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Appendix A — Summary of Included Studies: Water Systems, Motivations, Tools, Stakeholders, Challenges, and DT Implementation Tier
This appendix presents a consolidated summary of the 48 studies included in the systematic literature review. For each study, the table identifies the water system examined, the motivations for DT adoption, the tools and technologies employed, the stakeholders benefiting from the application, challenges and barriers reported, and the DT implementation tier assigned during full-text screening. Tier colour coding: Fully Operational | Transitional | Conceptual / DT-Enabling
	No.
	Authors (Year)
	Title
	Water System Studied
	Motivations for DT Adoption
	Components & Tools
	Stakeholders
	Challenges & Barriers
	DT Implementation Tier

	1
	(Wang et al., 2022)
	Design and Application of Digital Twin Platform Based Smart Weihe River Basin
	Weihe River Basin
	WRB faces water resource shortage, soil/water loss, water pollution and river silation
	BIM, GIS, IoT, VR/AR, UAV technology
	Ministry of Water Resources, River Basin Management Agencies, provincial and local governments
	-
	Transitional

	2
	(Henriksen et al., 2023)
	A New Digital Twin for Climate Change Adaptation, Water Management, and Disaster Risk Reduction (HIP Digital Twin)
	Groundwater Table
	High groundwater levels in urban areas causing pollutant mobilisation, infrastructure damage; drought frequency increasing; 100% groundwater-based drinking supply in Denmark
	HIP DK model (MIKE SHE), ML Gradient Boosting, ML Random Forest, GIS
	Municipalities, water companies, consultancies, regional/state authorities, farmers, landowners, citizens
	High-quality data from diverse sources required; clear goals and implementation plan needed; complex national-scale undertaking
	Transitional

	3
	(Remigi et al., 2022)
	Practical Application of a Model-Based Digital Twin for Monitoring and Scenario Analysis of a Water Resource Recovery Facility
	Water Resource Recovery Facility (Bresso-Niguarda, Italy)
	Improve operational efficiency, reduce energy consumption, increase biogas recovery, optimise carbon footprint
	SCADA (60 sensors, 18 energy meters), MIKE Operation
	Gruppo CAP utility company (Metropolitan City of Milan)
	
-
	Fully Operational

	4
	(Fargas & Cornellà, 2023)
	A Digital Twin for Large Diameter Water Distribution Pipes
	Water Distribution System (Tarragona, Spain)
	Catastrophic failure of main pipeline led to DT implementation for structural monitoring
	Inline Soundprint Acoustic Fibre Optics (AFO), GIS
	Tarragona Water Consortium (direct); municipalities and industries (indirect)
	
-
	Transitional

	5
	(Conejos et al., 2020)
	Building and Exploiting a Digital Twin for the Management of Drinking Water Distribution Networks
	Water Distribution Network (Valencia, Spain - 1.6M inhabitants)
	Population growth, resource scarcity, infrastructure wear; need for asset management, leak localisation, energy efficiency
	GIS, AMR, CMMS, SCADA, EPANET
	

-
	1. Algorithm development to fit GIS to model; 2. Demand calculation algorithm complexity; 3. Filtering/correcting raw SCADA data; 4. Limitations of EPANET elements
	Fully Operational

	6
	(Bellandi et al., 2022)
	Ozonation Digital Twin for Predicting Micropollutants Removal at the Wervershoof (NL) WWTP
	Wervershoof Waste Water Treatment Plant (Netherlands)
	Real-time prediction of micropollutants and bromate formation in ozonation process
	AMOZONE Model, Computational Fluid Dynamics (CFD)
	Local Water Authority (HHNK), Drinking Water Company (PWN)
	
-
	Transitional

	7
	(Habibian et al., 2023)
	Marching Towards a Digital Twin: How GLWA Built a 3D Model of Its WRRF Complex Underground Utilities
	Water Resource Recovery Facility (Detroit, USA)
	Support ongoing asset management program; nine decades of infrastructure requiring comprehensive digital record
	Georeferenced 3D and 2D models, GIS-based InfoWater, Autodesk Plant 3D, CCTV
	Facility owners, operators, and maintenance staff
	Over 200 years of accumulated infrastructure; data integration across legacy systems
	Transitional

	8
	(Payne et al., 2022)
	Machine Learning for Surrogate Groundwater Modelling of a Small Carbonate Island
	Groundwater Resources (Barbados)
	Need for low-cost, computationally efficient groundwater modelling for small island states
	FEFLOW, Deep Neural Networks (DNNs), Elastic-Net Regression, GANs, Python (Keras, Scikit-learn), DEM
	Stakeholders defined generically (water managers, planners)
	Framework proposed for small island; real-world deployment not confirmed; data scarcity challenges
	Conceptual / DT-Enabling

	9
	(Chen, 2020)
	In-Depth Informatization of Technology Management of Dateng Gorge Water Conservancy Project
	Flood Control - Dateng Gorge Water Conservancy Project
	Inadequate information integration of technology management processes
	BIM Collaborated Management Platform, cloud operation centre, mobile office system, digital certificate CA
	
-
	
-
	Transitional

	10
	(Melo et al., 2019)
	Implementation of City Information Modeling (CIM) Concepts in the Process of Management of the Sewage System in Piumhi, Brazil
	Sewage System (Piumhi, Brazil)
	Develop a management model for sewage infrastructure using CIM concepts
	GIS, Civil 3D, QGIS
	
-
	Difficulties registering the existing network during the survey; data quality issues
	Conceptual / DT-Enabling

	11
	(Tomić et al., 2022)
	Digital Twins: Case Studies in Water Distribution Management
	Water Distribution System (Las Vegas & California, USA)
	Ageing infrastructure, climate change, tighter resources, increasing regulatory and customer demands
	Mobile sensors, SCADA, GIS, enterprise databases, cloud-based platform, Qatium
	

-

	Lakewood City (CA) system limited by 80,000 customer connections with constrained data granularity
	Fully Operational

	12
	(Yang et al., 2021)
	Building Information Model and Optimization Algorithms for Supporting Campus Facility Maintenance Management
	Water Dispenser Maintenance (Academic Campus, Taiwan)
	Provide support for facility management (FM) of water dispensers not originally designed with BIM
	BIM, COBie data export, digital meters, FORTRAN, Python
	FM staff and water dispenser maintenance contractors
	Campus buildings not originally designed with BIM; retrofitting data model required
	Transitional

	13
	(Marzouk & Othman, 2017)
	Modelling the Performance of Sustainable Sanitation Systems Using Building Information Modelling
	El-Saf Anaerobic Sewage Treatment Plant (El-Giza, Egypt)
	Address challenges facing sanitation infrastructure performance assessment
	Green Building Studio (BPM), BIM, Computer Simulation, Google Maps
	
-

	
	Conceptual / DT-Enabling

	14
	(Ahmed & Marzouk, 2019)
	BIM-Based Facility Management for Water Treatment Plants Using Laser Scanning
	Sixth of October Water Treatment Plant (Egypt)
	Paper-based facility management; lack of digital records in Egyptian treatment plants
	3D Laser Scanning (Z+F), Autodesk Recap 360, ArcGIS
	
-

	Absence of procedures for refreshing the designed model over time
	Conceptual / DT-Enabling

	15
	(Huang et al., 2023)
	River Shoreline Project Management Based on BIM Technology
	Green Water Wetland - Nanjing Reach, Yangtze River (China)
	Need for fast, efficient communication and project management using BIM and GIS
	BIM, GIS, UAV-based tilt photography, Autodesk RECAP, Context Capture, Civil 3D, Revit
	
-

	
-

	Conceptual / DT-Enabling

	16
	(Park & You, 2023)
	A Digital Twin Dam and Watershed Management Platform
	Sumjin Dam and River Basin (South Korea)
	Climate change and global warming increasing flood risk; need for real-time dam and watershed management
	K-Twin SJ Platform, LiDAR, DEM, DSM, XDWorld Engine, AI flood prediction, GeoStudio, FLAC, AI-CCTV (YOLOv4, YOLACT)
	
-

	
-

	Fully Operational

	17
	(Ruangpan et al., 2023)
	Real Time Control of Nature-Based Solutions: Towards Smart Solutions and Digital Twins
	Irrigation and Drainage System - Rangsit Area (Thailand)
	Need for real-time control of nature-based solutions (NBS) for urban flood management
	MIKE Hydro River, Telemetry, SCADA, AutoCal
	-

	Simulation of NBS for furrows of Klong 7 and Klong 8 channels; real-time control integration
	Transitional

	18
	(Qiu et al., 2022)
	Design and Development of a Web-Based Interactive Twin Platform for Watershed Management
	Watershed Environment - Chaohu Lake (China)
	Use Virtual Geographic Environments (VGEs) for integrated watershed management and decision support
	DEM, Virtual Graphic Environment (VGE), Cull Rendering (CR), web-based interface
	Integrated Watershed Management (IWM) stakeholders
	3D modelling of water surfaces; data integration complexity; VGE rendering performance
	Transitional

	19
	(Ramos. et al., 2023)
	Smart Water Grids and Digital Twin for the Management of System Efficiency in Water Distribution Networks
	Water Distribution Network (Madeira Island, Portugal)
	Population growth and under-investment by water utilities driving DT adoption
	GIS, EPANET, hydraulic modelling, sensors, SCADA, smart metering, CMMS
	Water consumers and utility operators (if implemented)
	DT not yet applied practically; challenges remain theoretical at time of publication
	Transitional

	20
	(Sinagra et al., 2023)
	Energy Recovery Optimization by Means of a Turbine in a Pressure Regulation Node
	Water Distribution Network -Montescuro Ovest Pipeline (Sicily, Italy)
	Optimise energy recovery through turbine installation in pressure regulation node
	EPANET 2.2, SCADA, MATLAB 2022b
	
-

	
-
	Transitional

	21
	(Bonilla et al., 2022)
	A Digital Twin of a Water Distribution System by Using Graph Convolutional Networks
	Water Distribution System (Colombia / C-Town benchmark)
	Failure in monitoring systems, remote control, cyber attacks requiring robust state estimation
	T-GCN model (Keras 2.6, TensorFlow, Spektral), EPANET 2.2
	
-

	
-
	Transitional

	22
	(Ramos et al., 2024)
	Are Digital Twins Improving Urban-Water Systems Efficiency and Sustainable Development Goals?
	Water Distribution Network - Santa Cruz de Madeira (Portugal)
	Population increase and limited investment in water infrastructure
	GIS, EPANET, hydraulic modelling tools
	Water consumers and utility managers
	
-

	Transitional

	23
	(Sun et al., 2020)
	Real-Time Control of Urban Water Cycle Under Cyber-Physical Systems Framework
	Urban Water Cycle - Barcelona and Badalona (Spain)
	Potential of CPS to generate real-time water cycle management and reduce operational costs
	MATLAB/SIMULINK, TOMLAB, AMR, SCADA, GAMS, sensors
	
-

	
-

	Transitional

	24
	(Laucelli et al., 2023)
	A Complete Digital Water Experience to Support Real Leakage Management Planning
	Water Distribution System (Southern Italy)
	Novel processes of data integration needed for leakage management and pressure control
	WDNetXL, EPANET, QGIS with custom plug-ins (DigitalWater suite)
	Utility operators and network engineers
	
-

	Transitional

	25
	(Lu et al., 2023)
	Virtual Scene Construction of Wetlands: A Case Study of Poyang Lake, China
	Wetland System - Poyang Lake (Jiangxi Province, China)
	Lack of studies on construction of virtual wetland scenes; need for immersive monitoring
	Unreal Engine (UE), UAVs with RTK GPS, ZENMUSE L1 cameras, DEM, Autodesk 3ds Max, Substance Designer, VR
	
-

	Limited data collection access to vast wetland areas; rendering and computational performance
	Conceptual / DT-Enabling

	26
	(Shafiee et al., 2020)
	Streaming Smart Meter Data Integration to Enable Dynamic Demand Assignment for Real-Time Hydraulic Simulation
	Water Distribution System (USA)
	
-
	GIS, EPANET, sensors, smart meters, Hadoop-based distributed data centre
	
-

	
-

	Transitional

	27
	(Batista et al., 2023)
	BIM-IoT-FM Integration: Strategy for Implementation of Sustainable Water Management in Buildings
	Water Management System — Central Market of Belo Horizonte (Brazil)
	Need for integrated real-time water management in large commercial buildings
	AquaBIM prototype platform, BIM, IoT, Autodesk Forge
	Building facility managers and operators
	
-
	Conceptual / DT-Enabling

	28
	(Green et al., 2025)
	A Framework for Incorporating Rainfall Data into a Flooding Digital Twin
	Stormwater / Flooding - Newcastle upon Tyne (UK)
	
-
	SHETRAN, HiPIMS, Radar, gauge networks, PYRAMID platform
	
-

	
-

	Transitional

	29
	(Namaki et al., 2025)
	A Novel Digital Twin Framework for Improving Urban Sustainability Feasibility Assessment of Supplementary Water Supply Systems in Buildings
	Residential Building Water System - Northern Tehran (Iran)
	High cost, time constraints, and data scarcity hindering water supply feasibility assessment
	Discrete Event Simulation (DES), BIM
	Decision-makers and building developers
	Data scarcity in non-developed regions; limited real-world deployment
	Conceptual / DT-Enabling

	30
	(Zekri et al., 2022)
	Smart Water Management Using Intelligent Digital Twins
	Campus Water System - Sultan Qaboos University (Oman)
	Fragmentation and lack of interoperability in current water management systems
	CSAD loop (Inform-Control-Simulate-Advise-Deliver), GAMA platform
	Asset managers and facility operators
	Technical difficulty of integrating diverse data sources
	Transitional

	31
	(Feng et al., 2024)
	An Effective Digital Twin Modeling Method for Infrastructure: Application to Smart Pumping Stations
	Pumping Stations - Beijing East-West Water Transfer Project (China)
	Lack of established DT definitions and modelling standards for water infrastructure
	Digital photogrammetry, UAVs, IFC, COBie, sensors, actuators
	Facility operators (achieved RMB 2.25 million in cost savings)
	Technical difficulty of integrating heterogeneous data
	Transitional

	32
	(Ntousakis et al., 2025)
	Optimizing an Urban Water Infrastructure Through a Smart Water Network Management System
	Water Distribution Network - Heraklion (Greece)
	High safety risks and financial losses from non-revenue water (NRW)
	QGIS, EPANET Trace, Automatic Meter-reading, SmartLIK platform
	Site managers, safety officers, utility operators
	Multi-source data integration difficulty
	Transitional

	33
	(Rajan & Li, 2024)
	Smart Building Digital Twin for Interior Water Distribution System Management
	Building Water Distribution System - Toronto Metropolitan University (Canada)
	Water scarcity concerns in the region; need for smart building water monitoring
	BIM (IFC), GIS (ArcGIS Pro), IoT sensors
	
-

	None of the systems were fully connected at time of publication; integration remains incomplete
	Transitional

	34
	(Shrivastava et al., 2024)
	River Digital Twin for Water Quality Prediction
	Ganga River (India)
	Support water quality management and pollution monitoring efforts
	MESA framework in Python, sensors
	
-

	Simulation-based; real-world deployment challenges not quantified
	Transitional

	35
	(Roudbari et al., 2024)
	From Data to Action in Flood Forecasting Leveraging Graph Neural Networks and Digital Twin Visualization
	Stormwater / Flood Forecasting - Terrebonne, Quebec (Canada)
	Hydrology community seeking to predict water flow under structural uncertainty
	QGIS, HRDEM, Unreal Engine (UE), Graph Neural Networks
	Policy makers
	Difficulty accurately modelling water flow under structural conditions
	Transitional

	36
	(Singh & Sharma, 2025)
	Proposing a Digital Twin-Based Sustainable Water Governance System for Rural Indian Villages
	Groundwater - Rural Villages (Maharashtra, India)
	Traditional water management inadequate for rural communities; governance gaps
	QGIS, IoT sensors, Empathy maps (Voice of Stakeholders)
	Local community members
	Significant investment required; digital literacy barriers in rural context
	Conceptual / DT-Enabling

	37
	(Yang et al., 2025)
	High-Precision Optimization of BIM-3D GIS Models for Digital Twins: A Case Study of Santun River Basin
	Santun River Basin (Xinjiang, China)
	Need for high-precision BIM-GIS integration for river basin DT development
	BIM-3D, GIS, AW-QEM, LOD framework, IFC, OSGB, Unity with C# programming
	
-

	
-

	Conceptual / DT-Enabling

	38
	(Primeau et al., 2024)
	Towards a Digital Twin for a Drinking Water Source in Norway
	Drinking Water Source - Brusdalsvatnet (Norway)
	Contamination of drinking water by runoffs and stormwater requiring monitoring
	Python-based back-end, IoT sensors, Vertical Profiler System (YSI), 4G datalink
	-

	-

	Transitional

	39
	(Daneshgar et al., 2024)
	A Full-Scale Operational Digital Twin for a Water Resource Recovery Facility
	Water Resource Recovery Facility - Eindhoven (Netherlands)
	Transition from mechanistic to data-driven operational decision-making at full scale
	WEST (DHI), Python-based pipeline (wwdata and wwtwin), Microsoft Azure, sensors, SCADA
	Operators, process engineers, utility managers
	Complex multi-level data integration; achieving full real-time synchronisation
	Fully Operational

	40
	(Ghaith et al., 2022)
	Synchronization-Enhanced Deep Learning Early Flood Risk Predictions
	Stormwater / Urban Flooding - Calgary (Canada)
	Monetary and life losses due to urban flooding
	HEC-RAS, rainfall sensors, Bayesian Model Averaging (BMA), CNNs, LSTMs
	Hydrologists and urban planners
	
-
	Transitional

	41
	(Tarpanelli et al., 2023)
	Flooding in the Digital Twin Earth: The Case Study of the Enza River Levee Breach
	Enza River Basin - Northern Italy
	Investigate 2017 levee breach and improve flood event simulation
	WEC-Flood (2D model), Sentinel-1/2, DEM, remote sensing
	
-

	Temporal misalignment between satellite overpasses and flood event timing
	Transitional

	42
	(Xu et al., 2024)
	Design of a 3D Platform for the Evaluation of Water Quality in Urban Rivers Based on a Digital Twin Model
	Chuancheng River and Baihe River - Nanyang City (China)
	Improve informatisation and intelligent management of urban river water quality
	Kriging interpolation, ANSYS Fluent, AutoCad, SpaceClaim, GIS, ArcGIS, SketchUp, Python, MySQL, JavaScript
	
-

	Technical difficulties establishing large environmental models
	Transitional

	43
	(Cohen-Manrique et al., 2025)
	Simulation and Optimisation Using a Digital Twin for Resilience-Based Management of Confined Aquifers
	Morroa Aquifer (Colombia)
	
--
	5-layered DT architecture, ESP32 nodes, LoRa connectivity, Sentinel-2, MODIS, Planet, GRACE data
	
-

	Significant project and funding challenges during implementation
	Transitional

	44
	(Pedersen et al., 2022)
	Using Multi-Event Hydrologic and Hydraulic Signatures from Water Level Sensors in Living Digital Twins
	Urban Drainage System - Odense (Denmark)
	Address inherent limitations of urban drainage models using real sensor data
	Water level sensors, hydraulic pipe-flow module, hydrologic surface model (general terms)
	
-

	Water level measurements often non-unique indicators of model uncertainty
	Transitional

	45
	(Aslam, Shu, Naz, et al., 2024)
	Machine Learning-Based Wetland Vulnerability Assessment in the Sindh Province Ramsar Site
	Khinjhir Lake Wetland (Pakistan)
	Multifaceted vulnerabilities of Ramsar-listed wetland requiring assessment
	Landsat imagery, NDWI, MNDWI, NDVI, GIS spatial analysis, ANN, CA-Markov, CA-ANN modelling
	Policy makers and local community
	
-

	Conceptual / DT-Enabling

	46
	(Aslam, Shu, Javid, et al., 2024)
	Wetland Identification through Remote Sensing: Insights into Wetness, Greenness, Turbidity, Temperature
	Wetlands - Gilgit-Baltistan (Pakistan)
	Identify neglected wetlands; understand ecological change through multi-sensor analysis
	Sentinel-2, MODIS, QuickBird, ASTER DEM, supervised classification, multi-sensor data fusion
	Policy makers and environmental stakeholders
	
-

	Conceptual / DT-Enabling

	47
	(Aslam et al., 2023)
	Identification of Time-Varying Wetlands Neglected in Pakistan through Remote Sensing Techniques
	Wetlands -Pakistan (multiple lakes)
	Use satellite imagery to locate and monitor neglected/uncharted wetlands
	Satellite imagery (Sentinel-2, Sentinel-1, MODIS, QuickBird), spectral indices (MNDWI, GDVI, NDVI, SAVI, NDTI, TWI)
	
-

	
-

	Conceptual / DT-Enabling

	48
	(Cavalieri & Gambadoro, 2024)
	Digital Twin of a Water Supply System Using the Asset Administration Shell
	Water Supply System - Piemonte (Italy, ~60,000 residents)
	Need for Industry 4.0-based DT framework using AAS standard for water supply infrastructure
	Asset Administration Shell (AAS), AASX Package Explorer, IEC 61360, RAMI 4.0, Profinet, PLC, RTU, IoT sensors, SCADA
	Water utility operators and asset managers
	
-

	Conceptual / DT-Enabling


Note: 'DT Implementation Tier' classification was applied during full-text screening based on functional characteristics described in each study, independent of authors' terminology. Studies using DT terminology were not automatically classified as Fully Operational unless functional criteria were clearly met. '—' indicates information not explicitly reported in the source study.
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