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systems†
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The United States Environmental Protection Agency's (USEPA's) Lead and Copper Rule Revisions (LCRR)

introduced many changes to the existing regulation. Two major changes are the change in sample

methodology to fifth-liter (L5) sampling for homes with lead service lines and the find-and-fix (FaF)

provision following any single home lead action level exceedance. This research proposes a method which

estimates L5 lead levels from first-draw (L1) LCR data. Using L1 data along with paired L5–L1 difference data

from other systems with similar L1 results, L5 data can be estimated accurately by bootstrapping. Using L1

data from two utilities (DC Water and Utility B) with known L5 data, this method was validated to accurately

estimate L5 data. This method was then applied to a third utility (Philadelphia Water Department, PWD) with

LCR data without paired L5 results to estimate what it can expect from this sample methodology. This

same method was then applied to PWD to estimate the impact that FaF would have on the system by

identifying how quickly new, permanent Water Quality Parameter (WQP) sites would have to be added.

Under all simulations, PWD eventually would reach the maximum number of required WQP sites.

Introduction

The Lead and Copper Rule (LCR) was promulgated in 1991
and its purpose was to decrease exposure to lead and copper
in drinking water by establishing a treatment technique for
corrosion control treatment within drinking water systems.1

Corrosion control treatment is a water treatment process
where either chemical inhibitors are added to the water (e.g.,
phosphate based or silicates) or the water's pH is adjusted
with the goal of reducing the solubility of lead and copper in
residential plumbing systems. The LCR established methods
to evaluate whether or not corrosion control was required
within a drinking water system, and then to continually
evaluate established corrosion control treatments, through
water quality parameter monitoring and collecting first-draw,

one-liter samples from consumer's homes. The LCR
established an action level (AL) for lead of 15 ppb for the
90th percentile of one liter first draw samples collected from
consumers' homes after a minimum 6-hour stagnation. The
issue of lead in drinking water became national news
following the events that took place in Flint, Michigan in
2014 and 2015 where a change in source water without
adequate corrosion control treatment resulted in extremely
large amounts of lead to leach from plumbing materials.2

In December 2020, the U.S. Environmental Protection
Agency (EPA) published the final Lead and Copper Rule
Revisions (LCRR).3 On January 16, 2021, the effective date of
LCRR was delayed until December 16, 2021, to allow the
Agency sufficient time to review the LCRR requirements and
determine whether additional regulatory changes were
needed.4 The LCRR contains numerous new aspects such as
changes to sampling methods (e.g., 5th liter samples) and
sample location (e.g., all sample sites in systems with lead
service lines (LSLs) must have a LSL) requirements, the
inclusion of required “find-and-fix” (FaF) follow up
procedures for single-home exceedances of the AL, the
addition of mandatory school and child-care facility lead
monitoring and education programs, development of service
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Water impact

There are many unknowns for utilities switching to fifth-liter sampling under the Lead and Copper Rule Revisions. This study demonstrates a method for
utilities to estimate their fifth-liter lead levels from first-liter lead levels to assess the impacts of this change on their system.
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line inventories, and new requirements for sampling and
education following lead service line replacements.3 The
LCRR also established a trigger level (TL) of 10 ppb as a
secondary threshold that preemptively initiates action by the
utility before they exceed the AL.

5th liter sampling

One of the major aspects of the LCRR that is likely to impact
utilities is the change in compliance sampling methodology
from the existing first liter (L1) sample requirements to fifth
liter (L5) sampling for all homes with lead service lines
(LSLs). This change was based on studies that investigated
profile (or sequential) sampling events measured lead levels
in water throughout the premise plumbing system to identify
where exactly high levels of lead are seen.5–7 These studies
indicate that LSLs contribute a large amount of the total
mass of lead in water samples, with total mass of lead in
water being reduced by 86% on average following the
removal of a LSL.5 The EPA states that they used three studies
“to determine the liter in any given sequential sampling
profile that was most likely to contain the water that
remained stagnant within a customer-owned LSL”. This
resulted in the final determination that the L5 sample was
most likely to result in sampling water in contact with the
lead service line. Several recent studies have found that this
new sampling approach is more likely to collect water in
contact with the LSL and will significantly increase the
number of systems that exceed the AL and TL.8–10 However,
L5 is not always associated with water in contact with a LSL
since the source of lead is highly dependent on the size of
the home, the complexity of the premise plumbing system,
and the length of the service line.11

The change in sampling methodology adds significant
complexity to the LCRR compliance programs for utilities.
This method requires samplers to accurately capture five
consecutive samples while losing as little water as possible
between samples. In the authors' experience, this change
greatly increases the level of difficulty in performing the
sampling. Additional complexity is added due to the fact that
L5 sampling does not apply to all tiers of homes sampled
during compliance. This change only applies to tier 1 and tier
2 sites (homes with a LSL). For the remainder of homes
sampled, the documented water lead level is based on the L1
sample. All results collected using these different sampling
methodology are included in the final calculation for the
90th percentile. Systems with LSLs will be required to collect
all LCRR compliance samples from homes with LSLs. This is
an increase from previous requirements that only required
50% of homes sampled to have a LSL.

LCRR find-and-fix requirements

Another major change in the LCRR is the FaF requirement
for any single home exceedance of the 15 ppb AL. Whenever
a home's lead level exceeds 15 ppb, the utility must take

specific actions to investigate including collecting water
quality parameter (WQP) samples, collecting follow up lead
samples, evaluating results and making recommendations to
the state. The state must review and approve the
recommendations from the system and may require re-
optimization of a systems corrosion control treatment (CCT).

The FaF provision also requires utilities to collect a WQP
sample be collected after every single-home exceedance of
the AL. This WQP sample must be collected from a tap (that
is not the LCR tap itself) from a nearby site that is within half
a mile, within the same pressure district, and connected to
the same size main as the LCR site.3 If an existing site does
not exist, then the utility must identify a new site and
perform sampling within the 5-day window. This new site
would then become a permanent WQP site. While utilities
certainly have routine grab sampling locations spread
throughout their systems, most systems are likely to have
varying main diameters that will result in mismatches
between LCR sites and grab sampling sites.

This study investigates the potential impacts of L5
sampling and the FaF provision of the LCRR on a large
public water system (i.e., serving over 50 000 people):
Philadelphia Water Department (PWD). In order to assess the
potential impact of L5 sampling and the FaF requirements, a
simulation method is proposed to estimate L5 results directly
from L1 results. This method is validated against paired L1
and L5 data from two other large public water systems: DC
Water and Utility B. The method is then applied to PWD to
evaluate how L5 sampling will impact PWD's compliance
with the AL and TL and how the FaF requirements will
impact the system, specifically looking at the requirement to
add WQP locations to match characteristics of sites with
single-home exceedances. This method will allow systems to
preemptively begin to assess their corrosion control programs
to improve water quality for their consumers and plan for
any upcoming capital costs that may be required to comply
with the LCRR.

Methods
Data sources

LCR compliance data was obtained from three different
utilities (DC Water, Utility B, and PWD). System details and
LCR sampling information for these three systems can be
found in ESI.† Briefly, there were six rounds of paired L1 and
L5 results for DC Water and one round of paired L1 and L5
results for Utility B. There were three rounds of L1 results
without paired L5 data from PWD. The two utilities with
paired L5 data were used to validate the estimated L5 results
against true paired results. For additional information about
these three utilities, please see the ESI.†

Michigan LCR compliance data used as the L5–L1
difference data in this study was obtained from Masters
et al.8 This data covered the 2019 compliance sampling
from Michigan systems following Michigan's state LCR
revisions, which required a paired L1 and L5 sample for all

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
:3

6:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00631j


Environ. Sci.: Water Res. Technol., 2024, 10, 241–249 | 243This journal is © The Royal Society of Chemistry 2024

homes that had a LSL (n = 2909). No difference data points
over 100 ppb were included in this analysis (see ESI† for
more details).12,13 From this overall dataset, three data
subsets were defined to ensure that difference data was only
used from Michigan utilities that matched the target
utilities (i.e., DC Water, PWD, or Utility B) L1 data
characteristics. The first subset included only results from
Michigan water systems with a 90th percentile value less
than 5 ppb (n = 1817) and was used for simulations for DC
Water and PWD. The second subset included only results
from Michigan water systems with a 90th percentile value
less than 5 ppb and a standard deviation greater than 3
ppb (n = 689) and was used for simulations for PWD. The
third subset included only results from Michigan water
systems with a 90th percentile value between 5 ppb and 15
ppb (n = 907) and was used for comparison with Utility B.
There was no information available regarding the corrosion
control methods employed by the systems included in the
Michigan LCR compliance dataset.

All data used for this study were from homes with LSLs.

Statistical analyses
Estimating L5 results

L5 sample results were estimated by randomly sampling 100
L1 lead results with replacement from the pool of lead
results from homes with LSLs available and randomly
sampling 100 values with replacement directly from the
sample pool of L5–L1 differences. Results from LCR
sampling rounds are assumed to be representative of lead
levels from LSL within the system. Using this assumption,
lead results were allowed to be sampled with replacement,
as any of these representative values are equally likely to
appear any number of times in a LCR sampling round. The
100 L1 random samples were then added pairwise to the
100 randomly sampled difference values to obtain 100
estimated L5 lead levels. Any L5 estimated result less than
zero due to a negative difference (i.e., L1 greater than L5)
was set to zero. The 90th percentile was then calculated
from these values. This process was replicated (or
bootstrapped) 1000 times. Each of the 1000 iterations
represents one LCR sampling round for the utility it is
applied to. Summary statistics (e.g., mean, 90th percentile,
standard deviation) were calculated for each of iterations, as
well as the number of exceedances. The workflow for this
bootstrap method is illustrated in Fig. S1.† To assess
whether it is better to sample the difference data from the
best-fit MLE distribution or to sample directly from the
difference data, the estimated L5 results for DC Water using
both methods were compared to actual L5 results.

This bootstrap method makes two major assumptions: 1)
the L5 sample result is dependent on the L1 sample results
(i.e., if a home has a high L1 result, they are more likely to
have a high L5 result) and 2) The difference between paired
L5 and L1 results is independent of the L1 level within the
home. To confirm these assumptions, Spearman rank

correlations were performed between paired L1 and L5
results and L1 and L5–L1 differences for the DC Water, Utility
B, and 2019 Michigan LCR data sets.

This method was applied to LCR compliance data for
three utilities: DC Water, Utility B, and PWD. Using DC
Water and Utility B paired L1 and L5 sample results from
the sampling rounds included in this study (six sampling
rounds for DC Water and one for Utility B), “true” summary
statistics were calculated for each of the 1000 simulated
sampling rounds. These true summary statistics were
calculated from the paired L5 samples that were collected
from the 100 randomly selected L1 results for that iteration.
It is important to note that the “true” 90th percentile
associated with each of the iterations does not represent
the system's actual compliance 90th percentile for each LCR
sampling round. Using the calculated summary statistics for
the “estimated” L5 data and the “true” L5 data, the efficacy
of the simulation method was assessed. 95% confidence
intervals (CI) were calculated for each of the summary
statistics by taking the 2.5% and 97.5% percentile values of
the 1000 values. If the mean value of the summary statistic
for the “estimated” L5 values fell within the 95% CI of the
“true” L5 values than the distributions were not considered
significantly different. In addition to comparing the
summary statistics of “true” vs. “estimated” L5 results, the
differences between true and estimated L5 results were
compared on a (simulated) round by round basis to
determine if there was a significant difference between the
distribution of results. Differences between the individual
sampling round data sets were assessed using the non-
parametric Mann–Whitney U test. This analysis was applied
to four different subsets of the DC Water LCR data set: 1)
all six sampling rounds 2018–2020, 2) the two 2018
sampling rounds, 3) the two 2019 sampling rounds, and 4)
the two 2020 sampling rounds. Comparisons were made
between the “true” and “estimated” L5 results for each of
these four subsets and the Utility B paired data to further
assess the efficacy of this method on smaller data sets.

PWD did not have paired L1 and L5 data for the sampling
rounds included in this study (2016, 2017, and 2019) to
directly compare “estimated” vs. “true” L5 results. However,
this method can be applied to give the utility an estimate of
where the L5 90th percentile may likely fall when L5
sampling is implemented. The bootstrap simulation was
applied to PWD using two different subsets of the Michigan
L5–L1 difference data. PWD's 90th percentile was less than 5
ppb for all three sampling rounds included in this study
(2016, 2017, and 2019), but its standard deviation was greater
than 3 ppb for all sampling rounds. To get an idea of how L5
could vary, two subsets of the overall Michigan data set were
defined to include 1) all systems with a 90th percentile less
than 5 ppb (53 systems and 1817 paired lead results) and 2)
all systems with a 90th percentile less than 5 ppb and a
standard deviation greater than 3 ppb (15 systems and 689
paired lead results). These two subsets will be defined within
as “best case” and “conservative case” for PWD's simulation

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
:3

6:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00631j


244 | Environ. Sci.: Water Res. Technol., 2024, 10, 241–249 This journal is © The Royal Society of Chemistry 2024

results, respectively. For both “best” and “conservative” cases,
estimated L5 results were assessed to determine what PWD
can expect from L5 sampling and how likely they are to
exceed both the TL and the AL. 95% confidence intervals
were calculated for the 90th percentile statistic for each of
these cases. Lead distribution tables were developed for five
randomly selected iterations to assess how L5 results
compare to lead distribution tables previously published for
PWD's L1 data.14,15

Estimating impact of FaF

To estimate the impact of the LCRR FaF on WQP monitoring
over time a similar approach was taken to estimating L5
sample values. However, instead of simulating 1000 stand-
alone sampling rounds, in this simulation 100 consecutive
sampling rounds were simulated 1000 times. For each
consecutive sampling round within a single iteration, all
single-exceedances at LCR sampling rounds were matched
with one of the following:

1. An existing WQP monitoring site that meets the FaF
requirements,

2. An existing non-WQP, RTCR monitoring site that meets
FaF requirements, or

3. The closest hydrant that meets FaF requirements.
If either option 2 or 3 had to be used, then that RTCR site

or hydrant was added to the permanent list of WQP sites for
the rest of that iteration. This means that for all the
remaining consecutive sample rounds within that iteration,
that RTCR site or hydrant would now be included in the first
category of existing WQP monitoring sites. By simulating
these 100 consecutive sampling rounds (which would cover
at a minimum 50 years of biannual sampling periods), water
systems can see how the change to L5 sampling and the
implementation of FaF may impact their WQP over the
coming years and decades. This method resulted in 1000
simulations of the increase of WQP monitoring requirements
over time for a utility and 100 000 individual LCRR sampling
round simulations.

Only 12 grab locations are currently monitored by PWD for
OCCT on a quarterly basis, with 10 being required during
reduced monitoring under the current LCR. The new LCRR will
require this number to be increased to 25 as PWD will be moved
back to standard monitoring. In order to perform this
simulation, the initial list of 25 starting WQP sites was made by
combining the 12 current WQP sites, the 11 disinfection by-
product (DBP) monitoring sites that are not already WQP
monitoring sites, and two easily accessible coliform sites. All of
the DBP monitoring locations are also used for RTCR
monitoring. These 25 sample locations are spread geographically
throughout PWD's system covering all service areas.

Results and discussion
Summary of LCR data from DC Water, Utility B, and PWD

For sampling rounds in 2016, 2017, and 2019, PWD has had
lead 90th percentile less than 5 ppb (Table 1). Given the
similarity in treatment and distribution conditions between
these three sampling rounds, all three were pooled together
for this study to increase the number of representative L1
samples to be used. These sampling rounds had a total of 68,
89, and 99 homes sampled in each of the sampling rounds,
respectively (Table 1). With some homes being sampled in
multiple rounds, there were a total of 146 homes included in
this analysis. In all three sample rounds, the L1 90th
percentile was less than or equal to 3 ppb. The 2017 sample
round had an increased standard deviation compared to the
other two rounds that was driven by a single high lead result.
It is not expected that this single elevated value would have
an impact of the simulation method presented herein.

Since the first 2018 sampling round, DC Water has
collected paired L1 and L5 samples during LCR compliance
monitoring. In total, DC Water performed six LCR
compliance sampling rounds between 2018 and 2020 with
paired L1 and L5 samples collected during all of these
(Table 1). The L1 90th percentile for all six sampling rounds
has been below 3 ppb, with the highest 90th percentile value
being 2.8 ppb. The L5 90th percentile value has been slightly

Table 1 LCR sampling round results from the Philadelphia Water Department, DC Water, and Utility B. ‘a’ and ‘b’ denotations for different sampling
rounds denote January–June and July–December sampling rounds, respectively, conducted in the same year

Sampling
round

First liter Fifth liter

N Mean (ppb) 90% (ppb) Std. dev. (ppb) N Mean (ppb) 90% (ppb) Std. dev. (ppb)

Philadelphia Water Department
2016 68 1.8 3.0 3.5 0 — — —
2017 89 13.8 2.2 80.2 0 — — —
2019 99 2.4 3.0 7.8 0 — — —
DC Water
2018a 118 7.0 2.8 56.2 116 2.8 4.8 8.9
2018b 104 1.0 2.3 1.0 101 2.3 6.0 2.4
2019a 109 1.5 2.2 4.0 105 1.7 3.8 3.0
2019b 108 3.0 2.3 20.0 107 2.5 6.0 2.5
2020a 107 1.2 1.8 2.8 104 2.3 3.2 10.5
2020b 105 1.4 2.8 3.7 104 2.1 5.1 2.4
Utility B
2021a 88 4.3 9.1 10.6 88 6.6 19.3 15.7
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higher for the six sampling rounds, although still well below
the TL and AL, with a maximum value of 6 ppb. Similar to
PWD, one of the sample rounds from DC Water had an
increased standard deviation that was driven by a single high
lead result. It is unexpected that this will impact the
effectiveness of the model.

Utility B collected paired L1 and L5 samples during the
January–June 2021 LCR sampling round. 88 paired samples
were collected during this sample round. Unlike, DC Water
and PWD, Utility B experiences slightly higher L1 levels with
an L1 90th percentile value of 9.1 ppb. While this value is
less than both the AL and the TL, the L5 90th percentile
value from this sample round would have exceeded both
limits with a value of 19.3 ppb (Table 1).

A major assumption used in this method is that the L5
result is dependent on the L1 result, however, the difference
between L5 and L1 result is independent of L1 result. To
verify this assumption, Spearman rank correlations were
performed between L1 and L5 paired results from the
Michigan 2019 LCR sampling round, DC Water, and Utility B
paired L1/L5 data sets. Similarly, Spearman rank correlations
were performed between L1 and paired L5–L1 difference
results for the same three data sets. All three of these data
sets demonstrated statistically significant, strong correlations
(rho = 0.73–0.89) between L1 and L5 paired results. From
these results, it is clear that L5 results increase as L1 results
increase, indicating that the L5 result is dependent on the L1
result. Conversely, the correlations between L1 results and
L1/L5 difference results indicate no or very weak correlations
(rho = 0–0.27). This confirms the assumption that while the
L5 result is dependent on the L1 result, the difference
between the two is independent of the L1 lead level.

Estimating L5 results from L1 samples

In order to provide an estimation of what 5th liter samples
may look like for systems, the estimated distribution of
differences between L1 and L5 samples can be used to
estimate its impact on utilities around the country. This
approach allows for an approximation of what 5th liter
samples could look like for systems based on their recent L1
compliance sampling results. This method assumes that
systems with similar distributions of L1 data will have similar
distributions of L5–L1 results. However, this method cannot
be used for systems that have changed their treatment
process or source water. Where feasible, utilities should
collect paired L1 and L5 samples prior to the enforcement of
the LCRR to get an accurate understanding of how this
change in sampling methodology will impact a system's
compliance. To validate our method, it was applied to two
utilities (DC Water and Utility B) with LCR compliance data
that has been collected with paired L5 data.

Applying L5 estimation method to utilities with known L5

DC Water – low L1 90th percentiles. Overall, there was a
large amount of agreement between estimated L5 results and
true L5 results. When comparing the distribution of 90th
percentile results for true and estimated L5 lead results from
1000 simulated sample rounds using all paired data from the
six sample rounds, there is a large amount of overlap
between the two distributions, with 70.7% of the estimated
90th percentile results falling within the 95% confidence
interval (CI) of the true 90th percentile (3.7–6.2 ppb) (Fig. 1a).
The average 90th percentile value for the estimated data sets
(5.37 ppb) also falls within the true 90th percentile 95% CI,

Fig. 1 Distribution of ‘true’ and ‘estimated’ L5 ninetieth percentile results for DC Water from 1000 simulations for each of the four datasets: (a)
simulated LCR sampling rounds were generated by randomly selecting from all paired L1 and L5 samples from 2018–2020, (b) sample rounds were
generated by using paired samples from the two 2018 LCR sample rounds, (c) sample rounds were generated by using paired samples from the
two 2019 sample rounds, and (d) sample rounds were generated by using paired samples from the two 2020 sample rounds.
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indicating there is no statistically significant difference
between the two distributions. The mean difference between
paired estimated and true 90th percentile results was 0.47.

Similarly, the mean of the estimated 90th percentile
distribution fell within the 95% CI for the true 90th
percentile distribution when simulated sample rounds were
generated only using 2018 and 2019 LCR data, respectively.
In 2018, the estimated 90th percentile distribution had a
mean of 5.54 ppb, which falls between the true 90th
percentile distributions 95% CI of 3.61 and 7.52 ppb. In
2019, the estimated 90th percentile distribution had a mean
of 5.3 ppb, which falls between the true 90th percentile
distributions 95% CI of 4.11 and 6.2 ppb. Unlike the other
three simulated data sets, the simulated LCR rounds using
only 2020 LCR data did have a significant difference between
the estimated 90th percentile distribution and the true 90th
percentile distribution. In 2020, the estimated 90th percentile
distribution had a mean of 5.27 ppb, which falls just outside
of the 95% CI of the true 90th percentile of 3.31 and 5.23.

For all four of the bootstrap simulations, the estimated
90th percentile values tended to be slightly higher than the
true 90th percentile levels. From the cumulative density plot
of the true vs. estimated distributions, the estimated 90th
percentile distribution is shifted to right of the true 90th
percentile distribution (Fig. S3†). This indicates that while
there are not significant differences between the estimated
and true distributions, the estimated distribution may
slightly overestimate L5 lead results. However, given that this
method is designed to give utilities an understanding of how
the LCRR change in sampling method may impact their
compliance and the level of effort required to comply with
the new rule, the authors believe that a slight overestimation
is not an issue.

Non-parametric Wilcoxon-rank sum tests were performed
to assess whether the distribution of true and estimated L5
results were significantly different for each simulated
sampling round. Of the 1000 simulated sampling rounds,
265 had a statistically significant difference between the two
distributions. Randomly sampling 10 sampling rounds from
the 1000 simulations shows us that the overall spread of the
data is relatively the same for both the true and estimated
data sets (Fig. S4†). In general, estimated L5 results tended to
have more single sample exceedances of the 15 ppb AL than
true L5 results, with averages of 2.3 and 1.1 samples
exceeding 15 ppb, respectively. The estimated L5 results
closely matched the distribution of true L5 results from the
same subset of homes. By accurately estimating the L5
distribution, this method gives utilities an understanding of
where their L5 results may fall.

One of the factors that is likely to have an impact on the
effectiveness of this simulation method is how many L1 data
points are used to estimate the L5 90th percentiles. To assess
this factors impact on the method, the method was repeated
on all DC water data five different times (1000 simulations
each time) using 30, 50, 70, 90, and 110 lead results in each
simulation round, respectively. These simulations show that

even at smaller sample sizes (n = 30) the centroid of the
distribution was consistent with simulations using larger
sample sizes and with the actual 90th percentiles from DC
Water's sampling rounds (Fig. S9†). However, the distribution
of 90th percentile results from simulations that used smaller
sample sizes showed longer tails both in the estimated and
true 90th percentile values calculated from the model. This
indicates that the while the method can still provide utilities
with an estimate of the L5 90th percentile with limited L1
data, these estimates will be less accurate then simulations
performed where more L1 data is available. Based on this
sensitivity analysis, utilities would want to include at least 70
L1 data points in the simulation to get a more accurate range
of possible L5 90th percentiles.

Utility B – moderate L1 90th percentile. Utility B collected
paired L1 and L5 samples for its 2021A sampling round.
Utility B experienced a moderate 90th percentile result for
the L1 samples collected during this sampling period. Utility
B had 88 paired samples collected in its 2021A sample round.
The L1 90th percentile was 9.1 ppb for these 88 samples
(Table 1). As a result, only systems in the Michigan data set
that had L1 90th percentiles between 5 ppb and 15 ppb were
included in the difference data used during the simulation.
Utility B provides a useful contrast to DC Water who
experienced a low L1 90th for all sampling rounds included
in this analysis. Simulated sample rounds were generated by
randomly selecting 50 of the 88 samples and 50 L5–L1
differences from MI systems meeting the criteria described
above. These values were added together pairwise. This
process was repeated 1000 times to generate 1000 simulated
L5 LCRR sample rounds.

The distributions of the “true” and “estimated” 90th
percentile result overall shared a similar profile (Fig. S5†).
The distribution of “true” 90th percentile values displayed a
bimodal distribution with more results skewing higher than
what is seen in the “estimated” 90th percentile distribution.
However, the largest peak in the “true” 90th percentile
distribution matches that of the “estimated” 90th percentile
distribution with results ranging primarily from 10 ppb to 30
ppb. From the estimated distribution, Utility B would exceed
the AL 62% of the time and would exceed the TL 97% of the
time. The true distribution shows that Utility B would have
exceeded the AL and TL 56% and 86% of the time,
respectively. The results from the estimated 90th percentile
simulations perform well when estimating whether a system
is likely to exceed either the TL or AL.

When comparing the distribution of estimated L5 results
to true L5 results, not 90th percentiles, 30% of the 1000
simulations saw significant differences (Mann–Whitney
p-value < 0.05) between the two difference L5 distributions.
Overall, the majority of simulated sampling rounds did not
experience a significant difference between the true and
estimated L5 results. This illustrates that this simulation
method is effective in estimating what a utility is likely to
experience when collecting L5 lead samples in their system
by using only the L1 data that they have available.
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While the results presented here show that the method
was effective in estimating the L5 results for Utility B, it is
worth noting that the agreement between true and estimated
L5 results was lower for Utility B compared to DC Water. The
two suspected causes for this decreased accuracy are either
the increased magnitude and variability in lead levels
observed at Utility B or the use of pH adjustment as a CCT.
From the true L1 and L5 data for Utility B, lead levels are less
controlled in this system compared to DC Water and as such,
that could result in less consistent differences between L1
and L5 results. This may indicate that it is potentially harder
to estimate L5 results in systems that do not have stable
corrosion control and consistent lead levels. Unfortunately, it
is hard to assess the impacts of the choice of corrosion
control on the efficacy of the simulation method with only
one utility with known L5 data investigated using each type
of corrosion control. It would be of interest in future research
to test this method on more systems with each type of
corrosion control to evaluate its accuracy between corrosion
control treatment techniques.

Applying method to utility LCR data without paired L5.
PWD L1 results were randomly selected from 146 LCR
locations pooled from the last three LCR compliance
sampling rounds (2016, 2017, 2019). LCR locations with
sample results for multiple sampling rounds had one of the
results randomly sampled from their home. The randomly
selected L1 results were compared to randomly selected L5–
L1 difference data from Michigan's 2019 LCR compliance
dataset. Bootstrap analysis showed that 90th percentile lead
levels were higher than levels PWD has experienced over the
last several sampling round (Fig. 2). The simulated L5 results
indicate that PWD has a 100% chance of being below the 15
ppb AL for the “best case” and a 99.7% chance in the
“conservative case” scenarios. The simulation results also
indicate that PWD has a 4% chance of exceeding the 10 ppb

TL in the “best case” scenario and a 18% percent chance of
exceeding the TL in the “conservative case” scenario. While
these results suggests that PWD is likely to remain under the
TL in either scenario, this analysis indicates that they should
be prepared to deal with the ramifications that will occur if
the TL is exceeded. An exceedance of the TL will also result
in annual LCRR compliance monitoring as opposed to
reducing monitoring to the triennial monitoring schedule. In
addition, while not decided at the time of writing, the review
of the LCRR indicates that the EPA may consolidate the AL
and TL to a single value again and that it may be lowered
from the current AL of 15.16 This could mean that PWD will
be at risk of potentially exceeding the AL if it is lowered to
the 10 ppb TL. The average (95% CI) 90th percentile value
from the “best” and “conservative” scenarios from the 1000
simulations was 6.6 (4–10.4) ppb and 8.2 (5.1–12.6).

During the 2022 LCR monitoring period, PWD modified
its sampling methodology to have customers collect both L1
and L5 samples. All EPA recommended sampling methods
(i.e. no pre-flush, no aerator removal, etc.) were followed as
they have been since 2016. A total of 104 homes were
sampled during this sampling round. The L1 90th percentile
remained consistent with previous years, matching the
systems lowest L1 90th percentile, at 2 ppb. The L5 90th
percentile value for this non-regulatory sampling was 5 ppb.
While this is only a single monitoring period, this is
indicative to that fact that PWD may be more closely grouped
in the “best case” scenario when looking ahead at future
monitoring rounds for the L5 sample results.

While investigating the impacts of L5 samples on the 90th
percentile is critically important for compliance, it is also still
important to investigate the overall distribution of simulated
L5 sampling rounds. Fig. S6 and Table S1† illustrates the
overall distribution of lead levels in ten and five randomly
selected iterations, respectively. We can see from Fig. S6† that

Fig. 2 Distribution of estimated L5 90th percentile values for PWD calculated from 1000 simulations.
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for all ten iterations that the majority of samples fall between
1 ppb and 10 ppb. However, investigating the lead
distribution table (Table S1†) we can see that the percentage
of samples less than 5 ppb has shifted from previously
reported values for PWD in the mid-90s for L1 samples to the
mid- to low-80s for L5 samples.14,15

Impact of find-and-fix WQP on PWD

PWD's drinking water distribution system is divided into 12
pressure districts and has 75 coliform grab sampling sites
throughout its distribution system. In the last three LCR
sampling rounds performed by PWD, in 2016, 2017 and
2019, there were a total of 146 unique homes that were
sampled, with 55 homes sampled in all three rounds. From
these sampling rounds, there were 1, 3, and 2 individual lead
results that were above the LCR AL, respectively.

While the EPA suggests that large utilities will likely be
able to rely on coliform sites to collect WQP FaF samples,
this may not be true for all systems and systems should
assess the level of effort that this requirement will have on
them. In the three sampling rounds included, there were only
32 LCR sampling sites that had an RTCR grab sampling site
meeting the requirements of the LCRR FaF mandate,
compared with 114 LCR sites without RTCR sites meeting the
LCRR requirements. If these FaF requirements had been in
place during the 2016, 2017, and 2019 sampling round, 0, 2,
and 1 new WQP grab sampling sites would have had to have
been established in each round, respectively. While one could
argue that establishing only three new locations over three
monitoring periods is not a large burden, it is likely still
understating the level of effort that this FaF requirement may
have under the new LCRR. Firstly, PWD has a stable CCT in
place and experiences very few single home exceedances of
the AL. However, systems that are well within the 90th
percentile AL, but experience more single home exceedances

could see this number increase from 1 to 2 new WQP sites
per sampling round to 3 to 5. This could result in these
systems hitting the maximum number of WQP sites (50)
within only a few monitoring periods. Secondly, under the
new LCRR, with all systems being reverted to standard
monitoring, systems will have single home exceedances more
frequently than if they were on reduced monitoring. Finally,
with the change in sampling methods, if the L5 sample does
indeed result in more single home exceedances, then the
number of new WQP sites required could increase at an even
faster rate.

Systems must prepare for what impact this will then
subsequently have on FaF and on WQP monitoring within
their systems. From the 1000 FaF simulations performed, on
average PWD reached 50 permanent WQP sites by round 26
in the “best case” scenario and by round 13 in the
“conservative case” scenario. The fastest that 50 permanent
WQP sites were reached was after 8 rounds in the “best case”
scenario compared to 5 in the “conservative case”. The
highest number of sampling rounds to reach 50 WQP sites
could be as high as 48 and 23 rounds in the “best case” and
“conservative case” scenarios, respectively. Based on this
simulation, it would take between 13 and 72 (“best case”) or
6 and 34 (“conservative case”) for PWD to reach 50 WQP sites
depending on if they are on standard or reduced monitoring.
However, since every simulation reached 50 WQP monitoring
sites at some point, unless the water system removes all LSL,
they will eventually have 50 unique WQP sites (Fig. 3).

On average, PWD would be adding new WQP sites in 41 of
the first 100 sampling rounds for “best case” and 50 of the
first 100 sampling rounds for “conservative case” under the
LCRR. In the first 10 rounds, PWD would be adding new sites
in 7 and 9 of these rounds under “best case” and
“conservative case”, respectively. This is likely to be a slight
underestimation because the same 146 sites are used as the
sampling pool for all 100 consecutive rounds. It is likely that

Fig. 3 1000 simulation results demonstrating the number of sampling rounds required using simulated L5 lead results to increase the number of
permanent WQP sites from 25 to 50 (the max). All iterations that reached 50 permanent WQP sites within 15 rounds are highlighted.
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the sampling pool will change over time, introducing sites
that do not have an existing WQP site meeting the FaF
requirements. However, this analysis demonstrates that
eventually they all reach 50 WQP sites that must permanently
be monitored.

Conclusions

Water systems are likely to experience many changes over
the coming years as they work to address the new
requirements of the LCRR. This study developed a method
for estimating L5 data from L1 data and how this could
impact a water systems' 90th percentile compliance value
and its WQP monitoring program. It is important to note
that these simulations are estimates and without actual
L5 data to compare them to, they should not be taken as
ground truth. Rather these simulations provide water
systems with an idea of what its L5 sample results may
look like, allowing it to better prepare for how the LCRR
may impact their operations. Although beyond the
intended scope of this paper, this model could be further
extended to investigate other potential impacts of L5
sampling such as impacts of sample size on compliance
or lead exposure models.

The LCRR will have a major impact on water systems
across the country. The change in sample methodology in the
LCRR may leave water systems unsure of whether they will
remain in compliance, even if they have been in compliance
with the current LCR for years. It is imperative that water
systems start to assess their L5 lead levels to begin effectively
planning for compliance with the LCRR. This method can
provide systems with a starting point for this assessment of
their corrosion control programs to improve water quality for
its customers and plan for any potentially required capital
costs associated with this regulation.
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