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Abstract: Water and energy are interconnected since water is used to produce energy and energy is used in water treatment 

and distribution. The use of water and energy must be presented in an integrated view. Water Distribution Networks (WDN) are 
characterized by excess of hydraulic energy, due to the pressure required to guarantee the distribution service. This excess of 
energy can be recovered to produce electricity and save costs on energy. Hence, water distribution networks appear as a new 
opportunity to produce a clean energy. 
In water distribution networks, the pressure is usually controlled by pressure reduction valves (PRV), that dissipate the excess 
of energy in the system. This excess of energy can be used to produce electricity, by installing pumps as turbines (PAT) instead 
of PRVs. Nevertheless, the cost of turbomachinery and the lack of information on characteristic curves of turbines can be 
obstacles to water turbines implementation. 
This study uses a design strategy to create a PAT that best fits the water distribution network and maximises the energy 
production, without constraints to the water distribution service. In the analysis are presented characteristic parameters of the 
system (dimensionless form in function of best efficiency point) which evaluate the efficiency of the system, standing out the 
capability, the reliability and the sustainability. An economic analysis of the project is made to evaluate the viability of PATs 
implementation. 
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1. Introduction 
Water is the core of sustainable development. Sustainable 
water management enhance living standards, expand 
economies, creates jobs and social inclusion. Sustainable 
water management is the path to poverty reduction, green 
economy and sustainable development1. 
The growing demand of energy and water brings the revenue 
resources under increasing stress. Improving water utilities 
efficiency and productivity is one of the main objectives of 
smart cities, which are achieved with smart design, smart 
technologies and increased awareness and education of 
populations. In water utilities, development challenges and 
opportunities increasingly appear together2. Water 
Distribution Networks (WDN) are responsible for delivering 
water with adequate quality and quantity. These systems are 
under constant stress and variable function conditions, 
making its sustainable management complex and non-linear, 
varying from case to case. The energy fossil fuel crisis and 
water scarcity forced the search for alternative energy 
sources. Renewable energy sources are presented as 
inexhaustible resources and eco-friendly. Hydropower is one 
of the most reliable renewable sources. The future of WDN 
passes through implementing a sustainable water 
management and take advantage of the excess of energy 
available in the network. One way to improve efficiency and 
productivity of WDN is to implement small-scale hydroelectric 
power systems, which can take advantages of the excess of 
energy in the system and produce electric energy. The 
feasibility of small scale hydropower plants depends on the 
costs of hydraulic and electric equipmenst3. 
 

2. Water management 
2.1. Total Water management 
Total Water Management (TWM) is an integrated approach of 
water cycle that considers all water as a resource. This 
approach is based on a holistic view of water cycle and 
fundaments of sustainability and efficiency. 
The strategies included in TWM planning are: water 
conservation; wastewater and grey water reuse; storm water 
best management practices; rainwater harvesting; treatment 
plants for dry weather runoff; dual plumbing for potable and 
non-potable uses; separate distribution networks for fire 
protection; multi-purpose infrastructures; water quality 
depending on end-use; green roofs; low impact development 
(Figure 1)4. 

 
Figure 1 – Total water management model4 

 

TWM objectives may include: ensure water supply reliability; 
improve potable water quality; manage utility costs; provide 
adequate wastewater system capacity; reduce impacts of 
storm water on environment; increase water use efficiency4. 
TWM guarantees the balance between water demand and 
supply. Water demands are differentiated according to the 
quality required, the demand pattern (i.e. daily pattern and 
seasonality) and the geographic location. Water supply must 
incorporate all sources of available water and guarantee 
satisfaction of demands in quality and quantity4. Water 
balance is essential in TWM models, to guarantee an accurate 
definition of consumption and discharge paths. A smart water 
management begins with a global water balance between the 
available resources and the projected demands4,5. Supply 
reliability, cost management and water use efficiency, on 
TWM models, can be reached with the implementation of 
Smart Water Grids (SWG). 
 

2.2. Smart water grids 
2.2.1. Brief consideration 
Smart Water Grids (SWG) may use Information and 
Communication Technologies (ICT) to global manage the 
network, creating a low-energy and high-efficiency WDN and 
green water distribution networks5. Smart Water Systems 
(SWS) promote water security taking into account the 
uncertainties of future risks due to population growth, extreme 
events and demand increasing. Water security can only be 
achieved with strategic and transparent decision making. 
Integrated management and timely data will enhance 
efficiency in losses control and leak detection and repair6. 
In SWG, the integrated water and energy management, 
promotes and guarantees water quantity and quality, 
regarding the dependency between water and energy7. 
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In Table 1 are shown some components that can be used in a 
smart water grid and the problems that can be addressed to 
each component. 
 

2.2.2. Challenges and opportunities 
Smart water grids face challenges to its development to obtain 
funding and investment. Generally, there is lack of incentives 
for innovation and development of SWG technologies. Public 
in general takes water as granted and is unwilling to pay for 
smart technologies. The lack of awareness about water crises, 
the poor information and understanding of the benefits of a 
SWG also constitute an obstacle to its implementation14. 
Despite the challenges, SWGs present benefits and 
opportunities, when implemented. SWG can prevent water 
losses, improving grid management, reduce water wastes, 
overuse and monitor water quality. Smart grids also enhance 
energy consumption when detecting leaked pipes. Leaked 
pipes lose pressure and require more energy to guarantee the 
levels of service. An accurate knowledge of water quantity 
needs and accounting losses can reduce water production, 
which will reflect energy costs saving and water conservation. 
Users perception of water conservation may influence their 
behaviour and contributes to reduce water and energy 
consumption. Overall SWG will work more efficiently, creating 
reliable and affordable systems. Ecologically, they have lesser 
impact on environment, reducing carbon footprint. SWG 
strengthen global competitiveness, creating new opportunities 
and markets for innovation and technology industries8,10–12. 
A thorough understanding of WDN will improve water 
management, making SWG more sustainable and efficient. 
 

2.3. Smart cities are SMART 
Smart cities are SMART, which means they are sustainable, 
manageable, accountable, resilient and together (Figure 2).  

 
Figure 2 – Smart cities are SMART 

Smart cities are sustainable due to the capability of equitable 
generation of goods and services, based on a sustainable 
development, without prejudice to environment and well-being 
of citizens. Smart cities are manageable, due to their capacity 
to interconnect resources and services, and control and 
administrate them, in order to improve efficiency. Smart cities 
develop an adaptive management to respond to alterations in 
base conditions. Smart cities are accountable to guarantee 
the best response, in quality and quantity, of demands and 
safe and secure production of energy. Smart cities are 
resilient, because they assume that cyclical changes occur in 
the characteristics of the system and have the capability of 
self-organization to deal with uncertainties, due to 
interdependencies and interconnections resources. Smart 
cities are together because of the connectivity between 
different resources, goods and services. Smart cities manage 

information and resources as a whole (holistic view of the 
system), in a flexible way13,14. 
SWG are the response to the modernization, greening, 
effectiveness and efficiency of water delivery. The Smart 
characteristic of SWG can be achieved and enhanced 
applying the nexus concept. 
 

2.4. Nexus Approach 
2.4.1. Water energy nexus 
The nexus approach is a new paradigm which highlights 
interconnections and interdependencies of resources, aiming 
to achieve an integrated management of all resources. 
Regarding the water theme, nexus approach includes its 
multi-uses and its variety of sources15. 
Water-energy nexus emphasises the basic need and demand 
of water and energy, and the need of an integrated base-
management of these sources16. Water-energy nexus can be 
studied as water for energy and energy for water. Water and 
energy are interview and interdependent, a minimum 
alteration in one affects automatically the other (Figure 3). 
With the population growth, water and energy demands are 
expected to increase, putting some systems in stress. 
Growing cities must reduce water and energy demands, 
manage trade-offs and optimise the use by promoting reuse, 
recycling and generation of energy from waste17.The 
increased demand of resources points out opportunities and 
synergies, that can lead to an efficient use and possibly to a 
substitution between sources18. 

 
Figure 3 – Water- Energy Nexus 

2.4.2. Smart water for energy 
The nexus approach can help to manage water and energy in 
distribution networks, in a flexible and multidisciplinary way. 
An integrated view of the system can be achieved with 
automated data collection and treatment, which will give 
interdisciplinary results that are used to improve water 
distribution, energy consumption and costs. The response of 
the distribution network to changes/alterations will become 
proactive instead of reactive. The operationalization between 
water and energy data will build an adaptive management19. 
The applicability of nexus depends on coordinated and 
harmonious knowledge-base, database indicators and 
metrics. The information must provide the interconnection 
between sectors, in space and time. Understanding the 
dependencies between water and energy provides mutual 
beneficial responses, trade-offs and synergies to sustainably 
meet demands (Figure 4)18. The transition to a sustainable 
management across sectors will reduce the trade-off and, 
enhance benefits, which compensate the costs associated 
with interconnected management between sectors18. 
 

Table 1 – Typical components of a SWG, problems each component can address, and the smart system that components are part of 8 
Component Problem Directly addressed Problem Indirectly addressed Embedding 

Smart Meters 
Water losses, water quality, disasters and 

drought 
Energy consumption 

Smart step testing and smart pressure 
management 

End-Use Sensing 
Devices 

Water losses and drought Energy consumption N/A 

Flood Sensor Disasters N/A Smart flood management 

Smart Valves Water losses, water quality and disasters Energy consumption 
Smart step testing, contaminant isolation, 
smart pressure management and smart 

flood management 

Smart Pumps Energy consumption and disasters N/A 
Smart pressure management and smart 

flood management 

Smart Irrigation 
Controllers 

Water waste/overuse Energy consumption N/A 

Smart pipe Water losses Energy consumption Smart control and monitorization 
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Figure 4 - Smart Water for energy interface19 

 

3. Water distribution network 
3.1. Components and regulatory standards 
A WDN is composed by a system of pipes and accessories 
elements, installed in the public way, whose utilization has 
interest for the public service of potable water supply. Its main 
purpose is to deliver water with quality and adequate quantity 
and pressure23. Water is captured in natural or artificial 
reservoirs, passes through a treatment process and is saved 
in smaller reservoirs to posteriorly be conducted to the 
distribution networks. The capture network is characterized by 
high pressures, while the distribution network is mostly 
characterized by low pressures. The distribution networks are 
projected in order to function by gravity23. 
According to the Portuguese DL nº23/95, the hydraulic design 
of the distribution network must account for velocity criteria 
and pressure criteria. The maximum velocity for the design 

period must not exceed the value calculated by equation (1)24: 
 𝑉 = 0,127𝐷0,4 (1) 

where 𝑉 is the maximum velocity (𝑚/𝑠) and 𝐷 the intern 

diameter of the pipe (𝑚𝑚). The minimum flow speed is 

0,30 𝑚/𝑠. In the pipes where this limit is not verified must be 

installed discharge devices24. 

The maximum pressure (static or service pressure) must not 

exceed 600 𝑘𝑃𝑎 at ground level. It is imposed that the 

maximum pressure fluctuation in each day is 300 𝑘𝑃𝑎. The 

service pressure for construction building must not be inferior 

to 100 𝑘𝑃𝑎, which correspond to the pressure obtained by 

equation (2)24: 
 𝐻 = 100+ 40𝑛 (2) 

where 𝐻 is the minimum pressure (𝑘𝑃𝑎) and 𝑛 the number of 
floors above ground level, including the ground floor24. 
 

3.2. Technological alternatives for hydraulic and energy 
improvements 

3.2.1. Levels of intervention 
One of the main principles of WDN exploitation is an effective 
use of energy, which can be achieved using six levels of 
intervention (Figure 5)25: 1) waste elimination: achieved by 
eliminating losses due to leakages; 2) increase the efficiency 
of power consuming units: substitute old pump units by high 
efficient units; 3) increase the efficiency of power generation 
units: use renewable sources for pumping and hydropower 
generation; 4) recycle and reduce energy consumption; 5) 
consideration of the centre and periphery relation: optimized 
design of the WDN considering the city shape (urban planning 
and zoning); 6) change ethical and esthetical ideals: change 
behaviours, choices and opinions. 

 
Figure 5 - Relation between energy efficiency intervention level, costs and 

difficulty, and cumulative energy savings25 
 

The traditional design of WDN has as main concern the 
definition of pipe diameters that are able to meet the required 
levels of flow and pressure, minimizing investment and 

operational costs. The energy efficiency of the network is 
secondary in the design phase. A new vision of WDN design 
defends that instead of costs minimization, the design must 
consider the maximization of water distribution benefits, such 
as pressure management, losses control and energy 
recovery25,26. 
 

3.2.2. Management of pressure and water losses  
Pressure control experience has shown to be the most cost-
effective measure to control and minimize leakages in the 
network. Pressure management is part of the strategy of water 
distributers: leakages are reduced by reducing pressure, but, 
at the same time, is necessary to maintain a certain level of 
pressure in order to guarantee the quantity and quality of 
water demands. Extreme pressure should be managed and 
controlled without constraints to the sustainability and 
performance of the network25,27,28. 
Among the main benefits of pressure control stands out: 
leakage reduction, saving water sources and costs; reduce 
pressure related to consumption; reduce bursts in pipelines 
which are expensive to repair; and a more constant water 
service29. 
Pressure Reduction Valves (PRV) are the most used 
equipment to control pressure in WDN and have positive 
results in reducing water losses, pipe failures and bursts30. 
One way to enhance energy efficiency of the system is the 
substitution of PRVs by Pumps as Turbines (PAT). PATs will 
convert the excess of energy in hydraulic power, increasing 
the head loss, as if it was installed a PRV. 
 

3.2.3. Monitoring and loss control 
A sustainable management of WDN can be achieved by 
monitoring and controlling losses and water quality, which 
requires a deep knowledge of the grid, in particular its 
characteristics and operating mode. A sustainable 
management of WDN may require a new approach to the 
distribution network based on: segmentation and continuous 
monitoring of water grid; rehabilitation of the damaged grid; 
development of new analysis systems; optimization of losses 
control; continuous improvement based on the experience 
and results obtained; simple and efficient analysis system 
besides the complexity of the network; costs control31. 
The grid sectoring provides better information in terms of 
quality and quantity. The data provided gives information on 
the grid characteristics and type of operation, number of 
consumers, the night consumption (in particular abnormal 
demands), flows in the measure and transport zone, as well 
as, control and management of pressures. The continuous 
monitoring of the grid prevents leaks based on night flows, 
allowing sectoring the zone of the leak to repair. The 
implementation of monitoring and control measures enable 
the reduction of losses and also brings energetic benefits, 
allowing the reduction of energy consumption, conducing to 
energy savings and the reduction of non-billed water31. 
 

3.3. Pressure Reduction valves and Pumps as Turbines 
In WDN, Pressure Reduction Valves (PRV) are used to 
guarantee the standardization and control of pressures, 
dividing the water grid in pressure areas according to the 
topography. The manoeuvre of PRV creates a local head loss, 
with hydraulic energy dissipation, through the decrease of 
outlet pressure. PRVs create areas with controlled pressure 
and flow, where is possible to control water losses more 
efficiently, allowing a faster localisation and response32,33. 
In the scope of renewable energies, in WDN there is a 
potential for electrical energy production, using equipment that 
convert pressure and kinetic energy into electric energy: 
hydraulic turbines33,25. In systems with excess of energy, it is 
possible to install Pumps as Turbines (PAT), which will use 
the excess of hydraulic energy available to produce electric 
energy. Otherwise, this excess would be dissipated through 
PRV. Pumps as Turbines became a viable solution for electric 
energy production due to low maintenance, investment and 
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repairing costs, and present good efficiency. They are a clean 
source of energy, with low environmental impacts. There is a 
wide range of pumps in the market that can be used for 
different heads and flows32,33. 
PATs present an alternative opportunity to control pressure in 
WDN and increase the flexibility of the system34. The biggest 
disadvantage of PAT is not having any flow device control, 
disabling is optimum efficiency, if flow varies. In WDN flow and 
head pattern variations can lead to a reduction of global power 
due to poor part-load efficiency and the inability to guarantee 
the head required for operating conditions. Manufacturers do 
not provide the characteristic curves of PATs, which constitute 
one of the major challenges to its implementation33,35. In 
uniform regimes, PRV and PAT have a similar behaviour, 
wherefore, PAT become an alternative to produce green 
energy with low costs. In transient flows the behaviour of those 
equipment is different, compelling a study for each case in 
particular to decide which is the best solution32. 
Despite, disadvantages and obstacles of PATs 
implementation they present a good alternative to hydropower 
recovery and improvement of the system efficiency, by 
diminishing its dependency on external energy and reducing 
operating costs25. 
 

3.4. Energy production in water supply systems 
In Water Supply Systems (WSS), in particular in the 
transmission pipelines, hydraulic power is abundant and 
relatively constant, turning transmission pipelines in potential 
energy sources. However, in dissipation nodes, flow and head 
have significant variations. The knowledge of power 
availability is a critical factor to predict and define the 
economic benefits of converting energy dissipation into 
energy production (Figure 6)36. 

 
Figure 6 - Water supply systems36 

 

To overcome the difficulty of energy recovery in WSS, a new 
design procedure, designated Variable Operating Strategy 
(VOS) was developed which considers the time variations in 
flow and pressure, and utilises PAT as energy producers in 
WSS36,3. VOS is applied to three regulation modes: hydraulic 
regulation (HR), electrical regulation (ER) and hydraulic and 
electrical regulation (HER) (Figure 7 a)). 

In HR mode, if the available head, ∆𝐻𝑑, is higher than the 

head delivered by the machine, ∆𝐻𝑖
𝑇 (points above the PAT 

characteristic curve -Figure 7 b)), the valve in series (valve A) 
dissipates the pressure in excess. Conversely, if the 

discharge, 𝑄𝑑, is larger (points below the PAT characteristic 
curve -Figure 7 b)), the PAT will produce a head higher than 
the available head, opening the bypass (valve B) to reduce 

the discharge flowing in the PAT from 𝑄𝑑 to 𝑄𝑇. The bypass 
valve prevents the PAT to produce a head higher than the 
available head. In ER mode, the operating speed of the 

generator is changed to equal the instant flow discharge and 
the head (Figure 7 b)). This is, the PAT characteristic curve 
changes to match the available head. In HER mode, HR and 
ER mode are coupled and the valve stroking and operating 
speed is selected to obtain the desired high drop (Figure 7 
b))34,37,38. 
 

3.5. Network effectiveness 
The choice of a PAT final design must consider the 
maximization of the network effectiveness (𝐸). The plant 
effectiveness describes “how well the product/process 
satisfies the end user demand”. The system effectiveness 
varies from zero to one, and can be expressed based on three 
indicators: capability (𝜂𝑝), reliability (𝜇𝑝) or sustainability (𝜒𝑝) 

(equation (3))3,38: 
 𝐸 = 𝜂𝑝𝜇𝑝𝜒𝑝 (3) 

System capability is defined as “the ratio between produced 
electrical energy and hydraulically available energy for a given 
demand pattern”. Capability offers the intended energy 
production according to the expectation and can be expressed 
by equation (4) 38: 

 
𝜂𝑝 =

∑ 𝐻𝑖
𝑇𝑄𝑖

𝑇𝜂𝑖
𝑇Δ𝑡𝑖

𝑛
𝑖=1

∑ 𝐻𝑖𝑄𝑖Δ𝑡𝑖
𝑛
𝑖=1

  
(4) 

where Δ𝑡𝑖 is the time interval with constant hydraulic 

characteristics (𝑄𝑖 , 𝐻𝑖) (ℎ), 𝑛 is the number of points in the 

operating zone, 𝐻𝑖
𝑇 is the head delivered by the PAT (𝑚), 𝐻𝑖 

is the available head (𝑚), 𝑄𝑖
𝑇 is the discharge delivered by the 

PAT (𝑚3 𝑠⁄ ), 𝑄𝑖 is the discharge (𝑚3 𝑠⁄ ) and 𝜂𝑖
𝑇 is the PAT 

efficiency for each operating point.  
System reliability is defined as “the probability that a 
component, system or process will work without failure for a 
specified length of time when operated correctly under specific 
conditions”. Studies found that when operating far from BEP, 
present a reliability lower than at BEP. Collection of results 
from manufactures experience enhanced the achievement of 
a reliability curve as function of dimensionless flows (Figure 
7)3,38. 

 
Figure 7 - Standard reliability curves for pump and turbine modes39 

 

The system sustainability is another parameter that can be 
considered as a penalty in the optimization process, by 
considering the difference between the real head and the 
available head. System sustainability can be expressed by the 

equation (5)38:  
 

𝜒𝑝 = (1 + 𝛼
|Δ𝐻𝑡 − Δ𝐻𝑑|

𝐵𝑃
)

−1

 
(5) 

where 𝛼 is the coefficient that influences the decay of 
effectiveness when the produced net head is different from the 

design value, Δ𝐻𝑡 is the head delivered by the PAT (𝑚), Δ𝐻𝑑 
 

 
Figure 8 - a) Installation scheme of a PAT with HR, ER or HER; b) PAT operating conditions in HR, ER and HER mode38 
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is the head available in the system (𝑚) and 𝐵𝑃 is the 
backpressure (i.e. the optimum value of pressure to assure 
water demand and loss reduction). 
 

4. Methods 
4.1. Hydraulic equipment 
In the last years, studies found that pumps operate more 
efficiently in turbine mode than in pump mode. The main 
problem of using a PAT is the choice of the turbine 
characteristic that is more adapted to the pump, because the 
characteristic curves are not provided by manufactures. To 
overcame this situation, there has been made theoretical and 
experimental studies of PAT performance, based on Best 
Efficiency Point (BEP) or in specific speed (𝑁𝑠)

40. New 
researches use Computational Fluid Dynamic (CFD) to predict 
the BEP of PAT, concluding the viability of the installation of 
PAT’s in systems with low flows and heads41,42. 

The pump runner is characterized by the specific speed (𝑁𝑠) 
and can be obtained based on the pump design point or best 
efficient condition (equation (6))43,44: 

 
𝑁𝑠 = 𝑁𝑅

𝑃𝑅
1 2⁄

𝐻𝑅
5 4⁄

 
(6) 

where, 𝑁𝑅 is the rated wheel speed (𝑟𝑝𝑚), 𝑃𝑅 is the rated 

power (𝑘𝑊) and 𝐻𝑅 is the rated head (𝑚). 
The specific speed in turbine conditions must be corrected to 
the normal turbine operating point with equation (7)43: 

 
𝑁𝑠𝑇 =

𝑁𝑠

√𝑄 𝑄𝑅⁄
  𝑤ℎ𝑒𝑟𝑒 𝑄 = 𝑄𝑚𝑎𝑥 

(7) 

When a pump works as a turbine, the flow is in the inverse 
direction relatively to the pump operating mode. This change 

in the flow direction provides power to the pump (𝑃ℎ), making 
it rotate in the inverse way of the normal, giving part of the 
power to the motor43. 
The main hydraulic characteristics of a PAT are: hydraulic 
power, 𝑃ℎ (equation (8)) and engine or mechanical power, 𝑃𝑒 
(equation (9))43,45: 

 𝑃ℎ = 𝛾𝑄𝑡𝐻𝑢 (8) 
 𝑃𝑒 = 𝜔Γ = 𝜌𝑄𝜅𝜔 (9) 

where 𝛾 is the specific weight of the fluid (𝑁 𝑚3⁄ ), 𝑄𝑡 is turbine 

discharge (𝑚3 𝑠⁄ ), 𝐻𝑢, is the available head (𝑚), 𝜔 is the 

angular velocity (𝑟𝑎𝑑 𝑠⁄ ), Γ is the motor binary (Torque) (𝑁𝑚), 
𝜌 is the mass density of the fluid (𝑘𝑔 𝑚3⁄ ). 
The efficiency is obtained by equation (10)45: 

 
𝜂 =

𝑃𝑒
𝑃ℎ
=

𝜔Γ

𝛾𝑄𝐻𝑢
 

(10) 

The operating point of turbines is given by the hill diagrams, 
which give the efficiency value for different values of flow and 
head, for the same rotating speed and guide vane position43. 
The operating point “is defined by the intersection between the 
characteristic curve of the machine and the characteristic 
curve of the hydraulic system” (Figure 10)44. 

 
Figure 9 – Operating point of a pump in turbine mode 

Intending to avoid instability in the turbine zone, the pump 
should operate for the point of maximum power, near the 
maximum efficiency. The instabilities might be explained by 
the intersection between the characteristic curve of the 
hydraulic system and the line of equal power, where, for the 
same power, there are two distinct possible operating points44. 
The hydraulic and mechanical power influence the efficiency 
of the turbine during normal operation. This influence can be 
expressed in terms of percentage of the maximum efficiency 
(equation (11))44: 

 𝑒 =
𝜂𝑇
𝜂𝑇𝑅

 (11) 

where 𝑒 is a percentage of the maximum efficiency, 𝜂𝑇 is the 

turbine efficiency and 𝜂𝑇𝑅 is the rated turbine efficiency. 
Experimental studies on BEP of pumps and turbines, require 
the use of prototypes, based on the theory of similarity, which 
uses three laws that relate the physical quantities considered: 
geometric similarity, kinematic similarity and dynamic 
similarity. Transposing these laws to turbines: geometric 
similarity ensures that the maximum reduction of dimensions 
of the turbine does not induce scale effects in the prototype; 
kinematic similarity ensures that the triangle of speed is 
equivalent inlet and outlet; dynamic similarity ensures that the 
polygon of forces is equivalent in the model and prototype. 
The validation of the conditions expressed in equations (12), 
allows the selection of the best turbine for the project42,46: 

 𝑁

𝑁′
=
𝑄

𝑄′
       (

𝑁

𝑁′
)
2

=
𝐻

𝐻′
      (

𝑁

𝑁′
)
3

=
𝑃ℎ
𝑃ℎ
′ 

(12) 

 

4.2. Hydraulic simulation 
The hydraulic simulation modes of transport and distribution 
networks are used to help in planning, project and operating 
diagnose. The EPANET model was developed by the U.S. 
Environmental Agency (EPA), which allows static and 
dynamic simulations of hydraulic behaviour, water quality and 
pressure distribution in the system. This simulator is widely 
accepted due to his trustworthy results and free licence, 
making it one of the most used water simulation software47. 
The EPANET uses the “Gradient Method” to obtain the 
equations of continuity and energy conservation and the 
relationship between flow and head loss that characterize the 
hydraulic equilibrium in the network. The flow continuity in the 
node is given by the equation (13) and the relation between 
flow-head loss in the pipe from node 𝑖 to 𝑗 is given by the 
equation (14)47: 

 ∑𝑄𝑖𝑗 − 𝐷𝑖
𝑗

= 0      𝑓𝑜𝑟 𝑖 = 1,…𝑁 (13) 

 𝐻𝑖 − 𝐻𝑗 = ℎ𝑖𝑗 = 𝑟𝑄𝑖𝑗
𝑛 +𝑚𝑄𝑖𝑗

2  (14) 

where 𝐷𝑖 is the consumption in the node (by convention, the 

flow that arrives to the node is positive) (𝑙 𝑠⁄ ), 𝐻 is the nodal 

head (𝑚), ℎ is the head loss (𝑚), 𝑟 is the resistance 

coefficient, 𝑄 is the flow rate (𝑙 𝑠⁄ ), 𝑛 is the flow exponent, and 

𝑚 is the minor loss coefficient. Thereby, knowing the head of 

the fixed nodes, it is possible to obtain the heads, 𝐻𝑖 and 

flows, 𝑄𝑖𝑗, of the network that satisfy the equations (13) and 

(14)47. 
4.3. Energy production and economic analysis 
This study intends to highlight the potential of WDN to produce 
electrical energy that can be used in the network itself or can 
be sold to the national grid. The production of energy in the 
WDN can reduce significantly costs of exploitation and 
demand of exterior energy, becoming auto-sufficient and eco-
friendly48. 
The energy production depends on the usable flow of the daily 

demand pattern and can be achieved by equation (15): 
 𝐸𝑛𝑒𝑟𝑔𝑦 =∑𝑃𝑢Δ𝑡 (15) 

where, 𝐸𝑛𝑒𝑟𝑔𝑦 is the energy (𝑘𝑊ℎ), 𝑃𝑢 is the power (𝑘𝑊) and 

Δ𝑡 is the time interval (ℎ). 
Energy production projects must be combined with an 
economic analysis in order to understand its feasibility. The 
costs involved in the project can be divided in three 
categories: capital costs, annual operational costs and 
reposition costs48,49. 
The economic analysis will be based on the concept of 
constant market prices, which means that future costs and 
benefits will be evaluated with present market prices49. 
The economic viability of the project is evaluated based in four 
parameters: net present value (𝑁𝑃𝑉), benefit/cost ratio (𝐵/𝐶), 
internal rate of return (𝐼𝑅𝑅) and payback period (𝑇)49,50. 

The net present value (𝑁𝑃𝑉) represents the cumulative sum 
off all benefits minus all costs, expected during the lifetime of 
the project, at a discounted rate. The 𝑁𝑃𝑉, expressed in 
present values is given by equation (16)49: 
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 𝑁𝑃𝑉 = 𝑅 − 𝐶 −𝑂 − 𝑃 (16) 

where 𝑅 are the revenues, 𝐶 are the capita costs, 𝑂 are the 

operation costs and 𝑃 are the reposition costs. 

If 𝑁𝑃𝑉 is negative the project should be rejected because the 
benefits during the lifetime of the project will not cover the 
costs of the project. Assuming that there are no restrictions to 
the initial capital availability, in front of different alternative 

projects with positive 𝑁𝑃𝑉, the most interesting one is the one 
with greater 𝑁𝑃𝑉49,50. 

The benefit/cost ratio (𝐵/𝐶) gives the ratio between the 

present value of benefits and total costs (equation (17)). The 

𝐵/𝐶 ratio gives “the wealth of the project by unit of source 
used”49,50. 

 
𝐵 𝐶⁄ =

𝑅 −𝑂

𝐶 + 𝑃
 

(17) 

If 𝐵/𝐶 ratio is less than one, the project is undesirable. If 𝐵/𝐶 

ratio is one, the project has marginal interest. If 𝐵/𝐶 is greater 

than one, the project is economically viable, as much as 𝐵/𝐶 

is higher. When 𝐵/𝐶 ratio is one, 𝑁𝑃𝑉 is zero, meaning that 
the NPV of expected profits equals the costs49. 
The internal rate of return (𝐼𝑅𝑅) is the discount rate that 

makes 𝑁𝑃𝑉 equal to zero49. A discount rate equal to 𝐼𝑅𝑅 

implies that 𝑁𝑃𝑉 is zero and 𝐵/𝐶 is one. Among different 

alternative projects with different 𝐼𝑅𝑅, the best one is the one 

with greater 𝐼𝑅𝑅49,50. 

The payback period (𝑇) represents the number of years 
needed to the cumulative cash flows equal the initial 
investment. In other words, is the year when cumulative cash 
flows became positive49,50. 
Smart water grids aim to achieve a sustainable management 
of water, energy and costs. The integration of pumps as 
turbines in the water distribution system, will enhance a smart 
management of water, energy and costs, towards the future 
smart cities. The present study intends integrate PATs in the 
WDN to control pressures in the network and maximize the 
energy production, the capability and the effectiveness of the 
system. To accomplish this is developed an optimization 
process as shown in the block diagram of Figure 10. 

 

Figure 10 – Block diagram – optimization model 
 

5. Case study 
5.1. Model development 
This case study corresponds to a real WDN model and the 
objective is to improve its management and the energy 
efficiency towards SWG by controlling pressure and use the 

surplus to produce energy. The data provided is a daily 
demand pattern in the PRV installed in the network as 
presented in Figure 11. 
The system is calibrated based on the flow in the PRV 
installed, the simulation time is defined as 24 h and the time 
step is 1 h. The most critical hours of the day are 2:00 AM, 
when is observed the lowest consumption and the highest 
pressures, and 7:00 AM, when is registered the highest 
consumption and the lowest pressures.  
In the locals with higher pressure, it is intended the installation 
of PRVs, which allow the perception of introducing a local 
head loss in the network, without constraints to the service or 
damages to the network. If the PRV installation is successful, 
it will be substituted by a PAT, which will reduce the excess of 
pressure and produce electricity. 
 

 
Figure 11 - WDN of the case study 

 

Based on the results obtained with EPANET model, there 
were developed four scenarios, to improve pressure 
management. In scenario 1, the PRV already installed is 
substituted by a PAT. In scenario 2, it is installed a PRV near 
the reservoir, which only works in the night period in order to 
reduce the high pressures observed during the lowest 
consumption periods. In scenario 3, are installed 4 PRVs, 
which are posteriorly replaced by PATs, in the areas where 
are observed high pressures during the period of highest 
demand (7:00 AM). The scenario 4 has the same PRVs/PATs 
as scenario 3 and is also installed a PRV near the reservoir, 
that only works in the night period. 
 

5.2. PRV and PAT application 
After choosing the PRV location, based on the inlet and outlet 
observed pressures in the PRV nodes, is defined the 
Characteristic Curve of Installation (CCI) that relates the 
powered flow with the available head in the system. 
Based on the CCI is possible to build a Characteristic Curve 
for Pumps as Turbines (CCPAT), which are adjusted to the 
flow and head in the system, to take the maximum advantage 
of the energy available to generate hydraulic power. In the 
definition of the CCPAT are imposed different maximum 
heads, in accordance with the pressure in the area of 
implementation, to guarantee its maximum exploitation for 
energy production. The maximum head imposed for PAT 1 is 

70 𝑚, for PAT 2 and 3 is 80 𝑚 and for PAT 4 is 115 𝑚.  
To simulate the use of PATs, the PRVs in the EPANET model 
are replaced by a General Purpose Valve associated to the 
correspondent characteristic curve of the turbine. 
Thereafter, based on the theory of hydraulic similarity, 
explained in the previous chapter, it was possible to define the 
characteristic curves for different rotational speeds. Then are 
defined the torque, electric power and hydraulic power for 
different rotational speeds. The relation between electric 
power and hydraulic power gives several efficiency points, 
which allow to obtain the hill diagrams (Figure 12). 

 
Figure 12 - Characteristic curves of PAT 1, scenario 1 and 3  

In the following analysis, 𝑄0 stands for operating flow, 𝐻0 
stands for operating head, 𝑄𝐵𝐸𝑃 stands for the flow at BEP and 

𝐻𝐵𝐸𝑃 stands for the head at BEP. The rotational speed tested 
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varies between 1600 and 2200 𝑟𝑝𝑚. In Figure 12 it is possible 
to see that the head values increase with the increase of 
rotational speed. The head created by PATs increase with 
flow. The maximum efficiency is set to 75%. In Table 2 are 
presented the values of flow and head at BEP. 

Table 2 - Flow and head at BEP (2000 rpm) 

PAT 1 
𝑄𝐵𝐸𝑃(𝑙/𝑠) 199,50 

PAT 2 
𝑄𝐵𝐸𝑃(𝑙/𝑠) 7,35 

𝐻𝐵𝐸𝑃(𝑚) 60,28 𝐻𝐵𝐸𝑃(𝑚) 73,46 

PAT 3 
𝑄𝐵𝐸𝑃(𝑙/𝑠) 15,21 

PAT 4 
𝑄𝐵𝐸𝑃(𝑙/𝑠) 2,36 

𝐻𝐵𝐸𝑃(𝑚) 66,94 𝐻𝐵𝐸𝑃(𝑚) 86,01 
 

The PRVs 1 and 4 create a head loss equal to the set value 
of 52 𝑚 and the PRVs 2 and 3 create a head loss of 40 𝑚. The 
PRVs create a pressure area similar to the set value defined. 
The PRV 5 creates a head loss of 95 𝑚 from 0:00 AM to 6:00 
AM and from 22:00 PM to 24:00 PM. The set values of each 
PRV are defined according to the characteristics of the 
implantation area. 
When the PRVs 1, 2, 3 and 4 are changed by PATs, the 
pressure pattern is altered. At 7:00 AM, the period of highest 
consumption, occurs the highest head loss, which can be 
seen by the increase of the light blue area (Figure 13d), 14d), 
15d) and 16d)). At 2:00 AM, the period of lowest demand, are 
observed the highest values of pressure (red areas). In 
scenario 1 and 3, the majority of the network has pressures 

equal or above 100 𝑚 (Figure 13a),b) and 15a,b)). In 
scenarios 2 and 4, the high pressures at 2:00 AM are 
controlled by the PRV 5 installed in the network (Figure 14 
a),b)) and 16 a,b)) and the pressures are reduced to values 
between 50 and 100 𝑚, being dominant the pressures 

between 50 and 75 𝑚 (green area). 

The pressure in the network is never under 10 𝑚, the minimum 
pressure established by Portuguese law. The pressures 
observed in the network, when installed the PRVs and PATs, 
do not seem to harm the network and bring prejudice to the 
quality of the service, even though, a study of service quality 
must be made. 
The PAT behaviour is similar to the PRV behaviour, with the 
benefit of producing hydroelectric energy. The PAT create 
head losses that minimise the pressure in the network and, 
consequently, the reduction of losses in the network, and 
utilize the excess of energy, that otherwise would be lost. 
Scenario 4 has the most effective control over pressures. This 
scenario has the capability of standardisation and control of 
pressures and, consequently, the best prevention of leaks. In 
the period of lowest consumption, occurs the highest 
pressures and, consequently, the probability of leakages 
increases, therefore a standardization and control of 
pressures will allow a fast and effective control of pressures, 

leakages and energy savings. Hence, this scenario uses the 
excess of energy to produce electricity with no environmental 
impacts. 

5.3. Network effectiveness and efficiency 
Defined the characteristic curves of PAT for the networks is 
evaluated the effectiveness of the system. The 𝛼 parameter is 

set to 10, which implies that an error of 10 % in the 
backpressure halves the effectiveness of the network. The 
backpressure is set as a constant value, according to the 
characteristics of the network. The performance of the PATs 
installed in the network is evaluated for three different 
regulation modes, i.e. No Regulation (NR), Hydraulic 
Regulation (HR) and Hydraulic and Electrical Regulation 
(HER) (Figure 17). 

 
Figure 17 - Installation scheme for PRV and PAT regulation modes 

In NR mode the head delivered by the PAT matches the points 
of its characteristic curve for the flow rate in the systems 
(equation (18))39:  

 𝐻𝑡 = 𝐻𝑡(𝑄𝑑) (18) 

where 𝐻𝑡 is the net head delivered by the PAT (𝑚), 𝑄𝑑 is the 

available discharge (𝑚3 𝑠⁄ ). 
In HR mode the rotational speed of the PAT is fixed and the 

flow through the machine is controlled by the series (𝑄𝑑 is low 

and 𝐻𝑖 is high) or bypass valve (𝑄𝑑 is high and 𝐻𝑖 can be lower 
than 𝐻𝑡) (equation (19))39: 

 

{
 
 

 
 𝐻𝑑 = 𝐻𝑡(𝑄𝑡) + 𝐻𝑣𝑎𝑙𝑣𝑒

𝑄𝑑 = 𝑄𝑡 + 𝑄𝑏𝑦𝑝𝑎𝑠𝑠
𝐻𝑣𝑎𝑙𝑣𝑒 > 0,𝑄𝑏𝑦𝑝𝑎𝑠𝑠 = 0 𝑖𝑓 𝐻𝑡(𝑄𝑡) < 𝐻𝑑
𝐻𝑣𝑎𝑙𝑣𝑒 = 0,𝑄𝑏𝑦𝑝𝑎𝑠𝑠 > 0 𝑖𝑓 𝐻𝑡(𝑄𝑑) > 𝐻𝑑

 (19) 

where, 𝐻𝑑 is the available head (𝑚), 𝐻𝑡 is the head delivered 

by the PAT (𝑚), 𝐻𝑣𝑎𝑙𝑣𝑒 is the head delivered by the valve (𝑚), 
𝑄𝑡 is the turbined discharge (𝑚3 𝑠⁄ ), 𝑄𝑑 is the available 

discharge (𝑚3 𝑠⁄ ), 𝑄𝑏𝑦𝑝𝑎𝑠𝑠 is the bypass discharge (𝑚3 𝑠⁄ ). 

In HER mode, the HR and the ER modes are coupled to 
improve the performance of the PAT (equation (20)). 

 
Figure 13 – Scenario 1: a) PRV at 2:00 AM; b) PAT at 2:00 AM; c) PRV at 7:00 

AM; d) PAT at 7:00 AM 

 
Figure 14 - Scenario 2: a) PAT at 2:00 AM; b) PAT at 2:00 AM; c) PRV at 7:00 

AM; d) PAT at 7:00 AM 

 
Figure 15 - Scenario 3: a) PRV at 2:00 AM; b) PAT at 2:0 AM; c) PRV at 7:00 

AM; d) PAT at 7:00 AM 

 
Figure 16 – Scenario 4: a) PRV at 2:00 AM; b) PAT at 2:00 AM; c) PRV at 7:00 

AM; d) PAT at 7:00 AM 



 

8 

 

 

{
 
 

 
 𝐻𝑑 = 𝐻𝑡(𝑄𝑡, 𝑁𝑡) + 𝐻𝑣𝑎𝑙𝑣𝑒

𝑄𝑑 = 𝑄𝑡(𝑁𝑡) + 𝑄𝑏𝑦𝑝𝑎𝑠𝑠
𝐻𝑣𝑎𝑙𝑣𝑒 > 0,𝑄𝑏𝑦𝑝𝑎𝑠𝑠 = 0 𝑖𝑓 𝐻𝑡(𝑄𝑡, 𝑁𝑡) < 𝐻𝑑
𝐻𝑣𝑎𝑙𝑣𝑒 = 0,𝑄𝑏𝑦𝑝𝑎𝑠𝑠 > 0 𝑖𝑓 𝐻𝑡(𝑄𝑑 , 𝑁𝑡) > 𝐻𝑑

 (20) 

In HER mode, the optimization process aims to achieve the 
combined values of flow (𝑄) and head (𝐻) that maximise the 
energy production. The objective function of this analysis aims 

to achieve the maximum energy production, capability (𝜂𝑝) 

and effectiveness (𝐸) (equation (21)). 
 

max(𝑧) = {∑𝐸𝑛𝑒𝑟𝑔𝑦(𝑃𝑢Δ𝑡)

𝑛

𝑖=1

,∑𝐶𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝜂𝑝)

𝑛

𝑖=1

,∑𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 (𝐸)

𝑛

𝑖=1

} 
(21) 

6.  

In the following analysis, when comparing the effectiveness 
and capability of the plant will only be presented the results 
(figures) referred to PAT 1, present in the four scenarios. 
In NR mode (Figure 18 and 19), there is no regulation and the 
backpressure (BP) is always different from the design value, 
hence the sustainability (𝜒𝑝) is always less than one. The 

capability (ηp) presents the lowest values values in NR mode. 

The energy production in NR is very low, in fact, during the 
day, there are several periods where 𝐻𝑡 is higher than 𝐻𝑖 and 
there is no energy production. 
In HR mode (Figure 20 and 21) the sustainability (𝜒𝑝) is close 

to one, in several hours of the day, due to the presence of the 
two valves regulation. When the head available is higher than 
the head delivered by the PAT, the series valve dissipates the 
excess of pressure (head reduction). When the flow is higher, 
the bypass valve is activated and reduces the flow through the 
PAT (discharge regulation). The reliability (𝜇𝑝) has values 

close to one, when the PAT works close to the BEP. Low 

reliability values (𝜇𝑝) are related to working conditions far from 

BEP. Thus the effectiveness (𝐸) of the PAT presents higher 

values when compared with NR mode. The capability (ηp) and 

the energy production in HR mode are higher than in NR 
mode. 
In HER mode (Figure 22 and 23), there are the series and 
bypass valves and the speed driver, which allow the system 
regulation to improve the energy production. In HER mode, 
the sustainability (𝜒𝑝) and the reliability (𝜇𝑝) are influenced by 

the presence of the inverter and the double valve regulation, 
which allow the PAT to work for a wider range of flows and 
heads. The sustainability (𝜒𝑝) and the reliability (𝜇𝑝) present 

some values close to one. The capability (ηp) and the 

effectiveness (𝐸) present the highest values in HER mode. 
The energy production of HER mode is the highest of the three 
regulation modes.  
The effectiveness has the highest values in HER and HR 
mode, and the lowest in NR mode. The reliability (𝜇𝑝) and the 

capability (𝜂𝑃) have the highest values in HER and HR mode, 
and the lowest in NR mode. In HER mode, the double 
regulation allow the maximization of energy production and 
capability (𝜂𝑃). The capability (𝜂𝑃) has the highest values, 
which reflects the best use of available energy in the system. 
In HR mode, the valve regulation allow the PAT to work with 
high values of reliability (𝜇𝑝) and sustainability (𝜒𝑝), however, 

just a fraction of the available energy can be used to produce 
electric energy. This can be seen by the lower values of 
capability (𝜂𝑃) when compared with HER mode. In NR mode, 

the sustainability (𝜒𝑝) assumes values lower than one, 

because the backpressure is always different from the design 
values. The capability (𝜂𝑃) and the effectiveness (𝐸) have the 
lowest values in NR mode. In HER mode, the working 
condition of the machine is continuously changed to work with 
flows and heads that maximize the energy production and 
capability (Figure 24). 
The effectiveness in NR mode varies between 33 and 71 %, 

in HR varies between 67 and 73 %, and HER modes varies 

between 70 and 73 %. The average effectiveness per day, in 

NR mode varies between 10 and 18 %, in HR mode varies 

between 28 and 46 % and in HER mode varies between 33 

and 48 %. The capability (𝜂𝑃) in NR mode varies between 16 

and 30 %, in HR mode varies between 45 and 60 % and in 

HER mode varies between 48 and 66 %. The energy 

produced in NR mode varies between 7 and 457 𝑘𝑊ℎ, in HR 

mode varies between 21 and 1329 𝑘𝑊ℎ and in HER mode 
varies between 23 and 1402𝑘𝑊ℎ. The PATs installed present 
a very good performance in producing electrical energy (Table 
3). In Figure 25 there is presented the effectiveness of PAT 1 
for the different regulation modes. 
The PATs installed in the distribution network present high 
efficiency levels. The maximum network efficiency varies 

between 93 and 100 % per day and the average of maximum 

network efficiency varies between 64 and 98 %, which means  
that the PATs work near the point of the maximum efficiency 
(BEP).  

 
Figure 18- NR mode (scenario 1 and 3): a) capability (𝜂𝑝) and effectiveness (𝐸); 

b) produced and available energy 

 
Figure 19 - NR mode (scenario 2 and 4): a) capability (𝜂𝑝) and effectiveness; b) 

produced and available energy 

 
Figure 20 - HR mode (scenario 1 and 3): a) capability (𝜂𝑝) and effectiveness (𝐸); 

b) produced and available energy 

 
Figure 21 - HR mode (scenario 2 and 4) a) capability (𝜂𝑝)and effectiveness (𝐸); 

b) produced and available energy 

 
Figure 22 - HER mode (scenario 1 and 3): a) capability (𝜂𝑝) and effectiveness 

(𝐸); b) produced and available energy 

 
Figure 23- HER mode (scenario 2 and 4): a) capability (𝜂𝑝) and effectiveness 

(𝐸); b) produced and available energy 

 
Figure 24 -Capability (𝜂𝑝) of PAT 1: a) scenario 1 and 3; b) scenario 2 and 4 
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Table 3 – Effectiveness (𝐸), capability (𝜂𝑝) and energy production for NR, HR and HER mode 

  NR HR HER 

  𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 
(%) 

𝛈𝐩 

(%) 

Energy 

(𝑘𝑊ℎ) 
𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 
(%) 

𝛈𝐩(%) 
Energy 

(𝑘𝑊ℎ) 
𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 (%) 
𝛈𝐩 

(%) 

Energy 

(𝑘𝑊ℎ) 

PAT 
1 

Scenario 
1 and 3 

71 16 20 457 73 40 58 1329 73 40 61 1402 

Scenario 
2 and 4 

41 18 16 320 70 46 60 1221 70 48 65 1323 

PAT 
2 

Scenario 3 50 13 29 29 70 28 45 47 72 35 48 49 

Scenario 4 64 17 30 29 67 30 48 45 72 33 52 49 

PAT 
3 

Scenario 3 66 15 29 56 73 29 49 96 73 37 55 108 

Scenario 4 33 12 26 46 73 32 52 91 73 40 60 106 

PAT 
4 

Scenario 3 70 13 24 9 72 34 56 22 72 36 64 25 

Scenario 4 57 10 19 7 72 35 59 21 72 40 66 23 

 
Figure 25 - Effectiveness of PAT 1: a) scenario 1 and 3; b) scenario 2 and 4 

 

5.4. Energy production and economic feasibility 
Due to scarce data of PAT markets prices, it is applied a new 
methodology, which allows the definition of the PAT price per 
kW. This methodology considers that PAT efficiency in pump 
mode is equal to turbine mode35. The PAT price per kW is 
obtained dividing the pump purchase cost by the maximum 
power. The price of each PAT is obtained based on the 
maximum power of each PAT (Figure 26). The price varies 
with the maximum power produced by each PAT: the greater 
the production, the less the cost35. 

 
Figure 26 - PAT unit cost vs. power 

In absence of data on PRV prices, it is considered a linear 
correlation between the diameter of the valve and the price. 
The estimated costs of PRVs are derived from the average 
market prices available.  
In HR an HER mode, the two pressure reducing valves used 
have a cost of 2500 € each and the bypass cost is 500 €. In 
HER mode the inverter cost is based on the maximum power 

assuming a unit cost of 200 €/𝑘𝑊37. The economic analysis 
is made for a period of 40 years and envisage the PAT and 
PRV (scenarios 2 and 4) replacement at the year 20. The 
energy selling price is 0,09 €/𝑘𝑊. 
In the maintenance costs are applied the following 
percentages to the investment costs: 0,5 % to civil 

constructions, 2,5 % to electric equipment and 1,5 % to 
mechanic equipment48. The discount rates applied for the 
economic analysis are: 6, 8 and 10 %. These discount rates 
are considered appropriate to estimate the time value of the 
money, the risk of future cash flows and the cost of opportunity 
(Table 4)51. 
The initial capital available is equal to the four scenarios. The 
discounted cash flows depend on the cost of the equipment 
and exploitation and the energy selling price. In the four 
scenarios analysed, for the three regulation modes, the HR 
mode stands out as the most appreciated, due to high energy 
production and affordable investment costs. 
Therefore, HR mode presents the highest values of 𝐼𝑅𝑅, 𝐵/𝐶 
ratio, discounted cash-flows and the lowest payback period.  
HER mode, despite having the highest energy production, 
only as the second highest values of 𝐼𝑅𝑅, 𝐵/𝐶 ratio and 
discounted cash-flows. In HER mode, the initial investement 
is very high when compared with the investement required for 
the HR mode. The higher values of energy production in HER 
mode, do not compensate the increment of costs with 

equipment. NR mode has the lowest energy production, 𝐼𝑅𝑅, 

𝐵/𝐶 ratio, discounted cash-flows and the highest payback 

period. Thereafter will be analysed in detail the HR mode, due 
to its attractive investment parameters.  
In HR mode, scenario 1, despite having the second lowest 
energy production (1329 𝑘𝑊ℎ. 𝑑𝑎𝑦), presents the highest 

𝐼𝑅𝑅 (79 %) and the 𝐵/𝐶 ratio (8,2). The payback period is 2 
years, which is an excellent short period to recover the 
investment. In the first 20 years, the NPV is 362700€ and in 

the year 40, is 453554 €. Scenarios 3 has the highest energy 

production (1494 𝑘𝑊ℎ. 𝑑𝑎𝑦). This scenario has the second 

highest 𝐼𝑅𝑅 value (71 %) and the 𝐵/𝐶 ratio (7,5). The 

payback period is 2 years. In the year 20, the NPV is 401034 € 

and in year 40 is 503089 €. This scenario has the highest 
discounted cash flows. 
The economic investment in equipment varies significantly 
between scenarios. Scenario1 only needs a PAT, which 

requires an investement in equipment of 25120 €. Scenario 2 
needs a PAT and a PRV, totalizing an investment in 
equipment of 74593 €. Scenario 3 needs four PATs, totalizing 

31672 €. Scenario 4 needs four PATs and a PRV, 

totalizing 81042 €. Scenario 4 is the one with the highest initial 
investment. The PRV installed to control the night pressures 
is very expensive (49838€), having a significant impact in the 
economic viability of the project. Scenarios 2 and 4, have the 
highest investment costs, and the lowest IRR and payback 
period. 
The economic analysis point out the scenario 1 as the best 

investment option, due to the highest IRR and the highest 𝐵/𝐶 
ratio. Despite being the scenario with the second lowest 
energy production, it is the most profitable one, with the lowest 
investment costs, which is critical in an economic analysis. 
Even if it generates only the second highest discounted cash 
flow, it is relatively closed to the highest value obtained in 
scenario 3 (difference just of 49535 €, in 40 years). 

Considering only a strict perspective of energy production and 
better control of pressures in the network, scenario 3 would be 
a desirable one. In fact, with an affordable increase in the 
investment comparing with scenario 1 (difference of 6552 € 

,i.e. 26 %), it is possible to obtain a higher energy production, 
better pressure control and, consequently, avoiding costs with 
leakages. The excess of pressure in the WDN is used to. 
produce a total of 1494 𝑘𝑊ℎ. 𝑑𝑎𝑦 (the highest value of energy 
production of all scenarios). However, the higher initial 

investment comparing with scenario 1, results on smaller 𝐼𝑅𝑅 
and 𝐵/𝐶 ratio. Even thought, scenario 3 has the highest 𝑁𝑃𝑉. 
Scenario 3 presents interesting results on economic ratios, but 
loses on comparison with scenario 1 because of the higher 
investment costs. 
 

6. Conclusion and future perspectives 
6.1. Conclusion 
Water distribution networks are under constant stress due to 
demand intensification and pattern variation. A sustainable 
management requires a throughout knowledge of the system 
and its reply capacity. The future of smart cities passes 
through implementing smart water grids. Smart water grids 
offer a continuous control and monitorization of the grid and 
its functioning characteristics, allowing a proactive response 
to changes, to guarantee the reestablishment of functioning 
conditions and improve the efficiency of the system. Water  
leaks and nonrevenue water are used as measures to  
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Table 4 – Main Parameters of economic analysis 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

 NR HR HER NR HR HER NR HR HER NR HR HER 

Total Investment 
 (€) 

19255 25120 47202 66091 74593 115271 25769 31672 56581 72295 81042 105194 

Total energy 
Production 
(𝒌𝑾𝒉. 𝒅𝒂𝒚) 

457 1329 1402 320 1221 1323 552 1494 1584 401 1378 1502 

Total energy 
Production 
(𝒌𝑾𝒉. 𝒚𝒆𝒂𝒓) 

166925 485084 511575 116704 445584 482989 201376 545262 545637 146335 502931 548059 

IRR (%) 30 79 57 9 37 33 29 71 50 10 38 32 

Discount rate (%) 8 8 8 8 8 8 8 8 8 8 8 8 

Discounted Cash 
flows (€) 

119968 453554 447257 5115 343225 341951 142655 503089 462883 22066 389335 400295 

𝑩/𝑪 (−) 3,2 8,2 5,8 1,0 3,8 3,2 3,0 7,5 5,2 1,1 3,8 3,2 

𝑻 (𝒚𝒆𝒂𝒓𝒔) 5 2 2 32 4 4 5 2 3 22 4 4 
 

evaluate the efficiency in the distribution networks. Pressure 
control is the most effective way to control water losses in the 
network. Networks with high levels of leaks require an 
increase of energy to ensure the necessary pressure to 
guarantee the adequate level of service. The extra energy 
required to increase pressure, raises the operating costs of 
the system. WDN intend to achieve head losses that minimize 
nodal pressure and, consequently, leaks in the system, 
maximizing the use of the energy in excess, that otherwise 
would be lost. WDN present an excess of energy, for pressure 
values higher than the minimum required. In the new line of 
thought that supports a sustainable management of all 
sources, the excess of energy present in WDN should be 
recovered. A constant monitorization and control of pressures, 
associated with a control of transient flows, have a major 
importance for a continuous improvement of water networks 
exploitation. However, due to the flow and pressure 
fluctuations, a constant control may become unaffordable for 
water utilities. Until now, PRVs are the most widespread 
method used to control pressures. PRVs not only have a 
satisfactory performance in pressure control, but also in 
diminishing losses and leaks in the WDN. Then, PRVs 
dissipate the excess of energy when create a local head loss. 
To overcame this situation, it is being studied the introduction 
of water turbines in WDN. PATs present the benefits of PRVs, 
associated with the advantage of producing electric energy. 
PATs use the available energy in the system to produce 
electrical energy, with the guaranteed flow in the system, 
without prejudice to consumptions. The implementation of 
PAT controls pressure with the introduction of a local head 
loss, and uses the excess of energy available in the network 
to produce electric energy, minimising the expenses with 
energy of WDN. The energy produced can be used locally, 
reducing energy costs, or can be sold to the national grid, 
becoming an extra income source. Pressure control and 
consequently losses control are closely associated to 
management costs. Hydraulic energy recovery, increases the 
efficiency of WDN by using local sources and reducing the 
dependency on external energy, and favours the reduction of 
overall operational costs. The energy present in WDN is a 
valuable source of renewable energy, CO2 free, with low costs 
and no significant impacts to the environment.  
The study, is developed in a real distribution network, with a 
design strategy to maximize the use of energy, the capability 
and the power plant effectiveness for each installed PAT. 
Based on the characteristics of the installation and curves of 
PATs, the design results are presented in dimensionless form, 
to enable an easier extension of the results to future works 
and different network characteristics. 
The four scenarios are analysed for different regulation 
modes: no regulation, hydraulic regulation and hydraulic and 
electric regulation. The effectiveness of the power plant has 
the highest values for HER and HR modes. The average 
effectiveness is higher in the HER mode. The NR mode has 
the lowest effectiveness. In fact, the lack of regulation makes 
the values of sustainability (𝜒𝑝) less than one, which affects 

the values of effectiveness. In HER and HR mode, the 
reliability (𝜇𝑝) and the sustainability (𝜒𝑝) have the highest 

values, which enhance the values of effectiveness. The 
capability (𝜂𝑝) has the highest values in HER and HR mode, 

and the lowest in NR mode. In HER mode, the capability (𝜂𝑝) 

presents the highest values, which improve the effectiveness 
of the power plant. The HER mode has the highest energy 
production, the HR mode has the second highest energy 
production and the NR mode has the lowest energy 
production. The four scenarios analysed present a very 
reasonable energy production, the maximum value is 
1584 𝑘𝑊ℎ. 𝑑𝑎𝑦 (scenarios 3 in HER mode) and the minimum 

is 320 𝑘𝑊ℎ. 𝑑𝑎𝑦 (scenario 2 in NR mode). The maximum 

effectiveness obtained is 73 % and the minimum is 30 %. The 
maximum average effectiveness obtained is 48 % and the 

minimum is 10 %. The maximum capability is 66 % and the 

minimum is 16 %. Overall, the PATs installed present a very 
good performance on the production of energy. Hydraulically 
speaking, the PATs have a very good performance. 
In the economic analysis, for HR and HER modes, the NPV 
and the IRR present very interesting values for investors. The 
payback period is excellent in HR and HER mode. Even the 
scenarios with PRV 5 (“night PRV”) with the higher payback 
period (4 years), due to the increase of initial investment 
necessary to install the PRV, are excellent. In NR mode, the 
payback period is very high, especially in scenarios 2 and 4, 
which present payback periods with less financial interest. The 
HER mode, despite maximizing the energy production and 

having a very good capability (𝜂𝑝) and reliability (𝜇𝑝), has high 

investment cost (high initial investement) which have a 
significant impact in the economic viability of the project, 
losing in comparison with the other scenarios studied. 
From all scenarios studied, scenario 1 (HR mode) is the most 
appreciated, under a strict economic point of view. The 
combination of parameters analysed indicates this scenario as 
the most interesting one. The average effectiveness of the 
plant is 40 % and the capability is 58 %. The total energy 

production is 1329 𝑘𝑊ℎ. 𝑑𝑎𝑦 ( 485084 𝑘𝑊ℎ. 𝑦𝑒𝑎𝑟), the 𝐼𝑅𝑅 is 

79 %, the 𝐵/𝐶 ratio is 8,2 and the payback period is 2 years. 
The installation of PATs in the water distribution networks is a 
viable solution to pressure and losses control, with the 
advantage of energy production with no environmental 
impacts. The use of PATs enhances total water management 
and improves WDN efficiency and sustainability.  
PATs are a practicable and essential solution to smart grids 
improvement in the future smart cities 

6.2. Future perspectives 
The present study could be complemented with a quality 
response of the service. In the EPANET, the use of PAT and 
PRV does not seem to harm the system, even though the 
quality of the distribution service should be tested. It also could 
be evaluated the water and energy savings, resulting from 
pressure control. The behaviour of the PRVs and PATs could 
be studied in transient regimes. The study could be tested 
together with a hybrid energy solution. A hybrid solution would 
compensate possible variations in the demand pattern and 
ensure the quality and quantity of the service. A hybrid 
solution would contribute to the energetic efficiency of the 
system, reduce energy costs and the consumption of fossil 
fuels towards the future smart water grids. 
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