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This proposal is a revision of the one submitted to the Lucy Institute’s 2022 call for proposals.  In 
response to reviewer comments, we have reduced the project duration to one year (from two years) and 
the budget to $78K (from $175K). This was mainly achieved by removing the comprehensive field survey 
of homes in the South Bend community.  We have added a social scientist, Dr. Danielle Wood, to advise 
on future external proposals addressing field surveys.   

The principal investigators are: 

● Rob Nerenberg, Professor, CEEES 
● Mike Lemmon, Professor, EE 
● Matt Sisk, Research Professor, Lucy Family Institute 

 
The team also includes Dr. Danielle Wood, a social scientist from the Center for Civic Innovation (CCI), as 
an advisor. 

Dr. Sisk will lead the GIS modeling effort for Study  1.  Dr. Nerenberg will lead the field data collection 
effort for Study 1, and the modeling and lab experiments for Study 2.   Dr. Lemmon will lead the 
machine learning and data assessment for Study 2. Dr. Wood help devise suitable sampling strategies to 
be used in subsequent proposals for community sampling.   

We propose two environmental engineering graduate students and one electrical engineering graduate 
student for this work. For Study 1, the lead will be grad student Isaiah Murrell-Thomas. Isaiah 
completed his BS in Environmental Engineering at Notre Dame in May of 2022, and he worked as an 
intern for the City of South Bend the previous summer. During the last academic year, he has been 
working as an undergraduate research assistant in the Nerenberg lab on the microbial quality of drinking 
water. He is an underrepresented minority, first generation college student. For Study 2, the leads will 
be Emily Clements, a PhD student in the Nerenberg lab who is studying biofilms and opportunistic 
pathogens in drinking water systems, and Yuying Duan, an ongoing female PhD student in electrical 
engineering who is studying fairness issues in Machine Learning under Dr. Lemmon.   

 

 

  



ABSTRACT 

The proposed research uses data science to identify homes at risk for unhealthy tap water and develop 
data science-based strategies to mitigate these risks. While tap water is safe in the majority of homes in 
the US, there are notable exceptions, as seen recently in Flint, MI and Benton Harbor, MI. Unfortunately, 
water quality problems often impact low-income families, which are the least prepared to manage 
them.  

In most cases, water supplied to homes from the public distribution networks meets stringent EPA 
drinking water standards. The problems occur within homes. Pipes may leach toxic metals, such as lead 
and copper, or promote growth of pathogenic bacteria, such as Legionella pneumophila. In both cases, 
the decay in water quality correlates to the “water age” or stagnation within the plumbing system. 
Longer water ages provide more time for metals to leach and for bacteria to grow.  

Given the complex nature of plumbing systems that 1) may have been built over 100 years ago and lack 
documentation, 2) may have been modified over the years without documentation, 3) have pipes that 
are often hidden beneath the ground or behind walls, and 4) have highly variable water demands whose 
characteristics change depending on the type of fixtures and appliances, and the number and type of 
occupants, home plumbing systems often behave as black boxes. Data science can be used to identify 
which homes are at risk, and to develop strategies to mitigate the risks. For example, actively controlling 
water age in premise plumbing systems could help improve water quality and reduce health risks. 

The specific objectives of this project are to (1) develop a GIS-based model to predict homes with high 
water ages, and (2) develop machine-learning-based strategies to reduce water age.   

The Lucy funding would be used to develop preliminary data that then could support proposals to 
external funding agencies. We propose a novel data-based approach to identify homes with potential 
water quality concerns:, to identify homes likely to have high water ages. We also propose field 
sampling of two or three homes, belonging to the PIs or colleagues, to develop our methodology and 
obtain preliminary data for an external proposal.  

The proposed research uses data science to address a key societal problem, the safety of public water 
supplies. This is an especially important problem for the most vulnerable urban populations, low-income 
and older community members. It addresses one of the themes identified at the Lucy Institute’s 
inaugural symposium on October 27, 2021: “Data Science for Tackling Health Inequities & Disparities.” 

 



PROJECT DESCRIPTION  

GOALS AND OBJECTIVES 

The goals of the proposed research are to use data science to 

1. Identify homes at risk for unhealthy tap water  
2. Develop strategies to mitigate these risks 

The objectives of this project are to develop methods and preliminary data to 

1. Develop a GIS-based model that predicts tap water risk based on easily available data on homes 
and water use, and develop a plan and methodology to validate this model by collecting limited 
field data from homes in South Bend  

2. Develop strategies for mitigating water quality issues, and develop methodologies to test these 
strategies  

The basic motivation is to use big data methodologies at a community wide level to both monitor and 
improve community residential water quality. The project integrates environmental engineering, data 
science, modeling, and field studies with PIs from Environmental Engineering, Electrical Engineering, and 
the Lucy Family Institute. It includes the Center for Civic Innovation (CCI) and the City of South Bend as 
partners. It involves Notre Dame undergraduate and graduate students, and the South Bend 
community.  

Water utilities capture raw water, treat it to EPA standards, and distribute it to users via a piped 
network (Figure 1a). Utilities must comply with EPA standards up to the user's connection. But once 
water enters a private building’s plumbing system, water quality is typically the owners’ responsibility. 
The conditions differ significantly from the public distribution system (Figure 1a), and there often is 
much greater degradation of water quality.(Rhoads et al., 2016)   

                

Figure 1. Left: Schematic of potable water system, indicating water source, treatment, distribution, and premise 
plumbing systems. Right: inhalation of opportunistic pathogens in shower water(Ley et al., 2020; Neu and 

Hammes, 2020; Proctor et al., 2016) 

Several recent, high-profile cases show how water quality can be compromised within homes. In Flint, 
MI, the water supply met EPA standards at the treatment plant, but was severely compromised at the 
tap. Both lead and Legionella were linked to building plumbing systems. More recently, Benton Harbor, 



MI detected lead concentrations at the tap greatly exceeding EPA limits. As in the cases of Flint and 
Benton Harbor, these problems more commonly occur in poorer areas of cities with more vulnerable 
populations (Allaire et al., 2018; Marshall et al., 2020; Stillo and Gibson, 2017; Weisner et al., 2020).  

Microbial pathogens are also a concern in plumbing systems(Leslie et al., 2021). While bacteria in well-
managed drinking water systems are typically innocuous, some may be opportunistic pathogens, i.e., 
causing infections in immunocompromised individuals. For example, a key opportunistic pathogen is 
Legionella pneumophila (Lau and Ashbolt, 2009). The incidence of Legionella infections has significantly 
increased over the last 20 years, even though only 11% of Legionnaires’ Disease cases are correctly 
diagnosed, suggesting the infection rate is even higher (Cassell et al., 2019). Legionella is associated with 
biofilms growing on pipe walls. Legionella can survive adverse conditions, such as chlorine disinfectants, 
by growth in biofilms and by association with protozoa. When they are inhaled or ingested by humans, 
Legionella bacteria can cause infection (Figure 1b) (Cullom et al., 2020). 

Water quality degrades in piped networks, often in correlation with the “water age” or water residence 
time.(Ley et al., 2020) This is because water age correlates with chlorine dissipation, disinfection by-
product formation, leaching of toxic metals from pipes, leaching of organic chemicals from plastic 
pipes or fittings, and growth of microbial biofilms with opportunistic pathogens on pipe walls. Public 
water utilities design and operate their networks to limit water age. But there typically is no control in 
homes.  

Homeowners often lack knowledge about their plumbing systems (pipe materials, pipe sizes, pipe 
layout), especially in older homes and poorer neighborhoods. Thus, the plumbing network is essentially 
a black box. Also, unlike public water networks with thousands of users, water demands in homes are 
highly variable and cannot be controlled by the utility. A house may have no demands overnight, over a 
weekend, or several weeks when the occupants are on vacation. A guest bathroom may go unused for 
several weeks. In many cases, older apartment buildings in poorer neighborhoods are only partly 
occupied.  Or houses built for large families may be occupied by one or two elderly residents.  These can 
lead to very high ages and poor quality, posing a health risk for populations that tend to be more 
vulnerable.  

High water age is known by utilities to degrade water quality, and public networks are actively managed 
to avoid high age However, the effects water age tend to be much more significant in premise plumbing 
systems. This is due to the (1) higher water temperatures compared to the public distribution system, 
where pipes are buried in the ground; (2) greater “surface effects” (high surface to volume ratios) for 
the much smaller pipes used in premise plumbing systems; and (3) low or non-existent chlorine residuals 
due to their much faster degradation with warm temperature and high surface effect .(Leslie et al., 
2021). Thus, the greater water age significantly increases the risk for opportunistic pathogens. 
Controlling water age in premise plumbing systems could help improve water quality and reduce health 
risks.  

Note that the above effects are likely to become even more significant in the future.  Population growth 
and climate change are likely to increase water scarcity, leading to more conservation measures and 
lower water usage.  Climate change will lead to higher water temperatures in many cases.  And both will 
likely increase the use of marginal water sources, which are more likely to contain organic matter and 
promote the growth of biofilms. 



PROPOSED APPROACH AND METHODS 

Based on the above, tools are needed to identify houses with risks for water quality problems. Houses 
with greater risk could be prioritized for improvements, such as federal programs to replace lead pipes. 
Home age alone is insufficient as a predictor of risk. Water age is also an important factor. In addition, 
strategies are also needed to mitigate risks.  

We propose two studies. One uses data science to help identify homes with risks of unhealthy water 
quality. The other uses data science to develop strategies to mitigate the risks. For future proposals 
based on these studies, we will propose using the City of South Bend as a test bed. This has been 
discussed with Eric Horvath, City Engineer. It also has been discussed with Jay Brockman of the Center 
for Civic Innovation (CCI). Both enthusiastically endorsed the proposed research and are interested in 
participating in the future field research stage.  

Study 1 - Identifying Potential Risk 

We propose using GIS records of home age and size, and water use records from water utilities, to 
identify homes likely to have high water ages. We also propose a very limited field sampling of homes to 
confirm the correlation.   

Task 1. Data aggregation and analysis. Water usage data, at the individual property level, are available 
from the City of South Bend. These data, however, require significant cleaning, aggregation and 
geocoding to be useful. Once this process is automated, we will combine them with publicly available 
property records to give a structure size and construction date. This work will primarily be carried out by 
Dr. Sisk, a GIS expert affiliated with the Lucy Institute. 

Task 2. Risk modeling.  When the data have been aggregated at the household level, we plan to use a 
combination of geospatial and machine learning techniques to model the risk of individual households.  
This work will primarily be carried out by Dr. Sisk. 

Task 3. Model validation using volunteer households.  In this task, we propose using up to three homes 
in South Bend, owned by the PIs or colleagues, to test the hypothesis that greater water age can lead to 
impaired water quality. The methodology and results from this sample study can be used to then 
propose a more comprehensive study across the city. This sampling and analysis will be carried out by 
Isaiah Murrell-Thomas, a former undergraduate student from CEEES and an incoming MS student.  He 
will be supported by doctoral student Emily Clements.  We expect that households with low water 
usage, large homes, and older construction would have a higher water age. 

Task 4. Planning future proposal. The PIs and Dr. Danielle Woods will help develop a sampling strategy 
for the proposed research program. Using a sampling frame defined by tasks discussed above, we will 
cluster sample candidate households meeting the selection criteria by neighborhood. This study targets 
areas with lower socioeconomic status, which can have residents with multiple participation barriers. 
Recruitment strategies will include information sessions through neighborhood association meetings, 
flier information through community partners (e.g. WIC, REAL Services), and door-to-door. Furthermore, 
participant households will be provided with gift card incentives.  

 

 



Study 2 - Mitigating Risk 

Flushing residential plumbing systems after periods of stagnancy will improve water quality and mitigate 
the associated health risks to residents.   Determining an optimal flushing schedule, however, is 
complicated by the fact that water age is a function of plumbing configuration and water usage 
patterns.   Providing a single flushing schedule to be followed by all homes in a community will be 
suboptimal and lead to excessive flushing that is undesirable in areas with water scarcity.  Another 
approach would install sensors in each home to measure a home’s water age and then initiate flushing 
when the water age exceeds a given threshold.  This approach would be optimal, but it is economically 
impractical for poorer households and so the health risks would fall disproportionally on less affluent 
neighborhoods in the community.    A more practical and effective plan for risk mitigation can be 
achieved using federated learning concepts (Li et al., 2020).   In particular, this study will develop a risk 
mitigation plan that first trains models predicting water age for a statistical sampling of community 
residences and then uses federated learning to identify aggregated models from which neighborhood-
specific purging schedules can be obtained.   By using federated learning, we can statistically sample a 
small number of households while developing models that are tailored to each neighborhood.   The 
proposed work would develop the proposed federated learning framework and then use simulation 
studies to assess its ability to reduce residential water age in a cost effective and neighborhood agnostic 
manner.   

This proposed work can be broken down into the three tasks described below.  The first task will 
develop deep learning methods for training local models that predict a given residence’s water age 
based on water usage patterns and the home profile (age, number of bathrooms, number of occupants, 
etc.). The second task will develop a federated learning framework that takes local models from task 1 
and aggregates them to obtain a set of neighborhood-specific models that predict neighborhood water 
age as a function of neighborhood and home profile. These neighborhood-specific models would then 
be used to generate purging schedules that can be voluntarily followed by the neighborhood residents.   
The third task will be a simulation study assessing the cost effectiveness of the proposed method for 
developing neighborhood purging schedules.  This study will be used to develop a plan that can be 
followed to minimize health risks due to stagnant residential water in South Bend.   

Task 1 - Training Local Models for Residential Water Age:  Federated Learning is a machine 
learning technique that trains models using data from multiple edge devices.   In our case, data from 
individual homes (edge device) is used to train a local model that predicts that home’s water age as a 
function of the home’s profile and its water usage pattern.   This local model would then be forwarded 
to a cloud server where a global model of the community’s water usage can be trained using the data 
from multiple households.   This task will develop the deep learning methods needed to learn these 
``local models’’ for residential water age. 

These local models will be obtained using standard backpropagation training of deep neural networks.  
We will use existing Machine Learning software such as TensorFlow for training these deep networks.  
The data to be used in training these models will come from computer simulation models of a home’s 
water age.  The computer simulation models will be developed using plumbing modeling software 
(EPANET) and the stochastic water demand generator (SIMDEUM).  Preliminary model data is shown in 
Figure 2.  Water quality modeling will be added as part of this task by doctoral student Emily Clements 
with support from PI Nerenberg.  



This task will also build a lab-scale test bed to validate model predictions.  The test bed will consist of 
two single pipes, one for hot water and one for cold, where the water demands can be controlled by 
valves controlled by a computer.  The computer will implement a stochastic demand pattern, with and 
without a simulated purging device.  Sensors for flow and temperature will continuously monitor the 
water in the pipe, as well as the water coming out. This work will be carried out by doctoral student 
Emily Clements, with support from master’s student Isaiah Murrell-Thomas.  

 

Figure 2. Preliminary data from EPANET plumbing network model 

 

 The simulation data from selected home profiles as well as the lab-scale test bed will then be used to 
train and evaluate deep neural networks (TensorFlow) predicting water age as a function of water usage 
and home profile.  This work will be done by doctoral student Yuying Duan with support from PI 
Lemmon.   The main deliverables from this task will be 1) the neural network architecture to be used for 
local modeling of water quality, 2) evaluation results characterizing the accuracy of these models, 3) a 
list of in-situ sensors that would gather the data used to train these local models, and 4) an initial design 
of the software and hardware to be later used in training local water age models for instrumented 
residences. 

Task 2 - Federated Learning of Neighborhood 
Residential Water Age: This task studies the use of 
federated learning techniques in training neighborhood-
specific models for water age.  Figure 3 illustrates the 
proposed system architecture in which individual homes 
are treated as edge devices.   Each home would use the 
results from Task 1 to train a local model for that home.  
The local model would be sent to a cloud server over the 
world-wide web using the home’s WiFi hub as an access 
point.  The cloud server would first cluster these models 
into distinct groups that we hypothesize will represent the 
distribution of home types and neighborhoods.  The 
models in each cluster would then be used to train a 
``neighborhood’’ model for water usage and from that 
model an optimal purging schedule would be generated 
that minimizes water age subject to a constraint on the 
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total amount and frequency of purging.  This work will be conducted by doctoral student Yuying Duan 
with support from PI Lemmon using the local models generated in task 1.   

There are two major challenges facing the development of the proposed federated learning algorithms.  
The first challenge concerns the fact that a statistical sampling of neighborhoods may not be 
independent and identically distributed (Konevcny et al., 2016).  We propose addressing this challenge 
using generative adversarial networks (GANs) (Goodfellow et al. 2014), that learn how to generate 
random training data with the same distribution as our small sample set.   This approach also addresses 
the second issue regarding the privacy of individual home models used for training.  Since GANs 
independently sample the neighborhood distribution, the actual training samples are not representative 
of any particular home, thereby preserving the privacy of the individual.  The use of GANs, therefore, 
will play a major role in our approach to federated learning.  This work will be done by doctoral student 
Yuying Duan with support from PI Lemmon.  The main deliverables from this task will be 1) federated 
learning algorithms using GANs to train neighborhood water age models, 2) assessment of the GAN’s 
ability to ensure the privacy of homeowner data and neighborhood fairness, and 3) initial design of 
software objects for the federated learning framework.   

Task 3 - Simulation Study of Water Purging Schedules: This task uses the federated neighborhood 
models from task 2 to synthesize purging (flushing) schedules for neighborhood households.  The 
proposed schedules would minimize water age subject to inequality constraints on volume and 
frequency of flushed water discharges.  This work will be done by doctoral student Yuying Duan with 
support from PI Lemmon.  The main deliverables from this task will be 1) optimization algorithm used to 
generate flushing schedules, 2) simulated assessment of the flushing schedule’s optimality, and 3) a 
study to assess the method’s risk mitigation using neighborhood data from South Bend.   

Targeted Societal Impact 

This research will have the greatest impact on the most vulnerable populations, including poorer urban 
communities and older community members. There is extensive quantitative and qualitative data 
demonstrating that environmental toxins disproportionately affect low-income and marginalized 
groups.(Egendorf et al., 2021; Marshall et al., 2020)  These populations are most likely to live in older 
homes with greater stagnation times, and also have less resources to purchase bottled water or have 
access to advanced water treatment systems.  

By working directly with the municipality (the City of South Bend) and institutions with a proven track-
record of outreach and collaboration with local communities (CCI and ND-LIT) we are confident that we 
can build upon these relationships and reach the populations most at risk from environmental 
contaminants.  

Expected Long-Term Benefits 

The proposed research will develop a new strategy to identify households and businesses that are at 
greater risk. We will measure success in two main ways. First, the successful creation and testing of 
models, technologies and sensors for minimizing risk of water-borne toxins will be a key indicator of 
success. Second, and equally important, will be using these tools and technologies to inform community 
members of the potential risk and effective mitigations.  



Using our affiliation with CCI, we will carefully craft messaging and outreach that allow us to inform 
community members, businesses and municipal entities about these topics. As both aspects of this are 
novel investigations, we expect that a series of publications, additional grant proposals and conference 
presentations will follow. Additionally, sensor and purging tools may have translational potential. 

Alignment with Mission of the Institute  

The proposed research uses data science to address a key societal problem, the safety of public water 
supplies. This is an especially important problem for the most vulnerable urban populations, low-income 
and older community members. It addresses one of the themes identified at the Lucy Institute’s 
inaugural symposium on October 27, 2021: “Data Science for Tackling Health Inequities & Disparities.” 
With a proposed methodology that combines data science modeling techniques with a societal problem, 
this project is a natural fit for the Lucy Family Institute.  

Rationale  

Plumbing systems can significantly degrade water quality, especially when the water age is high. But 
most plumbing systems behave as a black box, and data science can be used to shine light on their 
behavior. It is a highly interdisciplinary project.  

Sustainability  

Following successful completion of this pilot work, we anticipate applying for additional, longer-term, 
funding from various federal and private funding agencies. Potential targets include:   

(1) Water Research Foundation (WRF), which is comprised of water utilities, consultants, and water 
supply vendors.  Each year the WRF has a call for unsolicited proposals.    

(2) National Science Foundation (NSF), in the Engineering Division and the Directorate of Chemical, 
Bioengineering, Environment, and Transport (CBET) in the Environmental Engineering group.  

(3) Environmental Protection Agency (EPA) 

(4) Housing and Urban Development (HUD),  

(5) Sloan Valve Company.  

The proposed research complements other existing Notre Dame research (e.g. the ND Lead Innovation 
Team) with a history of private and grant funding. We anticipate sharing resources with this team for 
some of our activities.  

PROJECT TIMELINE AND MILESTONES 

The proposed funding period is one year: from July 1, 2022 to Jun 30, 2023.  

STUDY 1 

June – September.  Task 1: Data aggregation and analysis.  Milestone 1: Completion of data aggregation 
and analysis.   

September - November 2022. Task 2: Risk modeling.  Milestone 2: Completion of preliminary model 



June 2022 – December 2022. Task 3:Model validation using volunteer households. Milestone 3: Testing 
of real homes complete 

September 2023 - April 2024. Task 4: Write proposals for external funding to expand testing broadly 
throughout South Bend, in collaboration with the City of South Bend and the CCI. Milestone 4: Proposals 
submitted. 

STUDY 2 

June 2022 – October 2022. Task 1: Training Local Models for Residential Water Age. Milestone 1: 
complete evaluation of local models and initial hardware/software design.  Milestone 2: identification 
and preliminary testing of proposed flow and water quality sensors.   

October 2022 – February 2023. Task 2: Federated Learning of Neighborhood Residential Water Age.  
Milestone 3: complete evaluation of federate learning algorithms and initial software design.  

March 2022- May 2023. Task 3: Simulation Study of Water Purging Schedule: Milestone 4: complete 
development of purging schedules and preliminary simulation results characterizing the effectiveness of 
purging. 

  

  



BUDGET AND BUDGET JUSTIFICATION 

We propose a one-year project, including 1 year of support for Isaiah Murrell-Thomas, 0.5 years for Emily 
Clements, and 0.5 years for Yuying Duan) at rate of $30,000 per student-year (without fringe benefits), 
100 hours of undergraduate support, and $10,000 for materials, supplies, and analytical instrument time. 
Drs. Nerenberg, Sisk, and Lemmon will provide their time as an in-kind contribution to the project. The 
computational work will use existing PI and campus resources.  

Graduate student stipends                    $60,000 

Fringe benefits for graduate student                             $7,000 

Undergraduate students for 100 hours                           $1,000 

Materials, supplies, instrument time             $10,000 

TOTAL                                                                         $78,000 

  

  

 

  

  



ADDITIONAL MATERIALS 

1. Previous support from the Lucy Family Institute 

Over the past year, Matthew Sisk has worked with the Lucy Family Institute on the dataMichiana (civic 
data portal) project, and as of April 1, 2022 is a full-time as a Professor of the Practice in the Lucy Family 
Institute. The other co-PIs have never had any Lucy Family Institute support. 

2. Biosketch for all members of the proposing team (using the NSF Biosketch Template). 

See below. 

3. Current and Pending support for all senior members of the proposing team (using the NSF 
Current & Pending Template). 

See below. 
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Adaptive Control of Cyber-Physical Systems (THIS PROPOSAL) 

National Science Foundation (NSF)

University of Notre Dame
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01/2026

500,000

2023 0.75
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2025 0.75

This project develops a new meta-learning framework for the control of 
complex CPS found in IoT-enabled manufacturing systems.

100% overlap.  This is the project
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University of Notre Dame

10/2022
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