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Abstract: Demand variations over time affect the hydraulic and water quality behavior of water
distribution systems. Therefore, it is important to assess the network performance under various
future water demand scenarios to plan effectively for demand management strategies, considering
the network’s topology, volume, and operational conditions. The performance of a full-scale water
distribution system is evaluated by means of hydraulic and water quality simulations under different
hypothetical demand management strategies. Residential and nonresidential consumptions are
varied, resulting in different global multiplicative factors (from 0.53 to 1.18). Criteria including water
loss, velocity, water age, free chlorine, and THMs are selected to compare the performance of the
network between the current scenario and eight demand scenarios. Water conservation generally
increases nodal water age values more in smaller diameter pipes. A nodal chlorine residual reliability
index is proposed to account for the duration of low chlorine residuals. With a goal of maintaining a
reference free chlorine concentration of ≥0.2 mg/L, the reliability index is less than 0.9 for about 14%
of nodes under the reference scenario and this proportion increases to 34% of nodes under the most
extreme future water conservation scenario. The robustness of the studied network under different
water conservation scenarios is tested by increasing the chlorine residual at the outlet of the WTPs
from 1 to 2 mg/L. This is an easily implemented adjustment and dramatically improves the chlorine
reliability (<0.9 at only 15% of the nodes), even for the most extreme future water conservation
scenario. However, this reliability comes at the cost of higher yet compliant THM concentrations for
the low demand scenarios, revealing the challenges of balancing competing water quality goals. With
a goal of maintaining a reference level of THMs at ≤80 ug/L, the THM reliability index is ≥0.9 at
almost all nodes even under the most extreme conservation scenario. The evaluation of self-cleaning
potential velocities shows that sufficient velocities can only be reached at daily maximum flow in 5%
of smaller diameter piping even in the reference scenario.

Keywords: distribution systems; future water conservation; water quality analysis; network
performance; management strategies

1. Introduction

Water conservation measures are being implemented around the world in response
to constraints such as water scarcity and drought stress conditions or to reduce the cost
and energy associated with drinking water treatment and distribution (pumping). As
water conservation can adversely affect the water quality, the impacts of future water
conservation strategies on the robustness of water networks should be considered to adapt
their operation and design, as well as to define demand management policies.
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Future water demand per capita will continue to decrease. Water consumption re-
duction has been mandated by existing codes and standards such as the U.S. Environmental
Protection Agency’s WaterSense program, and it is possible that the use be reduced even
more in the future [1]. Water consumer behavioral changes, meteorological variables, the
spatial shifts in population and densification, installation of meters and smart meters,
water volume pricing, and adoption of water-efficient appliances are among the factors that
can affect household water demand quantification [2–5]. Demand reductions for potable
water can be expected by application of rainwater harvesting or greywater reuse for toilet
flushing or outdoor uses [6–8]. Adopting green building strategies reduces significantly
water usage as compared to conventional building design strategies. Water companies and
utilities have observed that water use is not necessarily increased by population growth [1].

Reductions in demand can be substantial. Gregg, et al. [9] reported a saving of
225,000 L/d by replacing more than 300 spray washing valves, which often use 12–24 L/min,
with new inexpensive valves (6 L/min) in restaurants. The Residential End Uses of Water,
Version 2 (REU2016) [10] assessed water demands of single-family homes across North
America and monitored the changes in water use as compared with the 1999 Residential
End Uses of Water (REU1999) [11]. Significant reduction (15.4%) in indoor per capita water
use was reported compared with REU1999 [10], mainly due to more efficient fixtures, with
most indoor water use accounted for by toilets, showerheads, faucets, washers, and leaks,
respectively. The Seattle home water conservation study reported an average reduction
of 39% in water use per household after the retrofit of 37 single-family homes with new
toilets, clothes washers, showerheads, and faucet aerators [12]. Pickard et al. [5] reported
that the per capita water demand in most US counties has modestly and steadily decreased
based on the past 30 years of water use data. While this reduction has been largely at-
tributed to efficiency improvement requirements, the reduction in demand may also be
due to population reduction, for example, because of displacement from rural areas to
large urban areas.

Including water quality criteria to evaluate network performance. Reliability is a
measure of the performance of a network in providing water to consumers with adequate
quality, quantity, and pressure under any operating conditions [13,14]. The reliability of
a water network can be affected adversely by mechanical, hydraulic, or water quality
failure. Conservative North American fire protection practices can also have a negative
impact on water quality because of the overdesign of water distribution networks [15].
Also, applying water conservation to existing infrastructure will increase water age across
existing distribution systems (DS). All these may deteriorate the quality of the delivered
water, for instance, by decreasing secondary disinfectant coverage and concentration,
increasing disinfection by-products and dissolved metal concentrations (e.g., iron and
lead), or causing turbidity and red water issues. While water discoloration is recognized
as a major cause of water quality complaints, red water has been recently related to an
increased risk of Legionella outbreaks [16,17]. While some studies have focused on water
age as a water quality indicator [15,18], others take into account disinfectant residual
levels for water-quality-based reliability analysis [19,20]. The latter is useful since it can be
used to evaluate the reliability of the network in terms of maintaining adequate residuals
throughout the network (based on the local regulations) and assess the formation of
disinfection by-products. However, color, taste, and odor problems may not be predicted
by disinfectant residual modeling [15]. Velocity has been suggested as an indicator of
water quality to evaluate turbidity and discoloration due to resuspension of accumulated
particles [21,22]. It is stated that if a pipe experiences a daily maximum velocity greater than
0.20–0.25 m/s, at least for a few minutes, it can be considered as a self-cleaning pipe [23].

Water DS robustness under possible demand variation scenarios through hydraulic
modeling. Some studies have presented approaches to predicting future demand scenarios
and to optimizing the design or rehabilitation of the network under future water demand
uncertainty [4,24,25]. The robustness of existing networks has also been evaluated under
future demand scenarios regarding hydraulic or water quality performance. Recently, the
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performance of urban water networks was investigated using five metrics, including peak
flow, water loss, water age, energy input, and energy loss, under a scenario of residential
demand reduction [26]. The conservation scenario adversely affected water age and losses
as compared to the base scenario, while improvements were reported for energy. The
robustness of an existing network in a residential area in the south of the Netherlands was
investigated by Agudelo-Vera, et al. [23] using a stress test under 12 future demand scenar-
ios. Evaluation was performed for conventional looped and self-cleaning layouts based on
three criteria, including pressure, water quality (self-cleaning capacity and water age), and
continuity of supply. Although both network layouts were robust enough for medium and
high stress future demand scenarios, the conventional looped network required cleaning
in all scenarios. In another recent study, using an advection–dispersion transport model
and considering a lower residential water demand, the modeling results showed that
water conservation practices can lead to significant degradation of chlorine residuals in
the dead-end branches [27]. The performance of DSs in the gradual adoption of conserva-
tion strategies was evaluated through resilience, reliability, and vulnerability indicators.
Monotonic trends were observed for reliability and vulnerability, and no monotonic trends
were reported for the response of resilience to gradual adoption of the reduced demand.
Sitzenfrei, et al. [8] assessed the impact of transitions from a fully centralized water supply
to a hybrid water supply (combination of centralized and decentralized technologies) and
reported local water quality degradation (i.e., increasing water age and chlorine decay)
because of the interaction of low-density areas with high rainwater harvesting potential.

Various hydraulic and water quality indicators have been used to evaluate the water
quality performance of existing drinking water networks under future demand scenarios
using simulation and single-species water quality modeling. While most of the studies
only examined water age as the indicator of water quality when assessing the performance
of a network under future water demand scenarios, some also relied on chlorine residuals.
Long-term exposure to high levels of disinfection by-products such as trihalomethanes
(THMs) is associated with undesirable health effects. Therefore, changes in exposure to
disinfection by-products resulting from future demand scenarios need to be considered,
especially if disinfectant residuals must be maintained across the system.

Our main objective is to assess the impact of eight scenarios of demand reduction
on the performance of a full-scale water network serving a population of about 400,000.
The demand variation scenarios, determined from literature and expert knowledge, range
in severity of reduction and in types of affected demand. Residential and nonresidential
consumptions are modified to different extents to investigate the impact of implementing
various water demand management strategies with different demand reduction intensities
and spatial distributions on the studied full-scale network. To the best of our knowledge,
this is the first attempt to investigate the performance of a water network under various
water conservation scenarios considering both free chlorine and THM levels by means
of multi-species water quality simulation. Changes in exposure to THMs resulting from
future demand scenarios must be taken into account, especially if various measures aimed
at increasing disinfectant residuals are considered. Performance criteria include water
loss, velocity, water age, free chlorine and THMs levels. Robustness of the of the studied
network is assessed by increasing the free chlorine residual at the outlet of the WTPs from
1 to 2 mg/L using chlorine and THM reliability indicators. THM and chlorine indicators
can help water managers to trade off between water conservation and water quality in
challenging demand conditions.

2. Methodology
2.1. Network Information and Performance Evaluation

A full-scale water distribution system was selected for the simulations with a total
pipe length of about 1600 km (30,078 nodes). The network is located in a region that has
a humid continental climate with usually long, cold, and snowy winters. A 2015 study
provided by the utility detailed the percentages of different demand types as follows:
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residential (52%), industrial–commercial–institutional (I-C-I) (16%), municipal (7%), and
leakage (25%). Employing this information, the base demand in the previously calibrated
network model was adjusted for each type of user. The total average day flow rate of
2015, supplied by three water treatment plants (WTPs), was 210,364 m3/day. The whole
network is hydraulically interconnected, and there are no storage tanks or pump stations
in the network. In 2015, a total of 418,538 domestic users were supplied by the public
network, and the average occupancy rate was 2.4 people per housing unit. In this study,
the population was considered to remain unchanged.

The commercial software WaterGEMS® was applied to model the hydraulic and
water quality behavior of the network. Total THMs were modeled with the Multi-Species
eXtension (MSX) available in WaterGEMS CONNECT. The Extended Period Simulation
(EPS) for each scenario had a duration of 240 h with hydraulic and water quality time
steps of 30 and 5 min, and a reporting time step of 1 h. The water quality results were
then reported for the last day when equilibrium conditions of the water quality parameters
were reached. Detailed information on daily demand patterns, chlorine decay, and THM
formation modeling are presented in Supplementary Material Section A.

A total of eight demand variation scenarios were considered and compared to the
reference scenario (Sc1). The network response was assessed based on water loss, water
age, chlorine and THM levels, and pipe velocities taken from hydraulic and water quality
simulations. Chlorine concentration at the outlet of each WTP was fixed at 1 mg/L and
increased to 2 mg/L in the reference scenario and two of the water conservation scenarios
for the intervention evaluation.

In this study, reliability indicators in terms of chlorine and THMs were applied to
account for the fraction of time during the day over which the nodal concentrations met
the defined thresholds. The indicators in terms of chlorine (RCl2, it) and THMs (RTHMs, it)
for each node (i) and at each time step (t) were defined based on the specified thresholds as
follows, and the average value during the day at each node was then used as a reliability
indicator for chlorine (RCl2) and THMs (RTHMs).

RCl2, it =

{
0 i f Cl2it < Cl2threshold
1 Otherwise

RTHMs, it =

{
0 i f THMsit > THMsthreshold
1 Otherwise

where THMsthreshold is the maximum acceptable level of THMs, which is considered
to be 80 µg/L [28], and Cl2threshold is considered to be 0.2 mg/L for the purpose of the
present analysis. A reliability index in terms of chlorine was applied previously by Abok-
ifa, et al. [27] to evaluate the reliability of dead-end nodes.

2.2. Water Conservation Scenarios

Table 1 describes nine water demand scenarios including current, past, and future
scenarios. The coefficients of each scenario show reductions or increases in each demand
category as compared to Sc1, considered to be the current reference scenario. The current
scenario represents the 2015 average day demand for the studied network. The focus of this
study was not to develop future water demand forecasts, but to evaluate the impact of major
demand changes, mostly due to water conservation programs, on the performance and
robustness of the studied full-scale DS. Detailed information about the rationale behind the
selection and the specifics of each of the scenarios is presented in Supplementary Material
Section B. Based on the available data for residential average day demand and the 2015
population, the estimated residential consumption is 259 L per capita per day (LCD) (Sc1).
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Table 1. Residential demand in liters per capita per day (LCD), and the implemented multiplicative factors for different
user types: residential, industrial–commercial–institutional (I-C-I), and municipal for nine water demand scenarios. The
global multiplicative factor (FG) is the ratio of the scenario total demand to the total network demand of Sc1.

Scenarios
Residential demand (LCD) Description/Reference for

Residential Demand Multiplicative Factor

Indoor Outdoor Total Residential I-C-I Municipal FG

Sc1
(Current) 259 Average day of 2015 for the

studied network 1 1 1 1

Sc2 222 82 304

Indoor use: based on nine
utilities (737 homes) surveys
(REU2016) (WRF, 2016) and

outdoor use: 27% of the
total residential based on

23,749 single-family homes
surveys (WRF, 2016)

1.17 1 1 1.09

Sc3
(Past) 347 Average day of 2005 for the

studied network 1.34 1 1 1.18

Sc4
(Future) 119 23 142

Netherlands’ actual average
daily drinking water

demand
(Agudelo-Vera et al., 2016)

0.55 1 1 0.77

Sc5
(Future) 47 0 47

Netherlands’ most
conservative scenario

(Agudelo-Vera et al., 2016)
0.18 1 1 0.58

Sc6
(Future) 139 51 190

Indoor use: EPA’s
WaterSense New Home

Specifications, and outdoor
use: 27% of the total

residential (WRF, 2016)

0.73 1 1 0.86

Sc7
(Future) 47 0 47

Netherlands most
conservative scenario

(Agudelo-Vera et al., 2016)
(Same as Sc5)

0.18 0.8 0.8 0.53

Sc8
(Future) 139 51 190

Indoor use: EPA’s
WaterSense New Home

Specifications, and outdoor
use: 27% of the total

residential (WRF, 2016)
(Same as Sc6)

0.73 0.8 0.8 0.81

Sc9
(Lockdown) 259

Average day of 2015 for the
studied network

(Same as Sc1)
1 0 1 0.84

2.3. Water Loss

The network leakage rate can be influenced by factors such as aging infrastructure,
pipe replacement rate, pressure control programs, and changes in operational conditions of
the network. Water loss was calculated and compared for selected scenarios (Sc1-Sc6 and
Sc1-Sc7), using daily average nodal pressures. The comparison made it possible to assess by
how much the leakage could be influenced by pressure variations caused by water demand
changes if the outlet pumping pressure remained the same. A second objective was to
assess the validity of the assumption that the leakage demands in the hydraulic network
model were not modified from one scenario to another, while, in reality, the amount
of leakage and pressure values in DSs are interdependent. Detailed assumptions about
estimating leakage can be found in Supplementary Material Section C.1. The expected
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increases in the average daily network leakage due to pressure rises were relatively small
(<6%), even for the most water conservative scenario. Therefore, in this study, leakage
demands in the hydraulic network model were not modified from one scenario to another.
More discussion on how much the leakage can be influenced by pressure variations in
different scenarios and the validity of the assumption can be found in Supplementary
Material Section C.2.

2.4. Water Velocity

Maximum daily velocity through the network was investigated under three scenarios,
including average day, average winter day, and maximum day (Table 2). ScA, which
corresponds to the 2015 average day, is the same as Sc1 from Table 1. The fractions of
pipe length of D ≤ 200 mm with a daily maximum velocity of ≥0.2 m/s were compared.
The global multiplicative factor (FG) was estimated based on the total network demand.
Residential consumption was considered to be the main driver of demand variations in
ScB and ScC (Table 2). Therefore, the equivalent multiplicative factor (FR) was applied only
to residential demands so that the result was the targeted global factor (Table 2).

Table 2. Scenarios for investigating the self-cleaning capacity.

Scenarios Period Total Flow Rate m3/day FG FR

ScA
(Same as Sc1, Table 1) Average day, 2015 210,364 1 1

ScB Average winter day
November to March, 2014 199,000 0.95 0.90

ScC Maximum day, 2015 315,550 1.50 1.97

3. Results
3.1. Impact of Water Demand Variations on Water Age

To assess the impact of the demand management programs outlined in Sc2 to Sc8, the
change in daily maximum water age at each node was compared to the corresponding
nodal value of the reference scenario (Sc1) and the distribution is plotted in Figure 1a. In
Sc2 and Sc3, water age generally improved in the network since the residential demands
were increased by a factor of 1.17 and 1.34, respectively. For all other scenarios, a water
conservation program with different degrees of intensity was implemented, as described in
Table 1. Figure 1b shows the median water age differences, which varied from −1 (shorter
residence times) to 7 h (longer residence times).

Distributions of the nodal daily maximum water ages of Sc1 to Sc8 for four groups of
nodes categorized based on the largest diameter of the pipe connected to that node were
compared (Figure S3). The medians of maximum water age varied from 14 to 25 h under
different scenarios for the nodes that were only connected to small pipes (D ≤ 200 mm).
The nodal water age values as well as the differences between median water ages under
different scenarios got smaller for groups of nodes with a larger diameter (more detailed
results are available in section D, Supplementary Material).
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Figure 1. (a) Distribution of nodal differences in daily maximum water age from Sc2 to Sc8 and the
current scenario (Sc1); Median; Box: 25–75%; Whisker: 10–90%; and (b) Median of maximum water
age differences (from Figure 1a) vs. the associated global multiplicative factor (FG).

3.2. Impact of Water Demand Variations on Chlorine Residuals

Figure 2 shows the distribution of daily minimum chlorine residuals for Sc1 to Sc8.
The nodes were categorized based on their daily minimum chlorine concentration in the
reference scenario (Sc1) to better visualize the impact of demand variation scenarios. In
Sc1, the minimum chlorine residual was between 0 and 0.2 mg/L for 4396 nodes, with a
median of 0.13 mg/L. It should be noted that these are the nodes that are most vulnerable to
potential contamination because of their low disinfectant residual concentration. In all the
water conservation scenarios (Sc4 to Sc8), 25% of the abovementioned nodes experienced
an even lower minimum chlorine residual of less than 0.07 mg/L. For the same group of
nodes, the median increased to 0.15 mg/L in Sc3, while it dropped to 0.07 and 0.06 mg/L
in Sc5 and Sc7, respectively. A similar trend was observed for the second group of nodes
(49% of all nodes), experiencing a minimum Cl2 > 0.2 mg/L during the whole day un-
der the reference scenario. However, a fraction of these nodes experienced a minimum
Cl2 < 0.2 mg/L under the studied water conservative scenarios, depending on the severity
of the water demand reduction. The percentage of nodes in the second group with a
minimum Cl2 < 0.2 mg/L was significantly higher in Sc5 and Sc7 (i.e., >25% of the nodes).

3.3. Impact of Water Demand Variations on Chlorine Reliability

While minimum residual concentration at any time was informative, the chlorine
reliability indicator provided more actionable information. Figure 3 is plotted based on
the estimated chlorine reliability indicators at each node integrating the duration of low
chlorine residuals (<0.2 mg/L), indicative of the severity of the chlorine loss. For the
reference scenario (Sc1), a chlorine reliability of less than or equal to 0.9 was observed for
about 14% of nodes, while it reached 34% under the most extreme future water conservation
scenario. The number of nodes with a chlorine reliability lower than one ranged from 4396
for Sc1 to 10,758 in Sc7.
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It was also important to consider the spatial distribution of nodal chlorine reliability
considering various scenarios of demand reduction intensity (Sc6, Sc7, Sc9) in comparison
to the reference scenario (Sc1) (Figure 4). While Sc6 focuses on investigating the effect
of reducing residential consumptions, Sc9 aims to investigate the impact of lower I-C-



Water 2021, 13, 2579 9 of 18

I demand consumptions resulting from extensive lockdown of industrial, commercial,
and institutional facilities. Such emergency response shutdowns can result from extreme
climate events or a response to a pandemic such as the current COVID-19 pandemic. I-C-I
demands were reduced to a minimum in Sc9 from the current scenario (Sc1), while other
demand types they remained as in Sc1. Although the global multiplicative factors for
Sc6 and Sc9 (0.86 vs. 0.84, Table 1) and the fraction of nodes with a chlorine reliability of
less than one (18% vs. 19%, Figure 3) remained almost the same, the spatial distribution
of nodal chlorine reliability for these two scenarios was quite different at some areas
(Figure 4). The impact of the most severe scenario (47% of global demand and 82% of
residential demand reduction) was observed by comparing the geographical distribution
of the chlorine reliability indicators in Sc1 and Sc7 (Figure 4).
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Installing chlorine booster stations at strategic network locations or increasing the
outlet disinfectant dose directly at the sources are among commonly used measures to
increase disinfectant residuals throughout the network [29]. To test the network robustness
to lower demand, the chlorine concentrations at the outlet of each of the three WTPs were
increased to 2 mg/L. This allowed for investigating the potential of increasing chlorine
dosage at the WTPs to compensate for the performance degradation under water conserva-
tion scenarios. Chlorine adjustments were tested for three scenarios (Sc1, Sc6, and Sc7) with
different global multiplicative factors (1, 0.86, and 0.53) and are referred to as Sc1B, Sc6B,
and Sc7B, respectively. Figure 5a shows that this intervention can remarkably improve the
reliability of the network in terms of maintaining target chlorine residuals (here considered
≥0.2 mg/L). Interestingly, chlorine reliability improved so remarkably in the most extreme
water conservation scenario (Sc7) after increasing to 2 mg Cl2/L (Sc7B), that the cumulative
probability distribution of the reliability was very close to that of the reference scenario.
While about 14% of the nodes showed a chlorine reliability of less than or equal to 0.9
under the reference scenario (Sc1), this value slightly increased to 15% under the most
extreme future water conservation scenario with increased chlorine dosage at the WTPs
(Sc7B), as compared to 34% without any intervention (Sc7). As shown in Figure 5a, even
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better results were achieved in Sc6B (FG = 0.86, 2 mg/L Cl2) as compared to the reference
scenario (Sc1).
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3.4. Impact of Lower Water Demand on THMs

Different parameters such as water age, chlorine dose, pH, and water temperature
can contribute to the formation of THMs and other chlorination by-products throughout
the network. Therefore, increasing chlorine dosage in order to compensate for future water
conservation strategies should be weighed against the risk of increasing THM levels. The
distribution of daily maximum modeled THM levels across the network is illustrated for
Sc1, Sc6 and Sc7, and with an increased chlorine dosage (Sc1B, Sc6B and Sc7B) (Figure 6).
THM concentrations generally increased under water conservation conditions because of
increased water age and chlorine consumption. However, resulting THM concentrations
remained well below current standards because of the quality of the treated water. Lower
demand resulted in slightly higher median THM concentrations (from 17 µg/L in Sc1
to 22 µg/L in Sc7) with 90% ranging from 26 to 29 µg/L. In the case of doubling the
chlorine dosage at the WTP outlet, an even more significant increase in THM formation was
observed with a maximum value of 82 µg/L. When doubling the chlorine dosage, median
concentrations increased from 35 µg/L (Sc1B) to 45 µg/L (Sc7B). These modeled results
showed that maintaining a residual of 0.2 mg/L across the system increased concentrations
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of formed THMs; however, under the studied conditions, it did not lead to noncompliance
with acceptable levels set by standards and guidance THMs.
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Figure 6. Distribution of maximum THM levels during a whole day period for all nodes in Sc1,
Sc6, and Sc7 at 1 and 2 mg/L Cl2 at the WTPs. Median; Box: 10–90%; Whisker: min-max. Red line:
maximum acceptable level of THMs (80 µg/L) (USEPA, 2012).

3.5. Impact of Various Water Demand Conditions on Pipe Water Velocity

Water velocity throughout the pipe system was investigated during various demand
periods of the year, including average day (ScA), average winter day (ScB), and maximum
day (ScC). Table S1 shows that only 15% of the network length with D ≤ 200 mm was
designed to experience a daily maximum velocity ≥0.2 m/s during the maximum day,
even before implementing any water conservation measures. This value was ≤5% for the
actual average day scenario (ScA) and average winter day scenario (ScB).

Distributions of maximum velocity in scenarios ScA, ScB, and ScC are illustrated in
Figure 7. The median value for all three scenarios was <0.1 m/s, while the 75th percentile
increased from about 0.1 m/s in ScB, to 0.2 m/s in ScC (Figure 7). Distributions of maximum
daily velocity vs. pipe diameter for the scenarios of average day, average winter day, and
maximum day were also investigated (Figure S7). For both groups of pipes (D ≤ 100 mm
and 100 < D ≤ 200 mm), the 75th percentile maximum velocity never reached 0.2 m/s,
even in the maximum day scenario.
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Figure 7. Maximum velocity distribution for scenarios of average day (ScA), average winter day
(ScB), and maximum day (ScC) (Table 2). Median; Box: 25–75%; Whisker: 5–95%.
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4. Discussion
4.1. Impact of Conservation Demand Scenarios on Water Quality

Various measures aimed at increasing disinfectant residuals, such as chlorine booster
stations, disinfectant dose increase at the plant outlet, automated or manual flushing,
flowing blowoffs, and other types of demand increase or positioning (e.g., when feasible,
connecting a large consumer as the last user on a dead-end pipe) have been described in
the literature [29,30].

Various water quality parameters including water age, residual free chlorine concen-
trations, and THM levels were selected to evaluate the water quality performance under
eight generated water conservation scenarios with different demand intensities and spatial
distributions. Figure 8 summarizes the impact of the severity of water demand changes,
represented by a global multiplicative factor, on the values of the water quality parameters.
To assist in the discussion, the values plotted were the 95th percentile of nodal maximum
water age and THM concentration and the 5th percentile of nodal minimum free chlorine
level. The results indicated clearly that water quality generally deteriorated as the total
water consumption decreased, and the increased water age resulted in lower chlorine
residuals and higher THM levels across the system.
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Figure 8. Water quality variations (water age, chlorine residuals, THMs) in different scenarios based on the global demand
multiplicative factor corresponding to each scenario, for 1 and 2 mg/L free chlorine residuals at the WTPs’ outlet. The 95th
percentile of nodal maximum water age and THM concentration and the 5th percentile of nodal minimum free chlorine
level of all nodes.

The implications of the chlorine residual losses resulting from varying scenarios de-
pend on the severity of demand reduction. The presence of a residual disinfectant is
recommended by some countries, such as the US and the UK [31]. Maintaining measurable
chlorine residuals is considered an indispensable measure to prevent microbial regrowth
and an important barrier to contamination by ingress water. On the other hand, in most
European countries, secondary disinfectants are not applied, reflecting the high level of
source protection and treatment and the low vulnerability of DSs to ingress [31]. Maintain-
ing chlorine across a system can increase the formation of toxic disinfection by-products,
and taste and odor issues [32]. The efficacy of low chlorine residuals in DSs to inactivate
contaminating water has been challenged [33,34] and proof of the ability of disinfectant
residuals to prevent waterborne diseases caused by opportunistic pathogens in surface
water is lacking [31]. Recent studies across numerous DSs in the US have shown that the
prevalence of opportunistic pathogens such as Mycobacterium and Legionella was lower
in the presence of a detectable free chlorine residual (>0.1 mg/L) [35]. Some regulations
specifically prescribe minimum levels of free chlorine (e.g., detectable, 0.1 or 0.2 mg/L)
throughout the network [29] or at a high percentage of sampled locations (95%). For
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example, based on 40 CFR 141.72, the residual disinfectant concentration in the network
“cannot be undetectable in more than 5% of the samples each month” [36].

Figure 8 illustrates the significant challenge if chlorine residuals were to be maintained
at all times over a reference value of 0.1 or 0.2 mg/L Cl2 in 95% of the studied network. A
reference value of 0.2 mg/L was clearly not achievable in the current operational reference
scenario and even less so considering all water conservation scenarios. While only 5% of
nodes experienced a chlorine residual of less than 0.1 mg/L during the day in the current
operational reference scenario, this value increased to 16% under the most extreme water
conservation scenario (Sc7) (Figure S4). A different view of the challenges of meeting
minimum residuals across the system was provided by the chlorine reliability indicator. If
the disinfectant residual is to be maintained at ≥0.2 mg/L 90% of the time (0.9), reliability
will be achieved in 86% (Cl2) of the nodes under the reference scenario and will decrease to
66% (Cl2) of nodes under the most extreme future water conservation scenario. If the level
of THMs is to be maintained at ≤80 ug/L, THM reliability of 1 will be achieved at all the
nodes in Sc1, Sc6, and Sc7 at 1 mg/L Cl2 (Figure 6).

To almost restore the initial chlorine residual coverage, chlorine dosage at the outlet
of the WTPs would need to be increased to a value of 2 mg/L Cl2. Residual maintenance
across the system was remarkably improved even for the most extreme water conservation
scenario (chlorine reliability achieved at 85% of nodes as compared to 66% of nodes). This
showed that it was possible to reconcile water conservation and the maintenance of residual
chlorine in the studied network, but at the cost of increased (by a factor of 2) yet compliant
THM levels (THM reliability was achieved 90% of the time at almost all the nodes (99.8%)).
It can be argued that considering the 95th centile values obtained by modeling (Figure 8)
reflected the intent of disinfection by-product regulations that rely on sampling at points
with elevated or maximum water age to protect all users from excessive exposure. While
the system may remain compliant with the 80 ug/L standard, the exposure to THMs and
other disinfection by-products would significantly increase, raising valid concerns over
acceptable risk trade-offs.

It is important to consider that chlorine residuals and associated THM values can
vary remarkably during the day at some nodes, reflecting network characteristics, demand
patterns, and the resulting water age (Figure S5). When setting a minimal residual goal, it is
important to acknowledge that some nodes will only reach the desired levels during daily
periods of water use. Figure S6 shows significantly lower concentrations of chlorine and
increased THMs during low water usage periods at some nodes. These fluctuations showed
the impact of sampling timing on monitoring results. The significance of these variations
in terms of microbial protection and exposure to undesirable disinfection by-products have
yet to be assessed.

The impact of water conservation scenarios on the number of people supplied with
low chlorine residual water at the service connection was also considered (Figure 9). This
did not take into account chlorine decay in premise plumbing where water age increases
further. The fractions of people supplied with water having a chlorine concentration of
<0.2 mg/L (<0.1 mg/L) at any time during the day varied from 6 to 29% (1 to 11%) under
different demand scenarios. In Sc6, Sc8 and Sc4, the fraction of the population supplied
with water having low chlorine residuals (<0.2 or <0.1 mg/L) progressively increased
when compared with the reference scenario (Sc1), while the changes were more substantial
in Sc5 and Sc7 (Figure 9).

Finally, nodal reliability indicators in terms of chlorine were used to evaluate the
duration over which a population was supplied with a chlorine residual of <0.2 mg/L.
Figure 9 shows that the fractions of population exposed to chlorine <0.2 mg/L for more
than 12 h during the day (reliability <0.5) varied from 5 to 24%. These results emphasized
the need for appropriate operational measures, especially under severe water conservation
scenarios, to maintain the performance of DSs. However, it should be considered that
despite the intensity of the increase in population percentage, the presence of vulnerable
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populations (e.g., hospitals and long-term care facilities, daycare centers, etc.) in the low
chlorine areas should be considered when managing water conservation programs.
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4.2. Remediation Strategies to Improve Water Velocity

Water pipe velocities play an important role in water quality, as red water is a most
common cause of customer complaints and has been linked to an increased risk of Le-
gionella [17]. Blokker [37] observed that pipes stay clean (sediment will not accumulate
in the pipes) if the maximum velocity reaches 0.2–0.25 m/s once every two days. These
self-cleaning recommendations were developed for the tertiary network with smaller pipe
diameters (generally <150 mm).

Modeled conditions in the DS were highly favorable to deposition even before im-
plementing any water conservation: 95% of the length of the network with D ≤ 200 mm
experienced Vmax < 0.2 m/s in the reference scenario. Our observations were in line with
previous reports regarding self-cleaning capacity for conventional layouts (i.e., 6%) [23].
Gibson, et al. [15] also reported low velocities (median = 0.02 m/s) based on North Ameri-
can systems design (fire flow requirements of 3800 L/min and D ≥ 150 mm) when applying
an optimization algorithm to maximize the number of pipes with a velocity of >0.1 m/s.
However, it should be considered that the self-cleaning reference value of 0.2 m/s was
developed in the tertiary network with smaller pipes and without any residual disinfec-
tant. This value may not be applicable to the studied network with larger diameter pipes
(D ≤ 200 mm) and in the presence of free chlorine residuals. Existing chlorine residuals can
limit biofilm-associated risks such as discoloration [38]. In our network, only 2% of the pipe
length had a diameter of 100 mm or smaller, while 67% of pipe length consisted of 200 mm
or smaller diameter pipes. Accumulation of loose deposits and corrosion by-products in
areas with unlined cast iron piping was addressed by unidirectional flushing on a yearly
basis in the studied network.

The very low velocities observed in the studied DS reflected the high fire flows that are
recommended by AWWA and insurance companies in North America. In North America,
the standard criteria for minimum pipe diameters are 150 mm for loops and 200 mm for
dead ends [39]. Revisiting the minimum pipe diameter of 150 mm, redundant loops and
high nominal fire flows would bring benefits in terms of capital costs and water quality [15].
Also, employing smaller diameter pipes would result in reduced capital costs, water ages,
bacterial growth, and sediment deposition [40,41]. The low water velocities in most of the
pipes in the studied network (Figure 7), even without implementing any water conservation
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program, stressed the need to review fire flow requirements and sources to ensure water
quality when designing or extending a drinking water distribution network.

Flushing is widely used as a response to low velocities. Strategies designed to remove
deposits, limit red water complaints, or respond to a contamination event have been
proposed [42,43]. Automatic drain valves are another alternative option to compensate for
changes in water age.

As North American networks are commonly overdesigned, flushing programs will
need to be adjusted to compensate the loss of velocity resulting from the implementation of
conservation scenarios. As the need for flushing is likely to increase, the trade-offs between
water conservation and wasted water during flushing will need to be considered. However,
further research is required to determine if an enhanced efficient flushing program would
be feasible and could counteract the changes in water age and low velocities.

In fact, a trade-off between water conservation and water quality is necessary in order
to maintain the performance and reliability of a water network. All water issues (residual
maintenance, disinfection by-products, velocity, taste, and odor, etc.) should be considered
simultaneously. Although regulatory attention is directed to the maintenance of a chlorine
residual across the system (e.g., by boosting chlorine injection at the WTP outlet or at
strategic network locations), this measure does not solve critical issues such as red water
events and discoloration or the prevention of Legionella. The costs and benefits of corrective
actions made necessary by water conservation, such as flushing or increasing residuals,
should also be weighed in terms of public health outcomes.

4.3. Limitations and Future Research

The future water demand scenarios considered were mainly specified based on the
adoption of more efficient fixtures and on changes in water consumption behavior, while the
effects of population variation and climate change were not taken into account. Population
growth and densification of municipalities could, to some extent, compensate future water
conservation strategies. In future investigations, more specific network data regarding
different factors that can affect outdoor usage, such as house age, irrigation systems,
drought restrictions and weather conditions, can be incorporated to enhance future water
demand scenarios. The presented approach can be easily tailored to different systems
considering their local constraints in reducing different types of demand.

Our observations are valid under the conditions studied in this article. Different
reaction rates for bulk and wall chlorine decay and/or the formation of THMs, network
characteristics, or temperature variations can affect the results. Future research can in-
vestigate the sensitivity of our results to different water quality parameters. It should be
considered that the presented approach has no limitation on use other than the availability
of the input data. It should also be considered that disregarding dispersion transport mech-
anisms and spatial demand aggregation can result in overestimation of predicted chlorine
concentrations, especially at the dead-end branches, as demonstrated by Abokifa, et al. [27].
Other uncertainties affecting water quality include complete mixing at nodes and plug
flow in the model. Also, as demonstrated by Blokker, et al. [44], a hydraulic model with
stochastic diurnal patterns can lead to different residual chlorine levels, as compared with
considering one specific demand pattern for each user type.

5. Conclusions

In order to assess the impact of various water demand management strategies on the
hydraulic and water quality performance of a full-scale DS, nine conceptual water demand
scenarios were examined, in which the residential and/or nonresidential consumptions
were varied to different extents. The potential impact on water quality was then assessed
by analyzing the distribution of water age, the impact on pipe velocity, and the ability to
maintain a minimum of 0.2 mg/L free chlorine (reliability index) while meeting the current
maximum contaminant level of 80 ug/L THM.

Key findings include:
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• Water quality generally gets poorer (i.e., higher water age and THMs and lower free
chlorine residuals) under the studied water conservation scenarios as compared to the
reference scenario. Nodal water age values increase more for nodes serving smaller
diameter pipes, where maintaining water quality is a greater challenge.

• The reliability of maintaining a free chlorine residual was less than or equal to 0.9
for about 14% of the nodes throughout the network under the reference scenario and
increased to 34% of the nodes under the most extreme future water conservation
scenario. The loss of chlorine reliability across the system raises significant water
quality management challenges if regulations require the maintenance of chlorine
residuals across the network.

• Increasing chlorine at the outlet of the plant from 1 to 2 mg/L, an easily implemented
adjustment, dramatically improves the network reliability in terms of chlorine resid-
ual (≥0.2 mg/L). Even in the extreme future water conservation scenario, residual
coverage was recovered almost to levels found in the reference scenario. However,
this reliability came at the cost of increased yet compliant THM formation, especially
in the low demand scenarios, raising the challenge of managing competing water
quality goals.

• The spatial distribution of chlorine reliability can assist in determining the areas re-
quiring operational measures such as flushing or optimizing chlorine booster locations
under future water conservation programs.

• Self-cleaning velocity is a key factor to controlling turbidity and red-water-related
complaints. Any water conservation scenario considered will generally lower crit-
ical velocities that may require additional remedial strategies, especially in legacy
overdesigned DSs. As red water has recently been linked to an increased risk of
Legionella, lower demands in distributions systems will also increase the need for
optimal corrosion control.

• For operational measures counteracting demand reduction to be optimal, water quality,
network characteristics, total water saving amounts, and the additional burden to
operators should be taken into consideration.

• To improve this assessment, more representative future water demand scenarios
can be defined by including the effects of population variation and climate change.
Other factors such as gradual adoption of water conservation programs, consumers’
behavioral variability, and the impact of different water quality parameters can be
considered in further studies.

• These results revealed that in order to provide a framework for water demand man-
agement programs and to implement efficient operational measures under water
conservation conditions, we should take into consideration not only the total water
saving amounts, but also the spatial changes of the anticipated demand reduction.
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ranges of minimum chlorine residuals, Figure S5: Distribution of chlorine residuals and THMs nodal
differences between maximum and minimum values during the day, Figure S6: Variations of chlorine
residuals and associated THM values during the day, Figure S7: Maximum velocity vs. pipe diameter,
Table S1: Fraction of pipe length with self-cleaning capacity.
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