.3 National and regional level

We studied the Bolivian agri-food system at the national and
regional levels. At the regional level, instead of the nine Bolivian
administrative regions (or departments), we considered the seven
agro-ecological zones. Agro-ecological zoning groups a territory
based on landscape, climatic and soil characteristics, focusing on
the requirements and management systems of crops (FAO,
1996). Such zoning is based on three inputs (i.e., land
resource inventory, inventory of land utilization and crop
requirements, and evaluation of land suitability), and its
purpose is to inform decisions on development by identifying
areas with similar potentials and constraints. In Bolivia, by law,
agro-ecological zones are part of territorial planning at the
departmental and municipal scales (Ministry for Planning of
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TABLE 2 Main biophysical and productive characteristics of the Bolivian agri-food system and its seven agro-ecological zones.

Characteristic Bolivia Agro-ecological region
Altiplano Amazonia Chaco Chiquitania- Llanuras Valleys  Yungas-
Pantanal Chapare
Altitude® (metres above sea level) NA 3,800-4,100 >400 250-950 <900 130-500 1,500-3,600  400-1900
Temperature® (mean min.-mean NA 8-12 — 15-36 — — — —
max., in ‘C)
Annual rainfall* (mm) NA 100-600 1500-2000 400-1,000 700-1500 700-2000 300-1,000 2000-4000
Population in 2018" (thousands [% 11,347 2,456 (21.6) 398 (3.5) 378 (3.3) 2,993 (26.4) 244 (2.1) 4,313 (38.0) 561 (4.9)
of total country population])
Cultivated area® (thousand ha [% 3,741 207 (6) 101 (3) 359 (10) 2,455 (65) 95 (3) 361 (10) 160 (4)
of the harvested area in the
country])
Top 5 crops produced® (kt; % of the ~ Sugarcane  Potatoes Bananas Groundnuts ~ Maize Bananas Maize Bananas
crop produced in country) (9,616; (396; 34) (415 13) (205 74) (516; 41) (115 4) (260; 21) (226; 74)
100)
Soybean Quinoa Cassava Maize Rice Cassava Onions Oranges
(2,942; (68; 96) (30; 15) (426; 34) (433; 80) (30; 15) (71; 81) (161; 85)
100)
Maize Barley Maize Sorghum Sorghum Rice Potatoes Pineapples
(1,260 (20; 43) (17; 1) (2805 27) (741; 72) (60; 11) (704; 60) (81; 94)
100)
Potato Carrots and Rice Soybeans Soybeans Soybeans Sugarcane Plantains
(160, umips U523 ;) (108; 4) (2,842; 96) (10 3) (598; 6) (468; 95)
100)
Sorghum Broad beans Sugarcane Wheat Sugarcane Sugarcane Tomatoes Tangerines
(1,203; (4; 32) (76; 1) (34; 11) (8,886; 92) (48; <1) (60; 92) (101; 43)
100)
Top 3 livestock species raised® (k Cattle Cattle Cattle Cattle Cattle Chickens Cattle
LU; % of livestock in country) (456; 5) (741; 9) (935; 11) (2.827; 34) (2,070;25)  (16,728; 40)  (174; 2)
Llamas Chickens Chickens Chickens Chicken Goats Chickens
(2,017; 80) (590; 1) (2,563; 6) (18,955; 46) (259; <1) (1,433; 76) (2,1205 5)
Sheep Swine Swine Swine Swine Sheep Sheep
(3,202 51) (77; 5) (2625 19) (357; 25) (57; 4) (2,488; 40) (303; 5)
Cultivated area fertilized with 44 <1 2 2 <1 43 5

manure? (%)

*VDRA (2012).
"INE (2021).

“calculated by applying the proportions determined in the Bolivian Agricultural Census (2014) to the data from INIAF, ANAPO, CIAB, (2019).
“Bolivian Agricultural Census (2014). Further information can be found in the supplementary material (Supplementary Tables 52, S5).

Development, 2016) and are often used as criteria to establish
associations of municipalities (“mancomunidades”).
Agro-ecological zones are especially appropriate for
estimating the potential for nutrient recycling in Bolivia
because, besides grouping similar crop systems, they also
express differences in altitude (agricultural production in
Bolivia takes place between ~100 and ~4,000 m above sea
level and slopes across the territory), which significantly
increases the cost of transporting crops (Klein et al, 2017),
biomass (Morato et al, 2019) and nutrients (Trimmer and
Guest, 2018). The seven agro-ecological regions are briefly

characterized in Table 2.
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2.2 Mass balance

Mass balance calculations were done for the simplified agri-
food system (Figure 1) at the national scale using data sourced
from the literature and the FAOSTAT database for the year 2018
(Table 1). For the regional scale, we aggregated data sourced from
the Bolivian Agricultural Census (2014) to calculate the nutrient
flows for each agro-ecological, region as the census is performed
at the municipality level. We assumed that the contribution of
each region to the national nutrient budget remained constant
until 2018. Detailed calculations can be found in the
supplementary information.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.956325

Perez-Mercado et al.

2.2.1 Sufficiency

We calculated the nutrient sufficiency indicator to express the
results of the mass and nutrient balance so that it can be related to
the nutrient requirements of crops. As mass balance calculations
compare nutrient inputs and outputs in the crop production
system (Eq. 1), a negative value for the indicator implies that the
amount of nutrient input to the system is not sufficient to meet
the demand of the crops. In other words, there would be a
nutrient deficit. Conversely, we interpreted a positive value for
the indicator as nutrient inputs greater than the amount required
by crops, or in other words, a nutrient surplus.

Suf ficiency = ZInputi x Ef ficiency;

i=1

45
- z Harvested.produce
=

(1)

Input is the amount of nutrient (nitrogen or phosphorus)
applied to soil by the following input flows i: synthetic fertilizer,
crop residues, animal manure, and (in the case of nitrogen only)
biological fixation. Efficiency is the proportion of nutrient applied
to soil by means of the input i that is available for and taken up by
the crops. The efficiencies for each input were calculated by
subtracting the amount of nutrients lost to emissions, leaching,
and run-off according to the coefficients and data from
Guareschi et al. (2019) for synthetic fertilizer and nitrogen
biological fixation and from the FAO (FAO, 2022) for crop
resides and animal manure (Table 1).

Harvested.produce (crop requirements) is the mass of
nutrient taken up by the crop j (where j is one of the
45 highest-yield crops in Bolivia according to FAOSTAT). It
was calculated by means of published ratios that link crop yield
with the amount of nutrient taken up by crops for a given yield
(Table 1). Since the current yields for most crops in Bolivian
agriculture are considered low, especially in comparison with
yields for the same crops in neighbouring countries (Guareschi
et al, 2019; INIAF, ANAPO, CIAB, 2019), we calculated the
sufficiency indicators using the following two approaches derived
from Eq. 1. In the first approach (Eq. 2), crop nutrient
requirements were calculated based on data for the latest crop
yields available to us, i.e., for the year 2018 (current sufficiency). If
the calculated value of the current sufficiency indicator was
negative, we interpreted it as an apparent nutrient deficit since
the value should be zero if all inputs and outputs have been
considered in the mass balance. In the second approach (Eq. 3),
crop nutrient requirements were calculated based on data for
yields obtained in neighbouring countries for the same crops
(optimum sufficiency) taken from FAOSTAT (FAO, 2022) and
available in the supplementary material (Supplementary Table
S2). If the calculated value of the optimum sufficiency indicator
was negative, we interpreted it as a real nutrient deficit, since it
represents the deficit in nutrient inputs necessary to obtain
optimal crop yields.
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n
Curent.suf ficiency = Zlnput,v x Ef ficiency;

i=1

45
- zHarvested.produce.actual 2)
=i

Optimum.suf ficiency = ZInput,— x Ef ficiency;

i=1

45
- z Harvested.produce.optimum
j=1

(©)

2.2.2 Circularity

Circularity can be defined as the extent to which a system
reduces (or even eliminates) waste by recirculating it as a product
or raw material for other processes (Antikainen et al, 2018).
Therefore, we evaluated the circularity of the nutrients in the
studied system by calculating the share of nutrient inputs that are
recirculated (i.e., that originated from secondary resources) (Eq. 4),
following the work of Papangelou and Mathijs (2021).

Y recirculated.Input

Y Input )

Circularity =

recirculated.Input is the amount of nutrients in the recirculated
inputs that are applied to soil for crop cultivation. In this study,
the inputs deemed recirculated were leftover crop residues and
collected manure, while synthetic fertilizers and biological
fixation of nitrogen were not considered circular inputs (Table 1).

2.2.3 Replacement potential of excreta

The potential of human excreta to replace current nutrient
demand for crop cultivation (R.potential) was calculated by
dividing the amount of nutrients available in excreta by the
amount of nutrients required for crop cultivation. In the case of
nitrogen (N.R.potential), the proportion of nitrogen biologically
fixed (B.Fixation) from atmosphere by microorganisms associated
with some of the crops was subtracted from the amount of
nitrogen taken up by the crops (Harvested.producey) (Eq. 5).

Excretay

N.R.potential = — —
Y.\ Harvested.producey — B.Fixation

Excretay is the amount of nitrogen in human excreta and B.
Fixation is the amount of atmospheric nitrogen fixed by
microorganisms and taken up by crops. For phosphorus, the
replacement potential of excreta (P.R.potential) was calculated as
for nitrogen except for biological fixation, which does not take
place for phosphorus (Eq. 6).

Excretap
Z;;H arvested.producep

P.R.potential = (6)

In this case, Excretap is the amount of phosphorus in human
excreta and Harvested. producep is the amount of phosphorus
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TABLE 3 Summary of parameters resulting from the mass balance for nitrogen and phosphorus in the agri-food system of Bolivia and its seven agro-

ecological regions, with crop yields for 2018.

Parameter Bolivia Agro-ecological region
Altiplano Amazonia  Chaco Chiquitania- Llanuras  Valleys Yungas-
Pantanal Chapare
Top 5 crops demanding ~ Soybean Quinoa Bananas Maize Soybean Rice Maize Coffee
N (crop yields in kt) (47,074)  (1,385) (261) (10,744) (45,190) (1,502) (6,555) (2,107)
Maize Potatoes Maize Sorghum Sorghum Maize Potatoes Bananas
(31,775)  (1,424) (495) (8,406) (22,229) (299) (2,425) (1,435)
Sorghum  Barley Rice Soybean Maize Cassava Onions Oranges
(30,699)  (506) (275) (1,730) (13,016) (161) (2,131) (945)
Rice Carrots and Cassava Wheat Rice Soybean Wheat Plantains
turnips
(13,528) (383) (162) (1,185) (10,834) (153) (1,490) (889)
Wheat Onions Brazil nuts Beans Sugarcane Bananas Beans Rice
(10,559)  (382) (132) (742) (9,241) (71) (1,402) (644)
Top 5 crops demanding ~ Soybean ~ Quinoa Bananas Maize Soybean Rice Maize Oranges
P (eropyieldsin ki) 35547 (190) G4) (1,743) (36717) (300) (1,063) (693)
Maize Potatoes Maize Sorghum Sorghum Soybean Potatoes Bananas
(5,156) (153) (72) (1,681) (4,445) (124) (273) (296)
Sorghum  Barley Rice Soybean Rice Maize Wheat Tangerine
(6,139) (81) (55) (1,405) (2,166) (48) (255) (181)
Rice Broad beans Cassava Wheat Maize Cassava Beans Coffee
(2,705) (46) (25) (203) (2,112) (24) (246) (138)
Wheat Carrots and Oranges Groundnuts Sunflower Bananas Onions Rice
turnips
(1,810) (46) (22) (199) (1,332) (14) (213) (129)
N required (tonnes) 395,220 4,826 1,676 35,229 315,575 3,027 24,843 8,114
N required (%) 100 1 <1 9 80 <1 6 2
P required (tonnes) 63,564 619 284 5,605 51,259 538 3,137 1,790
P required (%) 100 1 <1 9 80 1 5 3
N balance (tonnes) -32,159 +6,760 -1,137 -15,460 —50,748 -705 +34,274 -3,426
Excess +, deficit -
P balance (tonnes) 7,793 +3,719 -206 -3,135 —-37,486 =357 +29,839 +158
(+, excess; —, deficit)
Main N input (%) BNF Manure Crop BNF BNF Crop Manure Manure
(56) 78) residues (57) (s1) 72) residues (45) (65) (62)
Main P input (%) Manure Manure Crop Crop residues Crop residues Crop Manure Manure
residues (81) residues (99)
(53) (90) (78) (57) (69) (77)
N circularity (%) 44 98 57 49 24 42 82 81
P circularity (%) 74 97 98 83 67 99 72 83
N environmental — 195 5 2 7 12 246 42
loss (%)
Area with manure (%) 8 44 <1 2 2 <1 43 5
Main manure — Swine (75-50%) Cattle Cattle (39-56%) Chicken (63-81%) and ~ Cattle (99%) Chicken Chicken (49-69%)
source (%) and cattle (97-98%) and swine swine (36-18%) (57-71%) and and swine
(13-20%) (53-34% swine (29-14%)  (46-25%)
Main manure source — — — — Chicken (6.4) — Chicken (38) Chicken (11)
(no. Of heads/ - Cattle (1.8) Cattle (6) Cattle (2.1) - Catlle 18)  — -

cultivated ha)

Swine (0.4)
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Swine (0.1)

Swine (1.1)

Swine (0.4)
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TABLE 4 Summary of parameters resulting from the mass balance for nitrogen and phosphorus in the agri-food system of Bolivia and its seven agro-
ecological regions, with optimised crop yields (average yields in neighbouring countries) for 2018.

Parameter Bolivia  Agro-ecological region
Altiplano  Amazonia  Chaco Chiquitania- Llanuras Valleys Yungas-
Pantanal Chapare
Top 5 crops demanding ~ Maize Quinoa Maize Maize Soybean Rice Maize Coffee
N (crop yields in kt) (76,870) (2,841) (1,079) (25,994) (62,802) (2,827) (15,858) (3,515)
Soybean Potatoes Rice Sorghum Maize Maize Potatoes Bananas
(65,420) (3,327) (517) (8,918) (31,488) (724) (5,920) (1,890)
Sorghum Barley Bananas Soybean Sorghum Cassava Wheat Oranges
(32,569) (869) (344) (2,404) (23,583) (329) (3,056) (1,719)
Rice Carrots and Cassava Wheat Rice Soybean Onions Maize
(25,466) turnips (332) (2,431) (20,394) (213) (2,747) (1,371)
(678)
Wheat Onions Watermelon Seed cotton Wheat Watermelon Carrots and Rice
(21,653) (493) (197) (1,509) (15,931) (120) turnips (2,115)  (1,213)
Top 5 crops demanding  Soybean Quinoa Maize Maize Soybean Rice Maize Oranges
P (crop vyields in kt) (53,154) (390) (175) (4,218) (51,026) (565) (2,573) (1,261)
Maize Potatoes Rice Soybean Maize Soybean Potatoes Tangerine
(12,474) (358) (103) (1,953) (5,109) (173) (638) (391)
Sorghum Barley Bananas Sorghum Sorghum Maize Wheat Bananas
(6,513) (139) (71) (1,783) (4,716) (117) (523) (390)
Rice Broad beans Cassava Wheat Rice Cassava Beans Rice
(5,093) (68) (51) (416) (4,078) (50) (280) (242)
Wheat Carrots and Oranges Groundnuts Wheat Bananas Onions Coffee
(3,711) turnips (41) (283) (2,731) (19) (274) (230)
(81)
N required (tonnes) 605,790 9,436 2,955 60,147 460,292 5,532 48,170 13,858
N required (%) 100 1 <1 10 76 <1 8 2
P required (tonnes) 96,823 1,202 505 9,284 74,499 977 6,234 3,141
P required (%) 100 1 <1 9 77 1 6 3
N balance (tonnes) -109,415 +4,880 -1,975 —28,427 -90,072 -1,933 +21,364 8,147
(+, excess; —, deficit)
P balance (tonnes) -33,019 +3,441 -352 -5,330 —56,248 -630 +28,124 -1,049
(+, excess; —, deficit)
Main N input (%) BNF (58) Manure (63) Crop BEN (50) BNF (71) Crop Manure (55) Manure (50)
residues (67) residues (55)
Main P input (%) Manure (46) Manure (84) Crop Crop Crop residues (67) Crop Manure (66) Manure (71)
residues (90) residues (86) residues (99)
N circularity (%) 43 98 67 52 26 52 82 81
P circularity (%) 77 97 99 89 75 99 73 84

taken up by crops. The results of the replacement potential of
excreta are expressed as percentages for both nutrients. We
assumed that there were no losses during treatment, storage,
transportation, and application.

2.3 GIS mapping
Data calculated in the mass balance were processed with the

PostGIS extension for PostgreSQL and then plotted as
choropleth maps with QGIS.
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3 Results
3.1 Nutrient sufficiency

At the national level, the total nutrient requirements in relation
to crop yields obtained in the year 2018 (i.e., current crop yield; see
Section 2.2.1) were 395 and 63 kt for N and P, respectively. The total
nutrient inputs to the agri-food systems after accounting for nutrient
losses during application amounted to 363 kt for N and 55 kt for P.
This suggests that there are apparent deficits of 32 kt of N (8% of
total crop requirement after accounting for biological fixation) and
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7.7 kt of P (12% of total crop requirement) (Table 3). However, if all
crops received optimal nutrient inputs so that their yields were
maximised (i.e., optimum crop yield; see Section 2.2.1), then 605 kt
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of N and 97 kt of P would be required (Table 4). This means that the
real nutrient deficit was much larger, 110 kt of N and 33 kt of P

(Figure 2, Figure 3).
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FIGURE 4

Nutrient requirements (kg) from the top five crops with highest nutrient demands produced in Bolivia in 2018, determined by mass balance. For
nitrogen, the requirements shown resulted from subtracting the biologically fixed amount from the total demand. Requirements are shown at the
municipality level. The seven agro-ecological regions are delimited with thicker lines.
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Although the top five crops in total yield (i.e., in tonnes) were
sugarcane, soybean, maize, potato, and sorghum (Table 2), the
five crops that demanded the largest N and P inputs were
soybean, maize, sorghum, rice, and wheat (47, 31, 30, 13, and
10 kt for N, and 38, 5, 6, 2.7, and 1.8 kt for P, after accounting for
biological nitrogen fixation and losses during application; see
Table 3). The differences between the nutrient input required for
maximising crop yields (Table 4) and the nutrient input received
by crops in year 2018 (Table 3) were smallest for sorghum (6%)
and soybean (28%), both of which are processed mainly to
produce animal feed, but much larger (52% on average) for
the staple crops wheat, rice, and maize.

Three agro-ecological regions (Chiquitania-Pantanal, Chaco,
and the Valleys) accounted for nearly 90% of the nutrient
demand (Table 3). About 65% of the cultivated area in Bolivia
is found in the Chiquitania-Pantanal region (Table 2), which
alone accounts for 80% of the nitrogen and phosphorus demand
of the country (Table 3). This is because soybean, sorghum, and
rice (three out of the five most cultivated and most nutrient-
demanding crops grown) can only be cultivated in low-altitude
agro-ecological regions (Figure 4). In contrast to Chiquitania-
Pantanal, the Valleys region accounts for 10% of cultivated area
but only 6 and 5% of the N and P demands of the country,
respectively.

In five out of the seven regions (excluding Altiplano and the
Valleys), there are deficits of both the nutrients. The deficit is
largest in Chiquitania-Pantanal, where there is a shortfall of
50 kt N and 37 kt P, followed by Chaco (15 kt N and 3.1 kt P) and
Yungas-Chapare (deficit of 3.4 kt N but surplus of 0.1 kt P). In
both the Valleys and the Altiplano, there are nutrient surpluses of
approximately 41 kt of N and 33.5 kt of P.

According to the mass balance at the regional scale, there is
discrepancy between the demand for nutrients and the nutrients
harvested for some crops. For example, sugarcane is one of the
five most cultivated crops in Amazonia, Chiquitania-Pantanal,
and Llanuras, but is not among the top five nutrient-demanding
crops, and it is the fifth largest crop in terms of nitrogen demand
in Chiquitania-Pantanal (Table 3). This is also the case for
tomato cultivation in the Valleys and for pineapple cultivation
in Yungas-Chapare. Soybeans accounted for about 17% of the
total nitrogen applied in Chiquitania-Pantanal, where almost all
the country’s soybean crop is cultivated. Although it is a common
approach when calculating nutrient demand (INTAF, ANAPO,
CIAB, 2019) to focus on crops with the highest harvests, our
findings suggest that this can be inaccurate in countries and
regions where crops with high water content and low nutrient
demand are produced at large scale.

3.2 Circularity

The main nitrogen input at national level was biological
nitrogen fixation (204 kt, accounting for 47% of the total
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input) followed by manure (25%), crop residues (19%), and
synthetic fertilizer (8%). For phosphorus, the main input was
manure (29 kt, accounting for 53% of total input), followed by
(26%) and crop (21%).
Therefore, the nutrient circularity of the Bolivian agri-food

synthetic fertilizers residues
system (i.e., the proportion of nutrients recirculated to the
nutrient inputs added during crop cultivation; see Eq. 4) was
estimated to be 44% for nitrogen and 74% for phosphorus
(Table 3).

In the two regions where there is surplus of both nutrients,
the main nutrient input was animal manure (swine in the
Altiplano and chicken in the Valleys), accounting for >65% of
the total input (Table 3). In the two regions with the largest
nutrient deficits (Chiquitania-Pantanal and Chaco), soybean
was the most nutrient-demanding crop but also the main
source of nitrogen input to the soil because of biological
fixation (72 and 51% of the
Chiquitania-Pantanal and Chaco, respectively), while the

nitrogen inputs for
crop residues left over after harvest were the main source
of phosphorus (57 and 78% for Chiquitania-Pantanal and
Chaco, respectively) (Table 3).

In regions with nutrient surpluses, the proportion of
nutrients recirculated back to the food system was high, >95%
in the Altiplano and >71% in the Valleys, respectively. This is
likely because of the wider availability of manure across both
these agro-ecological regions in comparison to that in the other
five regions (Figure 5). In contrast, the estimated nutrient
circularity in the two regions with the largest nutrient deficits
was low, 24-67% for Chiquitania-Pantanal and 49-83% for
Chaco.

3.3 Replacement potential of human
excreta

In Bolivia, about 39 kt of nitrogen and 5 kt of phosphorus
are available in human excreta (Figure 6). If all of the excreta
were to be collected and recycled back to cropland, 100% of the
nitrogen deficit and 64% of the phosphorus deficit of the
current system (Table 3) could be met. Overall, the nutrients
in excreta are equivalent to 20% of the nitrogen demand and 8%
of the phosphorus demand of the agri-food system (Table 5). At
the regional level, the replacement potential of excreta is higher
in regions with large populations and low crop production. For
example, 60% of the country’s population lives in the Altiplano
and the Valleys, where only 16% of crop production occurs, so
recycling either animal manure alone (the current practice; see
Table 3) or human excreta alone in these regions can meet the
majority of the nutrient demand (Table 5). Outside the
Altiplano region, excreta would not be enough to meet
nitrogen or phosphorus requirements. In Chiquitania-
Pantanal, less than 10% of nutrient requirements could be
met by recycling excreta.
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FIGURE 5

Availability of nutrients (kg) from manure in Bolivia in 2018, determined by mass balance. The seven agro-ecological zones are delimited with
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Availability of nutrients from human excreta in Bolivia in 2018, determined by mass balance. The seven agro-ecological zones are delimited with
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4 Discussion

4.1 Nutrient demand and sufficiency in the
bolivian agri-food system

The findings of this study suggest that 395 kt N and 65 kt P
were required to support crop production in Bolivia for the year
2018. According to our mass balance calculations, there was an
apparent deficit of 32 kt N and 8 kt P in crop production, which
we cannot account for from the available data. The starting point
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of our calculations was the FAOSTAT (FAO, 2022) database
where Bolivia reports the total yields of 45 different crops grown
in the country. Thus, the total amounts of N and P in agricultural
harvests are known, as are the total nutrient inputs to the food
system in the form of biological fixation, manure, and synthetic
fertiliser application. Therefore, it is unclear why the mass
balance shows a nutrient deficit and/or how that deficit is
being met.

There are several possible reasons for this deficit. First,
the deficit may have been met with nutrient stocks in soil that
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TABLE 5 Replacement potential of human excreta for nutrient requirements for agriculture in Bolivia in 2018. Net requirement of nitrogen refers to

the requirement after subtracting the biologically fixed nitrogen.

Parameter Agro-ecological region

Altiplano Amazonia Chaco Chiquitania- Llanuras Valleys Yungas- Bolivia
Pantanal Chapare
Excreta/net requirement N (%)* 186 87 5 8 36 70 24 20
Excreta/requirement P (%)* 176 62 2 3 20 61 14 8
Total potential for N circularity 337 64 40 54 63 249 57 81
(%)
Total potential for P circularity 818 76 39 20 50 810 102 71

(%)"

“Recovery and efficiency of 100% was assumed for excreta.

Precovery and efficiency of 50% (current efficiency for manure) was assumed for excreta and for applied manure, while 98% (current efficiency) was considered for crop residues.

become available during land use change (planned or
unplanned conversion of forest land to agricultural land).
There is evidence of deforestation in Bolivia linked to large-
scale farming of industrial crops in agro-ecological zones
where agriculture is practiced in close proximity to forest
land (i.e., Amazonia, Chaco, and Chiquitania-Pantanal)
(Miiller et al., 2012; Ormachea, 2018). Second, the deficit
could have been met through traditional agricultural
practices (e.g., crop rotation, fallowing, etc.) for which
there are no data, and which thus could not be accounted
for. If these explanations hold, it would mean that the agri-
food system is operating at a deficit that will ultimately result
in depletion of soil nutrient stocks.

We also estimated that the true deficit in the Bolivian agri-food
system is much higher than what the mass balance suggests, given
the following two aspects. Firstly, if all crops received optimal
nutrient application rates that maximised their yields, an
additional 220 kt N and 32 kt P would be required. Secondly, the
mass balance at the national level assumes that in regions that have
nutrients in excess of the local demand, the surplus is collected and
applied in regions that have a net deficit. If this is not the case, then
there is an additional deficit of 53ktN and 40ktP. In the
Chiquitania-Pantanal and Chaco regions alone, where 75% of the
crop production occurs, the local deficit is approximately 15% for
nitrogen but 70% for phosphorus. Addressing this deficit is vital
because according to projections by Rivero Lobo and Aliaga
Lordermann (2014), the production of proteins, fruits, and
vegetables in Bolivia for 2018 could only meet 60-70% of the
nutritional requirements of its population.

4.2 Nutrient recycling and circularity in the
bolivian agri-food system
We found that less than half of the nitrogen applied or fixed in

the cropland was recirculated in the food system, whereas three-
quarters of the phosphorus was recirculated. However, there is great
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variation in nutrient circularity between the different agro-ecological
zones. In zones where animal manure is the main nutrient input and
livestock density is high, the circularity is also high (>0.9). This does
not mean that all of the available nutrients are recycled, as there are
surpluses of 41 kt N and 34kt P in these zones, primarily in the
Valleys (Table 3). Even if the surplus nutrients were to be recycled
locally to optimise crop yields, there would still be excesses of 21 kt N
and 28 kt P (Table 4). The surplus nutrients are equivalent to 40% of
the N deficit and 75% of the P deficit in Chiquitania-Pantanal.
Therefore, recycling nutrients from regions with a net surplus to
regions with a net deficit could be one way to reduce the overall
deficit, as well as to improve nutrient circularity and crop yields.
As in other developing countries that aim to increase food
production, the agricultural strategy in Bolivia has focused on
improving the access of farmers to synthetic fertilisers (INIAF,
ANAPO, CIAB, (2019); Mnthambala et al, 2021). In 2017, a
state-owned petrochemical plant was inaugurated in Bolivia to
produce urea and ammonia. In 2022, the plant is expected to
produce 600 kt of urea, of which about 7% will be sold locally and
the rest exported to other Latin American countries (McNelly, 2020;
BNAmericas, 2021). However, considering the true national N deficit
(110 kt; see Table 4), urea fertiliser at the current application rate can
only meet 20% of the N required to obtain optimal crop yields. About
40% of the industrial urea production would need to be sold
domestically to have zero nitrogen deficit in the agri-food system.
As of today, there is no domestic production of synthetic phosphate
fertiliser in Bolivia, but the petrochemical plant intends to also
produce monoammonium phosphate and diammonium phosphate.

4.3 Potential of human excreta-derived
nutrients

Despite the domestic sale of urea, there are still total N and P
deficits of 109 kt and 33 kt, respectively, in the agri-food system.
If all the human excreta in Bolivia were to be collected and
returned to cropland, the deficits can be reduced to 70 kt N and
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28 kt P. This would significantly increase circularity, as excreta is
a renewable source of nutrients. It would also improve the
resilience in the food system against global events, e.g.,
disruptions in fertiliser supply chains seen during the
COVID-19 pandemic (Amjath-Babu et al, 2020) and rise of
fertiliser prices against a backdrop of rising natural gas prices
(Hebebrand and Laborde, 2022).

Since >70% of the population in Bolivia lives in cities and
urban areas, it could be possible to collect the majority of the
nutrients available in excreta. For example, the population
density in La Paz and El Alto is > 9,000 inhabitants/km*
(Parés-Ramos et al., 2013). However, much of the economic
feasibility of transporting these nutrients to croplands
surrounding the cities will depend on how excreta are
collected, treated, stored, and applied (Simha et al., 2020). The
feasibility of this increases if water is removed from excreta to
concentrate the nutrients (Trimmer and Guest, 2018). A wide
range of technologies are available to convert human excreta
(Harder et al,, 2019) or source-separated fractions like human
urine (Vasiljev et al., 2022) and faeces (Musazura and Odindo,
2022) to concentrated fertilisers.

In this study, we assumed that 100% of the human excreta-
derived nutrients can be recovered and returned to cropland. In
practice, the recovery efficiency would be likely lower, especially
depending on the choice of technology used to treat excreta or
source-separated excreta fractions (Harder et al., 2019). Many
technologies like alkaline dehydration are currently being
optimised to recover >98% of the nitrogen and phosphorus
2022).
However, our findings showed that even if excreta-derived

contained within human urine (Vasiljev et al,
nutrients are applied at current manure-like efficiencies (i.e.
50%), they would significantly improve the nutrient circularity
of the agri-food system (Table 5).

5 Conclusions

Our calculations suggest that the Bolivian agri-food system is
currently running on a nutrient deficit. It is likely that the nutrient
stocks in soil (e.g., conversion of forests to cropland) are being used
to cover the nutrient deficit in crop production, which is not
sustainable long term. The real nutrient deficit is at least three-
fold greater if we consider the nutrient demand required to optimize
crop vyields to be in line with those of neighbouring countries.

Around 44% of N and 74% of P are currently recirculated in the
agri-food system, with livestock manure and crop residues being the
major sources of the recirculated nutrients. As the national strategy
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to address the nutrient deficit is to increase the domestic production
and application of synthetic fertilizers, nutrient circularity in the
food system will likely decrease in the future.

We also found that both nutrient deficits and circularity
differed considerably between the different agro-ecological
zones. Recycling nutrients from regions with nutrient
surpluses to regions with nutrient deficits could be a way to
reduce overall deficits and increase overall circularity.

Based on the current crop yields, nutrients available in
human excreta could meet 100 and 70% of the N and P
apparent deficits, respectively. This suggests that excreta
could be

deforestation and depletion of nutrient stocks in forests.

recycling one of the strategies to prevent
Recycling excreta-derived nutrients would also contribute to

increasing nutrient circularity and crop yields.
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Water and nutrient recovery from
stored urine by forward osmosis
with an ammonium bicarbonate
draw solution

J. Pocock?, A. Muzhingi?, E. Mercer?, K. Velkushnova?,
S. Septien®* and C. A. Buckley?

*Chemical Engineering, School of Engineering, University of KwaZulu-Natal, Durban, South Africa,
2WASH R&D Centre, School of Engineering, University of KwaZulu-Natal, Durban, South Africa

Forward osmosis with an ammonium bicarbonate draw solution was
investigated as a low energy non-sewered sanitation solution, to recover
nutrients and water from source separated urine. Stored urine collected
from Urine Diversion Dry Toilets in the eThekwini Municipality (Durban),
South Africa was used as the feed solution. Water recoveries of up to 45.9%
with water fluxes up to 6.0 L m=? h™ were achieved using undiluted stored urine
over an 8-h operating period with a 2.5 M draw solution. Rejections of up to 95%
for phosphates, 85% for nitrogen and chlorides, and 75% for potassium and
sodium were achieved. Low fouling of the membrane was observed after
multiple runs and cleaning the membrane by circulation of deionized water
or by osmotic backwash was sufficient to recover >95% of the original water
flux. Little irreversible fouling was detected, assumed to be caused by carbonate
calcium scaling from SEM-EDX analysis. This study suggests that forward
osmosis with an ammonium bicarbonate solution could be integrated as a
closed loop nutrient recycling technology for source separated urine with the
prospect of clean water and draw solution recovery that could use waste heat
from, for example, fecal sludge combustion.

KEYWORDS

fouling, membrane, non-sewered sanitation, rejections, resource recovery, water
recovery

1 Introduction

The United Nations estimates that 46% of the global population lack safely managed
sanitation (United Nations, 2020), due to the economic unfeasibility of a sewered
wastewater treatment infrastructure in low-income countries where sewerage accounts
for up to 84% of capital costs (Jung et al., 2018). In this circumstance, non-sewered
sanitation alternatives exist, which act as containment for feces, urine and wash water.
Eventually, this waste requires additional costly services such as emptying, transport and
treatment for safe disposal and hence only 22% has been reported to be safely managed in
the urban setting (Blackett et al., 2014). Such waste is rich in nutrients, organics and water,
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which provides direct opportunity for fertilizer, energy or water
recovery, which could thereby present local prospects for an
affordable sanitation chain (Onabanjo et al., 2016; Eshetu Moges
et al., 2018; Larsen et al.,, 2021a).

With a world population estimated to reach 9.8 billion by
2030 (United Nations, 2017), demand for resources will increase
proportionally. the
macronutrients nitrogen, phosphorus and potassium (N, P, K

Particularly, fertilizers  containing
respectively), will need to increase to ensure food security (Xie
etal., 2016). Urine is a source for these nutrients and provides an
alternative to synthesized nitrogenous fertilizer compounds from
the Haber-Bosch process, potash from rock salt deposits
geographically constrained to the Northern Hemisphere and
phosphates from finite rock deposits of increasingly lower
grade (Skorina and Allanore, 2015; Randall and Naidoo,
2018). Urine contains 80% and 50% of the polluting nutrients,
nitrogen and phosphorus, in domestic wastewater, while
contributing only 1% of volumetric flow (Larsen and Gujer,
1996). By containing urine’s abundant source of nutrients at
10-12 g/L nitrogen, 0.1-0.5 g/L phosphorous and 1.0-2.0 g/L
potassium (Patel et al., 2020) through passive separation from
feces at the toilet interface (source separation), the nutrient
polluting potential of wastewater is reduced and contained in
a smaller volume for potential recovery opportunities. In
addition, solid-liquid separation is achieved which reduces
dewatering requirements in the solids fraction and immediate
fecal separation mitigates pathogenic risk for water recovery in
the liquid fraction. As such, source separated urine has been
identified to contribute to multiple Sustainable Development
Goals (SDGs), including zero hunger (SDG 2), water and
sanitation for all (SDG 6), and nutrient pollution mitigation
(SDG 14) (Larsen et al., 2021a).

The recovery of nutrients from urine has been demonstrated
by a range of physical, chemical, and biological processes (Larsen
et al,, 2021b). Although effective, such processes either possess
are limited selectivity to one or two nutrients (precipitation,
stripping,
microbial fuel cells, microbial electrolysis cells); or are

adsorption, ammonia membrane distillation,
energetically demanding (reverse osmosis, nanofiltration);
require a large footprint (algal growth); are limited by
concentration factor (electrodialysis) or do not provide
prospects for water recovery (ion exchange, heat drying, freeze
drying) (Patel et al.,, 2020; Larsen et al., 2021b).

An alternative technology for concentrating multiple
nutrients in urine is forward osmosis (FO) membrane
filtration, which also provides prospects for water recovery,
using analogous semipermeable reverse osmosis membranes,
applied for potable water reuse from wastewater (Pype et al,
2016; Davey, Thomas and McAdam., 2022). The osmotic
pressure differential between the feed solution (FS) and draw
solution (DS) provides the driving force for separation, thus
reducing energy requirements when compared to reverse

osmosis. This also allows for a more fouling resilient process,
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as water transport occurs by diffusion instead of advection
(Siddiqui et al., 2018).

Previous studies have investigated the use of FO for urine
volume reduction, to decrease transport costs and protect
nutrient sensitive environments such as caves during exploration
(Nikiema et al,, 2017; Engelhardt et al., 2020), or to recover nutrients
such as ammonium (Engelhardt et al., 2019; Ray et al., 2020), urea
(Engelhardt et al., 2019), nitrogen (Zhang et al., 2014; Nikiema et al,,
2017; Volpin et al., 2018; Volpin et al,, 2019a), phosphorus (Zhang
etal, 2014; Volpin et al,, 2018; Volpin et al,, 2019b), and potassium
(Zhang et al., 2014). Despite promising nutrient concentration and
water flux results, previous studies have employed a DS where
permeated water separation from the DS is challenging for clean
water recovery (i.e. sodium chloride, glucose, fertilizer blend or
brine). Instead, researchers have investigated the prospect of FO
integrated with thermally driven MD, whereby the MD process
reconcentrates the DS and generates clean water from low grade
heat (Liu et al, 2016; Volpin et al, 2019a; Ray et al, 2019).
Ammoniacal nitrogen co-transport from urine can however be a
challenge for MD permeate quality as ammonia is highly volatile
(vapour pressure of 7,500 mmHg compared to 24 mmHg of water at
25°C), and therefore at reduced permeate vapour pressures and high
feed temperatures used for thermally driven processes, its transport
is encouraged over water (El-Bourawi et al, 2007). Additional
measures such as feed acidification to convert ammonia to non-
volatile ammonium, thicker membranes and feed dilutions are then
required to mitigate its transport (Volpin et al., 20192; Ray et al.,
2019). Ammonium bicarbonate as a DS could represent an
alternative water recovery method without the need of a
downstream membrane process, as it can be decomposed into
ammonia and carbon dioxide by moderate heating (<60°C).
Hence, a scenario could be depicted where urine is treated for
nutrient and water recovery by FO and the ammonium bicarbonate
DS is subsequently decomposed and recaptured to regenerate the
DS for further urine filtration This is advantageous over
conventional distillation and evaporation/alkaline dehydration
with condensation processes as: 1) the FO membrane provides a
selective barrier for water recovery, able to reject urine
micropollutants and achieve compliance in high strength
wastewaters (e.g., blackwater) (Valladares Linares et al, 2011;
Davey, Thomas and McAdam, 2022) and 2) Heating is targeted
at volatile gas decomposition, rather than water vapour recovery
through evaporation and therefore requires less heat energy than the
latent heat of vaporization. However, FO could also be integrated
with such volume reducing thermal processes as a pre-treatment, to
enhance water quality. Ammonium bicarbonate provides a cheaper
solute than sodium chloride at a similar osmotic pressure (Johnson
et al, 2018) and has been explored for seawater desalination (Feng
et al, 2018), acid mine drainage treatment (Vital et al.,, 2018), textile
wastewater treatment (Wang et al., 2020), among other possible
applications. However, to the best of the authors’ knowledge the use
of ammonium bicarbonate as a DS has not been reported for urine
treatment.
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TABLE 1 Composition of the stored urine used in this study.

Parameter Units Range Mean
pH 7.8-10 8
Conductivity (mS cm-1) 25-33 29
Total Phosphates (TP) mg L-1 1770-1800 1773
Potassium (K+) mg L-1 1,478-1,500 1,488
Total Nitrogen (TN) mg L-1 4,830-4,980 4,870
Magnesium (Mg2+) mg L-1 24-25 24.5
Calcium (Ca2+) mg L-1 9-11 10
Chloride (ClI-) mg L-1 3,100-3,300 3,200
Sulfate (SO42-) mg L-1 1,500 —
Total Suspended Solids (TSS) mg L-1 318-328 323
Chemical Oxygen Demand (COD) mg L-1 6,000 —

South Africa provides an ideal case study for trialing FO with
an ammonium bicarbonate DS. Firstly, source separation has been
implemented as Urine Diversion Dry Toilets (UDDTs) in the
communities without sewered sanitation access (Durban
municipality). Secondly, during the storage of urine in UDDTs,
urea hydrolysis occurs Eq (1) facilitated by the urease enzyme
(Hellstrom et al., 1999). This results in ammonium being formed
Eq (2) and a pH increase to > pH 8, thus converting ammonium to
volatile free ammonia (pKa = 9.24).

CO(NH,), + 3H,0 — 2NH} + HCO; + OH™ (1)
NH; +OH™ & NH, () + H;0 @)

Although nutrient concentrations are slightly lower in
hydrolyzed urine compared to fresh (Larsen et al., 2021b), the
removal of urea and free ammonia is beneficial for FO rejection
capabilities. Both compounds are low molecular weight
uncharged compounds which bypass the electrostatic
repulsion mechanism of the membrane (Lee and Lueptow,
2001). Thirdly, South Africa persistently experiences low crop
yields (i.e., maize) due to geographic constraints of nutrient
limited soils and water scarcity (Choruma et al., 2021).

This study aims to assess the suitability of ammonium bicarbonate
as an alternative FO DS for the recovery of water and nutrients from
source separated urine from UDDTs in South Africa with the specific
objectives: 1) to identify the optimum DS and FS concentrations for
water flux; 2) to evaluate the rejection of key macronutrients (P, K, N)
and 3) to determine fouling propensity and reversibility.

2 Materials and methods
2.1 Feed and draw solutions

Stored hydrolyzed urine (Table 1) collected from Urine
Diverting Dry Toilet (UDDT) in the eThekwini Municipality
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in Durban, South Africa, was used in this study as the feedstock
(ethical clearance: BREC/00002684/2021). Urine was also diluted
to simulate typical flushing scenarios from urine diversion toilets
where flush volumes range between 0.5 and 2 L (von Miinch and
Winker, 2011). Assuming a urine volume of ~300 ml (Haylen
etal., 1989), dilution factors of 3 and 6 were prepared accordingly
using deionized water.

Ammonium bicarbonate DS were prepared for each test run
using distilled water and analytical grade ammonium bicarbonate.
Draw solution concentrations of 0.6, 1.0, 2.0, 2.2, and 2.5 M
ammonium bicarbonate solution were used in this study.

2.2 Forward osmosis experimental setup

Thin film composite (TFC) membranes (OsMem™ TFC-ES,
Hydration Technology Innovations) comprised of a polyamide
active layer placed on the top of a thick microporous polysulfone
support layer were employed in this study, due to their reported
higher water fluxes and lower reverse solute flux (Kedwell et al.,
2018; Almoalimi and Liu, 2022). The membrane supports a
maximum operating temperature of 71°C and a maximum
transmembrane pressure of 70 kPa. The pH of the solutions
should be in the range of 2-11 and this high pH tolerance
justified use of the TFC membrane for stored urine.
Membrane sheets were immersed in deionized water before
experiments as recommended by the membrane manufacturer.
The membrane was supported in a SEPA crossflow membrane
cell which allowed for tangential flow of both solutions (draw and
feed) across the membrane. The cell was characterized by an
effective filtration area of 140 cm? and a channel width and
depth of 95.25 mm and 1.91 mm, respectively.

The membranes were operated in the AL-FS (Active Layer
facing Feed Solution) orientation as this configuration minimized
reverse solute flux in comparison to AL-DS (Active Layer facing
Draw Solution), according to a baseline test using a 0.36 M
sodium chloride solution FS with a 2M ammonium
bicarbonate DS over a period of 4h. The measurements
indicated a reverse solute flux of 4 + 0.3 and 7.1 £ 0.1 g of
ammonium bicarbonate per L of permeated water across the
membrane in the AL-FS and AL-DS mode, respectively.

Feed and DS (1 L starting volume) were circulated at a cross
flow velocity of 0.05ms™" (Figure 1). The solutions were
maintained at 22°C £ 0.1°C using a Grant TC120 thermostatic
bath and continuously mixed with magnetic stirrers whilst sealed
to ensure no loss of NH,-N as NH; gas. The pH and conductivity
of the FS as well as the pH of the DS were continuously measured
through a probe Hach MM150, whilst the mass of both the feed
and DS were measured on a Kern precision balance connected to
a computer to log the data every two hours. Samples (5 ml) were
taken every two hours during 8 h runs for chemical analysis. All
FO runs were carried out in triplicate with new membranes for
each run to evaluate the reproducibility of the results.
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FIGURE 1
Forward osmosis experimental setup

2.3 Chemical analysis

The following parameters were tracked during the FO runs:
sodium (Na*), calcium (Ca,"), magnesium (Mg,"), potassium
(K*), chloride (CI"), sulfates (SO4*) total nitrogen (TN) and total
phosphates (TP). Sodium and chloride concentrations allowed
for the initial characterization of the membrane rejections during
the baseline runs. Potassium, total phosphates and total nitrogen
concentrations were monitored due to their significance as
agricultural supplements, while calcium, magnesium and
sulfates gave an indication of precipitation that would have
occurred during hydrolysis of urine. The feed and draw
solutions were analyzed by concentrations and volume over
time to calculate a mass balance and evaluate membrane
rejections. The ions concentration (Ca*, Na*, Mg>*, K*) were
determined using an Agilent 4,200 Microwave-Plasma Atomic
Emission Spectroscopy, whilst the total phosphates total
nitrogen, ammonical nitrogen and sulfates were determined
using a Merck Pharo 300 Spectroquant. Chloride analysis was
carried out using a Sherwood Scientific 926 chloride analyzer.

2.4 Water flux, solute rejection, and
osmotic pressure calculations

Water flux was calculated from the mass change of the FS
over time, considering the density of water and area of the
membrane Eq. (3):

AW
T pAAt

Jw 3)
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Where J,, represents the water flux (L-m>h™"), AW is the mass
change in FS (kg), p is the water density (kg-L™"), A is the membrane
area (m?) and At is the time interval between measurements (h).
Overall permeate recovery R to the DS was calculated as a volume
percentage at the end of each run according to Eq (4):

\%
R= V—" x 100% 4)

f
Where V), is the permeate volume (L) and Vj is the initial FS
volume (L). Solute rejections were determined through Eq (5)
based on the chemical analysis of the samples taken every two
hours from the feed and DS.

R(t;) = [1 &)

B E]
Cran
Where R(t;) represents solute rejection at the time f; (-), Cy () is
the solute concentration in the FS at t; (mg-L™"), and C is the
solute concentration in the permeate at #; (mg-L™"). The solute
concentration in the permeate was calculated through a mass

balance by Eq (6) (Abousnina and Nghiem, 2014):

_ CasepVasey = Casen)Vs i)

Csey = Vo (6)

Where Cgs(,) is the solute concentration in the DS at time ¢;
(mgL™), Cast,.,) is the solute concentration in the DS at time #; ;
(mgL™), Vi, is the permeate volume of water to the DS at time
t; (L), Vs, is the volume of DS at time ¢; (L) and V 45, ,) is the
volume of DS at time t;.; (L).

Osmotic pressure of the feed and DS were determined from
the measured concentrations of ionic species using PHREEQC™
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software, which is a program based on the calculation of
equilibrium chemistry of aqueous solutions.

2.5 Membrane cleaning and fouling
evaluation

Comparison of the water flux through the virgin membrane,
fouled membrane (after several FO runs with undiluted stored
urine accumulating to 48 h and a processed flux of 108.6 L m™)
and cleaned membrane can be used to evaluate the fouling and
flux recovery through cleaning. Two cleaning methods were
evaluated to test the fouling reversibility of the membranes
after a run: the circulation of deionized water at higher flow
rates, and the utilization of an osmotic backwash.

The first method involved cleaning the used membrane by
circulation of deionized water on both sides of the FO rig for
30 min. Osmotic backwashing was also conducted on fouled
membranes, whereby ammonium bicarbonate was circulated on
FS side and distilled water on the DS side. This configuration
leads to the inverse of the osmotic pressure gradient across the
membrane, leading to a water flow in opposite direction
compared to the forward osmosis runs. This is expected to
remove the foulant material deposited on the membrane
surface. Osmotic backwashes were conducted with 1 and 2 M
ammonium bicarbonate solutions for 30 and 60 min in each case
(Kim et al., 2012). Prior to osmotic backwashing, all the feed and
DS trapped within the system were drained to minimize the
influence of residual salts on the osmotic pressure differential
across the membrane. Care was taken to not disturb the
membrane prior to the backwashing. On completion of the
osmotic backwashing, the flux recovery was measured, to have
an indication of the flux recovered and to compare with
deionized water operation.

Virgin and cleaned membranes were observed using
scanning electron microscopy (SEM) with a maximum
resolution of 50 nm, to determine the deposition of foulants
on the membrane after cleaning. This analysis was coupled with
energy-dispersive X-ray spectroscopy (EDX) to perform
chemical analyses on selected areas from the virgin and
cleaned used membranes. Prior to the SEM observations, the
membranes were dried at room temperature and then coated
with a thin layer of platinum using a sputter coater (SC7620,
Emitech, United Kingdom).

3 Results and discussion

3.1 Impact of draw and feed solutions on
water flux

Feed and DS concentrations were investigated to identify
conditions which improved water flux, for increased FS volume
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FIGURE 2

Influence of ammonium bicarbonate draw solution
concentration on water flux using stored urine as a feed solution.
Operated for 2 h at 22°C and a 0.05 m s~* crossflow velocity. Error
bars represent the standard deviation of a triplicated
experiment.

reduction and water recovery prospects. Ammonium
bicarbonate DS ranging from 0.6 M to 2.5M resulted in
increasing water fluxes from 1.4 to 47Lm™ h™' (Figure 2),
driven by a greater osmotic gradient between the feed and DS. Tt
would be expected that this relationship increases linearly,
however at 2 M the line gradient decreases from 2 to 0.7. This
suggests that at DS concentration gradients greater than ~2 M,
the onset of internal dilutive concentration polarization (ICP)
occurs, whereby water accumulates within the support layer of an
asymmetric membrane which in turn reduces the draw solute
concentration at the membrane (Johnson et al., 2018). Several
authors have reported this phenomenon literature
(McCutcheon et al., 2006; Le and Nunes, 2016). Therefore,

2M was considered as the optimum DS concentration to be

in

taken forward for further assessment. This concentration is also
similar to Liu et al. (2016) who reported a water flux of 5.2 L m™
h™' using 2 M sodium chloride compared to 4.6 L m > h™" with
ammonium bicarbonate in this study.

As the experiments were operated in batch mode using 1 L
draw and FS, water transport into the DS impacted the temporal
water flux, due to the decline in osmotic gradient over time. Over
an 8-h run using 2 M ammonium bicarbonate and stored urine,
the transmembrane osmotic pressure decreased from 51.41 to
9.61 bar, which corresponded to water fluxes of 4.6 to 2.1 L m™
h™' (Figure 3). This decrease in the osmotic pressure gradient
followed a logarithmic pattern, illustrating the declining rate in
driving force and consequent water transport which is to be
expected as the solutions verge towards equilibrium. Increasing
the initial DS volume would prolong the solutions reaching
equilibrium, thereby maintaining a higher osmotic pressure
gradient/water flux and concentrating the FS at a faster rate.
This attenuation of water flux decline by mitigating DS dilution
was demonstrated by Xue et al. (2015), using a 2:1 DS:FS volume
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FIGURE 3

Temporal change in transmembrane osmotic pressure and its
influence on water flux. Operated for 8 h at 22°C and a 0.05 m s™
crossflow velocity. Feed and draw solutions are stored urine and
2 M ammonium bicarbonate respectively. Error bars

represent the standard deviation of a triplicated experiment.

ratio with seawater and wastewater, achieving a 93% water
reduction and a 10 fold concentration factor.

The implications of urine FS dilution with flush water were
assessed in Figure 4. Greater dilution factors (DF) decrease urine
osmolality, leading to an increase in transmembrane osmotic
pressure. This results in a greater water flux where a DF of
6 reached 12.8 Lm > h™' compared to 4.6 L m™ h™' of undiluted
urine, at the start of the run. Temporally, the water flux declines
faster ~with increasing DF factors (linear gradients
of -091, -0.51 and -031 for DF 6, DF 3 and DF
1 respectively, Figure 4). These results suggest that flush water
is advantageous for FO favoring water recovery, however limits
volume reduction and nutrient concentration due to the
increased operational times required (Volpin et al., 2019b). In
addition, a higher amount of energy will be required in the
regeneration step of the draw solution. Indeed, a higher volume
of water on the draw solution side will need more thermal energy
for its heating to the temperatures where the ammonium
into carbon  dioxide and

bicarbonate  decomposes

ammonium (<60°C).

3.2 Rejection of key nutrients

The impact of water flux on key nutrient rejection was
assessed on undiluted urine to understand the potential of
combined water and nutrient recovery (Figure 5). Within an
8-h operating period, the membrane demonstrated high
rejections of total phosphates (TP, 84%-94%), total nitrogen
(TN, 72%-85%) and chloride (Cl°, 70%-85%), followed by
potassium (K*, 39%-71%) and sodium (Na*, 32%-68 %). It is
also important to note that the less critical ions Ca** and SO4**
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FIGURE 4

Impact of urine feed dilution on water flux over time. Urine

was either undiluted (DF 1) or diluted by a factor of 3 (DF 3) or 6 (DF
6). Operated for 8 h at 22°C and a 0.05 m s™* crossflow velocity.
Feed and draw solutions are stored urine and 2 M ammonium
bicarbonate respectively. Error bars represent the standard
deviation of a triplicated experiment.

and CO;> were completely rejected during the run. The observed
high rejections for TP and ClI™ could be attributed to their ability
to retard the reverse permeation of the negatively charged
bicarbonate ions from the DS, resulting in electrostatic
repulsion as also reported by Zhang et al. (2014), Liu et al.
(2016), and Volpin et al. (2018). The PO4>" ion was particularly
retained due to its larger size (molecular weight of 95 g mol-1
compared to 35g mol-1 of CI") aiding to steric hindrance
associated to reduced membrane permeability (Zhang et al,
2014).

The membrane exhibited lower rejections of Na* and K,
compared to Cl~, TN, and TP. A possible explanation for the low
rejections of Na* and K* might be the fact that the membrane
might have assumed a more negative charge as the pH of the
urine feed stock increased during the FO process. The increase in
pH (pH 7.5-8.4) could be attributed to the back diffusion of the
ammonium bicarbonate draw solutes. The baseline tests (0.36 M
NaCl FS and 2 M NH,HCO; DS) indicated an average reverse
solute flux of 4 + 0.3 g of ammonium bicarbonate per litre of
permeated water. The assumed negative charge would have
attracted more positive ions towards the membrane (higher
partitioning) resulting in higher permeation rates towards the
DS as also observed by Zhang et al. (2014). Potassium also has a
high permeability due to a smaller hydrated radius than PO,*",
which has prevented high rejection in literature (Zhang et al.,
2014; Ray et al.,, 2020). For the same reason, the small solute size
of sodium has proven to be problematic as a NaCl DS, resulting
in large reverse solute fluxes (Johnson et al., 2018).

Total nitrogen exists predominantly as ammonium ions
in the stored hydrolyzed urine as the mean pH of the
hydrolysed urine was pH 8 (Table 1), leading to only
4.39% ammonia because of a pKa of 9.34 at 22°C
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Relationship between water flux and nutrient rejection using
stored urine and 2 M ammonium bicarbonate as the feed and draw
solutions respectively. Operated for 8 h at 22°C and a 0.05 m s*
crossflow velocity. Error bars represent the standard

deviation of a triplicated experiment

(Emerson et al., 1975). Therefore, following the explanations
for the observed high rejections for negative ions and low
rejections for positive ions, coupled with being the smallest
ion (molecular weight = 18 g mol ™), we could expect the TN
rejections to be low. However, the rejections are higher than
that of K* and Na*. This could be attributed to the reduced
mass transfer gradient that exists between the feed and DS
with respect to the ammonium. The DS (ammonium
bicarbonate) contains more ammonium ions than the
stored urine, resulting in a reduced mass transfer force for
ammonium diffusion from the feed to the DS, hence the
observed higher rejections compared to the other positively
charged ions. This phenomenon explains why Na+, Cl~ and
K" rejections are higher in other studies using NaCl and
KH2POa4 as respective DS (Ray et al., 2020). Back diffusion
could also be contributing to the enhanced TN FS
concentrations (4 * 0.3 g of ammonium bicarbonate per
litre of permeated water). Therefore, the use of ammonium
bicarbonate as a DS is particularly advantageous as a method
for enhanced TN nutrient recovery, where TN is usually
problematic to retain (Patel et al., 2020).

Generally, the rejections of nutrients declined with the
water flux which decreased over time. This can be accounted
for by the classical solution-diffusion theory, whereby the
solute concentration gradient governs mass transfer. In the
case of AL-FS FO, an increased co-transport of water dilutes
the concentration of nutrients at the membrane interface
(active layer and porous support) which results in a higher
nutrient rejection (Zhang et al, 2014). The Na® and K*
rejections decline the fastest with decreasing the water flux,
which could be linked to the effect of their positive charge
enhancing solute permeability compared to the negatively
charged solutes.
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0.05 m s crossflow velocity. Feed and draw solutions are
deionized water and 2 M ammonium bicarbonate respectively.

3.3 Membrane fouling characterization
and mitigation

Two in situ cleaning methods were evaluated for cleaning
membranes to restore water flux after the same membrane
sample was exposed to several forward osmosis runs with
undiluted stored urine accumulating to 48 h and a processed
flux of 108.6 L m™: deionized water circulation (Figure 6) and
osmotic backwashing (Figure 7). The fluxes were determined
over 2 h with deionized water and 2 M ammonium bicarbonate
as the FS and DS respectively. After circulating deionized water
for 30 min, a fouled membrane with a flux reduced to ~83%
could be recovered to ~95% of the flux using a virgin membrane
(Figure 6).

For the osmotic backwash cleaning method which is particularly
effective in controlling particulate and organic fouling (Kim et al.,
2012), the duration and DS concentration were evaluated. The flux
recovery improved by increasing the osmotic gradient between the
feed and DS (ie, by increasing ammonium bicarbonate
concentration), and by increasing the duration of the osmotic
backwash (only at 1M DS concentration). An increase in the
osmotic gradient results in a greater reverse water flux that
removes foulants from the membrane which achieved ~98% flux
recovery at 2 M for 30 min. However, an unexpected decline in flux
recovery during the fourth osmotic backwash after increasing the
backwashing time to 60 min and ammonium bicarbonate
concentration to 2M was observed. This limit was also
documented by Daly and Semiao (2020), who reported adhesive
forces acting between the fouling layer and DS at high
concentrations.

The foulants which could not be removed from DI water
circulation and osmotic backwashing cleaning methods were
examined using SEM and EDX analysis (Figure 8). The virgin
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Flux recoveries observed after osmotic backwashing for

30 and 60 min, with 1 and 2 M ammonium bicarbonate as the feed
solution and deionized water as the draw solution. Operated for
2 hat 22°C and a 0.05 m s crossflow velocity. Error bars
represent the standard deviation of a triplicated experiment.

membrane (Figures 8A,B) exhibited peaks of carbon, sulphur,
and oxygen, which are the constituent elements of the
membrane. Carbon has the highest content as it forms the
backbone of the membrane structure. The membrane is
composed of a TFC polyamide on polysulfone with an
embedded polyester screen, which explains the O and S peaks.
Through SEM observations, it was noted that some particulates
remained linked to the membrane surface after cleaning
(Figure 8C). Achilli et al. (2010), emphasized that the
probability of mineral scale occurring on the membrane
surface is enhanced when the FS is concentrated above the
solubility limits of various water-soluble minerals. The FS for
this work contained scale precursors such as magnesium,
calcium, sulfate and bicarbonate ions. EDX analysis of the
fouled membrane (Figure 8D) exhibited prevalent peaks of
calcium, suggesting irreversible fouling by the deposition of
bicarbonate on the membrane. In addition, sulfate fouling
could occur, as this compound was completely rejected by the
membrane and therefore prone to exceeding the solubility limits,
causing scaling. However, the impact of irreversible foulants on
the membrane was negligible for flux reduction during this study
(3%-5% irreversible decline in flux), illustrating the low fouling
propensity of the FO membranes and the ease of in situ
membrane cleaning, which can significantly reduce the
operating costs of the process.

4 Qutlook—Prospects of draw
solution regeneration and water
recovery

The decomposition of ammonium bicarbonate solution
upon moderate heating (<60°C) to yield ammonia and carbon
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dioxide gases and a water product can be summarized by the
following equation:

NH,HCO; (aq) = NH} (aq) + HCO; (aq) = NH;(g)
+CO, (g) + H,O(l). 7

The use of a distillation column to initiate volatile
compound separation and the diluted DS to reabsorb the
gases downstream is a simple and proven method for the
removal and recovery of volatile DS for seawater
desalination applications' (Kim et al., 2015). Pilot scale
results from a desalination plant that utilized ammonium
bicarbonate as a DS indicated that 265-300 kWh of thermal
energy was needed to produce 1000 L of water (McGinnis et al.,
2013; Kim et al,, 2015). In the case of urine treatment, a low-
grade heat source will be therefore enough to provide the
thermal energy required to decompose ammonium
bicarbonate in the draw solution. Different low-cost energy
source options could provide the energy for the draw solution
regeneration. One alternative could be using the faecal sludge
from UDDTs (solid fraction) as biofuel.

Based on an individual’s average daily defecation and
urination (Rose et al, 2015), the faecal sludge and urine
production rates in a UDDT would be 128 g wet solid user™
day ' (or 32 g dry solid user™' day™' considering the average
moisture content of faeces of 75% and 1.4L user' day’,
respectively (Rose et al, 2015). Assuming that the UDDT
serves one individual, the annual faecal sludge and urine
production will be around 12kg dry solid and 500L,
respectively. Considering that the urine will be treated by a
forward osmosis process with a water recovery of 50% (as
observed after an 8-h run with the 25M ammonium
bicarbonate draw solution), an energy amount of 240-270 MJ
would be required to regenerate the draw solution (based on the
estimated thermal energy required to produce 1,000 L of water).
Considering a calorific value of around 15 MJ kg™ dry solids
(Getahun, et al., 2020), combusting the UDDT sludge generated
will liberate 175 M]J, which could cover part of the energy
required for the regeneration of the draw solution.

Therefore, the solid fraction from source-separated toilets
can be utilized as a fuel to decompose ammonium bicarbonate
and ensure a closed loop in the recycling of the DS, which allows
for an economically feasible process. However, additional energy
may be required to fully regenerate the ammonium bicarbonate,
which could be brought by adding other types of biomass or
organic wastes to the sludge or by solar thermal energy. For
example, co-incinerating the faecal sludge with 4 kg of food waste
with a calorific value of approximately 23 MJ/kg (Ouadi et al,
2019), or adding a 0.1 m” solar water heater (typically yielding
450 kWh/m? of thermal energy (Zukowski et al., 2021)), to the
system could suffice to provide the energy to decompose the
ammonium carbonate in the draw solution and generate 250 L of
reuse water per year and per person in the studied scenario.
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FIGURE 8

SEM observation and EDX analysis of the (A,B) virgin membrane and (C,D) fouled membrane after cleaning.

When comparing forward osmosis with an ammonium
bicarbonate DS to other urine volume reducing processes,
the energy consumption of the forward osmosis is lower
than direct urine evaporation. For example, the evaporation
of 250 L of water from urine will require a theoretical energy
consumption of 565 M]J, which is distinctly higher than the
energy required to recover the same amount of water from the
forward osmosis process. FO also provides an additional passive
selective barrier process for enhanced water quality. Reverse
osmosis has a notably lower specific energy consumption for
seawater desalination (2.5-4.0 kWh per 1000 L of produced
water (Kim et al., 2019)) than forward osmosis. Nonetheless,
reverse osmosis consumes energy in the form of electricity,
requiring grid connection or a renewable power source
(photovoltaic cells, wind turbines). In contrast, most of the
energy consumption in the case of a forward osmosis setup
would be in the form of heat, with a minimal need for electricity
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to run low-pressure pumps. The thermal energy requirements
in a forward osmosis process could be easily supplied by the
incineration of waste, allowing for the integration of a waste
management component to urine treatment, and by solar
thermal collectors, which are simpler to implement and
lower cost than photovoltaic systems. Another advantage of
forward osmosis is its robustness to fouling, as it would not
necessitate urine pre-treatment and can handle higher salinity
levels. Therefore, forward osmosis could be more suitable than
reverse osmosis (particularly in South African where electricity
interruptions are frequent), which is currently the desalination
gold standard process.

With regards to water quality for recovered water (Table 2),
the permeate already meets compliance to key chemical

parameters (TP, TN and pH) stated in the ISO
30500 standard for non-sewered sanitation systems
(International Organization for Standardization, 2018).
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TABLE 2 Permeate water quality.

Parameter Units Mean + SD
Na+ mg L™ 2035

Cl- mg L™ 226 + 12

TP mg L 60 + 22

TP % reduction

TN mg L' 346 + 13

™™ % reduction

K+ mg L™ 203 + 17
Conductivity mS cm™! 83+6

pH 83 +0.1

Although not measured in this study, it can also be assumed
that organics and faecal coliforms (also included in the
standard), would be sufficiently rejected by FO due to the
proven rejection of urine organics in literature (>97%
rejection of total organic carbon, Liu et al., 2016), and dense
membrane providing an absolute barrier to pathogens in a
naturally sterile liquid.

5 Conclusion

This study evaluated the use of a novel volatile DS
(ammonium bicarbonate) for the sustainable treatment of
source separated urine with prospects of nutrient, water and
DS regeneration. Ammonium bicarbonate as a DS for FO
evidenced comparable water fluxes to literature
conventional NaCl (Liu et al, 2016). Up to 6 L m™> h™" was
achieved with a FS of stored urine and a DS of 2.5 M ammonium

using

bicarbonate, representing water recoveries of up to 46% by
volume after 8h. This allows for a significant volume
reduction in the treated urine and the potential for recovery
of reuse water through further processing of the DS. The water
flux increased with urine DF or increased DS concentrations, due
to greater osmotic pressure gradients. Internal concentration
>2 M,
therefore operation using 2 M is advised to maximize water

polarization was observed at DS concentrations
recovery efficiency.

Rejections of up to 95% of total phosphates, 85% of total
nitrogen and chloride, and 70% of potassium and sodium were
achieved. This would allow generating a concentrated FS rich in
nutrients that could be used as fertilizer. The rejections were
influenced by temporally reducing water fluxes. However, this
could be controlled through increasing the DS volume in batch
mode, thereby prolonging the osmotic gradient from reaching
equilibrium. Ammonium in the DS also acted to retard the mass
transfer of ammonium in the urine feed by reversing the
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Range ISO 30500 (2018) criteria
84-94 <80 % reduction
72-85 <70 % reduction

concentration gradient, thereby enhancing rejection of the
typically problematic nitrogenous compounds.

Forward osmosis exhibited a low fouling propensity with a water
flux decrease of approximately 20% after a few uses. In situ
membrane cleaning through circulation of deionized water on
both the feed and draw sides could restore up to 95 % of the
water flux for a fouled membrane, whilst osmotic backwashing of
the membrane could achieve up to 98% flux recovery, with calcium,
bicarbonate and sulfate detected as the causes of irreversible fouling.

This study has evidenced that an ammonium bicarbonate DS
provides similar results to other well researched DS, for the
treatment of stored urine using FO. However, its use provides
additional benefits such as enhanced TN rejection and the
prospect of closed loop nutrient recovery, water recovery and
DS regeneration using low grade heat from fecal sludge
combustion. Further research is required to develop a closed
loop system which assesses recovered water quality against ISO
30500 (International Organization for Standardization, 2018)
and integrates fecal combustion for DS regeneration. Long
term trials are also warranted to assess the impacts of the
organic and inorganic fractions of urine.
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Proper sanitation facilities promote health because they allow people to dispose of their
waste appropriately. Since the founding of the People’s Republic of China, the Chinese
government has been committed to improving water and sanitation. The coverage of
sanitary latrines in rural China reached more than 70.0% in 2022. Using published
literature, open data, and national statistics, this study evaluated the health effects of
improved latrines in China. A search strategy aimed at collecting all latrine improvement-
related community intervention research in China from 1990 to 2021 was designed and
implemented. Incidences of three diseases —schistosomiasis, diarrheal disease, and soil-
transmitted helminths (STH)—were used as indicators of health benefits. The relationship
between adjusted relative risk (RR) and coverage of sanitary latrines in the study area was
examined using a log-linear model. Overall, 411 incidences of the three diseases before
and after community intervention were extracted from 74 qualified articles. The results
demonstrated the importance of promoting access to sanitary latrines in disease
prevention and control in China. The overall estimates revealed mean reductions of
60% for diarrhea risk, 42% for schistosomiasis risk, and 65% for STH risk compared
to no intervention. In addition, increasing sanitary latrine coverage was negatively
correlated with RR in China, indicating that populations with high sanitary latrine
coverage were less likely to be affected with water, sanitation, and hygiene-related
diseases.

Keywords: latrine improvement, schistosomiasis, diarrheal, soil-transmitted helminth, meta-analysis

1 INTRODUCTION

Poor excreta disposal is associated with cholera, typhoid, paratyphoid fevers, schistosomiasis,
and hookworm disease, whereas proper sanitation facilities promote health because they allow
people to dispose of their waste appropriately. Inadequate sanitation combined with
contaminated water and poor hygiene is the leading cause of morbidity and mortality in
low-income countries (WHO, 2021). In 2020, nearly half of the world’s population lacked safely
managed sanitation and 494 million people still defecated in the open (WHO/UNIEFC, 2021).
Moreover, 80% of infectious diseases, such as children’s diarrhea and schistosomiasis, are
caused by fecal pollution and unsafe drinking water, and environments with high fecal
contamination put people at risk of long-term exposure to intestinal pathogens. Therefore,
improvement of basic sanitation facilities is an important development goal in low- and
middle-income countries (Deshpande et al., 2020).

Sanitation, especially sanitary latrines, can decrease the transmission of a variety of diseases (Reese
etal,2019). Indeed, improved latrines and sanitation can effectively stop most fecal-oral transmitted
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diseases (Pickering and Davis, 2012; Odagiri et al., 2016). Because
human excreta may contain many types of pathogens and these
pathogens can remain infectious for long periods when
introduced into the environment, these pathogens can be
transmitted to new victims in a number of ways and can
therefore present a potential threat to human health (Wagner
and Lanoix, 1958). Therefore, effective excreta management at
the household and community levels plays important roles in
protecting water resources and the food supply from fecal
contamination (Fewtrell and Bartram, 2001). Related studies
have shown that the popularization of sanitary latrines can
directly and effectively prevent and control the incidence of
some kinds of intestinal infectious diseases (Chen and
Kallawicha, 2021). Moreover, increased sanitation latrine
coverage can reduce the risk of exposure to fecal pathogens
and can provide health benefits. Furthermore, associations
between increased latrine coverage and reduced incidences of
related diseases have been observed at the ecological level (Lin
et al., 2020).

Improved sanitation facilities are defined as those that ensure
hygienic separation of human excreta from human contact
(UNICEF, 2018). For most countries, rural access to improved
sanitation facilities typically lags behind urban areas (Hannah
and Max, 2021; Wu et al.,, 2022). Goal 6 of the United Nations’
proposed 2030 Sustainable Development Goals (SDGs) is to
achieve access to adequate and equitable sanitation and
hygiene for all and to end open defecation (UN, 2016). For
most countries, open defecation in urban areas is typically below
20% of the population, but in rural areas, this can range from
20 to 90% (Hannah and Max, 2021). Therefore, there is an urgent
need to further reduce gaps in access to improved drinking water
and sanitation between rural and urban areas. At the global level,
a series of programs have been designed to improve sanitation
and hygiene with a focus on the needs of rural residents, women,
girls, and school students. These programs focus on latrine
construction, sanitation science and technology, community-
led health education, and policy advocacy (Tumwine et al,
2003; Fewtrell et al.,, 2005; Banke et al., 2006; Strunz et al,,
2014; Du et al, 2019; Patel et al,, 2019; Rheinlédnder et al,
2019; Als et al., 2020; Darmstadt et al., 2020; Morse et al., 2020).

As one of the largest developing agricultural countries in the
world, China has been continuously implementing measures to
improve sanitation coverage (Li et al, 2022). Latrines were
regarded as obscure and dirty things in Chinese culture
because of the association with human excreta, although
human excrement had always been the most common
fertilizer in China’s rural areas. After the establishment of the
People’s Republic of China (PRC) in the 1950, the Patriotic
Health Campaign (PHC) was launched to reduce disease and
improve health conditions (Yang, 2004; Chen and Kallawicha,
2021). As one of the most important parts of the PHC, rural
latrine improvement, which consists of measures aimed at
providing sanitary latrines for households in China, has been
continuously promoted by a series of policies, projects, and
investments in the PHC. Now, “latrine improvement” has
been updated to “latrine revolution,” with the additional goal
of creating sanitation infrastructure and public services that work
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for everyone while turning waste into a value product (Cheng
et al., 2018) (Tao, 2019).

In the 1990s, the Chinese government listed coverage of rural
sanitary latrines as China’s primary health care index for
measurement of attaining the goal of a minimum standard of
health care for all residents by the year 2000 (WHO, 1981). In
2005, the government put forward the concept of “Building a New
Socialist Countryside,” which emphasized improvement of water
and latrines and used the construction of biogas digesters to
promote changes in latrines in rural areas (Feng et al., 2012). The
portion of the population with improved environmental
sanitation facilities in China increased from 48% in 1990 to
76% in 2015 (WHO/UNIFC, 2021), and China achieved the
water and sanitation goals outlined in the Millennium
Development Goals (MDGs) by 2015. According to Health
China 2030 Program Planning, the goal of China’s rural
latrine revolution is to achieve 100% sanitary latrine coverage
by 2030 (Dong et al., 2020).

Both latrine improvement and the latrine revolution have
produced huge social, economic, and health benefits. In China,
many epidemiological studies have focused on the health benefits
of improved sanitation since the 1990’s, especially those from
improved latrines. At the national level, such benefits could be
summarized based on the reduction of specific diseases (Esrey,
1996; Clasen et al., 2010; Chen and Kallawicha, 2021). The
mortality of WASH-related diseases in different
countries, and significant differences in the burden of disease
(BOD) have been observed between countries. For example, the
mortality of children under 5years old caused by diarrheal
diseases in Chad (499 deaths per 100,000) was much higher
than that in some areas such as the United States (4 deaths per
100,000) in 2016 (GBD, 2018). Moreover, it is likely that the
health benefits of WASH intervention vary in different countries.
For example, a study in Tanzania (Young et al., 2007) revealed
that improved sanitation could reduce the risk of Ascaris
lumbricoides infection by 67%, while only reducing the risk by
32% in Nigeria (Asaolu et al., 2002). No such assessments have
been conducted in China, despite its long-term rural toilet
improvement plan.

We designed this system review to evaluate the health benefits
of latrine improvement in China and obtain evidence-based
results. Because there are many sanitation-related diseases, we
selected three typical diseases, namely, schistosomiasis, diarrhea,
and STH. These diseases were selected for the following reasons:
1) they were widely prevalent in the early days in China; 2) there
were sufficient research articles associated with these diseases in
China to conduct reviews; and 3) they are related to poor
sanitation, including the lack of a sanitary latrine in households.

varies

2 METHODS
2.1 Search Strategy

A search strategy was designed and implemented to collect all
published and available literature on latrine improvement
intervention and its effects on these three diseases in both
Chinese and English. Preferred Reporting Items for Systematic
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Reviews and Meta-Analyses (PRISMA) (Liberati et al., 2009)
guidelines were followed when these systematic review and
meta-analysis were conducted. A systematic database search of
MEDLINE, Embase, and the Web of Science was conducted to
identify potentially relevant English literature. At the same time,
the China National Knowledge Infrastructure (CNKI), WanFang
Data E-Resources, and VIP Journal Integration Platform were
also searched for Chinese-language records. We defined two
groups of key search terms: one including the three targeted
diseases, “schistosomiasis,” “bilharziasis,” “diarrhea,” “soil-
transmitted helminth” (STH, including ascariasis, trichuriasis,
hookworm [Ancylostoma duodenale and Necator americanus],
and Strongyloides stercoralis) and their synonyms, and another
including intervention information such as “latrine,” “sanitation,”
“intervene,” and their synonyms. Search terms and their
synonyms were combined using the Boolean operator to
capture as many documents as possible. The Boolean operator
“or” was used to connect the keywords in the group, whereas
“and” was used to connect the keywords between groups. The
retrieved literature was limited to publication dates between
1990 and 2021.

2.2 Study Inclusion and Exclusion Criteria
We first filtered the articles according to title and abstract to
ensure that they were not obviously beyond the scope of the
review, after which we went to the next step of screening. We
used the defined criteria to assess the eligibility of each
retained article and extract data. The inclusion criteria
were as follows: 1) the definition of the specific
intervention measures and these measures, including the
improved latrines. 2) The outcome indicators were
measured by the occurrence of schistosomiasis, diarrhea,
and STH. 3) The study design was required to consist of
cross-sectional or community intervention experiments. The
exclusion criteria were as follows: 1) latrine improvement was
not included as an intervention measure; 2) studies were
conducted in an outbreak background; and 3) control group
data were not available.

Three researchers reviewed and screened all available titles and
abstracts to identify potentially eligible records for full-text
review. In the initial screening, only titles and abstracts were
examined to avoid unintentional bias when looking at author
names, publication types, and journal titles. On the basis of the
content of the title and/or abstract, records of any latrine-related
infection agent interventions that may have involved
schistosomiasis, diarrhea, and STH were kept to exclude
studies that did not meet the requirements of this step. In
addition, two researchers reviewed all potentially eligible full-
text records in accordance with the defined inclusion and
exclusion criteria to determine eligibility for data extraction. If
there was disagreement about the eligibility of the study at this
stage, a third investigator was consulted and included in the
discussion until a consensus was reached.

2.3 Data Extraction
Qualified studies were used for data extraction. A spreadsheet
data entry table was designed to store data.
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The major categories of the items coded included 1) study
characteristics (such as author, year, language, and journal), 2)
research object characteristics (such as age, quantity, crowd field,
and region), 3) intervention characteristics (such as mode,
starting year, ending year, and duration), and 4) outcome
characteristics (such as disease types, diagnostic method, cases,
and incidence).

All data were extracted from the original article independently
by two researchers. Two researchers checked the completeness
and accuracy of the extracted data, and if there was disagreement,
another researcher participated in the discussion and made a
decision. After the initial data extraction, one investigator
performed a data cleanup and two researchers re-examined all
of the final extracted data.

2.4 Data Processing

Relative risk (RR) was used to measure the effect size for each
included study. RR, which was the incidence rate of the
intervention group divided by the incidence rate of the control
group (Eq. 1), indicated the relative risk of the intervention group
and control group for a given disease. An RR value of less than
1 suggests that the intervention being considered is associated
with a reduction in risk. Moreover, the lower the RR value is, the
larger is the effect value (Massad et al, 2009). The
Mantel-Haenszel method was then used to pool the effect
sizes (Higgins et al, 2019). Inconsistency (i.e., heterogeneity)
was assessed with Moran’s I-squared before calculating the
pooling effect sizes (Als et al., 2020). When the I-squared
statistic was below 50%, the data were considered to have
good heterogeneity and a fixed-effects model (FEM) was used;
otherwise, a random-effects model (REM) was used (Coory,
2010). The 95% CI was calculated using the natural logarithm
of RR and SE of RR (Eq. 2), and the SE was calculated based on
the incidence in the intervention group and control group, as well
as the n of the two groups (Eq. 3).

RR = (a/m)/ (b/m,) (1)
95% CI = exp[In(RR) + 1.96 x SE (InRR)] 2)
SE(InRR) = sqrt (1/a+1/b—1/n - 1/n,) (3)

In Eq. 3, a is the incidence in the intervention group, b is the
incidence in the control group, n; is the total number of the
intervention group, and n, is the total number of the control
group. For this systematic review, latrine improvement was the
primary sanitation exposure. This was defined as the use of any
type of sanitary latrine, not a specific type. Moreover, because
multiple intervention measures rather than individual measures
such as latrine improvement were usually implemented to control
schistosomiasis, our study compared the effects of different
interventions. To accomplish this, the interventions were
divided into five types from the perspective of ecology
(Table 1). Latrine improvement and the combination of
latrine improvement and these five types of interventions were
compared using subgroup analysis. To reduce heterogeneity and
avoid the impact of the already implemented interventions on the
baseline, only studies from no intervention to the first year of
intervention were included in the meta-analysis.
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A linear model was used to examine the relationship between
the sanitary latrine coverage rate and pooled RR. Because the
coverage rate may change with the long duration of the included
studies, this study focused on the incremental coverage, which
was defined as the difference between the coverage rate at the end
of the study and that at the beginning. Because not all coverage
data of the included studies were available, provincial-level data
were replaced when such coverage rates for the study area were
not available (NHFPC, 2012; NHFPC, 2017). Egger’s test and the
visual inspection of funnel plots were used to assess possible
publication bias in this systematic review. A p > 0.05 for Egger’s
test indicated that there was no significant publication bias;
otherwise, publication bias existed. An inverted funnel that
tends to be symmetrical indicates a smaller publication bias,
and an asymmetrical funnel plot indicates a need to investigate
the possible causes of the bias (Liu, 2011).

3 RESULTS

3.1 Retrieved Studies

A total of 17,233 articles were retrieved from CNKI (n = 2,936),
WanFang (n = 12,058), VIP (n = 2,200), Web of Science (n = 7),
PubMed (n = 26), and Embase (n = 6). The detailed search results
of each database are shown in Supplementary Tables S1-S8.
After removing duplicates, 15,427 articles were identified.
Following the review of the titles and abstracts, 15,225 articles
were excluded according to the inclusion and exclusion criteria. A
full-text review was then conducted to further screen the rest of

Health Benefits of Improved Latrine

the articles. On the basis of the exclusion criteria, there were no
set control group in 69 articles, no latrine improvement
interventions in 33 articles, and no specific disease incidence
data in 24 articles. Furthermore, 76 articles met the criteria,
including 64 on schistosomiasis, 6 on diarrhea, and 6 on STH.
There were few intervention studies on diarrhea and STH
possibly because most intervention studies focused on other
measures, such as improved water supply, health education,
and hygiene, rather than improved latrines. The PRISMA flow
diagram is summarized in Figure 1.

3.2 Characteristics of Extracted Qualified

Data

Of the 76 eligible articles, 411 reported results (i.e., potential
sample sizes varied with data from different sources or duration
of intervention). There were more studies on schistosomiasis than
on diarrhea and STH. Overall, there were 376 (91.5%) reports of
schistosomiasis, 8 (1.9%) reports of diarrhea, and 27 (6.6%)
reports of STH. Among the qualified data, there were 376
(91.5%) community intervention studies that were frequently
used for public health. Few were cross-sectional studies, and only
35 (8.5%) studies were conducted. Some other general features of
the extracted data by study disease classification are shown in
Table 2. When categorized by location, studies covered a total of
13 provinces and cities in the middle and lower reaches of the
Yangtze River in China and areas south of the Yangtze River
basin. A map of the frequency of eligible studies by province and
city in China is provided in Figure 2. The extracted studies were

TABLE 1 | Classification of interventions.

No. Category

Description of the
Main Content

Population-level disease control e Crowd inspection and treatment: preventive check of the community of people, infected patients with
corresponding treatment

Health education: organization of systematic education activities, establishment of health awareness,

inducing people to consciously adopt healthy behaviors and lifestyles, eliminating or reducing risk factors

affecting health

e Chemotherapy: community use of praziquantel for medical treatment

Il Animal reservoirs control ® Replacing cattle with machines: replacing cattle farming with machine farming to reduce the chance of
cattle spreading disease
e Captive livestock: measures such as concentrated breeding of livestock with enclosures, reducing the
spread of diseases such as occur in livestock excrement while moving
® Banning grazing: prohibit grazing in endemic areas to reduce the amount of fecal worm eggs entering the
land and spreading the disease

1l Water supply improvement e Water improvement: physical chemical and biological methods to improve drinking water quality and
prevent the spread of disease by the water

I\ Agricultural and forestry measures

Planting forests to control snails: afforestation to reduce parasitic egg survival in the environment
Ditch hardening: hardening irrigation channels to reduce contamination of surrounding land by the spread

of pathogens along channels
e Land leveling: building settling basins for Oncomelania snails, dredging ditches to improve ecology

\ Other comprehensive environmental improvement
measures

Build biogas digester: fermentable raw materials, such as human and animal dung, are treated by closed
fermentation to reduce environmental pollution caused by pathogens

e |iving environment renovation: implementing treatment of household garbage, sewage and other
comprehensive treatments

e Environmental extermination of snails: checking and eliminating Oncomelania snails from the environment
to reduce the parasitic route of pathogens
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FIGURE 1 | Overview of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses strategy used for the selection of articles.

mostly concentrated in the southern region of China and
distributed along the Yangtze River valley. Most studies were
conducted in Hubei province (n = 156), followed by Anhui (n =
90) and Jiangxi (n = 89). The distribution of the extracted studies
was similar to that of schistosomiasis in China, which may have
been due to the large proportion of studies of schistosomiasis in
the extracted literature.

3.3 Latrine Improvement Effects on the

Three Investigated Diseases

A total of 114 studies were included in the meta-analysis, among
which 82 investigated schistosomiasis, 8 investigated diarrhea,
and 24 investigated STH. Of the 82 studies investigating latrine
improvement effects on schistosomiasis, 74 showed an infection
rate in the intervention group that was significantly lower than
that in the control group, 7 showed the opposite results, and
1 revealed no significant difference between groups. All eight
diarrheal intervention studies revealed significantly fewer
instances of diarrhea in the intervention group than in the

control group. Among the 24 STH intervention studies,
20 showed a significantly lower infection rate in the
intervention group than in the control group, 3 showed the
opposite results, and 1 showed no significant difference.

High heterogeneity was observed for each of the three diseases
with an I-squared value of 98% for schistosomiasis, 81% for
diarrhea, and 97% for STH. Therefore, a random-effects model
was used to pool the effect size. The results revealed that the
pooled RR values were less than 1 for all three diseases, and the
reduction of the infection rates of schistosomiasis (RR = 0.58, 95%
CI: 0.54-0.62), diarrhea (RR = 0.40, 95% CI: 0.28-0.57), and STH
(RR = 0.35, 95% CI: 0.25-0.50) was related to the studied
interventions. The pooled relative risk for the latrine
improvement group and 95% CI for controlling
schistosomiasis, diarrheal disease, and STH are summarized in
Figure 3.

The funnel plot of the schistosomiasis studies indicated that
there was some potential publication bias (Supplementary
Figure S1), as did Egger’s test (p = 0.001). Egger’s test of
diarrheal studies did not show significant publication bias (p =
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TABLE 2 | Overview of eligible records with extractable data.

Schistosomiasis

(n = 376)

N % N
Language
Chinese 364 96.8 8
English 12 3.2 -
Type of Intervention - - -
Latrine improvement 5 1.3 5
Latrine Improvement +I 3 0.8 3
Latrine Improvement +I 11 11l 30 8.0 -
Latrine Improvement +I 11 111 IV V 147 39.1 -
Latrine Improvement +I Il 1l V 119 31.6 -
Latrine Improvement +I Il V 38 10.1 -
Latrine Improvement +1 111 - - -
Latrine Improvement +I [Il IV 4 1.1 -
Latrine Improvement + | Il IV V 9 2.4 -
Latrine Improvement +I 111 V 9 2.4 -
Latrine Improvement +l1 1 0.3 -
Latrine Improvement +l1 111 V 11 2.9 -
Study Population - -
Adult 367 97.6 8
Students 9 2.4
Initial Study Time - - -
< 1999 24 6.4 -
2000-2005 195 51.9 -
> 2006 153 40.7
Unreported 4 11 8

Health Benefits of Improved Latrine

Diarrheal (n = 8) STH (n = 27) Total (n = 411)
% N % N %
100.0 27 100.0 399 97.1
- - - 12 2.9
62.5 15 55.6 25 6.1
37.5 - - 6 1.5
- - - 30 7.3
- - - 147 35.8
- - - 119 29.0
- - - 38 9.2
- 1 3.7 1 0.2
- - - 4 1.0
- - - 9 2.2
- 11 40.7 20 4.9
- - - 1 0.2
- - - 11 2.7
100.0 27 100.0 402 97.8
- - - 24 5.8
- 3 1.1 198 48.2
- 24 88.9 177 43.1
100.0 - - 12 2.9

Notes: |-V correspond to the code of the intervention classification shown in Table 1. | refers to population-level disease control, Il refers to animal reservoir control, lll refers to water supply
improvements, IV refers to agricultural and forestry measures, and V refers to other comprehensive environmental improvement measures.

0.314), which is the funnel plot in Supplementary Figure S2.
Egger’s test also did not indicate significant publication bias for
STH articles (p = 0.398), which is the funnel plot in
Supplementary Figure S3.

3.4 Subgroup Analysis of Different

Intervention Combinations

Because latrine improvements are often combined with other
interventions, the results of RR and 95% CI for these various
combinations were consolidated (Figure 4). Based on the
definition of intervention types in Table 3, a total of
10 combinations of intervention measures were obtained, and
6 combinations were obtained for schistosomiasis, 2 for diarrhea,
and 2 for STH. The results confirmed that latrine improvement
intervention alone could decrease the incidence of
schistosomiasis (RR = 0.53, 95% CI: 0.50-0.55), diarrhea
(RR = 0.46, 95% CI: 0.33-0.63), and STH (RR = 0.68, 95% CI:
0.53-0.87). For schistosomiasis, when combining latrine
improvement interventions and other intervention measures,
all combinations were associated with a reduction in the
incidence rate of the disease, except the combination of latrine
improvement and animal control and other
comprehensive environmental improvement measures (II V)
(RR = 0.98, 95% CI: 0.65-1.47). The lowest RR (0.63, 95% CI:
0.56-0.70) was observed in the group containing a combination
of all interventions (I II III IV V), indicating that this had the best
intervention effect. For diarrhea, when water improvement

reservoir

measures (III) were combined with latrine improvement
measures, there was a lower RR value (RR = 028, 95% CI:
0.08-0.95), indicating a better intervention effect. For STH, when
latrine improvement was combined with population-level disease
control and water supply improvement measures (I IIT), there was a
higher RR value (RR = 0.20, 95% CI: 0.13-0.29) than was observed for
pure latrine improvement (RR = 0.68, 95% CI: 0.53-0.87).

The I-squared values of the heterogeneity tests and the Egger’s
test information pertaining to publication bias are shown in
Table 3. Owing to the limitations of the community
intervention experiment, only the I-squared value of the
latrine improvement interventions of the schistosomiasis group
(I-squared: 0%, 95% CI: 0.0-13.9) was less than 50%. Therefore,
the fixed-effects model was adopted. The remaining interventions
had large heterogeneity and I-squared values greater than 50%.
Therefore, the random-effects model was adopted. Heterogeneity
may be caused by the introduction of many different
interventions. Of the 10 interventions classified, 6 showed no
significant publication bias based on Egger’s test (p > 0.05) and
funnel plots (Supplementary Figures S4-S13). For the
schistosomiasis group, the intervention group of latrine
improvement combined with population-level disease control,
animal reservoir control, water supply improvement, and other
comprehensive environmental improvement measures (I II III
V), as well as the intervention group of latrine improvement
combined with population-level disease control, animal reservoir
control, and other comprehensive environmental improvement
measures (I IT V), some small sample studies overestimated the
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FIGURE 3 | Forest plot for schistosomiasis, diarrhea, and soil-transmitted helminths.

1.00 125

effects of intervention (Deng et al., 2009; He et al., 2011), resulting
in publication bias. For STH, the intervention group of latrine
improvement combined with population-level disease control
and water supply improvement (I III) had a large regional
span and wide distribution of intervention starting years in
several studies, which led to failure to concentrate the
intervention effects (Zhang et al., 2011; Zhu et al., 2011; Deng
et al., 2012). In addition, the implementation of intervention

measures failed to achieve good results for this group (Chen et al.,
2015), which may have led to the observed bias.

3.5 Relationship Between Coverage

Increment and Relative Risk
A logarithmic linear equation was adopted to fit the relationship
between the annual increase of latrine coverage and RR of annual
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FIGURE 4 | Forest plot for latrine improvement and other interventions. Note: # indicate measures of latrine improvement; -V correspond to the code of the
intervention classification shown in Table 1; the figure shows the RR value when these measures are combined with latrine improvement measures; | refers to
population-level disease control, Il refers to animal reservoir control, Il refers to water supply improvements, IV refers to agricultural and forestry measures, and V refers to
other comprehensive environmental improvement measures; round dots in the figure indicate that the measure is a protective factor, and triangles indicate that the

TABLE 3 | Overview of eligible records with latrine improvement and other intervention.

Disease types Interventions

Schistosomiasis Latrine Improvement
Latrine Improvement +I 11 11l
Latrine Improvement +I 11 111 V
Latrine Improvement +1 11 I IV V
Latrine Improvement + 11 V
Latrine Improvement +l1 V
Latrine Improvement
Latrine Improvement -+l
STH Latrine Improvement

Latrine Improvement +1 111

Diarrhea

I-Squared (95%Cl) Egger’s test (p-value)

0(0-13.9) 0.865
66 (23.3-84.7) 0.412

80 (71.7-86) 0.000
99 (99.1-99.3) 0.077
92 (88.1-94.6) 0.008
91 (76.7-96.6) 0.021
70 (24.4-88.3) 0.829
91 (77.3-96.6) 0.673
81 (68.5-88.1) 0.239
97 (95.5-97.7) 0.009

Notes: |-V correspond to the code of the intervention classification shown in Table 1. | refers to population-level disease control, Il refers to animal reservoir control, lll refers to water supply
improvements, IV refers to agricultural and forestry measures, and V refers to other comprehensive environmental improvement measures.

incidence rate of all included studies. As shown in Figure 5, RR
was lower when there was a larger coverage increase, indicating
that a greater intervention intensity was associated with better
disease prevention effects.

3.6 Publication Bias

On the basis of the funnel plots and Egger’s test, there was no
significant publication bias in 8 of the 13 groups of evidence
combinations.

4 DISCUSSION

Systematic review and meta-analysis were used to examine the
relationship between latrine improvement in China and its health
benefits. Our analysis revealed that latrine improvement
measures, with or without other public health and nonpublic
health interventions, were associated with lower risks of
schistosomiasis, diarrhea, and STH infections. Both latrine
improvement and the latrine revolution in rural China has
had great social, economic, and health benefits, while also

improving the environment of rural settlements. Moreover, the
incidence of infectious diseases related to WASH has been
decreasing annually. However, the incidences of diseases are
related to many factors, such as society, the economy, the
environment, and population health status. Therefore, more
evidence-based data are needed to describe the health benefits
of improved sanitation conditions. Nevertheless, this study
revealed a correlation between China’s latrine improvement
and the incidence of diseases for the first time.

On the basis of our general research objectives, this study
included more population-based community intervention trials.
Although well designed randomized controlled trials (RCTs) can
provide powerful evidence (Melnikow et al., 2013), population
intervention trials are more popular in public health studies,
especially for population-based sanitation intervention research.
Sanitation intervention, especially improved latrine facilities, has
been shown to be associated with the reduction of certain diseases
in many studies. For example, a study in California showed that
the children in households with no sanitary latrines were twice as
likely to be infected with Shigella as those in homes with sanitary
latrines (Schliessmann, 1959). Moreover, living in an area without
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sanitary latrines is a risk factor for Hymenolepis nana infection
(Al-Mekhlafi, 2020). A meta-analysis of the effects of increased
access to sanitation studies revealed that there was at least a 33%
reduction in the chance of infection associated with individual
WASH practices or access (Strunz et al., 2014). The present study
adds to the growing body of evidence that improved sanitation,
especially with respect to household latrines in China, is
significantly associated with decreased incidence of diseases.
Improved latrines can affect the health of populations through
direct or indirect ways. Direct effects include stopping the
transmission of certain diseases. During fermentation of
excreta in septic tanks, biogas digesters, or other sanitary
facilities, pathogenic microorganisms are destroyed and the
proliferation of pathogenic microorganisms is prevented,
resulting in the excreta becoming harmless. In addition, closed
septic tanks prevent microorganisms from entering the
environment. When compared with direct application of feces
to farmland, use of treated feces is safer and prevents soil
pollution. In addition to direct health benefits, improved
latrine facilities have indirect effects on human health. For
example, household latrine improvements are often combined
with improvements in water supply, sanitation, and other basic
public health services. Moreover, many studies showed that the
effects of combined water and sanitation interventions were often
greater than the sum effects of individual measures (Fewtrell et al.,
2005; Schmidt, 2014; Luby et al, 2018; Null et al., 2018).
Improved sanitary conditions were also found to be beneficial

to the formation of personal hygienic behaviors for family
members. In addition, health education regarding
comprehensive  WASH interventions promoted changes in
health behavior. At last, the improvement of latrines in rural
areas has reduced the BOD of related diseases (Cheng et al., 2018;
Chen and Kallawicha, 2021) and promoted increased household
incomes, which has brought about further improvements in
health and medical levels.

The results of this study revealed that there were similar health
effects on water, sanitation, and hygiene (WASH)-related
diseases in response to latrine improvement. Overall, there was
a mean decrease of 60% in diarrhea risk, 42% for schistosomiasis
risk, and 65% for STH risk compared to no intervention. Diarrhea
caused a substantial disease burden in China, especially in rural
areas and west China, where sanitation conditions are relatively
poor. However, a significant decrease in the prevalence of
diarrheal disease since the founding of the People’s Republic
of China was observed, which was a result of the implementation
of many public and nonpublic health measures, including
providing clean water supplies and improving latrines and
sanitation in rural and poor areas (Cui et al, 2018; Lu, 2019;
Cheng et al., 2022). STH was once a major parasitic disease that
endangered the health of a large portion of the rural population in
China. However, data collected during three national surveys
revealed that the infection rate of STH decreased from 53.21% in
the first survey (1988-1992) to 3.38% in the third survey
(2014-2016). Intervention measures to control STH
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transmission in the population consisted of four improvement
measures and one deworming event (drinking water
improvement, latrine improvement, sanitation improvement,
health behavior improvement, and mass deworming). In rural
China, where there is a tradition of using compost to improve soil
fertility, improved latrines have greatly reduced the risk of
transmission of STH through the use of compost. Great
achievements have also been made in the control of
schistosomiasis in China, as indicated by the number of infected
people decreasing from 9.49 million in 1957 to 30,000 in 2018 (Lv
et al, 2019). Access to and the use of improved latrines will catch
most Schistosoma eggs and will prevent miracidia from infecting
intermediate host snails. This study confirmed that improvements in
latrine facilities were associated with decreased likelihood of infection
with schistosomiasis in China.

The most effective way of combatting diarrhea, STH, and
schistosomiasis is improving access to water, sanitation, and
hygiene. Moreover, WASH interventions are often not a single
measure but multiple measures that are implemented at the same
time. Therefore, this study evaluated the reduced risk of a disease
associated with improved latrine facilities in combination with
other improvements. In China, local governments coordinated
health, agriculture, water, forestry, land, and other government
resources to implement comprehensive measures for the
prevention and control of WASH diseases, especially
schistosomiasis (Yang et al.,, 2016). Our study revealed that the
combination of various control and prevention measures had
similar effects. The combination of these measures might be
related to a specific local situation. Therefore, intervention study
designers may develop personalized intervention strategies for
specific public health problems in individual study areas.

Unlike previous systematic reviews, this study also focused on
the relationship between increases in latrine coverage and RR
value. Increasing sanitary latrine coverage was negatively
correlated with RR, indicating that higher sanitary latrine
coverage in a population results in a decreased likelihood of
WASH-related diseases. This review provides more evidence
linking latrine and sanitation interventions to human health.
The results also indicate that latrine or sanitation improvement
should not be based on individual household but should instead
be promoted at the community level with the goal of improving
the coverage of the entire population. Sanitary latrine coverage in
rural China had reached more than 70.0% by 2022 (MARA,
2022). This rapid increase in coverage is due to a large amount of
investment from local governments, as well as extensive social
mobilization known as the latrine revolution.
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With the increasing demand for renewable energy and environmental
protection, biogas technology has attracted considerable attention around
the world. Fecal sludge (FS) is rich in organic matter, and it contains high
concentrations of excreted pathogens that cause gastro-intestinal infection. In
Tanzania, fecal sludge management from on-site sanitation systems poses a
threat on environmental safety. This study aimed to assess the feasibility of the
use of anaerobic digestion (AD) for the treatment of FS and the production of
biogas as renewable energy to achieve multiple benefits in Tanzania. For the
experiments, FS and food waste (FW) were used as feedstock, and rice straw-
derived biochar (RSB) was added as an additive to improve biogas production.
The mesophilic anaerobic digestion resulted in a methane yield of 287.5 ml/g VS
for FS + FW co-digestion and 396 ml/g VS for FS + FW + RSB co-digestion. At
ambient temperature (20-26°C), the system produced a methane yield of
234 ml/g VS for FS + FW co-digestion and 275 ml/g VS for FS + FW + RSB
co-digestion. Three different scenarios (digester with volumes of 4, 100, and
400 m®, respectively) and strategies for FS treatment by AD in Tanzania were
proposed and analyzed. These treatments can produce methane volumes of
1.95, 49.5, and 199.5 m® with pay-back periods of 3, 5, and 15 years and net
present values of + 28, +1,337, and +52,351 USD, respectively. The calculations
also showed that the heat value from the produced biogas and energy needed
to heat the digester at 26—37°C resulted in energy balance values of + 0.012, +
0.53, and + 2.22GJ/day for the 4, 100, and 400 m* digester volumes,
respectively.
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1 Introduction

Fecal sludge (FS), which is known as excreta, is the rejected
waste from humans. Globally, innovative treatment systems are
needed for safe fecal sludge management (FSM) (Bassan, 2014).
In rural Tanzania, 83% of the population do not have access to
basic sanitation. Communities rely on on-site sanitation such as
septic tanks and pit latrines that are not safely managed and allow
for fecal sludge to contaminate groundwater that is used for
drinking (Mrimi et al., 2020). Approximately 90% of the Dar es
Salaam inhabitants use on-site sanitation system facilities, where
60% of the inhabitants use pit latrines and 30% use septic tanks
(Makoye, 2017). In comparison with the traditional disposal
method such as landfilling, drying beds, and composting,
anaerobic digestion (AD) of FS for biogas production is an
effective treatment solution. Although AD is considered an
alternative fuel production option for bioenergy production
(Cheng et al., 2020), the use of FS as a substrate has shown
some challenges, such as poor process stability and low methane
productivity.

Anaerobic co-digestion (ACoD) is commonly used for
enhancing biogas production during AD (Dhungana et al,
2022). ACoD is the process of feeding two or more kinds of
organic substrates during AD. It offers a wide range of benefits
compared with mono-digestion of FS, such as dilution of toxic
substances, balancing of the C:N ratio, enhanced methane yield,
the synergic effect of microorganisms, and nutrient balance
(Hagos et al, 2017). Biogas production from co-mixed
substrates has been widely studied (Yong et al, 2015).
Nevertheless, the selection of appropriate co-substrates, their
characterization, composition, and mixing ratio should be wisely
considered.

In addition, additive materials (e.g., polyethylene, carbon,
activated carbon, and polyvinyl alcohol) and conductive
materials (e.g., conductive iron oxides, semi-conductive iron
oxide minerals, and micrometer-sized magnetite) are used for
immobilizing microorganisms and tackling inhibitions (Cai
et al., 2016). However, the use of these additive media has
shown some environmental and economic problems because
they persist in anaerobic digestate and are mainly used as
their
separation from the digestate (Haider et al., 2015; Cai et al,

fertilizer or require some addition system for
2016). Accordingly, environment-friendly and economic
additives should be developed. Biochar, which has good
adsorptive property, is an important additive for the AD
process (Fagbohungbe et al., 2016; Pan et al, 2019).
Recently, in Tanzania, it has been discussed on the

waste
additive

substance in AD (Hewage and Priyadarshani, 2016; Simeon,

applications of biochar in soil improvement,

management, energy generation, and as an
2017). However, limited studies have used locally produced
biochar as an additive in the AD process for improving the AD

process of FS. Limited studies have also focused on the use of
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biochar in terms of biochar dose and its particle size that can be
added in AD of organic matters to improve its efficiency.
Therefore, this area needs to be further studied.

Millions of rural household biogas digesters that operate in
developing countries in Asia and Africa are working under
ambient conditions and are primarily unheated. Therefore, they
experience maximum fluctuation of temperature, thus reducing
biogas production (Khan and Martin, 2016; Lohani et al., 2022).
A digester’s operating temperature is recommended to be in the
range of 33-37 or 45-55°C during the anaerobic start-up of the
digester (Arikan et al, 2015). Failure to maintain the
temperature within this range will inhibit methanogenic
growth, increase the start-up time, and reduce biogas
production (Dev et al, 2019). In most studies, acclimated
seed (inoculum), the chemical and thermal pretreatments of
feeding the substrate, and the mesophilic temperature are
maintained to speed up the start-up process along with the
overall AD process (Marti-Herrero et al., 2015). In retrospect,
in most developing nations, the anaerobic digester is operated
in ambient conditions without using the acclimated inoculum
before actual feeding of substrates. Hence, many complexities
arise, such as prolonged reactor start-up time and poor
methane yield, which have been major challenges for
domestic biogas plants in developing nations. Thus, an
effective strategy for FS treatment in developing nations
should be studied.

This study mainly aimed to determine whether the AD
technology can be used as an FS treatment option in Tanzania,
which is located in east Africa. The specific objectives were as
follows: 1) to determine the specific biogas production of FS
the
without or with additives; 2) to determine the specific biogas

under temperature-controlled mesophilic condition
production of FS at ambient temperature without or with
additives; 3) to calculate the energy balances of different
digester scales; 4) to analyze the cost-benefit of three
different application scenarios in Tanzania; and 5) to
propose the strategy for FS treatment in three application

scenarios.

2 Materials and method
2.1 Samples

2.1.1 Fecal sludge

The experiments were implemented in both China and
Tanzania. FS was obtained from a vacuum toilet at the
University of Science and Technology of Beijing (USTB) in
China and from dormitory septic tanks at Ardhi University in
Tanzania. After collecting FS from septic tanks by using a
plastic bucket, the sample was filtered to remove large
particles and thus avoiding blocking of the digester inlet
and outlet pipes.
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TABLE 1 Characteristics of FS, FW, and RSB at USTB, China, and Ardhi
University, Tanzania.

Parameter Fw FS Biochar Inoculum
USTB-China
TS (%) 262 9.7 9% 7.7
VS (%) 23.7 8.0 95.7 3.8
pH 45 82 8.8 7.5
COD (mg/l) 168000 84000
TDS (mg/l) 93000 6,550
Ardhi University—Tanzania
TS (%) 20.3 17.6 96
VS (%) pH 18.1 14.8 95.7
COD (mg/l) 5.85 8.63 8.8
TDS (mg/l) 152800 38400 —
Temperature (C) 25.7 25 —

2.1.2 Food waste

Food waste (FW) was collected from a restaurant USTB in
China and a student canteen in Ardhi University in Tanzania.
Considering that FW is mainly composed of vegetables, meat,
fish, and bone materials, the samples were pre-treated
manually before grinding to remove impurities such as
tissue paper, plastic spoons, and straws. For the pre-
treatment stage, FW was sorted and crushed into aqueous
slurry. The FW sample was stored in a refrigerator at 4°C until
use to avoid early decay.

2.1.3 Inoculum

In China, inoculated sludge was obtained from a pilot
system fed with waste-activated sludge. The pilot-scale
reactor is located in the wastewater treatment plant in
Chaoyang District, Beijing China. In Tanzania, FS was used
as the inoculum.
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2.1.4 Rice straw-derived biochar

The rice straw-derived biochar (RSB) obtained from
Henanlize Bioenergy Technology Development Company
from Henan province in China was used during the
experiment. The sample was oven-dried at 105°C for 24 h
for physiochemical analysis. The volatile solid (VS) matter
was determined as the weight loss after heating in a covered
crucible at 550°C for 3 h by using the furnace. The RSB was
characterized with a mean value of pH, total solid (TS), and
VS. The biochar was sieved to obtain different particle sizes of
0.075, 0.15, and 0.45 mm by using a sieving machine. The
characteristic of FS, FW, RSB, and the inoculum are shown in
Table 1.

2.2 Experimental setup design

For the experimental run, two set-up ambient and mesophilic
temperatures were used. Under the mesophilic condition at 37°C,
six identical reactors made with the glass bottles having a total
volume of 500 ml, including a headspace of 100 and 400 ml
working volume (effective volume), were labeled as R; R,, R3, Ry,
Rs, and Rg and treated as the control for the co-digestion of FS
and FW, while those labeled as M;, M5, M5, M4, M5, and Mg were
used for co-digestion of FS, FW, and RSB at USTB China. At
ambient temperature (20-26°C), nine reactors having a total
volume of 1,000 ml with a working volume of 900 ml labeled
as S1, S5, S3, S4, Ss, Se> S7, Sg, and Sg were used for the co-digestion
of FS, FW, and RSB with different biochar particle sizes of 0.075,
0.45, and 1 mm. The reactors named as A, A,, Az, and A were
used for the co-digestion of FS and FW experiments in various
ratios on a TS basis at Ardhi University, Tanzania. The reactors
(Re, Mg, and A;) were fed with inoculum only and were treated as
a control, where the observed biogas production (volumetric test)
of the experimental group subtracted the biogas production of
the blank control group to obtain the net biogas production of the
substrate. The reactors were operated at 37°C at USTB in China
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TABLE 2 Removal efficiency of TS, VS, and COD after anaerobic
digestion for all mixing ratios.

R1 R2 R3 R4 R5
TS initial (g/1) 78 97 108 139 144
TS final (g/l) 57 69 48 56 48
Efficiency of TS removal (%) 26.9 39.8 55.6 59.7 66.7
VS initial (g/1) 37.6 516 60 67.7 69.3
Final VS (g/l) 18.9 19.5 17.8 17.8 19.2
Efficiency of VS removal (%) 49.7 62.2 70.3 73.7 72.3
COD initial (g/1) 36.9 60.8 89.2 106.1 110.3
COD final (g/l) 21.5 30.3 353 35.1 39.3
Efficiency of COD removal (%) 41.7 50.1 60.4 66.9 64.6

and under ambient temperature (20-26°C) at Ardhi University in
Tanzania (Supplementary Figure S1 in Supporting information).
The retention time was approximately 30 days.

The biochemical methane potential (BMP) reactors were shaken
manually twice a day. The production of biogas and methane was
measured daily, and samples were obtained regularly to determine
the physical and chemical indicators such as pH and total ammonia
nitrogen (TAN). Cumulative methane volume production was
calculated based on the sum of the daily methane volume, as
indicated in the following equation (Ripoll et al., 2020):

1)

Vicus = Vicus =V eontrob>

A 400

—a—RI1

CH,(ml)

15 20 25 30

10.3389/fenvs.2022.911348

where V, cpy is the net volume of methane, Vi ¢y is the
experimental volume of methane measured when the co-
substrate was used, and V., is the volume of methane
produced in the control (inoculum) experiment. Methane
productivity (Ycus) at the base of the initial VS of the
substrate used was calculated as V¢ ¢y per g of initial VS (ml
CH,/g VS).

Vena = Ve[ VS. (2)

2.3 Analytical method

The collected samples were brought to USTB and Ardhi
University laboratories for physical and chemical analyses. TS
and VS were determined according to the standard (APHA,
2017), as described by Nandi et al. (2020). The pH of the
samples was measured using a Hach pH meter (HQ 30 days).
The daily biogas composition (CH4, CO,, and H,S) was
measured at an interval of time until 30 days by using a
biogas analyzer (Geotechnical Producer Ltd., Gloucester,
United Kingdom) at USTB. The water displacement method
was used for biogas production measurement at Ardhi
University, Tanzania, and the biogas volume was measured
using a 200-ml plastic syringe. The concentrations of the TAN
and chemical oxygen demand (COD) were determined using
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Daily methane production, cumulative methane yield, and specific methane yield production with different biochar doses under mesophilic
temperature. (A) Daily methane production. (B) Cumulative methane yield. (C) Specific methane yield at different biochar doses.
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the kits and the Hach DR 2800 portable spectrophotometer,
respectively (APHA, 2017).

3 Results and discussion

3.1 Biomethane potential test at the
mesophilic condition in China

The different substrate mixing ratios and biochar doses for
the BMP test by using mesophilic temperature at USTB are
shown in Supplementary Tables S1, S2.

3.1.1 Co-digestion of FS and food waste

The cumulative value of methane production is shown in
Figure 1. The mixing ratio of 75:25 (FW: FS) in R, produced the
maximum cumulative methane. The methane yields were 59,
205, 247.6, 287.5, and 199 ml/g VS in R, R,, R;, Ry, and Rs,
respectively. The value of the methane yield of ACoD in this
study was 1.5-4.9 times larger than FS and FW mono-digestion.
The findings are lower than the methane production from the
previous study (410-680 ml/g VS) (Zhang et al., 2019) because
of the difference in raw materials and reaction conditions. The
result is also comparable with the findings of Minale and
Worku (2014), in which high cumulative biogas was
obtained when the easily biodegradable organic component
in the sample was higher. Similar results were also obtained by
Minale and Worku (2014), in which the maximum overall
biogas yield was obtained by the co-digestion of potato
processing wastewater and pig slurry compared with
individual potato wastewater or pig slurry digestion. Afifah
and Priadi (2017) found high values of methane yield at FS and
FW ratios of 3:1 and 1:1 with concentrations of 300 and 560 ml/
g VS. Therefore, although the study was conducted at the
mesophilic condition by using a hand stirrer, the reactors
can produce methane yields that were as high as previous
studies with the optimum temperature.

3.1.2 Removal of TS, VS, and COD at different
mixing ratios

The characteristics of the effluent were analyzed after 30 days
of digestion, and the removal efficiency was calculated. The TS of
the effluent in different mixing ratios was reduced to 26.9%-
66.7%. VS reduction ranged from 49.7% to 72.3%. A high TS
reduction value was recorded at 100:0 (FW: ES). The high VS
reduction and removal efficiency were achieved at 75:25. The
higher removal efficiency of VS than the TS was a very good
indication of a high uptake rate of the organic fraction of TS by
methanogenic bacteria (Minale and Worku, 2014). COD
reduction ranged from 41.7% to 66.9%, as shown in Table 2.
Similar results were obtained by Afifah and Priadi (2017), in
which the VS removal efficiency reached 92.43% at the ratio of 1:
1 (FS: FW), while 79.43% at the ratio of 1:3 (FS: FW). This value
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was almost the same as the COD removal efficiency, which
reached 87.55% at a ratio of 1:1 (FS: FW) and 72.42% at a
ratio of 1:3(FS: FW).

3.1.3 Co-digestion of FS, food waste, and rice
straw-derived biochar

The study also determined the AD process based on different
biochar doses in digesters. The daily biogas production rate and
methane contents are shown in Figure 2. It shows that the
production rates vary according to different amounts of biochar
addition. All biochar-supplemented groups had high cumulative
methane yields and short lag phases. The cumulative methane yields
at biochar doses of 25, 20, 15, 10, and 5 g were 291, 328, 396, 293, and
226 ml/g VS, which were 232, 123, 149, 5, and 27 ml/g VS more than
the methane yield of reactors without biochar, respectively. In
addition, cumulative methane yield had improved with the
corresponding increment in biochar addition. This finding was
obtained because biochar supports the rapid development of
biofilms with balanced acidogenic and methanogenic bacteria
through the enrichment of bacteria and methanogens, thereby
enhancing their synergy and activity (Cooney et al., 2016; Soler-
Cabezas et al,, 2018), thus contributing to the increase of cumulative
methane yields in the digesters with biochar. The difference among
the five groups in terms of methane yield became increasingly large
from day 5 with a prolonged digestion period. From the 10th day to
the 28th day, the cumulative methane yields (CMYs) from digesters
M, (20 g biochar) and M3 (15 g biochar) were significantly higher
than those of digesters M; (25 g), M4 (10 g biochar), and M5 (5 g
biochar). The maximum methane yield produced was 396 ml/g VS
in reactor M3 (15 g biochar addition), as shown in Figure 2. The
biochar effect in terms of higher methane yield in the present study
was comparable with the results in the previous research (Vanegas
and Bartlett, 2013). Additionally, Shanmugam and Horan, 2009
reported that 16.6 g/L biochar input could be optimal among
different biochar loadings in the range of 8.3-33.3 g/L in a two-
phase batch AD digester, and biochar dosages greater than 16.6 g/L
resulted in lower cumulative methane production. CMY decreased
at a higher biochar dosage, possibly because excessive biochar could
not further provide enhancing effects for microbial communities in a
fixed reactor space but can adsorb more methane-rich biogas
because of the biochar’s high adsorption capacity (Browne et al,
2015). Biochar addition enhanced biogas production, possibly
because of the ability of the biochar to adsorb ammonium ions
and promote electron transfer between itself and other substrates.
Sinervo (2017) reported that different types of biochar have variable
ammonium ion adsorption values depending on biochar types and
concentrations while using zeolite to obtain reference results.

3.1.4 TS, VS., chemical oxygen demand removal,
and pH change at different biochar doses

The COD removal efficiency is a critical parameter, which
reflects the efficiency of AD. The effluent sample was obtained
from different reactors and analyzed after 30 days of the BMP
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TABLE 3 TS, VS, and COD removal efficiency with different biochar
doses at mesophilic temperature.

Reactor M, M, M; My M;
TS initial (g/1) 75 90 96 104 112
TS final (g/l) 18 219 253 28.8 34.3
Efficiency of TS removal (%) 76.2 75.7 73.6 72.3 69.4
VS initial (g/1) 42 56 64 69 73

Final VS (g/l) 8.2 10.1 13.1 15.2 17.3
Efficiency of VS removal (%) 80.5 81.9 79.6 77.9 76.4
COD initial (g/1) 64 72 96 102 118
COD final (g/l) 13.9 15.2 21.8 23.6 29.4
Efficiency of COD removal (%) 78.4 78.9 77.3 76.9 75.2

test, and the removal efficiency was calculated. For mesophilic
temperature, the TS removal efficiency was in the range of
69.4%-76.2%, the VS removal efficiency was 76.4%-80.5%,
and the COD removal efficiency was 75.2%-78.9%, as shown
in Table 3. The COD removal efficiencies were only 78.4%,
78.9%, 77.3%, 76.2%, and 75.2% at biochar doses of 25, 20,
15, 10, and 5 g, respectively. A low COD removal efficiency was
observed in the reactors because excessive molasses loading may
reduce the digester’s ability to decompose COD because of
thereby the activity of
microorganisms that can degrade the organic matter (Cooney
etal., 2016; Soler-Cabezas et al., 2018). The pH in the mesophilic
temperature was higher and stable than that in the ambient

insufficient biochar, inhibiting

temperature. Nasir et al. (2012) reported a stable and neutral
pH at higher temperatures (30 and 35°C) than at lower
temperatures (20 and 25°C), thus increasing the CH,
the the
concentration reached 72.3%, in which the pH value was

concentration.  During experiment, methane
stable near the neutral value (~7.0) under the mesophilic

condition.

3.2 Biomethane potential test at ambient
conditions in Tanzania

The different substrate mixing ratios for the BMP test under
the ambient temperature at Ardhi University, Tanzania, are
presented in Supplementary Tables S3, S4.

3.2.1 Co-digestion of FS and food waste

The daily biogas production from four reactors labeled A;,
A,, As,and A, over a period of 30 days is shown in Figure 3. The
experimental results show that biogas production was slow at the
beginning and after the observation of the experiment. Biogas
production was generally slow within the first few days of the
experiment because of the lag phase of the microbial growth,
where methanogens (microbial community) become established
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to the medium within the digester (Simeon, 2017). The
maximum values of daily biogas production were recorded on
the 10th-14th before a gradual fall in the production rate was
recorded for the rest of the study period. The daily biogas
production decreased at the end of the experiment, possibly
because of the pH drop, resulting in an increase in the
concentration of ammonia nitrogen that could inhibit the
process.

The cumulative methane yields in reactors A, A,, Az, and A4
were 187,234, 192, and 173 ml/g VS. The substrate mixing of 1:2
(FW:FS) had high cumulative methane production. The highest
total methane yield was 234 ml/g VS. The BMP results suggest
that a higher proportion of FS is beneficial for methane
production from a substrate mixture, possibly because of its
highly biodegradable and nutritionally balanced organic matter.

3.2.2 Co-digestion of FS, food waste, and rice
straw-derived biochar

Figure 4 presents the daily methane production and
cumulative methane yield in different biochar doses under
ambient temperature. Three different types of rice RSB doses
0f 20, 15, and 10 g were used in this study with different particle
sizes of 0.075, 0.15, and 0.45 mm. Biogas yield increased to
275 ml/g VS when the particle size of biochar was reduced to
0.075 mm. This amount is equivalent to a 19.3% increment
compared with 222 ml/gVS when the biochar particle size was
0.45 mm. Notably, the digester with 0.45 mm biochar particle
size showed the lowest average methane yield among all the
biochar-amended digesters, possibly because of the floating of
the large particle size. He et al. (2018) found that different
biochar particle sizes could exhibit significant differences in
some such elemental

physicochemical properties,

composition, surface functional groups, microcrystalline

as

structure, and pore size distribution. The addition of biochar
with different particle sizes could effectively tolerate high
substrate loading rates and avoid the excessive accumulation
of organic acids and potential digester failure. The average
maximum methane contents during the 30 days of AD
operation were 50.1%, 48.4%, and 45.9% for 0.075, 0.15, and
0.45 mm, respectively. The digester pH was a key indicator of
the process stability for the AD operations (Mehariya et al.,
2018). The variation performance of these digesters could be
ascribed to the similar physicochemical properties, such as
density, surface area, and pore size of the supplemented
biochar with different particle sizes.

3.2.3 Removal efficiency of TS, VS, chemical
oxygen demand, and pH fluctuation

pH and COD are two key indicators of the process stability
for the AD operations (Mehariya et al., 2018). Hence, pH and
COD values were examined during the AD process to
understand the changing tendency of methane yields in
different digesters.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.911348

Kilucha et al.

——Al
——n2
——A3
—v—Ad

A

0 5 10 15 20 25 30
Time (Days)

FIGURE 3

10.3389/fenvs.2022.911348

B 250

8]
=3
S

@
S

Cumulative methane yield(ml/gVS)

0 5 10 15 20 25 30
Time (Days)

Daily methane production and cumulative methane yield in different mixing ratios under ambient temperature. (A) Daily methane production.

(B) Cumulative methane yield.

Time (Days)

FIGURE 4

B 300

5VS)

3 200}

0 5 10 15 20 25 30
Time (days)

Daily methane production and cumulative methane yield in different biochar doses under ambient temperature. (A) Daily methane production.

(B) Cumulative methane yield.

The TS of the effluent in different mixing ratios was reduced
to 50.9%-59.2%. VS reduction was also in the range of 50.1%-
65.5%. COD reduction ranged from 59.3% to 69.6%. The
maximum COD reduction was achieved in the S;, S,, and S;
digesters at a biochar size of 0.075 mm with a biochar addition
dose of 10g, in which the maximum amount of gas was
produced. Recent experimental works
with a high COD value
performance in terms of biogas production and COD
reduction (Filer et al, 2019; Bakraoui et al, 2020). The
methane concentration also depends on pH. The biogas
composition shifts more toward CH; when the pH is high
because of the increased alkalinity caused by the NHj release.
Nasir et al. (2012) reported a stable and neutral pH at higher
temperatures (30 and 35°C) than at lower temperatures (20 and
25°C), resulting in a high CH,4 concentration. Sabbir et al. (2022)
reported that the average methane concentrations were 61.43%,

has proven that

substrates resulted in good

59.75%, and 56.3% in the autumn, late autumn, and winter,
respectively, where the pH in the autumn was higher and stable
than that in late autumn and winter. The removal efficiencies for
TS, VS, and COD and the pH fluctuation are shown in Table 4.

Frontiers in Environmental Science

3.3 Lesson learnt for biogas technology in
China

The Chinese biogas industry deviates from the usual
development path compared with developing countries.
Tanzania can learn numerous lessons, which should be
reconsidered.

3.3.1 National subsidy

The development of China’s biogas industry is successful
with the aid of the government subsidy. At present, the central
government policy aims to establish and subsidize thousands of
bio-natural gas plant installations in rural areas to promote
biogas production. The Ministry of Agriculture aims for a
daily bio-methane generation of >10,000m’ and a total
digester volume of >16,000m®. Accordingly, it provides
2,500 CNY (375 USD) subsidy per cubic meter of the
methane generation capability. This subsidy is 40% of the
total financial aid and is equivalent to 40 million CNY
(6,000,000 USD) in subsidy by the central government of
China (Zheng et al., 2020). Small-scale digesters are subsidized
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TABLE 4 TS, VS, and COD removal efficiency at ambient temperature (20—26°C).

Reactor S S, S; Sy
Initial TS 75 g/L 79 g/L 82 g/L 76 g/L
Final TS 319 g/L 322¢g/L 324 g/L 36.4 g/L
% TS removal 57.5 59.2 58.3 52.1
Initial VS 40.6 g/L 413 g/L 432 g/L 40.9 g/L
Final VS 14.5 g/L 14.2 g/L 14.0 g/L 16.6 g/L
% VS removal 64.3 65.5 67.6 59.4
Initial COD 60.8 g/L 62.3 g/L 66.1 g/L 60.5 g/L
Final COD 229 g/L 21.1 g/L 20.1 g/L 24.3 g/L
% COD removal 62.4 66.1 69.6 60.0

with 1,500 CNY (225 USD) per cubic meter of the fermentation
volume for biogas power generation, including heating and
cooking (domestic consumption). This value represents 35%
of the total investment and is equivalent to a subsidy of
30 million (4,500,000 USD) CNY from the federal
government. Approximately 386 small-scale biogas projects
and 25 engineering biogas projects were subsidized in 2015,
and these numbers increased by 552 in 2016. A large amount of
subsidy was also provided for digestate fertilizers for the
replacement of mineral fertilizers with organic fertilizers for
improved vegetable and fruit production. A total of 100 demo
counties were constructed in 2017 (Zheng et al., 2020).

3.3.2 Equipment and technology innovation

The industrialization level of China’s biogas industry remains
high compared with that of Africa. The use of advanced
equipment can lead to high biogas production and utilization
efficiency. For instance, the poor pre-treatment technology of
feedstock leads directly to low gas production rates (Yu et al,
2019). The key components should be feedstock crushing or
chopping equipment for straw. The use of mixing devices is
important to guarantee the homogenization of feedstock.
Moreover, the biogas desulfurization efficiency is used in
China, and solid chemical adsorption technology is employed.
Regular process monitoring and control are required to provide
information about general process performance and safety and
recognize and respond to process instabilities/disturbance
(Jimenez et al., 2015).

3.3.3 Co-digestion plant

By comparison, very few biogas plants in China adopt the co-
digestion technology, although numerous laboratory studies have
investigated the co-digestion technology. Co-digestion provides
great benefits for China. In China’s urbanization, the amount of
household garbage and other organic wastes such as food waste is
expected to increase remarkably (Hagos et al., 2017). The sewage
sludge production in cities reached 10.53 million tons (dry
matter) in 2017 (Skovsgaard and Jacobsen, 2017). The
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Ss Se S; Ss So

80 g/L 82 g/L 76 g/L 81 g/L 84 g/L
35g/L 358 g/L 37.3 38.5 41 g/L
56.3 55.6 50.9 52.5 51.3
41.6 g/L 44.2 g/L 40.4 g/L 419 g/L 439 g/L
16.6 g/L 16.7 g/L 20.2 g/L 20.1 g/L 20.1 g/L
60.1 62.3 50.1 52.0 54.3
62.1 g/L 66.2 g/L 60.6 g/L 62.5 g/L 65.8 g/L
24.1 g/L 24.1 g/L 24.7 24.5 g/L 249 g/L
61.3 63.6 59.3 60.9 62.0

construction of a centralized co-digestion plant can be
encouraged by introducing a special subsidy for feedstock in
Tanzania. A detailed category for different substrates could be
built.

4 Strategy for FS management at
different AD scales in Tanzania

FS is a critical issue in Tanzania to archive the targets of
Sustainable Development Goal (SDG) 6, such as SDG target 6.1:
By 2030, achieve universal and equitable access to safe and
affordable drinking water for all. FS is mainly stored in septic
tanks and pit latrines, where sludge is removed either manually
or mechanically. Collecting, emptying, and transport services are
provided by the government water supply and sanitation
authorities and informal and unregulated private operators by
using vacuum trucks. In informal settlements, FS is collected but
not treated, and much of it is dumped into landfill or water
bodies, such as the ocean. This practice does not promote hygiene
for all and does not end open defecation. In 1975, the
development of biogas in Tanzania is credited to the Small
Industries Development Organization (SIDO), which installed
approximately 120 anaerobic digesters of the floating drum types,
mostly in schools (Mshandete and Parawira, 2009). Biogas plants
with digester volumes of 8, 12, to 16 m* were deployed. After
5 years of the program, new standardized plant sizes were added
with volumes of 12, 16, 30, and 50m’ for institutions,
households, and special “toilet biogas plants” (Mshandete and
Parawira, 2009), while toilet biogas plants have been widely
disseminated in China (Cheng et al., 2018). An augmentation
was observed in the unit cost for installing an anaerobic digester
ranging from Tshs 300,000 (USD 130) at 1989 to between Tshs
4,000,000 (1,700 USD) and Tshs 7,000,000 (3,000 USD) in the
1990s. Cheng et al. (2014) found that the initial cost of biogas
plants can be reduced by introducing a low-cost polythene
biodigester for African countries in 1993, and these digesters
use animal manure as their feedstock. Tanzania has a successful
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biogas program, and approximately 8,796 biogas plants have
been deployed (Mshandete and Parawira, 2009; Rupf et al., 2015).
This finding serves as a good basis to introduce AD technology
for FS treatment. Considering the context of Tanzania in the sub-
Saharan African region, the FS treatment units at three different
scales that are targeted for household-level, community-scale,
and large-scale digesters are proposed, and the energy balances
are analyzed.

4.1 Scenarios for FS treatment by AD

4.1.1 Household biogas digester (4 m?)

Most of household biogas digesters in Tanzania are
operated under ambient temperature at 15-28°C depending
on seasonal variation. The calculation of energy balances shows
that the energy of 0.019 GJ/d can heat the digester and increase
its temperature from 26 °C to 37°C (Fuchs et al., 2018; Campello
et al., 2021). Without heating the digester, it can produce a
methane volume of 1.95 m*/day under ambient temperature,
and this volume can generate an energy of 0.031 GJ/d. The
results show that heating energy could be balanced by the
produced methane gas. Therefore, the introduction of the
heating unit for household digesters is not feasible. The cost
of installing the 4-m® digester in Tanzania requires
approximately 764 USD, as shown in Supplementary Table
S5, and this amount includes the construction and operation
cost. The household FS treatment and biogas production
together with FW and animal manure can upgrade biogas
production. Heating cost can be avoided by burying the
digester underground without special isolation and heating
measures.

4.1.2 Community-scale biogas digester (100 m°)

For the community-scale digester, a volume of 100 m* can
treat the FS from 50 families. The calculation shows that an
energy of 0.27 GJ/day is required to heat the digester from 26 to
37°C (Fuchs et al,, 2018; Campello et al., 2021). Under ambient
temperature, the biogas digester with a working volume of
100 m? 40,825 USD,
Supplementary Table S6, and this piece of equipment could

in Tanzania costs as shown in
provide a heating value of 0.8 GJ/day, which is enough to
reach a positive energy balance if the biogas is partially used
for heating the digester. For the community-scale FS digester, the
isolation measure could be implemented, and the heating unit
could be installed if surplus biogas production is present and
professional staff for operation and maintenance is available

locally.

4.1.3 Large-scale biogas digester (400 m°)

For a large-scale digester (working volume, 400 m®) with
the co-substrate, the initial installation cost is 1,820,454 USD, as
shown in Supplementary Table S7; this cost includes the
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heating, feedstock, operation, and construction cost, where
the plant can produce an energy production rate of 3.2 GJ/
day (Fuchs et al,, 2018; Campello et al., 2021) under ambient
temperature, resulting in positive energy balance. Digester
heating cost is avoided using different methods which are
used on energy recovery; a system with energy recovery
from produced biogas means that the heat and electricity
produced from the digester can be utilized and re-used for
supplying heat.

4.2 Biogas production and energy balance
estimation

The AD process is complicated, and it depends on various
parameters, such as the composition, size of feedstock, and
operational conditions.

To make an AD model simple, basic assumptions have been
made as follows:

1 The amount of biogas produced can be predicted based on
the experimental results;

2 The digesters work at a hydraulic retention time of 30 days;
3 During the experimental period, no heat dispassion was
observed from the digesters, and the ambient temperature was
in the range of 20-26°C instead of temperature control;

4 A cubic meter of methane is equivalent to 34 MJ of energy;
5 The specific heat capacity (C) for FSis 4.2 MJ ton™ "C "}; and
6 Generally, 1 kg of FS generates approximately 15 L of biogas
(0.015 m3/kg).

4.2.1 Methane production calculation
4.2.1.1 Methane yield at the 400-m?® digester

Daily feedstock volume (Q) = 400/30 = 133 m’day”’ =
13,300 kg/day.

Methane gas production rate = Q X Biogas yield in fresh
biogas feedstock.

Methane gas production
0.015 m*/kg = 199.5 m*/day.

rate is 13,300 kg/day x

4.2.1.2 Methane yield at the 100-m? digester.

Q =100/30 = 33 m* day " = 3,300 kg/day.

Methane gas production rate = Q x Biogas yield in fresh
biogas feedstock.

Methane gas production rate = 3,300 kg/day x 0.015 m*/kg =
49.5 m*/day.

4.2.1.3 Methane yield at the 4-m?® digester.

Q = 4/30 = 0.13 m> day' = 130 kg/day.

Methane gas production rate = Q x Biogas yield in fresh
biogas feedstock.

Methane gas production rate = 130 kg/day x 0.015 m’/kg =
1.95 m*/day.
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4.2.2 Energy balance calculations

The energy balance in AD system describes how much
energy is used in an AD plant and how much is generated.
Two sources of heat are required in AD as follows:

> Heat loss of the digester;
> Heat to bring the feedstock material up to the digester
temperature.

4.2.2.1 Heat loss calculations

According to Fuchs et al. (2018), the expected heat loss (HL)
from the digester surface can be calculated using the following
equation:

Heatloss (HL) = UAAT (kw), 3)

where U = overall coefficient of heat transfer, Wm>C !, A =
surface area of the digester m?, and AT = temperature drop across
the surface in question, “C.

According to Sapkota and Poudel (2019), the reported
digester heat transfer coefficient is U = 1.7 Wm>°C™".

(a) Heat loss for the 400-m” digester

Working volume: 80% of total volume.

D = 13078 V'* = 8.5 m;

H=4x 03142 D’/3.14 D’ = 2.83 m;

A = V/H = 320/2.83 = 113.074 m’.

The heat loss at the digester temperature of 37°C is as follows:
HL = UA (T,-T))

HL = 1.7 x 113.074 x (37-26) = 2,114 kW = 0.36 GJ day .

(b

=~

Heat loss for the 100-m’ digester

Working volume: 80% of total volume.

D=13078V "’ =47 m;

H=4x03142 D’/3.14 D’ = 1.87 m;

A = V/H = 80/1.87 = 42.78 m’.

The heat loss at the digester temperature of 37°C is as follows:
HL = UA (T,-T),)

HL = 1.7 x 42.78 x (37-26) = 799.986 kW = 0.12 GJday .

(c

~

Heat loss for the 4-m’ digester

Working volume: 80% of total volume.

D=13078V "’ =18 m;

H=4x03142 D’/3.14 D> = 0.72 m;

A =V/H =32/072 = 44 m>

The heat loss at a digester temperature of 37°C is as follows:
HL = UA (T,-T))

HL = 1.7 x 4.4 x (37-26) = 8228 kW = 0.013 GJday .
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4.2.2.2 Heating of the feedstock

According to Fuchs et al. (2018), the feedstock added to the
digester must be brought up to the operating temperature of the
digester, as expressed in Eq. 4 as follows:

Q=CpQAT, 4

where C = specific heat capacity of the feedstock (M]
tonne°C™", Q = volume to be added (m*/day), and AT =
temperature difference ("C)

(a) Heat required for the 400-m” digester

A 400-m”® digester running at 37°C with a retention time of
30 days.

Volume added (Q) = 400/30 = 13.3 m* day

Specific heat capacity (C) = 4.2 MJ ton °C™;

Feedstock temperature = 26°C;

Heat required = 4.2 x 13.3 x (37-26) = 0.62 G] day™;

Total heat requirement = heat loss + heat for feedstock;

Total heat requirement including heat loss = 0.62 + 0.36 =
0.98 GJ day .

(b) Heat required for the 100-m’ digester

Volume added (Q) = 100/30 = 3.3 m’ day™';

Specific heat capacity (C) = 4.2 MJ ton™"°C™;

Heat required = 4.2 x 3.3 x (37-26) = 0.153 G] day™;

Total heat requirement including heat loss = 0.15 + 0.12 =
0.27 GJ day ™.

(c) Heat required for the 4-m’ digester

Volume added (Q) = 4/30 = 0.13 m’ day™;

Specific heat capacity (C) = 42 MJ ton™" °C 7

Heat required = 4.2 x 0.13 x (37-26) = 0.006 GJ day™';

Total heat requirement including heat loss = 4.2 x 0.13 x
(37-26) = 0.006 + 0.013 = 0.019 GJ day".

4.2.3 Energy generated from the produced
biogas

The energy balance of digesters in scenarios 1, 2, and 3 was
determined by assuming that the biogas produced was utilized
using a combined heat and power (CHP) system. The energy
output from the three digestion systems was calculated as
described by Campello et al. (2021).

Electricity generated from the biogas produced = Biogas
produced (m’) x LHVCH4 x methane content (%) X engine
efficiency.

Heat generated from biogas produced = Biogas produced
(m’) x LHVCH4 x methane content (%) x engine efficiency.
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TABLE 5 Summary of three scenarios for FS anaerobic digestion.

Description

Volume of the
digester

Hydraulic retention
time (days)

Feedstock volume
(m*/d)

Methane
produced (m?)

Heat value from
biogas (GJ/d)

Energy demand for
heating (GJ/d)

Energy balance
(Eout-Ein) GJ/d

Characteristics

Cost benefit analysis

Scenario 1 (under
ambient temperature)

4m’
30
0.13
1.95
0.031
0.019

+0.012

Digester and fitting device

The cooking fuel expenditure should be kept at a

Scenario 2

100 m®

30

3.3

49.5

0.8

0.27

+ 0.53

Digester, fitting device, and other equipment

The minimum price of biogas that would

10.3389/fenvs.2022.911348

Scenario 3

400 m®

30

13.3

199.5

3.2

0.98

+2.22

Digester, equipment, fittings, and co-generator

The economic feasibility of the solution can be

similar level, and based on the monthly expected
biogas price, around 0.4 USD/m”’ can be charged
equivalent to 264 USD/yr. Comparing to
investment capital cost (764 USD), the project
can pay back after 3 years of investment with a
net present value of (NPV) + 28 USD

The assumptions made were as follows: lower heating value
(LHV) of methane of 35.59 MJ/m’ and engine efficiencies of 40%
for electrical energy and 50% for heat energy.

(a) Energy generated from biogas produced at the 400-m’
digester

Heat generated from biogas produced = Biogas produced
(m’) x LHVCH, x methane content (%) x engine efficiency.

(199.5% x 35.59% x 50.4% x 40%) + (199.5% x 35.59% X
50.4% x 50%) = 3,195 M] = 3.2 GJ.

(b)Energy generated from biogas produced at the 100-m’
digester

Heat generated from biogas produced = Biogas produced
(m?’) x LHVCH, x methane content (%) x engine efficiency.

(49.5% x 35.59% x 50.4% x 40%) + (49.5% x 35.59% x
50.4% x 50%) = 800 MJ = 0.8 GJ.

(c) Energy generated from biogas produced at the 4-m® digester
Heat generated from biogas produced = Biogas produced
(m’) x LHVCH, x methane content (%) x engine efficiency.

(1.95% x 35.59% x 50.4% x 40%) + (1.95% x 35.59% x
50.4% x 50%) = 31.23 MJ = 0.031 GJ.
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make the project profitable is 0.40 USD/m’,
making a revenue of 7027 USD/year. So it is
possible to pay back the investments cost of a
well-planned 100-m”® biogas plant within less
than 6 years of investment with a net present
value of (NPV) +1337 USD
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studied by comparing the costs and revenues.
The revenue of the project is estimated to be
126,187.19 USD/yr (biogas sale, electricity, and
diesel savings). From the analysis, it is clear that
the project would be profitable at the end of its
lifetime (15 years) compared to the total
investment cost 1,840,454 USD; the project will
have a net present value of (NPV) +52351 USD

The energy balance analysis of biogas produced during the
whole study period from the 4, 100, and 400 m® digesters is
shown in Table 5, where the biogas produced energy outputs of
0.031, 0.8, and 3.2 GJ. After subtracting the energy input (energy
required in the system) from the energy output (energy leaving
the system), the energy balance values were + 0.012, + 0.53, and +
222 G]J for the 4, 100, and 400 m’ digesters, respectively.

4.3 Cost and benefit analysis for biogas
technology dissemination in the context
of Tanzania in terms of FS treatment.

4.3.1 Benefit analysis

Tanzania, which belongs to sub-Saharan African (SSA)
has biogas
technology utilization. The country is dominated by a tropical

countries, several favorable conditions for
climate with an average monthly temperature above 18°C
throughout the year, which is well suited for AD (Mshandete
and Parawira, 2009). Livestock keeping and on-site sanitation
infrastructures are abundant to provide a significant potential for
biogas production from animal excreta. The increasing prices of
fossil fuels and fertilizer have helped in making biogas an
attractive alternative for energy and fertilizer production in
Tanzania. The increasing prices of fuel wood and other energy

sources for cooking and expensive lighting costs when using
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kerosene have prompted interest in biogas as a cheaper, cleaner,
and more convenient alternative energy source. The benefits of
biogas to Tanzania are categorized in the three main pillars of
sustainability, namely, environmental, social, and economic

factors.

4.3.1.1 Environmental benefits

Inadequate sanitation deteriorates the environment and
public health in urban areas of developing countries than in
rural areas, where simple and sustainable on-site sanitation
solutions can be implemented. Emptying pit latrines is a
major problem in urban sanitation in low-income countries.
Biogas can offer a sanitation solution in urban areas and has
gained prominence in recent years. A biogas latrine is an
that
sanitation solution and energy in the form of biogas, and it

integrated waste management system provides a
reduces the collection and transportation cost of FS from an on-
site system to a treatment facility (Mutai et al., 2016). Biogas
generation may improve the water quality. Moreover, AD
deactivates pathogens and parasites; thus, it is also quite
effective in reducing the incidence of waterborne diseases.
Similarly, waste collection and management are remarkably
improved in areas with biogas plants. This condition leads to
improvements in the environment, sanitation, and hygiene
(Berhe et al., 2017). Firewood is the main energy source for
cooking in Tanzania. The cutting down of trees for firewood has
resulted in the rapid deterioration of forest reserves. In recent
years, the abundant natural vegetation in the country has been
cleared/transformed for agriculture, habitation, and firewood,
thus contributing to climate change (Velempini et al., 2018).
Brown (2006) added that a well-designed and installed biogas
digester has several benefits; “it improves sanitation by converting
generated FS into biogas; it reduces greenhouse gas (GHG)
emissions; it serves time to search firewood and charcoal for
cooking, preserve deforestation and natural vegetation, and it
provides a high-quality organic fertilizer.” Berhe et al. (2017)
viewed biogas systems as a sustainable source of energy that can
provide low-cost energy without gathering wood as fuel; it can
lessen the degradation of indigenous forests, reduce GHG
emissions into the air, and improve the carbon sequestration
of indigenous forests. Kelebe and Olorunnisola, 2016 confirmed
this finding and stated that 12 rural households that substituted
firewood with biogas resulted in a decrease of 50%-60% of
They stated  that the
9,577 domestic biogas systems installed in Ethiopia in

firewood  consumption. also
2014 saved approximately 2,873 ha of the forest land. Minde
et al. (2013) pointed out that if 1kg of wood is burned in
traditional cookstoves, it generates approximately 318 g of C.
However, if biogas is used, each household saves the consumption
of 3 metric ton of firewood annually. Biogas technology for FS
treatment can combat environmental challenges such as spread of
diseases, eutrophication, acidification, air pollution, and climate
change issues (Cheng et al., 2022).
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4.3.1.2 Social benefits

FSM is not gender-neutral and could deepen gender inequalities
if not handled appropriately. Interventions must be based on a good
understanding of gender-specific needs and, in particular, the
constraints faced by women and girls in accessing safe
sanitation. The lack of access to sanitation facilities has a
differential impact on gender because of expectations regarding
modesty and personal security. The unavailability of good sanitation
facilities can lead to psychosocial stress for girls, whereas access to
good sanitation reduces child mortality and death while supporting
health (Hirve et al., 2014). The major responsibility of energy needs
in terms of access to wood fuel requirements lies largely with women
and children who have to trek long distances to harvest them for
domestic use. This process is time-consuming and tiring because the
loads are usually very heavy. This cultural practice is carried out
mainly by women and children, especially young girls, who spend
much time to search firewood in many parts of SSA countries.
Lambe et al. (2015), Minde et al. (2013), and Fullerton et al. (2008)
pointed out that biomass burning releases pollutants such as carbon
monoxide, methane, nitrogen oxides, benzene, formaldehyde,
benzopyrene, aromatics, and particulate matter, which cause
considerable damage to women and children because they are
more at risk for prolonged exposure. An additional indirect
benefit of the use of AD systems is a product of the biogas
generated and captured from these systems. Several communities
that utilize AD and capture biogas do not have access to the main
electric grid because of the remoteness or the high cost. The
electricity produced from biogas becomes a tremendous social
benefit to communities as it can change the way communities
interact. AD systems can give farmers energy independence and
make them self-sufficient. Another social benefit is the creation of
jobs. When farms or mills utilize workers for daily operations, the
addition of an AD system can create new jobs. Learning how to
operate an AD system and perform routine operations and
maintenance checks also improves laborer skills and can help
establish the local expertise needed for additional biomass
electricity systems. Smokeless biogas is an excellent substitute for
use in developing countries, especially in Tanzania, to improve the
well-being of women and children. The time saved from gathering
fuelwood can be used for productive ventures and provide females
with an opportunity to be in school.

4.3.1.3 Economic benefits

The inappropriate FSM facilities cause economic losses because
of the cost of treating illnesses that result from poor sanitation and
the loss of income through reduced productivity. Emptying FS
remains a challenge in many cities because low-income households
cannot afford the service (Cheng et al., 2017). Enormous revenue is
generated by the various service providers who are active in this
segment of FSM. In Tanzania, the Ministry of Water reported the
emptying charges that occasionally elevates to as high as TZS
300,000 (130 USD) per trip when servicing far distances by
using a private operator. AD systems eliminate the need to
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transport waste to an established waste disposal facility. The use of
waste onsite cuts the upfront costs of transportation and generates
financial gains with the byproducts produced. The process creates a
viable energy source that can be used for heating and electricity for
homes or the facility itself. This biomass energy may come with a net
zero cost and offset electrical costs, thus providing new forms of
energy to areas that may not have access to traditional electrical
energy sources or generating profit if the energy produced can be
sold. The bio-slurry from biogas plants is estimated to have high a
nitrogen content compared with fresh manure, thus allowing AD
systems to generate commodities such as fertilizer, which can be
used at the site or sold for additional income. When bio-slurry is
considered as manure, the return on investment in the process can
be realized within 3-4 years (Minde et al,, 2013). A nationwide
deployment of biogas technology for institutions will generate many
jobs in the form of carpentry, masonry, and plumbing. Cost savings
on fossil fuel importation will also be realized.

4.3.2 Cost analysis
The cost of a domestic biogas digester falls into two
The

construction cost has three major components, namely,

categories, namely, construction and operation.
materials (e.g., cement, sand, gravel, bricks, steel rods and

wire, and coatings), excavation and construction (e.g.,

technician service, labor, and steel mold used to cast
concrete), and gas appliance parts (e.g., pipeline and valves,
gas pressure gauge, desulfurizer, gas cooker, and gas lamp).
Operational costs also have three major components, namely,
(e.g., collection, preparation, and purchase), maintenance (e.g.,
feeding and discharge), and repair or replacement of parts (e.g., gas
pressure gauges, pipeline and valves, cooker spare parts, and lamp
mantles). However, major difficulties are encountered in
calculating operational costs. However, the manure or other
households  has
commercial value in that case, and the operation cost is 2%-
10% of the construction cost (Carmatec, 2020). The calculation
shows that the total construction cost of 4, 100, and 400 m?

digesters are 764, 40,825, and 1,820,454 USD, respectively.

feedstock generated by individual no

5 Conclusion

In developing countries such as Tanzania, FSM is indeed a big
challenge toward goal 6 of SDGS. Based on the laboratory tests by
using mesophilic digestion at 37°C, a methane yield of 396 ml/g VS
was achieved with the increment of 109 ml/g VS compared with the
non-biochar addition experiment. The results showed that ES is a
good raw material to be used for biogas production. The study
provided a good insight into biochar-amended mesophilic AD of FS
for enhanced methane production in terms of biochar dosage and
particle sizes with the optimal dosage of 10-20 g/L. In comparison
with the control digester without biochar amendment, average
methane yields increased to 234-396 ml/gVS.
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Considering the tropic climate, the laboratory test under
ambient conditions in Tanzania showed that although the
specific biogas production was relatively low, such digesters
may have a great potential for practical applications in
Tanzania because of the low capital and ease of operation. The
theoretical analyses show that energy consumes large amounts of
biogas when relied upon heating the digesters. However, the
energy needed to optimize the reactor temperature can be
balanced out by a partial amount of biogas produced. A
strategy for FS treatment systems in the context of Tanzania
has been proposed and developed. The practical application
options for different local conditions include a household FS
treatment and biogas production system (where a digester
could be buried underground without special isolation and
heating measures), community-scale FS treatment and a biogas
production system (where isolation measures could be taken, and
heating could be installed if there is surplus biogas, and
professional staff for operation and maintenance is available
locally), and large-scale FS treatment and biogas production
equipped with modern technology and equipment for
maximum biogas production. Although this study has been a
successful comparative study, local biochar (man-made) and

industrially produced biochar could be used for more clarification.
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WASH facilities prevalence and
determinants: Evidence from
42 developing countries
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India

Improved WASH facilities are crucial for reducing infectious diseases such as
diarrhoea, malaria, dengue, and worms, etc. However, a large proportion of
households in developing countries lack basic WASH facilities. Therefore, the
current paper uses the household data from 733,223 households in fourty two
developing countries to explore the prevalence rate of basic WASH facilities.
The result shows that access to basic drinking water is much better than access
to other WASH facilities, such as basic sanitation and hygiene facilities. However,
the prevalence of basic drinking water, basic sanitation, and basic hygiene vary
across different regions and countries-low in Africa and South Asia. The multi-
level regression model shows that households with better economic status and
education and urban households are more likely to use basic WASH facilities.
Further, women empowerment and already having one WASH practice are also
positively associated with the adoption of other WASH facilities. The policy
should aim at improving awareness about the benefit of WASH facilities through
education, and it should also subsidize WASH facilities for poor households and
those living in rural areas.

KEYWORDS

WASH services, developing countries, basic sanitation facilities, basic hygiene facilities,
wealth, and education

1 Introduction

“WASH” stands for three critical aspects for health, survival, and development: Water,
Sanitation, and Hygiene. Access to improved water, sanitation, and hygiene practices
contributes to a healthy life and is documented to benefit the economy. Realizing the
importance of access to WASH facilities, in 2010, the United Nations General Assembly
endorsed access to safe drinking water and sanitation as a fundamental human right (UN
Assembly, 2010). Diarrhoeal diseases due to poor sanitation, poor hygiene, or unsafe
drinking water were responsible for 9 percent of the deaths of children under five
(484,000) (UNICEF, 2022). Children who live in inadequate WASH systems not only
suffer from an increased risk of mortality but also experience severe nutritional deficiency
(World Health Organization, 2015). The latest Global Nutrition report quoted that
globally 45.4 million children aged 5 years and less are wasted (Global Nutrition Report,
2021). Adoption of good sanitation and hygiene practices is well established as a cost-
effective, easy to practice, and most effective public health intervention in preventing
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infectious diseases like diarrhoea, cholera, hepatitis, etc. (Fewtrell
et al., 2005). Therefore, Government in developing countries has
been making a serious effort to meet Sustainable Development
Goal 6 (SDG-6) and its sub-targets (Targets 6.1 and 6.2) under
the 2030 Agenda for Sustainable Development.

Recent research shows that appropriate disposal of excreta,
hand wash habits, and treated water reduce diarrhoeal cases from
48 percent to 17 percent (Cairncross et al., 2010). According to Wolfe
etal. (2018), at 75 percent coverage, sanitation reduces diarrhoea risks
by 25-30 percent, with a further 45 percent reduction when sanitation
coverage exceeds 75 percent. Additionally, safely managed water,
which is defined as the treatment of basic water alone, can
considerably reduce diarrhoeal deaths (Fewtrell et al,, 2005; Clasen
etal, 2007). Studies also established that the practice of basic hygiene in
households, ie., using water and soap for hand-washing, prevents
diarrhoea (44%) and pneumonia (25%) in children under age five
(WHO, 2005). A study conducted in Nigeria found that about
17 percent of under-five deaths caused due to diarrhoea can be
prevented through proper sanitation (Oloruntoba et al, 2014).
Some deadly diseases like cholera and typhoid are also avoidable by
exercising good sanitation and water treatment (Aiello et al,, 2008;
World Health Organization, 2015). There are enough shreds of
evidence to support the fact that maternal health is also interlinked
with WASH services-water, sanitation, and hygiene act as a catalyst in
improving maternal health outcomes and postpartum. A systematic
review conducted in 2014 found a significant association between poor
WASH practice and maternal mortality (Benova, et al, 2014).
Furthermore, the historical link between hygiene and childbirth and
the effect of clean water accessibility on safe delivery is well recognized
(Semmelweis and Semmelweis, 1983; Gould, 2010; Nalule, Y. et al.,
2021). Therefore, improved WASH is crucial to promote health and
sustainable development, as evidenced by the studies described above.

Through the combined efforts of public and private sector
stakeholders, about 2.1 billion people have had access to
improved sanitation facilities, and 2.6 billion people have been
exposed to improved water sources globally since 1990 (UNICEF,
2016). During the same period, encouraging better sanitation
practices deepened through sector programming and planning;
the proportion of people who washed their hands with soap and
water benefited, and the taboos to discuss defecation and
menstrual hygiene weakened (UNICEF, 2016).

Despite several gains, the Millennium Development Goal (MDG)
and its important targets were missed by a wide margin. Over 2 billion
people lack drinking water that is readily available at home and free
from contamination. Nearly 2 billion people lack access to basic water
needs, which can be fetched within 30 min round trip, and almost
122 million people drink untreated water from surface sources like
lakes, rivers, etc. (World Health Organization/United Nations
Childrens” Fund, 2021). Different regions observed different
challenges regarding water services. The supply of a safely
managed water source remains a challenge in the least developed
countries, where an estimated 1.2 billion people depend on sources or
systems with significant sanitation risks (Onda et al,, 2012). In sub-
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Saharan Africa, approximately 25-40 percent of water sources were
not functioning at any given time (Tincani et al,, 2015). At the same
time, globally, every third person does not have access to basic
sanitation, defined as facilities for the safe disposal of human
waste. According to the Joint Monitoring report (JMP), nearly half
of the world’s population lacked safely managed sanitation services,
and approximately 71 percent of population used water and soap after
defecation (World Health Organization, 2021). Another study
supports the previous arguments that, 502,000 diarrhoeal deaths
were due to unsafe drinking water, 280,000 deaths were
attributable to poor sanitation, and 297,000 were due to
inadequate hand-washing practices (Priiss-Ustiin et al, 2014).

The attention shifted from millennium development goals to
sustainable development goals (SDG) with an ambitious vision to
achieve global access to “safely managed water” and “basic
sanitation facility,” and “hygiene” by 2030. The target defined
under SDG 6 (6.1 and 6.2) ensures continuous and universal access
to basic WASH resources, i.e., Water, Sanitation, and Hygiene, to
address deficiencies prevalent among low- and middle-income
countries (LMICs) and populations living in vulnerable situations
(Nagabhatla et al., 2019). The approach from MDGs to SDGs has
shifted from” “to achieve the set goals” to “growth for all”.

Against the backdrop of a lack of comparative analysis covering
different countries and continents, this paper fills in the important
research gap by examining the level of WASH services in 42 low
and middle-income countries and the drivers of the adoption of
WASH facilities. This paper also contributes to the literature as it
uses multi-level logit modeling, which accounts for the country and
regional level differences. Further, it sheds light on the nature of
inequalities that exist in different settings and addresses challenges
that still exist in ensuring that progress reaches all.

2 Data and methodology
2.1 Data sources

The study is based on recent Demographic Health Surveys
(DHS) conducted between 2010 and 2020 in 42 developing
countries from Asia, Sub-Saharan Africa, Latin America, and
the Caribbean, Europe, and the Oceania region'. The total sample

1 The Country with survey year are given as follows: Afghanistan: 2015,
Bangladesh: 2017-18, Cambodia: 2014, India: 2015-16, Indonesia:
2017, Maldives: 2016-17, Nepal: 2016, Pakistan: 2017-18,
Philippines: 2017, Timor-Leste: 2016, Papua New Guinea: 2016-17,
Columbia: 2015-16, Guatemala: 2014-15, Haiti: 2016-17, Tajikistan:
2017, Albania: 2017-18, Armenia: 2015-16, Jordan: 2017-18, Turkey:
2013, Angola: 2015-16, Benin: 2017-18, Burkina Faso: 2010, Burundi:
2016-17, Cameroon: 2018-19, Chad: 2014-15:, Ethiopia: 2016,
Gambia: 2019-20, Ghana: 2014, Guinea: 2018, Kenya:2 020, Liberia:
2019-20, Malawi: 2015-16, Mali: 2018, Nigeria: 2018, Rwanda:
2019-20, Senegal: 2019, Sierra Leone: 2019, South Africa: 2016,
Tanzania: 2015-16, Uganda: 2016, Zambia: 2018, Zimbabwe: 2015.
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used in the study is 733,223 from 42 countries, and the sample
size by country is provided in Supplementary Appendix 1,
Supplementary Table Al. DHS, funded by U.S. Agency for
International Development (USAID), is a nationwide survey
collected every 5years across low- and middle-income

countries and employs stratified multi-stage sampling

techniques to  ensure  national and  sub-national
representativeness. With the broad objective, the survey
estimates core demographic indicators like fertility, mortality,
and family planning and provides information on maternal and
child health indicators such as immunization, skilled birth
attendance, domestic violence, etc. A detailed description of
the study design, sampling frame, survey implementation,
weighting mechanism and quality of data collection, and
corresponding non-sampling errors are published for each
round of national reports (ICF International, 2012). The study
used the household file to elicit inequality in access to water,
sanitation, and hand-washing facilities across 42 developing
countries. These files provide characteristics of the dwelling
unit, e.g., source and access to water, sanitation, and hygiene,
ownership of various durable goods, type of cooking fuel,
materials used for house construction, etc. Permission to use
the data set was sought from Measure DHS. The data set is
publically available at the Measure DHS website and can be
accessed on from

request https://dhsprogram.com/data/

available-datasets.cfm.

2.2 Empirical methodology

Multi-level logistic regression models was employed to elicit
variations in coverage of basic WASH. Because of the hierarchal
nature of the influence of households and communities on access
to basic WASH services, three-level binary logistics regression
was used for the analysis. DHS surveys in selected countries used
a uniform multi-stage cluster sampling approach. This procedure
introduces multi-level dependency among the observations, and
the dependency issue often arises due to the hierarchical nature of
data. In DHS survey research, clustered samples have several
levels, e.g., cluster, community, and geographical regions. Besides
using household socioeconomic factors as explanatory variables,
including these geographical settings will control for other
potential factors such as environment, development, and
infrastructures that facilitate the utilization of basic WASH
services.

Therefore, traditional logistic regression (single-level) in the
nested setting invites errors on various fronts. Firstly, logistic
regression requires the assumptions: 1) independence of the
observations conditional on the explanatory variables and 2)
uncorrelated residual errors, and these assumptions are not
always met when analyzing nested data (Snijders, and Bosker,
2011; Goldstein, 2011). Secondly, due to heterogeneity at the
regional level, a single-level model is no longer valid and
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reasonable and gives errors in estimating the model
parameters. Hence to evaluate the differences offered by
different layers of explanatory variables on the access to basic
water, sanitation, and hygiene services and to measure the
regional and country-level variations, multi-level binary
adopted. This the

simultaneous examination of the effects of group-level (cluster

regression model was allows  for
and region) and household-level variations on outcomes, while
accounting for the non-independence of observations within
groups (Raudenbush and Bryk, 2002). The multi-level analysis
facilitates the investigation of between-group and within-group
variability and how variables at both the group and individual
levels are related to the variability.

In multi-level analyses using pooled data (combining
42 countries), the household is considered at the first level,
the country at the second level, and the region at the third
level. Moreover, a two-level binary logistic regression model has
been used to assess variations at the country level, where the
household is at level one, and the region within the country is at
level two. Thus, we can consider the effect of both sample
clustering and unobserved factors at the community level. The

formal econometric model used in the analysis is as follows;

(Pes)

I 1
og(1 o) 1

= (x+Xkﬁﬁ+/4kj + Ok

Where, subscript k, j,i denote region, country, and household,
respectively;

Pkji is the probability of i-th household of country j and
region k reported basic WASH service (water, sanitation, and
hygiene); « the constant corresponding to the study variable; Xy j;
the covariates for household i for country j and region k,
including selected explanatory variables; B the vector of
parameters to be estimated corresponding to the selected
explanatory variables at the household level; y;; the random
effect at the country level within region k; and; 8y the random
effect at the region k level.

Both 4 ; and § are random variables at the country and
region level and assume to follow multivariate normal
distributions.

2.3 Dependent and independent variable

To assess the progress in WASH services, WHO and JMP
have developed a new ladder: Basic, Limited, and Unimproved/
No facility. These have been updated and expanded to facilitate
enhanced global monitoring of drinking water, sanitation, and
hygiene. These modified ladders build on the previously defined
thereby
continuity with past monitoring and introducing new rungs

improved/unimproved  classification, providing

with additional criteria relating to service levels. For this
study, we concentrated on three dependent variables defined
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Basic
Unimproved
Drinking water from an Use of pit latrines without a
unprotected dug well, slab, bucket or hanging
spring latrines
J
Surface Water Open Defecation No facility
. . . \ ( . . .
Drinking Wate.:r directly Practice of defecating in No handwashing facility on
form a dam, river, lake, open space- field, bush, premises
stream or irrigation canal forest, canals, water bodies
AN
FIGURE 1
Definition of Water, Sanitation, and Hygiene facilities according to JMP (WHO) ladder.

for the study population, which assign a value of 1 to households
that use basic services (water, sanitation, and hygiene) and 0 to
those households that use limited or unimproved services, and
had no facility of hand-washing, practiced open defecation and
used surface water for drinking. The definition of WASH
indicators is given in Figure 1.

Seven explanatory variables were used in the study, a dummy
of the place of residence (rural versus urban), a dummy of the sex
of the household head (male versus female), the age of the
household head, the dummy for the education of household
head (no education, primary, secondary, and higher), wealth
index dummy (poorest, poorer, middle, richer, and richest),
dummy of the sex composition of the household (three
groups: number of males equals number of females; number
of males > number of females; number of males < number of
females), and women’s decision-making power. The decision-
making power of women is a composite variable derived from
three questions. We have recorded the composite variable into
three categories: no decision-if all three answers to the questions
on the decision are no; one or two decisions—if at least one or two
responses are yes; three decisions-if answers of all three questions
are yes. These variables were selected based on their significant
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association with the outcome variable and the literature review.
Three dependent variables, i.e., basic drinking water facility (yes/
no), basic sanitation facility (yes/no), and basic hygiene facility
(yes/no), were also added to the regression analysis to examine if
having one of the WASH facilities also influence the adoption of
the other.

3 Results
3.1 Status of WASH facilities

Before delving into the detailed statistical explanation of
models on how socioeconomic and demographic factors affect
access to basic WASH services, this section presents the coverage
of basic water, sanitation, and hygiene practices among the
countries used in the study (see Supplementary Table Al;
Supplementary Figures 1A-3A in Appendix 1). The selected
countries from West Asia and European regions have the
highest prevalence of basic drinking water services (see
Figure 2). Almost all households in these regions have
universal access to basic drinking water facilities (98%). The
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Proportion of Population using Basic Drinking Water Facility
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FIGURE 2

Proportion of population using basic drinking water facility in the study countries. Note: Proportion estimated as the share of sampled
households using basic drinking water facility to the total sampled households by countries. Source: Authors estimation based on the DHS data.

proportion of households with access to basic water services in
the countries in this region ranges from 97% to 99.6%.

In five of the nine countries (Bangladesh was dropped due to
limited data) listed in the South and Southeast Asian region, more
than 90 percent of households have access to basic drinking facilities;
these six countries are India (92.7%), Indonesia (90%), Maldives
(99.4%), Nepal (94.8%), Pakistan (91.6%), Philippines (95.2%). The
region is ranked second in terms of access to basic drinking water
facilities, with a prevalence rate of 91 percent. It is noteworthy to
mention that there is wide variation between countries in the
region—35 percent of households in Afghanistan still lack basic
drinking water services, followed by Timor-Leste (25%) and
Cambodia (17%). In Latin America and the Caribbean region,
Colombia has the highest prevalence of basic drinking water
(around 93 percent), followed by Guatemala (86%). In Haiti,
3 out of 10 households still did not have access to basic
drinking water. Regional level prevalence shows that Latin
America and the Caribbean region rank third with an
86 percent prevalence of basic water access.

In 23 Sub-Saharan African (SSA) countries, the prevalence of
basic drinking water facilities is around 64 percent and ranges
from 41 percent in Chad to 92 percent in Gambia and South
Africa. Out of 23 countries, 16 had less than 70 percent basic
drinking water coverage, and the rest seven countries with more
than 70% coverage are Cameroon (71%), Gambia (92.3%),
Ghana (83.7%), Liberia (74.7%), Nigeria (71.8%), Senegal
(81.6%), South Africa (92.3%). Coverage of basic drinking
water services was lowest in Papua New Guinea, nearly
57 percent of households still use limited or unimproved or
surface water facilities.
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Albania (97%), Turkey (96.6%), Jordan (98.2%), and
Tajikistan (96.5%) seem to be doing well in terms of basic
sanitation, with all most every household having access to
basic sanitation (see Figure 3 and Supplementary Table Al;
Supplementary Figures 1A-3A in Appendix 1); in contrast, in
Armenia, only 77.6 percent had access to sanitation. Nearly half
of the households in 10 South and Southeast Asian countries
covered in this research still use limited/unimproved facilities or
practice open defecation; these countries are Afghanistan
(26.1%), Bangladesh (441%), Cambodia (46.11%), India
(48.51%), Timor-Leste (51.81%). Among South and Southeast
Asian countries listed in this research, the coverage of basic
sanitation facilities was highest in Maldives (99.4%), whereas
11 out of 42 countries registered >70 percent coverage of basic
sanitation services. The lowest coverage was recorded in two SSA
Chad and Ethiopia, of
100 households had access to basic sanitation facilities. Of the

countries, where only 6 out
remaining 21 SSA countries, 13 had less than 40 percent coverage
of basic sanitation facilities. In SSA countries, only 31 percent of
households had access to basic sanitation services. West Asia,
Latin America, and the Caribbean regions are the second-best
regions, with 66 percent of households with access to basic
sanitation facilities. After desegregating this prevalence at the
country level, we found a skewed distribution ranging from
31.1 percent in Haiti to 84.4 percent in Columbia.

Figure 4 and Supplementary Table Al; Supplementary
1A-3A in Appendix 1 shows that 38 out of
42 countries had data to estimate the coverage of basic

Figures

hygiene facilities. Due to a lack of data on hand-washing, four

countries—Albania, Jordan, Turkey, and Columbia-were
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FIGURE 3

Proportion of population using basic sanitation facility in the study countries. Note: Proportion estimated as the share of sampled households
using basic sanitation facility to the total sampled households by countries. Source: Authors estimation based on the DHS data.

Proportion of Population using Basic hygiene Facility
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FIGURE 4

Proportion of population using basic hygiene facility in the study countries. Note: Proportion estimated as the share of sampled households
using basic hygiene facility to the total sampled households by countries. Source: Authors estimation based on the DHS data.

dropped from the analysis. Only 4 out of 38 countries had more
than 90 percent coverage of basic sanitation facilities, of which
three were from the South and Southeast Asia region (Indonesia,
Maldives, and the Philippines) and one from West Asia
(Armenia). Only 31 out of 100 households had hand-washing
facilities with water and soap in the SSA region. The lowest
coverage of basic hygiene practice was recorded in Burundi
(5.3%), followed by Malawi (10.5%) and Gambia (12.5%). A
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large gap has been recorded between the two countries listed in
Latin America and the Caribbean region; the prevalence of basic
hygiene facilities was reported at 80.4 percent in Guatemala,
while about 75 percent of households still lack basic hand-
washing facilities in Haiti. With 62 percent coverage, the
South and Southeast Asia region ranks third with regard to
the availability of basic hygiene facilities. We found a skewed
distribution in South and Southeast Asia-ranging from
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Proportion of Population practising open defecation
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FIGURE 5

Proportion of population practicing open defecation in the study countries. Note: Proportion estimated as the share of sampled households
practicing open defecation to the total sampled households by countries. Source: Authors estimation based on the DHS data.

28 percent in Timor-Leste to 97.8 percent in the Maldives.
However, Indonesia, which shares its border with Timor-
Leste, registered a 93 percent prevalence of basic hygiene
practices. Less than half of the surveyed households had
access to hand-washing facilities with soap and water in South
Asian countries like Afghanistan (35.9%), Bangladesh (38.7%),
and Nepal (47.1%) (see Supplementary Table A1; Supplementary
Figures 1A-3A in Appendix 1).

Eliminating open defecation has been identified as a primary
goal to achieve global equality in WASH services. It is explicitly
referenced in SDG target 6.2 and is closely linked with wider
efforts to end extreme poverty by 2030. Figure 5 depicts the
proportion of households practicing open defecation. It is evident
from the figure that all five countries listed under Central Asia,
West Asia, and Europe have already eliminated open defecation
(<1%), while the highest burdened countries with rates of more
than 30 percent are from the SSA region. Regional analysis shows
that South Asia has reported the highest prevalence (33%),
followed by the SSA region (21%). However, it is important to
mention that the highest prevalence of open defecation was
reported in Chad, where 71 out of 100 households still
practice open defecation. At the time of the survey, more than
50 percent of households in Burkina Faso and Benin (62% and
54%, respectively) used open defecation rather than any
improved sanitation facilities. In 6 out of 10 South and
Southeast Asian countries, at least >10 percent of households
still defecate in open spaces, whereas except for Haiti, which
recorded 25 percent prevalence, the rest of the two Latin
American countries had reduced open defecation to below
6 percent.
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3.2 Socioeconomic and demographic
differentials of basic WASH services

Table 1 shows the descriptive statistics of the variable used in
the empirical analysis of households™ access to basic drinking
water, sanitation, and hygiene facilities for pooled data from
42 developing countries. Table 1 shows the existence of
significant inequalities between urban and rural areas.
Globally, coverage of all three basic WASH services (water,
sanitation, and hygiene) was higher among urban households
than rural households, but the degree of inequality varies. The
highest rural-urban coverage gap was recorded for sanitation
services at around 27 percentage points.

Results show that access to basic WASH services was nearly
identical in male and female-headed households. The sex of the
household head and the sex composition of household members
failed to explain the inequality in access to basic WASH services.
As expected, the age and education of the household head show a
significant association with access to basic WASH services. A
monotonically increasing association was noted between
education and the proportion of households using basic
WASH services; access to basic WASH facilities was lowest
for households with illiterate heads, which gradually increased
with levels of education.

Further, with the increase in the age of household heads, the
percentage of households using basic WASH services increases.
For drinking water, coverage increased from 79 percent for
households with heads in the age group 10-30 years to
86 percent for the age group >70years. The difference

between the household with head age group 10-30 years
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TABLE 1 Socioeconomic Indicators and Coverage of Basic WASH Services in 42 selected countries, 2010-2020.

Basic drinking water

Covariates Label Prop
Place of residence Urban 0.93
Rural 0.80
Sex of household head Male 0.84
Female 0.85
Age of household head 10-30 yrs 0.79
31-50 yrs 0.84
51-70 yrs 0.86
70 above 0.86
Education of household head No education 0.79
Primary 0.79
Secondary 0.89
Higher 0.94
Wealth Index Poorest 0.72
Poorer 0.78
Middle 0.84
Richer 0.90
Richest 0.96
Sex composition of HH members No of Male = No of Female 0.85
No of Male > No of Female 0.84
No of Male < No of Female 0.84
Women Decision making power No decision 0.87
One or two decision 0.75
Three and more decision 0.81
Basic Drinking water facility No
Yes
Basic Sanitation facility No 0.78
Yes 0.90
Basic Hygiene Facility No 0.76
Yes 0.90

Note: SE- standard error.

and >70 years was highest for sanitation facilities (30%), followed
by hygiene facilities (19%). A similar direct and significant
association also manifested between the household’s wealth
status and coverage of basic WASH facilities. The percentage
of households with access to WASH facilities increases with the
family’s wealth. Analysis shows that 72 percent of the poorest
household have access to basic drinking water services compared
to 96 percent in the richest group. Significant gaps were observed
across the income groups in the selected countries for the other
two WASH components, such as sanitation and hygiene. About
84 percent of the richest households used basic sanitation services
compared to the poorest households (13%). Similarly, about
83 percent of the richest households used basic hygiene
services, compared to just 28 percent of the poorest
households. However, it is important to note that there is
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Basic sanitation facility Basic hygiene facility

SE Prop SE Prop SE
0.001 0.67 0.001 0.73 0.001
0.001 0.40 0.001 049 0.001
0.000 0.49 0.001 0.57 0.001
0.001 049 0.002 0.56 0.002
0.001 032 0.001 0.46 0.002
0.001 048 0.001 0.57 0.001
0.001 0.57 0.001 0.62 0.001
0.002 0.62 0.003 0.65 0.003
0.001 031 0.001 0.39 0.001
0.001 0.44 0.001 0.52 0.001
0.001 0.56 0.001 0.66 0.001
0.001 0.78 0.002 0.81 0.002
0.001 0.13 0.001 0.28 0.001
0.001 030 0.001 045 0.001
0.001 0.49 0.001 0.59 0.001
0.001 0.68 0.001 0.70 0.001
0.001 0.84 0.001 0.83 0.001
0.001 0.50 0.001 0.59 0.001
0.001 0.48 0.001 057 0.001
0.001 0.48 0.001 0.56 0.001
0.001 047 0.001 0.58 0.001
0.002 045 0.002 047 0.002
0.001 0.53 0.001 0.58 0.001
029 0.001 0.34 0.001
0.52 0.001 0.61 0.001
0.001 041 0.001
0.001 0.74 0.001
0.001 029 0.001
0.000 0.63 0.001

wide variation between the countries, which is shown in the
analysis in Supplementary Appendix 2; Supplementary Tables
1B-42B.

It is worthwhile to mention that coverage of any basic WASH
component is directly driven by access to the other WASH
facilities (i.e., having one WASH facility will induce the
households to have other WASH facilities). Households with
basic sanitation and hygiene facilities had higher drinking water
source coverage than their counterparts. Similarly, accessibility of
basic sanitation facilities promoted the usage of basic drinking
water and hygiene services. A similar result was found for
hygiene facilities; households with basic water or basic
sanitation facilities had 33 and 27 percentage points higher
coverage of hand-washing facilities with soap and water
compared to the households with no basic WASH facility. A
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Multilevel Logistic Regression: Determinant of Basic WASH facilities among households on pooled data of 42 countries (2010-2020)
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Multi-level Logistics determinants of Basic WASH facilities among households in pooled data of 42 countries (2010-2020).

chi-square test was performed, and these associations were
significant at 5 percent significance level. The country-wise
descriptive statistics of the variable used in the empirical
analysis of households’ access to basic drinking water,
sanitation, and hygiene facilities are also provided in
Supplementary Appendix 2; Supplementary Tables 1B-42B,
and the result shows a similar kind of association between
WASH facilities use (basic drinking water, basic sanitation,
basic hygiene) and location (rural and urban), education of

head, and wealth status of the households.

3.3 Multi-level regression analysis

Having identified the factors influencing the choice of WASH
facilities in the previous bivariate analysis and literature review, a
their
simultaneous effect on the coverage of individual basic

multi-level logistic model is used to evaluate
WASH services (Water, Sanitation, and Hygiene). For
multi-level analysis, the age of the household head is used
as a continuous predictor, unlike categorical, as is done in
bivariate analysis, to avoid incorporating more variables in the
model. In the multi-level logit model, units at the lower level
(level-1) are households that are nested within units at higher
levels-country and region (42 countries at level 2 and 6 regions

at level 3). The regression result in terms of log odds with
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95 percent confidence interval (CI) is reported in Figure 6.
Urban households were 1.9 and 1.2 times more likely to access
basic drinking water and hygiene facilities than rural
households. In contrast, the coverage of basic sanitation
facilities was 18 percent lesser among urban dwellers
compared to rural dwellers.

Female-headed households were more likely to access
basic WASH services compared to their male counterparts.
Notably, the chance of using basic drinking water, sanitation,
and hygiene services was 19 percent, 3 percent, and 11 percent
higher among female-headed households than male-headed
households. The multi-level models show that the odds of
accessing basic drinking water and sanitation services
increased significantly with the age of the household head.
The household head’s education level seems to be an
influential factor in regulating the coverage of basic WASH
services; the direction of causality indicates a monotonic
increase in the coverage of basic WASH services as the
household head increases. Households
with highly educated household heads were 10, 63, and
91 percent more likely to have access to drinking water,

education of the

sanitation, and hygiene than households with illiterate
household heads.

It is evident from Figure 6 that the wealth index comes out as
a significant correlate of basic WASH service use. Higher wealth
quantile leads to higher odds of using basic WASH services. The
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richest households had 8, 50, and 12 times higher likelihood of
having improved drinking water, sanitation, and hygiene facility
compared to the poorest households. The sex composition of
households did not appear to be a significant factor in the use of
improved WASH services except for sanitation facilities.
Households with more women than men show a slightly
higher likelihood of accessing basic sanitation facilities (about
3%) than those households with equal members of both sexes.
Women’s decision-making power is insignificant for the odds
of using basic drinking water services. In contrast, households
with empowered women (who took all three decisions) had
1.03 times higher likelihood of using basic hygiene facilities
than households with women with no decision-making power.
Unlike this, the inverse association is manifested between the
decision-making power and the use of basic sanitation
facilities.

Household likelihood of usage of any basic WASH
component has been significantly affected by practice of the
remaining two facilities. Households with basic drinking
water sources were 20 percent more likely to practice basic
hygiene services, whereas the likelihood of using basic
sanitation facilities was 5 percent lesser. Likewise, the odds
of having basic drinking water and hygiene facilities were
1.04 and 1.53 times higher among households with basic
sanitation facilities than their counterparts. Households
with basic hygiene services were 53 percent and 28 percent
more likely to use basic drinking water and sanitation services
compared to households with unimproved or no hand-
washing facilities.

The random effect model is used to measure the unobserved
heterogeneity present in the data, and the computed variations at
both country and region levels in terms of Variance (var) are
given in Figure 6. The random effects are significant at the
country level, suggesting considerable heterogeneity between
countries in access to basic sanitation and hygiene services,
which strongly indicates the presence of some unobserved
factors working at the country level affecting the coverage of
basic WASH practice. There may be unobserved components
related to the coverage of basic WASH facilities, such as
availability of improved toilet/hygiene facilities, quality of the
facilities, accessibility to facilities, as well as social and
behavioural development at the country level, which jointly
affect the use of basic WASH services. Lastly, the significant
value of the likelihood ratio test confirms that the model is
adequately fitted.

3.4 Multi-level regression analysis by
country

This study also performed a multi-level logistic model
separately for 42 countries for different WASH practices
(Water, Sanitation, and Hygiene), and the summarized result
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is presented in Table 2, while the detail result by country is
presented in Supplementary Appendix 3; Supplementary Tables
S1C-845C.

For basic drinking facilities, wealth status emerges as the
most significant driver in most countries, followed by the place of
residence (urban), other wash facilities, and the household head’s
education level. Of 42 countries, 40° countries show that
households with higher economic status are more likely to
adopt basic drinking water, and in 32° countries, households
in urban areas were more likely to use basic drinking water. The
female head dummy was significant and positive only in 9*
countries for the adoption of basic drinking facilities.
Compared to the illiterate, the household with primary,
secondary, and higher education was positive and significant
in 9, 14, and 11 countries.

For basic sanitation facilities also, the wealth status emerges
as the most significant driver in the majority of the countries,
followed by the age of the household, other wash facilities, the
level of education of the household head, and the place of
residence (urban). In over 37 countries, more affluent
households are more likely to use basic sanitation facilities.
Compared to the illiterate, the household with primary,
secondary, and higher education was positive and significant
for basic sanitation practices in 12, 16, and 29 countries. The age
of the household head is positive and significantly related to basic
sanitation facilities in 34 countries, highlighting the fact that
elderly households are more likely to use basic sanitation
facilities. We also noted a positive and significant relationship
between a basic sanitation facility and a basic hygiene facility.

For basic hygiene, wealth status emerges as the most
significant driver in the majority of the countries, followed by
gender composition, other wash facilities, the level of education
of the household head, the place of residence (urban), and the
women’s decision-making power.

4 Discussion

The current work is an effort to analyze the reach of basic
WASH facilities in developing countries and the factor
influencing its adoption. Using aggregated data from forty-two
developing countries from different regions allowed us to

2 Armenia and Bangladesh was not included in the analysis for access to
drinking water due to lack of data.

3 Afghanistan, Cambodia, India, Indonesia, Pakistan, Philippines, Timor
leste, Papua New Guinea, Columbia, Guatemala, Haiti, Tajikistan,
Albania, Jordan, Turkey, Angola, Benin, Burkin Faso, Burundi,
Cameroon, Chad, Ethiopia, Guinea, Kenya, Liberia, Malawi, Nigeria,
Rwanda, Sierra Leone, South Africa, Tanzania, Uganda, Zambia. It was
negative and significant for Nepal and Zimbabwe.

It was positive and significant for Cambodia, India, Burkin Faso,
Cameroon, Gambia, Rwanda, Sierra Leone, Uganda, Zimbabwe. It
was negative and significant at 1% in case of Pakistan
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TABLE 2 Multi-level Logistic Regression: Determinant of coverage of Basic Drinking Water facility among households of 42 selected countries, 2010-2020.

Place

of
residence
(ref:
Rural)

Urban

Basic Drinking Water
(+) 29

ohok

+ 3
()~

=) 2
-)

=)
Insig 6
NA 2

42

Basic Sanitation facility

(+) 11

*okk

(+)

4

(+) "
=) 16

=) 4

(=)~
Insig 11
NA

42

Sex of

HH

(ref:

Male)

Female Age of
HH

4 3

5 3

1 3

30 31

2 2

42 42

4 31

2 3

1

3 1

32 7

42 42

Education of HH (ref: No education)

Primary Secondary Higher

6 10 10
3 4 1

1 2

1 2
29 24 27
2 2 2
42 42 42
9 12 26
3 4 3
1

1

28 26 13
42 42 42

Wealth index (ref: poorest)

Poorer

31

42

29

42

Middle Richer

38 38
1
2 1
2 2
42 42
37 37
1 2
4 3
42 42

152

Richest

39

42

39

42

Sex composition
of HH member
(ref: no of male =
no of female)

No of  No of
Male > Male <
No of  No of
Female Female
1 1

1

1
39 37
2 2
42 42
6 4
1 3
35 35
42 42

Women decision
making (ref: No

decision)

One or Three

two and

decisions more
decision

2 4

1 2

1

2 1

34 33

2 2

42 42

3 4

2 2
1

1

36 35

42 42

Basic
sanitation
facility

Yes

31

42

27

42

Basic
hygiene
facility

18

14

42

29

11

42

(Continued on following page)
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TABLE 2 (Continued) Multi-level Logistic Regression: Determinant of coverage of Basic Drinking Water facility among households of 42 selected countries, 2010-2020.

Place

of
residence
(ref:
Rural)

Urban

Basic Hygiene

(+) 10

(CONNNS

()~

=) 2

= 1

=)

Insig 24

NA 4
42

Sex of Education of HH (ref: No education)

HH
(ref:
Male)

Female Age of

HH
1 5 14
3 3 5
34 30 19
4 4 4
42 42 42

21

42

Primary Secondary Higher

30

42

Wealth index (ref: poorest)

Poorer Middle

19

14
4
42

24

11
4
42

29

5
4
42

Richer

Richest

38

4
42

Sex composition
of HH member
(ref: no of male =
no of female)

No of  No of
Male > Male <
No of  No of
Female Female

34
1
1
2

38
4 4
42 42

+ stands for odds ratio>1, — stands for odds ratio<1, *** — p value < 0.001, ** — p value < 0.005, * — p value < 0.010, NA-data not available, HH-Household hea.
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Women decision
making (ref: No

decision)

One or Three

two and

decisions more
decision

6 11

5 2

2 3

3 3

22 19

4 4

42 42

Basic
sanitation
facility

Yes

17

16

42

Basic
hygiene
facility

30

42
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conduct a comparative study that further delineates the
mechanisms that explain variation in the practice of basic
WASH
computed through advance statistical techniques have the

services. The comparable quantitative indicators
potential to exploit spatial variation that gives credence to the
value of multi-country studies. In addition, hierarchical models
were used to identify a broad array of elements located on
of the WASH model household,

socioeconomic, behavioural, regional) that affect basic WASH

different levels (ie.,
practices. Both national and sub-national comparisons and
further multi-level models have moved knowledge forward at
various levels of inquiry for the coverage of water, sanitation, and
hygiene services.

This study is the first such application of the multi-level
regression technique on pooled cross-sectional surveys to gain
insight into prevalence as well as covariates of practicing basic
WASH services in different regional settings. The advantage of
this methodology over a single model is its hierarchical design
which enables the proper investigation of the effects of all
covariates measured at country and regional levels on the
response variable, i.e., coverage of basic WASH services.
Notably, the significant random effects suggest the existence
of dependencies between household observations because
instead of using simple random sampling, the DHS data is
based on multi-stage cluster sampling from geographical
areas. The significant variation at the global and national
levels suggests that geographical disparities surpass the
socioeconomic and demographic inequalities in access to basic
WASH services (World Health Organization, 2021).

A multitude of studies advocates the importance of basic
WASH services in safeguarding human health (Armah et al,
2018; Okurut et al,, 2015). We used the JMP ladder to analyze the
coverage of basic WASH services in forty-two countries. The
result of this paper favour variation present in the access to
individual WASH components-drinking water, sanitation, and
hygiene. For instance, the prevalence of basic drinking water
facilities at the household level was 83 percent, whereas the
prevalence of sanitation and hygiene facilities was 48 percent and
56 percent. Conspicuously, this variation was clearly visible at the
regional and national levels. This finding suggests that only
64 percent of households in sampled SSA countries had access
to basic drinking water facilities, which is lower than the MDG
figure of 68 percent reported in 2015 (UN, 2015). The difference
may be attributed to the number of countries included in the
analysis. The situation is most critical in Chad and Ethiopia,
where about half of the households use unimproved or surface
water sources (Zerbo et al, 2021). Unlike SSA, in South and
Southeast Asian countries, more than 90 percent of households
had access to basic drinking water facilities, which increased from
73 percent since 1990, however still 134 million people do not
have access to improved water facilities, and it is estimated that
almost 68 to 84 percent of water sources are contaminated
(Unicef, 2016). Switching to the definition of basic services
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from improved ones has changed the scenario completely. For
instance, previous studies set on SSA countries indicate that more
than half of the households had access to improved sanitation
facilities, though the offered prevalence had a wide variation
across countries (Armah et al., 2018; Pullan et al., 2014; Yu et al,,
2014) whereas our findings revealed that only 30 percent of
households ranging from 6 percent to 57 percent, used improved
sanitation facility which was not shared with any other
households.

Most African and South Asian countries are still practicing
open defecation, which is considered as a major cause of
infectious diseases and mortality among children. The much
argued reason for poor sanitation is the high urbanization rate
without a similar increase in income. The level of per capita
income does not accompany the urbanization rate, and it leads to
an increase in the urban poor population (World Bank Group,
2015). According to UNDESA (2014), with more than 50 percent
urbanization rate, Africa’s urban population is projected to reach
1.2 billion by 2050, which is a cause of concern. According to
Marx et al. (2013), in SSA countries, the slum population is
growing by 4.5 percent annually and is expected to double in the
next 15years. Adding to this, a study by Ndikumana and
Pickbourn (2017) in SSA and Arias Granada et al. (2020) in
Bangladesh has shown that urban poor are less likely to access
improved WASH services. Some studies have also mentioned
that the lack of improved sanitation facilities forces the urban
poor to use polythene bags and/or defecate in nearby open
stream drains or natural water sources, which leads to severe
environmental contamination and disease-related hazards
(Isunju et al.,, 2011; Konteh, 2009; Cheng et al., 2018).

In sum, SSA countries may lose their momentum on the
coverage of basic WASH indicators and may not achieve SDGs
goals if the comprehensive WASH approach is not adopted,
i.e., ensure universal access to basic WASH facilities, particularly
to the rural poor households. On the contrary, basic sanitation
and hygiene coverage estimates were very high in Western and
Central Asian countries, with almost zero open defecation; these
countries set a roadmap for others to achieve universal access to
basic sanitation facilities. Although, the literature on access to
basic WASH services in development studies is very scanty and
mostly focused on African and south Asian countries. Further, a
detail shifts,
interventions are needed to understand the achievement of

examination of policies, behavioural and
western and central Asian countries.

Socioeconomic dimensions have an overarching influence on
access to WASH services, and the effects are not linear as
expected. The selected covariates—dwelling setting, age, sex
and education of household head, and household wealth,
show significant association with the coverage of basic WASH
services, separately computed for each component. The patterns
are fairly consistent, with varying intensities in different
countries. Our results suggest that affluent households have
higher of basic WASH facilities;

coverage a positive
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association was established between the wealth index and access
to WASH facilities. This finding shows that access to basic
drinking water, sanitation, and hygiene is more concentrated
among rich households than poorer ones. This relationship offers
concordance with an earlier study carried out in Cambodia,
Ghana, Nepal, and some of the SSA countries (Mulenga et al,
2017; Tuyet-Hanh et al., 2016; Yang et al., 2013; Lawrence et al.,
2002). Place of residence (urban versus rural) emerged as another
influential covariate for WASH coverage. Finding reveals that
rural households were less likely to access basic drinking water
and hygiene facilities compared to urban households, and this
finding is in agreement with several other studies (Tuyet-Hanh
et al., 2016; Yang et al., 2013; World Health Organization, 2021).
Further, some studies have found within rural, socioeconomic
development influences sanitary toilet penetration (Li et al,
2022). In terms of the household head’s education, an
insignificant relationship between the education level and
odds of having basic drinking water facilities is unexpected
and inconsistent with a previous study conducted by Irianti
et al., 2016.

Combining the above two major findings raises two
fundamental issues-economic and spatial access. Spatially,
rural areas have lesser knowledge, advancement, and access
to basic needs. There is a need for a Knowledge, Access, and
Practice (KAP) approach to increase the coverage of basic
drinking water and sanitation services in rural areas. Along
with access to services, there is a need for behavioral change
interventions to inculcate the habit of hand-washing and
better sanitation. Economically, poorer households are not
able to bear the cost of improved sanitation and drinking
water services. This finding could be an important precursor
for the policymakers to introduce future WASH interventions
with some solutions to the issues associated with socially
deprived strata.

Furthermore, the study also unraveled that female-headed
households had higher odds of using basic WASH services
than male-headed households. In most households, women
are solely responsible for all household chores, such as
fetching water, cleaning toilets, and managing hygiene
services (Gomez M et al,, 2019). As the welfare of women
is directly connected with WASH services, the female head
focuses more on access to WASH than its counterparts,
i.e., the male head. This finding is consistent with Mulenga
etal. (2017) and Osei et al. (2015). A similar explanation can
justify the positive correlation between women’s decision-
making power and the use of basic sanitation facilities.
Education of household heads depicts a significant and
positive relationship with the use of basic WASH services,
which is in concurrence with several studies conducted in
developing countries (Abubakar, 2017; Okurut et al., 2015;
Adams et al., 2016). This result advocates that education
increases the use of WASH facilities through better
awareness of the benefit of using improved WASH
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facilities. The study also suggests robust interlinkages of all
three components of WASH. The finding shows that
households with coverage of one basic WASH service had
higher access to the other two WASH components. It may be
attributed to the fact that exposure to any improved facility
encourages people to use other WASH facilities too. Having a
better facility may increase the knowledge about the respective
benefit of these services. Previous studies Kema et al. (2012),
Abubakar (2017), and Gomez et al. (2019) conclude that
awareness about the benefit of improved WASH facilities
over health and development increases the likelihood of
having access to improved WASH services.

5 Conclusion

By inspecting a connection between access to basic
WASH services with selected household-level indicators,
this the of these
covariates—socioeconomic status, sex, age, and education of

study  confirms importance
household heads, and women empowerment in the practice
of improved WASH facilities. As wealth (economic status)
has emerged as an important driver of the adoption of WASH
facilities, it highlights the affordability aspect. Therefore, the
government-supported sanitation program should focus on
poor households. Analysis shows that rural households are
more deprived of improved WASH facilities, the sanitation
program should make an effort to scale WASH facilities in
rural areas. However, the urban poor also deserves the
attention of the sanitation program. As women are more
concerned about the well-being of the family and children,
women could play an important role in scaling improved
WASH facilities.

It is worth noting that the use of WASH services could
increase by improving awareness about the impact of safe
sanitation, hygiene, and water supply on human development
as well as providing opportunities to take advantage of these
services through education and improvement of residential
areas. The region with high urbanization without the same
pace of economic growth may increase the slum population
in urban areas. This suggests that robust policy interventions are
required to tackle the urbanization issues by investing in
housing, economy, and infrastructure. The collective efforts of
different sectors, e.g., government, non-government and private
sectors, are needed to increase access to basic water, sanitation,
the
underprivileged populations. The national and sub-national

and hygiene facilities, giving extra attention to
analysis shed light on the inequalities that exist in the
coverage of basic WASH facilities at the cluster level. A
common intervention will not be favorable for all countries in
a region. Formulating more decentralized schemes is necessary
to tackle community and country-specific issues. Policymakers

and demographers need to develop a plan for sustainable WASH
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solutions for LMICs and spend more effort there to achieve the
SDG goals. The empirical method employed here offers a base
that can be expanded in different research areas to test the
hypothesis using a repeated cross-sectional survey. This multi-
level approach can confer significant resource efficiency to future
multi-country studies.

Besides interesting findings, this study also has certain
limitations. Most of these are related to the questionnaire and
data reporting. DHS record all the WASH-related questions at the
household level instead of the individual level, which may
introduce underestimation in the inequality of access to basic
WASH services. Our analysis ignores the intra-household
inequality, ie., the disparities in access to WASH services
among the members in the same households are not covered in
the study. Another limitation is the retrospective recall bias present
in measuring some of the information (like age, education, etc.)
We believe that this bias is random and somewhat mitigated with
the use of average proportions. Finally, the survey year is different
for different countries; the majority of participating countries are
not measured at the same time, which imposes limitations on the

cross-national comparisons.
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Pit latrines as the primary means of sanitation for billions of people. Fecal sludge
must be removed regularly when pit latrines fill up, and the workers who empty
these latrines are essential service providers. Pit latrine emptying services and
approaches are highly variable, ranging from highly trained teams using vacuum
trucks with a suite of personal protective equipment to individuals with no
protection using simple manual tools like buckets and shovels. While national
governments and nonprofits endeavor to make pit latrine emptying safer, the
people making day-to-day decisions such as local pit emptying associations,
sanitation businesses, utilities, and local governments have limited resources to
evaluate how different emptying practices vary in terms of risk. In this paper we
describe the development of an open-source Illustrated System Analysis tool
for the fecal sludge management community. This tool can be used in
conjunction with a simple risk assessment matrix to help decision makers
describe, compare, and prioritize risks for mitigation. We demonstrate this
process by outlining how a pit emptying team can compare mechanical and
manual emptying with respect to ingestion of fecal material and inhalation of
fecal bioaerosols. Illustrated System Analysis can be a tool to analyze fecal
sludge management systems, and the associated challenges and opportunities
so that they could be understood and referenced by the wider public and used
to spark innovation. We provide a library of graphics freely under creative
commons.

KEYWORDS

fecal, fecal sludge management, pit latrine emptying, risk assessment, graphics

1 Introduction

Nearly 1.8 billion people around the world depend on pit latrines as the primary
means of sanitation (Graham and Polizzotto, 2013). It is estimated that there are nearly
772 million onsite sanitation facilities (pit latrines and septic tanks) around the world
(Greene et al., 2021), and these need regular desludging for regular maintenance and to
increase the lifetime of the pit (Mubatsi et al., 2021). The workers that empty latrines and
septic tanks provide an essential service while facing several occupational dangers. Pit
latrine emptiers in India expressed that they face hazards such as direct contact with fecal
sludge, exposure to noxious gases and chemicals, and risk of injury (Gautam et al., 2021).
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The materials that sanitation workers handle harbor a range of
waterborne bacterial, viral, and parasitic pathogens (World
Health Organization, 2018), and antimicrobial resistance and
multidrug resistant strains have been found in these pits (Beukes
et al., 2022).

For individuals and small entities that provide sanitation
services, it can be difficult to decide how to adjust current
practices, especially if resources are tight. Often the service
providers have limited funds to purchase necessary equipment
or tools (Gautam et al., 2021). In addition, there is a wide
variety of pit latrine emptying practices. An estimated 32% of
pits are emptied mechanically via pumps and trucks and 50%
are emptied through non-mechanized means (Greene et al.,
2021). Practices are affected by pit contents (including
improperly disposed trash), accessibility of the pit, sludge
thickness, transport options, costs, regulations, and resources
available to a given emptying team (Gurksi et al., 2022). The
marginalized status of pit emptiers leads to the informal
nature of labor; this in turn contributes to non-uniformity
and lack of standardization in the profession (Gautam et al.,
2021).

The World Health Organization’s (WHO) guidelines on
safety (World Health 2015)
emphasize the importance of identifying hazards and hazard

sanitation Organization,
events and assessing and prioritizing exposure risks. The WHO
described three different approaches to evaluating risk, with the
most complex being quantitative methods such as Quantitative
Microbial Risk Assessment (QMRA). QMRA involves hazard
identification, dose-response assessment, and risk
characterization to estimate an adverse health outcome from
pathogen exposure (Haas, 2020). While there are QMRA based
studies that have looked at risks of subprocesses in pit latrine
emptying, these studies use a more data- and resource-intensive
process; getting appropriate and reliable data (e.g., video data or
counts of facial touches) can be expensive and time consuming
(Bischel et al., 2019; Sklar et al., 2021). Organizations such as pit
emptying associations, local governments, or businesses might
not have the in-house expertise to carry out these studies (World
Health Organization, 2015).

The WHO

approaches. The first is a team-based descriptive risk

identifies two additional, more feasible
assessment, where a sanitation team collectively judges a
hazardous event and qualitatively classifies activities as
high, medium, low or wuncertain risk (World Health
Organization, 2015). There are already resources that guide
teams to consider relative hazards and degree of these hazards
associated with  different sanitation and emptying
technologies (Stenstrom et al., 2011). The second approach
is using a semi-quantitative risk assessment method, where a
team assigns a likelihood and severity of a hazardous event
(World Health Organization, 2015). This use of qualitative
methods to characterize hazards is not new; they have been

used in the field of occupational hazards when there is little or
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no information on established exposure limits (Schulte, 2009;
Revitt et al., 2021). While both approaches are insightful, they
do not clearly give guidance on how to analyze individual
steps in the emptying process.

Recently, Gautam et al. (2021) identified a framework for
examining the safety of vacuum truck pit emptiers after extensive
stakeholder interviews and observations from two separate
Indian cities. The framework includes a 55-step desludging
process flowchart that starts from when operators leave home
and ends with a tank emptier exiting a septic tank after finishing a
job. The fine detail of the flowchart helps stakeholders see the
individual steps involved with emptying. We propose that these
granular process maps can be improved with illustrations and a
qualitative risk assessment index. The addition of these two
elements can enhance a stakeholder’s ability to model pit
latrine emptying and subsequently identify and evaluate risks
in individual steps.

Mlustrations are a popular, proven, and useful gateway to
succinct information and comprehension. Illustrations allow
us to define a set of standardized symbols to allow people to
quickly communicate ideas (Ashwin, 1984). Microbiologists,
for example have been using animations to illustrate complex

processes and illustrate hypotheses. This has been
particularly useful in surfacing differences among
researchers in their understanding of how different

molecular processes occur (Iwasa, 2022). Illustrations can
also play a key part in conveying information and discoveries
to non-experts, helping audiences with diverse backgrounds
and goals quickly understand and discuss information
(McGill, 2022). that
overcome language barriers and deliver a large amount of

Hlustrations are powerful tools
information (Leach, 2022), and spur new observations, ideas
and thinking even for those already familiar with the process
(McGill, 2022).

An Tllustrated System Analysis involves identifying the
stakeholders, tools, and processes and illustrating how system
elements interact with one another. An Illustrated System can
then be paired with a risk assessment matrix, which allows
decisions for how activities can be prioritized for further
research or mitigation (Revitt et al, 2021). We demonstrate
how Illustrated System Analysis can be applied to identifying
health risks during pit latrine emptying from indirect ingestion of
fecal material via facial contact and inhalation of fecal

bioaerosols.

2 Materials and methods

2.1 Creation of illustrated systems for pit
emptying

The first step of Illustrated System Analysis is visually
depicting individual elements of the emptying process. The
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illustrations are assembled in a storyboard to describe how
stakeholders, tools, and processes interact with one another.
Based on direct observations of pit emptiers in Zambia,
Kenya, Tanzania, and India, we developed illustrations
for three different fecal sludge removal processes and
scenarios:

2.1.1 Scenario 1: Manual emptying with proper
disposal

Fecal sludge and trash from a pit latrine are removed with
manual tools into a barrel and transported to a treatment facility
for proper disposal. Five operators and one driver are part of the
process. Data were collected in Lusaka, Zambia in 2017 by taking
and analyzing photographs and videos and conducting
stakeholder interviews of the pit latrine emptying process.
Two manual pit latrine emptying teams with the Lusaka
Water and Sewerage Company were observed, including the
tools used, protective measures taken by personnel, and their
interactions with the homeowners.

2.1.2 Scenario 2: Vacuum truck emptying with
proper disposal

Fecal sludge is removed using a vacuum truck and
transported to a waste treatment facility for proper disposal.
At the end of the day, the outside of the vacuum truck is also
cleaned. Three operators and one driver are part of the process.
The research team collected data in Kisumu, Kenya in 2018 by
observing pit emptying with vacuum trucks with the Kisumu
Water and Sanitation Company Limited (KIWASCO).

2.1.3 Scenario 3: Vacuum truck emptying
interrupted by a clog with improper disposal

This scenario shows operators emptying a pit where trash
clogs are removed in the middle of latrine emptying, based on
field observations in Kisumu, Kenya and outside Dar es
Salaam, Tanzania. This scenario also shows steps that
happen if the fecal sludge is improperly disposed in an open
field, a process seen when there is a lack of supporting
sanitation infrastructure, as was noted in field observations
outside Bangalore, India.

The storyboards were developed based on field observations.
Each scenario had time assigned to each individual step informed
by time motion data recorded in Zambia and Kenya and are in
line with previously reported pit latrine emptying time motion
data (Rutayisire et al., 2022).

2.2 Qualitative risk scores
The illustrations and storyboards were used to guide the

qualitative assessment of risk to workers based on exposure to
aerosol inhalation and fecal ingestion at each step of the
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emptying process. Risk scores were estimated for each step in
the emptying process using the equation:

R=MxL

Where R = risk index.

M = magnitude, rated on a scale of 1-4, based on how
potentially dangerous an undesired event is, with 1 as
“negligible”, 2 as “marginal”, 3 as “critical”, and 4 as “high”.

L = likelihood, rated on a scale of 1-5 based on how many
opportunities are there for the undesired event to occur, with 1 as
“minimal”, 2 as ‘marginal”, 3 as “some opportunities”, 4 as
“several opportunities”, and 5 as “maximum opportunities”.

M and L ratings were qualitatively assessed based on the field
observations in Zambia, Kenya, Tanzania, and India. Considerations
for assigning values included our evaluation of answers to questions
(in the context of fecal ingestion and aerosol inhalation) such as:
How much cognitive load is involved with the activity (e.g., higher
cognitive load, lower rating)? How active are the workers” hands?
How far along are the workers in the emptying process? How close
are the workers to open fecal sludge? How much direct contact with
fecal sludge is involved? How much mechanical disturbance is
occurring in the process?

Multiplying the M and L ratings resulted in a Risk Score for
the undesired event, with 1-4 as “very low”, 5-8 as “low”, 9-12 as
“medium”, and 15-20 as “high”.

3 Results
3.1 lllustrated systems

The data informed the creation of a list of all individual elements
of the system (Figure 1); these elements were used to construct a
storyboard to describe manual pit latrine emptying. All illustrations
are available under creative commons CC-BY license.

3.1.1 Scenario 1: Manual emptying with proper
disposal

The manual emptying storyboard describes teams loading
emptying equipment at the headquarters, interfacing with
customers, and preparing fecal sludge removal at the site.
Fecal sludge removal includes opening the pit latrine,
collecting fecal sludge and trash into barrels, transporting
barrels to a centralized wastewater treatment plant, and
disposing fecal sludge and trash at the treatment center
(Figure 2).

3.1.2 Scenario 2: Vacuum truck emptying with
proper disposal. Operator does not enter the
truck for cleaning

This storyboard included new elements such as a vacuum
truck to describe vacuum truck emptying, starting from
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FIGURE 1

Excerpt of pit latrine emptying elements in manual pit latrine emptying. See Supplementary Material for the complete set.

putting on personal protective equipment, loading necessary
equipment of the truck, travelling to the customer site,
preparing pit emptying by removing the lid, starting a
vacuum filling the vacuum truck, and then traveling to a
wastewater treatment facility for proper sludge disposal
(Figure 3).

3.1.3 Scenario 3: Vacuum truck emptying
interrupted by a clog with improper disposal.
Operator enters the truck for cleaning

Trash improperly disposed in latrines and septic tanks
often interferes with mechanical emptying. The storyboard
includes steps needed for unclogging (Figure 4). Sometimes
sludge is disposed improperly in an open field instead of a
treatment facility. This illustrated set also shows the process
of fully cleaning a vacuum truck by having a worker enter
the tank.
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3.2 Qualitative risk analysis

3.2.1 Scenario 1: Manual emptying with proper
disposal

Manual pit latrine emptying is one of the messiest
processes as emptier are handling tools to directly remove
trash and fecal sludge in the pit (Supplementary Table S1,
steps J-L). However, this process tends to require a lot of
physical and cognitive load, making the likelihood of facial
touches low. In this illustrated scenario, we see that the higher
score activities are when workers have contaminated hands
but are relatively idle (Table 1), with the highest score after
workers have completed emptying and are relatively inactive
as they are signing off with the customer and transporting
barrels of fecal sludge to the treatment plant.

Fecal aerosols are most likely generated during the pit
emptying process (Table 2, steps H-M) and when the fecal
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TRANSPORT FULL BARRELS TO TRUCK

LOAD EQUIPMENT ON TO TRUCK

CLEAN &DISINFECT PIT VACINITY

FIGURE 2

SIGN OFF WITH CUSTOMER TRANSPORT TEAM & EQUIPMENT TO PLANT

Excerpt of manual emptying with proper disposal. See Supplementary Material for the complete set. The panel labels correspond to the

chronological labels used in the complete set.

sludge is transferred at the treatment plant for processing
(Table 2, steps T-U). Both processes have workers close to
sources of fecal aerosols, and the estimated 98-min process of
pit emptying and 40 min disposal of the septage into the facility
have the highest risk of inhaling aerosols.

3.2.2 Scenario 2: Vacuum truck emptying with
proper disposal

Here, ingestion through indirect touches have a higher score
when workers have completed pit latrine emptying and are in
transit to the treatment plant (Table 3, steps S-U). With respect to
aerosols the activities with the highest risk are when workers are
inserting the hose for emptying (Table 4, steps I-Q) and when the
workers are releasing septage into the treatment plant (Table 4,
steps V-Z). Emptying takes about 1 h and the release of septage
from the truck takes about 55 min.

Frontiers in Environmental Science

3.2.3 Scenario 3: Vacuum truck emptying
interrupted by a clog with improper disposal

With respect to indirect touches leading to ingestion of feces,
emptying septage into an open field (Table 5, steps W-X) has a
slightly elevated risk profile compared to emptying into a
treatment facility (Table 3, steps W-X), as the act of emptying
septage into a field has less cognitive load than emptying into a
wastewater treatment plant.

Managing clogs in hoses adds more time to the pit emptying
process, creating more opportunities for fecal aerosols. The
emptying process (Table 6, steps I-T) is estimated at 95 min, on
par with pit latrine emptying in this scenario (Supplementary
Table S2, steps H-M). Emptying the septage into an open field
and spending time to clean inside the truck also exposes
emptiers to fecal aerosols for longer periods (Table 6,
steps X-Z).
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@ Vacuum truck emptying with proper disposal. Operator does not enter the truck for cleaning (4 OF 5)

EM TRUCK AT PLANT

FIGURE 3

' CONTINUE EMPTYING

COMPLETE EMPTYING

Excerpt of vacuum truck emptying with proper disposal. Operator does not enter the truck for cleaning. See Supplementary Material for the
complete set. The panel labels correspond to the chronological labels used in the complete set.

4 Discussion

An illustrated system analysis has the same intent as an
clarify
information access—but goes deeper to create detailed visual

infographic—to communication and  improve
communication of complexities and nuances of a system. A
system analysis can have many branches of information and
can zoom in and out of scale, depending on a design focus,
budget, and time. Thus, one can use an illustrated system to add
detail at any level and focus on a particular target of emphasis. In
this study, we use the illustrated system to qualitatively analyze
health risks to pit emptying workers, showing how the approach
can be adjusted to fit a variety of scenarios. The mere exercise of
putting together an illustration of the sanitation system along
with establishing a rubric to examine exposure pathways of
interest allows stakeholders to think through assumptions and

mechanisms. It may highlight important steps, allowing groups
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to consider different design or operational approaches to safety
interventions.

Here we examine the pathways of fecal aerosols and indirect
ingestion via facial touches. While ingestion of feces can occur
directly during pit latrine emptying, the mechanism can be subtle
such as through face touches around perioral regions. There has
also been recent attention towards the possibility of ingestion
through fecal aerosols. Pit latrine emptiers in Malawi have been
estimated to accidentally consume up to 0.4 g of feces a year
through pit latrine emptying activities and inhale up to 6 g a year
(Kumwenda et al., 2017). The estimated exposure dose of grams
of fecal material along with dosage of Ascaris, Taenia,
hookworms, E. coli, and Salmonella have been reported
(Kumwenda et al., 2017).

Qualitative estimates on the likelihood of ingesting feces in
different pit latrine emptying processes have been described
(Stenstrom et al., 2011), but do not indicate steps that are
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@ Vacuum truck emptying interrupted by a clog with improper disposal. Operator enters the truck for cleaning (4 OF 5)

S

RETURN COVER AND CLEAN EQUIPMI CLEAN AND PUT AWAY HOSE CLOSE AND REPAIR PIT

SIGN OFF WITH CUSTOMER TRANSPORT TEAM TO OPEN FIELD EMPTY TRUCK IN OPEN FIELD

FIGURE 4
Excerpt of vacuum truck emptying interrupted by a clog with improper disposal. Operator enters the truck for cleaning. See Supplementary
Material for the complete set. The panel labels correspond to the chronological labels used in the complete set.

TABLE 1 Scenario 1, Excerpt of facial touch risk scores for manual emptying with proper disposal. Solid lines between rows denotes to a break in steps.
See Supplementary Material for the complete set.

Scenario 1: Manual Magnitude Likelihood Magnitude x likelihood T: Time (minutes)
emptying with proper

disposal

(A) Apply personal protective equipment 1 5 5 10

(B) Pickup/load equipment & team into truck 1 5 5 10

(C) Transport team and equipment to pit 1 5 5 30

(D) Find customer and request water 1 5 5 10

(Q) Sign off with customer 2 5 10 5

(R) Transport team & equipment to plant 2 5 10 30

(T) Empty barrels into trash sieve 3 2 6 10

(X) Remove personal protective equipment 1 5 5 5
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TABLE 2 Scenario 1, Excerpt of fecal aerosol inhalation risk scores for manual emptying with proper disposal. Solid lines between rows denotes to a

break in steps. See Supplementary Material for the complete set.

Scenario 1: Manual Magnitude Likelihood Magnitude x likelihood T: Time (minutes)
emptying with proper

disposal

(H) Dig hole into side of pit 4 4 16 10
(I) Create barrel filling spillway 4 4 16 8
(J) Fish trash from pit into barrel 4 5 20 20
(K) Close & clean barrel 4 5 20 20
(L) Scoop sludge into barrel 4 5 20 20
(M) Transport full barrels to truck 3 4 12 20
(T) Empty barrels into trash sieve 4 5 20 10
(U) Separate out trash into trash pile 4 5 20 20

TABLE 3 Scenario 2, Excerpt of facial touch risk scores for vacuum truck emptying with proper disposal. Operator does not enter the truck for
cleaning. Solid lines between rows denotes to a break in steps. See Supplementary Material for the complete set.

Scenario 2: Vacuum Magnitude Likelihood Magnitude x likelihood T: Time (minutes)
truck emptying with

proper disposal

(A) Apply personal protective equipment 1 5 5 10
(B) Pickup/load equipment & team into truck 1 5 5 10
(C) Transport team and equipment to pit 1 5 5 30
(D) Find customer and request water 1 5 5 10
(O) Desludge hose 3 2 6 5
(S) Sign Off with customer 2 5 10 5
(T) Transport team and equipment to plant 2 5 10 30
(U) Arrive at plant 2 5 10 5
(W) Continue emptying 3 2 6 15
(X) Complete emptying 3 2 6 5

more prone to these more indirect routes. As an emptier works
along the emptying process, the presence of fecal indicators such
as Staphylococcus aureus and E. coli on work and household
surfaces (i.e., walkways between pit latrines and handles on
municipal vehicles) increases (Beukes and Schmidt, 2022).
Wearing gloves does not always prevent hand contamination.
In one study of pit latrine emptiers in Rwanda, hands were
contaminated with E. coli nearly 2.5 x 10°-4.8 x 10*> CFU/hand
after mechanically collecting waste despite wearing gloves (Sklar
et al., 2021).

While the amount of fecal material on hands increases over
the emptying process, the material needs to be transferred into
the mouth for accidental ingestion. Touching of mucosal layers
can occur frequently; when attending a lecture, students were
found to have touched their face an average of 23 times per hour
with 44% of them touching membranes such as the mouth (Kwok
et al,, 2015). While the frequency of face touches varies between
individuals (Bischel et al., 2019), there is evidence indicating that
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hand touches are tied to cognitive load and activity level of hands.
When people are asked to drive in conditions that require high
physical and cognitive load, drivers had an average of 4.4 face
touches an hour (FT/h). Under low cognitive load driving
conditions there were 26.1 face touches with a large range in
individual behaviors (anywhere between 5.1 and 90.7 FT/h)
(Ralph et al., 2022). Facial touches decrease when people are
asked to do activities that require active hands such as
performing a small home improvement project versus a more
passive activity such as listening to music (Lewis et al., 2021).
Under video recording, sanitation workers who collected urine
containers had relatively rare hand-mouth contact during
collection while gloved, but after glove removal had facial
touches 0.3 + 0.7 times per hour during urine collection
(Bischel et al, 2019). As with gloves, face masks do not
Under
observation, sanitation workers had approximately 13 =+

completely mitigate accidental exposures. video

8 times per hour hand-to-face mask touches, and thus
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TABLE 4 Scenario 2, Excerpt of fecal aerosol inhalation risk scores for vacuum truck emptying with proper disposal. Operator does not enter the truck
for cleaning. Solid lines between rows denotes to a break in steps. See Supplementary Material for the complete set.

Scenario 2: Vacuum Magnitude Likelihood Magnitude x likelihood T: Time (minutes)
truck emptying with

proper disposal

(I) Insert hose 4 5 20 5
(J) Begin pumping 4 5 20 5
(K) Continue pumping 4 5 20 15
(L) Pit empty 4 5 20 5
(M) Stop pump 4 5 20 5
(N) Remove hose 4 5 20 5
(O) Desludge hose 4 5 20 5
(P) Return cover and clean equipment 4 5 20 10
(Q) Clean and put away hose 3 5 15 5
(V) Empty truck tank 4 5 20 5
(W) Continue emptying 4 5 20 15
(X) Complete emptying 4 5 20 5
(Y) Clean screen 4 5 20 10
(Z) Clean and disinfect truck and equipment 4 5 20 20

TABLE 5 Scenario 3. Excerpt of facial touch risk scores for vacuum truck emptying interrupted by a clog with improper disposal.

Solid lines between

rows denotes to a break in steps. Operator enters the truck for cleaning. See Supplementary Material for the complete set.

Scenario 3: Vacuum Magnitude
truck emptying interrupted

by a clog

with improper disposal

(A) Apply personal protective equipment 1
(B) Pickup/load equipment & team into truck 1
(C) Transport team and equipment to pit 1
(D) Find customer and request water 1
(R) Desludge hose 3
(W) Transport team and equipment to open field 2
(X) Empty truck in open field 3
(BB) Remove personal protective equipment 1

inappropriate removal of PPE was included in models for
infection risk for accidental exposure in urine collection and
struvite production (Bischel et al,, 2019).

Fecal aerosols have been reported in wastewater treatment
plants, generated mainly through mechanical agitation such as
splashing and aeration (Sdnchez-Monedero et al, 2008). In
wastewater bioaerosols, pathogens such as Acinetobacter,
Pseudomonas, and Micrococcus have been detected, with long-
term exposure having the potential to lead to chronic diseases
(Yang et al,, 2019). Recently, fecal based microbial genes were
found in the bioaerosols in LMIC settings with inadequate
sanitation infrastructure (Ginn et al., 2022). However, few of
these studies measured viability, and even fewer studies connect
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Likelihood Magnitude x likelihood T: Time (minutes)
5 5 10

5 5 10

5 5 30

5 5 10

2 6 5

5 10 30

4 12 20

5 5 5
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pathogen viability to enteric pathogen exposure (Ginn et al,
2022).

There is evidence that pit latrine emptying activities can
create bioaerosols; in one study of mechanical emptying, nearly
350 CFU m™ for E. coliand 790 CFU m™ for total coliforms were
detected in air near pits being emptied, including the
enterotoxigenic strain of E. coli (Farling et al., 2019). In our
analysis, we directly relate the amount of mechanical disturbance
in the process to higher production of bioaerosols, and inversely
relate higher concentrations of aerosolized fecal indicator
organisms to distance. Enteric pathogens can be found within
1 km of open wastewater canals in cities with poor sanitation
(Ginn et al, 2021). Sampling of bioaerosols shows that fecal
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TABLE 6 Scenario 3, Excerpt of fecal aerosol inhalation risk scores for vacuum truck emptying interrupted by a clog with improper disposal. Operator
enters the truck for cleaning. Solid lines between rows denotes to a break in steps. See Supplementary Material for the complete set.

Scenario 3: Vacuum Magnitude Likelihood Magnitude x likelihood T: Time (minutes)
truck emptying interrupted

by a clog

with improper disposal

(I) Insert hose 4 5 20 5
(J) Begin pumping 4 5 20 5
(K) Continue pumping 4 5 20 15
(L) Remove hose due to blockage 4 5 20 5
(M) Reverse pump 4 5 20 10
(N) Clear hose) 4 5 20 10
(O) Resume pumping sludge 4 5 20 15
(P) Empty pit 4 5 20 5
(Q) Remove hose 4 5 20 5
(R) Desludge hose 4 5 20 5
(S) Return cover and clean equipment 4 5 20 10
(T) Clean and put away hose 3 5 15 5
(X) Empty truck in open field 4 5 20 20
(Y) Enter inside truck for cleaning 4 5 20 5
(Z) Continue emptying truck 4 5 20 30

indicators are at higher concentrations within 10 m of open
wastewater canals than distances greater than 10m away
(Rocha-Melogno et al., 2020).

Our analysis led to specific recommendations that in
hindsight may be obvious; however, the illustrated systems
highlight and clearly communicated these risks to workers.
additional
minimizing facial touches (when idle, or doing routine work

Example interventions include training on
that has low cognitive load). Cleaning hands should be
emphasized, but especially in the context of going in and out
of vehicles, such as the ride back from the emptying site. As
hands and PPE are likely to be more contaminated over time,
emptying teams should take care to properly remove PPE and
properly disinfect hands and clothes prior to entering and leaving
the transporting truck. Reducing mechanical disturbance of the
sludge during the emptying process can help mitigate fecal
aerosol production. This is of particular concern at not only
the pit latrine emptying site but also the site of dumping. PPE
such as masks should be seen as necessities and not simply for
virtue signaling.

The framework we described here can be applied to a
range of possible improvements within the sanitation system.
The emptying team can visualize and consider the health and
safety of workers using typical or new technologies for
emptying pit latrines, such as the Gulper (e.g., Thye et al,,
2011; Balasubramanya et al., 2016), a pedal-powered Gulper
(Chipeta et al,, 2017), a screw auger (Rogers et al., 2014; Sisco
et al., 2017); and a trash excluder (Portiolli et al., 2021). By
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developing new illustrations (frames or “cards”) specific to
these technologies and re-using the current illustrations, new
storyboards can be developed. The framework could also
assist examining how to make pit latrine emptying safer
from an ergonomic perspective, such as how workers lift,
twist, and transfer equipment and collected sludge (Bleck and
Wettberg, 2012). Illustrations can also show how pit latrine
emptying and its different approaches could contribute to
fecal contamination of nearby soils (Pickering et al., 2012).
The illustrations can be used for multiple functions:
documenting team learnings, clarifying internal and
external communication, decreasing onboarding/learning
time, and expediting comprehension. These could lead to
savings in consulting budgets and help in creating a multi-
use library of visual assets (applicable from manuals to
infographics to annual reports). The process of creating an
illustrated system analysis inherently teaches the co-creators a
deep understanding of the system and raises expectations of
team comprehension and alignment.

The fecal sludge management (FSM) sector can take
of illustrated by

communicating nuanced FSM systems so that they could be

advantage system  analysis, clearly
comprehensible to and referenced by a much larger audience and
used to spark innovation. We recognize the benefit that this
library of graphics can provide for the public and make it freely
available via CC-BY. Free and open-source software can be used
by the public to adapt or generate their own diagrams and make

their own scenarios.
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5 Conclusion

Tlustrated systems have multiple functions that can help the FSM
sector. As tools for analysis, communication, comprehension, and
aligning team values and objectives, illustrated systems are useful and
have potential impact. In this study, we show how using Illustrated
System Analysis and combining this with qualitative risk analysis can
allow pit emptying teams to more clearly and quickly evaluate the
different levels of risks associated with the different steps of their
specific pit emptying process. We provide a freely available library of
graphics that the FSM community can use and disseminate widely.
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Urine source separation, a kind of new sewage management concept, has made
great progress in technology development and application in the past 30 years.
However, understanding of the potential microbial risks in reuse of urine-
derived fertilizer products (UDFPs) in agriculture is still lacking. Outbreak of
pandemic of Coronavirus Disease 2019 and more deadly disease caused by
Monkeypox strongly sounds the alarm bell to the attention on pathogens in
urine and their fate in UDFPs. Therefore, this study presented a comprehensive
review on pathogens inactivation in nutrient recovery technologies. The review
suggests that technologies using alkaline or heating treatment can effectively
reduce pathogens in UDFPs. However, technologies with characteristics such
as membrane rejection of nutrients or nutrient adsorption may even
concentrate pathogens in their fertilizer products. Based on an overall
assessment, connections of technologies and the pathogens inactivation in
their UDFPs have been established. This would help to provide a perspective on
development of urine treatment technology and management of microbial risks
in reusing urine nutrients in agriculture.

KEYWORDS

urine source separation, nutrient recovery, pathogens inactivation, microbial risk,
urine treatment

1 Introduction

Urine source separation, a novel concept of wastewater management, was proposed at
the end of the 19th century (Larsen and Gujer, 1996). Human urine contains abundant
amounts of macro-nutrients, accounting for approximately 79% of nitrogen, 49% of
phosphorus, and 58% of potassium in household wastewater (Vinneras et al., 2006).
Resource recycling from urine benefits closing the loop of nutrients. This would provide a
sustainable approach to ease the tension between the increasing demand of food and
fertilizer and the shortage of nutrients while preventing water pollution (Larsen et al,
20165 Badeti et al., 2022). Thus, it could be an effective tool to help eradicating hunger and
ensuring environmental sustainability in the Millennium Development Goals (MDGs) of
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United Nations, and achieving zero hunger, clean water and
sanitation, and sustainable cities and communities in the
Sustainable Development Goals (SDGs).

Various technologies have been developed to reuse or recover
nutrients from urine. This has been reviewed in several recent
publications (Simha and Ganesapillai, 2017; Harder et al., 2019;
Patel et al., 2020; Cheng et al., 2022; Liu et al., 2022). Moreover,
dozens of pilot projects of urine source separation have been
constructed and evaluated in schools, villages or modern
buildings in both developed and developing countries (Zhang
etal,, 2015). Most of these technologies and projects mainly focus
on the technical and economic efficiency of nutrient recycling
while only a few studies reported the hygienic aspect of urine.
Actually, urine is not sterile and it contains culture-positive
2014).
bacterial and viral pathogens were detected in the source-

microbiological communities (Hilt et al, Several
separated urine collected at the eThekwini Water and
Sanitation municipality in South Africa (Bischel et al., 2015).
Users of toilet and urine-derived fertilizer product (UDFP) may
be exposed to pathogens-carrying urine and UDFPs. Moreover,
consumers also may be exposed to food fertilized with UDFPs.
All these possible exposure pathways can bring health risks to
people who may be infected through vehicleborne transmission
defined as one of the indirect transmission modes (US
Department of Health and Human Services, 2012).
Quantitative Microbial Risk Assessment (QMRA) has been
used to assess the microbial risk in handling of urine and eating
vegetables fertilized by urine (Hoglund et al., 2002; Ahmed et al.,
2017; Bischel et al., 2019; Oishi et al., 2020). Typical pathogens
examined included Campylobacter jejuni,
(E.
parvum and rotavirus, etc. All these studies reported health

Enterotoxigenic
Escherichia  coli coli), Shigella spp., Cryptosporidium
risks to users, workers and consumers when pathogens-
containing urine was collected, transported and handled
without any pretreatment. Storage for 2-6 months is usually
recommended for effective inactivation of pathogens in urine,
which is caused by high alkaline pH and high free ammonia due
to urea hydrolysis (World Health Organization (WHO), 2006;
Vinneras et al., 2008). Moreover, pathogens in urine can also be
effectively inactivated through alkaline treatment by ash and lime
(Randall et al., 2016; Senecal et al., 2018). However, up to date,
there still lacks a connection of urine treatment to its effect on
pathogens inactivation, which might make researchers ignore the
microbial risks of urine source separation especially developing
new technologies for urine treatment. Particularly, the pandemic
of Coronavirus Disease 2019 (https://www.who.int/emergencies/
diseases/novel-coronavirus-2019) and the outbreak of more
deadly disease caused by Monkeypox (https://www.who.int/
emergencies/situations/monkeypox-oubreak-2022) strongly
reminds the possible microbial risks in the recycling of urine
nutrients in agriculture.

Therefore, this study aimed to review the inactivation of
pathogens in urine treatment technologies. Pathogens in urine
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reported in publications were summarized. The inactivation of
pathogens in various technologies and UDFPs were evaluated
based on a comprehensive review of publications. Then, an
overall assessment was carried out to build a connection of
urine treatment to its effect on pathogens inactivation. Finally,
an outlook was proposed for the microbial risk management in
urine source separation and nutrient recovery.

2 Pathogens in urine

Only a few publications reported pathogens detected in urine
collected from toilets while many reported findings in urine
collected from patients in medical research. Bacteria and viruses
detected in urine in literature have been briefly summarized in
Supplementary Table S1. Therefore, urine is not sterile. Possible
approaches for pathogens introducing to urine were discussed as
following.

2.1 Pathogens excretion with urine

Human urine forms by filtration of blood plasma through
glomerular filtration barrier into nephron in kidneys (Rose,
1966). The barrier commonly has nanoscale pores while sizes
of bacteria are approximately of micron scale (Goswami and
Pugazhenthi, 2020). For example, the length and the diameter of
E. coli is approximately 2 um and 0.5 pm, respectively (Sherbet
and Lakshmi, 1973). Thus, urine often does not contain bacteria.
However, urine will be contaminated by pathogenic bacteria
when infection occurs in the urinary system of patients. Studies
have reported several pathogenic bacteria in urine, which often
cause some clinical urinary tract infection and inflammation,
such as E. coli (Hinata et al, 2004), Proteus mirabilis,
Pseudomonas aeruginosa (Qiao et al, 2013), a variety of
gram-negative and gram-positive bacteria (Shigemura et al,
2005). Sun et al. (2020) identified more than 10°/ml of
bacterial particles in clinical urine samples through analysis by
mass spectrometry combined with UF-5000i flow cytometry,
and the pathogens were all single microbial species (Sun et al.,
2020). Chen et al. (2018) successfully detected E. coli, Proteus
mirabilis, Pseudomonas aeruginosa and Staphylococcus aureus in
urine samples, with the detection limit of 100 colony-forming
unit (CFU)/mL, using multiplex recombinase polymerase chain
reaction (Chen et al., 2018).

Infection of urinary system can also introduce viruses to
urine similar as the introduction of bacteria. In addition, viruses
usually range in size from 5 to 300 nm (Goldsmith and Miller,
2009) and most of them lies in the lower margin of the scale as
summarized by (Goswami and Pugazhenthi, 2020). Thus, a part
of viruses can pass through the glomerular filtration barrier in
kidneys, thereby contaminating urine. For example, researchers
reported that the diameter of SARS-CoV-2 ranged in 60-140 nm
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(Zhu et al., 2020). The virus detection rate in the serum and urine
samples collected from 74 COVID-19 patients were 2.8% (9/323)
and 0.8% (2/247), with mean viral load of 1210 + 1861 and 79 +
30 copies/mL, respectively (Kim et al., 2020). Kim et al. (2020)
did not report urinary system infection by SARS-CoV-2. This
indicates that virus in serum passed through the barrier to urine.
While the viral load in urine was low and the SARS-COV-2 could
not be isolated from the virus-positive samples (Kim et al., 2020),
the microbiological risk of viral infection still cannot be ruled out.
In addition, researchers have found many types of viruses in
urine, such as Zika virus (Wiwanitkit, 2016), SARS virus (Xu
etal,, 2005), dengue virus (Van den Bossche et al., 2015), BK virus
(Konietzny et al., 2012), Rift Valley fever and yellow fever virus
(Li M. et al,, 2019), etc. Therefore, urine would inevitably contain
pathogens due to pathogen permeation from serum and infection
of urinary system when patients use toilets.

2.2 Fecal contamination

Besides urinal, urine diverting toilet, which is divided into
two parts through a partition, is employed to collect urine
separately from feces. This toilet is quite different from a
conventional toilet, which may make users puzzled especially
when there is insufficient instruction. Incorrect use or cleaning of
the toilet may cause the feces to enter the urine, which is a
common unavoidable phenomenon (Schonning et al., 2002).
Moreover, insect vectors (e.g., mosquitoes and flies) can also
be carriers of microbes from feces to urine. The detection of
intestinal microbes such as E. coli in source-separated urine
would be an evidence for the cross contamination by feces
(An et al, 2020). A study found that the corresponding level
of fecal contamination of urine samples in eco-villages was 38%
and at public places (i.e., work places and schools) 58% of the
urine samples were contaminated when the contamination was
determined based on the content of fecal sterols (Schonning et al.,
2002). Therefore, cross contamination of urine by feces can be
confirmed to be another route to introduce pathogens to urine.
Feces contain more than 100 different varieties of viruses,
bacteria, and helminthes (Senecal et al., 2018). However, only
a few kinds of bacteria have been detected in source-separated
urine because of the lack of related studies.

Urine contamination by feces would enlarge the microbial
risks of reusing urine in agriculture. As far as the SARS-COV-2 is
concerned, it may replicate in human gastrointestinal tract, exist
in fecal excrement for a certain period of time, and may have
infectious pathogenicity (Senecal et al., 2018). Zhang et al. (2020)
investigated the feces of 23 patients, 83% of those were positive
and the average duration of virus shedding was 22 days. During
this period, the average titer of virus in feces was 5,623 copies/mL,
but the highest titer reached 10°* copies/mL at the peak (Zhang
etal, 2020). Although the viral load in urine was quite low in the
clinical study of sampling in aseptic environment (Kim et al.,
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2020), the viral load and its potential risk would increase a lot
when urine was contaminated by feces in the field-scale projects
of source separation. As such, cross contamination of feces is
considered as a dominating risk of disease transmission when
handling and reusing urine (Senecal et al., 2018). Therefore, due
care should be taken in the design of new urine-diverting toilets,
instructions of toilet use and training of urine collection users.

3 Pathogens in urine treatment and
UDFPs

3.1 Direct use of urine after storage

Direct use of urine as liquid fertilizer is a commonly
recommended simple approach for nutrient recycling from
urine to agriculture. This has been successfully applied for the
cultivation of microalgae (Adamsson, 2000; Golder et al., 2007),
zooplankton (Adamsson, 2000) and various plants such as
cucumbers (Heinonen-Tanski et al., 2007), lettuce, tomatoes
(Adamsson, 2000; Mnkeni et al., 2008; Pradhan et al., 2009),
okra (Akpan-Idiok et al, 2012), beet (Mnkeni et al, 2008;
Pradhan et al, 2010a), pumpkin (Pradhan et al, 2010b),
carrot (Mnkeni et al, 2008), maize (Guzha et al, 2005;
Mnkeni et al., 2008; Antonini et al., 2012a), cabbage (Pradhan
et al, 2007), water spinach (Yang et al, 2015), Lolium
multiflorum Lam (Antonini et al, 2012a), wheat (Tidaker,
2003) and barley (Tiddker, 2003). However, the presence of
pathogens may pose a potential risk for the users of fertilizer
and the consumers of agriculture products. Particularly, the
regrowth of some microorganisms such E. coli were even
reported in fresh urine because of its appropriate pH and
nutrients (Lahr et al.,, 2016; Ahmed et al., 2017).

To reduce the microbial risks of urine application, storage for
2-6 months is commonly recommended as a hygienic treatment
method (Schonning, 2001; Jonsson et al., 2004; World Health
(WHO), 2006). Table 1 the
inactivation of pathogens in urine after storage, including

Organization summarizes
Aeromonas hydrophila (Hoglund et al, 1998), Enterococci
(Hoglund et al.,, 2000), Enterococcus faecalis (Chandran et al,
2009; Nordin et al., 2013; Almeida et al., 2019), E. coli (Hoglund
et al., 1998; Hoglund et al., 2000; Chandran et al., 2009;
Wohlsager et al, 2010; Nordin et al., 2013; Ahmed et al,
2017; Zhou et al.,, 2017; Almeida et al., 2019; Oishi et al.,
2020), fecal coliforms (Hoglund et al., 2000; Wohlsager et al.,
20105 Zhou et al,, 2017; Almeida et al., 2019), fecal streptococci
(Hoglund, 2001; Wohlsager et al., 2010), human adenovirus
Kohn, 2017),
(Vinneras et al.,, 2011), Mycobacterium bovis (Vinneras et al.,

(Decrey and Mycobacterium  tuberculosis
2011), Pseudomonas aeruginosa (Hoglund, 2001), Salmonella
typhimurium (Hoglund et al., 1998; Vinneras et al, 2008;
Chandran et al., 2009; Wohlsager et al, 2010), Salmonella

senftenberg (Hoglund et al., 1998), sulphite reducing Clostridia
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TABLE 1 A summary on the reduction of pathogens in storage of urine.

Urine Temperature’C  Pathogens Reduction Days  References

Description  Unit

Diluted and undiluted  15-35 Escherichia coli 5.5 logl0 CFU/mL 3-50 Ahmed et al. (2017)
coliphage MS2 5.2 log10 PFU/mL 2-50

Diluted 5-20 Rhesus rotavirus 90% 2 32-240 Hoéglund et al. (2002)
Salmonella typhimurium 71-1466

Diluted and undiluted ~ 4-20 Aeromonas hydrophila 6 logl0 CFU/mL 1-20 Hoglund et al. (1998)

Pseudomonas aeruginosa
Salmonella senftenberg

Salmonella typhimurium

Escherichia coli 1 log10 CFU/mL 1-14
Ascaris suum 15%-20% 0-21
faecal streptococci 1 logl0 CFU/mL 6-19
Diluted 4 Cryptosporidium parvum oocysts 90% 29 Hoéglund and Stenstrém, (1999)
Undiluted 20 Ascaris suum egg 1 log10-3 logl0  Eggs/mL 24-90 Senecal et al. (2018)
Salmonella typhimurium 1 log10-6 logl0  CFU/mL 9-53
Enterococcus faecalis 26-155
Bacteriophages MS2 PFU/mL 1-6
Bacteriophages ®X 174 29-175
Diluted and undiluted 15-30 Escherichia coli 6.7 log10 CFU/mL 0-63 Chandran et al. (2009)
Salmonella typhimurium 6.8 log10 7-49
Enterococcus faecalis 8.4 log10 0-69
coliphage MS2 8.6 logl0 PFU/mL 7-42
Diluted 21-24 Ascaris suum eggs 3 logl0 Eggs/mL 1-10 Nordin et al. (2013)
Enterococcus spp. 90% N 7-10
Enterococcus faecalis 2
Salmonella typhimurium 0.1
Escherichia coli 0.1
enterobacteria phage MS2 8-16
coliphage X 174 37-43
Salmonella typhimurium phage 28B 55-64
Diluted and undiluted  4-30 total coliforms 3-5 logl0 CFU/mL 0-90 Almeida et al. (2019)
Escherichia coli 3-4log 10
Enterobacteriaceae 5-6 logl0
Enterococcus 4 log10
total staphylococci 6 logl0
Diluted and undiluted 27 total coliforms 5.4 logl0 CFU/100 ml ~ 0-28 Wohlsager et al. (2010)
Escherichia coli 4 logl0 0-28
Faecal streptococci 6.1 log10 0-56
Diluted 60-70 fecal coliforms 3 logl0 CFU/mL 0-1 Zhou et al. (2017)
Escherichia coli 4.3 logl0 0-3
Diluted and undiluted  4-34 Salmonella typhimurium 90% 2 0-33 Vinneras et al. (2008)
Enterococcus faecalis 1-47
bacteriophages MS2 1-240
bacteriophages ®X 174 5-150
bacteriophages 128 1-169
Hydrolyzed 20 BK human polyomavirus 90% : 0-9 Goetsch et al. (2018)
bacteriophages T3 24-46
(Continued on following page)
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TABLE 1 (Continued) A summary on the reduction of pathogens in storage of urine.

Urine Temperature’C  Pathogens

bacteriophages Qp

bacteriophages MS2
Diluted and undiluted
Diluted

4-34 Ascaris suum eggs

4-22 Mpycobacterium tuberculosis

“The reference doesn’t provide any information on the unit of pathogens tests.

(Hoglund et al, 2000; Almeida et al, 2019), BK Human
(Goetsch et 2018),
(Hoglund et al, 2002), Ascaris suum, Ascaris suum egg

Polyomavirus al, Rhesus  rotavirus
(Nordin et al, 2009), and Cryptosporidium parvum oocysts
(Hoglund and Stenstrom, 1999). Furthermore, inactivation
experiments sometimes used bacteriophage as virus surrogate,
such as bacteriophage T3 (Goetsch et al., 2018), coliphage X174
(Vinnerds et al., 2008; Nordin et al., 2013; Decrey and Kohn,
2017), coliphage MS2 (Chandran et al., 2009; Decrey et al.,, 2015;
Ahmed et al, 2017; Decrey and Kohn, 2017), coliphage T4
(Decrey Kohn, 2017), Enterobacteria phage MS2
(Vinneras et al., 2008; Nordin et al, 2013), and Salmonella

typhimurium phage 28B (Hoglund et al., 2002; Vinneras et al,

and

2008). Most of these pathogens were reduced to an acceptable
limit after 6 months.

Several factors may respond for the pathogens inactivation,
of which free ammonia (NH3) induced by the hydrolysis of urea
in the storage is considered as the dominating reason (Vinneras
et al., 2008). NHj is one of the most important basic species in
stored urine inducing the genome cleavage via alkaline
transesterification, which results in the inactivation of the
single-stranded (ss)RNA viruses (Decrey et al, 2015). Based
on the same mechanism, other bases (carbonate, phosphate,
and hydroxide) should also be taken into account for the
viruses inactivation (Decrey et al., 2015). Furthermore, high
temperature and high pH can accelerate the inactivation
because these two factors also determine the concentrations of
NH; and other bases (Hoglund et al., 1998; Hoglund and
Stenstrom, 1999; Hoglund et al., 2002; Vinneras et al., 2008;
Ahmed etal., 2017). For example, the inactivation rate constant K
of E. coli increased from 0.20/d to 3.04/d at increasing
temperature from 15°C to 35°C in storage of undiluted urine
(Ahmed et al, 2017). 20°C or higher temperature was
recommended for the current recommended storage time
2008).
dilution brought by water flushing or pretreatment before

al, 2004) the
thereby slowing the pathogens
inactivation and extending the storage time for hygienic

of 6months (Vinnerds et al, Moreover, urine

fertilization (Jonsson et can decrease

concentration of NHj,

treatment (Vinnerds et al., 2008).
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Reduction Days References
Description  Unit

0.3

0.4
99% : 3-840 Nordin et al. (2009)
90% 2 2-10 Vinnerés et al. (2011)

Notably, the types of pathogens of which the inactivation was
experimentally studied (Table 1) are far less than that detected in
urine (Supplementary Table S1). The inactivation of pathogens
will be surely determined by its type. For example, the mean time
for 1 logl0 reduction (toy) of S. typhimuriuma, Enterococcus
Faecalis, MS2, and ®X174 was <0.1d, <1.1d, <1.6d,and <5.7 d,
respectively, during the storage of urine at 34°C (Vinneras et al.,
2008). Some pathogens were still in high concentrations and even
enriched after several months of storage. The concentration of
Bacillus spores did not decrease during the urine storage because
some microorganisms in the sporulated form have a higher
resistance (Almeida et al, 2019). Moreover, the growth of
streptococci was even found in urine collecting pipes and tank
(Hoglund et al,, 1998). In addition, heterogeneity among viruses
in their susceptibility toward NHj is driven by the genome type.
It is more difficult to inactivate the double-stranded (ds)RNA
reovirus and Rhesus rotavirus as well as the dsDNA Salmonella
phage 28B than ssRNA viruses (Decrey et al., 2015). Therefore, it
is essential to carry out a comprehensive evaluation of the
inactivation of possible pathogens particularly in areas with
typical infectious diseases when urine was directly used as
liquid fertilizer after storage.

In addition, several pretreatment methods were developed to
accelerate the urea hydrolysis, which may accelerate the
pathogens inactivation. These methods included dosage of
urease (Kabdasli et al., 2006; Engelhardt et al., 2020), fecal
incubation (Hotta and Funamizu, 2008), incubation of stale
urine (Liu et al, 2008), increasing temperature (Liu et al,
2008) and microbial electrochemical current (Chen et al,
2017). However, incubation of fecal matter can simultaneously
bring the contamination of urine by pathogens whether more
pathogenic types or higher concentrations. As such, the
pretreatment using fecal incubation should be re-considered
taking the microbial risks into account.

3.2 Urine stabilization

Urea hydrolysis driven by the catalysis of urease occurred
quickly in urine because many bacteria contaminated by feces or
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nature can produce urease (Udert et al., 2003a). More than half of
urea hydrolyzed in the urine collecting pipes and storage tank
(Udert et al., 2003b; 2003c¢). Although urea hydrolysis promotes
the pathogens inactivation, it also brings the loss of nitrogen due
to ammonia volatilization and the loss of phosphorus due to
phosphate precipitation at alkaline pH. To inhibit urea
hydrolysis, stabilization has been developed as a pretreatment
before urine reuse or dewatering (Randall et al., 2016).

3.2.1 Acidification/alkalinization

Acidification (pH < 5 (Hellstrom et al., 1999; Saetta et al.,
2020; Moharramzadeh et al., 2022)) or alkalinization (11 < pH <
13 (Randall et al., 2016)) can be used to inhibit the hydrolysis of
urea due to the inactivation of urease-producing bacteria or
urease. The inactivation of pathogens after urine acidification
has been rarely reported maybe because the disinfection is not
significant. By comparison, alkalinization of urine is considered
as a promising method to inactivating pathogens as well as
stabilizing urine (Randall et al, 2016). Lime is a common
alkaline agent used for urine stabilization (Randall et al,
2016), sometimes combining with biochar (Simha et al,
2020a) and wood ash (Dutta and Vinneras, 2016; Simha et al.,
2020b). Pathogens inactivation in urine using lime has not been
experimentally examined. However, lime is a well-known
disinfection method for water and sewerage sludge because
high pH was highly effective in the inactivation of pathogens
(Bujoczek et al., 2002; Keller et al., 2004; Hansen et al., 2007).
Moreover, bacteria Enterococcus faecalis and Salmonella spp. and
bacteriophages MS2 and ®X 174 were reduced to below the
detection limit when urine was alkalized using wood ash after 4 d
at 20°C (Senecal et al., 2018) while the mean time for toy of
Enterococcus Faecalis, MS2, and ®X174 was 2.3, 15, and 12d,
respectively, during urine storage at 24°C (Vinneris et al., 2008).
Therefore, alkalinization would be much quicker and more
effective than urine storage.

3.2.2 Chemical oxidation

Chemical oxidation using hydrogen peroxide or heat-
inhibit
hydrolysis due to the irreversible destruction of urease (Zhang

activated peroxydisulfate could effectively urea
etal, 2013; Lvetal,, 2020). The two oxidants are normally used in
disinfection of water (Jin et al., 2020; Xiao et al., 2020), providing
a basis for pathogens inactivation of urine. However, chemical
oxidation also brought the loss of nitrogen because of the
oxidation of ammonium to nitrogen gas (Lv et al., 2020). This
might limit the application of chemical oxidation for urine

stabilization.

3.2.3 Biological nitrification

Urine after urea hydrolysis can also be stabilized through
biological nitrification. Ammonium in hydrolyzed urine can be
oxidized to nitrite or nitrate while the pH decreases to a weak
acidic pH (i.e,, 5-7) (Udert et al., 2003d; Feng et al., 2008; Jiang
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etal., 2011). This would reduce the volatilization of ammonia and
the precipitation of phosphate salts. Furthermore, this produces a
stabilized liquid fertilizer (Feng et al., 2008) or solid fertilizer
when combining with distillation (Udert and Wéchter, 2012;
Fumasoli et al., 2016). However, the impact of nitrification on
pathogens inactivation is not an interest even since nitrification
was proposed for biological nitrogen removal from wastewater
(Gujer, 2010). This means that biological nitrification may not be
an effective technology on pathogens inactivation in urine.
Notably, a recent study achieved the nitritation of urine in an
acidic nitrifying bioreactor (Li et al., 2020). This may provide an
opportunity to inactivate pathogens in urine because the product
free nitrous acid is biocidal to a broad range of microorganisms
(Jiang and Yuan, 2014) despite the target of nitritation was to
obtain nitrite rather than recover nutrients from urine.

3.3 Dewatering urine to obtain
concentrated fertilizer products

Despite being rich in nutrients, urine still has high content of
water (approximately 97%) when urine is collected in a dry toilet.
Urine will be further highly diluted when a water flushing toilet is
used. Several dewatering technologies have been developed to
concentrate urine to yield concentrated fertilizer products as well
as clean water.

3.3.1 Membrane filtration

Urine can be dewatered to produce concentrated liquid
fertilizer through membrane filtration including nanofiltration
(Ray et al., 2020a; Courtney and Randall, 2022), reverse osmosis
(Ek et al.,, 2006; Ray et al., 2020a; Courtney and Randall, 2022),
forward osmosis (Zhang et al., 2014; Engelhardt et al., 2020; Jiang
et al., 2022; Pocock et al., 2022), membrane distillation (Zhao
et al, 2013; Volpin et al, 2019a; Khumalo et al., 2019) and
electrodialysis (Brewster et al., 2017; Wang et al., 2017; De Paepe
etal., 2018). Nutrients are rejected in the concentrate while water
passes through the membrane filter to the other side in most of
the filtration processes except the electrodialysis which
concentrates nutrients in the permeate side.

Membrane filtration is a common technology to remove
pathogens from water. The separation of bacteria and viruses
from wastewater using polymeric and ceramic membrane has
been summarized (Goswami and Pugazhenthi, 2020). The
rejection of pathogens by filter mainly depends on the filter
pore size due to the size exclusion mechanisms. Moreover, virus
adsorption, electrostatic interaction and hydrophobic interaction
also respond for the removal of pathogens from water (Goswami
and Pugazhenthi, 2020). A nanofilter with pore size of 20 nm
(Viresolve NFP filter, Millipore, United States) was employed to
remove viruses from urine aiming to obtain virus free urokinase
solution. The log reduction factors for porcine parvovirus
(18-26 nm), human hepatitis A virus (25-30 nm), murine
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encephalomyocarditis virus (28-30 nm), bovine viral diarrhoea
virus (40-60 nm), and bovine herpes virus (120-300 nm)
were >4.86, >4.60, >6.87, >4.60, and >5.44, respectively (Kim
et al,, 2004). The rejection of pathogens by filter also means that
pathogens would be concentrated in the liquid urine fertilizer. A
recent study reported that concentration of urine can also lead to
the inactivation of E. coli due to the high osmotic pressure under
high salt contents (Oishi et al., 2020). 1-day storage was necessary
for the safe reuse of 5-fold concentrated hydrolyzed urine
whereas 91-h storage was required for non-concentrated urine
when the initial numbers of E. coli were the same in these two
urine solutions. However, the inactivation of pathogens might be
inhibited due to the low concentration of free ammonia at low
pH when acidification pretreatment was used to reduce the loss
of ammonia to the water permeate (Tun et al., 2016; Xu et al,
2019a; Ray et al., 2020a).

Electrodialysis may pose an advantage than other membrane
filtrations for dewatering urine. Nutrients were concentrated in
the permeate side as the ionic species passed through selective
ion-exchange membranes from the urine to the permeate side
driven by an electric field (Pronk et al., 2006; De Paepe et al,,
2018). Thus, pathogens would be retained in urine while yielding
a pathogen free fertilizer product. However, this has not been
examined by experiments.

Forward osmosis and membrane distillation were also
employed to separate ammonia and urea from urine,
producing ammonia- or urea-rich solution in the permeate
side (Xu et al,, 2019a; Ray et al., 2019; Ray et al., 2020b; Han
et al, 2022). The N-rich solution would have low pathogen
concentrations due to the rejection by the filter. Furthermore,
a P-rich solid product could be obtained in a pretreatment using
struvite precipitation before the filtration to avoid fouling on the
membrane (Volpin et al, 2018; Volpin et al, 2019b). The
combined processes successfully would achieve the recovery of
N and P from urine. However, special attention should be paid to
microbial risks of the struvite product formed in the urine with
concentrated pathogens.

3.3.2 Evaporation/distillation

Urine can be passively evaporated at ambient temperature to
produce concentrated fertilizer solution or solid fertilizer
products (Bethune et al., 2014). The evaporation was further
accelerated by solar irradiation (Antonini et al., 2012b; Bethune
et al., 2015) or heating at 25-65°C (Dutta and Vinnerds, 20165
Senecal and Vinnerds, 2017; Simha et al., 2018; Simha et al.,
2020a). The purpose of urine distillation at boiling temperature is
mainly to obtain solid fertilizer products (Udert and Wichter,
2012; Fumasoli et al, 2016; Jiang et al, 2017). The boiling
temperature even increased to 130.1°C when the salts in urine
was highly concentrated following the distillation (Udert and
Wiichter, 2012). However, loss of the total ammonia was
observed due to the volatilization of free ammonia during the
evaporation of water (Bethune et al., 2014,2016). Therefore,
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stabilization pretreatment such as acidification (Jiang et al,
2017), alkalinization (Dutta and Vinnerds, 2016; Senecal and
Vinneras, 2017; Simha et al.,, 2018; Simha et al.,, 2020a) and
nitrification (Udert and Wichter, 2012; Fumasoli et al., 2016) was
usually employed prior to the evaporation or distillation process.

Several factors involved in the evaporation/distillation of urine
can inactivate pathogens. High temperature is highly effective to
inactivate pathogens as reported in the fields of waste composting
or water disinfection (Chu et al., 2019; Hu et al., 2020). Moreover,
Bethune et al. (2014) suggested that the urine-derived solid
product was sterile because high salinity in the concentrated
product might respond for the inactivation of microorganisms.
In addition, solar thermal evaporation may further enhance the
pathogen inactivation because sunlight radiation is considered as a
unconventional disinfection technology to obtain safe drinking
water (Chu et al, 2019). The inactivation of pathogens would be
further enhanced when alkaline pretreatment was employed to
inhibit the urea hydrolysis before evaporation/distillation. In an
alkaline dehydration of urine using ash at 42°C, five fecal
pathogens including Ascaris suum, Enterococcus faecalis,
bacteriophages MS2 and ®X 174, and Salmonella spp. were
inactivated to below the detection limit within 10d (Senecal
et al, 2018), which met the World Health Organization
(WHO) guidelines for the reuse of excreta (World Health
(WHO), 2006). Although
biological nitrification may be not effective on the pathogen

Organization acidification  or
inactivation, the following evaporation/distillation can play a
dominating role (Bischel et al., 2015).

The evaporation/distillation of urine can also produce clean
water for reuse. Distillation at boiling temperature would also
promise a sterile water product because boiling temperature is
very efficient on disinfection (Chu et al, 2019). However,
reclaimed water collected after evaporation at ambient
temperature or high temperature around 35-65°C may still
pose microbial risks. Pathogens in the concentrated fertilizer
solution or the solid product may be inactivated by the
synergistic effects of high salinity, pH and temperature. But
single effect of temperature on the water disinfection may not
act as effectively as on the solid product disinfection. Thus, the
reuse of the reclaimed water after the evaporation/distillation of
urine should be further addressed.

3.3.3 Freezing-thawing

Freeze crystallization can recover water in the form of ice
from urine as well as concentrating the fertilizer solution. Low
temperature ranges of —18 to —4°C were examined for freezing
urine (Lind et al., 2001; Gulyas et al., 2004; Schmidt and Alleman,
2005; Ganrot et al., 2007a; Yu et al., 2007; Ganrot et al., 2008;
Moharramzadeh et al, 2022). A thermodynamic model was
further developed providing a theoretical understanding on
obtaining solid salts and water from stored urine (Randall and
Nathoo, 2018). After thawing, the reclaimed water and the
concentrated fertilizer product can be obtained.
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The influence of freezing and thawing on pathogens seems to
be unclear. Freezing creates damage to cell structure of
microorganisms (Sanin et al, 1994). It was found that the
reduction of pathogenic bacteria (Salmonella), virus
(Poliovirus) and parasites (Ascaris suum and Cryptosporidium
parvum) was effectively achieved by freezing-thawing coupled
with anaerobic digestion of sludge in a wastewater treatment
plant, meeting the pathogen reduction requirements for sludge
land disposal by US regulations (Sanin et al., 1994). Furthermore,
freezing is widely used in food storage because of its negative
effect on microbial community. For examples, storage for more
than 3 days at —20°C can effectively inactivate T. gondii in
contaminated meat (Alizadeh et al., 2018). However, freeze-
drying is also considered as a common cryopreservation
method to preserve pathogens the

temperature can fix the cells in powder and nearly completely

because ultra-low
inhibit the cell metabolism (Perry, 1998). For example, the freeze-
drying was sustainable for the long-term preservation of marine
pathogen V. anguillarum (Yu et al, 2019). Furthermore, the
stability and retention of infectivity of viruses was confirmed
after frozen storage of foods, indicating negative effect on killing
viruses (Sanchez and Bosch, 2016). In addition, it was reported
that sublethally injured pathogens (E. coli) caused by freezing
during food storage can recover after thawing, presenting a
potential threat on food safety (Zhang R. et al, 2021).
Therefore, the related publications can’t show a clear
understanding whether freeze-drying is bad or good to
effectively deactivate pathogens in urine.

3.4 Extraction of nutrients from urine

3.4.1 Stripping-absorption of ammonia to obtain
liquid N-products

Ammonia separated from urine by air (Behrendt et al., 2002;
Basakcilardan-Kabakci et al., 2007; Antonini et al., 2011; Morales
et al,, 2013; Liu et al,, 2015; Xu et al,, 2017; Jagtap and Boyer,
2018; Jagtap and Boyer, 2020) or membrane stripping (Tarpeh
et al., 2018a; Christiaens et al., 2019; Pradhan et al., 2019) can be
absorbed in water or sulfate acid solution to yield liquid
N-products such as ammonia water or ammonium sulfate
solution. However, an autofluorescent E. coli spiked in the
urine was also observed in the absorbent (Christiaens et al.,
2019), which should be caused by the transfer of microorganisms
from urine to the absorbent via aerosols induced by air stripping
(Benami et al., 2016). This indicates potential microbial risks of
using the ammonia absorbent products in agriculture.
Alkalinization and heating is usually used to improve
ammonia stripping efficiency from urine. pH >12 maintained
by lime increased the removal efficiency by 8% for the stripping
of pure urine at 30°C (Pradhan et al., 2017). Furthermore, high
temperature ranging in 40°C-65°C could significantly increase
the stripping efficiency because of the formation of more free
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ammonia (Pradhan et al., 2017; Wei et al., 2018; Tao et al., 2019;
Tian et al., 2019). High pH and temperature would meanwhile
benefit the inactivation of pathogens in urine influent as well as
reducing the pathogens in absorbent.

Membrane stripping provide another approach to reduce the
transfer of pathogens to absorbent. Free ammonia in the urine
side pass through a gas permeate membrane (GPM) to the
absorbent side. Pore size of the GPM commonly ranges in
0.1-0.59 pum  (Tarpeh 2018a; Xu 2019a;
Christiaens et al., 2019). As such, most pathogenic bacteria

et al., et al.,
and some viruses would be rejected by the membrane,
producing N-products with less pathogens in the permeate
side. A study by Tarpeh et al. (2018a) confirmed that E. coli
was not observed in the absorbent of a membrane stripping
process when its concentration was 10%%°"*7® events/mL in the
urine feed. However, it was also found that very small
microorganisms reported in urine (<0.1 pm) could pass
through the membrane with an average measured pore size of
0.274 um (Dong et al,, 2011). Thus, stripping via hydrophobic
GPM does not lead to a pathogens-free absorbent. Similar as that
in the air stripping process, high pH and temperature intending
for high ammonia transfer efficiency in membrane stripping (Xu
etal.,, 2019a) would probably inactivate pathogens in the feed side
and reduce the transfer of pathogens to the permeate side.
Concentrating ammonia using cation exchange membrane
(CEM) in electrodialysis can increase the concentration of free
ammonia before stripping (Christiaens et al., 2017; Tarpeh et al.,
2018a; Christiaens et al., 2019). Tarpeh et al. (2018a) developed a
novel process combining electrodialysis and membrane stripping
to yield an E. coli-free fertilizer product from urine for potential
safe reuse. Pore size of CEM ranges from 1.5 to 200 nm
(Kononenko et al, 2017), which would benefit rejecting the
transfer of pathogens with small sizes such as nanoscale viruses.

3.4.2 Adsorption of nutrients to obtain solid
fertilizer products

Urea, ammonium, phosphate and potassium in urine can be
adsorbed by various adsorbents such as activated carbon (Ganrot
et al., 2007a), biochar (Bai et al., 2018; Xu et al., 2018; Xu et al.,
2019b; Zhang X. et al., 2021), gastropod shell (Saliu et al., 2020),
ion exchange resin (O'Neal and Boyer, 2013; O'Neal and Boyer,
2015; Tarpeh et al., 2017; Tarpeh et al., 2018b), layered double
hydroxides (LDH) (Dox et al., 2019a; Dox et al.,, 2019b; Dox et al.,
2022), magnetic Fe;0,@ZrO, nanoparticles (Guan et al., 2020a),
metal organic frameworks (MOF) (Lin et al.,, 2015; Guan et al.,
2020b), natural loess (Jiang et al., 2016), porous organic polymer
(Zhang et al., 2020), wollastonite (Lind et al., 2000), zeolite (Ban
and Dave, 2004; Beler-Baykal et al., 2004; Ganrot et al., 2007a;
Leung et al., 2007; Ganrot et al., 2008; Baykal et al., 2009; Beler-
Baykal et al, 2011; Huang et al., 2014; Xu S. et al, 2015;
Mitrogiannis et al., 2018; Makgabutlane et al, 2020; Regmi
and Boyer, 2020). Some of these adsorbents i.e., biochar,
gastropod shell, natural loess, and zeolite after nutrient
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adsorption can be directly used as fertilizer in agriculture (Ganrot
et al., 2008; Beler-Baykal et al., 2011; Xu S. et al., 2015; Jiang et al.,
2016; Bai et al., 2018; Xu et al., 2018; Saliu et al., 2020; Zhang X.
et al., 2021). Other adsorbents should be desorbed in solutions
containing NaOH (Beler-Baykal et al., 2004; O’Neal and Boyer,
2015; Mitrogiannis et al., 2018; Guan et al., 2020a; Guan et al.,
2020b), NaHCO; (Mitrogiannis et al., 2018; Dox et al., 2019a;
Dox et al., 2019b), NaCl (Lin et al., 2015; O’Neal and Boyer, 2015;
Mitrogiannis et al., 2018; Zhang et al., 2020), HCI (Mitrogiannis
et al., 2018; Guan et al., 2020b), or H,SO, (Tarpeh et al., 2017;
Tarpeh et al, 2018b) to obtain phosphate-rich solution, after
which a chemical precipitation process such as struvite
precipitation was usually conducted to yield solid phosphate
fertilizer easy to be collected and applied for agriculture.
However, to our best knowledge, the behavior of urine
pathogens during the nutrient adsorption has not been reported.

Normally, some adsorbents such as zeolites and biochar can
uptake aquatic microorganisms, forming biofilm on the surface
(Perez-Mercado et al., 2019; Wang et al., 2020). The uptake of
microorganisms is mainly driven by weak electrostatic or binding
forces to the carrier surface and the intra-grain and intra-
2008).
confirmed the uptake of fecal coliforms and E. coli from

crystallite pores (Lameiras et al, Experiments
wastewater by clinoptilolite, a naturally occurring zeolite, with
an active uptake of 3989 CFU/g and 2732 CFU/g, respectively
(Ferronato et al.,, 2015). Furthermore, a correlation model based
showed that biochar filters

significantly remove bacteria and viruses with the reduction

on experiments also could
rate of >2 logl0 and >1 logl0, respectively, because these
microbes were enriched on biochar due to adsorption (Perez-
Mercado et al,, 2019). This indicates that the microbial risks
would even be magnified especially when the nutrient-enriched
adsorbents are directly used as fertilizer in agriculture.

Various metal jons have been used as biocidal agents such as
Ag, Zn, Cu, Ni, Co, Tiand Bi (Wyszogrodzka et al., 2016). Zeolite
exchanged with Cu and Zn can be used as antimicrobial material
for efficient disinfection of contaminated water with bacteria
because it was effective to reduce the concentrations of E. coli and
Staphylococcus aureus (Yao et al, 2019). This may provide a
potential approach to reduce the microbial risks of nutrient-
adsorbed solid fertilizer but pose a potential risk of heavy metals.
Post treatment in an alkaline desorption solution may further
inactivate pathogens adsorbed on adsorbents because alkaline
treatment is effective in the disinfection of urine pathogens
(Senecal et al,, 2018). However, it is unclear that whether
desorption of nutrients from adsorbents in acid solution could
inactivate pathogens.

3.4.3 Chemical precipitation to obtain solid
products

Chemical precipitation is a commonly reported approach to
recover nutrients from urine by the formation of non-soluble
phosphate salts. Struvite precipitation is the most concerned
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phosphorus recovery technology which can also simultaneously
recover part of ammonium from urine (Krahenbiihl et al., 20165
Zamora et al., 2017; Wei et al., 2018; Zheng et al., 2018; Aguado
et al., 2019; Li P. et al., 2019; Pinatha et al., 2020; Oztekin et al.,
2022). The precipitation of struvite-K, an analogue of struvite,
can simultaneously recover phosphate and potassium from
ammonium-depleted urine (Xu et al, 2011; Xu et al, 2012;
Xu K. et al, 2015; Xu et al,, 2017; Zhang et al., 2017; Zhang
etal, 2018; Huang et al., 2019). Furthermore, phosphate can also
be recovered by the precipitation of calcium phosphate (Pradhan
et al, 2017). Finally, filtration and drying following the
precipitation process is essential to obtain solid phosphate
products. Struvite and struvite-K can be directly used as
fertilizer in agriculture because they are both slow-release
fertilizer while calcium phosphate is considered as a raw
material for phosphate fertilizer industry (Ganrot et al., 2007b;
Liu et al, 2020). There are standards for microbial risk
management in industrial fertilizer (Ministry of Industry and
Information Technology of the People’s Republic of China,
2019). Therefore, this review mainly addresses the potential
microbial risk of the recovered phosphate products which can
be directly used in agriculture.

Decrey et al. (2011) found that the struvite precipitation
process did not considerably inactivate the pathogen indicators
phage ®X174 and Ascaris suum eggs in the urine liquid fraction.
The pH value during the struvite precipitation in urine was
approximately 9 (Etter et al., 2011), which is similar as that in the
storage process. This indicates that free ammonia formed at such
alkaline pH can inactivate pathogens like that in the storage
process. However, the reaction time for struvite formation was
only 10 min in their study (Decrey et al,, 2011). Some other
studies used longer precipitation time ranging from 15 to
125 min (Ronteltap et al., 2007; Ronteltap et al., 2010; Liu
et al., 2013), which is still much less that the storage time of
2—6 months (Jonsson et al., 2004; Vinnerds et al., 2008). As such,
the pathogen inactivation can be neglected within such a short
precipitation time. At a longer precipitation time of 24 h, the
number of coliforms was reduced by 56% during the struvite
precipitation at pH 9 in anaerobically digested chicken slurry
(Muhmood et al., 2018). Furthermore, they also reported a
greater reduction of coliforms (73%) at pH 10. The viability
of spiked E. coli cells also significantly decreased during the
struvite precipitation at pH of 11 in source-diverted blackwater
(Yee et al, 2019). Non-etheless, optimum pH of the struvite
precipitation was approximately 9 and higher pH decreased the
struvite purity (Harada et al., 2006). Thus, high pH for effective
pathogen inactivation may be suitable for precipitation of
calcium phosphate rather than the struvite precipitation.
Complete inactivation of E. coli, Salmonella enterica serovar
typhymurium, and Porcine circovirus type 2 was achieved
when removing phosphate from swine slurry at pH 10 using
Ca(OH), (Viancelli et al, 2015). The coliforms was also
completely inactivated after 6 h of treatment using wood ash
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to remove phosphate from urban wastewater and landfill leachate
at pH of 10.1-12.7 (Ivankovi¢ et al., 2014). In addition, the
optimal pH in ranges of 10-11 for the precipitation of struvite-K
(Xu et al, 2011; Xu et al,, 2012; Xu K. et al,, 2015) may also
improve the pathogens inactivation in the liquid fraction despite
this has not been reported.

It is essential to evaluate the pathogens in the solid nutrient
product obtained from urine especially when the product is
fertilizer.
®X174 and Ascaris suum eggs were both detected in the

directly used as Pathogen indicators phage
struvite product filtered by nylon fabric while no considerable
inactivation was observed in the precipitation process in urine
(Decrey et al, 2011). There was no significant difference on
concentration of phage ®X174 in both the solid and the liquid
fraction. However, the Ascaris eggs even accumulated by 100 fold
within the solid product because the filter with irregular pore
diameters of 18-240 um rejected the Ascaris eggs having a size of
35-50 x 45-70 um in the solid fractions. Bischel et al. (2016) also
reported the accumulation of heterotrophs and total bacteria in the
struvite product obtained by the filtration with nylon or cloth
filters from urine. Non-etheless, these two publications cannot
clearly display an actual behavior of the pathogens in the solid
fraction of struvite precipitation because of the effect of filtration
on the pathogens accumulation. Electrostatic attraction and
repulsion may play an important role for behavior of pathogens
in solid struvite. Struvite crystals are negatively charged with zeta-
potential of —17.5 to —27.6 mV at pH from 8.5 to 10.5 (Le Corre
et al, 2007). Yee et al. (2019) reported that the electrostatic
attraction between C. perfringens with positive zeta potential of
0-3 mV and struvite particles increased the cell aggregation in the
final solid product. However, there was an electrostatic repulsion
between struvite and phage ®X174 with isoelectric point of 6.6
(Michen and Graule, 2010) carrying negative surface charge at
pH around 9 (Muhmood et al,, 2018). Moreover, isoelectric points
of most viruses ranged from 1.9 to 8.4 (Michen and Graule, 2010).
Thus, these viruses would present negative surface charge in the
struvite precipitation system of urine, indicating electrostatic
repulsion between struvite and viruses.

Factors affecting the surface charge of struvite may change
the adsorption of pathogens onto struvite particles. High
concentration of residual Mg** lowered the negative charge of
struvite which could lead to more adsorption of pathogens with
low isoelectric point (Decrey et al, 2011). Coagulants and
flocculants may also result in more adsorption of pathogens
when they were used to promote the agglomeration of struvite
crystals (Le Corre et al, 2007). The adsorption of pathogens
would probably be enhanced during the precipitation of struvite
on metal-modified biochar (Xu et al., 2018; Liu et al., 2020) or
zeolite (Huang et al., 2014; Mitrogiannis et al., 2018) with positive
surface charge. In addition, the tendency of bacteria growth on
these carrier (Perez-Mercado et al., 2019; Wang et al., 2020)
would further lead to accumulation of more pathogens in the
struvite product.
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Although there lacks understanding on the adsorption of
pathogens on struvite and the following filtration rejects some
pathogens with large size in the struvite filter cake, pathogens in
the solid products can still be effectively inactivated in the
following drying process (Bischel et al., 2016). Temperature
and humidity were important factors determining the
No

inactivation of Ascaris suum eggs in struvite obtained from

efficiency of pathogens inactivation. significant
urine were observed at 5 and 20°C while the eggs was
inactivated by more than 99% at 35-36°C after drying for
3days (Decrey et al, 2011). Furthermore, inactivation of
Ascaris suum eggs was only 1.2 logl0 after 3 days drying at
temperature of 35°C and relative humidity of 85% while it
reached more than 2 logl0 after 1day of drying at
temperature of 36°C and relative humidity of 36%. Thus,
inactivation of Ascaris suum eggs in struvite drying was
enhanced at low relative humidity (Decrey et al, 2011).
Moreover, the reduction of phage ®X174 in struvite was 0.03,
0.07 and 0.09 logl0/day in the drying process at 5°C/85%
20°C/93% and 5°C/35%,

respectively. As such, its inactivation was enhanced at high

(temperature/relative  humidity),

temperatures and low relative humidity. Experimental results
further showed that the inactivation of heterotrophic bacteria,
total bacteria, Enterococcus spp. and Salmonella typhimurium
accumulated in struvite from urine was also improved with
increasing temperature for drying at a constant relative
humidity (Bischel et al., 2016). The reduction of heterotrophs
even reached 3 logl0Oat optimized drying conditions within
100 h. Therefore, drying, also as an essential process to obtain
final solid struvite product, is recommended as an effective
method for the disinfection of the final product. Experimental
results confirmed that the concentrations of total coliforms and
E. coli were under the detection limits when struvite formed in
anaerobically digested chicken slurry was dried at 40°C without
control of humidity for 48 h after a filtration using 0.45 pm
membrane (Muhmood et al,, 2018; Muhmood et al., 2019).
Drying at higher temperature than the ambient temperature
already examined in experiments will reasonably improve the
pathogens inactivation of struvite product. However, this may
also result in the loss of crystal water and ammonia in the struvite
crystals due to its decomposition (Bhuiyan et al., 2008).

Drying struvite by sunlight is also an option especially for small-
scale reactor. However, Decrey et al. (2011) found that no significant
inactivation of phage ®X174 or Ascaris suum eggs was observed
when struvite was exposed to sunlight within 5h at 31°C with
relative humidity of <35%. The short exposure time may be one of
the dominating reasons for ineffective inactivation. Exposure to
sunlight will increase the temperature of struvite and accelerate the
loss of struvite moisture, thereby theoretically introducing the
disinfection of struvite. Moreover, sunlight radiation in ultraviolet
range is known to be effective in pathogens inactivation (Chu et al,,
2019). Therefore, struvite disinfection is expected to be realized to
some extent for long time of exposure in sunlight.
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TABLE 2 An overall assessment of pathogens inactivation in urine treatment technologies and the related UDFPs.

Technology

Urine
storage

Urine stabilization
Acidification
Alkalinization

Chemical oxidation

Biological nitrification

Urine dewatering

Membrane

Evaporation/
distillation

Freezing

Nutrient extraction

Stripping-absorption

Adsorption

Chemical
precipitation
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Reverse osmosis

Forward osmosis

Nanofiltration

Membrane distillation®

Electrodialysis

Air stripping

Membrane stripping

Direct use

Alkaline desorption

Acidic desorption

Calcium phosphate
Struvite
Struvite-K

Filtration/centrifugation Direct use
separation

181

Nutrient
recovered

Complete

Complete
Complete
Complete

Complete

Complete

Complete

Complete

Complete

P, K

N, P

Complete

Complete

N

P

part of N, P
P, K

N

P

part of N, P
P, K

P

part of N, P
P, K

10.3389/fenvs.2022.1056019

UDFP Inactivation®

Liquid urine  ++

Liquid urine  N.I.
Liquid urine  ++
Liquid urine  ++

Liquid urine  N.I.

Liquid --
UDFP

Liquid --
UDFP

Liquid --
UDFP

Liquid ++
UDFP

Liquid ++
UDFP

++

Liquid ++
UDFP

Solid UDFP  ++

Liquid N.L
UDFP

Liquid ++
UDFP

Liquid ++
UDFP

Solid UDFP -
Solid UDFP -
Solid UDFP -
Solid UDFP -

Liquid ++
UDFP

Liquid N.L
UDFP

Liquid N.L
UDFP

Liquid N.L
UDFP

Liquid N.I
UDFP

Solid UDFP ~ N.I.
Solid UDFP  N.L
Solid UDFP  N.L
Solid UDFP - -
Solid UDFP - -
Solid UDFP - -

(Continued on following page)
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TABLE 2 (Continued) An overall assessment of pathogens inactivation in urine treatment technologies and the related UDFPs.

Technology Nutrient UDFP Inactivation®
recovered
Drying p Solid UDFP  ++¢
part of N, P Solid UDFP +
P, K Solid UDFP  ++
Struvite decomposition and N Liquid ++
reuse UDEFP

“The symbol + means that pathogens can be positively inactivated while — presents the opposite effect. Higher number of symbols indicates strong effect. NI means none information.

Treatment with heating or at alkaline pH.

‘Membrane distillation can concentrate P and K or N, P and K, respectively, determined by the operation conditions.
“Struvite can only be dried at temperature <35°C while struvite-K and other phosphate salts can be dried at higher temperature.

Decomposition of struvite (Eq. 1) can release ammonia
which can be recovered through absorption in water or acid
solution and the solid decomposition product can be employed to
remove ammonia from urine through the re-precipitation of
struvite (Eq. 2) (Chen et al, 2020). The decomposition was
of 100-150°C  using
calcination (Huang et al., 2016), ultrasound radiation (Huang
et al.,, 2017), and microwave radiation (Chen et al., 2020), the

latter two processes of which were even carried out in alkaline

commonly conducted in ranges

solution containing NaOH. High temperature and combination
of alkaline condition would probably inactivate pathogens in
struvite, thus promising clean products of solid struvite and
liquid ammonia-rich solution.

MgNH4PO4 . 6H20 (S) i MgHPO4 (S) + NH3 (g) + 6H20
1)

MgHPO, (s) + NH; (aq) + 6H,0 — MgNH,PO, - 6H,0(s)
(2)

3.5 An overall assessment

Table 2 summarizes the overall assessment of pathogens
inactivation in different urine treatment processes. Storage for
2-6 months was considered as an effective pretreatment
technology to inactive pathogens when urine was used as
liquid fertilizer (Schonning, 2001; Jonsson et al., 2004; World
Health Organization (WHO), 2006). Urine dewatering and
dehydration technologies are developed to obtain concentrated
liquid fertilizer or solid fertilizer. Pathogens could be retained in
concentrated urine fertilizer by membrane treatment using
reverse osmosis, forward osmosis, and nanofiltration. This
would bring strong negative effect on pathogens inactivation.
However, electrodialysis may effectively remove pathogens
because concentrated liquid fertilizer is obtained in the
permeate side and pathogens are retained in the urine feed
side. Moreover, membrane distillation should have strong
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positive effect on inactivating pathogens in concentrated urine
fertilizer because of alkalinization or heating of urine feed.
Evaporation under heating or distillation will probably yield
sterile concentrated liquid or solid fertilizer products because
high temperature is effective for pathogens inactivation.

Urine stabilization is commonly essential before urine
dewatering to prevent loss of ammonia due to urea hydrolysis.
Alkalinization can be used to enhance the pathogens inactivation
as a pretreatment process, which may be particularly important
for dewatering technologies without inactivation effect such as
reverse osmosis, forward osmosis, nanofiltration and freezing.
Pathogens would also be effectively inactivated by chemical
oxidation. However, the effect of chemical oxidation on the
characteristics of UDFPs is unclear. Moreover, it is also
unclear whether acidification or biological nitrification can
inactivate pathogens in urine. Thus, these two technologies
would be suitable for wurine stabilization before urine
dewatering through membrane distillation, electrodialysis,
evaporation and distillation while may be unsuitable prior to
urine dewatering using reverse osmosis, forward osmosis,
nanofiltration and freezing.

Absorption of ammonia by water or acid solution following
stripping can recover N and yield liquid ammonia fertilizer. Air
stripping with heating or at alkaline pH and membrane stripping
would probably have strong positive effect on pathogens
inactivation. Adsorption can recover specific nutrients from
urine determined by the adsorbents’ characteristics. However,
direct use of the solid nutrients-enriched adsorbents in
agriculture may pose microbial risks because pathogens may
also be adsorbed on the UDFP. Alkaline desorption of nutrient
from the solid UDFP to yield liquid fertilizer may be a promising
post-treatment process to reduce the microbial risks. Non-
etheless, alkaline desorption may be only suitable for
ammonia recovery from urine. None information could be
obtained on the pathogens inactivation through acidic
desorption despite this post-treatment process can recover N,
P and K in liquid UDFP. There lacks understanding on the

inactivation of pathogens in the chemical precipitations of
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calcium phosphate, struvite, and struvite-K. However, the
following filtration or centrifugation separation of precipitates
from urine would retain pathogens in the solid UDFP. This may
pose strong negative effect on pathogens inactivation in UDFP.
Post-treatment through drying with heating could effectively
inactivate pathogens in the solid UDFP. Moreover, recovery of
total ammonia in urine through recycling use of struvite
precipitation and decomposition may also yield sterile liquid
ammonia fertilizer because of struvite decomposition with
heating and alkaline treatment.

Combination of different processes is usually essential to
extract N, P and K from urine. Adsorption and precipitation was
combined to yielding solid N-P enriched UDFP (Lind et al., 2000;
Ban and Dave, 2004; Ganrot et al., 2007a; Ganrot et al., 2008; Xu
S.etal, 2015; Zheng et al., 2018). This combined processes would
have negative effect on pathogens inactivation because each
separated process has negative effect. Moreover, precipitation
of struvite and stripping-absorption can be combined to recover
N and P producing liquid ammonia fertilizer and solid struvite.
Pathogens in the liquid ammonia fertilizer would be reduced
because of heating and alkaline treatment of urine. However, the
pathogens in struvite were determined by the order in the
combination. Pathogens in urine can be inactivated in the
stripping process. Thus, struvite obtained in a precipitation
process following the stripping (Pradhan et al, 2017) would
have lower contents of pathogens than that yielded in a
precipitation process followed by stripping(Antonini et al,
2011; Morales et al., 2013; Wei et al., 2018; Tao et al., 2019;
Yangetal., 2022; Zhang et al., 2022). However, pathogens in solid
product obtained in combined processes of stripping and
precipitation of struvite-K may be inactivated because the
operating pH this
11 which benefits pathogens inactivation (Xu et al, 2017).

in precipitation was approximately
This indicates that more attention should be paid to the
interaction effects of processes combination on pathogens
inactivation in further studies.

It should be noted that this study has not reviewed the
treatment technologies which are developed to remove
pollutants or recover energy from urine. Biological processes
including nitrification-denitrification (Udert et al., 2003d),
partial nitrification-denitrification (Yao et al., 2017) and
nitritation-anammox (Buergmann et al, 2011) can remove
nitrogen from urine. Microbial electrolysis cell can remove
organics in urine (Boggs et al,, 2009; Barbosa et al., 2018;
Barbosa et al, 2019). The removal of N and organics has
been examined through electrochemical oxidation processes
(Amstutz et al.,, 2012; Dbira et al., 2015; Zoellig et al., 2015;
Zollig et al., 2017; Cotillas et al., 2018a; Dbira et al., 2019).
Energy production has been achieved via microbial fuel cells
(You et al,, 2016; Salar-Garcia et al., 2017; Gajda et al., 2019;
Sabin et al,, 2022). Advanced oxidation processes including
chemical oxidation (Sun et al, 2018; Li et al, 2022),
(Zhang et al, 2016), and

photocatalytic ~ oxidation
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electrochemical oxidation (Antonin et al., 2015; Cotillas
2018b)
micropollutants. Pathogens inactivation in these technologies

et al, have been developed to remove
has not been discussed in this review. Microbial risks in UDFPs
should be paid more attention when these technologies are
combined with nutrient recovery technologies.

In addition, only the pathogens inactivation in storage
and alkaline stabilization has been experimentally examined.
Most of the cases were assessed based on publications about
their effects on pathogens inactivation in other fields rather than
in urine treatment. Moreover, none information on the
pathogens inactivation could be obtained when urine was
treated using acidic stabilization, stabilization via biological
nitrification, dewatering via freezing or desorption after
This that

meticulous research work is urgently needed to provide

nutrient adsorption. means systematic and
technical support for better and safe development of the
concept of urine source separation. This is particularly
important for achieving U.N. SDGs in developing countries

and regions lacking sanitation.

4 Qutlook on microbial risk
management of urine source
separation

Disinfection of UDFPs and agricultural products is essential
if recovery technology can’t effectively inactivate pathogens in
urine and the fertilizer product. Conventional technologies
including ~ high-temperature sterilization, ultraviolet
disinfection and chemical oxidation disinfection have been
proved to be effective for product disinfection (US Centers for
Disease Control and Prevention, 2008). Cooking agricultural
products before eating will be preferred to reduce the
microbial risk by consumers. However, few publications
reported the disinfection of UDFPs. Due care should be taken
if these disinfection technologies would affect the fertilizer
characteristics in further studies.

Moreover, it is essential to set standards on pathogen
limitations in UDFPs and technical standards from the aspect
of microbial risk management. The related standards lacks
despite the concept of urine source separation has been
proposed  for The WHO guidelines

recommends that the number of E. coli in water is less than

nearly 30 years.

10%/100 ml in the reuse of water in drip irrigation (World Health
Organization (WHO), 2006). The Environmental Protection
Agency regulations suggest that the number of E. coli should
be less than 10?/100 ml in the reused water (Environmental
2012). The
concentration of bacteria is 1000 CFU/g in recycled organic

Protection  Agency, maximum  allowable
waste fertilizer products following the European Animal By-
Products Regulation (The European Parliament and of the

Council, 2002). These regulations may provide references for
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UDEPs which are also used for agriculture. However, this has to
be addressed in further studies.

Effective inactivation of pathogens in UDFPs would reduce
the microbial risk to farmworkers and consumers of agricultural
products. However, urine collection and transportation can also
bring health risk to users. It is commonly assumed that the direct
accidental ingestion of urine was 1 ml per case in recycling of
urine in agriculture (Hoglund et al., 2002; Ahmed et al., 2017).
Non-etheless, a recent study found that indirect ingestion also
played a role in the exposure of urine collection users to urine
(Bischel et al., 2019). The indirect ingestion refers to hand to
mouth contacts with pathogens when hands, skin and clothes are
contaminated and then hands bring pathogens to mouth.
Furthermore, operating struvite precipitation reactor also
resulted in health risk due to direct and indirect contacts with
pathogens-carrying substances (Bischel et al, 2019). This
indicates that microbial risk in urine source separation should
consider all possible exposure pathways besides the exposure to
UDEPs. Therefore, it is recommended that personal protective
equipment (facemasks, gloves, work clothes, etc.) is essential to
reduce the exposure of urine collection users and farmworkers to
urine and UDFPs.

5 Conclusion

Pathogens in source-separated urine can be introduced
through two approaches including excretion with urine and
fecal contamination. A summary on bacteria and viruses
detected in urine confirms that urine is not sterile. Then, this
study reviewed and evaluated pathogens inactivation in urine
treatment technologies classified based on their UDFPs. Storage
and alkaline stabilization have experimentally proved effective
effects on pathogens inactivation of urine. Technologies
including membrane distillation, electrodialysis, evaporation,
distillation, air stripping, and membrane stripping should have
positive effect on pathogens inactivation of UDFPs because
high
separation in these technologies could reduce pathogens.

alkaline treatment, temperature and membrane
However, pathogens might be concentrated when urine is
dewatered using reverse osmosis, forward osmosis, and
nanofiltration. Moreover, adsorption and precipitates
separation using filtration and centrifugation may also present
negative effect on pathogens inactivation in UDFPs. Non-
through
precipitates drying, and struvite decomposition and recycle

would benefit the disinfection of UDFPs. Finally, an overall

etheless, post treatment alkaline  desorption,
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larvae in decentralized treatment of
faecal sludge from pit latrines in
informal settlements in Kampala
city
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of Environmental Sciences and Engineering, Gillings School of Global Public Health, University of North
Carolina at Chapel Hill, Chapel Hill, NC, United States, “Department of Construction Economics and Management,
College of Engineering, Design, Art, and Technology (CEDAT), Makerere University, Kampala, Uganda

Introduction: Faecal sludge management (FSM) in urban areas of low-and middle-
income countries (LMICs) is not properly implemented due to inaccessibility of
sanitation facilities and high faecal sludge (FS) emptying costs, amongst others.
Unlike in solid waste and fresh human excreta, use of black soldier fly larvae (BSFL) in
treatment of FS from pit latrines - which are the most common sanitation facilities in
urban areas of LMICs - has not yet been explored. Moreover, the optimal conditions
for efficient FS degradation, such as moisture content, feeding rate and larval density
are not yet well known. Against this backdrop, the overarching aim of this study was
to determine the effectiveness of BSFL in treating FS under different conditions of
moisture content, feeding rate and larval density. Also, the quality of residue left after
treatment was assessed.

Methods: FS samples were collected from lined and unlined pit latrines in Bwaise |
parish in Kampala, Uganda and experiments were set up to feed 10-day old larvae.

Results and Discussion: The optimum feeding rate, larval density and moisture
content were found to be 50 mg/larvae/day, 1.33 larvae/cm? and 60%, respectively.
The reduction efficiency at optimum conditions were 72% and 66% for FS from lined
and unlined pit latrines, respectively. It was further noted that BSFL can feed on FS
from pit latrines without dewatering it, hence there is no need for a dewatering unit.
The properties of the residue left after treatment were within the allowable limit for
use as compost except for helminth egg concentration. Thus, in informal urban
settlements, BSFL can be applied for effective treatment of FS from pit latrines while
generating good quality residue thereby providing an additional value chain in FSM.

KEYWORDS

black solider fly larvae, faecal sludge reduction, informal settlements, pit latrine faecal
sludge, black solider fly, faecal sludge treatment, on-site sanitation system
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1 Introduction

Globally, about half of the world’s population make use of onsite
sanitation systems for their sanitation needs (WHO/UNICEF, 2021).
Majority of the urban population in Sub-Saharan Africa (SSA) use pit
latrine (a form of onsite sanitation system) as their primary means of
excreta disposal. In informal settlements (usually occupied by low-
income earners), household pit latrines are mainly shared by a large
number of people resulting in high filling rates (Nakagiri et al., 2015;
Manga et al., 2022a). However, the management systems in place for
the resulting accumulated faecal sludge (FS) are still challenging
(Strande, 2014). FS comprises all liquid and semi-liquid contents of
on-site sanitation systems, such as pit latrines, aqua privies and septic
tanks. It is reported to be 10 to 100 times more concentrated in
suspended and dissolved solids than wastewater (Heinss et al., 1998;
Manga et al., 2016). FS can also vary in characteristics according to
sources such as septic tanks, public toilets containment systems and pit
latrines. In most cases, FS in pit latrines is thick and cannot be easily
emptied with vacuum trucks (Semiyaga et al., 2022a). When emptied,
FS from pit latrines can be treated at designated plants, where
preliminary treatment involving removal of large amounts of solid
wastes, silt, and the thick FS is often mixed with water (Semiyaga et al.,
2022b). In addition, sedimentation in settling thickening tanks
separate solid and liquid fractions; treatment of liquid fraction in
waste stabilization ponds and drying of solid fractions on the sand bed
are carried out (Manga et al., 2016; Manga et al., 2017). However, high
emptying and transportation costs which cannot be met by the
residents in informal settlements limit the effective management of
ES. Consequently, these pit latrines are often opened up to discharge
FS into the environment and drainage channels whenever it rains. This
poses huge environmental and public health risks to the urban
communities (Kulabako et al., 2010).

Application of decentralized (onsite) FS treatment facilities/
systems promotes initiatives which can allow FS to be emptied,
treated and used at and/or near the point of generation leading to
reduced transportation costs (Semiyaga et al., 2015). Several available
options for decentralized treatment of FS such as composting, vermi-
composting, anaerobic digestion, rendering have been applied for the
treatment of FS (Cofie et al., 2009; Manga et al., 2021; Semiyaga, et al.,
2022a; Manga et al., 2022b). However, these techniques have some
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limitations. For instance, composting is a slow process which may take
months if not operated with aeration, turning as well as right
environmental conditions (Manga et al., 2019). Vermi-composting
has large space requirements and earthworms are usually very
sensitive to salt contents in their feedstock (Munroe, 2007). A
novel solution for FSM at a decentralized-scale such as the use of
black soldier fly larvae (BSFL) could be a viable option under informal
settlement conditions. BSF belongs to the family of Stratiomyidae and
order of Diptera and thrives in both tropical and temperate regions
worldwide (Singh and Kumari, 2019). The larvae is saprophytic and
has powerful digestive enzymes which helps in breaking down various
organic wastes (Liu et al, 2019; Cho et al, 2020); under ideal
conditions, the larvae can significantly reduce the volume of
organic waste by up to 50% or more (Gold et al,, 2020). They also
produce large quantities of larvae and prepupae which can be used as
animal feed source as it is composed of protein and fat as high as 40%
and 30%, respectively (Cummins et al., 2017; Nyakeri et al., 2019,
Arnone et al.,, 2022). Also, their excruviae and the residue left after
treatment (frass) can be used in the production of organic fertilizer
(Webster et al., 2016; Beesigamukama et al., 2021).

Different kinds of organic waste such as pig manure, food waste,
municipal waste have been used as substrates for treatment with BSFL
and the optimal conditions for their treatment have also been
investigated (Diener et al, 2011; Jucker et al, 2017; Manurung
et al., 20165 Supriyatna et al., 2016). A few studies have reported
treating of FS with BSFL, though these are not based on FS from pit
latrines which are the most common sanitation facilities in informal
settlements in SSA (Lalander et al., 2013; Nyakeri et al., 2019; Peguero
et al, 2021). Pit latrine FS physicochemical and microbiological
characteristics differ from other sanitation systems as it contains
various types of solid wastes, chemicals for reducing pit content
and smell and at times take long to be emptied. Indiscriminate use
of different anal cleansing materials by pit latrine users make the FS
characteristics from these facilities differ from the many studies done
on sludge from septic tanks and fresh faecal matter. Also, some of
these studies have been carried out in rural settings (Furlong et al.,
2015) and the results cannot be transferred to the urban informal
settlements where performance of the sanitation systems are affected
by differences in user habits and high number of users. In the study by
Furlong et al. (2015) in rural India, it was observed that smaller larvae
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density (2 kg/m?®) was more efficient in the degradation of organic
matter than larger larvae density (4kg/m?). In urban slums of
Kampala Uganda, the most common sanitation facilities are lined
and unlined pit latrines. FS from pit latrines ranges from a slurry, to
semi-solid paste (lined pit latrine) and at time a solid sludge (unlined
pits) (Jordening and Winter 2005; Velkushanova and Strande, 2021).
The unlined pit wall of most of these latrines allow infiltration and
exfiltration of moisture. Since FS characteristics are known to
influence the performance of BSFL (Diener et al, 2011; Banks
et al, 2014), it is imperative that use of BSFL in treatment of FS
from both lined and unlined pit latrines is studied. . Also, with the
limited research in the use of BSFL for the treatment of FS, optimum
conditions for factors such as moisture content, feeding rate and larval
density which influence the efficiency of BSFL in treating FS are not yet
well known. Specifically, not much is known about the production of
BSFL frass from pit latrine FS. Knowledge gaps exist in the nutrient
and microbial composition of BSFL frass from FS, its usage and
benefits in agriculture and other cultivation related activities. To
this end, the overarching aim of this study is to investigate the
capacity of BSFL in treating FS from lined and unlined pit latrines
in informal settings. Specifically, the study investigated: 1) suitability
of FS from lined and unlined pit latrines as feedstock for BSFL; 2)
optimal feeding rate, larval density, and moisture content for the
treatment of FS with BSFL; 3) quality of the resulting residue and its
suitability as organic fertilizer. The results are relevant in designing
and implementing scalable and sustainable decentralized systems
using BSFL within informal settlements. This can create additional
value chain which can generate revenue for the sustenance of faecal
sludge management chain in informal settlements.

2 Methodology
2.1 Study area

This study was carried out in Bwaise I Parish located in Kawempe
division, Kampala Capital City in Uganda. Bwaise I has about
7,500 households with an average size of five people. The place is
characterized by informal settlement patterns with very small plots,
barely enough for the construction of both the living house and
individual sanitation facilities (KCCA, 2015). This results in the
inability of motorized vacuum trucks to access and empty full
latrines. Bwaise I was selected based on the fact that residents rely
heavily on shared pit latrines as the means of excreta disposal and
contains both lined and unlined pit latrines.

2.2 Faecal sludge sampling strategy and
preparation

The pit selection was carried out in collaboration with Terikigana
Sanitation Services, an organization of local pit emptiers based in
Kampala. They helped in identifying pit latrines that could be used in
the study area. A total of 12 lined and 12 unlined pit latrines were
purposively selected. The selection criteria included willingness of the
latrine owners to participate in the study; availability of more than one
stance per pit latrine so that residents could still access the latrine
during periods of sampling; and the latrine facility had to be nearly full
to provide sufficiently large quantity of FS content and depth for
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sampling (minimum sludge depth of 1.5 m). Due to the variation in
the construction details of pit latrines and in turn, resulting faecal
sludge characteristics, a clear distinction had to be made between lined
and unlined pits.

From each pit, a total of four samples were taken from depths of
0.1 m, 0.5m, 1.0 m and 1.5 m below the sludge surface using a multi-
stage sampler reported in Semiyaga et al. (2017). One litre of FS was
picked from each depth and collected in a container, where it was
thoroughly mixed to obtain a composite sample. The collected
composite samples were kept in labelled containers to easily
differentiate them during analysis. At this point, the parameters of
temperature and pH of the extracted FS were taken using a portable
meter (Hach HQ30d flexi model). The samples were then preserved by
storing at a temperature of 4°C in a cooling box and transported to the
Public Health and Environmental Engineering (PH & EE) laboratory
at Makerere University, Kampala Uganda for further analysis. Prior to
BSFL experiments, FS samples were screened through a 5 mm sieve to
remove extraneous materials such as clothes, pads, polythene bags,
condoms, and bottles to remove materials which cannot be fed on
by BSFL.

2.3 Collection of black soldier fly larvae

The BSFL used in the experiments were obtained from a colony at
a private breeding place in Bombo Sub-County, Luwero district in
Central Uganda; this was also the site for the experimental setup. One
day old BSF eggs were collected from the colony using cardboards
placed inside the BSF cage. The cardboards with the eggs were
removed from the BSF cage and placed in a confined area for
3 days to allow the eggs hatch into larvae. The larvae and layer
mash (which served as a food source for hatched larvae) were
stored for 10 days. The 10-day old larvae were then separated from
the feedstocks to be used in the experiments. 10-day old larvae were
used in this study after the results of trial experiments showed the
larvae to be more efficient in biodegrading FS than 6-day old larvae.

2.4 Characterization of faecal sludge and frass

In order to determine the suitability of FS as feedstock for BSFL as
well as the suitability of the frass. he collected FS samples and the frass
were analyzed for relevant physicochemical parameter. These
total (TS),
conductivity (EC), chemical oxygen demand (COD), total nitrogen

parameters include: temperature, solids electro-
(TN), phosphates, helminth eggs and heavy metals, such as copper
(Cu), zinc (Zn), manganese (Mn), chromium (Cr), lead (Pb) and
mercury (Hg). The values were compared with literature to examine if
they fall within the range suitable for rearing BSFL. Moisture content
was analyzed using gravimetric method, where a known mass of FS
sample was heated in an oven at 105°C till it attained constant weight.
The change in weight was then taken as a fraction of the initial wet
sample volume (APHA-AWWWA-WEF, 2012). TS concentration
was determined using gravimetric method by weighing an oven
dried FS sample at 105°C till constant weight (24 h) and dividing
by the measured volume of wet sample, expressed as g/L. Chemical
Oxygen Demand (COD) was determined using closed reflux
colorimetric method (APHA-AWWWA-WEF, 2012). Ammonium

nitrogen (NH," -N) was determined using titrimetric method,
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TABLE 1 Description of feeding rate and larval density used in experiment.

10.3389/fenvs.2023.1118635

Feeding rate of FS (mg/larvae/day)

Number of larvae (n) 100 200 400 100 200 400 100 200 400 100 200 400

Larval density (Larvae/cm?) 0.67 ‘ 1.33 2.67 0.67 1.33 ‘ 2.67 0.67 1.33 ‘ 2.67 0.67 1.33 ‘ 2.67

FS quantity added to each box in (g) 25 ‘ 50 100 50 100 ‘ 200 100 200 ‘ 400 200 400 ‘ 800
A B op cover
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Experimental set up for: (A) feeding of black soldier fly larvae on faecal sludge from pit latrines; and (B) Dewatering of pit latrine faecal sludge using a

locally made sand filter.

where samples were preliminarily distilled and then titrated with
0.002 NH,SO; (APHA-AWWWA-WEF, 2012). Total Nitrogen
(TN) was determined using Kjeldahl method where the samples
was first digested in sulfuric acid (H,SO,4) at 380 °C, followed by
addition of excess sodium hydroxide solution. After this, they were
distilled by passing them through boric solution and then back titrated
using sodium hydroxide solution (Okalebo et al., 2002). Total
phosphorous (TP) was determined using persulfate digestion using
ascorbic acid.

Heavy metals (Cu, Mn, Zn, Cd, Cr, Pb, and Hg) were
determined by atomic absorption spectroscopy (APHA-
AWWWA-WEF, 2012). These metals were selected because they
are metals which have the potential to harm soil organisms, plants,
and animals through their entry into the food chain. This is due to
the fact that the residue left after BSFL treatment can be used as soil
conditioner and the prepupae as animal feed. The samples used for
determining heavy metals were oven dried for 24 hr at 105°C,
ground, sieved through 0.053 um sieve and then digested with
aqua regia solution. The resultant solutions were made to 50 mL
by volume and aspirated using atomic absorption
spectrophotometer (Agilent MY17180002 200 Series AA).

The number of helminth eggs was determined by examining them
microscopically (Moodley et al., 2008). Each species of helminth
eggs was enumerated separately and reported as total counts per
gram of wet FS but the viability was not examined. Helminth eggs
were selected because they are considered a very strong indicators for
assessing health risks of BSFL due to their comparably long survival
time and difficult elimination. Each parameter was analyzed for in
triplicates.
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2.5 Optimal feeding rate and larval density for
black soldier fly larvae

In determining the optimum feeding rate and larval density, one
factor experiments were carried out. The daily feeding rates of 25, 50,
100, and 200 mg/larva and larval density of 0.67, 1.33, and 2.67 larvae/
cm’® were used. These were selected basing on results of previous
research (Fatchurochim et al., 1989; Diener et al., 2011; Banks et al.,
2014; Nyakeri et al,. 2019). The required quantity of FS in each
container was prepared and measured using a weighing scale with
accuracy of 0.1 g. The required quantity of feed to be added was
calculated using the daily feeding rates, the number of larvae and a
time period of 10 days, long enough to change to prepupae (Table 1).
Feeding was carried out only once at the beginning of the experiment,
since previous research has shown that feeding BSFL with a single
lump amount of biomass leads to larger larvae and prepupae as well as
microbial inactivation than feeding incrementally (Banks, et al., 2014;
Lopes et al., 2020). In order to determine the impact of using BSFL for
treating FS, controls were made for all treatment groups using equal
quantities of FS without larvae.

The experiments were conducted in plastic containers of
dimension 150 x 100 x 75mm (Length x width x height)
(Figure 1A). The depth of the feedstock in the container was
maintained at 50 mm. A black polyethylene bag was placed
between the box and lid to prevent oviposition by other flies and
aid in darkening the interior container to avoid light interfering with
BSFL feeding, since they dislike light. Tiny holes of 2 mm diameter
were made on top (through the polyethylene) to allow air circulation.
Air circulation is required to keep the waste temperature constant and
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TABLE 2 Characteristics of FS from lined and unlined pit latrines in urban slums.

FS parameter Unit Lined pit latrine (n = 12)  Unlined pit latrine Condition suitable for breeding BSFL
(n=12)
Mean  Standard error Mean  Standard error
Temperature °C 24.0 0.12 23.1 0.1 0.002* 10-40
pH 7.4 0.04 7.8 0.2 0.035* 5.25-8.94
Moisture content % 90.2 0.15 81.4 0.4 0.000* 40-90
Total solid g/L 128.6 8.51 344.8 79.4 0.010* 133-480
COD mg/L 90,667 1244.00 90,400 435 0.844 50,000-150,000
Ammonium nitrogen mg/L 90.3 0.33 240.0 2.50 0.000* 45-283
Total nitrogen mg/L 2009 31.00 2746.0 34.0 0.000* NA
Total phosphate mg/L 1605 27.00 2063.0 57.0 0.000* NA
Helminth eggs No. perg | 250 6.00 212.0 8.0 0.000* NA
Copper mg/L 84.6 0.53 382 0.26 0.000* NA
Manganese mg/L 323 0.27 37.6 0.32 0.000* NA
Zinc mg/L 414.6 3.75 190.8 3.12 0.020* NA
Cadmium mg/L 12 0.13 1.8 0.11 0.001* NA
Chromium mg/L 52 0.51 10.2 0.23 0.576 NA
Lead mg/L 31.6 0.83 325 0.85 0.002* NA
Mercury mg/L 0.0 0.00 0.1 0.0 0.035* NA

Note: *significant difference between FS, from lined and unlined pit latrine at p <0.05 using independent samples ¢-test.

within the suitable range (25°C-30°C) for effective treatment of FS
with BSFL (Pang et al., 2020). The experimental setup was on a raised
platform and was protected from rain and direct sunlight using a
tarpaulin. The experiment was run and closely monitored under
ambient temperature conditions until 50% of the larvae reached
prepupae stage, indicated by change of color from white to dark
brown (Diener et al., 2011; Banks et al., 2014). The experiments were
carried out as one factor experiments wherebt.

To examine the sole effect of degradation by BSFL, control
experiments of FS from lined and unlined pit latrines were set up
under similar conditions but without BSFL. After the experimental
run, the prepupae were separated from the residue and the weight of
each residue was measured using a weighing scale. The faecal sludge
(FSR) then
(Beesigamukama et al., 2021).

reduction was computed using Equation 1
Initial weight — Final weight

Initial weight

% FSR = ( )XlOO (1)

2.6 Determination of optimal moisture
content

The highest feeding rate and larval density in the previous
experiments (Section 2.5) were subsequently used for determining
optimal FS moisture content required by BSFL to efficiently reduce FS.
Moisture content (MC) was varied by dewatering FS to 60% moisture
content using a prefabricated sand filter. The 60% moisture content
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dewatered FS was later divided into three samples out of which two
samples were rehydrated to 70%, and 80% moisture content. The
moisture content ranges were selected based on the results of previous
research on the effect of moisture content on BSFL survival,
development time, and dry adult weight (Fatchurochim et al., 1989;
Banks et al., 2014). To prevent the sand from mixing with FS, two
layers of fabric mesh having about 2 mm opening were placed on top
of the sand bed to separate FS from the sand (Figure 1B). The filtered
water was collected inside a container placed below the filter and
disposed of inside pit latrine.

The approach used in this study, ex-situ treatment, was preferred
to in situ treatment (application of BSFL inside pit latrine) system due
to the context of the study area. The area has high water table and is
prone to flooding which make it very difficult to implement in situ
treatment of FS by BSFL. Therefore, the study was geared towards
reflecting conditions under decentralized FS treatment system, which
is the most suitable option for such area, where FS is first emptied
using most appropriate technology and then treated with BSFL.

2.8 Data analysis

Data analysis was carried out using Microsoft Excel 2010and
Statistical Package for Social Sciences (SPSS) version 25.0 for
Windows. Descriptive statistics (means and standard deviation)
was used to describe the properties of FS from lined and unlined
pit latrines. Independent sample t-test was used in investigating the
differences in the mean values of the properties of lined and unlined
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pit latrines. It was also used to assess the differences between the
properties of residue from both lined and unlined pit latrines and their
corresponding control groups. The confidence interval used was 95%.
Before analysis, all data were tested for normality and homogeneity of
variance using the Shapiro-Wilk test and Levene’s test in SPSS.

3 Results and discussion

3.1 Pit latrine FS characteristics and suitability
in breeding BSFL

3.1.1 General pit latrine FS characteristics

The values of measured physico-chemical properties of FS from
lined pit latrines are significantly different from those of FS from
unlined pit latrines (p <0.05) except for COD (p = 0.844) and
chromium (p = 0.576) (Table 2). Generally, the concentrations of
heavy metals were higher in FS from unlined than lined pit latrines.
However, some elements such as copper and zinc had higher
concentration in lined than unlined pit latrines. The results also
showed that FS from lined pit latrines had significantly higher
helminth eggs per gram than unlined pit latrines.

Generally, the measured characteristics of FS is comparable to
those found in previous studies within Kampala (Uganda) and other
countries such as South Africa and Ghana (Banks et al., 2014; Chiposa
etal, 2017; Semiyaga et al., 2017). However, the measured variation in
characteristics between lined and unlined pit latrine FS can be
attributed to the differences in the pit design, FS storage duration
and toilet usage (Niwagaba et al., 2014). High moisture content from
lined pit latrines FS can result from users disposing wastewater and
grey water inside the pit latrines (Nakagiri et al., 2015). Unlike in
unlined pit latrines, the lined wall of the latrines reduces exfiltration
into the surrounding soils and hence wastewater and greywater
disposed into the pit contribute to the higher moisture content
observed in lined than unlined pit latrines.

The ratio of COD to TS was higher in lined than unlined pit
latrines (733 and 262, respectively); hence, FS from lined pits contain
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more organic matter than FS from unlined pit latrines. This is vital
when considering implementation of BSFL in a decentralized FS
treatment plant as increase in organic content results in increase in
FSR efficiency (Banks et al., 2014). The presence of heavy metals in FS
from both lined and unlined latrines could have resulted from
contamination due to large quantities of garbage (metallic building
materials, cosmetic tins, detergents and paint tins) observed in most of
the pit latrines. Studies on FS management in low income areas
revealed that users of public toilets dispose solid wastes which
contain metal compounds into the pit (Chiposa et al., 2017). High
concentration of some metals such as copper and zinc in pit latrines
could have also resulted from disposal of wastes which contain
petrochemicals, contain cosmetics and leaching from solid waste
damping sites since the study area has a lot of uncontrolled solid
waste dumping (Tervahauta et al, 2014; Twinomucunguzi et al,
2022). The presence of lead (Pb) in the sludge could be as a result
of disposal of materials such as lead-acid batteries, rubber and plastics
into the pits (Appiah-Effah et al., 2014). The presence of heavy metals
in FS has an impact on the use to which as they can accumulate in the
larvae and prepupae of black soldier flies and consequently in the food
chain (Attiogbe et al,, 2019).

3.1.2 Suitability of pit latrine FS in breeding BSFL

The temperature (23°C-24°C), pH (7-8), TS (128.6-344.8 mg/L),
COD (90,400-90,667 mg/L) and ammonia nitrogen (90-240 mg/L) of FS
from both lined and unlined pit latrines are within the ranges suitable for
effective decomposition by BSFL (temperature, 25°C-30°C (Shumo et al,
2019); pH, 6-10 (Ma et al., 2018); moisture content, 70-80% (Bortolini
et al,, 2020) (Table 2). These values indicate that FS from both lined and
unlined pit latrines can be used to feed BSFL (Popa and Green, 2012;
Lalander et al., 2013; Banks et al., 2014). Optimum feeding rate and larval
density for FS from lined and unlined pit latrines.

Generally, for FS from both lined and unlined pit latrines, FSR
tends to reduce with increase in larvae density (Figure 2). Highest FSR
for FS from both lined (62% + 3.5) and unlined pit latrines (50% + 2.6)
occurred at feeding rate of 50mg/larva/day and density of 1.33larva/
cm? (Figure 2).
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Application of BSFL considerably reduced FS of pit latrines in
volumes similar to those reported for other feedstocks: human faeces,
39.1-48.6% (Gold et al,, 2020); food waste, 55.3 + 4.1; fruit and
vegetable waste, 46.7-60% (Giannetto et al, 2019). Optimum
feeding rate of 50mg/larvae/day obtained in this study corresponds
to previous findings by Fatchurochim et al. (1989), Banks et al. (2014)
and Attiogbe et al., 2019. However, the highest larvae density of 200
(1.33larva/cm?) is different from 400 larvae density previously
reported by Banks et al. (2014). The results of the study also
contradicts with the study of Diener et al. (2009) on reduction of
municipal organic wastes using BSFL where 200 larvae density and 6-
day old larvae had optimum decomposition at feeding rate of 100mg/
larvae/day. Also, the study on dairy manure by Meyers et al. (2008)
showed that use of two larvae/cm” density and 4-day old larvae at a
feeding rate of 90mg/larvae/day resulted in maximum dry matter mass
reduction of 58%. The aforementioned results imply that the reduction
efficiency of biomass by BSFL depend on the interaction between
factors, for example, effect of larval density is dependent on feeding
rate (Parra Paz et al., 2015).

The highest FS reduction of 62% and 50% recorded in lined and
unlined pit latrines, respectively, is within the range of 39-56%
reported for cow manure and 50% for chicken manure (Sheppard
et al,, 1994; Diener et al., 2009), close to 57.5% reduction recorded by
Banks et al. (2014), 65.3% recorded by Attiogbe et al. (2019) and 55.1%
recorded by Lalander et al. (2014).

3.2 Moisture content variation and efficiency
of BSFL in reducing faecal sludge

Generally, FSR decreased as moisture content increased from
60-80% (Figure 3). Also, at each moisture content, a higher FSR
was recorded in FS from lined than unlined pit latrines; however, the
differences were only statistically significant at 80% moisture content.

The reduction in FS with increase in moisture content can be
attributed to lower evaporation rate for wetter FS. In addition, the fact
that low moisture content favors microbial degradation of substrate
(FS) to CO, resulting in efficient conversion of assimilated substrate
into larval biomass (Belker et al., 2021). The highest FSR was recorded
at 60% moisture content in both FS types with reduction of 72 and 66%
for lined and unlined pit latrines, respectively. Also, it is noted that
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even at high moisture content (70-80%), the FSR is still high. This
implies that at highest larval density and feeding rate, BSFL can greatly
reduce FS over a wider range of moisture due to high FS reduction
recorded at both 70% and 80% moisture content in both types of FS
(Figure 3). FSR of 50% obtained for FS from lined pit latrines at 90%
moisture content when highest larval density and feeding rate is used
confirms the ability of BSFL to reduce FS over a wide range of moisture
content. This is advantageous in decentralized FSM since it allows FS
with wide range of moisture content to be managed by BSFL, reducing
the need for the dewatering stage.

The optimum moisture content of 60% obtained in this study is
less than the 75% determined in the study by Banks et al. (2014) but is
comparable to previous studies by Fatchurochim et al. (1989) where
BSFL efficiently decomposed manure at moisture content ranging
from 40 to 60%. Similar results were obtained in the studies by Diener
etal. (2011) and Myers et al. (2008), where organic waste and chicken
manure, respectively, were reduced efficiently at 60% moisture content
by BSFL. This suggests that optimum moisture content of 60%
obtained in this study is a value that can be applied for the
treatment of different kinds of waste by BSFL. This moisture
content value is also suitable for processing and quality of residue
obtained after treatment with BSFL.

3.3 Characterization of the resulting residue

BSFL application resulted in significant differences (p <0.05)
between some of the characteristics of the residue from both lined
and unlined pit latrines and their corresponding control groups
(Table 3). When FS from both lined and unlined pit latrines are
compared to their corresponding control groups, it can be observed
that there is significantly lower (p <0.05) COD concentration while
ammonia nitrogen, total nitrogen and pH significantly increased (p <
0.05). There are no significant differences in moisture content, total
phosphate, and helminth egg concentration between FS from both
lined and unlined latrines and their corresponding control groups.
However, significant difference (p = 0.000) was observed between the
TS concentration in residue for FS from unlined pit latrine and its
control group. There were no significant differences observed between
the TS concentration in residue from FS for lined pit latrine and its
corresponding control group (p = 0.399) (Table 3). Also, there was
significant increase in the heavy metal concentration in the residues
with BSFL in FS from both latrine types compared to the control,
except mercury and lead which showed only significant differences in
lined pit latrines (Table 3).

The lower COD levels in the residue when compared to the control
can be attributed to the fact that BSFL accelerates decomposition of
organic matter. The acceleration may be due to the respiratory action
of micro-organisms in the intestine of BSFL as noted by Rehman et al.
(2017). Substrates are degraded and homogenized by BSFL through
muscular activities leading to surface increases for microbial action
and reduction of organic matter (Prakash and Karmegam, 2010). The
higher ammonia nitrogen content in the residue can be attributed to
the fact that as decomposition occurs, a fraction of organic nitrogen in
the influent material is transformed into ammonia. The higher
ammonia nitrogen concentration in the residue also implies that
the residue has higher fertilizer value than the control (Lalander
et al., 2015). BSFL application resulted in significant pH increase
(p <0.05) for both lined and unlined latrine FS residues, which is in line
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TABLE 3 Characteristics of the residues of faecal sludge from lined and unlined pit latrines after BSFL treatment.

Physiochemical
parameters

Lined pit latrine (n = 12)

BSFL present

Control lined

Unlined pit latrine (n = 12)

BSFL present

Control unlined

Limit for use in
composting

Mean  Standard Mean  Standard p-Value Mean  Standard Mean  Standard p-Value
error error error error

Temperature 0C 23.70 0.115 23.27 0.120 0.060 23.03 0.2 23.50 0.115 0.049 -
pH 8.54 0.037 8.10 0.036 0.001 843 0.1 8.04 0.042 0.005 6-8.5
Moisture content % 59.40 0.110 59.55 0.105 0.000 58.67 0.9 58.77 0.419 0.893 40-60
Total solid olg 0.497 0.0 0.697 0.0 0.399 0.539 0.0 0.853 0.0 0.000 -
COD mg/g 92.800 | 0.1 99.967 0.1 0.000 88.433 0.1 96.367 | 0.2 0.000 >0.400
Ammonium nitrogen mg/g 0.247 0.0 0.161 0.0 0.000 0.479 0.0 0.348 0.0 0.000 -
Total nitrogen mg/g 1.799 0.0 1.668 0.0 0.000 1.897 0.0 1.712 0.0 0.000 0.5-4%
Total phosphate mg/g 2.138 0.1 2.183 0.1 0.497 2.205 0.0 2.203 0.0 0.828 0.5-1.5%
Helminth eggs No. perg | 27 3 16 2 0.060 22 1.0 23 0.6 0.126 1
Copper mg/g 0.153 0.0 0.118 0.0 0.000 0.050 0.0 0.081 0.0 0.001 0.070-0.600
Manganese mg/g 0.425 0.0 0.493 0.0 0.000 0.409 0.0 0453 0.0 0.001
Zinc mg/g 0.337 0.0 0.538 0.0 0.000 0.250 0.0 0.186 0.0 0.000 0.210-4.000
Cadmium mg/g 0.003 0.0 0.002 0.0 0.001 0.001 0.0 0.002 0.0 0.008 0.000-0.010
Chromium mg/g 0.032 0.0 0.028 0.0 0.026 0.036 0.0 0.035 0.0 0.009 0.070-0.200
Lead mg/g 0.051 0.0 0.034 0.0 0.001 0.042 0.0 0.043 0.0 0.802 0.070-1.000
Mercury mg/g 0.000 0.0 0.000 0.0 0477 0.000 0.0 0.000 0.0 0.349 0.000-0.010

Note: significant difference between FS, from lined and unlined pit latrine and their corresponding control groups occur at p < 0.05 using independent samples ¢-test.
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with previous studies (Popa and Green, 2012; Lalander et al., 2013;
Banks et al., 2014). The increase in pH for the residue can be explained
by the fact that ammonia is produced from organic nitrogen during
decomposition while in the liquid, ammonia acquires hydrogen ions
from the water to produce hydroxide and ammonium ions; the
hydroxide ions leads to increase in pH (Lalander et al, 2014). In
addition, it was noted that there was no significant reduction in the
amount of helminth eggs in the residue with and without BSFL. A
similar finding was also reported by Lalander et al. (2014) who noted
that BSFL did not have impact on reduction of helminths egg content.
However, BSFL has been reported to be effective in removing E. coli
and salmonella (Siddiqui et al, 2022). Since the persistence of
helminth eggs presents high risk to workers using the residue,
there is need for further treatment of residue prior to use.

In relation to the application of the residue as compost in
agriculture, all the characteristics of the residue are within the
acceptable limit, except for helminth eggs. Based on WHO
guideline, the viable helminth eggs content of the finished compost
product must not exceed 1 egg count per gram (WHO, 2006), but this
study registered exceedingly 27 and 22 counts per gram for FS residue
from lined and unlined pit latrines, respectively. In addition, the pH of
the residue (8.34-8.54) is within the range suitable for optimum plant
growth (7.0-8.5) (Surendra et al., 2020). This implies that the residue
requires further treatment before application in agriculture.

4 Conclusion

This study has shown that BSFL can reduce FS volume from both
lined and unlined pit latrines by about 60-72% under best conditions.
This implies that BSFL can be used in effectively treating FS from pit
latrines irrespective of lining conditions. In addition, the high removal
efficiency means that it can be incorporated with other less
biodegradable feedstock (i.e., brewery waste) for co-digestion by
BSFL to achieve stable decomposition.

From this study, it was noted that under best conditions, FS from pit
latrine with moisture content as high as 90% can be effectively treated with
BSFL; reduction efficiency of 50% was obtained in the study. This indicates
that BSFL can be applied in the treatment of FS from informal settlements
without need for a prior dewatering step. This reduces the cost associated
with processing and treatment of FS and this extra cost can be applied to
other parts of faecal sludge management chain.

The properties of the residue obtained in this study shows the suitability
for application as compost in agricultural fields. Also, the results of the
study show that the residue contains micronutrients (zinc and copper)
which are either non detected or in small amount for organic compost.
Thus, addition of the residue to agricultural fields will supply the soil with
micronutrients needed for its physiological and metabolic processes.

This study showed that employing BSFL for FS treatment can
significantly reduce the FS volume and also produce residue of good
quality. Hence, the BSFL can be used as a high-efficiency
transformation agent for converting FS into stable compost
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especially in developing countries, where adopting technical devices
for composting can be expensive and difficult to manipulate. However,
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o There is need for more studies to determine how the age of
larvae influences its ability to effectively decompose FS.

« The highest dose of residue to be applied to the soil needs to be
determined as excess application can have adverse effect on
plants.

« Since the residue odour may adversely affect its use, there is a
need to investigate the odour control methods in the BSF
treatment process.
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Upgrading toilets in rural areas is an effective way to protect public health and reduce
environmental pollution. Although there are studies on rural toilets, the sustainable
performance of rural toilets in developing areas is considerably less understood. The
study aims to build a sustainability assessment model of rural toilet technology to
support the local government in upgrading rural toilets. The unascertained measure
theory is integrated into the model to quantify the sustainability performance of rural
toilet technology in three dimensions: economy, service and management, and
environment. A case study of Honghai Village, Inner Mongolia, China, is conducted to
verify the reliability of the sustainability assessment model. The results indicate that
the sustainability performance of the three-compartment septic tank toilet
technology is good in Honghai Village. The results are consistent with the
situation of the three-compartment septic tank toilets in the village, which
verifies the model’s validity. This study can help local government significantly
upgrade rural toilets and improve the living standards of rural residents.

KEYWORDS

rural toilet, separate toilet, sustainability assessment, unascertained measure theory, case
study

1 Introduction

Toilets are essential to human wellbeing. However, according to the United Nations, at least
892 million people currently practice open defecation, most living in rural areas (United
Nations, 2022). And many rural residents use toilets that cannot properly treat human waste. In
China, 45% of the human waste produced by rural households is not properly treated, 79% of
which is used as fertilizer and 12% is discharged directly into the environment (Zhou et al.,
2022). Lack of toilets and inadequate toilet treatment capacity contribute to an increasing risk of
transmission of infectious diseases and induce poverty (Akaishi et al., 2021; Dancer et al., 2021).
More than 3,60,000 children die yearly from water and sanitation-related diarrheal diseases
(Ignacio et al., 2018). In order to reduce the health and environmental threats posed by human
waste, many governments have tried to upgrade the toilets in rural areas. The Chinese
government has implemented a “toilet revolution” policy since 2015, working to improve
toilets in rural areas (Cheng et al.,, 2018).

To guide the upgrading of toilets, the researchers have conducted studies on toilet technology
assessment. Liu et al. (2021) focused on the microbial safety and antibiotic resistance of using open
composting toilets and green composting toilets. In the Philippines, Zakaria et al. (2018) evaluated the
service capacity of smart toilets. They found the smart toilets can monitor usage data for immediate
maintenance and can save 97% of water usage compared to conventional toilets. Hill et al. (2013)
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argued the reliability of the urine-diverting vermicomposting toilets by
adopting the Solvita compost stability and maturity test. In Hong Kong, Liu
et al. (2019) focused on the environmental impacts of the seawater toilet
flushing (SWTF) system. They compared the environmental performance
of five types of toilets using life cycle assessment (LCA). The result revealed
that SWFT systems have excellent environmental performance, and can
significantly reduce CO, emissions. Some studies have discussed the
performance of toilet technology from both an economic and
(2015)  evaluated the
environmental and economic performance of rainwater flushing toilets
using LCA. The results showed that rain-flush toilets could significantly
reduce energy consumption and greenhouse gas emissions. Anand and

environmental perspective. Devkota et al.

Apul (2011) evaluated the economic and environmental performance of
potable water-flushed toilets, rain-flushed toilets, and composting toilets.
The results indicated that rain-flushed and composting toilets are more
efficient in saving energy and reducing CO, emissions. Shi et al. used cost-
benefit analysis and LCA to analyze the economic and environmental
performance of resource-oriented toilets and conventional toilets. The
results suggested that resource-oriented toilets are better suited for rural
use than traditional toilets in terms of cost, energy, and resources. Gao et al.
(2017) used the economic net present value method to analyze the energy
consumption and greenhouse gas emission impacts of rural toilet systems
under five scenarios. Zhu et al. (2021) used the analytic hierarchy process
(AHP) and LCA to construct an evaluation index system for public toilet
technology in terms of economic, social, and environmental benefits. The
correlational studies have focused more on the economic, technical and
environmental performance of toilets (Gao et al., 2017; Fu et al., 2022;
Tembhurkar et al,, 2022; Fu et al,, 2023). Few studies have considered the
impact of residents when focusing on the sustainable performance of rural
toilets. Unlike urban areas, rural residents are more deeply involved in the
construction, management and maintenance of private toilets. The
sustainable benefits of rural toilet technology can only be realized when
the toilets can be accepted and maintained by rural residents. Accordingly,
this study aims to construct an assessment model that reveals the
sustainability performance of toilet technology in rural areas. The
research objectives include: 1) Build sustainability assessment indexes of
rural toilet technology; 2) Establish the sustainability assessment model of
rural toilet technology; 3) A case was used to verify the effectiveness of the
sustainability assessment model of rural toilet technology.

The remainder of the paper is structured as follows. Section 2
builds the sustainability assessment index system for rural toilet
technology; Section 3 introduces the research methodology and
constructs rural toilet technology sustainability assessment model
(RTTSAM) based on unascertained measure theory (UMT);
Section 4 shows the results of sustainability assessment of rural
toilet technology in the case study and discusses the main findings;
Section 5 includes the conclusion and the implication of the study.

2 Material and methods

2.1 Establishment of the sustainability
assessment indexes for rural toilet technology

2.1.1 Establishment of sustainability assessment
indexes

Through literature review and site survey in rural areas, a total of
16 indexes were finally obtained (Devkota et al., 2015; Gao et al., 2017;
Shietal., 2018; Zhu et al,, 2021). These indexes were divided into three
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TABLE 1 Index grading standards.

Grade Grade| Gradell Gradelll GradelV GradeV
Situation | Very high High Average Low Very low
Standard = (9.0, 10) (8.0, 9.0) (7.0, 8.0) (6.0, 7.0) (0, 6.0)

dimensions: economy, service and management, and environment
(Table 1). Among them, five indexes belong to economic dimension,
6 indexes belong to service and management dimension, and 5 indexes
belong to service and management dimension.

The economic dimension covers the indexes related to the costs of
toilet upgrading. The construction cost index and the equipment cost
index focus on the cost of the toilets. The ancillary facility cost index
refers to the cost of supporting equipment required for the operation,
such as the cost of water supply pipes, sewage pipes, etc. The operation
and maintenance cost index cover the costs incurred for the use and
maintenance of toilets. The policy support index focuses on the impact
of the support policies on the cost of toilet upgrading.

The services and management dimension focus on the service
performance of the toilets and the maintenance needs of the toilets.
The treatment effect index and treatment capacity index reflect the
capacity of the toilet to treat human waste. The convenience index,
safety index, and durability index refer to the quality of toilet services.
Besides, the operation and maintenance requirement index measures
the intensity of toilet operation and maintenance requirements.

The environmental dimension refers to the impact of toilet
technology on the environment. Since the treated human waste can
be used as fertilizer, it can reduce the environmental impact of human
waste while providing economic benefits to rural residents. Therefore,
the study uses the waste reuse index to reflect the ability of toilet
technology to reuse human waste. The water conservation index
measures the ability of toilet technology to save water. The
performance of toilets is critical for rural residents with inadequate
water supply systems or in arid areas. The energy conservation index,
noise control index, and odor control index measure the impact of
toilets on energy, noise, and odor, respectively. The sustainability
assessment indexes of rural toilet technology are shown in Figure 1.

2.1.2 Determination of the index grading standards

This study determines the index grading standards through
literature review and consulting experts. They are divided into five
grades. The assessment grading space is G = {G,, G,, G3, Gy, Gs}. The
specific classification standards are shown in Table 1.

2.2 Establishment of the RTTSAM

2.2.1 Unascertained measure theory

The UMT is an uncertainty information theory proposed by Wang
(1990). It can quantitatively analyze uncertainty factors effectively and
reliably. There is uncertainty in evaluating sustainability indexes for
rural toilet technology due to subjective perception of experts (Xing
et al, 2022). Therefore, the study adopts the UMT to establish a
sustainability assessment model of rural toilet technology.
-, Ty}, each
assessment object has m assessment indexes, and the assessment
index V ={V,V,,--

Suppose that the assessment object T = {T',T,- -

V). If t;; represents the measured value of
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Sustainability assessment
indexes

!

Economy R,

Construction cost R,
Equipment cost R,
Ancillary facility cost R;;

Operation and
maintenance cost R,

\ Policy support R s /
FIGURE 1

Sustainability assessment indexes of the rural toilet technology.

the i-th assessment object T for the j-th assessment index V'j, then T}
can be expressed as an m-dimensional vector T; = (t;1, 2, - tim)-
Suppose that the assessment grade space G = {G;, G, - - -, Gp}, where
Gy is the rating value of Tj;. If the k-th grade is higher than the k + 1-th
grade in the sustamablhty assessment process, it is denoted as
Gk >Gpy1. If G1>Gy> -+ >Gp or G1<Gy< -+ <G, is satisfied,
then G ={G;,G,,---,Gp} is an ordered segmentation class of
assessment space G.

2.2.2 Single-index unascertained measure
If y; 5 = u(tij € Gi) represents the degree to which the measured
value t;; belongs to the k-th assessment grade Gy, then

0<p(ty €Ge)<1(i=1,2m =12 mk=12--p;) (1)
uty €G) =1(i=1,2nmj=1,2",m) )

k
ulti; eGk:z,u(t,,eGl) k=1,2,-p) 3)

I=1

Equation 1 is called “unboundedness,” Eq. 2 is “normalization”,
and Eq. 3 is “additivity.” If u satisfies the Eqs 1-
unascertained measure. In general, the construction methods of

3, then y is called the

single index measure functions include linear, exponential,
parabolic, and sinusoidal. And the restriction conditions of Eqs
1-3 must be satisfied.

Based on the single-index
(i=1,2- ik =1,2,, p),
#iy of each index of the assessment object T; can be obtained, and

measure function

wnyj=1,2, the measured value

(#iji)mxp is defined the single-index measure matrix as follows:

Bing Biny" o Higp
Hiar Bip ~ " Higp

([/li].k)mxp = . . .. N (4)
Himi Bimz """ Himp
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Services & management R,

Treatment effect R,
Treatment capacity R,,
Convenience Ry,
Safety R,,
Durability R,s

Operation and maintenance
requirement R,
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|

Environment R;

Waste reuse R,
Water conservation Rs,
Energy conservation Ry,

Noise control Ry,

\ Odor control Ry /

Based on the definition of the single-index measure function and
the index grading standards in Table 1, the single-index unascertained
measure function is determined. The function studied in this paper is
linear, and the single-index unascertained measure function is made as
follows:

0 xl-j <8.5
xi; — 8.5
i =1 =" 85 <x;<95 (5)
1.0
1 X,']' >9.5
0 x,-js7.50rx,»j>9.5
%273 s < x, <85
— 5<x;<8.
Hijz = 7 1.0 / (6)
9.5 — xij
8.5< Xij <9.5
1.0
(0 Xij <6.50r x;; > 8.5
N80 5275
wp=1 10 > O SMisS (7)
8.5 — x;j;
7.5<X,'j <85
1.0
(0 xij§3.00rxij>7,5
%230 55 x,<65
—_ 5<x;;<6.
Hijs =71 1.0 / (8)
7.5 —xij
E— 65<X,JS75
1.0
1 x,~j <3.0
X,‘j— .
Auijs =91 —— 30 <Xxij < 6.5 (9)
1.0
L 0 x,-]- >6.5

Based on Egs 5-9, the single-index unascertained measure

function is expressed graphically, as shown in Figure 2.
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FIGURE 2

The single-index unascertained measure function.

2.2.3 Determination of indexes weights by AHP
method

Analytic Hierarchy Process (AHP) method is proposed by Satty
et al. and can solve complex multi-objective and multi-criteria decision
problems using less quantitative information (Saaty, 1980). This study
used the AHP approach to determine the index weight. The specific
steps of AHP approach to determine the index weight are as follows.

(1) Establishment of the hierarchical structure.

The hierarchical structure of sustainability assessment of rural
toilet technology is shown in Figure 1.

(2) Construction of the judgment matrix.

The judgment matrix A is represented as follows:
an iz - Ain
Gy Ay -+ * Gop
U e (10)

Ant App * * * App

where a;; refers to a qualified pairwise comparison for indexes of the
same level. 1-9 point scale method was used to obtain the value of the
ajj (see Supplementary Schedule S1), thus where a;; takes the values of
1-9, 1/2-1/9.

(3) Calculation the weight of indexes.
1) Normalized judgment matrix A

L ai
a,-]:%(i:1>2,~'-,n;j=1,2>“-,m) (11)
> aij
i=1
2) Add the normalized matrix by rows, then
w' = Za;j(i =1,2,--n) (12)
=1
3) Normalizing the vectors w' = (wy, W, - - -,w;)T,
w,
w; = —— (i=12,---n) (13)
ij
j=1

The obtained eigenvector is w = (wy, wy, - -+ w,,)T.
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4) Calculating the largest eigenvalue of the judgment matrix A,y
with the Eq. 14

z (Aw),

Ay = - (14)

nw;

where is the i-th element of the vector obtained by multiplying matrix
A with weight vector w.

5) Calculating the consistency index (C.I.) with the Eq. 15.

A max
cp = ma (15)
n-1
where 7 is the number of the indexes in the judgment matrix.
6) Calculating the consistency ratio (C.R.) with the Eq. 16.
ClL
CR.=— 16
RL (16)

where R.L is the random index shown in Supplementary Schedule S2.
If CR.>0and C.R. < 0.1, judgment matrix A is considered to meet the
requirements of the consistency check. Otherwise, the judgment
matrix needs to be reconstructed.

1-9 point scale method is used to construct a judgment matrix for
the first-level indexes and second-level indexes. Then the weights of
the judgment matrix are obtained. And the consistency of the
judgment matrix is checked. As is shown in Supplementary
Schedule S3, the consistency check meets the corresponding
requirements. The weights of the indexes are shown in Table 2.

2.2.4 Multi-index comprehensive unascertained
measure m
If p, satisfies 0<p, <1,4, = ijyijk (k=1,2,--, p), where w;

. . j=l . .
for the index weight, (4;;),,x, represents the multi-index unascertained
measure martrix.

Uiy by - By
Moy oy =" Hap

(Hic)np = . (17)
Aunl ”nZ T Aunp

2.2.5 Confirmation of sustainability assessment
grade

The credible degree recognition criteria is introduced to obtain the
sustainability assessment grade. Suppose that A is the credible degree
(A>0.5, usually, A = 0.6 or 0.7), if G; >G> - -- >Gp,

P
Po = min|p: z;tik>/1,i= 1,2,--+n (18)

k=1

2.3 Implementation steps of RTTSAM

The study used AHP method to calculate the weights of
sustainability assessment indexes. Then, a sustainability assessment
model of rural toilet technology was established based on
unascertained measure theory. The flowchart of the research
method is shown in Figure 3.
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TABLE 2 Weights of sustainability assessment indexes.

First-level index Second-level index

General weight

Economy R, 0.364 Construction cost Ry 0.278 0.101
Equipment cost R;, 0.234 0.085
Ancillary facility cost Ry3 0.213 0.078
Operation and maintenance cost R4 0.121 0.044
Policy support R;5 0.153 0.056
Services and management R, 0.284 Treatment effect Ry, 0.188 0.054
Treatment capacity Ry, 0.143 0.041
Convenience R;3 0.182 0.052
Safety Ry, 0.158 0.045
Durability R,s 0.155 0.044
Operation and maintenance requirement Ry 0.175 0.050
Environment Rj 0.352 Waste reuse Rj; 0.252 0.089
‘Water conservation Rj, 0.244 0.086
Energy conservation Rj3 0.200 0.070
Noise control Rjy 0.139 0.049
Odor control Rjs 0.165 0.058
— — T : Construction of single-index
Establishing sustainability Constr.uctmg smgle—mdex. unascertained measure matrix
nent index unascertained measure function ¢
l l Determination of multi-index
Constructing quantitative Obtaining the final scores of comprehensive unascertained
standard of each index each index measure matrix
l_ —————————————————————————————————— £
I Calculation of weights : Analyze the grade introducing the
1 1 credible degree recognition criteria
I 5 G o5 v
1 Calculate and normalize Determining index weight i
1 judgment matrices based on AHP method 1 Determine the results of sustainability
:_ 1 evaluation of rural toilet technology
FIGURE 3
Flowchart of RTTSAM.

Step 1. Define the objects to be determined, and establish the
sustainability assessment indexes and quantitative index grading
standards.

Step 2: Construct the single-index unascertained measure function.

Step 3: Determine the single-index unascertained measure
matrix.

Step 4: Calculate the weights of sustainability assessment indexes of
rural toilets technology based on the AHP approach.

Step 5: Obtain the score of the sustainability assessment indexes of
the assessment object.
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Step 6: Determine multi-index unascertained

measure matrix.

comprehensive

Step 7: Introduce the credible degree recognition criteria to ensure
the sustainability assessment grade of the assessment object.

2.4 Case study

The Honghai Village in Ordos, Inner Mongolia, China, was
selected as a study area. The Honghai Village has a semi-arid
continental climate. The minimum daily temperature in winter
can be below -30°C in Honghai Village. The village has
1,384 inhabitants, mainly engaged in agriculture and animal
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Village environment

FIGURE 4
Village, building and toilets.

TABLE 3 Basic information.

Residential building

10.3389/fenvs.2023.1112689

Outdoor toilet Indoor toilet

Occupation Professor Village chief Professor Local Officers Inspector
Working year 16 30 17 9 ‘ 9
Education Level Doctor High school Doctor Undergraduate ‘ Undergraduate
No. 6 7 8 9
Occupation Local Officers Local Officers Professor Inspector
Working year 10 15 18 10
Education Level Undergraduate Undergraduate Doctor Undergraduate

husbandry. After implementing the “toilet revolution” policy, the
toilets in the village have been upgraded. There are two types of
toilets in Honghai Village: indoor toilets and outdoor toilets. The
toilets use three-compartment septic tanks to treat human waste.
Three-compartment septic tank toilet (TCSTT) is a type of toilet that
can treat manure in combination with a sewage treatment system. In
areas where sanitation systems are unavailable, these toilets can also
effectively treat human waste independently through anaerobic
reaction and sedimentation (Tan et al., 2021). The treatment time
for human waste in the three tanks is 20 days (first tank), 10 days
(second tank), and 30 days (third tank). The solid-based manure in
the third tank was a kind of slow release fertilizer. The situation of
the village and toilets is shown in Figure 4.

The study invited experts, officers, and users to assess the
sustainability of the TCSTT technology used in Honghai Village.
The basic information of them is shown in Table 3. By calculating
the average of the remaining scores after removing the highest and
lowest scores, the final score of each sustainability assessment index
was obtained in Supplementary Schedule S4.

3 Result and discussion

(1) Calculating the first-level index comprehensive unascertained
measure matrix.

Based on the second-level index unascertained measure matrix
(see Supplementary Schedule S5) and the weight of the second-level

Frontiers in Environmental Science

209

indexes, the first-level index comprehensive unascertained measure
matrix can be calculated as follows:

0.163 0.814 0.023 0.000 0.000
u=10.152 0.296 0.458 0.094 0.000
0.604 0.360 0.037 0.000 0.000

19)

(2) Calculating the total target comprehensive measure matrix.

Based on the first-level index unascertained measure matrix and
the weight of the first-level indexes, the total target comprehensive
measure matrix can be calculated as follows:

Uyt = [0.315 0.507 0.151 0.027 0.000] (20)

(3) Credible degree recognition.

According to the credible degree recognition criteria, take the
confidence A = 0.6. According to Eq. 18, when Py = 2, 0.315 + 0.507 =
0.822 > 0.6, and 0.027 + 0.1514+0.507 = 0.685 > 0.6. That is, the
sustainability assessment grade of this toilet technology can be judged
as grade II. The error is acceptable, and the assessment results are
reliable. Similarly, the sustainability assessment grade of the indexes
are shown in Table 4.

The assessment results show that the sustainability grade of
TCSTT technology is grade II. From the perspective of three
dimensions, TCSTT technology has the highest sustainability
assessment grade in environment dimension with grade I, followed
by economy dimension with grade II and services and management
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TABLE 4 Sustainability assessment grade of each index.

First-level index Grade Second-level index Grade
R il
Rz I
Ry il
Ris 11
R, 11 Ry, 1
Ry 111
Ry il

dimension with grade III. When the sustainability level of the index is
Grade III or lower, it is necessary to take steps to improve or replace
the toilet technology. For villages located in nature reserves, water
sources, and other villages with special needs, measures must be taken
to upgrade or replace toilet technology for index with sustainability
levels of grade II or lower. For indexes with a sustainability level of
grade I, there is no need to improve them. The Honghai Village is not
in a nature reserve, water source, or special needs. The sustainability
level of TCSTTs has been able to meet the needs of Honghai Village.
The results reveal that sustainability of the TCSTTs in the economic
and environmental dimensions is acceptable. While the sustainability
grade of services and management dimension is grade III. This means
that TCSTTs need to improve the sustainability of the service and
management dimensions.

Among the economical dimension, TCSTT technology shows high
sustainability performance in the construction index (Grade II),
equipment cost index (Grade II), and ancillary facility costs index
(Grade II). The construction of TCSTTs is not complicated. The
TCSTTs require only the addition of a three-compartment septic tank
made of brick and concrete, as compared to the original toilets used by
the rural residents. Otherwise, rural residents can purchase a finished
three-compartment septic tank (Tan et al., 2021). The simple
construction process of TCSTT can effectively save construction
cost. The waste treatment equipment of TCSTT is available as
either a finished three-compartment septic tank or can be made
from concrete. In addition to septic tanks, rural residents only
need to purchase a small number of equipment, such as pipes.
Rural residents can choose different equipment options according
to their financial situation. The equipment costs of TCSTT can be
effectively controlled. Currently, there is no sanitation system in
Honghai Village. Local residents want to upgrade the toilets first
and then raise funds to build a sanitation system. The TCSTTs can
treat human waste independently with low demand for supporting
facilities. TCSTTs can also be in connection with sanitation facilities.
For Honghai villages that lack sanitation facilities, TCSTTs can not
only reduce the cost of ancillary facilities at present, but also can be
used as a pretreatment process when sanitation facilities are installed
(Singh et al, 2019). Overall TCSTTs are easy to build and low
investment, which provides a good basis for the local residents to
accept this kind of toilets (Acey et al., 2019). For rural households, the
maintenance of TCSTT is simple and infrequent. Therefore, the
sustainability level of operation and maintenance costs index is
grade II. Another index with a sustainability level of grade II is the
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First-level index Grade Second-level index Grade
Rys I
Ry6 1I
R; I Rs; 1
R, I
Rss I
Rss I
Rss il

policy support index. To promote the toilet revolution policy, the local
government has reimbursed part of the toilet construction costs and
organized bulk purchases of appliances for residents. The village
government is able to assist rural residents in purchasing toilet
maintenance services. With the support of the government, the
cost of toilets is reduced. The support of policy reduces the
economic pressure on rural residents while increasing their
willingness to use and maintain toilets (Poortvliet et al., 2018). In
this way, the policy support improves the sustainability of TCSTTs.
Overall, the sustainability performance of TCSTT’s economic indexes
is good.

For the services and management dimension, the sustainability
level of the treatment effect index and treatment capacity index is
Grade III. This means that it can meet the local standards for human
waste treatment, but still needs further improvement. TCSTTs treat
human waste through natural anaerobic fermentation. In order to
improve the effluent treatment effect, the manure emptying time
interval can be appropriately extended when the temperature is
low. TCSTTs take about 30 days to treat human waste, which is
suitable for household human waste treatment. When the number
of families is large, the size of the septic tank should be increased
appropriately, or the number of finished three-compartment septic
tanks should be increased to reduce the treatment pressure (MARA,
2020). The sustainability level of the operation and maintenance
requirement index of TCSTT is Grade II, which means that the
residents can reliably manage and maintain the toilets. After being
treated, the liquid flows out, the residue accumulates needs to be
cleaned. But only the third septic tank need to be cleaned each time.
The rest of the septic tank is forbidden from being cleaned due to
insufficient treatment time (Tan et al., 2021). In winter, the connection
pipes of TCSTT are prone to clogging due to the low temperature.
Therefore, the management and maintenance frequency need to be
increased in winter. Local governments need to enhance residents’
awareness of TCSTT management and maintenance methods in order
to effectively improve the effectiveness of TCSTT treatment
(Junghanns and Beery, 2020). Since TCSTT technology mainly
adopts natural anaerobic fermentation, it produces combustible gas
during the treatment process, but the yield is small, and the safety is
high. TCSTT technology can be used for both outdoor and indoor
toilets. The convenience (Grade II) and safety (Grade II) of TCSTTs
are ensured. The structure of TCSTT is relatively simple. The central
part is built with concrete, steel, and other materials with good
durability. Therefore, the durability of TCSTT is very high (Grade
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I). In general, the TCSTT can meet the needs of rural residents and is
easy to use and maintain.

TCSTT technology has outstanding environmental performance
(Grade I). The human waste from the anaerobic fermentation of the
TCSTT can be used as fertilizer and can reduce the cost of fertilizer
(Liu et al,, 2018). The residents of Honghai Village are accustomed to
using human waste to fertilize their crops. The waste from TCSTT can
be effectively reused (Grade I). Since TCSTT treats waste through
natural anaerobic fermentation. Therefore, the treatment process of
human waste requires less water (Grade I), less energy (Grade I), and
no noise (Grade I). While the concrete three-compartment septic tank
may emit an odor (Grade II) in the treatment process. Residents who
choose concrete three-compartment septic tanks often build outdoor
toilets to reduce the impact of odors, which can also make it easier for
residents to get fertilizer. For residents using indoor toilets, flushing
equipment with a finished three-compartment septic tank can
effectively reduce the impact of odors. TCSTTs have been able to
effectively reduce the environmental impact of human waste while
providing benefits to agricultural production. The residents of
Honghai Village are able to accept and use TCSTTs.

Traditionally, water flushing toilets are always considered as one
with sanitation facilities (Gao et al., 2017). However, in rural areas that
lack sanitation systems and need to reuse waste, the choice of TCSTT's
applied in decentralised is more sustainable. The TCSTT technology
shows high sustainability in Honghai Village. The TCSTTs are simple
in structure, flexible in design, and easy to use. The TCSTT technology
used in Honghai Village is economically acceptable to rural residents,
easy to maintain, and can effectively reduce the impact of human
waste on the environment. Although the overall sustainability level of
TCSTT technology is grade II, the sustainability performance of
TCSTT can further improve by adding supporting facilities and
adjusting the equipment option. The local government needs to
strengthen the training of rural residents to build, use and
maintain TCSTTs properly. In addition, TCSTTs is a good option
for villages that are planning to build their own sanitation treatment
systems. Rural residents can connect the TCSTTs to the sanitation
facilities as a pretreatment process.

The field study of the toilet technology in this village revealed that
the model results are valid. This implies that the model can obtain
reliable assessment results in the sustainability assessment of rural
toilets for which there are many uncertainties. Recent studies have
been conducted to evaluate the performance of toilets and sanitation
from environmental, economic, and technical dimensions. (Gao et al.,
2017; Shi et al,, 2018; Firmansyah et al., 2021). Although the present
studies provide support for this study, the differences are significant.
Firmansyah et al. (2021) discussed the performance of water flushing
toilets used in small tropical islands in connection with sanitation. In
contrast, the subject of this study is rural toilets in developing areas. In
these underdeveloped rural areas, toilets require independent
treatment of human waste due to the lack of a sanitation network.
Therefore, the toilet technology used in rural areas differs significantly
from other regions. In addition, the above studies emphasize the
economic and environmental performance of the technology.
However, the management and maintenance of toilets in
underdeveloped rural areas rely more on the rural residents
themselves (Wu et al., 2021). This means that the proper operation
of toilets depends on the willingness of rural residents to accept the
toilets, and their ability to manage and maintain the toilets (Poortvliet
etal,2018; Fuetal., 2022). For toilets used in rural areas, sustainability
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should include environmental improvement as well as the ability to
use and maintain the toilets themselves. Therefore, this study evaluates
the sustainability of rural toilets in three aspects: economic, services
and management, and environmental. This study can help
policymakers to select more feasible toilet technologies and
promote sustainable development of toilets in developing rural areas.

4 Conclusion

For developing areas, upgrading toilets in rural areas is a
meaningful way to stop the spread of fecal-borne disease, reduce
poverty, and protect the environment. While some of the upgraded
toilets are difficult to operate properly or even abandoned due to the
difficulty of acceptance or maintenance by rural residents.
Sustainable rural toilet technology mean that the toilets can
reduce the environmental pollution caused by human waste while
at the same time the toilets are accepted and used consistently by
rural residents. The current researches have paid insufficient
attention to the impact of rural residents on the sustainable
performance of toilet technology. The study builds sustainability
assessment indexes of rural toilet technology in three dimensions:
economy, environment, and service and management. A
sustainability assessment model based on UMT is developed to
provide insights for upgrading toilets in rural areas. The
RTTSAM is applied to the toilet technology used in Honghai
village to illustrate the feasibility and validity.

The results show that the sustainability performance of TCSTT
technology used in Honghai Village is high. While the service and
management performance of TCSTT technology is general, which
means the TCSTTs need to extend processing time and adjust
equipment options in Honghai Village. The results of the study
indicate that the impact of rural residents may play a crucial role
in achieving sustainable rural toilets. And the sustainability
performance of the same toilet technology will vary in different
environments and changing needs of the rural residents.

Therefore, some practical implications are provided. The
government should provide financial support to encourage rural
residents to upgrade their toilets. The government should offer
technical support for upgrading toilets and monitoring the quality
of rural toilets. The government needs to strengthen the publicity of
toilet upgrading and educate rural residents about the use and
maintenance of toilets. This study contributes to support the
upgrading of rural toilets, improve the health of rural residents,
enhance the living environment of rural residents, and guide the
local government to seek the sustainable development of rural areas.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

Conceptualization: SW, QGC; Interpretation of the data: SW, QC,
B-JH; Review and Editing: SW, QC, XL; Data curation and Formal

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1112689

Wu et al.

Analysis: SW, QC, B-JH, XL; Finally, all authors read the final version
of the manuscript and approved accordingly.

Funding

This work is supported by the Shaanxi Provincial Education
Department Key Research Program Project “Study on the

Mechanism, Measurement and Evaluation of Ecological

Construction of Sanitation and Toilets in Northwest Rural
China” (project no. 22JZ039); the Nature Science Foundation of
Shaanxi Province “The funnel effect of participation behavior of
rural residents’ toilet and sanitation enhancement in Shaanxi: a
study of behavioral mechanisms and intervention strategies”
(project no. 2023-CX-RKX-152); the Social Science Research

Special Youth Project of Shaanxi Province “Construction

technical sustainability evaluation and development strategy
study of rural toilet and sanitation in Shaanxi” (project no.
2023qn0088).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Acey, C.,, Kisiangani, J., Ronoh, P., Delaire, C., Makena, E., Norman, G., et al. (2019).
Cross-subsidies for improved sanitation in low income settlements: Assessing the
willingness to pay of water utility customers in Kenyan cities. World Dev. 115,
160-177. doi:10.1016/j.worlddev.2018.11.006

Akaishi, T., Morino, K., Maruyama, Y., Ishibashi, S., Takayama, S., Abe, M., et al. (2021).
Restoration of clean water supply and toilet hygiene reduces infectious diseases in post-
disaster evacuation shelters: A multicenter observational study. Heliyon 7 (5), e07044.
doi:10.1016/j.heliyon.2021.e07044

Anand, C,, and Apul, D. S. (2011). Economic and environmental analysis of standard,
high efficiency, rainwater flushed, and composting toilets. J. Environ. Manag. 92 (3),
419-428. doi:10.1016/j.jenvman.2010.08.005

Cheng, S., Li, Z., Uddin, S. M. N, Mang, H-P., Zhou, X., Zhang, J., et al. (2018). Toilet
revolution in China. J. Environ. Manag. 216, 347-356. doi:10.1016/j.jenvman.2017.09.043

Dancer, S. J., Li, Y., Hart, A, Tang, ]. W., and Jones, D. L. (2021). What is the risk of
acquiring SARS-CoV-2 from the use of public toilets? Sci. Total Environ. 792, 148341.
doi:10.1016/j.scitotenv.2021.148341

Devkota, J., Schlachter, H., and Apul, D. (2015). Life cycle based evaluation of harvested
rainwater use in toilets and for irrigation. J. Clean. Prod. 95,311-321. doi:10.1016/j.jclepro.
2015.02.021

Firmansyah, I, Carsjens, G. J., De Ruijter, F. J., Zeeman, G., and Spiller, M. (2021). An
integrated assessment of environmental, economic, social and technological parameters
of source separated and conventional sanitation concepts: A contribution to
sustainability analysis. J. Environ. Manag. 295, 113131. doi:10.1016/j.jenvman.2021.
113131

Fu, H., Niu, J., Wu, Z., Cheng, B., Guo, X., and Zuo, J. (2022). Exploration of public
stereotypes of supply-and-demand characteristics of recycled water infrastructure -
evidence from an event-related potential experiment in Xian, China. J. Environ.
Manag. 322, 116103. doi:10.1016/j.jenvman.2022.116103

Fu, H., Zhang, H., Zhang, M., and Hou, C (2023). Modeling and dynamic simulation of
the public’s intention to reuse recycled water based on eye movement data. Water 15 (1),
114. doi:10.3390/w15010114

Gao, H., Zhou, C., Li, F., Han, B., and Li, X. (2017). Economic and environmental
analysis of five Chinese rural toilet technologies based on the economic
input-output life cycle assessment. J. Clean. Prod. 163, $S379-S391. do0i:10.1016/j.
jclepro.2015.12.089

Hill, G. B., Baldwin, S. A., and Vinneras, B. (2013). Evaluation of Solvita compost
stability and maturity tests for assessment of quality of end-products from mixed latrine
style compost toilets. Waste Manag. 33 (7), 1602-1606. doi:10.1016/j.wasman.2013.03.021

Frontiers in Environmental Science

10.3389/fenvs.2023.1112689

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1112689/
full#supplementary-material

SUPPLEMENTARY SCHEDULE S1
1-9 point scale method.

SUPPLEMENTARY SCHEDULE S2
Random index (R.l) values.

SUPPLEMENTARY SCHEDULE S3
Consistency check of judgment matrix.

SUPPLEMENTARY SCHEDULE S4
The final score of the sustainability assessment indexes.

SUPPLEMENTARY SCHEDULE S5
Single-index unascertained measure matrix.

Ignacio, J., Alvin Malenab, R., Pausta, C., Beltran, A., Belo, L., Tanhueco, R,, et al. (2018).
Perceptions and attitudes toward eco-toilet systems in rural areas: A case study in the
Philippines. Sustainability 10 (2), 521. doi:10.3390/su10020521

Junghanns, J., and Beery, T. (2020). Ecological sanitation and sustainable nutrient
recovery education: Considering the three fixes for environmental problem-solving.
Sustainability 12 (9), 3587. doi:10.3390/su12093587

Liu, D,, Xie, B., Dong, C, Liu, G., Hu, D,, Qin, Y., et al. (2018). Effect of fertilizer
prepared from human feces and straw on germination, growth and development of wheat.
Acta Astronaut. 145, 76-82. doi:10.1016/j.actaastro.2018401.014

Liu, N,, Xu, L., Han, L., Huang, G., and Ciric, L. (2021). Microbiological safety and
antibiotic resistance risks at a sustainable farm under large-scale open-air composting and
composting toilet systems. J. Hazard. Mater. 401, 123391. doi:10.1016/j.jhazmat.2020.
123391

Liu, X., Dai, J., Ng, T-L., and Chen, G. (2019). Evaluation of potential environmental
benefits from seawater toilet flushing. Water Res. 162, 505-515. doi:10.1016/j.watres.2019.
07.016

MARA (2020). GB/T 38836-2020: Technical specification for construction of rural
household latrine with three-compartment septic tank. Beijing: Standardization
Administration of the People’s Republic of China.

Poortvliet, P. M., Sanders, L., Weijma, J., and De Vries, J. R. (2018). Acceptance of new
sanitation: The role of end-users’ pro-environmental personal norms and risk and benefit
perceptions. Water Res. 131, 90-99. doi:10.1016/j.watres.2017.12.032

Saaty, T. (1980). The analytic hierarchy process: Planning, priority setting, resources
allocation. New York: McG raw-Hill Company.

Shi, Y., Zhou, L., Xu, Y., Zhou, H., and Shi, L. (2018). Life cycle cost and environmental
assessment for resource-oriented toilet systems. J. Clean. Prod. 196, 1188-1197. doi:10.
1016/j.jclepro.2018.06.129

Singh, R. P., Kun, W, and Fu, D. (2019). Designing process and operational effect of
modified septic tank for the pre-treatment of rural domestic sewage. J. Environ. Manag.
251, 109552. doi:10.1016/j.jenvman.2019.109552

Tan, L., Zhang, C,, Liu, F.,, Chen, P., Wei, X,, Li, H,, et al. (2021). Three-compartment
septic tanks as sustainable on-site treatment facilities? Watch out for the potential
dissemination of human-associated pathogens and antibiotic resistance. J. Environ.
Manag. 300, 113709. doi:10.1016/j.jenvman.2021.113709

Tembhurkar, S., Ralegaonkar, R., Azevedo, A., and Madurwar, M. (2022). Low cost
geopolymer modular toilet unit for ODF India - a case study. Case Stud. Constr. Mater. 16,
€00937. doi:10.1016/j.cscm.2022.e00937

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2023.1112689/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1112689/full#supplementary-material
https://doi.org/10.1016/j.worlddev.2018.11.006
https://doi.org/10.1016/j.heliyon.2021.e07044
https://doi.org/10.1016/j.jenvman.2010.08.005
https://doi.org/10.1016/j.jenvman.2017.09.043
https://doi.org/10.1016/j.scitotenv.2021.148341
https://doi.org/10.1016/j.jclepro.2015.02.021
https://doi.org/10.1016/j.jclepro.2015.02.021
https://doi.org/10.1016/j.jenvman.2021.113131
https://doi.org/10.1016/j.jenvman.2021.113131
https://doi.org/10.1016/j.jenvman.2022.116103
https://doi.org/10.3390/w15010114
https://doi.org/10.1016/j.jclepro.2015.12.089
https://doi.org/10.1016/j.jclepro.2015.12.089
https://doi.org/10.1016/j.wasman.2013.03.021
https://doi.org/10.3390/su10020521
https://doi.org/10.3390/su12093587
https://doi.org/10.1016/j.actaastro.2018.01.014
https://doi.org/10.1016/j.jhazmat.2020.123391
https://doi.org/10.1016/j.jhazmat.2020.123391
https://doi.org/10.1016/j.watres.2019.07.016
https://doi.org/10.1016/j.watres.2019.07.016
https://doi.org/10.1016/j.watres.2017.12.032
https://doi.org/10.1016/j.jclepro.2018.06.129
https://doi.org/10.1016/j.jclepro.2018.06.129
https://doi.org/10.1016/j.jenvman.2019.109552
https://doi.org/10.1016/j.jenvman.2021.113709
https://doi.org/10.1016/j.cscm.2022.e00937
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1112689

Wu et al.

United Nations (2022). Sustainable development goals reports 2022. New York: United
Nations.

Wang, G. Y. (1990). Unascertained information and its mathematical treatment.
J. Harbin Univ. Civ. Eng. Archit. 23 (4), 1-8.

Wu, S., Zhang, Y., and He, B. J. (2021). Public willingness to pay for and participate in
sanitation infrastructure improvement in western China’s rural areas. Front. Public Health
9, 788922. doi:10.3389/fpubh.2021.788922

Xing, M., Liu, X,, and Luo, F. (2022). How does the development of urban agglomeration
affect the electricity efficiency of resource-based cities?—an empirical research based on the
fSQCA method. Socio-Economic Plan. Sci. 2022, 101479. doi:10.1016/j.seps.2022.101479

Frontiers in Environmental Science

213

10.3389/fenvs.2023.1112689

Zakaria, F., Curko, J., Muratbegovic, A., Garcia, H. A., Hooijmans, C. M., and
Brdjanovic, D. (2018). Evaluation of a smart toilet in an emergency camp. Int.
J. Disaster Risk Reduct. 27, 512-523. doi:10.1016/j.ijdrr.2017.11.015

Zhou, W., Zhang, F., Cui, S., and Chang, K. C. (2022). Is there always a negative
causality between human health and environmental degradation? Current evidence
from rural China. Int. J. Environ. Res. Public Health 19 (17), 10561. doi:10.3390/
ijerph191710561

Zhu, L., Zhao, Z., Wang, Y., Huang, Q., Sun, Y., and Bi, D. (2021). Weighting of toilet
assessment scheme in China implementing analytic hierarchy process. J. Environ. Manag.
283, 111992. doi:10.1016/j.jenvman.2021.111992

frontiersin.org


https://doi.org/10.3389/fpubh.2021.788922
https://doi.org/10.1016/j.seps.2022.101479
https://doi.org/10.1016/j.ijdrr.2017.11.015
https://doi.org/10.3390/ijerph191710561
https://doi.org/10.3390/ijerph191710561
https://doi.org/10.1016/j.jenvman.2021.111992
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1112689

:' frontiers ‘ Frontiers in Environmental Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Kangning Xu,
Beijing Forestry University, China

REVIEWED BY

Sheillah Simiyu,

African Population and Health Research
Center (APHRC), Kenya

Shikun Zhu,

Research Center for Eco-environmental
Sciences (CAS), China

*CORRESPONDENCE

Musa Manga,
mmanga@email.unc.edu,
musa.manga@mak.ac.ug

SPECIALTY SECTION
This article was submitted to Water and
Wastewater Management,

a section of the journal

Frontiers in Environmental Science

RECEIVED 14 November 2022
ACCEPTED 30 January 2023
PUBLISHED 16 February 2023

CITATION

Muoghalu C, Semiyaga S and Manga M
(2023), Faecal sludge emptying in Sub-
Saharan Africa, South and Southeast Asia: A
systematic review of emptying technology
choices, challenges, and

improvement initiatives.

Front. Environ. Sci. 11:1097716.

doi: 10.3389/fenvs.2023.1097716

COPYRIGHT

© 2023 Muoghalu, Semiyaga and Manga.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Environmental Science

TYPE Systematic Review
PUBLISHED 16 February 2023
po1 10.3389/fenvs.2023.1097716

Faecal sludge emptying in Sub-
Saharan Africa, South and
Southeast Asia: A systematic review
of emptying technology choices,
challenges, and improvement
Initiatives

Chimdi Muoghalu®, Swaib Semiyaga? and Musa Manga'*

The Water Institute at UNC, Department of Environmental Sciences and Engineering, Gillings School of
Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States, Department
of Civil and Environmental Engineering, College of Engineering, Design Art and Technology (CEDAT),
Makerere University, Kampala, Uganda

The emptying and transport of faecal sludge (FS) is a fundamental aspect of the sanitation
service chain and is mostly carried out by private operators who usually face a lot of
challenges. Our review assessed how influencing factors and challenges FS emptiers face
are linked and in turn how they act as barriers to improvement initiatives. We conducted a
systematic review of peer-reviewed journals on FS emptying in sub-Saharan Africa,
South and Southeast Asia published between January 2002 and December 2021.
Amongst the 37 journals reviewed, accessibility was mostly documented (n = 18) as a
factor which affected choice of emptying method, followed by cost (n = 14), quality of
service (n = 13) and then sludge thickness (n = 8). We grouped the types of challenges
identified from the publications into five categories of financial, technical and institutional
(n = 14, each), followed by health (n = 12) and then social challenges (n = 8). Discussions
on initiatives (n = 13) used to improve the emptying business were limited to Cost/
affordability of sanitation services and access to finance by FS emptiers, which were
noted to be the major barriers to effective implementation of these strategies. This review
identified the need for sensitizing the public on FS emptying, financial modelling of
manual emptying business and a need to study the relationship between perceptions and
emptying behavior of users.

KEYWORDS

onsite sanitation, pit emptiers, Sub-Saharan Africa, South and Southeast Asia, barriers,
initiatives, desludging, faecal sludge management

1 Introduction

Globally, about 3.6 billion people lack access to safely managed sanitation services
(UNICEF/WHO, 2020). For Low- and Middle-Income Countries (LMIC), the most
common types of sanitation facilities used by people are On-Site Sanitation (OSS) systems,
which include pit latrines, flush toilets, aqua privies, and septic tanks (Afolabi and Sohail, 2016;
Akumuntu et al,, 2017; Manga, et al.,, 2019; Manga et al., 2022b). The use of OSS leads to the
accumulation of Faecal Sludge (FS), which needs to be desludged and transported to the
designated disposal sites or the FS treatment facilities for treatment before disposal to ensure the
wellbeing of the users as well as the protection of the surrounding environment (Junglen et al,
2020; Manga et al., 2021; Manga et al., 2022a; Tokwaro et al., 2023). The emptying and transport
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of FS is carried out by a number of stakeholders which include the
private sector, Non-Governmental Organizations (NGOs), local
government and municipal authorities (Peal et al., 2014; Manga,
2017; Singh et al., 2021). For over two decades, the private sector
has been more responsive than government to the gap in FS emptying
and transportation (Bassan, 2014). Private operators usually consist of
mechanized, semi-mechanized and manual emptiers or operators
(Mbéguéré et al, 2010). These operators are important because
having toilets without a hygienic service chain has dire
consequences on the environment and society (Bongi and Morel,
2015; Prasad and Ray, 2019). Though these operators play a
fundamental role in faecal sludge management (FSM) chain, they
usually face a lot of challenges which limit their efficiency and affect
the profitability of their business. These challenges are linked to factors
which affect the choice of emptying methods and also serve as barriers
to the effectiveness of improvement strategies (Lerebours et al., 2021).
To better understand the FS emptying business, this study reviewed: 1)
factors which determine the choice of an emptying method, 2)
challenges faced by FS emptiers and 3) initiatives that have been
implemented to improve FS emptying business in Africa, South and
Southeast Asia. This review investigated how the factors which
influence the choice of emptying methods are linked to the
challenges faced by the emptiers. The review also discusses how the
influencing factors and challenges act as barriers to successful
implementation of improvement initiatives. The results from this
review provide background data on the role of influencing factors
and challenges on the improvement of FS emptying, which can be
incorporated into policy framing, infrastructure development and

targeted behavior change strategies.

2 Methodology

In this review, PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines (Moher et al., 2009; Sprouse

Frontiers in Environmental Science

et al., 2022) were followed to identify all the relevant publications
pertaining to FS emptying in Sub-Saharan Africa (SSA), South Asia
and Southeast Asia. These regions were chosen because of their wide
coverage with OSS and in turn widely spread emptying businesses
(Tremolet, 2012). Web of Science, Environmental Complete, Scopus,
Global Health, and PubMed were systematically searched for peer-
reviewed literature published in English language in the past 20 years
(January 2002 to December 2021). Titles and abstracts of all the studies
were initially screened, and then full texts of potentially relevant
studies were further screened for data on FS emptying and
transport using inclusion and exclusion criteria, and search terms
which are presented in the Supplementary Material, Supplementary
Tables S1, S2, respectively. The data extracted included author, study
setting, date of publication, location where the study was carried out,
factors which influence choice of emptying method, FS emptying and
transport challenges, initiatives to improve FS emptying business.

3 Results and discussion
3.1 Selection of reviewed publications

A total of 974 articles were available from the database and when
selection criteria were applied, 843 records were excluded of which
333 were duplicates. Of the remaining 131 full text articles assessed for
eligibility, 94 articles were further excluded and 37 articles from
25 countries met the inclusion criteria (Figure 1).

3.2 Geographical location and settings of
reviewed emptying and transport studies

A higher percentage (n = 23, 62%) of the 37 studies reviewed was

located in SSA, 11 (30%) in South Asia and six (16%) in South East
Asia, with the largest fraction from Bangladesh (n = 8, 22%) (Figures 2,
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PRISMA flow diagram for studies in the systematic review of faecal sludge emptying in sub-Saharan Africa, South and Southeast Asia.
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FIGURE 2

Number of studies in countries within Sub-Saharan Africa, South and Southeast Asia selected in the review.

3). Five of the included studies looked at FS emptying and transport in
multiple countries; three of these studies considered countries in both
Asia and SSA (Eawag and Sandec, 2006; Thye et al., 2009; Chowdry
and Kone, 2012), while one looked at some countries in SSA
(Lerebours et al., 2021) and the last one looked at some South
Asian countries (Anh et al, 2018). Only one study examined FS
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emptying business in countries in SSA, South and Southeast Asia
together with countries outside these regions (Hawkins et al., 2014).

Most of the studies were located in urban areas (n = 26, 70%), 10
(27%) in peri-urban areas and only one in a rural area (Figure 3). Only
studies which were self-described as peri-urban were categorized as
such while those which looked at cities were categorized as urban. The
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higher number of studies in the urban and peri-urban areas can be
attributed to the growing interest of FS emptying in urban areas due to
rapid urbanization and high population density, leading to generation
of high FS volumes, hence, frequent filling of OSS facilities. The
37 studies included in this review comprised of 17 observational
studies, 10 practitioner papers (journals and publications which
aim at conveying research, models or even theory to practitioners
and stakeholders in the FSM field, such as, FS emptiers, municipal
households,
organizations, 10 case studies and there were no experimental

authorities, non-governmental, community based
studies (Figure 3). It was also noted that there is increasing
awareness on the importance of FS emptying, which has brought
about increase in the number of studies published over time. For the
20 years considered, more than half of the studies were published in

the last decade (n = 27; 73%).

3.3 Factors influencing choice of an emptying
method

The prevalence of emptying methods shows that manual emptying
was presented by majority of the studies (n = 32, 86%), followed by
mechanical emptying (n = 26, 70%) and then emptying by other

10.3389/fenvs.2023.1097716

methods (gravitational or flooding out/pit diversion) (n = 4, 11%)
(Figure 3). A total of 25 studies reported on emptying by both manual
and mechanical methods, though four of these studies presented
gravitational emptying or FS flooding out of the containment.
Manual emptying involves the use of human power and hand tools
such as spades, forks and containers/scopes (Mikhael et al., 2014) for
the removal of FS while mechanical emptying involves the use of
mechanized technologies like vacuum trucks (Thye et al, 2009;
Chowdry and Kone, 2012). Gravitational emptying involves
intentional release of FS to the environment by unplugging a
drainpipe installed in an elevated or exposed portion of the pit,
especially during heavy rains (Jenkins et al, 2015). The type of
emptying method employed depends on cost/affordability of the
service, accessibility, quality of the service, availability, and the
thickness of the FS to be emptied (Figure 2). Figure 4 and Figure 5
show the frequency of discussing the aforementioned factors in
relation to the emptying methods and region, respectively. From
Figure 4, it can be observed that the number of papers which
discussed each emptying factor in relation to mechanical emptying
(Figure 4A) are the same with those that discussed each factor in
relation to manual emptying (Figure 4B) except for cost/affordability
of the service which was higher for manual emptying. The equal
number of studies give an indication that the factors which negatively
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Characteristics of studies included in the review of feacal sludge emptying in Sub-Saharan Africa, South and Southeast Asia.
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affect mechanical emptying could have positive impact on manual
emptying and vice versa.

3.3.1 Accessibility to containment facilities and/or
emptying means

Accessibility was discussed by 18 studies as a major factor
influencing the choice of an emptying method. 12 of the 18 studies
discussed accessibility in terms of access to sanitation facilities while
10 discussed access in terms of availability of service providers. It was
observed that accessibility is a major factor which negatively affects
mechanical emptying. This is mainly found in unplanned informal
settlements with poor road conditions, making it difficult to traverse
the narrow streets (Owusu, 2013; Kennedy-walker, 2015). This
presents the need for long hose pipes thereby adding to the cost of
emptying. Another problem is poor design and construction of
containment facilities, which either have no or limited access for
emptying as some dwellers construct other structures on top of them
or too close (Holm et al., 2018). Such inaccessibility to sanitation
facilities by mechanical emptiers necessitates the use of manual
emptying, which is often discouraged. Chowdry and Kone (2012)
reported manual emptying of public sanitation facilities in low-income
areas of Kenya due to inaccessibility by trucks due to narrow paths.
Jenkins et al. (2015) reported that in Tanzania, households with
accessible plots and service availability were on average 23 times
more likely to use a higher hygienic service than those without access.

Manual emptiers are known locally, easy to locate and can easily
access the densely populated informal settlements, making them the
most commonly used (Choudry and Kone, 2012; Hawkins and

Frontiers in Environmental Science

Muximpua, 2015). In Dhaka, the capital city of Bangladesh, it was
observed that most people use manual emptying due to cost, flexibility
of timing and the ease of availing the service. They find the process of
accessing mechanical emptying services from the municipality to be
2011). This situation is not
(2021) in Khulna
Bangladesh, revealed that in many cases, households made use of

lengthy and bureaucratic (Opel et al,
peculiar to Dhaka. A study by Singh et al

manual emptiers as emptying service by the city corporation (Khulna
city corporation, KCC) is not timely as households call for emptying
only when the pit/tank is full and starts overflowing. This suggests that
if municipal authorities make their procedures less bureaucratic and
more friendly, accessibility will be increased, and this will in turn
increase their profit.

3.3.2 Cost and/or affordability of the emptying
service

Emptying cost was cited in 14 (38%) studies as the most influential
factor affecting the choice of emptying method (Figure 2). Cost of
mechanical emptying is reported to be higher than that of manual
emptying in most of the studies. In the study by Balasubramanya et al.
(2017) in Bhaluka Bangladesh, it was reported that mechanical
emptying (13 USD) cost more than manual emptying (5 USD). The
higher cost is attributed to high operation and maintenance costs as well
as the cost of discharging FS at treatment plants or legal disposal sites
(Mougoue et al., 2012; Hawkins and Muximpua, 2015; Prasad and Ray,
2019; Manga et al., 2020). Long distance to the disposal sites and the
poor road conditions also contributes to the high operating costs

(Mougoue et al, 2012; Oduro Kwarteng et al, 2019). Due to the
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absence of government support in most of these countries, it is the
households to meet the higher cost of mechanical emptying, tempting
them to employ manual emptying methods, despite having knowledge
of risks involved. Hawkins and Muximpua (2015) reported the price of
emptying services rendered as the most common disincentive to using
hygienic mechanical emptying among pit latrine users in Maputo
(Mozambique), and most people continue to use cheap and
unhygienic manual emptying, where there is local burial and open
dumping of FS. Even where road access is available, slum dwellers prefer
manual emptiers as their charges are considerably lower than
mechanical emptiers (Mallory et al., 2021). Some households which
have little or no money to pay for emptying services have resorted to
gravitational emptying which is the most dangerous method as large
volumes of untreated FS are discharged into the environment (Jenkins
et al,, 2020; Rotowa and Ayadi, 2020). Though manual emptying is a
cheaper method of emptying, the potential health effects to the users,
emptiers and the environment in the long run makes it an inapt method.

Although most studies reported mechanical emptying to be more
expensive than manual emptying, some studies reported otherwise.
Parkinson and Quader (2008) in their study in Bangladesh noted that
manual emptiers demand exorbitant prices from households
especially in areas that are inaccessible by mechanical emptiers as
they know that households have no alternative. Peletz et al. (2020)
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reported that in Kisumu Kenya, formal manual emptying was about
four times more costly (6,169 KES or 62 USD) than mechanical
emptying (by vacutugs) (1,630 KES or 16 USD).

3.3.3 Faecal sludge density or thickness

Eight studies reported on how variation in density or thickness of
FS in OSS facilities affects the choice of emptying method (Figure 3).
The thickness of FS depends on the quantity of solid wastes deposited
in sanitation facilities, water addition, infiltration or exfiltration of
water and the extent of compaction/solidification that has occurred
(Manga et al,, 2016; Simwambi et al., 2017; Semiyaga et al., 2022). FS
from lined pit latrines and septic tanks is less thick compared to that
from unlined pit latrines. This is because unlined pit latrines allow for
the exfiltration of the liquid fraction of FS into the surrounding soils
through the permeable sidewalls and open bottom (Tilley et al., 2008;
Manga et al., 2022a).

The presence of very thick FS makes it difficult to empty the OSS
facility as materials found in the pit are usually in a partially
compacted or solidified form (Bakare, 2019). It has been noted that
the mechanical emptiers are not usually effective in removing the
heavier and compacted FS at the bottom of pits (Mougoue et al., 2012;
Muximpua and Hawkins, 2012). Sometimes, large quantities of water
needs to be added to the pit to fluidize and mix its content before
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mechanical devices can be used (Bakare, 2019). This usually increases
emptying costs as water is in short supply in such low income areas
(Krueger et al., 2020). In addition, presence of thick FS usually affects
the efficiency and reduces the useful life of the mechanical equipment
due to blockage of suction pipes and valves, leading to damage of the
equipment. In such cases the most viable emptying technique is to
manually dig out the pit content (Bakare, 2019). However, it is
imperative that when manual emptiers are called upon to empty
the pits, they observe standard operating procedures by putting on
personal protective equipment. This is needed to protect them from
the hazardous nature of pit content.

3.3.4 Quality of FS emptying service

About one-third of the studies (n = 13, 35%) reported how the
quality of service provided by the emptiers influenced the choice of
emptying method (Figure 2). The quality of service is defined in terms
of hygienic methods applied during emptying (n = 10, 77%), time
spent emptying (n = 6, 46%), and complete emptying of FS contents
(n = 5, 38%). Mechanical operators are found to provide more
efficient, hygienic services, and easily accessing treatment plants
compared to manual emptiers (Parkinson and Quader, 2008; Thye
et al., 2009; Semiyaga et al., 2022). Mechanical operators are usually
organized into registered companies, thereby providing safer working
conditions than manual emptiers whose method of operation exposes
the population to peril associated with poor FS handling (Mbéguéré
etal, 2010; Zaquot et al., 2020). Manual emptiers commonly dump the
FS into nearby drains, canals or water bodies, leading to severe public
health and environmental risks (Boot and Scott, 2008; Jenkins et al.,
2014). However, the quality of service was found to not only depend
on hygiene, but also on the perceptions of people, income levels and
the waiting times to assess the service. In Dar Es Salaam, Tanzania, it
was observed that households preferred manual unhygienic methods
because these methods removed all the FS from the pit and were more
affordable than existing mechanical hygienic services (Jenkins et al,
2015).

3.4 Challenges faced by faecal sludge
emptiers

The challenges faced by FS emptiers are categorized into social,
health and safety, technical, financial, and institutional (Figure 3). At
least a category of challenge faced by FS emptiers was discussed in each
of the 37 studies. The frequency of reporting these challenges in
relation to emptying methods and sub-region are illustrated in
Figure 5. Figures 5A, B shows that in comparison to mechanical
emptiers, manual emptiers face more challenges. This can mostly be
attributed to the dangerous manner with which they carry out their
work and their inability to be organized into groups which can voice
out their opinions. From Figures 5C, D, it can be observed that the
number of studies carried out in SSA are higher than those in South
and South East Asia. The higher number of studies in SSA may be
attributed to the fact that onsite sanitation systems are much more
expensive in SSA than in South and South East Asia and this
contributes to more challenges in SSA and in turn more studies in
the region. Sanitation facilities in Africa are on average three times
more expensive than in Asia due to factors such as high costs of
materials (i.e., cement and bricks), lack of prefabricated or mass
produced toilet components (which are common in Asia), and the
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informality of the construction sector which is dominated by micro-
entrepreneurs (Ulrich et al,, 2016).

3.4.1 Social challenges

The stigma associated with FS emptiers was discussed in eight
studies, and this was mostly peculiar to manual emptiers. Manual
emptying is carried out as an informal activity by poor people who
need a form of living (Chowdry and Kone, 2012). Manual emptying is
deemed illegal in a number of countries such as India, Kenya, Ghana
and Bangladesh (Zaqout et al., 2020). In India, manual emptying is
seen as a caste-based practice done by people who are members of the
lowest social class (Prasad and Ray, 2019). Manual emptiers are
usually socially excluded, very poor, and work under inhumane
conditions (Prasad and Ray, 2019). In Kibera, a large slum in
Nairobi, manual emptiers usually face violence and extortion in
society (Eales, 2005; Parkinson and Quader, 2008; Mallory et al.,
2021). Bassan et al. (2013) reported that the emptiers usually face
harassment from the citizens in Maputo Mozambique. Manual
emptiers are seen as carrying out undignified, demeaning work and
most of the times are usually marginalized, hence, they usually carry
out their tasks in the middle of the night in order not to be seen by the
neighbours (Muximpua and Hawkins, 2012). The problem faced by
manual emptiers is further compounded by the fact that they are not
formed into organizations, and therefore, do not have any association
which could voice out their opinions when required. The sigma they
face brings about psychological trauma and as a means of coping with
this, the manual emptiers resort to taking intoxicants such as alcohol,
opioids, tobacco and cocaine to numb their senses (Muximpua and
Hawkins, 2012; Gautam et al., 2021). However, the continuous use of
alcohol and hard drugs has detrimental effects on the health of these
workers.

3.4.2 Health and safety challenges

FS emptiers are usually exposed to a wide range of hazards while
carrying out their work, and they do not usually have health insurance
(Zaqout et al,, 2020; Gautam et al., 2021). The 14 studies (38%) which
documented the health and safety of the FS emptiers mainly discussed
exposure to pathogens, musculoskeletal disorders, physical injuries
and inhalation of harmful gases. FS is a very hazardous material that
contains large amounts of pathogens (bacteria, protozoa, virus and
worms) which pose serious health risks (Holm et al., 2015). The
common routes through which the pathogens get into the emptiers’
bodies are via hand-to-mouth contacts (accidental ingestion),
inhalation and open cuts in the body (Fracchia et al., 2006). In the
study carried out on pit emptiers in eThekwini region, Durban South
Africa, pathogens were found in the gloves, bottom of the boots, hands
and masks of the pit emptiers (Bonthuys, 2017). Some of these
pathogens like ascaris lumbricoides (roundworm) eggs can remain
viable for months because of their impermeable eggshells (Bonthuys,
2017; Capone et al,, 2022; Manga et al,, 2023). Infections by these
organisms usually have appalling implications; for instance, helminths
can cause neurological defects. FS emptiers are susceptible to
sanitation related diseases such as dysentery, cholera, diarrhea,
hepatitis A, typhoid and polio (Weststrate et al., 2019).

Manual emptiers are reported to develop musculoskeletal
disorders due to the heavy work involving pulling, pushing and
carrying heavy FS containers (Chumo et al, 2021). In addition,
emptiers suffer from physical injuries which mainly occur in the
process of accessing the containment system, whereby the workers get
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exposed to risk of bruises, wounds and injury mostly on the feet, knees
and thighs as they move around bushes which have thorns without
slippers; or in the processing of opening the containment systems
covers/lids as these are usually heavy to be lifted with bare hands, and
this can cause injuries to the workers™ extremities (Gautam et al,
2021). Tt has been reported that a lot of sanitation workers die every
year servicing pit latrines (Hawkins et al., 2014; Prasad and Ray, 2019).
Furthermore, FS emptiers usually inhale harmful gases which could
lead to asthmatic problems, respiratory issues, headaches, irritation
and burning of the eyes, and sometimes death from suffocation (Patil
and Kamble, 2017).

The health risks to the FS emptiers are a function of: 1) type and
quantity of the viable pathogens in the emptied FS; 2) the design of the
containment; and 3) operational practices and individual behavior,
that is, the attitude to risk or compliance of both the workers and the
household users. In a study by Bonthuys (2017), it was observed that
while necessary protective gear and code of conduct were not often
available, the emptiers did not always make use of the steps available to
them for their protection. They posited that it was either because the
emptiers did not have an in-depth understanding of the hazards
associated with sludge emptying or they were not motivated to
apply what they knew. In the study carried out in India by Prasad
and Ray (2019), it was noted that the emptiers mentioned gloves and
boots, which are available in the market were not suited to the type of
job they do, and they did not want the public to perceive that the type
of job they do is dangerous. In the study by Gautam et al. (2021), it was
observed that some workers were of the belief that their longevity in
the profession has helped them develop a certain degree of immunity,
and they therefore, carry out pit emptying without using PPE.
Households are partly responsible for health risks to workers due
to their non-chalant attitude and practices ranging from non-
compliance of septic tank construction to design standards,
irregular cleaning and improper disposal of inappropriate items in
toilets. The aforementioned show that solving the health and safety
problems of FS workers goes beyond the use of PPE, it also involves
steps such as behavioral change campaigns, improvements in
decanting stations, and better access to appropriately designed tools.

3.4.3 Technical challenges

The technical challenges faced by FS emptiers were reported in
14 studies. The major technical challenge cited was poor construction
of sanitation facilities. In Maputo Mozambique, sanitation facilities are
built by the households who do not follow technical standards or
guidelines, making them a source of threat to the emptiers (Muximpua
and Hawkins, 2012). In addition, poorly constructed pit latrines by
untrained builders have been reported in Duala and Yaoundé in
Cameroon (Mougoue et al., 2012). This has also been confirmed by
Semiyaga et al. (2015) and Manga et al. (2022b). One factor that
contributes to this is inadequate implementation of urban planning
which brings about construction of residential dwellings with low
quality sanitation facilities (Holm et al., 2015).

3.4.4 Financial challenges

The 14 studies discussed financial challenges it in terms of
accessing capital to start the emptying business and the profitability
of the business. Starting the FS emptying and transport business
requires a great investment in purchasing a truck, acquiring
administrative documents such as insurance, technical inspection,
and operation or parking permit (Mougoue et al, 2012). Though
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financial assistance is usually obtained in the form of loans either from
banks, thrift and loans from relations; accessing the money is usually
difficult as banks, financial institutions and private entrepreneurs are
not ready to invest in pit-emptying business (Opel et al., 2011). Most
of the entrepreneurs are reported to only manage investing in second-
hand mechanical trucks which have outlived most part of their useful
lives and often breakdown, making it difficult for them to honour the
deed of agreements when the credit was obtained (Mougoue et al.,
2012).

Apart from the uncertainty and variability in the costs of leasing
and buying equipment, the wages from FS emptying is low and
irregular (Zaqout et al,, 2020). The demand for the services of FS
emptiers is subjected to seasonal variations as they can only depend on
FS services during the rainy season (Nkasah et al., 2012; Zaqout et al.,
2020). In the study by Chowdry and Kone (2012) on sanitation service
providers in some countries in Africa and Southeast Asia, it was
observed that the private service providers usually operate the FS
business as an additional source of income rather than as their
principal business. In this same study, it was noted that the
manual emptiers are also engaged in other manual labor like
construction, road sweeping, and cleaning public toilets (Chowdry
and Kone, 2012). Muximpua and Hawkins (2012) observed that
though the manual emptiers in Maputo Mozambique usually take
the business seriously, they usually carry out other side jobs as they
stated that the FS services alone cannot sustain them. Also, the
emptiers usually have considerable financial burdens from high
healthcare expenditure especially as they have neither health
insurance nor compensation for days lost due to illness (Zaqout
et al., 2020).

3.4.5 Institutional challenges

The institutional challenges faced by FS emptiers were presented
in 14 (38%) of the papers. The results show that there are either no
institutional frameworks or the ones that exist are not properly
enforced in a number of LMICs (Akumuntu et al., 2017). For these
countries implementing the framework, there are usually challenges
such as: lack of capacity (technical or financial) of the stakeholders
involved to enforce the regulations (Holm et al., 2018; Kohlitz et al.,
2018); inadequate sanitation-related regulations (Sinharoy et al., 2019;
Weststrate et al., 2019); and inadequate data on the available sanitation
facilities, service providers and their operations (Sinharoy et al., 2019).
Prasad and Ray (2019) stated that in India, the emptying of pits and
handling of wastes to a great extent, remains undiscussed in policy
documents. The lack of credibility and consistency in the institutional
framework leads to a situation whereby FS emptying and transport
services are provided without adequate technology, regulations and
safety precautions (Jayathilake et al., 2019).

The lack of regulation usually leads to imbalanced competition
among the FS emptiers as those who operate as companies pay taxes
while those who operate as individuals do not (Akumuntu et al., 2017).
In Yaoundé Cameroon, it was observed that the public authorities
impose tax at the disposal sites, but the money realized is not put back
into sustenance of the system but rather used for the selfish gains of the
authority. Moreover, there are no fixed prices as they depend on the
bargaining power of the operator (Mougoue et al., 2012). In another
study in Nkobikok, Yaoundé Cameroon, it was noted that the prices
for emptying usually fluctuate due to undue obligatory or unofficial
fees and bribes paid to officials by the emptiers (Noumba et al., 2017).
In Vietnam and Thailand, the legislation for FS collection and
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transport is still neglected (Anh et al., 2018). Another example is in
Accra Ghana where the responsibility of FSM falls under the Waste
Management Department (WMD), but many private mechanical
truck operators complain about their activities not being monitored
regularly and effectively by WMD (Boot and Scott, 2008). In a study by
Lerebours et al. (2021), where the opinions of different pit emptiers
across sub -Saharan Africa were sought about the regulatory
framework in place, the respondents said that rules and sanctions
should be applicable to all operators including public operators to
ensure fair competition. The emptiers who provide unsanitary services
charge a lesser amount than the compliant service providers, thereby
disturbing the market and reducing the financial viability of safe
services.

For successful implementation of FSM, there is need for the
development of institutional frameworks based on the specifics of
the local situation (Kone, 2010; de La Brosse et al, 2016). The
framework usually covers five aspects which include: 1) design and
construction of onsite facilities; 2) demand of emptying and transport
services; 3) operations through licenses and permits; 4) transport and
disposal of faecal sludge; and 5) service tariffs (Trémolet, 2012; Cross
2014; Rao and Otoo, 2017).
implementation of institutional frameworks to occur, apart from
clearly ~defined, the
responsibilities of each stakeholder involved should be regulated

and Coombes, For successful

laws and strategies being roles and
and enforced, and the government should show strong dedication
through consistent funding and training schemes. Included in these
frameworks should be provisions for worker training and certificates
through incentives by the sanitation authorities in order to improve
the services rendered by these workers, allow for limited
environmental impact and bring about safe work conduct. Also,
monitoring, record keeping and performance evaluation should be
incorporated into these frameworks as this will aid in informed

decision-making in the long run.

3.5 Initiatives to improve faecal sludge
emptying business

In order to reduce some of the challenges faced by pit emptiers and
make the pit emptying business more sustainable and lucrative in
LMICs, certain initiatives have been implemented. These initiatives
which were presented in 13 (35%) of the papers reviewed include the
use of private public partnership (PPP), Involvement of Non-
(NGOs)/International
Agencies (IDAs)/Community Based Organizations (CBOs).

Governmental ~ Organizations Donor

3.5.1 Private public partnership

Nijkamp et al. (2002) defines Private Public Partnership (PPP) as
an institutionalized form of cooperation between public and private
actors, who based on their specific objectives, work together towards a
joint target. In the collection and transport of FS, the public sector is
characterized by the local authorities which could be metropolitan,
municipal or district while the private sector is a private company or
private operator (Scott et al., 2013). Three of the studies in this review
cited examples of where PPP have been implemented. In Marikina city
in the Philippines, the water utilities, the city municipality and the
private sector organizations worked together to implement a 5-year
cycle sludge removal program. During the time for sludge removal, the
city authorities provide support for the private sector organizations by
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sending trucks into the areas where the sludge removal will occur to
advertise (through announcements by loudspeakers) the private
companies in order to involve more households (Bassan, 2014).
This initiative brought about 95% compliance with sludge removal
in the areas involved through the generation of a working system that
is supported by the public and private sectors and the household users
(Bassan, 2014). Another area where this has been implemented is in
Dakar Senegal, where the government regulated the activities of the
private sector and helped to manage the FS treatment facilities. The
private sector provided the emptying services to the population (its
main customers) and the government contracted out part of the
collective sewage network to the private sector and them with the
task of pit emptying in religious cities on the eve of national
ceremonies (Scott et al., 2013).

In Dhaka, the capital city of Bangladesh, a model with the brand
name SWEEP was used for PPP whereby the local government or
authority bought a vacuum tanker and leased it out to a private party.
The local authority was also responsible for infrequent maintenance of
the vehicle, marketing, regulation and FS disposal at a designated site.
On its part, the private party paid a security deposit and a monthly
lease fee to the government, carried out the emptying and transport
services, and did regular operation and maintenance of the tanker.
This initiative was reported to be profitable and successful (WSUP,
2016). In Kumasi Ghana, the Kumasi Metropolitan Assembly (KMA)
mobilized revenue to finance FS collection, provided treatment plants,
monitored the activities and operation of the private emptiers, and also
helped to subsidize taxes on the importation of trucks’ spare parts. The
private sector helped in the collection of FS and contributed to the
maintenance of the treatment plant (Owusu, 2013).

In sum, it can be seen that the use of PPP gives room for the local
government to help the private sector through advertisements,
subcontracting jobs, leasing equipment, provision of subsidies and
also formulation and implementation of policies. This has helped to
improve the profitability of FS emptying business and provide better
working conditions for the emptiers.

3.5.2 Involvement of non-governmental
organizations and international donor agencies in
faecal sludge emptying business

Of the 37 studies reviewed, 10 (27%) documented the involvement
of non-governmental organizations (NGOs), Community Based
Organizations (CBOs) and International Donor Agencies (IDAs) in
educating the emptiers and raising awareness on FSM. This helps to
reduce the social stigma associated with FS emptying business. In
Mukuru slum (Kenya), two NGOs (i.e. Sanergy and Umande Trust)
helped in providing sanitation services to the residents. Sanergy is a
private company which provides container-based sanitation services
in Mukuru with regular emptying (Tilmans et al, 2015). Umande
Trust worked closely with informal pit emptiers to provide ‘bio-
centres’ which are public toilets based on anaerobic digestion
technology, hence producing biogas that is used for cooking
(Binale, 2011). The involvement of these organizations helped to
reduce the violence sanitation workers face from hoodlums in
order to carry out their work during the day rather than in the night.

In Maputo Mozambique, the Japanese Social Development Fund
(JSDF), World Sanitation Program (WSP) of World Bank and World
Sanitation for Urban Poor (WSUP) carried out a project-Maputo
Sanitation Project - which involved equipping private service
providers with technical, managerial and business skills, and
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equipment needed to provide FS emptying and transport services in a
more hygienic manner (Hawkins and Muximpua, 2015). These
operators were equipped with plastic water tanks mounted on
handcarts and other equipment such as buckets, gulper (hand
pump designed for desludging pit latrines), a diesel-powered trash
pump for more liquid sludge and Personal Protective Equipment
(PPE). The use of gulper equipment helped reduce the health and
safety risks that the manual workers are usually exposed to.

Apart from the involvement of NGOs and IDAs, city corporations
provide emptying services. For instance, the Kampala Capital City
Authority (KCCA) in Kampala Uganda and Khulna City Corporation
(KCC) in Bangladesh collaborate with local stakeholders to provide
and improve FSM (Singh et al., 2021; Semiyaga et al., 2022; Singh et al.,
2022). The city corporations help in subsidizing emptying price as well
as encourage scheduled desludging. Scheduled desludging helps to
reduce public health risks as residents do not have to wait till their
tanks are full and overflowing (which can cause surface and ground
water pollution).

From the aforementioned, it can be seen that the involvement of
organizations in the emptying business has not only helped in
improving the profitability but has also improving the quality of
service provided by the emptiers. It has also brought about the
subsidization of services thereby making it more affordable to the
urban poor.

4 Links between challenges, influencing
factors and barriers to improvement
initiatives

Figure 6 is an illustration of the relationship between challenges
faced by FS emptiers, factors which affect the choice of emptying
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methods and initiatives used in improving the emptying business. The
characteristics of a particular location usually influences the type of
setting (rural/urban) that would be found in the area, accessibility to
the area, type of onsite sanitation facility found in the area and the
quality of service affordable by residents of the area. The cost of
emptying is a major factor which negatively affects mechanical
emptiers as most people in poor communities cannot afford their
services, which reduces the profitability of their business. Also, in
order to save costs, most people do not carry out regular desludging
but only request for the services of the emptiers when their onsite
sanitation facilities are overflowing. This brings about health hazards
to FS emptiers who have to come in direct contact with pathogenic FS
littered all over the place. Lack of solid waste management systems in
certain areas has propelled people to dump solid waste materials into
sanitation facilities which causes physical injuries to manual emptiers.
This also affects the useful life and efficiency of vacuum equipment due
to blockage of suction pipes and valves. Accessibility as a factor
negatively affects the profitability of mechanical trucks, which
cannot operate in unplanned settlements with poor road conditions
(Figure 6).

The use of PPPs and the involvement of NGOs, governmental
organizations (GOs) or CBOs brings about the enabling environment
required for the success of FS emptying business (Graphical
Abstract). The six dimensions of the enabling environment for
FSM
framework,

include: government support, legal and

skills

financial arrangements, and sociocultural acceptance (Bassan,

regulatory
institutional arrangements, and capacities,
2014). Governmental organizations through the introduction of
subsidies can make improved sanitation services affordable to the
poorest users. In addition, the government can provide regulations
which will bring about standards for the construction of sanitation
facilities, thereby eliminating the challenges faced by emptiers in
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FIGURE 6

Relationship between factors influencing emptying methods, challenges faced by emptiers and improvement initiatives in FS emptying business.
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accessing the facilities (Holm et al., 2015). Since the private sector
plays a key role in FS emptying, the government should provide
enabling environment for the private sector members through
technical and business on technical

support (i.e, trainings

knowhow and financial management), financial assistance,

provision and proper implementation of policies, strategies,
institutional and regulatory frameworks. Also,
through national health insurance schemes should provide access

gover nments

to healthcare services for the sanitation workers especially informal
manual emptiers The introduction of PPP into FS emptying business
is beneficial to both customers and FS emptiers. The customers get
access to quality service while the emptiers have access to safe and
clean collection machinery and PPE which improves the status and
decency of the work (Hawkins and Muximpua, 2015; Holm et al,
2018). Also, PPP provides a platform through which emptiers
(especially manual emptiers) can form associations which can give
them an identity and propagate their voices when required. The
involvement of NGOs and CBOs who usually hold regular workshops
and trainings provides a platform for educating the emptiers on
technical, business and behavioral skills which will help to improve
the viability of their business (Kohlitz et al., 2018).

Though the aforementioned initiatives help to improve the
working conditions of FS emptiers, certain influencing factors
and challenges faced by the pit emptiers act as barriers to
effective implementation of these initiatives. Challenges faced by
FS emptiers especially limited access to finance affect their ability to
comply with regulations and standard operating procedures. For
instance, due to lack of financial resources, some emptiers
especially manual operators cannot afford to buy standard
equipment or PPE. Also, due to social challenges, some emptiers
might not want to put on PPE as they do not want the public to
perceive that the type of job they do is dangerous (Prasad and Ray,
2019). Furthermore, even if standards are put in place towards the
construction of proper sanitation facilities, some poor households
cannot afford to construct the facilities to design standards, they
thereby make use of cheap and unethical methods. In addition, the
provision of improved services by the emptiers has the implication
that customers will be charged more for the services, which might
not be viable as the urban poor might not be able to afford such
services.

5 Implications of the review on faecal
sludge emptying services

The results from this review show that cost is the most significant
factor in influencing the choice of emptying method, hence, a major barrier
to effective implementation of improvement strategies. Initiatives and
regulations provided by the government and also trainings by NGOs,
CBOs cannot be effective unless extra steps are taken to ensure that the
emptiers have access to finance and services are subsidized for poor
households. First, local authorities should help in bankrolling part of
the services to enable FS emptying become a commercially viable business.
If FS emptying services become viable, banks and financial institutions as
well as private entrepreneurs may come forward to invest in it. In addition,
bank loans should be made accessible to potential entrepreneurs in the
sanitation sector. The loan conditions should be made more favorable with
special consideration for small-scale enterprises and reduced interest
charges over the short term. The health and safety budget for a

Frontiers in Environmental Science

10.3389/fenvs.2023.1097716

municipality should include provision for health insurance for FS
workers in order to make treatment affordable for these workers. In
subsidizing sanitation services for households, government should identify
sustainable resources for these subsidies which could be from government
budgets, pro-poor sanitation surcharges imposed on utility bills, or higher
fees charged to the wealthy (cross-subsidies). Though cost is the major
factor which influences the choice of emptying method, use of cost
reduction initiatives is not the sole solution to the challenges faced by
FS emptiers. The combination of policies and regulations by the
government, cost reduction initiatives, financial and technical trainings
as well as awareness raising will help in overcoming the challenges faced by
FS emptiers.

This review identified some gray areas which provide basis for
future research work. Only one study was carried out in a rural area
implying that studies in rural areas are limited. This is because
emptying in rural areas are limited as most people rely on digging
more latrines when the ones in use fill up due to availability of space in
these areas. However, with increasing process of land use, there will be
limited space for dig and cover method for full pits and there is
potential of slipping back temporarily or even permanently to open
defecation. Thus, there is need to sensitize the people in rural areas on
the need for emptiable sanitation facilities.

Further, there is need to financially model FS emptying business in
different communities especially for manual emptiers. The creation of
viable business models for manual emptiers involving the use of suitable
small-scale pit emptying technologies operated and supported through
the provision of decentralized FS discharge points under a municipal
framework will help in making their work more hygienic and also
improve the profitability of their business.

Finally, there is need for studies on how user perception is
related to emptying behavior. Understanding the link between
peoples’ perceptions towards risks/hazards and FSM in general,
and their emptying behavior will enable the development of
perception management strategies needed for successful
implementation of effective behavioral change intervention
scheduled

recommended that behavior change studies to gain insight on

programmes with focus on emptying. It is
drivers and barriers to wearing PPE which will help in potential
design options should be carried out. The mental health needs of FS
emptiers should be investigated to provide better understanding of
issues surrounding substance abuse and what steps can be taken to

help improve their mental health.

6 Conclusion

Rapid urbanization in low- and middle-income countries amidst
poverty shows that on-site sanitation systems are not likely to
disappear anytime soon. Faecal sludge which accumulates in these
facilities have to be emptied always; thus, emptying services would still
be needed for a long time. The challenges faced by these emptiers
mostly discussed in the reviewed papers were financial, technical and
institutional challenges with social and health challenges being
peculiar to manual emptiers. Though accessibility was the mostly
discussed factor which influences the choice of emptying method, cost
was observed to have the most influence as it overrides accessibility
and service quality when it comes to the selection of an emptying
method. Cost/affordability of the service and access to finance by FS
emptiers were observed to be the major barriers to effective
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implementation of improvement initiatives. Very few studies
discussed on initiatives which have been put in place to make
emptying business more lucrative and sustainable. The limited
number of studies imply that a lot still has to be done to improve
FS emptying business. Research gaps identified in the study include the
need for sensitization for those in rural areas on importance of FS
emptying, financial modelling of manual emptying and studies on
perceptions towards emptying for both users and FS emptiers.
Addressing these research gaps will provide critical information
needed by stakeholders in the sanitation sector to improve FS
emptying business.
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