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Water supply and sewer networks are critical infrastructures that provide a basic service to society. However,
these systems constantly age and degrade over time. In addition, since network infrastructures are so extensive in
length, they require a significant investment in maintenance tasks. Hence, within the context of infrastructure
asset management (IAM), accurately defining the most efficient investment planning possible is essential to
ensure their long-term sustainability. This paper presents an original five-step comprehensive framework to

successfully implement an infrastructure asset management strategy and plan long-term investments. Moreover,
this methodology integrates innovative and relevant operational and convenience factors that, while provide the
problem both with realism and practicality, have not been addressed so far. To illustrate the usefulness and
applicability of this methodology, the case study of a large water company in Spain is presented.

1. Introduction

Water infrastructures that provide a basic public service are sup-
posed to operate properly during their service life. However, they
inevitably age and degrade, leading to inefficiencies, and choosing the
right elements and time to replace is crucial. While appropriate main-
tenance requires important economical effort, public investment in
these infrastructures is usually insufficient or not based on technical
criteria. Thus, a proper renewal strategy of these degrading in-
frastructures to guarantee the future technical, social, economic, and
environmental sustainability is a challenge that water companies and
municipalities must face [1].

Therefore, the water utilities’ objective is to plan and define efficient
long-term investment strategies in order to maintain, if not enhance,
these infrastructures’ performance, whilst managing limited economic
resources. And it is here where the infrastructure asset management
(IAM) comes into play. According to Alegre and Coelho, the IAM
methodologies in urban water networks “seeks that the infrastructure
performance meets the service targets, risks are properly managed, and
costs are as reduced as possible over time” [2].

In this sense, many countries have developed diverse water infra-
structure asset management guides to aid the decision-making process
for the rehabilitation and renovation of these systems [3-9]. Also,
several decision-aid methodologies and software tools have been
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developed all over the world over the last two decades to facilitate water
companies perform an appropriate management of their infrastructures.
Some of them are KANEW [3], AQUA-WertMin [4], UtilNets [5], PRISM
[6], PARMS-PLANNING [7], CARE-W [8], CARE-S [9],
PARMS-PRIORITY [10], HYDROPLAN [11] and AWARE-P [12].

In addition, water companies are often of a public nature and have
therefore to define their investment strategies abiding by factors that are
not exclusively technical or economic, such as the convenience of
simultaneously replacing two adjacent pipes, even if one of them has a
lower priority of replacement because of operational reasons, or the
establishment of predefined budget allocations according to other
criteria. Nonetheless, while these criteria provide with practicality to the
methodology and align the solution with the actual replacement stra-
tegies implemented by the utilities, they have not generally been taken
into account, not even by the above-mentioned methodologies, as our
literature review has shown. Furthermore, they often rely on evaluating
predefined intervention alternatives or establishing the replacement of
individual pipes, without generating actual work plans composed of
practical interventions affecting several pipes at the same time.

This work addresses a comprehensive framework to produce effec-
tive infrastructure asset management methodologies. The ultimate
intention of this methodology is to properly schedule replacement ac-
tivities in both water supply and sewer networks and efficiently plan
investment needs to guarantee their long-term sustainability. To align
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these results with the actual water utilities replacement strategies,
operational and convenience criteria, which have not been addressed so
far, will be included to provide the methodology with an innovative and
practical approach.

For this purpose, the following section reviews the different water
infrastructure replacement strategies and how they can result in effec-
tive long-term investment planning. In Section 3, the developed
framework is the described. Then, to illustrate the procedure, an
application to a case study company in Spain is presented in Section 4.
Following this, Section 5 includes an in-depth discussion about the
repercussion of including the operational and convenience factors in the
methodology and their impact on the investment planning solution.
Finally, conclusions are drawn in Section 6.

2. Literature review

In the literature there exist a great variety of works addressing the
water infrastructure replacement needs and providing effective long-
term investment planning. They can be classified into two main cate-
gories. The first one is based on a life-cycle cost analysis and consists of
finding the moment in the asset’s economic life where the expected
future replacement and repair costs are balanced against one another.
The second category relies on two sequential processes: 1) the estab-
lishment of a replacement priority for every network asset and 2) the
definition and follow-up of key performance indicators (KPIs) to deter-
mine the future desired condition of the infrastructure and define spe-
cific action plans and long-term investment needs.

Within the first category, Engelhardt [13] completed a comprehen-
sive review of the most relevant works up to the year 2000, with more
recent approaches proposed by Kleiner et al. [14,15], Park and Loga-
nathan [16], Mailhot et al. [17] or Hong et al. [18]. These earlier works
seek the lowest life-cycle cost but “deal primarily with analytical solu-
tions to single-pipe problems” [19]. More recent works take a more
global network-scale perspective, like Dandy and Engelhardt [20] or
Giustolisi et al. [21], who use different genetic algorithms to produce the
economically near-optimal schedule for the replacement of the water
supply pipes. Some later works also incorporate reliability [22,23],
hydraulic [24,25] and performance [26] aspects. More recently, cu-
mulative damage criteria have also been addressed [27]. Finally, other
approaches consider cost reductions if multiple networks elements are
replaced simultaneously, including quantity discounts [28-30],
grouping optimization models [31] or adjacency criteria [32,33]. The
main drawback with these grouping approaches lies in the fact that they
require a vast processing capacity and computation time, and can
therefore only be applied to small-size or sample networks.

This issue is overcome in the second category, that relies on the
establishment of a replacement priority (index or score) for each
element of the network. While this figure can be an estimation of a pipe’s
condition or failure’s likelihood [34-38], most of the reviewed works
combine both the probability and consequences of failure to compute a
risk index. For this purpose, multi-criteria decision methods are
commonly used.

Within this group of multi-criteria techniques, the most straightfor-
ward methodology is the risk matrix [39-44]. This is a double
entry-matrix that integrates and scales both the probability and conse-
quence of failures into categories. Then, a given pipe’s risk of failure, i.
e., replacement priority, depends on the matrix cell it is allocated to.
Even though the risk matrix is a simple and powerful technique, it is not
very practical for real-scale networks. When a large number of pipes
have to be considered and assigned a risk index, too many elements are
allocated to the same matrix cell and their replacement priority cannot
be distinguished.

The second multi-criteria decision technique is the weighted sum
model (WSM), that assigns to every pipe a risk score (calculated as the
sum of scores for each factor weighted by its relative importance), which
is equivalent to a priority index for its replacement. Examples of this
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approach can be found in [45-49]. The WSM is a very flexible technique
that can also be used to compute intermediate risk calculations such as
structural, environmental and hydraulic indices [50] or vulnerability
and hazard ratings [51]. Lastly, this technique has also been used to
prioritize not only pipe objects, but entire street sections including the
coexisting road, sewer, and water assets [52,53] and sets of connected
elements [54].

Given that the risk matrix and the WSM are both simple and efficient
techniques, they have been widely used in the literature. Nonetheless,
there exist other techniques to rank pipe objects for replacement such as
the outranking methods ELECTRE [55,56] and PROMETHEE [57]. Also,
to handle with the uncertainties related to the risk of failure, machine
learning techniques [58], fuzzy-based methods [59-63] or Bayesian
Belief Network models [64] have also been applied.

Once the replacement priority among all the network assets is
known, it is necessary to define replacement strategies and plan short-,
mid-, and long-term maintenance tasks. In this step, it is essential to
select indicators (KPIs) that evaluate the performance of the infra-
structure and to assign them long-term target values that will determine
the required level of investment and define specific action plans.
Different indicators have been proposed in the literature, related to
natural resources (water supply) and environmental (wastewater),
operational, personnel, physical, quality of service and financial aspects
[65-69]. Widely used indicators are the Infrastructure Value Index (IVI),
which is the ratio between the current value of an infrastructure and its
replacement cost [70], and the Infrastructure Degradation Index (IDI)
and the Infrastructure Histogram (IH), that complement the IVI and
were developed by [71]. In recent years, vulnerability [72], resilience
[73], sustainability [74,75] and leakage [76] performance indexes have
also been proposed.

Within this second category, an efficient long-term investment
planning is usually carried out through consolidated methodologies,
often using the AWARE-P software [39,77-79]. These works, while
interesting since they integrate numerous and diverse metrics, do not
address the replacement of network pipes, but evaluate intervention
solutions such as the extension of the network [77] or the construction of
a new pumping station [78].

In contrast, Ferreira and Carrigo [80] target the replacement of water
and sewer network pipes according to a set of tactical objectives like
achieving an adequate IVI value or reducing the energy consumption
and water losses. The alternatives correspond to different investment
strategy scenarios, so this approach cannot guarantee obtaining the best
solution, given that it may not be among the set of predefined discrete
investment alternatives. Other works define the required investments
for the infrastructure to meet certain strategic objectives. For example,
Large et al. [81] seek to guarantee that all pipes are in service at the end
of the planning horizon. Given the strong impact of the discount rate in
the long-term, three different scenarios for this parameter are evaluated.
Similarly, Urrea-Mallebrera et al. [82] estimate the future investment
needs to guarantee the sustainability of water infrastructures according
to the IVI and the ASI, based this latter one on past maintenance ac-
tivities. Brito et al. [83] use the IVI, the rehabilitation rate and the ratio
of assets in service, while Cabral et al. [84,85] rely exclusively on the
IVI.

After this comprehensive review and critical analysis of the existing
literature, several gaps have been detected. To address them, we present
a practical five-step IAM framework whose main contributions are the
following:

M Regarding the existing replacement strategies, a widely used
approach in the literature proposes a set of discrete alternatives, from
which the most suitable one is chosen [39,77-80]. This perspective is
not easily applicable to any other utility though. Thus, our work
proposes a more versatile and practical methodology that consists in
determining the required investments to meet certain strategic ob-
jectives established by the company. In this sense, we rely on the
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second category identified in the literature, i.e., the establishment of
areplacement priority (index or score) for every network asset, using
a WSM technique.

B Additionally, while most of the reviewed works define maintenance
strategies on the basis of individual pipelines, these elements do not
abide by the street’s layout or other urban elements. In our work, we
consider street sections between intersections to be the operational
replacement unit. This perspective can help minimize the impact on
society attached to every intervention.

M Furthermore, when producing the long-term investment planning,
most of the works reviewed in the literature [80,81,83,84], as well as
the most widely used IAM methodologies and commercial software,
such as KANEW, CARE-W or AWARE-P, disregard the criteria related
to the adjacency between elements and the convenience of their
replacement at the same time. Instead, they estimate and plan the
investment needs on the basis of individual pipes. However, this
approach is not aligned with the actual water utilities replacement
policies, since water utilities perform replacement activities on
coherent aggregations of neighboring pipes. Similarly, restrictions
on budget allocations by social and geographic criteria have not been
previously addressed. Yet, these distribution criteria are essential to
guarantee a fair distribution of the investment amount between
districts and towns. Therefore, these criteria will be included in our
methodology, not only because of their relevance to produce real and
practical intervention strategies, but because their non-consideration
may be deceptive, as it may result in insufficient estimations of in-
vestment needs and irreversible future infrastructure conditions.

Il Some recent works propose varied and practical intervention stra-
tegies but, while thorough and well-founded, bring to light the strong
dependence of the existing works on the IVI. However, this indicator,
though simple and powerful, is not entirely reliable. This is due to its
strong dependence on the estimation of the asset’s service life, with a
high degree of uncertainty. This is especially true for extensive
planning horizons because new materials, whose long-term behavior
is not known (since there exist no data on previous usage experience)
are installed. Therefore, service life for these new assets can only be
approximately estimated., to guarantee an overall and accurate
estimation of the infrastructure condition. In our work, we use a
combination of the following four indicators: the IVI, the average
probability of failure, the average risk index and the average network
age. These KPIs have been selected because, while their calculation
and interpretation are straightforward and unambiguous, they can
provide complete and diverse information on the network’s
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performance. Additionally, the average network risk index is origi-
nally introduced in this paper as a novel metric that integrates all
relevant factors in the decision-making process.

M Finally, to compute the necessary investment amount as efficiently as
possible, we employ the mathematical bisection technique, which
can help to reduce considerable computation time and effort.

Table 1. shows a comparison of our proposed methodology with the
main IAM-related works identified in the literature. Then, the following
section describes our proposed framework in detail.

3. Proposed IAM framework

This section describes in-depth the IAM methodology developed to
aid in decision making and efficiently plan the investment needs in
water supply and sewer infrastructure. It corresponds to the second
category identified in the literature: the establishment of a replacement
priority for every network asset and the subsequent definition and
monitoring of KPIs. This framework consists of five steps, as shown in
Fig. 1.

It should be noted that the methodology we are proposing here has a
general nature and could be applied to any water company. However,
companies choosing to apply it could also choose to change some of its
features. For instance, a certain company could decide to implement this
methodology but use a different technique to determine renovation
priorities, or to allocate budget, or a different set of KPIs.

Step 1. Establishment of the replacement priority for every network
intervention unit.

The first step of this methodology is to determine the priority of
replacement for every network pipe. It is necessary to calibrate the
balance between a pipe’s condition and criticality. This helps to answer
questions such as whether it is more urgent to replace a pipe that has
high probability of failure or another with a lower probability but sup-
plies a relevant customer, like a hospital. To do this, multi-criteria
techniques such as the analytical hierarchical process (AHP), out-
ranking methods or weighted sum models allow to weigh the relative
importance of each factor.

Even though any of these techniques could work well here, we have
chosen the risk index developed by Munuzuri et al. [49] to prioritize pipe
objects for replacement. This index, calculated through a weighted sum
model, integrates five different criteria. Two of them represent the pipe
condition: probability of failure and supply pipe leakage flow, whereas
the remaining three are related to the consequences of pipe failure:

Table 1
Comparison of IAM-based research works.
Reference Replacement Indicators
priority

Adjacency,
convenience criteria

Planning scope Methodology

[39] Marques et al. (2012) Risk matrix Performance, risk and cost metrics
[46] Zayed and Mohamed
(2013)

[77] Carrigo et al. (2013)

WSM Breakage rate, pipe condition

ELECTRE III Performance, risk and cost metrics

[78] Cardoso et al. (2016) Risk matrix Performance, risk and cost metrics

[80] Ferreira and Carrico N.A. Performance, risk and cost metrics
(2019)
[82] Urrea-Mallebrera VI, ASI IVI, ASI
et al. (2019)
[84] Cabral et al. (2019) Percentage of VI
residual life
[83] Brito et al. (2020) N.A. IVI, annual rehab rate, assets within
expected service life
[85] Vieira et al. (2020) N.A. VI
This research WSM VI, risk, probability of failure, age

No Small network, 5 AWARE-P. Selection among
years predefined alternatives

No Small network, 3 Selection among predefined
years alternatives

No Specific installation AWARE - Selection among

predefined alternatives

No Small network, 20 AWARE-P. Selection among
years predefined alternatives

No Small network, 15 AWARE-P. Selection among
years predefined alternatives

No Small network, 20 Aggregate network analysis
years

No Small network, 35 Selection among predefined
years alternatives

No Large network, upto ~ AWARE-P. Selection among
70 years predefined alternatives

No Small network, 20 Selection among predefined
years alternatives

Yes Large network, 20 Building of best solution
years




C. Ramos-Salgado et al.

Reliability Engineering and System Safety 219 (2022) 108248

1) Network assessment: establishment of the replacement priority ’_J

2) Incorporation of operational and socio-political criteria

3) Setting of KPIs and short and long-term objectives

4) Definition of the investment needs and concrete action plans '_J
7

5) Monitoring and review (rolling horizon)

Fig. 1. Framework to produce an infrastructure asset management methodology.

demand for supply pipes, maximum evacuation flow for sewer pipes and
pipe relevance (being relevant those pipes that supply potentially
exposed to water related risks users or are critically located). Moreover,
this index is particularly useful and versatile since it computes a
replacement priority for all pipes, regardless of the network type they
belong to, e.g., arterial, collector or secondary network. Thus, this model
allows to directly compare the priority of replacement indistinctly
among all the pipes of a given network infrastructure.

Furthermore, another issue should be taken into account. Most of the
previous works rely on individual water and sewer pipes to addresses
maintenance strategies. However, since pipelines might not be in
consonance with the street’s layout, this hydraulic element constitutes a
theoretical or ideal concept, rather than practical. Instead, the definition
of a workable intervention unit abiding by urban elements is helpful to
establish realistic maintenance strategies, minimize the impact on traffic
and pedestrians and boost the possible coordination of their replacement
with other infrastructures maintenance projects. To contribute to this
respect, this methodology proposes street sections between the two
nearest intersections to be the functional, i.e., smallest replacement unit.
Thus, if a certain section, hereinafter “street section”, is to be intervened,
then all the infrastructure elements within that section, i.e., geograph-
ically coincident, will be affected. Following our methodology, the risk
index value for each street section is computed as follows [86]:

M The probability of failure for a street section is calculated as the
weighted average of every inner pipe’s probability of failure. The
weights correspond to the length of the pipe that falls inside the
street section, as pipes may belong to more than one.

M The leakage flow, demand and maximum evacuation flow for each
street section are equal to the maximum existing value for each factor
of all the existing pipes in the street section.

B A street section is considered relevant when it contains a relevant
supply or sanitation pipe.

Finally, once all the five attributes have been characterized, the risk
index can be computed for the whole street section.

Step 2. Incorporation of operational and convenience criteria.

Once every infrastructure unit is ranked for replacement, operational
and convenience factors are introduced in the methodology. Regarding
the first criterion, adjacency and grouping considerations should be
integrated. Sometimes, it may be convenient to simultaneously replace
two adjacent pipes (or street sections), even if one of them has a lower
priority of replacement, than two others that are far apart from one
another. In this process, given the numerous combination and aggre-
gation possibilities, optimization techniques are necessary.

Again, other work-planning procedures could be applied here, but
we have chosen the methodology proposed by Ramos-Salgado et al.
[86], that groups neighboring pipes to form coherent and practical
works. This approach integrates a diverse set of parameters that pro-
vides the methodology with high operational configurability. Besides,
the best parameters configuration is obtained through an optimization
process that adapts the resulting work configurations to the water

company’s strategic policy, know-how and experience, making it suit-
able to any water utility.

Additionally, the model integrates multiplicity of technical,
geographical and economic factors, and also ensures that all the sections
within the same work program have a similar replacement priority.
Therefore, the previously defined risk index, or any other replacement
priority indicator used, plays a fundamental role in this step as well. It
has to be noted that, while this methodology is versatile and easily
applicable, a calibration process to adapt the model to a given water
utility is required.

Other aspects integrated are related to social and convenience
criteria. Water companies are usually public organizations and cannot
plan their investment needs relying exclusively on technical or economic
factors. Generally, predefined budget distribution restrictions are
considered. In this sense, the proposed methodology allows to previ-
ously set the available budget distribution according to 1) the network
type, e.g., main and secondary networks or supply and sanitation net-
works, and 2) zones or municipalities of the city. This second criterion is
particularly relevant for water utilities (given their generally public
nature) since the total investment amount has to be equitably distrib-
uted among the different districts of the city. For this purpose, the
methodology allows to distribute the available budget proportionally
according to the districts’ population or existing network length. This
also avoids the excessive concentration of renovation works in those
districts where the network is older, which would represent a burden for
the residents.

It has to be noted that the incorporation of these criteria, especially
the convenience ones, impose restrictions on the problem that move the
solution away from the exclusively technical investment one, i.e., the
most efficient from the risk reduction point of view. However, these
factors provide the problem with both realism and practicality, and
should not be overlooked, since their non-consideration may lead to
underestimated investment needs and long-term infrastructure sustain-
ability problems. This issue will be further discussed in Section 5.

Step 3. Definition of KPIs and target values.

The third step consists of defining indicators and metrics to assess the
infrastructure covering three fundamental areas: network condition,
quality provided and economic performance. For every KPI and a given
time horizon, target values are set. These objectives, that should be
specific, measurable, achievable and realistic, are a quantitative reflec-
tion of the company’s strategy and policy towards their customers and
society in general.

The difference between the initial and desired final values of these
KPIs will determine the investment effort required. In this sense, the
following four indicators are proposed in this framework:

M The infrastructure value index (IVI), developed by Alegre et al., is the
most frequently used indicator in the scientific literature at the Eu-
ropean level [70].

B The average probability of failure (PF) is the most reliable indicator
to evaluate the network condition.
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M The average risk index (RI) is presented in this work as a novel metric
that encompasses all relevant factors in the decision-making process.
M The average network age (Age), for its objectivity.

All of them provide an overall assessment of the network, being the
last three of them computed as the length-weighted average of every
street section’s value. For example, the global network Rl is calculated as
the risk index of all street sections weighted by their length (see Eq (1)).

— ZV street xecrionsrlSk index X length

RI
ZV street .sectianslength

(€Y

In addition, these KPIs, whose calculation and interpretation are
straightforward and unambiguous, offer diverse and comprehensive
information on the network’s condition and performance.

The final intention of the developed methodology is to determine the
most efficient and practical investment strategy that guarantees the
long-term sustainability of the infrastructure. For this purpose, and for a
given planning horizon, the following strategies for each indicator are
proposed:

M According to Alegre et al., an appropriate IVI value is between
0.45-0.55 [1]. Therefore, for this indicator, a target value of 0.45 or
higher should be ensured at the end of the horizon.

B Regarding the current and desired network condition, in terms of the
current failure rate and incurred repair costs, the company can
decide either to maintain or reduce the PF metric.

M The same applies for the RI. If the current infrastructure condition is
sustainable in the long-term, this indicator should at least be main-
tained for the analysis horizon.

M For the last indicator (Age), and depending on the initial infra-
structure condition, we propose the long-term maintenance of the
relative average age of the network, i.e., the ratio between the net-
work’s average age and estimated service life. For this, the future
service life, including the influence of the new materials installed,
has to be estimated.

Furthermore, it might be of interest to discuss the effect of a
replacement task on the behavior of the KPIs. First, when a pipe with a
certain age is replaced by a new one, i.e., whose age is zero, the average
network age is reduced. The same applies in economic terms for the IVI:
the residual and replacement value of the new pipe coincide, which has
a positive influence on this indicator. Also, the new pipe generally has a
lower failure probability than the replaced one, which reduces the
overall network likelihood of failure. This, together with the elimination
of the leakage flow associated to the pipe replaced, leads to a reduction
of the global risk index. Hence, a higher investment in replacement tasks
results in an increase in IVI and reductions in PF, RI and Age.

Step 4. Determination of the investment needs and the concrete ac-
tion plan.

Once the system’s performance is known and the targets have been
established, the fourth step requires the development of a long-term
investment plan to achieve the set objectives.

It has to be noted that, since four different metrics are used and
distinct sustainability targets have been assigned to each KPI separately,
meeting each target individually might result in different required in-
vestment efforts. Thus, even though all four indicators are somehow
linked to each other, there will always be one that is more restrictive.
The final investment required will therefore be given by the minimum
amount that satisfies all 4 objectives simultaneously.

In addition, since the economic resource is always limited, the in-
vestment strategy must be as efficient as possible. Hence, the minimum
investment amount that simultaneously satisfies all the sustainability
objectives defined in the previous step (section 0) has to be determined.
For this purpose, the mathematical bisection method will be used. This is
an iterative root-finding algorithm that consists in dividing a solutions
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interval in half and selecting the subinterval containing the sought so-
lution. This algorithm is therefore also called as "the interval halving
method". To adapt this method to the currently addressed problem:

a) Two lower and upper investment threshold values (A and B,
respectively) are defined, so that A is an insufficient investment level
to achieve the KPIs targets, while B ensures that these are met. This
way, the sought investment amount is guaranteed to be contained
within the interval [A, B].

The interval [A, B] is then divided in half, where C = (A + B)/2. The
problem will be reduced to one of the two resulting subintervals. If
the investment level corresponding to C is still insufficient to meet
the KPIs objectives, then C will become the new investment lower
bound, i.e., A = C. Instead, if C satisfies all objectives, it will become
the new upper limit: B = C.

b

(=

This algorithm iterates until the difference between B and A is
smaller than a certain predefined accuracy level, e. The followed steps to
adapt the bisection method to the problem in this work are described in
Flowchart 1. On the chart, parameters A, B, C and ¢ correspond to in-
vestment amounts.

Another less sophisticated possible approach would have been to
determine the investment amount using an increasing linear search al-
gorithm, i.e., starting from an insufficient investment quantity and
increasing in steps (given by the accuracy level) until the KPI objectives
are first met. Nonetheless, this approach is not applicable to our meth-
odology, since the work programs algorithm, introduced in the second
step (section 0), has to be executed in every iteration. This simulation,
along with the complete analysis for a long-term time horizon, requires a
significant computational effort. Therefore, the bisection method, while
more sophisticated, saves a considerable number of unnecessary itera-
tions and significant computational time.

Additionally, in this step, the concrete action plan, i.e., the street
sections to be intervened and its execution date, has to be determined.
For this purpose, the use of visualization tools like a geographic infor-
mation system (GIS) is of great use.

Moreover, it is also convenient to perform sensitivity analyses on the
parameters with higher uncertainty. This consists of simulating different
future scenarios for influential variables like possible demand levels
[77], discount rates [81] or the average assets’ service life [84] to
determine the robustness of the proposed solutions against possible
inaccuracies of the input data. This is especially relevant when consid-
erable long-term time horizons are considered.

Step 5. Monitoring and review of the investment strategy.

Finally, the last step of the framework is to carry out an appropriate
control and monitoring of the infrastructure condition and performance
through the KPIs. The consequences of investing less in maintenance
tasks than necessary could result in:

M An increase of network failures, resulting in supply interruptions or
collapses and the consequent social impact.

M An increase in the associated repair costs.

B An increasing cost of returning the system to a state of sustainability.

These consequences may be unnoticeable in the short term but can
lead to irreversible situations in the long term. It is therefore essential to
combine short- and mid-term decisions (1-5 years) with the thorough
monitoring of the long-term evolution of the system (20- or 25-year
indicators evolution trends).

In this sense, even though this methodology provides a long-term
planning, it must be employed by the water company on an annual
basis: year by year. In other words, if a company determines at the end of
2021 the investment strategy that ensures the sustainability of its
infrastructure for 20 years (2022-2041), the company should imple-
ment the investment plan and carry out the replacement tasks corre-
sponding only to the first year of analysis, this is 2022. Afterward, at the
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end of 2022, the company will have to perform again the same analysis
for the subsequent 20 years, i.e., 2023-2042, and implement in 2023 the
investment plan just for the first year of this second simulation. This is to
say, the company should employ the methodology annually, and always
undertake the investment plan corresponding to the first year of anal-
ysis. This procedure is known as rolling horizon and allows to keep the
network state up-to-date, correct deviations or redefine strategic
objectives.

This rolling horizon approach also allows for incorporating modifi-
cations in the structure of the network. The analysis is performed in the
base year with a static picture of the network, but the network may
change due to extensions of the urban limits, modification of pipe di-
ameters, etc. This dynamic nature of the network cannot be taken into
account with a 20-year planning horizon, but it can easily be addressed
with a rolling horizon approach. It is nevertheless important to
remember that this methodology is designed for the renovation of
downgrading pipes (due to aging and deterioration), so new network
extensions or modifications are not likely to be included in work plans
for several decades.

4. Application to a case study

This section illustrates the application of the proposed framework to
EMASESA, the public water company of Seville (Spain), that provides
service to more than 1 million inhabitants. The company services the
city of Seville and 11 other municipalities in its metropolitan area. The
infrastructure is made up of three different sub-network types: (1) water
distribution mains, (2) collectors and (3) secondary water supply and
sewer networks. Altogether, the entire network is over 7000 km long
with more than 230,000 pipes and has a total replacement cost of 3200
ME.

The purpose of this study is to obtain the level of investments that
guarantee the long-term sustainability of EMASESA’s supply and sani-
tation networks. This investment strategy must be as efficient as
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possible, so that it satisfies all the defined objectives and restrictions at
the lowest possible cost. From this study, the investment required for
other assets such as facilities, dams or irrigation and water fire networks
has been excluded.

Step 1. Establishment of the replacement priority for every network
intervention unit.

As shown in Fig. 1, the first step of the methodology is to determine
the replacement priority for every network asset. For this purpose, the
model developed by Munuzuri et al. [49] has been employed, with
weights determined from a discrete choice questionnaire responded by
the company’s technical staff. Their risk index formulation can be
indistinctly applied to all network types, establishing a comparable
replacement priority for every pipe constituting the whole system.

As previously discussed in subsection 0, we consider street sections
between the two nearest intersections as the operational replacement
unit. Even though Munuzuri et al. developed a model to calculate a risk
index for individual pipe objects, we have applied its formulation
directly on these urban elements. This way, all street sections of the
network are assigned a risk index and can therefore be ranked for
intervention. The result of this characterization for the EMASESA
network can be seen in Fig. 2, where the darkest color represents a
higher replacement priority.

Step 2. Incorporation of operational and convenience criteria.

Next, operational and convenience considerations are incorporated
into the methodology. Firstly, criteria for network assets adjacency and
convenience of simultaneous replacement, i.e., within the same inter-
vention program, are included. To do this, we have put into practice the
methodology developed by Ramos-Salgado et al. [86]. It consists of a
two-stage algorithm. The first phase produces initial work programs
spreading along one only street, while the second one targets street
sections according to their replacement needs. i.e., their risk index,
regardless of the streets they belong to.

Besides, the algorithm includes a set of five parameters that controls
the resulting work programs configurations. This is if they are larger or

Fig. 2. EMASESA network characterization according to the risk index.
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smaller, linear or branched, etc. The parameters’ calibration, in which
the risk indicator used plays an essential role, consists of computing the
values of these parameters that best adapt the model to the company
under study. In this work, to simulate the works configuration, the
calibration solution obtained in [86] will be used.

Furthermore, criteria for the distribution of the available budget
according to the type of network are introduced. As previously
mentioned, the EMASESA network consists of 3 network types: (1) main
water supply, (2) collectors and (3) secondary supply and sewer net-
works. According to the company, the distribution of the available
annual budget is broken down into 10%, 20% and 70%, respectively.
Likewise, the total investment amount has to be equitably distributed
geographically. The network is divided in 12 sectors, and the allocation
of the renovation budget is proportional to the population of each sector.

Step 3. Definition of KPIs and target values.

In the third step, a set of indicators and metrics to assess the infra-
structure are established. As described in 0, the IVI, the average prob-
ability of failure (PF), the average risk index (RI) and the average
network age (Age) will be utilized. The four indicators were proposed to
the EMASESA technical staff and accepted by them. They could be
calculated with the data already available at the company, and formed a
combination that covered all their needs: the IVI is the most widespread
indicator, and the only one used previously to evaluate their network;
the average risk index (RI) was viewed as a good metric for decision-
making; the average probability of failure (PF) is the main component
of the RI and is therefore somewhat redundant with it, but is a good
complement for it in case the RI correlation (estimated with a discrete
choice questionnaire) is not entirely sound; and the average network age
is an objective metric, unlike the three previous ones, that need to be
estimated after a series of assumptions.

The current values of these KPIs for the EMASESA’s overall system, i.
e., considering the three network types as a whole, are shown in Table 2.

The final goal of this case study is to prove the utility of the devel-
oped methodology. In this sense, sustainability criteria for each KPI have
to be first defined. Also, a planning horizon of 20 years (2022-2041) is
considered. The proposed objectives for each indicator are:

M Following the indications provided by Alegre et al.,, a minimum
target value of 0.45 is set for the IVI at the end of the time horizon.

B Regarding the PF, since the current failures rate and incurred repair
costs are acceptable by the company, the same value of PF (1.35%)
should be ensured by 2041.

M In contrast, the overall RI is to be cut down by 5%, which translates
into reducing this KPI to, at least, 2.07.

B Regarding the last indicator, the strategy is aimed at maintaining the
relative average age of the network. Considering the current average
pipes’ service life and its expected evolution as a function of the new
materials installed this objective corresponds with guaranteeing a
maximum Age value by 2041 of 33.50 years.

These target values are summarized in Table 3.

Step 4. Determination of the investment needs and the concrete ac-
tion plan.

Once the target values have been set, the estimation of the annual
investment needed to meet the target indicators at the end of the plan-
ning horizon is addressed. In addition, this calculation must be as
economically efficient as possible, that corresponds to minimum in-
vestment amount that ensures that all sustainability goals are met.

To do this, the bisection method is now applied. As described in
subsection 0, the procedure consists in dividing the solution interval, i.

Table 2

Current state of EMASESA’s network (year 2021).
VI (-) PF (%) RI() Age (years)
0.46 1.35% 2.18 27.39
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Table 3

Desired state of EMASESA’s network at the end of the time horizon (year 2041).
VI (-) PF (%) RI(-) Age (years)
0.45 1.35% 2.07 33.50

e., the investment amount domain, into smaller intervals in an iterative
process. Fig. 3 shows the evolution of the lower and upper investment
threshold values, A and B, respectively. For an accuracy level, i.e., dif-
ference between B and A, of e=10 k€, an estimated investment
requirement of 46.38 M€ is derived. Eleven iterations of the method
were required.

The investment simulation obtained can be seen in Fig. 4. The col-
umns indicate the annual budget allocation, while the dark green dashed
line corresponds to the annual average investment of 46.38 M€. We have
neglected inflation and worked with real monetary values, assuming
that all costs and budgets will vary equally with inflation over the
planning horizon [87].

Nonetheless, it is worth noting the difference between the two
amounts shown in the graph. Even though the resulting annual invest-
ment is indeed 46.38 ME, it can be seen that the columns show slight
deviations with respect to this average target value. This is because the
columns in Fig. 4 represent the annual budget allocation, but not what
actually is invested each year. When performing an intervention work,
its estimated overall cost will be entirely allocated to the first year of its
execution, even though it may take over a year to complete. However, in
practice, the whole intervention amount is proportionally spent during
each year of its execution. Thus, the amount that is effectively invested
each year in replacement tasks is invariant and equal to 46.38 M€ (dark
green dashed line in Fig. 4).

This also explains the decrease of the annual budget allocation in the
last years of the planning horizon. During the last years of the time
horizon, a significant part of the available budget will be employed to
complete the works that already started in previous years, while only the
remaining available budget of these years will be spent to start new
interventions programs.

Additionally, the yellow line in the figure represents the evolution of
the RI, that turned out to be the most restrictive indicator. It decreased
from the original value in 2021 (2.18) to the target for 2041 (2.07). The
fact that the RI has been the most restrictive KPI, means that the rest of
targets are reached more easily, i.e., with greater margin. The annual
evolution of the remaining KPIs can be seen in Fig. 5, while Table 4
presents estimated final value of the four metrics in 2041.

It should be noted that the methodology ensures that all the sus-
tainability objectives are accomplished by the end of the planning ho-
rizon: in this case, 2041. However, it may occur that not all the KPI meet
their target values over the entire planning horizon. For example, in
Fig. 5(a), it can be seen that the IVI, while has a value of 0.46 both at the
beginning and end of the time horizon, is lower than 0.45 between 2030
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Fig. 3. Application of the bisection method to obtain the annual invest-
ment needs.



C. Ramos-Salgado et al.

Reliability Engineering and System Safety 219 (2022) 108248

49 2,22
18 80 2,20
* ]
475 146,38 M€
473 i 47,4 47, —Er—=- .
= B 47,0 = :
4 46,5 46,5 [ ] 46,5
$ A e e e —
< i ] 45,9 50
— [ 45,6 —_
£ 45,5 > SR
5 = 45,1 45,1
£ M T 2,12
= ® 44,6
=
=
< 2,10
44
2,08
43
2,06
4 2,04
)\ v Yo) D \p) © A N O Q N Vv > ™ o) o A A A Q N
VYYD ¥ $ > ¢ ¢ 5 > > > » x
RN NG NP N I S I R PR R R S e
1 Annual budget allocation (M€) e Actual annual budget invested (M€) RI
Fig. 4. Scenario 1. Annual investment simulation and evolution of the RI over the time horizon (2021-2041).
0,470 1,40 34
0,465 1,37 33
0,460 L 32
0,455 1,31 31
0,450 1,28 30
0,445 1,25 29
0,440 1,22 28
0,435 1,19 27
D> DD DD DO DD D DD DD D DO DD N o P DD DD DD
N NIRRT S SN U M RN NGNS SN NI SO RN

(a)

==V (-) = = =Target (b) PF (%)

= — —Target Age (years) = = =Target

Fig. 5. Evolution of the (a) IVI, (b) PF and (c) Age over the planning horizon.

Table 4
Scenario 1. Annual investment needed and expected condition of the network at
the end of the planning horizon (2041).

Annual investment (M€) VI (-) PF (%) RI(-) Age (years)

46.38 0.46 1.22% 2.07 29.22

and 2033. This may be due to the accumulation in those years of the
replacement of pipes whose unit cost per length is higher than compared
to other time period. Thus, even though the investment allocated is
invariant, less network length is replaced during that period of time,
contributing less efficiently to the IVI.

If the company wished to avoid this situation and guarantee an IVI
over 0.45 during the whole planning horizon, it would be necessary to
simulate another more short-term planning, for example for the next 12
years, and ensure that the IVI target is met by 2033. This new objective
and scenario would naturally require a higher investment effort. An
annual investment of 47.11 M€, which is an increase of 0.72 M€ each
year with respect to the original scenario, would be necessary.

Back to the original results (Table 4), it can be seen that, while the PF
and Age amply comply with their objectives, the IVI reaches a value of
0.46 at the end of the planning horizon, i.e., slightly over the target
value. Moreover, this indicator is highly dependent on the pipes service
life, a parameter with significant uncertainty. This is especially true for
long-term planning horizons because new materials, whose service life
can only be estimated (since there exist no data on previous usage

experience), are installed. It would therefore be convenient to perform a
sensitivity analysis on the estimated pipes service life and simulate
possible future behavior scenarios for this parameter.

In this sense, the same analysis will now be proposed for a second
scenario in which the service life of the pipes, both those already existing
and those that will be installed over the study horizon, are, on average,
5% less than those initially estimated. The IVI, that directly relies on this
parameter, is negatively affected by this modification, reducing its
initial value in 2021 from 0.46 to 0.41.

Again, the investment needs that meet the long-term sustainability
objectives are estimated through the bisection method and a long-term
simulation is carried out. The target values for each KPI are maintained,
being the same that in scenario 1 (see Table 3).

Fig. 6 shows the results for this second scenario. In this case, an
average investment of 51.36 M€ would be required each year (orange
dashed line), which is nearly 5 M€ more than in the first scenario.
Moreover, on this occasion, the limiting KPI is no longer the RI, but the
IVL. This result was to be expected, since the modification of the esti-
mated service life directly affects the IVI, while it is invariant for IR, PF
and Age. The gray line in the figure displays its evolution from its
original value to the target of 0.45 in 2041.

Again, the annual investment needed and the estimated KPI values in
2041 for this second scenario are summarized in Table 5.

This is naturally a worse economic scenario, but which is worth
considering and being alert in case, as time progresses and more precise
information becomes available, that the performance of new materials
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Table 5

Scenario 2. Annual investment needed and expected condition of the network at
the end of the planning horizon (2041).

Annual investment (M€) IVI (-) PF (%) RI(9) Age (years)

51.36 0.45 1.21% 2.06 27.63

actually turns out to be worse than originally estimated.

As indicated in Section 3, together with the investment planning, the
concrete action plan should be clearly specified. This is to indicate which
street sections will be replaced within each intervention work and when
they are scheduled to be performed.

Over the 20-year horizon, and for the first of the two scenarios
proposed, a total of 1227 intervention works are to be carried out
throughout the city (12 municipalities). Fig. 7 displays an example of
this action plan for the first four years of the planning horizon
(2022-2025). In the figure, that focuses on the boroughs of Triana and
Los Remedios (Seville), each color differentiates an individual work
program from another. The free and open-source software QGIS has
been used for its visualization.

Step 5. Monitoring and review of the investment strategy.

Finally, this investment strategy must be supported by a rolling ho-
rizon procedure. The methodology should thus be executed and the
investment strategy should be updated annually, year by year. This is to
say, even though EMASESA can produce and define an investment
strategy for the next 20 years (2022-2041), they should implement the
first year of the investment planning and carry out the intervention
works corresponding only to 2022. The same analysis should be per-
formed at the end of 2022, when the company will have to produce the
same simulation for the subsequent 20 years (2023-2042) and imple-
ment the investment plan just for the first year of this second simulation,
i.e., 2023. This procedure can help avoid insufficient or inappropriate
maintenance of the network and prevent possible future irreversible
situations. Therefore, it is crucial to collect data annually, analyze its
evolution and modify the investment strategy if necessary.

5. Discussion and implications

This work has presented a methodology to efficiently develop and
implement investment strategies for supply and sewer networks. In
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Fig. 7. Example of the resulting action plan (2022-2025). Scenario 1.

addition, the proposed framework integrates an innovative feature that
had not been previously addressed. This is the incorporation of specific
operational and convenience criteria that have not been generally
considered in the decision-making process.

The first type of criteria includes adjacency and group replacement
considerations. It proposes that pipe objects should not be replaced
individually, but within the framework of a unified and more elaborated
replacement work program. Its integration into the methodology will
result in network elements with a lower risk index being replaced first,
instead of others with a higher replacement priority. This is because the
grouping process has included them in work programs to be carried out
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earlier in time.

Something similar occurs with the criterion of distribution of the
available budget by type of network and sector. These types of re-
strictions inevitably lead to the replacement of assets that, according to
exclusively technical criteria, are not yet necessary and could indeed be
further delayed.

The inclusion of these factors goes against the theoretical or purely
technical approach, that proposes the replacement of pipes according
only to their risk index. In this case, where no adjacency criteria were
considered, one only pipe or basic network unit would be intervened
within every work program. Besides, the available budget would be
distributed only on the basis of risk reduction, which could result in a
concentration of replacement tasks on a single type of network or a
single area of the city.

The solution obtained through this approach, hereafter referred to as
the “pure technical solution”, is the most efficient from the technical
point of view, i.e., risk reduction. In other words, replacement tasks are
prioritized based solely on the difference in the risk index of the pipe
before and after the intervention.

The pure technical solution will always be economically preferable
to the one that results from integrating the grouping and predefined
budget allocation criteria, henceforth referred to as the “real solution”.
Thus, any risk reduction objective can be more easily achieved, this is,
with less economic effort, through the pure technical solution since no
budget will be spent to replace network elements that do not reduce the
risk the most.

This will be illustrated with an example. In Section 4, the evolution of
EMASESA’s network over the next 20 years was simulated and required
investment to achieve a set of sustainability objectives for that horizon
was estimated. In this case, in order to replicate the most realistic and
practical scenario possible, the real solution was obtained: the adjacency
and budget distribution criteria were considered. It resulted in an
average investment needed of 46.38 M€ each year (see Table 4).

Next, a different scenario is considered. Now, these criteria are not
taken into account and the pure technical solution is therefore
computed. In this case, an annual investment of 43.82 M€ is required
(see the blue dashed line in Fig. 8). Hence, the non-consideration of the
operational and convenience criteria would allow to achieve the same
sustainability objectives than in the first scenario while sparing an
average of 2.56 M€ compared to the real solution.

In addition, the limiting KPI is no longer de RI (yellow line in Fig. 4).
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This is because the pure technical solution is more efficient from the
point of view of RI reduction. For instance, while according to the real
solution, the average risk index of the intervened pipes during the first
year of the planning horizon is 3.96, the average risk index of the ele-
ments replaced in 2022 through the pure technical solution is 4.48.
Thus, the sustainability objective defined for the RI is more easily met
and the IVI becomes the most restrictive one (red line in Fig. 8).

This solution, although preferable from a technical and economic
point of view, is not aligned with the real replacement strategies carried
out by water companies, as it does not include social, geographical or
convenience considerations. The company acknowledged this solution
as a lower bound to the renovation budget requirements, but contem-
plated only the implementation of the real solution for the practical
reasons detailed above. Therefore, the criteria discussed should not be
disregarded from the problem.

Nonetheless, most of the existing works and approaches so far
dismiss the replacement of real and practical intervention programs,
estimating the investment needs based on replacement tasks on indi-
vidual pipes. This approach is not realistic though. Each replacement
task is associated with fixed mobilization and setup costs that promotes
the simultaneous replacement of several contiguous elements. There-
fore, when a deteriorated pipe is to be replaced, other adjacent pipes,
that may not need an immediate replacement yet but will in the near
future, are replaced at the same time within the same maintenance
activity.

Similarly, an appropriate predefined distribution of the available
budget, especially according to social and geographic criteria, is essen-
tial. This is due to the fact that water utilities are generally public or-
ganizations, and the total investment spent should be equitably
distributed between neighborhoods and municipalities.

In fact, if the available budget were allocated considering only the
effectiveness of the RI reduction, and the pipes requiring more urgent
replacement were located close to each other, a concentration inter-
vention works in the same area could occur. This is possible, given that
the pipelines physically closed to each other were installed on the same
date, are of the same material, suffer the same external impact, etc.

For instance, Fig. 9 shows the action plan corresponding to the
EMASESA'’s pure technical solution during the first four years of the
planning horizon (2022-2025). The effect of not considering the two
criteria can be distinguished, since a large number of small and
dispersed works are scheduled. Besides, they are concentrated in the city
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Flowchart 1. Bisection method to compute annual investment needs.

center of the city since they are older and made of obsolete materials.
This solution is unfeasible and unacceptable for social, geographical

and convenience reasons. On the one hand, this replacement plan would

imply a greater impact on society (traffic, pedestrians and shops nearby)
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since it would incur in duplicated road closures and the consequent
undermining of the company image. On the other hand, water utilities
are usually public institutions and consider investment allocation
criteria on the basis of the municipalities’ shareholding or population.
Investing a considerably higher amount in one district or town may be
unfair to others. The investment planning should always be equitable
between districts and municipalities.

In conclusion, the incorporation of these criteria, especially the
convenience ones, impose restrictions on the problem that move the
solution away from the most efficient one in terms of risk reduction.
However, these factors provide the problem with both realism and
practicality. Moreover, their non-consideration may be misleading, as it
may result in insufficient estimations of investment needs, incorrect
future system conditions and long-term infrastructure sustainability
problems.

6. Conclusion

Water supply and sanitation systems are critical infrastructures that
provide a basic service to society. However, these systems constantly age
and degrade over time. Besides, due to their large size, their mainte-
nance requires a significant economic effort. Thus, water utilities face
the challenge and responsibility of maintaining these infrastructures and
ensuring their long-term operational, economic and social sustainabil-
ity. Thereby, the need arises for companies to develop infrastructure
asset management (IAM) methodologies that aid them in optimizing the
systematic and methodological decision-making process and in speci-
fying their network renewal needs.

In this sense, this work has presented a comprehensive and practical
five-step IAM framework, whose effectiveness has been proven with its
application to a large water company in Spain. The methodology com-
bines the use of street sections as replacement units, the inclusion of
adjacency and convenience criteria and the monitoring of four metrics
to evaluate the evolution of the network. It results in a long-term in-
vestment plan with the minimum investment amount that ensures that
all sustainability objectives are met by the end of the planning horizon.

The incorporation of adjacency and convenience factors provides
both with realism and practicality to the problem, as it aligns with the
actual replacement strategies implemented by water utilities. These
criteria also imply moving away from the exclusively technical and
economically most efficient solution. The discussion in Section 5 proved
that, in order to meet the same sustainability objectives, the non-
consideration of these factors in the EMASESA case study could result
in a reduction in the investment needs of approximately 2.5 M€ each
year. However, this does not mean that they should be avoided or
dismiss. On the opposite, their non-consideration can lead to misleading
results and future infrastructure sustainability problems.

Additionally, further enrichment of the methodology could be ach-
ieved if a dynamic, i.e., living network over time was taken into account.
The performed analysis considers that the network length will be
invariant for the next 20 years. However, the system will actually
expand due to the incorporation of new network pipes. It may be of
interest to incorporate this factor in the methodology, especially since
the newly installed pipes will positively contribute to the network
condition thanks to their young age. Nevertheless, the rolling horizon
approach allows the methodology to address this issue from a practical
point of view.

Apart from that, future research lines linked to this methodology
could incorporate efficiency criteria to minimize the impact on society
such as supply interruptions or traffic delays. For instance, if a measure
of the impact on traffic were available, an optimization engine could
avoid two different but nearby intervention works to be scheduled for
the same year.

Furthermore, including the possibility of rescheduling work pro-
grams in time due to other convenience criteria, e.g., the coordination
with other urban renewal projects or the incompatibility with social
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events taking place in that location, could be a promising direction to
further enhance the practicality of the methodology.
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