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Figure 3. Average (with standard deviation (SD)) of heterotrophic plate count (HPC) number, adenosine
triphosphate (ATP) and iron concentration of the cultured biofilm after 14 days ((A), n = 2-5) and,
including TOC levels, of natural biofilms upon arrival at the laboratory (entry) and immediately before
start of the experiment ((B), n = 3).

Figure 4. (A). Flushing efficacy (A1-A3: 1.27 m/s; 2.5 volumes; A4: 0.45 m/s, 0.9 volumes) of the
individual experiments. (B) Role of waiting time after flushing (C) and distance from the contamination
point on the number of microorganisms in the water. Shown is the average, with SD, of the results of
four distances per time point (B) or the average of the results of four time points per distance point (C).
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3.4. Role of Waiting Time between Flushing and Sampling

After flushing, the pipe-loop system was closed and water remained stagnant for 24 h during
which samples were taken. The number of microorganisms in the water changed very little over
time (Figure 4B). Two exceptions showed a decreasing (enterococci in A2) or increasing (MS2 in A1)
pattern. This result was only seen once and therefore suggests that this may be variation caused by
the large setup of the experiments or might be explained by natural variation. Differences in waiting
time between flushing and sampling thus does not appear to affect the number of microorganisms
present in the water. The general lack of changes in the number of microorganisms suggests that
exchange between water and biofilm is not significant: the number of microorganisms that attaches to
or releases from the biofilm is too small to detect in this setup. An alternative explanation could be that
the microorganisms in biofilm and water are in equilibrium, with the same number of microorganisms
attaching to and releasing from the biofilm. The results indicate that the probability of detecting fecal
indicators one hour after flushing is similar to later time points. Hence, in a real situation in which
repair works have been performed, followed by flushing, a waiting time longer than one hour before
sampling is not necessary, does not change the chance of detecting a microorganism and unnecessarily
leads to a longer period during which that particular section of the drinking water distribution system
cannot be released for consumption.

After flushing, the water was sampled at different distances along the pipe-loop system to test
whether the distance between the point of contamination and sampling point affects the number
of microorganisms that were found. When microorganisms were dosed in water and flushing was
performed according to the guidelines, the number of microorganisms in water varied little over
the distance (Figure 4C; experiment Al and A2). Exceptions are Enterococcus faecium and MS2 in
experiment A2: at 20 m lower numbers were found than at the 10-m sampling point. Dosage of
microorganisms in sand and water in experiment A3 leads to high numbers close to the contamination
point and the number of microorganisms declined with an increasing distance. Especially at the first
sampling point at 1 m high numbers of microorganisms were found, and these numbers declined
rapidly with increasing distance. After flushing, the sand was not completely removed and was
particularly present in the first few meters after the contamination point, and was most likely the
cause of the larger number of microorganisms at 1- and 5-m sampling points. Slower flushing with
less volumes yielded the reverse picture, the number of microorganisms increased with the distance
(experiment A4). At 1m the number was comparable to the other experiments, but at 20 m the number
was about two logs higher. The water in the pipe-loop system was not completely refreshed as flushing
was performed with only 0.9 volumes. After flushing the bulk of the contamination has arrived at
around the 20-m point where the sample was taken. Whether the less efficient removal is caused by
the lower flushing velocity or by lower flushing volume cannot be determined from these experiments.
However, the comparable low number of microorganisms at 1 m between experiments A1, A2 and A4
suggests that the flushing speed is less important.

3.5. Attachment of Microorganisms to the Biofilm

In the previous experiments only the flushing efficacy in removing microorganisms from the water
was tested. However, in all pipes of the drinking water distribution system a biofilm is present. It may
be possible that characteristics of the biofilm influence the attachment of microorganisms and thus the
efficacy of flushing and chlorination. Therefore, not only a biofilm was cultured in the pipe-loop system,
but also segments of real-world pipes with a natural biofilm were taken from the distribution system
and incorporated in the pipe-loop system. Binding of microorganisms to the biofilm, flushing and
chlorination were tested in pipe-loop systems with a cultured biofilm (experiments B1-B3, Figure 1b
and Table 2) or a natural biofilm (experiments C1-C3, Figure 1c and Table 3).

After addition of the microorganisms to the water in the pipe-loop system, the water was circulated
for 24 h to allow the microorganisms to attach to the biofilm (Table 4). The binding efficacy differed for
each microorganism, but was comparable between the cultured and natural biofilm: C. perfringens
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spores bound most efficiently to the biofilm (42.3% and 36.4%, respectively), followed by E. coli (6.7%
and 3.3%) and phiX174 (0.6% and 0.7%). These binding efficiencies are comparable to a previous
study using small reactors with glass pearls on which a biofilm was cultured using similar methods as
this study. Approximately 10% of the E. coli bacteria was bound to the biofilm [27]. However, using
young, natural, 7-10 months old, drinking water biofilms in a flow chamber only 0.03% of E. coli was
attached [28]. Another study showed a 1 log/cm? binding of phiX174 (after dosing 5.6 log) to a natural,
7-month old, biofilm [29], compared to 34 log/cm? in this study. Additionally, in a pilot distribution
system spores of the bacterium Bacillus subtilis attached to a cultured biofilm with 3—4 log/cm2 [23].
Some reasons for the large differences in binding characteristics between the studies might be the
environment, the composition of the drinking water and the pipe material that affect biofilm formation.
However, within our study we did not find differences between a cultured biofilm and a natural biofilm
and when drinking water from different locations was used. A clear explanation for the differences is
lacking, however, in all studies the microorganisms bind to the biofilm. These attached microorganisms
may negatively affect the efficacy of flushing procedures and the chlorine disinfection.

Table 4. Binding of microorganisms to cultured and natural biofilm.

E. coli C. perfringens phiX174
Water Biofilm Water Biofilm Water Biofilm
Bl 99.7 0.3 27.0 73.0 - -
B2 87.5 125 72.6 274 99.3 0.7
Cultured B3 86.3 13.7 76.2 23.8 99.7 0.3
biofilm B4 93.7 6.3 28.2 71.8 98.7 13
B5 99.2 0.8 84.4 15.6 99.9 0.1
Average +SD 933 +6.3 6.7 6.3 57.7£278 423+278 99405 0.6 £ 0.5
C1 94.4 5.6 45.0 55.0 99.3 0.7
Natural 2 99.1 0.9 91.8 8.2 99.8 0.2
biofilm C3 96.5 3.5 54.0 46.0 98.8 1.2

Average +SD  96.7 +2.4 33+24 63.6+249 364 +249 99.3 £ 0.5 0.7+ 0.5
Note: SD: Standard deviation.

3.6. Normal Flushing with 1-1.5 m/s

After 24 h circulation, flushing (1.0-1.5 m/s and 3 volumes) removed 1.2-3.1 log E. coli, 0.5-3.0
log C. perfringens spores and 2.7-3.3 log phiX174 from the water in the presence of a cultured biofilm
(Figure 5A). Removal of phiX174 from water seemed to be most efficient, although the differences were
small. The log removal in experiment Bl was markedly lower compared to the other experiments, the
reason for this is not known. Removal of microorganisms attached to a cultured biofilm by flushing
was limited: 0.3-1.3 log E. coli, 0-0.9 log C. perfringens and 0.9-1.4 log phiX174 were removed. Removal
of microorganisms from water and biofilm when pipe segments with a natural, old biofilm were
used, was comparable to the experiments with a cultured biofilm (Figure 5B). Removal from the water
phase was slightly lower in this case, and relatively constant, despite the differences in biofilm site
and age and water quality (1.6-2.6 log E. coli; 2.0-2.2 log C. perfringens; 2.6-2.7 log phiX174). Removal
of microorganisms from the natural biofilm was also slightly lower: 0.2-1.4 log E. coli; 0.2-0.4 log
C. perfringens; —0.2-0.5 log phiX174. Extended flushing with up to 15 volumes only yielded an extra
0.4-0.7 log removal from the water (Figure 6C). Removal in the first three volumes was largest, after
which flushing became less effective.
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Figure 5. Flushing efficacy in log removal of microorganisms from the water and biofilm of a pipe with
a cultured biofilm (A,C) or a natural biofilm (B,D). In (A) (experiments B1-B3) and (B) (experiments
C1-C2) the pipe-loop system was flushed with 3 volumes at 1.5 m/s. In (C) (experiment B4-B5)
and (D) (experiment C3) the pipe-loop system was flushed with 3 (water) or 15 volumes (biofilm) at
0.3 m/s. # phiX174 not added to pipe-loop system and not determined.

3.7. Slow Flushing with 0.3 m/s

Although flushing of the drinking water distribution system should normally be performed at a
velocity of 1.5 m/s and 3 volumes, this is not always possible due to practical reasons. As mentioned in the
AWWA standard C651-14, an alternative can be to flush the distribution system with a lower velocity [30].
In addition, flushing can be extended so more pipe volumes are replaced. However, it is unknown
whether this is as efficient as flushing with 1.5 m/s. Flushing with low speed (0.3 m/s) was tested in the
pipe-loop system with a cultured (experiments B4-B5) or natural biofilm (experiment C3). Flushing with
three volumes at 0.3 m/s removed 2.4-2.8 log microorganisms from the water of a pipe-loop system with
a cultured biofilm (Figure 6A). Microorganisms were not removed from the cultured biofilm (0-0.3 log
removal). Flushing pipes at low speed with three volumes and a natural biofilm yielded comparable
results: 2.2-2.8 log removal of microorganisms from water and —0.1-0.5 log removal from the biofilm
(Figure 6B). Extended flushing with more volumes (up to 15 volumes) at 0.3 m/s only yielded an additional
0.2-1.0 log (in the presence of a cultured biofilm) or 0.5-0.9 log (natural biofilm) removal from water
(Figure 5C,D). The results show that flushing a pipe-loop system with a cultured or natural biofilm and
with a low or high-speed yield comparable results. Flushing removes a large part of the microorganisms
from the water, but removal is incomplete. Microorganisms bound to the biofilm are not removed or
only to a limited extent. Although a natural and cultured biofilm can have different characteristics, their
behavior in flushing experiments is comparable. Results of flushing experiments in a pipe-loop system
with a cultured biofilm are thus predictive for results obtained with a natural biofilm.
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Figure 6. Flushing efficacy in log removal of microorganisms from the water and biofilm of a pipe with a
cultured ((A,C); experiments B4 and B5) and natural biofilm ((B); experiment C3). In (A) (experiments
B4-B5) and (B) (experiment C3) the pipe-loop system was flushed with 3 volumes (water) or 15 volumes
(biofilm) at 0.3 m/s. In (C) (experiment B5) the pipe loop system was flushed with 15 volumes at 1.5 m/s.
Samples were taken from the water after 3, 6, 10 and 15 volumes without stopping the flushing procedure.

3.8. Chlorine Disinfection

Flushing is effective in removing microorganisms from the water, but removal from the biofilm
was shown to be very limited. Upon intrusion of (pathogenic) microorganisms in the drinking water
distribution system during repairs or low-pressure transients or sites (reservoirs), binding of the
microorganisms to the biofilm is likely to occur and, depending on the severity of the contamination,
this may involve large numbers. To ensure clean and safe drinking water, intruded microorganisms
that have attached to the biofilm have to be removed. Since this study shows that flushing has only very
limited effect on the attached microorganisms, one of the possibilities is to combine flushing with shock
chlorination, adding a high chlorine concentration (for example 10 mg free chlorine/L) to the drinking
water and ensure that the network segment is treated with chlorination. The pipe segment is closed,
without consumption and the chlorine is incubated for 2448 h to kill off any microorganisms present
in water and biofilm. The efficacy of chlorine on microorganisms in water has been studied before
in laboratory situations but, to our knowledge, only very limited in a pilot distribution system [23].
The effect of chlorine on microorganisms that are present in or on the biofilm of the pipe wall is
assumed to be less effective as the biofilm may protect the microorganisms. To determine the efficacy
of chlorination, the flushing procedure was completed and subsequently chlorine was added to the
pipe-loop system to a concentration of 10 mg/L and the chlorinated water was circulated for 24 h.
The free chlorine concentration in the water was measured at regular intervals. After 24 h the chlorine
concentration was 6.3-8.6 mg/L.

E. coli is very susceptible to chlorine and the log removal of culturable E. coli in water increases
quickly to about 7 log removal (Figure 7). In experiments with a cultured biofilm, the number of E. coli
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in water is below the detection limit after 1 h of chlorine exposure (CT: 600 mg min/L), experiment B4).
In the other two experiments the E. coli level in water is below the detection limit after 3.5 (experiment
B1) or 6 (experiment B2) hours (CT: 2100-3600 mg min/L; white markings in the graphs of Figure 7).
Similar die-off patterns can be seen when real-world pipes with a natural biofilm were incorporated.
E. coli was not detectable in the water 1 (experiment C2) to 6 h (experiment C1 and C3) after dosage of
chlorine, corresponding to 7-8 log removal. PhiX174 numbers in water, in the presence of a natural or
cultured biofilm, were below the detection limit 1-6 h after addition of chlorine, corresponding to 7.5
log removal. C. perfringens spores were more resistant to chlorine and, in water, were still detected in
three out of six experiments after 24 h of chlorination (CT: 14,400 mg min/L). In the biofilm die-off of all
microorganisms was slower than in water. The initial decay upon chlorine dosage was quick, but levels
off during the following 24 h. In the cultured biofilm E. coli was most sensitive to chlorine, followed by
C. perfringens spores and phiX174. Only at 24 h the number of microorganisms sometimes dropped
below the detection limit, but in most cases the microorganisms were still present in low numbers.
In the natural biofilm die-off of microorganisms was slightly faster for E. coli and C. perfringens, but
much faster for phiX174. Often the microorganisms cannot be detected after 1 h (E. coli) or 1-6 h
(phiX174) of chlorination. C. perfringens remained present in two out of three experiments during the
24 h of chlorine exposure and were most resistant to chlorine. The initial decay upon chlorine dosage
was quick, but levels off after 1 h and hardly any extra C. perfringens spores were inactivated. In most
experiments the spores were still culturable after 24 h chlorine exposure. This suggests that a part of
the C. perfringens spore population was quite sensitive to chlorine and were inactivated within one hour.
The remaining population was more resistant and only a very limited effect of chlorine was visible.

Cultured biofilm Natural biofilm
E. coli Water Biofilm Water Biofilm
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Figure 7. Log removal of microorganisms by chlorination (10 mg/L) from the water and biofilm of a
cultured and natural biofilm in log removal. Markings in white indicate a result below the detection
limit and is thus a “>value’ in log removal.

It has long been known that chlorine disinfection is highly active against most bacteria [31,32]
and viruses [33,34]. A CT-value around 1 mg min/L is often sufficient for 34 log reduction of

114



Water 2019, 11, 903

these microorganisms. However, most protozoa and spores are highly resistant against chlorine
and inactivation is limited [35,36]. In our experiments C. perfringens spores were most resistant to
chlorine, but still 3-5 log was inactivated after 24 h incubation (CT: 14,400 mg min/L). In another study
inactivation was lower: 1.7 log C. perfringens spores were inactivated upon incubation in a 5 mg/L
chlorine solution for 24 h (CT: 7200 mg min/L) [37]. In the same study, Cryptosporidium parvum spores
were completely resistant to the chlorine treatment. Bacillus subtilis spores were not inactivated during
180-min incubation in a 1-10 mg/L chlorine solution (CT: 180-1800 mg min/L) [22]. One of the reasons
that cause the differences in inactivation kinetics may be the age of the spores. From UV-disinfection
studies it is known that young spores are more vulnerable to UV disinfection then older spores [38].
It is possible that the same principle holds for chlorine disinfection, in that older spores are more
resistant to chlorine than young spores. Disinfection studies in which the indicator viruses MS2 and
phiX174 were incubated with 0.5 mg/L chlorine a >3.5 log reduction within 30 min for MS2 and 1
min for phiX174 was observed (CT: 15 and 0.5 mg min/L) [39]. In another study, applying 1-10 mg/L
chlorine, a >5 log inactivation of free-suspended MS2 bacteriophage was achieved (CT: 15-20 mg
min/L) [22]. PhiX174 was also quickly inactivated in our study (6 log inactivation, CT: 600 mg min/L).
However, as inactivation was not measured in the first hour the results cannot be directly compared
to literature.

For the same reason the inactivation kinetics of E. coli in our study (4-7 log, CT: 600 mg min/L)
cannot be compared directly to literature in which E. coli seems apparently more vulnerable to chlorine
(5-6 log inactivation within 5 min at 1 mg/L [22] or 4 log at 0.5 mg/L within 30 s) [32].

3.9. Application to Real-Life Situation

The flushing and disinfection experiments show that microorganisms in the water phase of a
distribution system are readily removed by flushing. Although removal by flushing is not complete,
in a real-life situation flushing is often probably sufficient as a contamination is likely to harbor less
microorganisms than that were dosed in these experiments. A 2-3 log removal efficacy is sufficient
in these cases. The tested flushing velocities (0.3 m/s or 1.5 m/s) yielded similar removal efficiencies.
However, the microbial contamination was suspended in water and not bound to sediment particles
which may make removal more difficult as a sufficient flow velocity is required to resuspend the
particles in to the water phase. A previous study showed that lower flushing velocities (0.25-0.4 m/s)
are sufficient for removal of sediment particles from a 100 mm pipe, however resuspension is likely to
be more effective at 1.5 m/s compared to 0.3 m/s. Therefore, it remains recommendable to aim for a
flushing velocity of 1.5 m/s. In situations in which 1.5 m/s cannot be reached due to practical reasons,
flushing with 0.3 m/s can be used to remove the contamination from the water phase, but a less efficient
removal of particles with attached microorganisms should be taken into account.

If a contamination enters the drinking water pipe and is not removed immediately, the
microorganisms will have bound to the biofilm, and chlorine disinfection is required to inactivate
these microorganisms. Chlorine disinfection should also be considered when the repair works have a
high risk, for example when leaking sewage pipes are located close to or above the drinking water
pipe line. The surrounding ground water or soil is likely to contain high numbers of microorganisms
and even a contamination with a small amount of water or soil may introduce a large number of
microorganisms. In these cases disinfection with a high chlorine concentration is required to inactivate
the bound microorganisms and to ensure the microbiological safety of drinking water. Other options to
remove, and thus clean the biofilm are available, for example, (ice) pigging during which an ice slurry
is pushed through the pipe, removes the pipe wall biofilm and (nearly) all loose sediment particles.
However, chlorination can be performed on a short notice, which is not possible for (ice) pigging.

Prevention of ingress of fecal contamination into the network remains pivotal in protecting the
public health and requires strict adherence to hygienic working procedures. If the network becomes
contaminated, protecting the public health remains the first priority. Therefore, not only flushing, and
possibly chlorination, should be applied, but also a (preventive) boil water advice to the consumers.
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Once the distribution system is contaminated it remains important to first localize and isolate the
contamination source before performing flushing and chlorination.

4. Conclusions

Flushing and chlorine disinfection experiments in a pipe-loop system show that (1) sampling of
water from the distribution system for microbiological monitoring can be performed 1 h after flushing,
(2) small microbial contaminations in the water phase can be effectively flushed out of the system,
(3) a contamination with sand was not completely removed from the system and present in the first few
meters, (4) flushing with more than the prescribed three volume replacements removes only a limited
number of extra microorganisms, (5) after high risk repair works or incidents shock chlorination is
advised to ensure the microbiological safety of the drinking water as flushing is not efficient enough,
(6) experiments with pipes with a cultured biofilm yield comparable results to pipes with a natural
biofilm. For future experiments pipes with a cultured biofilm can be used, instead of pipes with a
natural biofilm which have to be extracted from a distribution system by a drinking water company.
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Abstract: Intermittent water supply networks risk microbial and chemical contamination through
multiple mechanisms. In particular, in the cities of developing countries, where intrusion through
leaky pipes are more prevalent and the sanitation systems coverage is low, contaminated water can be
a public health hazard. Although countries using intermittent water supply systems aim to change to
continuous water supply systems—for example, Kampala city is targeting to change to continuous
water supply by 2025 through an expansion and rehabilitation of the pipe infrastructure—it is
unlikely that this transition will happen soon because of rapid urbanisation and economic feasibility
challenges. Therefore, water utilities need to find ways to supply safe drinking water using existing
systems until gradually changing to a continuous supply system. This study describes solutions
for improving water quality in Mukono town in Uganda through a combination of water quality
monitoring (e.g., identifying potential intrusion hotspots into the pipeline using field measurements)
and interventions (e.g., booster chlorination). In addition to measuring and analyses of multiple
chemical and microbial water quality parameters, we used EPANET 2.0 to simulate the water quality
dynamics in the transport pipeline to assess the impact of interventions.

Keywords: intermittent water supply; microbial contamination; drinking water quality modelling;
sustainable development goals (SDG6)

1. Introduction

Intermittent water supply systems represent a range of water supply services that supply water
to consumers for less than 24 h per day or not at sufficiently high pressures [1]. Such systems are
typical in developing countries, with more than 1.3 billion people in at least 45 low- and middle-income
countries reportedly receiving water through intermittent systems [2—4]. It is generally considered
that intermittent water supply systems are not an ideal method of supply and do not constitute the
best solution [5]. Where such systems are poorly maintained and have leaky pipe infrastructure,
contamination can intrude into the water distribution system when pipes are at low or zero pressure.
This could be through infrastructure deficiencies (e.g., holes and cracks in some pipes due to aging
and deterioration) or break flows through cross connections (a plumbed connection between a potable
water supply and a non-potable water source) and this could happen through events that are persistent
or temporary [6-9]. In particular, contamination of pathogenic microorganisms such as E. coli in water
cause various diseases [10]. However, intermittent water supply is being used by many water utilities
to address water shortages (e.g., in drought conditions) or increasing demand, without considering
long-term alternative solutions [1]. Although essential, transitioning from intermittent water supply
systems to continuous water supply systems is often difficult for utilities [11,12] and needs to be done
in a cost-effective way, combining improved operations with targeted capital works [1].
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In Uganda Vision 2040 [13], the government aims “to improve the health, sanitation, hygiene,
promote commercial and low consumption industrial setups, Government (sic) will construct and
extend piped water supply and sanitation systems to all parts of the country”. To accomplish this,
the Ministry of Water outlines “improved water quality” and “reliable water quantity” as actionable
targets for 2040 [14]. The planned transitions are even more ambitious for Kampala and target 2025
with the Kampala Water Project to rehabilitate the distribution network and extend water treatment
capacity to meet all needs [14], in a bid to attain Sustainable Development Goal (SDG) 6, which focuses
on sustainable access to clean water and sanitation. This means it will take up to 20 years to change all
water supply systems in Uganda to new continuous systems. However, safe water quality is required
under intermittent water supply systems until continuous supply goals are achieved.

In previous research, residual chlorine values in the Kampala water distribution system were
investigated to assess the potential of recontamination [15]. Although Ecuru et al. [15] were only
concerned with physicochemical water quality parameters (temperature, pH, turbidity, colour,
ammonia, Fe?*, and free chlorine), they were able to show low levels of residual chlorine compared to
the minimum standard requirements. However, microbial water quality parameters were missing.
In addition, interventions on how to maintain the level of residual chlorine in the water distribution
systems, as well as parameters for other water pollutants were also not investigated.

In this manuscript, we assess multiple chemical and microbial water quality parameters in
the Kampala water distribution system and examine the impact on water quality in Mukono town
because of low pressure and leaky pipe infrastructure under intermittent water supply systems. The
treatment works in Kampala use conventional chlorination as a disinfectant with the aim of maintaining
disinfectant residuals throughout the supply network. We, therefore, measure residual chlorine levels
at different parts of the water distribution system as an indicator for remaining disinfection potential
and assess multiple water quality parameters, including microbial water quality (e.g., E. coli), to
examine the water quality from the treatment plant to the very end of the network. The study is
based on sample data collected at multiple sampling points between Ggaba II (water treatment plant)
and Mukono town, via the centre of Kampala. This study considers pH, colour, turbidity, nitrate,
nitrite, ammonia, sulphate, E. coli, total coliform, COD (Chemical Oxygen Demand) and chlorine
because these parameters are related to water contamination by chemical and microbial pollutants
that can cause health hazards [15]. Based on this assessment, we also propose booster chlorination
in the supply reservoirs to reduce the microbial risk within the existing intermittent water supply
system. By coupling the modelling of the distribution network hydraulics and chlorine decay processes
in EPANET 2.0 [16], with residual chlorine levels from measurements, we propose feasible booster
chlorine levels to achieve minimum standards for residual chlorine at all consumption nodes.

2. Materials and Methods

2.1. Current State of Site and Its Water Distribution System

Our study focuses on Mukono, a town in the north east of Kampala with a population of 664,300
(in 2018) [17]. Water is supplied to Mukono for an average of 20 to 24 h per day to all customers and
sourced from Lake Victoria, as with most towns in Uganda [4]. Water pumped up from Lake Victoria is
supplied to customers after a treatment process that includes coagulation, flocculation, sedimentation,
gravel and sand filtration, disinfection with chlorine gas and pH adjustment by soda [4,18]. The design
capacity of Ggaba II is 80,000 m®/day with an average production of about 70,252 m?/day [19]. Water is
transmitted to the primary reservoirs of Muyenga, Seeta and Mukono (see Figure 1 and Table 1). The
distribution and transmission pipes range in diameter from 50 to 900 millimetres.
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Figure 1. Kampala water distribution systems and pipelines from Ggaba II to Mukono town. The
names of the numbered sites are shown in Table 1.

Table 1. The number and name of each sampling location as well as their respective elevation in
the Kampala water distribution system (elevation data was acquired from the National Water and
Sewerage Corporation (NWSC)’s GIS (Geographic Information System) data set).

Number Name of Place Elevation (m) ~ Number Name of Place Elevation (m)
1 Ggaba II 1126 11 Seeta tank lower 1170
2 Muyunga Tank E 1232 12 Namilyango Trading center 1196
3 Mutungo reserver 1228 13 Mukono Health Center 1168
4 Bugorobi Market 1172 14 Mukono UCU 1256
5 Luzira Trading Center 1146 15 Mukono tank A+B 1164
6 Mutungo Trading center 1168 16 Mukono Market 1240
7 Butabika Hospital 1168 17 Mukono Wantoni 1176
8 Namanve Booster 1134 18 Mukono Dandira 1160
9 Seeta market 1182 19 Mukono Kayunga Road 1172
10 Bukerere Joggo 1202

2.2. Sampling Locations

This study was conducted on the Kampala water supply line from Ggaba II to Mukono town, via
Kampala, in Uganda during January 2019. Kampala is the capital city of Uganda. This study focused
on main points (19 sites) of the water supply system, such as the water treatment plant (Ggaba II),
water storage tanks (supply reservoirs) and end user taps at various locations (a hospital, a market,
a trading centre, a pump station and a university). The name of places, locations and elevations are
shown in Figure 1 and listed in Table 1.

2.3. Choice of Water Quality Parameters

To assess water quality, twelve water parameters were selected for the analysis and simulation
of the supply system (Table 2): free chlorine, E. coli, total coliform, COD, ammonia, nitrate, nitrite,
sulphate, turbidity, pH, water age and water pressure. All samples were collected and tested within
the standard 30-h holding time [20].

Table 2. Measurement kit and device to measure water quality of tap water.

Measurement Items Measurement Devices

E. coli, Total coliform Compact Dry EC Nissui for Coliform and E. coli

Free chlorine, &?}Pﬁa‘;mﬁ‘lﬁggi tl;mrate' Nitrite, by otometer PE-1271 and NANOCOLOR tube test
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These parameters were chosen for multiple reasons. For example, changes in residual chlorine are
linked with pollution by chemicals like ammonia and biofilm growth; chlorine reactions with corrosion
products and COD could most likely explain low residual chlorine levels at the end of the network,
where water age can be high [21]. The low residual chlorine levels in the Mukono reservoir and areas
that follow are more likely due to this reason. Higher turbidity levels are often associated with higher
levels of viruses, parasites and some bacteria [22]. There can be correlations between water age and
chlorine levels [21]. Exposure to extreme pH values results in irritation to the eyes, skin, and mucous
membranes [23]. Careful attention to pH control is necessary at all stages of water treatment to ensure
satisfactory water purification and disinfection [24]. For effective disinfection with chlorine, the pH
should preferably be less than eight and pH levels that are too low can affect the degree of corrosion of
metals [23]. Maintaining continuous optimal water pressure in drinking water distribution systems
can protect water from contamination as it flows to consumer taps [25,26]. Sulphate is one of the
major dissolved components of rain. High concentrations of sulphates in drinking water can have a
laxative effect [27]. Ammonia, nitrite and nitrate can cause algae growth [28] and can be indicators of
pollution from agriculture and anthropogenic sources. Ammonia is an important indicator of faecal
pollution [29]. Nitrite and nitrate have toxic effects for infants under three months of age and so require
monitoring [30].

2.4. Sampling Methods, Measurement Items and Analysis

We followed recommended methods, also used by the National Water and Sewerage Corporation
(NWSC), to collect samples. Samples for chemical analysis were collected in clean 500 ml plastic bottles.
After flushing the taps for more than 10 seconds in order to clean the faucet, the sampling bottle was
rinsed three times with the same water source as the sample before sampling. Collected samples were
brought back to a laboratory using a cold storage case to keep them at low temperatures (at under 10
°C) to prevent bacterial growth during transport [20].

The measurement items and devices are listed in Table 2. Free chlorine was tested twice on-site
using Photometer PF-12"""S (MACHEREY-NAGEL, Diiren, Germany) and the NANOCOLOR tube
test (MACHEREY-NAGEL, Diiren, Germany) by following the procedure of NANOCOLOR tube
test. The samples for E. coli and total coliform were tested by incubating for 24 h at 35 °C + 2 in
an incubator by Compact Dry EC Nissui for coliform and E. coli detection (Nissui, Tokyo, Japan)
by following the protocol for Compact Dry EC Nissui for coliform and E. coli detection. Nitrite,
nitrate, sulphate, ammonia and turbidity were tested twice for each sample by Photometer PF-12"1us
and the NANOCOLOR tube test in the laboratory by following the procedure of the NANOCOLOR
tube test, and were validated with pH data from January 2019 using records from internal GIS and
measurement databases maintained by the operations team at NWSC. Water age and water pressure
were assessed using EPANET simulations. Measurement ranges for parameters were selected to
include recommended standards by WHO [24], the Ministry of the Environment Government of
Japan [31], or as in Wang et al. [32] and Kumpel et al. [8] (See Table 3).
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Table 3. Measured parameters of water quality, the standards of water quality and range of photometer used.

Measurement Items Measurement Standard Range of Photometer
Free chlorine 0.5 mg/L (0.2-1.0) [24] -
E. coli 0 (CFU/100mL) [24] -
Total coliform 0 (CFU/100mL) [24] -
COD <5 mg/L [31] 3 to 150 mg/L
Ammonia <1.5 mg/L [24] 0.04 to 2.30 mg/L
Nitrite <3 mg/L [24] 0.3 t0 22.0 mg/L.
Nitrate <50 mg/L [24] 0.1 to 4.0 mg/L
Sulphate <250 mg/L [24] 40 to 400 mg/L
Turbidity <5 NTU [24] 1 to 1000 NTU
pH 6 <pH <9[24] -
Water age <5.7 days (136.8 h) [32] -
Water pressure >17 psi [8] -

2.5. Water Quality Modelling

EPANET 2.0 is a computer program that can perform extended period simulation of hydraulic
and water quality behaviour within pressurised pipe networks with pipes, nodes (pipe junctions),
pumps, valves and storage tanks or reservoirs [16].

This paper used EPANET 2.0 to simulate chlorine decay, water age and pressure levels in the
distribution network modelled. The pipe length and diameter data of the distribution network are
shown in Figure 1 and presented in detail in Table 4. The considered part of the distribution network
consists of five different pipe diameters and different lengths per diameter, which were all derived from
the GIS dataset maintained by the National Water and Sewage Corporation (NWSC). Pipe roughness
(Table 4) was derived using recommend values by Swierzawski (2000) for the material types and
age [33], which are assumed to be the same for all pipe sections here. Future work can consider
calibrating the roughness of the pipes, which may be different as thw pipes age. Three typical demand
patterns in Kampala water distribution systems were generated to model the end-user demand for
water in this study (Figure 2) [18]. Each pattern was applied based on the Republic of Uganda Ministry
of water and environment’s manual on demand patterns for Ugandan urban water use (2013), also
shown in Table 5 [18]. EPANET was run to simulate water quality parameters for 168 h (i.e., 7 days).

Table 4. Pipe length, diameter and roughness of water distribution lines from Ggaba II to Mukono.
The name of the numbered sites or nodes is as shown in Table 1.

Pipe Name (from node No. x to y) Pipe Length (m) Pipe Diameter (mm) Pipe Roughness
1to2 5260 800 140
2t03 4210 500 140
3to4 2700 100 140
3to5 1740 100 140
3to6 660 100 140
6to7 1340 100 140
3to8 11700 500 140
8to 11 4710 400 140
11to9 1680 200 140

11to 12 1230 100 140
9to 10 3260 100 140
9 tol5 6920 400 140
15to 13 1220 100 140
15to 14 710 100 140
15 to 16 1530 100 140
16to 17 1100 100 140
17to0 18 860 100 140
13to 16 1240 100 140
13to0 19 1100 100 140
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Figure 2. Typical weekday consumption patterns (normal households aggregated, township taps,
schools and total of the three patterns) in Kampala water distribution systems [18].

Table 5. Demand pattern for each sampling points.

No. Pattern No. Pattern
1 - 11 -
2 - 12 Township taps
3 - 13 Normal
4 Township taps 14 School
5 Township taps 15 -
6 Township taps 16 Township taps
7 Township taps 17 Normal
8 - 18 Normal
9 Township taps 19 Normal
10 Normal

2.5.1. Headloss in Pipes (Hazen-Williams Formula)

In this study, the Hazen-Williams formula was used to model frictional losses in the hydraulic
model. The headloss across a pipe, per 100 feet of pipe, is given as:

452 % Q1A85

Pd = Croo 15 x 4487

)
where Q = flow rate (gpm or Lpm), Cj,,. = roughness coefficient, dimensionless, d = inside pipe
diameter, in mm. The total head drop in the system (psi) as a function of the pipe length L (ft) is given

as [16]:
[ ] ]001485 Ql485

Td = 0,002082 L x — X s o)

with velocity (V), flow rate (Q) and friction headloss (f) are computed as follows:
V = 1.318 X Cpyyy X R*% x 5054 3
Q = 0.849 X Cjyy X A x R x 5054 @

605X Q5
f= Ciup 185 x dA78

where S = the slope of the energy line (head loss per length of pipe, unitless), f = friction head loss in ft.
hd./100 ft. of pipe (m per 100m), Pd = pressure drop (psi/100 feet of pipe), R = hydraulic radius, feet
(m), V = velocity (feet per second), and A = cross section area, in (mm?).
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2.5.2. Chlorine Decay Kinetics

There are two main reasons why residual chlorine decays through reactive processes [34,35]. One
reason can be external contamination, which happens often during pipeline breaks and maintenance
operations, and the second is the decay with time through reaction with natural organic matter in the
bulk water. The chlorine decay model [34-37] that is included in EPANET 2.0 [16] and used within our
water quality analysis accounts for both bulk and wall reactions, with a limited growth on the ultimate
concentration of the decaying substance, as follows:

r =1l (Cp = C)C" D), (5)

where 7 is the rate of reaction (mass/volume/time), kb is the reaction constant, C is the reactant
concentration (mass/volume), 1 is the reaction order, and Cj, is the limiting concentration. Chlorine
reactive decay in the bulk flow within the pipe is adequately modelled by a simple first-order reaction
(n =1, k, =0.849/s, C;, = 0 are used here [16]). The rate of the reactant reactions that happen at pipe
walls are related to the reactant’s concentration in the bulk, modelled as:

rp = (A/V)kwcn (6)

where r; is the rate of reaction (mass/volume/time), A/V is the surface area per unit volume within the
pipe which equals (4/pipe diameter), C is the chlorine concentration (mass/volume), # is the kinetics
order (1 here), and k;, is the wall reaction rate coefficient (length/time for n=1 and mass/area/time for
n=0). The EPANET simulation makes automatic adjustments to account for mass transfer between
the bulk flow and the wall, based on the molecular diffusivity of the reactant under study and the
Reynolds number of the flow. In the case of zero-order kinetics, which are recommended by the
program manual [16], the wall reaction rate cannot be greater than the mass transfer rate, resulting in:

ra = =MIN(ky, k;C)(2/R), @)

where kf is the mass transfer coefficient (length/time), C is the chlorine concentration (mass/volume),
and R is the pipe radius (length).

Water age was also calculated by EPANET 2.0 and was used to assess the age of each parcel of
water in the system, where we have only one source at the treatment plant and the dynamics of service
reservoirs (with a complete mixing model, i.e., the MIXED setting for tanks [16]) was employed. A
“setpoint booster source” was used to fix the concentration of outflows leaving booster nodes, where
the concentration of all inflow reaching the booster nodes was below the outflow chlorine concentration
that was set. In this manuscript, Microsoft Office Excel (2016) was used to do the statistical analysis
and visualize the results. Error bars were created using standard deviation P function in Microsoft
Office Excel (2016).

3. Results and Discussion

Free chlorine levels measured for samples of the distribution system did not meet the WHO
standard of >0.2 mg/L [24] at 15 sites. E. coli was detected at 11 sites (other bacteria were not detected).
Although the average COD level did not meet the standard of <5 mg/L [31] at six locations, there were
an additional four sites where one of the samples exceeded this threshold, i.e., locations three, four,
nine and 15 in Figure 3c. Therefore, with more measurements, it is possible that more locations may
have higher COD values.
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Figure 3. Free chlorine (a), E. coli (b) and COD (c) measurements from the Kampala water distribution
system. The place numbers are as shown in Table 1 (n = 2). The error bars show the standard deviation
of duplicate samples.

The average pH value in the water supply system was 7.1, the lowest was 6.8 (at Namanve booster)
and the highest at 7.4 in Mukono market, which all meet the WHO standard set in [24]. Sulphate was
detected at seven locations, but all below the maximum set by the WHO standard of <250 mg/L [24]
(See also Table 6). Ammonia, nitrite, nitrate and turbidity were found to be below measurable limits
by the photometer, which measured concentrations well below WHO [24] standard limits (ammonia:
<1.5 mg/L, nitrite: <3 mg/L, nitrate: <50 mg/L, turbidity: <5 NTU) (see Table 5). Therefore, rainwater
runoff and wastewater, such as industrial effluent and sewage, are not suspected of intruding in the
drinking water distribution pipes based on these results [27-29].
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Table 6. Ammonia, nitrate, nitrite, sulphate and turbidity from Kampala water distribution systems.
Ammonia, nitrate and sulphate are shown in one item as they were not detected (or not found to be
below measurable limits by the photometer) in two different measurements; these are indicated with a
dash. The name of the numbered sites is as shown in Table 1.

No. Ammonia (mg Nitrite (mg Nitrate (mg (S;;lg)?::fie) Turbidity
N/L) N/L) N/L) (mg S/L) (NTU)
1 - - - - -
2 - - - - -
3 - - - - -
4 - - - 60, 40 -
5 - - - - -
6 - - - - -
7 - - - - -
8 - - - 54,40 -
9 - - - _ -
10 - - - 46,47 -
1 - - - 48,40 -
12 - - - - -
13 - - - - -
14 - - - - -
15 - - - - -
16 - - - 40,48 -
17 - - - 73, 40 -
18 - - - - -
19 - - - 42,46 -

The water age at most sample locations was estimated to be less than 20 h; the water age at
Mukono Health Centre was 72.3 h (Figures 4 and 5), which is the highest value in this system, but is
also well within the standard limit [32]. Seeta market, Namilyango TC (Trading Centre) and UCU
(Uganda Christian University) Mukono (i.e., nodes numbered nine, 12 and 14 respectively) did not
meet the minimum pressure head requirements of 17 psi at all times [8] (see Figure 6). Atlow pressures
in the pipe, such as in UCU Mukono and Namilyango TC, contaminants could enter from the outside
of the pipe.

Figure 4. Water age in Kampala water distribution system. The overlaid colour of the node indicates
water age after 130 h when the chlorine dynamics had stabilised with diurnal variations. The names of
the numbered sites are shown in Table 1.
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Figure 6. Kampala water distribution system and pipeline from Ggaba II to Mukono. The name of the
numbered sites is shown in Table 1. The overlaid colour of nodes indicates water pressure.

Chlorine, E. coli and COD did not meet their respective standards at many locations. Using
EPANET simulations, it was found that it is possible to maintain the free chlorine in the entire system
above 0.7 mg/L at all times by adding chlorine, so that its concentration in the service tanks becomes
sufficiently high (1.0 mg/L or more, see Figures 7 and 8). Since COD was below standard values at the
exit of the water treatment plant, there is the possibility that organic matter entered from outside of
the pipes due to low pressure, causing the increased COD at the sampling points, or the detachment
of biofilm from pipe walls when hydraulic regimes/pressures change abruptly in the charging and
discharging of pipes. If intrusion is a main culprit in COD increases, it is necessary to replace leaky
pipes and joints that leak and improve operations that exasperate pipe damage and assess the impact
using monitoring (e.g., COD and residual free chlorine). Free chlorine is sensitive to contaminants
and its degradation can be used as an indicator of intrusion [38]. UCU Mukono and Namilyango TC,
where pressure was low, did not meet free chlorine standards. Moreover, even at locations where
minimum pressure standards were met, free chlorine levels did not meet the WHO standard. When
comparing leaky sites and residual free chlorine along the network, we found that residual chlorine
decreased after passing through Muyenga Tank E, where there are the most leaks reported (Figure 9).
Similarly, cases of E. coli were mostly detected after Muyenga tank E. Therefore, intrusion from outside
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the pipes can be considered as probable cause. From these results, aging pipes are considered a main
cause of water quality degradation in Mukono town. It has previously been reported that the large
leakage levels, especially in the centre of Kampala as shown in Figure 9, are attributed to high rates of
water theft, illegal connections, bursts and leakages [15,39]. Therefore, future work should explore the
same parameters in the whole system, including a dense network of sampling in Kampala to get a
better picture of risks associated to intrusion. Interventions in asset replacement can also be targeted to
improve residual disinfection (e.g., plastic pipes, where free chlorine is more effective in preventing
regrowth than in iron pipes [15]).

Chlorine (mg/L)

0.2
0.5
0.8
1.0
" Ao_ 15_ 3 6 9 2 .

Figure 7. Kampala water distribution system and pipeline from Ggaba II to Mukono. The name of the
numbered sites is shown on the Table 1. The overlaid colour of pipelines indicates free chlorine levels
after 24 h adding chlorine at reservoirs.
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Figure 8. Free chlorine value at Mukono Health Centre (No. 13), lowest value for the system.
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Figure 9. Kampala water distribution system and pipeline from Ggaba II to Mukono with leak
occurrences (green circles) overlaid with E. coli measurements (a) and COD measurements (b). The
name of the numbered sites is shown on the Table 1.

Although intrusion is our main suspect, it has also long been known that coliform regrowth
(including faecal coliforms) is associated with biofilm regrowth in distribution systems [40,41]. High
levels of coliform can be detected as a result of biofilm, even if very low levels are detected in effluent
from the treatment plant. Since the residual chlorine levels of our case study were low anyway; it is
possible that biofilms could play a part in bacterial regrowth. However, there were no known hydraulic
disturbances and transients during the sampling campaign that imply the significant dislocation of
biofilm and the very high levels of E. coli detected. Future work should consider the analysis of biofilm
through grab sampling and fire hydrant experiments at a denser network of locations, taking into
account the different pipe materials and ages. For example, heterotrophic plate counts (HPC) could be
used as an indicator for the expanding of biofilms [21].

Although boosting the network with residual chlorine as a disinfectant is widely used, as proposed
in our intervention, there are potential concerns that have to be considered in its use in addition to the
capacity of residual chlorine to inactivate pathogens that gain entry to the network. Firstly, elevated
levels of residual chlorine are associated with the unacceptable taste and odour of the drinking water
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for customers. However, our suggested intervention results in free chlorine levels were well below
1mg/L in the system, which is generally a range with no felt odour [42]. The case detection levels also
vary widely between people, and can be based on the repeated experience of the taste [25]. Moreover,
even if the dose needed to be high enough to result in a felt odour, it can be argued that safe water for
the people (i.e., securing public and individual health) is more important than odour or taste. On the
other hand, it is usually a low level of disinfectant that results in the development of discolouration,
bad tastes and odours produced by biofilm. If such a case of felt odour is a concern in parts of the
network, the utility should effectively communicate this to users for acceptance.

Another alternative is the use of chloramines instead of free chlorine as a residual disinfectant. This
has been shown to perform better in the stability of residual concentrations throughout the distribution
system, lower trihalomethane (THM) concentrations, better control of coliforms and heterotrophic
plate count (HPC) bacteria [42]. It is also reported that chloramines result in less detectable taste and
odour at much higher concentrations compared to free chlorine [25]. Although beyond the scope of
this manuscript, the boost chlorination could also be optimised spatially and in time so that no part of
the network has very high levels of residual chlorine. For example, common target concentrations for
free chlorine in Europe are ~0.3 mg/L at the tap [25].

4. Conclusions

In this study, the water quality in the Kampala water distribution system was assessed from
Ggaba II to Mukono town via Kampala and solutions were proposed to safeguard water quality.
Using experimental data and EPANET modelling, boosting chlorine at tanks was proposed so that
free chlorine concentration is at least 0.7 mg/L at all locations, to maintain residual disinfection and
prevent contamination by E. coli and other biohazards. It is, therefore, possible to decrease intrusion
in the network and increase the safety of water provided to consumers in Mukono town through a
combination of water quality monitoring and booster disinfectant addition. Moreover, by showing
a potential correlation between the water quality degradation and location of leaky pipes and low
pressures, it was also recommended that preferentially upgrading leaky and damaged pipes should
be done.

A further action for research would be to test the proposed intervention within the real distribution
system in order to demonstrate its efficacy practically. Moreover, water quality data, which is collected
continuously or through repetitive grab sampling, is needed to characterise disinfectant residual
contaminations and indicator bacteria concentrations throughout the supply cycle, including during
first flush [43]. As such, the approach can be applied in other similar systems using intermittent water
supply to improve the water quality while the system transitions to continuous supply over many
years. In future, inline disinfectant addition locations could also be optimised for a more uniform
chlorine distribution [44,45].
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