
water

Article

Objectives, Keys and Results in the Water Networks to Reach
the Sustainable Development Goals

Angel Valentin Mercedes Garcia 1, Petra Amparo López-Jiménez 1 , Francisco-Javier Sánchez-Romero 2

and Modesto Pérez-Sánchez 1,*

����������
�������

Citation: Mercedes Garcia, A.V.;

López-Jiménez, P.A.; Sánchez-

Romero, F.-J.; Pérez-Sánchez, M.

Objectives, Keys and Results in the

Water Networks to Reach the

Sustainable Development Goals.

Water 2021, 13, 1268. https://

doi.org/10.3390/w13091268

Academic Editor: Peter Davies

Received: 22 March 2021

Accepted: 29 April 2021

Published: 30 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Hydraulic and Environmental Engineering Department, Universitat Politècnica de València,
46022 Valencia, Spain; anmergar@doctor.upv.es (A.V.M.G.); palopez@upv.es (P.A.L.-J.)

2 Rural and Agrifood Engineering Department, Universitat Politècnica de València, 46022 Valencia, Spain;
fcosanro@agf.upv.es

* Correspondence: mopesan1@upv.es

Abstract: The world is continuously searching for ways to improve how water is used for energy.
As the population increases, so do the needs for natural resources and, in turn, the needs for
energy. This research sought to show how the world has tried to achieve more sustainable forms
of pressurized water distribution and to show the results that have been obtained. In this sense,
technologies have been used for the production of clean energy, energy recovery instead of dissipation,
reprogramming of pumping stations and hybrid systems. In many cases, much lower water and
energy requirements are achieved and, in turn, greenhouse gas emissions related to water use are
reduced. Sixty-one different water systems were analyzed considering different energy, economic and
environmental indicators. The different operation range of these indicators were defined according
to sustainable indicators.

Keywords: water networks; sustainability; sustainable indicators; energy recovery; GHG emission

1. Sustainability in the Water Cycle

The support and reason for change for all life forms is energy. The variability of
energy consumption has presented significant changes in recent years due to exponential
growth in the human population [1]. A few decades ago, the water-energy nexus focused
on producing energy through hydroelectric power plants. Several recent studies created a
new perspective on the water-energy binomial. Similarly, these new points of view show
water installations as energy consumers [2].

At the same time, climate change as a product of global warming created a chal-
lenge for the social and economic development of different nations. One of the most
affected resources is water, whose availability has decreased, and the extraction of water
is increasingly complex. As a result, there has been a movement in search of alternative
sources to obtain water energetically more consumptively [3]. Water is being extracted
from underground and desalinized with reverse osmosis, which are processes increasing in
popularity. Both methods require large pumping stations to achieve high pressure values
and large flows of water, as both pressure and flow determine the power needed by all the
equipment [4].

Water and energy have a close relationship due to the existing alterations in the natural
hydrological cycle that have occurred to satisfy the world population’s needs [3]. The
altered water cycle must have sustainability throughout its transport system (economic,
ecological, social and physical), which means that it must meet the current and future
demands without significant degradation [4].

In the same way, international organizations show in their reports the existence of
a great pressure to manage water resources more efficiently. Such pressure increases in
proportion to the growth of the human population. Nowadays, it has been determined

Water 2021, 13, 1268. https://doi.org/10.3390/w13091268 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7043-3683
https://orcid.org/0000-0003-1447-6897
https://orcid.org/0000-0001-8316-7778
https://doi.org/10.3390/w13091268
https://doi.org/10.3390/w13091268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13091268
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13091268?type=check_update&version=2


Water 2021, 13, 1268 2 of 20

that more than 40% of humans have deficient water supply [5,6]. Consequently, different
international and national programs are being published by governments in order to
promote the renewal of old facilities that have a low efficiency as well as to implement
facility designs that consider sustainable water policy [7–9] These policies are focused on
developing strategies that can adapt to water scarcity and climate variability [9,10]. The
investment is sometime private, although the majority of cases are supported by public
assistance. As an example, the average cost of Spanish irrigation modernization is between
EUR 8000 and 10,000/ha, considering all the necessary infrastructure. However, this cost
depends on irrigation area as well as the required modernization level [11].

Thanks to the fact that water allows the development of living beings, such as animals
as well as vegetables, it is utilized to produce food sources. It is estimated that 70% of
extracted water for consumption in the world is used for agricultural purposes. In fact,
it is expected that this water demand will increase up to 42% by 2050 in different places
because of population growth [12].

To increase the efficiency of the water supply, the transportation networks have been
developed in a pressurized manner, but this in turn has a higher energy requirement [13].
The energy contributed by the pumping equipment upstream of the network in a water
distribution system, which operates in a pressurized way to supply the agrarian demand,
is affected depending on the fluctuations in the demand of the crops [14]. These alterations
in the operation of pumping equipment could generate moments in which the pipes exhibit
excess pressure; therefore, equipment or elements capable of controlling these events must
be implemented.

From an energy point of view, hydraulic pumping systems are of greater impor-
tance than networks operated by gravity. Knowing the different characteristics of use for
irrigation tends to increase the efficiency of energy consumption [15].

Consideration of water scarcity and climate change is key to optimizing water and
energy resources in the community and in order to guarantee meeting the demand for
water [16]. This challenge should be solved considering the use of information and com-
munications technology (ICT) in the supply and irrigation networks. ICT use is making it
possible to improve water use through real-time analysis and planning of the water net-
works [17] and to increase the feasibility of the water infrastructures [18]. The connection
of water, energy and environment is crucial to reaching cleaner production and a circular
economy in the water cycle [19]. The integration of renewable energies in the water systems
enables enhancement of the weight of sustainability in water infrastructures [20], as well
as synergies in the different decisions and policies for water management [21].

Different research studies of water systems related to terms of energy, design and/or
sustainability have been published. However, the present research developed an in-
depth analysis of more than sixty case studies in which the water uses, optimization
techniques, environmental and economic indicators were considered. The information
from the different case studies was analyzed, obtaining different indicators that allowed
them to be compared. The paper shows that design and management must be focused on
giving prominence to sustainability in water networks in the coming years.

1.1. Water Uses

Water is a natural resource used for the development of life as we know it. That is
why the growth of humanity has always been limited by the our ability to obtain water
resources [22]. In all populations, this resource plays an essential role in the development
of all socio-economic activities, which is why humans have always sought ways to interfere
and control the nature of water.

The two main reasons why people seek to interrupt the natural water cycle are:
(1) to provide for the demands made by society and (2) to control water energy [23].
The main social demands to which water is subjected are: (i) urban demand, or the
endowment of water supplied to meet the sanitary and recreational needs of human beings;
(ii) agricultural demand, or providing the volume of water necessary to develop crops and
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animal husbandry that will later serve as food; and (iii) industrial demand, or supplying
the amount of water required by industries to efficiently develop each of their processes.

To supply the needs of human beings, the natural hydrological cycle has undergone a
number of alterations that add processes to which the water is subjected [13]. Without as-
suming the natural methods to which the water is exposed (e.g., precipitation, evaporation,
runoff, among others), the scheme to which the water is subjected is represented simply by
the following illustration (Figure 1).
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Figure 1. Altered Water Cycle.

The development of technologies has created the capacity to mobilize large amounts
of water to distant points that are away from the various sources of water and, as a
consequence, has allowed the expansion and increase of the population of human societies.
As a result of this population growth, the needs for health services and food sources
have increased significantly, resulting in a need for greater volumes of water around the
world [24,25].

Figure 2 shows that the extraction of the water resource grows as the population
increases. The volume of water lost by evaporation has augmented considerably to
400 km3/year, which may point to the rise in temperature in response to climate change.
In 2020, 65% of all the volume of water withdrawn from the natural environment was used
in agriculture, 23% for urban demand and the other 12% for other uses [24,25]. Figure 2
shows the positive trend in the water consumption in the different sectors each decade,
increasing 600% from 1920 when the population increased 1000%.
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1.2. Consequences of Water Uses in the Environment

The emission of greenhouse gases resulting from anthropogenic activities gener-
ated the degradation of the ozone layer, causing variations in climatic processes and,



Water 2021, 13, 1268 4 of 20

consequently, variations in totally natural methods [22,26,27]. Conventional systems for
obtaining energy (e.g., coal, petroleum products, among others) emit greenhouse gases
(CO2) with a higher proportion while increasing the request to which they are subject. The
increased demand for water caused humans to choose hydrological sources with higher
energy requirements, such as desalination and even deeper collection wells or tanks with
longer distances [3,28]. Consequently, the environmental impact of water distribution
systems is intensifying.

Although in recent decades hydraulic and environmental engineers have focused their
attention on the sustainability of pressurized networks, there are still supply networks
in the world whose energy requirement has values that exceed 1000 GWh/year and the
emission of CO2 is more than 30 × 106 t/year [28,29].

Numerous studies on water consumption in the world show that water demand is
affected by regional conditions, such as demographics, climate, the ease of obtaining water,
among others. The withdrawal of water worldwide is at approximately 3828 km3/year,
where 2662 km3/year is assigned to agricultural use, being equivalent to 70% of the total
volume, 784 km3/year for the industrial demand, this being 20% of the total volume, and
the remaining 10% equivalent to 382 km3/year supplies domestic requirements [30,31].

Due to the current environmental crisis, it is necessary to reduce the emission of
greenhouse gases by recovering energy with sustainable water distribution systems [32].
The elements commonly used to release energy from pressurized systems are valves. These
elements can modify the loss of energy in water passage by increasing the friction that
hinders the movement of water, thus releasing that energy in the form of heat. Based on the
foregoing, the present research was carried out to identify elements that can take advantage
of the energy required to be removed from hydraulic systems: pumps as turbines installed
to substitute valves.

The installation of pumps used as turbines (PATs) at small hydroelectric plants can
lead to an improvement in the efficiency of the networks. In the same way, they offer
an economic and environmental benefit to the administrative body of the drinking water
distribution networks [33]. This technology has been developed more and more thanks to
the existence of pumps that have been removed from systems yet still have the capacity to
be used to carry out other tasks, such as energy recovery.

The objective of this article is to show the relationship between the water, sustainability
and feasibility in the water distribution systems. It demonstrates that water consumption
carries with it an energy requirement, an emission of greenhouse gases and, in turn, an
important economic expense as a result of the processes required to provide this resource
in quantity and quality for consumers. The research conducted an analysis that compared
variables that considered the number of consumers and a group of proposed indicators
that relate to water consumption, energy requirements, greenhouse gas emissions and
required economic investment per capita. The goal was to use this group of indicators to
enable water managers to classify their water systems according to sustainable criteria that
measure the degree to which different targets are reached and which are included in the
sustainable development goals (SDGs).

2. Materials and Methods

The analysis of water systems was studied across the different scenarios, although
energy improvement was mainly analyzed in 40 of the 61 examples from the published
research. The development of optimization procedures was key to developing more
efficient systems. However, the sustainability improvement of the water systems should
be linked to the development of optimization procedures to increase attention to the
global indicators in which the social, economic and environmental targets each acquire
significance in the water management of the systems. This issue of perspective can be
observed when addressing the analysis of the different published water systems.
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2.1. Published Case Studies

Improving sustainability in water systems must be correlated when different techniques
are applied to improve the energy ratio in water systems. To do so, the present research
analyzed 61 different case studies that were published in the literature. Table 1 shows the
different analyzed case studies, which were located in different countries of the world.

Energy consumption and expenditure were recorded before and after making changes
in the morphology of a drinking water distribution network [15,33,34]. Similar to these
case studies, there are others that show the variation in greenhouse gas emissions, showing
a decrease in values of more than 12%. These modifications demonstrate the commitment
to reducing the environmental impact of processes related to water distribution.

To compare the behavior of the different systems, in the case studies in which the data
were not obtained directly from other articles, energy consumption values per injected
cubic meter were assumed, by which the networks were categorized according to their
utility and the average flow injected into the network.

In continuation of the aforementioned, in networks designed for agricultural use:
small networks had an average flow lower than 1200 L/s, the medium network flows were
between 120 L/s and 6000 L/s, and extensive networks had flows higher than 6000 L/s.
In the networks used to supply domestic demand, networks with average flows lower
than 25,000 L/s were categorized as small, medium networks with average flows between
25,000 L/s and 100,000 L/s. Finally, large networks had flows that exceeded 100,000 L/s.
The energy consumption assigned for each of the various networks were small agricultural
3 kWh/m3, medium agricultural 2 kWh/m3, large agricultural 1.5 kWh/m3, small domestic
4 kWh/m3, medium domestic 3 kWh/m3 and large domestic 2 kWh/m3.

Table 1. Information of the studies cases.

Year Country Ref. ID Year Country Ref. ID Year Country Ref.

1 2020 Spain [35] 22 2015 Italy [36] 42 2011 Uzbekistan [37]
2 2017 Spain [15] 23 2015 Italy [36] 43 2019 UK [38]
3 2019 Portugal [39] 24 2015 Italy [36] 44 2019 UK [38]
4 2019 Spain [40] 25 2008 Italy [41] 45 2019 UK [38]
5 2016 Spain [42] 26 2010 Spain [43] 46 2018 Spain [44]
6 2018 Portugal [45] 27 2010 Spain [43] 47 2012 Italy [46]
7 2017 Spain [34] 28 2013 Ireland [47] 48 2016 Switzerland [48]
8 2014 UK [49] 29 2013 Ireland [47] 49 2012 India [50]
9 2014 Austria [51] 30 2013 Ireland [47] 50 2016 Switzerland [52]

10 2014 Italy [53] 31 2014 Italy [54] 51 2001 Greece [55]
11 2014 China [56] 32 2010 Portugal [57] 52 2001 Greece [55]
12 2011 Portugal [58] 32 2010 Portugal [57] 53 2001 Greece [55]
13 2012 Iran [59] 33 2017 Spain [60] 54 2007 Spain [61]
14 2015 Colombia [62] 34 2014 Spain [63] 55 2014 Norway [64]
15 2013 Spain [65] 35 2013 Spain [66] 56 2014 France [64]
16 2012 Greece [67] 36 2019 Spain [68] 57 2014 Canada [64]
17 2012 Greece [67] 37 2019 Spain [68] 58 2014 Italy [64]
18 2015 Italy [69] 38 2019 Peru [68] 59 2012 Jordan [70]
19 2000 Australia [71] 39 2013 Spain [72] 60 2008 Portugal [73]
20 2020 Spain [74] 40 2017 Greece [75] 61 2015 Italy [76]
21 2014 UK [49] 41 2006 Australia [77]

2.2. Optimization to Improve the Sustainability

There are studies carried out on the optimization of pressurized water distribution
networks that show that by making modifications to the elements that compose it, the
efficiency of the network can be increased, more energy can be recovered, and the cost
associated with the distribution of water can be reduced. In economic terms, to optimize
a network, it is possible to reduce the project cost or reduce the payback time of the
infrastructure investment [35,36].

To carry out an optimization proposal, water managers should have the general char-
acteristics of the network (e.g., topology, diameters, required flows, working pressures, the
elevation of the different points of the network, regulation equipment, among others) [78].
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The variations in the programming in the pumping stations, the integration of frequency
inverters and the installation of elements for energy recovery are practices that are increas-
ingly important. The networks taken as case studies on sustainability optimization are
described below, showing the results obtained in each one [79].

Increasingly, humanity focuses on ensuring that the resources it uses for the devel-
opment of socioeconomic activities have greater environmental sustainability, so many
authors focus their attention on the development of procedures and technologies that
produce the energy they need and that allow systems to be self-sufficient in some way. In
water distribution systems, optimization techniques focus on transforming the typology
of the different networks, modifying the pumping systems, recovering energy instead of
dissipating it or using a renewable energy source. Another great focus that pressurized
distribution systems have is their economical design, which is a factor that significantly
influences the decisions that humans make. That said, many studies are based on the
optimization and/or reduction of costs related to the collection, distribution and treatment
of water.

Each of the methods has a variable or a group of variables that are taken as an orienta-
tion for the characteristics that each person is looking for. Table 2 shows a collection of data
from studies in which different optimization methods were implemented, accompanied by
the method’s objective function, variables taken as tools to modify the network and finally
whether it emphasizes its optimization in terms of sustainability. Additionally, Table 2 indi-
cates whether improvements in global sustainability (i.e., environmental, economic, social)
were considered along with other indicators used as part of the optimization procedure,
sustainability being different from general energy indicators.

Table 2. Optimization of applied techniques in water systems.

Optimization Type Objective Funtion Variables Are Recovery Systems
Installed?

Is the Concept of Global
Sustainability Considered? Reference

Decrease in consumed
energy.

Reduction of energy
supplied for water

supply.

Flow
Pressure No No [49,54,68]

Energy recovery.

Decrease in the energy
dissipated by the

different elements in the
network.

Flow
Pressure

Dissipated energy
Recovered energy

Yes No [15,35,45,53]

Self-sufficient
distribution network.

Use a renewable energy
source capable of

sustaining the energy
requirements related to

water.

Required energy,
recovered energy,
generated energy.

Yes Yes [48,57,60,64]

Reduction of costs
related to the use of

water.

Decrease in the
operating cost of all

processes that have to
do with water.

Pressure
Flow

Produced energy
Energy cost

Yes No [49,58,62]

Control pressure of
different points in a

network.

Reduce the pressure
and consequently

control the flow injected
into a network to reduce

water losses.

Pressure
Flow

Pipe characteristics
Hydraulics accessories

No No [36,49,51,56]

Control of water
consumption.

Create strategies that
reduce the water

requirements and/or
the flow injected into

the network.

Energy used
Dissipated energy

Flow
Pressure

No No [43,59,71]

Improved sustainability
in pressurized

networks.

Take measures in
different networks to

improve the
sustainability of

pressurized distribution
systems.

Energy used related to
water

GHG emission
No Yes [34,39,42,57]

Increased energy
efficiency supplied to

water distribution
systems.

Create ways to use
more efficiently and

sustainably the energy
supplied to water

services.

Energy required in a
network

Energy supplied in a
network

Recovered energy
Dissipated energy

Yes No [34,57,70]
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2.3. Indicators to Measure the Sustainability in Water Systems

In order to determine the performance of the water distribution networks, it must
be possible to record and process data that serve to qualify all the stages of the service in
function—that is why the indicators were taken from service as tools that work to quantify
the functionality of the systems. Possible continuous improvement of water and sanitation
services is accomplished through rigorous, universal and systematic evaluation [80]. Indica-
tors force people to think about where development is taking them [81]. For the indicators
to be able to cover the essential points, different authors divided their structure into differ-
ent groups that included: (1) quality of service, (2) efficiency in planning and execution of
investments, (3) operational efficiency, (4) efficiency in business management, (5) financial
sustainability, (6) access to service and (7) environmental sustainability [37–39]. Different
indicators are defined in Table 3. The analysis of the water networks, including these
indicators enable water managers to assess the sustainable improvement in their systems.
Additionally, the inclusion of these indicators enabled measurement of the compliance
with the different targets in sustainable development goals.

Table 3. Indicators vs. measured SDGs.

Indicator Identification Reference SDG Target

Environmental Annual supplied energy [82] SDG-7
Clean Energy

Increase substantially the share of
renewable energy in the global

energy mix

Environmental Recovered Energy [83,84] SDG-7
Clean Energy

Increase substantially the share of
renewable energy in the global

energy mix

Environmental GHG [81] SDG-7 and SDG 12
Reduce the amount of greenhouse
gas emissions to take action in the

fight against global warming

Social Risk infection [81] SDG-6
Water and sanitation

Implement integrated water
resources management at all levels,
including through transboundary

cooperation as appropriate

Economic Total unit cost [82]
SDG-11

Sustainable cities and
communities

Enhance inclusive and sustainable
urbanization and capacity for
participatory, integrated and

sustainable human settlement
planning and management

3. Results
3.1. Worldwide Global Values

In different countries, the volume of water extraction from the natural environment
has different values. Figure 3A shows the volume of water required annually by the various
continents, with the Asian continent being the largest consumer, having an average annual
volume withdrawn of 2378 km3/year, this value being 62% of the total volume withdrawn.
This is followed by North America with 525 km3/year equivalent to 14%, Europe with
418 km3/year, Latin America 251 km3/year, Africa with 217 km3/year, Oceania with
26 km3/year and finally the countries of the Caribbean with the value of 13 km3/year,
equivalent to only 0.3% of the total volume extracted [12,30,31].

The use of water involves significant energy expenditure, which is why the water-
energy relationship has been a focus of attention in the scientific community. To determine
the energy consumption linked to water, it is necessary to know the characteristics of the
fluid, be it its concentration of metals, the ease or difficulty of obtaining it, its salinity,
pH, among others. There are studies that have sought to tabulate the energy requirement
of all activities involving the use of water (e.g., treatment and pump stations). These
studies served as a reference to create an approximation of the energy footprint that the
different pressurized water distribution systems could have. An approximation of energy
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expenditure of 11,474,000 GWh/year can be assigned worldwide following the studies
of [85–89].
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Figure 3B shows the energy expenditure assigned in various locations in the world
because of water activity. Asia is the continent with the highest energy requirement. Its
value is 7717 × 103 GWh/year, being 62% of the world energy requirement. It is followed
by North America with a value of 1519 × 103 GWh/year. Europe is in third place; its value
is 1,205,500 GWh/year. After them, Latin America consumes 787 × 103 GWh/year, Africa
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with 668 × 103 GWh/year, Oceania with 81.5 × 103 GWh/year and finally the Caribbean
with 41 × 103 GWh/year, equivalent to 0.4% of the total requirement.

The emission of greenhouse gases was placed in the focus of the scientists’ study
because emissions have a close relationship with the energy requirements of water distri-
bution systems. The use of commonly functional machinery based on fossil fuels associate
energy expenditure with a GHG emission value. It is important to consider new irrigation
facilities, since the management of change from traditional irrigation (free open channels) to
water pressurized systems causes too many advantages relative to hydraulic efficiency and
reduction of water volume use, but pressurized systems increase the average demanded
power by 2 kW/ha, and therefore increase the GHG emissions if non-renewable energies
are used [61].

Figure 3C shows a calculated GHG emission value using the Mushtag method [61].
This procedure serves as a reference for determining the different amounts of GHG emis-
sion. Grouping the values by continent, it can be determined that Asia emits 62% of
the GHG related to the use of water, having a value of 7.25 × 109 t CO2 e/year, fol-
lowed in turn by North America with an emission of 1.54 × 109 t CO2 e/year, Europe
with 1.22 × 109 t CO2 e/year, Latin America with 0.8 × 109 t CO2 e/year, Africa with
0.68 × 109 t CO2 e/year, Oceania with 0.09 × 109 t CO2 e/year and the Caribbean with the
lowest emission value with 0.042 × 109 t CO2 e/year.

The different numbers of inhabitants on each continent must be considered: in Asia,
there are 4.623 million inhabitants; in North America 369 million; the Caribbean has
44 million; Latin America has 620 million; Africa 1352 million; Oceania 42 million and
Europe 743 million [64]. These differences raise the uncertainty of the relationship of the
aforementioned factors (volume, energy and GHG) depending on the inhabitants of each
continent, which is why a per capita analysis of them is shown and carried out.

Figure 4A shows the volume of water consumed per capita with respect to the different
continents, leaving the North American continent as the largest consumer with consump-
tion of 1423 m3/year, followed by Oceania with a consumption of 619 m3/year, then
Europe with 563 m3/year, Asia with 514 m3/year, Latin America with 405 m3/year and
finally the African continent with an annual per capita water consumption of 161 m3/year.

Figure 4B shows the distribution of energy consumption related to water use according
to the population of each continent, with North America as the largest consumer per capita
with consumption of 4116.5 kWh/year, followed by Oceania with 1940.5 kWh/year. Europe
and Asia have a consumption of 1622.5 kWh/year and 1551.1 kWh/year, respectively. Latin
America takes 1269.4 kWh/year, Caribbean consumes 943 kWh/year and finally Africa
shows a consumption around 484.5 kWh/year.

Figure 4C shows the GHG emission per capita in each continent, leaving the North
American continent as the leader in emissions with a value of 4.16 t CO2 e/year. It is followed
by Oceania, whose value is 1.96 t CO2 e/year. Europe is located in third place, showing values
around 1.64 t CO2 e/year; Asia with 1.57 t CO2 e/year; Latin America with 1.28 t CO2 e/year;
the Caribbean with 0.95 t CO2 e/year and lastly as the least producer of GHG related to water
use per capita is the African continent with a value of 0.50 t CO2 e/year.

3.2. Renewable Systems to Improve the SDGs

Figure 5 shows how the average flow used in the different networks varies before
and after the modification. In the initial state of the systems, there are behaviors that
reach values that exceed 500 L/s and a maximum value obtained of 1250 L/s, while
when making any of the aforementioned modifications, all the average flow values in the
different networks are maintained below 490 L/s. This assumes that by installing a device
to optimize the system, water consumption is reduced. Comparing the frequency of the
MS to OS shows that the values of flow tend to be more concentrated in lower levels of
consumption than what is appreciable in the OS values. It indicates that most of the time
the water networks operate with lower values of their total capacity. Usually, it is because
the water systems are sized under hypotheses of the users’ demand. This accumulated
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high frequency of low flows allows water networks to reduce the energy footprint of water
distribution systems.
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The consumption of water-related to the use of water (Figure 6) reaches values
that exceed 5 × 105 MWh/year, and in the same way, there is a peak consumption
value of 20 × 105 MWh/year. Unlike the initial behavior, when modifying the pressur-
ized water supply network’s morphology, the energy consumption values remain below
1.5 × 105 MWh/year except for the peak consumption value, which is punctual, showing
4 × 105 MWh/year. By comparing the peak values, it can be determined that a reduction
in energy consumption of up to 80% of the existing value in an analyzed network could be
achieved by making any alteration in the network. The recurrence of high values tends to
be lower in the analysis, as can be seen. The introduction of the renewable systems caused
the reduction of the consumed energy in the water systems using non-renewable resources,
which caused a direct decrease in the emissions as well as a decrease in exploitation costs.
However, the consumed energy can also be reduced by changing the management of the
water systems. An example of this reduction was published by [15] in which the man-
agement optimization reduced the energy, cost and energy footprint in 12.26%, 15.54%
and 15.04%, respectively, considering that there was an increase in the distributed volume
of 9.07%.
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Depending on the reduction in energy consumption and the average flow of water
through a network, the emission of greenhouse gases related to the use of water is also
modified. This is shown in Figure 7, in which there are different supplies in its original
operating station that emit more than 500,000 t CO2/year and an analyzed peak value
of 2,000,000 t CO2/year. In contrast, by modifying these networks, the GHG emission
values remain below 300,000 t CO2/year /year, assuming a theoretical average reduction
of greenhouse gases emission between 582 and 877 g CO2/kWh [90].
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However, the development of water pressurized systems supported with the intro-
duction of renewable systems, which reduced the dependency of energy consumption
of the other non-renewable resources (i.e., coal or gas), improves other environmental
indicators. Renewable systems have a high social impact on the population, and they
promote advantages, which are independent of the payback of the facilities. In developing
countries, the use of these systems opens the possibility of supplying consumers with
both water and energy, increasing their quality life. In these countries, the development of
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water pressurized systems is linked to use of renewable facilities (i.e., photovoltaic, pumps
working as turbines, wind turbines, among others). Both vital resources (i.e., energy and
water) contribute to increase the success, and therefore the feasibility of these facilities
cannot be measured in the GHG reductions and payback—they should show the subjective
impact in the populations relative to social aspects, which are linked to some SDGs, such
as SDG-1 No poverty, SDG-2 Zero Hunger, SDG-6 Clean Water and Sanitation, SDG-7
Affordable and Clean Energy and SDG-13 Climate Action. Developing water pressur-
ized systems in these areas often need implementation assistance from international and
national programs [91,92].

One of the main indicators used for decision-making is the monetary factor, which,
as shown in Figure 8, when making changes in the operation and element that has a
pressurized supply network, the annual energy cost related to water use is maintained
at values below 1,500,000 €/year except for a peak value that reaches a cost of almost
40 M€/year. If the initial operating systems are maintained, the costs exceed 70 M€/year,
and there is a peak value of almost 300 M€/year. Particularly, [15] reductions in operational
costs decreased from EUR 0.035 to 0.029/m3, an improvement of 15.54%. However, the
energy cost is linked to energy prices as well as the consumption schedule, which has
a great significance when the water pressurized systems is pumped and the network is
used to irrigate. In this case, it is crucial to take advantage of the off-peak hours. In
pumped supply networks, the operation time is of less significance because the users’
demand is continuous, and the water manager cannot schedule the pumped operation
range. Along this line, many water managers are installing renewable systems to generate
green energy and disengage their connection to the grid. For these infrastructures, which
combine consumption on-grid and off-grid, the best solution is the proposal of an energy
management strategy for pumped hydro storage systems to manage surplus renewable
energy when hybrid systems are installed [93].
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The sustainability of water distribution networks is proposed here as a verification of
per capita consumption for domestic consumption networks and per hectare for agricultural
consumption. That is why the following analysis studies the efficiency and sustainability
of the different systems based on the number of units they supply, a value that is used
to compare networks of different sizes in the same analysis group. When the energy
consumption of the different case studies is measured by units (per capita or hectare),
different values are observed. In the initial state, it can be observed that energy consumption
has values that reach 50,000 kWh/year per unit of use and that in one of the cases the
consumption reached 250,000 kWh/year per unit of use. When modifying the networks
with any of the aforementioned technologies, the consumption income per unit remains
below 25,000 kWh/year, except for a single value that reaches 75,000 kWh/year. The
analysis of the frequency of the value shows that the middle energy consumption values
tend to disappear, taking part of the lower values, which indicates that the systems that are
treated tend to have lower energy requirements.

When GHG emissions are compared, the values obtained have ranges that exceed
50 t CO2/year, with a peak value of 250 t CO2/year. Unlike the initial state of the networks,
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when installing an artifact or modifying its operation, the GHG emission remains below
26 t CO2/year, with an exceptional peak value of 77 t CO2/year.

Figure 9 shows how in the initial operation, the energy cost related to water per con-
sumption unit reaches a peak value of EUR 32,000/year and other around EUR 10,000/year
values. In contrast to the results obtained in the modified systems, the exceptional peak
value reached EUR 10,000/year, and all the other networks remain below EUR 3000/year.
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The modifications to which the exposed networks were subjected in the case studies
required a high investment cost for the installation of the element capable of performing
energy recovery. On the other hand, the alterations that only had to do with modifying the
operating rules dissipated the energy with pressure-reducing valves, so it can be admitted
that they lacked energy recovery.

3.3. Improvements of the Hybrid Systems Applied in Water Systems in the Sustainability

Improving hydraulic efficiency in a water distribution network is a necessary alterna-
tive capable of increasing the energy efficiency of an entire system [94]. Each stage that
water is subjected to involves energy expenditure. That is why ways to reduce the amount
of energy required by the system are sought. The use of renewable energies (i.e., wind
energy, solar energy) has grown in popularity thanks to the fact that they do not emit
greenhouse gases and therefore have a lower environmental impact.

There are water distribution systems for irrigation and domestic use that used pho-
tovoltaic energy to supply energy to pumping equipment (PVP). It has been shown that
a pumping system powered by solar panel energy can reach operating flow rates of up
to 3.5 L/s and pressures of up to 10 m w.c. [95]. The PVP is used to irrigate arid climate
zones, and it is also considered a parameter to be taken into consideration for the selection
of pumping equipment [96].

Another strategy to improve the efficiency of the water system is to control the pressure
throughout the network. The elements commonly used to release energy are the valves, but
in recent years the administration of pressure regulating the pumping systems and the use
of PATs have been booming. The valves are used to reduce the pressure at specific points,
which causes the volume of leaked water to decrease, consequently reducing the flow of
water injected into the network and the working power of the pumping equipment [97]. In
the same way, the programming of the pumping equipment makes it provide the minimum
energy required, thus reducing the pressure and power of the station [34]. Like valves,
PATs reduce pressure at a specific place in the network, but unlike valves, PATs do not
dissipate energy but rather function as micro-hydroelectric plants to recover it [45].

Pressure reducing valves (PRVs) have a simple design and operation, and compared
with other control strategies, the investment is considered minimal. Their function only
works to lose energy through dissipation, and therefore it is not recoverable [54,56,57].
Compared with this, the use of velocity control in pumps systems for regulation purposes
is much more convenient [98]. In the case of the programming of the pumping station, it is
possible to get the equipment to work at its point with better efficiency, which favors the
decrease in energy demand. A disadvantage is that these strategies require the installation
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of valves and electronic equipment [34]. In the case of the pumps used as turbines (PATs), it
is possible to achieve energy recovery and at the same time a better control of the pressure
in the different points of the network [15]. PATs carry a high value of invention; it is
necessary to install valves, and their design, both sizing and operational, tends to be very
complex [15,51,58]. Additionally, the use of PATs contributes to a reduction in leakages, and
therefore this reduction implies an increase in the energy efficiency of the water systems as
well as a reduction of the friction losses since the circulating flow is reduced [59,60].

Similarly, water turbines (WT) are the most efficient elements with respect to the
creation of energy from water, as referenced in [61–63]. There are also hybrid technologies
that emerge after combining the strategies and in this way increase the production or
recovery of energy in a pressurized water network. This is called hydroelectric regulation,
which works to control the characteristics of the water (both pressure and flow) based on
automated devices that always achieve the most optimal operating point [45].

Table 4 shows the modification in the different sustainability indicators considered in
water networks when the operation systems were modified, including some renewable hy-
brid systems. The technologies used to carry out the modified system were pumps used as
turbines (PATs), photovoltaic panels (PVP), water turbines (WT), changes in programming
or operating mode (COM), installation of pressure-reducing valves (PRV) and hydroelectric
regulators (HER).

The energy production or greenhouse gas emission reduction systems in activities
related to the use of agricultural or domestic water were analyzed in this research to
determine the sustainability of the systems using a comparison of an original (initial)
system (OS) with a modified system (MS), of which the parameters of energy consumption,
energy production, emission of gases with greenhouse effects and energy cost related to
water were determined.

It can be seen how energy consumption to a greater extent is modified when per-
forming any of the techniques where, in COM, the average energy consumption of the
case studies varies from 70 GWh/year to 10 GWh/year. It is also worth mentioning that,
regarding energy production, the use of PVP causes an increase from 0 to 20 MWh/year.

It should be noted that Table 4 indicates that energy consumption is higher when
modifying the system and therefore causes an increase in energy costs related to water. This
is a crucial point because it shows that when implementing a modification in a system, the
decrease in energy requirements and/or costs related to water use will not necessarily occur.

In relation to the emission of greenhouse gases derived from the use of water, the most
effective technique to reduce this indicator is the use of PVP since it presents a decrease
greater than 95% of the initial emission value, which corresponds to a value of almost
20,000 t CO2 e/year. Similarly, the systems that use wind turbines for electricity generation
as an energy source have a reduction greater than 90%, followed by the WT and the COM,
having values that are around a 90% reduction in mass of GHG to the atmosphere.

In the case of the water-energy economic relationship shown in Table 4, the technolo-
gies capable of producing higher financial income in the companies in charge of supplying
water are firstly, the PVP, which is followed by wind energy production. It is also worth
mentioning that the technology capable of reducing the energy cost the most is the installa-
tion of WT, thanks to the fact that these managed to reduce the average annual investment
value for water-related energy from EUR 3,500,000/year to a value of EUR 50,000/year.

When carrying out a study focused on energy production according to the different
technologies mentioned above, the technology with the highest energy production capacity
is PVP installation, reaching values of 2000 MWh/year, followed by wind energy with
600 MWh/year.
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Table 4. Original Operation System and Modified Operation System.

Original Operation Systen Modified Operation System

ID No. Analyzed
Cases

Consumed
Energy

(kWh/Year)

GHG
Emission (kg

CO2/Year)

Energy Cost
(€/Year) Modification

Energy
Recovered
(kWh/M3)

Energy
Produced

(kWh/Year)

Energy-Water
Economical

Production (€/Year)

Consumed
Energy

(kWh/Year)

GHG
Emission (kg

CO2/Year)

Energy Cost
(€/Year)

1 16 28,671,483.4 28,962,473.17 3,727,292.84 PATs 0.042 261.5 293.87 28,597,293.1 28,884,159.3 3,711,938.07
2 3 1,828,766.7 17,148,710.09 2,376,499.67 PV Panels 0.0 2,105,529.7 182,479.25 1,634,941.6 577,606.86 212,542.42

3 2 2,636,409 26,669,919.51 3,427,332.48 Water
Turbines 0.028 129,210 8398.65 1,395,358.5 1,411,544.659 181,396.61

4 2 3,672,257.7 399,954.225 477,393.50 Wind 0.0 589,456.7 76,629.38 2,864,099.5 2,559,189.9 3,723,329.38

5 11 11,651,079.2 10,695,633.39 376,995.41
Changing
operation

mode
0.0 0 – 2,100,730.8 2,126,151 –

6 5 6,664,036.15 6,741,338.967 866,324.70 PRV 0.0 0 – 6,651,588.95 6,728,747.379 846,434.48
7 1 16,966,368 17,163,177.87 2,205,627.84 HER 0.121 1401.9 182.25 € 16,966,368 17,163,177.87 2,205,627.84
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Regarding energy recovery, the values are shown in Table 4. They indicate that only
three techniques of those analyzed are used to recover energy from the network, with the
highest recoverable HER being able to reach values obtained from energy per cubic meter
of 0.12 kWh/m3 injected into the network, followed by PATs with 0.04 kWh/m3 and lastly
the WT, reaching values of 0.03 kWh/m3.

Table 5 shows a summary of the point at which the United Nations sustainable
development goals were taken, as a reference for the approach to be given in this research
to each of the case studies shown and analyzed. Table 5 shows that the different published
methodologies caused improvement in some specific targets but that they did not contribute
to global improvements in sustainability. SDG-7 was improved in 72% of the analyzed
case studies (44 of 61). In 20 water systems, this improvement was focused on the use of
renewable energies to reduce non-renewable energy, which was consumed in the water
systems. The efficiency of the water systems was considered in 12 case studies (20% of the
analyzed case studies) and reduction of GHG was estimated in another 12 case studies.
SDG-6 was considered in seven cases, focusing on the implementation of water resources
management. Finally, SDG-11 was analyzed in 10 water systems, in which urban planning
integration of the sustainable measures was the main target.

Table 5. Summary of study cases emphasizing SDGs.

SDG Target ID

SDG-7. Clean Energy
Increase substantially the share of

renewable energy in the global
energy mix

1,2,3,4, 6, 7, 8, 10, 13, 18, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 36, 37,

38, 51, 52, 53, 60, 61

SDG-7. Clean Energy Double the global rate of
improvement in energy efficiency

1, 3, 4, 10, 26, 27, 28, 29, 30, 39, 46,
50

SDG-7. Clean Energy
Reduce the amount of greenhouse
gas emissions to take action in the

fight against global warming

20, 32, 33, 34, 47, 48, 54, 55, 56, 57,
58, 59

SDG-6. Water and Sanitation

Implement integrated water
resources management at all

levels, including through
transboundary

9, 11, 15, 16, 17, 41, 49

SDG-11 Sustainable Cities and
Communities

Enhance inclusive and sustainable
urbanization and capacity for
participatory, integrated and

sustainable human settlement
planning and management

5, 12, 14, 19, 35, 40, 42, 43, 44, 45

4. Conclusions

An analysis of different case studies was carried out, showing how strategies and
technologies focused on increasing the efficiency of pressurized water distribution networks
have been implemented, increasing sustainability indicators. There are different ways to
improve the sustainability of water networks. It can be highlighted that several aspects can
be followed: the production of “clean” energy, the recovery of energy in the networks or
the reduction of energy required.

The analysis of the case studies showed the need to join different optimization func-
tions, which could measure different targets of the different SDGs. An improvement of
the efficiency was present in more than 70% of the case studies, but there are other targets
that are important, and they are included on different SDGs (different to SDG-7). Other
SDGs, such as economic growth (SDG-8), responsible consumption (SDG-12), no poverty
(SDG-1) and zero hunger (SDG-2) must be considered in new approaches to improving the
sustainability of water systems globally.

The new challenges in water management and water development planning should
be aligned considering the SDGs, and the proposal of sustainable tools should be de-
veloped. These should consider the different targets of the SDGs, such as optimization
functions, where the constraints weigh the influence of all the variables (measurable and
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non-measurable). The analysis of the different case studies demonstrated that efficiency
improvement is not the only main strategy to reach a sustainable development in the urban
and farm water systems. The present research considered 61 different case studies, which
enabled characterization and estimation of the trends of the different indicators. The work
was limited to the published parameters of each case study, and some of them should be
estimated as a function of the network type. The increase of new case studies as well as the
measurement of other parameters by water managers could enable development of new
optimized strategies that define global sustainability linked to SDGs.

Taking these indicators into account, this research sought to show various attempts to
achieve more sustainable forms of water distribution in pressurized networks and the they
results obtained. In this sense, the use of technologies for the production of clean energy,
energy recovery instead of dissipation, reprogramming of pumping stations and hybrid
systems were analyzed.
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