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ARTICLE INFO ABSTRACT

Keywords: Sustainable Development Goal (SDG) 6 calls for universal access to safely managed drinking water services. We
Water supply studied the evolution of the water supply service between January 2017 and December 2021 in the town of Uvira
Infrastructure (South Kivu, Democratic Republic of the Congo) where large investments were made to improve the water supply
:Z:‘S/}ilce infrastructure during this period, including a new 2,000-m> tank, 56 community taps and 1,191 private taps.

Across 16 geographic clusters in the town, we assessed water service accessibility, water quantity, continuity,
and affordability, based on data provided by the construction team and the utility. We combined these di-
mensions into a single index ranging 0-100% according to rules defined using the fuzzy inference Mamdani
method. Our results show that despite substantial increases in accessibility (i.e. proportion of households with a
private tap or within 200 m of a community tap), overall service quality remained unsatisfactory, with a
maximum index value of 38.1%, and worsened in many parts of the town due to limitations of the water pro-
duction capacity after major flooding events and persistent electricity supply issues. The estimated amount of
water supplied per user per day remained under 20 L during >95% of the observation period, with a decreasing
trend. Pumps operated 58% of the time on average and the frequency of days without electricity supply increased
over time. Our study highlights the important gap between upgrades in water supply infrastructure and im-
provements in the quality of service. The analysis of potential future scenarios for Uvira indicates that increasing
production capacity is priority to improve overall service quality. Our results demonstrate that meeting SDG6
will be challenging in complex urban settings and will not only require sustained investments in water supply
infrastructure but also in systems management and in energy supply.

Fuzzy inference
Cholera

1. Introduction

The United Nations’ Sustainable Development Goal (SDG) 6 is to
“ensure availability and sustainable management of water and sanita-
tion for all” by 2030 (United Nations General Assembly, 2015). Levels of
drinking water services are defined and monitored by the World Health
Organisation (WHO) and the United Nations’ Children’s Fund (UNICEF)
Joint Monitoring Programme (JMP) to assess progress towards the SDG

and, in 2020, it was reported that two billion people still lacked access to
“safely managed” drinking water services (WHO and UNICEF, 2021).
Safe water supply services help to reduce the transmission of various
diarrhoeal diseases by preventing waterborne exposure to pathogens
and by ensuring the availability of sufficient water to practice adequate
hygiene (Cairncross and Feachem, 2018). According to global estimates,
1.4 million (95% CI: 1.3-1.5) diarrhoeal deaths were due to inadequate
water, sanitation and hygiene access in 2019 (Wolf et al., 2023). There is
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Monitoring Programme; km, Kilometre; L, Litre; NGO, Non-governmental organisation; OCHA, United Nations’ Office for the Coordination of Humanitarian Affairs;
SDG, Sustainable Development Goal; UNICEF, United Nations’Children’s Fund; VF, Veolia Foundation; WHO, World Health Organisation.
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historical evidence from Europe, North America and Asia that urban
water supply infrastructure contributed to reducing mortality from in-
fectious diseases (Cutler and Miller, 2005; Floris and Staub, 2019;
Ogasawara and Matsushita, 2018). Piped water supply on premises can
reduce diarrhoeal disease risk by 21% (95% CI: 0-40%) compared to the
use of an unimproved water source and that this reduction could be as
high as 52% (95% CI: 13-74%) when microbiologically safe water was
provided (Wolf et al., 2022).

Assessing the quality of water supply services for users/consumers is
complex but critical to improving utility performance and to inform
public health and urban infrastructure development policies (Balfagih
and Nopiah, 2015; Kayser et al., 2013; Soppe et al., 2018). Existing
methods for the evaluation of water supply services such as the Inter-
national Water Association (IWA) Performance Indicator System (Ale-
gre et al., 2017) or Aquarating in Latin America (Krause et al., 2018)
have been used widely in middle- and high-income settings with the aim
to support improvements in utility performance. These approaches
remain relatively complex and time-consuming, requiring detailed
operational, financial and institutional data. Such information, which is
used to assess utility performance across a range of indicators (e.g.%
non-revenue water), is often lacking in low-income settings (van den
Berg and Danilenko, 2017).

Providing a single, composite index of water service quality can help
monitor and communicate changes, and facilitates benchmarking ana-
lyses (Kayser et al., 2013; Vilanova et al., 2015). However, generating an
index leads to a loss of information and there are methodological chal-
lenges related to the aggregation of different variables and to the defi-
nition of weights (Kayser et al., 2013). There is no standard index for the
quality of water supply services; the non-governmental organisation IRC
proposes to take the lowest value amongst four key indicators — namely,
quantity, quality, accessibility, and reliability — as the ‘index’ value
reflecting overall water service quality (Moriarty et al., 2011). This
approach has the advantages of being simple and transparent for users
but the resulting index is based on a single component, thus not
reflecting all dimensions of the water service. With the Aquarating tool,
pre-specified weights can be used to calculate an average based on
percentage scores obtained for each component of the performance
assessment (Krause et al., 2018), however this requires having access to
detailed information across 8 areas of utility performance and is more
suitable for relatively advanced, institutionally mature water utilities.
Other approaches reported in the scientific literature to generate
aggregated performance indexes for water supply services mostly rely
on Data Envelopment Analysis and Analytical Hierarchy Processes,
which both require compliance with statistical independence assump-
tions for the index components (Kayser et al., 2013; Palomero et al.,
2022; Vilanova et al., 2015). Recently, work has also been conducted to
integrate broader, cross-sectoral definitions of water services perfor-
mance into quantitative frameworks or indexes reflecting urban water
security and climate resilience (Hughes, 2022; Krueger et al., 2020).

In undertaking an impact evaluation of large-scale improvements to
water supply infrastructure on cholera in the town of Uvira (Democratic
Republic of the Congo), a key assumption was that the water supply
service would improve over time as construction works were rolled out
in different areas (or “clusters”) in the town of Uvira (Gallandat et al.,
2021). However, unforeseen events including major flooding in April
2020 and the Covid-19 pandemic disrupted implementation of the
infrastructure improvement programme and restricted the water pro-
duction capacity. We therefore sought to assess in more detail changes
over time and space in the quality of the piped water supply service.

As we started gathering information from the utility on the water
supply service in Uvira, we faced challenges related to data availability
and granularity. We also needed to combine complementary datasets
that could not be considered statistically independent (e.g. hours of
pumping and volume of water delivered to users). Here, we use the
established Mamdani method (E.H. Mamdani, 1974), a robust and
flexible fuzzy inference method, and build on a previous application to
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investigate urban water supply in Lebanon (Karnib, 2015), to develop an
index of piped water supply service quality. Our main reasons for
selecting the Mamdani method were that (i) it can be tailored to transfer
non-quantitative, “expert-based” knowledge onto a quantitative scale,
which is useful to reflect a relatively complex water supply system and
(ii) it allows to integrate components that are not statistically indepen-
dent into a single index value and thus enabled us to exploit all relevant
data at our disposal (E. H. Mamdani, 1974).

The objectives of the work presented herein were to evaluate and
describe, via an aggregated index value, the evolution of the water
supply service quality in Uvira between 2017 and 2021. We also discuss
how the index approach may be applied to inform efficient water supply
service improvements and investments in low-resource, complex urban
settings with limited data availability.

2. Methods
2.1. Study site

Located in South Kivu, Democratic Republic of the Congo (DRC), on
the shores of Lake Tanganyika, Uvira is a town of approximately 280'000
inhabitants characterised by high levels of poverty, insecurity, and
limited access to basic services (Town of Uvira, 2020; UK Aid, 2021;
Vlassenroot, 2013). Uvira is also a “cholera hotspot” (Lessler et al.,
2018). In 2014, the French Agency for Development (AFD) and the
Veolia Foundation (VF) initiated a project to improve the water supply
infrastructure in Uvira, which is operated by the publicly owned com-
pany REGIDESO S.A. As part of a stepped-wedge cluster randomised trial
designed to evaluate the epidemiological impacts of the project (Gal-
landat et al., 2021), the town was divided into 16 clusters, which were
also used as reference to describe the water supply service in this
manuscript (Fig. 2). Construction works were implemented and docu-
mented by cluster, and focused on clusters 5 to 16 until December 2021,
with clusters 1 to 4 receiving the intervention as part of a later project
phase. The project included the construction of a new 2000-m> tank and
an upgrade of the main water treatment plant and pumping station.
Approximately 24 km of new pipes were installed and 10 km of existing
pipes were rehabilitated. Furthermore, between September 2019 and
December 2021, 56 new community taps were built, 1191 new private
connections were installed and 717 existing private connections were
rehabilitated. Extensive disruptions to planned construction works were
caused by the Covid-19 pandemic and extreme flooding events in April
2020, which destroyed the main water intake for the town. As a result,
the new tank was not fully utilised and the water production capacity
remained limited until December 2021. A mandate was given to the
NGO ADIR to organise the management of community taps.

2.2. Index components

Four dimensions of the water supply service quality were included,
considering data availability in the Uvira context and drawing from JMP
and WHO normative definitions derived from Sustainable Development
Goal indicator 6.1 for safely managed water services (WHO and UNI-
CEF, 2021): accessibility, quantity, continuity, and affordability. An
optimal service — leading to an index of water service quality of 100% —
would be accessible on premises, with water available in sufficient
quantity (>100 L/cap/day), continuously (24/24 h), at a price that does
not cause hardship to users (WHO and UNICEF, 2021, 2021). Each
service dimension is defined below along with a description of the types
of information available at our study site. We did not include water
quality as a dimension because of a lack of relevant, reliable data.

2.2.1. Accessibility

Accessibility was defined as the percentage of residential buildings in
each cluster with access to at least “basic” water supply according to
JMP definitions (WHO and UNICEF, 2021), i.e. either with a tap on
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premises or located within 200 m from a community tap. The 200 m
limit was used as a proxy for a round trip of less than 30 min assuming a
total walking time of approximately 5-10 min and 20-25 min for
queuing and filling containers, which is conservative compared to the
queuing times reported by the seven respondents using community taps
in our 2021 survey (Gallandat et al., 2022). Based on estimates from a
household survey conducted in Uvira in August 2021, 70% of the 57,327
structures extracted from a recent high-resolution satellite image
(Pleiades P1A, acquired between 26th February and 16th March 2020,
courtesy of Dr Andrew Azman, Johns Hopkins University) were
randomly selected and considered as residential buildings (Bwenge
Malembaka et al., 2021). The construction plans and follow-up data
including GPS coordinates for each new and rehabilitated tap were used
to determine the number of buildings connected to the water supply
network. Supplementary information provided by the NGO ADIR on the
condition and operation of community taps in August 2021 was also
used to determine which community taps were functional. Residential
buildings amongst those without a private tap that were located within
200 m from a functional community tap were identified by spatial
intersection.

2.2.2. Quantity

Quantity was defined as the estimated average volume of water (L)
delivered per person per day in each cluster. This was calculated as the
total volume of water supplied in each cluster divided by the estimated
number of REGIDESO service users in that cluster, including private and
shared household taps, as well as community taps:

VC,m

LCD¢ =
¢ ((Z,l:ll(kz 1) * gy * [C) + (:“HH * UPC)) * oy

where:

LCD¢ is the average volume (L) delivered per person per day in a
given cluster C

Vem is the volume (L) of water supplied in cluster C in month m
(based on billing information)

k; is the proportion of household taps used by i household(s), with i
taking values between 1 and 11 (Table SI1, based on survey data)
Uy is the mean household size in Uvira (based on survey data)

I¢ is the number of household (individual) taps in cluster C

Upc is the estimated number of households using a community
(public) tap in cluster C, based on the location of residential build-
ings

dp, is the number of days in month m

The volume of water supplied in each cluster for a given month (V)
was determined based on REGIDESO billing information, which
included metered and unmetered consumption. The consumption of
individual users could be assigned to clusters based on geographic co-
ordinates available from the construction team or using the taps’ iden-
tification numbers to approximate the location; 7.5% of taps for which
consumption was available for at least 1 month could not be assigned to
a cluster and were excluded from the analysis.

The estimated number of REGIDESO service users in each cluster
included both community and private tap users, accounting for the
common practice of sharing taps. According to a household survey
conducted in Uvira in September 2021, 53.3% of household (individual)
taps were used by one household only, while 46.7% were shared with
neighbours, serving between 2 and more than 10 households (Gallandat
et al., 2022). The distribution estimated based on survey data (i.e. the
proportion k; of household taps used by 1, 2, 3, i... up to 11 households)
was applied to all clusters (Table SI1) and a mean household size i of
7 individuals was used.

The number of community tap users was estimated as follows,
assuming that one residential building is equivalent to one household:
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(i) a number of residential buildings corresponding to the number of
households using or sharing a private tap were randomly identified as
private tap users; (ii) the number of remaining residential buildings
located within 200 m of a functional community tap was multiplied by
the mean household size of 7 individuals. A sensitivity analysis was
conducted to check the effect of varying the household size from 5 to 7
(range of household sizes estimated based on different surveys con-
ducted in Uvira between 2016 and 2021 by the research team (Bwenge
Malembaka et al., 2021; Gallandat et al., 2022; Jeandron et al., 2019)).

2.2.3. Continuity

Continuity was defined as the percentage of time (hours per month)
where pumps functioned according to operational records from the
centralised REGIDESO pumping station. This reflects water production
hours in Uvira and is used as an indirect measure of water availability to
users in absence of more granular, household-level information on the
evolution of this component over time. It was defined at the town level.

2.2.4. Affordability

Affordability was defined as the percentage of households within a
given cluster who purchased water at an affordable price from REGI-
DESO. This was determined by comparing the monthly amount invoiced
for REGIDESO water with an estimate of average household income.
Assumptions regarding the number of households sharing taps were
made based on survey data as described above for the quantity
component. For shared taps, it was assumed that taps where the largest
volumes of water were supplied were used by the largest number of
households and that the total amount invoiced was split equally between
households, which appears to be common practice in Uvira. An
“affordable” price was defined as one where the amount paid for water
by a household was less than 5% of the average household income
(WHO and UNICEF, 2021). A median monthly household income of
approximately US$ 88 (CDF 175,500), estimated based on a household
survey conducted in Bukavu (the nearest city in South Kivu, DRC) in
May 2021 (Nodalis, 2021). Sensitivity analyses were performed to
confirm the stability of this index component with affordability
thresholds varying from 3% to 7% and to assess the assumption that
costs were split equally between households, as other cost-sharing
models have been documented in the literature (e.g. where tap owners
pay less than other households (Zuin and Nicholson, 2021)). In partic-
ular, we evaluated a scenario where 80% of the costs were equally split
between neighbours for taps used by 2 to 4 households and all costs were
equally split between neighbours when 5 or more households shared the
tap.

The components were assessed on a monthly basis for the period of
observation, between January 2017 and December 2021. The months of
April and May 2020 were excluded from the analysis due to a six-week
water supply interruption caused by extreme flooding events (OCHA,
2020).

Scenarios were developed considering potential future de-
velopments, including further network extensions (improving accessi-
bility), increases in the production capacity (with a corresponding
increase in quantity), and better service continuity. The effect of
modifying one or several components at a time was tested with the sit-
uation in December 2021 as reference. No scenario was developed for
affordability given the absence of known, planned changes in tariffs and
the limited room for improvement of that component.

2.3. Fuzzy inference system

The Mamdani method consists of three steps: (i) fuzzification, where
input values are transformed into categorical variables (e.g. “high”,
“low”) through membership functions (Zadeh, 1965); (ii) fuzzy infer-
ence, where a system of rules is defined that determines an aggregated
function based on the categorical values attributed to each individual
component (Mamdani, 1974); (iii) defuzzification, where the final index
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value is determined based on the geometry of the aggregated function.
Each of these steps is detailed below.

2.3.1. Fuzzification

The range of possible values for each component (input variables)
and for the index (output variable) was divided into five categories:
“very low”, “low”, “medium”, “high”, and “very high”. Membership
functions characterised by three to four parameters were defined for
each variable and each category (Fig. SI1, Table SI2). WHO (World
Health Organization et al., 2020) and SPHERE standards (Sphere Asso-
ciation, 2018) informed thresholds for the “quantity” component. The
functions for the other components (accessibility, continuity, and
affordability) and the index itself were structured around quartiles, as in
(Karnib, 2015).

2.3.2. Rules definition

A system of 25 rules was developed where each individual rule
consisted of 1-2 antecedents determining the value of the index: “If C1 is
X and/or C2is Y, thenIis ...”, with C1, C2 representing components of
the index, X, Y their input values, and I the index (Table SI3). For
example, rule #4 defines that “If accessibility is low AND if quantity is
low, then INDEX is low”. The system was designed following the prin-
ciple that accessibility and quantity take precedence over continuity and
affordability, because the latter have little meaning when a tap is not
accessible or only limited volumes of water are available. The index can
therefore not have a value of “medium” or higher if accessibility or
quantity are categorised as “low” or “very low”, independently of the
continuity and affordability status (Fig. SI2).

2.3.3. Defuzzification

The final index value was defined by using the centre of gravity
defuzzification method (Leekwijck and Kerre, 1999), whereby it corre-
sponds to the abscissa of the centre of mass of the fuzzy inference
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function. It ranges from 0 to 100%, with higher values denoting a better
quality of water service.

2.4. Software

Data were initially entered into Microsoft Excel (2016, Redmond,
WA, USA). All spatial analyses were performed using QGIS (v3.16.15,
Hannover, Germany), except for the preparation of Fig. 2 in ArcGIS
(10.8.1, Redlands, CA, USA). The “mamfis” function was used in MAT-
LAB (R2021a, Natick, MA, USA) to apply the Mamdani method (File
SI1).

3. Results
3.1. Accessibility

In the clusters targeted by the AFD/VF project (5 to 16), accessibility
of the water supply service improved substantially, with increases of 26
to 94% over the observation period (Fig. 1(a)). As of December 2021,
accessibility exceeded 68% in clusters 5 to 15 and reached 100% in four
clusters (6, 7, 9, and 10), suggesting that all residential buildings in these
clusters either had a private tap or were within 200 m of a community
tap. Accessibility remained low (2.9-13.1%) in clusters 1 to 4, where no
intervention was implemented during the observation period.

3.2. Quantity

The estimated average volume of water available per person per day
remained below 20 L/p/day for 95% of the observation period (January
2017-December 2021) (Fig. 1(b)). A maximum of 24.8 L/p/day was
estimated in cluster 6 in March 2018. Comparing annual averages over
the observation period shows that the amount of water available per
person decreased in all but one cluster (1) between 2017 and 2021
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Fig. 1. Evolution of the water supply service between January 2017 and December 2021. (a) accessibility; (b) quantity; (c) continuity — at town level; (d)

affordability; (e) index.
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Table 1
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Annual mean volume of water (L) available per person per day (standard deviation based on monthly means) and difference between the first and last year of

observation in each cluster.

Cluster 2017 2018 2019 2020 2021 Difference 2021-2017
1 3.1 2.4) 8.4 3.9 8.5 (4.5) 6.9 (1.8) 7.8 (4.5) 4.7

2 13.6 (2.3) 13.7 (2.0) 12.0 (1.1) 11.8 (1.9) 13.0 (4.3) —0.6
3 15.6 @n 16.8 (1.5) 15.6 (0.5) 15.1 (1.0) 14.8 1.4 -0.8
4 9.0 (1.6) 10.3 (1.6) 10.9 (0.9) 9.3 (0.5) 6.4 2.8) -2.6
5 8.1 (1.5) 6.5 (1.3) 5.5 (0.8) 2.5 1.7) 1.9 (1.4) —6.1
6 19.4 (3.0) 18.3 (1.5) 20.5 (1.5) 21.6 (1.6) 8.5 (9.6) —11.0
7 15.9 (1.1) 15.1 0.9) 12.3 (2.2) 5.7 (3.0) 4.7 1.7) -11.2
8 21.2 (1.2) 19.4 (1.2) 12.8 3.8) 4.3 (7.0) 2.0 0.9) -19.2
9 14.1 1.m 13.9 0.7) 8.3 3.4 1.5 (2.0) 1.6 (0.5) —12.6
10 17.0 (1.2) 17.2 (1.9) 14.0 2.8) 8.7 (1.6) 7.9 1.n -9.1
11 16.5 (1.3) 16.2 1.4) 13.6 (1.1) 7.7 3.3) 5.8 (0.6) -10.7
12 4.4 (1.2) 3.1 (0.5) 2.0 (1.0) 0.4 0.2) 1.2 (1.0) -3.2
13 19.0 @n 19.7 (0.5) 18.2 (0.6) 13.3 (3.0) 11.2 (1.5) -7.8
14 7.9 (1.0) 10.1 (1.1) 9.2 (1.0) 2.3 (3.6) 0.5 (0.1) —7.4
15 13.4 3.3) 15.4 (1.5) 11.1 3.2) 3.9 0.7) 5.0 1.7) -84
16 7.5 1.1 7.8 0.49) 5.3 2.2) 0.8 0.4) 1.0 0.3) —6.5
Town 16.5 (1.5) 16.8 (0.5) 14.0 1.7) 8.0 (1.9) 14.0 (0.9) -2.5

(Table 1), likely due to the limited water production capacity.

Modifying the household size from 7 to 5 for the estimation of water
quantity per person resulted in a difference under 1 percentage point in
the index value in 79% of all observations (n = 758); the index value
increased by more than 5 percentage points in 9% of cases (n = 86) and
by more than 10 percentage points in 3% of cases (n = 29). Differences
tended to be larger in clusters with fewer community taps.

3.3. Continuity

Pumps at the main water treatment plant were operational between
34.6 and 75.5% of the time based on monthly averages between January
2017 and December 2021 (Fig. 1(c)), including operation using elec-
tricity supplied through the network (87.9%) and through back-up
generators (12.1%). The mean across all months between January
2017 and March 2020 was 60.9%; it decreased to 51.0% when consid-
ering the period post-flooding, from June 2020 to December 2021.

3.4. Affordability

The water service remained affordable for a majority (>70%) of
users between January 2017 and December 2021, although increased
variability and an overall decreasing trend was observed in several
clusters after June 2020 (Fig. 1(d)).

Moving the affordability threshold from 5 to 3% of the household
caused a difference smaller than 1 percentage point in the index value in
91% of the observations and greater than 10 percentage points in 0.1%
of the observations. Modifying the cost-sharing assumptions so that tap
owners would pay less than other users changed the index value by 1
percentage point or less in 58% of the observations, by up to 5 per-
centage points in 30% of the observations, and by more than 10 per-
centage points in 5% of the observations.

3.5. Water service quality index

3.5.1. Evolution between 2017 and 2021

The index of water supply service quality reached a maximum of
38.1% in January 2017 and in April 2018 in cluster 10, while remaining
under 10% during more than 95% of the observation period in clusters 1,
4, 5, 12, 14, and 16 (Fig. 1(e), Fig. 2). Considering annual averages
between 2017 and 2021, the index remained unchanged in two clusters
(5 and 16), slightly increased in two clusters (1 and 3, where population
decreased but no change to the water supply infrastructure was docu-
mented), and decreased in all other clusters (Table 2).

3.5.2. Future scenarios

Simulating an increase in accessibility alone up to 100% had no ef-
fect on the index value, except in clusters 1 to 3 which continued to have
very low values (<11%) in December 2021 (Fig. 3). Simulating an in-
crease in quantity alone up to 25 L/cap/day raised the index to 50% in
all clusters where accessibility was already >68% (clusters 5 to 15).
With a further increase up to 40 L/cap/day, the index reached >68% in
those clusters. In clusters 1 to 3, where accessibility remained under
11% until December 2021, increasing water quantity had no effect on
the index value (Fig. 3). Increasing continuity, alone or in combination
with other components, had no influence on the index (Fig. 3).

4. Discussion

We assessed the evolution of the water supply service in the town of
Uvira between January 2017 and December 2021. For each month, we
combined information regarding the changes in infrastructure (new
connections), the volumes of water delivered, the hours of water pro-
duction, and the financial values invoiced to users into a single index
value through a fuzzy inference method. This work highlights a
disconnect between water supply infrastructure and service improve-
ments, while illustrating an easy-to-use, robust and flexible approach to
assessing past and potential future changes in a piped water supply
service.

4.1. Water supply service evolution

Large investments were made to improve the water supply infra-
structure in Uvira and this resulted in substantial increases in accessi-
bility in the targeted areas. However, the quality of the service and, in
particular, water quantity and continuity, remained unsatisfactory.
Concretely, this means that many households gained access to a tap
nearby or on premises but were unable to collect water in sufficient
quantity or in a reliable manner. The water service quality index
remained low and tended to decrease over the observation period; it had
comparatively higher values in the clusters located in areas of lower
elevation (near the lake) and close to the main water treatment plant.

Reasons for the observed discrepancy between accessibility increases
and service improvements likely include: (i) implementation challenges
and disruptions due to major flooding events that affected Uvira in April
2020, which prevented the commissioning of central infrastructure
(water intake, reservoir) and limited the water production capacity at
the same time as the number of service users increased; (ii) the absence
of improvements to the electricity supply, which is closely interlinked
with continuity issues; (iii) insufficient staff capacity and training,
resulting in the suboptimal operation of the main pumping station and
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Fig. 2. Map of Uvira showing the location of key water supply infrastructure and the division by clusters. The bar in each cluster shows the percentage of time where
the index was <10%, 10-19%, 20-29%, and 30-39% between January 2017 and December 2021.

water quality testing. These observations from the Uvira project support
three recommendations.

First, plans to improve water supply need to consider all aspects of
service provision, from water intake to point of delivery, as well as the
effect of interventions on existing and potential new users. In Uvira, the
installation of new taps went ahead despite delays in the commissioning
of a new tank and with a reduced water production capacity following
the destruction of the main water intake during extreme flooding. This
led to less water being available for existing users. The poor service
quality likely negatively impacted the demand for new connections, too.
Anecdotal observations suggest that temporary service improvements

led to a surge in the number of requested tap installations.

Second, investments need to be coordinated across sectors. In Uvira,
water supply interruptions are linked to an unreliable power supply to
operate the pumps. Improving the water supply service requires solving
the power supply issues — and involving relevant stakeholders for this.
Investments in new assets should arguably be delayed unless conditions
for their installation and operation, including sufficient energy supply, is
available.

Third, allocating sufficient resources for capacity strengthening is
key to ensure adequate operation, maintenance, and monitoring of the
systems by water utility staff, and that complex infrastructure projects
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Table 2
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Annual mean of the monthly water supply service index (standard deviation), in%, and difference between first and last year of observation in each cluster.

Cluster 2017 2018 2019 2020 2021 Difference 2021-2017
1 7.0 0.4) 7.4 0.4) 7.4 (0.4) 7.6 (0.3) 7.5 0.4) 0.5
2 15.6 (0.0) 15.6 (0.0) 15.6 (0.0) 15.6 (0.0) 14.9 (2.6) -0.7
3 21.1 (0.4) 21.1 (0.3) 21.4 (0.0) 21.4 (0.0) 22.3 (2.0) 1.2
4 9.3 (0.0) 9.3 (0.0) 9.3 (0.0) 9.3 (0.0) 8.3 (1.3) -1.0
5 6.7 (0.0) 6.7 (0.0) 6.7 (0.0) 6.7 (0.0) 6.7 0.1) 0.0
6 135 (0.0) 13.5 (0.0) 13.5 (0.0) 13.5 (0.0) 8.8 (2.9) 4.7
7 25.0 (0.0) 25.0 (0.0) 24.8 (0.4) 15.5 7.7) 10.6 (5.7) —14.4
8 23.9 (0.1) 23.8 0.2) 23.3 (0.8) 11.8 7.7) 6.8 0.2) ~17.1
9 25.0 (0.0) 25.0 (0.0) 18.8 8.7) 6.9 (0.2) 6.7 (0.0) -18.3
10 34.2 2.7) 33.7 (3.3) 27.2 (5.0) 22.8 (2.2) 21.8 (2.3) 124
11 23.9 (0.2) 23.9 0.1) 24.1 0.1) 17.8 4.1 14.8 2.7) -9.1
12 7.7 (1.5) 6.8 (0.0) 6.8 0.1) 6.7 (0.0) 6.7 0.1) -1.0
13 29.9 1.7 30.0 (0.3) 31.5 0.9) 26.6 (3.3) 24.7 (1) -52
14 8.8 (0.0) 8.8 (0.0) 8.8 (0.0) 7.1 (0.9) 6.7 (0.0) 2.0
15 18.9 (0.0) 18.9 (0.0) 16.9 (4.5) 8.0 (1.1) 12.5 (5.4) -6.3
16 6.7 (0.0) 6.7 (0.0) 6.7 (0.0) 6.7 (0.0) 6.7 (0.0) 0.0
Town 21.1 (0.4) 21.0 (0.3) 22.1 1.3) 20.9 (2.9) 15.3 (3.1 -5.8
multiple sources, especially in times of intermittency. Our household
100 survey data from 2021 show that approximately half (49%) of the
households reporting a tap outside their house or compound as primary
— Cluster 1 drinking water source used at least one alternative source. Any financial
80} Cluster 2 expenditure on non-REGIDESO water would not be captured in our
. Cluster 3 index, possibly meaning affordability is worse than it seems although
g:”ste’g free water sources (river, lake, rain) were the most common alternative
= Clﬁztge sources. Secondly, the economic costs of accessing water can be
8\, 60 Cluster 7 important (e.g. travel/queuing time), as can the coping costs of dealing
x —Cluster8 with intermittent supply which can be financial (e.g. storage materials,
8 g:z::g: ? 0 purchasing from vendors) and non-financial (e.g. additional travel time)
c 40+ Cluster 11 (Burt et al., 2018). Thirdly, a misleadingly positive picture may be
i Cluster 12 interpreted when basing affordability on existing water volumes when
7 , Cluster13  such volumes are known to be sub-optimal as our water quantity ana-
* + 42 72:3::: 12 lyses demonstrate. For example, for a household of 7 people, using the
207 * * _j}_ Cluster 16 December 2021 tariff, a consumption of 25 L/cap/day or higher would
exceed the 5% affordability threshold used in our analysis.
3 e developed future scenarios based on expected developments in
# * * We developed f ios based on expected develop i
0 : : : Uvira, including the construction of a new, permanent water intake
P ) o increasing production capacity) and the use of the new -m” storage
@ i ducti ity) and th f th 2000-m?

Fig. 3. (a) Situation in December 2021 (baseline); (b) effect of increasing
accessibility to 100%; (c) effect of increasing quantity to 40 [L/cap/day].

meet the goal of delivering improved services to target populations. In
Uvira, two aspects reflected training needs and suboptimal operating
procedures: pumps remained shut down even in presence of staff at
times where the power supply was available with sufficient voltage,
which reduced the water production and affected the service continuity.
And while chlorine testing was conducted with pool testers, no clear
protocol seemed to be in place, so that the sampling locations, frequency
and method, and testing times, remained unclear. To our knowleddge,
no other type of water quality testing was conducted on a regular basis.
This suggests limited control over the quality of the water supplied
through the network and is also why water quality is not integrated as an
index component in this work.

We considered affordability by estimating monthly water bills as a
proportion of monthly household income, a commonly-applied method
(WHO and UNICEF, 2021). There are two possible reasons for the
variability and decline in affordability seen from mid-2020: (i) REGI-
DESO’s national tariffs are defined in US$ but user invoices are in CDF,
and the exchange rate changed substantially in May-July 2020; (ii)
tariffs increased in 2021. The strengths of our approach are that it
provides a reasonable proxy without investing in costly new data
collection, and is therefore likely to be more broadly applicable. How-
ever, it has limitations, firstly in that households purchase water from

tank at full capacity (improving resilience to electricity shortages),
which are both expected by end of 2023. Simulations suggest that water
quantity — i.e. production capacity — is the main limiting factor, or pri-
ority for improvement, as of December 2021 in clusters where works
have already been implemented to enhance service accessibility
(reaching >68% in clusters 5-15). While continuity is critical from a
health risk perspective, it had limited influence on the overall water
service quality in our simulations. This was mostly due to accessibility
remaining incomplete and quantity very low in most clusters, and to the
fact that fuzzy inference rules were defined to lower the index in case of
intermittent supply but did not foresee increases in the index for im-
provements in continuity alone.

4.2. Methodological considerations

The Mamdani method has been applied across multiple sectors to
produce synthetic performance indexes (e.g. to evaluate bottled water
quality (Asgari et al., 2021) or manufacturing systems (Pourjavad and
Mayorga, 2019)). However, to our knowledge, only one example of
application to water services has been published to date, related to
urban water supply in Lebanon (Karnib, 2015). Generating a single
index value provides advantages in terms of communication and for the
evaluation of complex interventions. In the Uvira project, the index will
be integrated into an epidemiological model to assess the impacts of
changes in the water supply service on cholera and diarrhoeal diseases
(Gallandat et al., 2021).
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Existing tools for the assessment of water service quality typically
require extensive, time-consuming data collection following a strict
framework (e.g. Aquarating with 8 themes and 101 prespecified per-
formance indicators (Krause et al., 2018)). Advantages of the Mamdani
method include its flexibility, as index components can be selected based
on data availability and quality. The method also allows combining
components or datasets with different structures, time scales, and
geographic scopes, as well as variables that are not statistically inde-
pendent. This makes it particularly suitable for settings where data may
need to be collected retrospectively. The method is relatively easy to use,
as predefined functions exist (MathWorks France, 2018); we are sharing
the MATLAB code file used in this work (SI File 1).

4.3. Limitations

The work presented in here had several limitations. The customised
definition of the index, including membership functions and system of
rules, is somewhat subjective despite using WHO/JMP standard refer-
ences as a starting point and limits the benchmarking possibilities across
settings. All data used in our analyses were collected retrospectively
from utility reports, which was convenient but not easily verifiable and
may not have reflected user-level experiences. Data on water quality (i.
e. measured chlorine concentrations) could not be included in our an-
alyses due to a lack of clarity regarding sampling and testing methods,
and water quality is therefore not reflected in the index. The assessment
of water quantity available per user was based on billing information
(including unmetered consumption) and rough assumptions (everyone
uses the same amount), and did not account for the use of multiple water
sources. Likewise, the continuity of the service was assessed indirectly
by using water production times, at town level, as no data was available
to evaluate the situation at cluster or user level for this component; the
service reliability (i.e. whether water was available at predictable times)
could not be assessed. We used household survey data wherever possible
to develop assumptions and triangulate results.

5. Conclusions

Our study describes the evolution of the water supply service over
five years in the town of Uvira, a complex urban setting where cholera is
endemic and where a major investment was made to expand access to
safe drinking water services. We used a robust and flexible method to
synthesise multiple dimensions of the piped water supply service in a
single index value. The analysis reveals a significant gap between
expanding infrastructure and meaningful changes in service quality and
demonstrates the challenges in achieving and monitoring progress to-
wards the SDG 6 indicator of universal access to “safely managed”
drinking water services. Our study highlights the importance of cross-
sectorial coordination and investment in the necessary institutional ca-
pacity to ensure that water infrastructure projects realise actual changes
in service quality.
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