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Optimal design of water reuse networks in cities through
decision support tool development and testing
Eusebi Calle1, David Martínez 1,2, Gianluigi Buttiglieri 2,3, Lluís Corominas 2,3, Miquel Farreras 1, Joan Saló-Grau1,2, Pere Vilà 1,
Josep Pueyo-Ros 2,3 and Joaquim Comas 2,4✉

Water scarcity and droughts are an increasing issue in many parts of the world. In the context of urban water systems, the transition
to circularity may imply wastewater treatment and reuse. Planning and assessment of water reuse projects require decision-makers
evaluating the cost and benefits of alternative scenarios. Manual or semi-automatic approaches are still common practice for
planning both drinking and reclaimed water distribution networks. This work illustrates a decision support tool that, based on open
data sources and graph theory coupled to greedy optimization algorithms, is able to automatically compute the optimal reclaimed
water network for a given scenario. The tool provides not only the maximum amount of served reclaimed water per unit of invested
cost, but also the length and diameters of the pipes required, the location and size of storage tanks, the population served, and the
construction costs, i.e., everything under the same architecture. The usefulness of the tool is illustrated in two different but
complementary cities in terms of size, density, and topography. The construction cost of the optimal water reclaimed network for a
city of approximately 100,000 inhabitants is estimated to be in the range of €0.17–0.22/m3 (for a payback period of 30 years).
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INTRODUCTION
Water resources are limited and unequally distributed in space and
time. Water scarcity and droughts are an increasing problem in
many areas, at least seasonally, in terms of intensity and frequency1.
Tourism has been recognized as one of the most significant water-
consuming sectors on local, regional, and global scales2,3, as its
viability and sustainability depends on adequate water supply
quantity and quality4.
In the context of urban water systems, the transition to circularity

and minimizing potable water consumption, requires the redesign
of the water infrastructure, including (waste)water treatment and
water reuse5. Treated wastewater can be used for non-potable
purposes, including irrigation, toilet flushing, car washing, cleaning
purposes, and industrial uses6, where appropriate technologies
should be carefully selected. EU legislation (EU 2020/741) sets
minimum requirements, especially for agricultural water reuse
purposes. It does, however, not specifically regulate water reuse in
tourist facilities or water reuse for general urban uses, such as toilet
flushing. Spain is one of the only five European countries, besides
Cyprus, Greece, France, and Italy, which have implemented a
national legally binding water reuse regulation (RD 1620/2007). The
Spanish water reuse regulation, in fact, is currently the regulation in
the EU with the highest number of well-defined water reuse
applications, including toilet flushing and garden irrigation.
Beyond Europe, other countries worldwide, such as USA, Australia,
Singapore, and South Africa, also allow using reclaimed water in
cities and specifically for domestic uses. Besides, it is expected that
more and more countries will soon consider water reuse as a
reliable alternative resource. Several municipalities in Spain (e.g.,
Sant Cugat del Vallès) have been promoting water reuse in multi-
story buildings7,8. Nonetheless, applications are still very limited,
and related information is largely lacking in the literature.
Efficient and sustainable water reuse requires feasible water

reuse projects (i.e., water reclamation treatment plants and

distribution to potential uses). Planning and assessing water
reuse projects require decision-makers answering a number of
questions concerning issues such as: (i) the best tertiary/
advanced treatment to be implemented, (ii) the number of
uses/users in the city (i.e., how much wastewater needs to be
reclaimed), and (iii) how to select the optimal water distribution
network. The answer to these questions requires considering
different challenges (environmental, economic) and technologies
for water reclamation and potential uses of reclaimed water,
while evaluating the cost and benefit of all the scenarios by
means of different criteria.
In a seminal work9, a life cycle assessment study was carried

out to evaluate the impact of water reuse in the city of Lloret de
Mar (Catalonia, NE of Spain), a mass tourism destination on the
Mediterranean coast with a high density of high-rise hotels. This
study considered four distinct scenarios: non optimized (only
potable water consumption), decentralized, hybrid, and centra-
lized. All the water distribution networks were designed
manually, assuming the shortest path with lowest terrain
elevation. In fact, the multiple factors that need to be considered
(terrain elevation, street graph, pipe diameters, terrain usages,
etc.) mean that manual or semi-automatic design is still the
common practice in planning distribution networks, both for
drinking and reclaimed water.
Multiple data, knowledge from different disciplines, and

computational capabilities need to be integrated. This is a
complex problem where model-based and decision support
tools can help by offering a variety of solutions. Previous
research on decision support tools for wastewater management
has been mainly focused on wastewater treatment10,11, with a
few recent examples dealing with the selection of the most
adequate advanced treatment technologies for water reclama-
tion12,13. The design of reclaimed water distribution networks has
attracted little attention.
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The problem of planning and identifying the most suitable
economic schemes for centralized wastewater infrastructure has
been partially solved14. This solution is based on the potential of a
geographical information system to design and locate the water
collection pipe network. However, it only considers on-site water
reuse, i.e. no water reclamation networks are required. In addition,
an improved data-reduced method for wastewater management
using globally available data has been proposed15 (i.e., GIS and
statistical data), enabling the approach to be applied worldwide.
On the other hand16, del Teso et al. (2019) aims at energy
optimisation in drinking water distribution networks, considering
not only operational losses but also structural (or topographic)
ones. However, none take into account the initial (or brand-new)
design of water reclamation networks. Moreover, more than
one tool is sometimes used in a sequential manner, with the
corresponding conversion of variables and parameters between
the tools, thus becoming highly time-consuming work, especially
when aiming at optimal designed networks17.
In18, the authors evaluate the life cycle costs and benefits of

decentralized greywater reuse planning based on two scales of
decentralization: satellite and onsite. However, these two decen-
tralization scales require separating raw greywater from waste-
water at the source, which is often not possible in many cities. A
centralized water reclamation plant and the corresponding water
distribution network is not considered. There is also literature on
urban stormwater management. The work of Khurelbaatar et al.
(2021)17 shows an approach that uses the software package MIKE
URBAN from DHI (MIKE URBAN, Hørsholm, Danmark) for estimat-
ing the potential for managing urban stormwater in already
existing urban environments to mitigate the impact of urban
stormwater runoff. However, few of their proposed scenarios allow
for stormwater reuse.
Distribution water and wastewater network modeling can be

approached through graph theory19, such as20, for designing
water distribution networks based on loops hydraulically balanced
method, and wastewater sensor placement approaches for
SARS-CoV-2 detection21, but has not been used yet for the
advanced and automated design optimization of water networks.
Given this background, the aim of this paper is to describe a

decision support tool for planning water reuse networks in cities.
Our approach integrates several algorithms for designing water
reuse networks based on graph theory coupled to existent greedy
optimization algorithms22,23. Our proposal is made up of one single
tool, in contrast with the literature, avoiding the need for data
exchange and thus resulting in potential savings in time and effort.
This tool combines city characteristics (i.e., terrain characteristics,
including plot and building usages, elevation, and slope) and water
consumption rates to automatically propose an optimal network
for water reuse. This paper proposes advanced algorithms to
design and optimize large-scale water reuse networks. The
usefulness of our solution is also illustrated when testing in real
cities. And in this line, two cities of different scales and significantly
diverse water uses and requirements have been compared.
Construction costs and benefits in terms of water savings are
estimated for each scenario. Finally, the optimal water network can
be provided when only a limited budget is available.

RESULTS
Overview
The section first describes the innovative decision support tool,
called REWATnet, for planning water reuse projects, and highlights
the steps involved and the outputs produced. Next, the
application of the tool to generate and analyze potential water
reuse projects for the cities of Girona and Lloret de Mar is
presented. The location of water reclamation treatment plants for
reclaimed water production in each city is considered the same as

the existing wastewater treatment plants in centralized scenarios,
assuming they include the necessary water treatments for the
desired reclaimed water quality. The reclaimed water networks
obtained by using different algorithms and different scenarios are
compared, and the usefulness of the REWATnet tool for network
optimisation, when a limited budget is available, is also illustrated
and compared with a semi-manual approach.

Description of the REWATnet decision support tool
The new REWATnet decision support tool for planning urban
water reuse projects involves the following steps: (i) defining the
scenarios; (ii) generating the initial graph; (iii) generating the
reclaimed water network; and (iv) estimating key output
indicators. The tool provides an innovative mechanism for
designing reclaimed water networks in Spain, which can be easily
adapted to any country. Figure 1 illustrates a simplified scheme of
the water reuse planning tool.

Defining the scenarios. Defining the scenarios to be simulated
consists of defining the user inputs, gathering open source data
and, only when necessary, customizing default values. The only
required user inputs are the target city identifier, the city’s
cadastral data files, and the location of the wastewater treatment
plant. On the one hand, the city identifier is used to obtain the
city’s street graph through the OpenStreetMap API (see “Methods”
section), and must be specified by name, postal code or
OpenStreetMap identifier. On the other hand, the same city
identifier is also used to gather the city’s topography Digital
Elevation Model (DEM), which is essential to obtain the city street
graph nodes elevation (see “Methods” section). The elevation data
can be commonly obtained from the country’s official geographic
data provider: In Spain this is the Instituto Geográfico Nacional24.
The DEM is obtained from this source with a 5x5 meter precision.
The city’s cadastral data files are used to gather land plot and

building data. In Spain, land plot and building data can be
obtained from the official cadastre online database. This data is
divided into four files that can be freely downloaded: two “.cat”
extension files containing the urban and rural plots and buildings,
and two “.shp” extension files containing the public gardens in
both urban and rural zones. As these files are presented in a hard-
to-process format, and for faster and simpler data treatment, said
files are converted and combined to a unique standard JSON
(JavaScript Object Notation25) file using a Python26 custom
implemented script. For other countries, it would be necessary
to process the corresponding authority land plot data and
generate the standard JSON file. In the case of several
municipalities connected to the same reclamation water treat-
ment plant, the files from every municipality must be down-
loaded, converted to JSON with the script, and merged to form a
unique file. Additionally, the OverPass API27 and Shapely28 library
allow for the location and surface of public gardens to be obtained
and appended since they are not included in cadastre files.
Optional user inputs are the definition of a subset of the

considered uses for reclaimed water, a threshold for minimal
water consumption and specific city areas particularly suitable for
water reuse. The subset of considered uses for reclaimed water
will define the network destinations. The threshold for water
consumption may specify whether a minimum amount of
reclaimed water must be served in each network destination.
The selection of specific city areas especially suitable for water
reuse may be relevant to target new city settlements (i.e.,
neighborhoods or sectors) and for statistical and future work
purposes. The OverPass API is used to extract specific city areas
(downloading the geographic polygons that define the divisions)
together with the Shapely library (checking to which polygon a
certain node belongs). By default, all water use categories, a
threshold for water consumption of 0 m3/d for all network
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destinations (see Methods section) and the whole city area are
considered for water reuse projects.

Generating the initial graph and the reclaimed water network.
Once the scenario is defined and all data has been gathered, the
REWATnet decision support tool is able to generate the
reclaimed water network. First, an initial graph is generated
and then the different optimization algorithms are applied (see
Methods section).
The initial graph is generated by adding the data to the city

street graph, including the node elevation, street slopes, city
terrain usage, location, and inhabitants, as well as the origin node
and the destination nodes. Then, the routing algorithms are
computed from the initial graph to obtain the optimal reclaimed
water network based on two approaches: (i) serving water to the
destinations defined in the scenarios whatever the budget might
be, or (ii) maximizing the water served with a limited budget. In
the first approach, city clustering algorithms may be first applied
to the initial graph depending on the targeted city size. Then, the
routing algorithms are computed for the main network (i.e., from
the initial node (water tank next to the water treatment plant) to
the cluster water tanks distributed along the city) and the
branched network areas (i.e., from each cluster water tank to all its
destinations). The routing algorithms generate the base for the
reclaimed water network, although the network construction costs
remain unknown as the pipe diameters have not yet been
computed. Then, the computation of the pipe diameter selection
(DS) algorithm (Algorithm 1) generates all the pipe diameters of
the reclaimed water network and enables the construction costs
to be calculated (see Supplementary Table 1, Supplementary Table
2, and Supplementary Table 3).
In the second approach, the Limited Budget (LB) availability

algorithm (Algorithm 2) is computed considering a single
branched network area. The LB algorithm uses the routing
algorithms and the DS algorithm to build a reclaimed water

network that maximizes the water volume served for a specific
budget (see Methods section).

Estimating key output indicators. The REWATnet decision support
tool estimates the following key output indicators:

● Graph files of the optimal reclaimed water network: the
optimal reclaimed water network is provided in a file with a
standard graphml format for further analysis.

● Visualization on a map of the optimal reclaimed water
network: a clear visual representation of the reclaimed water
network drawn on a plane and over a map, provided in PDF
vector image files.

● Network length, pipe diameters, population served, and total
water savings: this relevant data related to each reclaimed
water network is provided in a simple text file. The total water
savings is assumed as the total reclaimed water consumption,
as this amount of water will be subtracted from the drinking
water distribution network.

● Disaggregated and total network construction costs: the
construction costs of the reclaimed water network are
provided disaggregated by main network costs, branched
network costs, and water tank costs expressed in thousands of
euros (€K), provided in another simple text file.

Before the execution and analysis of the different scenarios, a
preliminary validation of the REWATnet tool was carried out for
the case study of Girona. The reclaimed water consumption of
potential users estimated by the tool was compared to actual
water consumption data provided by the water authorities (see
Table 1). The estimated model consumption was calculated based
on the methods and references of Supplementary Table 4 in
Supplementary Materials, together with the information extracted
from the land plots (see “Methods” section). The validation shows
a remarkably accurate model consumption with a minor overall
error of 6.4%. According to the water use categories, the error

OpenStreetMap  
API (OSMnx)

Elevation API  
(IGN DEM)

Open data sources

User inputs

City identifier (e.g.
name, postal code)

City's cadastral
data files

Customizable default values

Reused water
consumptions per

usage per day

Construction
costs (pipes,
valves, tanks)

3. Generating the  
reclaimed water network

2. Generating the  
initial graph1. Defining the scenarios

City terrain usage,
location, and inhabitants

added to street graph

Elevation added to  
street graph

City street graph with
neighborhoods

Elevation API  
 

OpenStreetMap API

Cadastral files

Origin and destinations
added to street graph

Consumptions

Routing algorithms from
origin to destinations

Computation of  
DS (Algorithm 1)
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LB (Algorithm 2)
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Reclaimed water network
result graph files

Reclaimed water network
visualization on map

Total water savings,
network length, and  

water served 

Disaggregated and total
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Fig. 1 REWATnet decision support tool. REWATnet simplified scheme. The data flow is as follows: (i) defining the scenarios, including user
inputs, customizable values, and open data sources; (ii) generating the initial graph, where an initial city street graph is generated from the
OpenStreetMap API, the elevations are added to each node from the Elevation API, and the cadastral file is processed where consumptions are
added to nodes; (iii) generating the reclaimed water network, which includes the application of the algorithms such as city clusterization,
routing algorithms, pipe diameter selection (DS) and limited budget (LB), to the initial graph; and (iv) estimating key output indicators, where
the result graph files with the reclaimed water network, visualizations on map, water saving, network length, water served, and disaggregated
and total network construction costs are obtained.
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between actual and estimated consumption is especially low for
both economic operations and domestic use categories, as shown
in Table 1. In the case of the public uses, which suppose the
lowest water consumption, the model shows an error of 23.8%.
This error barely affects the overall error of 6.4% as it represents
only 10% of the total consumption. The model estimates a higher
public uses consumption as the toilet flushing and irrigation
consumption data in sports centers is complicated to estimate,
and the land plot data may be incomplete or outdated. Finally, it is
worth noting that the consumption for vegetable garden
irrigation has not been included since there is no real data to
be compared with. It should also be noted that when validation
results are not satisfactory (which is not the case of the present
work), the tool allows for the fine-tuning of some parameter
values of the estimated consumption rates (Table 1).

Comparison of different routing algorithms
Among the Kou, Takahashi, and Mehlhorn routing algorithms, the
Mehlhorn algorithm was found to be the most suitable in the
literature due to its lower computational complexity (see “Methods”
section). Nonetheless, all routing algorithms were tested with our
case study cities to evaluate their accuracy, where lower reclaimed
network length provides better accuracy. Thus, the planning tool
has been first tested for designing the optimal reclaimed water
network for the whole urban area of Girona and Lloret de Mar cities
applying the Kou, Takahashi, and Mehlhorn algorithms. In both
cities, reclaimed water is produced in a centralized water
reclamation plant and stored in an initial water tank placed
alongside it. The whole city of Lloret de Mar is considered as a
unique cluster (i.e., one branched network area), while city
clustering techniques are applied in the case of Girona to determine
the optimal placement of water tanks. In fact, due to the city’s size,
intermediate water tanks are needed along the reclaimed water
network for the case of Girona. In both case studies, only public
water uses are considered. Besides, we contemplate water reuse
destinations within 300m between any land plot centroid (i.e., the
geographical center of the physical entity that uses reclaimed
water) and the nearest node of the city’s initial street graph. This
consideration is necessary to ignore water destinations obtained
from land plots’ official data that are too far from the street graph
(e.g., a farm outside the city), as the reclaimed water network is built
based on the streets. Given this scenario, the initial graph of Girona
considers 328 destinations with total water consumption of
2129m3/d, while the initial graph of Lloret de Mar considers 144
destinations with total water consumption of 1182m3/d.
Table 2 shows the comparison between the REWATnet output

indicators for the different routing algorithms and the two cities.
The first thing to notice is that, for both Girona and Lloret de Mar,
the Kou and Mehlhorn algorithms present exactly the same
accuracy (the same reclaimed network pipe length), while the
Mehlhorn algorithm provides a significantly lower computation
time (about 100 times faster). Although the Takahashi algorithm
present the best accuracy (lower reclaimed network pipe length),

compared to the Kou and Mehlhorn algorithms, its execution time
becomes intractable on cities with a large set of destinations (about
18,025 and 117,179 times slower than the Mehlhorn algorithm).

Comparison of reclaimed water networks
For both cities and using the best routing algorithm, the reclaimed
water network was computed considering two scenarios serving
water to all the destinations: (i) only for public water uses and (ii)
for both public and private water uses. This section presents some
of the most relevant key output indicators.
Regarding Lloret de Mar, Fig. 2 illustrates the graphs representing

the reclaimed water networks generated for the two scenarios. The
first scenario results in a 44 km network, a total construction cost of
€3628K, a pipe diameter average of 64 mm, and total consumption
of 283m3/d to serve 4.1% of the total demanded water (Water
served/total demand × 100). The second scenario results in a
104 km network, a total construction cost of €9429K, a pipe
diameter average of 82mm, and total consumption of 6844m3/d to
serve the entire demand for water. It is worth noting that the first
scenario presents a construction cost per cubic meter of €12.82K/
m3/d compared with the €1.38K/m3/d of the second scenario,
which is more than nine times bigger. This difference might be
related to the fact that private water use needs connections that are
already (partially) included in the first scenario.
Regarding Girona, Table 3 contains the disaggregated and total

water reclaimed network construction costs obtained for different
clustering solutions (from one to eight clusters) for the scenario (ii)
of public and private water uses. The observed total water
consumption is 7142m3/d, leading to an average cost increase for
each cluster of 4.2%. It is worth noting the low increase in the costs
of the pipe network, as the branched network costs from two to
eight clusters are analogous. Hence, the most significant elements
that increase the cost among the different clustering solutions is
the main network and the number of water tanks. Note that, the
whole infrastructure payback period considered is 30 years, and the
accumulative water savings should also be considered (up to
78,204,900m3 of total consumption). The resulting reclaimed water
network of five clusters is shown in Fig. 3, with 155 km of pipes and
a total construction cost of €15,996K. Interestingly, in this case, the

Table 1. Water use consumption validation (Girona).

Water use categories Model consumption (m3/year) Actual consumption (m3/year) Error

Economic operations (Domestic with operations + Large industrial
consumption)

530,564 525,588 2.8%

Public uses (Urban equipment + Public garden irrigation) 251,405 203,064 23.8%

Domestic (Housing + Private garden irrigation) 1,690,877 1,594,735 6%

All validated uses* (Economic operations + Public uses + Domestic) 2,472,846 2,323,387 6.4%

*All validated uses do not include the vegetable garden irrigation model consumption (estimated as 269,005 m3/year) as there is no actual consumption data
to be compared.

Table 2. Comparison of the decision support tool output indicators
for the different routing algorithms.

City Algorithm Network length (m) Execution time (s)

Girona Takahashi 67,149 28,123 (≈7.8 h)

Kou 68,068 38.06

Mehlhorn 68,068 0.24

Lloret de Mar Takahashi 49,498 1442 (≈24 m)

Kou 50,413 8.39

Mehlhorn 50,413 0.08
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placement positions for the water tanks computed by the tool
match well with the ones that are actually in the Girona drinking
water distribution network29. In Supplementary Materials, the
clusterization results of Girona with three (Supplementary Fig. 1)
and seven (Supplementary Fig. 2) clusters are also illustrated.

Comparison of optimal network with current practice
The optimal network with limited budget availability is illustrated
in the case study of Girona. The Limited Budget (LB) availability
algorithm (Algorithm 2) results in the maximum amount of
reclaimed water served given a maximum budget B (see Methods
section). The LB algorithm is executed considering eight different
budgets from €500K to €2000K, with intervals of €250K over a
randomly selected branched network area, obtained from the
previously generated five-cluster reclaimed water network (see
Fig. 3). Table 4 shows these results for the case study of Girona
where, considering the blue branched network area water tank as
the origin (from the five cluster solution, see Fig. 3), each limited
budget B, pipe network length, reclaimed water served,

percentage of water served over total demand, and execution
time output indicators are presented. The results show a linear
evolution of the percentage of water served over total demand C
as a function of budget B. Supplementary Figs. 3, 4, 5, 6, 7, 8, and
9 illustrate the networks generated for each budget (computation
performed) in Table 4.
The LB algorithm optimization is compared with the so-named

“current practice”, which considers a manual approach based on
actual reclaimed water network planning experience. In the current
practice, unlike the LB algorithm, the best profit P (water served per
cost ratio) is considered based purely on the lowest distance without
considering water served (i.e., for each iteration, the closest
destination is added to the current reclaimed water network until
budget B is reached). The current practice is applied with the same
budgets considered in the testing of the LB algorithm, showing a
linear evolution with a considerably lower slope of the percentage of
water served over total demand C as a function of the budget. Both
linear functions are illustrated in Fig. 4, where the LB algorithm
results in a function C= 17.40B−5.07 and the current practice in a
function C= 6.16B−0.92. As can be seen in Fig. 4, the benefits of the
optimal network approach are more evident as the budget
increases, since the slope of the LB algorithm is almost three times
(2.82) that of the current practice.

DISCUSSION
In the context of the global climate change, where water scarcity
regions are increasing and water reuse is becoming paramount,
an optimal return (e.g. served water per unit cost invested) from
each water reclamation project is sought. Moreover, tourism is
recognized as a major water consuming sector, and the growth in
tourism establishments has been matched by a growth in water
demand3. As such, the new decision support tool presented has
been applied to two case studies in Spain, but it can be easily
adapted and applied to any region world wide. This would only
require configuring the proper open online services and open
data sources (e.g. cadaster) and a potential customization of
default values for water consumption and costs. According to our
knowledge, there are no similar tools in the literature able to plan
and economically asses an optimal water reclamation network for
a city with little computing effort. Besides, the tool may be used
for usual water distribution networks, although it should be
validated and revised.
Urban planners from municipal or regional authorities, consult-

ing companies and/or water utilities can use the tool for planning
urban water reuse projects, i.e., to identify a city’s most critical
water consumption hotspots, compare different solutions by using
technical and economic criteria and then select the optimal
alternative. Another application for this innovative tool could be to
assess which water reuse scenario - centralized, semi-decentra-
lized, or decentralized - offers a better cost-efficient water reuse
scheme, optimizing the number and location of decentralized
treatment plants. Another question worth examining with the tool
would be determining the minimum number of inhabitants to be
decentralized for a water reuse solution to be sustainable for a
specific city/neighborhood. REWATnet can also be used as a
dissemination and training tool for planning water reuse schemes.
This decentralized water treatment and reuse can be extremely

relevant for touristic cities, easing the pressure on scarce water
resources and/or significantly reducing wastewater generation.
For example, in Lloret de Mar, with 40,000 inhabitants in winter
and up to 200,000 in summer, the portion of generated
wastewater coming from tourist facilities was estimated as more
than 10,000 m3/d and at least half of this amount was gray water,
which can be more easily reclaimed than wastewater30.
A validation of the reclaimed network design (pipe length and

diameters) can be carried out by coupling the graph files
generated by our tool and EPANET31. Besides, the current

Fig. 2 Reclaimed water network visualization (Lloret de Mar). The
diagram on the left shows the resulting reclaimed water network for
only public cases, while the one on the right shows the resulting
reclaimed water network for both public and private uses. The city
street graph is represented in gray paths and the reclaimed water
network in magenta paths.

Table 3. Reclaimed water network construction costs for different
clustering solutions, both public and private uses (Girona).

Number of
clusters

Main
network
costs (€K)

Branched
network costs
(€K)

Water
tank
costs
(€K)

Total
costs
(€K)

Cost
(€K/
m3/d)

1 0 12,361 760 13,121 1.84

2 1177 11,278 1200 13,655 1.91

3 1421 11,213 1460 14,094 1.97

4 1715 11,300 1610 14,625 2.05

5 2533 11,502 1960 15,996 2.24

6 2812 11,198 2310 16,320 2.29

7 3249 11,254 2550 17,053 2.39

8 3305 11,291 2870 17,466 2.45
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Fig. 3 Reclaimed water network visualization (Girona). The reclaimed water network for the case study of Girona is illustrated with five
clusters and for both public and private uses. The city street graph is represented in gray paths and the generated branched networks in
different colors (for each cluster). Black rhombuses indicate the location of water tanks (origin point of a branched network). The main
network is represented in wider gray paths.
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clustering algorithm provides a simplified approach based on cost
analysis. Further developments of the tool will include meshed
network designs, which are common designs to better deal with
potential pipe failures, increasing the scope of our tool. Besides,
construction costs for the advanced treatments for water
reclamation, as well as the operational and maintenance costs
for both the water reclamation treatment plant and network, will
also be estimated. Moreover, the use of reclaimed water is not
accepted in many countries or only accepted for specific purposes
according to their regulations. Therefore, an adaptation of our tool
based on the country may be considered.
The innovative REWATnet decision support tool to help plan

optimal networks for reclaimed water reuse in cities has been
developed and tested. With little input data from the users
themselves, and by using open data, the tool is able to compute the
maximum amount of reclaimed water served per unit of cost
invested, including the length and pipe diameters of the network,
the location of storage tanks as well as the population served and
construction costs. In other words, everything under the same
architecture. A comparison of the estimated water consumption for
industry/commerce, public and private uses to actual water
consumption data gives an overall error of 6.4%. Gaining private
user trust in reclaimed water is a key factor for sustainable water

reuse networks since these users have the highest consumption
rates, 60–70% share of the total in the tested cities (with the
differences being due to intense tourism activities). The optimal
network graph is computed by using the Mehlhorn routing and
clustering algorithms and, when needed, the Limited Budget (LB)
availability algorithm. The construction cost of an optimal water
reclaimed network for a city of approximately 100,000 inhabitants is
estimated to be in the range of €0.17-0.22/m3 (for a payback period
of 30 years), thus demonstrating a reasonable cost compared to
actual costs of drinking water networks. For the same city, the
automatic tool computes (in less than 10 minutes) an optimal
network able to serve reclaimed water up to three times more than
the water served using the current (manual) planning practice.
Finally, the tool also provides a map of a user-friendly visualization
of the optimal reclaimed water network, including the main and
branched networks and colored city clusters, when needed.

METHODS
Overview
This section first presents the data collection, distinguishing the
different data sources; on the one hand, the open data sources to
automatically obtain city characteristics and, on the other hand,
the consumption and costs-related databases. The combination of
multiple data sources is indeed one of the key features of our
proposal. Second, the definition of the potential water reuse
scenarios is introduced in order to target the desired water
destinations in cities based on their water usage. Third, the routing
algorithms, based on graph theory and optimization, that support
the generation of the reclaimed water network, as well as the
algorithms for city clustering (for water tank allocation), pipe
diameter selection, and limited budget availability are presented.
Finally, the case studies (i.e., cities) used for the testing of the
decision support tool are presented.

City characteristics: open data sources
The city characteristics are collected automatically from open
data sources. In particular, we obtain and link together: (i) the city
street graph; (ii) the city land plots and building data; and (iii) the
city topography.

Table 4. LB algorithm results over a randomly selected branched
network area (Girona five clusters, blue cluster water tank in Fig. 3,
public and private uses).

Budget (€K) Pipe
network
length (m)

Transported
water (m3)

Water served /
total
demand (%)

Execution
time (s)

500 3420 337 4.7 57

750 5191 529 7.4 59

1000 8464 777 10.9 159

1250 11,412 1228 17.2 273

1500 14,680 1477 20.7 384

1750 17,658 1906 26.7 392

2000 20,426 2086 29.2 493

Fig. 4 LB algorithm water served per budget results, compared with current practice. Percentage of water served over total demand
comparison between the LB algorithm and current practice (manual approach). The linear regression functions for both the LB algorithm and
current practice are defined in the figure legend and represented as dotted lines.
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City street graph. The entire city street graph is obtained from the
OpenStreetMap32 API (a software intermediary that allows two
applications to communicate), using the OSMnx library33. This API
provides a street graph containing the city streets (edges) and
intersection points or direction changes on street turns (nodes). It
is assumed that the pipes for the new reclaimed water network
will be installed following the streets of the city. This information
layer is the basis for the data aggregation related to the city (i.e.,
land plots and building data, water uses, inhabitants, and
consumption), and for later running the algorithms.

Land plots and building data. The land plots and building data
of a city are required to extract all the possible reclaimed
water destinations and consumption demands. Each land plot
geographical location is linked and clusterized to the nearest
points of the city street graph, where the pipes of the reclaimed
water network will be placed. The land plot data provides the
surface and terrain use (e.g., household, hotels, gardens, or
sports facilities), while the building data indicates whether the
plot is occupied by a single household or a building of several
floors and apartments. The building data is needed to estimate
the number of inhabitants per plot, which is required to
estimate daily water consumption. The water consumers living
in a household are estimated as the ratio between the number
of inhabitants in a given city and the number of households of
that city, which can usually be obtained from the national
statistics institutes.

City topography. The city topography is required to know the
elevation of the plots, which is essential to calculate the optimal
route for the reclaimed water network and place water tanks
properly, and assure adequate pipe diameter and minimal
operation and maintenance costs due to pumping.

Consumption and construction costs database
A relational database including the data required to estimate
water consumption for different water reuse purposes and
network construction investment costs was developed. Default
values are included in the database of the decision support tool
but all parameters, based on the appearance of new or more
precise information available, can be customized to user needs.
The database for the estimation of the reclaimed water
consumption for different uses is based on bibliographic and
practitioner information (see Supplementary Table 4)34–42, and can
also be extended with additional water uses providing water
consumption and destination locations. The database for the
reclaimed water network construction costs has been obtained
from a tool for life cycle analysis of sewer systems construction43,
which is based on a standard database frequently used by
practitioners44 (see Supplementary Table 1, Supplementary Table
2, and Supplementary Table 3).

Scenario definition
The definition of potential water reuse scenarios involves: (i) the
selection of the reclaimed water origin and destinations (among
all potential water reuse purposes, see Supplementary Table 4);
and (ii) the identification of the city area that will be considered,
i.e., the whole city area or only some parts of the city with special
interest for water reuse (e.g., new developments) or complying
with optional constraints such as a minimum reclaimed water
flow rate or population served. The origin of reclaimed water is
the centralized wastewater treatment plant, which incorporates a
tertiary or advanced treatment for enhancing effluent water
quality. The possible uses for reclaimed water would normally be
defined by the end user, whereas the areas of application
can be either automatically identified by the algorithms or by
the user.

Reclaimed water network generation
In brief, let G ¼ ðV; EÞ be the reclaimed water network graph, with
a V-element set of nodes V representing the set of destination
(water consumption) nodes, the water source node, and junction
points, and an E-element set of links E � V2 representing pipes.
Additionally, r (where r 2 V) denotes the source node (e.g., the
reclaimed water treatment plant or an initial water tank), and C
(where C � V) denotes a C-element set of consumption nodes.
First, we introduce the routing algorithms, and then the
optimization algorithms for city clustering (branched network
areas definition and water tank allocation), pipe diameter
selection, and limited budget availability are presented.

Routing algorithms. The routing algorithms to generate and
analyze the reclaimed water networks are based on techniques
borrowed from graph theory19. In the case of water distribution
networks, the pipes correspond to the graph edges and the
junctions represent the graph nodes from the city street graph.
Hence, these networks follow the existing street paths. Using that
representation, we generate a network, solving the problem of
covering the paths from the centralised water reclamation plant to
all the required destinations with minimum costs, using graph
routing techniques such as Steiner Tree algorithm variations.
The Steiner tree problem in graphs is well known to be

computationally intractable since it is an NP-hard problem45. A
preliminary performance and complexity study has been carried
out on improved Steiner tree optimization and greedy algorithms
to select the proper routing algorithm to use. In particular, Table 5
shows the complexity of the Kou46, Takahashi47, and Mehlhorn23

algorithms, and where it can be seen that the Mehlhorn algorithm
provides the better complexity.
The execution of the routing algorithms over a city street graph

results in a reclaimed water network graph G ¼ ðV; EÞ, where E
contains the edges of the city street graph that are the most
suitable to build the water distribution network (i.e., the pipe route
that minimizes the network length). However, in this stage, the
pipes defined by E do not yet contain their diameters.
Since some land plots potentially using reclaimed water may be

too far from the nearest node or connection point on the street
graph, the routing algorithms omit all plots that are farther away
than a certain distance from the land plot centroid, which is given
by a threshold in meters customizable by the user.

City clustering algorithms. In the case of small cities, a water tank
placed alongside the water reclamation plant can be enough to
supply all the destination nodes on the distribution network,
acting as a unique branched network. Because of large distances,
this is not possible in medium to large cities, where a
clusterization of the city street network is necessary for scalability
reasons. The allocation of additional water tanks along large
water reuse networks is needed for practical reasons such as
topography issues (i.e., issues that disable gravity distribution),
pressure losses, and leak localization48,49. Thus, a clustering
approach to build the reclaimed water network in medium to
large cities is presented.

Table 5. Technical comparison of Steiner tree algorithms.

Algorithm Complexity

Kou OðjVj ´ jEj ´ log jVjÞ
Takahashi O jSj ´ jVj2

� �
Mehlhorn OðjVj ´ log jVj þ jEjÞ

Given G ¼ ðV; EÞ, search the Steiner tree with terminals S.
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Although several graph clustering optimization algorithms
exist, a medium to large city scenario requires an efficient
algorithm to provide a feasible solution in a reasonable amount
of time. In Blondel et al. (2008)22, the authors propose the so-
called Louvain algorithm, a heuristic method based on modularity
optimization that outperforms all the other known clustering
methods in terms of computation time. Their results show a
significant reduction of the network computation time compared
to the well-known algorithms of Clauset, Newman and Moore50,
of Pons and Latapy51, and of Wakita and Tsurumi52.
Thus, our proposal is to apply the Louvain heuristic algorithm

to generate city clusters based on node-pairs proximity, each
city cluster representing a branched network area. First, it is
necessary to place an initial water tank alongside the distribu-
tion network source node (i.e., the water reclamation plant).
Next, for each cluster, a simple algorithm optimizes the
placement of a water tank. This algorithm selects as candidates
the subset of the cluster nodes equal to or higher (in elevation)
than the highest destination node. From these candidates, the
algorithm finds the node that minimizes the cluster minimum
Steiner tree (i.e., that minimizes the branched network area).
With this method, we assume that, for each cluster, the water
will reach all the destination nodes by gravity. Exceptionally, in
order to save costs, the initial water tank also behaves as its
cluster water tank. Once the clusters are defined and the water
tanks allocated, the main network is constructed based on the
minimum Steiner tree between the initial water tank and the
other cluster water tanks.

Pipe diameter selection algorithm. Once the network graph G is
generated by applying a routing algorithm, it is necessary to select
the appropriate construction pipe diameters for each edge from a
limited set of available pipe diameters based on the reclaimed
water demand of the destination nodes. The diameter selection
(DS) algorithm (Algorithm 1) selects the proper pipe diameter for
each edge of the reuse water network G. First, the algorithm
obtains the expected daily reclaimed water flow volume w (in m3/s)
of each edge e 2 E based on the consumption of the destination
nodes c 2 C where the edge e is present in the route Eðr; cÞ, r; r 2
V being the water distribution source node. Then, the minimum
required diameter d(e) is computed from the edges expected
reclaimed water flow w(e) and the desired flow speed s using the
Eq. (1). The flow speed s is set to 1 m/s by default, extracted from
Simpson and Elhay (2008)53, who proposed pipe velocity range of
0.5 to 1.5 m/s. Finally, based on the user-specified set of available
pipe diameters D, the algorithm selects for each edge e the next
greater value d0ðeÞ from the computed minimum required
diameter d(e). Table 6 specifies the full notation used for the
diameter selection (DS) algorithm.

dðeÞ :¼
ffiffiffiffiffiffiffiffiffiffi
wðeÞ
s ´ π

r
´ 2 (1)

Algorithm 1. Diameter selection (DS) algorithm.
Step 1: Initialize the node r and sets C; D; m; Eðr; cÞ; c 2 C;
X :¼ +; Y :¼ E.
Step 2: Choose at random an edge with unassigned water flow,
i.e., an edge e 2 Y, set w(e)≔ 0, and update sets X ;Y.
Step 3: For each water distribution consumption node c∈ C:
(a) if e 2 Eðr; cÞ, then set w(e)≔w(e)+w(c).

Step 4: If w(e) > 0, then:
(a) compute dðeÞ :¼

ffiffiffiffiffiffiffi
wðeÞ
s´ π

q
´ 2, and set d0ðeÞ :¼ maxðDÞ.

(b) for each available pipe diameter p 2 D:
(i) if p >= d(e) and p < d0ðeÞ, then set d0ðeÞ :¼ p.

Step 5: If Y ≠+, then go to Step 2.
Step 6: If Y ¼ +, then stop (d0ðeÞ contains the assigned pipe
diameter 8e 2 E).

Limited budget availability algorithm. The limited budget avail-
ability (LB) algorithm (Algorithm 2) uses the routing algorithms
and the DS algorithm (Algorithm 1) to build a reclaimed water
network that maximizes the water volume served for a specific
budget B. The LB algorithm follows a greedy approach that is an
adaption of the algorithm provided in54, which presents fast
heuristics for the Steiner tree problem with revenues, budget, and
hop constraints. The main idea of the algorithm is to iteratively
build a reclaimed water network while its cost does not exceed
the provided budget. It starts from an initial graph T with only the
reclaimed water source node r. For each iteration, and while the
construction costs are below the budget, the algorithm adds to T
the destination node c (c∉T ) that provides the best profit P
(water served per cost ratio). The profit P is obtained by dividing
the node c cubed daily water consumption by the extra
construction cost of adding c to the graph T .

Algorithm 2. Limited Budget availability (LB) algorithm.
Step 1: Initialize the node r, the budget B, and sets C; D; m.
Step 2: Let T be the initial graph with V0 :¼ frg and E0 :¼ +.
Step 3: Set the profit P≔ 0, the iteration candidate node
n :¼ +, and its current network’s closest node o :¼ +.
Step 4: For each reclaimed water consumption node
c : c 2 C; c∉V0:
(a) Get the node a 2 V0 that minimizes the path to join T with
c, such that:P

lðeÞ; e 2 Eða; cÞ :¼ minðð
P

lðeÞ; e 2 Eðv0; cÞÞ; v0 2 V0Þ
(b) Copy the graph T to U , such that ðV00; E00Þ :¼ ðV0; E0Þ.
(c) Add the (a, c) path to graph U , such that V00 :¼ V00 Sfag,
and E00 :¼ E00 S Eða; cÞ.
(d) Compute Algorithm 1 (DS) with U and D, to obtain the
pipe diameters d0ðeÞ; e 2 E00.
(e) Calculate the pipe network construction cost Z of U
(including the initial water tank) from d0ðeÞ and l(e), e 2 E00 (see
Supplementary Table 1 and Supplementary Table 3).
(f) If Z <= B, then:

(i) Compute the profit P0 of adding a to T , such that
P0 :¼ mðaÞ3

L , where L :¼
P

lðeÞ; e 2 Eða; cÞ.
(ii) If P0 > P, then set P :¼ P0, n≔ a, and o≔ c.

Step 5: If P > 0, then:
(a) Add the (n, o) path to graph T , such that V0 :¼ V0 Sfog,
and E0 :¼ E0 S Eðn; oÞ.
(b) Go to Step 3.

Step 6: T represents the final reclaimed network graph G.

Table 6. Full notation concerning the algorithms.

r; r 2 V reclaimed water source node

C set of water distribution consumption nodes; C � V
D set of available pipe diameters (each one in mm)

s float constant indicating the desired water flow speed
(in m/s, 1 by default)

mðcÞ; c 2 C integer indicating the consumption of destination node
c (volume, in m3)

Eða; cÞ; c 2 C set of edges forming the shortest path from the source
node a to the destination node c; Eða; cÞ � E

lðeÞ; e 2 E float indicating the length the edge e (in m)

wðeÞ; e 2 E float indicating the water flow of the edge e (in m3/s)

X set of edges with assigned water flows; X :¼ fe : e 2 fg
Y set of edges with unassigned water flows; Y :¼ E n X
dðeÞ; e 2 E integer indicating the minimum required diameter of

the edge e (in mm)

d0ðeÞ; e 2 E integer indicating the assigned diameter of the edge e;
d0ðeÞ 2 D (in mm)
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Case studies
The usefulness of the decision support tool presented here is
illustrated in the cities of Girona and Lloret de Mar, both in
Catalonia (North-East of the Iberian Peninsula), two different but
complementary cities in terms of size, density and topography.
Girona with its 103,369 inhabitants and 47,446 households (2.4
citizen per household), is a typical Western Mediterranean city;
compact, with mixed uses and clearly divided between the old
town and the modern peripheral. Its urban area extends 12.7 km2

on a rivers’ crossing, has a population density of 8139 hab/km2,
an average slope of 5.1 and an altitude range (difference between
minimum and maximum altitudes) of 177 m. Lloret de Mar is a
city located on the northeastern Mediterranean coast of Spain.
The city has a year-round population of 39,089 and a seasonal
population equivalent (non-residents who either reside, work,
study or spend holidays in Lloret de Mar multiplied by a
weighting factor based on the total number of days in a year
the person stays in Lloret de Mar) of 16,305 (leading to 2.35
citizen per household). Its urban area extends 7.8 km2, it has a
population density of 5011 hab/km2, an average slope of 13.3 and
an altitude range of 344 m. Much of the city’s economy is
dependent on tourism. In fact, the city has about 120 hotels,
which translates into 29,147 hotel beds with a year-round average
occupancy rate of about 65% in 201634. In addition, the number
of visits to the city in 2014 surpassed one million (Lloret Turisme
Press Office). Real water consumption data from 2019 was
provided by the water public utility of Girona for the validation of
the decision support tool42.
The scenarios illustrated in the results section of this paper

include: (i) a comparison of the reclaimed water networks
generated by different routing algorithms for public water uses
in the cities of Girona and Lloret de Mar; (ii) with the best routing
algorithm, a comparison of the reclaimed water networks
generated for scenarios with only public water use and with both
public and private water uses; and (iii) the optimal reclaimed water
network with limited budget availability for the case of Girona
compared with current practice (i.e., semi-manual approach). The
results have been obtained using an Ubuntu 20.04 LTS server (CPU
AMD Ryzen 5600X, 32GB RAM), although the tool can be used on
other systems. All the computations have been spawned in a
Python notebook (Jupyter Hub).
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