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ABSTRACT

Aging infrastructure, along with the escalating occurrence and severity of extreme weather

events linked to climate change, and the growing demands of an increasing population, have

placed significant strains on wastewater and stormwater systems. Consequently, there has

been a rise in instances of Combined and Sanitary Sewer Overflows (CSOs and SSOs), among

other related problems. These challenges have intensified the impact of sewershed issues on

both society and the environment. Fortunately, recent advancements in technology, such

as sophisticated sensor technologies, more powerful processors, and advanced mathemati-

cal modeling techniques, have opened up new possibilities for developing intelligent water

systems in the United States that are capable of making well-informed, data driven deci-

sions. While the technological capabilities of these tools are advancing, their application

in the water sector is limited and often siloed. Water utilities face a variety of challenges

related to digitalization of sewershed management and require a more structured approach

for their digital transformation. This research aims to present a comprehensive framework

called iWISE (Intelligent Water Infrastructure Systems Engineering) that will serve as a

blueprint to facilitate the implementation of Intelligent Sewersheds for water utilities across

the country. The proposed framework will focus on enhancing our understanding of vari-

ous aspects, including system of systems thinking, data management, modeling techniques,

decision-making processes, and service delivery, in order to adopt a more intelligent and

efficient approach to managing sewersheds. This framework was piloted with small, medium



and large scale utilities to capture feedback on the proposed building blocks from a real-

world perspective and the findings from these interviews reveal that most utilities are in the

preliminary stages of intelligent water systems implementation, and is more common among

large utilities as compared to their small and medium counterparts.
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GENERAL AUDIENCE ABSTRACT

Water infrastructure in the United States is facing several challenges like the deterioration

of infrastructure with time, increasing extreme weather events like flooding due to climate

change, and growing population demands. These issues are putting a lot of pressure on

wastewater and stormwater systems, leading to more instances of Combined and Sanitary

Sewer Overflows (CSOs and SSOs) and other related problems that have significant negative

impacts on both the society and the natural environment. Fortunately, recent advance-

ments in technology like remote sensing, internet of things, increased computing power and

advanced data analysis tools like artificial intelligence and machine learning, have provided

opportunities for water utilities to improve their sewershed management practices. This re-

search introduces a comprehensive framework called iWISE (Intelligent Water Infrastructure

Systems Engineering) to help implement the new technologies and practices available for wa-

ter utilities nationwide to improve the efficiency and reliability of sewershed management.

The framework focuses on improving our understanding of different aspects like how a sew-

ershed and its components are defined, collecting and managing data parameters, modeling

techniques, decision-making, and service delivery. The framework was piloted with small,

medium, and large scale utilities to get real-world feedback. The findings showed that most

utilities are in the early stages of adopting intelligent water systems, and larger utilities are

more likely to use these technologies compared to smaller ones.
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Chapter 1

Introduction

Wastewater infrastructure is an integral aspect of society that helps maintain the necessary

sanitation standards required for healthy living. These wastewater systems face significant

challenges such as aging infrastructure and stresses to infrastructure caused by extreme

natural events, among others. These challenges lead to an increase in incidents of combined

and sanitary sewer overflows (CSOs and SSOs), which lead to further sanitary challenges like

pollution of surface water and groundwater. The manner in which we manage and operate

our wastewater systems needs to be improved in order to effectively address these rising

challenges.

There are various definitions of Intelligent Water Systems in open source literature that are

based on terms such as ”Smart Water”, ”Internet of Water”, ”Digital Twin” and ”Integrated

Water”. These definitions are somewhat limited as they focus on the retrofitting of IT tools

like smart metering, smart pumps, smart valves and remote sensors, among others [23]. An

intelligent water system is one that is designed to not only gather meaningful and actionable

data, but also enable the use of this data to make well informed, data driven decisions and

provide reliable outputs.

The water sector is undergoing a digital transformation that is being driven by the advent

of new sensor technologies, improved computing power and advanced modeling tools like

machine learning and artificial intelligence. Wastewater utilities are recognizing the benefits

of leveraging these smart technologies to support intelligent data driven decisions. Vari-

1



ous studies investigate the practical applications of smart technologies in utility operations.

However, these applications are typically applied to specific operations that are often in silos.

Wastewater systems consist of various components that all function as individual systems

but also possess emergent properties that are a result of how they interact with each other,

highlighting the importance of their interdependent nature. The silo-ed approach to wastew-

ater governance can lead to unforeseen vulnerabilities, highlighting the need for a structured

approach to the implementation of intelligent water practices in today’s water utilities.

iWISE, the framework proposed in this work, provides a guide for wastewater utilities to

understand how to define their sewershed system and its components, understand the key

concepts of data collection, data analysis and data governance, develop a data driven de-

cision support system and developing a strategic plan for implementation of a sustainable

and reliable wastewater management system. The framework is built on seven building

blocks: Physical Systems, Digital Systems, Planning and Implementation, Data Governance,

Database Management, Data Analytics, and Decision Support System.

Based on this framework, we also conducted pilot interviews and surveys with water utilities

of different scales to understand their current intelligent water practices. Our goal through

the interviews and surveys was not only to capture their current intelligent water practices,

but also help improve their maturity level in terms of intelligent water systems.

1.1 Background

The scope of intelligent water systems and there applications in wastewater management is

vast. Although there are many studies that investigate the application and benefits of vari-

ous technologies like remote sensing, AI and Internet of Things, there is a lack of application

of the available technologies in a holistic way, both in literature and in practice. Intelligent



water systems require a step by step blueprint to help them implement these available tech-

nologies in a reliable way. The iWISE framework was developed as part of a project funded

by The Water Research Foundation and the entirety of the framework consists of building

blocks that cover technical, foundational and organizational aspects of wastewater utility

management. My individual contribution to the project cover the technical building blocks,

which are presented in this study.

1.1.1 Water System-of-Systems Approach

There is a need for cultural shift in the wastewater sector for more coordination and less

siloed water management and governance. The transition, often referred to as One Water,

Integrated Water, Our Water, or Total Water, is supported by numerous experts and driven

by the necessity to enhance water governance and management, decrease vulnerabilities of

utilities, and gain a better grasp of interdependencies within water systems. Allowing iso-

lated approaches to persist in the decentralized governance of water systems could lead to

escalating threats to both local and global water security if vulnerabilities remain unattended

[32]. Implementing Intelligent Water Systems necessitates a System-of-Systems (SoS) strat-

egy, where governance combines intricate, interrelated water management challenges across

the natural, built, and social aspects of water. In a System-of-Systems, various compo-

nents function as separate systems capable of independent operation. However, they must

also interact seamlessly with one another to achieve overarching SoS-level functionalities.

Consequently, the SoS transcends the mere sum of its individual constituents, exhibiting

emergent properties arising from interactions between its component systems and the dy-

namic environments in which they operate. Using a System-of-Systems approach ensures

that the complexity and uncertain nature of individual systems and their interrelationships

are considered [19]. This approach can be used in conjunction with scientific principles to



develop and test hypotheses within individual subsystems and, using the knowledge of global

interactions between the subsystems, arrive at better solutions to complex issues.

1.1.2 Complex Social-Ecological-Technological Systems (SETS)

The concept of the ’Anthropocene’ encapsulates the current global situation where human

society has an increasingly dominant influence on the Earth’s functioning. The challenges

faced during this era are intricate, socio-environmental, and systemic, with complex causes,

interactions, and consequences. As a self-governing society dealing with these interdependent

challenges, it becomes progressively harder to foresee the unintended outcomes of decisions

and to align goals effectively across various systems. While scientific research brings societal

benefits, knowledge tends to be isolated within narrow specializations.

To incorporate a Systems-of-Systems (SETS) perspective into adaptive management, it is

essential to conceptualize the interrelated human and natural systems and assess the un-

derlying interdependencies among social drivers, institutions, and accrued benefits. Water

Systems-of-Systems (SoSs) can be classified into natural, built, and social sub-systems. A

future focused on improving the understanding and management of risks and vulnerabilities

in a Water SoS will be better equipped to handle the complex linkages within Water SETS,

uncover unknowns and unexpected events (e.g., black swan events), and effectively manage

risks to IWS water security from various emerging stresses and pressures.

1.2 Goals and Objectives

The goal of this study is to provide a blueprint to utilities for the implementation of intelligent

water systems and to encourage them to leverage the use of advanced technologies and big



data to help them address complex challenges such as stormwater management, CSOs and

SSOs, asset management, extreme natural events, eutrophication and algae blooms, and

aging infrastructure, among others.

1.2.1 Research Questions

The piloting interviews and surveys conducted with participating utilities help us answer the

following research questions.

• RQ1: Are utilities currently implementing intelligent water practices, and

to what degree?

This question will help us understand the current maturity level of utilities in terms

of understanding of IWS and IWS implementation.

• RQ2: How do utilities of different scales compare to each other in terms of

IWS implementation?

During the piloting stage, we interviewed utilities that vary by the size of population

that they serve. Through this question, we aim to understand what are the individual

challenges that each type of utility faces and what are their current intelligent water

practices.

• RQ3: What aspects of IWS implementation present as major challenges to

utilities?

Through this question we aim to understand what major challenges utilities face when

taking up intelligent water projects. This question also helps us understand which

building blocks are more important to utilities and which ones can be improved on.



1.2.2 Methodology

The iWISE framework was developed in the following stages, as shown in Figure 1.1.

Figure 1.1: Research Methodology

1. Literature Review: We first conducted a comprehensive literature review of more

than 200 articles published by water organizations, journals and conference proceed-

ings. The literature review captured the work done by researchers in the domain of

intelligent water practices in wastewater utility management for all the building blocks

specified as part of this framework, that is, the type of analysis conducted by utilities,

what type of data parameters are collected, their database management practices, their



decision support systems and cybersecurity protocols.

2. Practice Review with Participating Utilities: To understand the real world in-

telligent water practices, we interviewed utilities to capture their level of intelligent

water system implementation.

3. Developing iWISE framework: Through the literature and practice review, we

were able to understand the current practices, challenges and benefits identified by

real world utilities and developed the building blocks of the iWISE framework that

address the various technical aspects of wastewater utilities and the intelligent water

practices associated with them.

4. Piloting with Jacobs Engineering: We piloted the framework with Jacobs Engi-

neering during a two-day working meeting to ensure the frameworks efficacy. Through

these meetings we obtained feedback on each of the building blocks from the perspec-

tive of water domain experts.

5. Preparing Questionnaires: Once the framework was developed, we prepared ques-

tionnaires based on the building blocks of iWISE. These questionnaires were sent to

wastewater utilities across the United States to capture their current practices in IWS.

6. Feedback from Utilities: We conducted working meetings with HRSD and Houston

water utilities to obtain feedback on the questionnaires from a utily’s perspective and

incorporated their suggestions. An option ’other’ was added to each question to provide

a space for the utilities to provide their own feedback if the options provided were not

suffecient for them to answer and to capture any practices that are not mentioned in

the iWISE framework.

7. Pilot Interviews and Questionnaires: Finally, the questionnaires were sent to

utilities across the United States to obtain their feedback and analyse the responses



to evaluate the current practices in IWS. We also conducted pilot interviews with

small, medium and large scale utilities to capture their perspective on intelligent water

practices and understand the individual challenges that they face.



Chapter 2

Literature and Practice Review

This chapter presents crucial discussions concerning the implementation of Intelligent Water

Systems (IWS) concepts at the sewershed scale. These discussions are based on an extensive

examination of published literature. The literature review serves multiple purposes: first, it

offers an overview of the current state of the IWS field, highlighting recent advancements

and trends in research and practice. Second, it identifies potential gaps in our understanding

of the subject, signaling areas that require further research to address specific challenges

or unanswered questions related to IWS. Third, the review helps to shape a national IWS

framework by shedding light on the most significant issues and challenges in the field and the

approaches utilized in the past to tackle them. This background information provides context

and insights that can prove valuable when initiating a new research project or addressing

specific problems related to IWS.

2.1 Literature Review

2.1.1 System of Systems Thinking

Wastewater utilities encounter a multitude of intricate social, environmental, and economic

challenges. Implementing Intelligent Water Systems (IWS) demands a systems-of-systems

approach because IWS often involves integrating multiple systems and technologies, which

9



can be complex and difficult to manage. In an IWS, various interconnected systems and tech-

nologies, such as wastewater treatment plants, collection and conveyance networks, sensors,

and control systems, may be interdependent and interact with other systems like energy or

transportation systems. This complexity can make it challenging to comprehend and predict

the overall system’s behavior and to identify and address potential challenges.

Systems of systems thinking provides a framework to comprehend and manage such complex

systems comprising multiple interacting sub-systems. It entails considering the interactions

and interdependencies between different systems and their components, enabling the identi-

fication and mitigation of potential risks or vulnerabilities in the overall system. Adopting

a System-of-Systems approach ensures that the intricate and uncertain nature of individual

systems and their interrelationships are duly considered [19]. This approach, in conjunction

with scientific principles, facilitates the development and testing of hypotheses within indi-

vidual subsystems and allows for better solutions to complex problems by leveraging insights

into the global interactions between these subsystems.

Using watersheds as an example, the natural boundary is determined by the highest elevation

points surrounding a lake or river segment. These boundaries can extend beyond local,

state, and even national borders. Watersheds, in essence, have no political boundaries. This

characteristic poses complexity in water management since many watersheds encompass

multiple state, county, and local governments [13].

The variation in water quality regulations, stormwater ordinances, and political boundaries

introduces complex governance and institutional challenges for watershed managers. An

example is the Delaware River Basin, where the Brandywine Creek, a small tributary of the

Delaware River, is regulated as a cold-water trout stream in Delaware and as a warm-water

stream in Pennsylvania. McPhearson et al. [20] proposes that the hybridity of infrastructure,

where built environments interact with landscape-scale biophysical structures and processes,



offers opportunities to address the intricate challenges surrounding water management and

build resilience.

2.1.2 Interdependencies

The effectiveness of a total systems approach for water systems at the sewershed scale de-

pends on how we position the three systems: natural, built, and social, in relation to each

other and sewershed-related issues. The components of these subsystems interact in various

ways, influencing each other’s conditions. Rinaldi et al. [28] refers to this two-way relation-

ship between components as ”interdependencies.” The natural system provides resources and

may subject the built and social environments to stress and hazards due to natural events

and climate change. In turn, the built and social environments exert stress on the natural

subsystem, driven by wastewater service demands and urbanization pressures.

The built and social infrastructure is designed to withstand the stress from the natural

system while facilitating connectivity, mobility, resource delivery, waste disposal, and other

societal activities. A system-based approach for sewershed systems enables the recognition

of challenges, risks, linkages, planning, strategies, models, and tools to better manage and

resist stresses while supporting wastewater infrastructures and their interactions with others.

Each of these sub-systems has interactions and interdependencies that can be measured and

quantified to enhance reliability and resilience while reducing vulnerabilities. This study

aims to present a more detailed and intricate structure of these interactions across the three

sub-systems. Understanding this feedback-based dynamic system can enhance the entire

system’s adaptive capacity and contribute to effective sewershed management plans.



2.1.3 Data Collection

Data collection plays a crucial role in comprehending the diverse components, creating mean-

ingful models, and enabling evidence-based decision-making in sewersheds. To gather com-

prehensive data that can be analyzed to extract valuable insights, it is necessary to under-

stand the types of data being generated, integration technologies, processing requirements,

and sharing protocols. In this section, we will explain the types of data collected and the

technological background needed to build functional data models, drawing from insights

gained from existing literature and practices. These data models serve as central reposito-

ries from which data can be queried for multiscale modeling and to support decision-making

at strategic, tactical, and operational levels.

Data is sourced from various channels, including real-time information from sensors. Conse-

quently, handling the high volume, velocity, scalability, and fault tolerance in data process-

ing, storage, and visualization poses several challenges, necessitating innovative techniques

to manage data and make it available for analysis and modeling.

A list of metrics was developed which capture the various parameters required to develop

models for sewershed components. These are important to identify the elements of the system

which can provide the necessary data. The data is categorized based on the sub-systems and

components identified in the system. The attributes for each of the sub-systems are shown

in Figure 2.1.

Gaining insight into the essential characteristics of the sewershed facilitated the identification

of data sources from various sewershed components. It is crucial to comprehend the origin of

these attributes to assess data reliability, data collection methods, and integration protocols

within the database. The data sources may include utility instrumentation data, such as

CCTV, infrared, optical, or microwave data, utility operational data, such as inventory



Figure 2.1: Attributes for Natural, Built and Social Subsystems

records, time series data for pumps and CSOs/SSOs, GIS, SCADA data, and external data

from organizations like USGS, EPA, NOAA, among others.

2.1.4 Data QA/QC

Data QA/QC encompasses quality assurance (QA) and quality control (QC) processes ap-

plied to data within an organization. The main objective is to guarantee the accuracy,

reliability, and consistency of the data used and collected by the organization while identi-

fying and rectifying any errors or issues that may arise.

Data QA involves continuous activities and practices to ensure data quality. This includes

establishing protocols and procedures for data collection, management, and analysis, im-

plementing robust data management systems, and providing staff with training in data

management best practices.

On the other hand, data QC focuses on specific activities and checks performed on the data

to ensure its quality and detect any issues. This may involve manual or automated inspection

of data for errors or inconsistencies, employing statistical or computational methods for data



validation, and incorporating controls to prevent errors from occurring.

Overall, data QA/QC is a crucial aspect of data management within an organization, as

it guarantees data accuracy and reliability, enabling effective decision-making and other

purposes.

2.1.5 Data Analysis and Modeling Techniques

Mathematical models are widely employed by wastewater utilities to comprehend and ana-

lyze the intricate processes in wastewater treatment and management. These models come

in diverse forms and serve various purposes, such as designing and optimizing treatment

systems, forecasting future performance, and identifying possible issues and solutions.

There are different types of mathematical models that are commonly used by wastewater

utilities, including:

1. Physical Models: These models are based on the fundamental laws of physics and

are used to describe the physical processes involved in wastewater treatment, such as

the flow of fluids, the transport of pollutants, and the interactions between different

chemical species. Physical models can be used to predict the performance of treatment

systems under different operating conditions and to identify potential problems and

solutions.

2. Statistical Models: These models use statistical methods to describe the relation-

ships between different variables in the wastewater treatment process. Statistical mod-

els can be used to identify patterns and trends in data and to make predictions about

future performance based on historical data.

3. Empirical Models: These models are based on experimental data and are used



to describe the relationships between different variables in the wastewater treatment

process. Empirical models can be used to predict the performance of treatment systems

under different operating conditions and to identify potential problems and solutions.

4. Simulation Models: These models use computer algorithms to simulate the oper-

ation of wastewater treatment systems and predict their performance under different

scenarios. Simulation models can be used to optimize the design and operation of

treatment systems and to identify potential problems and solutions.

In order to recommend optimal modeling practices for water utilities and create a robust de-

cision support system, it is essential to comprehend the state-of-the-art modeling techniques

relevant to enhancing intelligence in the water sector. The majority of the models analyzed

in this study can be broadly categorized as either deterministic or probabilistic models. Pre-

dictive models primarily fall into the probabilistic category, as they make forecasts based

on the best available data, and the accuracy of the model relies on the reliability of the

data. The modeling techniques applied in the focus areas of failure prediction, performance

prediction, and risk assessment are mainly classified as stochastic ([16], [2], [29]). Figure 2.2

depicts the various modeling techniques applied to the natural, built and social subsystem

components of a sewershed system.

Several studies have explored water quality and contaminant transport modeling and pre-

diction. Modern computing techniques, such as machine learning and the Transient Storage

Zone Model, have been employed to forecast the location of spills and identify the contami-

nant source [17]. Artificial intelligence (AI) has also been utilized to predict the water quality

index [1]. Additionally, groundwater models have been developed using contemporary com-

puting techniques like artificial neural networks (ANN), finite element analysis, and fuzzy

logic to assess pollutant sources [4], water quality [15], and associated risks [38].



Figure 2.2: Existing Modeling Techniques and Methodologies

In the realm of runoff modeling, various techniques have been developed over time. Devia

et al. [8] provide a comprehensive review of these techniques, highlighting their benefits and

challenges for specific use cases based on catchment type and environmental conditions. The

models discussed include ANN, KINEROS, MIKE-SHE, and TOPMODEL, among others,

which are classified as physically based, empirical, and conceptual models.

Within the land subsystem, several main components include soil erosion, vegetation, land-

fills, and agricultural activities, each with corresponding modeling approaches in the focus

areas mentioned earlier. Studies by Li et al. [18] and Biglarijoo et al. [6] utilize genetic

algorithms and neural networks to treat leachate in landfills. Mathematical and statistical

modeling techniques have been employed by Yanidar et al. [36] to assess leachate’s impact on

the surrounding environment. In the agricultural sector, models such as ANN [31] and math-

ematical modeling [12] have been developed to evaluate the impact of agricultural runoff on

water quality.

The impact of climate events like floods and heavy rainfall on water quality has been studied



using geographic information system (GIS) and physical modeling techniques by Ellis et al.

[9] and Olds et al. [24]. Socio-economic impacts and government guidelines during such

events have also been addressed in studies compiled by Prouty et al. [27] and Hughes et al.

[10].

In the built subsystem of a sewershed, key components include the built infrastructure for

water and wastewater utilities, households, commercial and industrial sectors, and green

infrastructure. The main focus areas for all components in this subsystem, similar to the

natural subsystem, include condition assessment, risk prediction, failure analysis, and re-

newal techniques. Significant research has been conducted on the condition assessment, risk

analysis, performance prediction, and other aspects of infrastructure components like gravity

pipes, force mains, and lateral pipes used in households, commercial/industrial entities, and

water and wastewater utilities.

Uncertainty in data, complexity, and low accuracy are common challenges faced across var-

ious fields of data analysis. Yan and Vairavamoorthy [34] propose a method that uses fuzzy

logic to predict the performance of gravity pipes and force mains, especially when dealing

with uncertain data. Khan et al. [14] introduce a probabilistic neural network method for

condition assessment by predicting the importance and impact of specific characteristics of

sewer pipes on their structural performance. These are just a few examples of studies uti-

lizing artificial intelligence, machine learning, and mathematical and statistical models for

conceptual modeling of pipes and other built systems.

Similar to pipes, different models have been developed using various methods for other essen-

tial water and wastewater infrastructure components, such as catch basins, pump stations,

and manholes. Various methods for modeling inlets have been established by Senior et al.

[30]. Corrosion, a common threat to water infrastructure components, is addressed in the

study by Bożena et al. [7], which combines Finite Element Analysis (FEA) with ANNs to



provide comprehensive solutions. Fuzzy logic and genetic algorithms have been employed

for analysis of pumping stations. Lifecycle assessments are essential tools for evaluating the

environmental impacts of water treatment systems, and studies by Zaman [37] and Jocanovic

et al. [11] have provided comprehensive insights into lifecycle assessment and lifecycle cost

of wastewater pumping units.

Regarding households, septic tanks are commonly used in sewersheds for treating household

sewage and waste. Pang et al. [26] present a numerical modeling method for the quantitative

assessment of the impact of groundwater contamination from waste disposal in these septic

tanks. Storage tanks, on the other hand, are used solely for the storage of wastewater or

combined sewer/stormwater. Yang et al. [35] conducted a study assessing the impact of

volatile organic compound emissions from wastewater collected from a pesticide plant.

Modern computing technologies have also been applied to cost modeling of treatment plants,

helping assess cost structures and provide solutions for cost savings. Torregrossa et al. [33]

utilizes machine learning to develop a high-performing cost model for wastewater treatment

plants based on energy consumption and water quality parameters. Molinos-Senante et al.

[21] employ statistical modeling to generate a sewage sludge and waste management cost

function, contributing to a better understanding of the cost structure and cost savings po-

tential from reducing sludge generation.

Advancements in technology related to green infrastructure have led to the development of

modeling techniques for efficiency and performance assessment. Baryła et al. [3] present a

comprehensive geospatial analysis and deterministic modeling technique for water-retention

efficiency modeling of green roofs. Palla et al. [25] evaluate stormwater control managed by

green roofs using hydrological modeling.

The research revealed a gap in the literature concerning the influence of socio-economic



factors on sewershed characteristics and management. Existing studies primarily concentrate

on the effects of societal activities and civic structure [22]. However, there is a lack of focus

on government policies and the impact of regulations on sewershed development.

2.1.6 Decision Support Systems

Data visualization involves the design and aesthetic aspects of computer interfaces, aiming

to present complex abstract data in a clear and understandable manner, facilitating users

in analyzing information using visual tools. This field combines technical backgrounds like

information retrieval, data mining, computer graphics, and human-computer interaction.

An effective approach to develop decision support system tools is through the use of visual-

ization techniques. Water utilities are utilizing visualization tools like Tableau and PowerBI

to support their business decisions and offer interactive visual representations, making it

easier to communicate problems to stakeholders both within and outside the organizations.

Some utilities have explored Geo-BIM for their visualization needs. User-friendliness is a

key feature of such tools since they are accessed and viewed by various users, including the

general public who may lack technical skills to navigate complex visualization tools. In the

water sector, specific visualization tools have been developed for their application. For ex-

ample, GWVis is a tool created by Best and Lewis [5] to visually present ground-water data

and educate the public on ground-water issues.



2.2 Practice Review

2.2.1 Houston Water

The City of Houston, situated in southeast Texas, is the largest utility in the state and is

renowned as one of the top ten utilities in the entire United States. It provides services to a

substantial customer base of 2.8 million. The Water and Wastewater systems are managed

by the Public Works & Engineering Department, which is further divided into multiple

divisions.

The strategy for implementing intelligent water concepts in Houston’s wastewater opera-

tions revolves around adopting innovative solutions to address key challenges and achieve

set objectives, including intelligent operations, effective solutions, sustinability, resiliency,

community engagement, and a stronger organization.

Houston Water currently define their service area by the location of their wastewater treat-

ment plants. They have a holistic data collection process and collect data for all three

subsystems including rainfall data, asset performance, asset inventory, asset condition, asset

financial data, asset maintenance, infrastructure R&R and demographic data for planned

growth. These parameters can come from a variety of sources and need to be managed in a

common platform to support advanced analytics.

The City of Houston established a data pipeline to enable data collection, QA/QC and

analysis. This data pipeline has been developed for both automated data preparation and

manual data preparation.

Houston Water have developed a series of models for supporting wastewater management

operations, including:



1. Methodology to rate SSO risk level and optimize preventative cleaning

2. Optimized sensor-placement

3. Integrated operations data in real-time

4. Predictive analytics: alerts to detect SSOs

5. Preventative Risk based Maintenance program: Integrating real time work order in-

formation

6. Force Main & Gravity Risk

7. Pipe Defects identification using AI

The City of Houston devised an asset management risk approach to enhance the value

and longevity of force mains. A force main renewal program was established to assess

the risks involved in the renewal process, which involved steps like identifying individual

assets, identifying factors affecting the renewal process, assigning relative importance of these

factors, establishing scoring metrics and prioritization of assets based on the risk score.

Houston Water have a well established decision support system which integrates datasets,

allows the development of multiple apps and is scalable. The platform includes links to visu-

alization pages that offer valuable information for wastewater operations management. This

information encompasses aspects like consent decrees, various operational databases, exter-

nal data, inventory details, and condition assessments of different assets such as WWTPs,

lift stations, force mains, and more. The platform also provides access to interactive appli-

cations that enable visualizations on GIS, along with training materials for managers and

operators, covering different software used by the City of Houston.



2.2.2 NYC Department of Environmental Protection

The New York City Department of Environmental Protection (DEP) is responsible for safe-

guarding public health and the environment by providing clean drinking water, treating

wastewater, and addressing pollution issues related to air, noise, and hazardous materials.

To fulfill its mission, DEP manages and oversees a network of 7,500 miles of sewers, which

transport approximately 1.3 billion gallons of wastewater daily to 14 wastewater resource

recovery facilities located within the city.

The NYC Department of Environmental Protection’s Bureau of Water Supply (BWS) ac-

tively participates in the regional Delaware River Basin Commission as a utility and as a

Party to the 1954 Supreme Court Decree. DEP defines data governance as an organizational

strategy for establishing policies and managing data within the organization. Data gover-

nance frameworks are either adopted or designed by organizations to ensure data quality,

usability, and to mitigate risks throughout the data lifecycle. Currently, data within the

BWS is governed separately in each work unit or directorate, often in collaboration with

either the Bureau of Business Information Technology or at the Agency level. Implement-

ing a Bureau-level governance program aims to enhance existing positive practices within

directorates while reinforcing areas that require improvement.

The rapid advancements in technology within the Bureau have led to the proliferation of

fragmented data silos and, in some cases, redundant data across different functional areas.

Implementing an efficient data governance framework is essential to establish higher stan-

dards in data creation, usage, and management. While some industries adopt intricate data

governance frameworks driven by regulations, BWS has designed a simpler model that offers

sufficient governance to enhance data access, utility, and integrity. Although establishing

and maintaining a data governance program will require effort, it will ultimately act as a



catalyst, rather than an impediment, as BWS transitions towards cloud-based solutions.

2.2.3 Hampton Roads Sanitations District (HRSD), Southeast Vir-

ginia

HRSD provides wastewater services to 20 cities and counties in Southeast Virginia, serving a

total population of 1.8 million residents. The organization operates 9 major treatment plants,

primarily utilizing pressurized systems. HRSD follows a separated sewer system approach

and does not have any Combined Sewer Overflows (CSOs) in the region. Additionally,

they manage over 100 pump stations and more than 1000 manifold sewage pump stations

owned by different localities within their service area. These facilities have a combined

capacity of over 225 million gallons per day. HRSD’s service area is a political subdivision of

the Commonwealth of Virginia serving the cities of Chesapeake, Hampton, Newport News,

Norfolk, Poquoson, Portsmouth, Suffolk, Virginia Beach, Williamsburg and the Counties of

Gloucester, Isle of Wight, James City, King and Queen, King William, Mathews, Middlesex,

Surry and York (excluding the town of Claremont).

HRSD has been actively working on developing a smart water system, which presents sig-

nificant opportunities due to its pressurized nature. Unlike gravity sewers, HRSD’s system

is not dependent on elevation, allowing for greater flexibility in utilizing their various treat-

ment plants with different capabilities and capacities. This strategic approach enables them

to achieve cost savings and reduce capital and operational expenses effectively. The pri-

mary goals are to optimize the existing capacity and leverage the investment in hydraulic

modeling, which was a requirement of their consent decree. Moreover, HRSD aims to assess

risks from a more time and location-centric perspective. They also plan to address the issue

of infrastructure designed for extreme storm conditions, which may not be efficiently sized



for smart water implementation, necessitating adjustments to ensure compatibility with the

system’s objectives.

HRSD has undertaken several projects as part of its sustainable water initiative, encompass-

ing diverse aspects such as safeguarding groundwater resources from saltwater intrusion,

addressing water quality concerns through Chesapeake Bay restoration measures, managing

challenges posed by sea-level rise and land subsidence, and mitigating the impact of Wet

Weather SSOs. One significant initiative is the Sustainable Water Initiative For Tomor-

row (SWIFT) program, where HRSD treats wastewater to achieve drinking water quality,

aligns it with the geochemistry of the aquifer, and subsequently injects it into the aquifer

for recharge. This approach aims to reduce saltwater intrusion from the Chesapeake Bay,

counteract land subsidence, and potentially replenish groundwater levels. The program’s

objective is to establish six advanced plants with a total capacity of 100 MGD to facilitate

aquifer recharge.

SWIFT, being an innovative climate action initiative, prompted HRSD to adopt advanced

technologies. They integrated building information modeling (BIM) designs with geographic

information system (GIS) maps, workflows, and analysis. The combination of BIM and GIS

data enabled the creation of a comprehensive digital twin model for the district, enriched

with various features.

HRSD takes measures to safeguard water quality by regularly testing private and commercial

irrigation wells in proximity to the aquifer recharge sites. Using sensors, they monitor water

quality changes and integrate the sensor data on a GIS map for easy monitoring.

The digital twin has significantly improved operational intelligence, offering 3D data for

newly constructed facilities and planning to extend the same for older facilities. Currently,

they collect and visualize real-time sensor data, with plans to automate systems based on



sensor inputs in the future.

To ensure water quality, HRSD conducts regular testing of private and commercial irrigation

wells near the aquifer recharge sites, using sensors to detect any changes in water quality.

The sensor data is synchronized on a GIS map for easy monitoring.

Similarly, HRSD employs a sensor-driven approach to monitor pressure and pump perfor-

mance across their extensive network of 651 miles of pipes and 131 pump stations. The GIS

interface allows staff to examine assets at various locations, and the data is used to create

an operational PI dashboard with a map, sensor readings, and graphs to track variables like

salinity.

During storms, HRSD focuses on minimizing wastewater overflows and monitoring infras-

tructure. Given the increasing intensity of storms and the effects of subsidence and sea level

rise, there is a greater need to safeguard wastewater drainage systems from spills. For this

purpose, the district relies on its GIS and digital twin technology once again.

2.3 Framework Validation and Verification

The iWISE framework was developed based on extensive literature and practice review. The

framework was then piloted with various utilities and water organizations to obtain feedback

in order to verify and validate the proposed building blocks.

2.3.1 Framework Verification

The first step in the verification process was a series of two-hour workshops conducted with

Hampton Roads Sanitary District (HRSD) and Houston Water. Through these piloting ses-

sions, feedback was obtained on each building block, the overall structure of the framework,



the number of building blocks as well as the content addressed and practices proposed as

part of each building block.

We also conducted a two-day brainstorming session with Jacobs Consulting, a leading con-

sulting firm in the water sector. The building blocks were discussed individually and based

on the feedback received, revisions were made to the content and the overall structure of the

building blocks.

We also received input from the Intelligent Water Infrastructure Network (iWIN) Committee,

which comprises of technical domain experts from Oak Ridge National Lab (ORNL), Jacobs,

Arcadis, DC Water, City of Houston, MWRD Chicago, Clean Water Services and Virginia

Tech.

Water sector experts from different organizations were consulted to confirm the accuracy and

relevance of the iWISE building blocks for utilities. Their input verified that these building

blocks can effectively guide utilities in their digital transformation. Once the building blocks

and the overall framework were reviewed and validated through domain experiments, we

created questionnaires to further assess and confirm the framework’s effectiveness, which

will be discussed in the next section.

2.3.2 Framework Validation

A questionnaire was designed to investigate the current adoption of intelligent water prac-

tices and the readiness to implement the proposed iWISE building blocks in both large,

medium, and small utilities. The questions were formulated based on the iWISE frame-

work. Before finalizing the questionnaire, we conducted a dry run with two large utilities,

HRSD and Houston Water, through a workshop-style meeting. Their valuable input and

suggestions were incorporated to improve the questionnaire’s clarity and suitability for wa-



ter sector experts. The feedback and approval from these large utilities confirmed that the

questionnaire effectively captures intelligent water practices in water utilities.

The questionnaire was distributed to over 100 utilities in the United States, Canada, and the

UK. Additionally, we conducted pilot interviews with some of these utilities through video

meetings to understand their current use of intelligent water practices and their future plans.

The responses from the questionnaires revealed that some utilities are already implementing

intelligent water practices at various stages, spanning small, medium, and large utilities.

Interestingly, these utilities generally align with the steps proposed in the iWISE framework.

While not all utilities currently follow all the practices described in iWISE, many expressed

their willingness to explore these practices in the future. They acknowledged that a frame-

work like iWISE would greatly assist them in achieving a comprehensive and sustainable

digital transformation and intelligent sewershed management.



Chapter 3

iWISE: The Framework

The framework in its entirety consists of three layers - the foundational layer, the technical

layer and the organizational layer. Each layer consists of building blocks and each building

block is based on three pillars. For the purpose of this study, the technical layer and its

building blocks are discussed. The framework is represented in Figure 3.1.

Figure 3.1: Building Blocks of iWISE

The seven technical building blocks refer to the technological tools and practices that improve

efficiency and enable better decision-making in sewershed management. The technical layer

is divided into the Upper Level and Lower Level building blocks. The Upper Level building

blocks provide valuable insights into both the physical and digital systems, enabling the
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reader to gain a deeper understanding of these systems. Moreover, they aid in the develop-

ment of sustainable strategic and implementation plans for the systematic implementation of

intelligent water systems. The Lower Level building blocks elucidate various concepts that

assist utilities in implementing a system-of-systems approach to manage sewershed effec-

tively. It covers topics such as data governance, database development, data analytics, and

decision support systems. For the purpose of this work, the Physical Systems, Planning and

Implementation, Data Governance, Data Analytics and Decision Support System building

blocks will be discussed in accordance with my individual contribution to the overall project

of the iWISE Framework development funded by The Water Research Foundation.

3.1 Physical Systems

The Physical Systems building blocks encompass fundamental principles, such as the System-

of-Systems Approach, that enable a comprehensive understanding of individual sub-systems

within a sewershed. This approach preserves the unique properties of each sub-system while

considering their combined behavior when viewed holistically.

Appreciating the System-of-Systems thinking is crucial for gaining a holistic understanding

of how a sewershed functions. This understanding requires a grasp of the sewershed system

boundary, its sub-systems, their associated components, and the interactions between these

sub-systems and components. The building block outlines three key pillars (as illustrated in

Figure 3.2) and offers essential recommendations based on the System-of-Systems approach.

These recommendations aid wastewater utilities in defining the sewershed boundary as a

foundation for implementing the proposed framework. It also helps in identifying and cate-

gorizing various sub-systems and their components, as well as understanding the interactions

between these components. By implementing this building block, wastewater utilities can es-



tablish a solid groundwork to support data collection, modeling, and other technical aspects

of Intelligent Water Systems at the sewershed scale.

Figure 3.2: Pillars of Physical Systems Building Block

Pillar 1: Define Sewershed Boundary

The sewershed is a part of a larger watershed boundary within a defined basin, but its bound-

ary is not visible. Wastewater utilities currently determine their sewershed boundaries based

on the locations of the built infrastructure they manage. The area within this boundary,

which includes the customers served by the utility, is known as the service area. This ser-

vice area overlaps with both the social and built sub-systems, as well as the geographically

larger natural watershed system. The natural watershed system governs the movement of

contaminants, runoff, groundwater, and surface water across the land and through water

bodies.

It is essential to consider the interactions within this natural sub-system as they can have



an impact on the operations of sewersheds within the same watershed. Moreover, these

sub-systems can consist of multiple components, each comprising individual elements. For

instance, the water component may include groundwater, the land component may involve

landfills, and the climate component may encompass extreme weather events, all within the

natural sub-system. Figure 3.3 illustrates how a sewershed system interacts with the natural,

built, and social sub-systems. There can be multiple sewersheds within watersheds in each

river basin. These basins are shown in the figure on the left.

Figure 3.3: Utility service area boundary (right), a subset of natural catchment areas (left)

Pillar 2: Define Sub-systems and Components

The components of a sewershed system can be classified into three sub-systems: natural,

built, and social. Each of these sub-systems consists of multiple components and elements.

The natural sub-system encompasses all the naturally occurring resources and elements that

influence sewershed characteristics, such as water, land, and climate.

The built sub-system includes human-made components developed for wastewater collection,

stormwater capture, and treatment infrastructure. Key components within this sub-system

are household, commercial, and industrial wastewater infrastructure, as well as stormwater

infrastructure.



The social sub-system encompasses factors that affect societal aspects and have an economic

impact on a sewershed. This sub-system can be further categorized into community, policy,

financial, and economic components.

Figure 3.4 shows a conceptual depiction of a typical sewershed and its subsystems.

Figure 3.4: Conceptual Depiction of a Sewershed and its Subsystems

These three subsystems can be further categorized as their components. to identify param-

eters for understanding influencing factors, characteristics, functions, data collection. These

different components of sewershed sub-systems are shown in Figure 3.5.

Pillar 3: Define Dependencies and Interdependencies

The sub-systems, components, and elements within a sewershed are interconnected and not

isolated from one another. They collaborate within the sewershed system and exhibit various

interactions or interdependencies. Understanding these interactions is essential to identify

linkages, establish cause-effect relationships, and abstract critical features of the sewershed

for modeling and analysis.



Figure 3.5: Subsystems of a Sewershed And Their Components

An interdependency between two aspects in the sewershed system is a bi-directional relation-

ship where each aspect relies on the other in multiple ways. In the context of a sewershed

subsystem, interdependencies between components or sub-systems are mutual and multi-

directional. Each sub-system has interacting components that influence the other sub-system

components.

The various interactions shown between components can be categorized into four principal

types of interdependencies: physical, cyber, geographical, and logical.

Physical interdependencies are defined as the dependency of one aspect of a system on

the material output of the other. In a sewershed boundary, this can be explained with the

example of dependencies between the built and natural subsystems where excess runoff leads

to CSOs and SSOs, and failure of built assets leads to contamination of water resources.

Cyber interdependencies are defined as the state of a component in the system depending

on information transmitted through the information and communication technology (ICT)

layer of the system. For water utilities, this would include the sensor network, meters, IoT

devices, and other data communication devices.



Geographical interdependencies are defined as the state change of a component is affected

by the geographical state of another component.

Logical interdependencies are defined as when two components in the system depend on each

other in a way that is not physical, cyber, or geographical. For example, the interaction

between lifecycle analysis done on built assets that supports decision-making in the social

sub-system that impacts both natural and built components in a sewershed is said to be a

logical interdependency.

Figure 3.6 shows the different types of interdependencies between the subsystems within a

sewershed.

Figure 3.6: Interdependencies between different subsystems within a sewershed



3.2 Planning and Implementation

The Planning and Implementation building block examines approaches to create strategic

and implementation plans, which should be implemented before applying the lower level

building blocks to ensure proper execution.

Implementing iWISE at a sewershed scale is a substantial and long-term commitment, de-

manding diverse support throughout the entire project lifecycle to ensure sustainability.

Developing strategic planning and implementation plans is crucial for the successful estab-

lishment of intelligent water systems in the water and wastewater sector for the following

reasons:

• Goal setting and alignment: Strategic planning enables water and wastewater utilities

to establish their long-term goals and objectives. By incorporating intelligent water

systems into their strategic plans, utilities can ensure that their vision aligns with the

anticipated benefits and outcomes of these systems. This alignment ensures that the

development of intelligent water systems is guided by a well-defined strategic direction,

enabling utilities to allocate resources efficiently, prioritize tasks, and make informed

decisions during the implementation process.

• Needs assessment and prioritization: Strategic planning encompasses conducting a

thorough needs assessment to gain insights into the existing challenges, gaps, and

opportunities in water and wastewater management. This assessment assists in iden-

tifying specific areas where intelligent water systems can make the most significant

difference. By prioritizing the implementation of intelligent technologies and solutions

based on the identified needs, utilities can optimize resource allocation, maximize ben-

efits, and effectively address critical issues in water management.



• Resources allocation and budgeting: Strategic planning enables utilities to allocate

resources, encompassing financial, technological, and human resources, effectively for

the successful development and implementation of intelligent water systems. By going

through the planning process, utilities can identify the essential investments, bud-

gets, and funding mechanisms necessary to support the development, procurement,

and maintenance of these systems. This strategic resource allocation ensures suffi-

cient financial backing and empowers utilities to meet the infrastructure, staffing, and

technology needs for the successful implementation of intelligent water systems.

• Stakeholder Engagement and Collaboration: Strategic planning establishes a structure

for involving stakeholders and promoting collaboration. Engaging stakeholders, includ-

ing customers, community organizations, regulatory bodies, and technology providers,

in the strategic planning process allows utilities to gather valuable input, gain support,

and foster partnerships. This collaborative approach ensures that the development

and implementation of intelligent water systems take into account diverse perspec-

tives, needs, and interests of stakeholders, leading to better acceptance, adoption, and

overall success of the initiatives.

• Phased Approach and Implementation Roadmap: Strategic planning allows utilities

to embrace a gradual approach and create a step-by-step implementation roadmap for

intelligent water systems. By dividing the development and implementation process

into manageable phases, utilities can minimize risks, address technical and operational

challenges in a step-by-step manner, and ensure a seamless transition. The roadmap

sets out timelines, milestones, and key performance indicators, guiding the implemen-

tation process and providing utilities with a means to monitor progress and make

adjustments as necessary.

• Monitoring and Evaluation: Strategic planning encompasses methods for monitoring



and assessing the performance and effects of intelligent water systems. By employing

predefined metrics and performance indicators, utilities can keep track of the effective-

ness, efficiency, and sustainability of these systems. Regular monitoring and evaluation

empower utilities to pinpoint areas for enhancement, optimize system performance,

and make data-driven decisions to guarantee the continued success of intelligent water

systems.

In conclusion, the establishment of strategic planning and implementation plans offers util-

ities a well-organized framework to define objectives, evaluate requirements, allocate re-

sources, involve stakeholders, and guide the gradual development and implementation of

intelligent water systems. By incorporating intelligent water systems into strategic plans,

utilities can guarantee alignment with their vision and goals, optimize resource distribution,

foster collaboration, and enable efficient monitoring and evaluation. This comprehensive

approach leads to the successful implementation and long-term sustainability of intelligent

water systems in the water and wastewater sector.

This section outlines the three main pillars of iWISE strategic planning and implementation.

The first pillar deals with the creation of a strategic plan. The second pillar addresses the

challenges related to the managerial and technical aspects of implementation plans. The

third pillar emphasizes the strategies necessary for ensuring the long-term success of the

implementation plans. These pillars are depicted in Figure 3.7.



Figure 3.7: Pillars for Planning and Implementation Building Block

Pillar 1: Develop Strategic Plan

Strategic plans serve as long-term visions spanning 5 to 10 years, designed to support In-

telligent Water Systems (IWS) operations and management objectives. These plans identify

essential strategies that can be applied at a sewershed scale to address crucial technical

and institutional requirements. The proposed framework for a strategic plan, as outlined in

Figure 3.8, is presented in this research. It’s important to note that an IWS program is an

ongoing process and is subject to continuous re-evaluation. The suggested components of the

iWISE strategic plan should be perceived as a continuous loop with feedback at each stage.

Additionally, the strategic plan should outline the frequency and methods for gathering and

incorporating feedback.

1. Definition, Building Blocks, Scope and Benefits: The utility should establish a



clear definition of what Intelligent Water Systems (IWS) mean to them, tailored to their

specific needs. Discussing the unique challenges faced by each utility will emphasize

the importance of developing a strategic plan to ensure the successful implementation

of IWS solutions. The definitions and building blocks provided in this report can serve

as a valuable reference in this process.

2. Organizational Initatives: The necessary organizational changes concerning strate-

gic planning, governance and policy, workforce development, and communication strate-

gies should be thoroughly discussed, strategized, and put into action. During this

process, utilities should prioritize the challenges they encounter, which fosters trust

among stakeholders during the transition to IWS.

3. Identify and Assess IWS Technologies: Utilities should have a comprehensive

understanding of existing technologies and keep themselves informed about the latest

advancements that can automate repetitive tasks, enhance productivity, and support

operational and management decisions. Once a sufficient level of understanding is

attained, utilities can address specific problems by selecting the most suitable tech-

nological approach for each situation. Regularly updating and maintaining knowledge

of available technologies can be achieved by evaluating best practices and studying

relevant use cases.

4. Coordinate and Lead iWISE: Create action teams and designate main coordina-

tors and leaders to oversee coordination efforts and decision-making. The core team

members should be subject matter experts in their respective areas.

5. Demonstrate iWISE Benefits: The iWISE implementation teams should develop

comprehensive value proposition plans to identify the favorable outcomes and illustrate

the benefits to secure the necessary support from stakeholders. Key performance



indicators (KPIs) can be employed to assess and measure these advantages.

6. Support iWISE Implementation: To facilitate IWS implementation, enforcement

protocols can be established through consensus with stakeholders. This entails iden-

tifying and consulting relevant stakeholders to obtain their support and buy-in for

IWS policies. Presenting the enabling outcomes and benefits of IWS solutions can

bolster this support. It is vital to secure long-term backing from stakeholders, as IWS

implementation is an ongoing and continuous process, not a one-time solution.

7. iWISE Implementation Plan: iWISE plans are designed for the long-term, ne-

cessitating sustainable resource availability for successful implementation. To ensure

enduring social support for iWISE plans, a sustainability plan can be devised.

Figure 3.8: Strategic Plan for iWISE Implementation

Pillar 2: Identify Implementation Challenges

In implementation plans, the managerial aspects place significant emphasis on financial mat-

ters, contracts, and engagement with diverse stakeholders and customers. Meanwhile, the



technical aspects concentrate on assembling a skilled human workforce proficient in engi-

neering design, operations, data analytics, and decision-making. This section also suggests

adopting an iterative approach, wherein utilities progressively construct their implementa-

tion plans, guided by the iWISE building-block framework and desired outcomes.

Managerial Aspects

To achieve a successful iWISE implementation, comprehensive management is crucial to

meet the satisfaction of all stakeholders. Initially, management must ensure the existence of

a well-defined project plan and its adherence throughout implementation. The plan should

encompass sufficient detail for all participants to comprehend their responsibilities, timelines

for completion, interdependencies among project activities, and the availability of external

resources, if needed. The managerial aspects typically involve the following activities:

• Establishing and overseeing contracts with suppliers, system integrators, IT, and com-

munications providers.

• Implementing financial protocols, such as funds disbursement based on completed

work.

• Engaging stakeholders to maintain transparent communication regarding iWISE im-

plementation progress and any deviations from the planned schedule, while addressing

any concerns they may have.

• Managing relationships with customers and the media, providing appropriate informa-

tion, both positive and negative, about the project.

The extent of managerial activity required will vary based on the scale and complexity

of the iWISE implementation. Factors such as the number and scope of building blocks

for the utility and the geographical coverage of the sewershed infrastructure will play a



significant role. Additionally, the number of stakeholders, suppliers, IT, and communications

providers involved will also influence the size of the activity. Certain preliminary tasks may

be necessary, such as setting up a control center, installing sensors in various locations, or

removing and properly disposing of existing sensors.

Technical Aspects

The implementation of iWISE building blocks involves intricate tasks that require utilities

to consider appointing an expert to oversee the technological aspects at the sewershed scale.

This expert should possess a comprehensive understanding of crucial technical aspects, in-

cluding the sewershed system, its components, dependencies, and interdependencies, data

collection and management tools, modeling techniques (including AI/ML), cybersecurity,

and the principles behind reliable decision-making.

To ensure successful implementation of these complex technology tasks, the expert leader

should adopt an agile implementation approach. This agile approach for iWISE emphasizes

collaboration and communication among the technical and operational teams responsible

for implementation. It involves prioritizing and resolving critical issues while concurrently

delivering greater value to the utility.

As the iWISE implementation progresses, it will pass through the foundational, organiza-

tional, and technical building blocks. These categories will necessitate a multi-disciplinary

team, led by the expert, equipped with a diverse range of skills and experience, encompassing

system design, operational knowledge, data analytics, decision support, and management.

Pillar 3: Develop Implementation Plans

The agile approach for ensuring long-term success involves conducting frequent, regular,

and rapid assessments of progress and utilizing the feedback obtained to enhance the IWS

implementation plan. These reviews can occur as frequently as every day or on a monthly



basis for broader stakeholder review. By conducting these reviews, issues and opportunities

for course correction can be identified.

To ensure the successful implementation of IWS, it is essential to establish short-term,

medium-term, and long-term plans. These plans provide a clear vision and ensure sustained

efforts toward IWS implementation.

Near-term actions (for 1-2 year timeframe):

1. Formulate and implement an IWS policy directive that encourages stakeholders in

sewersheds to embrace practices facilitating integrated wastewater management across

their natural, built, and social sewershed sub-systems.

• a. The policy directive should require stakeholders to identify value propositions

aligned with the context of the communities.

• The policy directive should outline pathways for communities, offering guidance

for their transition towards implementing IWS at the sewershed scale. This in-

cludes identifying challenges and improvements, as well as mapping existing and

optimized digital and data infrastructure assets.

2. Create a central organization (e.g., an Office of IWS) that operates based on the IWS

policy directive and a federated data governance framework. This organization will

be responsible for coordinating information exchange and facilitating the involvement

of various data hubs in both public and private sectors to establish IWS hubs. While

allowing each hub autonomy over its data resources, the organization’s primary ob-

jective is to foster collaboration among these hubs and leverage global expertise from

other organizations to support its establishment.

3. Identify specific use cases and case studies at the sewershed level, where pilot projects



can be initiated to document and assess stakeholder, technical, and organizational

strategies for IWS governance and implementation.

Medium-term actions (for 3-5 year timeframe):

1. For efficient implementation of an IWS governance policy directive in sewershed com-

munities, it is advised to establish working groups focused on essential policies, dis-

ciplines, and specific geographical areas. Additionally, a decision-making structure

should be formed, comprising technical officials and a political steering committee

with key representatives who can collaborate and establish a shared understanding of

objectives.

2. Determine approaches to transform culture and policies, placing emphasis on digital-

ization, data sharing, and integration in both public and private sectors. Focus on

increasing transparency in the public domain by openly communicating goals, pro-

cesses, and outcomes related to sewershed data.

Long-term actions (for 5-10 year timeframe):

1. The organizational transformation should prioritize fostering trust through open knowl-

edge exchange between established IWS hubs. This involves sharing best practices and

actively engaging in workshop sessions to collaboratively define and refine joint propo-

sitions. The focus should be on identifying existing or new challenges and devising

short-term, medium-term, and long-term goals and actions to overcome them.

2. Provide sustained support for acquiring reliable data and information to aid in set-

ting goals, managing resources, and implementing governance and implementation

strategies in both resource-rich and resource-poor communities across urban and rural

regions of the country.



3. Measure and report results through benchmarking at the regional and national level.

The IWS program conducts thorough assessments to verify the accomplishment of short-

and long-term deployment objectives. These evaluations assess the effectiveness and advan-

tages of implemented IWS solutions, as well as the return on investments made in the IWS

Program. They ensure that progress is being made toward the ultimate vision of integrated

IWS. Evaluations are performed in the following four ways:

1. IWS Performance Evaluation. Establishes a qualitative and quantitative point of

reference for evaluation of implemented IWS solutions. Solutions failing to achieve the

performance goals will need countermeasures to achieve success.

2. IWS Program Evaluation. Establishes a program-wide point of reference to refine

the IWS roadmap.

3. Knowledge Management. Turns the wealth of insights and results from surveys

and evaluations into a broad and deep knowledge base to support current and future

IWS deployments.

4. Knowledge Transfer. Develops databases and other easily accessible materials for

use in decision-making, training, and providing guidance

3.3 Data Governance

The complexity of sewershed System-of-Systems (SoS) arises from the interdependence of

its subsystems and their components. To manage this complexity, a structured approach to

collecting accurate data from each subsystem is crucial. This approach enhances the ability to

measure, analyze, and effectively manage the system. Thus, a well-structured data collection



process, including identifying data parameters, data sources, and implementing data quality

control protocols, is essential for reliable system-level modeling and data analytics. These

analytics aid in capturing the interdependent characteristics and developing efficient and

resilient models for successful implementation of IWS tasks. This building block outlines the

three pillars of data collection for the subsystems and their associated components within

the context of SoS, as depicted in Figure 3.9. These pillars detail how to identify required

data parameters, locate data sources, and establish data quality protocols.

Figure 3.9: Pillars for Data Governance Building Block

Pillar 1: Identify Data Parameters

Having accurate data parameters at the appropriate time enhances the understanding and

analysis required for effective sewershed operations. The previous building block’s identifi-

cation of elements provided a structured comprehension of the data parameters essential for

reliably measuring these elements within the sewershed system using available technologies

for analysis. Figure 3.10 outlines the key areas from which parameters should be collected,

encompassing the natural, built, and social subsystems.

The data parameters needed from the natural subsystem’s water components primarily fo-

cus on measuring the contamination levels of surface water, groundwater, and runoff water



Figure 3.10: Data parameter categories for sewershed subsystem components

characteristics. Likewise, for the land component, the metrics mainly assess the contamina-

tion caused by runoff from landfills and agricultural activities in surface and groundwater.

Frequency and duration of extreme events in the sewershed are key metrics for the climate

component in the natural subsystem.

Regarding the built-layer components, the main parameters to be collected fall into five cat-

egories: Asset Inventory, Asset Performance, Asset Renewal, Asset Risk, and Asset Finance.

The social subsystem’s parameters measure population characteristics, system demand, and

revenue from customers within the service area. Additionally, it is important to capture

revenue from different sources that fund sewershed operations and the applicable laws and

regulations for treated wastewater quality and CSO/SSO events in the finance and economic

domain of the social layer.

A comprehensive list of essential, preferable, and desirable parameters has been prepared

to assist utilities in conducting a comprehensive analysis of sewershed management. These

parameters have been categorized into natural, built, and social subsystems, accompanied

by metadata, and organized based on their importance. The list is available in Appendix A.



Pillar 2: Collect Data Parameters

The collection and compilation of big data to facilitate the transition to IWS introduce

complexities related to the ”5 V” characteristics:

1. Volume (size) - the sheer amount of data to be managed.

2. Variety - dealing with both structured and unstructured data.

3. Veracity - ensuring data reliability and determining its origin.

4. Value - leveraging data for various analytical purposes such as predictive analytics,

statistical analytics, correlations, hypothesis testing, etc.

5. Velocity - handling data in real-time, near-real-time, batch processing, and streams.

The importance of data sources lies in their influence on data quality. Understanding data

sources becomes crucial in comprehending data complexity, identifying relationships between

datasets, and establishing rules for data integration and preprocessing, as explained in pillar

3. The various categories of data sources and their corresponding metadata information

are depicted in Figure 4.5. This figure illustrates the categorization of data from different

sources within a sewershed and outlines the specific metadata that should be collected for

each type of data source.

Pillar 3: Check Data Parameters

Quality assurance/quality control measures involve assessing the accuracy and precision of

collected data. Quality assurance (QA) encompasses a comprehensive plan for maintaining

quality across all aspects of a program. This plan outlines protocols for data collection,

including proper documentation of procedures, workforce training, study design, data man-

agement, analysis, and specific quality control measures. On the other hand, quality control



Figure 3.11: Data sources and their corresponding metadata

(QC) involves validating specific sampling and analytical procedures to ensure their valid-

ity. Additionally, a quality assessment can be conducted to verify the overall precision and

accuracy of the collected data after performing the analyses.

The IWS framework proposes a step-by-step approach, as shown in Figure 3.12, to develop

comprehensive Data Quality Plans (DQPs) that can be applied to various sub-system data

management tasks in Intelligent Water Systems at a sewershed scale. DQPs can be cate-

gorized for different stages of the data lifecycle, such as data collection project planning,

data acquisition, and data validity and usability stages. The Project Planning step involves

tasks like establishing a DQP team, identifying data quality objectives, and defining train-

ing requirements and documentation protocols. The Data Acquisition step includes making

decisions on sampling methods, the need for equipment calibration and testing, and estab-

lishing oversight requirements and responsibilities. The Data Validity and Usability step

includes defining protocols for data review, verification, validation, and detecting anomalies

and outliers.



Figure 3.12: Data quality protocols

3.4 Data Analytics

Modeling and analyzing IWS at the sewershed scale is a complex and multifaceted task that

requires a deep understanding of various dimensions involved. These dimensions encompass

the level of application (system, sub-system, element), the domain of insights (informa-

tional, engineering, management), and the mathematical approaches employed (determinis-

tic, probabilistic, and AI), among others. Gaining a comprehensive knowledge of the specific

techniques and problem areas in a sewershed context lays a strong foundation for devel-

oping new models. Additionally, implementing robust verification and validation (V&V)

protocols for these models enhances the reliability of the results, provides insight into the

model’s decision-making process, and instills confidence in utility decision-makers regarding

the model’s efficacy. This building block elaborates on the three pillars, which involve identi-

fying existing analytical and modeling techniques, understanding modeling dimensions, and

conducting model verification and validation, as depicted in Figure 3.13.



Figure 3.13: Pillars for Data Analytics Building Block

Pillar 1: Identify Systems Modeling Dimensions

Diverse modeling techniques are employed to analyze sewershed operations and extract mean-

ingful insights to facilitate informed decision-making. These models also encompass the in-

terconnectedness of various components through model parameters, weights, and rules. It

is essential to comprehensively capture these interdependencies based on a thorough review

of existing literature and industry practices, as depicted in Figure 3.14. This figure illus-

trates the diverse analytical techniques and relationships explored in sewershed modeling

endeavors.

Models have been developed using various techniques for different components within a

sewershed. These modeling efforts have focused on areas such as surface water contamination

resulting from CSOs/SSOs, among others, employing a wide range of techniques. The models

have been crafted to address the system level (sewershed), sub-system level (natural, built,

and social), and component level (e.g., surface water, wastewater pipes, public perception).

Figure 3.15 presents a compilation of the various analytical and modeling focus areas for the

different components within each sub-system.



Figure 3.14: Different modeling techniques used in practice

In the natural subsystem, typical areas of modeling include wastewater quality analysis,

rainfall quantity and frequency analysis, contaminant fate and transport, examination of

leachate and its impact on groundwater quality, and assessments of the impacts of extreme

climate events.

Within the built subsystem, key areas of modeling involve asset performance, asset renewal,

asset risk, and asset finance modeling.

For the social subsystem of a sewershed, critical modeling areas encompass lifecycle economic

assessments, analysis of public perception and feedback, as well as the social impacts of policy,

governance, and regulations.

A comprehensive list of modeling techniques developed in literature and used in practice has

been prepared to assist utilities in identifying the best practices for modeling the various

components and processes for sewershed scale wastewater management. These modeling



techniques have been categorized into natural, built, and social subsystems, accompanied by

their focus area, parameters required and the model type. The list is available in Appendix

B.

Figure 3.15: Different focus areas for modeling the various subsystems of a sewershed and
their components

Pillar 2: Identify Systems Modeling Techniques

Modeling is a complex task that can be performed in a variety of ways depending on the

problem being solved and which can be represented in the form of different techniques.

Figure 3.16 demonstrates that a modeling strategy must start with the identification of the

different techniques of modeling available.

When selecting a model for a sewershed system, several viewpoints should be considered.

One perspective is the level of analysis, ranging from individual component-level to a system-

level, as the sewershed system is a complex System of Systems (SoS).

Another important aspect is the domain of insights provided by the model, which can be cate-

gorized as informational, engineering, or management. Informational-level analyses deal with



Figure 3.16: Modeling techniques, dimensions and methods

higher-level abstractions and provide basic system-level information, such as pipe mileage

distribution. Engineering-level analyses involve specific and technical aspects of the built

sub-system, like asset-level finite element models for structural performance, and natural

sub-system analyses. Management-level analyses focus on generating information useful for

utility managers, such as economic predictions and renewal prioritization.

Models can also be classified based on the decision domains they support, including strategic-

level models for long-term decisions, tactical-level models to identify problem areas, and

operational-level models for individual asset analysis.

The decision objectives of the modeling exercise can be categorized as descriptive, diagnostic,

predictive, and prescriptive. Descriptive models provide a comprehensive view of the system,

diagnostic models help identify the causes of issues, predictive models offer forecasts and

projections, and prescriptive models recommend actions to achieve specific outcomes.

Furthermore, the mathematical techniques employed for modeling need to be determined,



which include deterministic, probabilistic, and AI methods. Deterministic models are formu-

laic and provide a fully determined output based on parameter values and initial conditions.

Probabilistic models incorporate randomness and produce a range of outputs with a given

confidence level. AI methods, such as expert systems and machine learning algorithms (e.g.,

Artificial Neural Networks, regression, random forest), learn from data and improve abstrac-

tions over time.

Finally, models can be described based on the sub-systems within a sewershed, which were

defined earlier as natural, built, and social subsystems.

Pillar 3: Identify Verificaiton and Validation Strategies

Modeling involves creating a simplified representation of the real world, and during this

process of abstraction, there is a possibility of introducing inaccuracies. Verification and

validation (V&V) is a systematic approach used to test whether the abstraction process was

carried out correctly and if the model effectively addresses the problem. V&V serves several

purposes and helps users understand the following aspects:

• Model’s internal logic: This helps identify whether the model works as it was

intended by the modeler.

• Quantifying uncertainties: This helps measure whether the developed model can

measure the intended metric more precisely.

• Model stability and robustness: This can help identify scenarios where the model

fails to accurately represent the intended system.

The accuracy of models depends on the quality of the data and knowledge used to develop

them, and they cannot be expected to be more accurate than the errors present in the

input and observed data. Since the measurements used for describing and evaluating a



model are problem-specific, there is no universally accepted statistic or test to validate a

model. Typically, a combination of methods such as expert review, graphical comparisons,

and statistical tests is employed, using both quantitative and qualitative measures. This

approach is often referred to as the ”weight-of-evidence” approach. The overall process for

verification and validation (V&V) during the modeling process is depicted in Figure 3.17.

Figure 3.17: Model verification and validation process

V&V can be viewed as an ongoing feedback loop aimed at continuously calibrating and

enhancing the model as part of the model governance cycle, rather than a simple pass/fail

test. As a first step, it is crucial to ensure the model’s foundational setup is accurate.

Verification involves confirming whether the model was implemented correctly according to

the intended design. This process may include software checks, debugging, and validating

the model logic. For sewershed-scale models, internal verification can be performed through

various methods, some of which are as follows:

• Checking model logic: Using artificial data and common knowledge for checking whether



best, moderate, or worst input values represent the best, moderate, and worst results,

respectively.

• Checking parameter influence: This can be performed using techniques such as sensi-

tivity or correlation analysis of input and output parameters to measure the influence

of parameters on the final model output.

While verification can be conducted using artificial data and expert opinions, model valida-

tion demands the use of ground truth metrics to establish reliability, accuracy, and confidence

in the model. This can be achieved through the following methods:

• Establishing ground truth metrics: The data used as the input to the model as well

the final model output should be represented using the best measurable metric. Here,

measurability is based on the availability of resources in the form of domain experts,

specialized equipment, and time. The chosen metric, especially the model output,

should accurately capture the intended purpose of the model to establish real-world

usability.

• Competing methods: The chosen output metric can be measured using laboratory tests

or a previously validated model developed by the utility or found in scientific publi-

cations. Generally, laboratory tests are considered more robust as they can provide

accurate measures with robust protocols. However, one disadvantage of laboratory

tests is that testing in a laboratory setting represents a closed system and may be too

simple to represent the real-world environments.

• Statistical and graphical tests: The results from the developed model and the compet-

ing methods can be compared using qualitative contextual information and quantita-

tive statistical or graphical tests to establish reliability and accuracy of the proposed

models.



3.5 Decision Support System

Creating Decision Support Systems (DSS) is essential to extract value from data collection

and modeling efforts, ultimately aiding in the management of sewershed systems. This

building block focuses on three key pillars of the decision support process, depicted in Figure

3.18. These pillars involve techniques for developing a robust DSS, implementing effective

visualization methodologies, and ensuring the trustworthiness of Intelligent Water Systems

(IWS) applications.

Figure 3.18: Pillars for Decision Support System Building Block

Pillar 1: Develop a Decision Support System (DSS)

Several approaches can be utilized for a decision-making process. However, to decide whether

a DSS needs to be developed, a utility can consider the following aspects:

• Level of complexity: A higher level of complexity in a problem, system, or decision

calls for the implementation of a Decision Support System (DSS). Given the intricate

nature of a sewershed as a complex system, the use of a DSS becomes essential to

enhance decision-making capabilities in managing its operations.



• Need for timely decisions: In situations where the decision-making process is

straightforward, a Decision Support System (DSS) may still be necessary to handle

frequently occurring issues that demand quick and immediate decisions.

• Expertise availability: Having a readily available pool of diverse experts may ren-

der a Decision Support System (DSS) unnecessary. However, in many cases, espe-

cially when dealing with complex and interconnected impacts of wastewater-related

problems, this is not the norm.

• Specificity required: Having a readily available pool of diverse experts may render a

Decision Support System (DSS) unnecessary. However, in many cases, especially when

dealing with complex and interconnected impacts of wastewater-related problems, this

is not the norm.

”Human-In-The-Loop” Decision Support

A Decision Support System (DSS) designed for sewershed level decisions can offer various

levels of outputs, impacting the choice of visualization tools and DSS complexity. It is

essential for utilities to maintain a ”Human-in-the-loop” approach, where human intervention

is required at each stage of the DSS workflow, as depicted in Figure 3.19. This ensures the

reliability of the decisions made by the DSS and prevents full autonomy.

Pillar 3: Ensuring Effective Visualizaiton Techniques

To determine the optimal visualization approach, it is crucial to gain a comprehensive un-

derstanding of the problem’s nature and how a DSS can effectively support its resolution.

Factors to be taken into account include the organizational structure and culture, the reliabil-

ity and accuracy of available information, the associated risks, and the specific characteristics

of the problem at hand.



Figure 3.19: Human-in-the-loop decision making workflow

Visualization methods employed in Decision Support Systems for sewersheds can effectively

present model-derived information to utility operators, aiding them in making informed deci-

sions. Utilities commonly utilize a range of visualization techniques, including the following:

1. Geographic Information System (GIS): GIS software facilitates the integration

of diverse spatial data layers, encompassing wastewater infrastructure networks, sewer

lines, treatment plant locations, and sensitive areas. Through GIS, interactive maps,

spatial analysis, and modeling can be generated, supporting decision-making processes

concerning wastewater system planning, asset management, and environmental impact

assessments.

2. Data Visualization Software: Visualization software allows for the generation of

charts, graphs, and interactive dashboards to illustrate wastewater-related data. These

tools provide an intuitive means to examine trends, patterns, and relationships in

parameters such as flow rates, pollutant concentrations, treatment efficiency, and water



quality.

3. Process Flow Diagrams (PFDs): Process Flow Diagrams (PFDs) are visual rep-

resentations that depict the flow of wastewater and the processes engaged in its treat-

ment. These diagrams utilize symbols, arrows, and labels to illustrate the different

treatment steps, equipment, and control systems involved. PFDs are valuable tools

for visualizing the complete wastewater treatment process, aiding in comprehension,

optimization, and problem-solving.

4. 3D Visualization and Modeling: Three-dimensional (3D) visualization and mod-

eling tools are utilized to present wastewater treatment plants and associated infras-

tructure in a realistic and interactive format. With these tools, virtual walkthroughs

of treatment processes can be conducted, equipment layouts can be visualized, and

operational scenarios can be simulated. They are valuable for design, planning, and

training purposes.

5. Time Series Visualization: Time series visualization techniques are employed to

examine and present data collected over time for a sewershed. Line charts, area charts,

and stacked area charts are frequently utilized to illustrate trends, variations, and

irregularities in parameters like flow rates, pollutant concentrations, and treatment

efficiency across different time intervals.

6. Interactive Web-based Platforms: Web-based platforms and tools are employed

to develop interactive visualizations that can be accessed and shared online. These

platforms often combine data from various sources, enabling users to explore layers

of wastewater-related information, such as treatment plant locations, effluent quality,

and compliance with regulatory standards.

7. Real-time Monitoring and Control Systems: Sophisticated visualization tools are



utilized alongside real-time monitoring and control systems in wastewater treatment

facilities. These tools offer real-time graphical representations of process variables,

alarms, and trends, enabling operators to monitor the system’s performance, make

well-informed decisions, and promptly address any issues that may arise.

8. Virtual Reality (VR) and Augmented Reality (AR): Virtual Reality (VR) and

Augmented Reality (AR) technologies are gaining traction in the wastewater industry.

They are used to create virtual simulations of wastewater treatment processes and plant

environments, offering immersive and interactive experiences for training, optimization,

and maintenance purposes.

Pillar 3: Ensure Trustworthiness of IWS Application

Trust plays a crucial role in the decision-making process for managing sewersheds. While

humans have relied on machines for decision-making for a considerable time, the introduction

of new technologies in the wastewater sector adds complexity and necessitates a level of trust

with users to foster a cultural shift and facilitate the digital transformation.

The European Union has provided clear guidelines for designing and developing trustworthy

AI systems. However, these principles extend beyond AI trustworthiness and can be applied

to ensure trust in the application of any Decision Support System (DSS) for sewershed

management. To ensure trustworthiness, utilities should adhere to the following four ethical

principles:

1. Human Agency and Oversight: Decision Support Systems (DSSs) should be de-

signed to enhance the decision-making process and empower human beings rather than

completely replacing them. The level of autonomy of the DSS should be determined

by the risk and potential impact of incorrect decisions. By doing so, humans remain

an integral part of the decision-making loop and maintain control over the process.



2. Prevention of Harm:

(a) Technical Robustness and Safety: Decision Support Systems (DSSs) should ex-

hibit accuracy and reliability, fulfilling their intended tasks effectively. They

must demonstrate robustness to handle errors in data and modeling workflows,

as well as security measures to protect against external threats. Additionally,

DSSs should ensure the reproducibility of their results, providing consistent and

dependable outcomes.

(b) Privacy and Data Governance: To maintain the confidentiality of sensitive data

used in sewershed management, strict governance and controls must be imple-

mented throughout the workflows to prevent any unauthorized or improper use

of the data.

(c) Societal and Environmental well-being: DSS should not cause any harm to society,

and the natural environment in which it is supposed to be used.

(d) Accountability: The decisions from the DSS should be justified. Accountability

also demands that a proper mechanism or structure should be followed through

which people are responsible for the correct and incorrect judgments delivered by

the DSS.

3. Fairness: a. Diversity, Non-Discrimination and Fairness: DSSs should treat all sec-

tions of society equally without any form of discrimination. It should also ensure that

the DSS and its services are available or applicable to all the entities of society.

4. Explicability: Transparency refers to the explainability, interpretability, and repro-

ducibility of decisions. Transparency should be ensured in the following steps in the

workflow:

(a) Transparency in Inputs: The data collected and compiled in utility database



should be justified with details like how the data was collected, processed, and

organized.

(b) Transparency in Outputs: The performance of DSSs will be based on the reliabil-

ity of data. Utilities should perform sufficient testing to assess the generalizability

and efficiency of the DSS.

(c) Transparency in Interpretations: There are many different stakeholders in a sew-

ershed. As utilities strive to create more informative dashboards for different

stakeholders, it should be ensured that the DSS outputs are interpretable by all

potential viewers of the dashboard.



Chapter 4

Results

In this section, we will answer the three research questions presented in this work that

support the development of the iWISE Framework.

To verify and validate the framework, we conducted pilot interviews and developed ques-

tionnaires that were sent to utilities across the United States to obtain feedback from a

real-world perspective. The objective of conducting these interviews and questionnaires was

to capture the current intelligent water practices in utilities, understand the challenges they

face and see how willing they are to implement intelligent water practices to tackle these

challenges.

The questionnaires developed were based on each of the building blocks proposed in this

framework. The questionnaire was designed to be discussed with the research and inno-

vation officers of water utilities. However, it was found that many small, medium, and

even some large utilities did not have dedicated staff responsible for research, innovation, or

implementing Intelligent Water Systems (IWS). In this section, we will present the results

and analysis derived from the questionnaire responses obtained from various water utilities

across the country. To accommodate the varying levels of resources available within utilities,

the target utilities were categorized into three segments: Small utilities, Medium utilities,

and Large utilities. The water and wastewater systems in the United States exhibit diverse

characteristics and face different challenges due to variations in customer base, wastewater

volume, infrastructure complexity, and regulatory oversight.
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• Small Utilities - Small water utilities generally cater to populations of fewer than

50,000 and are commonly found in rural regions. They typically have less complex

treatment processes and distribution systems, with a smaller number of wells, pumps,

and storage tanks. Challenges faced by small utilities include geographical location,

availability of workforce, and financial funding mechanisms. These utilities may be

managed by local governments, private companies, or cooperatives, and they may

encounter difficulties in securing funding and sustaining their infrastructure.

• Medium Utilities - Medium water utilities generally cater to customer bases rang-

ing from 50,000 to 250,000 and are situated in suburban areas or smaller cities. They

possess a more extensive wastewater infrastructure system compared to small utilities,

comprising multiple water supply sources, treatment plants, and storage facilities. Typ-

ically managed by public agencies, such as municipal or county governments, medium

utilities are subject to regulatory oversight and reporting obligations.

• Large Utilities - Large utilities cater to populations exceeding 250,000 and are

located in larger cities or metropolitan areas. These utilities possess intricate treat-

ment processes and distribution systems, comprising multiple water supply sources,

treatment plants, and storage facilities. The size and complexity of large utilities can

present challenges in effectively managing their infrastructure and meeting the diverse

needs of their customer base. However, their larger scale often allows them to have

more resources available for implementing advanced technologies, such as AI/ML, to

enhance their operational efficiency and decision-making processes.

For small utilities, where resources and knowledge of intelligent water practices might be

limited, online responses were not sought. Instead, the questionnaires were discussed during

1-hour long workshops, providing an opportunity for the research team to gain insights into



the perspectives of small utilities regarding current and future IWS implementation.

Medium utilities, on the other hand, were invited to participate in the survey through brief

online conference calls with utility experts who had some experience in data analysis.

For large utilities, the questionnaire was shared with the teams responsible for managing

sewershed operations, which often included staff members working on IWS applications,

including AI/ML.

In cases where the responses were unclear or inadequate, follow-up meetings were conducted

with key contacts from the utilities to ensure the quality and reliability of the collected data

for analysis.

General information was collected from utilities and it was found that all those who re-

sponded were public utilities. Out of all the participating utilities, 2 were small utilities, 3

were medium utilities and 14 were large utilities. The distribution of utilities who filled the

questionnaires by scale is depicted in Figure 4.1.

Figure 4.1: Distribution of utilities by scale



4.1 RQ1: Are utilities currently implementing intelli-

gent water practices, and to what degree?

The aim of this research question was to investigate to what level utilities are currently

implementing intelligent water practices in their sewershed management. Through the ques-

tionnaire, utilities were asked what stage they would evaluate themselves at in terms of

iWISE implementaiton and were as follows:

• Preliminary: The level before any significant steps are taken toward implementing

digitization. Exploring the options, developing a strategy, and conducting isolated

pilots to test technology and processes.

• Intermediate: Having a clear utility-wide strategy and investing in pilots based on

the strategy. Merging technologies and processes across the utility and demonstrating

cross-functional measurable benefits.

• Advanced: Fusing information across the utility and potentially beyond the utility

(e.g., customers, regulators) to increase measurable benefits. Innovating as an industry

leader.

The distribution of responses from utilities is shown in Figure 4.2.

With respect to the scale that specifies the level of iWISE implementation that utilities

fall under, smaller systems see themselves in the basic to preliminary stage of the ‘digital

transformation’ journey where they are exploring options and developing strategies for im-

plementing some technical aspects like data collection, modeling, visualization platforms,

data governance, and cybersecurity.



Figure 4.2: Level of implementation of iWISE across utilities

With respect to the scale that specifies the level of iWISE implementation that utilities fall

under, medium utilities are in the preliminary to intermediate stage of the ‘digital trans-

formation’ journey. They have some practices that support their efforts to implement new

technologies and practices but face some challenges that oppose these efforts.

Large utilities usually have the budget for implementing new technologies and investing in

intelligent water practices. The current level of implementation of intelligent water practices

across large utilities falls under the intermediate to proficient level, as per the specified scale

in the iWISE framework.

With respect to the technical building blocks discussed in this study, the maturity level

of utilities at different scales was evaluated through the questionnaires shared and inter-

views conducted. The findings of these interviews and the responses of utilities from the

questionnaires are discussed as part of sections 4.2 and 4.3.



4.2 RQ2: How do utilities of different scales compare

to each other in terms of IWS implementation?

Small utilities recognize the benefits of implementing smart and intelligent technologies in

their systems and are not opposed to taking up such projects to enhance their sewershed

operations. Since small systems identify the benefits that intelligent water systems have

to offer, funding these projects can also be justified, which can further support efforts to

finance such projects. When it comes to data collection, small utilities only collect data that

is process specific and required by regulations for them to collect. They mainly collect data

from the built and natural systems that belong to their service area, and only collect data

from outside their service area based on specific project requirements. Their analysis and

data collection are governed by day-to-day requirements, with no long term applications and

is limited to built component level analysis that supports decision making for specific built

assets only. They make use of GIS to visualize data which is considered as a preliminary

level visualization. The findings from the interviews conducted with small utilities show

that they do not have a separate visualization decision support platform. All these practices

further confirm that the efforts of small utilities with respect to the iWISE framework fall

in between the basic to preliminary level of iWISE implementation.

Medium sized water utilities are located in suburbs or smaller cities, they may have many

small utilities in nearby towns and rural areas. As a result, they recognize the importance

of collecting data of influencing factors from natural systems that fall outside their built

service area for specific tasks like water contamination levels to protect downstream areas.

Their data collection is fairly preliminary as they only collect what is required for analysis

of specific assets within their service area. Their databases are generally siloed and are not

automated, they manually integrate data as an when required for specific applications. They



do not have automated data lifecycles or interoperability for their database information sys-

tems. Their decision-making aid them in both enduring and daily decision-making, and their

models provide them with understanding for both their overall sewershed performance and

individual built assets. This assists them in forming strategies not only for daily activities

but also for the enduring viability of their operations and the integration of novel tech-

nologies aimed at enhancing the resilience of their infrastructure. Some of the aprticipating

medium utilities had decision support systems in place while others do not. Medium utilities

acknowledge the necessity for a cultural transition within their workforce to establish roles

for individuals possessing the necessary expertise to deploy advanced technologies and drive

digital evolution. These utilities proactively engage in workforce development initiatives

to achieve this objective. Although medium sized utilities are in the preliminary to inter-

mediate stages of digital transformation, they do recognize the need to use the accessible

technological tools in a systematic way to help them improve their utilities’ operational and

management efficiency.

Large utilities typically have resource and funding availability to support intelligent water

projects and out of all the large utilities who responded to the questionnaires, they are all

engaging in these projects in some aspect of their sewershed management.

Large utilities currently do not have a well-defined strategic plan for iWISE implementation.

From the questionnaires, we have concluded that they are in the knowledge compilation and

knowledge transfer phase regarding iWISE solutions and are still identifying and assessing

the available iWISE technologies and identifying the organizational initiatives they can take

to begin their journey towards implementing iWISE solutions as part of their sewershed

management.

When it comes to applying smart water solutions, major utility companies are currently

in the early phases of initiating the iWISE (Intelligent Water Infrastructure Solutions and



Engineering) implementation. They are focused on internal communication within the orga-

nization to handle the iWISE implementation process. This involves tasks like establishing

management contracts, setting up financial procedures, and involving relevant stakehold-

ers. However, they haven’t started communicating with customers and the public through

media channels to share information about these projects. On the technical side of things,

these utility companies are currently in the process of learning and gathering the necessary

knowledge to offer guidance on technical aspects, which is essential for their planning efforts.

These initial trials by the large utilities are backed by their short-term and mid-term plans

for implementation. The utilities were asked if they consider near-term, medium-term and

long-term plans for implementation to ensure long-term sustainability of their implemen-

tation plans for their intelligent water projects, the results of which are shown in Figure

4.3.

Figure 4.3: Planning for long term sustainability of iWISE implementation plans

Large utilities typically have a holistic data collection process and collect data parameters

from all three subsystems. The results from the questions asked regarding the subsystems

that utilities collect data from is shown in Figure 4.4.



Figure 4.4: Data collected from the different subsystems for the sewershed scale

The finding that large utilities have a holistic data collection process is further supported by

the responses from the questionnaire when asked if they categorize their data by the data

source. These results are shown in Figure 4.5.

Figure 4.5: Data sources

Most utilities have some level of data quality assessment protocols, barring a few exceptions.

These DQ/DA steps are done as part of their regular processes and do not have a dedicated



project planning step prior to quality assessment. This is shown in Figure 4.6. Most large

utilities do not have a holistic data governance and database management strategy. Most

utilities either only identify sources of data or do not have a data mapping or data cataloguing

process altogether.

Figure 4.6: DQP protocols followed by utilities

Large utilities use a number of types of analytical models to understand their natural, built

and social subsystems and support their decision-making process. The level of analysis varies

from utility to utility. As shown in Figure 4.7, majority of large utilities carry out component

level analysis, which support decisions to manage specific problems. Some large utilities also

carry out system and sub-system level analysis that support decisions at the sewershed scale

which supports holistic decision making.



Figure 4.7: Levels of Analysis

Analysis carried out by most utilities support tactical decision making which is meant for

identifying hot spots and problem areas to seek patterns in datasets. Large utilities also

conduct analysis that supports operational decision making, for day-to-day decisions at an

asset level. Some of the large utilities have also adopted strategic level decision making which

supports long term policy and financial decisions. This is shown in Figure 4.8.

Figure 4.8: Domains of decisions that models are applied to

There are different levels of insights that modeling and analysis carried out by wastewater

utilities can support. These include -

• Information level: higher level insights for general overview of sewershed performance.

• Engineering level: insights based on modeling of individual built assets



• Management level: economic and financial insights for management level staff

All the participating large utilities selected engineering level insights, while most utilities

selected information and management level insights. These results are shown in Figure 4.9.

Figure 4.9: Categories of insights offered by models

The subsystems considered for modeling varies from utility to utility. Some concentrate their

model development for their built and social sub-systems, while others concentrate on their

built and natural sub-systems. All of the participating utilities develop models for analysis

of their built assets. These results are shown in Figure 4.10.

Figure 4.10: Subsystems considered for modeling

The distribution of types of mathematical techniques that utilities consider for their models

is shown in Figure 4.11. Similar to their smaller and medium counterparts, large utilities

also do not perform analysis using AI models as of yet, but are in the early stages of planning



and budgeting for such projects. Majority of their models are probabilistic, showing that

their analyses support predictive and dynamic modeling that can support real-time decision-

making.

Figure 4.11: Mathematical techniques used for modeling

Utilities were asked which aspects they consider for development of a decision support system.

Results from this question show that majority of large utilities do not have a decision support

system (DSS) in place. The utilities that do have a DSS place equal importance on the various

aspects to consider before the development of a DSS, barring the specificity required in the

results. This supports the finding that the participating large utilities are in the preliminary

stages of developing and refining their decision support systems. These results are shown in

Figure 4.12



Figure 4.12: Development of a DSS

4.3 RQ3: What aspects of IWS implementation present

as major challenges to utilities?

Small utilities encounter four main challenges when it comes to implementing Intelligent

Water Systems projects. Firstly, they often lack access to the same level of technical expertise

and support available to larger systems. While they can secure funding and justify such

projects from state and federal resources, the design, implementation, and maintenance of

complex systems are hindered due to the shortage of skilled and experienced workforce.

Moreover, small utilities face difficulties in retaining their existing staff, as employees often

leave for better opportunities in bigger cities with improved healthcare, school systems, and

higher pay.

Secondly, small systems grapple with a lack of trust in the reliability of newly available

technological solutions and modeling techniques, as they have not been thoroughly tested

for applicability to smaller setups.

Thirdly, these utilities suffer from data limitations, as they do not possess datasets of the

same volume or quality as larger systems. This scarcity of data hampers their ability to



develop advanced analytics, models (including AI), and data-driven strategies.

Lastly, small systems may encounter unique regulatory challenges that can complicate the

implementation of Intelligent Water projects, particularly in states with varying regulatory

requirements. These regulatory complexities can add to the overall challenges faced by small

utilities in adopting Intelligent Water Systems.

The discussion with medium-sized utilities revealed that they encounter similar challenges

as their smaller counterparts in terms of having a workforce with the necessary skills for

implementing AI and other intelligent water technologies.

While medium-sized utilities are in the early to intermediate phases of digital transformation,

they acknowledge the importance of utilizing available technological tools systematically to

enhance operational and management efficiency. However, they may lack the resources

available to larger utilities, which can pose challenges in financing new capital improvements

and IWS projects. Furthermore, medium water utilities may face difficulties in attracting

and retaining qualified personnel for their digital transformation efforts due to competition

from larger utilities and private companies.

Major challenges faced by prominent utility companies encompass a lack of trust in emerging

technologies, the necessity for a cultural transformation to instill a different perspective, a

shortage of new skilled personnel joining the workforce, and the establishment of cyberattack-

resistant digital elements within their wastewater systems. A shared thread among utilities,

spanning beyond just the larger ones, involves the skepticism surrounding new technologies

and the deficit of skilled workforce. Many novel technologies, such as AI, are often intro-

duced as plug-and-play systems, and utilities lack the workforce equipped with the necessary

expertise to effectively maintain these solutions over the long term.



Chapter 5

Discussion

Water utilities across the US are beginning their journey towards digital transformation

and through this research it can be said that the water sector recognizes the advantages

that advanced technologies offer. Through the first research question, which investigates the

level of IWS implementation in utilities, we found that utilities are implementing intelligent

water practices in their sewershed management across different departments and are in the

preliminary stages of implementing these practices in a more holistic manner, that integrates

their various operations and produces reliable and more intelligent results. Utilities recognize

the importance of system of systems thinking and its application in sewershed management.

Through the second research question, we found the different areas in which utilities are

implementing these practices and how they compare with each other across small, medium

and large scale utilities. The questionnaires helped us investigate their level of IWS under-

standing and practices with respect to each building block, which divides the vast number

of operations managed in a utility systematically and helped us evaluate both the current

practices as well as verify the steps and guidelines proposed in this framework.

As noted in the third research question, which identifies the challenges faced by utilities in

this digital transformation, we found that utilities are not opposed to adopting intelligent

water practices but require the resources, both financial and in the workforce, to ensure

reliability of these practices and their implementation can be done sustainably. A primary

challenge across small, medium and large scale utilities is the lack of trust in new technologies
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and a lack of workforce that have the required skills to maintain these practices. This lack

of trust can be owed to the lack of strategic planning when it comes to implementation.

The water sector can benefit in many ways from an integrated approach to intelligent water

practices and this can be facilitated by a formal set of guidelines to help utilities navigate

their journey to digital transformation.



Chapter 6

Future Work

The iWISE framework in its entirety includes the application of intelligent water practices

not only in the technical aspects of sewershed management, but also the organizational as-

pects. These include areas such as workforce development strategies, creating a culture of

diversity and inclusion, encouraging stakeholder engagement and the facilitation of innova-

tion ecosystems. This study includes the recommendations and guidelines for the technical

building blocks of the framework. Utilities should diversify their investments in intelligent

water projects beyond technical aspects to include the proposed organizational aspects.
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Chapter 7

Conclusions

In this research study, we propose the iWISE framework to support the implementation of

intelligent water systems. Several pilot interviews were conducted and the framework was

verified and validated through questionnaires that were sent to utilities across the United

States. We obtained feedback through these methods, and gained valuable insights on the

current level of IWS implementation, the associated challenges and verified the exhaustive-

ness of methods proposed in each building block of the framework. The feedback shows

that the proposed framework can be utilized by any wastewater utility and systematically

implemented for each building block.

Small and medium size utilities are somewhere between the preliminary to intermediate

stages of iWISE implementation, whereas their larger counterparts are in the intermediate

to advanced phases of iWISE implementation, depending on the utility. Small and medium

utilities are both applying intelligent water practices in a limited capacity and mainly to

their technical operations. Larger utilities, however, have a more holistic approach and are

adopting the system of systems approach that is recommended in this framework.

Similar to their smaller and medium counterparts, large utilities also do not perform analysis

using AI models as of yet, but are in the early stages of piloting and budgeting for such

projects. Majority of their models are probabilistic, showing that their analyses support

predictive and dynamic modeling that can support real-time decision-making.

83



Through this study, the iWISE framework has been validated as a valuable source for guid-

ance in the implementing of intelligent water systems and ensuring efficient and reliable

wastewater management. The recommendations from this framework can serve as a blueprint

for wastewater utilities and can be extended to other sectors of water distribution as well.



Appendices
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Appendix A

Recommended Data Parameters

The following figures present the recommended data parameters that were developed based

on the literature reviews, case studies developed and discussions with participating utilities.

The parameters are organized based on the three subsystems as defined in this framework -

natural, built and social. These subsystems were further divided into the components and

their individual elements that belong to their respective subsystems.

Figures A.1, A.2 and A.3, A.4, A.5, A.6 and A.7 show the recommended parameters to collect

from the water, land and climate components of the natural sub-system for sewershed-scale

modeling.
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Figure A.1: Surface Water Parameters



Figure A.2: Runoff Water Parameters



Figure A.3: Groundwater Parameters



Figure A.4: Landfills Parameters



Figure A.5: Land Cover Parameters



Figure A.6: Agricultural Activities Parameters



Figure A.7: Climate Parameters

From the built subsystem, the parameters for septic tanks are shown in A.8. The parame-

ters for various wastewater infrastructure like force mains, gravity mains, catch basins and

treatment plants are shown in Figures A.9, A.10, A.11, A.12, A.13, A.14, A.15, A.16.

The parameters for various stormwater infrastructure like stormwater pipes and green roofs

are shown in Figures A.17, A.18, A.19, A.20.



Figure A.8: Septic Tanks Parameters



Figure A.9: Catch Basins Parameters



Figure A.10: Storage Holding Tanks Parameters



Figure A.11: Force Mains Physical and Structural Essential Parameters



Figure A.12: Force Mains Operational and Functional Essential Parameters



Figure A.13: Force Mains Environmental, Financial and Other Essential Parameters



Figure A.14: Gravity Mains Physical and Structural Essential Parameters



Figure A.15: Gravity Mains Operational and Functional Essential Parameters



Figure A.16: Gravity Mains Environmental, Financial and Other Essential Parameters



Figure A.17: Green Roofs Parameters



Figure A.18: Stormwater Performance Essential Physical/Structural Parameters



Figure A.19: Stormwater Performance Essential Environmental Essential Parameters



Figure A.20: Stormwater Performance Essential Operational/Functional and Other Essential Parameters



The recommended parameters to be collected from the social subsystem are shown in Figures A.21, A.22 and A.23.

Figure A.21: Community Parameters



Figure A.22: Policy, Governance and Regulation Parameters

Figure A.23: Finance and Economic Parameters



Appendix B

Recommended Modeling Techniques

The following figures present the recommended modeling techniques for sewershed-scale mod-

eling that were developed based on the literature reviews, case studies developed and discus-

sions with participating utilities. The techniques are organized based on the three subsystems

as defined in this framework - natural, built and social.
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Figure B.1: Modeling techniques for modeling of rivers/lakes/oceans/streams/oceans



Figure B.2: Modeling techniques for modeling of runoff



Figure B.3: Modeling techniques for modeling of groundwater

Figure B.4: Modeling techniques for household/commercial/industrial wastewater infrastructure



Figure B.5: Modeling techniques for household/commercial/industrial wastewater infrastructure



Figure B.6: Modeling techniques for gravity mains and force mains



Figure B.7: Modeling techniques for wastewater treatment plant infrastructure



Figure B.8: Modeling techniques for catch basins, CSO and SSO events, manholes and pumps



Figure B.9: Modeling techniques for stormwater pipes



Figure B.10: Modeling techniques for various stormwater infrastructure



Figure B.11: Modeling techniques for social subsystem components



Appendix C

iWISE Framework Questionnaires

This questionnaire is an assessment tool to assess the readiness of a utility across all iWISE

building blocks to help utilities prioritize focus areas and improve in line with the utilities’

overarching iWISE ambitions at a sewershed scale. This questionnaire evaluates iWISE

readiness and capability across the seven technical building blocks to create a holistic view

of the utility’s iWISE readiness.
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Figure C.1: iWISE Framework Questionnaire



Figure C.2: iWISE Framework Questionnaire



Figure C.3: iWISE Framework Questionnaire



Figure C.4: iWISE Framework Questionnaire



Figure C.5: iWISE Framework Questionnaire



Figure C.6: iWISE Framework Questionnaire



Figure C.7: iWISE Framework Questionnaire



Figure C.8: iWISE Framework Questionnaire



Figure C.9: iWISE Framework Questionnaire



Figure C.10: iWISE Framework Questionnaire



Figure C.11: iWISE Framework Questionnaire
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