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Abstract 

‘Urban Metabolism’ (UM) is a well-established concept based on the parallels between the metabolisms’ 

of ecosystems and cities. These parallels consist of the intake, storage, and transformation of materials 

and energy, and the creation and output of wastes. These traits, which suggest cities possess a metabolism 

similar to ecosystems, also exist within water distribution systems (WDSs). Four common areas of UM 

assessments include: the evaluation of environmental sustainability indicators; greenhouse gas 

accounting; numerical models for the assessment of metabolic flows; and design and decision support 

tools. These applications show promising opportunities if applied to WDSs, and therefore a novel 

framework based on UM was developed specifically for the assessment of WDSs. This framework was 

tested on a water distribution network via three experiments. Experiment 1 utilized factorial design to 

systematically assess predominate network parameters (water demand, static lift, and pipe roughness). 

Experiments 2 and 3 studied the effects of two network management strategies (water conservation and 

pipe replacement scheduling) as well as the effects of static lift and pipe roughness in the presence of 

these strategies. The results were reported in terms of four metabolic flows: water, operational energy 

(O/E), embodied energy (E/E), and greenhouse gases (GHGs). Experiment 1 showed that individual 

increases in water demand, pipe roughness, or static lift, all led to decreases in network pressures and 

reductions in leakage volume. Experiments 2 and 3 demonstrated increases to leakage volumes and 

decreases in per capita GHG emissions in the presence of water conservation measures, and decreases in 

leakage volumes and increases in O/E transmission efficiency in the presence of pipe replacement 

programs. Experiments 2 and 3 also demonstrated a reduction in network pressures, and a resulting 

reduction in leakage volumes, due to additional static lift and pipe roughness. Recommendations for 

future work were made in four specific areas: (1) the expansion of pre-established metabolic flows, (2) 

the further study of the effects of pressure management under the scenarios studied, (3) the consideration 

of other urban systems which may benefit from the application of an UM-based assessment, and (4) the 

assessment of non-hypothetical WDSs using the developed framework.  
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Chapter 1 

Introduction 

1.1 Introduction 

In the past two hundred years, the idea that urban regions possess a metabolism comparable to 

that of ecosystems has developed from simple observations into an entire field of study. Today, 

the concept formally termed as ‘Urban Metabolism’ (UM), is now a widely accepted, multi-

disciplinary approach to examining the flows of water, energy, material, and waste within 

complex urban regions (Holmes & Pincetl, 2012). While the metabolism of ecosystems and cities 

are not entirely analogous, the similarities they share are notable. For example, in humans, 

materials (food) are consumed, energy is utilized and/or stored, and wastes (such as heat) are 

released to the surrounding environment (Warren-Rhodes & Koenig, 2001). Similarly, the 

metabolic flows of a city consist of the intake, transformation, and storage of materials and 

energy, and the creation and discharge of wastes to the surrounding environment (Warren-Rhodes 

& Koenig, 2001). Urban metabolism assessment (UMA) provides a quantifiable estimation of the 

total fluxes of a regions metabolic flows (typically considered as water, energy, material, and 

waste), providing insight to a region’s efficiency in water, energy and material flows (Sahely et 

al., 2003). UM is a data-rich methodology and therefore it contains a wide range of applications. 

Four common applications of UM include: (1) the evaluation of environmental sustainability 

indicators, (2) greenhouse gas (GHG) emissions accounting purposes, (3) numerical models for 

the assessment of metabolic flows, and (4) design and decision support tools (Kennedy et al., 

2011). These four applications will be expanded upon throughout this chapter, as their potential 

for application to urban water distribution systems is explored. 
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1.1.1 Water Distribution Systems 

Like ecosystems, WDSs take in materials and energy to sustain themselves; transforming, storing, 

and utilizing the acquired materials and energy, while creating and ultimately releasing wastes to 

the surrounding environment. An example of this type of behavior is the replacement of pipe 

material. When a water distribution main is replaced in a WDS, the pipe material and the 

embodied energy (E/E) of the new pipe is input to the system, while the end-of-service pipe 

material (and the embodied energy in it) is output from the system. The newly added pipe 

material and the embodied energy contained in it is then stored within the network until the pipe 

undergoes a subsequent replacement. Another example of the metabolic-like traits which WDSs 

exhibit, include the operational energy (O/E) expenditures of the system. These expenditures 

results from the continuous input of electrical energy to a WDS via high- and low-lift pumps, 

where the electrical energy is transformed by the pumps into mechanical energy and ultimately 

applied to the fluid. Part of this mechanical energy is stored as potential energy within the water 

towers of the network, while a portion of both this mechanical and potential energy is eventually 

delivered to customers; the remaining lost within the network via leakage, friction, and local 

losses. A third example of WDSs’ metabolic traits pertains to the systems creation of waste, 

whereby during the various phases of their life cycles, these inputs of material and energy are 

consequently responsible for the release of wastes; most notably of which are GHG emissions. 

These examples, of WDSs metabolic-like behaviour, represent only a small number of ways in 

which WDSs are comparable to urban centres in their transformation, storage, and utilization of 

materials and energy, and in their creation and release of wastes. Given these parallels, it is 

reasonable to assume that WDSs possess a metabolism similar to that of urban regions and 

therefore by assessing the metabolic flows of WDSs, similar applications used by UMA may be 

employed. The individual benefits of four common applications of a UMA, when applied to 

WDSs, are investigated in the following sections.  
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1.1.2 Sustainability Indicators  

Environmental sustainability reporting is mandatory for many industries in the United Kingdom 

(Stray, 2007). The Water industry is no exception. Water companies, dealing with either 

treatment or supply, are obligated to produce publicly-available environmental reports that outline 

a utility’s activities and the resulting environmental loads (Stray, 2007). Analyzing the 

metabolism of these systems would trace the sustainability indicators necessary to create these 

mandatory environmental impact reports. 

In contrast to the U.K.’s current obligatory environmental reporting, The Stockholm Water 

Company provides an example of voluntary environmental reporting. The municipally-owned 

water utility delivers drinking water to over one million residents of Sweden’s capital, and has 

been producing publicly-available environmental reports regarding their operations since 1996 

(Lundin, 1999). These reports outline the utility’s services and activities, and highlights the 

related environmental impacts (Lundin, 1999). Their reporting procedures could be enhanced by 

applying a UM-based model to their system, to assist in the assessment of the environmental 

loads associated with their operational activities.  

In North America, environmental reporting within the water industry has yet to be made 

mandatory. However, there are three factors that are encouraging the implementation of 

mandatory reporting: (1) the deterioration of water distribution infrastructure in North America, 

and the need for pipe asset rehabilitation to continue providing safe and reliable drinking water 

(Sægrov et al., 1999); (2) the future mitigation and adaptation costs forecasted as a result of 

stresses to water sources and infrastructure due to climate change (Arnell, 1998); and (3) 

concerns about the water security of areas in North America (Niaman & Turner, 2000). These 

factors could potentially drive the implementation of environmental regulation and reporting with 

regard to water services in North America within the foreseeable future. If such policy were to be 

implemented, the metabolic assessment (MA) of WDSs has the potential to serve a crucial role in 

quantifying the sustainability indicators necessary for such environmental reports. 
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1.1.3 Greenhouse Gas Accounting  

The United Nations Framework Convention on Climate Change (UNFCCC) has also recognized 

a need for environmental regulation and reporting within the anthropogenic systems of the world. 

In 2008, UNFCCC called for international commitment to significantly reduce GHG emissions, 

and to collaboratively address the current and future consequences of climate change (UNFCCC, 

2008). In addition to this, several nations have also joined the movement toward environmental 

accountability in regards to monitoring and regulating GHG emissions in the planning and 

management of their anthropogenic systems. For example, a number of states within the U.S. 

have come together to develop the Regional Greenhouse Gas Initiative (Regional Greenhouse 

Gas Initiative, 2005). This state-level initiative is an emissions-capping-and-trading program 

aimed specifically at stabilizing and reducing GHG emissions (Regional Greenhouse Gas 

Initiative, 2005). In addition to this, California has committed to significantly reduce their GHG 

emissions through their own state-level initiative, the Global Warming Solutions Act, as well as 

an additional state-level cap-and-trade program (Hsia-Kiung et al., 2014). The GHGs emitted as a 

result of WDS operations are considerable (Herstein, 2009), and as such WDSs will likely be 

affected by such programs. The MA of WDSs within regions such as these has the potential to 

play a significant role in GHG accounting for reporting purposes. 

It has been approximated that in the U.K., water distribution and sewage operations contribute 

approximately six million tonnes of GHG emissions annually (Herstein, 2009).  Recognizing 

these large releases of GHGs, the U.K. Water Services Authority introduced mandatory reporting 

on annual GHG emissions for all water distribution and sewage operations. The mandatory GHG 

accounting is required to include the GHG emissions that result from both operational activities 

and non-operational activities. An example of such non-operational activities is the production 

and manufacturing of WDS network components (e.g., pumps, tanks, and pipes) (Herstein, 2009). 

This stems from The Water Services Authority acknowledgment that significant levels of GHGs 

are produced by both operation and non-operational activities in WDSs (Herstein, 2009). This 
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presents an opportunity for the MA of WDSs to assist in GHG accounting activities, as MA has 

the ability to consider GHG emissions from all aspects of the system, including both operational 

and non-operational activities.      

1.1.4 Numerical Models 

In the past, many numerical models of UM have been developed to trace specific substances 

through urban regions. Many more holistic models have allowed for the simulation of possible 

changes to multiple metabolic flows through urban regions as a response to political, technical or 

other changes to the region (Kennedy et al., 2011). These types of numerical models may used in 

several applications such as for retrospective analyses’ to assess fluctuations in metabolic flows 

which occurred as a response to past changes to the system. Management of municipal WDSs’ 

would benefit from such modeling by gaining valuable information regarding the changes in their 

system’s metabolic flows as a result of past alterations to the system. An example of this type of 

application may be a retrospective analysis to assess the effects of leakage on O/E expenditures 

due to past changes to pipe replacement schedules. Numerical models of a WDS’s metabolic 

flows would also allow for a variety of scenario simulations. An example of this being a multi-

year study of the effects of water demand, O/E expenditures, and GHG releases due to an 

expected population growth within a WDS service area. By assessing the flows of water, 

material, energy, and waste through the system, one can observe how these flows react to external 

pressures to the system. 

1.1.5 Design Tools 

Water utilities are often directed by government bodies which must demonstrate that their current 

operations and planning practices are in line with the public’s expectations in terms of 

environmentally sustainable development (Lundie et al., 2004). Water utilities such as Sydney 

Water, for example, are required by law to conduct their operations in an environmentally 

sustainable manner, and to effectively integrate environmental impact considerations into the 
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decision-making process (Lundie et al., 2004; New South Wales Government Legistlation, 1991). 

In the past, Sydney Water has stated their need for technical environmental planning tools to 

complement their current financial planning tools (Lundie et al., 2004). This demonstrates an 

opportunity for the MA of WDSs to be used as a practical design tool for environmental 

consideration during the planning process and ongoing development of WDSs. 

MA may also be used in conjunction with numerical models to simulate design options to assist 

in the decision-making process. For example, if several network layouts are being considered for 

a future network expansion, MA has the ability to assist in the design process by assessing both 

the hydraulic flows and the metabolic flows of the network. This type of analysis could help 

decision makers to gain valuable information regarding the hydraulic characteristics and the 

metabolic tendencies of each design option.  

1.2 Thesis Objectives 

The goal of this research thesis is to develop an innovative framework based on urban 

metabolism modelling to assist in the design and management of WDSs. The specific objectives 

of the thesis are to:  

 Develop a novel urban metabolism model framework specifically designed for WDSs; 

 Identify metabolic flows specific to WDSs to be implemented within the framework; 

 Apply the new urban metabolism framework to a WDS model; 

 Evaluate and discuss the metabolic flows of an idealized WDS test network; 

 Demonstrate the capabilities of MA in the context of a WDS assessment. 

1.3 Original Thesis Contributions 

The original contribution of this thesis is the development of a metabolic assessment framework 

specifically tailored for water distribution networks. The framework allows for the 
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comprehensive assessment of water distribution systems, and will assist in the management, 

design and study of water distribution networks.   

Specifically, this thesis will provide novel contributions by way of:   

 Developing an original metabolic assessment framework for WDSs;  

 Developing a consolidated list of environmental sustainability indicators for 

WDSs, based on a review of significant literature; 

 Applying the newly developed framework to an idealized water distribution test 

network through a factorial design of experiments and a number of scenario 

simulations. 

1.4 Thesis Organization 

This thesis is written and formatted according to the formal requirements and guidelines of the 

School of Graduates Studies, and is organized as follows:   

 

Chapter 2 is divided into two distinct sections. First, a thorough review of urban metabolism is 

presented to provide a better understanding of the concept. The section begins by discussing the 

intellectual origins of urban metabolism, the progression of its application throughout the 

twentieth century, and concludes with the status of the field of study today. In the second section, 

literature pertaining to environmental sustainability indicators (ESIs) of WDSs is reviewed. The 

literature review spans over a decade of research, and reviews over a dozen unique ESIs 

developed for WDSs. The review concludes with recommendations for future work within the 

field of WDS-ESIs, and summarizes the most frequently applied indicators reported in recent 

literature.  

 

Chapter 3 describes the methods applied in this thesis. The chapter begins with the merging of 

traditional metabolic flows assessed within UMAs and the previously described ESI reviewed in 
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Chapter 2. The result is a set of metabolic flows specifically tailored to WDSs. These flows are 

then described in detail and divided into quantifiable parameters at input, output, and storage 

stages. The equations used to quantify these variables are presented and reviewed.  

 

Chapter 4 begins by describing the idealized water distribution test network developed for the 

case study of this thesis, outlining the system parameters in detail. The chapter then outlines the 

three experiments performed on the test network. Experiment 1 is constructed using factorial 

design to examine the effects of network factors on the metabolic flows and performance 

indicators of the test network. Experiments 2 and 3 examine the impacts of two network 

management practices (water conservation and pipe replacement scheduling) on the metabolic 

flows of a WDS. Experiments 2 and 3 also examine the effects of static lift and pipe roughness on 

both the management practices and the chosen metabolic flows. The results of Experiments 1-3 

are reported and discussed. The chapter concludes with recommendations for future work 

concerning the metabolic assessment of WDSs.       

 

Chapter 5 begins by re-enforcing the motivations and objectives of this research study, followed 

by a reaffirming of the original contributions made. The key findings of this research are 

summarized and recommendations for future work are discussed. The chapter closes with final 

remarks about the importance of the work presented in this thesis in a broader context.   
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Chapter 2 

Literature Review 

Chapter 2 is divided into two sections. The first section will discuss the intellectual origins of 

UM, the evolution of the concept to through the 20
th
 century, and the current state of the field 

today. The second section of the chapter will discuss the importance, relevance, and details of 

ESIs for WDSs, as well as review the literature pertaining to the the ESIs of WDSs. The literature 

review spans over a decade of research, and reviews over a dozen unique ESIs for WDSs. The 

literature review concludes with recommendations for future work within the field of WDS-ESIs 

and summarizes the most frequently used indicators reported in the literature. 

2.1 Urban Metabolism 

2.1.1 Intellectual Origins 

Karl Marx’s (1818-1883) work is thought to have been one of the intellectual origins of urban 

metabolism (Pincetl et al., 2012), as he is believed to be one of the first to have used the term 

“metabolism” in reference to the complex interactions between human beings and nature 

(McDonald & Patterson, 2007).  His use of the term “metabolism” alluded to the genuine 

metabolic impacts human activities have on the dynamic interactions between society and nature 

(Pincetl et al., 2012). Marx’s work studying the complex connections between society and nature 

gave rise to the metabolic concepts which are being revisited in today’s study of urban 

metabolism (Heynen et al., 2006).  In the years following his work, Sir Patrick Geddes (1854-

1932), arguably the father of urban planning, continued to examine these complex connections in 

a written criticism of the urbanization of his time (McDonald & Patterson, 2007). Geddes’ work 

challenged the prevalent idea of indefinite, unrestricted industrial progression, stating that the 

material and energy being used by society was finite, placing inherent constraints on industrial 

progression (McDonald & Patterson, 2007). Geddes laid the framework for contemporary UMA 
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by creating a physical budget of the energy and materials passing through an urban centre. He 

was the first to attempt such a large empirical description of an urban region’s material and 

energy flows (McDonald & Patterson, 2007), and following his work, the field of urban 

metabolism did not make any significant advances until well into the 20
th
 century. 

2.1.2 Urban Metabolism in the 20
th

 Century 

In 1965, Abel Wolman wrote his pioneering article entitled “The Metabolism of Cities”. In it, 

Wolman reviewed a hypothetical city of one million people, through a framework that is now 

recognized as ‘urban metabolism’. Using national data averages, Wolman traced the metabolic 

flows of water, fuel, food, and wastes (e.g. air pollutants); tracing their inputs, outputs, and 

respective transformations through the hypothetical city (Kennedy et al., 2011).  Through this 

interpretation of data, Wolman expressed his concern for the deteriorating water and air quality in 

American cities – a topic that is still relevant today (Wolman, 1965).  

The first contemporary studies of non-hypothetical cities began in the 1970s and focused 

primarily on large urban centres (Kennedy et al., 2011). The first three of these studies which 

analyzed the metabolism of non-hypothetical cities were completed in the fields of civil 

engineering, chemical engineering, ecology; which demonstrates the multi-disciplinary nature of 

urban metabolism (Kennedy et al., 2011). During this period, an ecological approach to urban 

metabolism term ‘Emergy’ emerged (Kennedy et al., 2011). This approach, put forward by H.T. 

Odum, was the primary ecological perspective of urban metabolism at the time (Pincetl et al., 

2012). Odum’s methodology was unique in that it was primarily concerned with expressing the 

metabolic flows of cities in terms of solar energy equivalents, or ‘Emergy’ as Odum described it 

(Kennedy et al., 2011).  

In contrast to Odum’s methods, engineers - in the following years - began assessing urban 

metabolism by assessing the material flows of cities, using a mass balance approach. This method 

of using standardized units to assess the input, output, and transformations of materials through 
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urban regions took a much greater hold within the field of UM than Odum’s ‘emergy’ method 

and has continued to be the most widely used method of UMA.  

2.1.3 The Current State of Urban Metabolism Research  

Since Marx’s first observations and Wolman’s pioneering physical description of what we now 

call urban metabolism, the field of UM has expanded into an array of applications. Despite the 

large variance in applications, there are still remains only two major schools of thought: Odum’s 

‘emergy’ approach and the engineering-centric ‘mass balance’ approach.  

Mass balance approaches may differ in form and function, however, they all revolve around the 

same principle of mass conservation, described broadly as ‘mass in = mass out + stock changes’ 

(Holmes & Pincetl, 2012). This mass balance approach has evolved over the years from tracing 

the mass of material flows, to incorporating energy flows into the process as well. In addition to 

this, the embodied energy (E/E) of materials has begun to be considered in place of the previously 

considered mass of materials. The reasoning behind this is that the embodied energy of a material 

provides information regarding its life-cycle that the mass of the material cannot. The primary 

drawback in considering the embodied energy of materials is the current lack of available data 

regarding the embodied energy of many materials. This is an issue that is particular to the 

material, region, and type of study.  

Mass balance approaches within the field of UM, have undergone many adaptations and 

numerous original applications. Researchers have modified the UM method to assess singular 

flows through urban regions, most commonly the flows of harmful substances. Such flows 

include heavy metal and mercury flows through Stockholm (Sörme et al., 2001; Sviden & 

Jonsson, 2001), lead through Vienna (Obernosterer & Brunner, 2001), and nitrogen and 

phosphorus through Stockholm and Bangkok (Færge et al., 2001).  

Many researchers have chosen to amend the mass balance approach for unique purposes, each in 

isolation of one another. Mass balance approaches have been enhanced with liveability measures 
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(Newman, 1999), quality of life measures (Stimson et al., 1999), eco-efficiency measures (Zhang 

et al., 2009), and metabolism efficiency measures (Browne et al., 2009). Researchers have 

extended the UM model to assess industrial areas, neighbourhoods, and even individual 

households within urban regions (Newman, 1999). However, there has yet to be significant 

progress by researchers in extending the UM methodology to individual urban systems, such as 

WDSs. This thesis aims to address this research gap by developing an assessment framework 

specifically for WDSs based upon the fundamentals of UM.   

2.2 Environmental Sustainability Indicators of Water Distribution Systems 

A common application of UM is the evaluation of environmental sustainability indicators (ESIs). 

It is therefore imperative that whenever a unique UM framework is developed with the intention 

of evaluating environmental sustainability, that the appropriate ESIs are chosen for appraisal. The 

development of a UM-based methodology for the assessment of WDSs is an example of a unique 

UM application – which requires the proper selection of ESIs. In this section, previous research 

on the development of ESI for WDS is reviewed. This review will comprise the first step in 

selecting a set of ESIs to assess the metabolism of a WDS in this thesis.  

2.2.1 Water Distribution Systems 

A recent survey by the American Society of Civil Engineers (ASCE) indicated that drinking 

water infrastructure in North America is aging and in dire need of upgrades and rehabilitation 

(ASCE, 2009). In addition to this, the populations of the urban centres where these WDS are 

located are rapidly expanding. As a result, engineers are not only faced with the issue of 

infrastructure rehabilitation, but also with a foreseeable need for infrastructure development 

(Sahely et al., 2005). These issues are present not only in North America, but in many urban 

centres around the world. Due to the compounding effects of the deteriorating infrastructure and 

increasing urban populations, infrastructure maintenance and expansion must occur within a 

relatively small interval of time. The necessary maintenance, replacement, and expansion of these 



 

14 

 

systems will require large inputs of materials and energy. The manufacturing of WDS 

components (pumps, pipes, tanks, etc.) will encompass large supply-chains of industrial sectors 

and consume considerable amounts of energy and materials in the process. Further, the expansion 

of urban centres at their periphery will increase the pumping energy requirements of water 

distribution systems. A typical leakage rate of 10–30% in North American systems (Brothers, 

2001) and an aging stock of water distribution mains with a reduced hydraulic capacity will also 

increase the electricity use required to pump water in WDS (Oldford & Filion, 2013). 

Compounding the issue is the fact that WDSs are incredibly energy- and carbon-intensive to 

maintain and operate (Roshani et al., 2012). The energy and materials used both directly and 

indirectly in the operation and supply chain of a WDS generates vast amounts of residuals and 

emissions, which are ultimately discharged to the environment.  

2.2.2 Quantifying Sustainability 

The goal of ‘sustainable development’ (SD) is about achieving a balance between three 

objectives, (environmental, economic, and social) over large temporal and spatial boundaries 

(Sahely et al., 2005). More specifically, when considering the environmental aspects of SD, 

definitions of SD call for the reduction or minimization of environmental impacts. In order to 

improve upon, limit, or reduce the environmental impacts of WDSs, these environmental impacts 

must first be quantified. There exist two primary types of metrics for measuring or quantifying 

environmental sustainability in the context of urban water systems: environmental indicators and 

criteria (McLaren & Simonovic, 1999).  

2.2.3 Environmental Indicators and Criteria 

Environmental ‘indicators’ and ‘criteria’ are fundamentally different, despite a tendency by 

researchers to use the two terms synonymously (Sahely et al., 2005). Environmental ‘indicators’ 

ideally consider a manageable number of variables or characteristics and are beneficial in 

monitoring and measuring the state of the environment (McLaren & Simonovic, 1999). 
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Environmental ‘indicators’ are the variables measured while environmental ‘criteria’ are the 

targets or ideal conditions against which environmental indicators are compared. For example, an 

environmental indicator of ozone depletion is the concentration of ozone depleting substances in 

the atmosphere. The corresponding environmental criteria associated with this would be a 

threshold concentration of ozone depleting substances in the atmosphere that should not be 

exceeded.  

The indicators themselves are not particularly useful in and of themselves. Rather, the utility of 

the indicators is demonstrated when compared against corresponding criteria. Indicators may 

demonstrate value however, through longitudinal examination of information for trends and 

patterns, providing context when monitoring relative changes within indicators (Sahely et al., 

2005). Sustainability indicators have been developed over the course of several studies (Alberti, 

1996; Bossel, 1999; Foxon et al., 2002; Hellström et al., 2000; Maclaren et al., 1996). 

In practice, sustainability indicators return varied results (Levett, 1998). This is because using 

quantitative indicators to try and determine qualitative change introduces ambiguity in the 

methodology and complexity in monitoring. The drawbacks associated with criteria are similar.  

2.2.4 Review of Water Distribution-Specific Environmental Sustainability Indicators 

The following sections will investigate the current methods employed in assessing the 

environmental sustainability of WDSs through the assessment of sustainability indicators and 

criteria. There are a small number of environmental indicators such as energy (Dandy et al., 2006, 

2008; Filion et al., 2004; Friedrich & Pillay, 2007; Herstein & Filion, 2011; Racoviceanu & 

Karney, 2010a) and greenhouse gas emissions (Wu et al., 2008, 2010) that have been used in 

isolation to characterize the environmental impact of water distribution systems. Many more 

studies have used multiple environmental indicators to gain a more comprehensive understanding 

of the environmental impacts of water distribution systems (Balkema et al., 2002; Dandy et al., 

2006, 2008; Hellstrom et al., 2000; Herstein & Filion, 2010, 2011; Herstein et al., 2009, 2011; 
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Lemos et al., 2013; Lundie et al., 2004; Lundin, 1999; McLaren & Simonovic, 1999; 

Racoviceanu et al., 2007; Sahely et al., 2005; Stokes & Horvath, 2006, 2009). The following 

sections will review previous research which has used multiple environmental indicators in order 

to assess the environmental sustainability of WDS. Only the research literature that reports on 

environmental sustainability indicators related to water distribution systems was reviewed. The 

literature considered spanned the years of 1999 to 2013. The following sections chronologically 

summarize previous research in the field of WDS-ESI and highlight the significant research 

contributions made by individual researchers. Areas where potential advancements could be made 

are also identified.  

 

McLaren and Simonovic (1999) 

McLaren and Simonovic (1999) presented the 3 sustainability indicators of reversibility, risk, and 

equity. Reversibility considers the degree to which the impacts of a development can be 

mitigated, risk is a measure of both the magnitude of negative impacts associated with 

development and the probability that those impacts will occur, and equity is a measure of the 

distribution of impacts associated with development in both time and space (McLaren & 

Simonovic, 1999). McLaren and Simonovic (1999) discussed the issue of data availability in the 

context of assessments of sustainability (an issue that is only fully being realized today) and drew 

a distinction between sustainability indicators and criteria. This distinction was not always clearly 

discerned in the research literature at the time. These three criteria were applied to two separate 

case studies. McLaren and Simonovic (1999) stressed the importance of considering multiple 

environmental indicators to provide a complete picture of the impacts associated with 

development (McLaren & Simonovic, 1999).  
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Hellström, Jeppsson, and Kärrman (2000) 

Hellström et al. (2000) developed a set of sustainability criteria that covers the areas of health and 

hygiene, society and culture, environmental, and economic and technical considerations. At the 

time of writing, this was innovative research since the social and cultural aspects of sustainability 

were not often considered. The authors’ use of the terms “sustainability criteria” and 

“sustainability indicator” however was unclear. The ESIs which were considered were: 

groundwater preservation, eutrophication, contribution to acidification, contribution to global 

warming, spreading of toxic compounds to water, spreading of toxic compounds to soil, and use 

of natural recourses. A brief analysis of the contribution to various environmental effects and 

resource utilization of the Swedish urban water system in relation to the impact of Swedish 

society in total was undertaken in order to prioritize the sustainability indicators (Hellström et al., 

2000). A priority list of sustainability indicators recommended to the the Swedish Foundation for 

Strategic Environmental Research for consideration included: (1) eutrophication, (2) spreading of 

toxic compounds to water, (3) spreading of toxic compounds to arable soil, and (4) the use of 

natural recourses. Many of the indicators are more suitable for relative comparisons of different 

water distribution systems rather than to the total anthropogenic impact (Hellstrom et al., 2000).   

 

Lundin and Morrison (2002) 

Lundin and Morrison (2002) developed the first iterative process for the selection of 

environmental indicators for the sustainability assessment of urban water systems. It is important 

to note that the procedure was developed for urban water systems, which include not only water 

distribution systems but wastewater and water supply treatment facilities, as well as wastewater 

and stormwater collection systems. Case studies were used within the procedure to test the 

selected indicators, whereby the iterative process allowed for refinement of the chosen indicators. 

The iterative process included life-cycle assessment (LCA) and a refinement of both spatial and 
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temporal system boundaries. Lundin and Morrison (2002) emphasized the importance of 

choosing a limited but comprehensive list of ESIs. The authors evaluated the selected ESI against 

desirable characteristics such as their relevance to the environmental sustainability of the specific 

urban water system, their ability to predict potential problems and the availability and quality of 

information (Lundin & Morrison, 2002). These additional points of analysis make the process 

developed by Lundin & Morrison (2002) robust and innovative. The final step of the iterative 

process is to revaluate the framework in order to determine if any improvements on the ESI can 

be made after new insights gained from case studies and further LCA.  

The iterative process was demonstrated by performing two case studies. The primary objective of 

the case studies was to assess the current situation of the urban water systems as well as how they 

had changed over time. The secondary objective was to assess how the ESI in a developing and 

developed region differ. The cities chosen for the two case studies were Goteborg, Sweden and 

King William’s Town (KWT), South Africa respectively. The urban water systems of each case 

study were divided into four subsections: (1) withdrawal of freshwater, (2) production, 

distribution and use of drinking water, (3) collection and treatment of wastewater, and (4) 

handling of by-products such as sludge, biogas and heat. A set of base ESI were assessed by both 

subsections. 

The results of the first case study suggests that Goteborg is moving toward a more sustainable 

state, albeit slowly. The results of the second case study showed that KWT is on an unsustainable 

path. These results were discussed in detail and each case study was awarded a grade for its level 

of sustainability. Subsequently, the ESI were evaluated against characteristics such as their 

relevance to the environmental sustainability of the specific urban water system, their ability to 

predict potential problems and the availability and quality of information (Lundin & Morrison, 

2002). It was determined that the relative importance of the ESI depended upon local and regional 

factors. For example, in KWT where water is relatively scarce the indicators of water use and 
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leakage are highly relevant, while in south-west Sweden water is readily available and so 

different indicators are deemed more important, such as high heavy metal content in sewage 

sludge. In Sweden, where annual environmental reports are mandated, data is more widely 

available. Throughout the iterative process, the system boundaries of the assessment were 

extended three times until deemed satisfactory. A set of recommended ESI was presented for the 

assessment of the environmental sustainability of urban water systems. The set of recommended 

ESIs included the boundaries of study where they may be assessed, their individual relevance for 

environmental sustainability, and references for each ESI. The defined areas of system boundaries 

for the recommended ESI were described as: (1a) drinking water treatment, (1b) wastewater 

treatment, (2) anthropogenic treatment, use, and handling of urban water, and (3) the urban water 

system and surrounding systems. It may be prudent for future work to use the procedure to assess 

currently developed ESI which pertain specifically to WDSs. It appears reasonable that the 

framework developed would prove valuable in the assessment of these ESIs and would further the 

development of robust environmental indicators for the assessment of environmental 

sustainability of WDSs. 

 

Lundie, Peters and Beavis (2004) 

Lundie et al. (2004) developed an LCA method to undertake the strategic planning of the Sydney 

Water Systems--Australia’s largest water service provider. At the time of publication, it was the 

first LCA model of an integrated water and wastewater system with a high degree of complexity 

(Lundie et al., 2004). The goal of the assessment was to examine the potential environmental 

impacts of Sydney Water’s total operations in the year 2021. The study began by constructing a 

‘base case’ scenario that represented the current operation of Sydney Water as augmented and 

updated to 2021. Future scenarios were developed, and assessed against a set of 7 environmental 

indicators. The indicators covered aspects of the entire water supply system, including treatment 
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of fresh water and wastewater, recovery of biosolids, etc.  The environmental indicators 

considered were (1) total energy, (2) climate change, (3) freshwater and marine eutrophication, 

(4) photochemical oxidant formation, (5) human toxicity, (6) aquatic ecotoxicity, and (7) 

terrestrial ecotoxicity. The environmental indicators used within the LCA, which pertained 

directly to the distribution of potable water, include (1) total energy and (2) climate change (GHG 

emissions). A multitude of future scenarios were assessed and the results broken into two general 

categories: (1) options that improve the environmental performance of all categories, and (2) 

options that improve one environmental indicator and worsen the others. Overall, scenarios that 

examined increased demand management, energy efficiency, energy generation, and additional 

energy recovery from biosolids resulted in increased environmental performance in all categories. 

Scenarios which experienced an improvement in one indicator and degradation in all others 

examined the desalination of seawater and the upgrades of major coastal sewage treatment plants 

to secondary and tertiary treatment. More specifically, it was found that the desalination of 

seawater resulted in large increases in GHG emissions with relatively small increases in water 

supply. The assessment also found that a greenfield scenario which incorporated water demand 

management, on-site wastewater treatment, local irrigation, and centralized bio-solids treatment 

returned significant environmental improvements in the indicators assessed when compared to a 

conventional system of corresponding scale. The paper by Lundie et al. (2004) was significant in 

the respect that it demonstrated the power and robustness of the LCA methodology when applied 

to the planning of water systems. It also made advancements in its field with respect to the size 

and complexity of systems that had previously been assessed with the LCA methodology. The 

paper also demonstrated the importance of setting broad system boundaries when assessing the 

environmental sustainability of water systems. 
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Sahely, Kennedy and Adams (2005) 

Sahely et al. (2005) established a method for developing sustainability criteria and indicators for 

urban infrastructure systems. The framework developed focused on key interactions and feedback 

mechanisms between infrastructure and surrounding environmental, economic, engineering, and 

social systems. The framework defined three generic steps: (1) problem definition, (2) inventory 

analysis (e.g., data collection and analysis), and (3) impact assessment and decision analysis. A 

generic set of sustainability criteria and sub-criteria and system-specific indicators were put 

forward. Selected indicators were quantified within a case study of the urban water systems in 

Toronto, Ontario. The nine environmental indicators developed for urban water systems were (1) 

construction material usage, (2) energy usage, (3) water usage, (4) land usage, (5) chemical 

usage, (6) residual contaminants, (7) residual nutrients, (8) sludge, and (9) GHG emissions. The 4 

indicators that apply solely to WDS systems are: (1) construction material usage, (2) energy 

usage, (3) water usage, and (4) GHG emissions. The environmental indicators applied to the case 

study were: (1) energy use, (2) chemical use, (3) GHG emissions and (4) discharges to receiving 

water. The case study concluded that the City of Toronto water supply system must be improved 

in terms of sustainability, especially energy, and water efficiency. It is also identified that the city 

is an untapped potential for energy recovery, especially in regard to wastewater treatment 

facilities.   

Although Sahely et al. (2005) emphasized the importance of considering the social aspects of 

sustainability, they excluded the parameter from the case study. Sahely et al. (2005) also 

suggested that additional research was needed in the areas of identifying and quantifying social 

indicators, and to identify significant indicators that influence the outcome of the sustainability 

assessment, and to analyse the trade-offs and sensitivity to weighting factors (Balkema et al., 

2002).  Sahely et al. (2005) set a standard by presenting the most comprehensive and robust 

definition of sustainability ‘indicators’ and ‘criteria’ at the time. Their understanding of the 
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importance of holistic system-wide approach to assessing sustainability is clearly demonstrated 

throughout their paper.  

 

Dandy et. al. (2006) 

Dandy et. al. (2006) developed an approach that includes sustainability objectives to optimize the 

design and operation of water distribution systems. The environmental objectives included: (1) 

energy consumption (operational energy + embodied energy), (2) CO2 production, and (3) the 

consumption of non-renewable resources. The authors applied the new approach to the design of 

the Darling Anabranch Water System in New South Wales, Australia. The water system includes 

over 300 km of pipelines, two major pumping stations, and two booster pumping stations, and it 

supplies 70 agricultural properties for domestic, irrigation, and livestock purposes. The objectives 

considered within the optimization were present value of total costs, energy consumption, CO2 

production, and the total mass of pipe material used. The three objectives used, which pertain 

directly to the sustainability of WDS, are: (1) energy consumption, (2) CO2 production, and (3) 

the total mass of pipe material used. Dandy et al. (2006) presented a design solution that was 

more sustainable than the original design and more financially viable as well.  

 

Stokes and Horvath (2006) 

Stokes and Horvath (2006) used a hybrid process-based EIO-LCA methodology to compare three 

water supply alternatives: importing, recycling, and desalinating water for the state of California. 

The study used two environmental sustainability indicators: (1) energy use and (2) air emissions.  

For all three water supply alternatives, energy use and air emissions associated with energy 

generation, vehicle and equipment operation, and material production was quantified. The 

methodology as a whole was named the Water-Energy Sustainability Tool. The tool was 

subsequently used to evaluate the water supply systems of a Northern and a Southern California 
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water utility. The paper was concluded by discussing the necessity of assessing the environmental 

sustainability of WDS in planning phases, and discusses the applicability of the developed model 

for water utilities (Stokes & Horvath, 2006). The paper was an important research contribution 

because it presented one of the first decision support tools to make decisions regarding the 

sustainability of alternative water supplies, infrastructure designs, and demand management 

measures, among others.    

 

Herstein, Filion and Hall (2009) 

Herstein et al. (2009) developed an index-based method for comparing the environmental impacts 

linked to WDS design. A number of environmental measures were incorporated into the index-

based method to account for the 4 environmental indicators of (1) non-renewable resource 

consumption, (2) greenhouse gas emissions, (3) fossil-fuel footprint, and (4) toxic releases. An 

economic input-output life cycle analysis model was used to evaluate the environmental measures 

for each design alternative of a water distribution system. The index-based methodology was 

applied to a test water distribution system and the results suggested that the five most cost-

effective alternatives were also those that exhibited the most favourable environmental 

performance. The results also showed that the environmental impact index is mainly influenced 

by pumping energy and partially influenced by pipe diameter selection. The paper was concluded 

by emphasizing the importance of considering environmental impacts in the planning stages of a 

WDS. The paper was a significant research contribution because it was one of the first to present 

an environmental impact model specifically developed for WDS planning and design. The 

methodology allows water utilities to examine and compare design alternatives on the basis of 

sustainability, which may become mandated within the foreseeable future (Oldford & Filion, 

2013). Since the paper was published, two subsequent papers adding to the work have been 

published (Herstein & Filion, 2010; Herstein et al., 2011). Justification behind the selection of the 
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environmental indicators is lacking. It appears that the indicators chosen were primarily chosen 

on the basis of data availability. Although the index-based methodology for comparing alternative 

designs is powerful, a more comprehensive assessment of which indicators to include would 

strengthen the methodology. 

 

 Racoviceanu and Karney (2010) 

Racoviceanu and Karney (2010) used a hybrid LCA methodology to assess and compare the 

performance of two water conservations methods, the use of water efficient devices and rainwater 

harvesting, relative to a baseline scenario. The analysis was carried out for the City of Toronto’s 

residential sector, which considered the 2 environmental sustainability indicators of operational 

energy use and GHG emissions, and estimated the embodied burdens associated with water-

efficient devices and rainwater harvesting tanks. While both strategies led to significant water 

savings, the associated energy expenditures and emissions modelled varied significantly with the 

selection of system boundaries. Nevertheless the final recommendations suggested that both 

conservation strategies are worth pursuing to make the existing water systems more 

environmentally sustainable (Racoviceanu & Karney, 2010b).  

The paper is unique in its assessment of sustainable demand management techniques. The 

incorporation of other aspects of sustainability (e.g., economic and social) would strengthen the 

robustness of the approach. Future research may be focused on the identification and 

quantification of social indicators to ease the process of incorporation into pre-established 

methodologies of assessment. Future research would be well focused to investigate the effects of 

different boundary conditions and their effects within the context of assessing the sustainability of 

urban water systems. 
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Lemos et. al. (2013) 

Lemos et. al. (2013) used LCA to assess the environmental impacts associated with the urban 

water systems of Aveiro, Portugal. Each stage of the water system was considered, including: 

water abstraction and treatment, water distribution, sewage collection, wastewater treatment and 

disposal, and water administration. Nine environmental indictors were used to assess the 

environmental sustainability of each stage. The indicators considered were: (1) climate change, 

(2) fossil fuel depletion, (3) marine eutrophication, (4) terrestrial eutrophication, (5) human 

toxicity, (6) photochemical oxidant formation, (7) marine eco-toxicity, (8) ionising radiation and 

(9) ReCiPe endpoint. Only the first two environmental indicators (1) climate change and (2) fossil 

fuel depletion pertain directly to the distribution of potable water. The stages and processes 

identified as having the largest environmental impact were outlined and improvement measures 

were proposed. Results of the study showed that water abstraction and treatment were the most 

relevant stages in terms of environmental impacts. This was due to that fact that the largest 

amounts of electricity were used within these stages (Lemos et al., 2013). Wastewater treatment 

and disposal was responsible for almost all of the effects of marine eutrophication and marine 

eco-toxicity. It was found that overall electricity consumption and the discharge of nutrients to 

receiving water bodies were the two largest contributors to environmental degradation. Therefore, 

improvement scenarios were generated to specifically improve these two indicators. The 

proposed improvement scenarios could be a basis for the decision-making process regarding 

future investments towards environmental sustainability of urban water systems. 

2.2.5 Research Gaps and Research Opportunities   

The review of previous research suggests that much work is still required in field of sustainability 

assessments of WDS. The review suggests that robust definitions of many terms pertaining to 

assessments of sustainability of WDS, including ‘indicator’ and ‘criteria’, are still required. The 

assessment of commonly used indicators is necessary in order to determine certain characteristics 
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for each. A few valuable characteristics which may be prudent to investigate include, ‘availability 

of data’, ‘ease of computation’, and overall ‘comprehensiveness of the indicator’ in terms of 

assessing the sustainability of a particular process, product, or system. Lundin and Morrison 

(2002) developed a methodology that has been proven to be comprehensive in its analysis of ESI. 

When applied to WDSs exclusively, the methodology could effectively assess commonly used 

indicators for these characteristics among others. Future research should also be focused on 

investigating the effects of varying boundary conditions and their impacts within the context of 

assessing the sustainability of urban water systems. 

It is difficult, if not impossible, to establish a core set of environmental sustainability indicators 

that is applicable across all regions and sectors (Lundin, 1999). Therefore, different sets and types 

of indicators are necessary for particular circumstances. The sets must be concise but 

comprehensive, and indicators should ideally allow for the comparison against criteria. These 

criteria should relate to environmental impacts, critical loads, carrying capacities, or some other 

measure of sustainability (Lundin, 1999). More research is needed in the definition and 

quantification of such criteria. If criteria are unavailable, it would be beneficial to perform 

longitudinal studies focused on the trends of the indicators, which illustrates the variance of the 

system’s sustainability over time. 

In the future, it may be beneficial for research to not only focus on the system-wide sustainability 

of urban water systems, but also to focus on the sustainability assessment of individual systems as 

well. Assessing individual aspects of urban water systems would allow one to see the discrete 

changes to different parts of the sub-system itself, potentially giving a larger understanding to the 

system as a whole. 

Further development is also required in enhancing previously established environmental impact 

models and decision support systems. The ESIs identified comprise an excellent starting point to 

develop robust and comprehensive methods of quantifying environmental impacts. The identified 
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ESIs will also assist municipalities in making decisions regarding the sustainability of their urban 

water distribution systems.  

2.2.6 Summary 

WDSs are energy- and carbon-intensive, with their carbon and energy requirements to increase 

dramatically in the near future due to several factors including deteriorating water infrastructure 

and expanding urban centres. The rational response to this understanding has been a call for 

‘sustainable development’ in the area of urban water systems. In this chapter, previous research 

on the development of environmental indicators to quantify the sustainability of urban water 

systems was reviewed.  

The research reviewed reported on 28 environmental indicators used to assess the environmental 

impacts of water distribution systems. Many of these indicators were used more than once, some 

more often than others. Three of the most commonly used ESI were found to be: ‘GHG 

emissions’, ‘water use’ and ‘total energy consumption’ (operational as well as embodied energy 

consumption).   

Further research is required to develop robust and applicable environmental impact models and 

decision support systems for water utilities. The ESIs identified are an excellent starting point in 

developing methods to quantify environmental impacts and assist municipalities in sustainability 

related decisions regarding their WDSs. Ultimately, the use of environmental indicators and 

criteria has been proven successful in the quantification of sustainability for urban water systems, 

and it is urged that subsequent research focus on the continued development of such methods.   
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Chapter 3 

Defining the Metabolic Flows and Performance Measures of  

Water Distribution Systems 

Chapter 3 describes the methods applied in this thesis. The chapter begins with the merging of 

traditional metabolic flows assessed within UMAs and the previously described ESI reviewed in 

Chapter 2. The result is a set of metabolic flows specifically tailored to WDSs. These metabolic 

flows are then described in detail and divided into quantifiable parameters at input, output, and 

storage stages. The equations used to quantify these variables are presented and explained.  

3.1 Introduction          

As previously discussed, common applications of UMA include but are not limited to: 

environmental sustainability indicators, GHG accounting, numerical models, and practical design 

tools. Environmental sustainability indicators are able to assist with the assessment of a WDS’s 

environmental impacts, and overall environmental sustainability. The information provided from 

these indicators serves as essential inputs for several types of environmental reporting, which is 

mandatory in a growing number of areas of the world. Closely tied to sustainability indicators, the 

production and flow of GHGs through a system may also be accounted for using UMA methods. 

The results of which may be used for mandatory environmental sustainability and/or GHG 

emissions reporting. Numerical models of metabolic flows possess the capabilities for both 

retrospective and prospective analyses of metabolic flows within WDSs, allowing for metabolic 

fluctuations relating to temporal, spatial, or physical changes to the system to be assessed. 

Metabolic design tools possess the ability to assist in the ongoing development of urban regions 

and WDSs. By assessing the metabolic flows of WDSs, various designs may be compared and 

decisions may be made based upon both hydraulic and metabolic characteristics. Similarly, 

researchers may use these design tools to assess proposed designs to make recommendations on 
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the benefits and drawbacks of each design in terms of energy efficiency, material cycles, waste 

management, etc.  

The primary aim of this chapter is to present a new urban metabolism framework specifically 

designed for the modeling, management, and design of WDSs. The urban metabolism model 

developed will be applied to a unique WDS, the metabolic flows of which will be studied and 

results discussed in Chapter 4 of this thesis. 

3.2 Metabolic Flows and Sustainability Indicators  

Historically, the metabolic flows typically assessed in a UMA are: water, energy, material, and 

waste (Sahely et al., 2003). More recently UMA methods have begun to consider the embodied 

energy of materials, typically converting all material flows to embodied energy flows. Generally 

speaking, the metabolic flows of a contemporary UMA are: water, energy, embodied energy, and 

waste. To begin classifying the flows further, an in-depth review of literature was undertaken in 

Chapter 2 to identify suitable environmental sustainability indicators (ESIs) that apply to WDS. 

Ten peer-reviewed journal papers, spanning over a decade of research, were selected for review 

based upon their relevance and proliferation within their respective fields (Dandy et al., 2006; 

Hellstrom et al., 2000; Herstein et al., 2009; Lemos et al., 2013; Lundie et al., 2004; Lundin & 

Morrison, 2002; McLaren & Simonovic, 1999; Racoviceanu & Karney, 2010b; Sahely et al., 

2005; Stokes & Horvath, 2006). Through this extensive review of the research literature, the most 

comprehensive and frequently used ESIs to analyze WDSs were identified. Three of the most 

commonly-used ESIs were found to be: ‘GHG emissions’, ‘water use’ and ‘total energy 

consumption’. These ESIs align almost directly with the pre-established flows from which an 

urban region’s metabolism arises. By linking the selected ESIs with the typical metabolic flows 

for an UMA, a set of metabolic flows specifically tailored for WDSs is created. These metabolic 

flows are summarized as: water, operational energy, embodied energy, and GHG emissions. Each 

indicator is discussed at length in the subsequent sections of this chapter. 
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3.3 Defining Metabolic Flows of Water Distribution Systems 

Table 1 classifies these metabolic flows at ‘input’ and ‘output’ stages. The subsequent sections of 

this chapter provide a detailed explanation of the metabolic flows indicated in Table 1. 

Table 1: Summary of the Metabolic Flows for WDSs  

Metabolic Flow Input Output 

Water  Water Supplied Water Delivered + Water Lost 

Operational Energy  Pumping Energy Pumping Energy Delivered + 

Pumping Energy Lost 

Embodied Energy  Pipe Material Pipes Material Discarded  

GHG Emissions  Operational Energy GHGs + 

Embodied Energy GHGs 

 

3.3.1 Water 

A WDS receives water from a treatment facility and distributes it throughout the network, 

delivering it to the end user, while losing water to leakage during transmission and distribution. 

The flow of water through the system provides information regarding per capita consumption, 

leakage rates, and transmission efficiencies. Typically North American water utilities do not use 

large-scale water reuse, recycling, or rain water harvesting technologies within their systems and 

so the majority (if not all) of the water is supplied from either surface or groundwater sources. 

Therefore, as Table 1 indicates, the input of water into the WDS will be classified as water 

‘supplied’, while the output of water from the system is classified as water which has been either 

‘delivered’ to the customer, or which has been ‘lost’ during transmission.  

3.3.2 Operational Energy  

WDSs are energy-intensive systems.  The energy required to operate the pumps within the system 

account for the majority of typical WDS operational energy expenditures (Filion et al., 2004). 

Therefore, as Table 1 indicates, the input of operational energy to the system will be quantified 
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exclusively as the ‘pumping energy’ of the system. The operational energy used by pumps 

imparts a portion of that energy to the water passing through the pumps, and a portion of that 

energy is then delivered to the end user. The remaining energy is lost within the system through 

leakage, and frictional losses. Consequently, the output of operational energy (Table 1) from the 

system will be classified as pumping energy which is either: ‘delivered’ to the customer or ‘lost’ 

within the system.  

3.3.3 Embodied Energy 

The embodied energy of a system stems exclusively from the embodied energy held within the 

materials that make up the system, primarily the materials used in the construction of the 

network’s infrastructure. Pipe material accounts for the largest portion of embodied energy of in 

most water distribution networks (McPherson & Walker, 2012). Therefore, in this thesis, it is 

assumed to be both practical and reasonably acceptable to consider the embodied energy of the 

system to be exclusively the embodied energy of the ‘pipe material’ in the system (Table 1). 

From the standpoint of environmental sustainability indicators, it is important to consider the 

embodied energy of the pipes in the system as the manufacturing of these materials results in the 

release of GHGs, other air emissions, and harmful wastes (Herstein et al., 2009).   

Embodied energy is the only flow stored (for substantial amounts of time) within the system. 

When embodied energy is added to the system it joins a store of embodied energy already present 

within the system. The output of embodied energy (or in this case pipe material) from the system 

is categorized as pipes ‘discarded’ (Table 1). ‘Discarded’ refers to the disposal of pipe materials 

to a landfill. An alternative to pipe disposal is the recovery or recycling of pipe material. The 

process of recovering pipe material is yet to become standard practice in North America and data 

on the process has yet to become readily available. As such, consideration of pipe recovery will 

excluded from this study.  
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3.3.4 GHG Emissions 

The life-cycle GHG emissions generated by a WDS stem from both operational and non-

operational activities. The GHG emissions resulting from operational activities originate from the 

generation of electricity which is used during operational activities, mainly to pump water. The 

GHG emissions which stem from non-operational activities are a result of the life-cycle energy 

and material expenditures to produce infrastructure materials contained within the system 

(primarily pipe material). Therefore, as Table 1 indicates, the output of GHG emissions will be 

classified as ‘Operational Energy GHGs’ and ‘Embodied Energy GHGs’. 

3.4 Calculation of Metabolic Flows and Performance Measures 

The methods used to calculate the metabolic flows and performance measures are discussed in 

this section. The components of the metabolic flows calculated are indicated in Table 2. 

Table 2: Parameters Calculated within the Metabolic Assessment 

Input Stored Output Performance Measures  

Water E/E Water Delivered Water Transmission Efficiency  
 

O/E   Water Lost  O/E Transmission Efficiency  
 

E/E   O/E Delivered  E/E Change  
 

  O/E Lost  GHGs/ca  
 

  
E/E Discarded  

 

 

    GHGs from O/E    
  

  GHGs from E/E   
 

  Total GHGs   
 

 

3.4.1 Metabolic Input Flows 

The metabolic input flows include: (1) Water Input, (2) Operational Energy Input, and (3) 

Embodied Energy Input. 



 

37 

 

(1) Water Input: The annual input of water to the system was calculated in the following way: 

first, an extended period simulation lasting 24 hours was performed with the hydraulic network 

solver EPANET2 (Rossman, 2000). Second, the daily volume of water supplied to the system 

was calculated by summing the hourly flow rates from the supply reservoirs over the 24-hour 

period as in Eq. 1. The annual volume of water supplied was calculated by multiplying the daily 

volume of water supplied by 365 days. 

 

𝑊𝑖𝑛𝑝𝑢𝑡 = ∑ ∑ 𝑄𝑖(𝑡𝑘) ∗ ∆𝑡 

𝑡𝑝

𝑡𝑘=𝑡1

𝑁

𝑖=1

  
(1) 

where Winput is the daily water volume supplied to the system, tk is the time interval of the 

simulation, tp is the total time of simulation, N is the number of reservoirs, Qi(tk) is the flow rate 

supplied by reservoir i at time interval tk, and ∆𝑡 is the simulation time step (∆𝑡 = 𝑡𝑘+1 − 𝑡𝑘).  

 

(2) Operational Energy Input: The input of pumping energy was calculated in relation to the input 

of water for that year. The annual pumping energy input was calculated by multiplying the annual 

water input (from Eq. 1) by the average energy intensity calculated by EPANET2, as indicated in 

Eq. 2.  

 
𝑂𝐸𝑖𝑛𝑝𝑢𝑡  = 𝑊𝑖𝑛𝑝𝑢𝑡 ∗ 𝛽 ∗

3.6𝑀𝐽

1𝑘𝑊ℎ
 

(2) 

where OEinput is the annual input of pumping energy to the system (MJ/year), WINPUT is the annual 

input of water to the system (ML/year) and 𝛽 is the average energy intensity of the system 

(kWh/ML) as calculated by the hydraulic network solver EPANET2, discussed in detail in 

Section 4.1 of Chapter 4.  

The value of annual pumping energy was independently verified by applying the brake 

horsepower equation in Eq. 3 with calculated flows and pumping head across all i = 1, 2, … np 

pumping stations (Cabrera et al., 2010), 
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𝐸𝑃(𝑡𝑝) =  𝛾 ∗  ∑ ∑ [
𝑄𝑃𝑖(𝑡𝑘) ∗ 𝐻𝑃𝑖(𝑡𝑘)

𝜂𝑖
]

𝑡𝑝

𝑡𝑘=𝑡1

∗ ∆𝑡

𝑛𝑃

𝑖=1

 
(3) 

where Ep(tp) is the total energy input to the system via pumps over the time period tp, np is the 

number of pumps, tk is the time interval of the simulation, tp is the total time of simulation, ∆𝑡 is 

the time interval of integration (∆𝑡 = 𝑡𝑘+1 − 𝑡𝑘), 𝐻𝑃𝑖(𝑡𝑘) is the pumping head of pump i at time 

tk, 𝑄𝑃𝑖(𝑡𝑘) is the flow rate pumped in pump i at time tk, 𝛾 is the unit weight of the water in kN/m
3 

and 𝜂𝑖 is the overall efficiency of pump i. 

  

(3) Embodied Energy Input: Embodied energy was calculated by multiplying the pipe material 

length by the pipe material’s linear mass density and its corresponding embodied energy factor as 

in Eq. 4 

 
𝐸𝐸𝑖𝑛𝑝𝑢𝑡 = ∑[𝐿𝑖 ∗ 𝜌𝑖 ∗ 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖

]

𝑛

𝑖=1

 
(4) 

where EEinput is the annual level of embodied energy input into the system by replacing pipes, n is 

the number of new pipes introduced into the network for that specific year, Li is the total length of 

pipe type i in meters, 𝜌𝑖 is the linear mass density of pipe type i (kg/m), 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖
 is the 

embodied energy factor (MJ/kg) for pipe type i.  

3.4.2 Metabolic Storage 

Stored Embodied Energy: Embodied energy is the only metabolic flow considered which is 

stored within the network for a substantial length of time. The level of embodied energy within 

the network is calculated at years end by multiplying the pipe material length of installed pipes by 

the linear mass density and its corresponding embodied energy factor  
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𝐸𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = ∑[𝐿𝑖 ∗ 𝜌𝑖 ∗ 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖

]

𝑛

𝑖=1

 
(5) 

where EEstored is the total amount of embodied energy stored within the network calculated at end 

of year, n is the number on unique pipe types (material/density) within the network for that 

specific year, Li is the total length of pipe type i in meters, 𝜌𝑖 is the linear mass density of pipe 

type i (kg/m), 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖
 is the embodied energy factor (MJ/kg) for the pipe type i.  

3.4.3 Metabolic Output Flows 

The metabolic output flows calculated in this chapter include: (1) Water Delivered, (2) Water 

Lost, (3) Operational Energy Delivered, (4) Operational Energy Lost, (5) Discarded Embodied 

Energy, (6) GHG Emissions from Operational Energy, (7) GHG Emissions from Embodied 

Energy, and (8) Total GHG Emissions.  

 

(1) Water Delivered: Water delivered to users was calculated by multiplying the demand per 

capita by the population as in Eq. 6 

 

 𝑊𝑑𝑒𝑙 = 𝐷𝑐𝑎 ∗ 𝑃 
(6) 

where Wdel is the annual volume of water delivered to customers within the network, Dca is the 

demand per capita of consumers within the network for a particular year, and P being the 

population of the network for that year.  

 

(2) Water Lost: The water lost (leakage) within the network was calculated as the difference 

between the water input into the system and the water delivered to the customers, as in Eq. 7 

 𝑊𝑙𝑜𝑠𝑡 = 𝑊𝐼𝑛𝑝𝑢𝑡 − 𝑊𝐷𝑒𝑙 (7) 



 

40 

 

where Wlost is the annual volume of water lost within the network, Winput is the annual volume of 

water input to the system, and Wdel is the annual water volume delivered to consumers for that 

year.  

 

(3) Operational Energy Delivered: The daily operational energy delivered was calculated with the 

energy equation in Eq. 9. Here, the power output at the node is calculated by multiplying the 

nodal demand 𝑞𝑢𝑖(𝑡𝑘) by the pressure head Hi(tk) at the node and the unit weight of water.  Power 

output at a node is then integrated over the 24-hour diurnal pattern and summed across all i = 1, 2, 

…, n nodes of a distribution system as in Eq. 8 

 

𝐸𝑈(𝑡𝑝) =  𝛾 ∗ ∑ [ ∑ 𝑞𝑢𝑖(𝑡𝑘) ∗ 𝐻𝑖(𝑡𝑘)

𝑡𝑝

𝑡𝑘=𝑡1

] ∗ ∆𝑡

𝑛

𝑖=1

 
(8) 

where EU(tp) is the energy delivered to users over simulation period (24-hour diurnal pattern), tp is 

the total time of simulation, 𝛾 is the specific weight of water, n is the number of demand nodes, 

𝑞𝑢𝑖(𝑡𝑘) is the demand at node i at time interval tk, 𝐻𝑖(𝑡𝑘) is the piezometric head at node i at time 

interval tk, and ∆𝑡 is the time interval of integration (∆𝑡 = 𝑡𝑘+1 − 𝑡𝑘). The annual operational 

energy delivered is calculated by multiplying the daily operational energy delivered by 365 days. 

 

(4) Operational Energy Lost: The annual amount of O/E which is lost to friction, leakage, and 

local losses was calculated as the difference between the annual amount of O/E input to the 

system and the annual amount of O/E which is delivered to customers within the system, as in Eq. 

9 

 𝑂𝐸𝑙𝑜𝑠𝑡 = 𝑂𝐸𝐼𝑛𝑝𝑢𝑡 − 𝑂𝐸𝐷𝑒𝑙 (9) 
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where OElost is the annual amount of O/E lost within the network, OEinput  is the annual amount of 

O/E inputted to the system, and OEdel is the annual amount of O/E delivered to users in the 

system. 

 

(5) Discarded Embodied Energy: The annual embodied energy discarded from the system is 

calculated by multiplying the pipe length discarded in a year by the linear pipe material density 

and the embodied energy factor as in Eq. 10 

 
𝐸𝐸𝑜𝑢𝑡𝑝𝑢𝑡 = ∑[𝐿𝑖 ∗ 𝜌𝑖 ∗ 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖

]

𝑖=𝑛

𝑖=1

 
(10) 

where EEoutout is the annual embodied energy that leaves the system as a result of discarding 

pipes, n is the number of pipes output from the network for that specific year, Li is the total length 

of pipe type i in meters, 𝜌𝑖 is the density of pipe type i (kg/m), 𝐸𝐸𝐹𝑎𝑐𝑡𝑜𝑟𝑖
 is the embodied energy 

factor (MJ/kg) for pipe type i.  

 

(6) Operational GHG Emissions: GHG emissions generated from electricity production to operate 

pumps in the system is calculated by multiplying the annual pumping energy by its corresponding 

GHG emission factor, as in Eq. 11  

 
𝐺𝐻𝐺𝑂𝐸 = 𝑂𝐸𝑖𝑛𝑝𝑢𝑡 ∗ 𝜔 ∗

1𝑘𝑊ℎ

3.6𝑀𝐽
 

(11) 

where GHGOE is the annual mass of GHG emissions linked to electricity generation to operate 

pumps in the distribution system (g CO2-e per year), OEinput is the annual amount of pumping 

energy input to the network (MJ/year), and 𝜔 is the 2011 Canadian average GHG emission factor 

(in g CO2-e per kWh) (Environment Canada, 2012a).  
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(7) Embodied GHG Emissions: The mass of embodied GHG emissions linked to the production 

of new pipe material is calculated by multiplying the embodied energy of the new pipe by the 

2011 Canadian average GHG emission factor as in Eq. 12,  

 
𝐺𝐻𝐺𝐸𝐸 = 𝐸𝐸𝑖𝑛𝑝𝑢𝑡 ∗ 𝜔 ∗

1𝑘𝑊ℎ

3.6𝑀𝐽
 

(12) 

where GHGEE is the annual mass of GHG emissions released as a result of embodied energy 

expenditures for that year (g CO2-e per year), EEinput is the annual amount of embodied energy 

inputted to the network (MJ/year), and 𝜔 is the 2011 Canadian average for CO2 equivalents 

produced per kWh of power produced (g CO2-e per kWh) (Environment Canada, 2012a). 

 

Unlike operational energy, the flow of embodied energy may produce GHG emissions at both 

input and output stages. For example, if pipes are recycled, energy must be expended in this 

process and the generation of that energy contributes to the GHG emissions of the network. 

However, due to a lack of adoption and data availability pipe recycling is not considered in this 

study and therefore all pipes were assumed to be discarded. It is reasonable to assume that the 

location of pipe disposal is at some distance to the location of the pipe removal and that 

transportation of the pipes requires some type of fuel that releases GHG emissions. However, to 

the author’s knowledge, there is no research at this time which reports typical distances of 

disposal or related amounts of GHG emissions, and therefore these factors are not considered in 

this study. Similarly, pipe removal and replacement require some form of energy expenditure 

which is linked to the release of some amount of GHG emissions. However, since there is no 

published research on energy use and GHG emissions linked to removal and replacement 

activities, they have not been considered in this study.  

 



 

43 

 

(8) Total GHG Emissions: The total annual mass of GHGs produced by the system annually is 

calculated by summing the annual mass of GHGs produced by O/E and E/E activities as in Eq. 13 

 𝐺𝐻𝐺𝑇𝑜𝑡𝑎𝑙 = 𝐺𝐻𝐺𝑂𝐸 + 𝐺𝐻𝐺𝐸𝐸 
(13) 

where GHGTotal is the total annual mass of GHGs released by the network (g CO2-e per year), 

GHGOE is the total annual mass of GHGs released by the network as a result of operational 

energy expenditures (g CO2-e per year), and GHGEE is the total annual mass of GHGs released by 

the network as a result of embodied energy expenditures (g CO2-e per year). 

3.4.4 Metabolic Flow Based Performance Measures 

Metabolic assessment was used to calculate four performance measures indicated in Table 2: (1) 

Water Transmission Efficiency, (2) Operational Transmission Efficiency, (3) Annual Change in 

Embodied Energy, and (4) GHG Emissions per Capita.  

   

(1) Water Transmission Efficiency: Water transmission efficiency is an indicator of a 

combination of several system factors such as leakage rates, efficiency of network layout, and 

pressure regimes. The performance measure compares the volume of water delivered to 

consumers to the volume of water supplied to the system. It is calculated by dividing the volume 

of water delivered to the user by the volume of water supplied to the system as in Eq. 14,  

 
𝑊𝑇𝐸 =

𝑊𝑑𝑒𝑙

𝑊𝑖𝑛𝑝𝑢𝑡
∗ 100% 

(14) 

where WTE is the annual water transmission efficiency of the system, Wdel  is the annual volume 

of water delivered to customers and Winput is the annual volume of water supplied to the system.  

 

(2) Operational Energy Transmission Efficiency: This performance measure captures pumping 

efficiency, leakage rates, and frictional losses in a water distribution system. Operational Energy 

Transmission Efficiency compares the energy delivered to consumers to the energy supplied to 
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the system. It is calculated by dividing the annual energy delivered to consumers by the annual 

energy supplied to the system as in Eq. 15 

 
𝑂𝐸𝑇𝐸 =

𝑂𝐸𝑑𝑒𝑙

𝑂𝐸𝑖𝑛𝑝𝑢𝑡
∗ 100% 

(15) 

where OETE is the annual Operational Energy Transmission Efficiency measured as a 

percentage, OEinput is the annual input of O/E to the system, and OEdel is the annual amount of 

O/E delivered to customers.  

 

(3) Annual Change in Embodied Energy: This measure enables the continual monitoring of 

embodied energy levels within the system and their relative annual changes. Since the embodied 

energy stored within the system is calculated at the end of the year, this must be accounted for by 

computing the embodied energy at the beginning of the year and subsequently measuring the 

annual variations of embodied energy relative to this as in Eq. 16,  

 
∆𝐸𝐸 =

𝐸𝐸𝑖𝑛𝑝𝑢𝑡 − 𝐸𝐸𝑑𝑖𝑠

𝐸𝐸𝑠𝑡𝑜𝑟𝑒𝑑 + 𝐸𝐸𝑑𝑖𝑠 − 𝐸𝐸𝑖𝑛𝑝𝑢𝑡
∗ 100% 

(16) 

where EEinput is the annual input of embodied energy to the system, EEdis is the annual amount of 

embodied energy discarded from the system, EEstored is the amount of embodied energy stored 

within the system as of year-end.  

 

(4) Annual GHG emissions Released per Capita: This performance measure considers the annual 

GHG emissions released by the system whilst factoring in the changing population and therefore 

the increases in water demand and operational energy expenditures. It is calculated by dividing 

the annual mass of GHG emissions by the population as in Eq. 17  

 𝐺𝐻𝐺

𝑐𝑎
=

𝐺𝐻𝐺𝑡𝑜𝑡𝑎𝑙

𝑃
∗ 100% 

(17) 
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where GHGtotal is the total annual amount of GHGs released by the system and P is the population 

of that year. 
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Chapter 4  

Tracing the Metabolic Flows and Performance Measures of a 

Water Distribution System 

Chapter 4 begins by describing the test network used in the case study of this thesis, describing 

the system parameters in detail. The chapter then outlines the three numerical experiments 

performed on the test network. Experiment 1 is constructed using factorial design to examine the 

effects of network factors on the metabolic flows and performance measures of the test network. 

Experiments 2 and 3 examine the impacts of two network management practices (water 

conservation and pipe replacement scheduling) on the metabolic flows of two water distribution 

network variations. Additionally, Experiments 2 and 3 examine the effects of static lift and pipe 

roughness on both the management practices and the defined metabolic flows. The results of 

Experiments 1-3 are reported and discussed. The chapter concludes with recommendations for 

future works pertaining to the metabolic assessment of WDSs. 

4.1 Test System Description  

The idealized test network developed for this case study includes many features that are 

commonly found in Canadian water distribution systems. The test network covers an area of 

1,024 km
2
 in a symmetrical square-grid pattern as shown in Figure 1. The network provides water 

to 100,000 people that are uniformly distributed throughout the network at an average population 

density of approximately 98 ca/km
2
. All pipes are segmented in 2,000 m lengths and are 

interconnected by nodes. Large trunk mains with a nominal diameter of 650 mm are installed 

along the periphery of the system and bisect the system to four symmetric quadrants, as shown in 

Figure 1. Smaller distribution mains with a nominal diameter of 250 mm make up the remaining 

pipes of the network.  
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Figure 1: Trunk and Distribution Main Layout in Test System.  

There are a total of 544 pipes (96 trunk mains and 448 distribution mains) and 289 nodes within 

the test network (excluding the reservoir and tank connections). Each node meets an initial base 

node demand of 1.08 L/s which is increased each year to reflect the annual 0.5% increase to the 

network’s population. The system includes one clearwell (indicated in Figure 1) and one elevated 

tank. The water level in the clearwell is at an elevation of 0 m. The elevated tank has a diameter 

of 30 m. The bottom of the tank is at elevation of 50 m with an initial water height of 10 m within 

the tank. A pumping station that houses 5 high-lift pumps with an overall efficiency of 75% 

(HydraTek, 2013), and each with identical pump curves (see Table 3) is located directly between 

the clearwell and the network.  

Table 3: Pump Curve (for all pumps) 

Flow (Lps) Pumping Head (m) 

0 70 

105 65 

300 50 

400 40 

500 0 
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A composite diurnal demand pattern was used to represent the system’s seasonal demand patterns 

and hourly demand variations. The composited diurnal pattern presented in Table 4 accounts for 

the peaks in water use that typically occur in the early morning and late afternoon in urban areas.  

Table 4: Composite Diurnal Pattern 

Time (h) PF Time (h) PF 

12:00 am 0.3 12:00 pm 1.25 

1:00 am 0.2 1:00 pm 1.4 

2:00 am 0.25 2:00 pm 1.45 

3:00 am 0.3 3:00 pm 1.5 

4:00 am 1.0 4:00 pm 1.6 

5:00 am 1.5 5:00 pm 1.65 

6:00 am 1.6 6:00 pm 1.5 

7:00 am 1.55 7:00 pm 1.45 

8:00 am 1.2 8:00 pm 1.4 

9:00 am 1.1 9:00 pm 1 

10:00 am 1.2 10:00 pm 0.7 

11:00 am 1.3 11:00 pm 0.3 

 

The hourly demand values are defined by their peaking factors (PF) indicated in Table 4 and 

Figure 2, and the average day demand in the system. Peaking factors refer to the ratios of the 

maximum demand to the average demand during specified time periods (Mays, 1999).     

 

Figure 2: Composite Diurnal Pattern 
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4.1.1 EPANET 2 

EPANET2 is a computer program used to perform extended simulations of hydraulic behaviours 

within WDSs. To perform an extended simulation of a water distribution network the parameters 

of the network must first be input to EPANET2. For example, network parameters input may 

include pipe lengths, roughness’, elevations and layout, pump curves and efficiencies, a 

composite diurnal pattern, initial node demands, tank dimensions and elevations, and more. The 

network solver uses these network inputs to calculate and return the hydraulic conditions of the 

network over specified time periods. The hydraulic conditions output from EPANET2 for each 

time step include the pressures at each node, the flowrates from and to reservoirs and tanks, 

flowrates and velocities in all pipes, etc. It is these hydraulic values returned by EPANET2 that 

are used to calculate the metabolic flows of the test network. The inputs and outputs of 

EPANET2 varied annually for each scenario for each experiment; however a few input 

parameters remained constant throughout all experiments and scenarios. A list of these consistent 

input parameters is located in Appendix B of this thesis. The equations which use these hydraulic 

conditions in order to calculated the metabolic flows of the system are described in Section 3.4 of 

Chapter 3. 

4.1.2 Water Demand at Nodes  

Base node demands are calculated by dividing the total demand of the system (product of per 

capita demand and population) by the number of nodes in the system as in Eq. 18. Peaking factors 

for each hour of the 24-hour diurnal pattern in Figure 2 are then applied to the base node demand. 

 
𝐵𝑁𝐷 =

𝐷𝑐𝑎 ∗ 𝑃

24ℎ𝑟𝑠
𝑑𝑎𝑦

∗
3600𝑠

ℎ𝑟
∗ 𝑁

 
(18) 

where BND is the base node demand of the nodes in the network (LPS), Dca is per capita demand 

in lpcd, P is population, N is the number of nodes in the network.  
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4.1.3 Leakage Rates 

Leakage rates were modelled with EPANET 2.0 by ‘emitters’ which are pressure-dependent 

orifices at nodes that mimic leakage. The flow through emitters is a function of a discharge 

coefficient and pressure at the node, as in Eq. 19, 

 𝑞 = 𝐶𝑝𝛾  
(19) 

where q is flow rate, p is pressure, C is the emitter coefficient and 𝛾 is the pressure exponent 

(Rossman, 2000).  

The bulk of losses through leakage are commonly a combination of many small, usually 

undetectable leaks. The usual practice in water utilities is to estimate the global leakage in the 

system and allocate this leakage uniformly across all nodes in the system. In this study, this 

uniform allocation will be achieved by using a single, global emitter coefficient to allocate 

leakage uniformly across all system nodes. The size of these leaks coupled with their widespread 

occurrence is what justifies the use of a global emitter coefficient. Leaks large enough to be 

detectable or reportable are often fixed quickly (e.g., 1-3 days). These types of large sporadic 

leaks are not considered within this study. 

4.2 Scenario Analysis 

Three separate experiments were carried out to demonstrate the capabilities of metabolic 

assessment in regards to WDSs.  Experiment 1 made use of factorial design methods to examine 

the effects of the three factors of water demand, water main roughness, and static lift on water 

and energy transmission efficiencies and per capita GHG emissions. Experiments 2 and 3 

examined the impact of network management practices such as water conservation and pipe 

replacement on water, energy, and waste flows of the system. The metabolic assessment methods 

previously discussed were applied in Experiments 1-3 to demonstrate the capabilities of urban 

metabolism fundamentals in the field of WDS study.   
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4.2.1 Experiment 1: Impact of Network Characteristics on Water and Energy Transmission 

Efficiencies, and Per capita GHG Emissions 

Factorial design was employed in Experiment 1 to examine the factors of water demand, water 

main roughness, and static lift on the water transmission efficiency, operational energy 

transmission efficiency, and per capita GHG emissions in a water distribution network. Factorial 

design is capable of identifying which factors have the greatest impact on a particular system 

response and also if there are any interaction effects between the studied factors (Armstrong, 

2006). 

 

In experimental-design terminology, factors are defined as the “input parameters and structural 

assumptions” of a model, while responses are defined as the “output performance measures” of 

the model (Law & Kelton, 1991). In Experiment 1, the factors considered were water demand, 

water main roughness, and static lift. Factors were systematically varied from discrete high (+) 

and low (-) values (Table 5). The system responses studied were water transmission efficiency 

(Eq. 14), operational transmission energy efficiency (Eq. 15), and per capita GHG emissions (Eq. 

16).  

 

In this case study, a 2
3
 factorial design of experiments was used to examine the impact of 

important network factors (water demand, pipe roughness, and static lift) on the response of the 

performance measures in Eq. 14, 15, and 16. The factorial deign matrix of Experiment 1 is 

indicated in Table 5. 
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Table 5: Factorial Design Matrix for Experiment 1 

Factor 

Combination 

(Design 

Point) 

Factor 1: 

Water 

Demand 

Factor 2: 

Water 

Main 

Roughness 

Factor 3: 

Static Lift 

Response 

1: Water 

Trans. Eff. 

Response 

2:  O/E 

Trans. Eff.  

Response 

3: 

GHGs/ca 

1 - - - R11 R21 R31 

2 + - - R12 R22 R32 

3 - + - R13 R23 R33 

4 + + - R14 R24 R34 

5 - - + R15 R25 R35 

6 + - + R16 R26 R36 

7 - + + R17 R27 R37 

8 + + + R18 R28 R38 

 

Factor 1—Water Demand: Per capita water demand was varied from 200 Lpcd (-) to 300 Lpcd 

(+). A per capita water demand of 300 Lpcd is comparable to Canada’s average residential water 

use in 2008 and is representative of higher levels of water consumption (Environment Canada, 

2012b). A per capita water demand of 200 Lpcd is representative of lower levels of water use and 

is proximate to Canada’s 2011 average residential water use (Environment Canada, 2012b). 

  

Factor 2—Pipe Roughness: The roughness of each pipe (represented as Hazen-Williams C-factor) 

in the network was varied from 150 (-) to 120 (+). Where a lower C-Factors represent higher 

roughness’s. A C-factor of 150 is representative of the wall roughness of new PVC pipes, while a 

C-factor of 120 is representative of the wall roughness of PVC pipes that are nearing near the end 

of their service life (Stephenson, 1989). The difference between roughness values is 

representative of the effects of aging within PVC pipes.  

 

Factor 3—Static Lift: Static lift is the difference in elevation between a source/pumping station of 

a system and the highest ground elevation where there is a demand for water in the system. The 

static lift was varied from a ‘low-lift’ (-) to a ‘high-lift’ (+) network configuration. In the ‘low-
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lift’ network, all nodes within the network were set to an elevation of 0 m. Figure 3 indicates the 

‘low lift’ network configuration.  

  

Figure 3: 'Low Lift’ Network Configuration 

In the ‘high-lift’ scenario, all nodes within a square radius of 10 km from the centre of the 

network were set to an elevation of 15 m, while the remaining nodes were set to an elevation of 0 

m. Figure 4 indicates this ‘high lift’ network configuration. These network variations will allow 

for the study of how the chosen responses are affected by static lift.   

  

Figure 4: 'High Lift’ Network Configuration   
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4.2.2 Impact of Network Characteristics: Calculations  

Experiment 1 considers 8 scenarios referred to as ‘design points’ in Table 5. In each scenario, the 

three factors (water demand, pipe roughness, and static lift) are set to their high and low values as 

per the factorial design matrix in Table 5. Each scenario has a time horizon that spans 1 year.   

In each scenario, EPANET2 is used to calculate pipe flows and nodal pressures over a 24-hour 

period. These pipe flows and nodal pressures are extrapolated over a year and used to quantify the 

metabolic flows previously discussed. The results of the metabolic flows are used to evaluate the 

responses (performance measures) of (1) Water Transmission Efficiency (Eq. 14), (2) O/E 

Transmission Efficiency (Eq. 15), and (3) per capita GHG emissions (Eq. 16) for the given design 

point.  

Using the calculated responses of each design point (Table 5) the main effect of each factor-

response pair and all factor interaction effects are calculated. The ‘main effect’ of a factor is “the 

average change of a response when the factor is varied from its ‘-’ to ‘+’ state, while holding all 

other factors fixed” (Law & Kelton, 1991).  

 

The main effect of each factor-response pair was calculated using the following equations. 

Equation 20 demonstrates the main effect of water demand (factor one) (Law & Kelton, 1991), 

 
𝑒1x =

(𝑅x2 − 𝑅x1) + (𝑅x4 − 𝑅x3) + (𝑅x6 − 𝑅x5) + (𝑅x8 − 𝑅x7)

4
 (20) 

where e1x is the main effect of demand (factor one) on the response of interest and Rxy is the value 

of a specific response where y is the design point, and x is the response of interest (e.g. (1) water 

transmission efficiency, (2) O/E transmission efficiency, or (3) per capita GHGs emissions). This 

calculation is carried out three times, once for each factor-response pair.  

 

The main effects of water main roughness (factor 2) are calculated using Equation 2 (Law & 

Kelton, 1991) 



 

56 

 

 
𝑒2x =

(𝑅x3 − 𝑅x1) + (𝑅x4 − 𝑅x2) + (𝑅x7 − 𝑅x5) + (𝑅x8 − 𝑅x6)

4
 (21) 

where e2x is the main effect of factor two on the response of interest and Rxy is the value of a 

individual response where y is the design point, and x is the response of interest. R12 for example 

is the response of (1) water transmission efficiency to design point 2. This calculation is carried 

out three times, once for each response (1, 2, and 3).  

 

The main effects of static lift (factor 3) are indicated in Equation 3 (Law & Kelton, 1991) 

 
𝑒3𝑥 =

(𝑅𝑥5 − 𝑅𝑥1) + (𝑅𝑥6 − 𝑅𝑥2) + (𝑅𝑥7 − 𝑅𝑥3) + (𝑅𝑥8 − 𝑅𝑥4)

4
 (22) 

where e3x is the main effect of factor three on the response of interest, and Rxy is the value of a 

specific response where y represents the design point, and x is the response of interest (1, 2, or 3).  

 

If one factor is dependent on another to come degree, then the main effect may be skewed (Law 

& Kelton, 1991). If this is the case, the two factors are said to interact (Law & Kelton, 1991). The 

degree to which two or more factors interact can be measured. An interaction between two factors 

is called a two-factor interaction effect (Law & Kelton, 1991). This interaction effect is defined as 

“half the difference between the average effect of ‘Factor One’ when ‘Factor Two’ is at its “+” 

level (and all factors other than ‘Factor One’ and ‘Factor Two’ are held constant) and the average 

effect of ‘Factor One’ when ‘Factor Two’ is at its “-” level” (Law & Kelton, 1991). The 

interaction effect between two factors is calculated using one of the following formulas (Law & 

Kelton, 1991):  

 
𝑒12 =

1

2
[
(𝑅𝑥4 − 𝑅𝑥3) + (𝑅𝑥8 − 𝑅𝑥7)

2
−

(𝑅𝑥2 − 𝑅𝑥1) + (𝑅𝑥6 − 𝑅𝑥5)

2
] 

(23) 
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𝑒13 =

1

2
[
(𝑅x6 − 𝑅x5) + (𝑅𝑥8 − 𝑅𝑥7)

2
−

(𝑅𝑥2 − 𝑅𝑥1) + (𝑅x4 − 𝑅x3)

2
] 

(24) 

 
𝑒23 =

1

2
[
(𝑅x7 − 𝑅x5) + (𝑅𝑥8 − 𝑅x6)

2
−

(𝑅x3 − 𝑅𝑥1) + (𝑅x4 − 𝑅x2)

2
] 

(25) 

where e12 is the interaction effect between factors 1 and 2, e13 is the interaction effect between 

factors 1 and 3, and e23 is the interaction effect between factors 2 and 3. Rxy represents the 

response where y represents a specific design point and x represents a specific response (e.g. (1) 

water transmission efficiency, (2) O/E transmission efficiency, or (3) per capita GHGs 

emissions). 

4.2.3 Experiments 2 & 3: Impact of Water Conservation and Pipe Replacement on 

Metabolic Flows and Performance Measures 

Experiments 2 and 3 both examine the impact of network management strategies water 

conservation and pipe replacement scheduling on the metabolic flows and performance measures 

(see Table 6) of the system, but under separate conditions of pipe roughness and static lift. In 

Experiments 2 and 3, Scenario 1 examines the influence of a 1% per year and a 2% per year 

reduction in per capita demand on the metabolic flows and performance measures of the system. 

In Experiments 2 and 3, Scenario 2 examines the influence of a 1% and 2% per year pipe 

replacement rates on the metabolic flows and performance measures of the system. All Scenarios 

(Table 6) take place over a 10-year period, and experience a 0.5% population growth per year. 

Table 6: Network Management Scenario's Examined in Experiments 2 and 3 

 
A  B C 

Scenario 1:  

Water Conservation 

Scenario 1A:  

No Conservation 

Scenario 1B:  

1% Reduction in Per 

Capita Demand / 

Year 

Scenario 1C:  

2% Reduction Per 

Capita Demand / 

Year 

Scenario 2:  

Pipe Replacement  

Scenario 2A:  

No Pipe Replacement  

Scenario 2B:  

1% Distribution 

Mains Replacement 

/ Year 

Scenario 2C:  

2% Distribution 

Mains Replacement / 

Year 
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4.2.4 Experiment 2: Impact of Water Conservation and Pipe Replacement on Metabolic 

Flows and Performance Measures under Low Lift, Low Pipe Roughness Conditions 

Experiment 2 examines the water conservation and pipe replacement scenarios of Table 6 under 

low static lift and low pipe roughness conditions. Pipe roughness is set to a C-Factor of 135, 

which represents a 50-year old PVC pipe (Stephenson, 1989), and the ‘low-lift’ network 

configuration (Figure 3) is used. In Experiment 2, the initial population is 100,000 people, the 

initial per capita demand is 300 Lpcd, and as a result the initial total demand is 30 MLD. 

Population is increased at a rate of 0.5% per year for a total of a ~5% increase over a 10-year 

period. Under these conditions, Experiment 2 examines the following water conservation and 

pipe replacement scenarios.   

 

Water Conservation 

Scenario 1A: No Conservation   

In this scenario, no water conservation takes place in the system. Water conservation levels in 

Scenarios 1B and 1C (discussed next) are compared to this no-conservation baseline case. 

 

Scenario 1B: 1% Reduction in Per Capita Demands Per Year 

This scenario reflects a moderate level of water conservation whereby per capita water demand is 

reduced by 1% per year (United States Environmental Protection Agency, 2007). 

 

Scenario 1C: 2% Reduction in Per Capita Demands Per Year 

This scenario reflects a more aggressive conservation effort whereby per capita water demand is 

reduced by 2% per year  (United States Environmental Protection Agency, 2007).  
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Pipe Replacement 

Scenario 2A: No Pipe Replacement 

 In this scenario, no pipe replacement is assumed to take place. Pipe replacement levels in 

Scenarios 2B and 2C (discussed next) are compared to this no-replacement baseline case. 

 

Scenario 2B: 1% Replacement of Total Distribution Main Pipe Length Per Year  

In Scenario 2B, distribution mains (not trunk mains) are replaced at a rate of 1% of total length 

per year, for a 10% replacement rate over the 10-year period. An annual replacement rate of 1% 

is a semi-conservative replacement program which corresponds to the United States national 

projections for the year 2020 (United States Environmental Protection Agency, 2002). The 

existing pipes within the system are made of traditional PVC-U material; the replacement pipes 

are constructed of the contemporarily more common PVC-O. The molecular-oriented PVC-O 

pipes are made of the same constituents as traditional PVC-U pipes; however the molecular 

alignment process which takes place in the manufacturing of PVC-O pipes is absent from PVC-U 

manufacturing procedures. The result is a pipe material with greater allowable stresses (psi) and 

fewer related GHG emissions (Piratla et al., 2012).  

 

Scenario 2C: 2% Replacement of Total Distribution Main Pipe Length Per Year 

In this scenario, distribution mains (not trunk mains) are replaced at a rate of 2% of total length 

per year, for a 20% replacement rate over the 10-year period. An annual replacement rate of 2% 

is an aggressive replacement program which corresponds to the United States national projections 

for the year 2040 (United States Environmental Protection Agency, 2002). The existing pipes 

within the system are made of traditional PVC-U material; they are replaced by pipes made of the 

contemporarily more common material PVC-O . 
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4.2.5 Experiment 3: Impact of Water Conservation and Pipe Replacement on Metabolic 

Flows and Performance Measures under High Lift, High Pipe Roughness Conditions 

Experiment 3 examines the same water conservation and pipe replacement scenarios (Table 6) as 

in Experiment 2 outlined above but under high pipe roughness and high lift conditions. In 

Experiment 3, the Hazen-Williams ‘C’ factor for all pipes is set to 120 (high pipe roughness) 

which reflects a PVC pipe near the end of its service life (Stephenson, 1989). In Experiment 3, 

the ‘high-lift’ network configuration (Figure 4) is used, where the static lift conditions are such 

that the elevations of all nodes within a square radius of 10 km from the centre of the network are 

set to an elevation of 15 m, while the remaining nodes are set to an elevation of 0 m. For each 

Scenario in Experiment 3 as in Experiment 2, the initial population is 100,000 people, the initial 

per capita demand is 300 Lpcd, and the initial total demand is 30 MLD, population is increased at 

a rate of 0.5% per year for a total of a ~5% increase over a 10-year period. 

4.3 Results  

4.3.1 Experiment 1: Impact of Network Characteristics on Water and Energy Transmission 

Efficiencies, and Per capita GHG Emissions 

The response levels of performance measures Water Transmission Efficiency, Operational 

Energy Transmission Efficiency, and Annual Per Capita GHG Emissions are indicated in Table 7. 

Recall that Water Transmission Efficiency (Eq. 14) refers to the ratio of water delivered versus 

water input to the system. Operational Energy Transmission Efficiency (Eq. 15) refers to the 

percentage of operational energy delivered to consumers versus the amount of operational energy 

input to the system. Annual GHG Emissions Released per Capita (Eq. 17) refers to the annual 

GHG emissions released by the system whilst factoring in the changing population and therefore 

the increases in water demand and operational energy expenditures. 



 

61 

 

Table 7: Impact of Factors on System Responses 

Design 

Point 

F1: 

Demand 

F2: WM 

Roughness 

F3: 

Static 

Lift 

R1: Water 

Trans. Eff. 

R2:  O/E 

Trans. Eff. 

R3: 

GHGs/ca (kg 

CO2-eq/ca) 

1 - - - 74.9% 55.6% 4.21 

2 + - - 85.9% 61.7% 5.51 

3 - + - 76.4% 56.3% 4.13 

4 + + - 88.4% 62.7% 5.35 

5 - - + 75.1% 55.8% 4.20 

6 + - + 86.1% 61.9% 5.49 

7 - + + 76.7% 56.5% 4.11 

8 + + + 88.6% 62.9% 5.34 

 

The response levels reported in Table 7 were used to calculate the main effects of each factor-

response pair. Table 8 indicates the main effects of each factor-response pair. Refer to Section 

4.2.2 for a thorough description on how the main effects and integration effects of the factors 

were calculated. 

Table 8: Main Effects of Each Factor-Response Pair 

 Response 1: Water 

Transmission Efficiency 

Response 2: 

Operational Energy 

Transmission 

Efficiency 

Response 3: 

Greenhouse Gas 

Emissions Per 

Capita (kg CO2-

eq/ca) 

Factor 1:  

Water Demand 11.5% 6.2% 1.26 

Factor 2:  

Water Main 

Roughness 
2.0% 0.8% -0.12 

Factor 3:  

Static Lift 0.2% 0.2% -0.01 

 

4.3.1.1 Factor 1: Water Demand 

The results in Table 8 demonstrate how an increase in water demand (factor 1) from its low (-) to 

high (+) level prompted an average increase in all three response levels (performance measures). 
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Water transmission efficiency, for example, demonstrated an average increase of 11.5% when 

water demand was increased from its (-) level to its (+) level. This increase in water transmission 

efficiency was due to decreased network leakages caused by reduced network pressures. This 

increase in water demand and resulting decrease in leakage increased the water transmission 

efficiency of the network by reducing the water input necessary to meet the demands. This 

reduction in water input reduced operational energy input and consequently increased operational 

energy transmission efficiency as well. In spite of a decrease in leakage, the increase in demand 

required an increase in water input, which increased operational energy inputs. The increase in 

operational energy input caused an average increase of 1.3% in per capita GHG emissions 

generated in the system.  

4.3.1.2 Factor 2: Pipe Roughness  

The results in Table 8 indicate that increasing pipe roughness (factor 2) from its low (-) to high 

(+) value prompted an average 2% increase in water transmission efficiency, 0.8% increase in 

operational energy transmission efficiency, and 0.12 kg CO2-eq/ca decrease in per capita GHG 

emissions. The increase in pipe roughness from its (-) level to a (+) level increased frictional 

losses, lowered the average pressure and consequently the leakage of the system. The reduction in 

leakage, reduced the volume of water input necessary to meet demands, which increased the 

water transmission efficiency of the system. Operational energy transmission efficiency, 

increased to a lesser extent than the water transmission efficiency. The lesser 0.8% average 

increase in operational energy efficiency is explained by the fact that a decrease in pumping 

energy input from decreased water inputs was partly offset by the additional pumping energy 

required to overcome the additional friction losses in the system caused by the increased pipe 

roughness’. The decrease in operational energy input translated into an average decrease of 0.12 

kg of CO2-eq/ca in per capita GHG emissions in the system.  
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4.3.1.3 Factor 3: Static Lift  

The results in Table 8 demonstrate how an increase in the static lift (factor 3) of the system from 

its (-) level to its (+) level prompted an average 0.2% increase in water transmission efficiency, a 

0.2% increase in operational energy transmission efficiency, and an average decrease of 0.01 kg 

of CO2-eq/ca in per capita GHG emissions. Increasing the static lift requirements of the system 

from the defined low (-) to high (+) level decreased pressures in the network and reduced water 

losses (leakage). The reduction in leakage, decreased the water input necessary to meet demands 

increasing water transmission efficiency by 0.2%. The decrease in water input decreased the 

amount of pumping energy required to meet demands. However, this decrease in pumping energy 

was mitigated by the additional pumping energy required to overcome the additional static lift 

imposed on the system. The end result was an average increase of 0.2% in operational energy 

transmission efficiency.  This decrease in the operational energy input resulted in a decrease in 

per capita GHG emissions of -0.01 kg of CO2-eq/ca. 

4.3.1.4 Interaction Effects  

Table 9 indicates the interaction effects of each factor pair. The results in this table suggest that 

interactions between factors are relatively weak, and that each factor has a high level of 

independence in regards to the other factors studied.  

Table 9: Interaction Effects of Each Factor Pair 

 Response 1:  

Water 

Transmission 

Efficiency  

Response 2:  

O/E 

Transmission 

Efficiency 

Response 3: 

GHGs/ca (kg 

CO2-eq/ca) 

Factors 1 & 2: 

Water Demand  

& Water Main Roughness 

0.5% 0.1% -0.03 

Factors 1 & 3:  

Water Demand  

& Static Lift 

0.0% 0.0% 0.00 

Factors 2 & 3:  

Water Main Roughness & Static Lift 
0.0% 0.0% 0.00 
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Water demand and pipe roughness (factors 1 and 2) showed a small, positive interaction toward 

water transmission efficiency and O/E transmission efficiency, and a negative interaction effect 

toward per capita GHG emissions. These interaction effects are due to the intertwined effects of 

pressure reduction when water demand and water main roughness are simultaneously increased. 

As water demands are increased flow rates (and as a result velocities) in the network are 

increased as well. Frictional energy losses (pressure reductions) due to pipe roughness are flow 

rate/velocity dependent. As flow rates/velocities increase the amount of energy loss/pressure 

reduction due to water main pipe roughness increases. The increased amount of pressure 

reduction reduces leakage in the network, which as a result increases water transmission 

efficiency, operational energy transmission efficiency, and decreases GHGs/ca.    

Both water demand and static lift (factors 1 and 3), and water main roughness and static lift 

(factors 2 and 3) showed no significant levels of interaction effects. This is owing to the fact that 

static lift (factor 3) is independent of water demand (factor 1) and pipe roughness (factor 3).  

4.3.2 Experiment 2: Impact of Network Management  

The following sections will review and discuss the results of Scenarios 1 and 2 from both 

Experiments 2 and 3. In order to convey the results in a concise yet comprehensive manner, 

strategic scenarios were excluded from discussion in this section. Specifically, Scenario 1B and 

Scenario 2B were excluded from this section. The results of all scenarios, including Scenarios 1B 

and 2B, can be found within Appendix A of this thesis.  

4.3.2.1 Scenario 1: Water Conservation 

Scenario 1 of Experiment 2 examined the effects of water conservation under ‘low lift/low pipe 

roughness’ conditions in the test network. This was done by comparing the baseline no-

conservation Scenario 1A to the conservation Scenario 1C where per capita demand are 

decreased by 2% per year over the 10-year test period. Both Scenarios 1A and 1C experienced an 

increase in population of 0.5% per year.  
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Scenario 1A: No Conservation Baseline 

Scenario 1A served as a baseline to understand the underlying trends present within the system. 

Scenario 1A experienced an expected increase in water demand and hence water input, as a result 

of the population increase. Over the 10-year period, the input of water to the system increased by 

3% in comparison to the 5% population increase over the same period. This discrepancy between 

water input and population increase is explained by a decrease in leakage caused by increased 

demands due to population growth. The continual growth in population caused a steady increase 

in water demands which resulted in an increase in water input which necessitated an increase in 

pumping energy - increasing the input of operational energy to the system each year. Over the 10-

year period, the input of operational energy increased a corresponding 3%. There was no input or 

output of embodied energy to the system for Scenarios 1A, 1B or 1C; therefore there was also no 

change to the stored embodied energy of the system over the test period. The volume of water 

delivered increased a total of 5% over the test period, which corresponded with the 5% increase 

in population. The volume of water lost (leakage) in the network decreased by 7% over the test 

period. The decrease in leakage was linked to a decrease in pressure throughout the network due 

to increasing demands within the system. Increased demands lowered the average pressures 

throughout the network, and since leakage is pressure-dependent, the annual volume of water lost 

consequently decreased as well. Operational energy delivered increased by 4%, due to the 

increase in water delivered (demand). Operational energy lost also increased by 2% over the 10-

year period. The increase in operational energy lost is due the increase in operational energy input 

and the less substantial increase in operational energy delivered. This is due to operational energy 

input being much larger than the operational energy delivered and therefore the 3% increase in 

operational input represents a larger increase in energy then the 4% increase in operational energy 

delivered.  
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The GHG emissions released as a result of operational energy activities increased by 3% in 

proportion to the 3% increase in operational energy input. No GHG emissions were released due 

to E/E and so the total GHGs released were entirely due to O/E activities.  

Water transmission efficiency and operational energy transmission efficiencies both increased by 

1%. Water transmission efficiency increased due to a diminishing ratio between water input and 

water delivered, caused by changing pressure regimes within the system, due to increased 

demands cause by population growth. Operational energy transmission efficiency increased due 

to a disproportionate increase in both operational energy input and operational energy delivered, 

again due to changing pressures within the system due to an increase in demand. Per capita GHGs 

decreased by 1% due to a decrease in per capita operational energy input.   

Differences in Metabolic Flows and Performance Measures between Scenarios 1A and 1C: 

Impact of a Water Conservation Program  

The impact of water conservation on the energy use and GHG emissions in the system was 

characterized by comparing metabolic flows and performance measures across the baseline no-

conservation Scenario 1A (described above) and the water conservation Scenario 1C, where per 

capita water demand is decreased by 2% per year over the 10-year period. Table 10 summarizes 

the key changes in metabolic input and output flows and performance measures observed 

between the no-conservation Scenario 1A (S1A) and the water conservation Scenario 1C (S1C). 

The first column in Table 10 indicates the metabolic input, outputs, and storage flows and 

performance measures reported in Scenarios 1A and 1C. The second and third columns in Table 

10 indicate the variations observed in each metabolic flow and performance measures modelled 

over the 10-year period in Scenario 1A and Scenario 1C. The fourth column in Table 10 reports 

on the differences in metabolic flows and performances measures between Scenarios 1A and 1C 

over the 10-year period.   
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Table 10: Summary of Metabolic Flows and Performance Measures in Scenarios 1A and 1C 

for Experiment 2 

Experiment #2 Scenario 1A Scenario 1C Difference 

General Info Change Change Difference 

Population 5% 5% 0% 

Pop. Density 5% 5% 0% 

Water/ca 0% -17% -17% 

Base Node Demand 5% -13% -18% 

 
   

Input Change Change Difference 

Water 3% -9% -12% 

O/E 3% -9% -12% 

E/E 0% 0% 0% 

 
   

Stored Change Change Difference 

E/E 0% 0% 0% 

 
   

Output Change Change Difference 

Water Delivered 5% -13% -18% 

Water Lost -7% 18% 25% 

O/E Delivered 4% -12% -16% 

O/E Lost 2% -4% -6% 

E/E Discarded 0% 0% 0% 

GHGs from O/E 3% -9% -12% 

GHGs from E/E 0% 0% 0% 

Total GHGs 3% -9% -12% 

 
   

Performance Measures Change Change Difference 

Water Transmission Eff. 1% -4% -5% 

O/E Transmission Eff. 1% -3% -4% 

E/E Change 0% 0% 0% 

GHGs/ca -1% -13% -12% 

 

The water conservation measures of Scenario 1C resulted in a 17% decrease in water demand per 

capita (Table 10) over the test period relative to the baseline Scenario 1A. Table 10 shows that 

water conservation measures in Scenario 1C produced an 18% reduction in base node demand 

relative to the baseline Scenario 1A. The increase in base node demand for Scenario 1A had the 

effect of lowering average network pressures as well as pressure-dependent leakage by 7% over 
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the test period (Table 10). In comparison, water conservation measures in Scenario 1C increased 

pressures in the system and increased leakage by 18% over the test period. The net effect of water 

conservation measures in Scenario 1C was to increase water lost to leakage by 25% relative to the 

baseline no-conservation Scenario 1A (Table 10).  

The volume of water delivered for both scenarios was concurrent with their respective base node 

demands, as demands are continually met within both scenarios. Scenario 1A experienced a 5% 

increase in water delivered, while Scenario 1C experienced a 13% decrease in water delivered 

over the test period. The net effect of water conservation measures in Scenario 1C was to produce 

an 18% decrease in water delivered relative to the baseline no-conservation Scenario 1A.  

Over the simulation period, there was a 12% difference in water input and O/E input between 

both Scenarios 1A and 1C. This is due to water input and O/E input being functionally dependent 

upon one another. Similarly, O/E delivered and water delivered displayed trends which were in 

agreement with each other. In Scenario 1C, O/E delivered decreased 16% and water delivered 

decreased by 18% relative to Scenario 1A. While increasing populations and a steady increase in 

per capita water demand increased volume of water delivered by 5% in Scenario 1A, water 

conservation measures resulted in a 13% decrease in water delivered in Scenario 1C. Total GHGs 

and O/E GHGs (equal in both Scenario 1A and 1C since no inputs or outputs of E/E are present in 

either scenario) increased by 3% in Scenario 1A and decreased by 9% in Scenario 1C. This 

comprises a 12% difference across the two scenarios (Table 10). Water conservation measures are 

responsible for the reduction in GHG emissions. The water conservation measures in Scenario 1C 

decreased water input by 9%, which decreased O/E input by 9% which in turn decreased O/E 

GHGs by 9% over the test period. Similarly, Scenario 1A experienced a 3% increase in water 

input and consequently a 3% increase in O/E input, which led to a 3% increase in O/E and total 

GHGs. These results suggest that water conservation measures can decrease GHG emissions by 

decreasing water demands and reducing pumping energy requirements.  
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The water conservation measures produced a 5% decrease in water transmission efficiency in 

Scenario 1C relative to the no-conservation baseline Scenario 1A. This is explained by the fact 

that the system in Scenario 1C experiences a 25% increase in water lost combined with an 18%  

decrease in water delivered compared to Scenario 1A (Table 10) over the time period. These 

results suggest that water conservation measures employed in networks without any pressure 

management measures may decrease the water transmission efficiency of the network. The water 

conservation measures also produced a 4% decrease in O/E transmission efficiency in Scenario 

1C relative to the no-conservation baseline Scenario 1A (Table 10). This is explained by the fact 

that the system in Scenario 1C experiences a 16% reduction in O/E delivered and a 6% reduction 

in O/E lost relative to the no-conservation baseline Scenario 1A (Table 10). These results suggest 

that water conservation measures employed in networks without any pressure management 

measures may decrease the O/E transmission efficiency of the network. The water conservation 

measures of Scenario 1C produced a 12% decrease in per capita GHG emissions relative to the 

no-conservation baseline Scenario 1A (Table 10). This is explained by the 12% reduction of O/E 

input for Scenario 1C relative to the no-conservation baseline Scenario 1A (Table 10). This 

greater reduction in O/E input is due to greater reduction in per capita demand and consequently 

water input as a result of water conservation measures. These results suggest water conservation 

measures in networks without any pressure management measures can result in reductions in per 

capita GHG emissions in a distribution network.  

Comparison of Metabolic Flows and Performance Measures between Scenarios 1A and 1C: 

Impact of a Water Conservation Program  

In this section, the metabolic flows of water, energy, and GHG emissions and performance 

measures are compared across the baseline, no-conservation Scenario 1A and the water 

conservation Scenario 1C.  
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Metabolic Flows of Water 

The metabolic flow of water in both Scenarios 1A and 1C are reported in Figure 5. Figure 5 

indicates that over the test period water input increases from roughly 12,600 ML to 13,000 ML in 

Scenario 1A where no conservation occurs. By contrast, over the test period water input decreases 

from approximately 12,600 ML to 11,500 ML in Scenario 1C where per capita water use is 

decreased by 2% per year. In the final year of the simulation (Year 10), this amounts to a 

difference of 1,500ML in water input between Scenarios 1A and 1C (Figure 5 and Table 10). In 

other words, Scenario 1C input approximately 88% of the volume of water Scenario 1A did in the 

final year of simulation.  

 

Figure 5: Metabolic Flow of Water in Scenarios 1A & 1C for Experiment 2 

Comparatively, Figure 5 reports that both scenarios continually met their respective demands, 

resulting in a 503 ML (5%) increase in water delivered for Scenario 1A and a 1,401 ML (13%) 

decrease in water delivered for Scenario 1C. The role of leakage largely accounts for the 

difference between reductions/increases in base node demand and water input between Scenarios 

1A and 1C. Over the simulation period, Scenario 1A experienced a 107 ML (7%) reduction in 
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leakage volume (water lost) due to reduced network pressures caused by increases to base node 

demands over the test period. Conversely, Scenario 1C experienced a 296 ML (18%) increase in 

annual leakage volumes over the test period due to increased network pressures as a result of 

decreased demands (Figure 5). In terms of the metabolic flow of water, these results suggest that 

in networks such as the one considered, increases in population and unchanged per capita 

demands (increases in base node demand) result in decreases in leakage, while water conservation 

measures which outweigh growing populations (decreases in base node demand) result in 

increases in leakage volumes.  

 

Metabolic Flows of Operational Energy 

Figure 6 indicates that the O/E input (pumping energy) in Scenario 1A increased by 342 GJ (3%) 

over the 10-year test period. This corresponds with the increase in water input (3%) in Scenario 

1A. Similarly, Figure 6 indicates that Scenario 1C experienced a 955 GJ (9%) decrease in O/E 

input (pumping energy) which corresponds with a 1,105 ML (9%) decrease in water input in 

Scenario 1C. These results demonstrate the functional dependence of operational energy input 

*pumping energy) on water input within this study. 
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Figure 6: Metabolic Flow of Operational Energy in Scenarios 1A & 1C for Experiment 2 

In Scenario 1C, the effects of water conservation (a decrease in per capita water consumption, 

and a resulting decrease in water delivered), resulted in a 779 GJ (12%) decrease in the 

operational energy delivered over the 10-year test period. Conversely, Figure 6 reports Scenario 

1A experienced a 275 GJ (4%) increase in O/E delivered, in line with its 503 ML (5%) increase 

in water delivered (Figure 5). Changes in operational energy delivered are a result of changes to 

the volume of water delivered to the customers. This implies that a change in water delivered may 

result in a corresponding change in O/E delivered. This will presumably hold true unless the 

water delivered changes dramatically in energy per volume, which was not the case in this 

system. Figure 6 indicates that in Scenario 1C, O/E lost decreased by 175 GJ (4%). This is due to 

a decrease in operational energy input (-9%) and partially mitigated by an increase in leakage 

(+18%). Figure 6 indicates that in Scenario 1A, O/E lost increased by 66 GJ (2%). This is 

primarily due to the 342 GJ (3%) increase in O/E input, and partially mitigated by the 107 GJ 

(7%) decrease in water lost.  
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These results of Scenario 1C demonstrate how under the given conditions that a 2% per year 

reduction in per capita demand decreases O/E input (pumping energy) by 9% over a 10-year 

period due to the reductions in water input. This reduction in water input and consequently O/E 

input indirectly reduced the O/E lost by 4% despite an 18% increase in leakage volumes (water 

lost).  

 

Metabolic Flows of GHGs 

Figure 7 in conjunction with Eq. 11 and Eq. 13, indicates that total GHG emissions from both 

Scenario 1A and 1C are linked directly to O/E activities (pumping energy). The reason no E/E 

related GHG emissions exist in either Scenarios 1A or 1C is due to the Scenarios’ absence of both 

E/E inputs and outputs. 

 

Figure 7: Metabolic Flow of GHGs in Scenarios 1A & 1C for Experiment 2 

Figure 7 indicates that GHG emissions in Scenario 1A increased by 17 tonnes (3%) of CO2-eq 
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input was due to the 3% increase in water input, resulting from the 5% increase in population and 

base node demand over the same time period. Comparatively, Figure 7 indicates that Scenario 1C 

experienced a 9% (48 tonnes of CO2-eq) decrease in both O/E and total GHG emissions. This 

decrease in GHG emissions was a direct result of the water conservation program which reduced 

water input and consequently O/E input by 9% over the same time period. 

  

Metabolic Flow Based Performance Measures 

Figure 8 indicates the trends of performance measures in Scenarios 1A and 1C. The system in 

Scenario 1A experienced a 1% increase in both water transmission efficiency (WTE) and O/E 

transmission efficiency (OETE). The 1% increase in water transmission efficiency was due to the 

decreasing difference between the volumes of water input and water delivered over the test period 

(Table 10). Similarly, the 1% increase in O/E transmission efficiency in Scenario 1A was due to 

the decreasing difference between O/E input and O/E delivered over the test period.  

 

Figure 8: Performance Measures of Scenarios 1A & 1C in Experiment 2 
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Conversely, Figure 8 indicates a decrease in both water and O/E transmission efficiencies in 

Scenario 1C over the test period. The test system in Scenario 1C experienced a 4% decrease in 

water transmission efficiency and 3% decrease in O/E transmission efficiency. The 4% decrease 

in water transmission efficiency was due to the increasing difference between water input and 

water delivered (Figure 5) over the test period. Similarly, the 3% decrease in O/E transmission 

efficiency was due to the increasing difference between O/E input and O/E delivered (Figure 6) 

over the test period. These results suggest that the water conservation measures (e.g. the reduction 

of per capita demand) in Scenario 1C indirectly caused a decrease in both water and O/E 

transmission efficiencies, while steady per capita demands and an increasing population in 

Scenario 1A caused an increase in both water and O/E transmission efficiencies.  

Figure 8 indicates that both Scenarios 1A and 1C experienced reductions in per capita GHG 

emissions. Scenario 1A experienced a 1% decrease in per capita GHGs due to the widening gap 

between the increase in O/E GHGs (3%) and the increase in population (5%) over the 10-year test 

period. Similarly, Scenario 1C experienced a 13% reduction in per capita GHGs due to the 

widening gap between the decrease in O/E GHGs (9%) and an increase in population (5%). While 

Scenario 1C experienced a differential increase between O/E GHGs and network population due 

to reductions in per capita demand, it would appear Scenario 1A experienced an increasing 

difference between O/E GHGs and network population due to a changing (non-linear) 

relationship between population and water input. This non-linear relationship between population 

and water input observed in Scenario 1A can be explained by the variation in network pressures 

due to an increasing population. In Scenario 1A, as population increases so does base node 

demand, because per capita demands remain steady. The 5% increase in base node demand 

decreased the pressure regime within the network, thereby reducing leakage by 7% over the test 

period. This indicates that due to the 7% reduction in leakage, it was only necessary for water 

input to increase by 3% in order to meet the 5% increase in base node demand and water 
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delivered. The 3% increase in water input corresponded to a 3% increase in O/E input, which 

resulted in a 3% increase in both O/E and total GHGs. Therefore the results suggest that the 

increase in demand and resulting decrease in network pressures in Scenario 1A explains the 

decreasing difference between O/E GHGs and population, and the overall decrease in per capita 

GHGs over the test period. 

4.3.2.2 Scenario 2: Pipe Replacement 

Scenario 2 of Experiment 2, examined the effects of pipe replacement under ‘low lift/low pipe 

roughness’ conditions in the test network. This was done by comparing the baseline no-

replacement Scenario 2A to the pipe replacement Scenario 2C, where pipes were replaced at a 

rate of 2% per year over the 10-year period. Note that within Experiment 2 Scenario 2A is 

identical to Scenario 1A discussed in detail above. This is due to both Scenario 1A and Scenario 

2A taking place under identical conditions which include the low-lift, low roughness network 

configuration (Figure 3) and a steady population growth of 0.5% per year.  

In Scenario 2C, the existing pipes were assigned a Hazen-Williams ‘C’-factor of 135, indicative 

of 50 year old PVC pipe material, while the newly installed pipes were assigned a Hazen-

Williams ‘C’-factor of 150, indicative of newly installed pipe material (Stephenson, 1989). 

Leakage was modeled by reducing emitter coefficients (Eq. 19) by half at the upstream and 

downstream nodes of the newly installed pipe. The reduction in leakage was distributed evenly 

throughout the network by averaging all emitter coefficients in the network. The result was a new 

global emitter coefficient for the network. Both Scenarios 1A and 1C experienced an increase in 

population of 0.5% per year. 

Differences in Metabolic Flows and Performance Measures between Scenarios 2A and 2C: 

Impact of a Pipe Replacement Program  

The impact of pipe replacement on the water, energy use and GHG emissions in the system was 

characterized by comparing metabolic flows and performance measures across the baseline no-
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replacement Scenario 2A (identical to Scenario 1A described above) and the pipe replacement 

Scenario 2C. In this last scenario, pipes are replaced at the rate of 2% per year over the 10-year 

period. Table 11 summarizes the key changes in metabolic input and output flows and 

performance measures observed between the no-replacement Scenario 2A and the pipe 

replacement Scenario 2C. The first column in Table 11 indicates the metabolic input, outputs, and 

storage flows and performance measures reported in Scenarios 2A and 2C. The second and third 

columns in Table 11 indicate the variations observed in each metabolic flow and performance 

measures modelled over the 10-year period in Scenario 2A and Scenario 2C. The fourth column 

in Table 11 reports on the differences in metabolic flows and performances measures over the 10-

year simulation period between Scenarios 2A and 2C.     
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Table 11: Summary of Metabolic Flows and Performance Measures in Scenarios 2A and 2C 

for Experiment 2 

Experiment #2 Scenario 2A Scenario 2C Difference 

General Info Change Change Difference 

Population 5% 5% 0% 

Pop. Density 5% 5% 0% 

Water/ca 0% 0% 0% 

Base Node Demand  5% 5% 0% 

    

Input Change Change Difference 

Water  3% 2% -1% 

O/E  3% 2% -1% 

E/E  0% 0% 0% 

    

Stored Change Change Difference 

E/E  0% -9% -9% 

    

Output Change Change Difference 

Water Delivered  5% 5% 0% 

Water Lost  -7% -12% -5% 

O/E Delivered  4% 4% 0% 

O/E Lost  2% -1% -3% 

E/E Discarded 0% 0% 0% 

GHGs from O/E 3% 2% -1% 

GHGs from E/E 0% 0% 0% 

Total GHGs  3% 1% -2% 

    

Performance Measures Change Change Difference 

Water Transmission Eff. 1% 2% 1% 

O/E Transmission Eff. 1% 2% 1% 

E/E Change 0% 10% 10% 

GHGs/ca  -1% -4% -3% 

 

The comparison of Scenarios 2A and 2C shows the effects of pipe replacement on the test 

network in question. Water lost decreased more (5%) over the test period for Scenario 2C 

compared to Scenario 2A. This is due to the reduction in leakage brought about by replacing 

deteriorated pipes in the system with new pipes. The corresponding difference in operational 

energy lost (-2%) reported in Table 11 was not as dramatic. Here, the operational energy lost in 

Scenario 2A increased by 2% while it decreased by 1% in Scenario 2C over the test period. This 
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difference is owing to the decreased wall roughness in Scenario 2C.  The difference in water lost 

between Scenario 2C and the baseline no-replacement Scenario 1A was -5%, despite an increase 

of 1% in water input in Scenario 2C relative to the baseline Scenario 2A. This is due to the fact 

that the growth in population and the corresponding increase in demand were more important 

than the effects of decreased leakage rates in Scenario 2C. 

Comparison of Metabolic Flows and Performance Measures between Scenarios 2A and 2C: 

Impact of a Pipe Replacement Program  

In this section, the metabolic flows of water, energy, and GHG emissions and performance 

measures are compared across the baseline, no-replacement Scenario 2A and the pipe 

replacement Scenario 2C.  

 

Metabolic Flows of Water 

Figure 9 indicates the trends of the metabolic flow of water for both Scenarios 2A and 2C. In the 

replacement Scenario 2C, 20% of the distribution main length was replaced over the 10-year test 

period. The global emitter coefficient was decreased by 20% to reflect the pipe replacement 

activity over the 10-year period. Both Scenarios 2A and 2C also experienced a population 

increase of 5% and a corresponding 5% increase in base node demand over the 10 years. 
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Figure 9: Metabolic Flow of Water in Scenarios 2A & 2C for Experiment 2 

Figure 9 indicates how rising populations increased water delivered by 5% for both scenarios. 

Since demands were consistently met, this increase in demand decreased network pressures in 

both scenarios substantially over the test period. In response to lower pressures, water lost 

decreased by 12% in Scenario 2C as compared to the 5% decrease in Scenario 2A. Therefore, 

pipe replacement activities in Scenario 2C account for a net 7% decrease in water lost relative to 

the no-replacement baseline Scenario 2A (Table 11). A decrease in water lost in Scenario 2C was 

partially due to the decrease in network pressures and partly due to the decrease in the global 

emitter coefficient due to the pipe replacement activity. A decrease in water lost in Scenario 1A 

was entirely due to decreased network pressures resulting from increased population and water 

demands. With increasing demands, both scenarios saw an increase in water input. However, with 

decreased water losses, it was only necessary to increase water input by 3% in Scenario 2A and 

by 2% in Scenario 2C in order to meet the 5% increase in demands common to both scenarios. 
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Metabolic Flows of Operational Energy 

Figure 10 reports the metabolic flows of O/E for Scenarios 2A and 2C. The trends in O/E inputs 

mimicked the trends in water input for both Scenarios 2A and 2C. Specifically, Scenario 2A saw 

an increase of 3% in water and O/E input, while Scenario 2C saw an increase of 2% in water and 

O/E input. For both scenarios, the 5% increase in water delivered resulted in a 4% increase in the 

O/E delivered. The 1% difference between O/E inputs and similarity in O/E delivered is 

displayed in the differences between the scenarios O/E lost. The O/E lost in Scenario 2A 

increased by 66 GJ (2%) while the O/E lost in Scenario 2C decreased by 29 GJ (1%). This 

amounts to a 3% difference between the two scenarios. Both Scenarios 2A and 2C increased in 

O/E lost due to an increase in O/E input and a lesser increase in O/E delivered. However, these 

effects were insignificant compared to the effects of pipe replacement, mainly the increased 

average pipe smoothness and larger decreases in leakage (water lost). 

 

 

Figure 10: Metabolic Flow of Operational Energy in Scenarios 2A & 2C for Experiment 2 
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Metabolic Flows of Embodied Energy 

Figure 11 indicates the embodied energy of the test network in Scenario 2C. The existing pipes 

within the system are made of unplasticized PVC-U material while the replacement pipes are 

constructed of molecular oriented PVC-O material. PVC-O material is a stronger material due to 

its biaxial molecular alignment; therefore PVC-O pipe requires less wall thickness than PVC-U 

for similar pressurized applications (Piratla et al., 2012). The implication of this is that at identical 

diameters, PVC-O has a lower linear mass density than PVC-U pipe (Table 12).    

Table 12: Linear Mass Density and Embodied Energy of Pipe Materials
1
  

 
Linear Mass Density (kg/m) Embodied Energy Intensity (MJ/kg) 

PVC-U 17.26 74.9 

PVC-O 8.18 87.9 

 

The differences in embodied energy intensities between PVC-O and PVC-U are due to the 

additional energy required in PVC-O manufacturing in order to achieve molecular bi-axial 

orientation in the material. Although the PVC-U pipes being replaced have less embodied energy 

per kilogram (Table 12), their linear mass density is greater due to their larger wall thicknesses 

and therefore the new PVC-O pipes within the network contain less embodied energy per meter. 

This leads to a consistent decrease in the embodied energy stored within the network each year as 

indicated in Figure 11. 

                                                      

1
 All values of Table 12 obtained from (Piratla et al., 2012). Values refer to pipes with a nominal diameter 

of 200mm. 
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Figure 11: Metabolic Flow of Embodied Energy in Scenarios 2A & 2C for Experiment 2 

Metabolic Flows of GHGs 

Figure 12 reports the GHG emissions generated by the system in Scenarios 2A and 2C. It is 

evident from Figure 12 that GHGs released during Scenario 2C are significantly higher than in 

Scenario 2A. 

 

Figure 12: Metabolic Flow of GHGs in Scenarios 2A & 2C for Experiment 2 
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The difference between in GHG emissions in Scenario 2A and 2C is largely due to the input of 

embodied energy in Scenario 2C. Scenario 2A includes no pipe replacement and thus has no input 

of embodied to the system and so the total GHGs released within the scenario are entirely due to 

O/E input from pumping water. This can be seen in Figure 12 where a reduction in O/E related 

GHG emissions is evident as a large percent of water main length is replaced with new pipe in the 

system in Scenario 2C. This reduction in O/E GHGs is due to a decrease in O/E input. The 

decrease in O/E input in Scenario 2C is a result of pipe replacement which reduces leakage and 

therefore reduces necessary water inputs to meet rising demands. A reduced water input also 

reduces O/E inputs.  

Scenario 2A underwent a greater percentage change in GHG emissions (+3%) compared to 

Scenario 2C (+1%). This was a result of Scenario 2C having much larger GHG emissions and 

therefore the increase in O/E input that both scenarios experienced due to population growth, was 

a lesser relative change to Scenario 2C than Scenario 2A.   

 

Metabolic Flow Based Performance Measures 

Figure 13 reports the performance measures of Scenarios 2A and 2C. As seen in Figure 13 , the 

performance measures of Scenario 2A and 2C are relatively similar, with the exception of per 

capita GHGs.  
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Figure 13: Performance Measures of Scenarios 2A & 2C in Experiment 2 
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than those of Scenario 2A on account of the input of E/E in Scenario 2C. Figure 13 shows that the 

system generated 5.37 kg of CO2-eq / ca in the baseline Scenario 2A in the final year of the 

simulation as compared to 13.57 kg of CO2-eq /ca in the pipe replacement Scenario 2C. Although 

Scenario 2A emitted far less GHGs during the course of the simulation, Scenario 2C showed a 

greater decrease in emissions--decreasing by 4% in Scenario 2C as compared to 1% in Scenario 

2A over the simulation period. This is owing to the fact that Scenario 2A underwent a 3% 

increase in total GHGs compared to a 1% increase in Scenario 2C. With identical increases in 

population, a greater increase in total GHGs in Scenario 2 led them to a greater increase in per 

capita GHGs, despite emitting fewer emissions than Scenario 2C over the simulation test period.   

Omitted from Figure 13 was a decrease of 10% in the relative E/E of the system in Scenario 2C, 

compared to the 0% change in Scenario 2A.  

4.3.3 Experiment 3: Impact of Network Management  

The following section discusses the results of Experiment 3. As is evident in this section, the 

percent variations in metabolic flows of Scenarios 1 and 2 in Experiment 3 are nearly identical to 

those observed in Scenarios 1 and 2 of Experiment 2. The few differences that exist between 

Experiments 2 and 3 will be discussed below. The major differences between Experiments 2 and 

3 are the values of the metabolic flows mainly owing to the effects of static lift and pipe 

roughness.   

4.3.3.1 Scenario 1: Water Conservation 

Scenario 1 examined the effects of water conservation under ‘high lift/high pipe roughness’ 

conditions in the test network. This was done by comparing the no-conservation Scenario 1A to 

the conservation Scenario 1C where per capita demand is decreased by 2% per year over the 10-

year period of the scenario. Both Scenarios 1A and 1C experienced an increase in population of 

0.5% per year.  
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Differences in Metabolic Flows and Performance Measures between Scenarios 1A and 1C  in 

Experiment 2 and 3: Impact of a Water Conservation Program  

Table 13 shows that the trends present within the metabolic flows in Scenario 1A and 1C of 

Experiments 2 and 3 were similar. The only differences in the metabolic trends of Scenario 1 in 

between Experiments 2 and 3 were Water Lost, O/E Delivered, and Water Transmission 

Efficiency. Table 14 reports the major difference in metabolic flows in Scenario 1 between 

Experiments 2 and 3. 

Table 13: Summary of Metabolic Flows and Performance Measures in Scenarios 1A and 1C 

for Experiments 2 and 3 

 Experiment #2 Experiment #3 
Experiment 

2 & 3 

 
S1A S1C Delta S1A S1C Delta Delta 

General Info Change Change Delta Change Change Delta Delta 

Population 5% 5% 0% 5% 5% 0% 0% 

Pop. Density 5% 5% 0% 5% 5% 0% 0% 

Water/ca 0% -17% -17% 0% -17% -17% 0% 

Base Node Demand  5% -13% -18% 5% -13% -18% 0% 

Input Change Change Delta Change Change Delta Delta 

Water  3% -9% -12% 3% -9% -12% 0% 

O/E  3% -9% -12% 3% -9% -12% 0% 

E/E  0% 0% 0% 0% 0% 0% 0% 

Stored Change Change Delta Change Change Delta Delta 

E/E  0% 0% 0% 0% 0% 0% 0% 

Output Change Change Delta Change Change Delta Delta 

Water Delivered  5% -13% -18% 5% -13% -18% 0% 

Water Lost  -9% 18% 27% -9% 24% 33% +6% 

O/E Delivered  4% -12% -16% 4% -11% -15% -1% 

O/E Lost  2% -4% -6% 2% -4% -6% 0% 

E/E Discarded 0% 0% 0% 0% 0% 0% 0% 

GHGs from O/E 3% -9% -12% 3% -9% -12% 0% 

GHGs from E/E 0% 0% 0% 0% 0% 0% 0% 

Total GHGs  3% -9% -12% 3% -9% -12% 0% 

Performance Measures Change Change Delta Change Change Delta Delta 

Water Transmission Eff. 1% -4% -5% 1% -5% -6% -1% 

O/E Transmission Eff. 1% -3% -4% 1% -3% -4% 0% 

E/E Change 0% 0% 0% 0% 0% 0% 0% 

GHGs/ca  -1% -13% -12% -1% -13% -12% 0% 
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Table 14: Summary of Metabolic Flows and Performance Measures of Scenarios 1A and 1C 

for Experiments 2 and 3 in Year-10 

 

Scenario 1A Scenario 1C 

General Info Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Population 104,591 104,591 0 104,591 104,591 0 

Pop. Density (ca/km^2) 102 102 0 102 102 0 

Water (L)/ca 109,500 109,500 0 91,295 91,295 0 

Base Node Demand (LPS) 1.130 1.130 0 0.942 0.942 0 

Input Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water (ML) 12,990 12,743 -247 11,489 11,291 -198 

O/E (GJ) 11,223 11,010 -213 9,927 9,755 -171 

E/E (MJ) 0 0 0 0 0 0 

STORED Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

E/E (GJ) 1,388,626 1,388,626 0 1,388,626 1,388,626 0 

Output Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water Delivered (ML) 11,453 11,453 0 9,549 9,549 0 

Water Lost (ML) 1,537 1,290 -247 1,940 1,742 -198 

O/E Delivered (GJ) 7,037 6,986 -51 5,982 5,947 -35 

O/E Lost (GJ) 4,186 4,024 -162 3,944 3,808 -136 

E/E Discarded 0 0 0 0 0 0 

O/E GHGs (t of CO2-eq) 561 550 -11 496 488 -8 

E/E GHGs (t of CO2-eq) 0.0 0 0 0.0 0.0 0 

Total GHGs (t of CO2-eq) 561 550 -11 496 488 -8 

Performance Measures Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water Transmission 

Efficiency 
88% 90% 2% 83% 85% 2% 

O/E Transmission 

Efficiency 
62% 63% 1% 60% 61% 1% 

Relative E/E Change 0.00% 0.00% 0.0% 0.0% 0.0% 0.0% 

GHGs/ca (kg of CO2-eq 

/ca) 
5.37 5.26 -0.11 4.75 4.66 -0.09 

 

Generally speaking, Table 14 shows that inputs of water and O/E as well as water and O/E losses 

in Scenario 1 were higher in Experiment 2 than in Experiment 3. Table 14 also shows that O/E 

delivered, higher total and per capita GHG emissions, and lower water and O/E transmissions 

efficiencies in Scenario 1 were higher in Experiment 2 than in Experiment 3. These differences 
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are owing to the higher static lift and higher pipe roughness in Experiment 3. The results 

indicated in Table 13 and Table 14 are discussed in greater detail in the following sections. 

Comparison of Metabolic Flows and Performance Measures in Scenario1 between Experiments 2 

and 3 

In this section, the metabolic flows of water, energy, and GHG emissions and performance 

measures are compared across Experiments 2 and 3 for Scenario 1. 

 

Metabolic Flows of Water 

Scenario 1A 

In both Experiments 2 and 3, Scenario 1A experienced identical trends in population growth and 

base node demand. In both experiments, water input increased 3%. However, the amount of water 

input in the final year of testing was 247 ML (2%) lower in Experiment 3 than Experiment 2 

(Table 14). This is due to the differences in water lost over each testing period, discussed later. 

This can be seen in Figure 14, which displays the trends of water flows for Experiments 2 and 3 

of Scenario 1A.  
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Figure 14: Metabolic Flow of Water in Scenario 1A for Experiments 2 and 3  

Both the increasing trend in water delivered (+5%) and the volume of water delivered is identical 

for both experiments, since populations and per capita demands are identical (Table 13). As seen 

in Figure 14, the water lost in both scenarios decreased significantly over the test period—by 7% 

in Experiment 2 and by 9% in Experiment 3 (Table 13). These decreases in water losses are due 

to a decrease in pressures in the network as a result of increasing population and hence base node 

demands. However, the volume of water lost during the final year of simulation was 247 ML 

(19%) lower in Experiment 3 than in Experiment 2 (Table 14). This is due to effects of static lift. 

The additional lift required in Experiment 3 resulted in an overall decrease in the network’s 

average pressure.  This decrease in average pressure resulted in a significant decrease in water 

loss and a corresponding decrease in water input.  
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Scenario 1C 

In both Experiments 2 and 3, Scenario 1C experienced identical increases in population, and 

decreases in per capita demand and base node demand. However, despite the additional static lift 

and pipe roughness in Experiment 3, the system saw a smaller input of 198 ML (2%) of water to 

the system in the final year of simulation (Figure 15). The decrease in water input is due the water 

saving associated with less water lost within the network in Experiment 3 compared to 

Experiment 2. 

 

Figure 15: Metabolic Flows of Water in Scenario 1C for Experiments 2 and 3 

Figure 15 demonstrates that although the amount of water lost in Experiment 3 increased by 24% 

as compared to an 18% increase in Experiment 2, the actual volume of water lost was 198 ML 

(11%) lower in Experiment 3 than in Experiment 2 for the final year of simulation (Table 13). For 

both Experiments 2 and 3, the increase in water losses over the test period were due to increased 

nodal pressures resulting from water conservation measures (decreasing demands) in the network. 

The fact that there was 11% less water loss in Experiment 3 than in Experiment 2 by the end of 
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simulation is mainly due to the additional static lift in Experiment 3 and partially due to the 

increased roughness of pipes (Table 13). Both decreased the average pressure within the network, 

reducing pressure-dependent water losses. Due to identical increases in population and decreases 

in per capita demand, the decrease in water delivered (13%) is identical in both experiments 

(Table 13).  

 

Metabolic Flows of Operational Energy  

Scenario 1A 

In Scenario 1A, the 3% increase in water input that both Experiments 2 and 3 underwent 

corresponded to an equal 3% increase in O/E input (pumping energy) for both experiments as 

well (Table 13). However, the amount of O/E input in Experiment 3 was 213 GJ (2%) less than 

Experiment 2 in the final year of study (Table 14). This is because the water input of Experiment 

3 was also 2% less than Experiment 2 in the final year of the study (Table 13). Similarly, Figure 

16 shows how O/E lost was 162 GJ (4%) lower in Experiment 3 than Experiment 2 in the final 

year of simulation, despite higher pipe roughness’s in Experiment 3 (Table 14). This is due to the 

significantly lower amount of water lost (-19%) and O/E input (-2%) in Experiment 3 (Table 13). 
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Figure 16: Metabolic Flow of Operational Energy in Scenario 1A for Experiments 2 and 3 

Figure 16 shows how O/E delivered increased 4% in both experiments due to the increase in 

water delivered. However, the level of O/E delivered in the final year of simulation was 51 GJ 

(1%) lower in Experiment 3 due to the additional static lift and higher pipe roughness within the 

network (Table 13).  

 

Scenario 1C 

Although water delivered decreased at an identical rate in Scenario 1C for both experiments, O/E 

delivered decreased by 35 GJ (1%) more in Experiment 3 due to the additional energy required to 

overcome the effects of additional static lift and pipe roughness (Table 14). Conversely, 

Experiments 2 and 3 reported identical decreases (9%) to both water and O/E input over the 

simulation period. However, the amount of O/E input for Experiment 3 in the final year of 

simulation was 171 GJ (2%) less than Experiment 2 (Table 14). This is because in the final year 

of simulation, water input in Experiment 3 was also 2% less than Experiment 2, and O/E input 

(pumping energy) and water input are functionally dependent. Water input (as described above) 
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was 2% less for Experiment 3 in the final year of simulation due to decreased water losses caused 

by decreased network pressures as a result of the additional static lift within the network (Table 

13).     

 

Figure 17: Metabolic Flows of Operational Energy in Scenario 1C for Experiments 2 and 3 

Since less O/E was input and less water was lost within Experiment 3, it is understandable why 

less O/E was lost as well. Figure 17 indicates that O/E lost was 136 GJ (4%) lower in Experiment 

3 by the end of simulation (Table 14). This is partially due to less O/E input and less water being 

lost within Experiment 3, and partially mitigated by the effects of increased pipe roughness. 

 

Metabolic Flows of GHGs 

Scenario 1A 

Figure 18 displays how the O/E GHG emissions of Experiment 3 were 11 tonnes (2%) less in the 

final year of simulation than that of Experiment 2 (Table 14) even with the additional static lift 
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and pipe roughness. This is because less O/E was input to the system because of a smaller input 

of water and smaller volume of water lost over the test period in Experiment 3.  

 

Figure 18: Metabolic Flow of GHG Emissions in Scenario 1A for Experiments 2 and 3 

Since E/E was not introduced into the system in either Experiments 2 or 3, total GHGs in Figure 

18 are a result of operational activities exclusively.  

 

Scenario 1C 

Figure 19 shows that the amount of GHGs released by the end of the test period were 2% less in 

Experiment 3 than in Experiment 2 (Table 13) despite the fact that GHG emissions in Experiment 

2 experienced a greater relative decrease over the period of simulation. This is due to the fact that 

O/E input was consistently less in Experiment 3 compared to Experiment 2, over the entiire 

simulation period  
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Figure 19: Metabolic Flows of GHG Emissions in Scenario 1C for Experiments 2 and 3 

Figure 19 shows how the total GHGs of Scenario 1C in Experiment 3 decreased by 46 tonnes of 

CO2-eq and  the total GHGs of Scenario 1C in Experiment 2 decreased by 48 tonnes of CO2-eq 

over the test period. Despite similar decreases in total GHGs, Year 10 of Scenario 1C in 

Experiment 3 released 488 tonnes of CO2-eq which was 8 tonnes of CO2-eq or approximately 2% 

less than Year 10 in Scenario 1C of Experiment 2. These differences are explained by Experiment 

3’s additional static lift which decreased average network pressures, decreasing leakage and water 

input, therefore decreasing O/E input as well.  

 

Metabolic Flow Based Performance Measures  

Scenario 1A 

Figure 20 shows that Scenario 1A in both Experiment 2 and 3 experienced a 1% increase in their 

respective water transmission efficiencies over the test period. However, in the final year of 

simulation, Experiment 3 had a 2% greater water transmission efficiency (Table 13) than 
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Experiment 2. This is due to less water input for identical amounts of water delivered. Less water 

input was necessary because of lower volumes of water lost, due to decreased pressures as a 

result of the additional static lift in Experiment 3. Similarly, both experiments experienced a 

relative 1% increase in O/E transmission efficiency over the test period. However; O/E 

transmission efficiency was 1% higher in Experiment 3 than in Experiment 2 by the end of the 

test period (Table 13). This is due to the lower inputs of O/E as a result of the lower inputs of 

water, and the only slightly lower amounts of O/E delivered, cause by additional pipe roughness 

in Experiment 3.  

 

Figure 20: Performance Measures of Scenario 1A in Experiments 2 and 3 

Per capita GHGs fell by 1% in both Experiments 2 and 3. Experiment 3 overall produced 2% less 

per capita GHGs by the end of the test period (Table 13). This is because Experiment 3 produced 

fewer total GHGs over the test period, due to a smaller input of O/E caused ultimately by 

decreased pressures in the network as a result of greater static lift. 
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Scenario 1C 

Figure 21 shows how water transmission efficiency decreased by 5% for Experiment 3 and 4% 

for Experiment 2 over the test period (Table 13). However, Experiment 3 ended the simulation 

with a 2% higher overall water transmission efficiency (Table 14).   This is due to the lesser water 

losses in Experiment 3.  

 

Figure 21: Performance Measures of Scenario 1C in Experiments 2 and 3 

Figure 21 shows how O/E transmission efficiency experienced a similar trend where both 

experiments decreased by 3% over the test period.  Here, the O/E transmission efficiency at the 

end of the simulation was 1% higher in Experiment 3 than in Experiment 2 (Table 14). The 

reason O/E transmission efficiency and water transmission efficiency were both larger in 

Experiment 3 than in Experiment 2 is due to the effects of pipe roughness and static lift. Per 

capita GHGs decreased more quickly in Experiment 2 relative to Experiment 3. However, the 

mass of per capita GHGs was 2% lower in Experiment 3 relative to Experiment 2 by the end of 

simulation (Table 14). The greater relative decrease in Experiment 2 is a result of a greater 
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relative decrease in O/E and water input, due to a greater relative decrease in water lost. The 

lower level of per capita GHGs observed in Experiment 2 is due to lower average pressures as a 

result of the additional static lift. The lower average pressures caused less leakage which resulted 

in water and consequently less O/E being input into the system. O/E GHGs were the only type of 

GHGs present in this Scenario, therefore a decrease in O/E input directly relates to a decrease in 

O/E and total GHGs.  

4.3.3.2 Scenario 2: Pipe Replacement 

Experiment 3 examined the effects of pipe replacement under ‘high lift/high pipe roughness’ 

conditions in the test network. This was done by comparing the no-replacement Scenario 2A to 

the replacement Scenario 2C where distribution mains were replaced at a rate of 2% per year over 

the 10-year period of the scenario. Both Scenarios 2A and 2C experienced an increase in 

population of 0.5% per year.  

Differences in Metabolic Flows and Performance Measures between Scenarios 2A and 2C in 

Experiments 2 and 3: Impact of a Pipe Replacement Program  

As indicated in Table 15, the trends present within the metabolic flows of Scenario 2A and 2C 

were similar across Experiments 2 and 3. Water Lost, and per capita GHGs were the only 

metabolic flows that showed a noticeable difference between Experiments 2 and 3. 
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Table 15: Summary of Metabolic Flows and Performance Measures in Scenarios 2A and 2C 

for Experiments 2 and 3 

 
Experiment #2 Experiment #3 

Experiment 

2 & 3 

 S1A S1C Delta S1A S1C Delta Delta 

General Info Change Change Delta Change Change Delta Delta 

Population 5% 5% 0% 5% 5% 0% 0% 

Pop. Density 5% 5% 0% 5% 5% 0% 0% 

Water/ca 0% 0% 0% 0% 0% 0% 0% 

Base Node Demand  5% 5% 0% 5% 5% 0% 0% 

Input Change Change Delta Change Change Delta Delta 

Water  3% 2% -1% 3% 2% -1% 0% 

O/E  3% 2% -1% 3% 2% -1% 0% 

E/E  0% 0% 0% 0% 0% 0% 0% 

Stored Change Change Delta Change Change Delta Delta 

E/E  0% -9% -9% 0% -9% -9% 0% 

Output Change Change Delta Change Change Delta Delta 

Water Delivered  5% 5% 0% 5% 5% 0% 0% 

Water Lost  -9% -12% -3% -9% -14% -5% -2% 

O/E Delivered  4% 4% 0% 4% 4% 0% 0% 

O/E Lost  2% -1% -3% 2% -1% -3% 0% 

E/E Discarded 0% 0% 0% 0% 0% 0% 0% 

GHGs from O/E 3% 2% -1% 3% 2% -1% 0% 

GHGs from E/E 0% 0% 0% 0% 0% 0% 0% 

Total GHGs  3% 1% -2% 3% 1% -2% 0% 

Performance Measures Change Change Delta Change Change Delta Delta 

Water Transmission Eff. 1% 2% 1% 1% 2% 1% 0% 

O/E Transmission Eff. 1% 2% 1% 1% 2% 1% 0% 

E/E Change 0% 10% 10% 0% 10% 10% 0% 

GHGs/ca  -1% -4% -3% -1% -3% -2% 1% 

 

By comparing Scenario 2 across Experiments 2 and 3 in Table 15, it is evident how similar the 

patterns associated with pipe replacement were between Experiments 2 and 3. To examine the 

effect of static lift and pipe roughness on the chosen metabolic flows, the values of metabolic 

flows in Scenario 2 were compared across Experiment 2 and Experiment 3 in Table 16.   
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Table 16: Summary of Metabolic Flows and Performance Measures of Scenarios 2A and 2C 

for Experiments 2 and 3 in Year-10  

 Scenario 2A Scenario 2C 

General Info Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Population 104,591 104,591 0 104,591 104,591 0 

Pop. Density 

(ca/km^2) 
102.1 102 0 102.1 102.1 0 

Water (L)/ca 109,500 109,500 0 109,500 109,500 0 

Base Node 

Demand (LPS) 
1.130 1.130 0 1.130 1.130 0 

Input Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water (ML) 12,990 12,743 -247 12,882 12,660 -222 

O/E (GJ) 11,223 11,010 -213 11,130 10,938 -192 

E/E (MJ) 0 0 0 17,257 17,257 0 

Stored Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

E/E (GJ) 1,388,626 1,388,626 0 1,250,925 1,250,925 0 

Output Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water 

Delivered (ML) 
11,453 11,453 0 11,453 11,453 0 

Water Lost 

(ML) 
1,537 1,290 -247 1,429 1,208 -222 

O/E Delivered 

(GJ) 
7,037 6,986 -51 7,050 7,003 -47 

O/E Lost (GJ) 4,186 4,024 -162 4,080 3,936 -144 

E/E Discarded 0 0 0 31,027 31,027 0 

GHGs from 

O/E (tonnes of 

CO2-eq) 

561 550 -11 557 547 -10 

GHGs from E/E 

(t of CO2-eq) 
0.0 0 0 862 862 0 

Total GHGs (t 

of CO2-eq) 
561 550 -11 1419 1409 -10 

Performance 

Measures 
Experiment 2 Experiment 3 Delta Experiment 2 Experiment 3 Delta 

Water 

Transmission 

Efficiency 

88% 90% 2% 89% 90% 1% 

O/E 

Transmission 

Efficiency 

62% 63% 1% 63% 64% 1% 

E/E Change 0% 0% 0% -1% -1% 0% 

GHGs/ca (kg of 

CO2-eq/ca) 
5.37 5.26 -0.11 13.57 13.48 -0.09 
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Table 16 indicates that the additional static lift and pipe roughness in Experiment 3 resulted in 

reduced water and O/E inputs, reduced leakage volumes, reduced amounts of O/E delivered and 

lost, reduced total and per capita GHGs, and greater O/E and water transmission efficiencies. 

Comparison of Metabolic Flows and Performance Measures in Scenario 2 between Experiments 

2 and 3  

In this section, the metabolic flows of water, energy, and GHG emissions and performance 

measures for Scenario 2C are compared across Experiments 2 and 3. Scenario 2A is not 

compared across Experiments 2 and 3 in this section, as Scenario 1A and Scenario 2A are 

identical within Experiment 3. For a complete comparison of Scenario 1A/2A across Experiments 

2 and 3, the reader is encouraged to refer to section 4.3.3.1 Scenario 1: Water Conservation - 

Differences in Metabolic Flows and Performance Measures between Scenarios 1A and 1C  in 

Experiment 2 and 3: Impact of a Water Conservation Program.  

 

Metabolic Flows of Water 

Figure 22 reports the metabolic flows of water for Scenario 2C in Experiments 2 and 3. In 

Scenario 2C, both Experiments 2 and 3 experienced equal increases in population and base node 

demand, and experienced the same level of pipe replacement activity. As Figure 22 indicates, 

demands were continuously met in both Experiments 2 and 3, and therefore both scenarios 

delivered the same amount of water for each year of the simulation.  
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Figure 22: Metabolic Flows of Water in Scenario 2C for Experiments 2 and 3  

Figure 22 shows how the volume of water lost decreased by 204 ML (12%) for Experiment 2 and 

195 ML (14%) for Experiment 3 over the testing period as a result of the pipe replacement 

activity (Table 15). Although Experiment 3 experienced a greater percentage decrease in water 

lost, Experiment 3 lost 222 ML (18%) less water than Experiment 2 (Table 16) in the final year of 

testing. This is a result of the static lift in Experiment 3. The additional static lift reduced the 

average pressure within the network, which decreased the pressure-dependent water losses.  

 

Metabolic Flows of Operational Energy 

Figure 23 reports the metabolic flows of operational energy for the Scenario 2C in Experiments 2 

and 3. Both Experiments 2 and 3 experienced an identical percentage decrease (2%) in O/E input, 

with Experiment 3 ending the simulation period with 192 GJ (2%) less O/E input than that 

observed in Experiment 2. This is owing to the fact that water input in Experiment 3 was smaller 

1000

1100

1200

1300

1400

1500

1600

1700

9500

10000

10500

11000

11500

12000

12500

13000

13500

1 2 3 4 5 6 7 8 9 10

W
a

te
r
 L

o
st

 (
M

L
) 

W
a

te
r
 I

n
p

u
t 

a
n

d
 D

el
iv

er
ed

 (
M

L
) 

Time (yr) 

Exp.2 - Water Input Exp.3 - Water Input Exp.2 - Water Delivered

Exp.3 - Water Delivered Exp.2 - Water Lost Exp.3 - Water Lost



 

104 

 

than in Experiment 2. At the end of the simulation period, the water input in Experiment 3 was 

222ML (2%) less than that observed in Experiment 2 (Table 16). 

 

Figure 23: Metabolic Flows of Operational Energy in Scenario 2C for Experiments 2 and 3 

O/E delivered increased by 4% in each experiment, since water delivered increased at equal rates 

as well. However, Experiment 3 delivered 47 GJ (1%) less O/E in the final year of simulation 

owing to the additional static lift and pipe roughness. O/E lost decreased by 1% in both 

Experiments 2 and 3. In the final year of testing, Experiment 3 lost less water (18%) than that 

observed in Experiment 2.  Therefore, despite the additional losses associated with an increase in 

static lift and pipe roughness, the actual amount of O/E lost was 144 GJ (4%) less in Experiment 

3 than in Experiment 2 in the final year of simulation.  

  

Metabolic Flows of Embodied Energy 

Figure 24 reports the metabolic flows of embodied energy in Scenario 2C of Experiments 2 and 

3. The differences in static lift and pipe roughness between Experiments 2 and 3 had no effect on 
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the pipe replacement schedule. Therefore, as seen in Figure 24, the input, output and, storage of 

E/E is identical for each year in Experiments 2 and 3.  

 

Figure 24: Metabolic Flows of Embodied Energy in Scenario 2C for Experiments 2 and 3 

In both experiments, the annual length of pipe replaced is the same in each year. Therefore, there 

is no change in the amount input or output over the test period. The E/E stored in the network 

however, decreased by 9% over the simulation period for both experiments. This is owing to the 

fact that the pipes removed from the system have a higher E/E per unit length than the pipes 

introduced into the system. This imbalance between input and output is the cause of the linear 

decline in E/E storage over the test period in Figure 24. 

   

Metabolic Flows of GHGs 

Figure 25 reports the metabolic flows of GHGs in Scenario 2C of Experiments 2 and 3. Over the 

test period, there is no change to the amount of GHGs related to the input of E/E annually, since 
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the amount of E/E being input is unchanging from year to year. The system in both Experiments 2 

and 3 generate 862.8 tonnes of CO2-eq per year as a result of E/E input.  

Figure 25 demonstrates how GHGs related to O/E activities increased by 2% for both Experiment 

2 and 3 due to the population growth in the network which led to greater demands and 

consequently an increase in water and O/E input. Despite the additional static lift and pipe 

roughness in Experiment 3, the amount of GHGs related to O/E in the final year of simulation 

was 10 tonnes of CO2-eq (2%) less than that of Experiment 2 (Table 16). This is due to lower 

amounts of O/E input in Experiment 3 (Table 16). 

 

Figure 25: Metabolic Flows of GHG Emissions in Scenario 2C for Experiments 2 and 3  

The total GHG emissions released increased by 1% for both Experiments 2 and 3. The total 

GHGs released in the final year of testing was 10 tonnes of CO2-eq (1%) lower in Experiment 3, 

due to the lower O/E related GHGs.  
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Metabolic Flow Based Performance Measures 

Figure 26 reports the metabolic flows based performance measures in Scenario 2C of 

Experiments 2 and 3. Water transmission efficiency increased by 2% in both Experiments 2 and 3 

as water losses decreased and water delivered increased over the simulation period (Table 15). 

Experiment 3 ended the simulation period with a water transmission efficiency that was 1% 

higher than that observed in Experiment 2. This was due to a larger decrease in water lost in 

Experiment 3 than in Experiment 2 combined with identical trends in water input between 

experiments. Similarly, both Experiments 2 and 3 experienced a 2% decrease in O/E transmission 

efficiency over the time period, while Experiment 3 ended the simulation period with a 1% 

greater O/E transmission efficiency. This is owing to the lower inputs of O/E in Experiment 3 

(Table 16).  

 

Figure 26: Performance Measures of Scenario 2C in Experiments 2 and 3  

Omitted from Figure 26 was the change in E/E, since this was identical for both experiments and 

unaffected by static lift or pipe roughness. Per capita GHGs decreased by 3% for Experiment 3 
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and 4% for Experiment 2 over the test period. This was observed despite an increase in GHG 

releases over the test period for both experiments (Table 15). This is due to the fact that 

population growth was larger than the growth in GHG emissions, meaning that the per capita 

GHG emissions decreased over time. The per capita GHG emissions released in the final year of 

testing were 1% lower in Experiment 3 due to the lower release of total GHGs in this experiment 

(Table 16).  

4.4 Discussion 

4.4.1 Experiment 1: Impact of Network Characteristics on Water and Energy Transmission 

Efficiencies, and Per capita GHG Emissions 

Water demand (factor 1) demonstrated a trade-off relationship, whereby increasing demand led to 

an increase in water transmission efficiency and O/E transmission efficiency, but also an increase 

in per capita GHG emissions. This leads to a discussion of stakeholder values versus financial 

obligations, as greater demand is accompanied by higher O/E and water transmission efficiencies, 

but also by greater GHG emissions. As larger demands result in greater water and O/E 

transmission efficiencies and thus greater returns on investment for each liter pumped into the 

network, as well as increasing the GHG emissions of the system. This also raises questions about 

the role of pressure management in systems in influencing water and O/E transmission efficiency, 

and per capita GHG emissions. If pressure management practices were employed in the system, it 

is suspected that the pressure changes experienced as a result of demand variations would be 

mitigated. The exact extent of the mitigation is unknown. It is possible however, to speculate that 

in the presence of pressure management practices the reduction in leakage which was observed to 

be a result of increased demand may decrease to a lesser extent. This is owing to a reduced 

baseline leakage volume as a result of pressure management practices. Similarly, with a lessened 

decrease in water losses, water and O/E transmission efficiency may not have increased to the 

extent that was observed.  
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Per capita GHGs would still increase due to the increase in demand and related increase in 

required pumping energy. However, it is possible that without the increase in O/E and water 

transmission efficiency, GHGs may have increased to a greater extent than observed. GHGs may 

have also increased less then observed due to a lower baseline of GHGs released, due to fewer 

leaks as a result of pressure management. The exact effects that pressure management would have 

on the results are unknown. It is suggested further research examine these effects more closely.       

 

When water main roughness and static lift (factors 2 and 3) were varied from their low to high 

values, the performance of the system generally improved (e.g., increases in water transmission 

efficiency, O/E transmission efficiency and decreases in per capita GHG emissions). This result is 

contrary to conventional thinking that usually associates rougher pipes and high lift requirements 

to an inferior hydraulic and energy performance in systems. This again raises the question of how 

pressure management would affect these results. It may be speculated that in the presence of 

pressure management practices, the pressure changes observed as a result of static lift and pipe 

roughness would be mitigated to an unknown extent. If these pressures changes were mitigated, 

then leakage volumes would not have varied as drastically, reducing the changes observed in 

water and O/E transmission efficiencies, and GHG emissions. Further research is necessary to 

understand the exact effects of pressure management under the scenarios studied.   

 

The interaction effects of Experiment 1 revealed that the factors examined were largely 

independent, especially factors 2 and 3 that showed no important level of interaction. Factors 1 

and 2 showed a positive interaction, suggesting that when they are at similar levels (either both 

“+” or  “-”) they exhibit a cohesive relationship increasing and/or decreasing the same responses. 
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The interaction effects between Factors 1 and 3 were not strong enough to outweigh the main 

effects of the factors and therefore were considered negligible.  

4.4.2 Experiments 2 & 3: Impact of Water Conservation and Pipe Replacement on 

Metabolic Flows and Performance Measures 

4.4.2.1 Scenario 1: Water Conservation 

Scenario 1 demonstrated that if pressures are not properly regulated, a decrease in demand within 

the network leads to an increase in leakage. This occurs as the decrease in demand increases the 

pressures within the network, and leakage, being pressure-dependent, rises as well. This increase 

in leakage raises the amount of water necessary to be supplied to the network to sustain the lower 

levels of demand, decreasing water transmission efficiency as well as O/E transmission 

efficiency. This will affect utilities as water conservation measures may have detrimental effects 

on water transmission efficiency if pressures within the network are not adequately managed.  

  

Scenario 1 also demonstrated the large effect water conservation can have in decreasing total 

GHG emissions as well as per capita GHG emissions. This decrease in per capita GHG emissions 

is a result of the decreased volume of water consumed per capita and consequently the decrease in 

O/E input to the system on a per capita basis. Notably, water conservation measures also 

increased water leakage volumes within the network which in turn led to a decrease in water 

transmission efficiency and O/E transmission efficiency. These decreases in transmission 

efficiencies, however, were not substantial enough to affect the per capita GHG emissions. It can 

be speculated that if pressure management practices were in place, the changes in pressure, as a 

result of decreased demand, would have been reduced. With lesser pressure increases, less water 

would have been lost, and therefore water and O/E transmission efficiencies may not have fallen 

to the extent they did. This would have affected the network’s per capita GHGs by reducing them 
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further. The above are speculations and require further research to understand the full effects of 

pressure management under the water conservation scenario studied. 

 

Displayed in Table 14, the main differences between Scenario 1 in Experiments 2 and 3 lay 

within the values of the metabolic flows and not within the trends they displayed. 

 

Scenario 1 for both Experiments 2 and 3 demonstrated increases in leakage, decreases in water 

and O/E transmission efficiency, and decreases in per capita GHGs. While the rate of lost water 

and the rates of water and O/E input were lower in Experiment 3 than in Experiment 2, 

Experiment 3 showed higher water and O/E transmission efficiencies and lower per capita GHG 

emissions than in Experiment 2. These differences can be seen in Table 14 which indicates the 

values of Scenario 1 for both experiments during the final year of simulation.  

These differences are primarily due to the additional static lift requirements and the additional 

pipe friction imposed on Experiment 3 within the network. These results should be examined 

further in future research. Additional static lift within a network is typically not associated with 

larger leakage savings, larger savings in water and O/E input and therefore cost savings 

associated with the energy required for pumping. A higher static lift is not generally associated 

with larger reductions in per capita GHG emissions within water conservation scenarios. It is 

important to note that these effects are unique to this test system and not necessarily a 

representation of a larger trend. However, the results are notable and the effects of pressure 

management in this context should be examined further in future research.  

4.4.2.2 Scenario 2: Pipe Replacement 

Within both Experiments 2 and 3, Scenario 2 demonstrated similar trends, and held differences in 

metabolic values between experiments. Scenario 2 demonstrated the predictable effects of pipe 

replacement, decreasing leakage volumes, and increasing O/E transmission efficiency via a 
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decrease in pipe roughness. The decrease in leakage increased water transmission efficiency in 

both experiments, and despite increasing populations, managed to decrease per capita GHG 

emissions over the test period. The major effects of pipe replacement in comparison to the 

baseline Scenario 2A were: larger reductions in water and O/E loss; greater percentage reductions 

in total and per capita GHG emissions; and greater percentage increases in water and O/E 

transmission efficiency. These results are noteworthy as they not only show a correlation between 

a decrease in water loss and a decrease in O/E loss; the results also show how pipe replacement 

can attain greater percentage increases in water and O/E transmission efficiency, and greater 

relative decreases in per capita GHG emissions than no-conservation scenarios.  

The major difference between Experiments 2 and 3 in terms of metabolic values is that less water 

was lost in Experiment 3 than in Experiment 2. Almost 20% more water was lost in Experiment 2 

then was lost in Experiment 3. This was because of decreased pressures in the network due to the 

additional static lift and pipe roughness present in the network. This difference in water loss had 

noticeable effects on the rest of the metabolic values. For example in Experiment 3, decreases in 

leakage caused reductions in water and O/E input, O/E lost, per capita GHG emissions, as well as 

increases in water and O/E transmission efficiencies. These results are notable as these trends are 

not typically associated with additional static lift and pipe roughness within a network.  

4.5 Future Work 

Four main recommendations are made for future work containing urban metabolism-based WDS 

models. Firstly, it should be noted that the metabolic flows assessed within this MA are neither 

all-encompassing nor exhaustive. Future work is encouraged to expand on these established 

flows, by expanding or amending their classification, improving upon or altering the 

quantification methods. As well, it is recommended to identify unique metabolic flows which suit 

the WDS under review, based on stakeholder values. This is not only acceptable but encouraged 

as it is often difficult, if not impossible, to find a core set of ESI (Lundin, 1999) or MA flows 
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which correlate seamlessly with all systems. The adaptability of the urban metabolism framework 

is a beneficial trait and a valuable asset which should be used. 

Secondly, it is recommended that further study be carried out on the effects of pressure 

management, on the metabolic flows chosen, in the context of water conservation and pipe 

replacement scenarios. Many of the trends observed in the metabolic flows were pressure 

dependent and it would be prudent to study the extent the effects pressure management can play 

on these identified trends.  

Thirdly, it is recommended that future research in this area examine avenues of advancement for 

the metabolic assessment framework demonstrated within this thesis in order to identify other 

urban systems which may benefit from the applications herein discussed.  

Finally, it is recommended that future research apply the framework developed in this thesis to a 

large complex WDS currently in operation. 

4.6 Conclusions 

The concept of urban metabolism has been successfully applied to a complex water distribution 

system. It has been made evident that the beneficial applications of urban metabolism 

demonstrated within this thesis may be extended to water distribution systems. In this chapter, it 

has been shown how urban metabolism-based numerical models may be applied to assess water 

distribution systems. The results of the case study performed within this chapter demonstrate the 

powerful and adaptable nature of metabolic assessment methods, demonstrating its use as a 

numerical model and its capabilities as ESI inputs, a GHG accounting procedure, and a 

framework for design support systems. The field of WDS study will benefit from adopting this 

holistic method of assessment as its adaptability allows for a variety applications. For example, 

the urban metabolism methodology allows for both short-term and extended simulations, 

simultaneously considers multiple aspects of a network, and allows for a top-down assessment of 

network parameters. The applications of MA are not fully expressed within this thesis as they are 
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expansive. It is recommended future work continues to develop and explore the many 

applications of this powerful, highly customizable methodology.   
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Chapter 5 

Summary and Conclusions 

5.1 Introduction 

‘Urban Metabolism’ is a widely accepted, multi-disciplinary concept which examines the energy, 

material, and waste flows through complex urban regions (Holmes & Pincetl, 2012). The analysis 

of an urban region’s metabolism is a quantification and evaluation of the total fluxes of the 

region’s metabolic flows, typically comprising of water, energy, materials, and wastes (Sahely et 

al., 2003). The framework used to assess an urban region’s metabolism is a useful tool with many 

applications which provide useful information in regards to the region’s energy efficiency, 

material cycling, and waste management (Sahely et al., 2003). Common applications of urban 

metabolism assessment include: (1) the development of sustainability indicators, (2) greenhouse 

gas (GHG) accounting, (3) the development of numerical models, and (4) the development of 

practical design tools (Kennedy et al., 2011).  

 

WDSs are similar to urban regions in the respect that they also take in, store, and transform 

materials and energy, which results in the production of wastes. These analogous traits, which 

suggest urban regions possess a metabolism similar to living organisms, exist also in WDSs. This 

thesis has presented a new WDS-specific UM-based framework and applied it to a test water 

distribution network. The successful creation and application of this UM-based assessment 

framework in this thesis has demonstrated the potential for UM to serve as a tool for 

sustainability reporting, GHG accounting, and for the development of numerical models and 

design decision support for WDSs. 

 

 



 

116 

 

5.2 Objectives and Original Contributions 

The goal of this research thesis was to develop an innovative framework based on urban 

metabolism modelling to assist in the design and management of WDSs. The specific objectives 

of the thesis were to:  

 Develop a novel urban metabolism model framework specifically designed for WDSs; 

 Identify metabolic flows specific to WDSs to be implemented within the framework; 

 Apply the new urban metabolism framework to an idealized WDS test network; 

 Evaluate and discuss the metabolic flows of a WDS; 

 Demonstrate the capabilities of MA in the context of a WDS assessment. 

 

The original contribution of this thesis was the development of a metabolic assessment 

framework specifically tailored for water distribution networks. The framework will allow for the 

comprehensive assessment of water distribution systems, and will assist in the management, 

design and study of water distribution networks.   

Specifically this thesis has provided novel contributions by way of:  

 Developing an original metabolic assessment framework for WDSs;  

 Developing a consolidated list of environmental sustainability indicators for 

WDSs, based on a review of significant literature; 

 Applying the newly developed framework to an idealized water distribution test 

network through a factorial design of experiments and a number of scenario 

simulations. 

5.3 Results 

Chapter 4 described the scenario analyses carried out on the test network, reported the results of 

these scenarios, and discussed the results. Three experiments pertaining to different facets of 

network parameters and network management were thoroughly outlined. Experiment 1 employed 
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factorial design to systematically study the impact of network characteristics, specifically water 

demand, pipe roughness and static lift, on the chosen metabolic flows. Experiments 2 and 3 

examined the impacts of two network management strategies (water conservation and pipe 

replacement scheduling) and further assessed the impacts of static lift and pipe roughness on the 

chosen metabolic flows. The three experiments were carried out on the previously discussed test 

network. The most important findings of these experiments are summarized as follows:  

 

Experiment 1 

Water demand, static lift, and pipe roughness were systematically varied to test their effects on 

the metabolic flows and performance measures of water transmission efficiency, O/E 

transmission efficiency, and per capita GHG emissions. Increases in all three factors, (water 

demand, static lift, and pipe roughness) caused a reduction in average network pressures. For 

static lift and pipe roughness, the decrease in network pressures reduced leakage volumes 

increased water transmission and O/E transmission efficiencies, and decreased per capita GHGs. 

The increase in water demand caused an increase in O/E input, which resulted in an increase in 

both total GHGs and per capita GHGs. The degree to which each factor affected the pressure and 

leakage volumes was variable. However, increasing the factors from their designated low (-) to 

high (+) values produced the same trend of pressure/leakage reduction in the test system.  

 

Experiments 2 and 3 

For both Scenarios 1 and 2, the trends identified were nearly identical between Experiments 2 and 

3. The major differences between Experiments 2 and 3 were found within the absolute values of 

the metabolic flows, and not in their trends. This point is discussed further in the following 

sections.  
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Scenario 1: Water Conservation 

Scenario 1 of Experiments 2 and 3 reinforced the link between demand and network pressures 

observed in Experiment 1. In this scenario, demands were decreased which caused an increase in 

network pressures. Leakage is pressure dependent and therefore the increase in pressure resulted 

in an increase in leakage volume. The increase in leakage volume increased the volume of water, 

and hence O/E input, necessary to meet demands, and as a consequence reduced water and O/E 

transmission efficiencies. The decrease in demand in Scenario 1 resulted in a decrease in water 

input, despite the increase in leakage. The decrease in water input led to a decrease in O/E input 

(pumping energy) and hence a decrease in GHG emissions.  

 

Scenario 2: Pipe Replacement 

The pipe replacement activity in Scenario 2 led to a decrease in leakage, and an increase in O/E 

transmission efficiency because of a decrease in pipe roughness. The decrease in leakage 

increased water transmission efficiency, and despite the increasing population, ultimately led to a 

decrease in per capita GHG emissions over the test period. 

 

Static Lift and Pipe Roughness 

The additional static lift and pipe roughness introduced in Experiment 3 did not produce 

significant changes in the trends of the metabolic flows, but did have an effect on the absolute 

values of these metabolic flows. The additional static lift in Experiment 3 reduced network 

pressures and by extension, reduced leakage volume. Similarly, additional pipe roughness 

reduced network pressures and by extension leakage volume. The reduction in leakage volume 

reduced the volume of water, and hence O/E input, that was required to meet demands, and as a 

consequence increased water and O/E transmission efficiencies.  
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5.4 Future Work 

Four main recommendations are made for future work containing urban metabolism-based WDS 

models. (1) It is recommended that future work build upon the metabolic flows assessed in this 

thesis. This may be done by developing/improving on different methods of quantification or 

classification of the metabolic flows assessed in this thesis, or by identifying unique metabolic 

flows suited specifically for individual WDSs. (2) It is recommended that further research be 

carried out on the effects of pressure management, and on the metabolic flows chosen, in the 

context of water conservation and pipe replacement scenarios. Many of the trends observed in the 

metabolic flows were pressure-dependent and it would be prudent to further examine the extent to 

which pressure management may impact the trends identified. (3) It is recommended that future 

research examine other urban systems which might benefit from the metabolic assessment 

framework demonstrated within this thesis. (4) It is recommended that future research assess a 

large complex WDS currently in operation, using the framework developed in this thesis.  

5.5 Conclusions 

UM is a highly adaptable methodology which, in the past, has been applied in many unique ways 

through various fields of study. The aim of this thesis was to further expand this well-supported 

concept of UM by creating an UM-based framework for the assessment of WDSs. This 

framework was developed and applied to an idealized WDS test network. The results of this 

application were reported and discussed. The potential for common applications of UMA to be 

useful for WDSs was shown, specifically for the application of UM as a numerical model. 
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Appendix A: Raw Data 

5.7 Experiment 1 

GENERAL INFO 1 2 3 4 5 6 7 8 

Population 100000 100000 100000 100000 100000 100000 100000 100000 

Pop. Density 

(ca/km^2) 
97.7 97.7 97.7 97.7 97.7 97.7 97.7 97.7 

Water (L)/ca 73000 109500 73000 109500 73000 109500 73000 109500 

Base Node Demand 

(LPS) 
0.720 1.080 0.720 1.080 0.720 1.080 0.720 1.080 

Pipe Roughness (C-

Factor) 
150 150 120 120 150 150 120 120 

         
INPUT 

        
Flow/Design Point 1 2 3 4 5 6 7 8 

Water (ML) 9752 12749 9554 12390 9721 12718 9523 12360 

O/E (GJ) 8426 11015 8255 10705 8399 10988 8228 10679 

E/E (MJ) 0 0 0 0 0 0 0 0 

  
        

STORED 
        

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 

         
OUTPUT 

        
Flow/Design Point 1 2 3 4 5 6 7 8 

Water Delivered 

(ML) 
7300 10950 7300 10950 7300 10950 7300 10950 

Water Lost (ML) 2452 1799 2254 1440 2421 1768 2223 1410 

O/E Delivered (GJ) 4689 6800 4649 6712 4690 6802 4651 6715 

O/E Lost (GJ) 3737 4216 3606 3992 3709 4186 3577 3964 

E/E Discarded 0 0 0 0 0 0 0 0 

GHGs from O/E 

(tonnes of CO2-eq) 
421.3 550.8 412.7 535.2 419.9 549.4 411.4 534.0 

GHGs from E/E 

(tonnes of CO2-eq) 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total GHGs (tonnes 

of CO2-eq) 
421.3 550.8 412.7 535.2 419.9 549.4 411.4 534.0 

         
Performance Measures 1 2 3 4 5 6 7 8 

Water Transmission 

Eff. 
74.9% 85.9% 76.4% 88.4% 75.1% 86.1% 76.7% 88.6% 

O/E Transmission 

Eff. 
55.6% 61.7% 56.3% 62.7% 55.8% 61.9% 56.5% 62.9% 

GHGs/ca (kg CO2-

eq/ca) 
4.21 5.51 4.13 5.35 4.20 5.49 4.11 5.34 
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5.8 Experiment 2 

5.8.1 Scenario 1A & 2A 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 97.7 98.1 98.6 99.1 99.6 100.1 100.6 101.1 101.6 102.1 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand (LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12594 12634 12681 12721 12768 12808 12855 12895 12942 12990 3%

O/E (GJ) 10881 10915 10957 10991 11032 11066 11107 11141 11182 11223 3%

E/E (MJ) 0 0 0 0 0 0 0 0 0 0

STORED

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1644 1629 1621 1606 1598 1581 1573 1556 1547 1537 -7%

O/E Delivered (GJ) 6762 6789 6823 6850 6883 6911 6944 6971 7004 7037 4%

O/E Lost (GJ) 4120 4126 4134 4141 4149 4155 4163 4170 4178 4186 2%

E/E Discarded 0 0 0 0 0 0 0 0 0 0

GHGs from O/E (tonnes of CO2-

eq) 544.1 545.8 547.8 549.5 551.6 553.3 555.4 557.1 559.1 561.2 3%

GHGs from E/E (tonnes of CO2-

eq) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total GHGs  (tonnes of CO2-eq) 544.1 545.8 547.8 549.5 551.6 553.3 555.4 557.1 559.1 561.2 3%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 86.9% 87.1% 87.2% 87.4% 87.5% 87.7% 87.8% 87.9% 88.1% 88.2% 1%

O/E Transmission Eff. 62.1% 62.2% 62.3% 62.3% 62.4% 62.5% 62.5% 62.6% 62.6% 62.7% 1%

E/E Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

GHGs/ca (kg of CO2-eq/ca) 5.44 5.43 5.42 5.41 5.41 5.40 5.39 5.38 5.37 5.37 -1%
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5.8.2 Scenario 1B 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density 

(ca/km^2) 98 98 99 99 100 100 101 101 102 102 5%

Water (L)/ca 109500 108405 107321 106248 105185 104133 103092 102061 101041 100030 -9%

Base Node Demand 

(LPS) 1.080 1.075 1.069 1.064 1.058 1.053 1.048 1.042 1.037 1.032 -4%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12594 12554 12507 12467 12419 12379 12339 12292 12252 12212 -3%

O/E (GJ) 10881 10847 10806 10771 10730 10696 10661 10620 10586 10551 -3%

E/E (GJ) 0 0 0 0 0 0 0 0 0 0

STORED

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 10895 10840 10785 10730 10676 10622 10569 10515 10462 -4%

Water Lost (ML) 1644 1660 1667 1682 1689 1703 1717 1723 1736 1750 6%

O/E Delivered  (GJ) 6762 6734 6701 6673 6639 6611 6583 6550 6522 6494 -4%

O/E Lost (GJ) 4120 4113 4105 4099 4091 4084 4078 4070 4064 4057 -2%

E/E Discarded (GJ) 0 0 0 0 0 0 0 0 0 0

GHG's from O/E  

(tonnes of CO2-eq) 544.1 542.3 540.3 538.6 536.5 534.8 533.1 531.0 529.3 527.6 -3%

GHG's from E/E  

(tonnes of CO2-eq) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total GHG's   (tonnes 

of CO2-eq) 544.1 542.3 540.3 538.6 536.5 534.8 533.1 531.0 529.3 527.6 -3%

Performance 

Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission 

Eff. 86.9% 86.8% 86.7% 86.5% 86.4% 86.2% 86.1% 86.0% 85.8% 85.7% -1%

O/E Transmission Eff. 62.14% 62.08% 62.01% 61.95% 61.88% 61.81% 61.75% 61.68% 61.61% 61.55% -1%

E/E Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

GHGs/ca (kg of CO2-

eq/ca) 5.44 5.40 5.35 5.31 5.26 5.22 5.17 5.13 5.09 5.04 -7%
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5.8.3 Scenario 1C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 98 98 99 99 100 100 101 101 102 102 5%

Water (L)/ca 109500 107310 105164 103061 100999 98979 97000 95060 93159 91295 -17%

Base Node Demand (LPS) 1.080 1.064 1.048 1.032 1.016 1.001 0.986 0.971 0.956 0.942 -13%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12594 12467 12339 12212 12084 11964 11844 11723 11602 11489 -9%

O/E (GJ) 10881 10771 10661 10551 10441 10337 10233 10129 10024 9927 -9%

E/E (GJ) 0 0 0 0 0 0 0 0 0 0

STORED

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 10785 10622 10461 10303 10148 9995 9844 9695 9549 -13%

Water Lost (ML) 1644 1682 1718 1750 1781 1816 1849 1879 1907 1940 18%

O/E Delivered  (GJ) 6762 6673 6583 6494 6404 6319 6234 6148 6063 5982 -12%

O/E Lost (GJ) 4120 4099 4078 4057 4037 4018 3999 3980 3961 3944 -4%

E/E Discarded (GJ) 0 0 0 0 0 0 0 0 0 0 0%

GHG's from O/E  (tonnes of 

CO2-eq) 544.1 538.6 533.1 527.6 522.0 516.8 511.6 506.4 501.2 496.3 -9%

GHG's from E/E  (tonnes of 

CO2-eq) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0%

Total GHG's   (tonnes of CO2-

eq) 544.1 538.6 533.1 527.6 522.0 516.8 511.6 506.4 501.2 496.3 -9%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 86.9% 86.5% 86.1% 85.7% 85.3% 84.8% 84.4% 84.0% 83.6% 83.1% -4%

O/E Transmission Eff. 62.14% 61.95% 61.75% 61.55% 61.34% 61.13% 60.92% 60.70% 60.48% 60.27% -3%

E/E Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0%

GHGs/ca (kg of CO2-eq/ca) 5.44 5.36 5.28 5.20 5.12 5.04 4.97 4.89 4.82 4.75 -13%
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5.8.4 Scenario 2B 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 97.7 98.1 98.6 99.1 99.6 100.1 100.6 101.1 101.6 102.1 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand 

(LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12589 12623 12671 12700 12742 12776 12818 12852 12893 12936 3%

O/E (GJ) 10877 10906 10948 10972 11009 11039 11075 11104 11140 11177 3%

E/E (GJ) 17257 17257 17257 17257 17257 17257 17257 17257 17257 17257 0%

STORED 1 2 3 4 5 6 7 8 9 10

E/E (GJ) 1374856 1361086 1347316 1333545 1319775 1306005 1292235 1278465 1264695 1250925 -9%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1639 1618 1611 1585 1571 1550 1535 1513 1498 1483 -10%

O/E Delivered (GJ) 6762 6791 6824 6853 6886 6915 6948 6976 7010 7043 4%

O/E Lost (GJ) 4115 4116 4124 4120 4122 4124 4127 4128 4130 4133 0%

E/E Discarded (GJ) 31027 31027 31027 31027 31027 31027 31027 31027 31027 31027 0%

GHG's from O/E  

(tonnes of CO2-eq) 543.8 545.3 547.4 548.6 550.4 551.9 553.7 555.2 557.0 558.8 3%

GHG's from E/E  (tonnes 

of CO2-eq) 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 0%

Total GHG's  (tonnes of 

CO2-eq) 1406.7 1408.1 1410.2 1411.4 1413.3 1414.8 1416.6 1418.0 1419.8 1421.7 1%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 87.0% 87.2% 87.3% 87.5% 87.7% 87.9% 88.0% 88.2% 88.4% 88.5% 2%

O/E Transmission Eff. 62.17% 62.26% 62.33% 62.45% 62.55% 62.64% 62.74% 62.83% 62.92% 63.02% 1%

E/E % Change -0.99% -1.00% -1.01% -1.02% -1.03% -1.04% -1.05% -1.07% -1.08% -1.09% 10%

GHGs/ca (kg of CO2-

eq/ca) 14.07 14.01 13.96 13.90 13.85 13.80 13.75 13.69 13.64 13.59 -3%
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5.8.5 Scenario 2C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 97.7 98.1 98.6 99.1 99.6 100.1 100.6 101.1 101.6 102.1 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand (LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12584 12612 12649 12677 12714 12743 12780 12809 12845 12882 2%

O/E (GJ) 10872 10897 10929 10953 10985 11010 11042 11067 11098 11130 2%

E/E (GJ) 17257 17257 17257 17257 17257 17257 17257 17257 17257 17257 0%

STORED 1 2 3 4 5 6 7 8 9 10

E/E (GJ) 1374856 1361086 1347316 1333545 1319775 1306005.376 1292235 1278465 1264695 1250925 -9%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1634 1608 1590 1562 1544 1516 1498 1470 1450 1429 -12%

O/E Delivered (GJ) 6763 6792 6826 6855 6890 6918 6953 6982 7016 7050 4%

O/E Lost (GJ) 4109 4105 4103 4098 4096 4092 4089 4086 4083 4080 -1%

E/E Discarded (GJ) 31027 31027 31027 31027 31027 31027 31027 31027 31027 31027 0%

GHGs from O/E  (tonnes of 

CO2-eq) 543.6 544.9 546.5 547.7 549.3 550.5 552.1 553.4 554.9 556.5 2%

GHGs from E/E  (tonnes of 

CO2-eq) 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 0%

Total GHGs  (tonnes of CO2-

eq) 1406.4 1407.7 1409.3 1410.5 1412.1 1413.3 1414.9 1416.2 1417.7 1419.3 1%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 87.0% 87.3% 87.4% 87.7% 87.9% 88.1% 88.3% 88.5% 88.7% 88.9% 2%

O/E Transmission Eff. 62.20% 62.33% 62.46% 62.58% 62.72% 62.84% 62.97% 63.08% 63.21% 63.34% 2%

E/E % Change -0.99% -1.00% -1.01% -1.02% -1.03% -1.04% -1.05% -1.07% -1.08% -1.09% 10%

GHGs/ca (kg of CO2-eq/ca) 14.06 14.01 13.95 13.90 13.84 13.79 13.73 13.68 13.62 13.57 -4%
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5.9 Experiment 3 

5.9.1 Scenario 1A & 2A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101002.5 101507.5 102015.1 102525.1 103037.8 103552.9 104070.7 104591.1 5%

Pop. Density (ca/km^2) 98 98 99 99 100 100 101 101 102 102 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand (LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12360 12399 12445 12483 12529 12567 12613 12651 12697 12743 3%

O/E (GJ) 10679 10712 10752 10785 10825 10858 10898 10931 10970 11010 3%

E/E (MJ) 0 0 0 0 0 0 0 0 0 0

STORED Change

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1410 1394 1385 1368 1358 1341 1330 1312 1301 1290 -9%

O/E Delivered (GJ) 6715 6742 6775 6802 6835 6862 6894 6921 6954 6986 4%

O/E Lost (GJ) 3964 3970 3977 3983 3990 3996 4003 4009 4017 4024 2%

E/E Discarded 0 0 0 0 0 0 0 0 0 0

GHGs from O/E  (tonnes of CO2-eq) 534 536 538 539 541 543 545 547 549 550 3%

GHGs from E/E  (tonnes of CO2-eq) 0 0 0 0 0 0 0 0 0 0

Total GHGs (tonnes of CO2-eq) 534 536 538 539 541 543 545 547 549 550 3%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 89% 89% 89% 89% 89% 89% 89% 90% 90% 90% 1%

O/E Transmission Eff. 62.9% 62.9% 63.0% 63.1% 63.1% 63.2% 63.3% 63.3% 63.4% 63.5% 1%

E/E % Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

GHGs/ca (kg of CO2-eq/ca) 5.34 5.33 5.32 5.31 5.31 5.30 5.29 5.28 5.27 5.26 -1%
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5.9.2 Scenario 1B 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density 

(ca/km^2) 98 98 99 99 100 100 101 101 102 102 5%

Water (L)/ca 109500 108405 107321 106248 105185 104133 103092 102061 101041 100030 -9%

Base Node Demand 

(LPS) 1.080 1.075 1.069 1.064 1.058 1.053 1.048 1.042 1.037 1.032 -4%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12360 12322 12276 12237 12191 12153 12114 12068 12029 11991 -3%

O/E (GJ) 10679 10646 10606 10573 10533 10500 10467 10427 10393 10360 -3%

E/E (GJ) 0 0 0 0 0 0 0 0 0 0

STORED

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 10895 10840 10785 10730 10676 10622 10569 10515 10462 -4%

Water Lost (ML) 1410 1427 1436 1452 1461 1476 1492 1499 1514 1528 8%

O/E Delivered  (GJ) 6715 6688 6655 6628 6595 6567 6540 6507 6479 6451 -4%

O/E Lost (GJ) 3964 3958 3951 3946 3939 3933 3927 3920 3914 3909 -1%

E/E Discarded (GJ) 0 0 0 0 0 0 0 0 0 0

GHGs from O/E  

(tonnes of CO2-eq) 534.0 532.3 530.3 528.7 526.7 525.0 523.3 521.3 519.7 518.0 -3%

GHGs from E/E  

(tonnes of CO2-eq) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total GHGs  (tonnes of 

CO2-eq) 534.0 532.3 530.3 528.7 526.7 525.0 523.3 521.3 519.7 518.0 -3%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission 

Eff. 88.6% 88.4% 88.3% 88.1% 88.0% 87.9% 87.7% 87.6% 87.4% 87.3% -2%

O/E Transmission Eff. 62.88% 62.82% 62.75% 62.68% 62.61% 62.54% 62.48% 62.40% 62.34% 62.27% -1%

E/E Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

GHGs/ca (kg of CO2-

eq/ca) 5.34 5.30 5.25 5.21 5.16 5.12 5.08 5.03 4.99 4.95 -7%
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5.9.3 Scenario 1C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 98 98 99 99 100 100 101 101 102 102 5%

Water (L)/ca 109500 107310 105164 103061 100999 98979 97000 95060 93159 91295 -17%

Base Node Demand (LPS) 1.080 1.064 1.048 1.032 1.016 1.001 0.986 0.971 0.956 0.942 -13%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12360 12237 12114 11991 11867 11751 11634 11517 11400 11291 -9%

O/E (GJ) 10679 10573 10467 10360 10253 10153 10052 9951 9850 9755 -9%

E/E (GJ) 0 0 0 0 0 0 0 0 0 0

STORED

E/E (GJ) 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 1388626 0%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 10785 10622 10461 10303 10148 9995 9844 9695 9549 -13%

Water Lost (ML) 1410 1453 1492 1529 1563 1603 1639 1674 1705 1742 24%

O/E Delivered  (GJ) 6715 6628 6540 6451 6363 6279 6195 6111 6026 5947 -11%

O/E Lost (GJ) 3964 3946 3927 3909 3890 3873 3857 3840 3824 3808 -4%

E/E Discarded (GJ) 0 0 0 0 0 0 0 0 0 0

GHGs from O/E (tonnes of 

CO2-eq) 534.0 528.7 523.3 518.0 512.7 507.6 502.6 497.6 492.5 487.8 -9%

GHGs from E/E  (tonnes 

of CO2-eq) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total GHGs   (tonnes of 

CO2-eq) 534.0 528.7 523.3 518.0 512.7 507.6 502.6 497.6 492.5 487.8 -9%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 88.6% 88.1% 87.7% 87.2% 86.8% 86.4% 85.9% 85.5% 85.0% 84.6% -5%

O/E Transmission Eff. 62.88% 62.68% 62.48% 62.27% 62.06% 61.85% 61.63% 61.41% 61.18% 60.96% -3%

E/E Change 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

GHGs/ca (kg of CO2-

eq/ca) 5.34 5.26 5.18 5.10 5.03 4.95 4.88 4.80 4.73 4.66 -13%
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5.9.4 Scenario 2B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density 

(ca/km^2) 97.7 98.1 98.6 99.1 99.6 100.1 100.6 101.1 101.6 102.1 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand 

(LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12356 12391 12432 12467 12508 12544 12585 12618 12658 12701 3%

O/E (GJ) 10676 10706 10741 10772 10807 10838 10873 10902 10937 10974 3%

E/E (GJ) 17257 17257 17257 17257 17257 17257 17257 17257 17257 17257 0%

STORED 1 2 3 4 5 6 7 8 9 10

E/E (GJ) 1374855.616 1361085.568 1347315.52 1333545.472 1319775.424 1306005.376 1292235.328 1278465.28 1264695.232 1250925.184 -9%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1406 1386 1372 1352 1338 1317 1302 1279 1263 1249 -11%

O/E Delivered (GJ) 6716 6744 6777 6805 6839 6867 6900 6927 6960 6994 4%

O/E Lost (GJ) 3960 3962 3964 3966 3969 3971 3973 3974 3976 3980 0%

E/E Discarded (GJ) 31027 31027 31027 31027 31027 31027 31027 31027 31027 31027 0%

GHGs from O/E  

(tonnes of CO2-eq) 533.8 535.3 537.1 538.6 540.4 541.9 543.7 545.1 546.8 548.7 3%

GHGs from E/E  

(tonnes of CO2-eq) 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 0%

Total GHGs  (tonnes of 

CO2-eq) 1396.6 1398.1 1399.9 1401.4 1403.2 1404.7 1406.5 1407.9 1409.7 1411.5 1%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission 

Eff. 88.6% 88.8% 89.0% 89.2% 89.3% 89.5% 89.7% 89.9% 90.0% 90.2% 2%

O/E Transmission Eff. 62.91% 62.99% 63.09% 63.18% 63.28% 63.36% 63.46% 63.54% 63.64% 63.73% 1%

E/E % Change -0.99% -1.00% -1.01% -1.02% -1.03% -1.04% -1.05% -1.07% -1.08% -1.09% 10%

GHGs/ca (kg of CO2-

eq/ca) 13.97 13.91 13.86 13.81 13.75 13.70 13.65 13.60 13.55 13.50 -3%
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5.9.5 Scenario 2C 

 

 

  

GENERAL INFO 1 2 3 4 5 6 7 8 9 10 Change

Population 100000 100500 101003 101508 102015 102525 103038 103553 104071 104591 5%

Pop. Density (ca/km^2) 97.7 98.1 98.6 99.1 99.6 100.1 100.6 101.1 101.6 102.1 5%

Water (L)/ca 109500 109500 109500 109500 109500 109500 109500 109500 109500 109500 0%

Base Node Demand (LPS) 1.080 1.085 1.091 1.096 1.102 1.107 1.113 1.118 1.124 1.130 5%

INPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water (ML) 12353 12383 12421 12449 12487 12517 12555 12586 12622 12660 2%

O/E (GJ) 10673 10699 10732 10756 10788 10814 10848 10874 10906 10938 2%

E/E (GJ) 17257 17257 17257 17257 17257 17257 17257 17257 17257 17257 0%

STORED 1 2 3 4 5 6 7 8 9 10

E/E (GJ) 1374855.616 1361085.568 1347315.52 1333545.472 1319775.424 1306005.376 1292235.328 1278465.28 1264695.232 1250925.184 -9%

OUTPUT

Flow/Year 1 2 3 4 5 6 7 8 9 10 Change

Water Delivered (ML) 10950 11005 11060 11115 11171 11227 11283 11339 11396 11453 5%

Water Lost (ML) 1403 1378 1361 1334 1316 1290 1273 1247 1227 1208 -14%

O/E Delivered (GJ) 6716 6746 6780 6808 6843 6871 6906 6934 6968 7003 4%

O/E Lost (GJ) 3956 3953 3952 3948 3946 3943 3942 3940 3938 3936 -1%

E/E Discarded (GJ) 31027 31027 31027 31027 31027 31027 31027 31027 31027 31027 0%

GHGs from O/E  (tonnes of CO2-eq) 533.6 534.9 536.6 537.8 539.4 540.7 542.4 543.7 545.3 546.9 2%

GHGs from E/E (tonnes of CO2-eq) 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 862.8 0%

Total GHGs  (tonnes of CO2-eq) 1396.5 1397.8 1399.4 1400.6 1402.3 1403.5 1405.2 1406.6 1408.1 1409.7 1%

Performance Measures 1 2 3 4 5 6 7 8 9 10 Change

Water Transmission Eff. 88.6% 88.9% 89.0% 89.3% 89.5% 89.7% 89.9% 90.1% 90.3% 90.5% 2%

O/E Transmission Eff. 62.93% 63.05% 63.17% 63.30% 63.43% 63.54% 63.66% 63.77% 63.89% 64.02% 2%

E/E % Change -0.99% -1.00% -1.01% -1.02% -1.03% -1.04% -1.05% -1.07% -1.08% -1.09% 10%

GHGs/ca (kg of CO2-eq/ca) 13.96 13.91 13.86 13.80 13.75 13.69 13.64 13.58 13.53 13.48 -3%
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Appendix B: Input Parameters of EPANET2 

Parameter Value 

Number of Nodes 289 

Total Number of Pipes 544 

Number of Trunk Mains 96 

Number of Distribution Mains 448 

Pipe Lengths 2000m 

Initial Nodal Demand 1.08 L/s 

Tank Elevation 50m 

Initial Water Height in Tank 10m 

Tank Diameter 30m 

Number of High-Lift Pumps 5 

Overall Efficiency of Pumps 75% 

 


