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Abstract  

Groundwater and drinking water management face increasing challenges from climate change, 

population growth, and resource inefficiencies. Digitalization and digital transformation offer promising 

opportunities to address these issues by enhancing efficiency, resilience, and sustainability. This paper 

presents an integrative literature review of 30 publications researching advanced digital tools within the 

groundwater and drinking water sectors. The study highlights the transformative potential of technologies 

such as Smart Sensors, IoT, Machine Learning, and Artificial Intelligence, which enable the generation 

and analysis of real-time data to improve efficiency, resource allocation, and water quality monitoring. 

Data-driven decision-making allows for proactive management, addressing challenges like contamination 

and water scarcity while promoting sustainability and better public health outcomes. However, barriers 

such as high initial costs, workforce limitations, regulatory challenges, and unintended consequences 

such as cybersecurity concerns and data privacy hinder widespread adoption. To achieve long-term 

success regarding digitalization, the water sector must apply a holistic approach considering 

technological, economic, socio-political, and environmental factors. Future research should focus on 

underexplored areas, specifically on the field of groundwater as well as socio-political and environmental 

dimensions of digitalization and digital transformation. 
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1. Introduction 

Groundwater is essential for meeting global water needs, but its management is increasingly 

challenged by factors such as population growth, climate change, and pollution. Groundwater 

is defined as “subsurface water that occurs beneath the water table in soils and geologic 

formations that are fully saturated” (Freeze & Cherry, 1979) and constitutes the largest 

accessible freshwater reserve on Earth. It supports approximately one-third of global 

freshwater usage, playing a crucial role in sustaining human consumption, agriculture, energy 

generation, and ecosystems (Gorelick & Zheng, 2015). As global water demands grow, 

effective groundwater management becomes increasingly important. Access to safe drinking 

water is fundamental to human health, economic productivity, and ecological balance. 

Recognized as a human right by the United Nations (UN, 2010), safe drinking water must meet 

certain quality standards to ensure the absence of harmful pathogens and pollutants. Yet, 

disparities in water access persist, with many developing regions facing shortages due to 

geographic, infrastructural, and governance challenges. This issue is exacerbated through 

water pollution, driven by agricultural runoff and industrial waste. This contributes to millions 

of deaths annually from waterborne diseases (WHO, 2023). Water management is broadly 

defined as the “activity of planning, developing, distributing, and managing the optimum use of 

water resources” (Su et al., 2020). Water use is a crucial aspect in all economic sectors, with 

agriculture being the largest consumer, followed by industrial and municipal demands. 

Inefficiencies in water management, however, remain widespread; 40–60% of global water is 

lost as non-revenue water—produced but never reaching end-users (Quaranta, 2023). Global 

change is intensifying the challenges associated with groundwater management. Population 

growth, urbanization, and industrialization are major drivers of increasing water demand, both 

now and in the future. Urban water demand alone is projected to increase by 80% in the next 

30 years (Daniel et al., 2023). Climate change further complicates water management by 

altering the hydrological cycle, leading to uneven water distribution and an increase in extreme 

weather events such as droughts and heavy rainfall (Daniel, 2023). These changes exacerbate 

issues like groundwater depletion, with 21 of the world’s 37 largest aquifers currently 

overexploited (UNU-EHS, 2023). Additionally, water utilities contribute significantly to 

greenhouse gas emissions through energy-intensive activities such as pumping and treatment. 

As global water utilities consume large amounts of energy, it is estimated that they account for 

up to 2.6% of global GHG emissions (Daniel et al., 2023). Addressing these inefficiencies offers 

an opportunity to reduce emissions and enhance the sustainability of water utilities. As global 

demand for water rises, effective groundwater management and sustainable practices are 
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essential to ensure equitable access to safe drinking water, protecting ecosystems, and 

mitigating the impacts of climate change on water resources. 

Digitalization and digital transformation are reshaping water management systems, presenting 

new opportunities to enhance efficiency, resilience, and sustainability, but these 

advancements also come with challenges. Information and Communication Technologies 

(ICTs) have long been employed to optimize water distribution and usage, including tools such 

as Geographic Information Systems (GIS), Data Management Systems, Remote Sensing, and 

Mobile Applications for Monitoring. More recently, emerging technologies, for example the 

Internet of Things (IoT), Artificial Intelligence (AI), Decision Support Systems (DSS), and Smart 

Water Grids, have started to play a more significant role as they offer advanced options for 

modern water management. The potential benefits of digital transformation in water 

management are significant. Enhanced efficiency can be achieved through real-time leak 

detection, demand forecasting, and supply chain optimization. These technologies can also 

strengthen resilience by enabling systems to adapt to extreme events such as droughts or 

floods. The availability of reliable real-time data is central to this transformation. Modern digital 

tools improve data integration and accessibility across critical sectors, including water supply, 

wastewater treatment, and irrigation (Müller-Czygan et al., 2021). Examples from practice 

illustrate these benefits. For instance, smart technologies that monitor and reduce water 

leakage in distribution networks provide real-time information, resulting in reduced energy 

demand and greenhouse gas emissions. Singapore’s Smart Water Grid exemplifies an 

approach to digital water management. The system uses sensors, meters, digital controls, and 

analytical tools to monitor pipeline conditions, detect leaks, assess hydraulic performance, and 

issue early warnings for contamination. Real-time feedback enables efficient water delivery, 

conserves resources, and reduces energy consumption while addressing challenges like labor 

shortages in a growing urban population (PUB Singapore, 2016). In the academic context, the 

StressRes research project researches the integration of digital real-time monitoring with 

modeling systems to ensure safe groundwater-derived drinking water in agricultural areas 

(BMBF, n.d.).  Despite these promising developments, the adoption of advanced digital tools 

is not merely a technical issue. It involves a complex process of digital transformation that 

requires organizational change and adaptation (Hinings et al., 2018; Kraus et al., 2021). 

Barriers regarding economic, technological, and regulatory challenges can hinder the 

successful uptake of innovative technologies within the water management sector. Further, 

there are anticipated negative effects that come with the adoption of digital tools, for example 

increasing social inequalities (Hoolohan et al., 2021). While several publications have explored 

the drivers and challenges of digital transformation in the water sector (e.g. Daniel et al., 2023; 

Müller-Czygan et al., 2021), these works have often been either very broad in their scope or 

focused on specific domains, such as water utilities. As a result, there remains a limited 
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understanding and lack of a comprehensive overview of the drivers and challenges of 

digitalization and digital transformation, particularly in the context of groundwater and drinking 

water management. 

This paper investigates the role of advanced digital tools in groundwater and drinking water 

management, addressing two central research questions: 

1. What advanced digital tools are considered key enablers of digitalization and digital 

transformation in groundwater and drinking water management? 

2. What are the main challenges and opportunities associated with the digitalization and 

digital transformation of groundwater and drinking water systems? 

An integrative literature review provides answers to those questions. The paper is structured 

as follows: In the methodology section, the study’s scope, the choice of publications for the 

literature review, and the analytical framework used are detailed. The results section presents 

findings across three dimensions: key digital tools, challenges, and opportunities in digital 

water management. Finally, the discussion contextualizes these results, offering 

interpretations and recommendations for future research. Thereby, this paper aims to 

contribute to a deeper understanding of the drivers, challenges, and opportunities of digital 

transformation in groundwater and drinking water management based on the current state of 

research, providing insights to guide future research and practice in this critical field. 
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2. Methodology 

Conceptual framework 

The focus of this research was on the two interrelated concepts of digitalization and digital 

transformation. Digitalization refers to the “sociotechnical process of applying digitizing 

techniques to broader social and institutional contexts that render digital technologies 

infrastructural” (Tilson et al., 2010). Meanwhile, digital transformation involves the “combined 

effects of several digital innovations bringing about novel actors (and actor constellations), 

structures, practices, values, and beliefs that change, threaten, replace or complement existing 

rules of the game within organizations and fields” (Hinings et al., 2018). While digitalization 

focuses on improving existing tasks with digital tools, digital transformation represents a 

paradigm shift in organizational processes, creating new ways of operation. Therefore, 

challenges and opportunities associated with these processes arise primarily from the 

transformative aspects of digital technologies (Kraus et al., 2021). The following work 

considered challenges as barriers, risks, and constraints that hinder progress, while 

opportunities refer to the benefits, advantages, and potential gains realized through successful 

implementation. This conceptual framework laid the foundation for analyzing the tools, 

challenges, and opportunities of digitalization and digital transformation, offering a structured 

approach to understanding their impact on water management systems. 

 

Research design: literature review methodology 

The methodology employed an integrative literature review, which is particularly suited for 

synthesizing findings and perspectives from diverse publications to gain new insights into an 

emerging topic. Unlike more traditional systematic literature reviews that may focus narrowly 

on specific empirical studies or methodologies, integrative reviews offer a broader analytical 

scope. This approach enables the critical synthesis of existing knowledge, identifying patterns, 

gaps, and areas for further investigation within the field (Snyder, 2018; Elsbach & van 

Knippenberg, 2020). For the study of digitalization and digital transformation in groundwater 

and drinking water management, the integrative review method is advantageous to conduct 

interdisciplinary research due to its inherent flexibility. This method allows the inclusion of both 

qualitative and quantitative publications, capturing a wide range of perspectives on digital tools, 

challenges, and opportunities. It also integrates publications from varied disciplines, such as 

environmental science, engineering, information technology, and social sciences, which 

ensures a holistic analysis of the research topic. Materials for this review included peer-

reviewed journal articles, book chapters, and conference papers. The publications must be 
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written in English and accessible online to be included. Essentially, this integrative review 

method offered a thorough and interdisciplinary basis for investigating the complexities of 

digitalization and digital transformation in the management of groundwater and drinking water. 

 

Scope and boundaries 

The review focused on both digitalization and digital transformation processes, examining their 

associated tools, challenges, and opportunities. The primary emphasis was on groundwater 

management for human consumption, particularly drinking water, due to groundwater’s 

significant role as a drinking water source. Broader water management publications were 

included if they showed clear implications for groundwater and drinking water systems. This 

inclusion was necessary because research explicitly focused on groundwater and drinking 

water in the context of digitalization remains limited. The selected publications focus explicitly 

on digitalization and digital transformation in the context of groundwater and drinking water 

management, ensuring that the scope aligns with the research questions. The research 

considered advanced digital tools—cutting-edge technologies with transformative potential in 

water management. The review did not have a predetermined time limit; rather, the timeframe 

was based on the publication dates of the results identified through the literature search. Due 

to the scope of the research, there was a natural emphasis on recent works, reflecting the 

rapid advancements in digital technologies. Publications were analyzed across all stages of 

the water supply system, from collection and treatment to distribution. The literature review 

had no spatial focus, allowing for the integration of both global research and localized case 

studies, with a particular emphasis on recent technological advancements. In summary, the 

review offers a focused analysis of digitalization and digital transformation in groundwater and 

drinking water management, highlighting key tools, challenges, and opportunities. 

 

Data collection 

The integrative literature review was conducted in December 2024. It combined two 

complementary platforms for identifying relevant publications: the traditional search platform 

Web of Science and the AI-powered tool Elicit (Elicit, n.d.). This dual approach enhanced the 

breadth and quality of findings, combining both conventional research methods and emerging 

AI technologies. While Elicit provided additional insights by identifying relevant papers, it 

served to complement and enhance—not replace—the traditional review process.  

The primary search was conducted using Web of Science, a widely recognized database that 

includes a vast collection of peer-reviewed articles and is frequently utilized for literature 

reviews. The search was designed to capture publications addressing digitalization and digital 

transformation in groundwater and drinking water management. The keywords for the research 

were: (“Groundwater” OR “Drinking Water”) AND (“Digitali?ation” OR “Digital transformation” 
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OR “Smart Water” OR “Water 4.0”) AND (“Challenge*” OR “Barrier*” OR “Limitation*” OR 

“Opportunit*” OR “Benefit*” OR “Advantage*”). These terms include the most relevant concepts 

and their synonyms to ensure thorough coverage of the relevant topics. The search was 

configured to detect these terms in the titles or abstracts of the articles, resulting in 70 identified 

articles. 

To complement this traditional search, Elicit was used to identify additional publications. The 

tool is equipped with AI capabilities and analyzes the research questions and boundaries to 

locate papers aligning with the review’s focus within the Semantic Scholar corpus. The first 20 

results considered most relevant by the tool were examined. This further expanded the pool of 

potential articles. 

The initial combined results included 90 articles—70 from Web of Science and 20 from Elicit. 

These articles were screened by title and abstract to determine relevance, applying the 

predefined inclusion criteria, as described in the scope. As a result of this procedure, 35 articles 

were retained from Web of Science and 11 from Elicit, leading to a total of 46 potentially 

relevant publications. To refine the selection, all 46 papers were reviewed fully to assess their 

relevance and alignment with our research questions for this publication. After this detailed 

examination, 30 publications were selected as the final dataset. These publications served as 

the foundation for analyzing the tools, challenges, and opportunities related to digitalization 

and digital transformation in groundwater and drinking water management. The different steps 

of this process aimed to ensure the robustness and relevance of the integrative literature 

review. 

 

 

Figure 1: Visualization of the data collection process. 

 

Data analysis 

This review explored the 30 selected publications to investigate the role of advanced digital 

tools in groundwater and drinking water management, with a focus on the associated 
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challenges and opportunities. It began with providing an overview of the key characteristics of 

the publications, including publication year, disciplinary focus, geographic scope, and type of 

publication. This preliminary review helped to contextualize the dataset and provided a 

foundation for the in-depth analysis that followed. Each study was then reviewed to extract the 

information relevant to the research questions. The analysis focused on coding the three main 

components: advanced digital tools in groundwater and drinking water management, as well 

as the challenges and opportunities associated with their application. To streamline this 

process and enhance its accuracy, the traditional coding was combined with the AI-assisted 

tool. Central to this process was the use of the AI tool Elicit (Elicit, n.d.), which was used to 

assist with the systematic coding of data. The software allows uploading full-text articles, which 

can then be analyzed based on predefined criteria. Specifically, a table was generated with 

the columns “tools,” “challenges,” and “opportunities” as the primary output variables. The 

explicit focus on advanced digital tools was specified within the search criteria, ensuring that 

the analysis remains tightly aligned with the research objectives. By comparing the results of 

traditional manual screening with those derived from the AI tool, the process benefited from 

greater consistency and efficiency. Further, the coded data was subsequently categorized to 

identify patterns and themes across the publications. For digital tools, technologies were 

categorized by their functionality. Challenges were grouped into five distinct dimensions: 

technological, environmental, economical, social, and political aspects. Opportunities were 

categorized into technological advancements, efficiency and optimization, resilience and 

adaptation, and social dimensions. This approach ensured that the analysis captured the 

complexity and interplay of factors influencing the adoption and effectiveness of digital tools in 

the water sector.  
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3. Characterization of the generated publications 

The selected publications span the period from 2015 to 2024, with a significant concentration 

of publications—21 out of 30 (70%)—published since 2021. This reflects the rapid 

development and increasing adoption of advanced digital tools in water management during 

recent years. By including publications from as early as 2015, it is possible for the review to 

capture an overview of how the field has evolved over the past decade.  

 

 

Figure 2: Number of publications included in the literature review per year. 

 

The interdisciplinary scope of the research is reflected in the range of academic fields it draws 

upon, including hydrology, water management, environmental engineering, computer science, 

urban planning, public policy, environmental studies, and social sciences. This diversity of 

disciplines highlights the interdisciplinary and complex nature of digitalization and digital 

transformation in water management, where technical, environmental, and societal dimensions 

intersect. However, contributions from the social sciences and public policy are comparatively 

underrepresented in the analyzed literature. While the distinction between natural and social 

sciences is not always rigid, the analysis reveals that of the 30 selected papers, 23 primarily 

align with natural science content and methods, while only 7 focus mainly on social science 

perspectives. 

Geographically, the publications show a mix of global, multinational, and local focuses. While 

several articles provide insights with broad applicability, others present specific case studies 

and experiments from diverse regions, such China (Yangzhou City, Jiangsu Province), 

Denmark, France, German-speaking nations (Germany, Austria, Switzerland), Italy (Apulia 
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and Southern Italy), Kenya (Nairobi), Namibia (Windhoek), and Slovenia (Ljubljana). Although 

the sample size is not large enough to draw significant conclusions about geographical trends, 

European regions appear to be particularly prominent. However, it is important to note that 

findings from localized studies can often be applied to other contexts. In terms of the urban-

rural divide, the majority of publications focus rather on urban areas than on rural settings. This 

is consistent with the research scope, as challenges related to drinking water management 

and digital transformation are frequently examined in urban contexts.  

The examined publications include different types but are mostly peer-reviewed articles. Out 

of the 30 sources, 24 are peer-reviewed scientific journal articles, complemented by two book 

chapters and four conference papers. The inclusion of conference papers enriches the 

integrative literature review by capturing cutting-edge developments and preliminary findings, 

which are particularly valuable in exploring an emerging topic like digital transformation in the 

water sector. This combination of sources provides a well-rounded basis for understanding the 

state of the art and identifying trends and gaps in the existing body of literature. 
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4. Results 

4.1. Tools 

The use of advanced digital tools in water management can improve the efficiency and 

effectiveness of water supply systems. These tools help to optimize water distribution, improve 

efficiency, and identify potential problems before they occur. This section outlines the 

advanced digital tools identified in the literature review, which are grouped into four main 

categories: monitoring and data collection tools, data transmission and communication tools, 

data processing and analysis tools, and integrated management systems. It is important to 

note that these tools are interconnected–for example, monitoring tools depend on 

communication tools to transmit data, which is then analyzed by processing tools.  

 

4.1.1. Monitoring and data collection tools 

Monitoring and data collection are foundational steps in water management whereby advanced 

digital tools contribute to accurate, real-time data which is essential for decision-making. The 

tools found in the examined publications are described in Table 1 and include Smart Sensors, 

Smart Water Meters, Ultrasonic Flow Meters, IoT, and Wireless Sensor Networks.  

 

Table 1 

Monitoring and data collection tools.  

Tools Functionality Publications 

Smart 

Sensors 

Smart Sensors are advanced 

digital devices designed to monitor 

water quality, usage, or flow in real time. 

These sensors provide accurate, 

continuous data, enabling early 

detection of issues like contamination or 

inefficiencies. Their ability to integrate 

with apps or automated systems makes 

them essential for modern water 

management in homes, industries, and 

environmental monitoring. They can be 

Adedeji, 2022; Almazyad et al.; 

2023; AlGhamdi and Sharma, 2022; 

Apráez, 2021; Bhardwaj et al., 2021; 

Colchester et al., 2017; Daniel et al., 

2023; Dada et al., 2024; Eggimann et 

al., 2017; Fattoruso et al., 2015; 

Farmanullah et al., 2021; Heland et al., 

2015; Henriksen et al., 2022; Joseph et 

al., 2022; Kanyama et al., 2024B; 

Kenda et al., 2022; Liu et al., 2019; 

Müller-Czygan et al., 2021; 
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connected to other advanced digital 

tools such as IoT or AI. 

Oberascher et al., 2022; Pekmez, 

2021. 

Smart 

Water Meters 

Smart Water Meters can 

measure water consumption and 

transmit data remotely to utilities at 

frequent intervals. They enable real-

time monitoring of water usage and can 

detect leaks quickly. Smart meters are 

considered digital tools since they 

collect high-resolution consumption 

data electronically and communicate it 

wirelessly to centralized systems for 

analysis. 

AlGhamdi and Sharma, 2022; 

Apráez, 2021; Daniel et al., 2023; 

Eggimann et al., 2017; Heland et al., 

2015; Henriksen et al., 2022; Joseph et 

al., 2022; Kanyama et al., 2024A; 

Kanyama et al., 2024B; Koop et al., 

2021; Müller-Czygan et al., 2021; 

Oberascher et al., 2022; Pekmez, 

2021; Popartan et al., 2022. 

Ultrasonic 

Flow Meters 

Ultrasonic Flow Meters use 

sound waves to measure the velocity of 

water flow within pipes and thereby 

calculate flow rates with high accuracy. 

They offer precise measurements of 

water consumption and are especially 

useful for monitoring large-scale water 

distribution systems. 

Kanyama et al., 2024B. 

IoT IoT devices consist of 

interconnected sensors, actuators, and 

communication modules that collect 

and share data in real-time over the 

internet. In water management, these 

devices monitor various parameters 

such as supply, consumption, and 

quality across multiple points in the 

system. Unlike standalone sensors, IoT 

devices are integrated into a network, 

enabling remote monitoring, automated 

control, and system-wide coordination. 

Adedeji, 2022; Almazyad et al., 

2023; AlGhamdi and Sharma, 2022; 

Apráez, 2021; Bhardwaj et al., 2021; 

Carratu et al., 2023; Colchester et al., 

2017; Dada et al., 2024; Dogo et al., 

2019; Eggimann et al., 2017; 

Farmanullah et al., 2021; Heland et al., 

2015; Hoolohan et al., 2021; Joseph et 

al., 2022; Kanyama et al., 2024B; 

Kenda et al., 2022; Liu et al., 2019; 

Müller-Czygan et al., 2021; 

Oberascher et al., 2022; Pekmez, 

2021. 

Wireless 

Sensor Network 

(WSN) 

WSNs consist of interconnected, 

battery-powered sensors that 

communicate wirelessly to collect and 

AlGhamdi and Sharma, 2022; 

Almazyad et al., 2023; Apráez, 2021; 

Bhardwaj et al., 2021; Colchester et al., 
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share data over large geographic 

areas. These networks are designed for 

monitoring parameters such as water 

quality, flow rates, and pressure in 

environments where using wired 

infrastructure is impractical or costly. 

WSNs operate autonomously, with 

individual sensors forming a self-

organizing network capable of 

transmitting data to a central hub or 

cloud-based system. 

2017; Dogo et al., 2019; Farmanullah 

et al., 2021; Joseph et al., 2022; Liu et 

al., 2019. 

 

4.1.2. Data transmission and communication tools 

Data transmission and communication tools are essential for ensuring that data is reliably 

transferred from sensors to central systems for analysis and decision-making. The findings 

from the literature review include Sensor Web Enablement, Edge Gateways, and Advanced 

Metering Infrastructure, as further described in Table 2.  

 

Table 2 

Data transmission and communication tools.  

Tools Functionality Publications 

Sensor Web 

Enablement 

(SWE) 

SWE is a framework that helps bring 

together real-time and historical data from 

different sensors, making it easier to access and 

integrate information from various sources. It 

improves communication between different 

sensor networks, allowing them to share data 

effectively and work together seamlessly. 

Fattoruso et al., 2015. 

Edge 

Gateways 

In smart water networks, Edge Gateways 

collect data from smart meters and sensors, 

aggregate it, and perform basic processing such 

as filtering or data reduction. Then they send it 

to centralized systems for more detailed 

analysis. This reduces the amount of data 

transmitted and helps improve efficiency by 

handling some processing locally. 

Bhardwaj et al., 2021; 

Kanyama et al., 2024A.  
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Advanced 

Metering 

Infrastructure 

(AMI) 

AMI systems enable the reliable 

transmission of data from smart meters to utility 

central systems, ensuring seamless 

communication for analysis and decision-

making. By automating data transfer, they 

support real-time monitoring of water usage, 

facilitate leak detection, and enhance billing 

accuracy through precise consumption data. 

Adedeji, 2022; Apráez, 

2021; Daniel et al., 2023; 

Joseph et al., 2022; Kanyama 

et al., 2024A; Mkireb et al., 

2019; Pekmez, 2021. 

 

4.1.2. Data processing and analysis tools 

Data processing tools help analyze the data gathered from monitoring systems, turning raw 

data into usable information for decision-makers. Table 3 describes Cloud Computing, Artificial 

Intelligence and Machine Learning, Decision Support Systems, Big Data Platforms, and 

Blockchain.  

 

Table 3 

Data processing and analysis tools. 

Tools Functionality Publications 

Cloud 

Computing 

Cloud Computing provides large 

amounts storage and computing 

power to manage vast volumes of 

water-related data. These platforms 

enable water utilities to store, analyze, 

and visualize data on water usage and 

quality, facilitating better decision-

making and resource management. 

Adedeji, 2022; AlGhamdi and 

Sharma, 2022; Almazyad et al., 2023; 

Daniel et al., 2023; Farmanullah et al., 

2021; Heland et al., 2015; Liu et al., 

2019; Joseph et al., 2022; Müller-

Czygan et al., 2021; Oberascher et al., 

2022; Pekmez, 2021. 

Artificial 

Intelligence (AI) 

and Machine 

Learning (ML) 

AI and ML techniques are used 

to analyze large datasets for tasks like 

anomaly detection, prediction, and 

optimization. ML algorithms identify 

irregular patterns in water usage, such 

as leaks or inefficiencies, and forecast 

future demand or quality issues. 

Methods like gradient boosting and 

convolutional neural networks are 

Adedeji, 2022; Almazyad et al., 

2023; Bhardwaj et al., 2021; Carratu 

et al., 2023; Ciliberti et al., 2021; 

Colchester et al., 2017; Dada et al., 

2024; Dogo et al., 2019; Eggimann et 

al., 2017; Farmanullah et al., 2021; 

Henriksen et al., 2022; Hoolohan, C. 

et al., 2021; Joseph et al., 2022; 

Kanyama et al., 2024B; Kenda et al., 
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applied for specific tasks, such as 

detecting leaks in images or classifying 

water flow patterns. 

2022; Koch et al., 2021; Liu et al., 

2019; Müller-Czygan et al., 2021; 

Oberascher et al., 2022; Pekmez, 

2021; Popartan et al., 2022. 

Decision 

Support System 

(DSS) 

DSS, powered by AI, assists 

water managers in making informed 

decisions by analyzing real-time data. 

These systems support operational 

choices, such as optimizing treatment 

processes or adjusting water 

distribution based on demand. 

Adedeji et al., 2022; Müller-

Czygan et al., 2021; Popartan et al., 

2022. 

Big Data 

Platforms 

Big Data Platforms manage 

large volumes of data generated by 

sensors and monitoring systems. They 

are used for impact analysis, 

forecasting water consumption, and 

assessing climate risks related to 

water resources. 

Adedeji et al., 2022; Henriksen 

et al., 2022; Hoolohan et al., 2021; 

Kenda et al., 2022; Müller-Czygan et 

al., 2021; Pekmez, 2021; Popartan et 

al., 2022. 

Blockchain Blockchain technology is 

emerging as a solution to improve data 

security and integrity in water 

management. It offers a decentralized 

system that enhances transparency, 

traceability, and trust in IoT-generated 

water data.  

Dada et al., 2024; Hoolohan, C. 

et al., 2021; Müller-Czygan et al., 

2021. 
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4.1.3. Integrated management systems 

Integrated management systems combine data from various sources to support informed 

decision-making and optimize water resources. They include Digital Twins, Cyber-Physical 

Systems, and Smart Grid Technologies, as described in Table 4.  

 

 

Table 4 

Integrated management systems. 

Tools Functionality Publications 

Digital 

Twins 

A Digital Twin is a virtual model of physical 

water infrastructure. It integrates real-time data 

with simulations, and thus helps utilities to predict 

system behavior, optimize operations, and 

support asset management and climate change 

adaptation. 

Henriksen et al., 2022; 

Ciliberti et al., 2021; Dada et 

al., 2024; Pekmez, 2021.  

Cyber-

Physical 

System (CPS) 

CPS integrates physical water 

infrastructure with digital monitoring, control, and 

optimization tools. They enable real-time, data-

driven management, allowing for continuous 

monitoring and control of water systems. 

Bhardwaj et al., 2021; 

Almazyad et al., 2023; Adedeji, 

2022; Kanyama et al., 2024B; 

Kenda et al., 2022. 

Smart 

Grid 

Technologies 

Smart grids manage water distribution by 

integrating sensors, data analytics, and 

automation to optimize flow and reduce waste. 

They allow utilities to adjust dynamically to 

demand changes and improve energy efficiency 

in water systems. 

Mkireb et al., 2019; 

AlGhamdi and Sharma, 2022. 

 

4.1.4. Overview tools 

Figure 3 illustrates the frequency of publications that mention the different advanced digital 

tools. Among them, Smart Sensors, Smart Water Meters, IoT, as well as AI and ML, are 

referenced most often. Additionally, the visualization highlights that the tools within the 

categories of ‘monitoring and data collection’ and ‘data processing and analysis’ are most 

frequently discussed in the reviewed publications. 
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Figure 3: Overview of advanced digital tools. 

 

4.2. Challenges 

The reviewed publications discuss various challenges related to the use of advanced digital 

tools in the management of groundwater and drinking water. These challenges can either 

hinder the adoption of digitalization or create negative side effects when implemented. 

Recognizing these challenges is crucial for addressing them and ensuring an overall effective 

implementation. The following section organizes the literature review findings about challenges 

in five key areas: technical, ecological, economical, social, and political. 

 

4.2.1. Technical challenges 

Technical challenges can arise both from the tools themselves and the systems they interact 

with, impacting data collection, system integration, and overall reliability. While monitoring tools 

such as sensors and IoT devices enable precise monitoring, researchers have highlighted 

them as vulnerable to environmental factors, for example extreme temperatures, sediment 

build-up, and chemical corrosion in water systems. Sensors used for water quality monitoring 

may degrade in high salinity or turbidity environments, decreasing the accuracy of 

measurements (Adedeji, 2022; Farmanullah et al., 2021). Aging water infrastructure poses 

obstacles to the implementation of advanced digital tools and smart water management 

systems, largely due to the difficulty of integrating modern technologies with outdated systems 

(Apráez, 2021; Pekmez, 2021). Generally, limited standardization and interoperability are 

mentioned as challenges for water management digitalization. Apráez (2021) argues that the 
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water sector has a comparably lower level of maturity regarding “the integration and 

standardization of ICT solutions, their business processes and the related implementation in 

the legislative framework”. This lack of standardization and interoperability hinders data 

sharing, collaboration among utilities, and the integration of different smart water technologies 

(Adedeji, 2022; Apráez, 2021; Bhardwaj et al., 2021; Fattoruso et al., 2015; Joseph et al., 

2022). The large volumes of data generated by tools like IoT devices, WSNs, and smart 

meters present challenges in storage, processing, and analysis. While Cloud Computing and 

Big Data Platforms may offer solutions, the high computational power required can cause 

delays and increase costs. Additionally, even with these technological advancements, many 

organizations struggle with how to effectively interpret and apply vast amounts of data, leading 

to challenges in decision-making and action (Adedeji, 2022; Kanyama et al., 2024B; Liu et al., 

2019; Pekmez, 2021).  Another challenge publications bring up is the data quality. Data 

collected from sensors can be “inherently uncertain, incomplete and inconsistent” (Eggimann 

et al., 2017), for example due to environmental factors. Thus, addressing data-quality and 

uncertainty of different data sources is a key challenge for data-driven approaches in urban 

water management. The success of advanced analytics, AI and ML techniques depends 

strongly on the quality of the data input (Adedeji, 2022; Dogo et al., 2019; Eggimann et al., 

2017; Kenda et al., 2022). Another observed challenge is the general limitation of 

technologies. Despite the advancements in digital tools, technologies still face significant 

constraints that affect their overall effectiveness. For instance, it has been observed that 

computational limitations can hinder the ability to process and analyze large-scale 

environmental data in real-time (Bhardwaj et al., 2021; Koch et al., 2021). The increasing 

adoption of digital technologies, particularly CPS and IoT, in water distribution networks has 

introduced new levels of cybersecurity vulnerabilities. These digital systems create larger 

attack surfaces, meaning there are more potential entry points for cybercriminals to exploit. As 

more devices and systems are interconnected, the risk of a successful cyberattack increases, 

as hackers can target vulnerabilities in connected devices, communication networks, or even 

software platforms. Furthermore, as water systems become more reliant on digital 

technologies, the potential consequences of cyberattacks grow. Several authors warn that if 

critical water management functions are disrupted, the impact on water supply and quality 

could be severe, affecting public health and safety (Adedeji et al., 2022; Almazyad et al., 2023; 

Apráez, 2021; Bhardwaj et al., 2021; Daniel et al., 2023; Dada et al., 2024; Eggimann et al., 

2017; Kanyama et al., 2024A; Kanyama et al., 2024B; Oberascher et al., 2022).  
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4.2.2. Ecological challenges 

An increased energy consumption of advanced digital tools is mentioned by Carratu et al. 

(2023): “Machine learning approaches enabled image processing techniques also in 

uncontrolled environments, overcoming the classical methods but introducing new challenges 

such as power consumption”. Other authors rather imply this issue but do not explicitly mention 

it, for example when AlGhamdi and Sharma (2022) mention that IoT devices upload 

information to the cloud for evaluation. This implies energy consumption for data transmission. 

Therefore, energy consumption is (implicitly) mentioned but not necessarily framed as an 

ecological challenge.  

 

4.2.3. Economical challenges 

Several publications bring up economical challenges as severe barriers to adopting advanced 

digital tools, particularly in underfunded or resource-constrained contexts. The installation and 

deployment of advanced tools comes with high initial costs which require substantial capital 

investment. These costs can be restraining for utilities in low- and middle-income regions 

(Apráez, 2021; Daniel et al., 2023; Dada et al., 2024; Eggimann et al., 2017; Farmanullah et 

al., 2021; Joseph et al., 2022; Müller-Czygan et al., 2021; Oberascher et al., 2022). Beyond 

initial investment, ongoing operational and maintenance costs connected to maintenance, 

data management, and cybersecurity, add to the financial burden. For example, maintaining 

WSNs or replacing outdated IoT devices can be a challenge to utilities budgets (Joseph et al., 

2022; Müller-Czygan et al., 2021; Oberascher et al., 2022; Pekmez, 2021). This leads to cost-

benefit uncertainty. As Eggimann et al. (2017) state: “clear evidence for a beneficial cost-

benefit ratio that would justify widespread implementation of a more data-driven [urban water 

management] is generally missing”. Thus, the long-term financial benefits of implementing 

digital tools, such as savings from leak detection or optimized energy use, may be difficult to 

quantify or realize immediately. According to several authors (Adedeji, 2022; Eggimann et al., 

2017; Joseph et al., 2022; Müller-Czygan et al., 2021), this uncertainty can hinder investment 

in advanced digital technologies.  

 

4.2.4. Social challenges 

The analyzed literature argues that social challenges arise from the potential negative impacts 

that digitalization can have on people, as well as from social conditions that may hinder its 

adoption. Authors have observed a resistance to change regarding digitalization in the water 
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management sector. Adopting advanced tools often requires changes in traditional water 

management practices, with utilities and stakeholders showing hesitancy in transitioning to 

digital systems. This resistance is evident in the slow adoption rates, as Daniel et al. (2023) 

note: “Although digitization has experienced an enormous surge in development over the last 

five years and numerous solutions are available to address the challenges described 

previously, there is still a large gap between the scope of offerings and their implementation”. 

The gap between available solutions and their implementation is significant, with Müller-

Czygan et al. (2021) reporting that “[o]nly 11% of roughly 700 identified products, projects and 

studies relate to real applications”. They argue that reasons for this resistance include 

unfamiliarity, skepticism about reliability, and the perception that new solutions do not 

adequately consider everyday problems (Daniel et al., 2023; Müller-Czygan et al., 2021). 

Implementing advanced tools and utilizing the data they generate for decision-making 

demands a workforce with specialized expertise in engineering, statistics, and computer 

science. A shortage of adequately trained personnel is a significant barrier to digitalization 

projects, with limited internal expertise cited as a major obstacle to digitalization projects 

(Eggimann et al., 2017; Dada et al., 2024; Müller-Czygan et al., 2022; Pekmez, 2021). The 

implementation of smart metering and detailed water consumption data collection raises 

significant privacy concerns. Smart meters capture personal data related to water 

consumption, which can reveal intimate details about household activities as they give insights 

about user-specific behavior and lifestyles (Apráez, 2021; Bhardwaj et al., 2021; Dada et al., 

2024; Eggimann et al., 2017; Farmanullah et al., 2021; Hoolohan et al., 2021; Koop et al., 

2021; Oberascher et al., 2022; Popartan et al., 2022). Apráez (2021) describes that these 

privacy concerns have led to public resistance in some cases, as evidenced by the initial 

rejection of smart metering bills in the Netherlands due to worries about detailed consumption 

data collection. Further, digital water technologies can potentially exacerbate existing social 

and spatial inequalities. The tools can offer benefits to the users, but at the same time remain 

unevenly accessible and subject to the same distributional injustices as other public 

infrastructures, particularly affecting marginalized communities. Some publications highlight 

concerns that these technologies may reinforce existing power imbalances and contribute to 

the commodification of water resources. This could potentially undermine basic human dignity 

and the right to water, particularly for low-income households, who for example could be forced 

to ration essential water use (Farmanullah et al., 2021; Hoolohan et al., 2021; Popartan et al., 

2022). 
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4.2.5. Political challenges 

Our research finds that some of the examined publications see the lack of effective 

regulation as a barrier to the digital transformation in water utilities. The lack of standardized 

rules for installing digital technologies can discourage utilities from upgrading their systems. 

Moreover, outdated or poorly adapted regulatory policies often fail to drive progress, as current 

regulations rarely influence utilities' decisions to invest in digitalization. This regulatory gap can 

further reduce the willingness of infrastructure operators to adopt new technologies for water 

management (Daniel et al., 2023; Joseph et al., 2022; Oberascher et al., 2022). 

 

4.2.6. Overview challenges 

Figure 4 illustrates the frequency of publications mentioning the different categories of 

challenges. The most frequently cited challenges include cybersecurity and data privacy as 

well as high initial costs. Most of the issues fall under the category of ‘technical challenges’. 

Notably, ecological and political challenges are significantly underrepresented in the 

discussions. 

 

 

Figure 4: Overview of challenges. 
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4.3. Opportunities  

The next section outlines the opportunities cited by publications in relation to digitalization and 

digital transformation in the groundwater and drinking water sectors. They are classified into 

categories of technological advancements, efficiency and optimization, resilience and 

adaptation, and social dimension.  

 

4.3.1. Technological advancements 

The benefit of advanced digital tools providing real-time data is often highlighted in 

publications, as it offers instant insights that can greatly improve water management. Smart 

Sensors and Smart Water Meters continuously collect data on key parameters like water 

consumption, quality, and pressure, which provides both users and utilities with live data. This 

constant flow of information forms the foundation for various opportunities, such as leak 

detection, demand forecasting, water quality monitoring, and infrastructure optimization. Thus, 

it lays the groundwork for smarter, more responsive water management systems (Adedeji et 

al., 2022; Bhardwaj et al., 2021; Apráez, 2021; Fattoruso et al., 2015; Henriksen et al., 2022; 

Farmanullah et al., 2021; Kenda et al., 2022; Koop et al., 2021; Liu et al., 2019; Mkireb et al., 

2019; Oberascher et al., 2022; Pekmez, 2020). One of the most frequently mentioned benefits 

of real-time data is its ability to enhance monitoring through automated and continuous 

measurement of water consumption. This improved monitoring capability supports the early 

detection of anomalies, more effective identification of leaks, continuous tracking of water 

quality, and optimized infrastructure operations. By using real-time data, utilities can move 

toward more proactive and efficient management of water resources and infrastructure, 

ensuring that potential issues are addressed before they escalate (Carratu et al., 2023; Ciliberti 

et al., 2021; Eggimann et al., 2017; Fattoruso et al., 2015; Henriksen et al., 2022; Farmanullah 

et al., 2021; Kanyama et al., 2024A; Kanyama et al., 2024B; Koch et al., 2021; Koop et al., 

2021; Mkireb et al., 2019; Oberascher et al., 2022). The generated data can also be used for 

predictive analytics which improves the resilience and efficiency of water systems. 

Concretely, ML and AI analyze historical and present data to identify trends, detect patterns, 

and predict future fluctuations in water quality. This enables the optimization of chemical 

dosages, energy use, and the overall effectiveness of water processes. Further, these tools 

can forecast equipment failures, minimizing system downtime and reducing maintenance costs 

(Bhardwaj et al., 2021; Daniel et al., 2023; Dada et al., 2024; Eggimann et al., 2017; Fattoruso 

et al., 2015; Kenda et al., 2022). While interoperability and integration are often seen as 

obstacles to digitalization in water management, Ciliberti et al. (2021) and Oberascher et al. 

(2022) bring up that digital advancements can be opportunities to overcome this challenge. 
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They argue that digital tools enable the seamless integration of diverse technologies and data 

sources, enhancing overall system functionality. For example, the framework from Ciliberti et 

al. (2021) incorporates Digital Twins with specialized algorithms, which supports flexible 

analysis across different management levels. Similarly, Oberascher et al. (2022) emphasize 

the importance of a middleware layer to ensure smooth integration with other infrastructure 

systems, promoting the effective use of digital tools and communication technologies in smart 

water cities. These frameworks show that advanced digital tools can also foster interoperability 

(Ciliberti et al., 2021; Oberascher et al., 2022). Also, cybersecurity and infrastructure 

protection can be viewed not only as challenges but also as opportunities in the context of 

digital tools in water management. According to Almazyad et al. (2023), advanced anomaly-

based detection systems use digital tools to identify cyber-physical attacks on water quality 

with high precision, pinpointing the source of abnormal activity and supporting mitigation efforts 

to protect water infrastructure. Digitalization also enables automated fault detection, allowing 

for quick responses to unusual processes, including potential cyberattacks. Additionally, digital 

technologies can help develop contamination warning systems and tools to detect cyber-

physical threats, thereby enhancing the security of water distribution networks.  

 

 

4.3.2. Efficiency and optimization 

Water and energy efficiency are frequently highlighted as key benefits of digital tools in water 

management, consequently leading to economic optimization. Several publications mention 

water and energy efficiency as benefits of digital water management systems. The provision 

of real-time data can encourage users to monitor and reduce their consumption, while the 

integration of IoT and AI technologies boosts system efficiency through predictive maintenance 

and optimized operations. Advanced monitoring tools improve groundwater and irrigation 

systems, which is particularly valuable in water-scarce regions. Additionally, smart demand 

management helps reduce energy consumption and utility costs by enhancing system 

performance. For example, model predictive control schemes in water distribution networks 

can achieve energy savings of up to 10% (Daniel et al., 2023). By conserving both water and 

energy, these technologies contribute to significant reductions in greenhouse gas emissions 

(Adedeji et al., 2022; AlGhamdi et al., 2022;  Apráez, 2021; Carratu et al., 2023; Ciliberti et al., 

2021; Dada et al., 2024; Daniel et al., 2023; Heland et al., 2015; Henriksen et al., 2022; Joseph 

et al., 2022; Kanyama et al., 2024A; Koop et al., 2021; Oberascher et al., 2022; Popartan et 

al., 2022). A frequently cited example of how digital tools in water management can improve 

efficiency is their ability to detect leaks and failures in water distribution systems. Smart 
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Sensors, IoT devices, ML and AI enable real-time monitoring and analysis of water network 

data, facilitating the rapid identification of anomalies such as leaks and pipe bursts. Through 

implementing these digital solutions, utilities can reduce water losses, improve operational 

efficiency, and enable more timely maintenance interventions, ultimately enhancing the 

performance and reliability of water distribution systems (Adedeji et al., 2022; AlGhamdi et al., 

2022;  Apráez, 2021; Carratu et al., 2023; Ciliberti et al., 2021; Dada et al., 2024; Daniel et al., 

2023; Heland et al., 2015; Joseph et al., 2022; Kanyama et al., 2024A; Koop et al., 2021; 

Oberascher et al., 2022; Popartan et al., 2022). Consequently, cost optimization can be a 

significant economic benefit of enhanced efficiency in smart water management systems. For 

instance, a study looking at one utility found that by “reducing daily water losses by half (=104 

000 cubic meters) the water service provider could save an estimated US 9 million annually” 

(Heland et al., 2015). Cloud-based solutions and software-as-a-service platforms can further 

reduce costs by decreasing the need for expensive on-premise infrastructure (AlGhamdi et al., 

2022; Dogo et al., 2019; Heland et al., 2015; Farmanullah et al., 2021; Koop et al., 2021; 

Pekmez, 2020). 

 

4.3.3.  Resilience and adaptation 

Some publications emphasize the importance of digital technologies in climate adaptation and 

risk management within water systems. These technologies can enable data-driven decision-

making, enhance resilience to climate impacts, and support decentralized, flexible solutions 

for both urban and remote areas. Digital tools are connected to enhancing climate adaptation 

and risk management in water management systems. Technologies like Digital Twins and 

ML can offer high-resolution information and simulations, enabling more informed decision-

making for climate adaptation planning. They provide accurate assessments of climate change 

impacts, helping to identify vulnerable areas and evaluate potential risks. Concretely, digital 

solutions can improve flood and drought risk management through real-time monitoring, 

forecasting, and early warning systems (Eggimann et al., 2017; Henriksen et al., 2022; Müller-

Czygan et al., 2021). Decentralized and adaptive systems, powered by advanced digital 

tools such as IoT and AI, can offer significant benefits, especially in emerging economies. 

These technologies have the potential to enable leapfrogging traditional centralized 

infrastructure by facilitating local water treatment at the community or individual level. This 

reduces dependence on large treatment plants and provides flexible solutions for both urban 

and remote areas. Data-driven approaches can improve on-site treatment by enabling 

customized solutions, while digital tools enhance monitoring and maintenance, addressing 

challenges like high operational costs and unreliable performance. As a result, decentralized 
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systems present a practical alternative or complement to centralized systems (Dada et al., 

2024; Eggimann et al., 2017; Heland et al., 2015; Hoolohan et al., 2021). 

 

4.3.4. Social dimension 

The potential of digital water management tools to improve water quality monitoring, safeguard 

public health, boost consumer involvement, enhance transparency, and promote data-driven 

decision-making has been highlighted as an opportunity. These advancements can help create 

more resilient and accessible water systems. Several publications stress that digital tools in 

water management can enhance water quality monitoring and public health protection by 

enabling continuous monitoring, rapid contaminant detection, and faster responses to issues 

through real-time sensors, IoT, and Cloud Computing. Further, ML has the potential to improve 

predictions for water table depths and contamination events, while AI-driven models and 

wastewater-based epidemiology provide early warnings for infectious diseases and 

contaminants. Overall, this offers insights into public health trends (Adedeji et al., 2022; Dada 

et al., 2024; Dogo et al., 2019; Eggimann et al., 2017; Fattoruso et al., 2015; Hoolohan et al., 

2021; Farmanullah et al., 2021; Liu et al., 2019; Pekmez, 2020; Popartan et al., 2022). 

Transparency can be seen as another significant benefit of digitalization in water 

management systems. Heland et al. (2015) argue that adopting smart water concepts 

improves information sharing about water resources and consumption, while also enhancing 

accountability. In a survey of water industry participants, Müller-Czygan et al. (2021) found that 

transparency on information was the most anticipated benefit of digitalization. Moreover, 

industry users expressed a strong preference for transparency in the internal processes of 

digital systems, which could, in turn, drive the adoption of advanced digital tools (Heland et al., 

2015; Müller-Czygan et al., 2021). Consumer engagement and awareness are seen as 

further benefits of digital water management. Smart Water Meters enable consumers to adjust 

their usage, saving costs and conserving resources. Visualization tools linked to these meters 

make consumption data more accessible, encouraging more conscious water use. Digital 

platforms also improve communication between utilities and consumers, offering features like 

leak detection alerts and issue reporting, which enhance service delivery and customer 

satisfaction (AlGhamdi et al., 2022; Apráez, 2021; Heland et al., 2015; Hoolohan et al., 2021; 

Joseph et al., 2022; Kanyama et al., 2024A; Koop et al., 2021; Popartan et al., 2022). Digital 

tools have the potential to transform water management by enhancing data-driven decision-

making processes. These technologies provide stakeholders with unprecedented access to 

information, enabling more informed and responsive water management strategies. One 

example are Digital Twins, which offer detailed visualizations of hydrological data and climate 
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projections. They allow for better comprehension of complex data, supporting more inclusive 

climate adaptation and disaster risk planning. A line of argumentation is that through leveraging 

digital technologies, water managers are better equipped to respond to evolving social, 

environmental, and economic factors (Adedeji et al., 2022; Bhardwaj et al., 2021; Fattoruso et 

al., 2015; Henriksen et al., 2022; Joseph et al., 2022; Koch et al., 2021; Müller-Czygan et al., 

2021; Popartan et al., 2022). 

 

4.3.5.  Overview opportunities 

Figure 5 shows the frequency with which different opportunities are mentioned in the analyzed 

publications. The most frequently cited opportunities include real-time data, enhanced 

monitoring, water and energy efficiency, leak and failure detection, as well as improvements 

in water quality and public health. 

 

 

Figure 5: Overview of opportunities 

0 2 4 6 8 10 12 14 16

Real-time data

Enhanced monitoring

Predictive analytics

Interoperability and integration

Cybersecurity and infrastructure…

Water and energy efficiency

Leak and failure detection

Cost optimization

Climate adaptation and risk management

Decentralized and adaptive systems

Water quality and public health

Transparency

Consumer engagement and awareness

Data-driven decision-making



 

26 

 

5. Discussion 

5.1. Discussion of results  

Challenges 

Digitalization in the water sector involves interconnected challenges spanning technical, 

economical, social, ecological, and political dimensions. For example, outdated infrastructure 

(technical) often correlates with limited funding (economic) and regulatory gaps (political), 

illustrating the need for a holistic approach to addressing these issues. Broadly, the challenges 

found in our literature review fall into two categories: barriers to adoption and anticipated 

negative effects. Barriers to adoption refer to obstacles that delay or prevent the 

implementation of digital technologies. Anticipated negative effects, on the other hand, 

encompass concerns about potential side effects of digitalization, which can either directly 

hinder adoption or manifest as unintended consequences after implementation. 

 

Barriers to adoption 

Adopting digital solutions in the water sector faces significant barriers rooted in internal, 

economic, technological, and regulatory challenges. One aspect is that internal factors within 

water utilities are mentioned as reasons for the slow uptake of digital solutions. Resistance to 

change is noted in publications as a key obstacle, accompanied by a culture of skepticism 

regarding the value of new tools within the water management sector. This highlights the need 

for engaging stakeholders and demonstrating the tangible benefits of digitalization but also 

including their needs into developing digital solutions. The research has shown the workforce 

and expertise gap as an internal barrier; the lack of trained personnel in digital systems and 

data analytics prevents utilities from effectively utilizing new technologies. Addressing this 

challenge requires capacity-building efforts and targeted investments in workforce 

development. However, despite their critical importance, the internal dynamics within water 

utilities and the factors that contribute to the slow adoption of digital solutions are only 

considered in a few publications. Our analysis of the publications shows that economic 

challenges create significant barriers, particularly due to the high initial costs of advanced 

digital technologies. This issue is especially acute in low- and middle-income regions, where 

the upfront investment required for digitalization is often prohibitive. Although such 

technologies can provide long-term benefits, such as improved leak detection and operational 

efficiency, many utilities face short-term financial constraints that make these investments 

difficult. Further, although large-scale data generation is central to the transformative potential 

of digitalization, it also introduces significant challenges. A key issue is data management, as 
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digital systems generate information that must be effectively stored, processed, and 

analyzed—something many water utilities lack the infrastructure to handle. Closely related is 

the challenge of data quality and usability; inconsistent standards, poor data quality, and limited 

interoperability between systems significantly reduce the effectiveness of digital tools. Some 

publications mention technological barriers to play a role in hindering adoption. The impact of 

legacy systems is one of the primary challenges, as aging water infrastructure makes it difficult 

to integrate modern technologies. Significant investments would be needed to upgrade these 

systems and ensure interoperability between old and new technologies. Further, publications 

bring up the limitations of current advanced digital tools, as they are not always fully developed 

or robust enough to address the needs of water management. Another critical barrier lies in 

regulatory and policy challenges. The lack of standardized frameworks for digital technologies 

in the water sector discourages investment and holds back innovation and adoption, 

particularly in less developed markets. Without clear regulatory guidelines, utilities are hesitant 

to adopt digital tools, fearing risks associated with compliance and long-term feasibility. 

However, political challenges are brought up only rarely in the examined publications.  

 

Anticipated negative effects 

The adoption of digital technologies in the water sector can lead to potential negative side 

effects that require careful attention. A commonly noted factor is that as water systems grow 

increasingly dependent on digital tools, they become more vulnerable to cyberattacks. Two 

key risks emerge: the growing complexity of digital systems provides more opportunities for 

points of attack, and the consequences of such attacks become more severe with greater 

dependency on digital technologies. Additionally, privacy issues are frequently highlighted. 

Digital systems collect and process large quantities of data, some of which may include 

sensitive personal information. This raises ethical and legal questions about data storage, 

sharing, and protection, which can increase resistance to digitalization efforts. While 

digitalization aims to make water management more efficient, it also raises ecological 

concerns, particularly regarding energy consumption. Advanced digital tools like IoT, ML, AI 

and cloud computing often require substantial energy resources, thereby increasing the 

environmental footprint. Despite its importance, the issue of increased energy demand is 

addressed rather implicitly in the examined publications. From an economical perspective, in 

addition to the high initial costs, digital systems often include significant ongoing operational 

and maintenance expenses. Furthermore, uncertainty about the cost-benefit ratio of digital 

tools increases financial risks, making it harder for utilities to predict and manage potential 

monetary consequences. Publications that examine the broader social impacts of digitalization 

highlight its potential to exacerbate existing inequalities. They argue that regions with limited 

financial or technical resources are less likely to adopt and sustain advanced digital tools. This 
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could lead to increasing disparities in the quality of water management services between well-

resourced and under-resourced areas, further widening social and spatial inequalities. 

 

Opportunities 

The opportunities mentioned by the examined publications are primarily linked to generating 

data, analysis and prediction, and leveraging the findings for informed decision-making. 

However, whether something is framed as an opportunity, or a challenge often depends on the 

context and perspective. Generally, opportunities are mentioned more frequently than 

challenges in the reviewed publications, reflecting an optimistic outlook on the transformative 

potential of digitalization. 

 

The role of data 

Many authors stress the value of digital tools in water management regarding their ability to 

generate data. Real-time data is continuously collected through technologies like Smart 

Sensors or Smart Water Meters, which monitor parameters such as consumption, pressure, 

and water quality. One of the benefits of this data availability is the empowerment it provides 

to consumers. With the ability to track water usage in real time, consumers can set 

conservation goals, modify behaviors, and reduce costs more easily. Smart meters and data 

visualization tools offer clear, actionable insights, encouraging more sustainable water 

practices. At the utility level, having access to real-time data enhances monitoring capabilities, 

enabling early detection of issues such as leaks, contamination, and system inefficiencies. 

This shift from reactive to proactive management is seen as a critical advantage, allowing for 

faster responses and more effective resource allocation. Real-time data access by users, 

utilities, and policymakers increases transparency in water management. However, the level 

of transparency depends heavily on how data is shared—whether it is open-source or 

restricted can significantly impact outcomes.  

 

Data analysis and prediction 

The generation of real-time data lays the groundwork for informed decision-making, but its true 

value is unlocked through effective processing and analysis. Researchers have highlighted 

advancements like predictive analytics, where tools such as ML and AI help utilities process 

real-time data, identify patterns, and predict events like equipment failures or changes in water 

quality. These insights allow for proactive interventions, improving system reliability and 

efficiency. Integrative technologies such as Digital Twins further enhance these benefits, 

combining real-time data with simulations to model scenarios, optimize systems, and predict 

future challenges. This integration is key to improving resilience to climate change, as 

predictive models help stakeholders manage climate risks such as floods and droughts, 
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guiding disaster preparedness and adaptation strategies. Water quality monitoring also relies 

heavily on data analysis. By identifying pollution and facilitating faster reactions, ongoing real-

time surveillance together with a thorough analysis guarantees water safety. By improving 

forecast precision, predictive models help reduce health risks and advance sustainable water 

management. The reviewed publications highlight the optimization of water systems as 

another key opportunity, especially in relation to water and energy use. Predictive maintenance 

allows utilities to identify leaks and malfunctions early, leading to savings on repairs and 

reduced water and energy consumption. When this is applied on a larger scale, it can 

substantially contribute to efficiency, sustainability, and financial savings. Ultimately, the ability 

to process and analyze data empowers stakeholders to make data-driven decisions, optimizing 

operational efficiency while enhancing sustainability and resilience in water management. 

 

Framing as challenge or opportunity 

Many aspects of digital tools in water management can be viewed either as challenges or 

opportunities, depending on the perspective taken. For instance, interoperability between 

systems and technologies is commonly seen as a challenge, yet some scholars argue that 

digital tools hold the potential to foster greater interoperability. Ciliberti et al. (2021) and 

Oberascher et al. (2022) suggest that advanced technologies like Digital Twins and IoT can 

enhance system integration by enabling seamless data exchange across platforms. Similarly, 

cybersecurity concerns are almost exclusively framed as a risk in the context of digital tools. 

However, Almazyad et al. (2023) state that advanced digital tools can help to identify and 

mitigate cyber-physical attacks, thereby enhancing infrastructure security to some extent. 

Regional and contextual differences also influence how these tools are perceived. While some 

critics argue that digitalization may deepen social and spatial inequalities, others view digital 

solutions as a way for emerging economies to benefit from decentralized systems. They argue 

that decentralized systems, powered by advanced digital tools, could allow for localized and 

economical water treatment solutions without the necessity of extensive infrastructure. This 

decentralization offers more adaptable and customized approaches to water management, 

especially in low-income regions with limited infrastructure. In these contexts, digital tools 

present a more accessible alternative to traditional, centralized systems. Ultimately, whether 

digital tools are perceived as a challenge, or an opportunity depends on the context of the 

publications as well as the perspective on digitalization and digital transformation. 

 

Gaps in current research 

This review focused on groundwater and drinking water management. However, a challenge 

identified in the process of the literature review is that many publications have a broad focus. 

A number of studies focus on water management on a larger scale, such as urban water 



 

30 

 

systems. Although groundwater and drinking water are important components, there is a 

limited number of papers that focus specifically on these subjects. Additionally, the examined 

publications on digitalization in the water sector predominantly come from a technical and 

natural sciences perspective. This body of work tends to concentrate on technological 

challenges and opportunities without fully addressing the socio-political context in which these 

technologies are implemented. For example, research from fields like computer science and 

engineering often prioritizes technical aspects, such as sensor accuracy and data integration, 

but rarely explores the interconnected challenges these technologies may present. As a result, 

critical issues like water justice—ensuring equitable access to water resources—are often 

neglected. The same holds true for the perspective of informational politics, which shapes how 

water-related data is controlled, shared, or withheld. While digital tools enhance data 

availability, the governance of this information remains underexplored. Questions of who has 

access to data, how transparency is ensured, and whether digitalization reinforces existing 

power imbalances are rarely addressed in the examined literature. Another important issue 

that remains largely marginalized is the ecological impact of digitalization, including e-waste 

and resource consumption. These concerns are seldom discussed in depth within the 

publications. Another bias is the regional one, as much of the research focuses on urban water 

systems, with limited attention given to the distinct needs of rural or marginalized areas. The 

global applicability of digital solutions is also a significant concern. Technological solutions that 

are effective in one context may not be suitable elsewhere, for example due to differences in 

infrastructure, data availability, and financial resources. This is particularly relevant for low- 

and middle-income countries, where adoption barriers are more pronounced. If they are not 

carefully adapted to local contexts, digital solutions could inadvertently exacerbate 

environmental inequalities. Addressing these gaps presents significant opportunities for future 

research, helping to ensure that digital water management solutions are not only effective but 

also inclusive, sustainable, and adaptable to diverse global contexts. 

5.2. Discussion of methodology 

The methodology employed in this research turned out to be well-suited to answering the 

research questions. The use of an integrative literature review allowed for a synthesis of 

diverse publications, drawing from various disciplines such as environmental science, 

engineering, and social sciences. This broad approach facilitated a comprehensive analysis, 

as it captured a wide range of perspectives on digital tools, challenges, and opportunities in 

digitalization of groundwater and drinking water management. The flexibility of the method also 

allowed the inclusion of both quantitative and qualitative studies, further enhancing the 

diversity of viewpoints. The focus on recent technological advancements was another strength 



 

31 

 

of the methodology. The scope of the review led to findings based on publications from the 

past decade, with the majority of them published since 2021. This shows that the review 

captures the latest trends and innovations in digital tools, which is especially important given 

the rapid evolution of technology and its implications for water management. Another 

significant advantage was the dual data collection approach, combining traditional methods 

(Web of Science) with AI-powered tools (Elicit). This integration enhanced the breadth of data 

collection and ensured that relevant publications were included. The process of screening 

publications by title and abstract, followed by detailed full-text analysis, further strengthened 

the methodology. This systematic approach ensured that the most relevant publications were 

included in the final dataset, improving the quality of the review.  

Despite the strengths of the methodology, there were some challenges and limitations. One 

challenge encountered was the subjective nature of defining what qualifies as an ‘advanced’ 

digital tool. This could lead to some variability in the selection of publications, as different 

interpretations may influence the inclusion criteria. A common issue in literature reviews is the 

potential for bias, which was also present in this study. One such bias is citation bias, where 

certain topics or publications gain prominence simply because they are frequently cited by 

others. This can lead to an overrepresentation of certain perspectives, even if they are not as 

central to the research field as their citation count suggests. Additionally, the papers included 

in the review varied significantly in their relevance in contributing to the research questions. 

Some publications were far more substantial and dense in content, while others provided only 

limited insights. This created a challenge in maintaining consistency across the findings, as 

the weight of each study’s contribution differed. Furthermore, one limitation is that the utilized 

databases only include published literature, potentially excluding valuable insights from grey 

literature such as policy reports, working papers, and other non-peer-reviewed sources. 

There are several options for deepening the research within the topic of ‘Digitalization and 

digital transformation of groundwater and drinking water management: challenges and 

opportunities’. One potential direction is to focus on specific regions or compare different 

regions to capture a more nuanced understanding of how digitalization and digital 

transformation in water management are shaped by geographical context. Another promising 

avenue is to explore the underrepresented environmental and socio-economic concerns 

related to digital tools in water management. Additionally, there is a need for research that 

explicitly focuses on groundwater and drinking water management. Considering the limited 

number of publications addressing these fields explicitly in the context of digitalization, further 

research could provide more detailed insights into the particular challenges and opportunities. 
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6. Conclusion 

This study explores the opportunities and challenges of digitalization and digital transformation 

within groundwater and drinking water management while evaluating the current state of 

research in this area. By synthesizing findings from a diverse range of fields, it highlights the 

transformative potential of advanced digital tools such as Smart Sensors, Smart Water Meters, 

IoT, ML, and AI. These technologies enable real-time data generation and analysis, offering 

significant benefits, for example improved resource efficiency and enhanced water quality 

monitoring. This allows for data-driven decision-making which empowers water actors to 

address critical issues like climate change, contamination, and water scarcity. Moreover, these 

tools can contribute to building more resilient systems, optimizing resource allocation, and 

improving public health outcomes. However, the adoption of digital technologies in the water 

sector faces several barriers. High initial costs, workforce limitations, technological gaps, and 

regulatory challenges are some of the key barriers. Further, there are concerns about negative 

side-effects such as cybersecurity, data privacy, and increased energy consumption. 

Addressing these challenges requires a holistic approach that considers not only technological 

advancements but also socio-political and ecological dimensions. A critical gap identified in 

this review is the underrepresentation of research specifically on groundwater and drinking 

water management within the context of digitalization. Most publications tend to focus on 

broader water management systems, often overlooking the unique challenges associated with 

groundwater, such as aquifer depletion, contamination, and the need for sustainable extraction 

practices. Furthermore, ecological challenges—such as the environmental impact of increased 

energy consumption and e-waste—remain insufficiently explored in the literature. Socio-

political factors, including regulations and water justice, also require greater attention. These 

gaps underline the need for more interdisciplinary research that bridges technical, social, and 

environmental perspectives. Policymakers and utilities should prioritize digital tools aligned 

with sustainability, addressing barriers like funding and regulatory gaps. For instance, 

initiatives focused on workforce training and capacity-building can mitigate internal resistance 

and expertise gaps. Similarly, clear regulatory frameworks and incentives can encourage 

utilities to invest in digitalization while addressing concerns about data security and 

interoperability. Future research should address the gaps identified in this study by delving into 

the ecological consequences of digital water management systems and expanding the focus 

on groundwater and drinking water. Additionally, regional and comparative studies could 

provide a more nuanced understanding of how digital tools can be adapted to different 

contexts, particularly in low- and middle-income countries. This includes exploring 



 

33 

 

decentralized water management solutions that can bypass traditional infrastructure 

constraints, offering localized and cost-effective alternatives. Ultimately, the success of digital 

transformation in groundwater and drinking water management depends on addressing 

technical, ecological, and human factors. 
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