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Introduction 
 
The global climate issue has reached a tipping point, needing rapid action to mitigate its 
negative consequences. The urgency to address climate change has led to ambitious goals in 
the United Kingdom, as it has in many other countries, intending to reach net carbon zero by 
2030 being one of the major promises in the UK. This goal emphasises the importance of 
developing innovative solutions to reduce carbon emissions across all industries. Water has 
an often-overlooked role in the UK's carbon footprint; however, it acts as a critical resource 
for sustaining life and generating economic activity. Understanding and minimising the energy 
footprint associated with water usage has thus emerged as a critical emphasis within the 
broader context of climate action. 
 
The climate situation in the United Kingdom brings both challenges and opportunities. The 
amplification of extreme weather events, rising sea levels, and ecosystem disruptions 
highlight the critical need to reduce greenhouse gas emissions. Simultaneously, the promise 
to reach net carbon zero by 2030 necessitates the investigation of innovative means of 
lowering carbon emissions. To that aim, it is necessary to examine and address the energy 
footprint of water, which is a major component of a country's overall carbon footprint. 
 
The purpose of this report is to contribute to the overarching goal of climate mitigation by 
projecting the energy footprint of water in the United Kingdom, with a focus on the city of 
Oxford. Our goal is to simplify the complex link between water usage and energy 
consumption: understanding the energy-intensive features of water management enables us 
to identify strategic interventions to minimise carbon emissions and contribute to the UK's 
transition to carbon net zero. We hope to light the way to a more sustainable future by 
providing insights into water's energy footprint, using modern technologies such as Machine 
Learning (ML) and Artificial Intelligence (AI) to achieve our research goals. Our approach 
involves integrating our machine learning model into the Water Systems Integrated Model 
(WSIMOD) framework, developed by Imperial College London; therefore, helping us 
understand the intricate relationships between water consumption, and the corresponding 
energy intensities, which will further help in the quest to mitigate the negative effects of 
climate change.  
 
Literature Review 
 
The paper titled "Machine learning for energy-water nexus: challenges and opportunities" by 
Syed Mohammed Arshad Zaidi et al. presents a comprehensive literature review on the 
application of machine learning techniques to address the challenges and explore the 
opportunities in the energy-water nexus domain. 
 
The authors begin by highlighting the growing concerns surrounding the interdependence of 
energy and water resources and the need for innovative approaches to address their complex 
interactions. They emphasize that the utilization of machine learning has gained momentum 
in recent years as a promising approach to analyse and model the intricate relationships 
between energy and water systems. The paper systematically reviews and analyses existing 
literature in the field, categorising the research contributions into key areas: 
 
 



• Data-Driven Analysis: The authors discuss studies that utilize machine learning 
algorithms to analyse large datasets related to energy and water usage, identifying 
patterns, correlations, and trends. These analyses provide insights into the complex 
interactions and dependencies between energy and water systems. 

• Resource Management and Optimization: The review highlights research that employs 
machine learning for optimizing resource allocation and management in the energy-
water nexus. These studies aim to enhance efficiency, reduce wastage, and improve 
decision-making processes across both domains. 

• Predictive Modelling: The paper explores how machine learning techniques are 
applied to create predictive models for energy and water consumption, demand, and 
availability. These models aid in forecasting future trends and potential resource 
shortages, enabling proactive planning and intervention strategies. 

 
Throughout the paper, the authors identify challenges and gaps in the existing literature, such 
as the need for standardized data collection, the development of interpretable and 
transparent models, and the integration of domain-specific knowledge with machine learning 
approaches. 
 
The paper titled "The Water Footprint Assessment Manual" by Hoekstra et al. is a 
comprehensive and influential work that presents a detailed framework and methodology for 
assessing the water footprint of products, processes, and activities. Authored by Arjen Y. 
Hoekstra and his collaborators, the manual addresses the growing concern about global water 
scarcity and the need for a standardized approach to quantifying and managing water use in 
various sectors. 
 
The authors begin by providing a comprehensive overview of the concept of the water 
footprint, which encompasses the total volume of freshwater used directly and indirectly in 
the production and consumption of goods and services. They emphasize the importance of 
distinguishing between blue, green, and grey water footprints to capture different aspects of 
water use and pollution. This conceptual foundation lays the groundwork for a structured 
assessment methodology. 
 
The manual outlines a step-by-step approach for conducting a water footprint assessment, 
starting with the definition of the system boundaries, data collection, and categorization of 
water use. It provides detailed guidance on calculating the various components of the water 
footprint, including the incorporation of regional water scarcity and pollution factors. The 
authors also introduce the concept of "virtual water" and its role in international trade, 
demonstrating the relevance of the water footprint on a global scale. 
One of the key strengths of the manual is its adaptability to different sectors and scales of 
analysis. It offers practical examples and case studies from a wide range of industries, such as 
agriculture, industry, and household consumption. The authors emphasize the integration of 
the water footprint assessment into sustainability practices, resource management, and 
policymaking. 
 
Furthermore, the manual addresses the challenges and uncertainties associated with data 
availability, quality, and spatial-temporal variations. It highlights the importance of 



transparent reporting and consistent methodologies to enhance the credibility and 
comparability of water footprint assessments across different contexts. 
The influence of "The Water Footprint Assessment Manual" extends beyond academia, as it 
has played a pivotal role in shaping water management strategies, corporate sustainability 
initiatives, and government policies worldwide. Its comprehensive approach, emphasis on 
interdisciplinary collaboration, and practical applicability have made it a fundamental 
reference for researchers, practitioners, and policymakers striving to address water-related 
challenges holistically and systematically. 
 
The paper titled "The Carbon Footprint of Water" by Bevan Griffiths-Sattenspiel and Wendy 
Wilson is a comprehensive study that delves into the intricate relationship between water 
usage and its associated carbon footprint. The authors investigate the environmental impact 
of water-related activities and explore the various factors contributing to the carbon 
emissions linked with water. 
 
The paper begins by emphasizing the growing concerns surrounding climate change and the 
need to mitigate carbon emissions. The authors highlight that water management plays a 
pivotal role in these efforts, as water-related activities, such as extraction, treatment, 
distribution, and disposal, have a significant carbon footprint. They point out that while water 
is often considered a renewable resource, the processes involved in its lifecycle can result in 
substantial greenhouse gas emissions. 
 
Griffiths-Sattenspiel and Wilson analyse existing literature and research on the topic, 
examining studies that quantify and assess the carbon footprint of different water-related 
activities. They investigate the carbon emissions associated with both direct and indirect 
water use, considering factors like energy consumption, transportation, and treatment 
technologies. 
 
The authors also explore the potential strategies and technologies for reducing the carbon 
footprint of water. They discuss the importance of improving water efficiency, adopting 
sustainable practices, and integrating renewable energy sources into water management 
systems. Additionally, they address the significance of policy interventions and regulatory 
frameworks in promoting environmentally friendly water practices. 
 
Throughout the paper, Griffiths-Sattenspiel and Wilson provide a critical synthesis of the 
available data and methodologies used to assess the carbon footprint of water. They highlight 
the complexities and challenges in accurately quantifying carbon emissions associated with 
water and underscore the need for further research and data collection in this field. 
 
"The Carbon Footprint of Water" presents a thorough analysis of the intricate relationship 
between water usage and carbon emissions. The authors offer valuable insights into the 
environmental implications of water-related activities and stress the importance of 
sustainable water management practices in mitigating climate change. The paper contributes 
to the existing body of knowledge by shedding light on a critical aspect of carbon footprint 
assessment and providing a foundation for future research and policy initiatives aimed at 
reducing the environmental impact of water usage. 
 
 



Case Study 
 
This case study focuses on the Oxford water system and its high-water management 
strategies, with a particular emphasis on the Thames Water network. It explores the 
challenges posed by high water events in the region, the measures adopted to mitigate these 
challenges, and the role of the Thames Water Authority in ensuring water supply reliability. 
Thames Water plays a central role in coordinating high water management strategies for the 
Oxford water system. As the water and wastewater service provider for the region, Thames 
Water collaborates with local authorities, environmental agencies, and other stakeholders to 
ensure a holistic and coordinated approach to high water management. Its responsibilities 
include monitoring water levels, maintaining flood defences, and implementing contingency 
plans during high water events. The Oxford Catchment Plan, implemented by Thames Water, 
is a comprehensive strategy designed to manage water resources within the Oxford area. It 
focuses on the sustainable use of water, flood prevention, and environmental protection. The 
plan incorporates several key elements. 
 
 

1. Water Source Management: The plan emphasizes the efficient management of water 
sources, including rivers, reservoirs, and groundwater. This involves monitoring water 
levels, quality, and availability to ensure a reliable supply for both domestic and 
industrial use. 

2. Environmental Conservation: Thames Water's Oxford Catchment Plan places a strong 
emphasis on protecting and enhancing the natural environment. This involves 
promoting biodiversity, preserving habitats, and minimizing the impact of water 
management activities on local ecosystems. 

 

 
 



Methodology 
 
In the WSIMOD, Oxford Demo, there are nodes and arcs: nodes represent distinct 
components within the water system, such as catchments, treatment facilities, reservoirs, 
and demand points. They store and manage water quantities and pollutant levels. Meanwhile, 
arcs serve as connections between nodes, enabling the movement of water and pollutants. 
They symbolize the physical interactions and relationships within the water system. 
 
The characteristics of each node type are defined in the WSIMOD; for example, catchment 
nodes may include attributes like surface area, precipitation, and runoff characteristics, while 
treatment plant nodes might have parameters related to treatment efficiency and capacity.  
 
Arcs determine the connections and interactions between different nodes in the water 
system. For instance, they specify how water flows from catchments to treatment plants, and 
then to storage reservoirs. Arcs represent these connections, indicating the direction of water 
flow and the transfer of pollutants. Each arc links two nodes and symbolizes the pathway for 
water movement.  
 
Simulations of the WSIMOD are then run; the time period for simulation is defined and the 
time steps are set at which the simulation will progress.  The model then steps through each 
time interval, updating the state of nodes and their interactions within the water system. 
During each time step, nodes perform processes like water inflow, outflow, storage, 
treatment, and demand satisfaction. Arcs facilitate the transfer of water and pollutants 
between connected nodes. 
 
This section elaborates on the comprehensive methodology adopted in this research to enrich 
the existing simulation model. The methodology consists of two phases: the Baseline Plan 
(Plan 1) and the Extension Plan (Plan 2). 
 

 

 



 
Phase 1: Baseline Plan - Post Processing 
 
The initial phase of the study is centred around post-processing analysis, aimed at seamlessly 
integrating energy considerations into the simulation model. The detailed procedural 
approach is outlined below: 
 
 

1. Arc Value Assignment and Multipliers:  
 
The process commences with the assignment of numerical values to each arc within the 
simulation model. These values are pivotal in quantifying the significance of different arcs in 
the context of energy consumption. Simultaneously, an auxiliary table named "multipliers" is 
made using an Excel spreadsheet. This table contains coefficients that serve as multipliers for 
corresponding arcs, thus capturing the influence of energy-related attributes. 
 
 
2.  DataFrame Integration:  
 
To facilitate seamless incorporation, the data from the "multipliers" table is ingested into a 
pandas DataFrame within the Spyder environment. This integrated DataFrame encompasses 
both the flow data and the additional multiplier column. The integration process involves a 
careful mapping of multipliers to the respective arcs, establishing a direct relationship 
between energy factors and flow dynamics. 
 
 
3. Time Series Visualization: 
 
A fundamental facet of this phase involves the generation of time series plots that visualize 
energy consumption patterns for individual arcs. Utilizing the 'LOC' command provided by the 
pandas library, these plots offer a nuanced insight into the temporal evolution of energy 
utilization. 
 
 
4.   Energy Cost Analysis:  
 
The research then shifts its focus to cost considerations, encompassing both energy costs and 
overall costs. By leveraging the 'GROUPBY' command, a comprehensive assessment is 
conducted, breaking down costs at the arc level. 
 

Phase 2: Extension Plan - Dynamic Model 
 
The Extension Plan is designed to augment the simulation model's sophistication by 
introducing dynamic elements and directly integrating energy as a foundational parameter. 
The plan unfolds as follows: 
 
 



1.  Multiplier Parameter Integration: 
This phase marks the incorporation of the multiplier parameter into the simulation model. 
The multiplier functions as a dynamic coefficient that dynamically adjusts the flow value at 
each simulation timestep, thereby encompassing energy attributes.  
 
 
2. Creation of a New Arc Subclass:  
 
Central to this enhancement is the creation of a new subclass of the arc within the simulation 
model. The '__init__' function of this subclass is tailored to accept the multiplier argument, 
which is subsequently stored within the object as an attribute. Additionally, a dedicated list is 
initialized within the object to compile the outcomes resulting from energy-related 
calculations. 
 
 
3. Dynamic Energy Calculation:   
 
The calculated energy value is stored within the object, and in tandem, added to the list 
designated for the accumulation of energy values over successive timesteps. 
 
 
4. Data Collection and Analysis:   
 
The dynamic model gives rise to a longitudinal dataset, capturing the energy values at 
different timesteps. This dataset forms the cornerstone for in-depth analysis, revealing 
intricate patterns and fluctuations in energy consumption. The comprehensive analysis of this 
dataset affords researchers a profound understanding of how energy dynamics influence 
system behaviour over time. 
 
The outlined methodology serves as a robust framework for the refinement and enrichment 
of the simulation model. The Baseline Plan incorporates energy considerations through post-
processing analysis, while the Extension Plan introduces dynamic modelling by directly 
integrating energy parameters. 
 
By employing this model, researchers gain a comprehensive understanding of energy-related 
implications within the simulation model, thereby enhancing its applicability in real-world 
scenarios involving energy-sensitive systems. The integration of energy attributes and 
dynamic elements elevates the model's accuracy and facilitates more informed decision-
making within complex systems. 
 
 

Results 
 
The results of the energy footprint analysis for various arcs within the water distribution 
system provide a comprehensive understanding of the energy implications associated with 
different stages of water management. The energy consumption is presented in kilowatt-



hours per million gallons (KWh/MG) of water processed. The calculated energy footprints for 
each arc are as follows: 
 

Arc Energy Footprint (KWh/MG) 
Distribution_to_demand 56,250.0 
thames_to_thames 192,807.0 
thames_to_farmoor 421,200.0 
cherwell_to_cherwell 123,687.0 
wwtw_to_mixer 81,040.5 
mixer_to_waste 642,775.3 
demand_to_sewer 51,780.0 
land_to_sewer 70,765.9 
fwtw_to_sewer 1,868.5 
reservoir_to_fwtw 61,868.5 
land_to_gw 7,023.3 
gw_to_mixer 9,938.5 

 
 

Discussion of Results 
 
The obtained energy footprint values reveal significant variations across different arcs within 
the water distribution system. Energy consumption varies based on the specific processes and 
interactions occurring at each stage.  
 
Among the arcs with the highest energy footprints are "thames_to_farmoor" and 
"mixer_to_waste," registering values of 421,200.0 KWh/MG and 642,775.3 KWh/MG, 
respectively. The high energy footprint of "thames_to_farmoor" can be attributed to the 
substantial energy requirements associated with conveying water from the Thames to the 
Farmoor reservoir, encompassing pumping and distribution processes over a considerable 
distance. Similarly, the elevated energy consumption in "mixer_to_waste" can be attributed 
to the energy-intensive nature of wastewater treatment and the need to maintain 
appropriate mixing conditions. 
 
On the other hand, arcs such as "fwtw_to_sewer," "reservoir_to_fwtw," and "land_to_gw" 
exhibit comparatively lower energy footprints, with values of 1,868.5 KWh/MG, 61,868.5 
KWh/MG, and 7,023.3 KWh/MG, respectively. The lower energy consumption in 
"fwtw_to_sewer" and "reservoir_to_fwtw" can be attributed to the relatively shorter 
distances for water transport and treatment. Similarly, the "land_to_gw" arc involves the 
transfer of water to groundwater, which may require less energy-intensive processes 
compared to other stages. 
 
The energy footprints of arcs such as "thames_to_thames," "cherwell_to_cherwell," and 
"gw_to_mixer" fall within the middle range, showcasing intermediate energy consumption 
levels. These arcs reflect the energy requirements for transferring water within the same 



source or between interconnected components, as well as the energy needed for the 
transition from groundwater to the mixer. 
 
It is important to note that the observed energy footprints are influenced by various factors, 
including the distance covered, elevation changes, treatment processes, and the efficiency of 
pumping systems. Additionally, variations in water quality and demand dynamics can also 
contribute to fluctuations in energy consumption across different arcs. 
 
Discussions 
 
Future Applications and Methods to Reduce Carbon Footprint of Water  
 
The proposed simulation model, combined with the integrated machine learning approach, 
has promise for a variety of future applications in the field of water-energy nexus study. The 
findings of this study can be generalised to other regions of the United Kingdom and abroad, 
laying the groundwork for analysing the energy footprint of water in a variety of urban and 
rural settings. Furthermore, the model's dynamic capabilities allow for the creation of 
adaptive water resource management policies. 
 
Given the growing emphasis on reaching carbon neutrality, it is critical to integrate the 
energy-water nexus model into urban planning and policy-making frameworks. The model 
can help policymakers develop targeted actions and laws to lower the carbon footprint 
associated with water management by giving them a practical grasp of the energy 
consequences of water usage. This is especially true in Thames Water and the wider UK, 
where carbon reduction targets need solutions across all industries. 
 
Methods to Reduce the Carbon Footprint of Water 
 
Addressing the carbon footprint of water involves a multi-faceted approach that includes 
technological advancements, policy interventions, and sustainable practices. Several 
strategies can be considered to mitigate carbon emissions: 
 
 

1. Renewable Energy: Integrating renewable energy sources, such as solar and wind, into 
water treatment and distribution operations can dramatically reduce dependency on 
fossil fuels, resulting in lower carbon emissions. 

2. Energy-Efficient Technologies: Using energy-efficient technologies such as low-energy 
treatment procedures and smart water distribution systems, you can reduce energy 
usage throughout the water supply chain. 

3. Demand Management: By encouraging water conservation and efficient use through 
public awareness campaigns and promoting low-water consumption practices, energy 
demand associated with water treatment and supply can be reduced indirectly. 

4. Wastewater Recovery: Using technologies for wastewater treatment and recycling not 
only conserves water resources but also reduces the energy required for primary 
water treatment. 

5. Policy and Regulatory Frameworks: Creating policies that incentivise carbon-efficient 
water practises and implement carbon pricing systems can encourage industries and 
utilities to reduce their water-related carbon emissions. 



 
UK and Thames Water 
 
The United Kingdom's commitment to achieving net carbon zero by 2030 underscores the 
urgency of addressing the carbon footprint associated with water. With Thames Water 
servicing over 15 million customers in the UK, it plays a pivotal role in this endeavour. Thames 
Water's catchment-based approach, as exemplified by the Oxford Catchment Plan, offers a 
strategic blueprint for managing water resources sustainably while considering 
environmental and energy factors. 
 
Thames Water's responsibilities extend beyond water supply to flood management, 
environmental protection, and water quality enhancement. Its strategic collaborations with 
local authorities and environmental agencies emphasise a holistic approach to water 
management, acknowledging the intricate interplay between water, energy, and the 
environment. 
 

Limitations and Considerations 
 
While this study presents a significant step forward in understanding and quantifying the 
energy footprint of water, several limitations merit consideration. The model's accuracy relies 
on the quality and granularity of data available for input. Insufficient or outdated data may 
introduce biases and inaccuracies in the results. Additionally, the model's simplifications and 
assumptions, such as static multipliers and linear relationships, may not capture the full 
complexity of real-world energy-water interactions. 
 
Furthermore, the study focuses on the energy implications of water usage and does not 
account for other environmental impacts, such as ecological disruptions and social 
considerations. Incorporating a broader set of sustainability indicators would provide a more 
comprehensive assessment of the trade-offs and synergies between water management and 
carbon reduction. 
 
Conclusion 
 
The detailed energy footprint analysis presented in this study underscores the significance of 
understanding the energy implications of different water distribution system components. 
The variation in energy footprints across arcs highlights the importance of targeted 
interventions and optimizations to reduce energy consumption and, subsequently, the 
carbon footprint associated with water management. The insights gained from this analysis 
serve as a foundation for guiding policy decisions and infrastructure improvements aimed at 
achieving carbon reduction goals while ensuring sustainable water supply and management. 
 
 


