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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 constrains 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. 

 

Key words: Pressure Reduction Valve (PRV); Pump as Turbine (PAT); energy production; efficiency and sustainability; 

water distribution network (WDN) 
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Resumo 
 

A água e a energia estão correlacionadas, uma vez que se pode usar água para produzir energia e consome-se 

energia para tratar e distribuir água. A utilização, tanto de água como de energia deve ser pensada de forma integrada. 

Os sistemas de distribuição de água são caracterizados, em muitos casos, por terem excesso de energia hidráulica, 

devido às pressões exigidas para garantir os níveis de serviço no horizonte de projeto. Este excesso de energia pode ser 

recuperado para produzir eletricidade e reduzir os custos com os gastos de energia. Deste modo, os sistemas de 

distribuição passam a ser vistos como novas oportunidades e soluções para produzir energia renovável. 

Em sistemas de distribuição, a pressão é geralmente controlada por Válvulas Redutoras de Pressão (VRP), as 

quais dissipam o excesso de energia no sistema. Essa energia pode ser utilizada para produzir eletricidade, através da 

instalação de bombas a funcionar como turinas (BT). Contudo, o custo do equipamento e a falta de informação sobre as 

curvas características a adotar pode constituir um obstáculo à sua implementação. 

Este estudo visa apresentar a análise da utilização de BTs que melhor se ajustam a uma determinada rede de 

distribuição de água, por forma a maximizar a produção de energia, sem limitar o serviço de distribuição de água. São 

apresentados parâmetros característicos do sistema (adimensionais), que permitem avaliar a sua eficiência, destacando-

se a capacidade, a fiabilidade e a sustentabilidade. Complementarmente, é apresentado o desenvolvimento do estudo de 

viabilidade técnico-económica da solução a adotar. 

 

Palavras chave: Válvulas redutoras de pressão (VRP); bombas como turbinas (BT); produção de energia; eficiência e 

sustentabilidade; sistema de distribuição de água 
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1. Introduction 
 

1.1. General Framework 
 

Water is the core of sustainable development. Water is an essential resource to economies, at national and local 

level. A sustainable water management implies access to safe, reliable and affordable supply, and adequate sanitation. 

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. 

Neglecting water management brings serious negative impacts on populations livelihood, economies and may 

strengthen extreme and catastrophic events, such as droughts and floods. Climate change exacerbates the frequency and 

intensity of extreme weather events and, consequently, the availability of water1. 

Urbanization and technologies development have been increasing living standards and the demand for water, 

energy and food. Nowadays, access to safe drinking water and adequate sanitation is considered a human right. The 

guarantee of water with the right quantity, in the right place and time, is essential for urban life survival. Funding and 

investment in water infrastructures and associated services is essential for delivery, maintenance, price setting and building 

new infrastructures1. 

The growing demand of energy and water brings the revenue resources under increasing stress. In order to 

overcame constrains due to scarcity and low-quality of service, water utilities try to achieve the best efficiency and 

productivity. An efficient utility can obtain the same or more goods and services with less water. A productive utility achieves 

an increase amount of benefit from each unit of water input1. 

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 designed to deliver water with adequate quality and quantity. These 

systems are under constant stress and variable operating conditions, making its sustainable management complex and 

non-linear, varying from case to case. 

In the last years, countries are increasingly concerned with water and energy sources, due to energy fossil fuel 

crises and water scarcity. Alternative energy sources, in particular renewable energy sources, are presented as 

inexhaustible resources and eco-friendly. Hydropower is one of the most reliable renewable sources. 

The future of WDN is through the implementation of a sustainable water management taking advantage of the 

excess of energy available in its systems.  

One way to improve the efficiency and the 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 the hydraulic and the electric equipments3. 

 

1.2. Aims of the study 
 

This study highlights the energetic potential of water distribution networks. WDN are characterized by excess of 

pressure required to guarantee the distribution service. In water distribution networks the pressure values are higher than 

the required to ensure the level of service. This excess of pressure is controlled with the introduction of Pressure Reduction 

Valves (PRVs), which create a local head loss that dissipates the excess of hydraulic energy. Instead of wasting energy, 

this valuable source could be used to produce electricity by introducing water turbines in the network. 

Hence, WDN with high levels of pressure are potential systems of energy generation. In this study are identified 

the potential WDN locations to produce energy where are installed PRV. The PRV are substituted by Pumps as Turbines 
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(PATs), which use the excess of energy that should be dissipated to produce electricity. The PATs characteristics are 

defined in order to maximize the energy production and the efficiency of the system.  

The viability of replacing PRVs by PATs is studied in terms of energy production, economic feasibility and 

effectiveness of the system. 

 

1.3. Structure 
 

The present dissertation has six chapters. Chapter 1 enhances the importance of the subject, presents the aims 

of the study and its structure. 

Chapter 2 presents the main concepts associated with the water management. Firstly, two concepts named, 

Water Sensitive City (WSC) and Total Water Management (TWM) are presented. Consecutively, the concept of Smart 

Water Grid (SWG) and his importance in the Smart Cities of the near future are presented. Finally, the Water-Energy 

Nexus concept, its applicability and importance in water management are presented. 

Chapter 3 begins with an explanation of components and regulatory standards of the distribution networks. In this 

chapter it is explained which are the most effective ways to control leakage and to improve the efficiency of the system. It 

is also explained the importance of Pressure Reduction Valves (PRV) and how they can be replaced by Pumps as Turbines 

(PAT), to avoid energy dissipation and enhance electric energy production. Then, different working modes are presented 

and a comparison between them is made in order to find the most reliable and efficient solution. In the herein chapter the 

concept of effectiveness of the power plant and the variables used for its definition is presented. 

Chapter 4 presents the methods used in the selection of pumps as turbines. The basic concepts of hydraulic and 

mechanical powers are explained and the relation between flow, head and rotational speed, is also presented, allowing 

the selection of the most suitable turbomachinery. Straight forward the basis of the system operator are presented. Finally, 

the variables used for the economic analysis of the case study are presented. 

Chapter 5 refers to the case study and the procedures used to optimize the pressure control and the energy 

production. In this chapter, there are analysed four scenarios, which try to achieve the most efficient and sustainable 

system. On the four scenarios, the characteristic curves of the installation and of the turbines are defined. All results are 

presented in dimensionless units, as function of the best efficient point. This chapter also defines the energy production 

and effectiveness of each scenario and a sensitive analysis of the economic viability and feasibility. 

Chapter 6 states a synthesis of the conclusions of the case study and emphasises the importance of generating 

energy in water distribution networks and its viability. Finally, future perspectives of this issue and recommendations to 

future works are defined. 
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2. Water Management 
 

2.1. Water Sensitive City 
 

The concept of Water Sensitive City (WSC) is based on a holistic view of water cycle and communities. WSC 

aims to consider pros and cons of integrated water management in environment, society and economy. WSC takes 

advantage of water cycle to enhance waterways, over recycling water and end uses. WSC should provide multi-purposes, 

not only improving water management, but also providing environmental protection and society acceptance and well-being. 

Those purposes can be achieved if water management is integrated in urban design (i.e. green infrastructures)4,5. Figure 

1 represents the evolution of water management through a water sensitive city. 

 

Figure 1 – Evolution of water sensitive city6 

 

Water Sensitive Urban Design (WSUD) explores opportunities to maximise water supply, use, reuse and minimize 

its impacts in environment and water cycle. One of the principal aims of WSUD is to control and minimize floods risk. Figure 

2 illustrates floods risk and WSUD opportunities5. 

 

Figure 2 – Floods risk and associated WSUD opportunities5 

 



4 

 

WSUD projects are ruled by four main principles5: 

• manage water to deal with scarcity (droughts) and excess (extreme rainfall events);  

• manage water quality and quantity; 

• manage and utilise water as locally as possible; 

• consider water cycle when planning and designing urban areas – maximise opportunities to manage and integrate 

water in the city. 

As shown in Figure 2, different sources and pathways of water can be utilised as opportunities to manage water 

as a supply. All sources are seen as a convenience to water supply solutions5. 

 

2.2. Total Water Management 
 

Total Water Management (TWM) is an integrated approach of the water cycle that considers all water as a 

resource. Potable water, wastewater, greywater and storm water are seen as a unique resource to manage, with no 

differentiation between them as possible resources. This approach is based on a holistic view of the water cycle and 

fundaments of sustainability and efficiency. TWM aims to reduce fresh water demand, increase water recycle and reuse, 

enable storm water as supply and obtain water quality depending on the end use needs7. 

Viewing water as a whole requires the study of multiple solutions to manage it. Every project and location as to 

be studied as unique, according to its characteristics and conditions. An economic study is essential to determine its 

viability7. 

Total Water Management considers the entire water cycle and intends to develop sustainable water supplies, to 

increase water quality and to reduce environmental impacts of storm water in a cost-effective way. Total Water 

Management is based on four principles: (1) freshwater is a finite source although being renewable; (2) water should be 

managed according to watersheds and stakeholders; (3) water resources must be preserved; (4) water should be allocated 

equitably7. 

Figure 3 shows two different approaches of water management. 

 

Figure 3 – Non-integrated water resources management vs. total water management7 

 

Figure 3 shows the difference between non-integrated water resources management and total water 

management. Receiving waters illustrate water sources such as surface and ground water. Dry weather storm water 

represents flows due to excess of irrigation and non-peak storm water events. Best management practices (BMP) intend 

to capture the maximum storm water and recharge groundwater sources. BMP include green roofs, swales, retention 

basins, among other harvesting solutions7. 
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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 4)7. 

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 

efficiency. These individual objectives may be all accomplished, in different levels, with the right TWM strategy7. 

 

 

Figure 4 – Total water management model7 

 

TWM guarantees the balance between water demands and supply. Water demands are differentiated according 

to the quality required, the demand pattern (i.e. daily pattern and seasonality) and the geographic location. Demands can 

also be separated in indoor and outdoor demands, improving water conservation, wastewater and grey water reuses for 

non-potable purposes. Water supply must incorporate all sources of available water and guarantee satisfaction of demands 

in quality and quantity7. 

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 

demands7,8. 

Supply reliability, cost management and water use efficiency, on TWM models, can be reached with the 

implementation of Smart Water Grids. 

 

2.3. Smart Water Grid 
 

2.3.1. Brief considerations 
 

The concept of “grid” can be applied to a water distribution network, when all water usages are integrated and 

connected as data to manage. Water grids aim to guarantee the water supply and increase security for end users8. 

The optimization of water production and distribution are key factors for an efficient water distribution network. A 

constant monitorization and the use of Information and Communication Technologies (ICT) are an effective way to optimize 

WDNs. The implementation of ICT, associated with smart sensors, allow a real-time monitorization, which has a greater 

importance for WDN8. 
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 Joining “grid” concept with ICT for integrated management brings a new concept: Smart Water Grid. Smart Water 

Grids (SWG) may use ICT to global manage the network, creating a low-energy and high-efficiency water distribution 

network and green water distribution networks8. 

Smart Water Systems (SWS) promote water security taking in 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 repair9. 

In SWG, the integrated water and energy management, promotes and guarantees water quantity and quality, 

regarding the dependency between water and energy. SWG can be divided in five main areas: platforms, resources, 

intelligent network, management and energy efficiency10.  

Platforms include water grid and ICT platforms. Water grid platform divides the urban macro-grid in meso-grids, 

which have decentralized plans and a central management and storage. The ICT platform constitutes the bi-directional 

data flow, between individual elements of water grid and the central management. This platform also allows the 

combination of power and water data to increase the efficiency and minimize the energy consumption. The intelligent 

network has self-diagnosing sensors and ICT network. The self-diagnosing sensors are programed with standardized 

values of water quality, quantity and pressure, allowing a continuous flow of data in the system. The ICT network is 

established with sensor interface technologies and smart node networks. The intelligent network achieves a smarter water 

management, based on proactive management, real-time decision-making and system-level decision-making. Water 

management combines resource risk management, climate and land changes. Energy efficiency is achieved integrating 

smart power grid into SWG, producing alternative energy sources and optimizing water and energy consumption. 

Integrating water and power grids will increase their reliability and energy savings10. 

In Table 1 there are shown some components that can be used in a smart water grid and the problems that can 

be addressed to each component. 

 

Table 1 – Typical components of a smart grid and problems associated11 

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 

 

2.3.2. Smart Metering 
 

Smart meters collect real-time data of water use. This represents benefits not only for companies responsible for 

water distribution networks, but also the users. Companies can manage the network more efficiently and detect breaks 
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and leaks faster. Smart meters data, when compared with conventional meters, have greater and easier details, and no 

need for manual reading. Consumers may get information of how much they consume. Awareness of consumption leads 

to more efficient water use and detection of leaks9,12. 

Smart meters are components of Automated Meter Reading (AMR) and Advanced Metering Infrastructure (AMI). 

AMR allows automated collection of water data (no physical inspection). AMI is a two-way communication system. In other 

words, water consumption is transmitted to utilities, which can send specific commands to meters, to make specific 

operations9. 

The implementation of smart meter entail high costs and sometimes there are technical constrains to the 

installation in entry points. In order to overcome those issues, the implementation can be restricted to critical areas, and 

meters might need to be shared by end users, such as, industries, householders, irrigation (Table 2)12. 

 

Table 2 – Advantages and disadvantages of smart metering9,12 

Advantages  

• Faster and more efficient reading 

• Theft and leakage detection 

• Raises consumer’s awareness – personalised 
data 

• Fair pricing can be implemented, based on 
actual consumption and efforts by consumers – 
Flexible tariff 

• Remote control monitoring 

Disadvantages  

• Costs of implementing meters – water meter 
system 

• May induce change in tariff scheme 

• Lack of information 

 

2.3.3. Smart pipes, sensors and pumps 
 

Smart pipes and sensors network aim to achieve an efficient management of demand and minimization of leaks 

and losses. The sensor networks allow a more precise control and monitorization of the entire distribution network and the 

identification of risks of water losses. Intelligent networks achieve a better control of conservation, pressure and 

leaks/bursts, without human intervention. Smart pipes and sensors have low energy consumptions and no need for regular 

maintenance13,14. 

Smart pumps have the potential to reduce energy consumption when pumping water by adjusting their power to 

the pressure conditions of the network – ramping up with slow flows and ramping down with quick flows. Smart pumps also 

contribute to pressure control and management11. 

The combination of smart meters, smart pipes, smart sensors, smart valves and smart pumps can reduce pipe 

deterioration. In long term, it will save energy, because leaks and bursts require more energy to balance the pressure 

loss11. 

 

2.3.4. Challenges and opportunities for Smart Water Grids 
 

Smart water grids face challenges to its development to obtain funding and investment. Development and 

implementation constrains have political and institutional barriers. Despite recognizing environmental, energetic and safe 

benefits, many utilities are not willing to pay for smart technologies. Generally, there is a lack of incentives for innovation 

and development of SWG technologies11. 

Public in general takes water as granted and is unwilling to pay for smart technologies. Public is against the 

increase of water price, which might be necessary to guarantee an adequate maintenance and development of water 
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network11. The lack of awareness about water crisis, the poor information and understanding of the benefits of a SWG, 

also constitute an obstacle to its implementation14. 

Besides, monitoring water grids must handle with variability over time and space of water conditions. Utilities have 

lack of reliable information on quality, quantity and vulnerability of water1.  

Despite the challenges, SWGs present benefits and opportunities, when implemented. Smart cities can prevent 

water losses, improving grid management, reduce water wastes, overuse and monitor water quality. Smart grids also 

enhance energy consumption when detecting leak pipes. Leak pipes loose pressure and require more energy to guarantee 

the levels of service. The prevention of pipe deterioration and pipe leaks avoids disasters. SWS enhance water 

conservation and may contribute to long-term solutions for water scarcity (Figure 5). 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 consumption11,16,17. 

 Overall, SWG projects will work more efficiently, creating reliable and affordable systems. SWG are capable of 

accommodating renewable and traditional energy sources with the introduction of innovative technologies, advancements 

and efficiencies. Ecologically, SWG have lesser impact on environment, reducing carbon footprint18. 

SWG strengthen global competitiveness, creating new opportunities and markets for innovation and technology 

industries18. 

A thorough understanding of water network will improve water management, making smart water grids more 

sustainable and efficient. 

 

 
Figure 5 – Smart Water Network19 

 

2.3.5. Smart cities are SMART 
 

Smart cities are SMART, which means they are sustainable, manageable, accountable, resilient and together 

(Figure 6)20. 

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 citizens20.  

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 conditions20. 
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Smart cities are accountable to guarantee the best response, in quality and quantity of demands and safe and 

secure production of energy20.  

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. A resilient system can be obtained combining structural and non-structural interventions. A thorough report of 

the system characteristics is essential to understand the loops between different resources and services20.  

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 way20,21. 

 

Figure 6 – Smart cities are SMART 
 

Smart water grids are the response to the modernization, greening, effectiveness and efficiency of water delivery. 

SWG work more cooperatively, responsively and organically, enhancing the reliability, economic performance and security 

of water networks18. 

The SMART characteristics of SWG can be achieved and enhanced applying the nexus concept. 

 

2.4. Nexus Approach 
 

2.4.1. Introduction 
 

The nexus approach is a new paradigm, which highlights interconnections and interdependencies of resources, 

aiming to achieve an integrated management of all resources. The nexus approach brings to light the concepts of trade-

offs, synergies and optimization. This new paradigm brings an integrated view of resources, services and risks. The nexus 

links different resources-uses (which normally are considered separately) and helps to understand the interconnection 

between them. The nexus is seen as a promoter of an optimized use of resources and a multiple -use perspective22,21. 

The success of nexus approach is based on collective action for integrated solutions (i.e. government, 

administrative direction, public). The responsible entities play an important role in changing public behaviour and 

acceptance of new paradigms of water management and use22. 

An integrated management needs norms (shared values), rules (institutions) and organizational behaviour22. The 

nexus is a tool for management and policy, that can bring global changes and adjust development strategies and 

outcomes21. 
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Within the opportunities of nexus stands out: increasing resource productivity; use waste as a resource in multi-

use systems; stimulus of development through economic incentives; governance, institutions and policy coherence; 

benefits from productive ecosystems; poverty decrease; green growth; building capacity and awareness raising23. 

The interaction between two resources brings challenges for environmental resilience and institutional dynamics. 

The major impediment to nexus applicability is the development of innovative management and technology that lead to a 

sustainable and equitable development21. 

 

2.4.2. Water – Energy Nexus 
 

The nexus approach takes advantage of a multi-use perspective. Regarding the water theme, nexus approach 

includes its multi-uses and its variety of sources22. 

Water-energy nexus emphasises the basic need and demand of water and energy as well as, the need of an 

integrated base-management of these sources24. Water-energy nexus can be studied as water for energy and energy for 

water. 

Water and energy are intertwined and interdependent. These two systems depend on each other in many aspects. 

A minimum alteration in one (increase or decrease), automatically affects the other. Water systems need energy for 

treatments, pumping, storing and transport. Energy systems need water to produce almost every kind of energy (Figure 

7)25,26. 

 
Figure 7 – Water – Energy nexus 

 

The energy demand in treatment facilities depends on the legislation and straighten regulations. The energy 

needed in transportation and pumping depends on distance and altitude changes. Long distances require more energy. 

Water conservation and leakage reduction, not only saves water sources, but also reduces the energy needed in the supply 

and treatment25. In Figure 8 it is shown the amount of energy needed to produce a cubic meter of potable water27. 

With the population growth, water and energy demands are expected to increase, putting some systems in stress. 

Water and energy are essential sources to achieve basic human needs, food production and economic growth. Growing 

cities must reduce water and energy demands, manage trade-offs and optimise the use by promoting reuse, recycling and 

generation of energy from waste25. 

The increased demand of resources points out opportunities and synergies that can lead to an efficient use and 

possibly to a substitution between sources. Water-energy nexus should be obtained with an integrated base-

management23. 

Considering water as a renewable energy source, requires improvements in technology, management and 

policies, with the goal of achieving a reduction in energy consumption and dependency on water21. 
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Figure 8 – Amount of energy required to provide 1 m3 of potable water from various water sources27 

 

2.4.3. 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 management28. 

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 9)23. 

 

Figure 9 – Smart Water for energy interface28 
 

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 sectors23. 

This new approach to management is more based on decisions (risk) than in experience. The capacity to assume 

risks and deal with uncertainty is due to understanding interdependencies and interconnections between sources. The key 

parameters in decision are: risk, performance and costs (Figure 10)21,28.  

Water-energy nexus creates opportunities to enhance quality of life, ecosystem resilience and respect for 

planetary boundaries21. 
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Figure 10 – Pyramid of decision28 
 

 

2.5. Renewable energies for a Green Economy 
 

In the last years, the energy crises forced many countries to develop new solutions to produce energy. Renewable 

energies have been gaining a more important role in energy production. 

One of the main constraints of renewable energies application/use is its uncertainties due to weather and 

environmental variations. To avoid this constrain are used hybrid energy solutions, which reduce the intermittences and 

uncertainties associated with renewable energy production. Hybrid energy solutions balance the differences between 

renewable energy production and available energy sources, guarantying a reliable supply. Renewable energies also face 

geographical and environmental constraints29. 

Renewable energies bring environmental benefits, such as the reduction of greenhouse emissions and other 

pollutants, and the reduction of energy price. They also have a beneficial impact on the economy by promoting productivity 

and development of new technologies, and increase energy production, with less costs of importation (local production). 

Renewable energies promote social and economic cohesion by creating new job opportunities29. 

Renewable energies can build a sustainable energy system, which is capable of generating enough power, with 

a fair price, clean supply and secure conditions29,30.  

Renewable energies are associated with a Green Economy. The concept of Green Economy focus in “improved 

human well-being and social equity, while significantly reducing environmental risks and ecological scarcities”. A green 

economy “is low-carbon, resource efficient and socially inclusive”31. 

One way to Green Economy passes through increasing the use of renewable energy. Increasing investment in 

technologies and strategies to promote renewable energies will allow countries to implement a safer and more sustainable 

development and will contribute to the economic growth. Renewable energies decrease/replace the use of fossil fuels and 

expand the diversity of energy sources32. 

Water is a fundamental driver to green growth. A sustainable management of water supports a sustainable 

development and job creation1. 

The opportunity to generate a clean energy, with low carbon emission, in water distribution networks, is a promoter 

of green growth and, consequently, of a green economy. 
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3. Water distribution networks 
 

3.1. Components and regulatory standards 
 

Water Distribution Networks (WDN) are composed of a system of pipes and accessories elements, installed in 

the public way, whose utilization has interest for the public service of potable water supply. WDN supply construction 

buildings, industries and, lands with connection branches. Connection branches, are pipes that guarantee the supply from 

the distribution network to the limit of the property to serve33. 

The principal purpose of WDN is to deliver water with quality and adequate quantity and pressure.  

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 gravity33. 

According to the Portuguese DL nº23/95, the hydraulic design of the distribution network must account for velocity 

criteria and pressure criteria. In hydraulic design, cost minimization must be considered, which can be achieved with a 

careful combination of diameters. The maximum velocity for the design period must not exceed the value calculated by 

equation (1)34: 

 𝑉 = 0,127𝐷0,4 (1) 

 

where 𝑉 is the maximum velocity (𝑚/𝑠) and 𝐷 is the internal diameter of the pipe (𝑚𝑚). The minimum flow speed is 

0,30 𝑚/𝑠. In the pipes where this limit is not verified, discharge devices must be installed 34. 

The maximum pressure (static or service pressure) must not exceed 600 𝑘𝑃𝑎 at the 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)34: 

 𝐻 = 100 + 40𝑛 (2) 

 

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

special cases it is acceptable a reduction of the minimum pressures, defined case by case, according to the characteristics 

of the equipment34. 

The DL nº 23/95 also rules the minimum nominal diameter according to population size: 60 𝑚𝑚 for agglomerates 

with less than 20000 habitants and 80 𝑚𝑚 for agglomerates with more than 20000 habitants. When the fire fighting is 

assured by the same public network, the minimum nominal diameters considered depend on the risk level: 80 𝑚𝑚 – level 

1; 90 𝑚𝑚 – level 2; 100 𝑚𝑚 – level 3; 125 𝑚𝑚 – level 4; ≥ 150 𝑚𝑚 – level 5. In fire fight situations there is no velocity limits 

and piezometric heads can be lower than 100 𝑘𝑃𝑎, but never negatives34. 

 

 

3.2. Technological alternatives for hydraulic and energy improvements 
 

3.2.1. Levels of intervention 
 

One of the principal objectives of WDN exploitation is an efficient use of energy, which can be achieved using six 

levels of intervention35: 

• Level 1) waste elimination: achieved by eliminating losses due to leakages; 

• Level 2) increase efficiency of power consuming units: substitute old pump units by high efficient units;  
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• Level 3) increase the efficiency of power generation units: use renewable sources for pumping and 

hydropower generation;  

• Level 4) recycle and reduce energy consumption;  

• Level 5) consideration of the centre and periphery relation: optimized design of the WDN considering the 

city shape (urban planning and zoning);  

• Level 6) change ethical and esthetical ideals: change behaviours, choices and opinions.  

 

Level 6 has the most difficult implementation. Society acceptance and behaviour change require a thorough 

understanding of benefits and disadvantages of new solutions for an efficient use of energy35. 

Implementing the intervention levels brings energy saving to a maximum level of energy saving (maximum 

horizontal asymptote). If the levels are implemented in ascendant way (from 1 to 6), the continuous increase of energy 

leads to smaller increments of energy saving. As the levels of intervention increase, the costs and difficulties of 

implementation rise (Figure 11)35.  

 

Figure 11 – Relation between energy efficiency intervention level, costs and difficulty, and cumulative energy savings35 
 

The traditional design of water distribution networks 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. Operating costs depend 

fundamentally on energy costs. The energy efficiency of the network is secondary in the design phase. Any energy 

reductions are implemented in order to minimize operational costs, which normally does not correspond to the optimum 

energy use35,36.  

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 recovery35. 

 

3.2.2. Management of pressure and water losses 
 

One of the main concerns of water distribution managers is the reduction of water losses. Frequently, water losses 

range between 30 and 40 % in water distribution networks37. Water losses are an indicator of the management and 

operational quality of WDN38. 

Water losses can be classified as apparent or real. Apparent losses are due to illicit consumption or theft, meter 

inaccuracy or reading errors. Real losses or physics are due to leakages, bursts or overflow of tanks38,39. 

Water distribution networks are characterized by high pressures, especially during late night and early morning 

(periods with lower demand). The minimum night flow, normally occurs between 2:00 and 4:00 AM, the period when 

pressure are high and leakages are at its maximum39,40. 
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Water losses and leaks can be managed and controlled by pressure reduction, replacement of aging mains, 

metering areas, repair of reported leaks and find and fix hidden leaks41. 

Pressure control experience has shown to be the most cost-effective measure to control and minimize leakages 

in the system. 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 network35,42,43. 

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 service40. 

Pressure Reduction Valves (PRV) are the most used to control pressure in water distribution networks. PRV 

improve significantly pressure management in WDN and have positive results in reducing water losses, pipe failures and 

bursts37. 

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. In the 

following chapters, PRVs and PATs performance will be developed. 

The optimum number of valves and their location must be evaluated for each system individually, due to its unique 

topography and characteristics. The best number and location of valves can be obtained with a computational sensitivity 

analysis42. 

Zero water loss is considered an impossible goal in terms of investment costs. Losses control and management 

intend to achieve the Economic Level of Leakage (ELL). ELL is the maximum investment in leaks reduction, from which 

the economic investment is not viable, becoming higher than the cost of water losses. The ELL can be defined as being 

the marginal cost of leakages that equals the marginal cost of water. In other words, ELL is the “point where the financial 

cost of reducing leakage by 1 m3 matched the financial value of the 1 m3 of water saved” (Figure 12)35,41.  

 

 
Figure 12 – Economic level of leakages44 

 

3.2.3. Hydropower recovery 
 

Water distribution networks implanted in areas with high topographic gradients, with gravity transport, are 

characterized by high pressures. These networks have the potential to produce hydroelectric power. In order to reduce 

and control the excess of pressure in the network, Pressure Reduction Valves (PRV) are installed. These valves dissipate 
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the excess of energy in the network. Instead of using PRV, there can be installed turbines, which will use the excess of 

energy to produce electricity35. 

The use of PRVs and their substitution by Pumps as Turbines (PAT) will be discussed in the following chapter. 

 

 

3.3. 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 control38. 

Monitoring and control systems require key tools, that do not affect the supply, quality and quantity of water. The 

key tools utilized are: Geographical Information System (GIS), Integrated Administration and Control System (IACS), Digital 

Terrain Model (DMT) and Hydraulic Model System (HMS)38. 

GIS gives the exact location of infrastructures, allowing a spatial vision of the distribution network, helping the 

establishment of District Metering Areas (DMA). IACS associates users with the branch feeding, gives a more accurate 

reading of consumption volumes and identifies abnormal situations, fastening their repair. DMT gives the equivalent 

altimetry of terrain and, when associated with GIS, allows the definition of different altimetry zones. HMS analyses and 

simulates the hydraulic behaviour of the system, based on historic work and demands38. 

Flow measure is essential to the system monitoring efficiency. Flow meters are distributed throughout the 

distribution network, and record inflows and outflows, allowing loss control. Flow meters are installed in the catchments, 

reservoirs, water treatment plants, entry of DMA and end users joints (Figure 13)38. 

 

 

Figure 13 – Monitoring scheme of distribution networks38 
 

Water balance obtained from rigorous measures has advantages for DMA and end users. In DMA, flow meters 

determine flow volumes, paying special attention to night flow volumes, allowing the detection of leaks, their location and 

repair. For clients, invoicing based on a rigorous measure of their real consumptions, is essential38,39. 
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Normally, flow meters used in distribution networks are mechanic counters and electromagnetic flow meters. 

Mechanic counters measure the volume that passes through them, with volumetric counters or by velocity counters. 

Electromagnetic flow meters measure the volume that passes through them, per unit of time38. 

The type and size of flow meters are defined based on: level of precision, demand profile and range of flows, local 

constrains, flow direction (unidirectional or bidirectional), water quality, signal emission conditions, metrological conditions 

of the equipment and costs38. 

Grid sectoring and monitoring divides the entire grid in smaller areas that can be studied independently. 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 DMA 

prevents leaks based on night flows, allowing sectoring the zone of the leak to repair38. 

District Metering Area can be defined as an area in the distribution network, with suitable size, where 

consumptions and continuous demand flows are evaluated by meters in their entry and exit. DMA are separated by 

sectioning valves. Those valves can be defined as DMA Limit Valves, which separate DMA with the same altimetry, and 

Limit Valve Zone, which separate DMA with different altimetry. Pressure is controlled by Pressure Reduction Valves (PRV), 

which create a Pressure Controlled Zone. Monitoring pressure in these zones reduces risk of new leakages, losses, breaks 

and augment the system life cycle38. 

In Figure 14 there are shown two schemes of contiguous DMA, with sectioning valves and PRVs. 

 

Figure 14 - Scheme of two contiguous DMA38 
 

Data collection, about consumptions, pressure, pH, between other indicators, is obtained by meters, probes and 

electromagnetic devices installed in the network. The most common data storage equipment used are data-Loggers38. 

Leakage localization is made with exact and approximate methods. Exact methods can be divided in acoustic and 

non-acoustic. Approximate methods are the most used and can be divided in sub-sectoring the DMA, sequential close test 

and pressure and supply mapping38. 

The implementation of monitoring and control measures enable the reduction of losses in the distribution network. 

Implemented measures also bring energetic benefits, allowing the reduction of energy consumption, conducing to energy 

savings and the reduction of non-billed water38. 

  



18 

 

3.4. Pressure Reduction Valves and Pumps as Turbines 

 

In water distribution networks, Pressure Reduction Valves (PRV) are utilised 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 it is possible to control water losses more efficiently, allowing a faster localisation and 

response. There are three behaviour types of PRV: 1) if the pressure outlet is higher than the set value, the valve closes 

creating a head loss – PRV active (Figure 15 a)); 2) if the pressure inlet is lower than the set value, the valve opens, 

decreasing the head loss – PRV passive open (Figure 15 b)); 3) if the outlet pressure is higher than the inlet pressures, 

the valve closes (work as a retention valve) – PRV passive close (Figure 15 c))45,46. 

 

Figure 15 - PRV behaviour: a) Active, b) Passive open, c) Passive close45 

 

PRV can be controlled to work for different levels of pressure, which are established based on consumption 

variation. With this control is possible to achieve a more efficient level of service and a better hydraulic behaviour. There 

are four control behaviours of PRV: 1) the valve reduces and stabilizes the pressure outlet, maintaining the pressure 

constant and equal to the set value, independently of the pressure inlet and the flow – PRV of constant load (Figure 16 a)); 

2) the valve reduces the outlet pressure, introducing a constant head loss independent from the pressure inlet, wherefore 

the pressure outlet varies with the pressure inlet, maintaining the difference between them constant, ∆𝐻 – PRV with 

constant head loss (Figure 16 b)); 3) the behaviour is similar to PRV of constant load outlet, but the valve maintains the 

pressure constant, in pre-defined time intervals, varying from interval to interval – PRV with constant load variable in time 

(Figure 16 c)); 4) the most used is PRV with two steps of pressure, one for day period and one for nocturnal period – PRV 

with adjustable load for consumption (Figure 16 d))45.  

 
Figure 16 – PRV behaviour for active functioning: a) PRV with constant load; b) PRV with constant head loss; c) PRV with constant 

load variable in time; d) PRV with adjustable load for consumption45 
 

In the scope of renewable energies, there is a potential for electrical energy production in water distribution 

networks. The equipment converts pressure and kinetic energy into electric energy46. 

Hydraulic turbines are the most used equipment to recover energy in distribution networks35. 
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Turbines can be divided in two main groups: action or impulsive turbines and reaction turbines. If the turbine is 

acted at atmosphere pressure, it is classified as action or impulsive turbine. If it is acted with flow under pressure, it is 

classified as reaction turbine47,48.  

In action turbines it is possible to find Pelton turbines. The flow enters the power house and is shoot to the buckets 

wheel, by the injector, at atmosphere pressure. The flow jet makes the wheel spin, producing mechanical energy. The jet 

must be shoot tangentially to the wheel, to guarantee the efficiency of the turbine. The main advantages of action turbines 

are: easily adaptation to power variations; the penstock overpressure and the runner overspeed control is easier; easier 

maintenance; present less problems with transient regimes47,48. 

In reaction turbines it is possible to find Francis and Kaplan turbines which have different configurations. Francis 

turbine works in a high range of heads (20 to 500 m) and flows. Kaplan turbines work with low heads and high flow. In 

Francis turbines, the shape and size of wheels depend on the head. Kaplan turbine has steerable wheels. The main 

advantages of reaction turbines are: less installation space, provide a greater net head under the same hydraulic 

conditions, can have a greater runner speed, can attain greater efficiencies for high power values47,48.  

In networks with excess of energy 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 repairing costs, 

and presenting a 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 flows45,46. 

PATs present an alternative opportunity to control pressure in WDN and increase the flexibility of the system49. 

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 implementation46,50. 

In uniform regimes, PRV and PAT have a similar behaviour, wherefore, PAT becomes 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 solution45. 

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 costs35. 

Integrating PATs in the WDN will improve water, energy and costs management in smart water grids towards the 

future smart cities. 

 

 

3.5. Energy Production in water supply systems 
 

In Water Supply Systems (WSS), in particular in the transmission pipelines, hydraulic power is abundant and 

relatively constant. This characteristic turns transmission pipelines in potential energy sources. However, in dissipation 

nodes, flows 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 production51. 

In water supply systems there are dissipation nodes, each one with different characteristics, depending on the 

type of the network (transmission, distribution), geodetic quote and wear pipelines (Figure 17)51.  

Control Valves (CVs) are usually installed in strategic points of the network, in order to separate areas with large 

variation of geodetic levels or to dissipate residual head in the pipeline end. PRVs are used to dissipate excess head in 

the network. Transforming the excess pressure into electric energy by PATs has, however, some constrains. The major 

constrain of PATs implementation is the constant variation of hydraulic regime, with flow rates and pressure, which are 

dependent on demands51. 
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Figure 17 – Water supply systems51 

 

To overcome the difficulty of energy recovery in water supply systems, a new design procedure, designated 

Variable Operating Strategy (VOS) was developed. VOS considers the time variations in flow and pressure, and utilises 

PAT as energy producers in WSS51,3. VOS has been applied to hydraulic regulation (HR) and electrical regulation (ER) 

modes. 

To deal with the variable operating conditions due to daily patterns of water demand, a PAT needs a control 

system. In Figure 19 it is shown different operating conditions of a PAT. In hydraulic regulation mode (HR), the PAT 

installation scheme is constituted by two branches: in the first branch, an isolation or control valve (CV) and a PAT are 

placed in series – dissipation/production branch; in the second branch, is installed a CV- bypass regulated branch (Figure 

18). 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 19), the valve in series (valve A) dissipates de pressure in excess. Conversely, if the discharge, 

𝑄𝑑, is larger (points below the PAT characteristic curve - Figure 19), 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 electrical regulation mode (ER), the scheme installation is 

constituted by a PAT and an inverter (Figure 18). In ER mode, the operating speed of the generator is changed to equal 

the instant flow discharge and the head (Figure 19). This is, the PAT characteristic curve changes to match the available 

head. In hydraulic and electrical regulation mode (HER), valve stroking and operating speed is selected to obtain the 

desired high drop (Figure 19)49,52,53. 

 

 

Figure 18 - Installation scheme of a PAT with hydraulic or electrical regulation52 
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Figure 19 – PAT operating conditions in HR mode, ER mode and HER mode53 

In HR mode, the two dissipation valves and the bypass enable the PAT to work continuously in BEP, nevertheless, 

only part of the energy in excess is transformed in electrical energy. In ER mode, all energy is converted in the PAT, 

however, it works far from the BEP. HER mode combines both hydraulic and electrical mode. Installation schemes of PAT 

could omit valve A in HR and HER modes or conceive the PAT scheme without any regulation, which would be equivalent 

to a classical PRV installation52,53. 

The PAT choice relies in which yields the best plant efficiency (equation (3)). The plant efficiency gives the quantity 

of hydraulic energy available in the network, that can be transformed in electrical energy49: 

 
𝜂𝑝 =

∑ 𝐻𝑖
𝑇𝑄𝑖

𝑇𝜂𝑖
𝑇Δ𝑡𝑖

𝑛
𝑖=1

∑ 𝐻𝑖𝑄𝑖Δ𝑡𝑖
𝑛
𝑖=1

 
(3) 

 

where, 𝑄𝑖
𝑇 ≤ 𝑄𝑖 and 𝐻𝑖

𝑇 ≤ 𝐻𝑖, and 𝑄𝑖
𝑇 is the turbinated flow (𝑚3 𝑠⁄ ), 𝑄𝑖 is the flow discharge (𝑚3 𝑠⁄ ), 𝐻𝑖

𝑇 is the head delivered 

by the machine (𝑚), 𝐻𝑖 is the available head (𝑚),Δ𝑡𝑖 is the duration of the i-time interval with constant hydraulic 

characteristics (ℎ), 𝜂𝑖
𝑇 is the mechanical efficiency49. 

Experiments applying a Variable Operating Strategy (VOS) to water distribution plants allow the selection of the 

best PAT geometry for both HR and ER mode. A comparison between these two modes shows that HR is generally more 

efficient and flexible when there are variations in working conditions from the design values. Economic and financially, HR 

mode is the most convenient52. 

In order to face the limitations of PAT diffusion for small residential areas, a new PAT regulation strategy has been 

studied: Single-Serial-Parallel regulation mode (SSP). In SSP mode, the installation is composed by two PATs and three 

on/off valves. The SSP mode is based on three different working conditions, that change according to the daily pattern 

demand. In Figure 20 there are shown the installation scheme of SSP mode. The working conditions are: i) Valve I on, 

PAT A on, Valves II and III off, PAT B off – only one PAT is producing energy (single PAT); ii) Valve II and III on, PAT A 

and B on, Valve I off – PATs producing energy in series (series PATs); iii) Valve I and III on, PAT A and B on, Valve II off 

– PATs producing energy in parallel (parallel PATs)53. 

 
Figure 20 – Installation scheme for PAT in Single-Serial-Parallel mode53 
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In Figure 21 it is shown that when operating in condition ii), the head delivered by series PATs is twice the head 

of single PAT (operating condition i)), and the flow for parallel PATs (operating condition iii)), is half of the flow for single 

PAT (operating condition i))53. 

 

Figure 21 – Operating conditions for Single-Serial-Parallel mode53 
 

Experiments showed that in SSP mode, the effectiveness decreases with the increase of runner speed. The 

effectiveness of the installation decreases when the flow and head values of the system shun from the values of BEP. In 

SSP mode, with the increase of head available there is more energy production. Also, for large values of head, with flows 

and head drops far from PAT BEP, the system may collapse53. 

Despite the lower effectiveness values presented by SSP mode (when compared to HR mode), the SSP plant 

costs are smaller. SSP mode is a viable solution for energy recovery in small residential areas53. 

 

 

3.6. Network effectiveness 
 

The effectiveness of a PAT, when dealing with constant variations of flow and pressure, due to demand pattern, 

can be evaluated based on the efficiency and mechanical reliability of equipment and the flexibility of the plant3. 

The variability of hydraulic condition can be studied based on flow rate (𝑄), pressure head (𝐻𝑢) and backpressure 

(𝐻𝑑). The backpressure is the pressure value downstream of the hydropower plant, and is defined as the optimum value 

of pressure to assure water demand and loss reduction. The net-head (𝐻) is the difference between pressure head and 

backpressure (Figure 22)3. 

 
Figure 22 – (a) Measured pressure head (𝐻𝑢) and flow rate (𝑄); (b) daily patterns of net-head (𝐻), flow rate (𝑄) and available 

power (𝑃) with a given backpressure value (𝐻𝑑 = 30 𝑚)3 
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The water utilities require a backpressure value when the energy is produced in water transmission or in water 

distribution networks. However, when energy is recovered by residual energy in the system, namely in peripheral branches 

of the network, the backpressure value admitted is more flexible and slight variations of the set value are admitted53. 

The choice of a PAT final design must take into account the maximization of the network effectiveness (𝐸). The 

plant effectiveness describes “how well the product/process satisfies the end user demand”. The network effectiveness 

varies from zero to one, and can be expressed based on four indicators: capability (𝜂𝑝), flexibility (𝜙𝑝), reliability (𝜇𝑝) and 

sustainability (𝜒𝑝) (equations (4) and (5))3,53.  

 𝐸 = 𝜂𝑝𝜙𝑝𝜇𝑝 (4) 

 𝐸 = 𝜂𝑝𝜇𝑝𝜒𝑝 (5) 

 

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. The system 

capability can be expressed by equation (6) and (7)53: 

 
𝜂𝑝 =

∑ 𝐻𝑖
𝑇𝑄𝑖

𝑇𝜂𝑖
𝑇Δ𝑡𝑖

𝑛
𝑖=1

∑ 𝐻𝑖𝑄𝑖Δ𝑡𝑖
𝑛
𝑖=1

 𝑤𝑖𝑡ℎ 𝑄𝑖
𝑇 ≤ 𝑄𝑖  𝑎𝑛𝑑 𝐻𝑖

𝑇 ≤ 𝐻𝑖  

 

(6) 

 
𝜂𝑝 =

∑ 𝐻𝑖
𝑇𝑄𝑖

𝑇𝜂𝑖
𝑇(𝑁)Δ𝑡𝑖

𝑛
𝑖=1

∑ 𝐻𝑖𝑄𝑖Δ𝑡𝑖
𝑛
𝑖=1

 𝑤𝑖𝑡ℎ 𝑄𝑖
𝑇 ≤ 𝑄𝑖  𝑎𝑛𝑑 𝐻𝑖

𝑇 ≤ 𝐻𝑖  
(7) 

 

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. The PAT efficiency for ER mode 

depends on the rotating speed (𝑁). The capability is an alternative way to express the efficiency described in equation 

(3)53. 

In ER mode, the capability of the system matches the average machine efficiency. In ER mode if the efficiency 

does not include all operating points, is equal to zero3. 

Network operating conditions, in terms of flow and pressure, vary in time. Alterations in flow and backpressure 

occur due to changes in water demand patterns. The introduction of PRV and PAT causes significant changes in operating 

conditions. During the life cycle of the power plant, PAT efficiency varies and, in some cases, can be lower than the 

expected. The system flexibility allows the estimation of the network capability. Considering variations of ±10% of 

backpressure, flexibility can be defined “as the minimum of the ratio between the plant efficiency and ±10%𝐻𝑑” (equation 

(8)), in other words, describes the performance of the system for 𝐻𝑑 variations from the design value3,53: 

 
𝜙𝑝 = 𝑚𝑖𝑛 (

𝜂𝑝
+10%

𝜂𝑝
,
𝜂𝑝
−10%

𝜂𝑝
) 

(8) 

  

As closer flexibility is to one, the less the global efficiency varies from the design efficiency, when the backpressure 

values differ from the design ones3. 

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”. The reliability can be expressed with an 

exponential probability distribution (equation (9))3,53:  

 𝑅(𝑡) = 𝑒−𝜆𝑡 (9) 

 

where 𝜆 is the failure rate, equal to 1 𝑀𝑇𝑇𝐹⁄  (Mean Time to Failure).  
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Studies found that pumps, when operating far from BEP, present a reliability lower than at BEP. The reliability, in 

dimensionless flow discharge, can be expressed as the ratio between the MTTF at BEP (MTTFB) and the MTTF at a flow 

away from the BEP (equation (10))3,53: 

 
𝜇𝑝 =

𝑀𝑇𝑇𝐹(𝑄 𝑄𝐵⁄ )

𝑀𝑇𝑇𝐹𝐵
 

(10) 

Collection of results from manufacturers experience, enhanced the achievement of a reliability curve, as function 

of dimensionless flows, for pumps and turbines (Figure 23)53. 

 

Figure 23 – Standard reliability curves for pump and turbine modes55 
 

The system sustainability is another parameter that can be considered as a penalty in the optimization process, 

by considering the difference between the deliverable head and the available head. System sustainability can be expressed 

by equation (11)53: 

 
𝜒𝑝 = (1 + 𝛼

|Δ𝐻𝑡 − Δ𝐻𝑑|

𝐵𝑃
)

−1

 
(11) 

 

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 is the head available in the system (𝑚), and 𝐵𝑃 is the 

backpressure. 
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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 are more adapted to the pump. The characteristic 

curves are not provided by manufacturers. To overcame this situation, there has been made theoretical and experimental 

studies of PAT performance. Those prediction methods are based on Best Efficiency Point (BEP) or in specific speed (𝑁𝑠) 

(Figure 24)56. 

 

 

Figure 24 – Performance prediction methods for pump working as turbine56 

Experimental studies tried to predict the BEP of PAT for lower specific speed centrifugal. The experiments show 

that the PAT, when compared with pumps, can work with higher head and flow for the same specific speed. The efficiency 

is similar when working in pump or turbine mode. They also show that pumps with higher specific speed have lower head 

ratio (ℎ) and volumetric flow rate ratio (𝑞). The efficiency ratio is relatively constant for all pumps, despite the different 

specific speeds. When selecting the proper PAT for small-hydro-sites, the operating point (rated point) of the machine 

depends on the site condition and is not always coincident with the design BEP57. 

A new method to predict the BEP of PAT, only valid for 𝑁𝑠 < 60, concluded that, for the same specific speed, the 

more efficient pump works as turbine in grater head ratio (ℎ) and volumetric flow rate ratio (𝑞), and the pump with bigger 

impeller is more efficient57. 

New researches use Computational Fluid Dynamic (CFD) to predict the BEP of PAT. Methods using CFD 

predicted a higher discharge, head, power and efficiency when compared to experimental data at BEP. In pump mode, 

CFD results are relatively close to experimental data. However, in turbine mode, CFD results do not coincide with 

experimental data58. 

Lately, new research based on CFD concludes the viability of the installation of PATs in systems with low flows 

and heads59. 

Any of PAT performance prediction method presents accurate results to the experimental data in the full range of 

specific speed56. 

In pump operating conditions, the discharge (𝑄) is a function of the rotating speed (𝑁) and the pumping head (𝐻), 

while the speed alteration depends on the torque of the motor (Γ). The relationship of this four parameters can be obtained 

in dimensionless units, from the rated conditions (equations (12), (13),(14) and (15))60: 
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𝑞 =

𝑄

𝑄𝑅
 

(12) 

 
ℎ =

𝐻

𝐻𝑅
 

(13) 

 
𝑛 =

𝑁

𝑁𝑅
 

(14) 

 
𝑏 =

Γ

Γ𝑅
 

(15) 

 

The relationship of these four parameters define four quadrants dependent on the signs of 𝑞 and 𝑛, and the 

operating zone of the pump depends on the signs of ℎ and 𝑏 (Figure 25). By convention, in normal turbine operation, the 

rotating speed and discharge are negative and the head and torque are positive60,61. 

 

Figure 25 – Operating zones for a pump with the identification of the typical characteristic parameters61 
 

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 (16))60,61: 

 
𝑁𝑠 = 𝑁𝑅

𝑃𝑅
1 2⁄

𝐻𝑅
5 4⁄

 
(16) 

 

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 

(17)60: 

 
𝑁𝑠𝑇 =

𝑁𝑠

√𝑄 𝑄𝑅⁄
  𝑤ℎ𝑒𝑟𝑒 𝑄 = 𝑄𝑚𝑎𝑥  

(17) 

 

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 motor60. 

The main hydraulic characteristics of a PAT are: hydraulic power, 𝑃ℎ (equation (18)), and engine or mechanical 

power, 𝑃𝑒 (equation (19))47,60: 

 𝑃ℎ = 𝛾𝑄𝑡𝐻𝑢 (18) 
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  𝑃𝑒 = 𝜔Γ = 𝜌𝑄𝜅𝜔 (19) 

 

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 (20)47: 

 
𝜂 =

𝑃𝑒
𝑃ℎ
=

𝜔Γ

𝛾𝑄𝐻𝑢
 

(20) 

 

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 position. If the PAT has a generator connected to a grid, the 

rotating speed will be constant and the head will be related to the discharge by the characteristic curve of the pump. If the 

PAT is in isolated operation (with no device control), the rotating speed is not constant. In order to avoid instabilities a 

control should be installed (e.g. electric resistance). Generally, hydraulic systems with significant discharge and head 

variations have advantageous operating conditions to PATs60. 

The operating point “is defined by the intersection between the characteristic curve of the machine and the 

characteristic curve of the hydraulic system” (Figure 26)61. 

 

Figure 26 - Operating point of a pump in turbine zone61 
 

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 points61. 

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 (21))61: 

 𝑒 =
𝜂𝑇
𝜂𝑇𝑅

 
(21) 

 

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, which are based on the theory 

of similarity. 

The theory of similarity is based on three laws that relate the physical quantities considered: geometric similarity, 

kinematic similarity and dynamic similarity. The geometric similarity is the similarity of shapes and guarantees a constant 

relation between homologous lengths. The kinematic similarity is the similarity of movement, which guarantees that 

homologous particles describe homologous paths in proportional time. The dynamic similarity is the similarity of forces, 

this is to say that homologous particles are acted by forces with the same trajectory and direction and with proportional 

modulus or quantities47,48. 
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 Transposing these definitions 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 (22), allows the selection of the best turbine for the project48,59: 

 𝑁

𝑁′
=
𝑄

𝑄′
       (

𝑁

𝑁′
)
2

=
𝐻

𝐻′
      (

𝑁

𝑁′
)
3

=
𝑃ℎ
𝑃ℎ
′  

(22) 

 

In a family of geometrically similar turbomachines (i.e. turbomachines with the same specific speed) is possible 

to relate the main characteristic parameter with affinity laws (equation (23), (24), (25))50: 

 𝑄′

𝑄
=
𝑁′

𝑁
(
𝐷′
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(23) 

 𝐻′

𝐻
= (

𝑁′

𝑁
)

2

(
𝐷′

𝐷
)

2

 
(24) 
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𝐷
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(25) 

 

The application of affinity laws, expressed by equations (23), (24) and (25), shows that the efficiency at BEP, for 

similar turbomachines, presents a constant efficiency, despite variations in rotational speed and impeller diameter. This 

conclusion does not fully represent the real PAT performance, because affinity laws need to take into account factors that 

scale velocity. Moreover, scale effects have a higher impact when PATs operate with high heads and low flow. However, 

despite the limitations of affinity laws, they are considered a simple and reliable method for turbomachinery design50,62.  

In the definition of the characteristic of the turbine, must be defined two characteristic curves: N=0 characteristic 

curve, which defines the values of flow and head, from which is produced torque (values above the curve), and M=0 

characteristic curve, that define the flow and head values from which the torque is not transmitted to the shaft (Figure 27)46. 

 

 

Figure 27 – Turbine characteristic curves63 
 

 

4.2. Hydraulic simulation 
 

The hydraulic simulation models of water transport and distribution networks are used to help in planning, 

projecting and operating diagnose. The EPANET model was developed by 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 

software64.  
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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 relation between 

flow-head loss in the pipe from node 𝑖 to 𝑗 is given by equation (26)64: 

 𝐻𝑖 − 𝐻𝑗 = ℎ𝑖𝑗 = 𝑟𝑄𝑖𝑗
𝑛 +𝑚𝑄𝑖𝑗

2  (26) 

  

where 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. The flow continuity in the node is given by equation (27)64: 

 ∑ 𝑄𝑖𝑗 − 𝐷𝑖𝑗 = 0      𝑓𝑜𝑟 𝑖 = 1,…𝑁   (27) 

 

where 𝐷𝑖 is the consumption in the node (by convention, the flow that arrives to the node is positive) (𝑙 𝑠⁄ ). Thereby, 

knowing the head of the fixed nodes, is possible to obtain the heads, 𝐻𝑖 and flows, 𝑄𝑖𝑗, of the network that satisfy the 

equations (26) and (27)64. 

 

 

4.3. Energy generation and economic analysis 
 

The amount of energy produced in water distribution networks is derisory when compared with the energy 

produced in electrical centrals. However, this study intends to highlight the potential of distribution networks 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 

water distribution network can significantly reduce costs of exploitation and demand of exterior energy, becoming auto-

sufficient and eco-friendly65.  

The energy production depends on the usable flow of the daily demand pattern. The energy produced can be 

achieved by equation (31): 

 𝐸𝑛𝑒𝑟𝑔𝑦 =∑𝜂𝛾𝑄𝐻Δ𝑡 =∑𝑃𝑢Δ𝑡 
(28) 

 

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 costs. 

The capital costs are related to the financial burden of the investment. The annual operational costs are the costs related 

with exploitation, maintenance and spare parts. The reposition costs are related with the substitution of the equipment with 

an operating life smaller than the life of the project65,66.  

The economic analysis will be based on the concept of constant market prices, referred to the first year of 

exploitation, not accounting inflation, which means it will have the same effect in the all monetary fluxes. In other words, 

future costs and benefits will be evaluated with present market prices66. 

The discount rate, 𝑟, allows to assign a value to a monetary flux that occurs in a different instant. If 𝑛 represents 

the period of 𝑛 years, from 1 to 𝑛, the value of one monetary unit in the present will be changed in year 𝑛 by (1 + 𝑟)𝑛 

monetary units. The value of a monetary unit on year 𝑛 will be changed in the present by 1 (1 + 𝑟)𝑛⁄  monetary units66. 

The present value (PV) gives the sequence of monetary fluxes referred to the first year of the analysis period 

(equation (29))66. 

 
𝑃𝑉 = 𝐶∑

1

(1 + 𝑟)𝑖

𝑛

𝑖=1

= 𝐶
(1 + 𝑟)𝑛 − 1

(1 + 𝑟)𝑛𝑟
 

(29) 
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The economic viability of the project is evaluated based on four parameters: net present value (𝑁𝑃𝑉), benefit/cost 

ratio (𝐵/𝐶), internal rate of return (𝐼𝑅𝑅) and payback period (𝑇). These four parameters not always identify the same 

project as the most economic66,67. 

Considering, the number of the project lifetime periods, 𝑛, discount rate, 𝑟, capital costs in year i, 𝐶𝑖, annual 

operation cost for year j, 𝑂𝑗, revenues in year j, 𝑅𝑗, reposition cost foreseen for year 𝑚 (𝑛/2 < 𝑚 < 𝑛), 𝑃𝑚. The present 

values of capital costs (𝐶), annual operation costs (𝑂), revenues (𝑅) and reposition costs (𝑃) are given by equations (30), 

(31), (32), (33) respectively66. 

 
𝐶 =∑

𝐶𝑖
(1 + 𝑟)𝑖

𝑘

𝑖=1

 
(30) 

 

𝑂 =

∑
𝑂𝑗

(1 + 𝑟)𝑗
𝑛
𝑗=𝑘+1

(1 + 𝑟)𝑘
 

(31) 

 

𝑅 =

∑
𝑅𝑗

(1 + 𝑟)𝑗
𝑛
𝑗=𝑘+1

(1 + 𝑟)𝑘
 

(32) 

 
𝑃 =

𝑃𝑚
(1 + 𝑟)𝑚

 
(33) 

 

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 (34)66. 

 𝑁𝑃𝑉 = 𝑅 − 𝐶 − 𝑂 − 𝑃 (34) 

 

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 𝑁𝑃𝑉66,67. 

The benefit/cost ratio (𝐵/𝐶) gives the ratio between the present value of benefits and total costs (equation (35)). 

The 𝐵/𝐶 ratio gives “the wealth of the project by unit of source used”66,67. 

 
𝐵 𝐶⁄ =

𝑅 − 𝑂

𝐶 + 𝑃
 

 

(35) 

 

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 costs66. 

The internal rate of return (𝐼𝑅𝑅) is the discount rate that makes 𝑁𝑃𝑉 equal to zero (equation (36))66. 

 
 𝑁𝑃𝑉 =

∑
1

(1 + 𝐼𝑅𝑅)𝑗
(𝑅𝑗 − 𝑂𝑗)

𝑛
𝑗=𝑘+1

(1 + 𝐼𝑅𝑅)𝑘
−∑

1

(1 + 𝐼𝑅𝑅)𝑖
𝐶𝑖

𝑘

𝑖=1

−
𝑃𝑚

(1 + 𝐼𝑅𝑅)𝑚
= 0 

(36) 

 

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 𝐼𝑅𝑅66,67. 

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 positive66,67.  

 

 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. 
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The present study intends integrate PATs in the WDN to control pressures in the network and maximize the 

energy production, the capability (ηp) and the effectiveness (𝐸) of the system. To accomplish this is developed an 

optimization process as shown in the block diagram of Figure 28. 

 

 
Figure 28 – Block diagram – optimization model 
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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. The data provided is a daily demand pattern in the PRV installed in the network as presented in 

Figure 29.  

 

Figure 29 – WDN of the case study 

The data provided is based on the water demand pattern for one average day (24 hours), which allows to obtain 

the pressure distribution in the network (Figure 30). Based on this data, the study intends to control pressure in the network 

and use the surplus to produce energy. 

 

Figure 30 – Discharge and head across PRV 1 

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 Figure 31 there are 

presented the pressures in the network for 2:00 AM and 7:00 AM. 

In the locals with higher pressure it is intended the installation of other 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 is substituted by a PAT, which will reduce the excess of pressure and produce electricity. 

 
Figure 31 – Pressure in the network: a) at 2:00 AM; b) at 7:00 AM 

 



34 

 

Based on the results obtained with EPANET model, there were developed four scenarios to improve pressure 

management: 

• In the scenario 1, the PRV already installed (PRV 1) is substituted by a PAT. 

• In scenario 2, besides the PRV already installed there is integrated a PRV near the reservoir (PRV 5), 

which only works in the night period in order to reduce the high pressures observed during the lowest 

consumption periods. 

• In scenario 3, besides the PRV already installed (PRV 1) there are implemented more 3 PRVs (PRV 2, 

3 and 4), which are posteriorly replaced by PATs. The PRVs are integrated in the areas where are 

observed high pressures during the period of highest demand (7:00 AM).  

• In scenario 4, there are the same PRVs/PATs as in scenario 3 (PRV 1, 2, 3 and 4), and is also installed 

a PRV near the reservoir that only works in the night period (PRV 5). 

In Figure 32 there are presented the location of PRVs and PATs installed in the simulation model. Number 1 

indicates the PRV already installed in the network (will be posteriorly replaced for PAT 1), numbers 2, 3 and 4 indicate the 

PRV/PAT implemented posteriorly and number 5 indicates the “night PRV”. 

 

Figure 32 – PRV and PAT location in the network 
 

The network is calibrated based on the flow in PRV 1, the simulation time is defined as 24 h and the time step is 

1 h. In Table 3, the PRV and PAT installed in the network for each scenario and the respective flow correlation factor are 

presented. The correlation factor results from the calibration of the network in the EPANET model. 

Table 3 – Scenarios, PRV installed and correlation factor 

Scenario PRV and PAT Correlation factor 

Scenario 1 PRV 1 0,828 

Scenario 2 PRV 1 and 5 0,828 

Scenario 3 PRVs 1, 2, 3 and 4 0,828 

Scenario 4 PRVs 1, 2, 3 ,4 and 5 0,827 

 

Field measurements (EPANET model) are used to perform the design of PATs, which best fit the network 

characteristics. The results are presented in dimensionless variables, where it is evaluated the performance of the power 

plant and developed the economic viability study. The results are presented for three regulation modes of the power plant: 

no regulation mode (NR), hydraulic regulation mode (HR) and hydraulic and electrical regulation mode (HER). 

 

 

5.2. PRV and PAT application 
 

After choosing the PRV location, based on the inlet and outlet observed pressures in the PRV nodes, the 

Characteristic Curve of Installation (CCI) that relates the powered flow with the available head in the system is defined.  
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Based on the CCI is possible to build a Characteristic Curve for Pumps as Turbines (CCPAT) that best fit the 

hydraulic characteristic of the network. In the definition of the CCPAT different maximum heads are imposed, in accordance 

with the pressure in the area of implementation, to guarantee its maximum exploitation for energy production. The CCPAT 

are adjusted to the flow and head in the system to take the maximum advantage of the energy available to generate 

hydraulic power. 

The intersection of the characteristic curve of installation and the characteristic curve of the PAT defines the 

operating point of the turbine. 

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 chapters, 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.  

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. In Figure 33 an 34 there are presented the characteristic curves of installation, 

turbine, rotational speed and hill diagrams, in dimensionless units (as function of BEP) for the PRV/PAT 1. The rotational 

speed tested varies between 1600 and 2200 𝑟𝑝𝑚. In Figure 33 and 34 it is possible to see that head values increase with 

the increase of rotational speed. The head created by PATs increases with flow. The maximum efficiency is set to 75 %. It 

is observable that the lowest flows have the highest heads and there is a decrease of head with the increase of flows. 

In Table 4 there are presented the values of flow and head at BEP for the four PATs. In Appendix I there are 

presented the characteristic curves of the remaining machines. 

 

Figure 33 - Characteristic curves of PAT 1: scenario 1 and 3 

 
Figure 34 – Characteristic curves of PAT 1: scenario 2 and 4 
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The maximum head imposed for PAT 1 is 70 𝑚. The PAT 1 has the BEP defined for 𝑄𝐵𝐸𝑃 = 199,50 𝑙 𝑠⁄  and 

𝐻𝐵𝐸𝑃 = 60,28 𝑙 𝑠⁄ . In scenario 1 and 3, the BEP matches the operating point of the turbine (Figure 33). In scenarios 2 and 

4, the operating point is very close to the BEP (Figure 34). 

The maximum head imposed for PAT 2 is 80 𝑚. The PAT 2 has the BEP defined for 𝑄𝐵𝐸𝑃 = 7,35 𝑙 𝑠⁄  and 𝐻𝐵𝐸𝑃 =

73,46 𝑙 𝑠⁄ . In scenario 3, the BEP matches the operating point of the turbine. In scenario 4, the operating point is very close 

to the BEP. 

The maximum head imposed for PAT 3 is 80 𝑚. The PAT 3 has the BEP defined for 𝑄𝐵𝐸𝑃 = 15,21 𝑙 𝑠⁄  and 𝐻𝐵𝐸𝑃 =

66,94 𝑙 𝑠⁄ . In scenario 3, the BEP matches the operating point of the turbine. In scenario 4, the operating point is very close 

to the BEP. 

The maximum head imposed for PAT 4 is 115 𝑚. The PAT 4 has the BEP defined for 𝑄𝐵𝐸𝑃 = 2,36 𝑙 𝑠⁄  and 𝐻𝐵𝐸𝑃 =

86,01 𝑙 𝑠⁄ . In scenario 3, the BEP matches the operating point of the turbine. In scenario 4, the operating point is very close 

to the BEP. 

Table 4 – Flow and head at BEP (2000 𝑟𝑝𝑚) 

PAT 1 
𝑄𝐵𝐸𝑃 (𝑙/𝑠) 199,50 

𝐻𝐵𝐸𝑃(𝑚) 60,28 

PAT 2 
𝑄𝐵𝐸𝑃 (𝑙/𝑠) 7,35 

𝐻𝐵𝐸𝑃(𝑚) 73,46 

PAT 3 
𝑄𝐵𝐸𝑃 (𝑙/𝑠) 15,21 

𝐻𝐵𝐸𝑃(𝑚) 66,94 

PAT 4 
𝑄𝐵𝐸𝑃 (𝑙/𝑠) 2,36 

𝐻𝐵𝐸𝑃(𝑚) 86,01 

 

 

Scenario 1 
In scenario 1, the PRV already installed is substituted by a PAT (PRV/PAT 1). In Figure 35 and 36 there is 

presented the pressure distribution obtained with the integration of PRV and subsequent change for PATs. 

In scenario 1, the PRV 1 creates a head loss, equal to the set value of 52 𝑚. The PRVs create a pressure area 

similar to the set value defined for the head loss. When the PRV is replaced by the PAT, the pressure pattern is altered. 

At 7:00 AM, the period with the highest consumption, the highest head loss occurs, which can be seen by the increase of 

the light blue area (Figure 36 d)). At 2:00 AM, the period of lowest consumption and highest pressures, the majority of the 

network has pressures equal or above 100 𝑚 (Figure 35 a) and b)). 

 

 
Figure 35 - Scenario 1: a) PRV at 2:00 AM; b) PAT at 2:00 AM 
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Figure 36 - Scenario 1: c) PRV at 7:00 AM; d) PAT at 7:00 AM 

 

In scenario 1, the night pressures are very high and there is a possibility of reducing them with the installation of 

a bypass PRV that will work, only during the periods of lowest consumptions and higher pressures (scenario 2). 

In scenario 1, the daily pressures are controlled, nevertheless there is a possibility of installing more three PRVs/PATs in 

strategic locations to use the excess of available pressure (scenario 3). 

 

Scenario 2 
In scenario 2, the PRV (PRV 1) already installed is substituted by a PAT (PAT 1) and it is installed another PRV 

that only works during the night period (PRV 5). In Figure 37 there are shown the pressure distribution in the network with 

the implementation of PRV and the subsequent change for PATs. 

In scenario 2, the PRV 1 creates a head loss of 52 𝑚. The PRV 5 (“night PRV”), creates a head loss of 95 𝑚, from 

0:00 AM to 6:00 AM and from 22:00 AM to 24:00 AM. The PRV 5, only works during the hours of lowest consumption and 

highest pressures. In Appendix II are the rule-based controls used in EPANET model for the operation of PRV 5. 

At 2:00 AM, the dominant network pressure ranges between 50 and 75 𝑚. When the PRV 1 is replaced by PAT 

1, the pressure decreases to values under 25 𝑚, dark blue area (Figure 37 b)), however the pressure is never under 10 𝑚. 

The pressure in the network cannot be under 10 𝑚, the minimum pressure established by the Portuguese law. 

 
Figure 37 – Scenario 2: a) PRV at 2:00 AM; b) PAT at 2:00 AM; c) PRV at 7:00 AM; d) PAT at 7:00 AM 
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Scenario 3 
In scenario 3, besides the PRV (PRV 1) already installed it is installed other three PRVs (PRV 2, 3 and 4), placed 

in the areas with highest pressures during the period of highest demand. The PRVs are then substituted by PATs (PAT 1, 

2, 3 and 4). In Figure 38 there are shown the pressure distribution in the network with the implementation of PRV and the 

subsequent change for PATs. 

In scenario 3, the PRVs 1 and 4 create a head loss of 52 𝑚 and the PRVs 2 and 3 create a head loss of 40 𝑚. 

Scenario 3 does not have the PRV 5 (night PRV), which can be seen by the high pressures observed at 2:00 AM. At 2:00 

AM, most the network nodes have pressures above 100 𝑚 (Figure 38 a) and b)). 

The installation of PRVs 2, 3 and 4, brought pressures to values under 100 𝑚 (Figure 38 c)). At 7:00 AM, the 

dominant pressure in the network varies between 75 and 100 𝑚 and in the areas of implementation of PATs the pressure 

varies between 25 and 75 𝑚 (Figure 38 d)). 

 
Figure 38 – Scenario 3: a) PRV at 2:00 AM; b) PAT at 2:00 AM; c) PRV at 7:00 AM; d) PAT at 7:00 AM 

 

Scenario 3 has an effective control under daily pressures, however, the night pressures still present high values. 

Therefore, in scenario 4, PRV 5 is installed, which will control pressures for the hours of lowest consumption. 

 

Scenario 4 
In scenario 4, besides the PRV already installed and the other three PRVs (PRVs 1, 2, 3 and 4), it is installed 

another PRV that only works during the night period (PRV 5). In Figure 39 there are shown the pressure variations in the 

network with the implementation of PRV and the subsequent change for PATs. 

In scenario 4, PRVs 1 and 4 create a head loss of 52 𝑚 and PRV 2 and 3 create a head loss of 40 𝑚. The PRV 5 

creates a head loss of 95 𝑚. 

At 2:00 AM, most of the network has pressures between 50 and 100 𝑚, being dominant the pressures between 

50 and 75 𝑚 (green area) (Figure 39 a) and b)). The pressure area created due to PRV 1, has values under 25 𝑚, but 

never under 10 𝑚 (Figure 39 b)). 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 39 d)). 

The pressures 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. 
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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 leakages and 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. 

 

Figure 39 – 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 

 

 

5.3. Network effectiveness and efficiency 
 

Defined the characteristic curves of PAT for the networks of the different scenarios is evaluated the effectiveness 

and the percentage of maximum efficiency of the network. 

In the following scenarios, the effectiveness of the system will be expressed in terms of capability, reliability and 

sustainability. The 𝛼 parameter (used in the definition of sustainability) is set to 10, which implies that an error of 10 % in 

the backpressure halves the effectiveness of the system. The backpressure (BP) is the head downstream the plant and 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). In Figure 40 there are 

presented the installation schemes used 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 

network (equation (40))55: 
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Figure 40 - Installation scheme for PRV and PAT regulation modes50,68 

 

where 𝐻𝑡 is the net head delivered by the PAT (𝑚), 𝑄𝑑 is the available discharge (𝑚3 𝑠⁄ ). 

 

In NR mode, there can be defined three working regions as shown in Figure 41. 

 
Figure 41 - Working regions of NR mode 

In NR mode, the three working regions can be defined as: 

• region 1 - 𝑄𝑖 < 𝑄𝑡,𝑚𝑖𝑛 : 𝐸𝑛𝑒𝑟𝑔𝑦 = 0 

• region 2 – 𝑄𝑖 > 𝑄𝑡,𝑚𝑎𝑥 or 𝑄𝑡,𝑚𝑖𝑛 < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑡 > 𝐻𝑖: 𝐸𝑛𝑒𝑟𝑔𝑦 = 0 

• region 3 – 𝑄𝑡,𝑚𝑖𝑛 < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑡 < 𝐻𝑖: 𝐸 = 𝑃(𝑄𝑖)∆𝑡𝑖 

 

where 𝑄𝑖 is the flow in the instant 𝑖, 𝐻𝑖 is the available head in the instant 𝑖, 𝑄𝑡 is the turbine flow, 𝐻𝑡 is the net head 

delivered by the PAT, 𝑃 is the power and ∆𝑡 is the operation time. The subscripted “min” and “max” are the operating 

extreme values of PAT. 

 𝐻𝑡 = 𝐻𝑡(𝑄𝑑) (37) 
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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 (38))55: 

 

{
 
 

 
 𝐻𝑑 = 𝐻𝑡(𝑄𝑡) + 𝐻𝑣𝑎𝑙𝑣𝑒

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

 (38) 

 

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

 

In HR mode, there can be defined four working regions as shown in Figure 42. 

 

Figure 42 - Working regions of HR mode 
 

In HR mode, the four working regions can be defined as: 

• region 1 - 𝑄𝑖 < 𝑄𝑡,𝑚𝑖𝑛 or 𝐻𝑖 < 𝐻𝑡,𝑚𝑖𝑛: 𝐸𝑛𝑒𝑟𝑔𝑦 = 0 

• region 2 - 𝑄𝑡,𝑚𝑖𝑛 < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑖 > 𝐻𝑡(𝑄𝑖): 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑖)∆𝑡𝑖 

• region 3 - 𝑄𝑡,𝑚𝑖𝑛 < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑡,𝑚𝑖𝑛 < 𝐻𝑖 < 𝐻𝑡,𝑚𝑎𝑥: 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑡(𝐻𝑖))∆𝑡𝑖 

• region 4 - 𝑄𝑖 > 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑖 > 𝐻𝑡,𝑚𝑎𝑥: 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑡,𝑚𝑎𝑥)∆𝑡𝑖 

 

In HER mode, the HR and the ER modes are coupled to improve the performance of the PAT (equation (42)). In 

the ER mode, the characteristic curve of the PAT is modified to match the available head in the network. 

 

{
 
 

 
 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

 
(39) 

  

In HER mode, the two valves regulation is coupled with the speed regulation allowing a wider control of flow and 

head to maximise the energy production. The working regions of HER mode are presented in Figure 43. 

 

In HER mode, the four working regions can be defined as: 

• region 1 - 𝑄𝑖 < 𝑄𝑡,𝑚𝑖𝑛 or 𝐻𝑖 < 𝐻𝑡,𝑚𝑖𝑛: 𝐸𝑛𝑒𝑟𝑔𝑦 = 0 

• region 2 - 𝑄𝑡,𝑚𝑖𝑛 < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 and 𝐻𝑖 > 𝐻𝑡(𝑄𝑖 , 𝑁𝑡): 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑖)∆𝑡𝑖 

• region 3 - 𝑄𝑡,𝑚𝑖𝑛(𝑁𝑡) < 𝑄𝑖 < 𝑄𝑡,𝑚𝑎𝑥 (𝑁𝑡) and 𝐻𝑡,𝑚𝑖𝑛(𝑄𝑡, 𝑁𝑡) < 𝐻𝑖 < 𝐻𝑡(𝑄𝑖 , 𝑁𝑡): 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑡(𝐻𝑖(𝑁𝑡))∆𝑡𝑖 

• region 4 - 𝑄𝑖 > 𝑄𝑡,𝑚𝑎𝑥(𝑁𝑡) and 𝐻𝑖 > 𝐻𝑡,𝑚𝑎𝑥(𝑁𝑡): 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃(𝑄𝑡,𝑚𝑎𝑥(𝑁𝑡))∆𝑡𝑖 
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Figure 43 - Working regions of HER mode 

 

In HER mode, the optimization process aims to achieve the combined values of flow (𝑄) and head (𝐻) that 

maximise the energy production (Figure 44). 

 

Figure 44 – Scheme of optimization process in hydraulic and electrical regulation  
 

The objective function of this analysis aims to achieve the maximum energy production, maximum capability (𝜂𝑝) 

and maximum effectiveness (𝐸) (equation (40)). 

 
max(𝑧) = {∑𝐸𝑛𝑒𝑟𝑔𝑦(𝑃𝑢Δ𝑡)

𝑛

𝑖=1

,∑𝐶𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝜂𝑝)

𝑛

𝑖=1

,∑𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 (𝐸)

𝑛

𝑖=1

} 
(40) 

 

In the following analysis, when comparing the system effectiveness, the capability of the plant and the energy 

production, will only be presented the results for PAT 1, present in the four scenarios. In NR and HR mode, the rotational 

speed fixed is 2000 𝑟𝑝𝑚 and in HER mode the rotational speed varies between 1600 and 2200 𝑟𝑝𝑚.  

 

In NR mode (Figure 45 and 45), 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 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 (Figure 45 b) and 45 b)). 
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Figure 45 - NR mode (scenario 1 and 3): a) capability (𝜂𝑝) and effectiveness(𝐸); b) produced and available energy 

 
Figure 46 - NR mode (scenario 2 and 4): a) capability (𝜂𝑝) and effectiveness (𝐸); b) produced and available energy 

 

In HR mode (Figure 47 and 47) the sustainability (𝜒𝑝) has values 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 (Figure 47 a) and 47 a)). The capability (ηp) and the energy 

production in HR mode are higher than in NR mode (Figure 47 b) and 47 b)). 

 
Figure 47 - HR mode (scenario 1 and 3) a) capability (𝜂𝑝) and effectiveness (𝐸); b) produced and available energy 
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Figure 48 - HR mode (scenario 2 and 4): capability (𝜂𝑝) and effectiveness (𝐸); b) produced and available energy 

In HER mode (Figure 49 and 49), 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 (Figure 49 b) and 49 b)). 

 
Figure 49 - HER mode (scenario 1 and 3): a) capability (𝜂𝑝) and effectiveness (𝐸); b) produced ad available energy 

 
Figure 50 - HER mode (scenario 2 and 4): a) capability (𝜂𝑝) and effectiveness (𝐸); b) produced and available energy 

 

In Appendix III the capability, effectiveness and produced and available energy of the remaining PATs are 

presented. In Appendix IV there are presented the head and energy of PAT 1 in scenario 1 and 3 for the different regulation 

modes. In Table 5 there are presented the effectiveness, average effectiveness per day, capability and energy production 

for each PAT. 
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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 the capability (𝜂𝑃) (Figure 51). 

 
Figure 51 - Capability (𝜂𝑝) of PAT 1: a) scenario 1 and 3; b) scenario 2and 4 

 

The maximum effectiveness (𝐸𝑚𝑎𝑥) 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 (𝐸𝑎𝑣𝑒), 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 1402 𝑘𝑊ℎ. 

The PATs installed present a very good performance in producing electrical energy. 

In Figure 52 it is presented the effectiveness of PAT 1 for the different regulation modes. In Appendix V and VI 

there are presented the capability (𝜂𝑃) and effectiveness (𝐸) of the remaining PATs. 

 
Figure 52 - Effectiveness (𝐸) of PAT 1: a) scenario 1 and 3; b) scenario 2 and 4 
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Energy production increases with the increasing of 𝐻 𝐻𝐵𝐸𝑃⁄ , because the increase of available head, increases 

the energy production. Away from BEP, the less is the energy production, the reliability and the efficiency of the plant. The 

PAT performance is more sensible to variations in the ratios of 𝑄 𝑄𝐵𝐸𝑃⁄  and 𝐻 𝐻𝐵𝐸𝑃⁄ , when they are far from the BEP. In 

Figure 53 and 53 it is presented the relation between energy production, 𝐻 𝐻𝐵𝐸𝑃⁄  and 𝑄 𝑄𝐵𝐸𝑃⁄ , respectively. 

 

 

Figure 53 - Produced energy vs H/HBEP: a) scenario 1 and 3; b) scenario 2 and 4 

 

 

Figure 54 - Energy produced vs Q/QBEP: a) scenario 1 and 3; b) scenario 2 and 4 
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Table 5 – Effectiveness (𝐸), capability (𝜂𝑝) and energy production for NR, HR and HER 

  NR HR HER 

  𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 
(%) 

𝛈𝐩 

(%) 

Energy 

(𝑘𝑊ℎ) 
𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 
(%) 

𝛈𝐩(%) 
Energy 

(𝑘𝑊ℎ) 
𝐄𝐦𝐚𝐱 
(%) 

𝐄𝐚𝐯𝐞 (%) 
𝛈𝐩 

(%) 

Energy 

(𝑘𝑊ℎ) 

P
A

T
 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 

P
A

T
 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 

P
A

T
 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 

P
A

T
 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 
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In Figure 55 to 57 there are shown the variations of the percentage of maximum network efficiency and the 

average of maximum network efficiency in a day. In Appendix VII it is presented the percentage of maximum network 

efficiency of the remaining PATs. 

The PATs installed in the distribution network present high efficiency levels. The maximum network efficiency 

varies between 93 and 100 % and the average of maximum network efficiency per day varies between 64 and 98 %, which 

means that the PATs work near the point of the maximum efficiency (BEP). 

 
Figure 55 - Percentage of maximum network efficiency of PAT 1 in NR mode: a) scenario 1 and 3; b) scenario 2 and 4 

 

Figure 56 - Percentage of maximum network efficiency of PAT 1 in HR mode: a) scenario 1 and 3; b) scenario 2 and 4 

 

Figure 57 - Percentage of maximum network efficiency of PAT 1 in HER mode: a) scenario 1 and 3; b) scenario 2 and 4 
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5.4. Energy production and economic feasibility 
 

Defined the characteristic curves of the PATs to be installed, it is possible to define the hydraulic power and the 

energy produced in the water distribution network.  

In Figure 58 there is presented the total energy production per hour of PAT 1, in the different regulation modes. 

In Appendix VIII there is presented the energy production of the other PATs. 

The PAT 1, in scenario 1 and 3, in NR mode has a daily production of 457 𝑘𝑊ℎ (20 % of the available energy), in 

HR mode has a daily production of 1329 𝑘𝑊ℎ (58 % of available energy), in HER mode has a daily production of 1402 𝑘𝑊ℎ 

(61 % of available energy). In scenario 2 and 4, in NR mode has a daily production of 320 𝑘𝑊ℎ (16 % of the available 

energy), in HR mode has a daily production of 1221 𝑘𝑊ℎ (60 % of available energy), in HER mode has a daily production 

of 1323 𝑘𝑊ℎ (65 % of available energy). 

The PAT 2, in scenario 3, in NR mode has a daily production of 29 𝑘𝑊ℎ (29 % of the available energy), in HR 

mode has a daily production of 47𝑘𝑊ℎ (45% of available energy), in HER mode has a daily production of 49 𝑘𝑊ℎ (48 % 

of available energy). In scenario 4, in NR mode has a daily production of 29 𝑘𝑊ℎ (30 % of the available energy), in HR 

mode has a daily production of 45 𝑘𝑊ℎ (48% of available energy), in HER mode has a daily production of 49 𝑘𝑊ℎ (52 % 

of available energy). 

The PAT 3, in scenario 3, in NR mode has a daily production of 56 𝑘𝑊ℎ (29 % of the available energy), in HR 

mode has a daily production of 96 𝑘𝑊ℎ (49 % of available energy), in HER mode has a daily production of 108 𝑘𝑊ℎ (55% 

of available energy). In scenario 4, in NR mode has a daily production of 46 𝑘𝑊ℎ (26% of the available energy), in HR 

mode has a daily production of 91 𝑘𝑊ℎ (52 % of available energy), in HER mode has a daily production of 106 𝑘𝑊ℎ (60 % 

of available energy). 

The PAT 4, in scenario 3, in NR mode has a daily production of 9 𝑘𝑊ℎ (24 % of the available energy), in HR mode 

has a daily production of 22 𝑘𝑊ℎ (56 % of available energy), in HER mode has a daily production of 25 𝑘𝑊ℎ (64 % of 

available energy). In scenario 4, in NR mode has a daily production of 7 𝑘𝑊ℎ (19 % of the available energy), in HR mode 

as a daily production of 21 𝑘𝑊ℎ (59 % of available energy), in HER mode has a daily production of 23 𝑘𝑊ℎ (66% of 

available energy). 

The HER mode has the best exploitation of available energy. 

 
Figure 58 - Energy production of PAT 1: a) scenario 1 and 3; b) scenario 2 and 4 

Due to scarce data of PAT market prices, it is applied a new methodology, which allows the definition of the PAT 

price per kW50. 

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 59). The price varies with the maximum power 
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produced by each PAT: the greater the production is, the less is the unit cost obtained. In Appendix IX are presented the 

PAT prices obtained in accordance with this methodology50. 

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 (Appendix X). 

In HR and HER modes, 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 €/𝑘𝑊 (Appendix 

IX)52. 

 

Figure 59 – PAT unit cost vs. power 
 

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 considered energy selling price was 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 equipment65. 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 opportunity69. In Figure 60 there are presented the discounted cash flows for the 

different discounted rates. As expected, the discount rate of 6 % has the highest value of discounted cash-flows. 

In Figure 60 it is observed a sharp decrease in the year 20, which corresponds to a new investment in 

turbomachinery reposition. In Table 6, the main parameters used in economic analysis are presented. 

 

Figure 60 - Economic analysis: a) scenario 1; b) scenario 2; c) scenario 3; d) scenario 4 
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Table 6 – 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 
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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 € (Appendix XI). 

Scenario 2 has the lowest energy production (1221 𝑘𝑊ℎ. 𝑑𝑎𝑦 ). This scenario presents the lowest 𝐼𝑅𝑅 (37 %) and 

ratio 𝐵/𝐶 (3,8). The payback period of this scenario is 4 years. In the year 20, the NPV is 261423 € and in year 40 is 

343225 €. 

Scenarios 3 has the highest energy production (1494 𝑘𝑊ℎ. 𝑑𝑎𝑦). This scenario has the second highest 

𝐼𝑅𝑅 (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. 

Scenario 4 has the second highest energy production (1378 𝑘𝑊ℎ. 𝑑𝑎𝑦), however has the second lowest 

𝐼𝑅𝑅 (38 %) and 𝐵/𝐶 ratio (3,8). The payback period is 4 years, which is still considered reasonable for water companies. 

In the year 20, the NPV is 296865 € and in year 40 is 389355 €. 

The economic investment in equipment significantly varies between scenarios (PATs, PRVs, bypass and inverter). 

Scenario 1 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 points out the scenario 1 as the best investment option, due to the highest 𝐼𝑅𝑅 and the 

highest ratio 𝐵/𝐶. 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. 
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6. Conclusions and future perspectives 
 

6.1. Conclusions 
 

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 evaluate the efficiency in the distribution network. 

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.  

Water distribution networks intend to achieve head losses that minimize nodal pressure and, consequently, leaks 

in the network, maximizing the use of the energy in excess, that otherwise would be lost. 

Water distribution networks 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 network to produce electrical energy, with the guaranteed flow in the network, 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 water distribution networks 

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 (𝜂𝑝) and the power plant effectiveness (𝐸) 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 
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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 network, 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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Appendix I -  Characteristic curves 
 

 
Figure I. 1 – Characteristic curves of PAT 2 in scenario 3 

 
 

 
Figure I. 2 - Characteristic curves of PAT 2 in scenario 4 

 
 

 
Figure I. 3 - Characteristic curves of PAT 3 in scenario 3 
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Figure I. 4 - Characteristic curves of PAT 3 in scenario 4 

 
 

 
Figure I. 5 – Characteristic curves of PAT 4 in scenario 3 

 
 

 
Figure I. 6 - Characteristic curves of PAT 4 in scenario 4 
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Appendix II – Rule-based control of PRV 5 
 

RULE 1 

IF SYSTEM CLOCKTIME >= 0 AM 

AND SYSTEM CLOCKTIME < 6 AM 

THEN PIPE 11 STATUS IS CLOSED 

AND PIPE 13 STATUS IS OPEN 

AND PIPE 14 STATUS IS OPEN 

AND VALVE 17 STATUS IS OPEN 

AND PIPE 15 STATUS IS OPEN 

AND PIPE 16 STATUS IS OPEN 

AND VALVE 17 PRESSURE IS 95 

 

RULE 2 

IF SYSTEM CLOCKTIME > 6 AM 

THEN PIPE 11 STATUS IS OPEN 

AND PIPE 13 STATUS IS CLOSED 

AND PIPE 14 STATUS IS CLOSED 

AND VALVE 17 STATUS IS CLOSED 

AND PIPE 15 STATUS IS CLOSED 

AND PIPE 16 STATUS IS CLOSED 

 

RULE 3 

IF SYSTEM CLOCKTIME > 22 

THEN PIPE 11 STATUS IS CLOSED 

AND PIPE 13 STATUS IS OPEN 

AND PIPE 14 STATUS IS OPEN 

AND VALVE 17 STATUS IS OPEN 

AND PIPE 15 STATUS IS OPEN 

AND PIPE 16 STATUS IS OPEN 

AND VALVE 17 PRESSURE IS 95 
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Appendix III – Capability (𝜂𝑝), effectiveness (𝐸), produced and available energy 

 
Figure III. 1 - PAT 2, scenario 3 - Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 

 
Figure III. 2 - PAT 2, scenario 4 – Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 
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Figure III. 3 - PAT 3, scenario 3 – Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 

 
Figure III. 4 - PAT 3, scenario 4 – Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 
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Figure III. 5 - PAT 4, scenario 3 – Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 

 

 
Figure III. 6 - PAT 4, scenario 4 – Capability (𝜂𝑝) and effectiveness (𝐸): a) NR mode; c) HR mode; e) HER mode; Produced and 

available energy: b) NR mode; d) HR mode; f) HER mode 
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 Appendix IV – Flow, head and energy production of PAT 1 
 

         NR HR HER 

Time 
(h) 

Flow 
(l/s) 

H (CCI)  
(m) 

H(N=2000) 
(m) 

H(N=2200) 
(m) 

H(N=1900) 
(m) 

H(N=1800) 
(m) 

H(N=1700) 
(m) 

H(N=1600) 
(m) 

Energy 
(kWh) 

Energy 
(kWh) 

Energy 
(kWh) 

00:00 95 60 46 51 40 29 23 21 13 13 13 

01:00 41 60 42 47 36 23 13 17 - - - 

02:00 32 60 41 46 35 22 11 16 - - - 

03:00 47 60 42 47 36 24 14 17 - - - 

04:00 71 60 44 49 38 26 18 19 3 3 3 

05:00 71 60 44 49 38 26 18 19 3 3 3 

06:00 130 60 50 55 44 35 30 25 33 33 35 

07:00 237 60 68 73 62 64 57 43 - 86 100 

08:00 222 60 64 69 58 58 53 39 - 88 94 

09:00 215 60 63 68 57 56 51 38 - 88 90 

10:00 230 60 66 71 60 61 55 41 - 87 100 

11:00 228 60 66 71 60 61 54 41 - 87 99 

12:00 222 60 64 69 58 58 53 39 - 88 94 

13:00 217 60 64 69 58 57 51 39 - 88 91 

14:00 203 60 61 66 55 53 47 36 - 87 87 

15:00 171 60 55 60 49 44 39 30 63 63 63 

16:00 176 60 56 61 50 45 41 31 67 67 67 

17:00 150 60 52 57 46 39 35 27 47 47 50 

18:00 161 60 54 59 48 42 37 29 56 56 59 

19:00 200 60 61 66 55 52 47 36 - 87 87 

20:00 198 60 60 65 54 51 46 35 85 85 85 

21:00 204 60 61 66 55 53 48 36 - 87 87 

22:00 144 60 52 57 46 38 33 27 43 43 45 

23:00 127 60 49 54 43 34 29 24 31 31 32 

24:00:00 95 60 46 51 40 29 23 21 13 13 13 

        Total 457 1329 1402 
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Appendix V – Capability (𝜂𝑝) 

 

 
Figure V. 1 - Capability (𝜂𝑝) PAT 2: a) scenario 3; b) scenario 4 

 
 

 
Figure V. 2 - Capability (𝜂𝑝) PAT 3: a) scenario 3; b) scenario 4 

 
 

 
Figure V. 3 - Capability (𝜂𝑝) PAT 4: a) scenario 3; b) scenario 4  
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Appendix VI – Effectiveness (𝐸) 
 

 

 
Figure VI. 4 - Effectiveness (𝐸) of PAT 2: a) scenario 3; b) scenario 4 

 
 

 
Figure VI. 5 - Effectiveness (𝐸) of PAT 3: a) scenario 3; b) scenario 4 

 
 

 
Figure VI. 6 - Effectiveness (𝐸) of PAT 4: a) scenario 3; b) scenario 4 
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Appendix VII – Percentage of maximum network efficiency (𝑒) 
 

 
Figure VII. 1 - Percentage of maximum efficiency (𝑒) of PAT 2 in NR mode: a) scenario 3; b) scenario 4 

 
 

 
Figure VII. 2 - Percentage of maximum efficiency (𝑒) of PAT 2 in HR mode: a) scenario 3; b) scenario 4 

 
 

 
Figure VII. 3 - Percentage of maximum efficiency (𝑒) of PAT 2 in HER mode: a) scenario 3; b) scenario 4 
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Figure VII. 4 - Percentage of maximum efficiency (𝑒) of PAT 3 in NR mode: a) scenario 3; b) scenario 4 

 
 

 
Figure VII. 5 - Percentage of maximum efficiency (𝑒) of PAT 3 in HR mode: a) scenario 3; b) scenario 4 

 

 
 

 
Figure VII. 6 - Percentage of maximum efficiency (𝑒) of PAT 3 in HER mode: a) scenario 3; b) scenario 4 
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Figure VII. 7 - Percentage of maximum efficiency (𝑒) of PAT 4 in NR mode: a) scenario 3; b) scenario 4 

 
 

 
Figure VII. 8 - Percentage of maximum efficiency (𝑒) of PAT 4 in HR mode: a) scenario 3; b) scenario 4 

 
 

 
Figure VII. 9 - Percentage of maximum efficiency (𝑒) of PAT 4 in HER mode: a) scenario 3; b) scenario 4 
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Appendix VIII – Energy Production 
 

 

 
Figure VIII. 1 - Energy production of PAT 2: a) scenario 3; b) scenario 4 

 
 

 
Figure VIII. 2 - Energy production of PAT 3: a) scenario 3; b) scenario 4 

 
 

 
Figure VIII. 3 - Energy production of PAT 4: a) scenario 3; b) scenario 4 
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Appendix IX – PAT and inverter prices 
 

 
 

  NR HR HER Inverter 

Pat 1 

Scenario 1 and 3 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 85 88 100 100 

€/𝑘𝑊 226 224 215 200 

€ 19255 19620 21609 20093 

Scenario 2 and 4 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 67 85 97 97 

€/𝑘𝑊 242 226 217 200 

€ 16253 19255 21094 19420 

PAT 2 

Scenario 3 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 4 4 4 4 

€/𝑘𝑊 565 563 554 200 

€ 2079 2099 2175 785 

Scenario 4 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 4 4 4 4 

€/𝑘𝑊 565 565 555 200 

€ 2080 2080 2173 784 

PAT 3 

Scenario 3 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 7 7 8 8 

€/𝑘𝑊 463 462 459 200 

€ 3364 3381 3447 1503 

Scenario 4 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 6 7 7 7 

€/𝑘𝑊 480 466 459 200 

€ 3083 3313 3436 1497 

PAT 4 

Scenario 3 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 1 1 2 2 

€/𝑘𝑊 743 743 721 200 

€ 1071 1071 1150 319 

Scenario 4 

𝑃𝑚𝑎𝑥 (𝑘𝑊) 1 1 2 2 

€/𝑘𝑊 751 747 724 200 

€ 1041 1056 1138 314 

 

Appendix X – PRV price 
 

 
Figure X. 1 - Linear relationship between PRV prices 

 

Table X. 1 - PRV price 

DN € 

100 1260 

300 7060 

600 22300 

1260 49838 

 

Note: The PRV prices used are obtained from Tecnilab 
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Appendix XI – Economic analysis  
 

 

 

INVESTEMENT COSTS (euros)  ANO -1 ANO 1 …. …. ANO 10 …. ANO 20

1 - CIVIL CONSTRUCTION

  1.1 - Pipes and acessories 5000

2 - Equipament

2.1 - PAT 19620.18 22575.40

2.2 - Valvula, bypass, speed multiplier 5500.00 5500.00

3 -  Connection to electrical grid 5000

INVESTMENT COST (euros) 54740 28075

EXPLORATION COST (euros/ano)  ANO -1 ANO 1 …. …. ANO 10 …. ANO 40

1 - Maintenance 527

RECEITAS  ANO -1 ANO 1 …. …. ANO 10 …. ANO 40

1 - Energy Generation

   1.1 - Anual Generation (GWh) -- 0.4851

   1.2 - Value kWh  (euros/kWh) -- 0.090 .... .... 0.090 .... 0.090

   1.3 - Energy Generation value (euros/year) -- 43658

*(adaptation PORTELA, 2011)

6.0% 8.0% 10.0% 78.8%

 VAL (Euro) 585464 453554 362865

f 15.723 11.574 9.091

 B/C  (-) 10.681 8.22 6.655

0 -54740.35 -54740.35 -54740.35 -54740.35

1 -14050.94 -14804.44 -15530.55 -30616.80

2 24335.30 22173.25 20114.72 -17124.22

3 60548.74 56411.85 52519.51 -9577.67

4 94712.36 88114.26 81978.42 -5356.79

5 126942.18 117468.35 108759.24 -2996.00

6 157347.68 144648.05 133105.44 -1675.59

7 186032.11 169814.45 155238.35 -937.07

8 213092.90 193116.67 175359.18 -524.00

9 238621.94 214692.80 193650.84 -292.97

10 262705.94 234670.69 210279.62 -163.75

11 285426.70 253168.75 225396.70 -91.48

12 306861.38 270296.57 239139.49 -51.05

13 327082.77 286155.67 251632.94 -28.44

14 346159.56 300840.02 262990.63 -15.80

15 364156.52 314436.64 273315.79 -8.72

16 381134.79 327026.10 282702.31 -4.77

17 397152.03 338683.02 291235.50 -2.56

18 412262.63 349476.45 298992.95 -1.32

19 426517.92 359470.37 306045.18 -0.63

20 431212.26 362700.48 308283.06 -0.49

21 443899.41 371268.66 314111.35 -0.27

22 455868.42 379202.15 319409.79 -0.15

23 467159.94 386547.98 324226.56 -0.09

24 477812.32 393349.68 328605.44 -0.05

25 487861.73 399647.55 332586.24 -0.03

26 497342.31 405478.90 336205.14 -0.02

27 506286.25 410878.31 339495.06 -0.01

28 514723.93 415877.76 342485.89 0.00

29 522684.01 420506.88 345204.83 0.00

30 530193.51 424793.10 347676.59 0.00

31 537277.95 428761.82 349923.65 0.00

32 543961.38 432436.57 351966.43 0.00

33 550266.51 435839.11 353823.50 0.00

34 556214.74 438989.61 355511.75 0.00

35 561826.28 441906.74 357046.52 0.00

36 567120.19 444607.79 358441.76 0.00

37 572114.44 447108.76 359710.17 0.00

38 576825.99 449424.47 360863.26 0.00

39 581270.86 451568.65 361911.53 0.00

40 585464.13 453554.00 362864.51 0.00

TIR (%) 78.8%

Taxa de actualização

ANO CASH-FLOW ACUMULADO ACTUALIZADO


