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Abstract 

 

Energy efficiency has been a long standing issue faced by municipal managers when dealing with 

water distribution systems as these systems are energy intensive. Perhaps energy in per se is one 

of the most widely used indicators in identifying how well a distribution network is running. This 

study brings the idea of energy auditing from the network level to the pipe level by means of a set 

of novel energy metrics. This way once analysed a system would merit values for each pipe which 

helps to distinguish low from high-efficiency pipes in large networks.  

The originality of this work is guaranteed by examining the energy dynamics of pipes across 18 

systems in North America including over 40,000 pipes, ensuring the diversity of characteristics 

and the statistical significance of findings. Multivariate statistical analyses including correlation, 

regression and Principal Component Analysis (PCA) are employed to find relationships between 

energy metrics and hydraulic factors. Also, common practice unit headloss thresholds as well as 

replacement approaches are put into perspective from an energy standpoint.   

Chapter 3 introduces a set of pipe-level energy metrics and shows how location and flow intensity 

(as a result of diurnal changes of demand) can affect energy metrics in pipes. Technical Chapter 4 

illustrates that energy indicators such as Net Energy Efficiency (NEE) and Energy Lost to Friction 

(ELTF) would be driven by average unit headloss. Subsequently, using regression analysis 

mathematical relationships between unit headloss and the two metrics of NEE and ELTF are 

explored to assess common-practice unit headloss thresholds as well as stricter ones, regarding 

efficiency. Stricter levels of NEE and ELTF energy based upon thresholds of unit headloss are 

expected, though at high cost.  
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PCA results in technical Chapter 5 reveal relative importance of hydraulic parameters in energy 

efficiency. For instance, average flow rate, hydraulic proximity to major components and average 

unit headloss can have higher impact on energy efficiency compared to leakage and average 

pressure. Also, some factors such as diameter and CHW are not as key as typically expected by 

water utilities in earmarking low-efficiency pipes. Further, efficiency as a missing link in common-

practice replacement approaches can add value to bigger asset management landscape. 
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Chapter 1 Introduction 

 

1.1 Energy and Water Infrastructure in North America  

Water distribution systems are energy intensive as they are meant to convey water through pipes 

from a source to end users, often over long distances. Hence, in the literature, energy assessment 

in this type of infrastructure has been a long-standing issue (Pelli and Hitz, 2000; Cabrera et al., 

2010; Dziedzic and Karney 2014). Researchers have observed various perspectives such as 

efficient design and operation, by making decisions on either active components such as pumps 

and valves or, to some extent, passive elements such as tanks or water mains (Hashemi et al., 

2013).   

Water utilities tend to know little about the energy performance of the water mains in their drinking 

water distribution systems, and this is an impediment to making sound capital and operational 

decisions. This knowledge is vital since water industry is one of the largest energy consumers with 

almost 100,000 Terajoules annually that composes 0.9% of the total energy use, by 2008 (Statistics 

Canada). While water supply systems in Canada seem to be losing energy sue to several reasons 

such as leakage and aging process. 20% to 50% of clean, drinkable water is lost between water 

supply sources and customers’ taps in North America (Colombo and Karney, 2002; Brothers, 

2001). In addition, Mirza (2007) estimates that $31 billion is needed to repair aging water and 

wastewater infrastructure, and another $56.6 billion is needed for new infrastructure.  

Although previous studies have examined energy efficiency at the system level (Dziedzic and 

Karney 2014, Cabrera et al., 2010), there still remains a need for metrics to characterize energy 

performance at the pipe level. This can help municipalities to identify inefficient water mains as 
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far as efficiency-based rehabilitation planning is concerned. Headloss has typically been used by 

municipalities as the sole measure of energy performance (Alegre, 2002). There is therefore a need 

to re-examine the energy performance of pipes associated with established unit headloss thresholds 

so that municipalities can have a clear idea of the energy performance of their main assets. Findings 

of the present study show that common-practice frameworks for pipe rehabilitation scheduling are 

based on engineering experience rather than energy dynamics (AWWA, 1991). More specifically, 

there is a need to examine the link between headloss thresholds in practice and energy performance 

across a large group of mains and systems with varying characteristics to ensure that the results 

are transferrable to most, if not all, systems encountered in cities. Hence, it is highly beneficial to 

develop empirical models based on a large ensemble of data that allows municipalities to 

characterize the energy performance of water mains on the basis of unit headloss. To achieve this 

requires large datasets and application of statistical analyses. The knowledge produced can serve 

as a map to relate energy efficiency of pipes based to readily available pipe factors such as 

headloss, etc.  Municipalities will then be able to make judgments about the suitability of 

rehabilitation interventions without having to resort to sophisticated hydraulic modelling and 

optimization (Alvisi and Franchini, 2009; Dridi et al, 2009; Dandy and Engelhardt, 2001).  

Large numbers of variables (e.g. diameter, CHW, headloss, pressure, leakage, age, location, etc.) in 

distribution systems operation complicates our understanding of how systems operation and pipe 

deterioration relates to the energy performance of water mains and ultimately the whole system. 

With a large data set of mains and systems, there is an opportunity to examine the combination of 

pipe hydraulic factors (e.g. leakage and unit headloss, etc.) that most influence the energy 

performance of water mains. It is also possible to explore “signature” combinations of hydraulic 

factors that can help differentiate groups of ideally or poorly performing pipes. This research can 
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lead to guidelines for identifying pipes that have poor energy performance and could be earmarked 

for replacement and/or rehabilitation, all without requiring sophisticated modelling or optimization 

methods which are not currently used by utilities.  

1.2 Thesis Objectives 

Broad objectives of this study are to develop a set of novel energy metrics that quantify energy 

interactions and apply them to real world complex systems at the spatial resolution of individual 

water mains through Chapter 3. The newly developed energy metrics are then applied to a large 

ensemble of 20,000 pipes selected from 17 systems covering a range of sizes, configurations, and 

topographies to develop a new understanding about the energy performance of pipes in the context 

of common-practice unit headloss thresholds, in Chapter 4. Further statistical analyses will be used 

in Chapter 5 to produce a prioritization of the causes of inefficiency in most distribution systems 

by compressing the transcription of the data in a large ensemble of 40,000 pipes taken from 18 

systems in North America.  

Specific objectives of this thesis comprise:  

 Characterize the energy performance in water mains in an unimproved state to establish a 

benchmark prior to any rehabilitation work (Chapter 3);  

 Examine infrastructure upgrades and operational changes in areas that exhibit a low energy 

efficiency alongside information on cost, water quality, and pipe break history, (Chapter 

3);  

 Characterize the impact of infrastructure upgrades and operational improvements on the 

energy performance of water mains in a system (Chapter 3); 

 Examine universality of relationship between pipe characteristics and energy performance 
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of pipes across different types of distribution systems (Chapter 4); 

 Explore mathematical relationship between pipe characteristics and the energy 

performance of water mains and examine the energy performance of water mains that 

corresponds to maximum unit headloss thresholds used to trigger the rehabilitation of water 

main assets in practice (Chapter 4);  

 Explore the energy performance of water mains for a range of alternative, more stringent, 

maximum unit headloss thresholds and characterize the potential operational energy 

savings and additional pipe rehabilitation requirements associated with these alternative 

threshold levels (Chapter 4); 

 Reveal a hierarchy of pipe factors and energy variables that most influence the energy 

performance of water mains (Chapter 5);  

 Explore a signature combinations of factors and other variables -that utility managers 

routinely consider, whether endogenous or exogenous (e.g., diameter, CHW, pressure, 

elevation, etc.)- that correspond to clusters or groups of ideal or poor energy performance 

(Chapter 5) and;  

 Assess simplified common-practice replacement plans regarding energy efficiency of 

water mains (Chapter 5). 

The methodology suggested in this study is meant to help water utility managers identify problem 

pipes to be rehabilitated, given a desired level of efficiency for their water mains.  

1.3 Thesis Organization  

This section gives an overview of how this thesis is organized. The objective of Chapter 2 is to 

provide background information on energy assessment in water infrastructure based on a review 
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of the literature. Since a large number of distribution systems, statistical tools, computer 

programming and software packages is used, Chapter 2 also includes a description of the methods 

and tools used in the context of energy and hydraulics of water distribution systems.  

Chapters 3, 4 and 5 expand upon technical contributions of this research summarized in three 

journal publications. Chapter 3 presents a set of novel pipe-level energy metrics that characterize 

the efficiency of each pipe in a large system in order to identify poorly or well performing pipes. 

These energy metrics are then used to closely examine every pipe in a large complex system to 

explore possible relationships between pipe hydraulic factors and the pipe-level energy metrics.  

Chapter 4 links pipe characteristics with the energy efficiency of pipes to understand how 

common-practice pipe replacement thresholds perform in terms of energy.  This approach helps to 

identify the worst performing pipes in a system, allowing municipalities to target investment 

wisely. The pipe-level energy metrics developed in Chapter 3 are evaluated against performance 

thresholds such as unit headloss using an ensemble of more than 20,000 water mains from 17 

distribution systems to explore the universality of the approach and to assess the statistical 

significance of the analysis. A cross correlation analysis followed by regression analysis between 

pipe characteristics and pipe energy performance was used to indicate the mathematical 

relationships between these variables of interest. Chapter 5 characterizes the association of pipe-

level energy metrics (from Chapter 3) to a number of hydraulic parameters simultaneously, using 

Principal Components Analysis (PCA), (Edwards, 1984; Jolliffe, 1986; Van Rijckevorsel, and De 

Leeuw, 1988, Krzanowski, 1988). This method is applied to even larger ensembles of pipes than 

those of Chapter 4, comprising over 40,000 pipes selected from 18 North American distribution 

systems. The results by PCA mono-plots and bi-plots show how combinations of some hydraulic 
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factors help distinguish groups of poorly performing pipes from groups of ideally performing 

pipes. Chapter 6 summarizes the research objectives and the research contributions of this work.  

1.4 Publications 

The results of this research study have been published or submitted as six conference papers and 

three journal papers: 

1.4.1 Journal Papers 

Hashemi, S., Filion, Y. R., and Speight, V. L. (2017a). Energy Metrics to Evaluate the Energy Use 

and Performance of Water Main Assets. Journal of Water Resources Planning and 

Management, 144(2), 04017094. 

Hashemi, S., Filion, Y. R., Speight, V. L. (2018a). Examining the Energy Performance Associated 

with Typical Pipe Unit Headloss Thresholds, Journal of American Water Works Association 

(Accepted for Publication) 

Hashemi, S., Filion, Y. R., Speight, V. L. (2018b). Identification of Factors that Influence Energy 

Performance in Water Distribution System Mains, Journal of Water, 10(4), p428. 
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1.4.2 Papers in Conference Proceedings  

Hashemi S., Filion, Y., Speight, V. (2017b). Exploring How Pipe-Level Energy Metrics Relate to 

Hydraulic Parameters using Multivariate Analysis. 15th International Computing & Control for 

the Water Industry Conference, September 5-7, Sheffield, UK. 

Hashemi S., Filion, Y., Speight, V. (2017c). An Energy Evaluation of Common Hydraulic 

Thresholds in Water Mains. 15th International Computing & Control for the Water Industry 

Conference, September 5-7, Sheffield, UK. 

Hashemi S., Filion, Y., Speight, V. (2016a) Applying New Pipe-Level Energy Metrics to Examine 

the Energy Dynamics of Large Distribution Systems, The proceedings of CCWI 2016, November 

7-9 Amsterdam, The Netherlands. 

Hashemi S., Filion, Y., Speight, V. (2016b) Cross Correlation of Pipe Hydraulic Parameters and 

Energy Dynamics in Realistic Water Distribution Networks, The proceedings of CCWI 2016, 

November 7-9 Amsterdam, The Netherlands. 

Hashemi S., Filion, Y., Speight, V. (2016c). Pipe-Level Energy Assessment in Water Distribution 

Systems and Energy Inefficiencies. Energy and Water 2016 Symposium and Industry Summit, June 

22-23, University of Windsor, Ontario. 

Hashemi, S., Filion, Y. R., and Speight, V. L. (2015). Pipe-level Energy Metrics for Energy 

Assessment in Water Distribution Networks. Procedia Engineering, 119, 139-147. 
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Chapter 2 Literature Review 

 

2.1 Energy Efficiency in Water Distribution Systems 

WDSs deteriorate over time as their components (pipes, pumps, tanks, valves, etc.) age. Therefore, 

these systems need to be monitored and assessed regularly over their lifetime to keep them efficient 

(Zabihi, 2008). This chapter contains a brief review of previous studies that describe the different 

tools, methodologies and simulation methods that have been used to characterize energy in water 

distribution systems (Engelhardt et al. 2000; Fu et al., 2013). To ensure more practical and realistic 

approaches, the decision making process needs to incorporate energy efficiency, deterioration of 

network components, hydraulic performance, economic models, statistical tools, rehabilitation 

techniques and prioritization models (Satcha 1978, Andreou & Marks 1986, Walski 1987, Evins 

et al. 1989, Madiec et al. 1996, Sægrov et al. 1999, Rajani and Kleiner 2001). This chapter 

highlights studies that have inspired this research and set the stage for the objectives of this 

research study. 

2.2 Energy Analysis  

Energy use has long been used as a key concept to understand the performance of engineering 

systems (Pelli and Hitz 2000; Lambert et al., 1999). Energy use serves as a good indicator to 

understand the performance of WDSs because energy (and power) in WDSs depend on pressure 

and flow – two quantities that are monitored by water utilities (Olsson, 2015; Dziedzic and Karney, 

2015; AWWA, 2009; Boulos et al., 2006). However, while most municipalities extensively 

monitor flow and pressure parameters in their systems, few have a firm understanding of how the 

energy efficiency in their systems is affected. Even fewer municipalities have the proper tools to 
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make effective use of the pressure and flow data to understand the impact of infrastructure 

upgrades and operational changes on the energy efficiency of their systems (Engelhardt et al., 

2000; Roshani and Filion, 2013; Hashemi et al., 2013). 

Wong et al. (2017) compared pumping energy costs in different urban forms such as gridiron and 

cul-de-sac forms, accounting for different population densities. The results showed that urban 

forms with higher population densities had lower energy use per capita. Scanlan and Filion (2017) 

studied the proportion of energy lost to friction, leakage and also surplus energy in four distribution 

systems in Canada. Even though leaky systems seemed to lose more energy to leakage and friction, 

no statistically significant relationship was found between energy use and variables of interest such 

as nodal elevations and peak demands. Therefore, the present study is inspired to use similar 

statistical methods, explore relationships between pipe hydraulic factors and energy efficiency.  

2.2.1 Energy Performance Indicators in WDSs 

Farley and Trow (2003) consider water loss from WDSs a universal problem, which therefore 

requires a universal strategy that can be adapted and applied to any system. Such a strategy should 

include an analysis of energy use, since the loss of water from a WDS is also a loss of energy. 

While many previous studies have explored different ways to analyze energy in WDSs (Lambert 

et al., 1998; Pelli and Hitz, 2000; Cabrera et al., 2010; Prosser, 2013; Olsson, 2015; Wong, 2015), 

the use of energy/performance indices is an approach that can be widely adapted to any network 

(Arulaj and Suresh, 1995; Merkel, 2002). Alegre et al. (2006) emphasize the value of using 

performance indicators in WDSs, given that the provision of water is a service and requires a 

service-oriented attitude. Using a performance indicator system that is widely accepted can 

potentially play a vital role in improving the quality of service effectively and efficiently. 
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Thus far, the energy metrics developed in previous studies have focused on the system-wide energy 

performance of WDSs (Alegre, 2002; Alegre et al., 2002, 2006). Lambert et al. (1999) reviewed 

and compared a number of internationally used performance indicators with the goal of introducing 

indicators more widely used, including real water losses in distribution systems. Pelli and Hitz 

(2000) developed energy indicators to relate system-wide energy efficiency to pump efficiency 

and reservoir location, without considering leakage impacts. Cabrera et al. (2010) presented a set 

of metrics to characterize the system-wide energy performance that included losses to friction, 

leakage, and excess pressure. These energy metrics provided a useful set of tools to help water 

utility managers compare the current state of their systems to an ideal energy-efficient state. 

However, Cabrera et al. (2010) did not develop a way to identify individual pipes that were 

problematic. Building on their earlier work, Cabrera et al. (2014) presented additional metrics to 

assess the energy efficiency of a pressurized system and procedures to prioritize interventions on 

a system-wide basis. Dziedzic and Karney (2014, 2015) examined the energy dynamics of groups 

of pipes and pumps in the Toronto distribution system. While this study solved the energy balance 

to examine the frictional losses in individual pipes of the Toronto system, they did not examine 

the efficiency, leakage, and other energy characteristics of these pipes. To conclude, these previous 

studies did not consider energy dynamics and performance at the pipe level. Moreover, 

transferability of the results to a wide range of systems was not an objective in these studies.  
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2.2.2 Life Cycle Assessments of WDSs: An energy perspective  

One of the methods used by a sizable portion of the studies in literature to characterize energy 

transformation and efficiency in water resources systems, is Life-Cycle Analysis (LCA). LCA 

serves an alternative way of considering energy in water infrastructures, as opposed to energy 

metrics. This method considers all the environmental and social impacts of a system through all 

stages of life (Ghimire and Barkdoll, 2007, Skipworth et al., 2002). However, as an alternative life 

cycle energy analysis (LCEA), which operates under the same principle, is more manageable to 

complete, as the scope of the data requirements are limited (Prosser et al., 2013; Filion et al., 2004).  

Dennison et al. (1998) used LCA to analyze management alternatives for wastewater treatment 

plants operated by Thames Water Utilities in order to choose the best and most practical option. 

In another study, Dennison et al. (1999) reported that a critical number of cast iron pipes that were 

to be replaced in UK distribution systems, based on their proposed life span. LCA in this study 

helped compare alternative actions like rehabilitation, structural repair, and replacement of water 

mains, while considering their economic and environmental impacts. Previously, management 

decisions had been made primarily considering logistical and cost criteria. This study shed light 

on how different pipe materials (ductile iron and medium density polyethylene) varied in their 

environmental impact. The results of the LCA also identified the stages in the life cycle of these 

pipes where environmental impacts might be reduced.   

LCA was applied by Lundin et al. (2000) to compare the environmental loads of wastewater 

systems in separation and conventional systems. Separation systems had better performance, with 

lower negative impacts on water quality and more efficient recycling of nutrients for agricultural 

applications. Using material flow analysis combined with LCA, Jeppsson and Hellstrom 
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(2002) evaluated urban water systems considering environmental assessments indicators. Lundie 

et al. (2004) developed a methodology with regard to strategic planning needs, capturing a high 

degree of model segmentation to enhance the modelling of a complex system. In this study, LCA 

was performed to examine the environmental impacts of Sydney Water's operations in the year 

2021. At the time, this study was the first to create an LCA model of an integrated water and 

wastewater system with a high degree of complexity. The results provided a basis for the 

comparison of alternative future scenarios regarding potential environmental improvements. 

Similar to the previous study, Lundie et al. (2005) performed a number of scenario analyses to 

examine the benefits of demand management, energy efficiency and generation, supply 

augmentation and effluent quality initiatives in Sydney’s water system. The results indicated that 

significant improvements in the sustainability of the water and wastewater systems could be 

achieved by using localized, water-saving alternatives. 

In urban infrastructure management, Sahely and Kennedy (2005) developed a set of sustainability 

criteria and system-specific indices to account for the interactions of a water distribution system 

with its surrounding environmental, economic and social systems. The complex Toronto water 

system, in another study by the same authors was used to test the methodology proposed indicators. 

The results indicated that reducing demand by 15% would lead to 18% savings for all 

environmental indicators (Sahely and Kennedy, 2007). 

Dandy et al. (2006) developed objectives to be minimized related to CO2 production and the 

consumption of non-renewable resources. The approach was applied to the design of a real network 

in New South Wales, Australia, including 300 km of pipes, two major pump stations and two 

booster pump stations, with the goal of developing a sustainable system. Stokes and Horvath 

(2006) illustrated how to incorporate environmental-impact considerations in order to build 
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towards more environmentally friendly and sustainable water supply systems. A combination of 

process-based and economic input-output-based LCEA was used to compare importing, recycling, 

and desalinating water alternatives in Northern and Southern California water utilities. 

Some studies made the case that the most cost-effective alternatives would be those that were the 

most environmentally acceptable. For instance, Herstein et al. (2009) developed a method to assess 

the environmental effects of water networks to measure indices such as non-renewable resources 

consumption, greenhouse gas emissions and emissions to air, land and water. In another study the 

authors minimized the mentioned environmental impacts of water networks along with capital cost 

and energy use in a water supply system (Herstein at al., 2010). Moreover, a final optimal solution 

chosen by stakeholders from the more favorable set of results would meet their cost and 

environmental expectations, as a result of using a two-stage optimization process (Herstein et al., 

2011a, b). 

Oldford and Filion (2013) summarized the steps to be taken for addressing three main challenges 

in incorporating environmental impacts of drinking in the design and operation of WDSs using 

LCA. The three steps were: limiting environmental impacts linked to upgrades and operation of 

water networks; quantifying energy use, environmental impacts, and emissions for design and 

operation of these systems; and integrating environmental sustainability objectives in decision-

making. In a complex distribution system in the Midwestern US, Prosser et al. (2013) compared 

the energy payback periods of age-based and break-rate-based rehabilitation interventions. In order 

to find payback periods based on the capital costs and savings made in energy cost in downstream 

years, the authors used life cycle energy analysis (LCEA).  



16 

 

In the energy assessment of water systems, cost estimations and economic considerations have 

been included by the majority of the studies, as operation and maintenance of these systems are 

always planned based on the municipal budget (Lansey et al., 1992; Engelhardt 1999; Dandy and 

Engelhardt 2001, Walski and Pelliccia 1982). Economic models become more vital when decision 

makers would like to have a budget plan. In this case, a whole-life cost-benefit approach is 

recommended (Conroy 1997; Conroy and Hughes 1997). The impacts of leakage on pumping 

energy costs considering the location of leakage with regard to the major components were put 

into perspective by Colombo and Karney (2002). Whole-life costs for a main burst may include 

water loss, repair, damage to the overlying road pavement, disruption to traffic, disruption and 

damage to consumers, issues in firefighting services and possible water contamination. It has been 

proven that in order to have more realistic results for economic modelling, it is necessary to 

consider all cost-bearing activities and events during the life-cycle of the network (Filion et al. 

2004, Herstein et al. 2009, Ghimire and Barkdoll 2007, Mo et al., 2010 , Herstein and Filion 2011, 

Herstein et al. 2011).  

The minimization of greenhouse gas emissions as an objective along with energy costs in the 

optimization of WDSs were considered in several studies by Wu et al. (2008, 2010a, b and 2012). 

In particular, Wu et al. (2012) compared the flexibility of variable frequency drives over fixed 

frequency drives in pump scheduling of booster stations towards achieving more sustainable 

solutions. 

2.3 Hydraulic Analysis 

In general, there are two types of hydraulic simulation of WDSs. The first and most widely used 

method is referred to as Demand-Driven Analysis (DDA), featured in studies performed by Dandy 
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and Engelhardt (2001), Dridi et al., (2008, 2009); Haddad et al. (2008) and Jayaram and Srinivasan, 

(2008). The second method which is accepted to have more realistic results when modelling critical 

or abnormal situations in operation, is referred to as Pressure-Driven Analysis (PDA) (Todini, 

2003; Wagner et al., 1988a, b; Martinez et al., 1999; Tanyimboh and Templeman, 1995; Alvisi 

and Franchini, 2006).  

2.3.1 Hydraulic Model Setup and Simulation 

EPANET2.0 is used in this research to obtain the hydraulic outputs of water network components 

such as pipes and nodes as well as elevated storage tanks, pumps and valves. These hydraulic 

results are retrieved and then processed by VB codes to evaluate the energy metrics developed in 

Chapter 3.  

EPANET2.0 is a computer program that performs simulation of hydraulic and water quality 

behavior within pressurized pipe networks consisting of pipes (links), nodes (junctions), pumps, 

valves, storage tanks and reservoirs (Rossman et al., 1993). EPANET2.0 tracks the flow of water 

in each pipe, the pressure at each node, the height of water in each tank, and the concentration of 

chemical constituents throughout the network during a simulation period composed of multiple 

time steps. This software is designed to be a research tool for improving the understanding of the 

movement and fate of drinking water constituents within distribution systems. It can help assess 

alternative management scenarios including altering source utilization within multiple source 

systems and altering pumping and tank filling/emptying schedules (Rossman, 2000). Hence, 

EPANET2.0 can be used for many different applications in distribution systems analysis, and that 

is by far the most used software in distribution systems research. 
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This software uses the same hydraulic analysis engine used in many proprietary programs such as 

Water CAD and Water GEMS, widely used by consulting engineers globally. However, the 

advantage of being open-source makes EPANET2.0 convenient to pair up with other tools such as 

programming languages. The network hydraulics solver employed by EPANET2.0 uses the 

"Gradient Method" first proposed by Todini and Pilati (1988 & 1987) which is a variant of 

the Newton-Raphson method (Bhave, 1991). However, in comparison to other methods (e.g. 

Newton-Raphson, Linear method and Hardy-Cross), the Gradient Method seems to perform a 

hydraulic analysis faster and more reliably (Rossman, 2000; Salgado et al., 1988; Bhave, 1991). 

The EPANET2.0 hydraulic analysis engine includes the following capabilities:  

- Places no limit on the size of the network to be analyzed 

- Computes friction headloss using the Hazen-Williams, Darcy-Weisbach, or Chezy-

Manning formulas (in this study, Hazen-Williams method is selected in the model setup) 

- Includes minor head losses for bends, fittings, etc. if required 

- Computes pumping energy and cost 

- Allows storage tanks to have any shape (i.e., diameter can vary with height) 

- Considers multiple-demand categories at nodes, each with its own diurnal pattern  

- Models pressure-dependent flow issuing from emitters (sprinkler heads) 

- Includes various hydraulic time steps for the analysis and various diurnal patterns for nodes 

- Can base system operation on both simple tank level timed-based controls and on complex 

rule-based controls. 

2.3.2 Extended Period Simulation (EPS) 

For more realistic modelling, EPANET2.0 is capable of considering a time pattern for nodal 

demands, over the course of a day. This feature is vital for monitoring the varying operation 

https://en.wikipedia.org/wiki/Newton-Raphson
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conditions of a system. In this approach the water network is modelled as a quasi-steady state 

system, where the changes within each hydraulic time step are negligible (Rossman, 2000; Bhave, 

1991). The final conditions at the end of each time step serve as the initial conditions for the 

following time step. In this study, EPS is used to evaluate energy indicators, in a 24-hr time frame, 

later used for statistical analysis. 

2.4 Statistical Analysis  

This study aims at evaluating energy dynamics in a large ensemble of pipes, covering different 

systems with diverse hydraulic characteristics. This, in turn, requires the application of statistical 

analyses such as correlation, regression and Principal Component Analysis (PCA). Up until this 

point, there has been a limited use of statistical models on the topic of pipe rehabilitation, and in 

particular, on the energy assessment of pipes. The comprehensive study by Kleiner and Rajani 

(2001) provides a review of statistical models characterizing the structural deterioration of pipes. 

The following sections offer a brief review of the statistical methods that will be used in this thesis. 

2.4.1 Correlation 

Correlation analysis, while not designed to clarify causality of two natural phenomena, is an 

appropriate statistical technique to explore unseen patterns between them, especially when 

encountering large data sets. The statistical analyses performed on the results of pipe-level energy 

assessments can ultimately clarify where, when and why to expect energy deficiencies in large 

water distribution systems. To this end, all the proposed metrics in this study are examined through 

cross-correlation analysis with pipe data such as diameter, roughness, average unit headloss, 

average daily pressure, flow rate and hydraulic proximity to major components. The type of 
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correlation method used here is Spearman’s rank method. The Spearman’s correlation coefficient, 

r, for a sample of n measurements is determined by Equation (2-1): 
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where di=xi-yi, xi and yi are the rank values of the variables Xi (energy metrics values) and Yi (pipe 

performance data) and n is the sample size (number of pipes in the data set). Spearman’s “r” is be 

better suited to the non-linear hydraulics of WDSs compared to Pearson’s coefficient, as 

Spearman’s method uses the rank values of the data instead of the original values of data (Weiss 

and Weiss 2012).  

Hypothesis testing is later performed considering the null hypothesis, Ho: r = 0, meaning that 

energy metrics and pipe performance data are not correlated and the alternative hypothesis, Ha: r 

≠ 0, meaning that energy metrics and pipe performance data are correlated. Statistical significance 

is examined by reporting P and t-values, explained later in Chapter 4. 

2.4.2 Hypothesis Testing 

High correlation coefficients do not necessarily ensure statistical significance in relationships, i.e.   

a highly correlated association may be coincidental. For example, high correlation between two 

variables may only occur in the current sample (current water distribution systems) and may not 

be applicable to the rest of the population (other water distribution systems). In this study, P-values 

along with the Student “t” test are used to decide whether the null hypothesis (H0: no correlation 

exists) should be accepted or rejected. Statistically, the P-value test indicates the probability of the 

test statistic falling outside of the significance limit (higher than the “t” statistic), which is the 

probability of the null hypothesis being true. “t” statistic is defined as follows:  
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where x  is the sample mean, μ is the population mean, σ is the population standard deviation and 

n is the sample size. Based on the confidence level in a test (for this study, considered to be 95%), 

any P-values smaller than 0.05 indicates a rejection of the null hypothesis and acceptance of the 

alternative hypothesis (Ha) – that the relationship between the variables of interest (pipe-level 

energy metrics) and pipe performance data (hydraulic parameters) is significant. 

2.4.3 Regression  

Regression analysis is performed to mathematically relate pipe-level energy metrics and pipe 

performance data that have strong and significant correlation coefficients. The regression model 

considers energy metrics as variables of interest (Y) versus pipe performance data/hydraulic 

parameters (X). Further investigation in this study shows that performing simple regression 

analysis (instead of multiple regression analysis) can yield clearer relationships, facilitating 

decision-making on energy efficiency. Regression analysis uses the following equation  

Ŷ a bX   
(2-3) 

where Ŷ  is the predicted plotting position of the dependant variable (energy metrics), X is the 

plotting position of the independent variable (pipe hydraulic factors), b is the regression coefficient 

and a is the intercept of the regression line. Chapter 4 describes how the regression model is 

developed to determine the energy performance of water mains ( Ŷ ) as described by energy metrics 

that correspond to commonly applied maximum unit headloss thresholds (X) used to trigger the 

rehabilitation of a water main asset in practice (AWWA, 1991).  
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2.4.5 Principal Component Analysis (PCA)  

PCA builds on a correlation matrix to visualize and explore patterns or relationships not captured 

by correlation analysis. PCA has the capability of visualizing the whole data set by compressing 

the transcription of high dimension data set into lower dimensions (Krzanowski, 1988). This 

method finds directions on which the data set shows the highest variance. These new directions 

are found by rotating the original data set with regard to the original directions/dimensions 

(Jolliffe, 1986). These directions, in this study, correspond to hydraulic parameters and energy 

metrics. Therefore, each of the observations on the original system of coordinates/directions can 

be assigned a new score on the new system of coordinates, also known as Principal Components 

(PCs). Each of the new directions or PCs have a contribution in describing the variance of the data. 

The first few (highest scoring) PCs describe most of the variance in the data set so that the rest of 

the PCs or dimensions are negligible. This makes visualization of the whole data set with regard 

to the first two or three PCs possible on paper or in space, respectively.  

Technically speaking, PCs are the Eigen vectors corresponding to the Eigen values of the 

correlation matrix of the variables of interest (hydraulic factors and energy metrics). Equal to the 

number of variables, which determines the dimension of the correlation matrix, Eigen values and 

Eigen vectors and accordingly PCs will be found. The most important PCs or Eigen vectors 

correspond to the highest Eigen values (Jolliffe, 1986).  

By finding the Eigen values for the correlation matrix of the variables of interest (as a result of 

finding the latent roots of the correlation matrix determinant), directions on which 

correlation/covariance of variable are zero will be achieved. On these directions, therefore, the 

data shows the most variance. This is essential if the goal is to find PCs that can distinguish pipes 
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or groups of pipes from each other. Even though the PCs do not offer direct physical meanings, 

they are linear combinations of the variables of interest (as in the correlation matrix) describing 

the data set in a simpler way/lower dimensional space. The representation of hydraulic parameters 

and energy metrics on the PCs and original observations (pipes data) on the PCs called bi-plots are 

called respectively, mono-plots and bi-plots. The original observations in the data set can be 

presented in a bi-plot by transforming their original values to the new PC coordinate system. 

Clusters of observations on the PCA bi-plot can distinguish groups of observations with similar 

characteristics. Formation of clusters can help identify the cohorts of well versus poorly 

performing pipes in the whole pipe dataset. The results of the Chapter 5 will put the bi-plots into 

context. 

2.5 Rehabilitation for Performance Improvement 

Pipes rehabilitation alleviates leakage, break and aging (friction) problems (Kleiner et al., 1998 

a,b; Kleiner and Rajani, 1999; Mailhot et al., 2003; Sharp and Walski, 1988; Germanopoulos, 

1985; Hayuti and Burrows, 2004; Tanyimboh and Kalunghi, 2004). The mentioned studies develop 

leakage, break rate and aging models for the purpose of rehabilitation planning that have been 

adopted by many other rehabilitation studies in the literature. All of the above system problems, 

results in over pumping in order to meet the same water demand at system nodes and eventually 

leads to an undesirable reduction in energy efficiency and operational costs.  

There are several rehabilitation techniques to keep water mains functional. Replacement is 

considered as the last resort when a pipe is not repairable, because it is the most costly option 

(Walski and Pellicia, 1982; Quimpo and Shamsi, 1991; Li and Haimes, 1992; Schneiter et al., 

1996; Engelhardt, 1999; Dandy et al., 2006). Cleaning is performed to remove sediments or 

corrosion by-products built up in pipes. Since removal of all the deposits may introduce further 
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corrosion, a thin layer of the deposits are usually left (Halhal et al. 1997, Anon 1997). Relining is 

used to protect the inner wall of the pipes from corrosion and subsequently to postpone 

replacement. It is sometimes used in combination with other rehabilitation actions such as cleaning 

(Walski, 1987; Lansey et al., 1992; Kim and Mays 1994; de Schaetzen et al., 1998). A 

comprehensive approach to rehabilitation planning may include considering the economical and 

hydraulic performance of the system, reliability, water quality, optimal decision making and 

statistical analysis, as well as the impact of the rehabilitation actions on the energy performance of 

the system (Engelhardt et al., 2000; Shamir and Howard, 1979; Anderson et al., 1997; Deb et al., 

1998; Louws, 1997; Vincent et al., 1997). Energy-based approach proposed in this study can 

potentially be used in a broader asset management and rehabilitation framework to improve 

rehabilitation decision. 

2.6 Research Contributions 

The main contributions of this study are described in detail in the three technical chapters (Chapters 

3, 4 and 5). Briefly, the main contribution of this study is to present a set of novel energy metrics 

that quantify energy interactions in a water distribution system at the spatial resolution of 

individual water mains (Chapter 3). These pipe-level metrics are applied to large water distribution 

systems to demonstrate how they can differentiate pipes from each other in a large and complex 

system. In Chapter 4, the purpose is to show how common-practice unit headloss thresholds 

suggested by AWWA (1991) and stricter ones compare in terms of energy performance and the 

economic implications of using stricter thresholds to trigger pipe rehabilitation interventions. 

Chapter 5 uses PCA to address the challenge of understanding the energy dynamics in real world 

systems. It is demonstrated how high-dimensional data sets (including several variables of interest) 

and the transcription of the pipe data can be compacted into two dimensions. This can help 
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visualize the combination of the most influential pipe hydraulic parameters in describing the 

variance in energy efficiency. PCA introduces relative importance of energy metrics and hydraulic 

parameters that would serve as readily available deciding factors to water utilities, and suggest 

surrogate measures when the energy indicators are not available to decision makers. It also shows 

the absence of energy efficiency in common-practice replacement approaches.    

The most important findings in each of the three technical chapters formed three corresponding 

journal publications:  

2.6.1 Publication 1: “Energy Metrics to Evaluate the Energy Use and Performance of Water 

Main Assets” 

The aim of this publication is to present a set of novel energy metrics that quantify energy 

interactions in a distribution system at the spatial resolution of individual water mains. These pipe-

level metrics can be applied to: 1) characterize the energy performance in water mains in an 

unimproved state to establish a benchmark prior to any rehabilitation work; 2) plan infrastructure 

upgrades and operational changes in areas that exhibit a low energy efficiency alongside 

information on cost, water quality, and pipe break history, and; 3) characterize the impact of 

infrastructure upgrades and operational improvements on the energy performance of water mains 

in a system. In this paper, the new pipe-level metrics are applied to a large ensemble of water mains 

across three distribution systems to examine how system operation and system improvements 

impinge on the spatial and temporal patterns of energy performance in drinking water mains. This 

paper finally compares the traditional hydraulic parameters and proposed energy metrics to target 

problem pipes wasting most of the energy lost to leakage and friction. 



26 

 

2.6.2 Publication 2: “Examining the Energy Performance Associated with Typical Pipe Unit 

Headloss Thresholds” 

The overall aim of this paper is to examine the influence of pipe and system factors such as pipe 

flow rate, unit headloss, proximity to major components, average pressure, and diameter and the 

energy use performance of water main assets. The specific objectives of the paper are to: 1) 

examine the statistical correlations between pipe factors and energy use patterns in a large 

ensemble of over 20,000 water mains selected from 17 systems and assess their statistical 

significance. The 17 systems have been selected to cover a range of characteristics (e.g., size, 

number of pressure zones, flow rates) to ensure statistical significance in the results. 2) develop a 

regression-based modelling approach with the data taken from the ensemble of 20,000 water mains 

to link pipe factors (e.g., pipe flow rate, unit headloss, proximity to major components, average 

pressure, and diameter) to the energy efficiency/energy loss performance of water mains; 3) use 

the regression-based approach to determine the levels of energy performance of water mains that 

correspond to commonly applied maximum unit headloss thresholds used to trigger 

rehabilitation/replacement of water main assets in practice (AWWA, 1991); 4) Use the regression-

based approach to put into perspective stricter  maximum unit headloss pipe rehabilitation 

thresholds and related economic complications of achieving higher levels of energy performance 

in water mains. 

2.6.3 Publication 3: “Identification of Factors that Influence Energy Performance in Water 

Distribution System Mains” 

PCA in this publication indicates as average flow rate, hydraulic proximity to major components 

and average unit headloss have more impact on energy dynamics of pipes compared to leakage 
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and average pressure. Also, elevation, diameter and CHW are not as influential as expected in 

distinguishing high-efficiency from low-efficiency pipes. Moreover, comparing the proposed 

method in this study to simplified common-practice replacement strategy, it is perceived that the 

different solutions suggested by energy considerations can add value to rehabilitation decision 

making, if included in a bigger asset management landscape. 
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Chapter 3 Energy Metrics to Evaluate the Energy Use and Performance of 

Water Main Assets 

 

3.1 Introduction 

Water distribution systems play host to a multitude of energy interactions on an hourly and daily 

basis. Pumps and reservoirs supply mechanical energy to the system, while water demand, pipe 

leaks, and frictional headloss provide output pathways for energy to leave the system, either in the 

form of work or heat. As water main assets in a system age and deteriorate, they become less 

energy efficient, with more energy leaving the system via unwanted pipe leaks and through 

frictional headloss (Fontana et al., 2012; Kleiner and Rajani, 2001).  The challenge in managing a 

large, aging water distribution system is to prioritize interventions so that investment returns the 

largest gain in system performance (Alvisi and Franchini, 2009 and 2006, Dandy and Engelhardt, 

2001). 

Energy has long been used as a key concept to understand the performance of engineering systems 

(Pelli and Hitz 2000; Lambert et al., 1999). Energy use as a modelling concept is germane to 

understanding the energy performance of water main assets in distribution systems because power 

and energy in water distribution systems depend on pressure and flow – two quantities that are 

monitored continuously by water utilities (Dziedzic and Karney, 2015; AWWA, 2009; Boulos et 

al., 2006). While most municipalities extensively monitor their systems, few have a firm 

understanding of the energy efficiency of their systems. Even fewer municipalities have the 

capability to use pressure and flow data to understand the impact of infrastructure upgrades and 
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operational changes on the energy efficiency of their systems (Engelhardt et al., 2000; Roshani 

and Filion, 2013; Hashemi et al., 2012).  

To date, previous research has been focused on characterizing the system-wide energy dynamics 

in distribution systems. Colombo and Karney (2002) showed that diurnal demand/pressures can 

affect the manner in which fissures and cracks in pipes conduct leakage. Results demonstrated that 

the more distant the leakage sources are from the water sources, the higher is the energy lost from 

leakage and friction. While, the presence of storage was shown to have a negligible effect on 

leakage energy, the location of the tanks did influence the leakage level and pumping energy 

(Colombo and Karney 2005). The research underscored the important role of water mains, and 

their proximity to pumps and tanks, on the energy balance of a system. 

Energy metrics developed thus far have focused on the system-wide energy performance of 

systems.  Pelli and Hitz (2000) developed energy indicators to relate system-wide energy 

efficiency to pump efficiency and reservoir location, without considering leakage impacts.  

Cabrera et al. (2010) presented a set of metrics to characterize the system-wide energy performance 

that includes losses to friction, leakage, and overpressure. These energy metrics provide a useful 

set of tools to help water utility managers better understand how far their systems are from an ideal 

energy-efficient state but fall short of being able to identify individual pipes that are problematic. 

Building upon their earlier work, Cabrera et al. (2014b) presented additional metrics to assess the 

energy efficiency of a pressurized system and procedures to prioritize interventions on a system-

wide basis. Dziedzic and Karney (2014) examined the energy dynamics of groups of pipes and 

pumps in the Toronto distribution system. While these researchers also solved the energy balance 

to examine the frictional losses in individual pipes of the Toronto system, they did not examine 

the efficiency, leakage, and other energy characteristics of these pipes. The current chapter extends 
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this research direction by considering energy transformations that take place in the individual pipes 

of a distribution system.  

The aim of this chapter is to present a set of novel energy metrics that quantify energy interactions 

in a distribution system at the spatial resolution of individual water mains. These pipe-level metrics 

can be applied to: 1) characterize the energy performance in water mains in an unimproved state 

to establish a benchmark prior to any rehabilitation work; 2) plan infrastructure upgrades and 

operational changes in areas that exhibit a low energy efficiency alongside information on cost, 

water quality, and pipe break history, and; 3) characterize the impact of infrastructure upgrades 

and operational improvements on the energy performance of water mains in a system. In this 

chapter, the new pipe-level metrics are applied to a large ensemble of water mains across three 

distribution systems to examine how system operation and system improvements impinge on the 

spatial and temporal patterns of energy performance in drinking water mains. 

3.2 Energy Use in a Pipe 

To develop a set of energy metrics, it is instructive to consider the hydraulic grade line with energy 

inputs and outputs in a single pipe as indicated in Figure 3-1. Here, the pipe conveys a flow Q 

(m3/s) at an upstream pressure head Hs (m). The pipe delivers a pressure head Hd (m) to a 

downstream user that imposes a demand Qd (m
3/s) in the pipe. Users downstream of a pipe impose 

a demand Qd (m
3/s) that exceeds the minimum needed water use Qmin (m

3/s), which represents the 

most efficient use of water by the user given best-available water technologies (Vickers 2001). 

There are a number of reasons for this inefficient water use including household leaks, 

inefficiencies in appliances, theft of water (AWWA 2009), water waste through inefficient 

industrial processes (Morales et al. 2011; Friedman et al. 2011), user perception of appropriate 
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water use (Hoekstra and Chapagain 2007), and unnecessary lawn and garden watering (Askew and 

McGuirk 2004). For the sake of generality, the pipe can have a leak that produces a leakage flow 

rate of Ql (m
3/s). The pipe also conveys an additional flow Qds=Q-Qd-Ql (m

3/s) to users further 

downstream of the pipe. The upstream pressure head Hs (m) supplied to the pipe is greater than 

the minimum required pressure head Hmin (m) needed to provide an acceptable service to the 

downstream user. The difference between supplied head Hs (m) and pressure head delivered Hd 

(m) is made up of local losses Hlocal (m) (e.g., valves, in-line turbines, blockages) and the combined 

frictional head loss due to demand Qd (m
3/s), leakage Ql (m

3/s), and the additional flow Qds (m
3/s) 

to provide water service to downstream users. The pressure head delivered to downstream users 

Hd (m) is made up of the minimum pressure head required, Hmin (m), and surplus head, Hsurplus (m). 
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Figure 3-1 Hydraulic grade line and energy inputs and outputs in a pipe. 

 

The energy components indicated in Figure 3-1 are defined in Table 3-1 and described below.  

E
supplied

= E
delivered

+E
ds

+E
leak

+E
friction

+E
local     (Joules) (3-1) 

where Esupplied = energy supplied to the upstream end of the pipe (Joules); Edelivered = energy 

delivered to the user (in Joules) to satisfy demand Qd (m
3/s) at pressure head Hd (m); Eds = energy 

that flows out of the pipe to meet downstream user demands (Joules); Eleak = leak energy (Joules); 

Elocal = local energy losses (Joules). The term α is equal to 1.85 in the Hazen-Williams friction loss 

model and α = 2 in the Darcy-Weisbach model; K = pipe resistance and Δt = the hydraulic time 

step (3,600 seconds or 1 hour) used in the 24-hour diurnal simulation. 
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Table 3-1 Energy inputs and outputs linked to fluid flow in a pipe. 

Energy Components Equations 

Energy supplied Esupplied = Q Hs t 

Energy delivered Edelivered = Qd Hd t 

Minimum energy needed to meet the end-user 

demand in an pipe 

Eneed = Qd Hmin t 

Energy that flows out of pipe to meet downstream 

demands 

Eds = Qds Hd t 

Leak energy Eleak = Ql Hd t 

Energy lost to friction to meet demand Efriction(demand) = K (Qd)

 Qd t 

Energy lost to friction to meet leakage Efriction(leak) = K (Ql)

 Ql t 

Energy lost to friction (meet d/s demand) Efriction(ds) = K (Qds)

 Qds t, 

where Qds = Q - Qd - Ql  

3.3 Methods 

3.3.1 Metrics to Evaluate Energy Performance at the Pipe Level 

Five metrics have been developed to characterize the gross and net energy efficiencies, energy 

needed by user, energy lost to friction, and energy lost to leakage in the pipes of a water distribution 

network.  

Gross and Net Efficiencies: The gross energy efficiency (GEE) in Equation (3-2) compares the 

energy delivered to the users serviced by a pipe to the energy supplied to that pipe. The theoretical 

maximum value for GEE is 100 percent, which means that all the energy supplied to the pipe is 

delivered to its user, even though this is impossible to achieve in practice. The theoretical minimum 
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value for GEE is 0 percent, which means that none of the energy supplied to the pipe is delivered 

to its users, as all the energy is lost along the pipe. 

GEE =
E

delivered

E
supplied

æ

è

ç
ç

ö

ø

÷
÷
×100%

 (3-2) 

The net energy efficiency (NEE) in Equation (3-3) compares the energy delivered to users serviced 

by a pipe to the net energy in that pipe. Here, net energy is defined as the energy supplied to the 

pipe minus the energy supplied to users located downstream of the pipe and not directly serviced 

by the pipe. The maximum value of NEE is 100 percent, where all the energy supplied (exclusively 

to the pipe) is delivered to its users. The theoretical minimum value is 0 percent, where none of 

the energy supplied to the pipe is delivered to its users. 

NEE =
E

delivered

E
supplied

- E
ds

æ

è

ç
ç

ö

ø

÷
÷×100%

 
(3-3) 

Energy Needed by User: The energy needed by the users (ENU) at a node in Equation (3-4) 

compares the energy delivered to the users serviced by a pipe against the minimum energy needed 

by those users. A value of ENU below 100 percent indicates that there is an insufficient level of 

energy to meet the service expectations of the users (either in the form of flow, pressure head, or 

both), and a value of 100 percent means that energy delivered to the users is equal to the minimum 

energy needed to meet their service expectations. Values of ENU above 100 percent denote a 

surplus energy over and above the level needed.  

ENU =
E

delivered

E
need

æ

è

ç
ç

ö

ø

÷
÷
×100%

 
(3-4) 
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The minimum mechanical energy in the water needed to meet the minimum needs of the 

downstream user in Equation (3-4) is calculated by integrating the minimum needed power by a 

defined period of use Δt 

Eneed =  Qmin Hmin t        (Joules) (3-5) 

where γ = unit weight of water (approximately 9,810 N/m3 at 18oC); Qmin = minimum water use 

needed by users (m3/s); Hmin = minimum pressure head required to deliver acceptable water service 

to users (m); Δt= time step over which minimum needed power is integrated (seconds). (Note that 

integration can be used to calculate minimum energy needed over a continuous diurnal demand 

period.). Determining the minimum water use (Qmin) is difficult because minimum water use varies 

between individual users within the same user type (Friedman et al. 2013). The minimum pressure 

head (Hmin) required is usually determined by water utility standards but in reality can vary across 

users depending on their subjective perception of the minimum pressure required to perform their 

individualized water use activities (Mays 2002, City of Toronto 2009, Region of Peel 2010, Denver 

Water 2012). In this chapter, the minimum pressure of approximately 30 metres (m) commonly 

imposed by North American water utilities (City of Toronto, 2009; Region of Peel, 2010; Denver 

Water, 2012) was used to calculate the minimum mechanical energy. 

Energy Lost to Friction: The energy lost to friction (ELTF) in Equation (3-6) compares the 

magnitude of friction loss in the pipe (to satisfy the demand and leakage at the end of the pipe, and 

demands downstream of the pipe) to the net energy supplied to the pipe. This indicator can be used 

to characterize the effectiveness of pipe relining, pipe replacement, and leak repair to reduce 

frictional losses. The metric ELTF can range between 0 and 100 percent, where a value of 0 percent 
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means that there are no frictional energy losses in the pipe, and a value of 100 percent means that 

all the net energy supplied to the pipe is lost to friction along the pipe. 

ELTF =
E

friction

E
supplied

-E
ds

æ

è

ç
ç

ö

ø

÷
÷
×100%

 (3-6) 

Energy Lost to Leakage: The energy lost to leakage (ELTL) in Equation (3-7) compares the 

magnitude of energy lost to leakage relative to the net energy supplied to the pipe. The leakage 

term in the numerator includes leak energy, Eleak, and the frictional energy loss along the pipe 

required to meet the leakage flow, Ql, at the end of the pipe Efriction(leak) (see Table 3-1). The ELTL 

metric can range between 0 and 100 percent, where a value of 0 percent means that there is no 

energy loss due to leakage in the pipe and a value of 100 percent means that all the net energy 

supplied to the pipe is lost to leakage and friction to satisfy the leak in the pipe. The ELTL metric 

can be used to characterize the effectiveness of leakage repair and pressure management in 

reducing leakage energy loss. 

ELTL=
E

leak
+E

friction(leak)

E
supplied

-E
ds
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è
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÷
÷
×100%

 (3-7) 

3.3.2 Calculation of Energy Metrics 

The pipe-level energy metrics presented above are evaluated by following a number of steps. First, 

the EPANET2 (Rossman 2000) network solver is used to calculate the hydraulic head at model 

nodes and pipe flow in model links over a diurnal period. Because the pipe flow direction may 

change over a day, the hydraulic head at both ends of each pipe are compared at each time step 

and the node with the higher hydraulic head is identified as the upstream node. Further, to correctly 

recognize to which pipes a node is an upstream node and to which pipes a node is a downstream 
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node, the mechanical energy that a pipe delivers to the users at its downstream node (multiple-link 

node) is proportional to its flow rate and is weighted by its flow rate into its corresponding 

downstream pipes, such that  

 delivered ,

1

i

j jmi j

k

k

Q
E D H t

Q





 
 
  
 
 
 


 (joules) 
(3-8) 

where (Edelivered)i,j = energy delivered by pipe i to multiple-link node j (joules); Dj = demand at 

downstream multiple-link node j located downstream of pipe i (m3/s); Hj = hydraulic head at 

multiple-link node j located downstream of pipe i (m); Qi = flow in pipe i (m3/s); m = number of k 

= 1, 2, 3, …, m upstream pipes connected to the multiple-link node j. For example in Figure 3-2, 

upstream pipes P-1 and P-2 with flow rates of 1.3 litres per second (L/s) and 1.6 L/s are connected 

to downstream node J-1 (multiple-link node) with a demand of 2.1 L/s. Pipes P-3 and P-4 are 

located downstream of node J-1. The mechanical energy ( D H t) delivered by Pipe 1 is weighted 

by the ratio of its flow to the total flow conveyed by the upstream pipes, or 1.3/(1.3+1.6).  

 

Figure 3-2 Example of energy delivered at a model node connected to multiple upstream and 

downstream pipes 
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Once the upstream and downstream nodes of each pipe have been determined, and the energy 

delivered to each node resolved as described above, the hydraulic heads and pipe flows simulated 

over the diurnal period are used to calculate the energy components in Table 3-1 to evaluate the 

pipe-level metrics in Equations (3-2) to (3-7). An example is shown in Equation (3-9) where hourly 

values of Edelivered and Esupplied are aggregated together throughout the day to calculate a single value 

of GEE that is representative of the entire day 

GEE =
(E

delivered
)
t=1

+ (E
delivered

)
t=2

+ ...+ (E
delivered

)
t=24

(E
supplied

)
t=1

+ (E
supplied

)
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+ ...+ (E
supplied

)
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ë

ê
ê

ù

û

ú
ú
×100%  (3-9) 

3.3.3 Hydraulic Proximity Indicator 

In the following sections of this chapter, the proximity of a pipe to a water source is considered as 

a factor that can influence the energy performance of a pipe. In anticipation of this, an indicator 

that characterizes the hydraulic proximity of a pipe to a nearby water source is defined in Equation 

(3-10). The hydraulic proximity indicator is based on the general observation that hydraulic head 

or pipe flow (or both) tend to decrease as one moves away from a water source to the periphery of 

the system where pipes generally convey smaller flow to downstream users. The hydraulic 

proximity indicator is a function of the role of the pipe (transmission or distribution) and its 

location relative to the water source of the system or pressure zone in which it is found. It is 

important to note that hydraulic proximity is not an indicator of the linear distance that separates 

a pipe from a water source, but rather an indirect indicator of the proximity of a water main asset 

to a water source. 

4Proximity Indicator ( / )s= Q H m s  (3-10) 
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in which Q is the pipe flow (m3/s) and Hs is the hydraulic head provided at the upstream node of a 

pipe (m) calculated with the EPANET2.0 hydraulic model. (All heads are calculated according to 

a fixed datum of 0 m.) High values of the hydraulic proximity indicator as defined in Equation (3-

10) suggest that the water main is located near a water source, whereas low values suggest that the 

main asset is located away from a water source. 

3.4 Application of Pipe-Level Metrics to Three Distribution Systems 

The new pipe-level metrics were applied to a large ensemble of water mains across three 

distribution systems to examine how system operation and system improvements impinge on the 

spatial and temporal patterns of energy performance in drinking water mains. System #1 (Figure 

3-3) is reported in Cabrera et al. (2010) and comprises 14 pipes (40 km), an elevated tank and a 

pumping station controlled by minimum and maximum tank levels. The system has a total daily 

demand of 79.8 ML/day, equivalent to a population of roughly 228,000 people, considering 350 

litre/ca/day (Region of Peel, 2010; City of Toronto, 2009) with peaks at 8 am (peaking factor of 

1.3) and 4 pm (peaking factor of 1.3) (Figure 3-4). It is also note that diurnal patterns capture all 

types of land use such as residential, commercial, institutional, etc. and their consumption habits. 

Approximately 15 percent of the total demand is lost to leakage throughout the day. The leakage 

is assigned to the nodes using emitter coefficients in EPANET2.0 (Cabrera et al., 2010). Leakage 

is thus a function of time and pressure. At each time step, EPANET2 is used to calculate pressure 

head and leakage loss to evaluate the energy lost to leakage (ELTL).The average daily pressure in 

System #1 is approximately 35 m. 
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Figure 3-3 model layout of test system #1 (reported in Cabrera et al. (2010)) (L = pipe length; 

D = pipe diameter; P-10 = pipe ID; J-10 = node/junction ID; Q = pipe flow; El. = node 

elevation) 
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Figure 3-4 Diurnal demand pattern for test systems #1 through #3 (24-hour period) 

 

System #2 (Figure 3-5) is a medium-sized distribution system in the US Midwest that includes 

1,183 pipes (166 km), 4 pumping stations and 4 elevated tanks. The water distribution system is 

comprised of three pressure zones to overcome an elevation difference of 99.7 m to serve a 

population of 20,000 people. The system has a total daily demand of 237.9 ML/day with an 8 am 

morning peak (peaking factor of 1.25) and a 10 pm evening peak (peaking factor of 1.67) (Figure 

3-4). The daily mean pressure is 57 m and higher than in System #1. No leakage is considered in 

this network.  
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Figure 3-5 Model layout of test system #2 (medium-sized US Midwest) 

 

System #3 (Figure 3-6) is a large distribution network in the US Midwest that comprises 27,231 

pipes (5,500 km), 28 pumping stations, and 27 elevated tanks that serves approximately 1 million 

customers. This system has a total daily demand of 12,765 ML/day with an 8 am morning peak 

(peaking factor of 1.18) and a 9 pm evening peak (peaking factor of 1.40). The system has an 

average nodal pressure of 53 m.  Leakage is modelled as a constant demand assigned by area to 

model nodes based upon the results of a detailed leakage study conducted by the water utility. 
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Figure 3-6 Model layout of test system #3 (large-sized US Midwest) 

 

3.5 Results  

3.5.1 System #1 

System #1 is a simple system and thus an ideal network with which to demonstrate the new pipe-

level metrics by way of two management scenarios (Figure 3-3). The first scenario is the Baseline 

(B) scenario where the pipes are unimproved. The second scenario is the Leakage Reduction (L) 

scenario where pipe leakage is reduced by 50 percent by reducing emitter coefficients in the model. 

In this chapter, the energy metrics are dimensionless and expressed as a percentage of i) energy 

supplied to the pipe (Esupplied), or ii) minimum energy needed at the downstream node (Eneed), or 
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iii) the net energy in the pipe (Esupplied - Eds). For the sake of consistency, numerical values of the 

metrics that range between 0 and 30 percent are considered “low”, while values that range between 

30 and 70 percent are considered “moderate”, and values that range between 70 and 100 percent 

are considered “high”. 

Baseline Scenario (No Improvements): The baseline results in Table 3-2 indicate that the presence 

of both frictional losses and leakage in the system produce low to moderate values of GEE that 

range between 8 to 45 percent. This association is evident in the pipes closest to the source and 

that carry higher flow rates (e.g., pipes 11, 12, 111, and 113) because these pipes must convey 

flows destined to locations further downstream in the network.  Similarly, the presence of leakage 

in the system produces values of NEE that range between 29 to 76 percent. 

Table 3-2 Numerical values of metrics GEE, NEE, ENU, ELTF, and ELTL for the baseline 

and leakage reduction scenarios in System #1  

Pipe GEE 

(percent) 

NEE 

(percent) 

ENU 

(percent) 

ELTF  

(percent) 

ELTL 

(percent) 

B L B L B L B L B L 

11 8 9 29 29 103 106 66 68 4 2 

12 8 8 52 52 106 108 39 42 7 3 

113 22 23 73 73 110 115 8 8 19 9 

123 42 47 70 70 101 111 4 4 22 11 

111 22 24 48 48 103 108 39 40 10 5 

121 45 48 73 73 97 104 5 5 14 7 

122 43 47 72 72 91 98 2 2 18 9 

22 37 37 76 76 113 116 6 7 9 5 

21 33 35 75 75 104 109 5 6 12 6 

31 37 39 73 73 95 102 1 2 15 7 

32 42 45 71 71 104 112 2 2 18 9 

112 33 36 74 74 106 111 7 7 15 7 

B = baseline scenario; L = leakage reduction scenario. 

The results in Table 3-2 indicate that pipes 22 and 113 have an ENU that ranges from 110 to 113 

percent.  These pipes are located between the tank (dominant source of water in this system) and 

the highest nodal demand at junction J-22, and thus the large energy surplus reflects the delivery 
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of water to this location from the source. The pipes 31, 121, and 122 located further away from 

the elevated tank tend to have less surplus energy, and these pipes show an energy deficit and a 

numerical value of ENU that ranges between 91 to 97 percent; these pipes deliver less energy to 

their users due to water losses between the sources and these demand locations.  

The baseline values of ELTF suggest that friction losses comprise 39 to 66 percent of net energy 

in pipes 11 and 111, both of which are in close proximity to the pumping station and carry high 

flows. Friction comprises 1.3 to 8.0 percent of net energy in the other pipes that convey smaller 

flows. Also, the results for leakage losses and ELTL suggest that pressure and not leak size (as 

reflected in the emitter coefficient), drives the level of leakage and results in high values of ELTL. 

For example, even though pipes 113 and 123 both have a low value of emitter coefficient, their 

proximity to the tank in a high-pressure zone causes them to have a high leakage levels and high 

values of ELTL that range from 18.8 to 22.2 percent. 

The results also show that NEE in Pipe 121, located far from the tank, is driven almost exclusively 

by the demand at the downstream node of this pipe (NEE = 55 to 61 percent from 12 am to 6 am; 

NEE = 75 to 82 percent from 6 am to 6 pm), whereas the net efficiency in Pipe 11 near the pump 

is influenced by the pumping and tank operations of the system (NEE = 10 to 20 percent during 

pumping periods of 12 am to 3 am and 1 pm to 5 pm). This finding highlights how the proximity 

to pumps and tanks and the role of pipes in the global hydraulic performance affects the net 

efficiency and energy lost to friction observed in individual pipes. 

Leakage Reduction Scenario (from 15 to 8 percent of demand): The results for the leakage 

reduction scenario in Table 3-2 indicate that reducing leakage flow from 15 to 8 percent produces 

a 0.2 to 11.0 percent increase in the GEE relative to baseline because it narrows the gap between 
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energy delivered and energy supplied. This relationship is especially true for the pipes located 

further downstream (e.g., pipes 121, 122, 123, 31 and 32). Similarly, all pipes see a 3.9 to 18.8 

percent increase in NEE relative to baseline as a result of leakage reduction. A reduction in leakage 

also increases the ENU (or reduces the energy deficit) by 1.7 to 10.1 percent relative to baseline 

because energy lost to leakage is decreased in the pipes. In most pipes, a reduction in leakage is 

tantamount to reduced pipe flow and therefore less energy lost to leakage and friction. For 

example, a reduction in leakage produces a 0.8 to 8.0 percent decrease in ELTF in pipes 112, 113, 

and 121 relative to baseline. However, in smaller pipes located further downstream in the system 

(e.g., pipes 31, 32), the friction losses tend to increase because of an increase in pipe flow–a result 

of reduction in leakage between the water source and these pipes. Lastly, a reduction in leakage 

causes a 47.2 to 57.3 percent decrease in ELTL in all pipes. 

3.5.2 System #2  

In System #2, the energy metrics were evaluated only for those pipes (approximately 600 pipes or 

60 percent of the total number of pipes) that have a non-zero downstream demand. Because leakage 

was not modelled for this system, only metrics GEE, NEE, ENU, and ELTF were evaluated for the 

baseline scenario; the impact of interventions such as leakage reduction on energy dynamics was 

not considered. System #2 was simulated with assumed leakage levels (no leakage, 15 percent, 30 

percent) and the results (not shown) suggest that the presence of leakage produces a similar 

frequency distribution of the numerical values of the four energy metrics as shown in Figures 3-7 

and 3-12. The absence of leakage data for System #2 does not preclude the comparison of energy 

dynamics in System #2 with the other two systems (Systems #1 through #3).  

The histogram results in Figure 3-7 show that the GEE follows a bimodal distribution.  Here, over 

60 percent of the pipes have a low value of GEE that ranges from 0 to 10 percent while 
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approximately 14 percent of the pipes have a high value of GEE that ranges from 90 to 100 percent.  

It is noted that low values of GEE in Figure 3-8 do not necessarily point to a poor energy 

performance as these pipes tend to be located near the major system components and supply a 

large number of users downstream. Pipes with a high GEE tend to be located near dead-end zones 

where most of the energy supplied to the pipe is used to satisfy demand at the downstream node 

of the pipe. Over 90 percent of the pipes have a NEE that ranges from 90 to 100 percent (Figure 

3-7). Figure 3-9 indicates that there are trunk mains and distribution mains near pumps and tanks 

with low to high values of net efficiency (0.1 to 80 percent). 

 

Figure 3-7 Histogram that indicates the percentage of pipes with numerical values of gross 

energy efficiency (GEE), net energy efficiency (NEE), energy needed by the users (ENU) and 

energy lost to friction (ELTF) in System #2 (medium-sized US Midwest) for the baseline 

scenario 
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Figure 3-8 Numerical values of gross energy efficiency (GEE) in pipes of System #2 (medium-

sized US Midwest) for the baseline scenario. 
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Figure 3-9 Numerical values of net energy efficiency (NEE) in pipes of System #2 (medium-

sized US Midwest) for the baseline scenario. 

 

The majority of pipes (almost 80 percent) exhibit a low ELTF between 0 and 10 percent (Figure 

3-7). However a minority of pipes (almost 15 percent) had high frictional energy losses, with ELTF 

between 90 and 100 percent. These pipes are large-diameter trunk mains that carry large flows 

with a high average unit headloss, and are located in close proximity to a pump or tank. (In this 

chapter, average unit headloss is calculated by taking the arithmetic average of unit headloss in a 

pipe over the 24-hour diurnal period.) 
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The energy performance of two representative pipes (Pipes 463 and 926 – see Figures 3-5 and 3-

8) during the 24-hour diurnal period was also examined (Figure 3-10). Pipe 463 is a 300 mm CI 

water main located near pumping station P1 in System #2 and conveys flows between 15-86 L/s 

throughout the service day. Not surprisingly, the ELTF in Pipe 463 varies in lockstep with the flow 

in the pipe, whereby ELTF varies between 0.1 to 3 percent during low-demand periods and ELTF 

varies between 5 to 27 percent during high-demand periods. The net energy efficiency in Pipe 463 

varies widely during the 24-hour diurnal period, with values of NEE between 72 and 86 percent 

during high-demand periods and values between 92 to 100 percent during low-demand periods. 

By contrast, Pipe 926 is a 150 mm cast iron (CI) main located near the periphery of the system 

(Figure 3-5). This pipe conveys a near-constant flow of less than 0.10 L/s. Not surprisingly, ELTF 

is correspondingly low (near 0 percent throughout the whole day in Figure 3-10) and the net energy 

efficiency of this pipe is at a near-constant level of 100 percent. The results suggest that the energy 

performance (in this case efficiency and friction) of a pipe is contingent on the proximity of that 

pipe to a pump or tank. 
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Figure 3-10 Hourly values of net energy efficiency (NEE) and energy lost to friction (ELTF) 

in Pipe 463 (near pump station P1) and Pipe 926 (located further away from pump station P1) 

over the 24-hour diurnal period in System #2 for the baseline scenario. (Flow in Pipes 463 and 

926 are also indicated.) 

 

The influence of the distance between a pipe and a major component on the energy performance 

of that pipe was examined further. This was done by plotting ELTF calculated with Equation (3-

6) and the max/min hourly value of energy lost to friction (ELTF-max, ELTF-min, Equation 3-9) 

observed over the 24-hour diurnal period against the hydraulic proximity indicator (Equation 3-

10) in Figure 3-11 for an ensemble of 684 pipes. The results suggest that ELTF is smaller in 

distribution mains located further away from water sources that convey low flows and incur small 

losses (ELTF-min near 0 percent). Pipes located close to water sources tend to have a value of 

ELTF-max of 100 percent (this occurs during the peak demand period). Figure 3-11 shows a high 

variation in ELTF-max in pipes located far away from water sources. This variability is likely 
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owing to differences in diameter, roughness, and service flows across the smaller water distribution 

mains located on the periphery. 

 

Figure 3-11 Energy lost to friction (ELTF) (as calculated in Eq. 3-6) and max/min values of 

energy lost to friction observed over the 24-hour diurnal period (ELTF-max, ELTF-min) 

versus proximity to a  pump or tank component in System #2 (medium-sized US Midwest) for 

the baseline scenario. 

 

3.5.3 System #3 

The energy metrics were evaluated for over 21,000 pipes, which represents approximately 77 

percent of pipes in System #3. In general, the findings for System #3 are similar to those for System 

#2 in that the frequency distribution of the numerical values of metrics follows a bimodal shape 

(Figure 3-12). The bimodal nature of the results emphasizes the variability of energy performance 

in complex systems when compared to a simpler system like System #1.  The majority of pipes 
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exhibit a good energy performance (high net energy efficiency, small frictional losses) and a 

minority of outlier pipes exhibit a poor energy performance (low efficiency, high losses).  

 

Figure 3-12 Histogram that indicates the percentage of pipes with numerical values of gross 

energy efficiency (GEE), net energy efficiency (NEE), energy needed by users (ENU ), energy 

lost to friction (ELTF), and energy lost to leakage (ELTL) in System #3 (large-sized US 

Midwest) for the baseline scenario 

 

The histogram in Figure 3-12 indicates that approximately 80 percent of pipes have a value of 

GEE that ranges between 0 and 20 percent. As noted before, low values of GEE do not necessarily 

point to a poor energy performance; in these trunk pipes the majority of the energy supplied to the 

pipe is transferred to users well downstream of the pipe and only a small fraction of the energy is 

delivered to users at the end of the pipe. Figure 3-12 also indicates that 2 percent of pipes have a 

value of GEE that ranges between 90 and 100 percent. In these distribution mains near cul-de-sac 
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areas, most of the energy is transferred to users directly at the end of the pipe. Approximately 90 

percent of pipes have a NEE that ranges between 90 and 100 percent (Figure 3-12) but a minority 

of pipes (4 percent) have a low to moderate net energy efficiency that ranges between 10 and 50 

percent. A detailed analysis showed that no single factor accounted for the low values of net energy 

efficiency in these pipes.  

More than 95 percent of pipes have an ENU that ranges between 100 and 120 percent (Figure 3-

12) and over 90 percent of pipes have a low ELTF that ranges between 0 and 10 percent.  Leakage 

performance for this system is good with over 95 percent of pipes having a low ELTL that ranges 

between 0 and 10 percent. Despite this generally good performance, there are a small number of 

outlier pipes (approximately 3 percent of total) with a moderate to high ELTF that ranges between 

40 and 100 percent. Many of these poorly performing pipes were found to be large-diameter trunk 

mains that convey large flows from water sources to the rest of the system. A small number of 

pipes (2.5 percent of total) were also found to have a moderate to high ELTL that ranges between 

40 and 100 percent, and this is a direct result of the assigned leakage values from the water utility 

leakage study. 

The diurnal variation of NEE and ELTF in select pipes of System #3 were examined (results not 

shown). As before, the results suggest that proximity to a water source and magnitude of pipe flow 

conveyed by the pipe are both factors that have a large impact on the diurnal variation of net energy 

efficiency and energy lost to friction. Generally, pipes located far away from water sources convey 

little flow (with small headloss) and have values of NEE near 100 percent and ELTF near 0 percent 

throughout the day. In larger trunk mains located closer to water sources with comparatively high 

flow rates, NEE and ELTF track closely with diurnal variations in pumped flow in these pipes, as 

was also observed in System #2. 
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The influence of the distance between a pipe and a major component on the energy performance 

of that pipe was examined in System #3. Figure 3-13 plots the ELTL and the max/min value of 

energy lost to leakage (ELTL-max and ELTL-min over a 24-hour period) for each pipe (y-axis) 

against the hydraulic proximity indicator (x-axis). The values of the energy loss metrics ELTL, 

ELTL-max, and ELTL-min are moderate (30 to 60 percent) near water sources (proximity ranges 

between 3,000 and 6,000 m4/s) and moderate to high (30 to 100 percent) at the periphery of the 

system (proximity ranges between 0 and 250 m4/s). This relationship can be explained by two 

factors: 1) the trunk water mains close to a water source have a low level of leakage while the 

smaller distribution mains near the periphery of the system have a higher level of leakage, and 2) 

the values of net energy supplied to the pipe (Esupplied – Eds, denominator of ELTL) are large and 

outweigh the energy lost due to leaks (Eleakage + Efriction(leak), numerator of ELTL) because of the low 

level of leakage at locations near water sources. There is also a high degree of variability in the 

values of ELTL and ELTL-max near the periphery of the system as shown in Figure 3-13 (proximity 

ranges between 0 and 250 m4/s).  



69 

 

 

Figure 3-13 Energy lost to leakage (ELTL) (as calculated in Equation 3-7) and max/min 

values of energy lost to leakage observed over the 24-hour diurnal period (ELTL-max, ELTL-

min) versus proximity to a pump or tank in System #3 (large-sized US Midwest) for the 

baseline scenario. 

 

3.5.4 Comparison of Energy Metrics with Average Unit Headloss and Pressure Head 

The usual practice is to use average unit headloss to identify pipes with high frictional line losses 

and pressure head (or excess pressure head) to identify which pipes are delivering excess 

mechanical energy to customers. Here, the energy lost to friction (ELTF) was compared to average 

unit headloss to assess their effectiveness in identifying pipes with high frictional energy losses. 

To do this, the five pipes with the highest values of ELTF and the five pipes with the highest values 

of average unit headloss were selected from the ensemble of 1,183 pipes in System #2 and their 

corresponding annual frictional energy loss was calculated. (Annual frictional energy loss was 

calculated by multiplying the frictional energy loss in a pipe over the 24-hour diurnal period and 
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multiplying this daily energy use by 365 days.) This was repeated for System #3 (ensemble of 

21,156 pipes). The results in Table 3-3 indicate the five pipes with the highest values of ELTF and 

average unit headloss sorted in descending order of annual frictional energy loss. Table 3-3 

indicates that in System #2, ELTF and average unit headloss identified the same four pipes (69, 

159, 117, 41) with the highest annual frictional energy loss, and in System #3, ELTF and average 

unit headloss both identified pipe 3464 as having the highest annual frictional energy loss. It is 

noted that average unit headloss identified four pipes with higher annual frictional energy loss than 

the ELTF. A possible reason for this is that average unit headloss relates more directly to annual 

frictional energy loss than ELTF.   
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Table 3-3 Pipes with the highest values of average unit headloss and energy lost to friction 

(ELTF) in Systems #2 and #3 (Pipes are sorted by annual frictional energy loss in descending 

order.) 

Pipe 

ID 

Average Unit 

Headloss 

(m/km)c 

Annual 

Frictional 

Energy 

Loss 

(MWh)d 

Pipe 

ID 

ELTF 

(Percent)e 

Annual 

Frictional 

Energy 

Loss 

(MWh)d 

System #2 

69a 470.8 2,971.6 69a 99.9*f 2,971.5 

159 277.1 963.3 159 99.9* 963.3 

431 131.3 644.4 117 99.9* 178.8 

117 88.9 178.8 41 99.9* 150.0 

41 478.2 150.0 P-97 99.9* 59.9 

System #3 

3464b 3.9 39,552.0 3464b 99.9*f 39,552.0 

26688 2.3 28,081.6 10959 99.9* 1,313.0 

9706 0.1 3,908.0 8735 99.9* 894.7 

10942 0.2 1,804.4 11236 99.9* 326.0 

11209 0.1 1,097.2 26528 99.9* 307.3 
a. Pipes with the highest average unit headloss and energy lost to friction (ELTF) in the ensemble of 1,183 pipes in 

System #2 were sorted by annual frictional energy loss in descending order. 

b. Pipes with the highest average unit headloss and energy lost to friction (ELTF) in the ensemble of 21,156 pipes in 

System #3 were sorted by annual frictional energy loss in descending order. 

c. Average unit headloss was calculated by taking the arithmetic average of hourly values of unit headloss in a pipe 

over the 24-hour diurnal period.  

d. Annual frictional energy loss was calculated by multiplying the frictional energy loss in a pipe over the 24-hour 

diurnal period and multiplying this daily energy use by 365 days.  

e. Energy lost to friction (ELTF) was calculated by taking the arithmetic average of hourly values of ELTF in a pipe 

over the 24-hour diurnal period. 

f. Numerical values of ELTF were truncated to the tenth of a percent in the table. 

 

In Table 3-4, the energy needed by user (ENU) and energy lost to leakage (ELTL) were compared 

to pressure head to determine their effectiveness in identifying pipes that experience the highest 

energy losses to leakage. Similar to the above, the five pipes with the highest values of ENU and 

the highest values of pressure head were selected from the ensemble of pipes in System #3 and 

sorted in descending order of annual energy lost to leakage. (Annual energy lost to leakage was 

calculated by multiplying the leak energy at the downstream node of a pipe over the 24-hour 
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diurnal period and multiplying this daily energy use by 365 days.) The results in Table 3-4 suggest 

that the pipes identified with ENU and ELTL had higher values of annual energy lost to leakage 

than those identified with pressure head. The metrics of gross energy efficiency (GEE) and net 

energy efficiency (NEE) were not compared to average unit headloss and pressure head. The 

interested reader can find the model data and the implementation code for the new energy metrics 

in the supplemental data files appended to this manuscript. 

Table 3-4 Pipes with the highest values of pressure, energy needed by user (ENU), and energy 

lost to leakage (ELTL) in System #3. (Pipes are sorted by annual energy lost to leakage in 

descending order.) 

Pipe 

IDa 

Average 

Pressure 

Head 

(m)b 

Annual 

Energy 

Lost to 

Leakage 

(MWh)g 

Pipe 

IDa 

Metric 

(Percent) 

Annual 

Energy 

Lost to 

Leakage 

(MWh)g 

Metric: ENUc,d 

14509 94.3 10.5 6873 123.0 17.5 

14510 91.9 10.3 3443 123.4 15.8 

P1379 163.1 7.3 19728 122.4 8.3 

10942 92.3 6.3 19729 122.8 7.7 

26572 98.8 5.3 6882 123.1 7.5 

Metric: ELTLe,f 

14509 133.4 10.5 9540 99.0 52.2 

14510 130.0 10.3 11538 97.4 15.5 

19729 124.3 7.7 5898 97.8 15.2 

10942 130.5 6.3 P423 99.5 11.1 

19732 125.6 6.1 5877 100.0 10.2 
a. Pipes with the highest average pressure head in the ensemble of 21,156 pipes in System #3 were sorted by annual 

energy lost to leakage in descending order. 

b. Average pressure head was calculated by taking the arithmetic average of hourly pressure head values in the 

upstream and downstream nodes of a pipe over the 24-hour diurnal period. 

c. Energy needed by user (ENU) was calculated by taking the arithmetic average of hourly ENU values in a pipe over 

the 24-hour diurnal period. 

d. Pipes with the highest energy needed by user (ENU) in the ensemble of 21,156 pipes in System #3 were sorted by 

annual energy lost to leakage in descending order. 

e. Energy lost to leakage (ELTL) was calculated by taking the arithmetic average of hourly ELTL values in a pipe over 

the 24-hour diurnal period. 

f. Pipes with the highest energy lost to leakage (ELTL) in the ensemble of 21,156 pipes in System #3 were sorted by 

annual energy lost to leakage in descending order. 

g. Annual energy lost to leakage was calculated by multiplying the leak energy (Eleak indicated in Table 3-1) at the 

downstream node of a pipe over the 24-hour diurnal period and multiplying this daily energy use by 365 days. 
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3.6 Discussion  

Previous research has shown that reducing leakage flow in distribution systems produces a 

corresponding reduction in energy use (Colombo and Karney 2002, 2005). Cabrera et al. (2010) 

found that leak-free systems required less energy per cubic metre of water delivered. Not 

surprisingly, the observations made in System #1 of this chapter corroborate these observations, 

whereby a 50 percent reduction in leakage flow produced a near proportional decrease in energy 

lost to leakage and improved gross and net efficiency and reduced energy lost to friction. 

Additional observations on more realistic and more complex systems are needed to verify that this 

near one-to-one relationship holds for most systems. 

The analysis of Systems #2 and #3 showed that the statistical distribution of energy performance 

of the pipes in these two large systems is bimodal where the majority of pipes have a good energy 

performance (high efficiency, low energy losses) but that an important minority of outlier pipes 

also have a poor energy performance (low efficiency, high energy losses to friction and leakage). 

The research of Dziedzic and Karney (2014) showed an asymmetrical energy performance across 

the Toronto distribution system such that water mains immediately downstream of treatment works 

had higher energy dissipation rates than pipes located further away from treatment plants. The 

results of the current chapter corroborate this previous finding. In all three systems examined, pipes 

near components tended to have low gross and net efficiencies and high energy losses due to 

friction and leakage, while pipes located far away from components had high gross and net 

efficiencies and low friction and leakage losses. Pipes near components that experienced surplus 

pressures generally met the minimum energy needed by the users (ENU > 100 percent) even if 

their ELTL was generally high. However, pipes in lower-pressure regions further away from 
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components generally fell short of meeting the minimum energy needed by the users (ENU < 100 

percent) and showed lower energy losses to leakage.  

The findings of this chapter showed that there is also a strong diurnal variation in energy inputs 

and outputs at the scale of the individual pipe. For all systems examined, the diurnal variation of 

energy efficiency and energy lost to friction in pipes close to components tended to be influenced 

heavily by pumping periods and tank-draining periods when pipe flows and losses were high in 

these pipes. Diurnal variation of energy efficiency and energy lost to friction in pipes located far 

away from components tended to be more influenced by diurnal variation in demand. These pipes 

had a low efficiency and high frictional losses during high-demand periods and high efficiency 

and low frictional losses during low-demand periods. These finding support the previous research 

that showed wide diurnal variations in global energy efficiencies in the Toronto distribution 

system, where low frictional losses and high efficiencies were observed in the night time when 

demand was low (Dziedzic and Karney 2014). 

The results of this study also showed that the new metrics of ELTF, ENU, and ELTL may be 

complementary indicators of energy performance in a pipe to the traditional indicators of average 

unit headloss and pressure head. The results showed that the average unit headloss was on the 

whole more successful than the ELTF metric in identifying pipes with the highest annual energy 

frictional losses. This shows that average unit headloss is still an important measure because it is 

directly tied to the pumping costs borne by a water utility. Nevertheless, the ELTF metric could be 

used to evaluate the contribution of frictional losses relative to energy lost to leakage and energy 

lost at the point of demand in pipes selected for rehabilitation with the average unit headloss 

variable. Arguably, this could help water utilities understand the relative importance of friction in 

the context of other energy losses in their system. 
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The results also suggested that the ENU and ELTL metrics are more successful than pressure head 

in identifying the pipes that have the greatest energy losses to leakage. This is because ENU and 

ELTL account for both flow and pressure head at the point of leakage that drive the mechanical 

energy that exits the system. These results suggest that ENU and ELTL have the potential to be 

good indicators of energy lost to leakage in distribution systems. However, the results of System 

#1 suggest that it is the pipes that have both high pressure and high leakage flow which tend to 

have the highest energy loss to leakage. For this reason, the results of this study suggest that 

pressure head or leakage flow alone are not good indicators of energy lost to leakage. 

While the location of the pipe in the system has been found to have an important influence on 

energy use, there are likely synergistic effects between the proximity to a water source and other 

factors such as pipe diameter, pipe flow, leakage level, unit headloss that work together to 

determine energy performance in a pipe. This chapter did not examine the underlying, combined 

effects of these key factors on the energy performance of pipes.  

In order for the metrics of this chapter to provide an accurate picture of energy performance in 

water mains, a calibrated network model is needed with good pipe data (e.g., wall roughness and 

diameter) and good data on the magnitude and spatial distribution of leakage. It is noted that many 

municipalities in Canada and the US do not have good spatially-disaggregated data on leakage and 

pipe roughness/diameter in their typically large pressure zones. Increasingly, these municipalities 

are quantifying leakage levels and pipe flows by metering small well-defined DMA (district 

metering area) areas that are smaller in size than traditional pressure zones. DMA sectorization 

and flow/leak monitoring is already well-established in European countries and other parts of the 

world and the metrics can be applied with good accuracy in these jurisdictions. 
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3.7 Conclusion 

Previous research has shown the usefulness of energy metrics to examine the global or system-

wide energy performance of water distribution systems (Cabrera et al. 2010; Cabrera et al. 2014a, 

2014b; Dziedzic and Karney 2014) and the balance between inputs and outputs of energy through 

friction and leakage losses. The current chapter offered a complementary approach in the form of 

novel metrics that resolve energy performance at the spatial scale of the individual water main. 

The results of the chapter showed that average unit headloss is on the whole more successful than 

ELTF in identifying pipes with high frictional energy losses, but that the new ENU and ELTL 

metrics are more successful than pressure head in identifying pipes that experience the highest 

energy losses to leakage. These metrics have the potential to assist water utilities in understanding 

the energy performance of unimproved pipes alongside cost, structural and water quality concerns. 

While outside the scope of this chapter, water utilities can potentially leverage this pipe-level 

energy analysis to perform life-cycle costing that compares the cost of pipe rehabilitation against 

the surplus energy cost (from leakage and frictional losses) incurred in a pipe when not 

rehabilitated (do-nothing option) to characterize the payback period of the rehabilitation 

intervention.  
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Chapter 4 Examining the Energy Performance Associated with Typical Pipe 

Unit Headloss Thresholds 

 

4.1 Introduction 

Water utility managers are facing a large water infrastructure funding deficit which poses a 

challenge to continued delivery of safe drinking water in North American water distribution 

systems (Roshani and Filion 2013; Mirza 2007).  Given the backlog of aging and deteriorated 

pipes that require rehabilitation, the resulting loss of capacity and high leakage rates is partly 

responsible for high energy costs and drinking water quality issues (Prosser et al., 2013, Lambert 

et al. 1999; Kleiner et al. 1998; Sharp and Walski 1988). Under pressure to address the deficiencies 

in their water distribution networks as cost effectively as possible, water utilities would benefit 

from understanding which water mains have a low energy performance (Wong et al., 2017; 

Scanlan and Filion, 2017; Filion, 2008). When managing the pipe infrastructure in their systems, 

water utilities often rely on thresholds for unit headloss, leakage rates, criticality and pipe break 

rates in their broader asset management evaluation of whether to rehabilitate or replace water main 

assets (AWWA, 2017). For the case of unit headloss, large-diameter transmission mains (16 

inch/400 mm or greater) that have a headloss greater than 3 m/km (ft/1000 ft), or small-diameter 

pipes (12 inch/300 mm or smaller) that have a headloss over 10 m/km (ft/1000 ft) are typically 

earmarked as pipes of concern (AWWA, 2017). The new insights into the energy performance of 

pipes for a range of unit headloss thresholds discussed in this chapter allow water utilities to 

include energy performance of pipes as an added consideration within their broader asset 

management strategies, alongside and complementary to capital costs of rehabilitation, water 
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quality, pipe break rates, criticality of the asset, and the probability and consequence of pipe 

failure. The inclusion of energy provides a more comprehensive set of considerations with which 

to rank the replacement and rehabilitation priority of water main assets (ISO 55000 2014; Kleiner 

and Rajani 2001; Mukherjee and Narasimhan 1996). 

Previous energy audits of distribution systems have characterized energy relationships in a small 

number of case study systems (Cabrera et al. 2010; Dziedzic and Karney 2014; Cabrera et al. 

2014a, 2014b) however it is unclear whether the patterns observed are transferrable to other 

systems. A large ensemble of systems and pipe data is needed to explore more general relationships 

between measures such as unit headloss and energy performance of water mains so that the results 

can be interpreted with statistical significance across a wide range of system sizes and 

configurations. 

Most energy audits of distribution systems have been performed at the level of entire networks. 

Cabrera et al. (2010) developed a set of network-level energy metrics that consider the energy 

input to a system and energy delivered to the demand nodes with respect to different types of 

energy losses. This comprehensive energy audit provided a useful analytical framework to assist 

water utilities to better understand how far their systems are from an ideal state of energy 

efficiency.  Further, Cabrera et al. (2014a, 2014b) presented additional metrics to examine the 

energy efficiency of pressurized systems to prioritize energy improvement actions. Dziedzic and 

Karney (2014) adapted the metrics of Cabrera et al. (2014a, 2014b) to examine the energy 

dynamics of the Toronto distribution system with respect to water conservation and pressure 

management. While network-level analyses provide insights into the overall energy performance 

of systems, they do not provide information on the energy performance of individual or groups of 

water mains in their unimproved and rehabilitated states. To address this gap, Hashemi et al. (2017) 
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have developed a set of energy metrics that characterize the energy interactions at the spatial 

resolution of individual water mains and applied them to a benchmark system and two large-scale 

distribution systems.  

The intent of this chapter is to build upon the energy audit approaches (Hashemi et al. 2017a; 

Cabrera et al. 2010; Dziedzic and Karney 2014) using a large ensemble of pipes from multiple 

networks to develop new understanding about the energy performance of pipes in the context of 

unit headloss thresholds used in practice to trigger pipe rehabilitation. With a large dataset of pipe 

and network data, it is possible to achieve statistical significance in the results to ensure that the 

results are more broadly applicable than for a single case study. The specific objectives of the 

chapter are to:  

1) Identify cross correlations between pipe characteristics and the energy performance of 

pipes (as represented by energy metrics), examining their universality across different 

types of water distribution systems using a large dataset dataset of over 20,000 water mains 

selected from 17 systems covering a range of sizes, configurations, and topographies; 

2) Further explore the relationship between pipe characteristics and energy performance of 

water mains using regression modelling; 

3) Examine the energy performance of water mains that corresponds to maximum unit 

headloss thresholds used to trigger the rehabilitation of these assets in practice; 

4) Explore the energy performance of water mains for a range of alternative, more stringent, 

maximum unit headloss thresholds and characterize the potential operational energy 

savings and additional pipe rehabilitation requirements associated with these alternative 

threshold levels. 



84 

 

4.2 Methods 

The analysis considers pipe characteristics of roughness (represented by Hazen-Williams 

roughness coefficient, CHW), pipe diameter (D), daily average pressure (Avg. P), daily average 

flow rate (Avg. Q) and average unit headloss. These pipe characteristics were then compared to 

pipe-level energy metrics as described in this section.   

4.2.1 Energy Components in a Pipe 

The balance of energy components that make up the balance of energy along a pipe are as follows 

(Hashemi et al., 2017a): 

supplied delivered ds leak friction localE E E E E E      (4-1) 

where Esupplied = energy supplied to the upstream end of the pipe; Edelivered = energy delivered to the 

user to satisfy demand Qd at piezometric head Hd; Eds = energy that flows out of the pipe to meet 

downstream user demands; Eleak = energy directly lost to leakage; Efriction = friction energy loss 

incurred along the pipe to satisfy demand located at the end of pipe, leakage along the pipe, and 

convey flow in the pipe to satisfy water demand of users located further downstream of the pipe; 

Elocal = local energy corresponding to losses (Hlocal)through valves, appurtenances, and blockages. 

Table 4-1 provides the equations that relate the energy components in Equation (4-1) to pipe flow 

and piezometric head measured in a pipe. 
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Table 4-1 Mathematical definition of energy terms in Equation 4-1 (Hashemi et al., 2017a) 

Energy Terms Mathematical Equations 

Esupplied 
Q Hs t 

Edelivered 
Qd Hd t 

Eds  
Qds Hd t 

Eleak 
Ql Hd t 

Efriction  

K (Qd)

Qd + Ql + Qds ) t 

where Qds = Q - Qd - Ql 

Elocal 
Q Hlocal t

α = 2 in the Darcy-Weisbach formula 

K = pipe resistance  

Δt = the hydraulic time step 
 

4.2.2 Metrics to Evaluate Energy Performance of Pipes 

Four energy metrics first reported in Hashemi et al. (2017a) are used to characterize the energy 

performance of pipes. 

Gross and Net Efficiencies: The gross energy efficiency (GEE) in Equation (4-2) compares the 

energy delivered to the users (to satisfy demand for water) to the energy supplied to the pipe. GEE 

can range between 0 and 100 percent, where a value of 0 percent signifies that none of the 

mechanical energy is delivered to users along that pipe (pipe serves as transmission of energy only) 

and a value of 100 percent means that all the energy is delivered to users along that pipe (effectively 

a dead-end pipe with no further energy conveyed downstream).  Given that demands are allocated 

only to the upstream and downstream nodes of a pipe rather than continuously along its length, for 

practicality GEE is calculated at the downstream node of each pipe at each time step. 
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GEE =
E

delivered

E
supplied

x 100%  (4-2) 

The net energy efficiency (NEE) in Equation (4-3) compares the energy delivered to users along 

the pipe to the net energy in the pipe. Net energy is defined as the energy supplied to the pipe 

minus the energy supplied to users located downstream of the pipe and not directly served by that 

pipe. The maximum value of NEE is 100 percent, where all the energy supplied (exclusively to the 

pipe) is delivered to its users. The minimum value would theoretically be zero percent, where none 

of the energy supplied to the pipe is delivered to its users but in this case, i.e. the flow supplied to 

the pipe is passed entirely downstream and delivered energy is zero, NEE cannot be calculated and 

in this case those pipes were omitted. 

NEE =
E

delivered

E
supplied

- E
ds

x 100%  (4-3) 

Energy Needed by User: The energy needed by the user (ENU) in Equation (4-4) compares the 

energy delivered to the pipe’s users against the minimum energy needed by those users. Ereq is 

calculated based upon required minimum pressure of 30 m, commonly imposed by North 

American water utilities (City of Toronto 2009; Region of Peel 2010). Numerical values of NEE 

above 100 percent indicate excess pressure delivered to the users and values of NEE below 100 

percent indicate a deficit in pressure.  

ENU =
E

delivered

E
req

x 100%  (4-4) 

Energy Lost to Friction: The energy lost to friction (ELTF) in Equation (4-5) compares the energy 

loss from friction at a given flow, which includes demand and leakage, to the net energy in the 

pipe (excluding energy transferred to downstream pipes). This metric provides information on the 

relative magnitude of the friction energy losses in a pipe to the net energy supplied to the pipe.   
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ELTF =
E

friction

E
supplied

-E
ds

x 100% (4-5) 

4.2.3 Evaluation of Energy Metrics with Extended Period Simulation 

The energy metrics in Equations (4-2) to (4-5) were evaluated through extended period simulation 

(EPS) performed with the network model EPANET2 (Rossman 2000). An extended period 

simulation was performed for each system over a 24-hour diurnal period over a typical service day 

under average demand conditions to represent an average annual energy consumption. The hourly 

values of flow and piezometric head in each pipe were extracted to calculate hourly values of the 

energy metrics in Equations (4-2) to (4-5). The hourly values of the energy metrics in Equations 

(4-2) to (4-5) were then averaged throughout the 24-hour diurnal period to calculate a time-

averaged numerical value of the energy metrics. 

4.2.4 Normalization of Data 

Certain parameters such as average pressure and average flow rate can vary by one or two orders 

of magnitude across systems of different sizes and attributes. To compare these parameters fairly 

across systems, the ensemble of data pertaining to these parameters was normalized using Equation 

(4-6), using average pressure used as an example, which results in a scaled value between 0.0 and 

1.0. 

i

i

Pressure - Min(Pressure)
Normalized Pressure =

Max(Pressure) - Min(Pressure)
 (4-6) 

where Pressurei is average pressure in a pipe throughout a day; Max(Pressure) and Min(Pressure) 

are the highest and lowest average pressures in a system throughout a day. A pipe with a 

Normalized Pressure value near 1.0 indicates a high pressure throughout a service day and a pipe 

with a Normalized Pressure value near 0.0 indicates a low average pressure throughout a day. 
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4.2.5 Cross Correlation Analysis 

Cross correlation analysis was used to identify which pipe characteristics and pipe energy 

performance metrics to include in the regression equations to establish the link between the two 

sets of parameters. Specifically, the Spearman rank correlation coefficient was used to identify 

statistically significant cross correlations between pipe characteristics and pipe energy 

performance, as described by the four energy metrics presented in Equations (4-2) through (4-5). 

Spearman’s rank was chosen because it can capture the non-linear relationships between hydraulic 

factors in water distribution systems, by using the ranks of the data rather than the actual values. 

Spearman’s rank correlation coefficient, r, for a sample of n measurements is defined as (Edwards, 

1984): 

2

1

2

6

1
( 1)

n

i
ir

n n

d
 



 (4-7) 

where di = xi-yi, xi and yi are the ranks of the variables Xi (pipe characteristics) and Yi (energy 

metrics values) in ascending order and n is the sample size (number of pipes).  The Spearman rank 

correlation coefficient in Equation (4-7) follows a Student ‘t’ distribution so the Student ‘t’ test 

statistic and its corresponding p-value at the 95% confidence level were used to determine 

statistical significance of correlations between pairs of input parameters (Weiss and Weiss 2012). 

4.2.6 Regression Modelling of Pipe and Energy Parameters 

The results of the correlation analysis were used to identify which pipe and energy performance 

parameters to include in the regression models. An initial analysis of the data revealed that many 

pipe characteristic-energy performance parameter pairs have a complex, non-linear relationship 

that do not follow a monotonic pattern that would be amenable to regression analysis. As an 
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example of this, there is no evident relationship between numerical values of average unit headloss 

against numerical values of NEE. 

To overcome this difficulty, the plotting position of the data on the pipe and energy performance 

parameters over the entire dataset of 20,000 pipe were calculated in order to ascertain the 

monotonic relationship between these parameters while retaining the non-linearity in the data. In 

this chapter, plotting position is defined as the ordinal position of a data point in an ensemble of N 

data points organized in an ascending order. Each numerical value of a parameter is assigned an 

ordinal position of w, with the smallest numerical value assigned w = 1 and the largest numerical 

value assigned w = N. The plotting position is calculated by dividing its ordinal position w by the 

number of data points, N, resulting in plotting position = w / N expressed as a percentile. 

Considering the data on the pipe and energy performance parameters in terms of plotting position 

makes it easier to depict monotonic trends and fit a regression model to the data. As an example, 

this is shown in Figure 4-1 where the plotting positions of average unit headloss and NEE follow 

a monotonic trend.  
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Figure 4-1 NEE Plotting Positions versus Average Unit Headloss Plotting Positions 

 

With the parameters for pipe characteristics and energy performance represented in terms of 

plotting position, regression models of the general form shown in Equation (4-8) were 

constructed:  

 Y(plot position) = a0 + a1 X1 (plot position) + a2 X2 (plot position) + … + an Xn (plot position)               (4-8) 

where Y(plot position) = plotting position of energy performance parameters (e.g., net energy 

efficiency, energy lost to friction); a0, a1,…, an = regression model coefficients; X1 (plot position), …, 

Xn (plot position) = plotting position of pipe parameters (e.g., unit headloss). Using the calculated 

plotting position data on the pipe and energy performance parameters for all N = 20,000 pipes, the 

model coefficients a0 and a1 were determined by simple regression analysis.  
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While the model in Equation (4-8) regresses plotting position of an energy performance parameter 

against the plotting position of one or more pipe parameters, water utilities would be more 

interested in knowing the numerical value of energy performance metrics for given numerical 

values of pipe characteristics such as unit headloss. Given this need, a three-step procedure was 

applied to the regression model results to calculate the numerical value of the energy parameters 

corresponding to specific numerical values of pipe characteristics (e.g., unit headloss). As an 

example, the three-step procedure to calculate a numerical value of net energy efficiency (NEE) 

from an input numerical value of average unit headloss (in m/km) with Equation (4-8) is indicated 

in Figure 4-2. (Note that the parameters of unit headloss and net energy efficiency are used here 

as an example but the procedure applies to all other model parameters.) In the first step, with a 

known numerical value of average unit headloss (denoted as UH1 in Figure 4-2 with units of 

m/km), the cumulative distribution function (CDF) of average unit headloss generated with the 

dataset of 20,000 pipes is used to determine the plotting position (percentile) of average unit 

headloss, or UH (plot position). In the second step, the regression model of Equation (4-8) is then used 

to calculate the corresponding plotting position of the net energy efficiency parameter, or NEE(plot 

position). In the third step, the CDF of NEE is used to transform the plotting position of net energy 

efficiency to the numerical value of net energy efficiency denoted by NEE1 (as a percent of energy 

supplied to the pipe) in Figure 4-2. 
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Figure 4-2 Three-step procedure to obtain NEE1 knowing UH1 

 

4.3 Ensemble of Pipe Data from 17 Distribution Systems 

Pipe and energy data were compiled from a large ensemble of 20,000 pipes across 17 distribution 

systems in Canada and the US to obtain statistically significant results. The data set includes 

systems that are fundamentally varied and different in terms of configuration, pipe age profile, and 

pipe condition.  The diversity of the dataset allows for robust statistical analysis that is more 

representative of the variability of distribution systems than could otherwise be achieved using a 

single case study. The 17 water distribution networks were selected from different North American 

regions including the States of Kentucky and Ohio and the Province of Ontario. These systems are 

either calibrated as they are used by water utilities or equivalent to those encountered in the real 

world as GIS databases and historical demands data are used to develop them (Jolly et al. 2013). 

In the case where a zero value occurs in the denominator for the energy metrics (e.g. where Esupplied 
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=Eds because there is no user demand), pipes are excluded from metrics evaluations (Hashemi et 

al., 2017a) and also from the statistical analyses. The topographical and topological characteristics 

were typical of most systems in the US and Canada (summarized in Table 4-2). These systems 

range from 56 km (35 mi) to 972 km (600 mi) of pipe with average daily water demands between 

3.5 MLD (0.77 MGD) to 69.1 MLD (18.2 MGD) and a variety of topographies with a total ground 

elevation difference from 29 m (95 ft) to 248 m (814 ft). Leakage is not included in the systems 

considered in this study.  Descriptive statistics for the pipe characteristics and energy metrics from 

the dataset of pipes are provided in Table 4-3. Overall, pipe diameters vary from 19 mm (0.75 in) 

to 1200 mm (48 in), with most of the pipes in the dataset having a diameter smaller than or equal 

to 200 mm (8 in).  Average operating pressures ranged from 4 m (13 ft or 5.6 psi) to 80 m (262 ft 

or 113 psi). 
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Table 4-2 Summary of 17 Canadian and US water distribution systems forming the dataset of pipes for analysis. 

Network 
State/ 

Province 

No. Of 

Pipes 

Pipes 

Length 

(Kft)1 

No. Of 

Model 

Nodes 

Max. 

Difference In 

Ground 

Elevation 

(ft) 

No. Of 

Pumps 

No. Of 

Tanks 

Average  

Daily 

Demand 

(MGD)2 

Average Daily 

Pressure 

(Psi)3 

1 ON1 12189 2057 (627) 11177 164 (50) 31 10 18.25 (69.07) 63.45 (44.86) 

2 ON2 405 184 (56) 349 151 (46) 6 3 0.94 (3.54) 66.07 (46.71) 

3 KY1 984 220 (67) 856 121 (37) 1 2 1.99 (7.52) 46.78 (33.07) 

4 KY2 1124 499 (152) 811 95 (29) 1 3 2.09 (7.92) 65.16 (46.07) 

5 KY3 366 299 (91) 271 141 (43) 5 3 4.01 (15.19) 59.07 (41.76) 

6 KY4 1156 853 (260) 959 246 (75) 2 4 1.49 (5.65) 67.92 (48.02) 

7 KY5 496 315 (96) 420 246 (75) 9 3 2.27 (8.58) 61.4 (43.41) 

8 KY6 644 404 (123) 543 315 (96) 2 3 1.64 (6.19) 85.22 (60.25) 

9 KY7 603 449 (137) 481 230 (70) 1 3 1.53 (5.8) 78.25 (55.32) 

10 KY8 1614 810 (247) 1325 443 (135) 4 5 2.46 (9.32) 76.59 (54.15) 

11 KY9 1270 3189 (972) 1242 453 (138) 17 15 1.34 (5.07) 87.98 (62.2) 

12 KY10 1043 1427 (435) 920 315 (96) 13 13 2.16 (8.18) 96.17 (67.99) 

13 KY11 846 1522 (464) 802 814 (248) 21 28 1.75 (6.61) 103.47 (73.15) 

14 KY12 2426 2149 (655) 2347 476 (145) 15 7 1.37 (5.18) 86.89 (61.43) 

15 KY13 940 509 (155) 778 312 (95) 4 5 2.36 (8.92) 71.82 (50.78) 

16 KY14 548 344 (105) 377 213 (65) 5 3 1.04 (3.94) 76.24 (53.9) 

17 OH1 1183 166 (166) 956 328 (100) 15 4 2.68 (10.13) 80.76 (57.1) 
1. Values for SI units are reported in parentheses (m for ft) 

2. Values for SI units are reported in parentheses (MLD for MGD)  

3. Values for SI units are reported in parentheses (m for psi) 
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Table 4-3 Spearman’s rank cross correlation coefficients for all pipe characteristic-energy metric pairs calculated across the 

ensemble of 20,000 pipes 

  

CHW 

D 

(mm) 

Avg. 

P 

(m) 

Avg. 

Q 

(L/s) 

Avg. Unit 

Headloss 

(m/km) 

Hydr. 

Proximity 

(m4/s) 

GEE 

(percent) 

NEE 

(percent) 

ENU 

(percent) 

ELTF 

(percent) 

CHW
1 1.00 -0.19 0.08 -0.04 -0.14 -0.03 0.10 0.06 0.05 -0.10 

D (mm)2 -0.19 1.00 0.00 0.59 0.09 0.57 -0.57 -0.30 -0.01 0.29 

 Avg. P (m)3  0.08 0.00 1.00 -0.08 -0.12 -0.05 0.06 0.10 0.85 -0.10 

 Avg. Q (MLD)4  -0.04 0.59 -0.08 1.00 0.77 0.97 -0.84 -0.85 -0.09 0.80 

 Avg. Unit Headloss5  -0.14 0.09 -0.12 0.77 1.00 0.74 -0.63 -0.88 -0.14 0.82 

Hydr. Proximity (m4/s)6  -0.03 0.57 -0.05 0.97 0.74 1.00 -0.80 -0.82 -0.06 0.77 

GEE (percent)7 0.10 -0.57 0.06 -0.84 -0.63 -0.80 1.00 0.80 0.04 -0.76 

NEE (percent)8 0.06 -0.30 0.10 -0.85 -0.88 -0.82 0.80 1.00 0.10 -0.92 

ENU (percent)9 0.05 -0.01 0.85 -0.09 -0.14 -0.06 0.04 0.10 1.00 -0.07 

ELTF (percent)10 -0.10 0.29 -0.10 0.80 0.82 0.77 -0.76 -0.92 -0.07 1.00 
1. CHW = Hazen-Williams ‘C’ factor  

2. D = Pipe diameter 

3. Avg. P = Average daily pressure of a pipe 

4. Avg. Q= Average daily flow of a pipe 

5. Avg. Unit Headloss = Average daily unit headloss in a pipe (m/km) 

6. Hydr. Proximity = Hydraulic proximity of each pipe 

7. GEE= Gross Energy Efficiency 

8. NEE= Net Energy Efficiency 

9. ENU= Energy Needed by the User 

10. ELTF= Energy Lost to Friction



96 

 

4.4 Results 

4.4.1 Identification of Factors that Drive Energy Performance in Pipes by Cross 

Correlation Analysis 

The cross-correlation analysis considered the six pipe characteristics of roughness (CHW), diameter 

(D), daily average pressure (Avg. P), daily average flow rate (Avg. Q) and average unit headloss 

alongside the four pipe-level energy metrics (GEE, NEE, ENU, and ELTF) across the dataset of 

20,000 pipes. Spearman’s rank correlation coefficients for pipe characteristic-energy metric pairs 

are given in Table 4-4. In this chapter, positive or negative correlation coefficients are deemed 

important if they fall in the range of +0.5 to +1.0 and -0.5 to -1.0 (indicated in bold in Table 4-4).  

The results suggest that GEE is for the most part influenced by flow rate and average unit headloss, 

meaning that higher flows and higher headloss rates tend to decrease the value of GEE.  Similarly, 

NEE is also negatively correlated with flow rate and average unit headloss. Not surprisingly, ENU 

is highly and positively correlated with average pressure, as pressure is an important factor in 

satisfying energy requirements.  ELTF is also highly and positively correlated with flow rate and 

average unit headloss as might be expected given that higher flow rates from high demands or 

proximity to major components can generate higher headlosses and consequently tend to increase 

ELTF in pipes. The cross-correlation coefficient, p-value, and Student ‘t’ test statistic are reported 

in Table 4-4 for the significant cross correlation pairs, all of which were found to be statistically 

significant at the 95% confidence level. 
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Table 4-4 Spearman’s rank cross correlation coefficient, p-value, and Student ‘t’ test statistic for all pipe factor-energy metric pairs 

calculated across the ensemble of 20,000 pipes 

Metric Avg. Q1 Avg. Unit Headloss 2 Hydraulic Proximity3 Avg. Pressure4 

 r5 p-value 
Student 

‘t’ 
r p-value 

Student 

‘t’ 
R p-value 

Student 

‘t’ 
r p-value 

Student 

‘t’ 

GEE6 -0.84 0.0010 214 -0.63 0.00 -114 -0.80 0.00 184 N/A N/A N/A 

NEE7 -0.85 0.00 227 -0.88 0.00 -260 -0.82 0.00 200 N/A N/A N/A 

ENU8 N/A11 N/A N/A N/A N/A N/A N/A N/A N/A 0.85 0.00 -221 

ELTF9 0.80 0.00 -181 0.82 0.00 194 0.77 0.00 -167 N/A N/A N/A 
1. Avg. Q = Average daily flow of a pipe 

2. Avg. Unit Headloss = Average daily unit headloss in a pipe 

3. Hydraulic Proximity = Hydraulic proximity of each pipe 

4. Avg. Pressure = Average daily pressure of a pipe 

5. r = Spearman’s rank correlation coefficient 

6. GEE = Gross Energy Efficiency 

7. NEE = Net Energy Efficiency 

8. ENU = Energy Needed by the User 

9. ELTF = Energy Lost to Friction 

10. p-values are rounded to two decimal places  
11. N/A = Not Analyzed for the case
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4.4.2 Energy Performance of Water Mains for Typical Maximum Unit Headloss 

Thresholds 

Cumulative distribution functions (CDFs) of average unit headloss, NEE and ELTF were 

determined (Figure 4-3) with the data from the ensemble of 20,000 pipes. The CDF of average 

unit headloss in Figure 4-3 shows that over 90 percent of pipes have a unit headloss below 1 m/km.  

Similarly, over 90 percent of pipes have an ELTF below 6 percent.  The CDF of NEE in Figure 4-

3 shows that only 20 percent of pipes have an NEE less than 98.3 percent. 

 

Figure 4-3 CDF of average unit headloss NEE and ELTF 

 

The cross-correlation analysis suggests that both NEE and ELTF are strongly related to pipe flow 

and average unit headloss. However, because water utilities often rely on unit headloss to make 

decisions about pipe rehabilitation, the regression models developed to link the commonly applied 

maximum unit headloss thresholds used to trigger the rehabilitation of water mains in practice 
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(AWWA, 2017) with the energy performance of water mains as described by NEE and ELTF are 

also informative.  These regression models were used to examine the energy performance of water 

mains that correspond directly to typical maximum unit headloss thresholds as well as to explore 

the impact of additional, more stringent, unit headloss thresholds. 

The resulting regression model in Equation (4-9) explains the plotting position of NEE with respect 

to the plotting position of average unit headloss. Similarly, the regression model in Equation (4-

10) explains the plotting position of ELTF with respect to the plotting position of average unit 

headloss. 

2
(plot position) (plot position)=17946 0.88 Unit Headloss ( 0.78)NEE R    (4-9) 

2
(plot position) (plot position)= 1762 0.82Unit Headloss ( 0.66)ELTF R   (4-10) 

where NEE(plot position) = plotting position of the NEE expressed as a percentile of the 20,000 pipes 

in the dataset;  ELTF(plot position) = plotting position of the ELTF expressed as a percentile of the 

20,000 pipes in the dataset; UnitHeadloss(plot position) =  plotting position of the average unit headloss 

expressed as a percentile of the 20,000 pipes in the dataset. 

The regression models in Equations (4-9) and (4-10) are shown on Figures 4-4 and 4-5 for NEE 

and ELTF, respectively, as solid lines, with dashed lines representing the 95% confidence limits. 

Confidence limits are calculated by using the following equation: 

( )1



    m

XX

X X
Y Y t SE

n SS   (4-11) 

where Y is predicted NEE or ELTF including 95% confidence tolerance around predicted values 

by the regression model, Y is predicted NEE or ELTF, tα is two tailed student’s ‘t’ test result, SE is 

standard error, n is the sample size, X is unit headloss plot position for each pipe, Xm is the average 
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value of unit headloss plot position and SSxx is sum of the squares of deviation. Therefore, by 

plotting X as the component including Y and variations in predictions of Y (the last term on the 

right hand side of the equation) against unit headloss levels on x-axis, confidence limits are 

retrieved, as shown in Figures 4-4 and 4-5. Plus sign on the right hand side is used for upper limit 

and the minus for lower limit. The reason that the confidence bands seem narrow is because of 1) 

the high number of data points (20,000 pipes) and high statistical reliability, 2) close captioning 

on the regression line where band is even tighter, and 3) scaling of the x and y-axes as a result of 

showing plot positions of the ranks on these axes. 

The numerical values of average unit headloss, NEE, and ELTF in Figures 4-4 and 4-5 are provided 

in call-out boxes next to the x- and y-axes.  For example, using the procedure from Figure 4-2, it 

can be determined that a value of average unit headloss of 10 m/km, which corresponds to the 99th 

percentile plotting position of average unit headloss, equates to the 7th percentile plotting position 

of net energy efficiency (NEE) in Figure 4-4.  From Figure 4-3, the 7th percentile NEE is shown to 

be equivalent to a numerical value of 74.6 percent net energy efficiency.   



101 

 

 

Figure 4-4 Regression line of NEE plotting position versus average unit headloss plotting 

position 

 

The regression models were used to explore the energy performance of water mains in terms of 

NEE and ELTF for average unit headloss thresholds ranging from 10 m/km to 1 m/km.  Thresholds 

of 10 m/km (for distribution mains) and 3 m/km (for transmission mains) are typically used to 

trigger pipe rehabilitation in practice (AWWA, 2017). The results in Figure 4-4 show that the 

values of unit headloss for the range bracketed by 10 m/km and 1 m/km correspond to NEE of 74.6 

and 94.5 percent, respectively.  Further, these values of NEE correspond to the 7th and 13th 

percentiles within the 20,000 pipe dataset, respectively. For ELTF (Figure 4-5), unit headloss 

values of 10 m/km or 1 m/km correspond to ELTF of 6.4 and 1.9 percent, respectively. These 

levels of ELTF correspond to 90th and 84th percentile of the 20,000 pipes in the dataset. 
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Figure 4-5 Regression line of ELTF plotting position versus average unit headloss plotting 

position 

 

The regression models of Equations (4-9) and (4-10) were also used to explore additional 

maximum unit headloss thresholds for pipe rehabilitation and their corresponding levels of energy 

performance with respect to NEE and ELTF. Figure 4-4 indicates that the unit headloss thresholds 

of 0.75 m/km and 0.25 m/km correspond to NEE values of 96.7 and 99.4 percent, respectively. 

These NEE values are situated in the 16th and 29th percentiles of the pipe ensemble (Figure 4-4). 

The analysis was repeated to examine the levels of ELTF associated with these additional unit 

headloss threshold values. Figure 4-5 shows that unit headloss thresholds of 0.75 m/km and 0.25 

m/km correspond to ELTF values of 1.4 and 0.3 percent, respectively. These ELTF values are 

situated in the 82nd and 70th percentiles of the pipe ensemble. 
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The annual energy losses in the 20,000-pipe ensemble associated with the unit headloss thresholds 

used in practice were examined and are indicated in Figure 4-6. The x-axis in this figure indicates 

the unit headloss threshold levels examined in this chapter. The y-axis indicates: 1) the annual 

energy loss in the targeted pipes (in megawatt-hours) for selected unit headloss thresholds, 2) the 

number of pipes that would be targeted for rehabilitation at the given headloss threshold (expressed 

as a percentage of the group of pipes that have a headloss greater or equal to the specified unit 

headloss threshold), and 3) the value of NEE and ELTF that relate to the specified unit headloss 

value on the x-axis. The targeted annual energy losses in Figure 4-6 were based on an entire year 

of average distribution system operation and represent the energy lost for all pipes that have 

headloss greater than or equal to the specified threshold. The targeted annual energy loss is used 

here as an indicator of potential energy savings achievable by rehabilitating pipes with a headloss 

greater or equal to the average unit headloss thresholds reported in Figure 4-6. The results 

demonstrate that for the unit headloss thresholds of 10 m/km, 1.1% of pipes exceed the threshold 

and their rehabilitation would represent an energy savings of 61.9 MWh.  By contrast, if a threshold 

of 1 m/km were selected, 8.3% of pipes would targeted for rehabilitation for an energy savings of 

65.7 MWh. 
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Figure 4-6 Annual energy losses for different average unit headloss thresholds and energy 

efficiency levels 

 

The results in Figure 4-6 indicate that the additional unit headloss thresholds of 0.75 m/km and 

0.25 m/km would trigger a larger number of candidate pipes for rehabilitation (11.0% to 26.1% of 

the 20,000 pipe dataset), with targeted annual energy losses avoided of 66.2 to 67.4 MWh. The 

implications of these results for energy savings and capital infrastructure expenditures are 

discussed in the following section.  

4.5 Discussion 

In a recent study, Dziedzic and Karney (2014) showed that water mains located in close proximity 

to treatment plants experience higher energy losses compared to those located further away. The 

cross-correlation results of this chapter corroborated those previous findings by showing that both 
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NEE and ELTF are strongly related to pipe flow (that is perceived to be higher in close proximity 

of major components of a system) and average unit headloss.  While ELTF and unit headloss are 

closely related, their behaviour is not exactly identical, as can be seen in the CDFs in Figure 4-3, 

particularly in the low (< 1 m/km) and to some extent in the high (> 9 m/km) ranges.  Thus there 

is a role for energy metrics, alongside traditional pipe characteristics and thresholds such as 

maximum unit headloss, in understanding the energy dynamics within water distribution systems 

at the individual pipe level. Even though unit headloss has been shown to be closely related to the 

energy metrics through the statistical analyses, the advantage of these metrics is the combination 

of piezometric head and flow terms to explain energy performance in ways that cannot be fully 

explored by unit headloss alone (Hashemi et al., 2017a).  

The results (Figure 4-6) show that just over 8 percent of pipes in the 20,000-pipe ensemble have a 

unit headloss that exceeds a 1 m/km threshold, and only 3.2 percent of pipes exceed the 3 m/km 

threshold often used in practice to trigger pipe rehabilitation (AWWA, 2017).  This result is 

consistent with the fact that distribution systems are designed to minimize the number of pipes 

performing with unit headloss beyond that threshold.  Replacing roughly 8 percent of pipes, 

assuming an average length of 1,000 m with an average replacement cost of $2,310/m would result 

in a capital expenditure of $3.8 billion (RSMeans, 2015).  This replacement would recoup energy 

losses on the order of 65.7 MWh with an energy cost savings of $6,570/year, based on electricity 

prices for Ontario (MOE, 2013).  Reducing the unit headloss threshold to a more stringent 

threshold of 0.25 m/km would increase the percentage of pipes in need of replacement from 8.3 to 

26.1 percent, based on the results for this 20,000 pipe dataset, with a corresponding estimated 

capital expenditure of $8.1 billion (RSMeans, 2015) and an annual energy savings of $6,740/year 

(MOE, 2013).  Clearly the energy cost savings alone would not justify the expenditure for 
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replacement but as low-carbon trends continue, the potential savings from greater efficiency in 

water distribution should not be completely ignored.  

The use of energy metrics to explore distribution system performance and efficiency provides a 

new perspective, particularly when examining a sufficiently large dataset of pipes as was done in 

this study.  Within this ensemble, it was confirmed that over 90 percent of pipes have a unit 

headloss below 1 m/km and a similar quantity of pipes have an ELTF below 6 percent, which 

demonstrates a good current efficiency for existing distribution systems with respect to friction 

losses.  This efficiency likely owes its existence more to oversizing for fire flow requirements in 

North America than to energy concerns.  However, this result reinforces the need for water utilities 

to seek out the few pipes (3.2% or 1.1%, for the 3 m/km and 10 m/km thresholds, respectively, in 

this case) that are contributing to higher energy losses in distribution systems and therefore 

provides a strong motivation to develop metrics, techniques, and strategies for their identification.  

Given the high cost of pipe replacement and rehabilitation, the widest range of available 

information should be included in decisions to identify and prioritise distribution system 

interventions. 

Furthermore, the spread in energy performance across the large dataset of pipes used for this study 

can serve as a benchmark for comparison for other water utilities.  An examination of the CDF for 

energy metrics provides a greater level of detail than system-wide metrics can deliver.  Considering 

the pipes with unit headloss greater than 10 m/km, these pipes represent the 90th percentile with 

respect to ELTF and the 7th percentile with respect to NEE.  While the values of NEE for the high 

unit headloss pipes are among the lowest in the dataset, these pipes are not purely transmission 

pipes but are also delivering flow to users (otherwise NEE could not be calculated for them).  
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The absence of leakage data for several systems precluded the analysis of the pipe energy 

performance linked to leakage rate for this study. While difficult in practice, future work should 

ideally include a sufficiently large dataset of pipes with leakage data to derive new knowledge on 

the relationship of leakage level to energy performance. 

4.6 Conclusions 

This study examined the relationships between pipe characteristics and the energy performance of 

pipes.  By performing a statistical analysis on a large ensemble of pipes from a variety of water 

distribution systems, the results can be considered as more broadly representative than for a single 

case study system and can serve as a benchmark for comparison by other utilities.  The application 

of this statistical approach showed that maximum average unit headloss threshold levels used in 

practice are generally targeting pipes with low energy performance but that additional energy 

savings could be achieved, albeit at a high cost for pipe replacement, if headloss thresholds were 

stricter. Linking the energy performance of water mains to traditional headloss thresholds has the 

potential to widen the range of information available to water utility managers in making water 

main rehabilitation decisions. It is believed that the proposed method could be integrated within a 

bigger asset management decision framework that considers risk assessment, criticality of asset, 

water quality, and pipes breaks to improve asset management decision making. 
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Chapter 5 Identification of Factors that Influence Energy Performance in 

Water Distribution System Mains 

 

5.1 Introduction 

Water main aging and deterioration tends to evolve in lockstep with a loss of hydraulic capacity, 

an increased leakage, and a higher pumping energy requirement in a water distribution system 

(Roshani and Filion, 2013; Rajani and Kleiner, 2001; Kleiner and Rajani, 2001; Engelhard et al., 

2000; Lansey et al., 1992). There are a number of factors such as operating pressure, topographical 

elevation that are known to have a large impact on the energy performance of water mains and 

water distribution systems in general (Scanlan and Filion, 2017). Often, detailed hydraulic 

modelling and/or optimization are needed to fully ascertain the extent to which changes in 

hydraulic parameters will change the energy use in distribution systems. Unfortunately, advanced 

energy modelling and optimization are not extensively used in engineering practice nor do most 

water utilities have the resources to perform these analyses to characterize the energy performance 

of their systems. Further, the large number of variables in distribution system operation is an 

important barrier that makes it difficult for water utility managers to gain a clear picture of how 

system operations and the state of deterioration of pipes act together to affect the energy 

performance of water mains and their systems.  

Previous studies that have considered energy issues in distribution systems have only examined a 

few case study systems in an ad hoc fashion. Pelli and Hitz (2000) developed energy indicators to 

relate system-wide energy efficiency to pump efficiency and reservoir location, without 

considering leakage impacts. Cabrera et al. (2010) presented a set of metrics to characterize the 
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system-wide energy performance that includes losses to friction, leakage, and overpressure. These 

energy metrics provided a useful set of tools to help water utility managers better understand how 

far their systems were from an ideal energy-efficient state but fall short of being able to identify 

individual pipes that would be problematic. Building upon their earlier work, Cabrera et al. (2014) 

presented additional metrics to assess the energy efficiency of a pressurized system and procedures 

to prioritize interventions on a system-wide basis. Dziedzic and Karney (2014) examined the 

energy dynamics of groups of pipes and pumps in the Toronto distribution system. While these 

researchers also solved the energy balance to examine the frictional losses in individual pipes of 

the Toronto system, they did not examine the efficiency, leakage, and other energy characteristics 

of these pipes. The results of these previous studies pertain specifically to the specific distribution 

systems examined and it is an open question as to whether these results are transferrable to a wide 

cross section of real, complex systems. 

To address this problem, this research has focused on applying the tools of statistical analysis to 

large datasets spanning multiple systems to examine the relationships between pipe and hydraulic 

parameters and energy performance. What motivates the use of large datasets and this statistical 

approach is that the ensuing results have statistical significance and are transferrable across a wide 

cross section of large, complex distribution systems (Hashemi et al., 2018a). The knowledge 

gleaned from this research can be used by water utilities to identify water main assets with 

threshold levels that lead to low energy performance without having to resort to advanced water 

distribution and energy modelling and optimization techniques.  

The aim of this chapter is to build on the work of Hashemi et al. (2018a) to identify the hydraulic 

parameters that have the largest impact on the energy performance of water main assets in 

distribution systems. The chapter answers three research questions:  



113 

 

1) What hydraulic parameters have the largest influence on describing the variance of the 

energy performance for water mains data in distribution systems?  

2) What combinations of hydraulic parameters can better distinguish highly efficient water 

mains from those with low efficiency?  

3) How aligned are the simplified rehabilitation approaches, for example those based on pipe 

age or break rate, with energy efficiency in water mains? 

A statistical approach will be taken to address these three research questions. The chapter will 

apply principal components analysis (PCA) to an ensemble of 40,000 water mains across 18 water 

distribution systems. The choice to use PCA in this chapter is motivated by two challenges: first, 

the high dimensionality (numerous pipe and hydraulic parameters) of the dataset makes it difficult 

to visualize and identify what parameters drive energy use. Second, the dataset comprises 40,000 

number of data points (40,000 water mains across 18 systems) so the large number of data points 

requires advanced statistical techniques to fully explore. PCA is a proven technique that is able to 

simplify a large dataset and identify the most influential parameters that drive energy use in 

distribution systems. Thus far, there has been little research that has deployed statistical techniques 

like PCA to examine the energy dynamics of water mains with a large set of data on pipes across 

numerous systems. 

The new knowledge created in this chapter has the potential to help water utilities perform a 

screening-level identification of groups of pipes that are likely to have a low energy performance 

and follow up with targeted condition assessment and hydraulic modelling to further examine the 

energy performance of pipes and their candidacy for rehabilitation. 
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5.2 Methods 

5.2.1 Pipe-Level Energy Metrics 

The pipe-level energy metrics developed by Hashemi et al. (2017a) were used in conjunction with 

PCA to examine the relationship between pipe and hydraulic parameters (e.g., average flow (Ave 

Q), pipe roughness (CHW), pipe diameter (D), average unit headloss (UH), presssure (P), elevation 

(Elv) and hydraulic proximity to major components) and energy use in water mains of distribution 

systems (See Table 5-1). The pipe-level metrics and their parameters are defined in Equations (5-

1) through (5-5). The reader can refer to Hashemi et al. (2017a) to obtain more details on these 

pipe-level metrics.  
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where GEE = gross energy efficiency (Equation 5-1) compares the energy delivered to the users 

serviced by a pipe (Edelivered) to the energy supplied to that pipe (Esupplied). Each energy components 

are defined in Table 5-1. NEE = net energy efficiency (Equation 5-2) compares the energy 

delivered to users serviced by a pipe (Edelivered) to the net energy in that pipe (Esupplied - Eds), where 

net energy is the energy supplied to the pipe minus (Esupplied) the energy supplied to users located 

downstream of the pipe and not directly serviced by the pipe (Eds). ENU = energy need by user 

(Equation 5-3) compares the energy delivered to the users serviced by a pipe (Edelivered) against the 
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minimum energy needed by those users (Eneed). The minimum energy by a user is defined as Eneed 

=  Qmin Hmin t and is a function of the minimum water use needed by users (Qmin) and the 

minimum pressure head required to deliver acceptable water service to users (Hmin). ELTF = 

energy lost to friction (Equation 5-4) compares the magnitude of friction loss in the pipe (Efriction 

to satisfy the demand and leakage at the end of the pipe, and demands downstream of the pipe) to 

the net energy supplied to the pipe (Esupplied - Eds). ELTL = energy lost to leakage (Equation 5-5) 

compares the sum of the energy lost directly to leakage and the frictional energy loss along the 

pipe required to meet the leakage flow, Ql, at the end of the pipe or Eleak + Efriction(leak) relative to 

the net energy supplied to the pipe.  

Table 5-1 Summary of energy components and metrics by Hashemi et al. (2017a)  

Item  Definition 

Esupplied Energy supplied to the upstream end of the pipe 

Edelivered Energy delivered to the user to satisfy downstream demand Qd at pressure head Hd 

Eds Energy flowing out of the pipe to meet downstream user demands 

Eleak Energy directly lost to leakage 

Efriction Friction energy loss incurred along the pipe 

Elocal Local energy losses through valves, appurtenances, and blockages 

Eneed Energy needed/required by the downstream node according to standards 

Efriction (leak) Friction energy loss incurred along the pipe as a result of leakage 

GEE Gross Energy Efficiency 

NEE Net Energy Efficiency 

ENU Energy Needed by User 

ELTF Energy Lost to Friction 

ELEL Energy Lost to Leakage 

Proximity Hydraulic proximity to major components of the network based on pressure head 

and pipe flow  

Q Pipe flow (m3/s) 

Hs Head supplied at the upstream node of a pipe 

5.2.2 Principal Components Analysis (PCA) 

The multivariate analysis of a considerable number of energy indicators and hydraulic factors (a 

high-dimensional problem) makes PCA a pertinent tool to reduce the dimensionality of a dataset.  
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Using PCA makes it possible to identify what parameters account for most of the variance and 

scatter in the original dataset (Jolliffe, 1986; Krzanowski, 1988). In this way, PCA makes it 

possible to visualize a large dataset and identify what pipes and groups of pipes possess 

combinations of characteristics that lead to low energy performance.  

PCA essentially builds on a correlation matrix to visualize and explore patterns or relationships 

not captured by correlation analysis. Principal Components (PCs) are linear combination of 

Eigenvalues of the correlation matrix of the statistical ranks of hydraulic parameters and energy 

metrics (Hashemi et al., 2018a). They are therefore, orthogonal and not correlated. Each data point 

(pipe) will be assigned a score on the PCs, hence the dataset along these PCs shows the most 

variance/scatter. This will distinguish pipes or groups of pipes from each other as the point of 

interest in this chapter. The first few PCs, corresponding to the larger Eigenvalues of the 

correlation matrix, describe most of the variance in the dataset and are statistically sufficient to 

describe the variance of the data.  

5.2.3 PCA Mono-plots and Bi-plots 

A “mono-plot” is the representation of the hydraulic factors and energy metrics on the orthogonal 

axes of the first two PCs. Hydraulic factors or energy metrics with high scores on either axes of 

the mono-plot tend to be more influential on the variance of the dataset. Parameters that track 

closely together have similar effects on the dataset, while parameters that diverge from one another 

have a different influence on the dataset. Moreover, the original observations in the dataset can be 

presented in a “bi-plot” by transforming their original values into new PC coordinates, as described 

in Equation (5-6): 
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   i j i 1 n j
(pipe score) pipe × PC

n 
  (5-6) 

where (pipei score)j is the score of pipei on the jth PC, [pipei]1×n is the vector on the ith row on the 

matrix of pipes including the ranks of all n hydraulic variable values for pipei and [PCj]n×j  is the 

Eigenvector corresponding to the jth largest Eigenvalue (the jth PC), including the scores of all n 

hydraulic parameters. Therefore, each pipe or observation will be assigned one value on each of 

the new directions or PCs, which makes the visualization of the observation on the 

new/transformed coordinate system possible. Clusters of pipe scores on the PCA bi-plot can 

distinguish data groups with similar characteristics. The formation of clusters can help identify the 

factors that have the most impact on the similarities or dissimilarities in the observations. 

5.3 Application of Multivariate Statistical Analyses in Large WDSs 

To yield robust results in statistical analysis, this chapter required a benchmarking dataset 

representative of the wide variety of characteristics such as configuration, pipe conditions and age 

profile, found in different water distribution systems. Eighteen distribution networks, therefore, 

were selected from different areas in North America (Kentucky, USA (Jolly et al., 2013), Ohio, 

USA (Prosser et al., 2013; Wong et al., 2017), and Ontario, CA). This large dataset includes over 

40,000 pipes. Seventeen of these systems comprise almost 20,000 pipes without information 

available on leakage (the non-leaky ensemble), while one system comprises approximately 20,000 

pipes that include leakage for each pipe as estimated by a robust field measurement campaign (the 

leaky ensemble). The results of multivariate statistical analyses of the networks with and without 

leakage were also juxtaposed to understand the importance of considering leakage in the energy 

dynamics of WDSs. The characteristics of these WDSs are summarized in Table 5-2. To obtain 

hydraulic outputs of the distribution systems, EPANET2.0 network models were used (Rossman, 



118 

 

2000). EPANET2.0 hydraulic outputs were then retrieved by a code in Visual Basic 6.0 to evaluate 

energy metrics. Lastly, MatlabR15 was used to perform matrix algebra calculations to obtain 

mono-plots and bi-plots (Mathworks, 2015). 

Table 5-2 Summary of characteristics of 18 North American WDSs 

Network State/ 

Province 

No. of 

Pipes 

Pipes 

Length 

(km) 

No. of 

Model 

Junctions 

Difference 

in 

Elevations 

(m) 

No. of 

Pumps 

No. of 

Tanks 

Average  

Daily  

Demand 

(MLD) 

Average 

daily 

pressure 

(m) 

1 ON1
a 12189 627 11177 50 31 10 69.07 44.86 

2 ON2 405 56 349 46 6 3 3.54 46.71 

3 KY1
b 984 67 856 37 1 2 7.52 33.07 

4 KY2 1124 152 811 29 1 3 7.92 46.07 

5 KY3 366 91 271 43 5 3 15.19 41.76 

6 KY4 1156 260 959 75 2 4 5.65 48.02 

7 KY5 496 96 420 75 9 3 8.58 134 

8 KY6 644 123 543 96 2 3 6.19 60.2 

9 KY7 603 137 481 70 1 3 5.80 55.32 

10 KY8 1614 247 1325 135 4 5 9.32 54.15 

11 KY9  1270 972 1242 138 17 15 5.07 94 

12 KY10  1043 435 920 96 13 13 8.18 68 

13 KY11  846 464 802 248 21 28 6.61 97.11 

14 KY12 2426 655 2347 145 15 7 5.18 111 

15 KY13  940 155 778 95 4 5 8.92 50.78 

16 KY14  548 105 377 65 5 3 3.94 53.9 

17 OH1
c 1183 166 956 100 15 4 10.13 57 

18 OH2 
d  27231e 5500 19618 154 28 27 531.49 53 

a. ON= Ontario  

b. KY= Kentucky  

c. OH= Ohio 

d. OH2 system includes total leakage equivalent to 8% of the total daily demand for nodes 

e. Not all the pipes in all systems participate in the statistical analysis 
 

5.4 Results  

5.4.1 Hierarchical Importance of Parameters in Energy-Based Decision Making 

Non-Leaky ensemble:  PCA for non-leaky systems includes 11 variables, including both hydraulic 

parameters as well as energy metrics, summarized in correlation matrix (Table 5-3). Figure 5-1 

indicates the corresponding contribution of each PC, based on the 11 Eigen values of the 
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correlation matrix in Table 5-3. According to Figure 5-1, in the non-leaky ensemble, the first two 

PCs describe almost 65% of the variance in the data (47.3% and 16.9% respectively), with the 

other nine PCs account for 35% of the variance in the data. Hence, the first two PCs are selected 

to compress and visualize the pipe dataset in a two-dimensional space.  
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Table 5-3 Correlation matrix of energy metrics and pipe hydraulic factors (Hashemi, 2018a) 

 CHW 
D 

(mm) 

P 

(m) 

Avg. Q 

(L/s) 

Avg. Unit 

Headloss 

(m/km) 

Prox 

(m4/s) 

Elv. 

(m) 

GEE 

(percent) 

NEE 

(percent) 

ENU 

(perce

nt) 

ELTF 

(perce

nt) 

CHW
1 1 -0.20 0.05 0.05 -0.13 0.05 -0.10 0.11 0.06 0.05 -0.10 

D (mm)2 -0.20 1 -0.07 0.53 0.09 0.55 0.26 -0.57 -0.30 -0.01 0.29 

P (m)3 0.05 -0.07 1 -0.02 -0.08 -0.05 -0.24 0.10 0.08 0.66 -0.10 

Avg. Q (MLD)4 0.05 0.53 -0.02 1 0.73 0.96 0.16 -0.75 -0.81 -0.13 0.73 

Avg. Unit Headloss 

(m/km)5 
-0.13 0.09 -0.08 0.73 1 0.69 0.10 -0.64 -0.88 -0.14 0.82 

Prox (m4/s)6 0.05 0.55 -0.05 0.96 0.69 1 0.18 -0.73 -0.78 -0.08 0.71 

Elv. (m)7 -0.10 0.26 -0.24 0.16 0.10 0.18 1 -0.09 -0.08 -0.41 0.06 

GEE (percent)8 0.11 -0.57 0.10 -0.75 -0.64 -0.73 -0.09 1 0.80 0.04 -0.76 

NEE (percent)9 0.06 -0.30 0.08 -0.81 -0.88 -0.78 -0.08 0.80 1 0.10 -0.92 

ENU (percent)10 0.05 -0.01 0.66 -0.13 -0.14 -0.08 -0.41 0.04 0.10 1 -0.07 

ELTF (percent)11 -0.10 0.29 -0.10 0.73 0.82 0.71 0.06 -0.76 -0.92 -0.07 1 

1. CHW = Hazen-Williams ‘C’ factor  

2. D = Pipe diameter 

3. P = Average daily pressure of a pipe 

4. Avg. Q= Average daily flow of a pipe 

5. Avg. Unit Headloss = Average daily unit headloss in a pipe 

6. Prox = Hydraulic proximity of each pipe to major components such as elevated storages and/or pump stations  

7. Elv= Arithmetic Average of upstream and downstream nodes of a pipe 

8. GEE= Gross Energy Efficiency 

9. NEE= Net Energy Efficiency 

10. ENU= Energy Needed by the User 

11. ELTF= Energy Lost to Friction 
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Figure 5-1 Contribution of each PC in the non-leaky ensemble 

 

The mono-plots presented in the next section are a visual expression of the importance of hydraulic 

parameters and metrics with regard to the first two PCs in both non-leaky and leaky (in a similar 

fashion) ensembles. Figure 5-2 shows the mono-plot for the non-leaky ensemble. The x-axis 

represents PC1, describing the most variation in the pipe dataset (47.3%). The y-axis represents 

PC2, describing the second most variation in the data (16.9%). According to Figure 5-2, GEE and 

NEE track closely, meaning that higher values for one result in higher values for the other as well. 

The PC1 values for these two parameters suggest that they are more influential in describing 

variance than parameters such as CHW, diameters and Elv. On the other hand, ELTF, Average flow 

(Ave. Q), headloss and proximity are clustered together. This not only means that they have similar 

effects on pipes, but also that high values of these parameters result in lower values of GEE and 
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NEE. It is also noted that all parameters of GEE, NEE, ELTF, proximity, Ave Q and headloss are 

well represented with regard to PC1, as their respective vectors are first, much larger compared to 

parameters such as CHW and diameter and second, closely aligned with the PC1 axis. 

 

Figure 5-2 Mono-plot of variables of interest in the non-leaky ensemble 

 

Moreover, along the PC2 axis, ENU and Pressure (P) are clustered together and have high vector 

magnitudes compared to other parameters. Therefore, it can be inferred that these two vectors are 

highly correlated/aligned to each other, and that they have higher importance compared to D and 

CHW. However, ENU and P have lower importance or influence compared to those with higher 

values along the PC1 axis (ELTF, GEE, NEE, headloss, etc.). This is mainly because PC2 describe 

less variance (16.9%) compared to PC1 (47.3%).  
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The CHW and D vectors are not situated close to any other parameters or to each other, which means 

that they will not affect the dataset in the same way as the other parameter. Also, these vectors are 

not well represented on either the PC1 or PC2 axes, both in their magnitude and in their direction, 

which explains less importance in the variance of the ensemble. The Elv vector points away from 

other parameters, implying that it has a different effect on the variance of the pipe dataset. It can 

also be inferred that higher elevations cause lower pressure, since the Elv and P vectors point in 

opposite directions.  

The Ave Q and unit headloss vectors point in a similar direction and in the opposite direction of 

the GEE and NEE vectors. From a hydraulic standpoint, this implies that an increase in Ave Q 

and/or unit headloss in a pipe causes a decrease in GEE, NEE. Moreover, P closely tracks with 

ENU, confirming that pressure directly influences energy surplus or deficit in a pipe. The 

correlation matrix in Table 5-3 (Hashemi et al., 2018a) also indicates no relationship between these 

two groups of parameters, supporting the results shown in Figure 5-2, where the two groups (P 

and ENU versus GEE, NEE and Ave Q) do not track closely.  

Leaky ensemble of pipes: Figure 5-3 shows the mono-plot for the leaky ensemble (indicated as 

system OH2 in Table 5-2 as the largest distribution network). PCA for this includes the same 

variables as in the non-leaky ensemble plus daily leakage and ELTL, which comes to the total of 

13 variables as opposed to 11 in the leak-free ensemble. Even though the percentage of leakage in 

this system is fairly small (almost 8%), Figure 5-3 shows slightly different results to those of Figure 

5-2 which could illustrate the importance of considering leakage. As shown by the axes, PC1 

describes 36.5% and PC2 20% of the variance. The sum of these contributions is slightly smaller 

compared to that of the previous mono-plot mainly because more parameters (including daily 

leakage and ELTL) are now included in the PCA, which makes each parameter less descriptive 
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with regard to the total variance in the ensemble. According to Figure 5-3, influential parameters 

are GEE, ELTF, proximity, Ave Q and headloss as they all hold comparatively higher scores along 

PC1 (above absolute values of 0.3 to 0.4 on both axes). Diameter is now more influential and closer 

to the cluster of ELTF, headloss, proximity, and Ave Q compare to the non-leaky ensemble results. 

This difference in the relative importance of the parameters may emphasize the importance of 

considering leakage and larger networks. Further, ELTL, leakage and NEE are the next most 

influential vectors, with high PC2 scores (absolute value over 0.40). Elv in the leaky ensemble is a 

fairly important parameter compared to CHW, pressure, and even ENU, because of the length of the 

corresponding vector in Figure 5-3. As in the results for the non-leaky ensemble, CHW is a less 

important parameter – its vector points away from other parameters and has a small magnitude. 

Compared to the leak-free ensemble, although ENU and P still track closely, their importance is 

dwarfed by ELTL and leakage along the PC2 axis. This implies that in systems with leakage, the 

impact of pressure may be lower compared to leakage on the energy dynamics of the system.  
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Figure 5-3 Mono-plot of all variables of interest in the leaky ensemble 

 

Another noticeable difference from the non-leaky ensemble is that the NEE vector direction does 

not match those of other parameters. This could be due to considering leakage, meaning that NEE 

seems to be affected by two sources of inefficiency, leakage and friction. This can explain why 

NEE and GEE do not cluster together as they did in the non-leaky ensemble results. In general, 

considering leakage in the analysis seems to have shuffled the importance of some of the hydraulic 

parameters, even though there are still similarities between the two cases.  

For the leaky case, diameter now seems to have gained more influence (with a score of -0.3 on 

PC1). It is also observed that average unit headloss and diameter can potentially have similar effects 

on the dataset, which was not captured originally by correlation analysis. It could also be 

interpreted as larger pipes being generally located near the major components, and thus may bear 
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inherently higher unit headloss rates. This is also corroborated by the fact that water main sizes 

decrease moving away from major components in a system.  

5.4.2 Clusters of High Efficiency versus Low Efficiency Pipes 

Results in Figures 5-2 and 5-3 explain that of all the variables included in PCA, comparatively 

energy dynamics have higher importance in describing the variance in both ensembles, as they are 

expressed through longer vectors and highly aligned with PC1 and PC2 axes. This would suggest 

that the mono-plots represent energy dynamics landscape in the two ensembles. Therefore, the 

energy metrics values can be used to characterize high/low-efficiency pipes throughout the whole 

dataset. 

In order to find clusters of high-efficiency pipes in the leak-free and leaky ensembles, the 

corresponding threshold as to distinguish these pipes ought to be defined. Investigation on the 

relationship between the energy metrics values and common-practice thresholds (Hashemi et al., 

2018a) indicate that for the efficiency metric, NEE, values above 70th percentile of the data set 

correspond to high efficiency (NEE> 99.9%). Similarly, energy loss metric ELTF values below 

30th percentile correspond to low efficiency pipes, (ELTF< 0.0018%). Moreover, 

100%<ENU<105% correspond to the optimal pressure range (approximately 30m-50m) specified 

in North American guidelines (City of Toronto, 2009; Region of Peel, 2010; Denver Water, 2012). 

In a similar way, for the other efficiency and energy loss metrics (GEE and ELTL), it is assumed 

that the same thresholds suffice to distinguish high efficiency pipes. Therefore, GEE>20% and 

ELTL< 0.8% are considered highly efficient (Hashemi et al., 2018a and 2017c; AWWA, 2017). 

Based on the same investigations, low efficiency pipes are considered to have metric values below 

30th percentile for GEE and NEE and above 70th percentile for ELEF and ELTL. ENU values 
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corresponding to excessive pressure in pipes indicated by standard (approximately 70m) are 

considered to indicate low efficiency pipes for this metric. Therefore, GEE<15%, NEE<99.4%, 

ENU>113%, ELTF>0.3% and ELTL>3% indicate low-efficiency pipes. The threshold values 

considered for both leak-free and leaky ensembles are summarized in Table 5-4. 

Table 5-4 Threshold values to define high and low efficiency pipes (Hashemi et al., 2018a and 

2017c) in both leak-free and leaky ensembles 

Energy 

metric 

Threshold value to define low 

efficiency pipes (%) 

Threshold value to define high 

efficiency pipes (%) 

GEE GEE<15 GEE>20 

NEE NEE<99.4 NEE>99.9 

ENU ENU>113 100<ENU<105 

ELTF ELTF>0.3 ELTF<0.0018 

ELTL* ELTL>3 ELTL<0.8 

*ELTL does not apply to the leak-free ensemble. 

Non-Leaky Ensemble:  Figure 5-4 shows the bi-plot for the ELTF clusters, with ELTF value-ranges 

(represented by different colors) stratifying bands along the y-axis with the colors changing along 

the x-axis. Pipes with higher values of ELTF (low efficiency) stratify on the left-hand side while 

pipes with lower values of ELTF stratify on the right side of the bi-plot. This is because ELTF has 

a high score on PC1, therefore, based on Equation (5-6) pipes with similar ELTF values (pipei,n) 

will have similar products of these values and ELTF score on PCn,1 (pipei,n × PCn,1). As Figure 5-

2 indicated ELTF as one of the most influential hydraulic factors (with high score along PC1), the 

product of pipe parameter values and the ELTF score, based on Equation (5-6), will then be higher 

and form bands on the direction shown in Figure 5-4. Based on Table 5-4, threshold values of 

Figure 5-4 are chosen to distinguish high efficiency pipes in green, low efficiency in red and other 
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values in between in light blue. Further, it is seen that the direction on which the colors of bands 

change in Figure 5-4 is the same as the direction of the ELTF vector in Figure 5-2, i.e. higher 

values of ELTF, that is tantamount to low efficiency pipes in terms of ELTF, cause these pipes to 

form a band on the left side of Figure 5-4 (based on ELTF vector in Figure 5-2). Similarly, NEE 

and GEE display clusters of low values (close to zero) on the left hand side and the cluster of 

higher values (close to 1) on the right hand side. However, because of similar visual result as the 

ELTF cluster, they are not presented. As general rule, pipes with similar values of metrics 

expressed with larger vectors (GEE, NEE, ENU and ELTF) tend to cluster more visibly in certain 

areas of the bi-plots. 

 

Figure 5-4 Bi-plot of ELTF values in the non-leaky ensemble 

 

Unlike the ELTF, NEE and GEE, ENU stratifications change more closely along the PC2 axis than 

the PC1 axis, as seen in Figure 5-5. The direction on which the color of bands changes is the same 
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as the direction of the ENU vector in Figure 5-2. Values of ENU>113% that correspond to low 

efficiency pipes tend to stratify on the bottom (indicated in the color of red) while those that 

correspond to 100% < ENU < 105% form a horizontal band closer to the top and indicated in 

green. Other pipes indicated in blue are pertaining the other pipes ranging between high efficiency 

and low efficiency pipes. ENU obtains higher score along PC2, which indicates first, lower 

importance compared to GEE, NEE and ELTF (that merit high scores on PC1) and second, no 

correlation between the two set of variable. This implies the direction on which the ENU values 

change has no correlation to that of GEE, NEE and ELTF, as PC1 and PC2 are orthogonal. In other 

words, efficiency in terms of ENU does not seem to have an effect on efficiency in terms of GEE, 

NEE and ELTF. 

 

Figure 5-5 Bi-plot of ENU values in the non-leaky ensemble 

 

Clusters of high and low efficiency pipes are formed by combining high and low values of energy 

metrics such as GEE, NEE, ENU and ELTF indicated in Table 5-4. Therefore, the intersection of 
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vertical bands (from metrics with higher scores on PC1) and horizontal bands (from the metrics 

with high scores on PC2) forms smaller clusters of high or low efficiency pipes. High-efficiency 

pipes are defined as summarized in Table 5-4. However, the purpose of setting thresholds for the 

metrics is to approximately locate the cluster of high-efficiency pipes on the PCA bi-plots, and not 

to suggest threshold values for rehabilitation and replacement in practice, as this would be a 

complex decision task involving multiple factors such as budgetary limitations, risk assessment, 

water quality, pipe age and break rates, along with energy considerations. The selected thresholds 

lead to a cluster formed on the top right area of the plot in Figure 5-6. Similarly, low efficiency 

pipes cluster are also defined as per summarized in Table 5-4. The mentioned thresholds create a 

cluster on the left hand side of the bi-plot. To the extent that stricter values of metrics are desired, 

the clusters can be smaller or larger, however, the location of clusters will remain the same. 

 

Figure 5-6 Bi-plot of high/low efficiency clusters in the non-leaky ensemble 
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Leaky- Ensemble: According to Figure 5-7, pipes with higher NEE values are located in the top 

left area, while pipes with smaller values of NEE tend to cluster in the bottom right area of the 

plot. This arrangement of the clusters is mainly because of the direction of NEE axis relative to 

PC1 and PC2 axes, what makes this set of results different from non-leaky set of pipes. Thresholds 

of high versus low-efficiency pipes are considered based on Table 5-4.  

 

Figure 5-7 Bi-plot of NEE values in the leaky ensemble 

 

From the mono-plot in Figure 5-3, it was seen that ELTL has a high score on the PC2 axis (value 

of 0.42) and its corresponding vector is closely aligned with the PC2 axis. This is reflected in the 

bi-plot in Figure 5-8, where ELTL values change almost along PC2. High efficiency pipes 

regarding ELTL (based on Table 5-4), are clustered at the top (indicated in green), while low-

efficiency pipes, on the bottom (indicated in red) and other value ranges (indicated in light blue) 

in between. Stratifications of metrics values for GEE, NEE and ENU for the leaky ensemble 
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resemble those of the leak-free ensemble considering the same thresholds, and therefore are not 

presented here.  

 

Figure 5-8 Bi-plot of ELTL values in the leaky ensemble 

 

The combination of high efficiency values of metrics based on Table 5-4 results in the cluster of 

high efficiency pipes on the top left corner of Figure 5-9, indicated in green. In a similar way, the 

intersection of low efficiency bands of metrics form the cluster of low efficiency pipes located on 

the bottom right corner of Figure 5-9, indicated in red. Also, similar to the non-leaky ensemble, 

choosing stricter or more lenient thresholds can result in smaller or larger clusters of high versus 

low-efficiency pipes; however, the location of the clusters will remain the same. The data points 

indicated in blue correspond to pipes in the ensemble with an efficiency that is in between the two 

cohorts of high/low efficiency pipes. Locating high/low efficiency pipes on the bi-plots of Figures 



133 

 

5-6 and 5-6 can help identify which hydraulic factors can better point towards these cohorts 

(considering vectors of hydraulic factors in Figures 5-2 and 5-3).  

 

Figure 5-9 Bi-plot of high/low efficiency clusters in the leaky ensemble 

 

5.4.3 Examining Current-Practice Pipe Rehabilitations  

To assess how simplified approaches to pipe rehabilitation would perform from an energy 

efficiency standpoint, the pipe replacement plan analyzed for the leaky ensemble used by Prosser 

et al. (2013) was analyzed using the proposed approach in this chapter. The approach considers 

thresholds of 25 breaks per 100km or 100 years of age in pipes as two alternatives to trigger 

replacement.  
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Figure 5-10 shows the clusters of high and low-efficiency pipes as in Figure 5-9. In addition, the 

pipes earmarked for replacement by Prosser et al. (2013) beyond the benchmark date (in this case, 

2040) are shown as yellow triangles, while previously replaced pipes are shown as black diamonds. 

It can be seen that many of the pipes to be replaced do not overlap with the low efficiency cluster, 

as identified through PCA, nor do these pipes move towards high-efficiency pipes after 

replacement. 

 

Figure 5-10 Bi-plot of high/low efficiency clusters compared common-practice replacement 

plan by (Prosser et al., 2013) 

 

5.5 Discussion 

One of the main findings of the analysis was to identify which parameters have the largest 

influence on describing the variance in energy performance across all pipes in the dataset. 

Knowing these parameters can help to identify high versus low efficiency pipes. 
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The PCA results shown through mono-plots in Figures 5-2 and 5-3 indicated that of all the 

variables included in the analysis (energy metrics and the hydraulic parameters), NEE, ELTF in 

both ensembles and ELTL in the leaky ensemble have the highest capacity to describe the variance 

in the dataset, or in other words, the energy dynamics landscape, based on their score associated 

with the two PCs.  

Accounting for leakage causes the mono-plot (e.g. Figure 5-3) and the bi-plots (e.g. Figures 5-7, 

5-8 and 5-9) to take a different shape compared to those of the leak-free ensemble (e.g. Figures 5-

2, 5-4, 5-5 and 5-6). For instance, stratification of similar value ranges for metrics (e.g. ELTF and 

ENU in Figures 5-4 and 5-5) are vertical or horizontal in the non-leaky pipe dataset, while NEE 

stratifications in the leaky pipes (Figure 5-7) are diagonal.  This result emphasizes the need to 

consider leakage in energy analysis to fully characterize the complex relationships between friction 

and flow in individual pipes. Consideration of leakage as shown in Figure 5-3 causes NEE to take 

on a distinguished direction compared to other metrics and may potentially identify a different 

group of low efficiency pipes.  

Having categorized high efficiency versus low efficiency pipes, it is of interest to know what 

characteristics these pipe would have in common, within each cluster. When planning for asset 

management or rehabilitation, water utilities need to associate highly efficient or low efficiency 

assets with more familiar decision factors (e.g. pipe size, roughness, unit headloss, pressure, etc.) 

that would be more readily available to serve as surrogate measures, given the level of effort to 

calculate energy metrics. However, they would also need to know what combination of the readily 

available decision factors (hydraulic parameters in this study) and with what priority these 

parameters could be used to better distinguish low from high performance pipes. This objective of 
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the study is achieved by juxtaposition of mono-plots (Figures 5-2 and 5-3) and bi-plots (Figures 

5-6 and 5-9) for each ensemble. 

Having located the high and low efficiency categories of pipes on the bi-plot using the criteria in 

Table 5-4, comparison of the PCA results for the leak-free ensemble (Figures 5-2 and 5-6) indicates 

that Ave Q, hydraulic proximity and unit headloss are the better candidates for identifying the two 

cohorts of high/low efficiency pipes, based on their vector orientations. It should be noted that 

based on the relative importance of these parameters, i.e. the association with the PCs, low 

efficiency pipes are better characterized by unit headloss (or high Ave Q) compared to pressure. 

Because of their vector sizes and directions, Elv, D and CHW would not serve as suitable guides to 

identify high/low efficiency pipes. Although CHW is considered as an influential factor for pipe 

replacement in practice, the results indicate that this parameter alone is not a suitable representative 

of energy efficiency.  

In a similar way, considering the mono-plot (Figure 5-3) and the bi-plot (Figure 5-9) in the leaky 

ensemble, the best hydraulic parameters with which to identify high/low efficiency pipes are 

revealed. In this case, the most influential parameters are Ave Q, hydraulic proximity and unit 

headloss in pipes, because of the size of their corresponding vectors as well as their alignment with 

the most important principal component, PC1. The next best set of hydraulic parameters includes 

leakage and pressure, which have relatively less importance in identifying high/low efficiency 

pipes, because of their alignment with the second most important principal component, PC2. At 

the same time, the leakage flow itself seems to be more important compared to pressure because 

of its vector size. Therefore, leakage in pipes, if well characterised, would be a better indicator 

than pressure for identifying energy efficiency in pipes. As was the case for the non-leaky pipe 
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ensemble, Elv, CHW and diameter play a less significant role in characterizing energy dynamics in 

pipes.  

By mathematical definition Ave Q and hydraulic proximity are more directly reflected in GEE, 

NEE, in the way that pressure and unit headloss are reflected in ENU and ELTF, and that makes 

these parameters and their corresponding energy metrics highly correlated. Thus, the hydraulic 

parameters can be used to target high/low efficiency pipes, as corroborated by mono-plots and bi-

plots, particularly given that parameters such as unit headloss and Ave Q are more available to 

decision makers at water utilities.  If leakage is known and well-characterized, it can serve 

alongside unit headloss and Ave Q as the best candidates for enabling decision makers to 

effectively earmark high efficiency/low efficiency pipes. In fact, a combination of hydraulic 

parameters in the form of the resultant vector of unit headloss (or Ave Q) and leakage on the mono-

plot of the leaky ensemble has an orientation that would better serve to identify low efficiency 

pipes. Pipes experiencing high unit headloss (or Ave Q) and high leakage would be the most likely 

candidates in this case.  

To understand how energy dynamics align with replacement program methodologies based upon 

age of pipe or pipe break rates, Figure 5-10 placed these methods side by side to high and low 

efficiency pipes. The results showed that the pipes that would be replaced based upon their age or 

break rate history are generally not the ones that are the least energy efficient. Although 

considering energy efficiency alone does not suffice for pipe replacement decision making, the 

difference in the outcome of the two approaches implies that energy efficiency should be 

considered in conjunction with other factors such as age, break rate, water quality, payback period 

and risk assessment to complement the bigger asset management picture, particularly as water 

utilities seek to become more energy efficient.  
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5.6 Conclusion 

The goal of the present chapter was to explore the patterns and relationships between energy 

metrics and hydraulic parameters to better understand which parameters have the greatest 

influence on energy performance of individual pipes. PCA was used to simultaneously visualize 

the relationships between energy metrics and hydraulic factors and to prioritize these parameters 

by their importance. This statistical approach helped to reduce the dimensionality of the dataset to 

allow for identification of combinations of factors that have significant influence on the energy 

performance of water mains. Two large ensembles comprising over 40,000 pipes juxtaposed the 

difference in results for systems with and without leakage and highlighted the importance of 

considering of leakage in large real-world systems when studying their energy dynamics.  

The PCA mono-plots showed that parameters such as flow, hydraulic proximity of pipes and unit 

headloss play more important roles in influencing the energy efficiency of pipes compared to 

leakage and pressure. However, leakage and pressure have a greater impact on the energy 

efficiency of pipes than diameter, CHW and Elv, which were not well-represented on any of the 

principal components.  

The PCA bi-plots helped to visualize and locate low- versus high- efficiency pipes in a two-

dimensional space considering all hydraulic parameters and pipe-level energy metrics. In both 

leaky and non-leaky cases, clusters of high and low-efficiency pipes were located on two opposite 

corners of the plot, and when considered in conjunction with mono-plots, revealed combinations 

of hydraulic parameters that would more directly point towards these clusters. The hydraulic 

parameters of unit headloss and average flow, which are more explicitly involved in mathematical 

definitions of energy metrics, would serve best as surrogate measures for energy metrics. 
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Overall, energy dynamics along with risk assessment, pipe break rates and age, water quality, can 

help to prioritize the replacement and rehabilitation of pipes and should be considered as part of 

the bigger picture in an effort to improve overall water distribution system asset performance.  This 

study has identified several metrics and parameters that could be useful for this purpose moving 

forwards. 
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Chapter 6 Summary and Conclusions 

 

6.1 Summary 

Energy is a good an indicator of how well water infrastructure performs and serves consumers 

(Pelli and Hitz, 2000; Cabrera et al., 2010, Dziedzic and Karney, 2014). This thesis developed a 

number of original pipe-level energy metrics in water distribution systems. These indicators enable 

comparison of energy performance results throughout the whole system among all pipes. From 

comparing pipe-level energy performance in multiple systems, it was possible to understand the 

factors affecting energy efficiency in water mains.  

The novelties of this study include, 1) developing new pipe-level energy indicators for the first 

time in this field, 2) the application of the energy metrics in 18 North American complex 

distribution systems located in Ontario, Ohio and Kentucky including over 40,000 pipes (Jolly et 

al., 2013), using variety of statistical analyses, and 3) simplifying the high dimensional decision 

making problem by showing the relative importance of deciding factors and visualizing energy 

assessment of common practice pipe replacement approaches.   

Chapter 2 set the stage for readers to better understand research needs and gaps in the area of 

energy dynamics of distributions systems, and described how this study builds upon previous work 

in the area. The technical work in Chapters 3, 4 and 5 developed an analysis of energy dynamics 

in distribution systems in order to bring about a decision-making framework that more effectively 

and more quickly locates poorly performing pipes in large distribution systems. This was achieved 

by studying a number of large systems and exploring the relationships between pipe-level energy 
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metrics and pipe hydraulic factors that can serve as decision making variables for managers in pipe 

rehabilitation planning. 

6.2 Research Findings  

In Chapter 3, the idea of energy auditing at the system level in the literature was brought to the 

pipe level. The incentive was to glance through a WDS and find the areas with lower efficiency 

and the reasons. The five pipe level energy metrics developed were applied to one benchmark 

system in the literature and two mid-sized and large sized WDSs in Midwestern US. The results 

in this chapter revealed that pipe properties such as location, flow intensity and some pipe 

performance factors (such as unit headloss) were identified as data readily available to municipal 

engineers, that could also have an impact on the energy performance of pipes. For example, pipes 

closer to major components (such as pump stations and elevated storages) were found to be less 

energy efficient. This was because of average high flows and subsequently high average head 

losses. Further investigations also showed that flow intensity and the corresponding effects (based 

on diurnal demand variation) has a drastic impact on the energy efficiency in pipes when they were 

in close proximity to major components. Therefore, it was possible to narrow down pipes of a large 

system into a limited number of problem pipes, based on their location and also their daily average 

energy metric values. Moreover, based on the results of this chapter, for a confident decision 

making approach on all pipes of a real-world complex system, it is suggested all-pipe models 

without skeletonization techniques be included, as the results of the energy metrics do not represent 

pipes lost in skeletonization. 

Chapter 4 builds on the work in the previous chapter to analyze the variation of pipe-level energy 

metrics across a large ensemble of 17 North American systems including over 20,000 pipes. Cross-
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correlation analysis was used in this part of the study to explore possible relationships between 

any pair of parameters. It was found that certain hydraulic parameters such as proximity, average 

flow and unit headloss would play important roles in Net Energy Efficiency (NEE) and Energy 

Lost to Friction (ELTF).  

As a complement to the cross-correlation analysis, regression analysis was then used to find 

mathematical relationships between unit headloss as the independent variable and NEE and ELTF 

as the dependent variables. Hence, it became possible to first evaluate efficiency levels for 

common-practice unit headloss thresholds (AWWA, 1991) and second, to explore the impact of 

stricter unit headloss thresholds for target levels of NEE and ELTF. This could potentially guide 

decision makers towards a scientific (energy-based) approach to pipe rehabilitation planning, 

rather than decision making based on engineering experience. However, it was noted that from an 

economic standpoint, stricter thresholds (and thus, higher levels of efficiency) would require more 

financial resources.  

Chapter 5 built on the correlation analysis in Chapter 4, by means of PCA, to compress the 

transcription of the dataset in a lower dimensional space. This made it possible to visualize all 

relationships between energy metrics and pipe hydraulic factors at the same time. The method was 

used in 18 large, real word systems in North America, comprising leaky (20,000 pipes) and non-

leaky (20,000 pipes) ensembles. Moreover, variables with higher importance in terms of describing 

most of the variance within the data would be identified hierarchically on PCA mono-plots. PCA 

mono-plots indicated that unit headloss, hydraulic proximity and flow would play more important 

roles in identifying inefficient pipes compared to leakage and pressure. Leakage, however, seemed 

more important than pressure in the leaky ensemble. Moreover, parameters such as CHW and 

elevation of pipes did not have a tangible effect on earmarking inefficient pipes.  
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PCA bi-plots, on the other hand, created clusters of certain groups of pipes to indicate similarities 

in hydraulic parameters and energy dynamics. Therefore, it was possible to visualize and locate 

ideally or poorly performing pipes. This could potentially serve to identify combinations of 

variables that utility managers routinely consider (e.g., diameter, pipe C-factor, pressure, leakage 

and unit headloss), to distinguish poorly from well preforming pipes in large complex systems. As 

the results of bi-plots showed, unit headloss and leakage seemed more effective to guide decision 

makers towards distinguishing poorly performing pipes from ideally performing ones. 

6.3 Research Contributions 

This research study produced a number of novel contributions to the area of energy and water 

distribution systems. The first and most fundamental contribution was bringing the concept of 

energy auditing from the network level (Cabrera et al., 2010) to pipe level. This was possible by 

considering a pipe as the control volume in Reynold’s Transport Theorem (Boulos et al., 2006). 

Second, this study used a considerable number of large complex systems in North America, using 

real data to analyze the energy dynamics in over 40,000 water mains. As another contribution, a 

new model based on different statistical methods was developed to evaluate the relationships 

between pipe properties and energy metrics, creating new knowledge of pipe level efficiency, and 

serving as a decision making tool. PCA – a method not often used in analysis of energy dynamics 

in water distribution systems – was used to reduce a high dimensional problem (including many 

deciding factors) and help visualize the relationships not explored by correlation analysis (Jolliffe, 

1986). PCA also seems to have substantial superiority in visualizing the relationship and finding 

patterns not recognized by correlation and regression.  
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Overall the results in this research study served to identify inefficient pipes in terms of energy 

metrics using parameters readily available to municipalities. The results of Chapter 5 indicated 

that NEE, ELTF and ELTL because of their relative statistical significance could be used more 

directly to better include energy in rehabilitation decisions. The methodology and results 

introduced in this research could potentially serve as a guideline in rehabilitation planning along 

with existing common-practice thresholds to make scientific, energy-based decisions, without 

having to use complicated optimization models. 

6.4 Research Limitations 

Gaining insightful results for the purpose of decision making calls for comprehensive datasets and 

statistical analyses. Statistical analysis, however extensive, can still be limited by a lack of data. 

The results of the statistical analyses in this study were restricted by the lack of break rates for 

pipes in the systems studied. Break rates while used in practice along with age and pipe class 

information, was limited and almost not available for the case studies in this research. In addition, 

the thresholds identified in Chapter 4 did not include leakage thresholds due to limited data on 

leakage. As another point, the leakage data in the leaky ensemble (used in Chapters 3 and 5) were 

not pressure-based. The data, even though real, were not realistic, as the leakage is usually 

considered to be a function of pressure along with pipe conditions. Hence, it is recommended to 

ensure real and realistic data, otherwise the analyses would end up in unrealistic and impractical 

results and conclusion.  

6.5 Future Work 

Future work in this area should address the limitations of this research outlined in the previous 

section. Obtaining more complete data on leakage and break rate in water mains would allow for 
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the development of leakage thresholds and improve decision-making ability.  In addition, the 

impact of optimal pump scheduling along with water conservation strategies should be evaluated, 

since flow intensity was found to be a main factor in variations of energy metrics values in Chapter 

3. Since the use of PCA could reduce the dimensions of a large dataset, other potentially influential 

factors (e.g. pipe class data, break rates, etc.) should be included in the analysis. Moreover, in order 

to trace the effects of a replacement plan on a system, the hydraulic changes in the system over the 

planning horizon should be monitored. This would allow decision makers to identify the impact 

of the interventions on the energy dynamics of the system. Finally, time to replacement is another 

factor that should be considered in analyses. This would move the decision-making toward the 

inclusion of economic analysis and evaluation of payback period for replacements as a 

complimentary part of this study. 
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Appendix A EPANET Toolkit 

 

The following codes are used to bond Visual Basic 6.0 to EPANET2.0 in order to retrieve the 

hydraulic outputs from the hydraulic model. The hydraulic outputs are then analyzed, based on 

Chapter 3, to evaluate pipe-level energy metrics. 

Declare Function ENepanet Lib "epanet2.dll" (ByVal F1 As String, ByVal F2 As String, ByVal F3 As 

String, ByVal F4 As Any) As Long 

Declare Function ENopen Lib "epanet2.dll" (ByVal F1 As String, ByVal F2 As String, ByVal F3 As 

String) As Long 

Declare Function ENsaveinpfile Lib "epanet2.dll" (ByVal f As String) As Long 

Declare Function ENclose Lib "epanet2.dll" () As Long 

Declare Function ENsolveH Lib "epanet2.dll" () As Long 

Declare Function ENsaveH Lib "epanet2.dll" () As Long 

Declare Function ENopenH Lib "epanet2.dll" () As Long 

Declare Function ENinitH Lib "epanet2.dll" (ByVal SaveFlag As Long) As Long 

Declare Function ENrunH Lib "epanet2.dll" (t As Long) As Long 

Declare Function ENnextH Lib "epanet2.dll" (Tstep As Long) As Long 

Declare Function ENcloseH Lib "epanet2.dll" () As Long 

Declare Function ENsavehydfile Lib "epanet2.dll" (ByVal f As String) As Long 

Declare Function ENusehydfile Lib "epanet2.dll" (ByVal f As String) As Long 

Declare Function ENsolveQ Lib "epanet2.dll" () As Long 

Declare Function ENopenQ Lib "epanet2.dll" () As Long 

Declare Function ENinitQ Lib "epanet2.dll" (ByVal SaveFlag As Long) As Long 

Declare Function ENrunQ Lib "epanet2.dll" (t As Long) As Long 

Declare Function ENnextQ Lib "epanet2.dll" (Tstep As Long) As Long 

Declare Function ENstepQ Lib "epanet2.dll" (Tleft As Long) As Long 

Declare Function ENcloseQ Lib "epanet2.dll" () As Long 

Declare Function ENwriteline Lib "epanet2.dll" (ByVal s As String) As Long 

Declare Function ENreport Lib "epanet2.dll" () As Long 

Declare Function ENresetreport Lib "epanet2.dll" () As Long 

Declare Function ENsetreport Lib "epanet2.dll" (ByVal s As String) As Long 

Declare Function ENgetcontrol Lib "epanet2.dll" (ByVal Cindex As Long, Ctype As Long, Lindex As 

Long, Setting As Single, Nindex As Long, Level As Single) As Long 

Declare Function ENgetcount Lib "epanet2.dll" (ByVal Code As Long, Value As Long) As Long 

Declare Function ENgetoption Lib "epanet2.dll" (ByVal Code As Long, Value As Single) As Long 

Declare Function ENgettimeparam Lib "epanet2.dll" (ByVal Code As Long, Value As Long) As Long 

Declare Function ENgetflowunits Lib "epanet2.dll" (Code As Long) As Long 

Declare Function ENgetpatternindex Lib "epanet2.dll" (ByVal ID As String, Index As Long) As Long 

Declare Function ENgetpatternid Lib "epanet2.dll" (ByVal Index As Long, ByVal ID As String) As Long 

Declare Function ENgetpatternlen Lib "epanet2.dll" (ByVal Index As Long, l As Long) As Long 

Declare Function ENgetpatternvalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Period As Long, 

Value As Single) As Long 

Declare Function ENgetqualtype Lib "epanet2.dll" (QualCode As Long, TraceNode As Long) As Long 

Declare Function ENgeterror Lib "epanet2.dll" (ByVal ErrCode As Long, ByVal ErrMsg As String, ByVal 

n As Long) 

Declare Function ENgetnodeindex Lib "epanet2.dll" (ByVal ID As String, Index As Long) As Long 

Declare Function ENgetnodeid Lib "epanet2.dll" (ByVal Index As Long, ByVal ID As String) As Long 

Declare Function ENgetnodetype Lib "epanet2.dll" (ByVal Index As Long, Code As Long) As Long 

Declare Function ENgetnodevalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Code As Long, Value 

As Single) As Long 

Declare Function ENgetlinkindex Lib "epanet2.dll" (ByVal ID As String, Index As Long) As Long 

Declare Function ENgetlinkid Lib "epanet2.dll" (ByVal Index As Long, ByVal ID As String) As Long 

Declare Function ENgetlinktype Lib "epanet2.dll" (ByVal Index As Long, Code As Long) As Long 

Declare Function ENgetlinknodes Lib "epanet2.dll" (ByVal Index As Long, Node1 As Long, Node2 As 

Long) As Long 

Declare Function ENgetlinkvalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Code As Long, Value 

As Single) As Long 

Declare Function ENgetversion Lib "epanet2.dll" (Value As Long) As Long 
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Declare Function ENsetcontrol Lib "epanet2.dll" (ByVal Cindex As Long, ByVal Ctype As Long, ByVal 

Lindex As Long, ByVal Setting As Single, ByVal Nindex As Long, ByVal Level As Single) As Long 

Declare Function ENsetnodevalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Code As Long, ByVal 

Value As Single) As Long 

Declare Function ENsetlinkvalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Code As Long, ByVal 

Value As Single) As Long 

Declare Function ENaddpattern Lib "epanet2.dll" (ByVal ID As String) As Long 

Declare Function ENsetpattern Lib "epanet2.dll" (ByVal Index As Long, f As Any, ByVal n As Long) 

As Long 

Declare Function ENsetpatternvalue Lib "epanet2.dll" (ByVal Index As Long, ByVal Period As Long, 

ByVal Value As Single) As Long 

Declare Function ENsettimeparam Lib "epanet2.dll" (ByVal Code As Long, ByVal Value As Long) As Long 

Declare Function ENsetoption Lib "epanet2.dll" (ByVal Code As Long, ByVal Value As Single) As Long 

Declare Function ENsetstatusreport Lib "epanet2.dll" (ByVal Code As Long) As Long 

Declare Function ENsetqualtype Lib "epanet2.dll" (ByVal QualCode As Long, ByVal ChemName As String, 

ByVal ChemUnits As String, ByVal TraceNode As String) As Long 

 

In order to perform similar analysis in different programming languages, similar codes are 

available online to serve the same purpose. 
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Appendix B Complete Set of Pipe-Level Energy Metrics by Hashemi et al. 

The five energy metrics discussed in this thesis were originally selected from a wider range of nine 

pipe-level energy metrics. The five metrics selected for this thesis (GEE1, NEE1, ENU1, ELTF1 

and ELTL1) seem to yield more insightful knowledge in the context of pipe level energy auditing. 

However, the full set of metrics are as follows for the enthusiastic readers to follow and expand 

the idea of pipe-level energy auditing: 
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Table B-1.  Mathematical definition of the complete set of pipe-level energy metrics 

delivered

1

sup plied

E
GEE

E
  

delivered

2

sup plied

E
GEE

E
  

del dem dE Q H   del pipe dE Q H   

required

sup plied

E
ERU

E
  

delivered

1

sup plied ds

E
NEE

E E



 

delivered

2

sup plied ds fr(ds)

E
NEE

E E E


 
 

delivered

3

sup plied ds fr(ds)

E
NEE

E E E


 
 

 

del dem dE Q H   del dem dE Q H   del pipe dE Q H    

delivered

1

required

E
ENU

E
  

delivered

2

required

E
ENU

E
  

del pipe dE Q H   del dem dE Q H   

1(Joules) delivered requiredENU E E   2(Joules) delivered requiredENU E E   

del pipe dE Q H   del dem dE Q H   

friction

1

sup plied ds

E
ELTF

E E



 

friction

2

sup plied ds fr(ds)

E
ELTF

E E E


 
 

friction fr(ds)

3

sup plied ds fr(ds)

E E
ELTF

E E E




 
 

leak fr(leak)

1

sup plied ds

E E
ELTL

E E





 

leak fr(leak)

2

sup plied ds fr(ds)

E E
ELTL

E E E




 
 

 
local

sup plied ds

E
ELTLO

E E



 

ds

1

sup plied

E
EFD

E
  

ds fr(ds)

2

sup plied

E E
EFD

E


  

ds fr(ds)

3

sup plied ds fr(ds)

E E
EFD

E E E




 
 

ERU= Energy Required by User 

ELTLO= Energy Lost to Local Losses 

EFD= Energy Flowed to Downstream  
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Appendix C Using Excel for Correlation and Regression 

Correlation and regression analyses are performed for large ensemble of pipes, using “data 

analysis” toolbox in under “Data” tab in Excel 2013. This toolbox is usually appended to Microsoft 

Excel as an “Add-on”. Visual directions in Excel 2013 are provided below along with useful online 

sources to further assist the readers in this regard. This toolbox has the capability of running cross 

correlation and multiple- regression using the presented option below. 

 

Figure C-1- Correlation and regression Analyses using “Data Analysis” toolbox  

References:  

Correlation analysis tutorials in MS-Excel 2013:  

https://youtu.be/knwED7ouepA 

https://www.youtube.com/watch?v=vFcxExzLfZI 

Regression analysis tutorial in MS-Excel 2013:  

https://www.youtube.com/watch?v=HgfHefwK7VQ 

  

https://youtu.be/knwED7ouepA
https://www.youtube.com/watch?v=vFcxExzLfZI
https://www.youtube.com/watch?v=HgfHefwK7VQ
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Appendix D Using Matlab R2015b for Eigenvalues and Eigenvectors  

Once symmetrical cross correlation matrix is ready in MS-Excel, it can be imported to Matlab 

R2015b. Once the cross correlation matrix is imported to Matlab, the following code generates 

Eigen Values in descending orders along with the corresponding Eigen Vectors: 

 

>> [eig_vector, eig_value] = eig(Correlation Matrix) 

 

Useful tutorials to better understand Principal Components Analysis and application of Eigen 

Values and Eigen Vectors in PCA are offered in the reference section of this appendix. 

References: 

Eigen Values and Eigen Vectors tutorial in Matlab: 

https://www.youtube.com/watch?v=bD6FAQ1ht0E 

Principal Components Analysis explained in simple words: 

https://www.youtube.com/watch?v=_UVHneBUBW0&t=90s 

Principal Components Analysis tutorial in MS-Excel: 

https://www.youtube.com/watch?v=4zbUcgfycTU&t=526s 

 

  

https://www.youtube.com/watch?v=bD6FAQ1ht0E
https://www.youtube.com/watch?v=_UVHneBUBW0&t=90s
https://www.youtube.com/watch?v=4zbUcgfycTU&t=526s
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Appendix E Unit Headloss versus Hydraulic Proximity  

 

In order to better understand the following discussion, it is recommended to be considered with 

regard to the discussion of results in Chapter 4 of this thesis: 

Merely ranking of the data declares some type of non-linear correlation between hydraulic 

proximity (x-axis) and unit headloss (y-axis) for different pipe classes, shown in Figure E-1.  

Smaller ranks on hydraulic proximity axis represent higher values of hydraulic proximity and pipes 

closer to pump stations, while, larger ranks represent pipes closer to cul-de-sac zones that have 

smaller flows and pressure. On the average unit headloss axis, smaller ranks represent larger unit 

healdoss values, while larger ranks represent smaller healodss values, which are also noted on this 

axis. Pipes (points on this graph) are clustered to form separate curves based on their sizes. Curves 

at the bottom and to the right (shown by diamonds) have smaller diameters (D<150 mm). Pipes on 

the top curves and to the left (shown by squares) have larger diameters (D>300 mm), and those in 

the middle of the graph (shown by circle and triangular) are medium-sized pipes (150 mm <D< 

200 mm and 200 mm<D<300 mm, respectively).  

Based on the formed curves, headloss in larger diameters (which is highest near major components, 

for pipes in black) drops fast moving from major components towards transitional sections of the 

network. In contrary, smaller pipes tend to keep high rates of headloss moving from major 

components to the transitional sections of the system (in light grey shown by diamonds and 

circles). In these small pipes, however, headloss holds up, moving away from the major 

components towards transitional and then cul-de-sac zones (in light grey shown by diamonds and 

circles). This fact can also imply that the aging process that tends to reduce the effective diameters 
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of pipes may cause more serious problems to smaller pipes with higher flows rather than in cul-

de-sac zones or in large-sized pipes. 

 

Figure E-1- Relationship between Unit headloss and pipe sizes regarding hydraulic proximity 

 

 

 

 


