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Abstract 

Water utilities are facing pressure to continue to provide high-quality potable water in an 

increasingly energy constrained world; managing the ageing infrastructure that exists in 

many countries is a challenge in and of itself, but recently this has been coupled with 

political and public attention to the environmental impacts of the distribution system. 

Utility managers need to take a holistic approach to decision-making in order to 

determine all of the impacts of their plans. 

 

The intention of this thesis is to present a set of considerations for utility planners and 

managers to provide clarity to the trade-offs associated with any pipe replacement 

decision. This research has examined the energy relationships between operational 

energy reduction and the embodied energy tied to replacing deteriorated pipes in water 

distribution networks. These relationships were investigated through the development and 

application of a life-cycle energy analysis (LCEA) for three different pipe replacement 

schedules developed with the intent to reduce leakage in the system. The results showed 

that the embodied energy for pipe replacement is significant even when compared against 

the large amount of energy required to operate a large-scale water utility. The annual 

operational energy savings of between 8.9 and 9.6 million kWh achieved by 2070 

through pipe replacement comes at a cost; 0.88-2.05 million kWh/mile for replacement 

with ductile iron pipes with diameters of 6” to 16” respectively. This imbalance resulted 
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in a maximum energy payback period of 17.6 years for the most aggressive replacement 

plan in the first decade. Some of the assumptions that were used to complete the LCEA 

were investigated through a sensitivity analysis; specific factors that were numerically 

queried in this chapter include the break rate forecasting method, pumping efficiency, the 

leakage duration and the flow rate per leakage event. 

 

Accurate accounting of energy requirements for pipe replacement will become even more 

important as energy and financial constraints continue to increase for most water utilities, 

this thesis provides guidance on some of the complex relationships that need to be 

considered. 
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: Introduction Chapter 1

The common issues facing water infrastructure in most of the developed world include 

aging infrastructure, increasing urban populations, shifting populations, increasing energy 

costs, water resource availability, impending climate change and increasing public 

concern for the environmental impacts of everyday lives. Utility managers are attempting 

to consider all of these challenges in a time of great fiscal constraint. In order to balance 

the critical aspects of water distribution, it is important for water utility and city managers 

to have an accurate understanding of the impact of their choices for the design and 

operation of their water infrastructure system. 

 

This chapter will provide an introduction to the water system infrastructure analysis 

contained in this thesis. Major sections include a summary of challenges in replacing 

deteriorated water main infrastructure, a discussion of energy requirements for the system 

and a discussion of whole-of-life planning methodologies, including a description of the 

specific methodology developed in this thesis. 

1.1 Challenges in Replacing Deteriorated Water Main Infrastructure 

Much of the water supply infrastructure in many countries is reaching, or has exceeded, 

the original projected life span and is in need of replacement or rehabilitation. An 

increase in the number of breaks and leaks in a distribution system is an indication of the 

increasing age, resulting in an increased volume of treated water lost. 
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The water that is lost is valuable – it contains the embodied energy for treatment and 

some portion of distribution. The volume of water lost to leakage also increases the 

overall operational energy of the system by increasing the amount of energy dissipated to 

friction. The greater the volume of water that is pumped through the system, the more 

energy is required to do the pumping. When a volume greater than what is required for 

residential and industrial consumption is distributed to meet the leakage demand, the 

overall frictional energy is greater than it would have been if only the required volume 

(no leakage) was distributed. 

 

Significant research has investigated the many aspects of leakage in water distribution 

systems including: the benefits of reducing leakage (Lambert & Fantozzi 2005), the 

quantification of the feasible reduction in lost volume possible (Lambert & McKenzie 

2002), the pressure-leakage relationship (Lambert 2000) and the timing to accurately 

assess leakage (Saul et al. 2007). An understanding of appropriate break-rate modeling is 

essential to determining the leakage that would be occurring in a distribution system. 

There has been research in this area for many decades from the groundbreaking work of 

Shamir and Howard (1979) detailing the mathematical methods most appropriate to 

estimating the rate of pipe breaks in a distribution system to more recent attempts to use 

models on historical break rate data to predict future water pipe breaks and ascertain the 

overall structural state of the water utility (Pelletier 2003).  These papers presented and 
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clarified ideas by which utilities could diminish their overall energy and water 

consumption. 

 

Breaks and leaks in the system can provide a pathway for contamination. During 

depressurization events, bacteria and other contaminants can enter the distribution 

system. Another characteristic of an aging system is pipe wall deterioration. Over time, 

scale and biofilm can build up on the inside of the pipe walls. This detracts from the 

overall hydraulic capacity of a distribution system because of the reduced diameters of 

the pipes. Scale and biofilm can also be detrimental to the overall water quality at the tap, 

potentially contributing to biological and heavy metal contamination. Pipe replacement 

occurs for a number of different reasons, but ensuring supply and managing water 

quality, operational energy and overall system sustainability comprise a large portion of 

the reasons water utilities undergo replacement projects. 

 

Pipe replacement is a difficult and expensive procedure, both from an energy perspective 

and a cost perspective. Finding the money in a municipal budget to allow for the 

significant investment that water utilities are currently facing is a challenge. In North 

America, there has historically been an idea that water as a resource is free and plentiful 

and very little consideration was given to the fact that construction and ongoing operation 

of the treatment and distribution system is financially and energy intensive. This has 

manifested itself in water pricing structures across the continent that do not take into 
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account the full price of providing water to customers’ taps. Or, if the prices do cover 

normal operational expenses for a water utility, there has not been enough charged to 

create a surplus capital fund needed for ultimate replacement of infrastructure at the end 

of its useful life. The initial investment in laying the pipe that provides the drinking water 

for established communities was paid by previous generations, and very few utilities have 

used their water rates to create a fund for future replacement. It is very difficult for 

municipal leaders to convince populations that they should be spending tax dollars on 

water infrastructure. To compare water infrastructure to roads and bridges, which can be 

considered a similar type of municipal investment, water mains are essentially invisible. 

People notice when bridges begin to crumble and roads develop potholes; the same 

process of degradation is occurring underground, with the exception that the public 

cannot see this degradation. The unfortunate aspect of this is that if the city waits until 

after catastrophes occur to repair water infrastructure, the repairs are often more 

expensive and more labour and energy intensive than they could have been if 

appropriately planned. Transitioning from one catastrophe to another often results in a 

negative public image of the water utility. 

 

The scale of the impact that climate change will have on water distribution systems is 

currently unknown, but it will be significant and personal to each utility. In North 

America, there are water utilities that are already struggling with impacts of climate 

change such as shifting seasonal water availability. For many water utilities, meeting the 
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demands of the industrial, commercial and residential populations within their 

jurisdiction will become increasingly challenging as climate change continues to affect 

water availability. As this occurs, it is critical for water utilities to be reducing waste 

(water loss through leakage as one example) as much as possible, to conserve scarce 

water resources and also to encourage similar mindsets in the population.  Understanding 

where to focus effort for the greatest payback is a key challenge for water utilities and has 

motivated the work in this thesis. 

1.2 Energy Requirements for Water Distribution Systems 

As populations and municipalities become more concerned about the overall 

environmental impact of their communities, the energy consumption of water utilities is 

one area that has been identified as a significant energy consumer. Providing treated 

drinking water is a significant energy investment, water distribution in the United States 

accounts for approximately 4% of the power generated nationwide (Goldstein & Smith 

2002). This energy is mainly used to pump the treated water through the distribution 

system to the point of use. Electricity for operations requires approximately 75% of the 

total cost for municipal water processing and distribution (Goldstein and Smith 2002). 

Many utilities are experimenting with different tactics to reduce their overall energy 

consumption, but the energy required for moving water from treatment to point of 

requirement is a value that can be large and relatively inelastic. As energy prices continue 

to increase, from a financial perspective, it is important to keep the energy requirements 
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for utilities as low as possible. In order to do so, utilities require accurate information on 

where the energy is being expended and where it can be reduced. 

 

The relationship between water and energy is something that is often termed the water-

energy nexus. This manifests itself in many different ways, examples include:  

hydropower, electrical generation with steam turbines, energy requirements for water 

desalination, and most pertinently to this thesis, the energy required to treat and distribute 

water for consumption. As this is a popular and important topic, there has been a 

significant amount of research into the intersection of water and energy. Recent research 

has investigated the energy and life-cycle impacts of civil engineering infrastructure, 

including water utilities at large (Cabrera et al. 2010, Filion et al. 2004).  Cabrera et al. 

(2010) developed an energy audit to determine the energy lost to leakage, including not 

only the loss of the physical water, but also the energy lost to pipe wall friction to convey 

water to meet demands and supply leaks. Cabrera (2010) modeled leakage by 

concentrating all of the leaks to a node in the system thus allowing them to behave as 

pressure driven demand. The loss of energy to friction to supply leaks was determined by 

running the model both with and without the increased demand due to leakage. A similar 

process was undertaken in this research by altering the system demand from a baseline 

approach where no pipe replacement occurred through different pipe replacement 

schedules.  
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1.3 Using Whole-of-Life Assessment to Plan Pipe Replacement in Networks 

Life cycle assessment (LCA) is a method by which all of the environmental and social 

impacts of a product or service can be quantified through all stages of life, including 

production, transportation to point of use, operation and finally disposal. A related option 

is to perform a life cycle energy analysis (LCEA), which operates under the same 

principle, but is slightly more manageable to complete, as the scope of the data 

requirements are limited. The data required is much less significant because instead of 

trying to quantify all of the social and environmental impacts of the contributing 

economic and industrial sectors, a LCEA only requires knowledge of the energy 

requirements of the economic and industrial sectors that contribute to a product or 

service.  

 

To link the infrastructure replacement schemes with energy usage, thereby enabling 

better decision making by water utilities, this thesis utilizes a LCEA to quantify the 

energy requirements of a large water distribution system. Specifically, an economic 

input-output model of the United States economy was used to quantify the energy 

requirements of the different economic sectors involved in providing treated drinking 

water to consumers.  In this thesis the energy requirements for pipe replacement plans 

were analyzed in detail. This included a summary of the embodied energy requirements 

of the physical replacement processes for a leaking water distribution system and the 

operational energy requirements to run a distribution system. The embodied energy 
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components considered included the embodied energy of the pipe materials themselves, 

the embodied energy associated with construction base and fill material, the 

transportation for construction materials to the required site and the construction energy 

associated with operating the heavy machinery required for trenching and pipe 

installation. The operational energy required summed the energy associated with lost 

water, the energy for repairs to an increasingly leaking system and the pumping energy 

required under different leakage scenarios. 

 

Using the LCEA methodology applied to the distribution system for the partner utility, 

the operational energy for different pipe replacement schedules was compared to the 

construction energy required to replace the specified lengths in the replacement schedule. 

This was used to produce an energy payback period, which can be used as a metric for 

comparing the replacement schedules, and provides decision support for utility managers. 

1.4 Thesis Objectives 

The main objectives of this thesis are as follows: 

1. To develop a novel life cycle energy analysis for a water distribution system 

undergoing pipe replacement. 

2. To produce an accurate assessment of the energy required for different aspects of 

water distribution management including operation under different leakage 

regimes and energy required for pipe replacement. 
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3. To demonstrate the effects of different pipe replacement plans on the overall 

energy requirements of water utilities. 

4. To examine the impacts of break rate modeling methods, leakage duration and 

leakage flow volumes on the energy use of a system. 

1.5 Original Thesis Contributions 

The original thesis contributions are as follows: 

1. Development of a novel LCEA methodology to analyze the energy use 

implications of pipe replacement schedules in a water distribution system. 

2. Application of the LCEA to a large, complex distribution system. 

3. Development of replacement plans to determine projected energy requirements of 

different replacement schedules for the partner utility. 

5. Completion of a sensitivity analysis to examine the impact of break rate modeling 

methods, leakage duration and leakage flow volumes on the energy use and pipe 

replacement scheduling for the partner utility. 

1.6 Thesis Organization 

This thesis is organized into five chapters, including this introduction which is included 

as Chapter 1. Chapter 2 is a discussion of the research that can be found in the literature 

to date. This chapter focuses mainly on the different planning methodologies for water 

utilities considering their energy consumption. Chapter 2 also discusses the energy 



10 

 

associated with a leaking system and various sensitivity analyses that have been 

performed to determine which components in a water distribution system are the most 

important to consider from an energy consumption perspective. Chapter 3 is adapted 

from two different papers that were submitted to the Journal of Water Supply: Research 

and Technology – AQUA and the Journal of the American Water Works Association, 

entitled Life-Cycle Energy Analysis to Assess the Energy Use Implications of Pipe 

Replacement Schedules and Performance and Pipe-Age based Replacement Scheduling: 

Comparison Using Life Cycle Energy Analysis respectively. The focus of the chapter is 

the comparison of different pipe replacement schedules, two performance-based and one 

pipe age-based, in terms of their overall energy consumption. Chapter 4 is a sensitivity 

analysis on the energy requirement components considered in Chapter 3. The components 

analyzed in the sensitivity analysis included altering the duration of the breaks (how long 

each break leaked before repair), altering the flow volume lost per break, altering the 

break rate modeling method and altering the pump efficiency. Chapter 5 concludes the 

thesis by summarizing research results and major contributions.  This chapter also 

includes recommendations for the direction of future research. 

1.7 Journal and Conference Publications Related to Thesis 

The contributions of this thesis have been submitted to international conferences and 

journals. They include:  
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: Literature Review Chapter 2

In water distribution research, the focus has shifted from the problem of how to transport 

large volumes of water, to how to accomplish this in the most cost efficient manner; and 

now on to the question of how to provide highly treated drinking water to consumers in 

the most efficient manner possible, considering the three major pillars of sustainability: 

social, economic and environmental consequences. Recently, research has been 

conducted to determine how best to quantify the energy consumption of water utilities 

around the world and how to minimize the total operational energy required to provide 

adequate service to consumers. The intensity of focus in this area has increased, because 

water utilities are being asked to consider and adopt environmentally sustainable 

practices. Water utilities have been and are currently designed to meet hydraulic capacity 

requirements primarily taking into account economic considerations, but the issue of 

developing infrastructure in the most environmentally sound manner possible receives 

much more consideration now than it once did.  

 

This chapter will provide an overview of the recent research that has been completed 

mainly in the area of water distribution planning decision support systems for minimizing 

environmental impacts, particularly energy consumed in the construction and operation 

of the system. The review of literature will continue with a discussion of the work that 

has been completed to understand the energy associated with leakage in water 

distribution systems and how break rates impact the energy loss from the system. The last 
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section of the review will focus on sensitivity analyses that have been undertaken to more 

accurately determine which factors within a distribution system have the greatest impact 

on the energy loss from the system. 

 

Recently, efforts to design water distribution systems, either using an expansion or a 

rehabilitation problem, have relied upon life-cycle analyses and optimization methods to 

accurately quantify the trade-offs between economic and environmental impacts.  

2.1 Life Cycle Assessments of Water Distribution Systems: An energy perspective 

Filion et al. (2004) was the first to develop a life-cycle energy analysis (LCEA) tailored 

to undertake the complex problem of pipe replacement planning in water distribution. 

The LCEA that was developed was a hybrid analysis taking into account an economic 

input-output evaluation of the United States economy and combining it with a traditional 

life cycle analysis focussed on the energy aspect. This combination created a tool that 

quantified energy use tied to pipe life-cycles comprised of the following stages: 

fabrication (embodied energy), use (including pumping and potential recovery of energy 

with on-line turbines), and disposal options for the water mains. The LCEA was applied 

to the New York tunnel water main system to estimate the implications of the application 

of the technique. The New York tunnel main system is a much less complex system than 

the one examined in the extent thesis project so the analysis does not indicate many of the 

energy complexities that arise when a system with thousands of pipe segments is 

analyzed.  
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The results found in Filion et al. (2004) indicated that a 50-year pipe replacement 

frequency has the lowest energy expenditure over all of the life cycle phases considered. 

The accompanying sensitivity analysis determined that the computation of the required 

energy was sensitive to changes in pipe fabrication energy requirements and pipe 

replacement length, based on the fact that the embodied energy of the pipe stock itself 

was found to be the largest contributor to the overall energy requirements. This thesis 

project builds on the framework that was developed in Filion et al. (2004).  

 

An optimization decision support system was developed by Dandy et al. (2008) to 

consider three environmental factors of a water distribution system: the operational 

energy consumption, the amount of carbon dioxide released in the production phase of 

the pipe material (multiplier of the energy consumed) and the consumption of non-

renewable resources. The optimization methodology was applied to the Darling 

Anabranch Water System and a comparison was performed between the original design 

(which is the system that is currently in place) and an alternative system that was found 

through the use of the optimization method to take into account the present value of the 

total costs involved in the system, and the sustainability objectives that were defined as 

the energy consumption (both embodied energy and operational energy), the carbon 

dioxide production and the total mass of pipe used. It was found that the alternative 

design which minimized the sustainability objectives was a less expensive alternative 

than the original design when life-cycle cost factors were included in the analysis. The 
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research completed by Dandy et al. (2008) affirmed the need for utilities to consider 

environmental parameters, as they make an impact on the operating costs over the long 

lives of most water distribution systems. 

 

Mo et al. (2010) rationalized the use of a life cycle energy analysis to quantify embodied 

energy involved in water distribution systems by acknowledging that the electricity used 

in water systems, primarily for pump operation has been well studied; the materials that 

comprise the pipes are commonly iron/steel and concrete, which are energy intensive; 

and energy is not only needed to create the system and treat the water but one needs to 

consider the sum of the energy required for the construction, transportation of materials, 

operation and maintenance phase. Mo et al. (2010) utilized an input-output model of the 

American economy to develop a model to estimate both the indirect and direct energy 

used for the construction and operation of a system, and the method was applied to a 

large, municipal water utility in the Great Lakes region of the United States. It was found 

that drinking water for the case study utility requires approximately 9.2 MJ/m
3 

of energy 

to produce, and of that, 30% is associated with indirect inputs such as system 

construction and treatment chemicals (Mo et al. 2010). This paper was effective at 

illustrating the use of the I-O model to determine the current impacts for the operation 

and maintenance of the utility, but the consideration of the structural aspect was less 

significant. The analysis was done by equating the water treatment system to a non-
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residential construction project, but only considered this at one point in time, and did not 

take into account the continued development of the water utility’s infrastructure. 

 

Herstein et al. (2009) developed a method to evaluate the environmental impacts of water 

distribution systems utilizing an environmental input-output life cycle analysis coupled 

with a multi-objective optimization. This paper considered the effects associated with the 

fabrication of system components, the operation of the system and briefly touched on the 

question of disposal. The energy portion of the environmental matrix took into account 

the energy required for pumping through a distribution system and the EIO-LCA model 

energy for pipe manufacturing. 

 

The novel aspect of Herstein et al. (2009) was that it combined a number of 

environmental measures beyond energy use, as energy use is not necessarily always the 

best method of determining overall sustainability of the system. The measures that were 

aggregated into one environmental impact index included resource consumption, 

environmental discharges, and environmental impacts such as the ecological fossil-fuel 

footprint. The resulting index was then utilized as an objective to be minimized in a 

multi-objective optimization analysis. Of the factors considered in their case study 

system, the pumping energy was found to be the most significant. 
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Herstein and Filion (2011a) considered the issue of pipe replacement for water 

distribution systems with the development of a multi-objective optimization that aimed to 

reduce the cost of new and duplicate pipes, the cost of cleaning and lining existing pipes 

and the cost of a new elevated tank while reducing pumping energy. They considered 

pipe replacement using either PVC or cement mortar lined ductile iron pipes for a small-

scale benchmark water system (Anytown). This work again used an aggregated 

environmental index previously developed (Herstein et al. 2009) to aim to quantify a 

wide variety of environmental impacts. Results indicated that the differing diameters 

between the two types of pipes caused energy differences and the energy required for 

pipe manufacturing and distribution using either material was significantly greater than 

the energy required for steel tank manufacturing. 

 

In a subsequent work produced by Herstein et al. (2011b) the environmental impact index 

was used to determine the overall impact of one specific course of action, in this case the 

question of ductile iron pipe replacement in a water distribution system. Herstein et al. 

(2011b) utilized a multi-objective function with three objectives; the capital costs of the 

new pipe, pipe cleaning and lining and new tanks; the lifetime energy expenditure of the 

system; and the environmental index that was developed in the paper. For this analysis, 

they assumed that by minimizing pumping energy over the life of the system, the cost 

would also be minimized. It was found that the annual energy required for pumping in the 

distribution system comprised the most significant portion of the environmental impact 
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(EI) index, where the annual pumping energy use and the index illustrated a near linear 

relationship. Part of the sensitivity analysis that was undertaken was to determine the 

impacts of demand and roughness (Hazen-Williams C-factor); it was found that changes 

in demand produced greater changes in the pumping energy and thus the EI index than 

changes in the C-factor. 

 

Wu et al. (2010a) developed a multi-objective genetic algorithm to specifically consider 

greenhouse gas emissions in the design and operation of water distribution systems. In 

this work the objectives were again to consider the balance between the required 

economic output of the system and the environmental impacts. Using greenhouse gas 

emissions as a metric to compare the sustainability of water distribution systems can be 

difficult because the greenhouse gas emitted to produce electrical energy for utility 

operation is regionally dependent. In this case (Wu et al. 2010a) emission factors were 

combined with operational and embodied energy values for the pipes and the distribution 

process.  Wu et al. (2010a) found that the inclusion of the greenhouse gas (GHG) 

emissions (and thus the energy use) as an objective in the multi-objective genetic 

algorithm resulted in a trade-off between solutions that produced the least GHG 

emissions and the least expensive option. Wu et al. (2010a) also found that sometimes a 

small increase in the overall cost of the system produced significant GHG emission 

reductions. The research was conducted to consider the GHG emissions of the design of a 
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new system; which is a less commonplace problem than managing water utility 

expansion and rehabilitation. 

 

Wu et al. (2010b) considered the differences in analysis between using a single objective 

optimization scheme and a multi-objective optimization method. As in their previous 

work, the GHG emissions were computed using emission factors combined with the 

operational and embodied energy values for the pipes and the distribution process. The 

multi-objective approach that considered the system cost in dollars and the GHG 

emissions in tonnes was recommended for utility decision makers. The system cost was a 

sum of the capital costs, the operating costs for pumping and pump 

replacement/refurbishment costs at regular intervals. While the single objective 

optimization was computationally easier to implement, the multi-objective optimization 

provided greater insight into the trade-offs and compromises between the economic and 

environmental objectives. The multi-objective approach produced a trade-off value that 

very clearly indicated the dollar cost to reduce energy use and thus GHG emissions in the 

system. This illustrates the importance of not focussing on one overarching objective 

when in the design and planning phase, but taking into account all aspects of the social, 

economic and environmental consequences. 

 

Roshani and Filion (2012) developed a multi-objective genetic algorithm to consider 

replacement and expansion for a water distribution system (Amherstview, ON) and 
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determine the effects of a carbon tax and discount rate on the optimal design. The paper 

considered the energy impacts of using either PVC or cement lined ductile iron pipes for 

either replacement or expansion. The paper analyzed different carbon abatement schemes 

to determine their effectiveness on the reduction of greenhouse gas emissions and thus 

energy consumption by utilities. They determined that over the planning period of 50 

years the case study network was relatively insensitive to changes in the discount rate and 

carbon prices. The range of carbon prices and discount rates studied did not have a 

significant impact on the energy use and GHG emissions for a utility the size of 

Amherstview, but they potentially could have a more significant effect on a larger scale. 

Additionally, the decreasing discount rate was found to increase the total system cost. 

 

It has become common to apply optimization and other decision support methods to 

water distribution system design, but there has been a tendency to apply these methods to 

simple benchmark water distribution systems to query the most efficient design. Kang 

and Lansey (2012) reviewed logical and efficient approaches to design full-scale water 

distribution systems where local distribution pipes are considered. They concluded that 

integrating transmission and distribution scales of the water system was critical during 

the design optimization, as this could avoid oversizing the transmission system. They also 

recommended using engineering judgment to generate logical initial populations rather 

than relying on randomly generated solutions to increase the efficacy of search 



23 

 

algorithms. The scale of investigation is similar in this thesis work – it is important to test 

out models and analytic methods on large-scale systems not only bench-scale systems. 

 

Racoviceau and Karney (2007) quantified the environmental sustainability of the City of 

Toronto’s water distribution, specifically the treatment portion of the facility use phase. 

The paper considered chemical production and transportation of materials for treatment 

as well as energy and greenhouse gas emissions for the operation of the water treatment 

plant. Similarly to this current thesis, Racoviceanu and Karney (2007) applied a 

combination of an input-output life cycle assessment model for the impacts of chemical 

manufacturing and another modeling package as well as regionally averaged data to 

determine the transportation related energy use and emissions. Results quantified that 

operational energy including treatment chemical production, accounts for 94% of total 

energy use, of which 60% is attributed to on-site pumping. The overall operational 

energy produces 90% of GHG emissions. By contrast, transportation-related energy use 

and emissions were deemed insignificant. The normalized energy use of the Toronto 

water treatment system was found to be between 2.3 and 2.5 MJ/m
3
 of water treated. 

2.2 Energy Associated with Pipe Breaks and Leakage 

Part of the research undertaken for this thesis project was producing replacement plans 

for deteriorated water mains that break and leak. Plans were determined by pipe 

performance and by pipe age, based on current practice in the water industry, where 
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utility operators have to make decisions between the difficulties and energy costs of 

managing a leaking system or implementing a replacement or rehabilitation program. 

 

Colombo and Karney (2002) highlighted the importance of an accurate understanding of 

the energy loss in a leaking system. By performing a small-scale analysis of two different 

friction scenarios they determined that the extra energy required to operate a system with 

significant leakage is large when compared to the same system without leakage. When 

this knowledge is scaled up to confront large systems, the economic, social and 

environmental impacts of the large amount of lost energy is significant, but as the 

findings later in this thesis indicate, the energy lost through leakage is only a small 

portion of the overall system pumping energy. Water utilities must maintain equivalent 

service regardless of the leakage that is occurring in the system; the leaks are 

compensated for by increasing the pumping capacity to meet demand at the same 

pressure as in the leak-free scenario. Over the course of this study, they also determined 

that the energy use of a variable speed pump increases linearly or close to, with 

increasing leakage.  

 

To more specifically quantify where energy is leaving the system, Cabrera et al. (2010) 

developed an energy audit to determine the energy lost to leakage, including not only the 

loss of the physical water, but also the energy lost to pipe wall friction to convey water to 

meet demands and supply leaks. They modeled leakage by concentrating all of the leaks 
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to a node in the system thus allowing them to behave as pressure driven demand. Their 

work quantified the loss of energy to friction to supply leaks by running the model both 

with and without the increased demand due to leakage, resulting in an increase in the 

overall energy required for a system undergoing high levels of leakage. The energy audit 

that was developed can be used by other water utilities to determine areas where energy 

use can be minimized.  

 

Piratla and Ariaratnam (2011) developed a methodology to complete a criticality analysis 

on a water distribution system that took into account the deterioration and reliability of 

the pipe and also considered the cost and energy consumption of the system. This 

information was then used on a case study system to determine the overall cost and 

energy involved in maintaining a highly functional water utility through pipe 

replacement. The results indicate that the water distribution system as a whole is 

vulnerable; there is a 53.4% chance that one or more pipes in the case study water 

distribution system could break at any point in the year of the study (2010). The study 

determined that pipes made from galvanized steel were in the most critical condition, 

particularly those of a smaller diameter. Their results indicated the PVC pipes consumed 

less energy for fabrication when compared to other pipe materials. The methodology for 

completing the energy quantification is fairly similar to the methodology utilized in this 

thesis project, however this paper does not compare energy requirements, aside from 

embodied energy related to different pipe materials. This paper helps in the 
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understanding of ways in which to make water distribution systems more sustainable by 

understanding what to expect in the future and acting to reduce cost and energy 

consumption. 

2.3 Sensitivity Analysis of Energy in Water Distribution Systems 

In an effort to determine which factors have a significant impact on energy use in 

municipal water distribution systems, Ghimire and Barkdoll (2010) performed sensitivity 

analyses on several factors they anticipated would affect the energy consumption of a 

water utility. They studied 7 different distribution networks to determine the impact of 

increasing and decreasing the system-wide water demand, adjusting the storage tank 

parameters and varying the locations of the pumping stations on energy use (Ghimire & 

Barkdoll 2010). A sensitivity analysis was done for this thesis work as well, as can be 

seen in Chapter 4. The parameters varied in the analysis for the partner utility were not 

the same as those analysed by Ghimire and Barkdoll (2010) but served the same purpose 

– to quantify the changes in energy requirements by altering some previously held 

assumptions. They found that by reducing water demand, main pump horsepower and 

booster horsepower by 50%, average energy savings of 47, 41, and 9.5% respectively 

were attained, for the seven systems analyzed. Other properties examined included 

altering storage tank parameters and changing locations for booster pumps in the system, 

which had varying levels of impacts changing with the specifications of the system, these 

system parameters were not considered in the extant thesis document. For all but the most 
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complex system they tested, the energy requirements for the system varied linearly with 

flow.  

 

Wu et al. (2012) investigated the sensitivity of optimal tradeoffs between cost and GHG 

emissions for water distribution systems. In this work, they varied the electricity tariffs 

and generation emission factors in the future to determine the effect that different tariff 

and emission factor regimes would have on a multi-objective solution to minimize both 

the GHG emissions and the operating costs of a water utility. It was found that changes to 

the electricity tariffs had a significant effect on the total cost. Also, higher electricity 

tariffs eliminated solutions with higher GHG emissions from the optimal front. Changing 

the emission factors in the future had a significant impact on the total GHG emissions 

from the water distribution system, but did not affect the cost of the system. 

2.4 Summary 

The thesis chapter has reviewed previous research that has examined the decision support 

systems that have investigated the relationship between water main replacement / 

rehabilitation planning and energy use in water distribution systems. These decision 

support systems commonly involve multi-objective optimization to attempt to minimize 

both the environmental and economic impacts of a water utility. Research discussed here 

investigated common water utility problems including pipe replacement scheduling, 

rehabilitation, expansion and new build. Research has been performed to comprehend the 

energy associated with factors as varied as leakage, operational energy for pumping, 
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water treatment and the embodied energy of distribution system construction materials.  

The body of research in this field has expanded to quantify environmental impacts 

through other metrics besides energy; these metrics include GHG emissions, the 

consumption of non-renewable resources, environmental discharges and the ecological 

fossil-fuel footprint. A summary of the research that investigated the relationships 

between electricity tariffs, emission factors and utility properties and the energy 

requirements and GHG emissions of water utilities was also explored.  

 

2.5 References 

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. 

Colombo, A.F.; Karney, B.W, 2002. Energy and costs of leaks: toward a comprehensive 

picture. Journal of Water Resources Planning and Management, 128:6:441. 

Dandy, G.; Roberts, A.; Hewitson, C.; and Chrystie, P. 2008. Sustainability Objectives 

For The Optimization Of Water Distribution Networks. Water Distribution 

Systems Analysis Symposium: 1-11. 

Filion, Y. R.; Maclean, H. L.; & Karney, B. W, 2004. Life-cycle energy analysis of a 

water distribution system. Journal of Infrastructure Systems, 10:3:120. 

Ghimire, S. R.; & Barkdoll, B. D, 2010. Sensitivity analysis of municipal drinking water 

distribution system energy use to system properties. Urban Water Journal, 

7:4:217. 



29 

 

Herstein, L. & Filion, Y, 2011a. Life-Cycle Analysis of Water Main Materials in Multi-

Objective Design of Water Networks. Journal of Hydroinformatics 13:3:346. 

Herstein, L.; Filion, Y.; & Hall, K, 2011b. Evaluating the Environmental Impacts of 

Water Distribution Systems using EIO-LCA-Based Multi-Objective 

Optimization. Journal of Water Resources Planning and Management, 137:2:162. 

Herstein, L.; Filion, Y.; & Hall, K, 2009. Evaluating Environmental Impact in Water 

Distribution System Design. Journal of Infrastructure Systems, 15:3:241. 

Kang, D. and Lansey, K, 2012. Revisiting Optimal Water-Distribution System Design: 

Issues and a Heuristic Hierarchical Approach. Journal of Water Resources 

Planning and Management. 138:3: 208-217. 

Mo, Weiwei; Nasiri, Fuzhan; Eckelman, Matthew J.; Zhang, Qiong; Zimmerman, Julie B. 

2010. Measuring the Embodied Energy in Drinking Water Supply Systems: A 

Case Study in the Great Lakes Region. Environmental Science & 

Technology. 44:24: 9516-9521.  

Piratla, Kalyan R.; Ariaratnam, Samuel T., 2011. Criticality Analysis of Water 

Distribution Pipelines. Journal of Pipeline Systems Engineering and Practice. 2: 

91-101. 

Racoviceanu, A. I.; Karney, B.W.; Kennedy, C. A.; & Colombo, A. F, 2007. Life-Cycle 

Energy Use and Greenhouse Gas Emissions Inventory for Water Treatment 

Systems. Journal of Infrastructure Systems, 13:4:261. 

http://ascelibrary.org.proxy.queensu.ca/doi/abs/10.1061/%28ASCE%29WR.1943-5452.0000165
http://ascelibrary.org.proxy.queensu.ca/doi/abs/10.1061/%28ASCE%29WR.1943-5452.0000165
http://journals1.scholarsportal.info.proxy.queensu.ca/search-advanced.xqy?q=Weiwei%20Mo&field=AU
http://journals1.scholarsportal.info.proxy.queensu.ca/search-advanced.xqy?q=Fuzhan%20Nasiri&field=AU
http://journals1.scholarsportal.info.proxy.queensu.ca/search-advanced.xqy?q=Matthew%20J.%20Eckelman&field=AU
http://journals1.scholarsportal.info.proxy.queensu.ca/search-advanced.xqy?q=Qiong%20Zhang&field=AU
http://journals1.scholarsportal.info.proxy.queensu.ca/search-advanced.xqy?q=Julie%20B.%20Zimmerman&field=AU


30 

 

Roshani, E.; & Filion, Y, 2012. Evaluating Climate Change Mitigation Strategies on the 

Optimal Design and Expansion of the Amherstview Ontario Water Network: A 

Canadian Case Study. Journal of Water Resources Planning and Management, 

138:2:100. 

Wu, W.; Simpson,A.; & Maier, H, 2010a. Accounting for Greenhouse Gas Emissions in 

Multi-Objective Genetic Algorithm Optimization of Water Distribution Systems. 

Journal of Water Resources Planning and Management, 136:2:146. 

Wu, W.; Maier, H.; & Simpson, A, 2010b. Single-Objective versus Multiobjective 

Optimization of Water Distribution Systems Accounting for Greenhouse Gas 

Emissions by Carbon Pricing. Journal of Water Resources Planning and 

Management, 136:5:555. 

Wu, W., Simpson,A.; Maier, H, 2012. Sensitivity of Optimal Tradeoffs between Cost and 

Greenhouse Gas Emissions for Water Distribution Systems to Electricity Tariff 

and Generation. Journal of Water Resources Planning and Management, 138:2: 

182-186. 

 

 

 

  



31 

 

: Performance and Pipe-Age Based Replacement Scheduling: Chapter 3

Comparison Using Life Cycle Energy Analysis 

Chapter 3 presents a life-cycle energy analysis (LCEA) for three different pipe 

replacement schedules developed with the intent to reduce leakage in the system. The 

LCEA methodology determines the trade-offs between pipe replacement to reduce 

operational energy use and the embodied energy associated with pipe replacement. The 

methodology is applied to a large-scale partner water utility. Water utility managers and 

planners need to consider the balance between their concern for minimizing energy 

consumption and water production. This chapter illustrates the complex decision and 

clarifies some of the energy requirements under the different pipe replacement plans. 

This chapter is based off of a paper that was submitted to the American Water Works 

Association journal and thus includes both imperial and SI units.  

3.1 Abstract 

Most utilities are in the process of upgrading their systems, both through regular 

maintenance programs and additional pipe replacement but rarely are whole-of-life 

considerations taken into account. The aim of this paper is to develop and implement a 

new life-cycle energy analysis that accounts for the energy associated with reducing 

leakage through pipe replacement. The life-cycle energy analysis is applied to a large 

water distribution system. The energy use in pumping is compared with the embodied 

energy tied to pipe replacement in a baseline scenario and three replacement plans. The 
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annual operational energy savings of 4.9 to 6.4 million kWh achieved by 2020 comes at a 

cost; the embodied energy invested in replacing the pipe stock (0.88-2.05 million 

kWh/mile for ductile iron pipes with diameters of 6” to 16” respectively) is significant, 

resulting in an initial energy payback period of 17.6 years for the most aggressive 

replacement plan. 

3.2 Introduction 

Many water utilities in North America are in the process of replacing and rehabilitating a 

large stock of deteriorated cast iron (CI) and ductile iron (DI) pipe in their water systems. 

Replacement and rehabilitation programs are often driven by frequent water main breaks 

and a high level of water loss (from leakage and other sources). For example, a 2006 

survey of US water utilities (AWWA 2006) shows that the median break rate across a 

water utility is 0.33 breaks/mile/year. Large systems serving more than 500,000 

customers had higher break and leakage rates than the national average (AWWA 2006). 

Water loss from leakage and other sources typically ranges from 20-50% in many North 

American systems (Brothers 2001). Further, many CI and DI mains have experienced 

significant capacity loss because of internal corrosion and tuberculation which increase 

frictional losses and energy requirements for pumping. Water mains eventually reach a 

state of deterioration whereby they must be rehabilitated or replaced in order to continue 

to provide reliable service. 
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Providing treated drinking water is a significant energy investment; in the United States 

approximately 4% of the power generated nationwide is dedicated to this task (Goldstein 

& Smith 2002). The majority of this energy is required for pumping the treated water 

through the distribution system. Electricity for operations represents approximately 75% 

of the total cost for municipal water processing and distribution (Goldstein & Smith 

2002). Many utilities are now experimenting with different tactics to reduce their overall 

energy consumption, but realistically the energy required for moving water from 

treatment to point of requirement is a value that can be large and relatively inelastic. 

 

Despite the fact that utilities are actively engaged in replacing and rehabilitating their 

water main stock, many of them do so without full knowledge of the energy and 

electricity use implications linked to capital infrastructure and operating considerations. 

When the energy required for the operation of a water utility is obtained from fossil-

based energy sources, it is particularly imperative to investigate the impacts of pipe 

replacement schedules and to determine which schedule would correspond with the 

minimum overall energy consumption. Utilities need to put this into common practice to 

avoid contributing further to unnecessary greenhouse gas emissions and anthropogenic 

climate change.  

 

There has been significant research in the areas of energy consumption in water 

distribution systems and minimizing the total operational energy required to provide 
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adequate service to consumers. Recently, these efforts have relied upon life-cycle 

analyses and optimization methods to illustrate the trade-offs between economic and 

environmental impacts. 

 

Filion et al. (2004) was the first to develop a life-cycle energy analysis (LCEA) tailored 

to undertake the complex problem of pipe replacement planning in water distribution. 

The LCEA developed by Filion et al. (2004) quantified energy use tied to pipe life-cycles 

that were comprised of the following components: fabrication (embodied energy), use 

(including pumping and potential recovery of energy with on-line turbines), and disposal 

options for the water mains. The results indicated that a 50-year pipe replacement 

frequency has the lowest overall energy expenditure over all of the life cycle phases 

considered. The accompanying sensitivity analysis determined that the computation of 

the required energy was sensitive to changes in pipe fabrication energy requirements and 

pipe replacement length, based on the fact that the embodied energy of the pipe stock 

itself was found to be the largest contributor to the overall energy requirements. 

 

Herstein et al. (2009) developed a method to evaluate the environmental impacts of water 

distribution systems utilizing an environmental input-output life cycle analysis coupled 

with a multi-objective optimization. One unique aspect of this work was that it combined 

a number of environmental measures beyond energy use. This paper considered the 

effects associated with the fabrication of system components, the operation of the system 
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and briefly touched on the question of disposal. The energy portion of the environmental 

matrix took into account the energy required for pumping through a distribution system 

and the EIO-LCA model energy for pipe manufacturing, of these factors for the case 

study system, the pumping energy was found to be the most significant. 

 

Herstein and Filion (2011a) considered the issue of pipe replacement for water 

distribution systems with the development of a multi-objective optimization that aimed to 

reduce the cost of new and duplicate pipes, the cost of cleaning and lining existing pipes 

and the cost of a new elevated tank while reducing pumping energy. They considered 

pipe replacement using either PVC or cement mortar lined ductile iron pipes for a small-

scale hypothetical water utility. Results indicated that the differing diameters between the 

two types of pipes caused energy differences and the energy required for pipe 

manufacturing and distribution using either material was significantly greater than the 

energy required for steel tank manufacturing. 

 

 In a subsequent work produced by Herstein et al. (2011b) the analysis utilizes an 

environmental impact index measure to determine the overall environmental impact of a 

course of action, in this case the question of ductile iron pipe replacement in a water 

distribution system. Herstein et al. (2011b) utilized a multi-objective function with three 

objectives; the capital costs of the new pipe, pipe cleaning and lining and new tanks; the 

lifetime energy expenditure of the system; and the environmental index that was 
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developed in the paper. For this analysis, they assumed that by minimizing pumping 

energy over the life of the system, the cost would also be minimized. It was found that 

the annual energy required for pumping in the distribution system was found to have the 

most significant portion on the environmental impact (EI) index, where the annual 

pumping energy use and the index illustrated a near linear relationship. Part of the 

sensitivity analysis that was undertaken was to determine the impacts of demand and 

roughness (Hazen-Williams C-factor); it was found that changes in demand produced 

greater changes in the pumping energy and thus the EI index than changes in the C-

factor. 

 

Wu et al. (2010a) developed multi-objective genetic algorithm approach to consider 

greenhouse gas (GHG) emissions in the optimization of water distribution systems. 

Emission factors were combined with operational and embodied energy values for the 

pipes and the distribution process. Wu et al. (2010a) found that the inclusion of the GHG 

emissions (and thus the energy use) as an objective in the multi-objective genetic 

algorithm resulted in a trade-off between solutions that produced the least GHG 

emissions and the least expensive option. Wu et al. (2010a) also found that sometimes a 

small increase in the overall cost of the system produced significant GHG emission 

reductions.  
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Wu et al. (2010b) compared the optimization of a distribution network with a single-

objective and multi-objective optimization approach. The multi-objective approach that 

considered the system cost in dollars and the GHG emissions in tonnes was 

recommended for utility decision makers. As in the previous work, the GHG emissions 

were a function of the embodied energy use in the pipes of the system and the operating 

energy for distribution and the corresponding emission factors. The multi-objective 

approach is preferred because the solution is expressed in the dollar cost of reducing 

GHG emissions and thus energy use for the system. The single-objective approach used a 

carbon costing system to convert the GHG emissions to dollars and then combined it with 

the cost of building and operating the system. The optimization for the single-objective 

was more straightforward but this method did not provide the trade-off information 

between the economic and environmental objectives. 

 

Roshani and Filion (2012) developed a multi-objective genetic algorithm approach to 

examine the impact of discount rate and a carbon tax on optimal design and expansion 

decisions taken in a water distribution network. Roshani and Filion (2012) found that the 

case study network over the planning period of 50 years was relatively insensitive to 

changes in the discount rate and carbon prices. The range of carbon prices and discount 

rates investigated had no significant impact on the energy use and GHG emissions for the 

case study, but a decreasing discount rate was found to increase the total system cost. 
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Colombo and Karney (2002) highlighted the importance of obtaining an accurate 

understanding of the energy loss associated with a leaking system. Through a small-scale 

analysis, they indicated that the extra energy required to operate a system with significant 

leakage is large when compared to the same system without leakage. 

 

Cabrera et al. (2010) developed an energy audit to determine the energy lost to leakage, 

including not only the loss of the physical water, but also the energy lost to pipe wall 

friction to convey water to meet demands and supply leaks. Cabrera et al. (2010) 

modeled leakage by concentrating all of the leaks to a node in the system thus allowing 

them to behave as pressure-driven demand. The loss of energy to friction to supply leaks 

was determined by running the model both with and without the increased demand due to 

leakage. A similar process was undertaken in this research by altering the system demand 

from a baseline approach where no pipe replacement occurred through different pipe 

replacement schedules.  

 

In an effort to determine which factors have a significant impact on energy use in 

municipal water distribution systems, Ghimire and Barkdoll (2010) performed sensitivity 

analyses on factors they assumed would affect the energy consumption of a water utility. 

They studied 7 different distribution networks to determine the impact of increasing and 

decreasing the system-wide water demand, adjusting the storage tank parameters and 

varying the locations of the pumping stations on energy use (Ghimire & Barkdoll 2010). 
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Results from their work will be further discussed later in this paper as they align well 

with results obtained through this study. 

 

Prosser et al. (2012) outlined a LCEA framework to approach the question of pipe 

replacement timing. The research in this paper expands on previous work in pipe 

replacement scheduling by Prosser et al. (2012) and Filion et al. (2004) to more fully 

explore the question of whether an investment of embodied energy to replace deteriorated 

pipes can produce significant savings in energy use (to pump water) from a reduction in 

leakage and frictional losses. Increasingly, this consideration is important to water 

utilities as they attempt to operate in a manner that is both economically and 

environmentally sustainable. Understanding the energy use tied to different pipe 

replacement schedules will allow water utilities to make informed decisions based on 

their fiscal and environmental objectives.  

 

The objective of this paper is to present a LCEA that quantifies the electricity use for 

pumping and the embodied energy linked to practical pipe replacement schedules. The 

development of the LCEA presented here is motivated by three questions: (1) To what 

extent will a candidate pipe replacement schedule decrease leakage and energy use and 

reduce frictional losses in a system? (2) How much embodied energy is needed to replace 

deteriorated pipe stock? and (3) Is the embodied energy investment linked to replacing 

pipes on a chosen schedule recovered (and how quickly) through savings in energy use 
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and electricity from pipes that leak less and have lower frictional losses?  This analysis 

addresses these questions by comparing the expenditure in embodied energy to replace 

pipes to the savings in electricity from reduced leakage and frictional losses in a complex, 

system. The LCEA developed in this paper advances previous work by providing a 

realistic accounting of embodied energy linked to the fabrication of different pipe classes 

and trenching components (bedding, backfill, asphalt, etc.); including a realistic 

accounting of leakage growth and associated energy loss (from leakage and frictional 

losses) in a complex system; and determining the “energy pay-back period” of different 

pipe classes by calculating the number of years of energy savings (from lower leakage 

and frictional losses) are required to cover the embodied energy invested in the 

replacement of pipes and trenching components. The LCEA system boundaries are 

illustrated in Figure 3.1 to provide details as to the extent of the energy considered. 
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Figure 3.1 Life-cycle energy analysis boundaries for pipe replacement (Adapted 

from Filion at al. (2004). 

 

3.3 Case study system   

The LCEA was applied to water distribution network to examine the embodied energy 

linked to water main fabrication and installation along with the savings in pumping 

energy achieved with a range of pipe replacement schedules. The study is based on data 

from a water utility in the Midwestern United States (henceforth referred to as the partner 

utility) that serves approximately 1 million customers with an average daily demand of 

530 million litres per day (MLD). The network is comprised of three water treatment 
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plants, 28 pumping stations and over 5900 kilometres of transmission and distribution 

mains. The water main stock is represented in the pipe inventory database by over 

140,000 individual pipe segments. The Microsoft Access database details (among much 

other information) pipe material, diameter, age, and historical pipe break data; this 

information is used to group the pipe stock into classes by pipe material, diameter, and 

age. The utility has compiled data on breaks since 1969, creating a significant historical 

body of pipe break information for each pipe class. Figure 3.2 provides an overview of 

the all-pipes network model of the partner utility network and Figure 3.3 indicates the 

current age of the pipes (by length) in the distribution system, although most pipes by 

length fall into the 5-50 year-old age range, there is a significant body of pipes that 

exceed 75 years of age, with a particular spike in the 85-90 year-old range. The city is 

generally hilly and ground elevations slope toward a river that runs through the 

approximate center of the city (in a north-south orientation). The pumping stations are 

evenly distributed throughout the city.  
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Figure 3.2 Partner utility distribution network (Prosser et al. 2012).
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Figure 3.3 Age of distribution network in 2013. 

3.4 Methodology 

A LCEA methodology was developed to consider the energy use in the fabrication and 

operational life-cycle stages of a water network for different pipe replacement plans. A 

cradle-to-gate analysis was used to quantify the embodied energy associated with the 

fabrication, transportation, excavation, compaction, and installation of replacement pipes, 

including bedding, backfill and restoration of pavement. This cradle-to-gate analysis was 

performed with an input-output model of the US economy (Carnegie Mellon University 

Green Design Institute 2012). The planning period for the present analysis spans 2020 to 

2070. In the pipe replacement schedules, only water main replacement was considered; 

the replacement of valves, water storage facilities and other distribution network 
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components was not included. This is justified on the grounds that water mains comprise 

the most significant portion of the embodied energy requirements for distribution systems 

(Filion et al 2004). Furthermore, rehabilitation of pipes was not considered in this study 

because the partner utility does not currently undertake any rehabilitation activities.   

Extended period simulations were performed to quantify the frictional and leakage losses 

in the no-replacement baseline scenario and the pipe replacement plans. The embodied 

energy and operational energy linked to pipe replacement were evaluated for three 

different pipe replacement plans discussed below.  

 

Pipe replacement plans A and B are based on the performance of each pipe class. In Plan 

A, pipes are replaced once a low break rate threshold of 25 breaks per 100 kilometres for 

their class is exceeded, resulting in an ambitious program to address breaks early. In Plan 

B, pipes are not replaced until they reach a high break rate threshold of 50 breaks per 100 

kilometres of pipe, which delays replacement until later in the effective life of the pipe 

and therefore will require additional effort in main repairs. In both Plan A and B, if the 

pipes were not replaced before the age of 100 based on their break performance, pipes 

were replaced when they exceeded 100 years of age. Plan C is based solely on pipe age 

where each pipe is replaced as it reaches 75 years of age. The pipes that have already 

exceeded that age are replaced in the first decade of the replacement plan. Common 

practice in many municipalities is to plan pipe replacement to coincide with road 

replacement. Road upgrades were not considered in this analysis but if these were 
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performed simultaneously then much of the energy burden for pipe replacement would be 

shared across these projects. 

3.4.1 Pipe classes and break rates 

 For ease of analysis, pipes with the same pipe material, pipe diameter, and pipe 

installation dates were grouped together in classes. Historical break data was used to 

establish a linearly increasing break rate for the next century for each pipe class. 

Aggregating by class also provides more data points to increase the statistical validity of 

using a linear break rate to estimate future breaks, as the aggregation takes into account 

differences in pipe material, diameter, age, fabrication and installation methods. For 

simplicity, a linear break rate was used for this analysis although previous research has 

shown that the relationship between pipe age and break rate is not necessarily linear 

across all pipe ages and materials (Kleiner 2001; Shamir & Howard 1979).  

 

The analysis in the present paper did not account for the difference between breaks that 

occurred because of aging infrastructure and breaks that experienced failure because of 

poor construction and other modes not related to infrastructure deterioration. While the 

partner utility has been diligent in recording historical pipe breaks, data on the specific 

cause of breaks was unavailable.  

 

Some pipe classes such as those corresponding to six-inch cast iron pipes installed in the 

years between 1920 and 1940 and after 1940 were found to have strong linear 



47 

 

relationships between age and the break rate. The pipe classes that have a weaker 

relationship between break rate and age or limited data were treated on an individual 

basis by assigning an appropriate break rate based on data from similar classes. For 

example, many of the newest classes did not have enough break information to 

appropriately determine an increase in break rate with age. In these cases, a rolling break 

rate from previously installed pipes was applied. The pipe classes that have weaker 

relationships between age and break rate comprise a small percentage by length of the 

system. Thus using break rate data from similar classes to determine future breaks for 

these classes will have a minimal impact on the overall energy analysis. 

3.4.2 Break types and leakage 

The partner utility data includes information on the types of breaks that occurred. The 

most common types of breaks in the partner utility system include circumferential cracks 

(most common), holes, longitudinal splits and breaks around fittings. Each break type 

was applied a factor to estimate the volume of water lost in each break  under an average 

operating pressure of 70 psi (483 kPa) and assumed hole diameter of one inch (2.54 cm) 

(AWWA 2009). The volume of water lost for each break type is indicated in Table 3.1. 
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Table 3.1 Leakage flow rates for different break types (adapted from AWWA 2009). 

  Lpm 

Pipe Diameter Crack Hole
1
 Split Fitting 

6-inch (150 mm)  212 753 261 38 

8-inch (200 mm) 288 753 356 64 

12-inch (300 mm) 420 753 526 106 

1
 The flow rates through the holes are the same value because of an assumed hole size of 

1 inch (2.54 cm) in diameter for all pipe diameters 

 

Three types of leakage were considered (background, unreported and reported non-

catastrophic leakage) and modeled by altering the duration of the leakage event. 

Catastrophic water loss from large diameter transmission mains was not considered in 

this study. While the partner utility data did not consistently include information on repair 

time after the reported time of first leak, an average leak duration of 3 days was used for 

circumferential cracks and holes  (Lambert & McKenzie 2002). Split-type breaks and 

fitting-type breaks were assumed to have an average leak reporting time of 365 days, to 

model break types which result in leaks that commonly go undetected for long periods of 

time. The cracks and holes were thus treated as non-catastrophic reported leakage events, 

while the split-type and fitting-type breaks could be considered either unreported or 

background leakage for the utility. 
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3.4.3 Overall leakage volume 

The extrapolation of break rate and its coupling with break type was performed to 

determine the volume of water lost in the pipe replacement plans. The analysis estimates 

the volume of water lost through routine and unavoidable leakage events over the lifetime 

of the pipes in the distribution system.  The predicted leakage volume for the baseline 

initial time step (2020 without any pipe replacement) was calibrated to match with the 

current leakage rate of 11.5% reported by the partner utility. In each replacement plan, 

replaced pipes were assumed to leak at a rate equal to that for new ductile iron (DI) pipes. 

 

The energy to treat the volume of water lost to leakage was estimated using data from 

Racoviceanu et al. (2007) for the City of Toronto water treatment plants and distribution 

network. The source water and treatment requirements for the City of Toronto and the 

partner utility are similar. The work completed by Racoviceanu et al. (2007) considered 

the energy required for the production of treatment chemicals, the transportation of the 

chemicals from their manufacturing location to the water treatment facility, the operation 

of the water treatment plant and the distribution of the water in the network. In this study, 

only the energy required for chemical production and transportation were included, as the 

energy for pumping the water through the distribution system was calculated separately. 

The energy to treat water lost to leakage was estimated to be 47.3 kilowatt-hours per 

million litres (kWh/ML)
 
in this study. 
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3.4.4 Embodied energy of new replacement pipe 

The embodied energy linked to the fabrication, transportation, excavation, compaction, 

and installation of new replacement water mains (including asphalt, backfill, bedding, 

pipe and casing) was estimated using the Carnegie-Melon Economic Input-Output Life 

Cycle Assessment (EIO LCA)  (Carnegie Mellon University Green Design Institute 

2012). The EIO LCA model traces the monetery and resource flows between 428 

economic sectors in the US economy that contribute goods and services (either directly or 

indirectly) to the fabrication of pipe and related components.  

 

Currently economic input-output LCA (EIO-LCA) models such as the one developed by 

Carnegie-Mellon used in this analysis are one of the few methods available to quantify 

cradle-to-gate environmental input/outputs associated with the production and 

manufacture of water systems components in North America. Data is lacking to directly 

quantify the environmental input/outputs linked to the fabrication stage of water system 

components, and what data is available is commonly proprietary, having been produced 

by the companies themselves. The Carnegie Mellon style models are beneficial because 

the analysis boundaries include all aspects of the economy, thus all inputs from various 

sectors required for production is quantified; thus they are very useful for the 

environmental accounting of material extraction and manufacturing activities 

(Hendrickson et al. 1998). The drawbacks of national-scale EIO-LCA models are data 

aggregation and the lack of geographical specificity, consequently, the models can only 
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provide approximations of the impacts associated with the production of various water 

system components. To manage the complexity of the Carnegie-Mellon EIO-LCA model, 

the economy is split into 428 different sectors. Even with this level of separation, there 

are economic sectors that produce a wide variety of products. The lack of geographical 

specificity is the other major drawback, the energy fuel mix across North America varies 

widely on the spectrum between non-renewable and renewable resources and thus the 

impact of energy requirements all vary. It is important to keep all of these factors in mind 

when employing a EIO-LCA to quantify impacts, but the method is currently the best 

available for questions of this scale. 

 

Figure 3.4 indicates the specifications for water main installation at the partner utility that 

include: ductile iron pipe with appropriate diameter, a polyethylene pipe casing, granular 

bedding, granular backfill materials, asphalt for surface restoration.  
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Figure 3.4 Typical pipe and trench detail for test system (Prosser et al 2012). 

The cost of the components were estimated using the RS Means Building Contruction 

Cost Data  (RS Means 2012) and deflated to 2002 dollars prior to input into the EIO 

LCA model which is based on 2002 economic data. The embodied energy linked to the 

fabrication and installation of pipe required in each decade (based on 2002 producer 

dollars) was computed for this analysis. The energy linked to trench excavation, 

compaction, transportation of materials, and pipe installation was estimated using the 

time and fuel required to operate the corresponding heavy machinery taken from the RS 
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Means Building Construction Cost Data (RSMeans 2012). The energy calculations did 

not include the embodied energy of the construction equipment as part of the trench 

components. 

3.4.5 Break repair 

In this paper, embodied energy linked directly to the repair of aging water mains was 

considered to account for the consequences of delaying pipe replacement.  For each pipe 

class, the crack-type and hole-type breaks were assumed to be repaired within 3 days of 

break occurrence. The embodied energy necessary to undertake the repairs was estimated 

using a method similar to that used to estimate the embodied energy of a new pipe. It was 

assumed that crack-type and hole-type breaks were replaced with a 5.5 metre section of 

new pipe (McWane, Inc. 2003). The embodied energy linked to pipe fabrication, 

transportation, and installation was calculated for the 5.5 metre segment of new pipe. 

However, the embodied energy linked to the production and transportation of bedding 

and backfill material were not included as utilities often will reuse these materials in 

repair situations. Further, the costs related to pipe break repair such as the cost of service 

interruption to customers and traffic related congestion costs were not quantified. Once a 

pipe segment was repaired, it was assumed to be replaced with a segment of equivalent 

diameter DI pipe that would continue in the breakage patterns of an age-equivalent 

previously installed DI pipe.  
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3.4.6 Energy use in operation 

Extended period simulations (EPS) were used to calculate pumping energy consumption 

for each plan in 10-year increments over a planning horizon ranging from 2020 to 2070. 

In the simulations, average day demand and the diurnal pattern were used with an 

assumed pump efficiency of 70% for all pumps, which is typical for water pumps 

(Hydratek 2013). The model includes 121 pumps each with an individual pump curve 

taken from  manufacturers’ data or from pump test data obtained in the field.  

 

For each pipe replacement plan and time increment, the total leakage volume for each 

pipe class was apportioned by length to all the pipes in that class. Assuming a constant 

leakage rate over time, a 24-hour simulation EPS was performed for each plan (including 

the no-replacement baseline scenario) to track the pump operation and calculate the 

pumping energy use at 30-minute time steps. Operational settings were maintained and 

unchanged between plans and the only growth in demand that was considered was that 

associated with leakage in the different plans. Roughness coefficients were updated in 

replacement scenarios by altering the model Hazen-Williams C-factors associated with 

each segment of pipe. If prior to replacement the C-factor was 130 or greater, the C-

factor was left unchanged. If prior to replacement the C-factor was less than 130, after the 

replacement occurred the C-factor was updated to 130 to represent new ductile iron pipe. 
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3.5  Results 

3.5.1 Pipe replacement length 

The length of pipe replaced in each decade is indicated in Figure 3.5.  

 

Figure 3.5 Length of pipe replaced each decade. 

Plans A and B replace significant percentages of pipe stock in the opening decade of 

2020. In Plans A and B, pipes replaced in the 2020 decade are those that exceed the break 

rate threshold of 25 breaks per 100 kilometres and 50 breaks per 100 kilometres 

respectively, as well as those that are older than 100 years. The noticeable increase in the 

length of pipe replaced in 2070 for Plans A and B is due to aging of pipe classes that 

comprise a significant portion by length of the partner utility inventory. In Plan C pipes 
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that are older than 75 years are replaced in the 2020 decade. The rate of replacement of 

Plan C has much less variation than either of the two age-based replacement plans. 

3.5.2 Leakage volume 

The analysis of historical break data resulted in an estimate of leakage volume by pipe 

class for the partner utility. Table 3.2 provides a summary of the projected leakage 

volume and associated embodied energy for lost treated water for the no-replacement 

baseline and the three replacement plans.  

Table 3.2 Forecasted leakage volumes from 2020-2070 for the no-replacement 

baseline scenario and plans A-C. 

  Leakage Volume 

 MLD  

Embodied Energy of Treated 

Water lost through Leakage 

(million kWh/year) 

Year 

No-

Replacement 

Plan 

A  

Plan 

B  

Plan 

C  

No-

Replacement 

Plan 

A  

Plan 

B  

Plan 

C 

2020 61 5 15 20 1.24 0.10 0.32 0.41 

2030 69 5 8 15 1.42 0.11 0.16 0.31 

2040 78 7 7 7 1.60 0.15 0.14 0.15 

2050 87 8 11 9 1.78 0.17 0.22 0.18 

2060 96 11 14 12 1.97 0.23 0.28 0.24 

2070 105 12 14 13 2.15 0.24 0.30 0.27 

 



57 

 

By the end of the planning period (2070) pipe replacement Plans A through C all 

significantly reduce leakage in the system. By 2070, Plan A produces an 89% reduction 

in leakage in comparison to the no-replacement scenario; Plan B produced an 86% 

reduction and Plan C produced an 87% reduction relative to the no-replacement scenario. 

The reductions in leakage are very significant in comparison to the baseline no-

replacement scenario, but the leakage reductions when compared between the plans are 

much less significant. This indicates that the specific replacement plan selected is not the 

most critical aspect of pipe replacement, the fact that pipe replacement is occurring is 

much more critical. A replacement plan such as Plan C which not even tailored to pipe 

performance achieves an 87% reduction in leakage in comparison to the no-replacement 

scenario.  

 

The leakage volumes presented here illustrate volumes of water lost under very 

aggressive replacement plans and are much lower than values that could feasibly be 

obtained by utilities because of the inevitable losses to the environment through 

evaporation and loss in the system such as through breaks, leaks around fittings and non-

metered uses such as fire and construction demands. 

 

Water that is lost as leakage from a distribution system comprises a significant cost to the 

utility; this water has previously been obtained from source water, transferred to a water 

treatment facility and treated with energy intensive chemicals and processes. Based on an 
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embodied energy for treated water of 47.3 kWh/MG (Racoviceanu 2007), the baseline 

leakage represents approximately 2% of the annual pumping energy requirement.  

3.5.3 Embodied energy associated with pipe replacement 

The embodied energy linked to material quantities (from Figure 3.4), construction, and 

transportation activities was calculated by diameter for the required length of replacement 

pipe in each class. The values in Table 3.3, provided for Class 18, CIP post-1940, 150-

mm nominal diameter, under replacement Plan A as an example, list all categories 

considered in the analysis.  For the example in Table 3.3, in 2020 the materials category 

comprised approximately 77% of the total embodied energy. The highest embodied 

energy within the materials was for the pipe itself, at 36% of the total energy. 

Construction activities represent approximately 5% of the total embodied energy for 

replacement, while transportation of the materials to and from the construction site 

required approximately 18% of the total replacement energy (based on an assumption of 

a 100 mile (161 km) round-trip distance).  
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Table 3.3 Embodied energy by category for replacement of 1011 kilometres of 150 

mm nominal diameter, CIP from post-1940 by 2020 for Plan A. 

  Energy (million kWh) 

Materials Bedding* 0 

Initial Backfill  21.5 

Final Backfill  55.7 

Asphalt 0.3 

Pipe  91.0 

Pipe Liner 27.1 

Construction Excavation 5.2 

Compaction  7.1 

Transportation Fill Material To Site 22.8 

Native Soil Away for 

Disposal 

22.8 

Energy of Pipes To Site 0.3 

 Total 253.9 

* Granular bedding is only required for pipes larger than 20-inches in diameter so was 

not applicable to this pipe class 

 

Figures 3.6 and 3.7 illustrate the percentage breakdown of the embodied energy 

requirements for replacement with two common pipe diameters; 6” (150 mm) and 8” 

(200 mm) nominal diameter ductile iron pipes. Table 3.4 indicates the results for 
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embodied energy needed per unit length (mile) of pipe replaced for four common pipe 

diameters. 

 

Figure 3.6 Energy for replacement of CIP Post 1940 6" (150 mm) nominal diameter 

pipe with equivalent DI pipe. 
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Figure 3.7 Energy for replacement of CIP Post 1940 8" (200 mm) nominal diameter 

pipe with equivalent DI pipe. 

Table 3.4 Summation of embodied and construction energy requirements by length 

for replacement pipe diameters. 

Pipe Material and Diameter Energy for Replacement 

 (million kWh/mile) 

150 mm (6-inch) Ductile Iron 0.55 

200 mm (8-inch) Ductile Iron 0.68 

300 mm (12-inch) Ductile Iron 0.88 

400 mm (16-inch) Ductile Iron 1.27 
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3.5.4 Pipe repair 

Table 3.5 indicates the energy required to repair water main breaks in each decade of the 

planning horizon for the no-replacement baseline scenario and Plans A-C. In Table 3.5, 

under the no-replacement baseline scenario, the annual embodied energy related to water 

main repair increases from 0.32 million kWh to 0.44 million kWh (73% increase) over 

the 2020-2070 period.   

Table 3.5 Energy use linked to pipe repair for the baseline scenario and plan A-C 

replacement estimated with time-linear models. 

Year Energy Required for Repair (million kWh/year) 

 Baseline (No-Replacement) Plan A Plan B Plan C 

2020 0.32 0.03 0.06 0.19 

2030 0.29 0.02 0.03 0.14 

2040 0.33 0.03 0.03 0.11 

2050 0.37 0.03 0.04 0.12 

2060 0.40 0.04 0.04 0.13 

2070 0.44 0.03 0.03 0.14 

 

The baseline embodied energy for repairs in 2020 therefore represents about 0.5% of the 

pumping energy required annually to operate the distribution system.  In Plans A and B, 

the early and aggressive water main replacement in the 2020 decade significantly reduces 

the energy required for repairs by 93% relative to the baseline level in the 2070 decade. 

The early and aggressive replacement activities of Plan C also reduced the repair energy 
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by over 68% relative to the baseline level in the 2070 decade. However, the reduction in 

repair energy in Plan C is not as significant as it is for Plans A and B where a greater 

length of pipe is replaced in the opening 2020 decade.  

3.5.5 Energy use in pumping 

The energy output from the hydraulic model provided the duration of usage and the 

power required based on the operating point (flow versus total dynamic head) for each 

pump at each time step.  Comparing the energy results for each replacement plan against 

the no-replacement baseline scenario across all time increments gives a measure of the 

energy saved by reducing leakage and friction through pipe replacement.  

 

To assess the impact on energy usage associated with pipe roughness, the energy analysis 

was performed using both fixed and variable Hazen-Williams C-factors.  This analysis 

also gives an indication of the performance that could be anticipated under rehabilitation 

scenarios which improve the roughness of pipes without replacing them.  The variable C-

factor energy requirement was determined by updating the affected C-factors as pipes 

were replaced (existing C-factors in the calibrated hydraulic model range from 10 to 

145). To contrast, when modeling the fixed C-factor energy requirement, the C-factors 

for replaced pipes were not updated to their manufacturer-specified values. Figure 3.8 

indicates the percent reduction of both flow and energy in comparison to the no-

replacement scenario in 2020 for Plan A.  On average, the differences between existing 

and replacement C-factors ranged from 0.01% to 0.6%.  This suggests that pumping 
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energy use in the partner utility system is only weakly sensitive to differences in C-

factors in small diameter pipes.  Figure 3.9 illustrates that differences in pumping energy 

for the three scenarios indicate that the location of replaced or rehabilitated pipes plays a 

large role in determining the energy implications.  Replacing or rehabilitating pipes with 

low velocities, as is often the case for distribution system pipe replacement programs, 

may not yield a great savings in pumping energy.  

 

Figure 3.8 Percent decrease in energy and flow (including leakage) in comparison to 

the baseline scenario in 2020. 

Figure 3.9 illustrates the percent reduction in leakage flow and energy use for 

replacement Plans A through C when compared to the energy and flow requirements of 

the no-replacement baseline scenario over the 2020-2070 period. In Figure 3.9, only the 

variable C-factor energy requirement for each plan is shown.  

-1

1

3

5

7

9

11

13

2020 2030 2040 2050 2060 2070

P
e
rc

e
n

t 
C

h
a

n
g

e
 v

e
rs

u
s

  
B

a
s
e
li

n
e

 2
0
2
0
—

%
 

Decade—year 

Energy Plan A Fixed C-factor

Energy Plan A Variable C-factor

Flow Plan A



65 

 

 

Figure 3.9 Percent reduction in energy use and flow (including leakage) for 

replacement plans relative to the baseline*. 

*Results are compared between the replacement plans and the no-replacement baseline scenario in each decade 

In both Plans A and B, the replacement of pipes that currently have a high break rate 

(above 40 and 80 breaks per 100 miles, respectively (25 and 50 breaks per 100 km)) or 

are 100 years old or greater, result in significant leakage reduction within the first time 

increment (2020 – 2030). Plan C replaces a shorter length of pipe compared to Plans A 

and B and therefore diminishing the initial leakage and energy reduction. The initial 

differences in the energy and leakage reduction achieved with Plan C compared to Plans 

A and B indicate the importance of considering the pipe break performance in making 
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replacement decisions, rather than basing replacement decisions on pipe age alone, there 

is approximately a 2% difference in the initial energy savings. By the year 2050, Plan C 

achieves approximately equivalent energy and leakage reductions as attained by Plans A 

and B. Figure 3.9 also indicates that replacement Plans A through C can achieve 6-10% 

reductions in operational energy relative to the no-replacement baseline scenario. 

Because the operational energy savings between the plans are small, when Figure 3.8 and 

3.9 are compared against each other, it can be seen that the small differences associated 

with updating the C-factors in the model are not insignificant. Accurate energy modeling 

is thus critical to make informed decisions through plans, but the energy savings for any 

of the plans when compared to the baseline no-replacement scenario are very significant. 

 

The energy and flow results presented in Figures 3.8 and 3.9 suggest that the relationship 

between flow and energy consumption does not follow a one-to-one correspondence for 

the large and complex system considered in the case study. Ghimire and Barkdoll (2010) 

commented on the relationship between water demand and system energy consumption. 

One of the key hypotheses in their distribution system sensitivity analysis was that 

operational energy consumption is reduced with lower demand because of the reduced 

pipe velocity and friction energy losses. They verified this assumption and also verified 

work previously completed by Walski (1993) that showed that the energy cost is a fairly 

linear function of the system flow, particularly for smaller systems. It is noted that the 

relationship between demand flow and energy use was not linear in the largest water 
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distribution network examined in Ghimire and Barkdoll (2010). Ghimire and Barkdoll 

(2010) attributed the nonlinear relationship of the largest system they studied to factors 

such as pump efficiency and system complexity. For the partner utility and similar 

distribution systems with floating elevated storage, as flows increased (due to leakage in 

this case), each pump needed to run for a slightly longer time to reach the desired tank 

levels based on typical level-based controls. Most distribution systems in the US are 

designed to meet maximum day conditions and therefore are not running at full capacity 

for an average day demand. This excess available capacity allows for small changes in 

flow (like those due to leakage) to be accommodated without significant changes to 

operational patterns and pump operation.  

3.5.6 Energy payback period 

The total embodied energy required for pipe replacement was compared to the operating 

energy required for no-replacement baseline scenario and replacement Plans A-C to 

determine the length of time needed to pay back the investment in embodied energy 

through operational energy savings. Table 3.6 summarizes the annual operating energy 

(including pumping, lost water and energy to repair breaks) and embodied energy for 

pipe replacement in each decade for the no-replacement scenario and replacement Plans 

A-C. The embodied energy for pipe replacement in each decade was averaged over the 

number of years of consideration (eight years for the decade leading up to and including 

2020).  
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Table 3.6 Energy requirements for the no-replacement baseline scenario and plans A-C. 

Year 

Annual 

Operational 

Energy for 

Baseline 

Scenario 

(million 

kWh) 

Annual 

Operational 

Energy for 

Replacement 

Scenarios (million 

kWh) 

Annual Embodied 

Energy for Pipe 

Replacement 

(million kWh) 

Annual 

Operational 

Energy 

Savings (Base 

minus 

Replacement) 

(million kWh) 

Energy Payback 

Period (Years) 

  

 

A B C A B C A B C A B C 

2020 62.4 55.9 56.8 57.5 112 98.1 80.8 6.4 5.6 4.9 17.4 17.6 16.5 

2030 63.0 55.9 56.0 56.8 5.6 13.5 15.5 7.1 7.1 6.2 0.8 1.9 2.5 

2040 63.8 56.2 56.0 56.1 19.1 21 36.5 7.7 7.9 7.7 2.5 2.7 4.7 

2050 64.5 56.2 56.2 56.2 15 13.6 29.2 8.3 8.3 8.3 1.8 1.6 3.5 

2060 65.3 56.4 56.3 56.9 21.4 21.5 28 8.9 9.0 8.4 2.4 2.4 3.3 

2070 66.0 56.4 56.6 57.0 72.2 72.4 59.8 9.6 9.3 8.9 7.5 7.8 6.7 
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Table 3.6 suggests that the initial operational energy savings achieved through the 

leakage reduction ranges between 4.9 and 6.4 million kWh annually (relative to baseline); 

however to achieve this savings of operational energy, the utility must expend between 

80.8 (Plan C) and 112 (Plan A) million kWh in the form of embodied and construction 

energy for pipe replacement leading up to 2020, depending on the replacement schedule 

followed. In Table 3.6, the energy payback period is calculated by dividing the embodied 

energy by the annual savings in operation energy. In this table, the energy payback period 

from this initial investment ranges between 16.5 years (Plan C) and 17.6 years (Plan B). 

Table 3.6 shows that by 2020, the embodied energy invested in reducing operational 

energy by 6.4 million kWh (relative to the baseline scenario) in Plan A is 112 million 

kWh. If this is referenced back to Table 3.3, the operational energy reduction comes from 

a combination of minimal friction reduction and reducing the leakage volume by 14.67 

MGD. The data shows that as more pipes are replaced, the savings in pumping energy 

increases. 

3.6 Conclusions 

Life-cycle energy analysis is an important tool to study whole-of-life energy 

considerations; the need for this is growing as utilities seek ways to reduce their overall 

energy consumption and greenhouse gas emissions. This study has included the 

development and application of a LCEA methodology to determine the trade-offs 

between pipe replacement to reduce operational energy use and the embodied energy 
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linked to pipe replacement. In this analysis, three different pipe replacement schedules 

were evaluated and the results show that the embodied energy for pipe replacement is 

significant even when considered against the large amount of energy required to operate a 

complex water distribution system. The annual operational energy savings of between 8.9 

and 9.6 million kWh achieved by 2070 through pipe replacement comes at a cost. The 

findings indicate that the aggressive expenditure in embodied energy to replace pipe 

stock (0.55-1.27 million kWh/kilometre for ductile iron pipes with diameters of 6” (150 

mm) to 16” (400 mm) respectively) resulted in a maximum energy payback period of 

17.6 years for the most aggressive replacement plan in the first decade. 

 

The results that were obtained in this analysis are specific to this water utility. The 

specific energy trade-offs that have been determined in this work may not be applicable 

to other water utilities but should provide a guideline of the energy considerations 

required. 

 

Completing aggressive replacement plans such as the ones outlined here involves many 

people, significant investment and different levels of governments. It is important for 

utility managers and planners to be able to explain to members of the population why the 

work is important and should be completed. One of the benefits of performing a 

comparative analysis such as this one is that trade-offs and benefits are easily seen. In this 

analysis, the initial early investment of Plan A was the most aggressive but perhaps 
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constituents would be more amenable with Plan B because very similar energy savings 

are obtained by the end of the planning period, but this replacement plan required a 

slightly lower initial level of investment, these are all aspects of consideration when 

working in the public sphere. 

 

The results presented in this paper demonstrate that more research is required to 

accurately understand the complexities of energy interactions in large-scale water 

distribution systems. A number of future research efforts are needed in this area including 

sensitivity analysis studies to determine how key parameters affect energy use of the 

system.  

 

While every effort was made to provide an accurate accounting of the energy 

requirements for a full-scale water distribution system with pipe replacement, many site-

specific items could not be easily quantified. The values should provide a sense of 

magnitude of the energy requirements for pipe replacement and should be correct in the 

order of magnitudes. 

 

Initially the replacement plans that were tested were only carried out for pipe replacement 

with a pipe with an equivalent diameter made of ductile iron. Research should be 

undertaken to consider the effects of using other materials in replacement activities. Pipe 

materials have different embodied energies linked to material production and pipe 
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manufacturing methods. This research has illustrated that the embodied energy associated 

with the pipe material itself is the largest energy component for construction energy, but 

to be accurate, one has to consider the different bedding needs for different pipe materials 

– for example, the strength in concrete pipes is mostly in the pipe itself, but a 

polyethylene pipe requires a layer of bedding to provide the necessary stability for the 

pipe. Some pipe materials also require different amounts of compaction. Operational 

energy considerations would also differ between pipe materials; cleaning schedules, the 

break rates of the pipe and friction factors based on pipe aging are all considerations that 

are specific to pipe materials.  

 

Rehabilitation of pipes as opposed to replacement is an option that utilities are 

increasingly considering to lower cost. The energy trade-offs associated with 

rehabilitation technologies such as cement-mortar or cured-in-place epoxy liners were not 

considered explicitly in this evaluation, as the case study utility currently uses open-cut 

replacement of pipes. Future research into the energy balance for rehabilitation methods 

should be performed to assess the implications on energy requirements.  

 

The Carnegie-Mellon Input-Out Life Cycle Assessment model was used to estimate the 

embodied energy of pipes in the replacement schedules considered. It is noted that the 

values obtained from this model are only best estimates of the total energy requirement 

for a pipe replacement schedule. Further research should be done to compare different 
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modeling packages to determine the similarities and differences and sensitivities between 

them. 

 

Water utility managers and planners need to consider the balance between their concern 

for minimizing energy consumption and water production. This study has illustrated that 

this complex decision has many factors, including many site-specific considerations.  

However the LCEA methodology presented here provides a way for utilities to begin to 

quantify the different components to make more informed decisions.  
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: Sensitivity Analysis of Energy in Pipe Replacement Planning Chapter 4

for a Large Water Distribution Network 

Chapter 4 presents a sensitivity analysis to accompany the life-cycle energy analysis 

(LCEA) presented in Chapter 3. The sensitivity factors that were varied include the leak 

duration, the flow rate of lost water per leak, the break-rate modeling method and the 

pump efficiency. This chapter clarifies the impacts that the sensitivity parameters have 

upon the operational energy requirements of the system under different pipe replacement 

plans. This will aid utilities in determining which factors are important to address from an 

operational energy perspective. 

4.1 Abstract 

Pipe replacement and maintenance are important factors in maintaining high-quality 

drinking water systems, and most utilities are actively engaged in pipe replacement 

planning to reduce the volume of lost water in the network. Rarely are whole-of-life 

energy considerations taken into account when utilities create their pipe replacement 

schedules. The aim of the paper is to examine by way of a sensitivity analysis which 

aspects of a pipe replacement schedule have the greatest impact on the operational energy 

requirements. The analysis is carried out on a large-scale water distribution network. The 

pumping energy use is compared between a “no-replacement” baseline scenario and three 

replacement plans. The parameters that were varied in the sensitivity analysis include the 

duration that leakage occurs from a break between detection and repair, the volume of 
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water lost per break and the break rate modeling method. The results suggest that the 

leakage flow rate per break and the duration that each break is leaking for have a 

relatively small impact on the operational energy requirements of the utility. In contrast, 

the choice of break rate forecasting model and pumping efficiency have very significant 

impacts on the energy requirements.  

4.2 Introduction 

Energy consumption in water distribution systems relies on a number of different factors, 

which causes the quantification of the contribution of specific components to the overall 

energy requirements to be challenging. The operational energy requirements of the 

system are affected by system design and configuration, pump efficiency and system 

water loss. Previous work completed by Prosser et al. (2013) developed a methodology to 

determine the trade-offs in energy associated with different pipe replacement schedules 

for the purpose of reducing leakage and the operational energy requirements for an 

increasingly leaky system. In the completion of the work, assumptions were made to 

allow for the quantification of energy requirements. The aim of this paper is to examine 

the significance of these assumptions by way of a sensitivity analysis. 

 

Ghimire and Barkdoll (2010) performed sensitivity analyses on factors they assumed 

would affect the energy consumption of a water utility to determine which factor was the 

most significant. They studied 7 different distribution networks to determine the impact 

of increasing and decreasing the system-wide water demand, adjusting the storage tank 
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parameters and varying the locations of the pumping stations on energy use (Ghimire & 

Barkdoll 2010). It was found that the system demand had a significant impact on the 

overall energy requirements for all systems. One of the key hypotheses in the distribution 

system sensitivity analysis performed by Ghimire and Barkdoll (2010) was that 

operational energy consumption is reduced with lower demand because of the reduced 

pipe velocity and friction energy losses. They verified this assumption and their results 

indicated that for smaller systems, the energy cost is a fairly linear function of the system 

flow. It is noted that the relationship between demand flow and energy use was not linear 

in the largest water distribution network examined in Ghimire and Barkdoll (2010). 

Ghimire and Barkdoll (2010) attributed the nonlinear relationship of the largest system 

they studied to factors such as pump efficiency and system complexity. 

 

Filion et al. (2004) developed a novel hybrid life cycle energy assessment methodology 

that included an economic input-output evaluation of the United States economy and 

paired it with information from a life cycle energy analysis. This was done to quantify 

energy use relating to pipe life-cycles with information on the following stages: 

fabrication of the pipes (embodied energy), use (including pumping and potential 

recovery of energy with on-line turbines), and disposal options for the water mains. A 

portion of the results presented in Filion et al. (2004) was a sensitivity analysis on the 

components of the hybrid LCEA. It was found that the computation of the required 

embodied energy was sensitive to changes in pipe fabrication energy requirements and 
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pipe replacement length (stemming from a parameter termed breakage growth rate), 

based on the fact that the embodied energy of the pipe stock itself was found to be the 

largest contributor to the overall energy requirements. The typical break length and initial 

break rate were found to have a small influence in the 20 year replacement scenario 

investigated and the solution was insensitive to the energy of disposal for the pipes, the 

energy of recycling, the recycling rate and the turbine efficiency. 

 

Almandoz et al. (2005) presented a methodology to evaluate water losses in a water 

distribution system, separating the uncontrolled water in a distribution network into the 

components physical losses in mains and service connections and the volume of water 

consumed but not measured by meters. The underlying assumption is that physical losses 

from the network are a function of pressure while the apparent losses (consumed but not 

metered) are a function of consumption patterns. In evaluating the methodology, a 

sensitivity analysis was performed to evaluate which parameters had the greatest impact 

on the results. They found that the system demand was significant in determining how 

much leakage was occurring in the system, the results are also very dependent on the 

demand pattern used. The analysis also considered the location of the leaks in the 

network. This parameter was found to have an insignificant impact on the leakage 

occurring in the system. In their methodology, changing pressure regimes had an 

insignificant impact on the rate of leakage in the system, nor did the change in pressure 

alter the relationship between physical losses and unmeasured losses; modifying other 
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factors such as pipe diameter and topology of the system that primarily affect system 

pressure similarly had very little impact. 

 

Wu et al. (2012) investigated the sensitivity of optimal tradeoffs between cost and GHG 

emissions for water distribution systems. They varied the electricity tariffs and generation 

emission factors over typical utility planning periods to determine the effect that different 

tariff and emission factor regimes would have on a multi-objective solution to minimize 

both the GHG emissions and the operating costs of a water utility. It was found that a 

1.5% increase to the electricity tariffs (from 1.5 – 3 %) caused an increase to the total 

cost of the system of $5.8 million averaged across three pareto-optimal designs. The 

increase in electricity had no impact on the GHG emissions of the design. Conversely, a 

30% reduction in the emission factor (from 0 – -30%) produced an average reduction 

of total GHG emissions of 15 kt, with no effect on the total cost of the system. 

 

 The aim of the paper is to examine the impact of a number of factors on energy use and 

pipe replacement scheduling in the large, complex water distribution system considered 

in the life-cycle energy analysis of Prosser et al. (2013) by way of a sensitivity analysis. 

The sensitivity analysis considers a range of leak durations, leak volumes, break rate 

model coefficient values, and pumping efficiency values. These parameters were selected 

based on a study of the different parameters that contributed uncertainty to analysis. The 

level of uncertainty and level of impact each parameter would have was estimated using 
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engineering judgement and information on pumping efficiency, practical leakage 

guidance and break rate modeling provided by Hydratek (2013), AWWA (2009) and 

Shamir and Howard (1979) respectively. The impact updating the C-factors was 

considered in Chapter 3 and the other four parameters shown in Table 4.1 in bold were 

considered in this sensitivity analysis. The remaining parameters (shown but not in bold 

in Table 4.1) will hopefully be considered in future work in this area. 

Table 4.1Parameters with Uncertainty 

Parameter with uncertainty 
Level of 

Uncertainty 

Level of 

Impact 

Leak Duration moderate moderate 

Flow of water per leak high high 

Changing the break rate high moderate/high 

Pumping efficiency low high 

C-factors updated upon pipe 

replacement  

moderate low/moderate 

Embodied energy of the material moderate low/moderate 

Required physical quantities and 

construction practices 

low/moderate moderate 

Embodied energy loss of treated 

water 

low low 
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4.3 Partner Utility Distribution Network  

The sensitivity analysis was performed on an LCEA of a large-scale water distribution 

network. The original LCEA was completed to examine the embodied energy linked to 

water main fabrication and installation along with the savings in pumping energy 

achieved with a range of pipe replacement schedules. The partner utility is a water utility 

in the Midwestern United States that serves approximately 1 million customers with an 

average daily demand of 530 mega litres per day (MLD). The all-pipes network model is 

displayed in Figure 4.1 and the network details are summarized in Table 4.2.  
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Figure 4.1 Test water distribution network (Prosser et al, 2012). 
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Table 4.2 Network summary data for test water distribution network. 

Water Treatment Plants 3 

Pumping Stations 28 

Storage Tanks 37 

Base Average System Demand (leakage 

not included)  

470 MLD 

Estimated Leakage Demand 60 MLD 

Total Average System Demand 530 MLD 

Total Length of Pipe 5,900 km 

Hydraulic Model Nodes 19,600 

Hydraulic Model Nodes with Leakage  15,550 

 

The water main stock in the partner utility network is represented in the pipe inventory 

database by over 140,000 individual pipe segments. This database details (among much 

other information) pipe material, diameter, age, and historical pipe break data; this 

information was used to group the pipe stock into classes by pipe material, diameter, and 

age. Figure 4.2 indicates the current age of the pipes (by length) in the distribution 

system, although most pipes by length fall into the 5-50 year-old age range, there is a 
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significant length of pipe that exceeds 75 years of age, as well as a significant length that 

are 85-90 years old.  

 

Figure 4.2 Age distribution of water mains in test water distribution network in 

Year 2013. 

Prosser et al. (2013) developed three different pipe replacement plans to compare the 

energy requirements for each. Replacement plans A and B are based on the performance 

of each pipe class. In Plan A, pipes are replaced once a low break rate threshold of 25 

breaks per 100 kilometres is exceeded, resulting in an ambitious program to address 

breaks early, while in Plan B, pipes are not replaced until they reach a high break rate 

threshold of 50 breaks per 100 kilometres of pipe, which delays replacement until later in 

the effective life of the pipe and therefore will require additional effort in main repairs. 

For Plans A and B, pipes will be replaced at the age of 100 if they have not been replaced 

already due to their pipe performance, Plan C is based solely on pipe age where each pipe 

is replaced when it reaches 75 years of age. The pipes that have already exceeded that age 
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are replaced in the first decade of the replacement plan. The original pipe replacement 

plans developed in Prosser et al. (2013) are shown in Figure 4.3.  

 

Figure 4.3 Length of pipe replaced in each decade (Prosser et al. 2013). 

4.4 Methodology 

The sensitivity analysis compared the individual contributions of leak duration, leakage 

volume, and the type of break rate forecasting models, and pumping efficiency on the 

operational energy use for the baseline and 3 replacement plans applied to the partner 

utility’s water distribution network. 
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4.4.1 Operational Energy 

The sensitivity analysis examined two components of energy loss linked to leakage: (1) 

the energy required to pump water through an increasingly leaky system to meet demands 

and manage friction and; (2) the embodied energy of the leak water. The pumping energy 

was estimated using a hydraulic model for a range of leakage volumes and the embodied 

energy was estimated using data from Racoviceanu et al. (2007) for the City of Toronto 

water treatment plants and distribution network. The City of Toronto network has similar 

source water and treatment requirements as the test water distribution system. 

Racoviceanu et al. (2007) quantified the energy required for the production of treatment 

chemicals, the transportation of the chemicals from their manufacturing location to the 

water treatment facility, the operation of the water treatment plant and the distribution of 

the water in the network. In this study, only the energy required for chemical production 

and transportation were included, as the energy for pumping the water through the 

distribution system was calculated separately. The energy to treat water lost to leakage 

was estimated to be 47.3 kilowatt-hours per megalitre (kWh/ML). In the results section, 

the embodied energy associated with the lost water is included with the operational 

energy requirements under the different replacement scenarios.  

 

In the Prosser et al. 2013 study, the change in energy associated with increases in leakage 

was calculated for the baseline no-replacement scenario and replacement Plans A-C 

(Figure 4.4). Figure 4.4a indicates that a 1 MLD increase in leakage results in an increase 
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of 0.058 million kWh per year in pumping energy use in the baseline no-replacement 

scenario. Similarly for Plan A, a 1 MLD increase in leakage results in an increase of 

0.047 million kWh/yr in pumping energy (As seen in Figure 4.4b). For Plan B, a 1 MLD 

increase in leakage results in an increase of 0.065 million kWh/yr increase in pumping 

energy. For Plan C, a 1 MLD increase in leakage results in an increase of 0.077 million 

kWh/yr increase in pumping energy. These flow-energy factors were used in this 

sensitivity analysis to assess the impact on pumping energy associated with different 

leakage volumes.   

 

The total operational energy was taken to be the sum of the pumping energy and the 

embodied energy in the leaked water. 
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Figure 4.4 Change in energy use versus leakage volume for a) baseline scenario and 

b) replacement Plans A-C. 

4.5 Sensitivity Analysis Factors 

4.5.1 Leak Duration 

Depending on the type of leak and the utility’s own leakage management plan, the time 

between the identification of a leak and its repair can vary greatly. AWWA (2009) 

suggests leak identification-to-repair durations that range from 1 day for a distribution 

main break to 46 days for a water service break. The baseline calculation performed in 

the Prosser et al. (2013) study assumed a leakage duration of 3 days for cracks and holes 

and one year for all other breaks. This was an attempt to accurately model the differences 

between numerous, small hidden leaks and leaks that are more readily evident in this 

system. For this sensitivity analysis, the leak identification-to-repair duration was varied 
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from 1 to 7 days to examine the impact on operational energy use for the baseline 

scenario and replacement Plans A-C.  

4.5.2 Leakage Volume  

The break data from the partner utility includes details on the types of break that 

occurred. The most common type of breaks in the system are circumferential cracks, 

holes, longitudinal splits and breaks around fittings. In the original Prosser et al. (2013) 

the leakage volume was calculated by multiplying the  flow rate for the specific break 

type by a representative leakage duration of 3 days for cracks and holes and one year for 

all other types under an average operating pressure of 70 psi and assumed hole diameter 

of one inch (AWWA, 2009). In the present sensitivity analysis, the flow rates for each 

break type were varied from 0.5 – 2 times the original values adapted from AWWA 

(2009). The resulting range of the flow rate lost through leakage is indicated in Table 4.3.  

Table 4.3 Leakage flow rates for different break types (adapted from AWWA 2009). 

 Values from AWWA (2009) Leakage Rates Used In Sensitivity Analysis 

Pipe Diameter Crack Hole
1
 Split Fitting Crack Hole

1
 Split Fitting 

 Lpm 

6-inch 212
3 

753 261 38 106 – 424
2
 377 - 1507 131 - 522 19 – 76 

8-inch 288 753 356 64 144 – 575 377 - 1507 178 - 712 32 – 128 

12-inch 420 753 526 106 210 – 840 377 - 1507 263 - 1052 53 – 212 

1
 A constant hole diameter of 1 inch (2.54 cm) was assumed in all the analyses.

 

2
 Leakage rates for crack, hole, split, and fitting type suggested in AWWA (2009) were 

varied from 0.5 to 2.0 in the present sensitivity analysis. 
3
 The significant figures do not indicate a particular level of certainty but they are 

included to provide a comparison to the work performed in Chapter 3. 
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The flow rates for each break type and multiplier were multiplied by the leak duration, 

for this sensitivity analysis the durations were held fixed at 3 days for cracks and holes 

and one year for all other break types at an average operating pressure of 70 psi and hole 

diameter of 1 inch (the same parameters as used in Prosser et al. (2013)). When 

computed, losses to leakage for the baseline scenario in 2020 range from 30.3 – 121.4 

MLD for multipliers 0.5 – 2. The volume of water lost to leakage leading up to the 2020 

decade for Plan A ranges from 2.6 to 10.3 MLD; for Plan B, 7.7 to 30.9 MLD; and for 

Plan C, 10.1 to 40.3 MLD. 

4.5.3 Time-Linear Model Coefficients  

In the original Prosser et al. (2013) study, historical break rate records were used to 

create time-linear break forecasting to predict the number of breaks that will occur 

between 2020 and 2070 (the planning horizon). The general form of the time-linear 

model used is as follows:  

(1)                                                            

where Nbrk = number of breaks per year; A and B are time-linear coefficients; and t = 

time. In the sensitivity analysis, the time-linear model parameters A and B were varied by 

± 30% in increments of 10% to reflect the high level of uncertainty in the time-linear 

model predictions. The data for many pipe classes exhibits a weak relationship between 

pipe age and number of breaks which introduces uncertainty in the calibration of the 
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time-linear model. Figure 4.5 indicates the time-linear models with the model coefficients 

A and B varied by ± 30% for the 6” cast iron pipe class installed after 1940.  

 

Figure 4.5 Break rate forecasts for Pipe Class 18: 6” CI pipe, installed post-1940 

with time-linear model parameters A and B varied by ±30% of value used in the 

Prosser et al. (2013). 

4.5.4 Pumping Efficiency 

Pumping efficiency is often modeled using a multiplier on the energy requirement. 

Common pumping efficiencies have been found to be approximately 70%, but 

efficiencies can have a wide range depending on the age of the pump, the operating 

conditions, and the maintenance performed (Hydratek 2013). It is important when 

performing energy audits to have an accurate assessment of the current pump efficiencies 

in the system, as efficiency is a direct multiplier of pumping energy. 
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Wire-to-water efficiency losses can range from 4% to 20% from the stated 

manufacturer’s best operating efficiency. An average manufacturer’s best efficiency point 

(wire-to-water efficiency) was found to be 81.4% in a recent study of currently 

operational pumps (Hydratek 2013). The overall efficiency gap includes a measure of the 

pump’s efficiency deterioration from use and any inefficiency associated with the 

operation of the pump outside the peak range. In the sensitivity analysis, pumping 

efficiencies that range from 60% to 80% were considered. This reflects a ±10% deviation 

of the average pumping efficiency of 70% reported by Hydratek (2013).  

4.6 Results 

4.6.1 Leak Duration 

Table 4.4 shows that varying the leak duration for major leaks (cracks and breaks) from a 

duration of 1 to 7 days did not significantly change the energy use in the system, for the 

baseline no-replacement scenario and replacement Plans A-C.  
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Table 4.4 Total energy requirements (operational energy and embodied energy in the lost water) for system operation linked 

to leakage duration. 

 Baseline Plan A Plan B Plan C 

 1 d 7 d Abs. Diff 1 d 7 d Abs. Diff 1 d 7 d Abs. Diff 1 d 7 d Abs. Diff 

 million kWh/year 

2020 61.7 62.2 0.5 57.7 57.7 0.0 58.6 58.7 0.1 59.2 59.5 0.3 

2030 62.4 62.9 0.6 57.7 57.7 0.0 58.0 58.0 0.1 58.7 58.9 0.2 

2040 63.0 63.6 0.6 57.8 57.9 0.1 57.9 58.0 0.1 58.0 58.1 0.1 

2050 63.7 64.4 0.7 57.9 58.0 0.1 58.2 58.3 0.1 58.2 58.3 0.1 

2060 64.3 65.1 0.8 58.1 58.2 0.1 58.5 58.6 0.1 58.4 58.5 0.1 

2070 65.0 65.8 0.8 58.1 58.2 0.1 58.5 58.6 0.1 58.6 58.7 0.1 
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The largest increase in energy use of 0.8 million kWh/year was observed in the 2070 

decade of the baseline no-replacement scenario and was caused by an increase in leakage 

volume of 11.3 MLD between the 1 and 7 day results. The difference in leakage volume 

that occurred when the leak duration was increased from 1 day to 7 days for two specific 

types of breaks (cracks and holes) was small in relation to the flow of water throughout 

the entire system. The average base demand for this utility excluding leakage is 467.7 

MLD, when this value is compared to the maximum leakage difference due to altering 

the duration parameter (11.3 MLD) the additional volume only comprises 2.4% of the 

system demand. As is the case for all water utilities, the test distribution network is 

currently operating with some degree of leakage, most recently estimated as 11%. The 

additional energy required to pump the 2.4% of system demand had a smaller effect on 

the operational energy requirements than other factors. 

 

The effects of changes in the leakage duration on operational energy also varied between 

pipe replacement plans and decades (Table 4.4). Figure 4.3 shows the lengths of pipe 

replaced in each decade under each replacement plan observed in the Prosser et al. (2013) 

study. In the performance-based Plans A and B, a large length of pipe is replaced in the 

opening decades which tends to reduce leakage and energy requirements in the system in 

subsequent decades relative to the baseline no-replacement scenario. Plan C calls for a 

more even time distribution of pipe replacement (Figure 4.3) in the decades leading up to 
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2040; thus the operational energy requirements for Plan C are slightly higher than those 

for Plans A and B in the decades leading up to 2040.  

4.6.2 Leakage Volume 

The impact of varying leakage volume on energy use was examined for the baseline no-

replacement scenario and replacement Plans A-C. In Table 4.5, the typical leakage flows 

for cracks, holes, splits, and fittings cited in AWWA (2009) were varied by a factor of 0.5 

to 2.0 and the corresponding change in energy use was calculated.  
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Table 4.5 Total energy requirements (operational energy and embodied energy in the lost water) for system operation linked 

to leakage volume. 

 Baseline Plan A Plan B Plan C 

 M=0.5
1
 M =2.0 Diff. M =0.5 M =2.0 Diff. M =0.5 M =2.0 Diff. M =0.5 M =2.0 Diff. 

 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

2020 59.6 66.5 10.9 57.5 58.0 0.9 58.0 60.0 3.4 58.3 61.3 4.9 

2030 60.0 67.8 12.3 57.5 58.1 1.0 57.7 58.7 1.7 58.1 60.3 3.7 

2040 60.3 69.1 13.6 57.6 58.3 1.3 57.6 58.6 1.6 57.7 58.7 1.8 

2050 60.6 70.5 15.0 57.6 58.5 1.5 57.8 59.1 2.3 57.8 59.1 2.3 

2060 61.0 71.8 16.4 57.7 58.9 2.0 57.9 59.7 3.0 57.9 59.6 2.9 

2070 61.3 73.2 17.7 57.7 59.0 2.1 58.0 59.8 3.1 58.0 60.0 3.3 

1
 ‘M’ denotes leakage volume multiplier.
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The results in Table 4.5 show that energy use is moderately sensitive to leakage volume 

for the baseline no-replacement scenario. For example, varying leakage flows for cracks, 

holes, splits, and fittings by a factor of 0.5 to 2.0 over those recommended by AWWA 

(2009) produced a 10.9–17.8% increase in pumping energy use. In order to meet the daily 

demands of the water utility, a set amount of energy is required. As the volume of water 

lost to leakage is increased (which it was in the upper ranges of this scenario) additional 

energy is required to meet the increase in total system flow. Energy is lost due to the 

increased friction in the system because of the increased volume passing through a fixed 

area of pipe.  The results in Table 4.5 show that energy use is weakly sensitive to a 

change in leakage volume for replacement Plans A-C. Here varying leakage flows by a 

factor of 0.5 to 2.0 produced a range of operational energy differences of 0.9 - 2.1% for 

Plan A, a range between 1.6 -3.4 % for Plan B, and 1.8 – 4.9% for Plan C. The small 

increases in volume have a very small impact on the overall system energy requirements.  

 

The effects of changing the leakage volume multiplier on operational energy also varied 

between pipe replacement plans and decades (Table 4.5). Similar trends to the sensitivity 

results for altering leakage duration are observed (Table 4.4). The percent difference for 

the baseline scenario increases significantly from 10.9 – 17.7% over the 50 year planning 

period. This occurs because of the lack of pipe replacement occurring: the more leaking 

pipes there are in the system, the more the volume of lost water will change between 



100 

 

altering leakage multipliers. Plan A has very small ranges in operational energy 

requirements for 2020 through 2030 because of the aggressive nature of the replacement 

plan and therefore the small number of leaks occurring in those decades. In Plan B, the 

energy differences between the leakage volume multipliers compared (Table 4.5) are 

greater than those observed for Plan A, especially for 2020-2030 because Plan B is a less 

aggressive replacement plan. Again, Plan C reduces the difference the range of leakage 

multipliers has on operational energy by 2040 by reducing the break number through 

replacement of leaking pipes. 

4.6.3 Time-Linear Model Coefficients 

The time-linear model coefficients A and B in Eqn. (1) were varied by ±30% to examine 

their impact on the number of forecasted breaks, pipe replacement scheduling, and 

operational energy use in the test network. 

 

Replacement Plans A and B are performance-based whereby a water main is replaced 

when the break rates reaches a defined maximum threshold. In the sensitivity analysis, 

varying the time-linear model coefficients – and thus the break rate – changed the time 

between water main replacement events and thus the water main replacement schedule 

for all pipe classes in Plans A and B. Figure 4.6 a-b indicates the time distribution of 

water main replacement for Plans A and B for different values of time-linear model 

coefficients.  
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Figure 4.6 Time distribution of water main replacement for a) Plan A, and b) Plan B 

forecasted when time-linear model parameters A and B are varied by ±30% of 

values used in Prosser et al. (2013). 
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Figure 4.6a indicated that the time distribution of replacement in Plan A does not change 

significantly in response to altering the time-linear model coefficients, the only major 

differences 2020 and 2040 when comparing the two extreme model coefficients (-30% 

and +30%). The replacement plan corresponding to a model coefficient of -30% replaces 

much less pipe in the initial decade than the replacement plan corresponding to a 

coefficient of +30%. This length of pipe to be replaced was postponed until 2040, the 

break number that had been reduced by the -30% model coefficient exceeded the 

threshold of 25 breaks/100 km, requiring replacement for a significant length of pipe 

between 2030 and 2040. Figure 4.6b has much more variation between model 

coefficients than Figure 4.6a does. For example, pipe class 13, which corresponds to 6” 

(150 mm) diameter CI pipe installed between 1920 and 1940 has a break rate of 29 

breaks per 100 km in 2020 using model coefficient that are 30% less than those in the 

original analysis, this class doesn’t exceed the break rate threshold of 50 breaks per 100 

km until after the planning period (post 2070). Using model coefficients that are 30% 

greater the originally determined values, the break rate threshold of 50 breaks per 100 km 

is exceed before 2020 requiring immediate replacement as the break rate threshold for 

pipe class 13 begins at 54 breaks per 100 km in 2020. Another notable class that 

experiences this switch in replacement times is pipe class 18 (150 mm CI pipe installed 

post-1940) with a total system length of 441 km. Using -30% model coefficients, the 

break rate in 2020 is 35 breaks per 100 km, and it doesn’t exceed the threshold of 50 

breaks per 100 km until 2050. Using model coefficients that are 30% greater than the 
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original coefficients, the break rate in 2020 is 65 breaks per 100 km, already exceeding 

the break rate threshold of 50 breaks per 100 km for replacement.  

 

Another factor that causes greater variation in replacement times and length in Plan B is 

the fact that there is much less pipe replaced in the first decade therefore more variation 

can occur across the planning period. Referring back to Figure 4.2, it can be seen that the 

system is aging, and some of the pipes that are not replaced solely because of their break 

rate will require replacement because they exceed the age threshold of 100 years. If these 

pipes are not replaced by the year 2020, as most of the older pipes are in Plan A, then 

their age will cause them to require replacement throughout the planning period of 2020-

2070. 

 

As Figure 4.6 indicates, there are differences in replacement lengths between the -30% to 

+30% time-linear modeling coefficient plans, but in order to quantify the impact that the 

change in modeling coefficients had, the previously determined factors of 0.047 (Plan A) 

and 0.065 (Plan B) million kWh/yr for every 1 MLD increase in demand were applied to 

this analysis as well. These energy-flow factors may not exactly describe the new energy-

flow relationships under the revised replacement plans but the difference on the 

operational energy requirements is suspected to be small as the plans would still be 

replacing pipes in the same order, but in some cases, in a different decade. Plan C is a 

time-based replacement plan and thus changing the break rate projection method did not 
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have an impact on the replacement plan, this plan is shown in Figure 4.7. The energy-

demand factor of 0.077 million kWh/yr for every 1 MLD increase in demand was again 

applied here. 

 

Figure 4.7 Time distribution of water main replacement for Plan C. 

The total operational energy requirements (pumping energy and embodied energy of the 

lost water) calculated by varying the time-linear model coefficients by ±30% for 

replacement Plans A-C are indicated in Table 4.6.  
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Table 4.6 Total energy requirements (operational energy and embodied energy in 

the lost water) for system operation calculated with time-linear model coefficients 

varied by ±30%. 

 

Baseline Plan A Plan B Plan C 

 

-30% 30%  Diff. -30% 30%  Diff. -30% 30% Diff. -30% 30%  Diff. 

 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

2020 60.5 63.3 4.3 58.1 57.8 -0.7 58.8 59.2 0.7 58.7 59.8 1.1 

2030 61.0 64.1 4.9 58.1 57.8 -0.6 58.4 59.1 1.1 58.3 59.2 0.8 

2040 61.5 65.0 5.5 57.7 57.9 0.6 58.4 58.1 -0.4 57.8 58.2 0.4 

2050 61.9 65.8 6.0 57.8 58.3 0.9 57.9 58.4 0.9 57.9 58.4 0.5 

2060 62.4 66.7 6.6 57.9 58.5 1.2 57.7 58.8 1.7 58.1 58.8 0.7 

2070 62.9 67.6 7.1 58.0 58.6 1.2 57.6 58.9 1.9 58.2 59.0 0.8 

 

Varying the linear model coefficients by ±30% in the baseline no-replacement scenario 

produced the largest difference in energy use of 7.1%. Conversely, varying the linear 

model coefficients by ±30% in replacement Plans A-C produced distinctly smaller 

differences in energy use. The impact that varying the linear model coefficients had on 

the operational energy requirement for the baseline no-replacement scenario was much 

greater than observed for the replacement plans because the leaking pipes were not being 

replaced. The more pipes that are leaking in the system, and not triggering pipe 

replacement, the greater the water losses and thus corresponding energy requirements.   
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The variation in operational energy requirements for Plans A-C are small which suggests 

that the break rate forecasting model has only a small impact on the operational energy of 

replacement plans. It is interesting to note that varying the model coefficients by -30% 

and  +30% in the decade 2020-2030 in Plan A and 2040 in Plan B produced negative 

energy variations. Plans A and B are performance based, so the changes to the break 

numbers projected changed the pipe replacement plans; this resulted in targeting leaking 

pipes in different decades, and thus altering the operational energy requirements between 

the decades. 

4.6.4 Pumping Efficiency 

The impact of pumping efficiencies on operational energy use (pumping and embodied 

energy in the leak water) is indicated in Table 4.7 for the no-replacement baseline 

scenario and replacement Plans A-C. Table 4.7 shows that altering the pump efficiency 

from 60% to 80% resulted in an operational energy difference of 33% for the baseline no-

replacement scenario and Plans A-C. This indicates that altering the pump efficiency in a 

system has a greater impact than pipe replacement on overall energy requirements. 
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Table 4.7 Total energy requirements (operational energy and embodied energy in 

the lost water) for system operation linked to wire-to-water pump efficiency. 

 

Baseline Plan A Plan B Plan C 

 60% 80% Diff. 60% 80% Diff. 60% 80% Diff. 60% 80% Diff. 

 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

million 

kWh/year % 

2020 71.2 53.5 33.2 65.4 49.1 33.1 66.1 49.6 33.1 66.6 50.0 33.1 

2030 71.9 54.0 33.1 65.4 49.1 33.1 65.4 49.1 33.1 66.1 49.6 33.1 

2040 72.6 54.5 33.1 65.7 49.3 33.1 65.4 49.2 33.1 65.5 49.2 33.1 

2050 73.1 55.0 33.1 65.7 49.4 33.1 65.7 49.4 33.1 65.7 49.4 33.1 

2060 73.8 55.5 33.1 65.9 49.5 33.0 65.7 49.4 33.0 66.4 49.9 33.0 

2070 74.4 55.9 33.0 66.0 49.6 33.0 66.1 49.7 33.0 66.5 50.0 33.0 

 

4.7 Discussion and Conclusions 

In this sensitivity analysis, it was determined that the leakage volume per leak, as well as 

the leak duration, play a minor role in the overall operational energy of a large-scale 

water utility. The leakage volume per leak had a slightly larger impact on the overall 

energy requirement, with percent differences ranging from 10.9 - 17.7% for the baseline 

scenario and 0.90 – 4.9% for the replacement plans. The variation in leakage duration 

produced a negligible percent difference in energy use. This is likely because the leak 

volumes examined comprised a small portion of the total demand and the installed 

hydraulic capacity in the test water distribution network was able to meet this additional 

leakage without incurring excessive frictional losses. The lack of sensitivity of energy use 

to leak duration is particularly interesting for water utility managers to consider, as it 
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suggests that although timely leak detection and repair is important, from an operational 

energy perspective, the impact is relatively minor for non-catastrophic leaks. 

 

For model accuracy, the sensitivity analysis has highlighted the fact that the proper 

calibration of a break forecasting model is important to accurately quantify the 

operational energy requirements of a system but is less important in pipe replacement 

planning. Altering the time-linear model coefficients by ±30% resulted in a 4.3 – 7.1% 

reduction of operational energy for the baseline scenario and a changes ranging from a 

1.9% reduction to a 0.7% increase for the reduction of operational energy for replacement 

Plans A-C. 

 

An accurate estimation of pumping efficiencies is necessary to accurately estimate 

operational energy requirements of a system. Varying the pump efficiency from 60-80% 

in the sensitivity analysis produced energy savings of 33%. The results of the analysis 

also suggest that investment in improving pump efficiency is likely to yield greater 

energy savings than investment in leak detection. 
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: Conclusions Chapter 5

5.1 Introduction 

Drinking water distribution systems are designed to deliver high quality water at 

acceptable pressures to the end user. Distribution systems also require a significant 

portion of energy to operate and maintain and so it is important for these systems to 

operate as efficiently as possible. It is important that the energy considerations for water 

utilities be approached in a holistic manner as ageing infrastructure and changing water 

demands provide new challenges for utility managers. Decision-support systems are 

essential to provide clarity to the trade-offs associated with any pipe replacement 

decision. This research has examined the energy trade-offs with operational energy 

reduction and the embodied energy tied to replacing deteriorated pipes in the partner 

utility. The results that were obtained through this analysis are specific to the partner 

utility and are not necessarily indicative of results for all utilities. Similar analyses could 

be performed for other utilities to determine their own specific relationships between 

leakage reduction and energy. 

 

Chapter 2 provided a summary of the work that has been done in the field of decision 

support systems that investigate the relationships between water main replacement / 

rehabilitation planning and energy use in water distribution systems.  Focus was placed 

on previous research that developed life-cycle assessments to quantify costs - both 

economic and environmental - of pipe replacement, rehabilitation expansion and new 
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development of water utilities. A common method for determining these impacts has 

been to quantify their associated energy requirements. Research has been performed to 

comprehend the energy associated with factors as varied as leakage, operational energy 

for pumping, water treatment and the embodied energy of distribution system 

construction materials.  

 

The literature review also identified other environmental parameters, beyond energy 

consumption, that were quantified to assess a water utility’s overall performance. These 

parameters included GHG emissions, the consumption of non-renewable resources, 

environmental discharges and the ecological fossil-fuel footprint. In order to consider 

some, or most of these parameters, multi-objective optimization decision making 

methods have been applied to attempt to minimize a number of critical parameters for 

water distribution planning problems, including system expansion, new-build and 

rehabilitation questions. Another aspect of the decision support systems that has been 

explored is the consideration of the impact of climate change mitigation strategies on the 

economic and environmental cost of water utilities in the future. Specifically, multiple 

multi-objective optimization problems have been solved that considered the impacts of 

electricity tariffs and emission factors on the energy and financial cost and GHG 

emissions from a system. 
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A critical part of the research that has been completed here has been to quantify the 

effects of leaks in an ageing system. The literature review covered previous work in this 

area that included the energy quantification of the lost water, the energy associated with 

operating an increasingly leaky system and also touched on work that has been done to 

more accurately predict future breaks in the system. 

 

A summary of the research that investigated the relationships between electricity tariffs, 

emission factors and utility properties and the energy requirements and GHG emissions 

of water utilities was also explored. A review of various sensitivity analyses that have 

been performed provided a sense for the important parameters for consideration for water 

utility planners and managers. 

 

Chapter 3 presented a life-cycle energy analysis (LCEA) for three different pipe 

replacement schedules developed with the intent to reduce leakage in the system. The 

LCEA methodology determined the trade-offs between pipe replacement to reduce 

operational energy use and the embodied energy associated with pipe replacement. The 

results showed that the embodied energy for pipe replacement is significant even when 

compared against the large amount of energy required to operate a large-scale water 

utility. Annual operational energy savings can be obtained, but they come at a cost. The 

annual operational energy savings of between 8.9 and 9.6 million kWh achieved by 2070 

through pipe replacement comes at a cost. The findings indicate that the aggressive 
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expenditure in embodied energy to replace pipe stock (0.88-2.05 million kWh/mile for 

ductile iron pipes with diameters of 6” to 16” respectively) resulted in a maximum energy 

payback period of 17.6 years for the most aggressive replacement plan in the first decade. 

Water utility managers and planners need to consider the balance between their concern 

for minimizing energy consumption and water production. This chapter illustrated that 

this complex decision has many factors, including many site-specific considerations, the 

methodology presented here provided an example for utilities to begin to quantify the 

different components required to make informed planning decisions. 

 

Chapter 4 continued the consideration of energy requirements for pipe replacement 

scheduling in a sensitivity analysis of various assumptions that were in the analysis of 

Chapter 3. Specific factors that were numerically queried in this chapter include the break 

rate forecasting method, the leakage duration, the flow rate per leakage event and the 

pumping efficiency. The research illustrated that the variations in the leakage volume per 

leak, as well as the leak durations that were investigated here have a small impact on the 

overall operational energy of a large-scale water utility. The leakage volume per leak had 

a slightly larger impact on the overall energy requirement, with percent differences 

between the extremes ranging from 10.9 – 17.7% for the baseline scenario and 0.9 – 

4.9% for the replacement plans. The variation in leakage duration had a negligible 

percent difference at the duration ranges investigated. Altering the time-linear break rate 

projection method over a range of ±30% resulted operational energy reductions of 4.3 - 
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71% for the baseline scenario and a range of a 1.9% reduction to a 0.7% increase in 

operational energy for the pipe replacement plans. In comparison to factors such as 

leakage duration and leakage flow volume, the pumping efficiency has a much great 

effect on determining the operational energy requirements.  This demonstrates that 

investment in improving pump efficiency is likely to yield greater energy savings than 

investment in leak detection. The pump efficiency in the model was varied from 60-80%, 

resulting in a 33% energy savings if the system is operating at 80% as opposed to 60%. 

5.2 Research Contributions 

This research has furthered the field of water distribution systems analysis and 

specifically energy analysis in three major ways. The first major research contribution is 

the development of a life-cycle energy analysis specifically tailored to the problem of 

pipe replacement for the purpose of minimizing leakage. This is a novel undertaking and 

results showed that an accurate understanding of the embodied energy associated with 

pipe replacement is critical, even when considered against potential energy savings. 

 

The next major research contribution is the application of the life-cycle energy analysis to 

a large-scale water distribution system. The application was imperative to demonstrate 

the nuances of the methodology and to provide an example for other water utilities to 

follow. The application of the LCEA to a complex distribution system showed that the 

relationship between pipe replacement and energy use can differ significantly from those 

observed in simple, benchmark water distribution networks.  
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The third major research contribution is a sensitivity analysis of some of the parameters 

used in the LCEA. The sensitivity analysis was critical to understand the complex 

relationships that exist between leakage, break rate modeling and the resulting impacts on 

the overall energy requirements of the distribution system. 

5.3 Future Work 

This research provided insight into the complex relationship between pipe replacement 

and operational energy, but further work is required to accurately understand the energy 

interactions in water utilities. In this research, ductile iron was the only pipe replacement 

material considered. This should be extended to include other common pipe materials in 

municipal systems as research has shown that the embodied energy associated with the 

pipe material contributes the most to the overall embodied energy of the construction 

activities. The framework developed in this thesis could be extended to include pipe 

rehabilitation as many water utilities are turning to pipe lining technologies (e.g., cement 

mortar lining, cured-in-place liners, etc.) as a method to extend the service life of their 

water mains. As energy and financial constraints continue to increase for most water 

utilities, greater accuracy in understanding the cost of pipe replacement and pipe 

rehabilitation decisions will become even more important. 

 


