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Report Access – waterrf.org
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Project Page for 4713
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Lead and Copper Research



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED.      5

WRF - Lead and Copper Overview 
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WRF Lead Research since late 1980’s

~$20 
million 
value

>50 LCR 
Projects
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Lead and Copper Management 
Research Area: Started 2016

1. #4713 - Full Lead Service Line Replacement 
Guidance

2. #4910 - Evaluating Key Factors that Affect the 
Accumulation and Release of Lead from Galvanized 
Pipes

3. #5032 - Analysis of Corrosion Control Treatment for 
Lead and Copper Control

4. #5081 - Guidance for using Pipe Loops to Inform 
Lead and Copper Corrosion Control Treatment 
Decisions
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• Membership of 26 national organizations
• Replacement practices, preparing an inventory, 

communication resources, policies and more
• www.lslr-collaborative.org

http://www.lslr-collaborative.org/
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AWWA Lead Resources
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WRF 4713

• Co-PIs
– Richard Brown, David Cornwell, Baljit 

Sidhu – Cornwell Engineering Group
– Maureen Schmelling – DC Water
– Suzanne Chiavari – American Water
– Rebecca Slabaugh - Arcadis

• Participating Water Systems
– 12 – Field and Case Studies
– 1 – Field Studies only
– 4 – Case Studies only
– 10 US + 3 Canadian (field studies)
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WRF 4713 FLSLR Guidance

• Report
– Field studies
– Case studies
– FLSLR Guidance Toolbox

 Including example recommendations, procedures, infographics, 
etc.

• Webcast 
– Field Studies
– Experiences from two PWS participants
– Case Studies
– Toolbox overview
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Issues

• We know lead can be high after a PLSLR or a FLSLR
• Whole-house High Velocity Flushing (HVF) can 

reduce the lead levels after a disturbance
• High Velocity Flushing should not be confused with 

displacement flushing
• What are the procedures for HVF
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HVF in the 
Lead and Copper Rule Revisions
• Requires HVF after PLSLR or FLSLR

• Also required after any time water is shut off to house†
– Water main break
– Meter replacement

† = if there is a known LSL or galvanized service line, or a 
service line with “unknown” status. 
Public education materials, filters, instructions, replacement media, 
etc. are also required
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Displacement vs. HVF
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What is a Displacement Flush 
• Objective – replace water in house and service line 

with fresh water from water main in street
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What is High Velocity Flushing
• Analogous to “unidirectional” flushing of dist. sys.

• Objective is to dislodge, and then remove particulate 
material from pipes, fittings, and other parts of 
plumbing

• In this case to remove loose particulate material 
between household taps and water main

• Remove aerator

Pipe flowing with 
suspended particulate 
matter

Pipe Flow

Pipe Wall

Flushing/Sampling Flow

Particulate Material
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Which Faucets In Your House to 
Flush?
• All faucets inside your house that can flow to a drain 

without overflowing should be flushed. For example:

• Don’t perform HVF at:
– Faucets where you can’t remove aerator (rusted)
– Outdoor faucets
– Filters that can not be bypassed

Laundry Sink Bathroom Sink Kitchen Sink Bathtub 
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Debris to be removed
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Past HVF Studies
by the Research Team
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Past HVF Studies Leading Up to WRF 4713

• WITAF 306 – PLSLRs (2012 – 2013)
– Compared “service line (SL) flush” alone versus SL flush 

with HVF
– Total lead results were lower and dropped to <DL (~1 

µg/L) more quickly after HVF than with SL flush alone

• WRF 4584 – PLSLRs and FLSLRs (2014 – 2017)
– Removal of lead and other metals was measured during 

30 min HVF (so HVF did remove lead remaining after 
PLSLR and FLSLR)

– Total lead increased in profile samples after FLSLR prior 
to HVF, then decreased within 60 days (typically <4 µg/L)
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WRF 4713 Field Studies
HVF Grab Sample Results
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WRF 4713 Field Study Sequence
• Identify participants (all single family homes)
• Collect pre-LSLR samples

– profile at all houses, some composite samples (~30)

•Conduct LSLR (with service line flush)
• Collect pre-HVF profile samples

•Conduct HVF
– Typically PWS staff during each study
– Collect grab samples 2, 4, 6, 8, 10, 20, 30 min (kitchen)

• Collect post-HVF profile samples
– 1, 30, 60 day profile samples
– 60 day composite samples (~30 houses)
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Instructions on High Velocity 
Flushing 

•COLD water

• Aerators and filters = removed or by-passed
• High-rate (“taps wide open”)
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HVF in this project

Performed 
once per 

house
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WRF 4713 
Two types of HVF Evaluated

• “all taps at once” – Method A – AWWA Std. C810-17
– All faucets, wide open, 30 min
– Sample kitchen faucet (2, 4, 6, 8, 10, 20, 30 min)

• “one tap a time” – Method B
– Flush each faucet, turn it off, move to next one
– Sample kitchen faucet only
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High Velocity Flush (“all taps” – Method A)

• Open all faucets in the house 
starting from lowest to highest 
level 

• Leave faucets running at the 
highest rate possible for at least 
30 minutes 

• After 30 minutes, turn off all 
faucets in the same order they 
were turned on

• Replace aerators/screens at each 
faucet 

1

2

3
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Sampling during HVF - Kitchen
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WRF 4713 Field Studies
Profile Sampling Results
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Setup Prior to Profile Sample Collection

Be prepared 
• It goes faster than you think
• Best results are two PEOPLE  

 one to collect 
 one to hand bottles 

• Need lots of counter space
• In this study - >6 hr stagnation

WRF 4713 profile samples
• Pre-LSLR
• Pre-HVF
• Post-HVF

 1 day
 30 day
 60 day

• Some PWS’s voluntarily collected 
other profile samples (14, 90, 120 
days)
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WRF 4713 profile
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Average – Impact of FLSLR before HVF
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Average – Impact of 1 day post-HVF



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED.      35

Average – Impact of 30 days post-HVF
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Average – Impact of 60 days post-HVF
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Average – Impact of FLSLR before HVF

0.1

1

10

100

1000

10000

0.1 1 10 100 1000 10000

60
 d

ay
s 

po
st

-H
VF

 (µ
g/

L)

pre-LSLR (µg/L)

Weighed Average Total Lead

HVF all HVF one at a time



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED.      38

Average – Impact of FLSLR before HVF
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Peak – pre-LSLR vs. pre-HVF 
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Peak – pre-LSLR vs. 60 day
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Peak – pre-HVF vs. 60 day
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Improvement (Decrease) in Peak 60-Day Results 
Versus Pre-LSLR and Pre-HVF

Description Peak
total lead

Pre-LSLR greater than 60 day data
All data 76 of 94 81%

Pre-LSLR >10 µg of L 45 of 48 94%

Pre-LSLR ≤10 µg of L 31 of 46 67%

Pre-HVF greater than 60 day data
All data 62 of 64 97%

Pre-HVF >10 µg of L 43 of 43 100%

Pre-HVF ≤10 µg of L 19 of 21 91%
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Mann-Whitney U Test Comparison - Profile Data
[α =0.05 (or 90% confidence interval)]

Comparison Data 
Values

p-value Is difference 
statistically significant?

Pre-LSLR vs. 60 day (paired)

All data 94 <0.001 “Yes” 

Method A (all taps) 70 <0.001 “Yes” 

Method B (one at a time) 24 <0.001 “Yes” 

Pre-HVF vs. 60 day (paired)

All data 64 <0.001 “Yes” 

Method A (all taps) 40 <0.001 “Yes” 

Method B (one at a time) 24 <0.001 “Yes” 

60 day vs. 60 day

Method A vs Method B 70, 24 0.183 “No”

Shapiro-Wilks Normality test – “Not normal” for each evaluation
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Peak Total Lead Occurrence - Pre-LSLR

1 2 3 4 5 6 7 8 9 ≥10
≤10 µg/L 24 5 3 0 5 5 4 1 0 3
>10 µg/L 9 1 4 11 7 11 5 2 0 2

32.4%

5.9% 6.9%

10.8% 11.8%

15.7%

8.8%

2.9%

0.0%

4.9%

0

5

10

15

20

25

30

35
N

um
be

r o
f H

ou
se

s

Profile Volume with Peak Lead (L)

Peak profile Pre-LSLR

≤10 µg/L

>10 µg/L



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED.      46

Peak Total Lead Occurrence - 60-day
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Composite Sample Results
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Galvanized Pipe with Lead Goosenecks
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Peak Measured Copper Versus Theoretical Copper Solubility
(Lytle et al. 2018)

0

200

400

600

800

1,000

1,200

0

200

400

600

800

1,000

1,200

A B C D E

Th
eo

re
tic

al
 C

op
pe

r S
ol

ub
ilit

y 
(µ

g/
L)

Pe
ak

 T
ot

al
 C

op
pe

r (
µg

/L
)

House Location

Pre-LSLR 1-day 60-day Theoretical Cu Solubility

1,570 µg/L

pH - 7.9
DIC - 34 mg/L as C
Orthophosphate Dose - 0 mg/L as P



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED. No part of this presentation may be copied, reproduced, or otherwise utilized without permission.

WRF 4713 Field Studies
Conclusions and Recommendations
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Field Study Summary
• HVF does remove materials either not removed by FLSLR or caused 

by FLSLR 
– WRF 4584 = same goes for PLSLR

• About 60% of houses had higher lead in pre-HVF than in pre-LSLR
• 1 day after HVF the total lead was lower than pre-HVF, 30 day was 

lower than 1 day, but 30 and 60 day were similar
• Results from Method A and B were similar

– Mann-Whitney U Test, α=0.05

• LSLR combined with HVF can greatly “improve” peak total lead
– But there still can be lead >10 µg/L (lead in premise plumbing)

• Presence of LSL does not necessarily always mean “high” lead
– Peak total lead during pre-LSLR = 13% ≤ 1 µg/L, 20% ≤ 2µg/L

• New copper SL created elevated post-HVF copper
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Utility Experiences with FLSLR:  
EPCOR Water Canada

Jeff Charrois, PhD
Senior Manager, Analytical Operations & Process Development

March 4, 2021
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Lead Service Lines (LSLs) in Edmonton
 Approximately 4,450 homes have LSLs in Edmonton (1.6% of 270,000 total)

 LSLs were typically installed from 1910 – 1950 in single family residences 

 Lead was not used for service lines for larger customers (schools, businesses)

 Shared ownership and responsibility for service line
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Past EPCOR Lead Program

 EPCOR’s lead program (since 2008) had focused on homes with 
LSLs and involved 
• annual notification
• free lead testing
• point-of-use filters,  tips on maintaining water quality 
• utility LSL replacements

 EPCOR has been replacing utility-portion of LSLs since the 1970s
• about 125 per year mainly due to repairs, water main renewal, and 

abandonments
• Little emphasis on post-replacement flushing

 Any private-side LSL replacement was at owner’s expense
• about 40 per year, mostly due to infill construction
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• Alberta Environment and 
Parks will require lead 
management plans from 
drinking water utilities in 
AB within 5 years.

• New info on health effects
• MAC  reduced from  10 µg/L 

to 5 µg/L
• ALARA goal
• Compliance at the Tap
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Goals of EPCOR’s Enhanced Lead 
Mitigation Strategy

1. Reduce public health risk due to exposure to lead in drinking 
water at the tap
• Minimize and eventually eliminate risk due to lead service lines

• Minimize risk due to plumbing components

• Protect all uses of drinking water in Edmonton and the 70  surrounding 
communities we serve 

2. Proactively meet the intent of Health Canada Guideline (5 µg/L) 

3. Be prepared for Provincial regulation in 5 years

Presented business case to City Council for a non-routine 
adjustment—Approved in July 2019
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Key Elements—Lead Mitigation Strategy

Need for High Velocity Flushing (HVF)
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EPCOR’s Care Package
• Use water quality kit until sampling 

confirms lead levels are down
• Coming in 2021 “How to home sample” 

video for customers
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HVF Key Learnings
 Customer engagement takes time to do things right

• A lot of coordination on-site required

• Resident vs owner challenges

• Fear of scams

 Post LSL replacement, lead concentrations can increase 
at the customers’ tap

 HVF is effective at removing particulate lead from 
premise plumbing and reducing lead at the tap

 Possibly >6 months of working with customer (follow-up 
testing; additional flushing may be required)
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Final Thoughts
 EPCOR’s Enhanced Lead 

Mitigation Strategy is a 
comprehensive program 
that will enable EPCOR 
to be proactive and 
meet the Health Canada 
Guideline, at the tap, for 
drinking water quality by 
fully incorporating 
health, social, 
environmental and 
financial considerations
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WRF 4713 
Providence Water Case Study

WRF WEBCAST – MARCH 4, 2021
Kathy Mello 

Providence Water
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Providence Water- Source of Supply
Supply Source: Scituate Reservoir 

& Five Tributary

Watershed Area:                  93 Square Miles

Watershed Area Owned: 28 Square Miles

Storage Capacity: 40 Billion Gallons

Average Amount of

Water Treated Per Day: 60 Million Gallons
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Providence Water- System Overview
TRANSMISSION & DISTRIBUTION

Size of Pipes:    6 inches to  102 inches 
in diameter

Pipe Materials:  Cast Iron, Ductile Iron,                                                                        
Steel, Asbestos Cement 
and Concrete

Total
Length of Pipe: 1,030 Miles

Storage Tanks & 6,
Total Volume: 120 MG

Pumping Stations: 12    

Pressure Zones: 10      

Service

Connections: 76,500

Valves: 14,500         

Fire Hydrants: 6,300             

WHOLESALE CUSTOMERS

• Kent County Water
• Bristol County Water
• Greenville Water
• Smithfield
• East Providence
• Warwick
• Lincoln
RETAIL CUSTOMERS
• Cranston
• Providence
• North Providence
• Smithfield
• Johnston
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Providence Water- Distribution

Unlined Cast-Iron Pipes:                        470 Miles
(50% of total piping)

Approximate Total Services: 76,500  

Approximate Total Full LSLs: 10,400

Approximate Total Private Side LSLs: 16,500
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PW’s Approach to Reducing Lead

• Lead Service Line Replacements
• Water Main Rehabilitation
• Corrosion Control Treatment
• Public Education
• Unidirectional Flushing
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PW’s Current LSLR Practices

• Written notification (pre-construction)
• Post-construction premise plumbing flushing 

instructions
• NSF 53 Filter distribution
• Post-construction samples
• Follow-up communications
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WRF 4713 – PW Challenges

• Customer participation
• Ambitious proposal

– Preconstruction work
– Full LSLR

• Pre HVF samples
• Follow-up communications with customers
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WRF 4713 – PW Lessons Learned
Impact of HVF
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WRF 4713 – PW Lessons Learned

• Orthophosphate versus pH/alkalinity passivation
• Additional metals sampling
• Composite sampling
• Identification of lead sources
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Thank You
Comments or questions, please contact:
Kathy Mello
Kmello@provwater.org

Providence Water 
125 Dupont Drive
Providence, Rhode Island 02903
401-521-6300 x7334

mailto:Kmello@provwater.org
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WRF 4713: Full LSLR Guidance
Case Studies

Rebecca Slabaugh, Arcadis

March 4, 2021
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WRF 4713 Case Studies

Objective

Identify trends and summarize 
protocols, successes, and 
challenges, amongst public water 
systems (PWSs) that have 
conducted full LSL replacements

Participating Systems

• 16 PWSs Participated
• 4 did not participate in field 

studies

• System Characteristics 
• Most surface water treatment 

(2 groundwater)
• All except 2 practice corrosion 

control treatment (CCT)
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Case Study Approach 

• Initial Questionnaire 
– Background
– Distribution System Materials
– Water Quality
– LSLR Program

▫ Schedule and Goals

▫ Funding and Financing

▫ Utility Practices (Sampling, 
Flushing, Filters, Customer 
Coordination)

• Series of Follow-Up Calls
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Service Line Materials Inventory
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Lead Service Line Replacements

• Goals to replace all lead in 
the system range from 3 to 
30 years

• Annual replacement goals 
100 to 5,000 SLs/yr

• Many utilities only replace 
during water main 
replacement or emergency 
repairs
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LSLR Utility Funding
• Replacement costs 

difficult to predict
• Costs varied by type:

– Partial: $2,500 - $7,100
– Full: $3,550 - $15,000

• Can include:
• Materials
• Street restoration
• Construction/Labor
• Sampling
• Administrative 
• Other
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Capital Construction
Budget

Water Rates
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LSLR Customer Financing and 
Assistance

Loans 0% – 5% interest 
over 1 – 15 years

Incentives $1000 – $2500

• Loans are sometimes offered 
only for low-income families 
and require an application

• Some loans have a cap for 
the total cost (e.g., $10,000)

0 2 4 6 8

Utility Funded

None

Loan and Incentive
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Partially Utility Funded

Number of PWS

Type of Customer Financing 
Procedure for Privately Owned 
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Post LSLR Flushing Procedures
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*Two utilities provide two separate sampling protocols: (1) all taps, starting lowest level and (2) one tap at a time.

**System that did not provide flushing instructions now provides flushing instructions following this study

94% also provide 
additional flushing 
recommendations 
for daily use

**
*
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Post LSLR Sampling
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• Most use 1L bottle

• Mix of profile and 
first draw samples
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Home Water Filters

Pitcher, 
60%

Pitcher 
and/or 
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Home Water Filters (cont.)

Filter Selection 
Considerations

• NSF 53 Certification
• In-house testing
• Recommendation 

from other utilities
• Cost
• Availability

Replacement 
Frequency

• 1 to 6 months 
depending on the 
make and 
manufacturer

• Most rely on 
manufacturer 
instructions or TDS 
meter (where 
included)

Costs

• Pitcher: $12 to $50
• Faucet: $20 to $30
• Replacement Filters: 

$3 to $10 each
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LSLR Customer Communication 

Notification 
of Work

• Letters
• Information Sheets
• Bill Stuffers
• Outreach Meetings
• Door-to-door
• Phone Calls (e.g., Staff, Robocalls)

Educational 
Materials

• Door Hanger
• Postcards
• Information Packet
• PWS Contact Information
• Website

LSLR Doorhanger

Flushing Protocols
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Customer Engagement and 
Participation
• Staff Training
• Common reasons customers did not participate

– Unwilling/unable
– Renters/vacant homes
– Non-English speakers

• Did customers follow recommendations?
– Many PWSs do not record information for customer 

questions/complaints on water sampling, filter use, and flushing
– Anecdotal:

 Customers are proactive and some had questions surrounding the flushing 
protocol

 Some customers are not doing the full flush; concerns over wasting water
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Key Conclusions

Most participating PWSs developed initial LSL inventory 
using historical water records 

Most participating PWSs utilized capital funding for 
LSLR and offered customer financing options
 One PWS noted that since they cover the cost of the full replacement, they 

have about 99% participation in the program. 

Most common post-LSLR flushing recommendation is a 
whole house flush with all taps at once with the 
aerator removed

Wide variety in post-LSLR sampling – both timing and 
procedure
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Lessons Learned
LSLR record keeping is key! 

Customer participation in a LSLR program can 
be a challenge – provide incentives to increase 
the number of participants 

Multiple methods of communication with the 
customer are more effective than a single 
method

LSLR programs should be reviewed annually 
and need to be flexible
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Project Team

VICTORIA NYSTROMKAREN CASTELOES
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Thank You

317.236.2841 
Rebecca.Slabaugh@arcadis.com 

REBECCA SLABAUGH, PE
Drinking Water Practice Lead
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Guidance Toolbox
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FLSLR Toolbox Guidance

• The following slides summarize
– Pre-LSLR activities
– Post-LSLR activities

• See report for more details, guidance, and 
example materials
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Pre-Replacement

• Developing an LSL Inventory
• LSLR Methods (see service line flush)
• Cost

– PLSLR ($2,500-$7,100) and FLSLR ($3,500-$15,000)
• Funding (LSLR)

– To enable and encourage customer participation
• Customer communication

– Pb in drinking water
– LSLR as part of Pb reduction strategy
– Health impacts
– Customer water use practices
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Post-Replacement (1 of 3)

• Flushing
– Service line flushing (as part of LSLR)
– Whole-house HVF (see field studies)
– Displacement flushing (before consuming)

• Post-LSLR monitoring
– Conduct profile sampling 2-6 months (recommended)
– Monitor for Copper (after replacement with Copper)

 Copper scales develop over time (~ 6 months)
– Supply filters certified for lead (LCRR)

 Certified for copper too?
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Post-Replacement (2 of 3)

• Customer communication and best practices
– Communication/training of PWS staff
 Procedures to conduct LSLR, HVF, sampling, etc.

○ Meet OSHA PPE and other requirements
 Communication/interaction with customers
 Train contractors too

– Communication with customers
 AWWA. 2005. “Strategies to Obtain Customer Acceptance 

of Complete Lead Service Line Replacement.”
 AWWA. 2014. “Communicating About Lead Service Lines: 

A Guide for Water Systems ...”
 AWWA.  2020b. “Public Communications Toolkit.”
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Post-Replacement (3 of 3)

• Customer best practices
– Identify and replace lead-containing plumbing 

(including galvanized iron, brass, etc.)
– HVF to remove particulate Pb
– Home water filters 
 ANSI/NSF Std 53 “certified for lead”
 EPA does not require filters certified for copper

– Water use
 Our study did not find a link between low household water 

use and higher lead occurrence, but other systems have 
noted a correlation
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Example Materials
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Example Materials – Appendix C

• SOP templates
– “All Taps at Once” HVF Method
– “One Tap at a Time” HVF Method
– Sequential Profile Sampling
– Composite Sampling

• Letter template = Letter to Customer after FLSLR
• Brochures (infographics) 

– “All Taps at Once” HVF Method
– “One Tap at a Time” HVF Method
– Daily Displacement Flush and Periodic Aerator Cleaning
– LSL Replacement Notice Doorhanger
– Doorhanger After LSL Not Detected
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Example SOP
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Example Brochure – Whole House HVF



© 2021 The Water Research Foundation. ALL RIGHTS RESERVED.      103

“All Taps at Once’ and “One Tap at a 
Time” - Brochure
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Example Notice
PWD –
“you do not have a lead service line”
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Example Notice
PWD – “Cleaning faucet aerators”
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Thank You
Comments or questions, please contact:
rbrown@cornwellinc.com
jcuppett@waterrf.org

For more information, visit
www.waterrf.org

mailto:%20rbrown@cornwellinc.com
mailto:jcuppett@waterrf.org
http://www.waterrf.org/
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Questions?
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