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Reasonable estimates for quantities and qualities (Q&Q) of fecal sludge that
accumulate in onsite sanitation containments are fundamental for the design of
appropriate management and treatment solutions, from community to city-scale.
There are increasing attempts to improve Q&Q estimates, but current approaches
are still at a conceptual level, and are not yet standardized with confirmed
statistical relationships. To reach this level, we will need consistent approaches
for planning, measuring, and global collaborations. Hence, the objectives of this
study were: (1) to assess and compare Q&Q of fecal sludge from seven cities
and communities, and explore statistical relationships that could be used to
increase accuracy of Q&Q estimations; (2) to test and launch the Volaser device
for measuring in situ volumes of fecal sludge; and (3) to capture lessons learned
from field implementation with collaborators in seven countries during a global
pandemic when no international travel was possible. The study took place in
Ghana, India, Lebanon, Kenya, Sierra Leone, Uganda, and Zambia during the
COVID-19 pandemic. Q&Qs were measured in 204 containments with a Volaser,
laboratory analysis, and questionnaire. Results indicate that there are differences
in Total Solids (TS) and Chemical Oxygen Demand (COD) in fecal sludge based on
containment type, toilet type, source, and whether there is a water connection on
the premises. Based on the results of this study, together with previously published
open-source data, an empirical relationship for Volatile Solids (VS) and TS of 0.49
(R2 = 0.88) was established using 1,206 data points. For COD/TS, no significant
relationship was observed. Developing such empirical relationships will be useful
for planning and modeling approaches. An external evaluation was conducted to
evaluate overall project management, Volaser technology transfer, and effects of
collaborating during the COVID-19 pandemic. Success factors for collaborating
with new and existing partners without face-to-face meetings included laboratory
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capacity and experience with analytical methods, study objectives that were
relevant for the partner and locality, and a strong quality assurance plan to
ensure comparability of results. The lessons learned can be taken forward as ways
to reduce carbon footprint, and contribute to resilient, inclusive development

research projects.
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sensor, fecal sludge

1. Introduction

Fecal sludge is defined as what accumulates during storage
in onsite containment of non-sewered sanitation. Fecal sludge
management (FSM) could provide a long-term safe sanitation
solution, if appropriate management happens across the entire
sanitation service chain (i.e., capture, containment, collection,
transport, treatment, and safe enduse or disposal). Unfortunately,
sustainable implementations are still grossly lacking worldwide,
and exposure risks to public health due to non-functional service
chains remain high. For example, “uncontained” septic tanks
and containment outflows that discharge directly to the urban
environment (Odagiri et al., 2021), illegal dumping, and inadequate
treatment (Okaali et al., 2022). However, the importance of a FSM
service chain to protect public health is gaining recognition, and
as a result the demand for infrastructure and services to manage
fecal sludge is increasing (Vijayan et al, 2020). To succeed in
achieving city-wide inclusive sanitation, sanitation cannot be a
“one-size-fits-all” approach, and will need integration of multiple
modes of sanitation (Gambrill et al., 2020). In order to reduce
outflows, illegal dumping, and poor treatment performance, an
improved understanding of the quantities and qualities (Q&Q)
of fecal sludge that accumulate in onsite containment is needed.
This is fundamental for the design of appropriate and sustainable
infrastructure and services, from a community to city-scale, such as
scheduled emptying campaigns (Mehta et al., 2019), and treatment
technologies (Tembo, 2019; Wanda et al., 2021). If Q&Q of fecal
sludge are not well-understood, there is a high-risk of technology
failure due to treatment facilities not being sized correctly (Bassan
etal., 2015), which is currently the case with over-sized facilities that
are not operating as designed, or under-designed facilities that are
over-loaded. Neither are providing adequate protection of public or
environmental health (Klinger et al., 2019).

City-scale estimations of Q&Qs of fecal sludge are complicated
by the fact that fecal sludge is stored underground, often
in informal, unregulated containments, with no level of
standardization (Isunju et al, 2013). In addition, fecal sludge
is much more variable than municipal wastewater, with up to
two orders of magnitude higher concentrations of Chemical
Oxygen Demand (COD) (Strande et al., 2021). Attempts at making
city-wide projections are increasing, for example in Cambodia,
Cameroon, Ghana, India, Uganda and Zambia (Fanyin-Martin
et al., 2017; Strande et al., 2018; Tembo et al., 2019; Andriessen
et al., 2020; Eliyan et al., 2021; Prasad et al., 2021; Wanda et al,,
2021). However, approaches remain time and resource intensive,
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highlighting the need for more efficient approaches to data
collection and analysis. At the same time, progress is being made
on developing methods of analysis for characteristics of fecal
sludge (Velkushanova et al., 2021). However, rigorous attempts at
validation of precision and ruggedness are still required prior to
the development of standard methods (APHA, 2017). In addition,
several tools are in development to measure Q&Q, such as a
portable penetrometer for viscosity (Radford and Sugden, 2014),
the Volaser volume measuring device (Koottatep et al., 2021),
and the Sludge Snap (a smartphone application for predicting
characteristics based on image information) (Ward et al., 2021a),
but technology transfer from development into uptake and use by
practitioners lags.

What is needed to tackle these needs, are global partnerships of
experts from professional communities working together to ensure
co-creation and ownership of knowledge (Carrard et al., 2022),
which requires rigorous quality control measures and transparency.
Successful research projects fulfill criteria in five dimensions:
management, procedures, human factors, project related factors,
and circumstances (Alias et al., 2014). To achieve this, research
projects in the development and cooperation sector need to address
open-access to knowledge (Carrard et al., 2022). In addition, when
the SARS-CoV-2 virus was declared a global pandemic (further
referred to as the COVID-19 pandemic in this paper), it greatly
exacerbated every dimension of development research, increasing
the need for innovative and agile project management (Sharma
et al., 2022). In this project, we adapted our strategy from face-
to-face field visits and in person workshops, to a fully digital
project collaboration.

The objectives of this study were: (1) to assess and compare
Q&Q of fecal sludge from seven cities and communities, and
explore statistical relationships that could be used to increase
accuracy of Q&Q estimations; (2) to test and launch the Volaser
measuring device for in situ volumes of fecal sludge; and
(3) to capture lessons learned from field implementation with
collaborators in seven countries during a global pandemic when no
international travel was possible.

2. Materials and methods

2.1. Volaser measuring device
The Volaser (volume-laser) is a device that can measure in

situ fecal sludge volume and containment volume (Figure 1), and
was developed by Eawag between 2018 and 2021. It consists
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FIGURE 1
A Volaser device.

of a tripod, a rod with a lidar laser distance sensor, and is
operated with a smartphone application. The laser sensor is
inserted through the access port of a containment, and measures
the internal area of the containment and distance to sludge. A 3m
long collapsible probe is used to measure the total containment
depth, and the smartphone application automatically calculates the
respective volumes. A measurement takes <5 min. A Volaser can be
constructed anywhere: it consists of parts that can be ordered online
(e.g., the distance sensor) and parts that can be 3D printed locally.
In this study, the Volaser was used to measure containment volume
and fecal sludge volume. For septic tanks with multiple chambers
only the first chamber was measured. Accuracy of the Volaser was
determined as part of the product development phase, by reading
the response of the distance laser at various distances (5, 10, 20,
30, 50, 100, 200, 300, 400, and 500 cm, measured with a measuring
tape) and surfaces. The data of the accuracy tests is provided in the
Supplementary material. More information on the Volaser can be
found on www.sandec.ch/volaser.

2.2. Study setup

Originally, Eawag planned to launch the Volaser as part of
a workshop on implementing the Q&Q methodology (Strande
et al., 2021) at an international conference. When the COVID-19
pandemic was declared in March 2020, international conferences
were canceled, travel was restricted, and this was no longer possible.
Therefore, the launch was changed to a field implementation of
the Q&Q methodology and Volaser technology taking place in
seven countries (Ghana, India, Lebanon, Kenya, Sierra Leone,
Uganda, and Zambia), with project coordination by Eawag. The
funders approved to reallocate the funds due to the pandemic
situation. The project took place between March 2021 and June
2022, with a flexible timeline, as lockdowns in the various
countries were staggered. The overall project team included eight
institutions (one research institute for overall project coordination
and seven field implementation partners: three universities, two

Frontiersin Water

10.3389/frwa.2023.1130081

TABLE 1 The cities/communities where samples were taken per country,
with number of samples taken in brackets.

Country Sampling location

Ghana (32) Kumasi (32)
India (26) Devanahalli (21), Bangalore (3), Electronic city (2)
Kenya (22) Naivasha (22)

Lebanon (28) Souairy (9), Manara (4), Mdoukha (5), Kfardanis (6), Rafid (4)

Uganda (29) Kampala: Bwaise (17), Katogo (3), Makerere (9)

Sierra Leone (30) | Freetown (30)

Zambia (37) Lusaka: Chazanga (29), Chipata (4), not available (4)

private companies, and two non-governmental organizations), with
a project manager at each institution. The field partners were
selected based on availability, commitment, laboratory capacity,
and interest in the study objectives. One initial collaborator was not
able to complete the project due to extenuating circumstances of
the pandemic. At this point, a new partner was recruited.

The Q&Q methodology in Strande et al. (2021) is based
on the premise that spatially analysable types of demographic,
environmental and technical (DET) information (e.g., population
density, elevation, containment type) could explain fecal sludge
Q&Q. Following the Q&Q methodology, each partner selected
the relevant sampling area, and then made a sampling plan that
took into account expected DET differences, for example different
containment types or geographical differences like altitude. The
target was 30 samples, but was flexible based on local situation. The
cities and communities where samples were taken per country are
listed in Table 1. For ease of communication, in this paper we refer
to the data from each partner as the country they work in. However,
results are specific to the cities or communities that the samples
were taken, and may not be applicable to the entire country.

At the start of the project, an online training was conducted to
train all partners on the study setup, Q&Q methodology, quality
assurance and quality control (QA/QC) strategy and Volaser
use. A budget of 4,000 CHF was allocated to each partner for
project management, sampling and analytical costs. All partners
received a Volaser device to measure quantities of fecal sludge
(Figure 1). Volasers were assembled in Switzerland and shipped to
the respective partner, with the exception of the Ghanaian partner,
who built the Volaser locally.

2.3. Sampling procedures

The sampling procedure was conducted according to Koottatep
et al. (2021). Each field partner had a locally-built core sampler
(Figure 2A) or pit sampler (Figure 2B). The pit sampler was
inserted into the pit latrine three times, and a sample was taken
at three different depths (bottom, middle and top of the sludge).
The three samples were collected in a bucket, stirred well, and a
representative composite sample was taken for analysis. The core
sampler was inserted into the containment until it reached the
bottom. The core sampler was closed, and pulled out of the tank.
The contents of the core sampler were captured in a bucket, mixed
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FIGURE 2

(A) Example of a core sampler, used in India. (B) Example of a pit sampler, used in Zambia.

well, and a representative composite sample was taken for analysis.
Samples were stored in a cooler box during transportation to the
laboratory, and stored for a maximum of 72h in a refrigerator at
4°C until analysis.

At each sampling location, DET information was collected
with a questionnaire using Kobo Toolbox on a mobile phone.
Containment types were defined in advance: pit latrines are
(partially) lined or unlined “long-drop” containments; septic tanks
were defined as lined, flow-through tanks with an outflow, often
with multiple chambers; holding tanks were defined as fully
lined, watertight tanks without an outflow; cesspits/leach pits
were defined as unlined or partially lined containments with or
without an outflow, where (uncontrolled) leaching into the soil
is likely happening. Access to containments for sampling was
a challenge in multiple cities (e.g., access ports to septic tanks
were plastered closed). Therefore, the distribution of containment
types in this study are not necessarily representative of all onsite
sanitation technologies on a city level. All partners used the
same questionnaire, with some adaptations to make them locally
appropriate. Questionnaire respondents were either the person
responsible for maintaining the onsite sanitation system, or the
main responsible of the household available at the time of visit.
The list of questions used in the questionnaire is available in
the Supplementary material and can be used as an example
questionnaire for future Q&Q studies.

2.4. Analytical methods

Laboratory analysis was done at the local laboratory of each of
the collaborating institutions. Total solids (TS), volatile solids (VS),
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pH, and electrical conductivity (EC) were quantified according to
Velkushanova et al. (2021). In Sierra Leone, VS was not measured
due to a lack of required laboratory equipment. In Ghana, TS was
measured gravimetrically as g/g wet weight, and was converted to
concentration using a density of 1.097 kg/m> (an average from
measurements by Tembo, 2019; Ward et al., 2021b). COD was
quantified by closed reflux colorimetric method in India, Ghana,
Kenya, Lebanon, Uganda and Sierra Leone, and the closed reflux
titrimetric method was used in Zambia.

2.5. Quality assurance and quality control

As this study was conducted independently in seven different
countries, a rigorous QA/QC approach was implemented to
ensure comparability of results. QA measures to ensure consistent
practices across all locations included: collaborators used existing
COD method (minimizing errors with learning a new method);
every collaborator had a dedicated project manager responsible
for local coordination (sampling teams, laboratory analysis,
coordination with PIs); all partners used the same data recording
template; and the common kick-off training was recorded and
available online in case it needed to be reviewed. The QC strategy
for analytical work is presented in Table 2. In Uganda, single
measurements for COD were done.

2.6. Data analysis

Data analysis was done in R Studio, version 1.3.1073 “Giant
Goldenrod”. The full dataset is available open access online: https://
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TABLE 2 The QC strategy used by all collaborators for laboratory analysis.

TS Analyze 20% (every 5th sample) in triplicate. Triplicate
determinations should be within 5% of their average weight.

A Same samples as TS.

COD Analyze 10% in triplicate (every 10th sample). Triplicate

determinations should be within 10% of their average COD
value.

Include a blank with every batch.

Include a standard with every batch.

pH Calibrate at every analysis batch, or as standard in laboratory.
Electrical Calibrate at every analysis batch, or as standard in laboratory.
conductivity

Volaser Do every measurement in quadruplicate (measure 4 times in a

row in the same containment).

doi.org/10.25678/0007KN. Normality of the laboratory parameters
was tested with a Shapiro-Wilk test. Fecal sludge accumulation rate
was calculated as:

Accumulation rate (L/cap x year)

_ Volume of fecal sludge measured with Volaser (m3)x 1000
- Number of users x Time since last emptying (years)

If in the questionnaire the respondent answered that the
containment was not fully emptied during the last emptying event,
it was assumed that 50% of the volume was emptied, and the
“Volume of fecal sludge measured with Volaser” was multiplied
by 0.5. If an onsite sanitation system was never emptied, the
containment age from the questionnaire information was used
as “Time since last emptying”. Containment age was collected as
categorical data, so the middle value in the category was used for
“Time since last emptying”™: 0.5 year for “Less than 1 year old”;
3 years for “1-5 years old”, 8 years for “6-10 years old”, and
15 years for “More than 10 years old”. A sensitivity analysis was
conducted to assess the effect of these assumptions on accumulation
rate results, and is provided in the Supplementary material. In
Zambia, the Volaser experienced technical failures and could not
be used for all data points. Therefore, in Zambia “Volume of
fecal sludge” was calculated by measuring the outside of the
containment with a tape measure and multiplying that by the
sludge level as measured with the Volaser depth probe. Relative
absolute deviations (as a percentage) were calculated for laboratory
replicates and Volaser measurements by subtracting the triplicate
mean from each individual replicate, dividing that by the triplicate
mean and multiplying by 100. Absolute average deviations were
then calculated per triplicate trio. Any data points with >50%
relative deviation were removed from the analysis.

2.7. Evaluation methodology
An external evaluation was conducted with members of the

project team to evaluate success factors and barriers of overall
project management, technology acceptance, and the influence
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of the pandemic. The evaluation consisted of two separate focus
group discussions, in order to avoid social desirability bias: one
with the Eawag team (who were responsible for overall project
management) and one with the project managers of each of the
other institutions. In the online focus group discussions, interviews
focused on cognitive debriefing (Cheng and Clark, 2017). Cognitive
debriefing provided a method to articulate data that directly
addressed the three discussion points, and information related to
group meanings, processes, and new inductively derived themes
from the socio-cognitive perceptions of the participants (Massey,
2011). During the focus group discussions, the interviewer first
presented the guiding questions. The group was then free to
elaborate on aspects they identified as important. Based on specific
interests and a prepared set of questions, the interviewer directed
the discussion to learn more about a particular topic. The interview
questions can be found in the Supplementary material. During data
analysis, common themes were identified using qualitative content
analyses (Mayring, 2004), and compared amongst the two groups
of participants.

3. Results and discussion

3.1. Volaser performance

Accuracy of the Volaser was determined as part of the product
development phase, and data from the accuracy tests are reported in
the Supplementary material. The Volaser had an average deviation
of 2.6cm. In general, relative deviation was higher at shorter
distances (around 20% at 5-10cm), which matches which the
specifications of the distance sensor used (TFmini Plus). Precision
was evaluated in this study (i.e., how close four replicate in situ
measurements were). Median relative deviation for measuring fecal
sludge volume was 9.8%. Median relative deviation for measuring
containment volume was 9.4%. Some devices had lower relative
deviations than others. As with all QA/QC, replicates should be
included and reported also with measurements.

The Volaser was designed with the goal that parts can
be ordered and assembled anywhere for <$350. In this study,
constructing multiple Volasers at once reduced costs per unit.
Ordering the various parts was the most time intensive step, as
shipping times could be long. Feedback for improvement of the
device mentioned that phone compatibility is currently only with
Android phones with a USB-C port, and a weak spot in the device is
the point where the phone cable connects to the laser sensor. Taken
together, the device is easy to use and construct, and the current
restrictions identified in this study will be addressed in the next
product development phase. A Volaser assembly and operation
manual with accompanying videos are in preparation, and will be
available early 2023 on www.sandec.ch/volaser.

3.2. Qualities: Comparison of fecal sludge
characteristics in seven countries

Characteristics of fecal sludge in this study are presented in
Figure 3. The characterization results (i.e., pH, EC, VS, TS, COD)
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FIGURE 3
Characteristics of fecal sludge per location. The number above each boxplot represents the number of samples in that category (n), notches in
boxplots show confidence interval around the median.

did not follow a normal distribution (Shapiro-Wilk test < 0.05),
as is commonly observed with characteristics of fecal sludge (Gold
et al., 2018; Englund et al., 2020; Doglas et al., 2021; Strande et al.,
2021). Hence, medians are reported as more representative, or
when reporting mean and standard deviation, we also report how
far apart the mean and median are. For non-normal data, statistical
tests that assume normality are not valid, and non-parametric tests
should be used (e.g., Prasad et al., 2021). There is no standardized
way of reporting Q&Q of fecal sludge data in the literature, and
a multitude of reporting formats can be found (e.g. means with
standard deviations, medians and quartiles, per containment type),
which complicates comparison between studies. Therefore, when
comparing to the literature we report both the mean and medians
from this study.

When comparing the results from the seven countries in this
study to each other, Lebanon, Uganda and Sierra Leone had the
lowest concentrations, Ghana, Kenya, and Zambia the highest, and
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India in between (Figure 3). Other than a few outliers, pH and EC
values fall within reported ranges of 6.5-8.0 for pH (Strande et al.,
2014), and 0.14 and 24.8 mS/cm for EC (Appiah-Effah et al., 2014;
Semiyaga et al., 2017; Gold et al.,, 2018; Andriessen et al., 2020;
Ward et al., 2021b). Comparing results by reported country, TS,
VS, and COD for Zambia and India in this study were similar to
what has been previously reported, whereas Kenya and Ghana were
higher, and Uganda lower. TS, VS, and COD for Zambia in this
study were highly variable, but within the same range as previous
studies in Lusaka, including means of 208.4, 52.6, and 161.2 g/L
for TS, 131.3, 70.2, and 90.9 g/L for VS, and 129.4, 72.1, and 122.6
g/L for COD (Tembo, 2019; Ward et al., 2021b). Both references
report TS content gravimetrically, so for comparison here their
results were converted to g/L with an average density of 1,097 kg/m?
(Tembo, 2019; Ward et al., 2021b). Results from India in this study
(median 34.7 g/L TS, 22.3 g/L VS, and 33.1 g/L COD) were also
comparable to those observed in Prasad et al. (2021), with median
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26.8 g/L TS, 17.8 g/L VS, and 32.0 g/L COD. In contrast to this
study where mean TS was 155.0 g/L for pit latrines and 59.2 g/L for
septic tanks, Mugambi et al. (2020) report an average TS of 12.8 g/L
for residential pit latrines and 7.5 g/L for septic tanks in Naivasha,
Kenya. In Ghana, this study showed higher values for TS: 157.4 g/L,
VS: 73.6 g/L, and COD: 60.0 g/L, than values ranging from 0.75 to
63.1 g/L for TS, 0.55 to 0.89-g/L for VS, and 0.8 to 48 g/L for COD
reported by Ahmed et al. (2019). However, the data from Ahmed
et al. (2019) is from Accra, whereas the results in this study are
from Kumasi. In this study, TS, VS, and COD concentrations in
Kampala, Uganda are much lower and less variable than what has
previously been reported, 11.9-255.1 g/L for TS, 7.1-88.5 g/L for
VS, and 7.8-176.1 g/L for COD (Semiyaga et al., 2017; Gold et al.,
2018; Strande et al., 2018). Generally, in Zambia, Ghana and Kenya
values were higher and more variable than in other countries (for
TS, VS, EC, and COD). In Lebanon, characteristics had very low
variability, which could be explained that in this country almost
exclusively cesspits/leach pits were sampled, this was different than
for the other countries (Figure 4). To the best of our knowledge,
characteristics for fecal sludge in Sierra Leone and Lebanon are not
reported in the literature. Overall, the results of this study confirm
that characteristics of fecal sludge are highly variable, and although
characteristics are context specific, variability exists between studies
within the same city conducted at different times.

Characteristics of fecal sludge were analyzed for differences
based on the collected categories of DET data (e.g., number of
users, rainy season, containment type). Overall, pit latrines had a
significantly higher concentration of TS, VS, and COD than other
containment types (Figure 5). Toilet type also explained variation
in TS, VS, and COD, where dry toilets had higher values than
pour-flush toilets and cistern flush toilets. This is expected, as water
added during the flush will increase dilution of the sludge. Whether
there was a water connection on the premises or not was another
DET factor that made a difference in TS, VS, and COD, as has also
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been observed in other studies (Strande et al., 2018; Eliyan et al.,
2021).

When analyzing DET data per country, in three countries
(Kenya, India, Ghana) there was a significant difference between
pit latrines and other containment types for TS, VS, and COD,
but for other countries there were not enough data points in
each containment category to make statistical conclusions (e.g., no
boxplot could be produced). This confirms that collecting more
data points per location is useful to improve resolution of results,
and to focus on collecting a more or less even distribution of data
points across containment types. This was also the case for other
parameters (e.g., sludge source). The goal of Q&Q data analysis is
to find the DET parameters that best predict characteristics, and use
them to calculate a weighted average.

Based on these results, together with previous studies
evaluating characteristics of fecal sludge, containment type (ie.,
pit latrine vs. other containments), toilet type (i.e., dry toilet vs.
other pour-flush or cistern flush), source (i.e., household vs. non-
household sources), and whether there is a water connection on the
premises (i.e., yes or no) are consistently the strongest predictors of
TS and COD (and less clearly also VS) (Fanyin-Martin et al., 2017;
Semiyaga et al., 2017; Strande et al., 2018; Andriessen et al., 2020;
Krueger et al., 2021; Wanda et al,, 2021; Ward et al., 2021b). These
empirical relationships should be further validated in future studies
and meta-analysis of existing datasets. Synthesizing and validating
these generalized relationships could overall improve the accuracy
of community- to city-wide projections of accumulating fecal
sludge, and improved planning and design of fecal sludge treatment
plant for the protection of public health and the environment.

It could be especially useful to identify consistent relationships
among characteristics not only for individual cities, but also
across regions, which would provide another way to increase
accuracy of predictions while reducing costs (Englund et al., 2020).
For example, the planning and design of municipal wastewater
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treatment plants, relations like VSS/TSS ratio of 0.74-0.85 for
untreated wastewater are commonly assumed (Rieger et al., 2012;
Tchobanoglous et al., 2014). As shown in Figure 6A, in this study
a strong correlation between VS and TS (R?> = 0.88) with a
slope of 0.52 was observed with data from all seven countries.
In addition, when combining the VS/TS in this study with 1,206
data points from six previously reported open data sets, a very
similar correlation is observed (Figure 6B). The equation slope
of 0.49 is also consistent with other reported values for VS/TS
of 0.64 £ 0.12 and 0.50 £ 0.16 (Semiyaga et al., 2017); 0.67
+ 0.09 (Wanda et al, 2021), 0.54 £+ 0.20 and 0.56 £ 0.17
(Ward et al., 2021b); 0.77 £ 0.01 and 0.80 =+ 0.02 (Appiah-Effah
et al., 2014). Observed VS/TS ratios for fecal sludge are lower
than for wastewater, which is as expected, because fecal sludge
undergoes varying levels of stabilization during storage in onsite
containment, while wastewater is directly transported via the sewer
to the treatment plant. Although a significant relation exists, it is
important to note that with a R? of 0.88 there is still £12% variance
(Figure 6B). In addition, the nature of VS in fecal sludge appears to
be less readily biodegradable than in wastewater (Magbool et al., in
preparation).
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In contrast, as shown in Figure 7A, COD/TS ratios in this
study did not follow any overall trends. Uganda, India, Ghana and
Zambia display strong correlations of R* > 0.75, while for other
countries there is no clear correlation. Only Zambia had a COD/TS
of the range reported in Strande et al. (2021), of 0.89-1.20 with
an R? of 0.80-0.93 for five cities. This has also been observed in
other studies, for example a COD/TS of 0.86 (R? = 0.93) in Nairobi,
Kenya (Junglen et al., 2020). These relations seem to be particularly
influenced by samples with a lower COD/TS ratio. For example,
for Kenya there are a couple of such outliers that affect the slope
of the linear model. For some countries, as in Sierra Leone where
many unlined pit latrines were sampled, the low COD/TS could
be due to higher soil content in the fecal sludge, although sand or
soil content was not measured in this study. The overall average
COD/TS in this study was 0.94 £ 1.3, or 0.33-1.05 from 1Ist to
3rd quartile, which is much higher than the 0.60-0.65 that can be
expected for municipal wastewater influent (Tchobanoglous et al.,
2014). To account for the skewed data, COD/TS was analyzed in
a logl0 scale, which did improve the linear model fit for most
locations (Figure 7B). When evaluating local trends with very
skewed (non-normal) Q&Q data, it is advisable to attempt fitting

frontiersin.org


https://doi.org/10.3389/frwa.2023.1130081
https://www.frontiersin.org/journals/water
https://www.frontiersin.org

Andriessen et al.

10.3389/frwa.2023.1130081

2001 y=052x R*=0.88 o

Country
© Ghana
* India
* Kenya
* Lebanon
.
.
.

glL)
g

o
S
°

Sierra Leone
Uganda
Zambia

Volatile solids (

o
o
.
‘e
o

100 00 300

2
Total solids (g/L)

y=049x R?=0.87

Data from

© Bassanetal. (2013)
* Englund et al. (2020)
° Gold et al. (2018)

® Prasad et al. (2021)
© This study

° Ward et al. (2019)

°  Ward et al. (2021)

Volatile solids (g/L)

0 100 200 300 400 500
Total solids (g/L)

FIGURE 6

Linear correlation between TS and VS, with trend lines forced
through origin. (A) For all locations in this study combined. (B) This
study with other available datasets (total n = 1,206): Burkina Faso (n
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et al., 2020); Japan, Switzerland, Uganda, Vietnam (n = 91) (Gold
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Kenya, Lebanon, Sierra Leone, Uganda, Zambia (n = 204) (this
study); Senegal and Tanzania (n = 25) (Ward et al., 2019); and
Zambia (n = 426) (Ward et al., 2021b).

the data on a log scale, but it is important to keep in mind that
clear statistical patterns may not be observed everywhere. What
is clear from this study, is that COD/TS does not follow as clear
of a trend as VS/TS, and there is much greater variability in
the results.

3.3. Laboratory QA/QC results

In this collaboration, where laboratory analysis was conducted
in parallel in seven countries, it was of utmost importance that
all partners followed the same QA/QC protocol. Without proper
QA/QC, conclusions cannot be made about the accuracy or
precision of measurement values, and it is not possible to compare
values amongst each other, within a city, between countries, or
to the literature. Relative absolute deviations were calculated to
assess the variation between laboratory replicates. For TS, the
range of relative deviation between laboratory replicates was 0.01-
30.6%, with a median of 6.1%. For VS, the range of relative
deviation between laboratory replicates was 0.01-37.6%, with
a median of 8.3%. For COD, the range of relative deviation
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between laboratory triplicates was 0.04-24.5%, with a median
of 4.3%. There was no correlation between TS concentration of
sludge and relative deviation of TS, VS, and COD measurements,
confirming that it is not more difficult to obtain precise replicate
measurements for thicker fecal sludge than for more liquid
sludge. For exact QA/QC values, see the complete raw dataset:
https://doi.org/10.25678/0007KN. As these results show, variation
between replicate measurements is to be expected. However, most
of the laboratory replicates in this study have an acceptable
variation of <10%, albeit more than 5%, which is the standard
for wastewater analysis (APHA, 2017). Although progress is being
made on method development, standard methods and standards
for laboratory error specifically for fecal sludge have not yet
been established (Velkushanova et al., 2021). Precise and accurate
measurements of fecal sludge are challenging, and as standards are
developed, it needs to be determined what acceptable variations
are. Replicates for QC increase the total number of analyses,
and impinge on available resources, but opting for more samples
without QC is not meaningful. What is needed to move the
sector toward standard methods, and what this study would
have benefited from, is to evaluate split samples in multiple
laboratories. This was beyond the scope of this study, but is a
planned activity of the Global Partnership of Laboratories for Fecal
Sludge Analysis.
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TABLE 3 Descriptive statistics of fecal sludge accumulation rate, for all data combined, and per containment type.

Fecal sludge accumulation rate (L/cap-year)

Total Cesspit/leach pit Holding tank Pit latrine Septic tank
(n=124) (n=24) (n=4) (n = 84) (n=12)
Min 2 68 91 2 16
25th quartile 28 309 92 24 33
Median 91 1,692 201 44 218
Mean 2,116 7,798 245 622 1,834
75th quartile 400 6,306 354 159 1,846
Max 57,192 57,192 488 35,813 9,000
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FIGURE 8
Boxplot of fecal sludge accumulation rate by containment type. The y-axis is capped at 10,000 L/cap-year to improve readability, but actually runs
until 60,000 L/cap-year. Notches in boxplots show confidence interval around the median, outliers are marked with a x.

3.4. Quantities: Accumulation rates

Overall accumulation rates for this study are presented in
Table 3. The results are heavily skewed, as highlighted by the large
difference between the mean and median. There are a few extremely
high outliers, which were mainly cesspits/leach pits in Lebanon. All
but one of these did not have an outflow, explaining the need for
frequent emptying. This has also been observed elsewhere in the
region, where in the West Bank with the same type of containments,
cesspits/leach pits are emptied 7-24 times per year (Thaher et al,,
2022). In general, cesspits had significantly larger containment
volumes than other containment types had the most dilute sludge
(i.e., median TS was lowest for this category), and were all from
households. As shown in Figure 8, cesspits/leach pits operated in
this fashion have highly variable accumulation rates, including
much higher rates than the 300 L/cap-year reported by Koottatep
etal. (2012).

In this study, the highest accumulation rates were all from
recently emptied (<1 year) containments, which were also emptied
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frequently (i.e., emptying interval of emptied monthly up to <1
year). High emptying frequency is clearly tied to high accumulation
rates, and has also been observed in other studies (Koottatep et al.,
2012; Mills et al., 2014; Strande et al., 2018; Andriessen et al., 2020;
Mac Mahon et al., 2022). Median accumulation rates in this study
also correspond to ranges reported by others, including 50-280
L/cap-year for septic tanks (Strande et al., 2018; Mac Mahon et al.,
2022), and 14-270 L/cap-year for pit latrines (Mills et al., 2014;
Lugalietal., 2016; Strande et al., 2018). Across all types of DET data,
the strongest predictor of accumulation rate was containment type.
In addition, higher accumulation rates were observed when a water
connection was present, which has also been previously observed
(Strande et al.,, 2018; Andriessen et al., 2020). Accumulation rates
are much more variable and can be orders of magnitude higher
than the 37-51 L/cap-year that has been historically recommended
for the design of pit latrines in rural areas (Wagner and Lanoix,
1958). In conclusion, accuracy of predictions at the community-
to city-wide scale will be improved by a weighted average of local
measurements, taking into account groupings of containment type
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and water connection, rather than trying to use universal values.
It is important to note that the accumulation rates calculated in
this study are based on what remains within the containment as
a defined system boundary, as an estimate of what will need to be
emptied, or delivered to treatment facilities. These values do not
include any leaching or outflow into the surrounding environment.
From a public health perspective, stopping direct flows of fecal
sludge into the urban environment is a management concern of the
utmost priority (Okaali et al., 2022).

A general limitation in estimating accumulation rates is the
accuracy of the collected data, for example with time since last
desludging, containment age and containment size. Accumulation
rates could not be calculated for every containment in this study,
as these factors were not always known. Especially when people
are not financially responsible for construction and emptying costs
they are not aware of them, and hence guess widely ranging
estimates. In this study, we tried to reduce variability by providing
multiple choice answers for ranges of containment age (<1, 1-5,
6-10, <10 years, I don’t know). Another strategy could be asking
people to remember if the last emptying was related to a specific
event (e.g., wedding, holiday), which could increase accuracy of
remembering dates. 66% of the questionnaire respondents did not
know the size of their containment. This highlights the importance
of developing more accurate methods of data collection, than
questionnaire data alone. In this study, estimations based on
questionnaires were 455% different in volume from what was
measured with the Volaser, with the majority of the questionnaire
respondents estimated their containment to be larger than what was
measured with the Volaser. A sensitivity analysis was conducted
to assess the effect of uncertain questionnaire responses on
accumulation rates. Variations in time since last desludging had the
largest effect on accumulation rates, but did not significantly change
the outcomes of this study. The results of the sensitivity analysis are
included in the Supplementary material. Volaser measuring devices
could be used by emptiers for transparency of fees per volume
emptied, practitioners or academics when determining fecal sludge
accumulation (Wanda et al., 2021), or authorities when conducting
public health surveys or building compliance checks.

3.5. Evaluation and learnings from doing
international research during a pandemic

Focus group discussions concentrated on getting thematic
feedback from the entire project team and identifying areas of
converging and diverging opinions. Themes were: success factors
and barriers of overall project management, technology acceptance
and knowledge transfer, and the influence of the pandemic. For
the majority, opinions were converging, any diverging opinions are
highlighted here.

In terms of the overall collaboration, the entire project team
mentioned that the partnership was transparent, goal-oriented
and based on trust, and it also aligned with their own interests,
motivations and existing expertise in FSM, which were key success
factors of the project. The Eawag team additionally mentioned the
team spirit and collective psychological ownership for the project
by all team members over the project. All field partners felt positive
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about being able to make independent decisions on adapting the
sampling plan to the local reality, which increased their sense of
commitment to the project.

In terms of technology transfer of the Volaser, one barrier to
success that the field partners mentioned, was troubleshooting. The
exclusive online communication hampered troubleshooting and
was identified as a substantial contributor to problems experienced
by the field partners. However, problems in using the Volaser
independently could be overcome with continuous remote support
of the Eawag team. Overall, the partners themselves perceived the
ease of using and the importance of the technology as key factors
for acceptance. There were varying levels of ownership of the
Volaser technology between field partners and the Eawag team. The
Eawag team had greater feelings of invested ownership due to the
previous years they had spent developing the Volaser. For the field
teams, invested ownership was lower, due to less involvement in the
technology design and transfer. Due to the pandemic, the Volasers
were constructed by Eawag and shipped to each partner. The result
was assigned ownership, rather than personal investment. It was
identified by the field partners, that one way to increase ownership
would have been self-construction of the Volaser. Additionally,
improved access to training and supporting materials would help
increase ownership:

So I think that for it to be our technology and to be used
beyond us, I think we need to promote it a bit more and also
extend this training to practitioners, not only academics. We
can’t say it’s our technology, [... ] it was just sent to us to use.

In conclusion, a collaborative implementation project can
provide an invaluable step in increasing technology transfer from
developers into uptake. However, technology uptake ultimately
requires invested ownership, which could be increased by co-
involvement in technology design and construction. Uptake
will also be improved with adequate training materials, and
opportunities for collaborators to themselves train practitioners.

Regarding influence of the COVID-19 pandemic, the field
partners reported that it heavily influenced their work. However,
other than some difficulties related to the fieldwork, the field
partners mentioned mainly the positive aspects of financial support
and hope. In this way, working on the project made coping with the
pandemic easier. Specific feedback included:

And as you can imagine, there was a lot of anxiety during

the lockdown. [...] Such collaboration gave us hope. [...] So I

‘ think that this kind of work came at a good time to catch up with

the people we have been working with, whom we are separated
from because of the pandemic.

The Eawag team also underlined positive aspects resulting
from the experience. Even though some organizational workload
was increased, they perceived higher commitment and increased
engagement from the entire project team. For the Eawag team,
having a unified QA/QC strategy was also helpful in streamlining
the data collection.

There was general consensus among the entire project team
that success factors for remote project management were the
same as before the COVID-19 pandemic, when on-site, in-person
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visits were part of overall project management. Additionally, they
shared the view that the quality of the work in general was
not affected due to the pandemic. However, misunderstandings
and other small problems (e.g., delays) were encountered
more quickly or detected later, and accuracy of the contextual
understanding was hampered (i.e., technical incompatibilities
for the Volaser in very specific, individual containments).
To overcome this, more understanding of individual barriers
and thus flexibility in management are needed. In this case,
exchanges between the project team happened with greater
frequency and more spontaneity. In conclusion, due to the
jointly built trust, expertise and commitment of everyone, this
research project successfully co-created knowledge during a highly
uncertain time.

4. Implications

Knowledge developed in this study can help to improve the
efficiency and accuracy of estimations for Q&Q of fecal sludge at
city-scales. Differences in characteristics were observed based on
containment type, toilet type, sludge source, and water connection
(for TS, COD, and to a lesser extent VS), and for rates of
accumulation based on containment type. These relationships are
in line with previously published studies, and should therefore be
used as a minimum for setting up data collection, or calculating
projections of Q&Q at the city-scale. For example, locally
determining accumulation rates for different containment types
will affect design of scheduled emptying campaigns, or making a
weighted average of expected solids concentrations depending on
sludge source (e.g., household vs. non-household) could inform
treatment and resource recovery practices. This dataset provides
a starting point for further estimation of Q&Qs in general, and
specifically for the seven locations in this study. One short-
coming for using this data for city-scale estimates, is that the
number of containments sampled per city was limited. To scale
up estimations, data must ensure adequate representation of the
categories containment type, toilet type, sludge source, and water
connection. In addition, these factors should be supplemented
with the most relevant types of locally available demographic,
environmental, and technical data for the specific context. When
using containment type as a predictor, it is important to note
that labels like “septic tank” or “pit latrine” alone are not
adequate, and physical characteristics of containment categories
need to be clearly defined in advance (e.g., fully lined, partially
lined, unlined, outflow, no outflow). A direct “copy and paste”
method for estimating Q&Qs, that can be universally implemented
based on generalized or “standard” values, is not recommended.
Collaborative technology transfer and uptake (such as with the
Volaser in this study) could further improve estimates of Q&Q in
the future.

Establishing universal relationships among characteristics of
fecal sludge can help reduce analytical costs through reduced
sample numbers. Based on the results of this study, together with
previously published open-source data, an empirical relationship
for VS/TS of 0.49 was established using 1,206 data points. Although
a significant relation exists, it is important to note that with a R?
of 0.88 there is still £12% variance (Figure 6A). Therefore, this
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could be a reasonable estimate for the level of accuracy needed for
city-wide planning, developing sanitation master plans, or overall
modeling approaches. An increased level of accuracy is required
for operation, optimization, and monitoring of treatment facilities.
In contrast, a COD/TS relationship that was observed in previous
studies was not observed for all individual countries in this study,
and therefore needs to be evaluated more carefully on a case-by-
case basis.

A strength of the reported characteristics of fecal sludge in this
study, is that they were collected and reported in a transparent
fashion, with a strong QA/QC strategy. Experience shows that a
high variability between replicates can be expected for fecal sludge
analysis, making QA/QC especially important for comparisons.
Acceptable margins of error for analysis still need to be established,
but should always be reported. Accepting slightly higher error
margins for fecal sludge (e.g., here we used 10% variability between
triplicates instead of 5% that is used in wastewater standard
methods) might be needed. If measurements fall outside the
predefined error range, they should be discarded and/or reanalyzed
if possible, based on viability of storage conditions. Worldwide,
there is a growing network of people with experience in improving
estimates for Q&Qs of fecal sludge, which will be invaluable toward
developing reliable and standard methodologies. An important step
in ensuring this happens will be practitioners and scientists sharing
their data open access so we can mutually learn and build on the
growing body of knowledge, as with the larger analysis in this study.

One benefit in initiating a complex international project like
this, was that the initiator of the project had an established
network of collaborators. Long-term partnerships are extremely
valuable, even more so during a pandemic, and meant that
partners were already aware of each other’s capacities, and a
mutual level of trust existed. For newly established collaborations,
capacities, trust, and expectations were clarified in bilateral online
discussions prior to the start of the project. Success factors for
collaborating without any face-to-face contact included mutual
commitment and trust, laboratory capacity and experience with
wastewater or fecal sludge analysis, and study objectives that
were relevant for each partner and locality. Another success
factor was that one partner took the overall lead in project
coordination, with designated country project managers for
each partner. The experience and lessons learned during this
project can now be taken forward as ways to reduce carbon
footprint, and to participate in resilient, inclusive development
research projects.
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