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Abstract 

The conveyance of water through centralized water distribution systems is energy intensive. With 

growing urban populations and deteriorating buried infrastructure, these costs are expected to increase. 

Energy indicators can offer insight into the amount of energy one could theoretically save, provide a 

method for tracking and evaluating energy improvements over time, allow for comparison between 

utilities, and inform goal setting.  

In this thesis, a novel energy indicator was developed and validated that resolved problems with existing 

mechanical energy indicators for water distribution systems. The previous indicators developed for water 

distribution systems do not provide a detailed method to estimate unavoidable energy losses due to 

friction and leakage, and do not consider demand-side conservation in the overall unavoidable energy loss 

estimation. 

This thesis presents three original ideas in creating an energy indicator that better describes the 

mechanical energy efficiency of water distribution systems. These include: 1) incorporating demand-side 

conservation plans in the calculation for minimum energy delivered to end users, 2) developing a detailed 

methodology to calculate the minimum energy lost due to leakage, and 3) creating a uniform method that 

estimates minimum energy loss due to friction.  

By combining these three ideas, this thesis developed a new streamlined mechanical energy efficiency 

indicator that can be calculated without the need for a hydraulic model. In order to validate this 

streamlined approach, the energy indicator was evaluated using a hydraulic model and extended period 

simulation for a variety of synthetic and real water distribution system models. Results suggested that the 

streamlined approach provides an accurate characterization of the overall mechanical energy efficiency of 

a water distribution system.  
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The first step to decreasing the energy use of a water distribution system is to assess its mechanical 

energy efficiency. The streamlined energy efficiency indicator developed in this thesis improves on 

previous indicators by developing a well-defined methodology in order to calculate all major unavoidable 

energy losses for a water distribution system. This leads to a more accurate energy efficiency indicator 

that facilitates comparison across different water utilities, promoting benchmarking and goal setting.  
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Chapter 1 

Introduction 

1.1 Introduction 

Water distribution systems are responsible for the delivery of potable water to billions of people 

in urban centres throughout the world. It is estimated that 79% of the world’s urban population 

receives water that is conveyed to their household via water distribution systems (WHO & 

UNICEF, 2015). These systems typically convey pressurized, treated water from a centralized 

location (such as a treatment plant or reservoir) through a network of pipes to reach a variety of 

end-users. While this is an effective means of distributing clean drinking water to large 

populations, it remains an energy intensive activity.  

One percent of the United States’ total electricity production, over 39 billion kWh, is devoted to 

extracting, treating, and distributing drinking water (Pabi, Amarnath, Goldstein & Reekie, 2013). 

The vast majority of this electricity is used to add mechanical energy to potable water, via 

electromechanical devices (pumps), to convey it through the distribution system (Ghimire & 

Barkdoll, 2007). The cost of supplying this electrical energy is substantial, accounting for 80% of 

the total processing and distributing costs for the average drinking water utility in the United 

States (EPRI, 2002). Due to the financial and environmental implications associated with high 

energy use, many water utilities have prioritized reducing their water distribution systems’ energy 

demand.  

1.2 Components of a Water Supply System 

Before discussing the energy demand of a water distribution system, it is important to identify the 

three main components that constitute a complete water supply system (outlined in Figure 1-1). 

The main components of a complete water supply system are: 
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1. Raw Water Transport: the extraction and transportation of raw water from source to 

treatment plant. 

2. Treatment: the treatment of raw water to meet prevailing drinking water standards. 

3. Water distribution system:  the conveyance of drinking water from point of treatment, 

through a system of pipes, to end-users. 

 

Figure 1-1: Components of a water supply system. 

The water distribution system requires the most energy to operate, roughly 85% of the water 

supply system’s energy usage (Burton, 1996). The reason for this high-energy demand is that a 

large amount of mechanical energy (typically added into the system through electro-mechanical 

pumps) is required to deliver water from the treatment plant to multiple end-users, which 

necessarily encounters energy losses due to leaks and friction.  

This thesis will focus on the mechanical energy use in water distribution systems as it comprises 

the vast majority of a water supply system’s total energy use. The wire to mechanical energy 

efficiency of the electro-mechanical pumps are considered separate from the analysis presented in 

this thesis.   
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1.3 Energy loss within a water distribution system 

In order to improve the mechanical energy efficiency of a water distribution system, it is 

important to understand the types of energy losses that occur within a distribution system. The 

three major sources of energy loss that occurs within the distribution system are: 

1. Energy to Deliver Water to Users: The distribution system must perform work on the 

surrounding environment in order to provide mechanical energy to the end-user to meet 

flow and pressure requirements. This energy exits the system at the end-user’s service 

connection in the form of pressurized flowing water.  

2. Energy to Satisfy Leakage: Leaks provide an exit point for water to leave the 

distribution system under pressure. Most water distribution systems leak at a rate of 20-

30% of average day demands and thus leaks comprise a major source of unwanted flows 

in the system (Cheong, 1991). To satisfy leakage, a water distribution system must 

perform work on the surrounding environment (the interface between the inside of the 

pipe and the surrounding soil) to convey water through the leak orifice (longitudinal 

crack, pinhole). Thus leaks comprise unwanted exit points through which mechanical 

energy can leave the distribution system.  

3. Energy Lost to Friction: The conveyance of water through pipes incurs frictional losses 

along the pipe wall which dissipates mechanical energy, in the form of thermal energy, to 

the water and the pipes. Friction losses also occur through appurtenances such as valves, 

junctions, and bends. These losses are termed minor losses and are due to turbulence 

within the flow of water. Minor losses are generally deemed negligible when considering 

total friction losses for the entire distribution system (Walksi, Chase, & Savic, 2001).  



 

 

 

4 

1.4 Purpose of Energy Indicators 

Due to the variety of energy losses that occur throughout the distribution system, determining the 

overall mechanical energy efficiency can be difficult. A well-designed energy indicator can 

interpret the unique system characteristics and provide an energy efficiency value that is easy to 

understand. The energy indicator should also allow a utility to track energy improvements, 

facilitate comparison between other water distribution systems and promote benchmarking.  

A variety of energy indicators have previously been developed to characterize the mechanical 

energy efficiency of water distribution systems. The energy indicator developed by Dziedzic & 

Karney (2014, 2015) maps the mechanical energy flow, both geographically and temporally, 

throughout a water distribution system. Cabrera, Gomez, Cabrera Jr., Soriano & Espert (2014) 

developed a mechanical energy indicator that compared the current energy usage to an estimated 

minimum without recourse to a hydraulic model. Both these indicators allow for a greater 

understanding of the mechanical energy efficiency for a particular water distribution system, but 

areas of improvement remain. 

 The energy indicators previously developed for water distribution systems do not provide a 

detailed method to estimate unavoidable energy losses due to friction and leakage, and do not 

consider demand-side conservation in the overall unavoidable energy loss estimation. One 

objective of this thesis is to develop a streamlined energy indicator that addresses these issues 

without requiring hydraulic model. This would alleviate the need for a calibrated hydraulic model 

that can be programmed to calculate the energy indicator, which can be significant barrier to 

many utilities. 

Overall these improvements will create a more accessible and more accurate mechanical energy 

efficiency indicator for water distributions systems. Water utilities will be able to use the 

indicator developed in this thesis as a screening-level tool to identify energy performance issues 
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as well as promote comparison and benchmarking of mechanical energy efficiency within other 

water distributions systems. This energy indicator may eventually be used by policy 

implementers in order to better regulate water utility energy usage.  

1.5 Thesis Objectives 

Water distribution systems are inherently energy intensive. The cost of supplying this energy is a 

significant portion of the total operational cost for a water utility. This has forced many water 

utilities to try and reduce their energy use. However, interpreting energy use data and determining 

when and where improvements may be made, can be difficult. The goal of this thesis is to 

develop a streamlined energy efficiency indicator that compares the current mechanical energy 

supplied to a distribution system to its theoretical minimum energy requirement (considering 

unavoidable energy losses due to friction, leakage and user demand). This indicator would 

provide water utilities with a screening-level tool to easily identify energy performance issues and 

promote benchmarking and comparison of mechanical energy efficiencies across a wide-range of 

water distribution systems.  

This thesis seeks to understand the current state of energy efficiency indicators for water 

distribution systems. From this investigation, this thesis will attempt to build on current energy 

efficiency indicators, and design a more accurate and accessible indicator. The specific objectives 

of this thesis are the: 

1. Development of a streamlined energy efficiency indicator and three minimum energy 

terms that estimate the unavoidable energy losses due to pipe wall friction, leakage and 

satisfaction of user demand in a water distribution system. To improve ease-of-use, the 

new streamlined indicator can be evaluated without recourse to a hydraulic model of a 

water distribution system.  
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2. Validation of the streamlined energy indicator with pressure and flow data from 56 

synthetic (computer-generated) water distribution system models. 

3. Validation of the streamlined energy indicator with pressure and flow data from six 

complex hydraulic models based on real water distribution systems. 

1.6 Thesis Organization 

The thesis consists of five chapters, including the introduction (Chapter 1). A short summary of 

Chapters 2 to 5 is included below. 

Chapter 2 provides a review of previous research progress in the area of energy efficiency 

indicators for water distribution systems. In this literature review, the major research 

contributions made by researchers are highlighted and research gaps are identified. The research 

gaps identified in this chapter provide the motivation for the research completed in this thesis.  

Chapter 3 presents a new streamlined energy efficiency indicator that compares mechanical 

energy entering the distribution system to a theoretical minimum energy use. The streamlined 

energy efficiency indicator can be evaluated without the need for extended period simulation 

hydraulic modelling. The new streamlined indicator and minimum energy terms are validated 

using an extended period simulation method for 56 synthetic (computer-generated) water 

distribution systems. 

In Chapter 4 the streamlined approach is applied to six hydraulic models of real water distribution 

systems and validated using extended period simulations. Further comparisons are made between 

the minimum energy terms and real energy losses developed by Cabrera, Pardo, Cobacho & 

Cabrera Jr, (2010) which provides insight into the type of energy rehabilitation projects that 

should be considered.  
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Chapter 5 summarizes the research results and major contributions of this thesis. 

Recommendations for future research of energy efficiency indicators are then identified. 

1.7 Research Contributions 

This master’s thesis has made the following research contributions: 

1. Developed a new streamline energy indicator with three new energy terms that quantifies 

the minimum energy required to overcome energy losses due to pipe wall friction, 

leakage and satisfaction of user demand in a distribution system. The new overall energy 

efficiency indicator compares the mechanical energy entering the distribution system to 

the minimum energy required. This indicator provides a uniform method to assess the 

mechanical energy efficiency of a water distribution system and does not require a 

hydraulic model or extended period simulation in order to be calculated.  

2. Validated the energy indicators with hydraulic models of 56 synthetic water distribution 

networks and six hydraulic models of real, complex distribution systems.  

3. Gained further insight into the energy efficiency of individual energy terms by comparing 

individual energy losses by their corresponding minimum energy terms.  

1.8 Publications Related to the Thesis 

Plans have been made to submit a paper to the Canadian Journal of Civil Engineers based on the 

research identified in this thesis. However, due to unforeseen time constraints, the paper has yet 

to be submitted. However, one conference paper based on this research has been published: 

Snider, B. & Filion, Y. (2016) A Streamlined Approach for Estimating the Energy 

Efficiency of a Water Distribution System. World Environmental and Water Resources 

Congress 2016: pp. 189-198. 



 

 

 

8 

1.9 References 

Burton, F. L. (1996). Water and wastewater industries: characteristics and energy management 

opportunities (Burton Engineering) Los Altos, CA, Report CR-106941. Electric power 

research institute report. 

Cabrera, E., Gómez, E., Cabrera Jr, E., Soriano, J., & Espert, V. (2014). Energy assessment of 

pressurized water systems. Journal of Water Resources Planning and Management, 

141(8), 04014095. 

Cabrera, E., Pardo, M. A., Cobacho, R., & Cabrera Jr, E. (2010). Energy audit of water networks. 

Journal of Water Resources Planning and Management, 136(6), 669-677. 

Cheong, L. C. (1991, May). Unaccounted for water and the economics of leak detection. In Proc. 

International Water Supply Congress and Exhibition, Copenhagen. Water Supply (Vol. 

9). 

Dziedzic, R., & Karney, B. (2014). Energy Metrics for Water Distribution System Assessment. 

Journal of Water Management Modeling. C368. 

Dziedzic, R., & Karney, B. W. (2015). Energy Metrics for Water Distribution System 

Assessment: Case Study of the Toronto Network. Journal of Water Resources Planning 

and Management, 141(11), 04015032. 

EPRI. (2002). Sustainability (Volume 4): US Electricity Consumption for Water Supply and 

Treatment-The Next Half Century. Palo Alto, CA: EPRI. 

Ghimire, S.R, & Barkdoll, B.D (2007). Issues in Energy Consumption by Municipal Drinking 

Water Distribution Systems. In World Environmental and Water Resources Congress, 

2007: Restoring Our Natural Habitat (pp. 1-10) 



 

 

 

9 

Pabi, S., Amarnath, A., Goldstein, R., & Reekie. (2013). Electricity use and management in the 

municipal water supply and wastewater industries. Electric Power Research Institute, 

Palo Alto, 194. 

Snider, B. & Filion, Y. (2016) A Streamlined Approach for Estimating the Energy Efficiency of a 

Water Distribution System. World Environmental and Water Resources Congress 2016: 

pp. 189-198. 

World Health Organization, & UNICEF. (2015). Progress on sanitation and drinking water–

2015 update and MDG assessment. World Health Organization.  

Walksi, T., Chase, D., & Savic, D. (2001). Water Distribution Modeling. Civil and   

Environmental Engineering and Engineering Mechanics Faculty Publication.  



 

 

 

10 

Chapter 2 

Literature Review 

This chapter examines the current state of research on mechanical energy efficiency indicators for 

water distribution systems. The energy indicators are grouped into two categories: 1) energy 

indicators that do not require extended period simulation hydraulic modelling; and 2) energy 

indicators that do require extended period simulation hydraulic modelling. This literature review 

identifies the research gaps in mechanical energy efficiency performance indicators which the 

remaining chapters of this thesis attempt to address.  

2.1 Introduction 

The global shift from rural to urban settlements, coupled with an overall increase in population, 

has resulted in more people gaining access to potable water via centralized water distribution 

systems (Gleick, 2000). Currently, over 79% of the world’s urban population now receives water 

delivered directly to their household through water distribution systems (WHO & UNICEF 

2015). These systems transport water from one or more treatment facilities, productions wells or 

neighbouring agency interties, through a network of underground pipes to a variety of end-users. 

Substantial energy is required to overcome friction and leakage losses and to ensure the drinking 

water reaches all customers at the required flowrate or pressure.    

Electro-mechanical water pumps are typically employed to provide the mechanical energy needed 

for the distribution system. The electrical cost associated with these pumps is considerable, 

amounting to, on average, 80% of the processing and distribution cost of drinking water utilities 

(EPRI, 2002). Due to the financial implications associated with high energy use, utility managers 

have made it a priority to reduce the energy demand of their water systems.   
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A variety of methods have been developed to aid utilities as they attempt to minimizing their 

water distribution system’s energy usage.  One such method is life cycle energy analysis of water 

distribution systems. Life cycle energy analyses (LCEA) observe long term energy usage by 

quantifying the energy expenditures incurred in fabrication, operation and end-of-life stages of 

the water distribution system.  Filion, Maclean & Karney (2004) developed a LCEA that 

quantified the energy use related to pipe-life cycles (including fabrication, use and disposal of 

pipe material). Building on this, Prosser, Speight, & Filion (2012) expanded on this work by 

considering the savings in energy use through reduction in leakage and friction losses associated 

with pipe replacement. This approach can be used by water utilities to identify a pipe replacement 

schedule that would minimize long term energy usage. In 2004, Lundin, Peters, & Beavis 

outlined an LCEA for an entire water system (raw water extraction, water treatment plant and 

distribution system) and wastewater system. Furthermore, the method developed by Lundin et al. 

(2004) compared life-cycle energy costs for the entire system with a variety of scenarios such as 

implementing demand side management, operating new desalination plant, improving pump 

efficiency, etc. This approach can assist utilities when evaluating long-term energy use reduction 

strategies. In general, LCEA can be a useful tool to aid utilities as the attempt to reduce the long-

term energy requirements for their water distribution system. However, performing an LCEA for 

the average utility can be rather time consuming and difficult (Nair, Malano, Arora & Nawaratha, 

2014).  

Another tool to aid utilities in minimizing the energy use of a water distribution system is through 

optimization algorithms. A variety of energy optimization algorithms have been developed that 

design optimal water distribution system layouts (Prasad & Park, 2010, Savic & Walters, 1997), 

identify optimal pumping schedules (Lingireddy & Wood, 1998, Wegley, Eusuff & Lansey, 

2000), and manage system wide pressure (Araujo, Ramos & Coelho, 2006, Nicolini & Zovatto, 

2009) to reduce overall energy requirement of the distribution system. All of these methods help a 
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utility reduce the energy usage of their system. However, similar to life cycle analysis, 

optimization methods can be difficult to calculate for the average water distribution system and 

fail to provide a method of comparing energy usage from one water distribution system to the 

next. Before employing either of these tools in the attempt to reduce the energy demand, the 

energy efficiency of the distribution system should first be characterized. 

When describing the energy efficiency of a distribution system, one typically refers to the 

mechanical energy of the water entering the distribution system or the electrical energy being 

used by the pumps. The thermal energy losses are considered negligible for a drinking water 

distribution system as the temperature remains fairly constant.  This thesis recommends 

calculating the mechanical energy efficiency of the system separately from the electrical 

efficiency of the pumps since the techniques used to address these two types of inefficiencies are 

distinct.  

The electrical efficiency of water pumps is a more intuitive process when compared to the 

mechanical energy efficiency assessment of the water distribution system. Two standard in-situ 

methods exist to assess the energy efficiency of electro-mechanical pumps for water distribution 

systems; the conventional method and the thermodynamic method. The conventional method 

directly measures the flow rate and dynamic head to calculate the mechanical energy leaving 

pump and compares it to the electrical energy usage during the test.  On the other hand, the 

thermodynamic method measures the thermal gain which represents the inefficiency of the pump. 

Papa, Radulj, & Karney (2013) performed a field survey, assessing the electrical efficiency of 

152 water distribution pumps for Ontario (Canada) water utilities using the thermodynamic 

method. The results from this study indicated the water distribution system pumps in Ontario 

typically operate at 73.7% efficiency. Comparing this value to the manufacturer’s original best 

efficiency (81.7%) an overall efficiency gap was calculated to be 9.6%. Although a 9.6% 
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efficiency gap is worth acknowledging, much larger efficiency gaps can be expected when 

assessing the mechanical energy efficiency of the entire water distribution system (Mamade, 

Loureiro, Alegre & Covas, 2017).  

Interpreting the mechanical energy efficiency for a water distribution system can be difficult due 

to the system’s inherent complexity (large number of pipes, service connection, temporal and 

geographical changes in water usage, varying topography etc.). To help characterize the 

efficiency of a complex water distribution system, performance indicators have been widely 

adopted by the water system industry.  The indicators developed cover a broad range of 

efficiencies; from personnel efficiency, leak efficiency, pipe rehabilitation and customer billing 

efficiency (Alegre et al., 2006). Energy is no different, with a wide range of mechanical energy 

performance indicators being developed to help estimate the potential savings in energy use, 

provide a means for tracking and evaluating energy improvements over time, allow for the 

comparison of mechanical energy use between utilities, and inform goal setting.  

The objective of this chapter is to provide a critical review of previous research on energy 

efficiency indicators for water distribution systems. The review distinguishes between two main 

performance indicator groups: 1) energy indicators that do not require extended period simulation 

hydraulic modelling; and 2) energy indicators that require extended period simulation hydraulic 

modelling. The distinction between these two main energy indicator groups is important since this 

may reflect the ease-of-use of an energy indicator. Requiring a hydraulic model to calculate the 

mechanical energy efficiency may prove to be a significant barrier to many utilities. 

2.2 Mechanical Energy Performance Indicators (no hydraulic modelling required) 

Mechanical energy performance indicators provide insight into the current energy efficiency of a 

water distribution system by interpreting complex system characteristics and energy data. A well-

designed indicator also provides a uniform method to track energy efficiency improvements. As 
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utilities adopt the use of an energy indicator, comparisons between distribution systems will give 

insight into practices that improve mechanical energy efficiency and may eventually lead to goal 

setting and benchmarking. Therefore, the ease-of-use of the performance indicator is important in 

its wide scale implementation. The energy indicators described in this section, and outlined in 

Table 2-1, focus on improved ease-of-use by not requiring complex hydraulic models in the 

energy efficiency calculation.  

Table 2-1: Mechanical Energy Performance Indicators – No hydraulic modeling required 

Author Indicator Definition 

Wilkinson 

(2000) 

𝐸𝐼 = 𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑/∀𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 Energy intensity calculated by 

mechanical energy entering the system 

divided by the total volume of water 

entering the system. 

Pelli & Hitz 

(2000) 

𝐼2 = 𝐸/𝐹𝐸𝑚𝑖𝑛 Mechanical energy produced by pumps 

over minimum energy required to 

overcome elevation and minimum 

pressure requirements. Unavoidable 

energy losses due to friction and 

leakage are not considered.  

Carlson & 

Walburger 

(2007) 

𝐿𝑛𝑆𝑜𝑢𝑟𝑐𝑒

=  8.2394 + 0.4993𝐿𝑛(𝑄𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑)

− 0.063𝐿𝑛(𝑄𝑖𝑚𝑝𝑜𝑟𝑡)

+ 0.3724𝐿𝑛(𝐻𝑝 + 1)

+ 0.2385𝐿𝑛(𝐿𝑚) + 0.091𝐿𝑛(Δ𝑒𝑙𝑒) 

Multilinear regression analysis. 

Variables include total water supplied, 

water imported, pump horsepower, 

length of mains and change in 

elevation.  

Gay & Sinha 

(2012) 

𝑇𝑆 = 𝐸𝑚𝑖𝑛/𝐸𝑎𝑐𝑡𝑢𝑎𝑙 Labelled as a thermodynamic score for 

raw water extraction phase of a water 

supply system. Minimum energy term 

includes all energy losses due to 

friction, leakage and minimum energy 

needed to overcome static water head 
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requirement, whereas the energy 

entering the system includes wire or 

electrical energy usage.   

Cabrera et al. 

(2014) 

 Target efficiency is defined as the 

minimum energy required by user 

divided by targeted energy supplied to 

system. Target energy supplied 

includes unavoidable energy losses due 

to water delivered to user, friction 

losses, leakage, and topographic energy 

losses. 

 

The most common energy indicator used to determine water distribution system mechanical 

energy efficiency is the quotient of the energy supplied to the distribution system and the volume 

of water used (units of kWh/m3) (Wilkinson, 2000, 2007). This energy indicator is simple to 

calculate but does not consider system specific characteristics that have a significant effect on the 

overall energy use, such as topography, leakage, friction losses, and user demands. As a result, 

this indicator may not provide accurate insight into the energy efficiency of the water distribution 

system, or allow for benchmarking, goal setting, and tracking of energy improvements.    

Pelli & Hitz (2000) developed an energy efficiency indicator that compared the current energy 

use to a minimum energy term. The minimum energy term outlined by Pelli & Hitz (2000) 

calculated the mechanical energy required to meet the system’s demand at a minimum allowable 

pressure. This minimum energy term normalized a system’s unique demand and pressure 

requirements, allowing a more accurate comparison of mechanical energy efficiencies between 

different water distribution systems. However, the minimum energy term did not incorporate two 

major energy losses – unavoidable energy losses due to friction and leakage. By not including 

these two unavoidable energy losses, systems with large length of mains, and higher unavoidable 

𝑛𝑎𝑟,𝑜 =
𝐸𝑢𝑜

𝐸𝑠𝑟,𝑜
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leakage, would appear to have a lower energy efficiency. To properly calculate a minimum 

energy term, all unavoidable energy losses should be included.  

The Water Research Foundation report by Carlson & Walburger (2007) used a normalized 

ranking system instead of a minimum energy term in its energy efficiency indicator. Carlson & 

Walburger (2007) used data from 86 water utilities and performed regression analysis on a large 

number of system characteristics to develop a method that normalizes the mechanical energy 

supplied to a distribution system.  The energy indicator developed by Carlson & Walburger 

provides a statistical percentile by ranking the normalized energy supplied to the normalized 

energy supplied values for the 86 water utilities surveyed. Carlson & Walburger’s (2007) energy 

indicator highlighted the importance of system characteristics (length of mains, total system 

demand, etc.) in determining mechanical energy use. It also provided a method of comparison 

between utilities that is easy to use. However, this indicator does not provide insight into the level 

of energy efficiency that is possible, or give an indication on where energy is being lost. 

Furthermore, the regression analysis, based on 86 water utilities, may ignore unique factors that 

can have significant impact on energy use for specific utilities.  

Gay & Sinha (2012) developed a thermodynamic energy indicator that evaluates the energy 

efficiency of raw water transport (extraction and transport of raw water from source to treatment 

plant) by comparing the current energy use (including the electrical use of pumps) to a minimum 

energy term. This energy indicator builds on the work of Pelli & Hitz (2000) by incorporating 

unavoidable energy losses due to friction and leakage into the minimum energy term.  Since their 

energy entering the distribution system includes the electrical energy use of pumps, the minimum 

energy term also includes a maximum pump efficiency value.   

Gay & Sinha (2012) compared their energy indicator to the energy indicator developed by 

Carlson & Walburger (2007) across twelve water utilities. This comparison demonstrated that the 
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indicator developed by Carlson & Walburger (2007) ignored unique factors that can have a 

significant impact on the energy use of a utility.  

The approach developed by Gay & Sinha (2012) advanced the field of mechanical energy 

indicators by including energy losses due to friction and leakage within a minimum energy term. 

However, their approach did not acknowledge that only a portion of the energy lost due to friction 

and leakage is unavoidable. Therefore, Gay & Sinha’s (2012) energy indicator would not be able 

to identify energy inefficiencies caused by avoidable friction and leakage losses.  

Cabrera et al. (2014)  developed a new approach to assess the energy performance of a 

distribution system. Their method followed a two-step process to evaluate the mechanical energy 

efficiency of a distribution system: 

1. Calculate the overall mechanical energy efficiency of the system without the use of a 

hydraulic model using the energy indicators developed by Cabrera et al. (2014). 

2. If the results from Step 1 indicate an inefficient system, perform a detailed energy audit 

that requires a hydraulic model (outlined in Cabrera, Pardo, Cobacho, & Cabrera Jr., 

2010).  

Cabrera et al. (2014) determined the overall mechanical energy efficiency of a distribution system 

by using an efficiency target (or minimum energy term) that included unavoidable energy losses 

due to topography, user demand, leakage, and friction. This approach was the first to quantify all 

major unavoidable energy losses in a water distribution system and provided a more realistic 

evaluation of mechanical energy efficiency.  

The unavoidable energy loss due to friction was estimated by accounting for the average path 

length and the overall unit head loss across an entire system (Cabrera et al. 2014). In practice, it is 

often difficult to calculate an average path length and overall unit headloss in systems with 



 

 

 

18 

complex looped networks and various pipe diameters. Therefore, this could be a substantial 

barrier to water utilities adopting the energy efficiency indicator developed by Cabrera et al. 

(2014). 

Cabrera et al. (2014) estimated the unavoidable energy lost due to topographic changes by 

multiplying the total demand of the system by the difference in elevation between the highest 

service connection and the average service connection elevation. This calculation of topographic 

energy loss technically includes portions of energy lost due to friction and leakage. Because the 

separate friction and leakage energy targets outlined by the authors did not consider the portion of 

friction and leakage energy losses included in their topographic energy loss term, a portion of 

unavoidable energy was effectively counted twice. 

Overall, the energy indicator developed by Cabrera et al. (2014) presented the most accurate 

depiction of water distribution mechanical energy efficiency without the use of a hydraulic 

model. The indicator attempted to normalize the unique characteristics of water distribution 

systems that can have a significant impact on energy use by comparing current energy use to a 

system’s specific minimum energy requirement. The minimum energy term outlined by Cabrera 

et al. (2014) includes all major unavoidable energy losses (friction, leakage, and end-user 

demand). However, Cabrera et al.’s (2014) method to calculate unavoidable energy loss due to 

friction may prove to be difficult for water utilities to calculate, and the energy loss term for 

leakage did not provide a method to assess a volume of leakage that is unavoidable. Lastly, 

Cabrera et al.’s (2014) method to estimate minimum energy loss due to topographic changes may 

lead to inaccurate energy efficiencies.  

The energy indicators developed that do not require the use of a hydraulic model, attempt to 

create an easy to use indicator that calculates a system’s mechanical energy efficiency and allows 

for comparison between other water distribution systems. In order to facilitate comparison across 
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a variety of water distribution systems, network characteristics that affect energy usage must be 

normalized. The most prominent method of doing this is to compare current energy use to the 

minimum energy required for a specific system. For the energy efficiency indicator to be 

accurate, the minimum energy term needs to consider all major forms of unavoidable energy loss 

(friction, leakage and user demand). Researchers have attempted to estimate the unavoidable 

energy losses but research gaps remain.  A detailed method that can be calculated by water 

utilities to estimate the unavoidable energy loss due to friction and leakage and incorporating 

water conservation strategies into the minimum user demand are examples of the current research 

gaps that should be addressed.   

2.3 Mechanical Energy Performance Indicators (hydraulic modelling required) 

With the advent of hydraulic models and extended period simulation, a more detailed analysis of 

mechanical energy efficiencies became possible.  Hydraulic models allowed researchers to 

develop energy indicators that map energy flows throughout the distribution system at specific 

time steps. This has eliminated the error associated with system wide averaging of characteristics 

(such as elevation and pressure) which is necessary for energy indicators that do not require a 

hydraulic model.  Therefore, the energy indicators that require a hydraulic model provide greater 

detail and insight into the mechanical energy efficiency of a water distribution system. However, 

these energy indicators require computer programming and an accurate, calibrated hydraulic 

model, which can be a substantial barrier for many water utilities. The energy indicators 

described in this section all required the use of a hydraulic model.  

Cabrera et al. (2010) were the first to use extended period simulation (via a hydraulic model) to 

outline an energy balance of a distribution system. Their approach calculated the energy entering 

the distribution system as well as the three main energy loss terms: 1) energy delivered to user, 2) 

energy lost through leaks, and 3) energy lost through friction. The method developed by Cabrera 
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et al. (2010) allowed water utilities to quantify the energy end uses for a water distribution 

system.  

To interpret the energy efficiency of the system, Cabrera et al. (2010) developed a variety of 

mechanical energy efficiency indicators that compared the individual loss terms to energy 

entering the system.  The indicators identified the percentage of energy entering the system that 

was lost due to end energy use (wall friction, leakage and user demand). Two other energy 

efficiency indicators were also developed which compared mechanical energy entering the 

system and energy delivered to user, to the energy required to operate a similar system without 

any topographic changes. The energy indicators developed by Cabrera et al. (2010) provided 

greater insight into the energy profile of a system but did not inform the overall mechanical 

energy efficiency since the portion of the energy lost that is unavoidable was not identified. An 

informed mechanical energy efficiency indicator should highlight an achievable energy efficiency 

by considering the unavoidable energy losses for a system.  

Dziedzic & Karney (2014, 2015) advanced the understanding of energy performance in a 

distribution system by mapping the mechanical energy flow geographically and temporally in 

three distribution systems. Their spatial analysis approach identified pipe segments that had the 

largest friction losses and highlighted nodes experiencing significant energy losses due to leakage 

or user demand.  Their results indicated that certain pipes and nodes are responsible for a large 

portion of energy use in a water distribution. Their temporal analysis summarized total energy use 

at every hour of service, over a twenty-four-hour time period. This provided further insight into 

the large impact that pumping schedules have on energy use.  

Both approaches (spatial and temporal) developed by Dziedzic & Karney (2014, 2015) provided 

detailed analysis into energy losses throughout the distribution system. Their research highlighted 

the importance of individual pipe segments/nodes and pumping schedules on the overall energy 
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use in a water distributions system. However, knowing the total energy loss at a specific time or a 

specific node/pipe segment does not provide insight into the mechanical energy efficiency of a 

water distribution system. To calculate the mechanical energy efficiency for a certain time or 

specific node or pipe segment, the current energy use should be compared to the minimum energy 

required.  This comparison would highlight whether or not energy rehabilitation projects should 

be considered.  

Hashemi, Filion & Speight (2015) developed a novel method to evaluate the mechanical energy 

efficiency of individual pipes in a distribution system. The method developed by Hashemi et al. 

(2015) quantified all major energy losses for a pipe segment by performing a pipe-level energy 

balance. This energy balance was than calculated for all pipe segments within a distribution 

system on an hourly basis. Hashemi et al. (2015) then developed a variety of indicators 

comparing individual energy terms to overall energy supplied for each pipe segment. These 

indicators gave insight into how certain pipes energy profiles differ depending on the location in 

the network as well as the time of day. However, these indicators did not outline minimum energy 

losses, which may have provided insight into the type of energy rehabilitation projects that should 

be considered and where they would be most effective. 

The energy indicators developed with the use of hydraulic models, provided greater detail in the 

analysis of energy usage in a water distribution system. Cabrera et al. (2010) developed a method 

to calculate the individual energy loss terms for an entire distribution system without having to 

rely on system wide averaging. Dziedzic & Karney (2014, 2015) mapped energy flows 

throughout the distribution system, highlighting major energy losses that occurred at individual 

nodes/pipe segments. Hashemi et al. (2015) provided insight into a pipes individual energy losses, 

highlighting the percentage of the mechanical energy entering the pipe that is used for friction, 

leakage and/or user demand. All energy indicators developed with the use of hydraulic models 
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provided greater insight into how energy is used in a water distribution system. However, 

research gaps remain within this field of research. None of the energy indicators that require a 

hydraulic model estimate the mechanical energy efficiency of the network or pipe segment by 

comparing the current energy used to a minimum energy required (that is the portion of energy 

loss that is unavoidable). 

2.4 Entire Water Distribution System Indicators 

A few researchers have attempted to design performance indicators that combine the mechanical 

energy efficiency of the water distribution system with the electro-mechanical pump efficiency. 

Lenzi, Bragalli, Bolognesi & Artina (2013), relying on Cabrera et al (2010) extended period 

simulation energy audit, developed a Water Supply Energy Efficiency (WSEE) indicator that 

breaks the energy efficiency of the distribution system into three main components; Network 

Energy Efficiency (NEE), Leakage Energy Efficiency (LEE) and Pumping Energy Efficiency 

(PEE). The NEE is similar to Pelli & Hitz (2000) performance indicator, comparing the 

mechanical energy use to the minimum energy required by the end users. The LEE compares 

differences in energy supplied between a system with leakage to energy supplied to a system with 

no leakage. The final PEE indicator compares the electrical energy being supplied to the pumps to 

the mechanical energy output of these pumps. In order to calculate the entire water distribution 

system energy efficiency, the three terms are multiplied together.  

Mamade et al. (2017) adopted similar energy indicators for a case study of 17 water distribution 

systems. Mamade et al. also developed a method to assess the energy efficiency of the entire 

water distribution system without a hydraulic model or extended period simulation by simply 

dividing the minimum energy required by the end-users by the total energy entering the 

distribution system (including the electrical energy consumed by the pumps).  
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By incorporating pump inefficiencies into energy efficiency performance indicator, these 

methods provide a broader energy assessment of a water distribution system. However, by 

combining these two different inefficiencies one may lose sight of where the inefficiencies are 

actually occurring within the system, which can be important when designing energy 

rehabilitation plans. In addition, both approaches experience the same shortcomings identified in 

the mechanical energy efficiencies outlined earlier in this chapter. Although providing a method 

to include pump inefficiencies may be useful in understanding the entire water distribution 

system’s energy efficiency, the focus should remain on designing an accurate, easy to use 

mechanical energy efficiency indicator. After which this indicator could be easily adjusted to 

include pump inefficiencies when desired.  

  

2.5 Research Gaps and Next Steps 

This literature review highlighted the key research advancements in the development of energy 

indicators and the characterization of mechanical energy efficiency in water distribution systems.  

The review of the research literature identified a number of research gaps in the field of 

mechanical energy efficiency indicators. First, a detailed method that calculates the minimum or 

unavoidable energy losses for a water distribution system, associated with friction, leakage and 

user consumption, has yet to be developed. By comparing the minimum amount of mechanical 

energy required to the actual mechanical energy used in the system, water utilities could set more 

realistic efficiency targets. Furthermore, this comparison would normalize the mechanical energy 

use allowing water utilities to compare energy efficiency across pipes and nodes with a single 

system as well as compare across two or more systems. Researchers have attempted to develop 

minimal energy terms but a definitive method to evaluate minimal friction and leakage losses has 

not yet emerged. Second, statistical comparison between energy efficiency indicators whose 
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evaluation does not require a hydraulic model with energy indicators whose evaluation does 

require a hydraulic model, have never occurred. This comparison would highlight to what extent 

the estimates and system wide averages, that are required when not using a hydraulic model, have 

on the overall energy efficiency energy indicator.   
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Chapter 3 

A Streamlined Approach for Estimating the Mechanical Energy 

Efficiency of a Water Distribution System 

This chapter presents a streamlined methodology that assesses the mechanical energy efficiency 

of a drinking water network, without the need for hydraulic modeling or extended period 

simulation (EPS). Unavoidable energy expenditures for a specific water network are described 

using three minimum energy terms, Efriciton,min, Edelivered,min, and Eleakage,min. These minimum energy 

terms are calculated using the streamlined approach and compared with hydraulic modelling and 

extended period simulation results for 56 synthetic (computer-generated) water networks. The 

results indicate the streamlined approach accurately estimates the energy efficiency of a water 

distribution system. This streamlined approach allows utilities to calculate and compare 

mechanical energy efficiencies across a variety of water distributions systems, without relying on 

cumbersome hydraulic models or extended period simulations.  

 

3.1 Introduction 

The cost of electricity is one of the largest financial burdens for a drinking water utility, covering 

80% of the total processing and distribution costs (EPRI, 2002). The majority of electricity used 

by a water system is consumed by electrical pumps that produce the mechanical energy needed to 

transport water throughout the distribution system (Pabi, Amarnath, Goldstein, 2013). With 

growing urban populations and expanding water distribution systems, these costs are expected to 

increase (EPRI 2002). Currently 39 Billion kWh (or 1% of the entire United States national 

electricity usage) is used by public drinking water networks (Pabi et al., 2013). 

Due to the financial cost of electricity, water network operators are focused on improving the 

energy efficiency of the water distribution system. The largest reduction in electricity use can be 
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seen by improving the mechanical energy efficiency of the water distribution system (Mamade, 

Loureiro, Alegre, & Covas, 2017). A variety of optimization algorithms have been developed that 

can aid utilities in improving the energy use of their system. However, using these algorithms can 

be difficult and/or time consuming for the average water utility. Therefore, before applying these 

algorithms, an easy to use performance indicator should be calculated to estimate the mechanical 

energy efficiency of the distribution system. This performance indicator would also provide a 

method to easily compare mechanical energy efficiencies across water distribution systems, 

highlight best practices and eventually leading to goal settings and benchmarking.   

The most common mechanical energy efficiency performance indicator employed by utilities 

today is calculated by dividing the total mechanical energy supplied, by the total volume of water 

entering the system (Wilkinson, 2000, 2007). However, this metric does not consider a variety of 

characteristics that are unique to each water network (topography, leakage, friction losses, user 

demands). As a result, this metric may not accurately determine the mechanical energy efficiency 

for a water distribution system, nor does it allow for benchmarking, goal setting, or tracking of 

energy improvements. A better approach to characterize the energy efficiency of a distribution 

system may be to compare the minimum amount of mechanical energy needed for a specific 

water network, to the total mechanical energy entering the system. 

Pelli and Hitz (2000) were the first to calculate the mechanical energy efficiency of a water 

distribution system by comparing current energy use to a minimum energy value. Pelli and Hitz 

(2000) compared the total mechanical energy entering the system to the minimum amount of 

energy needed to provide a minimum pressure to all users within the water network. However, 

Pelli and Hitz (2000) did not incorporate friction and leakage losses into the minimum energy 

term.  
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Cabrera, Gomez, Cabrera Jr, Soriano & Espert (2014) further refined the minimum energy 

approach by developing a method to calculate the minimum mechanical energy losses for the 

three major energy components in a water network (friction, leakage, and delivered energy). 

Despite its usefulness, the energy approach of Cabrera et al. (2014) does not consider the 

possibility of reducing end users’ water consumption (which reduces the energy delivered to the 

user) or include a method for calculating minimum leakage volume. Furthermore, estimating the 

average flow path and average headloss required for the minimum friction energy term developed 

by Cabrera et al. (2014) may be difficult for complex systems.  

The streamlined approach of Cabrera et al. (2014) eliminates the need for a hydraulic model or 

extended period simulation, making the metric more accessible to water operators and decision 

makers. This is a key step in advancing the use of energy efficiency metrics for water distribution 

systems. However, Cabrera et al. (2014) did not attempt to validate the streamlined approach 

using a hydraulic model and extended period simulation for a large number of networks. 

The aim of this chapter is to present a new streamlined energy efficiency indicator that accurately 

identifies the mechanical energy efficiency of the water distribution system, allows comparison 

across water distribution systems, and is easy to calculate (thus not requiring a hydraulic model or 

extended period simulation).  The two main objectives are to: 

1. Develop a new streamlined approach that estimates the minimum mechanical energy 

expenditures of a water distribution system due to friction, leakage and user demand. A 

new energy efficiency indicator is than calculated by comparing the mechanical energy 

entering the system to the minimum mechanical energy expenditure terms. 

2. Validate the streamlined minimum energy approach with data from a hydraulic model 

and extended period simulation for 56 synthetic (computer-generated) water networks.  
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3.2 Streamlined Minimum Energy Estimates and Energy Efficiency Metric 

This chapter presents a streamlined approach to assess the overall mechanical energy efficiency 

of a water distributions system. The approach first describes the energy efficiency indicator which 

is calculated by comparing the total mechanical energy entering the system to the mechanical 

energy needed to meet minimum consumer demand at a minimum service pressure, overcome 

energy lost due to minimal leakage and energy dissipated by minimum friction losses, for a 

typical day of service. The equations that estimate the minimum mechanical energy expenditures 

due to delivery, leakage and friction are then described. This approach can be applied to an entire 

water network, a single pressure zone or a single district metered area.  

3.2.1 Overall Energy Efficiency (OEE) 

This metric compares the current mechanical energy entering the system (𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑) to the 

minimum, or unavoidable, mechanical energy expenditures for a system (Emin). Emin includes the 

mechanical energy required to meet minimum consumer demand at a minimum service pressure, 

mechanical energy lost due to minimal leakage and mechanical energy dissipated by minimum 

friction losses, for a typical day of service. 

𝑂𝐸𝐸 =
𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝐸𝑚𝑖𝑛
      (3.1) 

As the overall energy efficiency indicator (OEE) increases, the mechanical energy efficiency of 

the system decreases. The lowest numerical value possible for OEE is 1.0, which means that the 

mechanical energy supplied to the system is equal to the minimum energy required to operate that 

system. 

3.2.2 Energy Supplied (Esupplied) 

This term characterizes the mechanical energy supplied by the reservoirs and the shaft work 

performed by the pumps minus the change in potential energy stored in water tanks within the 
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water distribution system for a typical 24-hour period. Data from a Supervisory Control and Data 

Acquisition (SCADA) system can be used to characterize the work performed by the reservoirs 

and pumps and changes in tank storage throughout a typical day of service. All reservoirs and 

pumps entering or within the system should be considered. The units for this term is kilowatt 

hours per day (kWh/d). 

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = ∑ 𝐸𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 + ∑ 𝐸𝑠ℎ𝑎𝑓𝑡 − ∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑   (3.2) 

3.2.2.1 Mechanical Energy entering the system from a reservoir (Ereservoir) 

Using hourly SCADA data, the mechanical energy entering the system from reservoirs (in 

kWh/day) can be estimated using equation 3.3.   

𝐸𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = ∑ [∑ 𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟,𝑡,𝑖 ∗ (𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑡,𝑖) ∗ 𝛾𝑡=24
𝑡=1 ]∆𝑡𝑛

𝑖   (3.3) 

𝛾 represents the specific weight of water in kilonewtons per cubic metres (assumed to be 9.81 

kN/m3), Qreservoir,i,t represents the hourly flow rate (m3/hr) at time t, for reservoir i. Helevation,t,i 

represents the piezometric head (meters) at time t, for reservoir i and ∆𝑡 represents the time 

increment (in hours). n represents the number of reservoirs feeding into the distribution system.  

3.2.2.2 Mechanical energy entering the system from a pump (Eshaft) 

The mechanical energy or shaft energy introduced into the system from pumps, in kWh/day, is 

estimated using equation 3.4.   

𝐸𝑠ℎ𝑎𝑓𝑡 = ∑ [∑ 𝑄𝑠ℎ𝑎𝑓𝑡,𝑡 ∗ (𝐻𝑝,𝑡,𝑖) ∗ 𝛾𝑡=24
𝑡=1 ]∆𝑡𝑛

𝑖    (3.4) 

Qshaft,t,i represents the flow rate (m3/hr) leaving pump i, at time t. Hp,t,i represents the head (in 

meters) at pump i, at time t (in hours).   
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3.2.2.3 Change in energy stored in tanks (∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑) 

The change in potential energy stored in water tanks (kWh/day) can be estimated using equation 

3.5.   

∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = ∑ 𝐴𝑡𝑎𝑛𝑘,𝑖 ∗ 𝛾 ∗ [𝑧𝑖,𝑡=24
2 − 𝑧𝑖,𝑡=1

2 ]/2𝑛
𝑖    (3.5) 

Atank,i  is the cross-sectional area (m2) for tank i. zi,t=24 is the water level (m) in tank i at the end of 

the 24-hour analysis, and zi,t=1 is the initial water level (m) in tank i, at the beginning of the 24-

hour. 

3.2.3 Minimum Energy Required (Emin) 

This energy term characterizes the minimum, or unavoidable, mechanical energy expenditures 

that will occur within a distribution system in kilowatt hours per day. These energy expenditures 

include friction, leakage, and water delivered to users at minimum service pressure. The 

minimum energy required is outlined in equation 3.6, with all terms being measured in kWh/d.  

𝐸𝑚𝑖𝑛 = 𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑚𝑖𝑛 + 𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛 + 𝐸𝑑𝑒𝑙,𝑚𝑖𝑛   (3.6) 

This paper presents a number of empirical equations to estimate the minimum energy lost due to 

friction (Efriction,min), the minimum energy lost to leakage (Eleak,min), and the minimum energy 

required to meet water demand at a minimum service pressure (Edel,min) for a 24-hour period of 

service. These equations allow water operators to make a quick appraisal of the mechanical 

energy performance of their system without recourse to hydraulic modelling. 

3.2.3.1 Minimum Energy Expenditure Due to Water Demand (Edel,min) 

One major unavoidable mechanical energy loss in the distribution system is the delivery of 

pressurized water to the end-user. As this is the primary function of the distribution system, this 

energy loss cannot be eliminated, but it can be reduced. To reduce this energy loss only two 
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system parameters may be reduced, the total volume of water that is delivered to customers, and 

the pressure (or flow rate) of the water delivered. The Edel,min term, outlined in equation 3.7, 

estimates the minimum level of mechanical energy that exits the distribution system at the nodes 

(in kilowatt hours per day) to ensure users at the node receive water service at a minimum 

allowable pressure (𝐻𝑚𝑖𝑛) in meters and a minimum water use (∀𝑑𝑒𝑙,𝑚𝑖𝑛) in m3/day, to satisfy 

basic requirements over a typical 24-hour period of service. As calculating the average elevation 

for all nodes in a system may difficult, a simplified average elevation term (𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑎𝑣𝑔) in 

meters is estimated by taking the average height between the highest node and the lowest 

elevation node in the system. 𝛾 represents the specific weight of water in kilonewtons per cubic 

metres (kN/m3).  

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 =
∀𝑑𝑒𝑙,𝑚𝑖𝑛

3600
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑎𝑣𝑔) ∗ 𝛾   (3.7) 

The minimum volume of water delivered to users (∀𝑑𝑒𝑙,𝑚𝑖𝑛) in equation (3.7) is dependent on the 

water conservation target of a utility. The conservation target may be a percentage decrease from 

the current volume of water being consumed by users (∀𝑑𝑒𝑙,𝑟𝑒𝑎𝑙), or a minimum value for 

population served for a typical 24-hour period. For example, Toronto’s Water Efficiency Plan 

(City of Toronto, 2002) has the goal of reducing the amount of water being delivered to users by 

15% over the next three years (through educational programs, pricing structures and retrofit 

rebates). Therefore, Toronto’s minimum volume of water supplied to users (∀𝑑𝑒𝑙,𝑚𝑖𝑛) would be 

15% less than the current volume of water delivered (∀𝑑𝑒𝑙,𝑟𝑒𝑎𝑙). 

3.2.3.2 Minimum Energy Lost Due to Leakage (Eleak,min) 

Mechanical energy exits the distribution system through leaks, in the form of flowing water.  All 

networks experience some level of leakage, and eliminating mechanical energy that is lost due to 

leaks is impossible. Similar to the energy loss due to water delivered to the end-users, the 
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mechanical energy lost due to leakage in the distribution system can be minimized by reducing 

the volume of leakage, as well as the pressure at which the leakage exits the system. Equation 3.8  

estimates (in kilowatt hours per day) the unavoidable mechanical energy that is lost in the 

network due to a minimum volume of leakage at a minimum pressure. 

𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛 =
𝑈𝐴𝑅𝐿

3600
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑎𝑣𝑔) ∗ 𝛾         (3.8) 

The unavoidable annual real losses (UARL) estimates the minimum volume of water a network 

can expect to lose from leaks in a day (m3/d) (Lambert, Brown, Takizawa, Weimer, 1999). 

𝑈𝐴𝑅𝐿 =
[18∗𝐿𝑚+𝑁𝑐∗(0.8+0.025∗𝐿𝑝)]∗𝐻𝑚𝑖𝑛

1000
     (3.9) 

The minimum leakage volume (in this case UARL) is a function of the following variables: total 

length of water mains (Lm) in kilometers, number of service connections (Nc), average length of 

service pipe (Lp) in meters, and minimum required pressure (Hmin) in meters for the water 

distribution system. This equation is based on empirical data of water main breakage and leakage 

rates in a large number of water networks (Lambert et al. 1999).  

3.2.3.3 Minimum Energy Lost Due to Friction (Efriction,min) 

As water is transported throughout the distribution system, mechanical energy is lost due to 

friction along pipe walls and turbulence. To reduce the mechanical energy lost due to pipe wall 

friction, without altering the physical layout of the distribution system, the flow of water that 

passes through the system can be reduced, and the pipe roughness can be improved. The Efriction,min 

term, outlined in equation (3.10), characterizes the minimum amount of mechanical energy which 

is lost in the network due to friction (in kilowatt hours per day), by assuming a minimum flow 

rate and minimal pipe wall roughness for all pipes. The friction losses due to turbulence (minor 
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losses) are not calculated as these losses are considered negligible in comparison to total friction 

losses in a distribution system (Walksi, Chase, & Savic, 2001).  

Efriction,min = [Esupplied − γ ∗
∀total,real

3600
∗ (α + β(Havg + Helevation,avg))] ∗

∀total,min
2.85

∀total,real
2.85 ∗

CHW,avg
1.85

CHW,max
1.85  

(3.10) 

The terms within the square brackets for equation (3.10), estimate the real friction losses 

occurring within the system. ∀𝑡𝑜𝑡𝑎𝑙,𝑟𝑒𝑎𝑙 (m
3/day) represents the total volume of water entering the 

network within a day. Havg (m), is the average daily operating pressure for the water network. The 

regression coefficients 𝛼  and 𝛽 (unitless) were calculated with linear regression analysis for the 

56 networks tested in this paper. The regression values for these networks determined 𝛼  and 𝛽 to 

be 11.65 and 0.8167 respectively. These values may change depending on the water network and 

demand pattern used in the calibration process.  

The ratios outside the square brackets in equation (3.10) reduce real friction losses to minimum 

friction losses via reduced flow and pipe wall roughness. The volume ratio (
∀𝑡𝑜𝑡𝑎𝑙,𝑚𝑖𝑛

2.85

∀𝑡𝑜𝑡𝑎𝑙,𝑟𝑒𝑎𝑙
2.85 ) expresses 

the reduction in flow between minimal water usage per day, ∀𝑡𝑜𝑡𝑎𝑙,𝑚𝑖𝑛 (m3/day) and total water 

entering the network per day, ∀𝑡𝑜𝑡𝑎𝑙,𝑟𝑒𝑎𝑙 (m
3/day). ∀𝑡𝑜𝑡𝑎𝑙,𝑚𝑖𝑛 is the sum of minimum water loss 

due to leakage (UARL) and minimum water delivered to users (∀𝑑𝑒𝑙,𝑚𝑖𝑛) in a day. The flow terms 

must be expressed with the proper exponent to model the minimum friction energy loss. Since the 

energy equation for friction is the headloss from friction multiplied by the flow rate, the flow rate 

exponent should be 2.85 (1.85 from the Hazen William’s headloss equation and +1 for flow in the 

energy equation).  
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The minimal pipe wall roughness ratio (
𝐶𝐻𝑊,𝑎𝑣𝑔

1.85

𝐶𝐻𝑊,𝑚𝑎𝑥
1.85 ) represents the reduction in friction losses if the 

average pipe roughness value for the entire network, 𝐶𝐻𝑊,𝑎𝑣𝑔, is changed to a minimal roughness 

value, 𝐶𝐻𝑊,𝑚𝑎𝑥. For this thesis, the minimal pipe roughness value is considered to be 150 

(unitless) – the highest Hazen Williams coefficient for water pipe materials (PVC – Boulos, 

Lansey, & Karney, 2006). To model the reduction in friction losses due to reduced pipe 

roughness, the roughness coefficients must be raised to the Hazen William exponent of 1.85.  

3.3 Validation of Streamlined Minimum Energy Estimates 

The energy terms described in the previous section attempt to calculate the minimal mechanical 

energy required for a water distribution system without recourse to an extended period simulation 

hydraulic model for a typical day of service. The minimal mechanical energy required for a water 

distribution system can be defined by the three energy terms; Edel,min - the mechanical energy 

needed to meet minimum consumer demand at a minimum service pressure, Eleak,min – the 

mechanical energy lost due to minimal leakage and Efriction,min - the mechanical energy dissipated 

by minimum friction losses.  

In order to validate this streamlined approach, the minimum energy terms are compared to their 

corresponding values calculated at the nodes of 56 synthetic networks on an hourly basis for a 24-

hour period, using the EPANET2 (Rossman, 2000) hydraulic model for water networks.  A 24-

hour diurnal demand pattern was chosen to represent an average daily demand for each network 

analyzed. The equations used with the EPANET2 hydraulic model to evaluate the minimum 

energy indicators are outlined in Appendix A.  

3.3.1 Synthetic Water Distribution Systems 

Obtaining a wide variety of hydraulic models of water distribution systems for research purposes 

can be difficult. Therefore, Dynavibe, a hydraulic model generator developed by Mair, Rauch, & 
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Sitzenfrei (2014), was used to create a database of 56 synthetic EPANET2 hydraulic models of 

water distribution systems to test the streamlined approach’s accuracy.  

The Dynavibe software relies on a spanning tree algorithm that uses digital elevation maps and 

street networks to design a hydraulic model of a water distribution system. This software has been 

shown to create hydraulic models that are similar to real distribution systems in terms of network 

properties and hydraulic performance (Mair et al. 2014). However, these models do not represent 

physical distribution systems and therefore are termed virtual networks. The Dynavibe software 

requires user inputs for service area, total daily demand, position of water sources and whether 

demand.  

For this thesis, Dynavibe was used to create 56 distribution system models to test the accuracy of 

the streamlined energy efficiency indicator. To obtain a diverse dataset of virtual networks, a 

variety of street layouts and elevations maps from around the world (USA, Canada, France, 

Spain, and Ireland) were used. The hydraulic models generated, ranged in size from 33 km to 350 

km of pipe, with average consumption ranging between 200 to 600 litres per connection per day.  

The water sources were selected to be adjacent to the distribution system, at a similar elevation.  

Each virtual network was assessed with 36 different scenarios, which included the combination 

of; three different pipe roughness values (average Hazen William coefficients of 100, 125, 150), 

low and high leakage levels (leakage volumes between 0-10%, and 10-20% of water supplied), 

four minimum pressure values (20m, 25m, 30m, and 50m), and three different demand-side 

conservation strategies (
𝑉𝑑𝑒𝑙,𝑚𝑖𝑛

𝑉𝑑𝑒𝑙,𝑟𝑒𝑎𝑙
 ratios of 0.7, 0.85. and 1). In total, the 36 scenarios were analyzed 

for each of the 56 networks resulting in 2,016 data points.  

The system characteristics for the 56 synthetic water distribution systems and the 36 scenarios 

tested for each synthetic water distribution system, are outlined in Appendix B. 
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3.3.2 Statistical Analysis 

The Pearson Product Moment Correlation Coefficient (Pearson coefficient) was used to assess the 

degree of correlation between the streamlined values and the hydraulic model / extended period 

simulation values for the minimum energy indicators. The Pearson coefficient is computed with: 

𝑟 =  
∑ 𝑥𝑖𝑦𝑖−𝑛�̅��̅�

√∑ 𝑥𝑖
2−𝑛�̅�√∑ 𝑦𝑖

2−𝑛�̅�

     (3.11) 

Where n is the number of samples, and �̅� and �̅� are average values for the minimum energy terms 

calculated with the extended period simulation or the streamlined equations. A Pearson 

coefficient of -1 or +1 indicates a perfect negative or positive relationship between the two 

variables.  

It is important to define what strong correlation value is considered, before computing the 

Pearson coefficient. For this thesis, a strong correlation is said to exist if the Pearson coefficient is 

greater than 0.6 as outlined in Table 3-1. Correlation values below zero are considered 

inadmissible for this analysis.   

Table 3-1: Pearson Coefficient Guidelines for Comparison of Minimum Energy Terms 

Pearson Coefficient Guidelines for Comparison of 
Minimum Energy Terms 

Strength of Correlation Pearson Coefficient Range 

Strong >0.6 

Medium 0.3 - 0.6 

Weak <0.3 

Inadmissible <0 
  

Significance between the Pearson coefficient is tested with the Student ‘t’ statistic,  
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𝑡 =
𝑟√𝑛−2

√1−𝑟2
     (3.12) 

Where r is the Pearson coefficient and n is the number of samples.  

The null hypothesis for this test is 𝐻0: 𝑟 = 0, which means no statistically significant correlation 

exists between the hydraulic model / extended period simulation energy values and those 

calculated with the streamlined minimum energy indicator values. The null hypothesis is accepted 

if the p-value, corresponding to the Student ‘t’ statistic, is greater than the chosen alpha; the 

alternative hypothesis is accepted if the p-value, corresponding to the Student ‘t’ statistic is less 

than the chosen alpha. In the case of this experiment, a strong statistical significance is required to 

reject the null hypothesis; α = 0.01.   

In order for the Pearson coefficient and t-test to be valid, the two datasets must be linear, on an 

interval scale, have homogeneous variance and normally distributed residuals. These 

requirements were all confirmed before applying the Pearson coefficient and t-test to the 

hydraulic model energy indicator dataset to the streamlined minimum energy indicator dataset  

3.4 Results 

Figure 3.1 compares the results from the streamlined and the extended period simulation 

approach for all networks tested. A strong linear relationship between the streamlined approach 

and the extended period simulation results is apparent. 
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Figure 3-1: Streamlined approach compared to extended period simulation (EPS) values for 

a) minimum energy lost to friction, b) minimum energy lost to leakage, c) minimum energy 

required for water demand, and d) overall energy efficiency indicator 

Table 3.2 outlines the correlation results between values calculated using the streamlined 

approach and those calculated with extended period simulation. 
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Table 3-2: Results of correlation between values of Edel,min, Eleak,min, Efriction,min 

estimated with the streamlined approach and calculated with the extended period 

simulation EPANET2 model 

 𝐸𝑑𝑒𝑙,𝑚𝑖𝑛  𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛  𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑚𝑖𝑛  𝑂𝐸𝐸 

PPMC (r) 0.953 0.965 0.971 0.947 

tp 141.45 165.16 183.17 132.47 

p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 

A strong correlation exists between the streamlined approach and the extended period simulation 

method for all energy indicators. The highest correlation is seen with the minimum friction term 

(r = 0.971, tp = 183.17 and p-value < 0.0001).  The lowest correlation occurs with the overall 

energy efficiency indicator (r = 0.947, tp=132.47, p-value < 0.0001). For all minimum energy 

terms and the overall energy efficiency indicator (OEE), the null hypothesis (that no correlation 

between the two methods for calculating minimum energy indicators exists) can be rejected since 

all p-values are less than alpha (α = 0.01).  These results suggest the streamlined approach 

calculates similar values to the extended period simulation method.  

Furthermore, all OEE indicators calculated were greater than, or equal to, 1. This is expected 

since an OEE value below 1 suggests the current water distribution system is using less energy 

than is technically required to operate the system.  

3.5 Discussion 

The performance indicator outlined in this paper estimates the mechanical energy efficiency of a 

water distribution system without the need of a hydraulic model or extended period simulation. 

This performance indicator follows a similar approach to other mechanical energy efficiency 

indicators, by comparing the energy entering the system to the minimum mechanical energy 



 

 

 

43 

required of the system (Pelli & Hitz 2001, Cabrera et al. 2014, Mamade et al, 2017, etc.). 

However, the indicator developed in this chapter provides three innovations to improve the 

minimum mechanical energy estimate (Emin). These innovations include: 

1. Demand side reduction targets are considered when estimating minimum mechanical 

energy loss due to water delivered (Edel,min) and minimum mechanical energy loss due to 

friction (Efriction,min) 

2. Adopts an empirical formula (UARL formula - Lambert et al., 1999) to estimate the 

minimum volume of leakage for a system. This value is then used to predict the minimum 

mechanical energy losses due to leakage and friction (Eleak,min, Efriction,min).  

3. Develops an empirical formula to calculate the minimum amount of mechanical energy 

lost due to pipe wall friction.  

Minimizing the total volume of water delivered to the end user reduces the mechanical energy 

losses exiting the system at the end user and friction losses occurring along the pipes. Therefore, 

when calculating the minimum mechanical energy required of the system, reducing the volume 

delivered to users should be considered. Many energy efficiency performance indicators already 

include a similar approach to minimize the volume of leakage (Cabrera et 2014, Mamade et al 

2017). However, this is the first indicator to highlight the fact that demand side management can 

play a significant role in reducing the energy losses occurring within the distribution system. The 

reduction targets that are used to estimate the minimum volume delivered to end user can be set 

by the individual utility or may be part of a wider regulatory compliance, such as California’s 

25% reduction plan during the drought (Executive Order No. B-29-15, 2015).  

The other two innovations (adopting the UARL formula to estimate minimum volume of leakage, 

and developing an empirical formula to calculate the minimum amount of mechanical energy lost 
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due to pipe wall friction) allow for a standardized and direct approach in calculating the 

mechanical energy efficiency of a water distribution system. Many utility operators would find it 

difficult to estimate the minimum volume of leakage in their system, or the average path length 

and average unit head loss for their systems. Having an empirical formula to estimate the 

minimum friction and minimum leakage losses can improve the accessibility of this indicator. 

These formulas also provide a more standardized approach to assess the mechanical energy 

efficiency of a distribution system. This in turn allows for a more accurate comparison of energy 

efficiency across water distribution systems.  

In order to validate the streamlined approach, the minimum energy terms and the mechanical 

energy efficiency indicator were compared using the streamlined approach and a hydraulic 

model/extended period simulation method for 56 networks each with 36 different scenarios. The 

two approaches follow the same minimum energy principals (reducing leakage to a minimum, 

reducing volume delivered based off reduction targets, reducing pressure to a minimum, etc.). 

Therefore, any difference noticed between the two methods, would be due to the inaccuracy of 

the system wide and temporal averages required for the streamlined approach.   

 The strong correlation results from this comparison suggests the system wide and temporal 

averages employed by the streamlined approach, do not have a significant effect on the overall 

results. Therefore, the easy-to-use streamlined approach may be administered to predict the 

mechanical energy efficiency of the distribution system. This also eliminates the need for water 

utilities to rely on a hydraulic model, which may be outdated or incorrect, to calculate their 

energy efficiency.  

Interpreting the results further, the OEE indicator (for both approaches) remained above one for 

all scenarios and virtual networks studied. This is an important error check, since a value below 

one would suggest the water distribution system is supplying less mechanical energy than the 
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minimum energy required. The average OEE value was calculated to be 2.56, which suggests the 

mechanical energy supplied is 2.56 times the minimum energy required of the distribution 

system. This value is higher than the average mechanical energy efficiency calculated by 

Mamade et al. (2017) - 1.7 times the minimum mechanical energy required (for a case study of 17 

water distribution systems). However, the indicator employed by Mamade et al. (2017), did not 

consider demand side reduction strategies which would reduce their energy efficiency. It is also 

important to note that the analysis performed in this chapter was done using virtual networks, and 

therefore the results do not necessarily reflect average values for real water distribution systems.  

The usefulness of the mechanical energy efficiency indicator becomes apparent when one starts 

to observe the wide range of OEE values for the virtual networks. In some virtual networks, 

improving the mechanical energy efficiency of the system may be difficult (<1.5), whereas high 

OEE values (>4) in other virtual networks suggest large improvements are possible. As real water 

distribution systems adopt this easy-to-use performance indicator, similar comparisons across 

water distribution systems and benchmarking for future efficiency goals can occur. If utilities are 

experiencing high OEE values, they may consider investing in energy improvement strategies 

(such as leak reduction, demand side management, pipe rehabilitation, optimization of network 

layout/pumping schedules, etc.). 

 The researchers recommended that a utility calculates the OEE on a yearly basis. This would 

allow the utility to track its mechanical energy efficiency as the system ages, and evaluate 

improvements as they occur. Although the analysis presented here is for an average 24-hour 

period, it could easily be adopted to reflect a year-long audit, if the utility would prefer.  

Future research should consider comparing the real energy loss components with the minimum 

energy terms presented in this paper. This may help water utilities decide what rehabilitation 

strategies to adopt in order to improve overall energy efficiency. These real energy loss 
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components have already been well described in energy audits that use hydraulic models with 

extended period simulation (Cabrera et al. 2010, Mamade et al. 2014). Comparing individual real 

energy loss terms to their corresponding minimum energy terms gives greater insight into the type 

of energy improvements that should be considered. For example, if actual energy loss due to 

leakage is considerably higher than minimum energy loss due to leakage, than rehabilitation 

strategies such as active leak detection should be considered. If a large difference between actual 

energy delivered and minimum energy delivered is occurring, the water utility should focus on 

demand side management to improve energy efficiency.  

Although the OEE and the minimum energy terms provide a method in which to assess and 

compare energy efficiencies among various water networks, there are still some limitations with 

this approach. The OEE and minimum terms only apply to the current layout and operating 

conditions of a system. If the layout is altered to lower the overall energy use the OEE may 

actually increase, since the minimum energy terms will now be based on the new design. 

Furthermore, the minimum water delivered may depend on the goals and objectives of the 

specific water utility. This creates some discrepancy in comparing OEE between different water 

networks with different water conservation plans. 

3.6 Conclusion 

The aim of this chapter was to present new minimum energy terms and an overall energy 

efficiency indicator that could be used to evaluate mechanical energy efficiency of a water 

distribution system without the need for a hydraulic model or extended period simulation. The 

statistical results from this chapter depict a strong correlation between estimated minimum values 

to values calculated via extended period simulation. Applying the streamlined method to real 

water distribution systems has the potential to be an excellent benchmarking tool to help water 

utilities evaluate the energy efficiency of their networks. 
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Chapter 4 

A Streamlined Approach to Estimate the Energy Efficiency of a Water 

Distribution System: A Case Study 

An attempt is made in this chapter to further validate the streamlined approach of the overall 

energy efficiency (OEE) energy indicator outlined in Chapter 3. A case study is performed on six 

hydraulic models of real water distribution systems. The comparison of the OEE indicator using a 

streamlined approach and hydraulic model/extended period simulation resulted in comparable 

results for all six networks. These results corroborate the findings outlined in Chapter 3.  

This chapter further examines the energy efficiency of a water distribution system by comparing 

the real individual energy losses occurring in the system to their theoretical minimum energy 

terms developed in Chapter 3. This comparison highlights the efficiency of individual energy loss 

terms and can provide insight into the type of energy rehabilitation strategies water utilities may 

consider to improve their overall energy efficiency.  

4.1 Introduction 

The conveyance of drinking water by pressurized pipe networks requires a significant amount of 

energy. It is estimated that 19% of California’s electricity and 30% of natural gas consumption is 

used to pump water (Ghimire & Barkdoll, 2007). Overall, public water systems in the United 

States consume over 39 billion kWh of electricity, roughly 1% of the country’s total electrical 

output (Pabi, Amarnath, Goldstein, & Reekie, 2013). Electro-mechanical pumps consume most of 

this electricity to provide the mechanical energy necessary to transport clean drinking water 

through a network of pipes to reach the customers.   
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Due to the financial and environmental implications associated with high electricity use, 

distribution system managers have made it a priority to reduce the energy demand of their 

systems.  Before major investments are made to reduce the energy demand in a distribution 

system, the system’s energy efficiency should be characterized. Energy indicators can provide 

insights into the potential energy savings, provide a method for tracking and evaluating energy 

improvements over time, allow for comparison between utilities, and inform goal setting. 

This chapter attempts to further validate the streamlined approach presented in Chapter 3 of this 

thesis by calculating the overall energy efficiency indicator (OEE) using both the streamlined 

approach and extended period simulation on six hydraulic models of real water distribution 

systems. The paper also examines the difference between individual real energy losses and their 

corresponding minimum energy requirements. This comparison may provide greater insight into 

the types of rehabilitation projects a utility should consider when attempting to improve the 

mechanical energy efficiency of their water distribution system.  

4.1.1 Streamlined Minimum Energy Estimates and Energy Efficiency Indicator 

Chapter 3 described a method to assess the mechanical energy efficiency of a water distribution 

system without the use of a hydraulic model (Snider & Filion, 2016). This approach calculates the 

overall energy efficiency indicator by comparing the mechanical energy supplied to a system to 

the minimum mechanical energy losses expected from the sum of the three major energy 

components within a water distribution system; friction, leakage, and water delivered to 

consumer. The water distribution energy components are indicated in Figure 4-1, with the “E” 

representing mechanical energy.  
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Esupplied 

Efriction 

Excess Energy 

Efriction,min 

Edelivered 

Excess Energy 

Edel,min 

Eleakage 

Excess Energy 

Eleakage,min 

Figure 4-1 Energy Uses within a Distribution System 

Once the energy supplied (Esupplied) and the minimum energy terms (Efriction,min, Edel,min, Eleakage,min) 

are calculated, over a specific time period, the overall energy efficiency indicator (OEE) may be 

calculated using the equation outlined below.  

𝑂𝐸𝐸 =
𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝐸𝑚𝑖𝑛
      (4.1) 

Dividing the mechanical energy entering the distribution system by its minimum mechanical 

energy required provides a method to estimate the mechanical energy efficiency of the 

distribution system. This method of estimating energy efficiency has been well established by 

other researchers (Pelli & Hitz, 2000, Cabrera, Pardo, Cobacho & Cabrera Jr. 2010, Lenzi, 

Bragalli, Bolognesi & Artina, 2013, Mamade, Loureiro, Covas, & Alegre, 2014). However, the 

OEE advances mechanical energy efficiency indicators by; considering demand side management 

to reduce the volume delivered to user, adopting the UARL formula developed by Lambert, 

Brown, Takizawa & Weimer (1999) to predict the minimum energy loss due leakage, and 

developing an empirical formula to estimate the minimum energy loss due to friction for a water 

distribution system. These advancements acknowledge the importance of demand side 

management as it pertains to energy usage, and facilitates energy efficiency comparison by 
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providing a more standardized approach to estimate the mechanical energy efficiency of a 

distribution system. 

The specific equations used to estimate the energy terms highlighted in Figure 4-1 without a 

hydraulic model / extended period simulation, are outlined in Table 4-1. These equations are 

described in detail in Chapter 3. 
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Table 4-1: The Streamlined Approach equations used to estimate the Overall Energy Efficiency indicator 

Term Streamlined Equation 

Esupplied, (kWh/day), measures the total mechanical energy 

entering the distribution system.  

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = ∑ 𝐸𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 + ∑ 𝐸𝑠ℎ𝑎𝑓𝑡 −  ∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑 

Ereservoir (kWh/day), measures the total mechanical energy 

entering the distribution system from gravitational flow of 

water from reservoirs. Calculated on an hourly basis for each 

reservoir using data made available from SCADA.  

𝐸𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = ∑ [ ∑ 𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟,𝑡,𝑖 ∗ (𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑡,𝑖) ∗ 𝛾

𝑡=24

𝑡=1

] ∆𝑡

𝑛

𝑖

 

Eshaft_ (kWh/day), measures the total mechanical energy 

entering the distribution system due to pumps.  
𝐸𝑠ℎ𝑎𝑓𝑡 = ∑ [ ∑ 𝑄𝑠ℎ𝑎𝑓𝑡,𝑡 ∗ (𝐻𝑝,𝑡,𝑖) ∗ 𝛾

𝑡=24

𝑡=1

] ∆𝑡

𝑛

𝑖

 

∆𝑬𝒔𝒕𝒐𝒓𝒆𝒅 (kWh/day), represents the change in potential 

energy stored in the water distribution system. It is 

estimated by measuring the change in water levels in 

water tanks throughout the distribution system during the 

24 hour analysis. 

∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = ∑ 𝐴𝑡𝑎𝑛𝑘,𝑖 ∗ 𝛾 ∗ [𝑧𝑖,𝑡=24
2 − 𝑧𝑖,𝑡=1

2 ]/2

𝑛

𝑖
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Emin (kWh/day), represents the mechanical energy required by 

the water distribution system assuming minimum mechanical 

energy losses due to friction, leakage and water delivered to 

users.  

𝐸𝑚𝑖𝑛 = 𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑚𝑖𝑛 + 𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛 + 𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 

Edel,min (kWh/day), estimates the amount of mechanical energy 

required to supply the end users with a minimum volume of 

water (Vdel,min) at a minimum pressure (Hmin) 

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 =
∀𝑑𝑒𝑙,𝑚𝑖𝑛

3600
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑎𝑣𝑔) ∗ 𝛾 

Eleak,min (kWh/day), estimates the amount of mechanical energy 

that exits the system due to a minimum volume of leakage 

(calculated using Lambert et al.’s 1999 UARL formula) at a 

minimum pressure (Hmin).  

𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛 =
𝑈𝐴𝑅𝐿

3600
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑎𝑣𝑔) ∗ 𝛾 

Efriction,min (kWh/day), estimates the amount of mechanical 

energy that is lost due to pipewall friction assuming minimum 

flow rate and minimum pipe roughness.  

Efriction,min = [Esupplied − γ ∗
∀total,real

3600
∗ (α + β(Havg + Helevation,avg))]

∗
∀total,min

2.85

∀total,real
2.85 ∗

CHW,avg
1.85

CHW,max
1.85  
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4.2 Case Study: OEE metric for six hydraulic models of real water distribution 

systems 

In Chapter 3, the streamlined approach for estimating mechanical energy efficiency was applied 

to a large number of synthetic water networks. This chapter further examines the applicability of 

the streamlined approach by calculating and comparing the minimum energy terms and the OEE 

indicator using hydraulic models of real water distribution systems.   

Gaining access to hydraulic models of real water distribution systems for research purposes can 

be difficult. The Kentucky division of Water acknowledged this issue and has provided free 

access to a database of fifteen hydraulic models of water distribution systems located within 

Kentucky  (Kentucky Division of Water, 2010). To protect the identity of these systems their 

names were removed and the models were labelled KY1 through KY15.  

Five of these networks were selected, based on their ability to be compiled using the average day 

diurnal pattern selected for this study (outlined in Appendix B). These networks include KY2, 

KY4, KY6, KY7, and KY8.  

Selecting a database of freely accessible hydraulic models of real water distribution systems, is 

important as it allows other researchers to compare metrics and repeat studies. However, to 

determine the applicability of the OEE performance indicator in areas besides Kentucky, one 

other network located in Ontario, Canada was analyzed. The hydraulic model of this network, 

referred to as Anon1, was provided from the utility and is not publicly available.  

In total, six hydraulic models of real water distribution systems were selected to analyze the 

streamlined approach in calculating the minimum mechanical energy terms and the OEE 

indicator. The characteristics of the networks are indicated in Table. 4-1. 
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Before applying the streamlined approach to the six networks, a number of assumptions were 

made: 

 The regression coefficients required to calculate the streamlined Efriction,min indicator are 

assumed to equal the values calculated from the virtual network analysis in Chapter 3 (𝛼 

= 11.65 and 𝛽 = 0.8167) 

 No demand side reduction plans were available for the six networks investigated in this 

chapter. Without this information the minimum volume delivered (Vdel,min ) is assumed to 

equal the current volume use (Vdel). 

 Minimum pressure was calculated on the basis of pressure requirements for that area. For 

the five Kentucky networks, the minimum pressure is assumed to be 21 m (Kentucky 

Division of Water, 2010). For the one Ontario network (Anon1) the minimum pressure is 

assumed to be 28 m (Region of Peel, 2010).  

 No leakage information was provided for the Anon1 model. Therefore, the energy 

assessment of leakage (Eleak, and Eleak,min) is not applicable. 

 For the sake of consistency with the methodology described in Chapter 3, the average 

elevation was simplified using the midpoint between lowest and highest nodes.  

4.2.1 Statistical Analysis 

Similar to Chapter 3, to assess the degree of correlation between the streamlined and extended 

period simulation values for the six real water distribution systems analyzed, the Pearson Product 

Moment Correlation Coefficient (Pearson coefficient) is used. The Pearson coefficient is 

computed with: 
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𝑟 =  
∑ 𝑥𝑖𝑦𝑖−𝑛�̅��̅�

√∑ 𝑥𝑖
2−𝑛�̅�√∑ 𝑦𝑖

2−𝑛�̅�

     (3.11) 

Where n is the number of samples, and �̅� and �̅� are average values for the minimum energy terms 

calculated with the extended period simulation or the streamlined equations. A Pearson 

coefficient of -1 or +1 indicates a perfect negative or positive relationship between the two 

variables.  

Using the same guidelines described in Chapter 3, the strength of the correlation is defined in 

Table 4-2. Correlation values below zero are considered inadmissible for this analysis.   

Table 4-2: Pearson Coefficient Guidelines for Comparison of Minimum Energy Terms 

Pearson Coefficient Guidelines for Comparison of 
Minimum Energy Terms 

Strength of Correlation Pearson Coefficient Range 

Strong >0.6 

Medium 0.3 - 0.6 

Weak <0.3 

Inadmissible <0 
  

The Pearson coefficient requirements of being linear, interval scale, homogenous variance and 

normally distributed residuals were all confirmed for the six network case study.  
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Table 4-3: Characteristics of the six distribution systems examined 

Water Distribution System’s Characteristics 

Model 
Length of 

Mains 
(km) 

# of Service 
Connections 

Average 
Service Pipe 
Length (m) 

Pressure 
- Avg (m) 

Pressure 
- min 
(m) 

Elevation -
Avg (m) 

Vleak 
(m3/d) 

Vleak,
min 

(m3/d) 
ILI 

Vdel 
(m3/d) 

Vdel,min 
(m3/d) 

CHW 
Avg 

Anon1               56             3,686                  4  47         28            28          NA    NA  NA    3,303       3,303   120  

KY2             152             5,040                  4          46      21       15    712      152      5     7,197       7,198    113  

KY4             260             9,020                  4         48          21               37        681    269     3    4,992       4,992    150  

KY6             123             2,822                  4            59         21               59   1,179     100   12    5,025       5,025   149  

KY7             137             3,479                  4             60          21               50    1,679       118    14  4,110    4,110    150  

KY8             247           11,712                  4  54  21             116    1,213      315      4    8,116      8,116    115  
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4.3  Results 

The Overall Energy Efficiency indicator (OEE) and individual minimum energy terms were 

calculated in two distinct methods for all six networks. The first method employed was the 

streamlined approach which calculates the minimum energy terms and the OEE without the use 

of a hydraulic model/extended period simulation. The second method calculated the overall 

energy efficiency indicator with the use of extended period simulation via hydraulic models. The 

extended period simulation method calculated the minimum energy terms on hourly increments 

for the 24-hour analysis by using the computer software EPANET2 (Rossman, 2000), in 

conjunction with the hydraulic models provided. This extended period simulation method is used 

to validate the streamlined approach.  The equations used by the extended period simulation 

method are outlined in Appendix A. Lastly, the energy efficiencies of the distribution systems are 

examined by comparing the minimum energy terms (calculated by the streamlined and the 

extended period simulation approach) to the real energy terms developed by Cabrera et al. (2010). 

4.3.1 Energy Supplied to the System 

The first step in calculating the OEE is to estimate the mechanical energy that is supplied to the 

distribution system (Esupplied). Esupplied was calculated by summing the mechanical energy input to 

the system through reservoirs, tanks and shaft work performed by pumps. The energy stored in 

elevated tanks was subtracted from the total energy supplied to the system. Table 4.2 and Figure 

4.2 describe the energy supplied to each of the six water distribution systems studied over a 24-

hour time period. 
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Figure 4-2 Energy supplied to the six test systems 

 

Table 4-4: Energy supplied to the six test systems 

Energy Supplied to the System (kWh/d) 

Network Eshaft Eres Estored Esupplied* 

Anon 1 822  56  82 796  

KY2 1,493  339  302 1,529  

KY4 2,015  93  292 1,815  

KY6 4,478   -1,127 789 2,562  

KY7 1,791  -    -29 1,820  

KY8 3,674 557 440 4,670 

*Esupplied = Eshaft + Eres – Estored   

 

As outlined in Figure 4-2 and Table 4-4, the majority of energy supplied for all systems was 

through shaft energy. Therefore, these networks are considered pump systems.  

The energy storage term represents the net mechanical energy that is stored in tanks during the 

duration of the system analysis. Network KY7 has a negative energy storage value since the tank 
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levels decreased during the analysis, providing mechanical energy to the distribution system. All 

other networks experienced a positive energy stored value with increased tank levels at the end of 

the 24-hour analysis.  

A negative value of Eres is noticed in KY6. This is the result of more water (and energy) entering 

the reservoir then leaving it during the 24-hour analysis. Therefore, the reservoir is acting similar 

to a tank, with the negative Eres value representing an increase in energy stored within the 

reservoir. To calculate Esupplied for KY6, the energy that is stored in the reservoir (1,127 kWh) and 

other tanks (789 kWh) must be subtracted from the total shaft energy (4,478 kWh).  

4.3.2 Minimum Energy Terms for Streamlined Approach and Extended Period Simulation 

As described previously, the minimum energy terms, Efriction,min, Edelievered,min, and Eleakage,min, were 

calculated for each network using extended period simulation and the streamlined methodology 

developed in Chapter 3. A comparison of these values can be seen in Figure 4-3 and Table 4-5. 
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Figure 4-3: Minimum energy needed to deliver water, to overcome pipe friction and to 

satisfy leak: a) calculated with streamlined energy indicator, and b) calculated with 

extended period simulation EPANET2 model. 
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Table 4-5: Minimum energy needed to deliver water, to overcome pipe friction and to 

satisfy leak: a) calculated with streamlined energy indicator, and b) calculated with 

extended period simulation EPANET2 model. 

Minimum Energy (kWh/d) 

  a) Streamlined Approach b) EPS EPANET2 Model 

Network Edel,min Eleak,min Efriction,min Emin Edel,min Eleak,min Efriction,min Emin 

Anon 1 506              NA   73  579  494  NA   65  560  

KY2 699  15  102  815  695  15  87  797  

KY4 796  43  447  1,285  937  50  220  1,208  

KY6 1,092  22  415  1,529  1,178  23  315  1,516  

KY7 793  23  90  906  758  22  127  906  

KY8 3,023 117 390 3,531 3,115 121 143 3,379 

 

Table 4-5, Figure 4-3 suggests that the minimum energy term values calculated by the 

streamlined approach and the EPS EPANET2 model were comparable across all six networks 

tested. To understand the strength of this comparison the Pearson coefficient was calculated for 

each minimum energy term. The results from statistical analysis can be seen in Table 4-6. 

  



 

 

 

64 

Table 4-6: Correlation Values between Streamlined Approach and Extended Period 

Simulation for Six hydraulic models of Real Water Distribution Systems 

Minimum Energy Term Pearson Coefficient 

Edel,min 0.9978 

Eleak,min 0.9979 

Efriction,min 0.9042 

Emin 0.9997 

 

Table 4-6 demonstrates a strong correlation exists between the minimum energy term values 

calculated by the streamlined approach and the EPS EPANET2 model for the six networks tested. 

This is expected since the values used to predict the minimum energy terms for both approaches 

were similar (equal minimum pressure, equal minimum friction coefficient, equal minimum 

volume of leakage). However, in calculating the streamlined approach, system wide averages are 

necessary. The results of this analysis suggest that the system wide averages required for the 

streamlined approach do not have a substantial affect on the calculation of the minimum energy 

terms. 

Further investigation into the minimum energy terms revealed Edel,min as the largest minimum 

energy term for all networks. This was expected, since the purpose of these networks is to deliver 

pressurized water to the end-user and therefore limiting this to very low levels would not be 

possible. However it is important to note that no demand side targets were available for the 

distribution systems studied during this analysis. Had these been available, the Edel,min term would 

be reduced. 

The minimum leakage term (Eleak,min) and minimum friction term (Efriction,min) are relatively small 

for all six networks. This suggests that with proper management strategies (such as active leak 

detection, and relining of pipes to improve friction coefficients) mechanical energy losses due to 
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leakage and friction can be reduced to small fraction of the total mechanical energy demand of a 

water distribution system.  

4.3.3 Overall Energy Efficiency indicator (OEE) for Streamlined Approach and Extended 

Period Simulation 

By summing the three minimum energy terms, the total minimum energy needed for the network 

is calculated (Emin). Dividing the mechanical energy entering the system (Esupplied) by the total 

minimum energy (Emin) calculates the OEE indicator. A comparison of the two methods 

(streamlined and extended period simulation approach) for the OEE energy indicator is presented 

in Figure 4-4 and Table 4-7. 

 

Figure 4-4: Comparison of OEE indicator for streamlined and extended period simulation 

calculations.  
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Table 4-7: OEE energy indicator comparison 

Overall Energy Efficiency Indicator 

Network Esupplied 

OEE - 

Streamlined 

OEE - 

EPS 

Anon 1 796 1.37 1.42 

KY2 1,529 1.88 1.92 

KY4 1,815 1.41 1.50 

KY6 2,562 1.68 1.69 

KY7 1,820 2.01 2.01 

KY8 4,670 1.32 1.38 

By comparing the OEE values calculated by the streamlined approach and the EPS EPANET2 

model for the six networks tested, a Pearson coefficient value of 0.996 was calculated. This 

strong correlation result suggests large differences between the two approaches are not noticed in 

the final OEE indicator. Therefore, the streamlined approach may be used by utilities to calculate 

their water distribution systems’ mechanical energy efficiency. 

Both the streamlined and the extended period simulation methods suggest that KY8 is performing 

closest to its minimum energy value, whereas KY7 is the farthest from its minimum energy value. 

KY7’s value of 2.01 (by both methods) indicates the current energy usage of the system is more 

than twice the minimum energy needed for the 24-hour time period. 

4.3.4 Comparison of Real Energy Losses to Minimum Energy Term 

To provide insight into the efficiency of individual energy terms, the individual energy losses 

occurring within the systems were compared to their corresponding minimum energy terms. The 

real energy loss terms were calculated using a hydraulic model approach developed by Cabrera et 
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al. (2010). Table 4-8 outlines the three energy terms (Efriciton, Eleak, Edel) occurring for the six 

distribution systems tested.   

Table 4-8: Real Energy Loss terms calculated by Cabrera et al. (2010) Energy Audit 

approach 

Real Energy Loss terms (kWh per day) 

Network Edel,real Eleak,real Efriction,real Total 

Anon 1 662        -    92 754 

KY2 1,180 117 236 1,532 

KY4 1,367 186 266 1,820 

KY6 1,726 405 427 2,558 

KY7 1,135 464 224 1,823 

KY8 3,737 558 347 4,643 

 

Dividing the real energy losses occurring in the system by their corresponding minimum energy 

terms may help identify the type of rehabilitation projects that should be considered to reduce 

energy use. Table 4-9 depicts this comparison by dividing the real energy loss term (calculated 

with Cabrera et. al. 2010 approach) by the corresponding minimum energy term (calculated by a) 

streamlined approach and b) extended period simulation EPANET2 model). 
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Table 4-9: Ratios of real energy losses to corresponding minimum energy terms calculated 

by a) streamlined approach and b) extended period simulation EPANET2 model 

Ratios of real energy losses to corresponding minimum energy terms calculated by a) 

streamlined approach and b) extended period simulation EPANET2 model 

  Edelreal/Edelmin Eleakreal/Eleakmin Efrictionreal/Efrictionmin 

Network a)Streamlined b)EPS a)Streamlined b)EPS a)Streamlined b)EPS 

Anon 1 1.31 1.34 N/A N/A 1.26 1.41 

KY2 1.86 1.87 7.89 7.94 2.32 2.70 

KY4 1.95 1.66 4.35 3.69 0.60 1.21 

KY6 1.95 1.81 18.65 17.30 1.03 1.36 

KY7 2.02 2.11 20.45 21.38 2.48 1.77 

KY8 1.42 1.38 4.76 4.62 0.89 2.43 

 

Energy loss due to leakage had the greatest ratio of real energy loss to minimum energy term for 

the five Kentucky networks examined in this chapter. This suggests energy loss due to leakage 

has the greatest margin for improvement and rehabilitation projects that focus on reducing energy 

losses due to leakage (such as proactive leak detection) would improve energy efficiency. 

The ratio of real energy losses to corresponding minimum energy terms also highlights possible 

inaccuracies in the calculation of Efriction,min via the streamlined approach. These inaccuracies are 

evident with ratios below one for KY4 and KY8. A ratio below one suggests the energy losses 

that are occurring in the system due to friction are less then the estimated minimum energy loss 

due to friction calculated with the streamlined approach. This should not be possible. Therefore, 

when comparing the energy efficiencies by individual terms (Efriciton, Eleak, Edel) one should be 

aware of the slight inaccuracies possible with the streamlined approach for the Efriction,min term. 

Since the minimum energy loss due to friction is a relatively small component of the overall 
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minimum energy losses (Emin), the slight inaccuracy in calculating the Efriction,min term via the 

streamlined approach does not appear to have a significant effect on overall energy efficiency 

indicator (see Table 4-7).  

4.4 Discussion 

The analysis performed during this chapter provides further insight into the validity of the 

streamlined approach developed in Chapter 3, gives insight into mechanical energy efficiencies 

expected for real water distribution systems and outlines a method to determine individual energy 

loss efficiencies.  

The results from both methods (streamlined and extended period simulation method) highlight 

comparable OEE values for all six real water distributions systems. This corroborates the results 

of the analysis performed in Chapter 3 using 56 computer generated networks and suggests the 

streamlined approach provides a reasonably accurate characterization of the overall energy 

efficiency of a water distribution system.  The analogous results for the two approaches suggest 

water utilities may choose the less complicated streamlined approach when assessing the 

mechanical energy efficiency of their water distribution system.  Furthermore, the similar results 

indicate the assumed regression coefficients (𝛼 = 11.65  and 𝛽 = 0.8167) for Efriction,min do 

not significantly affect the overall energy efficiency indicator. Therefore, to improve ease-of-use, 

water utilities may assume similar regression coefficients without having a significant effect on 

the accuracy of their overall energy efficiency indicator.  

Cabrera, Gomez, Cabrera Jr, Soriano & Espert (2014) are the only other researchers who have 

developed and compared a streamlined approach to an extended period simulation method for 

energy efficiency of a water distribution system. Their research was performed on a single 

irrigation network and does not provide the extended period simulation results, only mentioning 

that the extended period methodology was +/- 0.05 their streamlined approach (0.48). Converting 



 

 

 

70 

this value into a format similar to the OEE indicator (energy entering the system divided 

minimum energy use), results in a value of 2.1 +/- 0.2 for the two different approaches. The 

largest difference in OEE values noticed between the streamlined and the extended period 

simulation approach outlined in this thesis and analyzed for six water distribution systems was +/- 

0.09 (for KY4). This suggests the new streamlined approach described in this thesis better 

predicts the more complicated extended period simulation results. However, Cabrera et al.’s 

analysis was only performed on one irrigation network and therefore more comparisons are 

needed on similar networks before this hypothesis can be conclusive. 

In addition to the OEE indicator, the individual minimum energy terms were also compared for 

the two approaches. Notable differences were observed between the two approaches for the 

Efriction,min term with some of the networks tested. One possible explanation for this difference is 

that the estimation of system wide average pressure (Havg) and average elevation (Helevation,avg) 

required for the streamlined approach, was inaccurate, affecting the accuracy of the streamlined 

Efriction,min term.  To improve this accuracy, a weighted average that is based on user demand 

should be considered for the system wide average pressure (Havg) and average elevation 

(Helevation,avg). By weighting the average by the largest factor that effects energy usage (user 

demand), the weighted-average pressure and weighted-average elevation term would result in a 

more accurate Efriction,min term. However this may complicate the streamlined approach, and since 

only small differences were noticed between the OEE values, this added complication may not be 

worth the increase in accuracy. 

Since the OEE values are similar for the streamlined approach and extended period simulation 

methodology, water utilities may choose the easier to use, streamlined approach to assess the 

mechanical energy efficiency of their water distribution system. The six real water distribution 

systems analyzed in this chapter may provide the initial context in which a utility may compare 
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mechanical energy efficiencies. The six networks analyzed have OEE values ranging from 1.32 to 

2.01 with an average OEE value of 1.61. Comparing these values to the virtual network results in 

Chapter 3 (which had an average OEE value of 2.56) suggests that the virtual networks are 

experiencing much higher mechanical energy inefficiencies. These higher inefficiencies are likely 

the result of demand side reduction targets being considered for the virtual networks, which were 

not considered for the six real water distribution systems since demand side targets were 

unavailable. Had demand side reduction targets been available for the six water distribution 

systems, their corresponding OEE values would likely have increased. As discussed in Chapter 3 

demand side management can have a substantial impact on the reducing the energy use of a water 

distribution system. Therefore, it is important that demand side targets be assessed for each utility 

and considered when estimating the water distribution system’s overall energy efficiency.  

Lastly, this chapter developed a method to assess individual energy term efficiency by dividing 

the real individual energy losses by their corresponding minimum energy terms. Other 

performance indicators have been developed to assess the specific types of energy losses that 

occur within the system or pipe (Cabrera et al., 2010, Hashemi, Filion & Speight, 2015) but these 

methods compare the current energy loss to the overall energy entering the system or pipe. 

Therefore, these indicators provide information on how energy is being used within the system 

but do not give an indication on where improvements may be possible. By comparing the real 

energy loss of each term (Efriction, Eleak, Edel) directly to their estimated minimum energy 

(Efriction,min, Eleak,min, Edel,min) the specific energy efficiencies of each term are identified 

and areas of improvement can be easily identified. This may allow water utilities to identify the 

lowest hanging fruit, when attempting to improve the energy efficiency of their water distribution 

system. 
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In the case of the six networks analyzed in this chapter, the highest inefficiencies are recorded 

where the energy is lost due to leakage (which experienced energy losses 4.35 to 20.45 times their 

network’s specific minimum energy loss due to leakage).  This suggests rehabilitation strategies 

which focus on reducing energy loss due to leakage (such as proactive leak detection and pressure 

management) would benefit the six water utilities as they attempt to improve the energy 

efficiency of their water distribution systems. The method employed to calculate the real energy 

loss terms required the use of extended period simulation. Future research should focus on 

developing a streamlined approach, which does not require extended period simulation or a 

hydraulic model, to calculate these real individual energy loss terms..  

4.5 Conclusion 

The aim of this chapter was to validate the streamlined approach developed in Chapter 3. To 

validate this approach, the OEE indicator was calculated for six real water distribution systems 

using both the streamlined approach and the extended period simulation method. The results 

indicate comparable OEE values for both the streamlined and the extended period simulation 

method for all six networks. These findings, as well as the results from Chapter 3 (using 56 

virtual networks), suggest the streamlined approach effectively calculates the overall energy 

efficiency indicator.  

This chapter also investigated the individual minimum energy terms by comparing them to the 

real energy losses developed by Cabrera et al (2010). By adopting this method of comparison, 

water utilities may identify the largest types of energy inefficiencies occurring within their water 

distribution system. This knowledge can help direct the types of rehabilitation projects a utility 

may consider as it attempts to improve the mechanical energy efficiency of the water distribution 

system. To improve the usability of this comparison, a streamlined approach to calculate the real 
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individual energy losses, thus eliminating the need for a hydraulic model / extended period 

simulation, should be developed. 
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Chapter 5 

Summary and Conclusion 

5.1 Summary 

Centralized water distribution systems are an effective means to deliver clean drinking water to 

large urban populations. However, conveying drinking water through a pipe network is energy 

intensive. With population growth and a deterioration of water infrastructure, the energy use of 

water distribution systems is expected to increase (EPRI, 2002). As a result, managing energy use 

has become a serious concern for many water utilities (Pabi, Amarnath, Goldstein, & Reekie, 

2013).  

Due to the complexity of a water distribution system, energy efficiency performance indicators 

have been developed that assists utilities in managing their energy use. These indicators attempt 

to characterize the energy efficiency of a water distribution system in manner that allows water 

utilities to compare energy use across systems, monitor improvements and lead to benchmarking. 

The aim of this thesis was to develop a streamlined energy efficiency indicator that compares the 

mechanical energy entering a distribution system to a theoretical minimum energy use, without 

requiring an hydraulic model. In order for the indicator to accurately predict energy efficiency 

and to allow for proper comparison between distribution systems, all major unavoidable energy 

losses were included in the calculation of the minimum energy term. Therefore, the streamlined 

approach can be used to calculate minimum energy losses in a distribution system due to user 

demand, pipe wall friction, and leakage.  

The literature review in Chapter 2 summarized the energy indicators that have been previously 

developed for water distribution systems. This review highlighted the progress made in this field 
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and the research gaps that remained in the characterization of energy efficiency in distribution 

systems.  

In Chapter 3, a novel streamlined energy indicator was presented that calculated the mechanical 

energy efficiency without recourse to hydraulic modelling. This energy indicator followed the 

standard approach of comparing energy entering the distribution system to a theoretical minimum 

energy required. The key advancements with new streamlined energy efficiency indicator were as 

follows: 

1. Development of an equation that estimates the minimum friction losses that occur with 

minimal pipe roughness and flow. 

2. Development of a method to calculate the minimum energy loss due to leakage by 

incorporating the Unavoidable Annual Real Loss volume established by Lambert, Brown, 

Takizawa & Weimer (1999) into the energy equation. 

3. Inclusion of demand-side management plans into the estimation of minimum energy loss 

due to user demand.  

The streamlined approach was validated by comparing the numerical values generated with the 

new streamlined approach with those generated with the EPANET2 EPS hydraulic model across 

56 synthetic water networks. The results suggested a strong correlation exists between the 

streamlined approach and the hydraulic model calculations. 

The aim of Chapter 4 was to further test the streamlined energy efficiency indicator developed in 

Chapter 3 by comparing the numerical values generated with the new streamlined approach with 

those generated with the EPANET2 EPS hydraulic model across six real, complex distribution 

systems (Kentucky Division of Water, 2010). The results suggested that the streamlined approach 

provides similar overall energy efficiency values (+/- 0.09) when compared with the hydraulic 
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model calculations. Therefore, this streamlined approach, which is easier to use,, may be used to 

calculate the overall mechanical energy efficiency of their water distribution system. However, to 

help identify the type of rehabilitation projects that would improve the mechanical energy 

efficiency of a distribution system, further analysis is needed. 

Chapter 4 suggests comparing the specific energy losses occurring within the distribution system 

(calculated using the energy audit approach developed by Cabrera, Pardo, Cobacho & Cabrera Jr, 

2010) to their corresponding minimum energy terms (developed in this thesis). This comparison 

highlights the specific energy inefficiencies occurring within the distribution system and provides 

insight into rehabilitation projects that may improve the mechanical energy efficiency of a 

specific water distribution system. Using this approach, energy lost due to leakage was identified 

to have the largest energy inefficiency for five of the networks studied in Chapter 4 (this analysis 

was not applicable for the sixth network – Anon1 since leakage information was unavailable). 

Therefore rehabilitation projects focusing on reducing energy loss due leakage should be 

considered for these systems.  

5.2 Research Contributions 

The thesis makes the following three research contributions:  

First, this thesis developed three new energy terms that quantify the minimum mechanical energy 

required to overcome energy losses due to pipe wall friction, leakage and satisfaction of user 

demand in a distribution system. An overall energy efficiency indicator was than calculated by 

comparing the mechanical energy entering the distribution system to the minimum mechanical 

energy required. This approach was the first to outline a detailed method to calculate minimum 

energy loss for a distribution system due to friction and leakage. It was also the first to 

incorporate demand-side conservation plans in the calculation for minimum energy delivered to 

end-users and minimum energy lost due to friction. By incorporating all major unavoidable 
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energy losses, the overall energy efficiency indicator gives a more accurate depiction of the 

mechanical energy efficiency of the water distribution systems as well as allows for comparison 

across varying distribution systems. The entire mechanical energy efficiency assessment can be 

calculated without recourse to a hydraulic model or extended period simulation.   

Second, this thesis validated the mechanical energy efficiency indicator and the minimum energy 

terms by comparing the numerical values for streamlined approach (no recourse to hydraulic 

models) with numerical values calculated with hydraulic models, for 56 synthetic networks. The 

results suggested the system wide averages necessary for the streamlined approach do not have a 

significant impact on the overall energy efficiency performance indicator.  

Third, a final validation of the overall energy efficiency indicator and the minimum energy terms 

was performed using a case study involving six hydraulic models of real, complex, distribution 

systems. The results from this comparison corroborated the findings from the initial validation 

using 56 synthetic networks. Further analysis into the mechanical energy efficiency of individual 

energy terms was provided by comparing individual energy losses by their corresponding 

minimum energy terms. This investigation helped identify possible rehabilitation strategies to 

improve energy efficiency of a water distribution system.  

5.3 Future Work 

This thesis advanced the research of energy efficiency indicators for water distribution system by 

developing a streamlined approach that estimates the mechanical energy efficiency of a water 

distribution system, without recourse to a hydraulic model. This is an important step in helping 

water utilities understand their systems energy efficiency. However, future research may focus on 

improving the accuracy of the energy efficiency performance indicator, provide a more holistic 

approach to energy use by including pump efficiency, and develop a streamlined method that 
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would provide insight into the types of rehabilitation projects a utility should consider when 

attempting to improve their energy efficiency.  

The accuracy of the streamlined approach outlined in this thesis could be improved. The average 

pressure and average elevation estimates (required for the streamlined Efriction,min term) could be 

amended to better reflect the impact on energy usage. Weighting the average pressure and 

average elevation terms by the largest factor for energy use (user demand), would improve the 

accuracy of the streamlined Efriction,min term. However, calculating these weighted average terms 

may be difficult for many water utilities and the slight improvement in accuracy may not be 

worth the added effort.   

Second, the performance indicator developed in this thesis focuses only on the mechanical energy 

efficiency of the water distribution system. The mechanical energy efficiency is extremely 

important when looking to improve the overall energy use of the water distribution system since 

the largest energy improvements are typically noticed by reducing the mechanical energy demand 

of the system (Mamade, Loureiro, Alegre, & Covas, 2017). However, a more holistic approach of 

including electro-mechanical pump inefficiencies may provide additional information to the 

utility as it attempts to reduce the energy use occurring in their water distribution system. This 

thesis suggests calculating the two energy efficiencies, mechanical energy efficiency (OEE) and 

electric pump efficiency (PEE), separately and then multiplying them together to get a total 

energy efficiency (TEE) for their distribution system.  

𝑇𝐸𝐸 = 𝑃𝐸𝐸 ∗ 𝑂𝐸𝐸 =
𝐸𝑤𝑖𝑟𝑒 + 𝐸𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 + ∆𝐸𝑠𝑡𝑜𝑟𝑒𝑑

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
∗

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝐸𝑚𝑖𝑛
 

Where Ewire represents the electrical use of the pumps.  
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This will allow the utility to distinguish between the two inefficiencies (as they each use different 

methods to improve energy use) as well as identify the total energy inefficiency of the water 

distribution system. A similar approach has already been established by a variety of other 

researchers (Cabrera, Gomez, Cabrera Jr., Soriano & Espert, 2014, Lenzi, Bragalli, Bolognesi & 

Artina, 2013, Mamade, Loureiro, Alegre & Covas, 2017).  

The performance indicator developed in this thesis provides insight into the overall mechanical 

energy efficiency of distribution systems, but does not inform the type of strategies that should be 

considered to improve energy efficiency. Other researches have attempted to identify these 

strategies by comparing the specific types of energy losses to the overall energy entering a system 

or specific pipe (Cabrera et al 2010, 2014, Hashemi, Filion, & Speight, 2015). These indicators 

highlight the percentage of energy being used by each energy term but without comparing to the 

minimum, or unavoidable energy losses for each of these terms, these indicators do not give 

insight into whether these losses can be improved. The analysis performed in Chapter 4 by 

comparing the real individual energy losses occurring in the system (Efriction, Edel, Eleak) to their 

corresponding minimum energy terms attempted to address this issue. This comparison provided 

insight into specific energy inefficiencies, highlighting where utilities should focus their energy 

improvement plans. However, this analysis could be improved by first developing a method to 

compute the real individual energy loss terms without recourse to a hydraulic model, and second 

creating new indicators that highlight projects that improve energy efficiency and not specific 

energy terms (such as pressure management, leak detection, pipe relining, etc.).  

Overall, progress has been made into developing energy indicators for water distribution systems 

in this thesis. The energy efficiency indicator outlined in this thesis represents an advancement in 

the research despite remaining gaps. As research continues in this field, energy indicators will 

improve, thereby allowing water utilities to be better equipped to improve their energy usage.  
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Appendix A 

Extended Period Simulation Minimum Energy Term Equations 

The following outlines the equations used to calculate the minimum energy terms via extended 

period simulation used in Chapter 3 and 4. These equations were calculated on a pipe level basis, 

with hourly time steps for a 24-hour time period. 

A.1 Minimum Energy Expenditure Due to Water Demand: 

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 = ∑ [ ∑ 𝑞𝑑𝑒𝑙,𝑖 ∗
∀𝑑𝑒𝑙,𝑚𝑖𝑛

∀𝑑𝑒𝑙
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑖)

𝑡=86,400

𝑡=1

]

𝑖=𝑛

𝑖=1

∗ ∆𝑡 

A.2 Minimum Energy Lost Due to Leakage: 

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 = ∑ [ ∑ 𝑞𝑙𝑒𝑎𝑘,𝑖 ∗
𝑈𝐴𝑅𝐿

𝐶𝐴𝑅𝐿
∗ (𝐻𝑚𝑖𝑛 + 𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑖)

𝑡=86,400

𝑡=1

]

𝑖=𝑛

𝑖=1

∗ ∆𝑡 

A.3 Minimum Energy Lost Due to Friction: 

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛 = ∑ [ ∑
(𝑞𝑙𝑒𝑎𝑘,𝑚𝑖𝑛,𝑖 + 𝑞𝑑𝑒𝑙,𝑚𝑖𝑛,𝑖)

2.85
∗ 10.67 ∗ 𝐿𝑖

𝐶𝐻𝑊,𝑚𝑎𝑥
1.85 ∗ 𝐷𝑖

4.87

𝑡=86,400

𝑡=1

]

𝑖=𝑛

𝑖=1

∗ ∆𝑡 

A.4 Notation: 

𝐶𝐻𝑊,𝑚𝑎𝑥: minimum pipe roughness Hazen Williams Coefficient. This thesis assumes 150. 

 Di: Diameter of pipe i in meters. 

𝐸𝑑𝑒𝑙,𝑚𝑖𝑛: Minimum energy expenditure due to water demand. 

𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑚𝑖𝑛: Minimum energy lost due to friction. 

𝐸𝑙𝑒𝑎𝑘,𝑚𝑖𝑛: Minimum energy lost due to leakage. 

𝐻𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛,𝑖: elevation of downstream node 

𝐻𝑚𝑖𝑛: minimum required pressure (in meters) 
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Li: Length of pipe i in meters.  

n: number of pipes within the network 

𝑞𝑑𝑒𝑙,𝑖: demand flow rate at downstream node 

𝑞𝑑𝑒𝑙,𝑚𝑖𝑛,𝑖 = 𝑞𝑑𝑒𝑙,𝑖 ∗
∀𝑑𝑒𝑙,𝑚𝑖𝑛

∀𝑑𝑒𝑙
 

𝑞𝑙𝑒𝑎𝑘,𝑖: leak flow rate occurring at downstream node 

𝑞𝑙𝑒𝑎𝑘,𝑚𝑖𝑛,𝑖 = 𝑞𝑙𝑒𝑎𝑘,𝑖 ∗
𝑈𝐴𝑅𝐿

𝐶𝐴𝑅𝐿
 

t: time interval in seconds 

𝑈𝐴𝑅𝐿

𝐶𝐴𝑅𝐿
: the ratio of unavoidable annual real losses to current annual real losses for the water 

distribution systems (Lambert A. , Brown, Takizawa, & Weimer, 1999).  

∀𝑑𝑒𝑙: Total volume of water per day (m3/d) delivered to end users 

∀𝑑𝑒𝑙,𝑚𝑖𝑛: Minimum volume of water per day (m3/d) delivered to end users. This value is 

dependent on the utility’s water conservation target. 
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Appendix B 

Synthetic Network Characteristics and Test Scenarios 

The following table outline the system characteristics for the 56 virtual networks used to validate 

the energy efficiency indicator in Chapter 3.  

Table B.5-1: System Characteristics for the 56 Virtual Water Distribution Systems 

 

System Characteristics for the 56 Virtual Water Distribution Systems 

Model 
Length of 

Mains (km) 

# of Service 

Connections 

Pressure – 

Avg. (m) 

Max Elevation 

Difference (m) 

Avg. day 

Demand 

(m3/d) 

1 34.0  3,456  60.5 15 950 

2 57.4  4,752  63.9 76 2,160 

3 44.2  2,880  73.5 50 1,897 

4 38.2  2,217  54.3 16 2,091 

5 39.5  2,175  51.8 26 2,333 

6 64.2  5,697  101.8 76 4,579 

7 66.6  6,381  76.3 76 3,974 

8 126.3  10,860  113.5 77 2,506 

9 41.3  2,328  64.3 26 3,974 

10 73.6  6,174  93.3 71 4,061 

11 52.4  4,122  120.1 160 3,456 

12 45.9  3,774  54.2 43 2,678 

13 41.3  2,328  64.3 26 3,974 

14 150.4  10,740  89.8 77 1,469 

15 52.7  4,230  77.1 50 1,351 

16 56.7  4,728  54.5 13 3,110 
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System Characteristics for the 56 Virtual Water Distribution Systems 

Model 
Length of 

Mains (km) 

# of Service 

Connections 

Pressure – 

Avg. (m) 

Max Elevation 

Difference (m) 

Avg. day 

Demand 

(m3/d) 

17 91.4  8,613  107.1 71 7,085 

18 60.2  5,526  131.2 162 4,838 

19 60.2  5,526  101.2 162 4,838 

20 58.4  4,800  95.0 187 3,231 

21 88.4  7,659  51.4 44 1,640 

22 66.2  5,256  39.2 13 1,901 

23 52.1  5,052  61.0 39 6,273 

24 110.7  9,780  108.0 13 4,320 

25 88.4  7,800  127.1 152 3,629 

26 71.2  4,614  86.7 15 7,258 

27 136.9  11,565  89.7 98 7,596 

28 54.3  5,004  79.0 62 7,603 

29 66.4  6,312  101.3 187 1,996 

30 155.4  11,220  98.3 108 6,288 

31 140.5  12,576  106.1 16 5,702 

32 100.0  6,414  78.5 55 3,598 

33 62.3  6,294  58.0 39 4,182 

34 97.4  8,163  90.0 59 4,406 

35 94.8  6,330  79.1 18 6,048 

36 101.3  8,595  120.8 61 2,414 

37 64.5  6,144  92.3 67 6,912 

38 66.8  5,100  57.6 20 7,128 

39 115.2  8,937  87.4 57 7,117 
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System Characteristics for the 56 Virtual Water Distribution Systems 

Model 
Length of 

Mains (km) 

# of Service 

Connections 

Pressure – 

Avg. (m) 

Max Elevation 

Difference (m) 

Avg. day 

Demand 

(m3/d) 

40 82.0  7,086  63.0 37 7,344 

41 90.0  7,980  101.2 151 7,430 

42 117.6  9,540  103.5 70 8,381 

43 67.7  6,306  77.9 37 9,504 

44 67.7  6,306  77.9 37 9,504 

45 123.4  9,351  113.4 63 10,618 

46 145.4  12,036  135.6 74 7,171 

47 261.2  20,328  105.6 17 5,702 

48 134.3  10,323  93.1 24 5,346 

49 90.8  7,026  80.8 26 12,545 

50 69.6  6,180  58.3 37 3,456 

51 82.0  7,086  63.0 37 7,344 

52 352.0  27,258  101.2 19 10,800 

53 173.9  15,696  96.1 12 14,256 

54 265.6  21,810  94.2 26 5,351 

55 203.8  17,244  97.0 13 9,936 

56 299.9  22,590  98.4 26 11,652 

 

 

  



 

 

 

87 

Table B.2 outlines the 36 different scenarios that were tested for each of the 56 synthetic water 

distribution system. In total the 36 scenarios described in table 5.2 were analyzed for each of the 

56 virtual networks, resulting in 2,016 data points.  

Table B.5-2 Outline of the 36 scenarios tested for each of the 56 synthetic water distribution 

systems 

36 Scenarios tested for each of the 56 synthetic water distribution systems 

Scen

ario 

Average pipe 

Roughness (HW 

coefficient) 

Leakage 

Level* 

Minimum 

Pressure (m) 

Demand-side Conservation 

Strategies (Vdel/Vdel,min ratio) 

1 150 High 20 0.7 

2 125 Low 25 0.85 

3 100 High 30 1 

4 150 Low 50 0.7 

5 125 High 20 0.85 

6 100 Low 25 1 

7 150 High 30 0.7 

8 125 Low 50 0.85 

9 100 High 20 1 

10 150 Low 25 0.7 

11 125 High 30 0.85 

12 100 Low 50 1 

13 150 High 20 0.7 

14 125 Low 25 0.85 

15 100 High 30 1 

16 150 Low 50 0.7 

17 125 High 20 0.85 
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36 Scenarios tested for each of the 56 synthetic water distribution systems 

Scen

ario 

Average pipe 

Roughness (HW 

coefficient) 

Leakage 

Level* 

Minimum 

Pressure (m) 

Demand-side Conservation 

Strategies (Vdel/Vdel,min ratio) 

18 100 Low 25 1 

19 150 High 30 0.7 

20 125 Low 50 0.85 

21 100 High 20 1 

22 150 Low 25 0.7 

23 125 High 30 0.85 

24 100 Low 50 1 

25 150 High 20 0.7 

26 125 Low 25 0.85 

27 100 High 30 1 

28 150 Low 50 0.7 

29 125 High 20 0.85 

30 100 Low 25 1 

31 150 High 30 0.7 

32 125 Low 50 0.85 

33 100 High 20 1 

34 150 Low 25 0.7 

35 125 High 30 0.85 

36 100 Low 50 1 

*Leakage assessed at two different levels; High: 10-20% of water supplied, and Low: 0 - 10% 

of water supplied 
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Table B.5-3: Diurnal hourly coefficients for 24-hour water demand variation 

Time 
(hr) Coefficient 

1 0.6 

2 0.5 

3 0.45 

4 0.45 

5 0.5 

6 0.5 

7 0.9 

8 1.3 

9 1.4 

10 1.1 

11 1.5 

12 1.4 

13 1.4 

14 1.45 

15 1.45 

16 1.3 

17 1.2 

18 1.2 

19 1.1 

20 1.1 

21 1.2 

22 1.1 

23 0.9 

24 0.7 
 


