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[bookmark: _Hlk79062412]Draft Technical Report ITU-T FG-AI4EE D.WG3-06
Guidelines on the environmental efficiency of 5G Usage in smart water management
Background
[bookmark: _Toc110785330]
Goal 6 of UN Sustainable Development Goals (SDGs) aims at “ensuring availability and sustainable management of water and sanitation for all”. Despite international efforts in providing access to drinking water and adequate sanitation and public wastewater treatment services to all residents, there are yet some prevailing challenges with respect to maintaining certain levels of regulated water quality. Nations worldwide have adopted with varying degrees specific environmental and health regulations in response to new and emerging water contaminants appearing every day.
Furthermore, water and energy are closely related (water-energy nexus). For example, while water is needed in the energy supply chain, energy is also needed to abstract, store, distribute, treat and process water (e.g. heat, cool, purify, desalinate water…etc.). Water and wastewater sectors account for 4% of electricity use and that share is expected to rise over the next years. For municipalities, water and wastewater facilities account for the largest consumption of electricity, representing 30-50% of local authorities’ total electricity consumption. The increasing complexity of pollutants and stronger requirements for treated wastewater might further increase the energy need of the sector [b-IEA].
Another complementing angle that aggravates the challenge is the agricultural nexus management. Agricultural production is the largest global water user, accounting for approximately 90% of global freshwater consumption over the past century. For example, the irrigated agricultural sector is creating substantial environmental pressures by withdrawing large quantities of water over a long period of time. This excessive water withdrawal for irrigation could leave rivers and wetlands unable to support ecosystems [b-Azad]. The impact on the energy sector is also profound, as approximately 30% of global energy consumption originates from food production and supply [b-Li]. Furthermore, the negative environmental impacts of agricultural activity – and in a more general context impact of economic activity – are very well-documented in the literature. These impacts include pollution and contamination of soil, water, and air due to the uncontrolled use of pesticides, and chemical fertilizers.
To that end, there is a real need to adopt smart water management techniques across the agriculture, industrial and urban (utilities) sectors. The use of IoT, AI and other emerging technologies including 5G is expected to, inter-alia, optimize and rationalize water abstraction, and distribution, monitor water levels and quality through for example real-time water level monitoring systems, detect leaks in water distribution networks and much more. Regulating the over-abstraction of water resources (e.g. ground water resources) can be employed using AI-driven hydrological models for optimum water extraction plans. Monitoring and control of the water levels and quality can be achieved via numerous technologies like IoT and 5G. However, studies have indicated that 5G network cost suggests up to 140% more energy consumption than 4G. Energy saving measures CSPs are thus needed and a set of guidelines to optimize the environmental efficiency of 5G is critical for the ultimate success of sustainable 5G deployments, specifically in water management use cases. The need to explore and assess the environmental impact of such technologies and their effectiveness in addressing the water-energy nexus related challenges is not a luxury anymore. 
This Technical Report explores how to support researchers and practitioners in measuring and improving the environmental efficiency of IoT technologies, and 5G connectivity in water management systems. 

[bookmark: _Toc401158818][bookmark: _Toc53585659][bookmark: _Toc102263012][bookmark: _Toc120524232]1	Scope
This guidance document is intended to support researchers and practitioners in measuring and improving the environmental efficiency of IoT technologies, in particular 5G connectivity in water management systems. The requirements, recommended processes, best practices and other considerations regarding the measurement and verification of environmental impact/efficiency contained in this document are developed based on inputs from leading academic experts and industry leaders. These requirements provide general guidelines applicable to the use of IoT connectivity of 5G. Other stakeholders may also utilize this guidance to gain new understanding on the environmental impacts from the use of Internet of Things (IoT) and 5G to connect and enable further networked sensors and applications to manage water supplies and reduce water loss.
[bookmark: _Toc58773866][bookmark: _Toc58773867][bookmark: _Toc58773869][bookmark: _Toc401158819][bookmark: _Toc102263013][bookmark: _Toc120524233]2	References
None. 
[bookmark: _Toc401158820][bookmark: _Toc102263014][bookmark: _Toc120524234]3	Terms and definitions
[bookmark: _Toc401158821][bookmark: _Toc102263015][bookmark: _Toc120524235]3.1	Terms defined elsewhere
This Technical Report uses the following terms defined elsewhere:
3.1.1	energy efficiency [ISO/IEC 13273]: the ratio or other quantitative relationship between an output of performance, service, goods or energy, and an input of energy.
[bookmark: _Toc401158822][bookmark: _Toc62226834][bookmark: _Toc102263016][bookmark: _Toc120524236]3.2	Terms defined here
None.

[bookmark: _Toc401158823][bookmark: _Toc102263017][bookmark: _Toc120524237]4	Abbreviations
4G	4th Generation of Wireless Networks
5G	5th Generation of Wireless Networks
AI	Artificial Intelligence
AMR              Automatic Meter Reading
CSO               Combined sewer overflows
DCS	Distributed Control System
DEA	Data Envelopment Analysis
DMA             District Meter Area
DWTP           Drinking Water Treatment Plants
E2E                End-to-end
GSMA	Global System for Mobile Communications Association
LCA               Life Cycle Analysis
NBS               Nature-Based Solutions
RAN              Radio access network
RHS               Rainwater harvesting systems
IoT	Internet of Things
IWS	Intermittent Water Supply
SCADA	Supervisory Control and Data Acquisition
SSC&C	Smart Sustainable Cities and Communities
SWM	Smart Water Management
TCO	Total Cost of Ownership
UDN              Urban Drainage Networks
URLLC          Ultra-Reliable Low Latency Communication
UWI	Urban Water Infrastructure
WSS               Water supply system
WSN              Wireless Sensor Networks
WDN              Water Distribution Networks
3GPP              3rd Generation Partnership Project
[bookmark: _Toc401158824][bookmark: _Toc102263018][bookmark: _Toc120524238]5	Water-Energy Nexus

Goal 6 of UN Sustainable Development Goals (SDGs) aims at “ensuring availability and sustainable management of water and sanitation for all”. Despite international efforts in providing access to drinking water and adequate sanitation and public wastewater treatment services to all residents, there are yet some prevailing challenges with respect to maintaining certain levels of regulated water quality. Nations worldwide have adopted with varying degrees specific environmental and health regulations in response to new and emerging water contaminants appearing every day. And technology is expected to play the leading role in realizing this goals and its targets. 

5G can bring tremendous benefits in availing the right infrastructure to govern the proper availability of water and sanitation services for all. However, there is an associated cost. Following the wide industry interest of testing, piloting, and launching 5G services in different regions in the World to serve a variety of use cases, and after many commercial launches in Asia, Europe and North America; there is now an initial set of information available that can be used to assess the environmental impact of using 5G and any complementing technology to provide smart water management solutions. 
This report will focus on smart water management use cases and their requirements, due to its foreseen role in the economic development and especially in developing countries. According to the GSMA, there is subtle shift that has taken place in industry, when it comes to 5G deployments assessments. Rather than justifying the intangible 5G business case (i.e. with all its difficulties in quantifying the impact per vertical sector), the attention is now moving on to fine-tuning 5G deployments and optimising 5G-era costs, assessing thus the Total Cost of Ownership (TCO). One key recommendation proposed was interestingly, to make 5G-era energy a cost optimization priority. 
Energy was reported as a major network cost item that accounts for 20-25% of network TCO for 4G operators. High performing 5G-era mobile networks (including legacy 2G, 3G and 4G networks, as well as new 5G rollouts) will require even more energy – up to 140% more in some deployment scenarios [b-GSMA].
Furthermore, while the technology is expected to draw more energy, it is expected that this would in turn add more stress on the water requirements needed for electricity generation, cooling and processing, i.e. the water-energy nexus.
Dominant generation technologies require water in all stages of electricity conversion [b-Sanders]. Many studies have been conducted to project the exact requirements of water to generate electricity. Projections varied considerably due to differences in temporal and spatial data modalities, in addition to differences in modelling frameworks, and scenario definitions. The author in [b-Sanders] attempted to provide a critical review of literature addressing the future water requirements of electricity production and offered to define the factors that will moderate the water requirements of the electric grid moving forward to inform future research. Five variables have been identified and included changes in (1) fuel consumption patterns, (2) cooling technology preferences, (3) environmental regulations, (4) ambient climate conditions, and (5) electric grid characteristics. These five factors are seen as key variables that impact the development of water requirements to generate electricity. 
The water-energy nexus refers to the water used to generate electricity and to the electric energy used to abstract, store, distribute, treat and process water. To complicate things even further, water is literally used in all stages of electric energy conversion making power systems vulnerable to water scarcity and warming. For example, in [b- Blaže] that authors advocates that as water flow in rivers decreases and rivers temperature increases, the generation of electricity would be significantly limited. 
The key principle behind the water-energy nexus is associated with simple physics. The kinetic energy of water is converted into electrical energy at hydro power generation plants. Furthermore, water is used for cooling of thermal power plants. Therefore, electrical energy generation is in need of reliable, abundant, and predictable sources of water.
Using 5G to effectively manage water resources through smart water management techniques, could prove beneficial if careful strategies of energy conservation have also been adopted, to reduce the overall TCO, and reduce the power budget while optimizing the overall use of water resources in a particular economy. Without the proper guidelines to optimize the environmental efficiency of 5G technologies, the benefits could be cancelled by the overall drawbacks of higher energy consumption associated with non-optimized 5G deployments, as this drawback ultimately affects the amount of water needed for electricity generation.
[bookmark: _Toc58773877][bookmark: _Toc58773878][bookmark: _Toc58773876][bookmark: _Toc58773880][bookmark: _Toc58773879][bookmark: _Toc58773881][bookmark: _Toc102263019][bookmark: _Toc120524239]6	Overview of Smart Water Management (SWM) Use Cases in Smart Sustainable Cities and Communities (SSC&C)
The availability of advanced ICT infrastructure is considered one key pillar for the realization of the SSC&C concept. The concept of SSC&C extends into the effective use advanced ICT infrastructure and services to monitor environmental parameters and to ensure the interconnectedness of different city functions and engagement of all stakeholders. The ultimate goal is to enhance quality of life.
Smart Water Management (SWM) systems has always been discussed and progressed in the industry for more than a decade. Water scarcity and water stress have always been crucial global issue, with many implications on the quality of life and economic production of countries and cities [b-Amanda].
Smart water management (SWM) seeks to alleviate challenges in the water sector by promoting the coordinated management of water resources, through the integration of ICT systems, solutions, and services; in order to maximize economic and social welfare without compromising the sustainability of water as a resource or compromise the sustainability of the environment. In other words, adopting a sustainable approach to water management and water consumption through the use of ICTs is the primary target. Incorporation of ICT in SWM can be adapted to continuously monitor and diagnose problems, prioritize and manage maintenance issues and use data to optimize all aspects of the water distribution network. SWM tools fall into these main categories; data acquisition and integration (e.g. through the use of sensor networks, smart pipes, smart meters… etc.), data dissemination (e.g. 4G, 5G, IoT…etc.), data processing and storage (e.g. cloud computing, edge computing…etc.), management and control (e.g. SCADA, DCS, IoT Controllers and Gateways…etc.), modelling and analytics (e.g. hydrological models etc.), and visualization and decision support (e.g. web-based communication tools). 
The use cases of SWM can range from urban water management applications (e.g. for clean drinking water and sanitation) to agricultural and industrial applications. We start our analytical narrative with a focus on Urban Water Infrastructure (UWI) use cases. In UWI, ICT were traditionally deployed in centralised city facilities, such as drinking water and wastewater treatment plants [b-Martin] [b-Newhart], whereas control opportunities for system parts distributed over the area are now concentrated on key locations in the network. 
The authors in [b-Martin] highlighted an example, whereby ICT is implemented at combined sewer overflows (CSOs) in the urban drainage network and/or inlet points of the district meter areas of the water distribution network. These data are collected and analysed centrally by a Supervisory control and data acquisition (SCADA) system, which is also applied for regulating control equipment in the field of urban water infrastructure. 
The use cases of UWI can be in generally classified into three classes: Water Distribution Networks (WDN), Nature-Based Solutions (NBS), and Urban Drainage Networks (UDN), and their modality of operation are basically divided into real-time operations and applications based on historical data. To assess the ICT requirements of these three classes of UWI use cases for the different modalities of operation, [b-Martin] adopted a six layered smart city architectural framework covering: physical, perception, communication, middleware, processing, and application layers.
The physical layer include physical infrastructure elements like pipes and storages, and includes also dynamic elements like valves and pumps. The perception layer includes the sensor nodes (for measurements, and monitoring) and to check the operation status of the static elements and dynamic elements. The Communication layer include the wired and wireless infrastructure and it is responsible of the exchange of the monitoring data and the control commands. The middleware layer is related to the hardware APIs and its main functionality is the integration of the heterogeneous devices present in the system as well as data and codec managements, data exchange and storage. The processing layer is related to data processing programs and is responsible of the analysis and processing of the data as well as the simulations and forecasts. The application layer handles the application and real time operation and management. 
The structure of the individual physical subsystems can be divided into the following three key areas [b-Martin]:
· The water supply system (WSS) supplies the urban population with drinking water in adequate quantity and quality specifications and under a wide range of changing operating conditions caused by water demand fluctuations and events occurrence probability. The water supply system can be divided into the following areas: (1) sources of drinking water; (2) if necessary, drinking water treatment plants (DWTP); (3) water distribution network (WDN) consisting of pipes and water tanks as static elements and pumps, valves, and hydropower stations as dynamic elements with control capabilities; (4) end users consuming the delivered drinking water.
· The urban drainage system (UDS) ensures an environmentally tolerable disposal of treated wastewater into receiving water bodies to ensure public health, and safe storm water runoff with following areas: (1) urban drainage network (UDN) consisting of pipes, storages, gates, and pumps; the UDS can be intended as a separate sanitary and stormwater system or a combined sewer system, which is characterised by combined sewer overflows (CSOs); and (2) wastewater treatment plants (WWTP).
· Decentralised and public solutions for on-site measures [b-Fletcher] (also called Nature-Based Solutions (NBS), whereby such systems can include rainwater harvesting systems (RWH) to substitute drinking water, or green roofs for houses, permeable pavements, bio-retention and detention ponds, vegetated swales, and trees for public spaces to reduce rainwater runoff [b-Ruangpan].
The applications dedicated to UWI reveal major differences between the required temporal and spatial resolution of the perception layer, and hence they can be classified into several classes depending on their data requirements: (1) strategic master planning using historical and future data, (2) design based on peak loads, (3) performance optimisation aiming to improve the ongoing process through historical time patterns, (4) real-time operations utilised with real-time data, and (5) smart city applications, including real-time data with human interactions. Table 1 provides a short summary of the reviewed principal applications divided into three key areas: WDN, UDN, and NBS.
In [b-Amanda], the authors attempted to analyze the benefits to develop smart water grids, showing the advantages offered by the development of control measures. The case study revealed the positive results, particularly savings of 57 GWh and 100 Mm3 in a period of twelve years when different measures from the common ones were developed for the monitoring and control of water losses in smart water management. The study highlighted that there are technological solutions capable of supporting the management of smart water systems with a high level of efficiency, associated with the reduction of water losses and, consequently, operational costs.
The second category of use cases is related to the problem of Intermittent Water Supply (IWS) systems. In many world regions, IWS systems are prevalent, and especially in developing regions. IWS systems can be defined as piped water supply service that is available to consumers less than 24 hours per day. In such a case, the consumers usually store their water in roof top or ground water tanks, whereby water is stored for the total duration of the required supply time [b-Natsuko]. 
In principle, water distribution networks suffer from huge amount of losses due to frequent burst and leak events. This problem is noticeable in intermittent water networks due to their inherent limited supply and service irregularity characteristics. A continuous monitoring of the operating hydraulic parameters of the network combined with event detection can reduce the ramifications of the problem. 
The authors in [b-Afifi] used Wireless Sensor Networks (WSN) and Internet of Things (IoT) technologies to monitor, as a pilot, an intermittent water distribution network supplied district meter area (DMA) in Hurghada, Egypt. The system design exploits the intermittent nature of the water supply in order to optimize the performance of the proposed system and algorithms. A burst and leak detection algorithm has been implemented using adaptive Kalman filter on the time-series hydraulic measurements of the distributed nodes of the system.
A third fundamental use cases category is related to agriculture. Agriculture is considered the backbone of many economies worldwide due to its significant impact on the Gross Domestic Product (GDP). However, agriculture is considered as a significant water sector user as it abstracts 70% of the world’s freshwater resources to irrigate 25% of the world’s croplands [b-Erion] [b-FAO] 
Precision agriculture is considered one key technology to provide solutions to many of the water over-use associated with agriculture. Precision agriculture involves the use of industry 4.0 and other ICT technologies to improve agriculture production and processes control. One key idea associated with the concept of precision agriculture is to use smart irrigation by means of sensors and actuators to control the irrigation schedules of the crops while saving water resources without subjecting plants to moisture deficiency, while taking into consideration the variations in soil moisture conditions. Smart irrigation involves the application of water at the right time, in the right amounts, and at the right location.
Table 1. Applications in the field of the urban water infrastructure classified into the five subsections

	Smart city application
	Real-Time with
human interactions
	PWDM – educational PWDM -legislative PWDM – maintenance PWDM - technical Water pricing -peak Water pricing - scarcity
	Maintenance
	Flooding 
Precipitation

	RT-Operation
	Real-Time
	Contamination (data-driven, model-based) Cyber-physical attacks Hydropower control Integrated control (WDN – NBS) Leakage detection (data-driven, model-based) Pump scheduling / Tank filling / Service pressure
	Irrigation control 
Discharge control (quality / quantity)
	Combined Sewer Overflow (CSO) control (frequency, quality) Flooding control 
External inflow detection Integrated control (UDN – NBS) Public health Wastewater-based epidemiology

	Performance optimisation
	Historical (time series)
	Design hydropower Model calibration (quantity, quality) Specific peak factor (unique, distributed) Water loss estimation Water pricing billing
	Design Rain Water Harvesting (RWH)
Monitoring (micro-climate, performance, maintenance)
	Design CSO (frequency, quality) Design heat recovery IDF-curves Model calibration (quantity, quality)

	Design
	Historical (peak)
	Pipe 
Pump 
Water tank
	Bio-retention and detention ponds Vegetated swales (eventually in combination with UDN)
	Pipe 
Pumps 
Storage

	Strategic Master Planning
	Historical + future (time series)
	Future development of urban water infrastructure Future water pricing – scarcity Water source planning
	Future development of urban water infrastructure
	

	
	System
	Water distribution network (WDN)
	Nature-based solutions (NBS)
	Urban drainage network (UDN)

	
	
	
	
	



[bookmark: _Toc120524240]6.1	5G in Smart Water Management (SWM) Use Cases
It is evident that advanced ICT and in particular 5G can be employed to enable accurate monitoring and control of network-based urban water infrastructure even in physically challenging locations (like under-ground locations or remote facilities). The use of machine learning algorithms and other AI techniques is usually combined with mobile technologies to realize many of the mentioned use cases. 
The use of 5G in the utilities industry can deliver a 1000x increase in the number of devices on the network. Utility and power companies can increase the scale of their machine-to-machine communication and IoT deployments to improve operational effectiveness, reduce waste and transition into renewable energy more quickly [b-Deloitte]. 5G network slicing capabilities can enable multiple use cases with varying needs, while also condensing multiple monitoring and management networks into one layer. Furthermore, Ultra-Reliable Low Latency Communication (URLLC) systems can be used to respond to disruptions within just a few milliseconds. Utility infrastructure hence can be leveraged and monetized to enable Smart City use cases.
5G enable deployment of an efficient bi-directional monitoring and management system that can be deployed on a WDN. In a smart water grid system, sensors and actuators are placed in the network in key strategic places in addition to what is deployed at centralized sites. The sensors enable the real time collection and analysis of water-related metrics including water pressure, quality, and temperature, to assist in decision making when an event or an abnormality is detected. In the incident of a failure or leakage, an immediate action can be undertaken to mobilize repair teams and isolate the problematic part of the grid. Warnings and alerts can then be pushed to customers. A 5G massive IoT network slice can be provided to supporting millions of IoT devices. 
[bookmark: _Toc102263025]Another key area of 5G related application, is to support the Automatic Meter Reading (AMR). AMR allows the utility providers to get accurate readings in real time and this assists in the modelling and hence estimation of the actual hourly and daily consumption patterns to create better water management scenarios. Smart meters can be connected to a dedicated 5G network slices and automatically transmit meter readings to central servers. 
[bookmark: _Toc120524241]7	Methodological Approaches to Assess Environmental Performance and Productivity
There are several approaches adopted in the industry to assess the environmental performance and productivity. One prominent approach involves the use of Life Cycle Assessment (LCA) approach. In [b-Diener] LCA is used to compare the environmental impact of heavy-duty truck tires in the current Swedish system with a scenario in which IoT is used to support improved circularity. The goal of the LCA in this particular study was to compare the environmental impact of heavy-duty truck tires in the current Swedish system with an ‘IoT scenario’ in which circular improvements are enabled by IoT. 
The authors in [b-Diener] quantified the potential environmental savings in the different life cycle phases made possible through access to sensor data. They assessed the environmental impact from the added technology needed to provide and process the data. Finally, LCA was used to evaluate the difference in impact between the current state and an ‘IoT scenario’. Results indicated that the IoT scenario gives a 4% lower weighted life cycle impact than the current state. However, it should be noted that the reported gains were sensitive to assumptions about the environmental impact of the IoT hardware components, implying that design decisions at this level can be important for ensuring a net environmental impact reduction from IoT-enabled circular strategies.
On the other hand, the authors in [b-Lansink] noted that in an early survey of the measurement of environmental performance from a productive efficiency perspective [b-Tyteca] noted that environmental indicator-based approaches such as Life Cycle Analysis (LCA) and Environmental Impact Assessment (EIA) have the drawback compared to frontier-based approaches that they are not suited for comparisons among producers and over time. 
The literature incorporating environmental concerns into conventional frontier-based efficiency and productivity analysis can be classified into several groups depending on how environmental damage (“pollution”) is dealt with [b-Tyteca] describes two types of frontier-based environmental efficiency models. The first type involves standard DEA efficiency models adjusted for pollution, whereas the second relates economic outcomes to ecological outcomes rather than “true” inputs. 
Data Envelopment Analysis (DEA) was introduced by Charnes, Cooper, dan Rhodes [b-Charnes]. DEA method was made as tool to evaluate performance an activity in entity units or organization. DEA was nonparametric approach which is basically a technique in linear programming [b-Meilisa].
In principle adopting a sound approach to assess the environmental performance and productivity of the technology is not the key issue (e.g. LCA vs. DEA) as long as a method is consistently applied across all the network elements, and given that the proper data is availed to conduct the analysis.
[bookmark: _Toc102263026][bookmark: _Toc120524242]8	Environmental Efficiency of 5G Usage in Smart Water Management
The foundation for energy efficiency in different parts of the network including base stations and the core network has be portrayed in [b-Zhang]. Energy savings and the use of renewable and green energy resources have been two mainstream approaches in the industry to tackle energy efficiency. Among the energy saving techniques, cell-switch off techniques have been widely exploited. For instance, in the EU FP7 ABSOLUTE project [b-Usama], an energy aware middleware has been proposed that would use the capacity-based thresholds for activation of the base stations. Data offloading has also been considered as an alternative energy-efficient approach.
Authors in [b-Zhang] have analyzed techniques for reducing the energy consumption from the traditional energy sources and have explored newer Energy Efficiency (EE) schemes in the End-to-End (E2E) system. One of the mentions by the authors as noted by [b-Zhang] includes the implementation of 3rd Generation Partnership Project (3GPP) compliant EE manager that would be responsible for monitoring energy demands in an E2E session and for implementation of the policies needed for catering to the ongoing energy demand.
Optimization routes for developing guidelines to achieve energy efficiency of 5G in smart water management use cases can be classified in the below pillars:
[bookmark: _Toc120524243]8.1	Energy Efficiency at Base Station Level
Radio access network (RAN) has always been considered as a basic unit for energy efficiency optimization as realizing improvements at the base station level would ultimately improve the overall network. There are several techniques and technical enhancement strategies employed by the industry to improve energy efficiency at the base station level. Efforts to optimize the architecture is noticeable in addition to efforts to improve the chipset power consumption. Power saving transmission mode, interference reduction techniques as well as new RRC states for UEs for conservation of the battery power are all techniques used to optimize the energy efficiency at the base station level.
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