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Pipe replacement by age only, how misleading could it be?
M. A. Pardo and J. Valdes-Abellan

ABSTRACT
Traditional methods for prioritizing the renewal of water are based on heuristic models, such as
the number of breaks per length, rule-of-thumb, and records held by the water utility companies.
Efﬁcient management of water distribution networks involves factoring in water and energy losses as
the key criteria for planning pipe renewal. Prioritizing the replacement of a pipe according to the
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highest value of unit headloss due to ageing does not consider the impact on water and energy
consumption for the whole network. Thus, this paper proposes a methodology to prioritize pipe
replacement according to water and energy savings per monetary unit invested – economic
prioritization. This renewal plan shows different results if comparing with replacing pipelines with
regard to age and it requires calculating water and energy audits of the water distribution networks.
Moreover, the required time to recover the investment performed needs to be calculated. The
methodology proposed in this work is compared with the unit headloss criterion used in a real waterpressurized network. The results demonstrate that using the unit headloss criterion neither water,
energy nor the investment is optimized. Signiﬁcant water and energy savings are not fully exploited.
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NOTATION
Bi (EUR)
Bi

(EUR)

Operation cost before pipe replacement

CSi (EUR)

Social costs

Operation cost after i-pipe replacement

COi (EUR)

Opportunity costs

CE,i (m3α/s)

Emitter coefﬁcient at node i.

Ii (EUR)

Investment performed

CENV (EUR/m3)

Environmental cost of water

J (m/km)

Unit headloss of a pipe

CF (EUR)

Fixed costs of operation and

Kf (m3α/s)

Global value of the emitters

maintenance

L pi (m)

Weighted length of the node i

CM (EUR)

Average break repair cost

L piþ1 (m)

Weighted length of the pipe i þ 1

tot
Ctp
ðtÞ (EUR)

Present value of the total cost in the

Lpi (m)

zero-action performed
tot
Ctp
i ðtÞ (EUR)

Present value of the total cost in the

Lpiþ1 (m)

decision of renovation of pipe i
CW (EUR/m3)

Cost of water

Weighted length of the node i after the
renovation of a pipe
Weighted length of the node i þ 1 after
the renovation of a pipe

LT (m)

Total length of the network

CWE (EUR/kWh) Cost of the energy

m (-)

Number of pipes of the network

C pi (EUR)

Pipe costs

n (-)

Number of demand nodes of the network

Cinsti (EUR)

Installation costs

Piser (m.w.c.)

Minimum service pressure required for

Cind (EUR)

Indirect costs
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qli ðtÞ (m3/s)

Leakage ﬂow rate at node i at time t

Si (EUR)

Economic savings obtained by
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to scheduling pipe replacement in predetermined budget
the

reduction of the leaks after renovation
of pipe i
Ti (months)

Payback period

Vinj (t) (m3/s)

Total volume injected for the simulation
period

α (-)

Emitter exponent

γ (N/m3)

Speciﬁc weight of water

γ pi (-)

Weighted leakage factor

ΔHi (t) (m.w.c.)

Pressure variation through the leak at
node i

constraints (Alvisi & Franchini ).
The objective of this work is neither to ﬁnd the most
appropriate model to simulate water leakage nor to calibrate
leakage model parameters, but to propose a methodology to
prioritize pipe replacement in water pressurized networks.
The criterion of grouping the pipelines eligible for obtaining
the economic prioritization scheme is a speciﬁc problem for
utility managers and the more homogeneous the District
Metering Area (DMA) is, the better the results that are
expected.
With these limitations, an economic prioritization is
proposed for minimizing the period of time required to
recoup the funds invested (payback period). This study considers direct costs as the cost of purchasing and installing the

INTRODUCTION

pipe (e.g., excavation, repaving, etc.) and also as the cost of
the water and energy savings (calculated using the energy

The US Environmental Protection Agency declared the

audit; Cabrera et al. ), indirect costs, environmental

nation’s drinking water utilities need in infrastructure invest-

costs, social costs and opportunity costs (Rogers et al.

ments to be $334.8 billion (EPA ) over the next 20 years.

). Social costs are taxes proposed to compensate for

England and Wales where water companies invested GBP

the inconveniences created to people by public works and

4.9 billion in 2014–15 (OFWAT ) are also declaring

environmental costs are taxes destined to minimize the

high needs and investments in water pressurized networks.

impact on the environment derived from the abstraction of

So, pipe replacement has become an important challenge

water. Finally, the opportunity costs are the money savings

for utility managers, who must ensure safe water quality

derived from sharing some costs with other utilities (i.e.

and structural performance with the minimization of the

machinery, staff, tools, etc.).

resources consumed.

The novelty of this methodology deals with the compari-

Traditionally, decision-making alternatives for the reha-

son between the current state of WDN (taking into account

bilitation of water distribution networks (WDN) have been

the rates of leakage obtained with the use of the water audit;

based on indices such as the number of breaks per pipe

IWA ) and those obtained after the renewal of each of

(Hong et al. ) and the evolution of breakage rate with

the m pipes which are part of the network (formulating the

time (Alvisi & Franchini ). Some other approaches con-

problem as a discrete optimization problem). The assessment

sider the unitary headloss related to pipe ageing (Kleiner

of water and energy savings is based on hydraulic models to

et al. ), the minimization of the investment calculating

calculate the response of each pipe replacement, and the

the optimal pipe renovation period (Shamir & Howard

pipe with the lowest payback periods should be the ﬁrst

), or the minimization of the total cost of pipe replace-

selected for replacement. The lowest payback period is

ment cycles to inﬁnity (Kleiner et al. ). As this has

obtained for the pipe with the lowest ratio between invest-

been one of the hottest topics in the water industry, several

ments and money savings. It is also pinpointed that pipelines

decision support tools to obtain pipe replacement schedul-

with the largest water and energy savings are not necessarily

ing have been developed based on genetic algorithms

the ﬁrst selected for replacement according to this criterion.

(Alvisi & Franchini ) or on performance indicators

The manuscript is organized as follows. The ﬁrst subsec-

(Pinto et al. ). Without any doubt, management of

tion in ‘Materials and methods’ shows the simulation of

water losses (Marques & Monteiro ) have become one

leakage in WDN while the second subsection shows the

of the key goals for decision makers and practitioners due

effect of every replacement with regard to water and

Downloaded from http://iwaponline.com/ws/article-pdf/19/3/846/592932/ws019030846.pdf
by guest

848

M. A. Pardo & J. Valdes-Abellan

|

Pipe replacement by age only, how misleading could it be?

Water Supply

|

19.3

|

2019

energy consumption (described in Appendix A). The repla-

with no pressure deﬁcient conditions). In case of pressure

cement criteria analysed in this paper are shown in the

deﬁcit, pressure-driven simulation should be considered.

third subsection and the deﬁnition of a real DMA where

Since the location of background leakages is not known,

this method has been used is described in the fourth subsec-

it can be assumed that leakage is uniformly distributed along

tion (and also in Appendix B). The results obtained in the

every pipeline of the WDN. Based on common modelling

case study are shown in the ﬁrst and second subsections

assumptions, water leakage at nodes is equal to the water

under ‘Results and Discussion’ and the effect of other

losses produced in the half of all pipes connected to it

costs apart from the direct costs are described in the follow-

(Equation (2)). Let us assume that the leakage factor γ pi

ing third subsection. The effect of performing a pressure-

can just be the pipe length:

driven analysis in comparison with a demand-driven
analysis is shown in Appendix C, a detailed step-by-step
prioritization case is shown in Appendix D and a sensitivity

P
γpi ¼

(γ j =2) (L1 =2) þ (L2 =2) þ . . . þ (Lj =2)
¼
LT
γT

(2)

analysis of the effect of the environmental, opportunity and
social costs is presented in Appendix E. (Appendices A–E

where Lj (m) are the lengths of pipes connected to each

are available with the online version of this paper.)

node and LT (m) is the sum of all pipe lengths of the network. So there is a different factor for each node and
these must sum to one. If leakage in the DMA is not homogeneous, these γpi coefﬁcients may adopt various values

MATERIALS AND METHODS

(such as the number of repairs per pipe length) with the
A calibrated hydraulic simulation model is required to

restriction that the n coefﬁcients must sum to one.

calculate water and energy audits of the pressurized water
network.

Simulation of the m replacement cases

Simulation of the leaky network

Given a network with m pipelines eligible for replacement,

This approach deals with the idea of adding an emitter – a
device that models the ﬂow through a nozzle – at each
node of the network (Cobacho et al. ; Equation (1)) in
order to consider water leakage as pressure-dependent on
node demands:
qli (t) ¼ CE,i  ½ΔHi (t)α ¼ Kf  γ pi  ½ΔHi (t)α

m scenarios may arise for analysing water and energy consumption. The replacement of each pipeline assumes it to
be a leak-free pipeline. It means that the burn–in phase in
the bathtub curve of the life cycle of a buried pipe (Kleiner
& Rajani ) is over and there is no break after the
replacement. As a consequence of the replacement, new

(1)

3

where qli(t) (m /s) is the sum of the background and bursts
leakage ﬂow rate at node i, CE,i (m3α/s) is the emitter coef-

weighted leakage factors (Equation (2)) are expected.
For instance, if the jth pipe has been selected for replacement, the leakage factor γpi is now calculated as follows
(Equation (3)):

ﬁcient, ΔHi(t) (m) is the pressure variation through the leak
at time t, and α () is the pressure exponent that models the
characteristics of the pipe material. Kf (m3α/s) is the global

P
γpi ¼

(γ j =2) 0 þ (L jþ1 =2) þ (L jþ2 =2)
¼
LT
γT

(3)

value which considers the leakage level and γ pi () is a
weighted leakage factor which represents the importance

Each one of the possible scenarios has new values in

of each node with regard to leakage. This equation produces

some of the n (number of nodes) weighted leakage factors.

good results if the pressure exponent is in the range 0.5–2.95

These new values involve changes in some of the n emitters

(Van Zyl & Malde ) and if the pressure in the DMA is

(there is no change of the Kf value; Equation (1)) and new

above the threshold pressure value (normal functioning

levels of water leakage. Moreover, pipe roughness is a

Downloaded from http://iwaponline.com/ws/article-pdf/19/3/846/592932/ws019030846.pdf
by guest

849

M. A. Pardo & J. Valdes-Abellan

|

Pipe replacement by age only, how misleading could it be?

Water Supply

|

19.3

|

2019

property that may change as pipes age and this variation can

obtained. In order to be able to compare, all costs should

have a large effect on the WDN headlosses. In order to

be expressed in monetary units at the present time with

arrange this effect, the pipe roughness of the new pipe has

the use of the equivalent continuous discount rate, r.

lower values than the aged pipe. The changes performed

The operation costs that the utility should face in a non-

on leakage parameters (at nodal level) and in the pipe

replacement scenario (the laissez faire option or the cost of

roughness (at pipe level) involve a different ﬂow distribution

doing nothing) from the present time – tp – to the time t can

through the system and consequently, new pressure levels at

be expressed as Equation (4):

every node of the network. Moreover, the calculation of
leakage in the new m scenarios (using water and energy
audits as described in Appendix A and comparing the new

ðt
tot
ðtÞ
Ctp

¼

CF þ CM þ ðCW þ CENV ÞVinj þ CWE Einput



tp

results with the zero-case scenario) reveals the joint effect
of these new parameters and of the hydraulic status.



:e

rt

ðt
dt ¼

Bi ert dt

(4)

tp

Pipe renewal criteria
where CF (EUR) is the ﬁxed costs with regard to operation
Unit headloss prioritization criterion

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

The unit headloss represents the energy headlosses per

repair cost of a single break multiplied by the number of

length of the pipe, quantiﬁed in metres of water column dis-

breaks that appear from present time to time t), CW (EUR/

sipated by friction per kilometre of pipeline (m/km). It

m3) is the cost of water (this value is a sum of the ﬁxed

depends on ﬂow and on the hydraulic resistance of the

cost depending on the utility structure and the variable

pipe. Pipe hydraulic resistance in WDNs is computed for

costs of collection, treatment and distribution, excluding

fully turbulent conditions (transitional and laminar ﬂow

energy costs), CENV (EUR/m3) is the environmental cost of

are only in theory) due to the presence of connections,

water, highly variable, from 0.84 to 0 EUR/m3 in Denmark

changes in pipe directions and variation of water demands.

and Spain respectively (EPO ) and CWE (EUR/kWh) is

So, this method consists in selecting the pipe with the high-

the cost of the energy consumed, sum of the variable costs

est daily average unit headloss among the m potential

of energy in the collection, treatment and distribution

candidates as the ﬁrst pipeline to be replaced. The key

stages of the urban water cycle. Finally, Bi (EUR) is the oper-

advantage of this criterion is its simplicity and it is a com-

ation costs of the water network for the period tp–t.

monly adopted approach by water utilities which plan

Analogous to the previous equation, the present value of

rehabilitation mainly based on pipe age (because of the

the operation costs that the utility should face from

assumed higher internal roughness), but, in contrast, it

now (replacement of the ith pipe) to t is calculated as

does not consider the impact of a single-pipe replacement

Equation (5):

on the hydraulic behaviour of the whole network.
Economic prioritization criterion
The economic prioritization criterion involves calculating

tot
Ctp
i ðtÞ ¼





C pi þ Cinsti þ Cindi  COi þ CSi

ðt 


 CF þ CM þ ðCW þ CENV ÞVinj
þ CWE Einput
tp

the water and energy audits for each of the m cases and comparing with the zero case (current state of the network). The
indicator that should be used for obtaining the prioritization

:ert dt ¼ Ii 

ðt

Bi :ert dt

(5)

tp

scheme is the payback period.
Moreover, this investment has to be paid at the present

where Cp-i (EUR) is the pipe cost itself, Cinst-i (EUR) is the

time while water and energy savings are periodically

pipe installation costs (these grouped together represent
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the direct pipe replacement costs). The indirect costs (Cind-i;

involves water and energy savings). Note that the ﬁxed costs

EUR) of pipe replacement are administration, personnel,

(CF; EUR) are equal for each of the cases compared and the

security costs, etc. Social costs (CSi; EUR) are proposed to

maintenance costs are considered to have similar values in

compensate for the inconveniences caused to people by

homogeneous DMAs and due to this are irrelevant for this

public works. The opportunity costs (COi; EUR) are associ-

study. Equating to zero the derivative of Equation (6), the pay-

ated with the savings derived from renewing the pipe while

back period of the investment (Equation (7)) is calculated:

performing other utility or road works which are more
urgent and as a consequence, some costs are shared
(i.e. machinery, staff, tools, etc.) and the savings can

Ti ¼



1
Ii  r
 ln 1 
r
Si

(7)

even reach the total cost of the installation if other works
are in charge of digging and replacing the pavement.

where Ti (months) is the payback period, which is the value to

Ii (EUR) represents the investment performed in pipe i and

minimize as lower values involve higher water and energy

Bi* (EUR) is the new operation cost encompassing

savings per monetary unit invested.

the energy and water consumed after the replacement of
pipe i.
Finally, the equation resulting when comparing the

Numerical example

operation costs of the laissez faire option with the replaceTo illustrate the proposed methodology, a numerical

ment of pipe i is Equation (6):

example is presented. Figure 1 shows a DMA in a western
ðt
tot
Ctp
i ðtÞ



tot
Ctp
ðtÞ

¼ Ii þ



Bi



 Bi :e

tp

rt

Mediterranean city in Spain. The pipe material is ductile

ðt
dt ¼ Ii 

rt

Si :e

iron and the pipe roughness for the aged pipes is 0.2 mm,

dt

these ﬁgures being of the same order of magnitude as

tp

(6)

those considered by Christensen (), and the pipe roughness of the newly installed pipe is equal to 0.1 mm

where Si (EUR) are the economic savings obtained by the

(McGovern ), a usual value in WDN. The emitter expo-

renovation (Bi* has a lower value than Bi, as the replacement

nent is equal to 1. The utility facilitates the leakage rate of

Figure 1

|

General layout of the network.
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the network (10%) and the minimum service pressure

global energy and water savings produced as a consequence

required is 20 m.w.c.

of a pipe renewal so there is no additional information about
3

The cost of water and energy is 1.89 EUR/m (INE )

the impact of the renewal action.

and 0.084 EUR/kWh (MINETAD ) respectively. The
renewal

cost

of pipes

considered

in

the study is

1.096 EUR/m/mm (C pi þ Cinsti ), a real value obtained by
a water utility which operates in Spain (this cost allows
the practitioners to get the cost of every pipeline in the
water network as the cost is proportioned considering the
pipe length in m and the pipe diameter in mm).
The indirect cost will be considered as 6% of the direct
costs (a value proportioned by the water utility). The social,
the opportunity and the environmental costs are zero for the
DMA analysed (although an analysis of the speciﬁc importance of each of them is calculated later). Finally, the
equivalent continuous discount rate is r ¼ 2%.
As this methodology is very time-consuming (the values
of energy savings at every time-step period vary, daily sums
of energy/water saved have been calculated), every hydraulic simulation of the 617 scenarios (with their water and
energy audits) have been calculated using the Matlab®
code to assist with the EPAnet toolkit (Rossman ).

Economic criteria prioritization results
The priority obtained is different compared with the unit
headlosses methodology. The results indicate that the new
order is now pipe 8, 403, 615 and 77 (Table 1).
If the unit headloss methodology is the criterion selected
for replacement, pipe 105 (best result) involves daily savings
of 157.10 litres and 0.024 kWh, while pipe 8 replacement
would save 136.14 l/day and 0.021 kWh/day. But the investment performed with pipe 105 replacement is equal to
1,068.54 EUR (as the length of the pipe is 18.2 m and its current diameter is 50.53 mm) while the investment of pipe 8
replacement is equal to 767.67 EUR (length 16.57 m, diameter 39.87 mm) and considering these numbers, pipe 8
replacement produces higher savings (1 EUR saves
64.78 litres and 0.01 kwh per year) than pipe 105 replacement (in which 1 EUR saves 53.75 litres and 0.008 kWh).
Table 1 collects the payback period (in months). As can
be concluded from those results, when high hydraulic efﬁciency scenarios are analysed, economic investment is

RESULTS AND DISCUSSION

slowly recovered because the energy and water savings are
low (as in the current case study); in contrast, when water

Prioritization results in the unit headlosses

networks present low levels of water losses, pipe replace-

methodology

ment planning is very interesting from an economic point

Results are depicted in Table 1 where the four pipes with the
highest average values of the unit headlosses are displayed.
According to these, the renovation order is pipe 105, 403,
613 and 615. This methodology does not consider the

Table 1

|

of view. Some pipe replacements considered in the calculations show payback periods equal to inﬁnity (55
pipelines out of 617); in other words, the investment is
never recouped from the low savings produced.

Prioritization results for the unit headloss criterion (a) and the economic

Inﬂuence of the environmental, social and opportunity

criterion (b)

costs

(a) Unit headlosses prioritization

(b) Economic prioritization

In order to consider the inﬂuence of the environmental cost
ID

Aa

Ba

ID

Aa

Ba

1st

105

0.806

132.79

1st

8

0.094

107.90

2nd

403

0.574

(EUR/m3) are proposed (0.05; 0.1; 0.15; 0.2). These ﬁgures

115.99

2nd

403

0.574

115.99

3rd

613

are low compared with the aforementioned values of Den-

0.570

132.41

3rd

615

0.549

126.21

4th

615

mark (EPO ). The effect of the environmental costs

0.549

126.21

4th

77

0.038

127.05

brings little surprise, and the higher environmental costs

a

A (m/km); B (months).
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Payback period (in months) for replacement without considering additional costs

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

Table 3

|

Effect of the environmental costs on the payback period (in months)

Env. costs (€/m3)

0.05

0.1

0.15

0.2

0.05

0.1

0.15

0.2

ID

Ii (€)

Si (€)

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

Payback period (months)

The social cost values considered should be different

Finally, the opportunity costs considered can be a

with regard to every street in the DMA studied. Here,

reduction of 10%, 20% and up to 30% of the pipe replace-

streets N1, N2, N3 and N4 (Figure 1; 109 pipes whose

ment cost (Cobacho et al. ) — in other words, a

length is 2,224 m, 20.97% of the total network) are con-

reduction of the pipe cost of 0.109, 0.219 and 0.329 EUR/

sidered to have social costs equal to 0.109, 0.219 and

m/mm for every pipeline considered. The results indicate

0.329 EUR/m/mm (10%, 20% and 30% of 1.096 EUR/

that the payback period of the ith pipe replacement

m/mm, the sum of the pipe and installation costs; Coba-

decreases if the opportunity arises. As may be observed in

cho et al. ) while the rest of the network has social

Table 5, the payback period for pipe 8 is equal to 107.90

costs equal to 0 EUR/m/mm. These costs inﬂuence the

months and if opportunity costs are larger than 0.0695

payback periods, increasing the payback period for the

(pipe 403) and 0.1446 EUR/mm/m (pipe 615), the payback

pipelines located in these streets (Table 4). The prioriti-

period is lower than this value (107.90) and the opportunity

zation scheme shown in Table 1 is not modiﬁed as the

must be seized. The calculation of the threshold value

pipelines selected for replacement are not installed in

(0.0695 EUR/mm/m) for pipe 403 is described in detail in

these streets.

Appendix E.

Table 4

|

Effect of the social costs on the payback period (in months)

S. costs (€/m/mm)

0.1096

0.2192

0.3288

0.1096

0.2192

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
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Effect of the opportunity costs on the payback period (in months)

Opp. costs (€/m/mm)

0.1096

0.2192

0.3288

0.1096

0.2192

0.3288

ID

Si (€)

Ii (€)

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

Payback period (months)

CONCLUSIONS

This methodology should be used for homogeneous
groups of pipelines (all of them with the same age). The

Water utility managers have considered unit headloss method-

more homogeneous the DMA is, the better the results that

ology as one of the criteria for pipe replacement. However, this

are obtained. In other words, it cannot be used for compar-

study demonstrates that following this criterion neither water

ing pipelines at different ages. Finally, as pipelines in the

and energy nor the ﬁnancial investment is optimized and sig-

DMA are considered to have the same age, the number of

niﬁcant savings are not fully exploited.

breaks and their repair costs (maintenance costs) can be

The methodology proposed to prioritize the replacement plan is based on economic factors and involves

considered as ﬁxed costs, and they can also be considered
irrelevant for this study.

maximizing the energy and water savings per monetary
unit invested. In each of the m scenarios considered, the
diameter of the aged pipe has been maintained and a new
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