
 

 

PIPE REPLACEMENT BY AGE ONLY, HOW MISLEADING COULD IT BE? 1 

 2 

M.A. Pardoa* and J. Valdes-Abellana 3 

 4 

a Department of Civil Engineering, University of Alicante, Alicante, Spain. mpardo@ua.es 5 
 6 

 7 

ABSTRACT 8 

Traditional methods for prioritizing the renewal of water are based on heuristic models, 9 

such as the number of breaks per length, rule-of-thumb, records held by the water utility 10 

companies. Efficient management of water distribution networks involves factoring in water 11 

and energy losses as the key criteria for planning pipe renewal. Prioritizing the replacement of 12 

a pipe according to the highest value of unit headloss due to ageing does not consider the impact 13 

on water and energy consumption for the whole network. Thus, this paper proposes a 14 

methodology to prioritize pipe replacement according to water and energy savings per 15 

monetary unit invested—economic prioritization—. This renewal plan shows different results 16 

if comparing with replacing pipelines with regard to age and it requires calculating water and 17 

energy audits of the water distribution networks. Moreover, the required time to recover the 18 

investment performed needs to be calculated. The methodology proposed in this work is 19 

compared to the unit headloss criterion used in a real water-pressurized network. The results 20 

demonstrate that using the unit headloss criterion neither water, energy nor the investment is 21 

optimized. Significant water and energy savings are not fully exploited.  22 
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 26 

1. INTRODUCTION 27 

The U.S. Environmental Protection Agency declared the nation’s drinking water utilities 28 

need in infrastructure investments $334.8 Billion (EPA, 2013) over the next 20 years. England 29 

and Wales where water companies invested GBP 4.9 billion in 2014-15 (OFWAT, 2018) are also 30 

declaring high needs and investments in water pressurized networks. So, pipe replacement has 31 

become an important challenge for utility managers, who must ensure safe water quality and 32 

structural performance with the minimization of the resources consumed. 33 

Traditionally, decision-making alternatives for the rehabilitation of water distribution 34 

networks (WDN) have been based on indices such as the number of breaks per pipe (Hong. et. 35 

al., 2006) and the evolution of breakage rate with time (Alvisi and Francini, 2010). Some other 36 

approaches consider the unitary headloss related to pipe ageing (Kleiner et. al., 2001), the 37 

minimization of the investment calculating the optimal pipe renovation period (Shamir and 38 

Howard, 1979), or the minimization of the total cost of pipe replacement cycles to infinity 39 

(Kleiner et. al., 2001). As this has been one of the hottest topics in the water industry, several 40 

decision support tools to obtain pipe replacement scheduling has been developed based on 41 

genetic algorithms (Alvisi and Francini, 2006) or on performance indicators (Pinto et al., 2017). 42 

Whithout any doubt, management of water losses (Marques and Monteiro, 2003) have become 43 

one of the key goals for decision makers and practitioners due to scheduling pipe replacement 44 

in predetermined budget constrains (Alvisi and Francini, 2009).  45 

The objective of this work is neither to find the most appropriate model to simulate water 46 

leakage nor to calibrate leakage model parameters, but to propose a methodology to prioritize 47 

the pipe replacement in water pressurized networks. The criterion of grouping the pipelines 48 

eligible for obtaining the economic prioritization scheme is a specific problem for utility 49 



 

 

managers and the more homogeneous the District Metering Area (DMA) is, the better results 50 

are expected. 51 

With these limitations, an economic prioritization is proposed for minimizing the period 52 

of time required to recoup the funds invested (payback period). This study considers direct 53 

costs as the cost of purchasing and installing the pipe (e.g., excavation, repaving, etc.) and also 54 

as the cost of the water and energy savings (calculated using the energy audit; Cabrera et.al., 55 

2010), indirect costs, environmental costs, social costs and opportunity costs (Rogers, 2002). 56 

Social costs are taxes proposed to compensate for the inconveniences created to people by 57 

public works and environmental costs are taxes destined to minimize the impact on the 58 

environment derived from the abstraction of water. Finally, the opportunity costs are the 59 

money savings derived from sharing some costs with other utilities (i.e. machinery, staff, tools, 60 

etc.). 61 

The novelty of this methodology deals with the comparison between the current state of 62 

WDN (taking into account the rates of leakage obtained with the use of the water audit; IWA, 63 

2000) and those obtained after the renewal of each of the m pipes which are part of the network  64 

(formulating the problem as a discrete optimization problem). The assessment of water and 65 

energy savings is based on hydraulic models to calculate the response of each pipe replacement, 66 

and the pipe with lowest payback periods should be the first selected for replacement. The 67 

lowest payback period is obtained for the pipe with the lowest ratio between investments and 68 

money savings. It is also pinpointed that pipelines with the largest water and energy savings 69 

are not necessarily the first selected for replacement according to this criterion.  70 

The manuscript is organised as follows. Section 2.1 shows the simulation of leakage in 71 

WDN while section 2,2 shows the effect of every replacement with regard to water and energy 72 

consumption (described in Appendix A). The replacement criteria analysed in this paper are 73 



 

 

shown in section 2.3 and the definition of a real DMA where this method have been used in 74 

Section 2.4 (and also in Appendix B). The results obtained in the case study are shown in 75 

sections 3.1 and 3.2 and the effect of other costs apart from the direct costs are described in 76 

Section 3.3. The effect of performing a pressure driven analysis in comparison with a demand 77 

driven analysis is shown at Appendix C,a detailed step by step prioritization case is shown at 78 

Appendix D and  a sensitivity analysis of the effect of the environmental, opportunity and social 79 

costs is depicted in Appendix E. 80 

 81 

2. MATERIAL AND METHODS 82 

A calibrated hydraulic simulation model is required to calculate water and energy audits 83 

of the pressurized water network.  84 

 85 

2.1. Simulation of the leaky network  86 

This approach deals with the idea of adding an emitter—a device that models the flow 87 

through a nozzle— at each node of the network (Cobacho et. al., 2015; Eq.1) in order to 88 

considers water leakage as pressure-dependent of node demands. 89 
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Where qli(t) (m3/s) is the sum of the background and bursts leakage flow rate at node i, 91 

CE,i (m3-α/s) is the emitter coefficient, ΔHi(t) (m) is the pressure variation through the leak at 92 

time t; and α (-) is the pressure exponent that models the characteristics of the pipe material. 93 

Kf (m3-α/s) is the global value which considers the leakage level and pi  (-) is a weighted leakage 94 

factor which represents the importance of each node with regard to leakage. This equation 95 

produces good results if the pressure exponent ranges between 0.5-2.95 (Van Zyl and Malde, 96 



 

 

2017) and if the pressure in the DMA is above the threshold pressure value (normal functioning 97 

with no pressure deficient conditions). In case of pressure deficit, pressure-driven simulation 98 

should be considered. 99 

Since the location of background leakages is not known, it can be assumed that leakage is 100 

uniformly distributed along every pipeline of the WDN. Based on common modelling 101 

assumptions, water leakage at nodes is equal to the water losses produced in the half of all pipes 102 

connected to it. (Eq. 2). Let’s assume that the leakage factor pi  can just be the pipe length. 103 
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Where Lj, (m) are the lengths of pipes connected to each node and LT (m) is the sum of all 105 

pipe lengths of the network. So there is a different factor for each node and must sum to one. If 106 

leakage in the DMA is not homogeneous, these pi  coefficients may adopt various values (such 107 

us the number of repairs per pipe length) with the restriction that the sum of the n coefficients 108 

must sum to one.  109 

2.2. Simulation of the m-replacement Cases 110 

Given a network with m pipelines eligible for replacement, m scenarios may arise for 111 

analysing water and energy consumption. The replacement of each pipeline assumes it as a leak 112 

free pipeline. It means that the burn-in phase at bathtub curve of the life cycle of a buried pipe 113 

(Kleiner and Rajani, 2001) is over and there is not any break after the replacement. As a 114 

consequence of the replacement, new weighted leakage factors (Eq. 2) are expected  115 

For instance, if the jth pipe has been selected for replacement and the leakage factor pi  116 

is now calculated as follows (Eq. 3):  117 
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Each one of the possible scenarios have new values in some of the n (number of nodes) 119 

weighted leakage factors. These new values involves changes in some of the n emitters (there 120 

is not any change at the  value; Eq. 1) and new levels of water leakage. Moreover, pipe 121 

roughness is a property that may change as pipes age and this variation can have a large effect 122 

on the WDN headlosses . In order to arrange this effect, pipe roughness of the new pipe have 123 

lower values than the aged pipe. The changes performed in leakage parameters (at nodal level) 124 

and in the pipe roughness (at pipe level) involves a different flow distribution through the 125 

system and consequently, new pressure levels at every node of the network. Moreover, the 126 

calculation of leakage in the new m scenarios (using water and energy audits as described in 127 

Appendix A and comparing the new results with the 0-case scenario) reveals the joint effect of 128 

these new parameters and of the hydraulic status.  129 

 130 

2.3. Pipe renewal criteria  131 

2.3.1. Unit headloss prioritization criterion 132 

The unit headloss represents the energy headlosses per length of the pipe, quantified in 133 

meters of water column dissipated by friction per kilometre of pipeline (m /Km). It depends on 134 

flow and on the hydraulic resistance of the pipe. Pipe hydraulic resistance in WDNs is computed 135 

for fully turbulent conditions (transitional and laminar flow are only in theory) due to the 136 

presence of connections, changes in pipe directions and variation of water demands. So, this 137 

method consists on selecting the pipe with highest daily average unit headloss among the m 138 

potential candidates as the first pipeline to be replaced. The key advantage of this criteria is the 139 

simplicity and it is a commonly adopted approach by water utilities which plan rehabilitation 140 

mainly based on pipe age (which are assumed to have higher internal roughness), but, in 141 

fK



 

 

contrast, it does not consider the impact of a single-pipe replacement on the hydraulic 142 

behaviour of the whole network. 143 

2.3.2. Economic prioritization criterion 144 

The economic prioritization criterion involves calculating the water and energy audits 145 

for each of the m cases and comparing with the zero case (current state of the network). The 146 

indicator that should be used for obtaining the prioritization scheme is the payback period.  147 

Moreover, this investment has to be paid at present time while water and energy savings 148 

are periodically obtained. In order to be able to compare, all costs should be expressed in 149 

monetary units at present time with the use of the equivalent continuous discount rate, r.  150 

The operation costs that the utility should face in a non-replacement scenario (“the 151 

laissez faire” option or the cost of doing nothing) from the present time —tp— to the time t can 152 

be expressed as (Eq. 4): 153 

𝐶𝑡𝑝
𝑡𝑜𝑡(𝑡) = ∫ (𝐶𝐹 + 𝐶𝑀 + (𝐶𝑊 + 𝐶𝐸𝑁𝑉)𝑉𝑖𝑛𝑗 + 𝐶𝑊𝐸 𝐸𝑖𝑛𝑝𝑢𝑡). 𝑒−𝑟𝑡𝑑𝑡 = ∫ 𝐵𝑖  𝑒−𝑟𝑡𝑑𝑡

𝑡

𝑡𝑝

𝑡

𝑡𝑝
        (4) 154 

where CF (EUR) is the fixed costs with regard to operation and maintenance of the 155 

network, CM (EUR) is the average break repair cost (a value that can be calculated as the repair 156 

cost of a single break multiplied by the number of breaks that appear from present time to time 157 

t), CW (EUR/m3) is the cost of water (this value is a sum of the fixed cost depending on the utility 158 

structure and the variable costs of collection, treatment and distribution, excluding energy 159 

costs), CENV (EUR/m3) is the environmental cost of water, highly variable, from 0.84 to 0 €/m3 160 

in Denmark and Spain respectively (EPO, 2010) and CWE (EUR/kWh) is the cost of the energy 161 

consumed, sum of the variable costs of energy in the collection, treatment and distribution 162 

stages of the urban water cycle. Finally, Bi (EUR) is the operation costs of the water network for 163 

the period (tp-t).  164 



 

 

Analogous to the previous equation, the present value of the operation costs that the 165 

utility should face from now (replacement of the ith pipe) to “t” is calculated as (Eq. 5):  166 

𝐶𝑡𝑝 𝑖
𝑡𝑜𝑡(𝑡) = ((𝐶𝑝−𝑖+𝐶𝑖𝑛𝑠𝑡−𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) − ∫ (𝐶𝐹 + 𝐶𝑀 + (𝐶𝑊 + 𝐶𝐸𝑁𝑉)𝑉𝑖𝑛𝑗
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Where Cp-i (EUR) is the pipe cost itself, Cinst-i 1 (EUR) is the pipe installation costs (these 169 

both grouped represent the direct pipe replacement costs). The indirect costs (Cind-i; EUR) of 170 

pipe replacement are administration, personnel, security costs, etc. Social costs (CSi; EUR) are 171 

proposed to compensate for the inconveniences created to people by public works. The 172 

opportunity costs (COi ; EUR) are associated to the savings derived from renewing the pipe while 173 

performing other utility or road works which are more urgent and as a consequence, some costs 174 

are shared (i.e. machinery, staff, tools, etc.) and the savings can even reach the total cost of the 175 

installation if other works are in charge of digging and replacing the pavement. Ii (EUR) 176 

represents the investment performed in pipe i and Bi* (EUR) is the new operation cost 177 

encompassing the energy and water consumed after the replacement of the i-pipe. 178 

Finally, the equation resulting when comparing the operation costs if the laissez faire 179 

option with the replacement of pipe i results in equations is (Eq. 6):  180 

𝐶𝑡𝑝 𝑖
𝑡𝑜𝑡(𝑡) − 𝐶𝑡𝑝
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𝑡
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𝑡
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  (6) 181 

where Si (EUR) are the economic savings obtained by the renovation (Bi* has a lower value 182 

than Bi, as the replacement involves water and energy savings). Note that the fixed costs 183 

(CF; EUR) are equal for each of the cases compared and the maintenance cost are considered to 184 

have similar values in homogeneous DMAs and due to this, irrelevant for this study. Equating 185 

to zero the derivative of Eq. (6), the payback period of the investment (Eq. 7) is calculated: 186 



 

 

 

       (7) 187 

Where Ti (months) is the payback period which is the value to minimize as lower values 188 

involve higher water and energy savings per monetary unit invested. 189 

 190 

2.4. Numerical example 191 

To illustrate the proposed methodology, a numerical example is presented. Figure 1 192 

shows a DMA in a western Mediterranean city of Spain. The pipe material is ductile iron and the 193 

pipe roughness for the aged pipes are 0.2 mm, these figures are of the same order of magnitude 194 

as those considered by Christensen (2009) and the pipe roughness of the new installed pipe is 195 

equal to 0.1mm (McGovern, 2011), a usual value in WDN. The emitter exponent is equal to 1. 196 

The utility facilitates the leakage rate of the network (10%) and the minimum service pressure 197 

required is 20 m.w.c. 198 

The cost of water and energy is 1,89 EUR/m3 (INE, 2016) and 0,084 EUR/kWh 199 

(MINETAD, 2017) respectively. The renewal cost of pipes considered in the study is 200 

1,096 EUR/m/mm (𝐶𝑝−𝑖+𝐶𝑖𝑛𝑠𝑡−𝑖); a real value obtained by a water utility which operates in 201 

Spain (this cost allow the practitioners to get the cost of every pipeline in the water network as 202 

the cost is proportioned considering the pipe length in m and the pipe diameter in mm). 203 

The indirect cost will be considered as a 6% of the direct costs (a value proportioned by 204 

the water utility). The social, the opportunity and the environmental costs are zero for the DMA 205 

analysed (although an analysis of the specific importance of each of them are calculated later). 206 

Finally, the equivalent continuous discount rate is r=2%.  207 

As this methodology is very time-consuming (the values of energy savings at every time 208 

step periods vary, daily sums of energy/water saved have been calculated), every hydraulic 209 
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simulation of the 617 scenarios (with their water and energy audits) have been calculated using 210 

the Matlab® code to assist with the EPAnet toolkit (Rossman, 2000).  211 

 212 

3. RESULTS AND DISCUSSION 213 

3.1. Prioritization results in the unit headlosses methodology 214 

Results are depicted in Table 1 where the 4 pipes with the highest average values of the 215 

unit headlosses are displayed. According to these, the renovation order is pipe 105, 403, 613 216 

and 615. This methodology does not consider the global energy and water savings produced as 217 

a consequence of a pipe renewal so there is no additional information about the impact of the 218 

renewal action. 219 

 220 

3.2. Economic criteria prioritization results  221 

The priority obtained is different compared to the unit headlosses methodology. The 222 

results indicate that the new order is now pipe 8, 403, 615 and 77 (Table 1).  223 

If the unit headloss methodology is the criterion selected for replacement, pipe 105 (Best 224 

result) involves a daily savings of 157,10 liters and 0,024kWh, while pipe 8 replacement would 225 

save (136,14 l/day and 0,021 kWh/day). But the investment performed with Pipe 105 226 

replacement is equal to 1068,54 € (as the length of the pipe is 18,2m and its current diameter 227 

is 50,53 mm) while the investment of Pipe 8 replacement is equal to 767,67 € (length 16,57m , 228 

diameter 39,87mm) and considering this numbers, pipe 8 replacement produces higher savings 229 

(1 EUR saves 64,78 litres and 0,01 kwh per year) than pipe 105 replacement (in which 1 EUR 230 

saves 53,75 litres and 0,008 kWh). 231 

Table 1 collects the payback period (in months). As it can be concluded from those results, 232 

when high hydraulic efficiency scenarios are analysed, economic investment are slowly 233 



 

 

recovered because the energy and water savings are low (as in the current case study); on the 234 

opposite, when water networks present low levels of water losses, pipe replacement planning 235 

are very much interesting from an economic point of view. Some pipe replacements considered 236 

in the calculations shows payback periods equal to infinity (55 pipelines out of 617), in other 237 

words, the investment is never recouped as the low savings produced. 238 

 239 

3.3.  Influence of the Environmental, Social and Opportunity costs 240 

In order to consider the influence of the environmental cost on the payback period of the 241 

investment, some values (€/m3) are proposed (0,05; 0,1; 0,15; 0,2). This figures are low 242 

compared with the aforementioned values of Denmark (EPO, 2010). The effect of the 243 

environmental costs bears little surprise, and the higher environmental costs results in the 244 

lowest payback period (Table 2).  245 

The social costs values considered should be different with regard to every street in the 246 

DMA studied. Here, streets N1, N2, N3 and N4 (Figure 1; 109 pipes whose length is 2224 m, 247 

20,97% of the total network) are considered to have social cost equal to 0,109; 0,219 and 0.329 248 

€/m/mm (10, 20 and 30% of 1,096 €/m/mm, sum of the pipe and installation costs; Cobacho 249 

et. al., 2009) while the rest of the network have social costs equal to 0 €/m/mm. These costs 250 

influence the payback periods increasing the payback period for the pipelines located in these 251 

streets. The prioritization scheme showed in Table 1 is not modified as the pipelines selected 252 

for replacement are not installed in these streets. 253 

Finally, the Opportunity Costs considered can be a reduction of 10%, 20% and up to 30% 254 

of the pipe replacement cost (Cobacho et. al., 2009) — in other words, a reduction of the pipe 255 

cost of 0,109, 0,219 and 0,329 €/m/mm for every pipeline considered—. The results indicate 256 

that the payback period of the ith pipe replacement decreases if the opportunity arises. As it may 257 



 

 

be observed at Table 2, the payback period for pipe 8 is equal to 107,90 months and if 258 

opportunity costs are larger than 0.0695 (pipe 403) and 0.1446 €/mm/m (pipe 615), the 259 

payback period is lower than this value (107.90) and opportunity must be seized. The 260 

calculation of the threshold value (0,0695 €/mm/m) for pipe 403 is described in detail in 261 

Appendix E. 262 

 263 

4. CONCLUSIONS 264 

Water utility managers have considered the unit headloss methodology as one of the 265 

criterion for pipe replacement. However, this study demonstrates that following this criterion 266 

neither water and energy nor the financial investment is optimized and significant savings are 267 

not fully exploited.  268 

The methodology proposed to prioritize the replacement plan is based on economic 269 

factors and involves maximising the energy and water savings per monetary unit invested. In 270 

each of the m scenarios considered, the diameter of the aged pipe has been maintained and a 271 

new roughness value has been considered to model its hydraulic response. Energy and water 272 

audits are carried out in leaky networks to calculate the savings obtained as a consequence of 273 

the replacement.  274 

Results have demonstrated that opportunity costs do not necessarily involve large 275 

savings and not always the prioritization scheme is modified. It has been proved that a 276 

threshold value for taking or rejecting the opportunity exists and it can be calculated now. On 277 

the other hand, the existence of environmental costs of water involve lower payback periods, 278 

and social costs are considered to make the simulation more realistic, as in every DMA, water 279 

managers cannot decide when to carry out the take the digging and repaving works without 280 

considering the social problems. 281 



 

 

Although leakage reduction is the main positive effect of pipe replacement, it implicitly 282 

reduce the risk of bursts and service interruption (considered in the social cost) and it also 283 

increases the hydraulic capacity of the WDN. Scenarios with low hydraulic efficiency (high 284 

leakage flowrate) involve quickly recovery of the economic investment because of the high 285 

energy and water savings.  286 

This methodology should be used for homogenous groups of pipelines (all of them with 287 

the same age). The more homogeneous the DMA is; the better results are obtained. In other 288 

words, it cannot be used for comparing pipelines at different ages. Finally, as pipelines in the 289 

DMA are considered to have the same age, the number of breaks and their repair costs 290 

(maintenance costs) can be considered as fixed costs, and they can also be irrelevant for this 291 

study. 292 

 293 
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𝐵𝑖  (EUR) Operation Cost before pipe replacement 378 

𝐵𝑖
∗ (EUR) Operation Cost after i-pipe replacement 379 

𝐶𝐸,𝑖 (m3-α/s) Emitter coefficient at node i.  380 

𝐶𝐸𝑁𝑉(EUR/m3) Environmental cost of water 381 

𝐶𝐹 (EUR) Fixed costs of operation and maintenance  382 

CM (EUR) Average break repair cost 383 

𝐶𝑡𝑝
𝑡𝑜𝑡(𝑡) (EUR) Present value of the total cost in the zero-action performed 384 

𝐶𝑡𝑝 𝑖
𝑡𝑜𝑡(𝑡) (EUR) Present value of the total cost in the decision of renovation of pipe i 385 

𝐶𝑊 (EUR/m3) Cost of water  386 

𝐶𝑊𝐸 (EUR/kWh) Cost of the energy  387 

𝐶𝑝−𝑖   (EUR) Pipe costs  388 

𝐶𝑖𝑛𝑠𝑡−𝑖 (EUR) Installation Costs 389 

𝐶𝑖𝑛𝑑 (EUR) Indirect Costs 390 

𝐶𝑠𝑖 (EUR) Social Costs  391 

𝐶𝑂𝑖 (EUR) Opportunity Costs 392 

𝐽 (m/km) Unit headloss of a pipe  393 

𝐼𝑖 (EUR) Investment performed  394 

𝐿𝑝𝑖 (m) Weighted length of the node i 395 

𝐿𝑝𝑖+1 (EUR) Weighted length of the pipe i+1 396 

𝐿𝑝𝑖
∗ (m) Weighted length of the node i after the renovation of a pipe  397 

𝐿𝑝𝑖+1
∗ (m) Weighted length of the node i+1 after the renovation of a pipe 398 

𝐿𝑇 (m) Total length of the network 399 



 

 

 (m3-α/s) Global value of the emitters.  400 

∆𝐻𝑖(𝑡) (m) Pressure variation through the leak at node i 401 

n (-) Number of demand nodes of the network  402 

m (-) Number of pipes of the network  403 

𝑃𝑖−𝑠𝑒𝑟 (m.c.w.) minimum service pressure required for supplied demand 404 

𝑞𝑙𝑖(𝑡) (m3/s) Leakage flow rate at node i at time 𝑡 405 

𝑆𝑖  (EUR) Economic savings obtained by the reduction of the leaks after renovation of pipe i 406 

𝑇𝑖   (months) Payback Period  407 

𝑉𝑖𝑛𝑗(t) (m3/s) Total volume injected for the simulation period 408 

𝛼 (-) Emitter exponent 409 

𝛾  (N/m3) Specific weight of water 410 

𝛾𝑝𝑖  (-) Weighted leakage factor 411 

∆𝐻𝑖(t) (m.w.c.) Pressure variation through the leak  412 

  413 
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Table 1. Prioritization results for the unit headloss criterion (a) and the economic criterion (b). 414 
 415 

(a) Unit Headlosses prioritization (b) Economic prioritization 

 ID A* B*  ID A* B* 

1st 105 0,806 132,79 1st 8 0,094 107,90 

2nd 403 0,574 115,99 2nd 403 0,574 115,99 

3rd 613 0,570 132,41 3rd 615 0,549 126,21 

4th 615 0,549 126,21 4th 77 0,038 127,05 

 416 

*: A (m/km); B, (months) 417 

 418 

Table 2. Payback period (in months) for replacement without considering additional costs 419 

 ID Pipe costs 

(€/m) 

Volume 

savings 

(m3/day) 

Energy 

savings 

(kWh/day) 

Ii (€) Si (€) Payback 

period 

(months) 

1st 8 43.70 0.14 0.02 767.51 7.77 107.88 

2nd 403 46.97 0.12 0.0 705.90 6.70 115.94 

3rd 615 52.45 0.30 0.0 1,927.87 16.95 126.11 

-  229 209.03 0.70 0.1 17,490.80 39.64 797.86 

 420 

Table 3. Effect of the environmental costs on the payback period (in months) 421 
Env. Costs (€/m3) 0.05  0.1  0.15  0.2  0.05  0.1  0.15  0.2  

 ID Ii (€) Si (€) Payback period (months) 

1st 8 767.51 7.977 8.182 8.39 8.59 104.86 102.01 99.31 96.74 

2nd 403 705.90 6.871 7.047 7.22 7.40 112.68 109.59 106.67 103.90 

3rd 615 1,927.87 17.395 17.840 18.29 18.73 122.53 119.15 115.95 112.91 

-  229 17,490.80 40.678 41.720 42.76 43.80 756.61 719.88 686.91 657.11 



 

 

 422 

Table 4. Effect of the opportunity costs on the payback period (in months) 423 
Opp. Costs (€/m/mm) 0.1096 0.2192 0.3288 0.1096 0.2192 0.3288 

 ID Si (€) Ii (€) Payback period (months) 

1st 8 7.773 690.76 614.01 537.26 96.18 84.70 73.43 

2nd 403 6.696 635.31 564.72 494.13 103.29 90.89 78.75 

3rd 615 16.949 1,735.08 1,542.29 1,349.51 112.24 98.68 85.42 

-  229 39.637 15,741.72 13,992.64 12,243.56 650.68 532.58 433.95 

 424 

Table 5. Effect of the social costs on the payback period (in months) 425 
S. costs (€/m/mm) 0.1096 0.2192 0.3288 0.1096 0.2192 0.3288 

 ID Si (€) Ii (€) Payback period (months) 

1st 8 7.773 767.51 107.88 

2nd 403 6.696 705.90 115.94 

3rd 615 16.949 1,927.87 126.11 

-  229 39.637 19,239.88 20,985.77 22,738.05 993.31 1,284.38 1,875.50 

 426 
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 429 
Figure 1. Layout of the network 430 

 431 
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 433 

Appendix A. Water and Energy Audits 434 

Once the leakage can be adequately simulated by the hydraulic software, both the water 435 

and energy audit (Cabrera et. al. 2010) can be performed (Equations A1 and A2): 436 

𝑉𝑖𝑛𝑗(𝑡) = 𝑉𝑅(𝑡) + 𝑉𝐿(𝑡)
      

  (A1) 437 

where Vinj(t) is the volume injected into the network, VR(t) is the volume delivered to 438 

users and VL(t) is the volume lost through leaks; 439 

𝐸𝑖𝑛𝑝𝑢𝑡(𝑡) = 𝐸𝑁(𝑡) + 𝐸𝑃(𝑡) = 𝐸𝑈(𝑡) + 𝐸𝐿(𝑡)+𝐸𝐹(𝑡) + ∆𝐸𝐶(𝑡)   440 

 (A2)  441 

where EN(t) is the energy supplied by reservoirs, EP(t) is the energy supplied by pumps, 442 

Einput(t) is the energy consumption of the network (sum of the two previous), EU(t) is the energy 443 

delivered to the users (throughout the water supplied), EL(t) is the energy lost through water 444 

losses, EF(t) is the energy dissipated in friction at pipes and ΔEC(t) is the energy that can be 445 

stored in a compensation tank which accumulates water during low consumption hours while 446 

releasing it in peak hours. 447 

 448 
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 463 

Appendix B. Full Information about the Network of the Case Study 464 

The DMA considered here supplies water to 10,000 inhabitants and consists of 561 nodes 465 

and 617 pipes. The total length of the network is 10.61 km. The values of the coefficients (each 466 

value is valid for half an hour), which consider water consumption at different hours of the day, 467 

are depicted in Table B1.  468 

 469 

Table B1. Hourly coefficients of water demand modulation for pattern 1  470 

 471 

T

ime 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 

C

oeff. 

0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

T

ime 

6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 

C

oeff. 

0.13 0.13 0.22 0.35 0.48 0.48 0.57 0.71 0.65 0.68 0.64 0.68 

T

ime 

12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17 17.5 

C

oeff. 

0.58 0.59 0.54 0.51 0.46 0.60 0.56 0.64 0.47 0.41 0.37 0.40 

T

ime 

18 18.5 19 19.5 20 20.5 21 21.5 22 22.5 23 23.5 

C

oeff. 

0.39 0.35 0.26 0.32 0.32 0.28 0.33 0.30 0.35 0.27 0.21 0.17 
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 473 

Water and Energy results in the Case Study 474 

The results obtained when performing water and energy audits are shown in Table B2. 475 

Moreover, the global value which considers the background leakage 476 

( ; m2-α s-1) is also shown here. 477 

 478 

Table B2. Results of the water and energy audit for the simulation period (2 days) 479 
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 491 

Appendix C. Pressure Driven Analysis vs Demand Driven Analysis 492 

The demand driven simulation approach developed here can be considered appropriate 493 

when the system operates with pressures higher than the minimum service pressure required 494 

for supplied demand – Pi-ser – (Guistolisi et. al. 2008). This means that if the pressure in the 495 

DMA is lower than this threshold pressure value (Pi-ser), a pressure driven demand analysis 496 

(PDA) is required. 497 

The numerical example is calculated using EPAnet2.0 (Demand Driven Analysis; 498 

Rossman 2000) and using WDNetXL, an integrated system for WDN analysis (Pressure 499 

Driven Analysis; Giustolisi et al. 2011). In both models, leakages have been modelled as 500 

emitters added to every node in the network. The comparison of the results is depicted in 501 

Figure C1 —flowrates at pipe 617 — and at Figure C2 — pressure at node 241. Link 617 has 502 

been selected for this as it is the pipe connecting this DMA with others and thus, all the 503 

injected flow is supplied though this pipeline, whereas node 241 has been selected for this 504 

comparison as it is the node with the highest water consumption. It may be observed that the 505 

pressure in node 241 and flow at link 617 have the same values using PDA and DDA 506 

hydraulic software. The quotient of the two values shown when comparing pressure has an 507 



 

 

average value of 0.999 and a standard deviation of 0.005 (which means that every single 508 

value is the same) and when comparing flow an average value of 0.954 and a standard 509 

deviation of 0.124. Moreover, the water balance in both scenarios is the same as the injected 510 

flow in the EPAnet case, equal to 892.98 m3/day, while in the WDNetXL case it is equal to 511 

886.68 m3/day.  512 

The pressure at the DMA analysed is always above the minimum service pressure 513 

required for the supplied demand (Pi-ser, Figure C2), and this situation indicates that the 514 

network is oversized and the emulation of leakages as outflows from emitters is appropriate 515 

(as also the use of a demand-driven analysis). 516 

517 



 

 

Figure C1. Daily flowrates at pipe 617 for the EPAnet (Demand Driven Analysis, DDA) and 518 

WDNetXL (Pressure Driven Analysis, PDA) approaches. 519 

 520 
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Figure C2. Daily Pressure at node 241 for the EPAnet (Demand Driven Analysis; 523 

DDA) and WDNetXL (Pressure Driven Analysis, PDA) approaches. Physical characteristics 524 

and normal operation values for pipe variables. 525 
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Appendix D. Example of Calculation of the Economic Prioritization for One Pipe 539 

The payback period for pipe 8 (Ø = 39.87mm and L = 16.57m) is calculated as follows:  540 

- Investment  = 𝐼𝑖𝑗 = ((𝐶11𝑖+𝐶12𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) =  541 

= (1.096*39.87*16.57) * 1.06-0+0 = 767.67 € 542 

- Daily water savings = (1808.36-1808.09)/2 = 0.136 m3/day (Table B2) 543 

- Daily energy savings = (282.93-282.89)/2 = 0.021 kWh/day (Table B2) 544 

- Cost of the water losses = 1.89 €/m3 *0.136 m3/day  = 0.257 €/day  545 

- Cost of the energy losses = 0.084 €/kWh*0.021 kWh/day = 0.002 €/day  546 

- Money savings = 0.257+0.002 = 0.259 €/day  = 7.78 €/month (1 month = 30 days) 547 

- r = 2% annually, r = 0.17% monthly 548 

-Payback period,  = 
−1

0.0017
. ln (1 −

767.67∗0.0017

7.78
)  = 107.90 months. 549 

This payback period considers the depreciation of money with the equivalent continuous 550 

discount rate, r. The timescale for the investment and savings are shown in Figure D1, where tp 551 

is the present time (when the pipe replacement has just been performed) and Si represents the 552 

economic savings originated after the ith month 553 

 554 

Figure D1. Timescale considered for savings and investment performed for pipe 8 555 

replacement. 556 
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 559 

Appendix E. Example of the Calculation of the Economic Prioritization 560 

Considering Environmental, Opportunity and Social costs. Sensitivity Analysis. 561 

The payback period for pipe 229 (Ø = 190.72 mm and L = 78.94m) is calculated as 562 

follows:  563 

- Investment  = 𝐼𝑖𝑗 = ((𝐶11𝑖+𝐶12𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) =  564 

= (1.096*78.94*190.72) * 1.06-0+0 = 17,490.80 € 565 

- Daily water savings = 0.694 m3/day  566 

- Daily energy savings = 0.1085 kWh/day 567 

- Cost of the water losses = 1.89 €/m3 *0.694 m3/day =1.31 €/day  568 

- Cost of the energy losses = 0.084 €/kWh*0.1085 kWh/day = 0.009 €/day  569 

- Money savings = (1.31+0.009)*30 = 39.64 €/month (1 month = 30 days) 570 

- r = 2% annually, r = 0.17% monthly 571 

-Payback period,  = 
−1

0.0017
. ln (1 −

17,490.8∗0.0017

39.64
) = 797.86 months. 572 

E1. Effect of the environmental costs 573 
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If the environmental cost equal to 0.15 €/m3 is considered (or in other words, the cost of 574 

water is increased because of an environmental tax), the new payback period is: 575 

- Investment  = 𝐼𝑖𝑗 =17,490.80 € (not dependent on environmental costs)  576 

- Cost of the water losses = (1.89 +0.15) €/m3 *0.694 m3/day =1.41 €/day  577 

- Cost of the energy losses = 0.084 €/kWh*0.1085 kWh/day = 0.009 €/day  578 

- Money savings = (1.41+0.009)*30 = 42.76 €/month 579 

- r = 2% annual, r = 0.17% monthly 580 

-Payback period,  = 
−1

0.0017
. ln (1 −

17,490.8∗0.0017

42.76
) = 686.91 months. 581 

 582 

With these data, the effect of the environmental cost of water can be observed in Figures 583 

E1 and E2. The higher the environmental cost of water, the lower the payback period that is 584 

obtained. Moreover, in Figure E1, it can be observed that if authorities consider these 585 

environmental costs, the payback period of replacement is reduced because of the increase of 586 

the cost of water losses. In short, these taxes involve higher concern with regard to reducing 587 

leakage rates. 588 

 

Figure E1. Effect of the environmental costs of water in the 
payback period of the investment for the pipes selected with 
the economic prioritization criterion. 

 

Figure E2. Effect of the environmental costs of water in the 
payback period (pipe 229). 
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E2. Effect of the opportunity costs 590 

Opportunity costs are associated with the savings derived from replacing the pipe while 591 

performing other utility or road works which are more urgent. If these savings are quantified 592 

as equal to 0.2192 €/m/mm, the new payback period is:  593 

- Investment  = 𝐼𝑖𝑗 = ((𝐶11𝑖+𝐶12𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) =  594 

= ((1.096*78.94*190.72) * 1.06- (0.2192)*78.94*90.72*1.06+0 =  595 

= 13,992.64 € 596 

- Money savings = 39.64 €/month (the same value as obtained before; it does not depend 597 

on the opportunity costs) 598 

- Payback period,  = 
−1

0.0017
. ln (1 −

13,992.64∗0.0017

39.64
) = 532.58 months. 599 

 600 

 

Figure E3. Effect of the opportunity costs on the payback 
period. 

 

Figure E4. Effect of the opportunity costs on the payback 
period (pipe 229). 
 

The effect of the Opportunity Costs is shown in Figures E3 and E4, and the higher the 601 

opportunity costs, the lower the payback period of the replacement. However, the prioritization 602 

scheme is only modified for pipe 403 and pipe 615 if opportunity costs are equal to or higher 603 

than 0.0695 and 0.1446 €/mm/m respectively (Figure E3). 604 
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To sum up, if opportunity costs are larger than 0.0695 €/mm/m, the payback period for 605 

pipe 403 is lower than 107.88 (payback period for pipe 8) and this opportunity should be taken. 606 

If opportunity costs are lower than this threshold value, the opportunity of sharing costs should 607 

not be considered. 608 

This threshold value (0.0695 €/mm/m) can be obtained for pipe 403 (Ø = 42.85 mm and 609 

L = 14.18m) as follows: 610 

The equation  becomes the equation: 𝐼𝑖 =
𝑆𝑖(1−𝑒−𝑟𝑇𝑖)

𝑟
 and the data 611 

are: 612 

- Daily water savings = 0.117 m3/day  613 

- Daily energy savings = 0.0183 kWh/day 614 

- Cost of the water losses = 1.89 €/m3 *0.177 m3/day =0.22 €/day  615 

- Cost of the energy losses = 0.084 €/kWh*0.0183 kWh/day = 0.0015 €/day  616 

- Money savings = (0.22+0.0015)*30 = 6.70 €/month  617 

- r = 2% annually, r = 0.17% monthly 618 

And the investment performed should be: 619 

𝐼𝑖 =
𝑆𝑖(1−𝑒−𝑟𝑇𝑖)

𝑟
=

6.7(1−𝑒−0.0017∗107.88)

0.0017
 = 661.10 € 620 

And these investments are obtained with the following opportunity costs: 621 

𝐼𝑖𝑗 = ((𝐶11𝑖+𝐶12𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) 622 

661.10 =((1.096*14.18*42.85) * 1.06- (𝐶𝑂𝑖)*14.18*42.85*1.06+0 623 

obtaining the aforementioned result, 𝐶𝑂𝑖 = 0.0695 €/mm/m.  624 

 625 

E3. Effect of the social costs 626 
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Finally, social cost (economic compensation for the problems created by public works in 627 

the network) are in this case study only considered in streets N1, N2, N3 and N4. As pipeline 628 

229 is in street N2, its potential replacement is affected by social costs equal to 629 

0.2192 €/m/mm. The new payback period is: 630 

- Investment  = 𝐼𝑖𝑗 = ((𝐶11𝑖+𝐶12𝑖) + 𝐶𝑖𝑛𝑑−𝑖 − 𝐶𝑂𝑖 + 𝐶𝑆𝑖) =  631 

= ((1.096*78.94*190.72) * 1.06- 0+ 632 

+ (0.2192)*78.94*90.72*1.06 = 20,985.77€ 633 

- Money savings = 39.64 €/month (the same value as before) 634 

-Payback period,  = 
−1

0.0017
. ln (1 −

20,985.77∗0.0017

39.64
) = 1,284.38 635 

months. 636 

 637 

Figure E5. Effect of Social cost in the payback period for pipe 229. 638 
 639 
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The effect of the social costs is shown in Figure E5, and the higher taxes that the water 640 

utility has to pay in order to compensate for the problems originated involve larger payback 641 

periods. Finally, this graph has not been calculated for pipes 8, 403 and 615 due to these 642 

pipelines not being located in the streets where social costs are applied (N1, N2, N3 and N4). 643 

 644 
 645 
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