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Abstract

The quality of water in households can be affected by plumbing design and materials,
water usage patterns, and source water quality characteristics. These factors influence stag-
nation duration, disinfection residuals, metal release, and microbial activity. In particular,
stagnation can degrade water quality and increase lead release from lead service lines. This
study employs numerical modeling to assess how combined corrosion control and flushing
strategies affect lead levels in household taps with lead service lines under reduced water
use. To estimate potential health risks, the U.S. EPA model is used to predict the percentage
of children likely to exceed safe blood lead levels. Lead exceedances are assessed based
on various regulatory requirements. Results show that exceedances at the kitchen tap
range from 3 to 74% of usage time for the 5 pug/L standard, and from 0 to 49% for the
10 pg/L threshold, across different scenarios. Implementing corrosion control treatment
in combination with periodic flushing proves effective in lowering lead levels under the
studied low-consumption scenarios. Under these conditions, the combined strategy limits
lead exceedances above 5 ug/L to only 3% of usage time, with none above 10 pug/L. This
demonstrates its value as a practical short-term strategy for households awaiting full pipe
replacement. Targeted flushing before peak water use reduces the median time that water
remains stagnant in household pipes from 8 to 3 h at the kitchen tap under low-demand
conditions. Finally, the risk model indicates that the combined approach can reduce the
predicted percentage of children with blood lead levels exceeding 5 ng/dL from 61 to 6%
under low water demand.

Keywords: premise plumbing systems; water stagnation; water age; lead service line;
flushing; corrosion control; numerical modeling

1. Introduction

Lead sources and public health risks. Lead in drinking water can originate from
various sources such as solders, taps, pipe fittings, brass fixtures, and lead service lines [1].
Lead service lines (LSLs) were commonly installed in buildings in many countries including
Canada until 1975 [2]. Although their use was banned by then, many of these buildings
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still have pipes in place. While there is agreement that all lead service lines should be
replaced [3], the process remains slow and challenging due to high costs. When present,
LSLs can be considered as dominant sources of lead in taps. The harmful effects of lead
exposure primarily target the developing brain and nervous systems, posing an increased
risk for young children [4]. Lead is a neurotoxin, especially harmful to young children, and
even low-level exposure has been associated with higher cardiovascular disease mortality
rates in the United States [5]. This is why standards and guidelines for lead in drinking
have been improved over time. A new standard of 5 ug/L as the maximum acceptable
concentration for total lead in drinking water is now proposed by Health Canada [1] and
to be implemented in European countries by 2036 [6].

Conservation and stagnation challenges. Furthermore, water stagnation within build-
ings can increase by water consumption reduction strategies, contributing to increased
lead leaching [7]. Water conservation strategies are increasing in response to regulatory
mandates that aim to lower environmental impact, preserving aquatic environments and
mitigate water scarcity [8-10]. While fully replacing all LSLs can be a time-consuming
process and with water conservation programs in place, corrosion control or other miti-
gation strategies such as flushing are required to reduce the potential risk of exposure to
elevated lead levels. Proctor et al. [11] reviewed preventative and remedial strategies to
address water quality issues during prolonged stagnation in large buildings due to fully or
partially shutdown. The study highlights the health risks associated with stagnant water,
including chemical contaminants like lead and copper, as well as microbiological risks from
opportunistic pathogens. Salehi et al. [12] investigated seasonal and spatial variations in
water quality within a net-zero energy residential building through sampling events and
online monitoring records. They identified seasonal and spatial differences in water quality
at the service line and across fixtures. Major differences in pH, chlorine residual, organic
carbon, total trihalomethanes, select heavy metals, and nitrogen compounds across fixtures
were found. Their study emphasized the necessity for models to predict drinking water
chemical characteristics at building fixtures and emphasizes the need for innovations in
building water sensor technologies.

Modeling lead mitigation under water conservation. Numerical approaches can be
useful tools for estimating the typical lead exposure level at the household level, which
can then be used as the basis to assess compliance and implement necessary remedial
measures. While many studies have utilized numerical tools to assess water quality in
distribution systems, some specifically focusing on the performance of these systems in
adopting conservation strategies [13-15], relatively less research haves used hydraulic
models to simulate water quality within buildings. Recently, however, interest has grown
in modeling premise plumbing systems, with several studies using EPANET to estimate
variation in dissolved lead concentrations in taps [16-19]. For example, Hatam et al. [19]
evaluated the impact of water conservation strategies on dissolved lead concentrations
and potential blood lead levels (BLLs) in children, considering various water qualities
and lead service lines lengths. However, none of these studies examined the combined
effects of flushing and corrosion control treatments on the spatial-temporal variation in
lead concentrations, a key novelty of this study.

Water quality modeling under stagnation and flushing conditions. Vizanko et al. [20]
employed a hydraulic model to investigate the impact of social distancing measures on spa-
tial changes in water demand and consequently water age within urban water distribution
systems during the COVID-19 pandemic. Burkhardt et al. [21] used a Python-based premise
plumbing modeling framework to simulate relative water age in single-family homes. The
authors showed that increasing pipe diameter or hot water heater volume or using lower
flow fixtures can lead to higher relative water ages. Clements et al. [22] quantified the
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impact of purging on relative water age in premise plumbing systems, demonstrating
that larger purge volumes lead to lower water ages, while even small volumes can have a
significant effect on age. Despite widespread recommendations for flushing to maintain
water quality in buildings, there remains lack of modeling studies assessing its effectiveness
under low water usage conditions, particularly in systems with lead service lines, where
balancing water conservation and lead exposure presents a critical challenge.

Integrated Exposure Uptake Biokinetic JEUBK) modeling. Lead is a well-known
neurotoxin linked to cardiovascular disease, with children being particularly vulnerable
due to their higher gastrointestinal uptake rates compared to adults [23,24]. Children
are particularly vulnerable due to their higher uptake rates compared to adults [25,26].
Several recent studies have highlighted the significant role of drinking water in children’s
lead exposure. Levallois et al. [27] conducted a controlled LSL epidemiological study
reported that dust, water, and paint all significantly contributed to elevated BLLs in 306
children aged 1-5 years in targeted areas of Montreal. More importantly, modeled BLLs
using IEUBK were consistent with measured BLLs [28]. Further analysis of the data
led to actionable recommendations of flushing as the percentage of children exceeding 5
ug/dL during the warmer summer period could be limited by flushing water at least 5
min before consumption [29]. More recently, Stanek et al. [30] used a combined SHEDS-
IEUBK framework with data from 15 U.S. cities and found that residential drinking water
contributed approximately 10% to 80% of total lead exposure, with the highest values in
formula-fed infants in homes with lead service lines and no corrosion control.

Study scope. Modeling techniques can assist in better defining targeted and effective
strategies for mitigating lead exposure risks and conducting compliance evaluations. The
combined influence of flushing and corrosion control on spatial and temporal variations in
lead levels within premise plumbing systems remains insufficiently explored. To address
these challenges, this study used modeling techniques to evaluate the combined effective-
ness of flushing and corrosion control measures in reducing lead exposure in households
with lead service lines. A simple household drinking water system was simulated, using a
stochastic water demand model and a calibrated lead dissolution model based on existing
field data in the literature. The analysis focuses on how these interventions influence lead
concentrations and relative water age under low water consumption scenarios. Simulated
lead levels at the kitchen tap are assessed against various drinking water standards to
evaluate the frequency and severity of exceedances under different demand conditions
and remedial measures. Finally, the IEUBK model was used to estimate the percentage of
children aged 0-84 months predicted to have BLLs exceeding 5 pg/dL.

2. Materials and Methods
2.1. Plumbing Network Layout and Simulation Approach

Despite numerous influencing factors that determine lead levels in consumer taps
during field studies, a reliable modeling approach can allow selective parameter adjustment
to evaluate their impact. This study examines the combined impact of flushing and
corrosion control treatments, along with diverse water consumption patterns, on spatial
and temporal variations in water quality within building systems. For this investigation,
a lead service line of 14 m with a diameter of 25.6 mm was introduced as the sole lead
source in the plumbing system. The simulation assessed both relative water age (i.e.,
the duration water had spent in a household system) and dissolved lead contamination
across various tap locations within a simple domestic water supply system, as shown in
Figure 1. To address EPANET’s limitation of minimum time steps of one second, which
can introduce inaccuracies for short pipe lengths [17], slight modifications were made to
the network layout adapted from Moerman et al. [31]. Specifically, nodes with no demand
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were removed, reducing the number of short pipes by six. This adjustment minimized
potential inaccuracies while preserving the overall network configuration.

=
[
]
Washing
machine
-
P Shower
(Hand C)
| Bathroom tap-2
Toilet _2 (Hand C)
]

/{H ) Kitchen tap
Bathroom (Hand C)
Toilet_1 tap-1
Flushing
LSL ©) Dishwasher

Figure 1. The network layout is derived from Moerman et al. (2014) [31] with minor adjustments.
The network includes several taps. The labels ‘H” and ‘C” indicate hot and cold water, respectively. A
node is linked to the cold kitchen tap via a short pipe for modeling flushing demand.

Water consumption simulations generated using the SIMDEUM model [32] were
incorporated into the EPANET (version 2.2) hydraulic and water quality network model.
One week of SIMDEUM patterns per tap was generated using 10 s time steps, providing an
effective way to capture the variability in consumers’ behavior. This approach captured
the variability in water use throughout the day and accounted for differences between
weekdays and weekends. To simulate water quality dynamics within the studied network,
an extended period simulation (EPS) was conducted using EPANET over a two-week
duration. This simulation period enabled the system to attain equilibrium conditions
for water quality, with data from the second week used for analysis. Equilibrium was
confirmed by simulating relative water age over three weeks, with fluctuations stabilizing
between the second and third weeks. Lead dissolution was modeled using a first-order
saturation kinetics equation, while relative water age was simulated using a zero-order
reaction model. This study modeled only dissolved lead; however, particulate lead, though
not included, can also contribute to higher exposure in taps. As with most EPANET-based
studies, full mixing and dispersion effects were not included. Hydraulic computations
were conducted with 10 s time steps, whereas water quality calculations were performed
with 1 s time steps to improve temporal resolution and capture short-term variations.

2.2. Water Quality and Demand Scenarios with Flushing Strategies

This study uses two residential water demand scenarios from Hatam et al. [19] as
a basis for comparison to evaluate the added impact of flushing, integrated with corro-
sion control measures, on lead levels under varying consumption conditions, building
on a concept first presented at the 19th Computing and Control for the Water Industry
Conference [33]. The total weekly average water demands are 369 lpd and 188 lpd for
two inhabitants, corresponding to 184 and 94 L per capita per day (LCD) for the high-
demand scenario (DH) and low-demand scenario (DL), respectively. Next to assess the
impact of flushing on lead concentrations, three flushing strategies were evaluated based
on both flushing volume and time. To simulate flushing demand, a node was connected
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to the kitchen cold-water tap via a short pipe in the model. Flushing was simulated as a
one-minute event, performed either once per day (DLF0), representing 5% of total daily
water use in the low-demand scenario, or three times a day (16% of total daily water
use in low-demand scenario). For the three-times-per-day approach, two timing options
were tested: (I) flushing every eight hours starting at midnight without aligning to usage
patterns (Timing I, DLF1) or (II) flushing just before typical high-use periods during the
simulated week for the kitchen tap (cold water), occurring at 6:30, 11:00, and 19:00 (Timing
II, DLF2). The average weekly water demand per household for all demand scenarios
and flushing strategies is summarized in Table 1. Simulations were conducted under two
water quality conditions: without and with corrosion control treatment (i.e., addition of
1 mg P/L orthophosphate and pH adjustment to 7.9). The parameters for the first-order
saturation kinetics equation used in the lead dissolution model were estimated based on
data from a previous pilot study [34], as described in Hatam et al. [19]. Prior to modification,
the water entering the pilot setup [34,35] had mean values of a pH of 7.9, alkalinity of
90 mg CaCO3/L, and DIC of 20 mg C/L at 20 °C; under the corrosion control condition,
orthophosphate was added at 1 mg P/L with pH restabilization to 7.9.

Table 1. Summary of total average weekly water demand per household for all the demand scenarios
and flushing strategies, with percentage increase relative to DL.

Scenarios Average Weekly Demand % of Increase
Per Household (1pd) ?

High demand (DH) 368.9 96

Low demand (DL) 188.3 0
Flushing once a day (DLF0) 198.5 5
Flushing three times a day

(DLF1), (Timing I) 218.6 16
Flushing three times a day

(DLF2), (Timing II) 2186 16

The USEPA IEUBK model (version 2.0 Build 1.66) was used to estimate potential
BLLs in children aged 0-84 months, based on the 90th percentile and median weekly
concentrations of dissolved lead at the kitchen tap. The default IEUBK model values for
input parameters, including those for soil, dust, air, diet, and drinking water intake (L/day),
were used [36]. This modeling approach aligns with previous studies varying only water
lead concentrations while keeping other exposure media at default levels to evaluate the
impact of drinking water on BLLs. [28,29,37-39].

3. Results and Discussion
3.1. Influence of Flushing and Conservation Measures on Water Age

Figure 2 shows the distribution of relative water age across various taps over a one-
week simulation, including periods of no use, comparing high- and low-demand scenarios
and one of the flushing strategies (16%, Timing II). Relative water age results are illustrated
over the course of one week at all times, with data being reported at 10 s intervals. The
results show that the median relative water age at the kitchen tap (cold water) increased
from 5 h in the high-demand to 8 h in the low-demand scenario and decreased to 3 h in
the flushing scenario (DLF2) including periods of no use. The relative water age values
were generally higher for the hot water, which could go up to 80 h at the bathroom tap,
even without accounting the capacity of the boiler tank in the model (Figure 2). For the
shower, water age was nearly identical for both hot and cold lines, which can be explained
by the fact that hot and cold water are typically used simultaneously (297 L cold vs. 377 L
hot over a week). In contrast, at bathroom tap-2, the usage was more uneven (22 L cold
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vs. 67 L hot), leading to greater differences in water age between the two lines. In the
data shown in Figure 2, flushing reduced the relative water age at the kitchen tap (cold
water), with minimal impact on the relative water age at other taps. This can be explained
by the fact that flushing occurred near the kitchen cold tap and was timed before periods
of high usage at the kitchen tap (DLF2). Furthermore, flushing reduced the variability in
water ages from 22.5 to 11.5 h at the kitchen cold tap. These results are consistent with
findings from Clements et al. [22], showing that purging decreased the median water age
from 24.5 h to as low as 10 h for the shower (cold water), under the same building layout,
with variations depending on the timing and frequency of flushing.

Kitchen Bathroom Bathroom Kitchen Bathroom Shower

tap

tap-1 tap-2 Shiower tap (H) tap-2 (H) (H)

¥
LES

|

Il

DLF2 DH DL DLF2 DH DL DLF2 DH DL DLF2 DH DL DLF2 DH DL DLF2 DH DL DLF2

Figure 2. Distribution of relative water age at various taps over an entire week under high demand
(DH), low demand (DL), and low demand with flushing (DLF2; 16%, Timing II), including periods of
no use. Square: median; star: mean; box: 10-90%; whisker: min-max.

3.2. Effects of Flushing Frequency and Timing on Lead Levels

Figure 3 presents the distribution of dissolved lead concentration at the kitchen tap
during usage under three flushing strategies, all applied during low-demand conditions.
The high-demand scenario, based on Hatam et al. [19], is included as a reference for
comparison, and all simulations were conducted without corrosion control measures. This
comparison shows how different flushing strategies can reduce concentration in drinking
water during periods of low water consumption. Without any flushing, the low-demand
scenario resulted in median lead concentrations of 9.3 pug/L, significantly higher than the
1.9 ug/L observed under the high-demand scenario. An extra 5% of total consumption
was used for flushing once a day for 1 min. In contrast, flushing three times per day (one
minute per event) increased the total daily water usage by 16% in the low-demand scenario.
Figure 3 illustrates that flushing every eight hours, without considering usage patterns
(Timing I, DLF1), leads to higher lead levels (median 4.2 ug/L) compared to flushing
before typical high-use periods (6:30, 11:00, and 19:00) at the kitchen tap with the same
frequency and volume (Timing II, DLF2, median 2.7 pug/L). These findings further reinforce
the emphasis by Clements et al. [22] on scheduling purging around occupancy patterns,
such as before occupants wake up or return from work, to effectively minimize water
age. Importantly, the range of values to which the consumer may be exposed at a given
consumption time decreases by a factor of 3.4. The trend observed here with lead levels
aligns with findings from Clements et al. [22] on the impact of flushing on water age, where
higher purging frequency and volume resulted in lower water ages.
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Figure 3. Distribution of simulated dissolved lead concentrations at kitchen tap (cold water) during
usage, without any corrosion control, under high- and low-water-demand scenarios. For the low-
demand scenario, three flushing strategies were tested: once daily (5% of use in low-demand scenario)
and three times daily (16%) using two different timing schemes (Timing I and II). Square: median
lead concentration; box: 10-90%; whisker: non-outlier range.

3.3. Combined Effect of Flushing and Corrosion Control Measures

Understanding the variation in and evolution of water quality standards and guide-
lines across countries is crucial, as these differences can influence decisions regarding
recommended remedial actions. Figure 4 compares the durations of periods over a week
during which lead concentrations at the kitchen tap exceeded 5 ng/L and 10 ng/L, based on
simulations using 10 s interval data. Three demand and flushing scenarios were modeled,
each with and without corrosion control. The occurrence of lead exceedances at the kitchen
tap varied widely across different scenarios: from 74% to 3% of usage time for the 5 pg/L
threshold and from 49% to 0% for the 10 pug/L threshold. In the high-demand scenario with-
out corrosion control measures, the occurrence of lead level exceedance at the kitchen tap
was 33% (>5 ug/L) and 20% of usage time (>10 pg/L). Under the lower-demand scenario,
these increased sharply to 74% and 49%, respectively. However, implementing one-minute
flushing three times a day (Timing II) considerably reduced exceedance to 41% (>5 ng/L)
and 18% (>10 pg/L). Adding orthophosphate as a corrosion control treatment decreased
the exceedances from 33% to 5% in the high- and from 74% to 17% in the low-demand
scenarios. These findings indicate that, particularly under low-water-demand conditions
and in the presence of LSLs, orthophosphate dosing alone (1 mg P/L) may not always be
sufficient to meet the regulatory thresholds. Notably, the combined use of flushing and cor-
rosion control measures under the low-demand scenario reduced exceedances to only 3% of
usage time for the 5 ug/L threshold (an 82% reduction compared to those under corrosion
control alone which were 17%), with no concentrations exceeding 10 pg/L threshold. While
flushing may appear to contradict water conservation efforts, the additional water required
for flushing was evaluated and should be minimized while improving water quality. In the
simulated scenarios, a 16% increase in water consumption due to flushing resulted in an
overall consumption of 219 Ipd per household under the low-demand scenario, which was
still 41% lower than that in the high-demand scenario (369 Ipd). These findings suggest
that a moderate increase in water use, particularly when combined with corrosion control,
can yield substantial reductions in lead exposure, while maintaining overall household
consumption below that of high-demand conditions.
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Figure 4. Percentage of time lead levels at the kitchen tap exceed 5 and 10 pg/L during usage
time (based on a 10 s reporting interval). Scenarios include high demand, low demand, and low
demand with one minute flushing three times daily (Timing II), each modeled with and without
corrosion control.

3.4. Potential Blood Lead Level Impact

The simulated lead concentrations at the kitchen tap were subsequently used as inputs
for the IEUBK model to estimate the percentage of children aged 0 to 84 months with
BLL exceeding 5 pg/dL. This approach enabled us to quantify how flushing may lead to
potential reductions in the prevalence of elevated blood lead levels among young children.
Figure 5 illustrates the effect of various mitigation strategies under low-demand conditions
on the estimated percentage of children with elevated BLLs. This analysis considers both
the median and the 90th percentile of lead levels at the kitchen tap during usage. When
using 90th-percentile kitchen tap lead concentrations, the percentage of children exceeding
the CDC’s BLL reference level of 5 ug/dL [40] increased sharply: from 4.3% with no tap
water contribution to 60.8% under the low-demand scenario (DL) without any corrosion
control. Under corrosion control alone, the percentage of children with elevated BLLs
was 11.3%, as previously shown in Hatam et al. [19]. This outcome improved further
when corrosion control was combined with a flushing program (resulting in a 16% rise
in overall consumption), reducing the estimated percentage of BLL exceedances to 6.3%,
based on the 90th-percentile lead levels (Figure 5). These findings show the major impact
that lower water use can have on children’s lead exposure and emphasize the importance
of implementing combined strategies, enhanced corrosion control treatment, and targeted
flushing, especially while LSLs remain in place.

No corrosion control treatment Corrosion control treatment

60.8 O Percentage (90th percentile)
O Percentage (median)

20.9
113
13.9 6.3
m 6.5 5.6 4.6
No WContr DL DL + 16% flushing DL DL + 16% flushing

Figure 5. Proportion of children with blood lead levels (BLLs) >5 pg/dL under the low-demand
scenario, showing the impact of flushing (16%, Timing II) and corrosion control. Results are shown
using both the median and 90th percentile of lead levels at the kitchen tap during usage. No
WContr = no tap water contribution; DL = low-demand scenario.
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3.5. Implications for Utilities

Integrating advanced modeling techniques can improve the precision of predictions
and deepen understanding of how lead behaves and migrates through water systems
over time. Hydraulic models can be used to predict the impact of water-conservation
strategies, water chemistry, and preventive or corrective actions on drinking water quality
in both water distribution networks and buildings. These models also offer valuable
insights into managing lead exposure risks in drinking water systems. When combined
with stochastic demand models, hydraulic simulations can support the development
of optimized regulatory sampling protocols for lead and enhance assessment of lead
exposure risks; ultimately leading to more targeted and effective mitigation strategies.
This study demonstrates the application of numerical tools to assess additional preventive
and corrective measures for controlling lead levels in buildings with lead service lines,
particularly under conditions of reduced water demand.

These results highlight the limitations of corrosion control at low orthophosphate
dosages (1 mg P/L) in the presence of low demand, where exceedances (>5 pug/L) reached
17%, compared to 5% under high demand. Improved performance of corrosion control
could potentially be achieved through higher orthophosphate dosing, though this would
incur additional costs. A well-designed flushing strategy, which considers factors such
as volume and timing, can further reduce exposure. Considering the 5 pg/L standard,
the results indicate that flushing can offer greater benefits in reducing lead levels in low-
consumption scenarios when combined with corrosion control. However, in the absence of
corrosion control, more intensive flushing before periods of consumption may be necessary
to limit exposure, albeit at the expense of increased water usage and reduced alignment
with conservation goals.

Water managers should take multiple factors into account when developing effective
sampling and flushing protocols. These includes the characteristics and locations of lead
sources, water usage and consumption patterns, building hydraulics, and key water quality
parameters. For more effective risk reduction, remedial measures can be combined with
usage protocols, for example, using only water for drinking from a flushed tap, typically
the kitchen tap, and avoiding water from bathroom taps. Users should also avoid filling
glasses for consumption overnight to minimize potential lead exposure.

However, flushing should be viewed as short-term mitigation measures, with limited
long-term efficacy and notable water wastage. As manual flushing can be tedious and may
not be implemented correctly by the user, an automated flushing system installed adjacent
to the kitchen tap or simply the use of an automatic flushing faucet could be considered.
Even when corrosion control is implemented, it is now recognized that managers should
plan to replace LSLs as it is the only long-term solution to reduce lead exposure risks in
taps from LSLs [3].

3.6. Limitations and Future Work

Enhanced hydraulic and water quality modeling tools, particularly when combined
with stochastic demand models such as SIMDEUM and calibrated against field data, can
support future research aimed at maintaining water quality in building plumbing systems.
These integrated approaches offer valuable opportunities to advance understanding of the
complex effects that emerging water conservation strategies may have on water quality.
Advanced modeling techniques can also enable the simultaneous consideration of mul-
tiple interacting factors, including increased stagnation, biofilm formation, disinfectant
depletion, lead leaching from lead sources, proliferation of opportunistic pathogens, and
temperature variations.
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While modeling serves as a valuable tool for managing building water systems to
estimate true exposure to reduce public health risks, further research is needed to more
accurately simulate real-world phenomena such as dispersion and mixing dynamics. These
aspects were not accounted in the current study and require further investigation to enhance
predictive accuracy and inform effective mitigation strategies. Particulate lead, though
not considered in this model, can also contribute to significant exposure at the tap. The
release of particulate lead is highly site-specific, reflecting hydraulics, use patterns, and
materials, and interestingly flushing has been shown to decrease exposure to particulate in
some systems [34,38]. Abokifa and Biswas [41] simulated the release of both particulate
and dissolved lead under normal household usage. However, modeling the detachment
and transport of particulate lead is challenging and simplified models fail to capture the
truly random nature of particulate lead and further investigation is recommended for better
simulating the random nature of particulate lead release [16].

Moreover, the modeling approach here could be extended to a broader range of water
quality parameters and building topologies with varying occupancy patterns. This study
focused specifically on decreased flow intensity as a representation of water conservation,
without incorporating variability in usage duration. Future research should also involve
assessing the effectiveness of flushing in reducing lead contamination from other internal
sources like leaded brass, solders, or distal plumbing components, an area that could
benefit from the methodology presented in this study. Finally, future work should explore
the implications of temperature changes caused by climate changes or seasonal variations
as these can drastically increase lead release from LSLs.

4. Conclusions

Despite the complexity of real-world conditions influencing lead levels at consumer
taps, this study shows that a modeling approach can enable targeted adjustment of key
parameters, offering valuable insights into their individual and combined effects. This
modeling-based evaluation contributes to a better understanding of short-term lead control
strategies in water-conserving households and their potential health implications, par-
ticularly where immediate LSL replacement is not feasible. First, flushing significantly
reduced the relative water age at the kitchen tap (cold water) under low-demand condi-
tions, from 8 to 3 h including periods of no use, while having minimal effect on other taps.
Under the studied water conservation scenario, the results indicate that a combination of
corrosion control treatment and a targeted flushing plan as a short-term action can signif-
icantly lower lead levels. In low-water-consumption conditions, flushing alone reduced
exceedances from 74% to 41% (>5 ug/L), while orthophosphate alone brought them down
to 17%. Combined, these measures lowered exceedances to only 3% (>5 pg/L) of usage
time and eliminated exceedances above 10 pg/L threshold. Although increasing water
use through flushing may conflict with water conservation goals, a modest 16% rise over
the low-demand scenario resulted in an 82% reduction in lead exceedances compared to
corrosion control alone. Despite this increase, total household consumption remained 41%
lower than that in high-demand scenarios, suggesting that the combined approach may
serve as a viable short-term mitigation strategy in low-consumption settings. Furthermore,
under low-demand conditions, the combined targeted flushing and corrosion control strat-
egy reduced the predicted percentage of children aged 0-84 months with BLLs exceeding
5 ug/dL from 61% to 6%, based on IEUBK model estimates using 90th percentile of lead
concentrations at the kitchen tap. This modeling-based evaluation contributes to a better
understanding of short-term lead control strategies in water-conserving households and
their potential health implications. It can apply to any water quality type and materials
with known reaction rates, allowing the assessment of the impact of varying demand and
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occupation patterns across different building layouts and the evaluation of the effectiveness
of preventative interventions.
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