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Abstract

:

In recent years, water utilities have made worldwide investments targeted to the implementation of an effective monitoring system and the installation of pressure-reducing valves in strategic nodes of water distribution networks. In fact, these interventions are considered fast and effective solutions to address at least two main concerns of modern water utilities: leakage reduction and energy efficiency. The present paper, on the basis of a database of working conditions of installed pressure-reducing valves, discusses the range of applicability of the GreenValve system (GVS) as an alternative solution to improving standard pressure-reducing valve capabilities. The device is able to recover energy, and it can be used to create a stand-alone monitoring node with remote control ability, optimizing the network from an energetic, functional, and hydraulic point of view.
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1. Introduction


Water distribution network (WDN) optimization has attracted the attention of researchers in the last few decades. The reduction of water leakages and the reduction of energy consumption are two of the water industry’s main concerns. Water leakage in a pipeline, besides being an environmental problem, is an economic and energy efficiency issue. One of the most common solutions to reduce leakages is the installation of pressure-reducing valves (PRVs) to apply pressure management strategies [1]. This solution is often favored by managers because it gives effective results and avoids structural interventions such as pipeline revamping, which is often difficult to realize in urban areas. A clear review of the methods for leakage control can be found in [2], where pressure management is identified as the only method that can effectively reduce background leakage. Some researchers have been looking for procedures to find the best placement of PRVs in a network [3,4,5,6,7,8,9,10] to obtain maximum effectiveness from the operation; others have incorporated leakage terms and effects of valve control in the same network model [11,12,13,14] to find the best solution.



One of the prerequisites for these kinds of procedures is the availability of an efficient and widespread monitoring system to gather information about the real functioning of the WDN [15]. Subdividing the network into smaller monitored areas, commonly called district monitoring areas (DMAs) [16,17], is a widely-used method to manage pressure and improve control. DMAs have proved to be a viable solution for the reduction of water leakages and demand [18].



To create a DMA, it is necessary to install control valves to isolate the district as well as sensors to monitor the flow rate [19]. The case discussed in [20] demonstrates that dynamic management of the DMA patterns based on water demand (e.g., for day and night periods) can improve the energetic efficiency of the WDN and drastically reduce leaks. Nevertheless, dynamic DMA management requires a wide monitoring of the system, created with a network of pressure transducers and flow meters, and the use of smart devices able to react to real-time managing strategies.



Some innovative pressure management strategies have been experimented on in [20,21,22,23,24]. The latter considered the possibilities of a real-time pressure control of the network based on measurements in critical nodes. The authors [20,21,22,23,24] underlined that the two main prerequisites to use such innovative strategies are sufficient historical series of pressure and flow rate at some points of the net and the use of smart control valves. Smart control valves are devices that can be controlled remotely and have the possibility of being programmed.



Many of the pressure management strategies that can be applied to WDNs require the use of PRVs. Consequently, their number is constantly increasing, and with them, the amount of energy dissipated for the management of the network. An analysis of the amount of energy dissipated by PRVs is provided in Section 2.



In cases where PRVs dissipate a large amount of energy, turbine systems can be a suitable solution to recover energy. There are various examples of devices that can be used to this end. Cross-flow turbines (also called Banki turbines) are typically used in water supply systems in atmospheric discharge points [25]. This type of turbine is particularly convenient because of its simplicity of design and construction and high-efficiency guarantees for a large range of operating conditions [26]. Another kind of machinery that can be used in pressurized pipelines is pump as turbine (PAT) [27]. This device consists of a pump installed in a reverse mode that recovers energy instead of consuming it. In [28], PATs are defined as an efficient and inexpensive tool to recover power with small pressure heads for flow rates with a variable trend. Even though these hydraulic machines allow energy recovery, they cannot control the discharges efficiently (except in a few cases and in small quantities), requiring additional infrastructure [29], such as a bypass with a PRV working in parallel.



Most modern pressure management strategies require the introduction of new and improved devices to regulate the pressure in the network. Moreover, monitoring devices that allow real-time monitoring, like flow meters and pressure transducers, are also needed. In the present paper, we discuss the possibility of using an innovative device able to control the flow and recover part of the energy necessary to dissipate. The device concept and first release have been previously presented in [30]. The GreenValve system (GVS) is a device able to substitute a PRV to provide many additional functionalities useful for the optimization of network management. In particular, GVS uses recovered energy to enable the remote control of the valve and the remote real-time monitoring of pressure and flow rates without the necessity of further devices and electric connection. Additionally, a surplus of recovered energy can be used for the electric supply of other local devices, for example, a booster pump for the injection of disinfectant, water quality sensors, or simply for the lighting of the inspection chambers where the valve is installed.



Study Methodology


The main purpose of the study is the evaluation of the applicability of GVS in WDNs.



The first part of the paper discusses the energy that is usually dissipated in common pressure-reducing valves, considering a dataset of PRV working conditions, collected from real installations or models and reported in Appendix A.



Based on the first classification of the PRVs, focused on the energy dissipated by each valve, the possible installation of energy recovery devices is examined through a preliminary economic analysis. The analysis evaluates the PRVs that can be substituted for energy production and the PRVs that are not appropriate for this scope but can, instead, show the application range of the GVS. Then, the possible applications of the GVS are considered, highlighting that the GVS can exploit residual energy, enabling additional features that are helpful for plant management improvement.





2. Data Set Classification and Analysis


The hydraulic data about the regulation made by PRVs that are primarily installed at the entrance of DMAs are collected in the following. The series of data used in the present study is shown with their source in Appendix A. The dissipated power and flow coefficient are calculated on the basis of the average flow rate and pressure drop of Table A1. The flow coefficient CV is a coefficient widely used in the field of valves. It relates discharge and pressure drop, as defined in the following formula from [31]:


  C V =  Q   N 1         ρ 1  /  ρ 0    Δ P      



(1)




where    ρ 1    (Kg m−3) is the density of the used fluid,    ρ 0    (Kg m−3) is the reference density in standard condition (water at 15 °C and 1 atm), and ∆p is the difference between the pressure P1 measured upstream of the valve and P2 measured downstream of the valve. N1 represents a constant that depends on the unit used for Q and ∆p. In the following, N1 is equal to 0.865 with Q expressed in m3 h−1 and ∆p in bar. Following these specifications, the flow coefficient is commonly called CV (gpm).



An index commonly used to scale the capacity of geometrically similar control valves is the capacity index, defined as


  C  V D  = C V /  D 2   



(2)




where  D  (in) is the diameter of the valve.



The power    P D    dissipated by each PRV is calculated as follows:


   P D  = Q · Δ P  



(3)




where  Q  is the average flow rate and   Δ P   the average pressure drop through a single PRV. They are expressed, respectively, in m3 s−1 and Pa, in order to obtain the power in W.



Naturally, the daily oscillation of demand can affect the results, but with a preliminary analysis, it can be neglected without losing significance [32].



Figure 1 shows the power    P D    dissipated through each valve of Table A1, as a function of the working flow coefficient CV. Dotted lines in Figure 1 represent the average flow coefficient and average dissipated power calculated, considering all the sites presented in Table A1. The total dissipated power, calculated by summing the power dissipated by each PRV, is 856.7 KW, with an average of 7.86 KW. The data indicated as “by water utilities” have been provided by water utility managers to the authors. The size of the valves of Table A1 is not available, but it can be approximately deduced by considering the capacity index (CVmax/D2) of common pressure-reducing valves [33,34,35,36,37], which ranges between 10.75 and 12.5, with an average of 11.25. Thus the calculated flow coefficients indicate that the size of the valves of Figure 1 ranges between 1.5 to 14 inches and that 3 and 4 inches are the most common sizes.



In Figure 2, the PRVs are grouped on the basis of the dissipated power. Where data are available, the dissipated power is based on monitoring measurements. In other cases, it is calculated by means of average flow rates and pressure drops through the valve.



Figure 2a shows that there are a large number of PRVs that dissipate energy below 5 KW, i.e., more than half of the total. It can be clearly seen in Figure 2b that most of the energy is dissipated by the classes over 10 KW, representing 68% of the total amount of dissipated power.



Thanks to this data, some considerations can be made. The first is that it is possible to recover most of the power dissipated in the regulation process by introducing energy recovery systems, such as PAT or cross-flow turbine, in only the most powerful sites. Figure 2 proves that replacing PRVs that dissipate more than 10 KW with energy recovery devices can potentially recover 68% of the total power dissipated. The second consideration is that 60% of the valves dissipate power below 5 KW, cumulating in only 15% of the total amount of dissipated power. The results are in agreement with the study presented in [32], where, on a total amount of 95 considered sites in aqueducts placed in Ireland and UK, 56% of the cases showed dissipated power below 5 KW.



In the following, a preliminary economic analysis is shown. The analysis evaluates which are the PRVs that may be economically promising for energy production by substitution of the PRV with an energy recovery device. The other PRVs are instead highlighted as possible application sites for the GVS.



In Figure 3a, the payback periods of all the cases of Table A1 are shown. A specific cost of the energy recovery plant of 3700 €/KW in the best scenario, and of 7400 €/KW in the worst [56], is used in the calculation of investment cost    C i   . The specific cost expresses the relation between the initial investment cost and the nominal power of the plant. The payback period is calculated as the minimum period required to recoup the funds expended in the investment. The calculations have been made considering a depreciation rate    r D    to be calculated as follows:


   r D  =   r    (  1 + r  )   t       (  1 + r  )   t  − 1    



(4)




where r is the discount rate that is considered equal to 0.05. In the calculation, an investment period t of ten years is used, which can be considered a threshold for investment profitability by water utilities. The average European price of electricity for consumer    C e    (equal to 0.18 €/KWh) is considered equal to the selling price because the energy is considered to be consumed onsite. The annual net income (ANI) is calculated as


  ANI =  C e   E R  −  r D   (   C i   )  −  C m   



(5)




where    C m    is the maintenance cost that is calculated as 1600 €/year [57]; it is considered a conservative estimate valid for the range of power. To calculate the annual recovered energy    E R   , a constant efficiency    η T    of 0.65 [32] is used in the following equation:


   E R  =  η T   P D  ·  (  365 · 24  )   



(6)







Figure 3a shows that the payback period is below 10 years only for installed powers above 2.95 KW, considering the series relative to the minimum specific investment cost of 3700 €/KW. Figure 3b shows a positive ANI—and, thus, a feasible investment—is obtained only for cases with installed power above 2.95 KW. The results change dramatically if the maximum specific investment cost is considered. In Figure 3a, the blue series shows that the minimum installed power to obtain a payback period below 10 years is 25 KW. The same result can be seen, in terms of ANI, in the blue series in Figure 3b. The specific investment cost is expected to increase when the size of the plant decreases due to the existence of some fixed costs, such as civil works and maintenance. The impact of these fixed costs decreases with the increase of installed power [58]. Thus the blue series is more accurate for low power plants, and the green series is more accurate for high power plants. It is possible to say that the two series identify a band to which the effective results belong.



This preliminary economic analysis shows that the sites, where PRVs dissipate power below 2.95 KW, are economically unfeasible for energy production purposes. It is worth saying that the value of 2.95 KW increases quickly when increasing the specific investment cost, but, unfortunately, cannot be precisely evaluated without accurate knowledge of the installation site. The study performed in [59] on the application of energy-recovery devices in several aqueducts sites found that all the sites with potential power below 10 KW resulted in being unfeasible from an economic point of view.



Where standard energy recovery devices are not profitable for producing energy, the GVS is a new possible solution for residual energy recovery and the optimization of the water network. In the following, GVSs will be sized, and the applicability of the system will be verified for sites with potential power below 5 KW, which can be considered a reasonable threshold for energy production. The PRVs in this power class represent a significant part of the database, namely, 60% of the total or 64 PRVs.



Limitations


The study is based on average data (see Appendix A). This approach represents a limitation because it neglects the daily and seasonal variation of demand. Following demand, the working conditions of pressure and flow rate of single PRVs can undergo dramatic variations during the day and the seasons. A sufficient history of the data was not available to make considerations about this point, but in [32], the difference between the yearly energy recovered, calculated on the basis of average values, and quarter-of-hour-based values were comparable, even though average values generally overestimate the energy recovered.



The energy selling price    C e    is considered constant and equal to the average European price of electricity for consumers. Thus, the considered selling price can bring an underestimation of the payback period and an overestimation of the ANI, at least for large power plants that most likely sell energy at a lower price.



The calculation of the effective specific investment cost of the plant should take into account many factors depending on the local conditions of the specific case. Two specific investment costs are considered to address the problem. The first one (3700 €/KW), considered as the best scenario, is characteristic for high power plants that usually have a low specific cost [56]. The other (7400 €/KW), considered as the worst scenario, is characteristic for low power plants that usually have a high specific cost. In this way, an interval of confidence is created in which the effective specific cost of the plant most likely belongs. Considering the best scenario, the calculated payback period is underestimated and the ANI overestimated.



The scope of the performed economic analysis is to find a power threshold below which the application of standard energy recovery devices is most likely economically unfeasible. The GVS is presented as an alternative solution to substitute PRVs in these cases. The possible underestimation of this power threshold, due to the aforementioned limitations, increases the probability that the range of applicability of the GVS is larger than the one found. The power threshold considered was increased from 2.95 to 5 KW to take into account this probability.





3. GreenValve System (GVS)


The GreenValve system (GVS) is an innovative control valve, based on a patent by the Politecnico di Milano [60], designed to harvest energy while controlling the flow. A detailed description of the hydraulic, mechanical parts of the GVS can be found in [30].



It was developed to replace PRVs without changing the water network operating conditions and with no need to install further components in the network. This last feature represents an important advantage since it lowers the installation costs and the difficulties, such as the necessity of flow meter installation.



The GVS is composed of the mechanic hydraulic main part, the GreenValve (GV), and other electro-mechanic components that create the GreenValve system (GVS). The GreenValve (GV) is structurally made up of a ball valve and a turbine, whose impeller is fixed inside the body of the ball. The axes, around which the ball and the impeller rotate, coincide. This choice comes from the desire to create a control valve that requires only simple constructive changes of a common ball valve. The axis is linked to a shaft that can transfer the torque of the impeller to an energy transformer.



The electrical energy recovered is used to feed a battery that powers the entire system. The basic system layout is composed of the main body GV, with two integrated pressure transducers, an electrical actuator, a generator, and a control box that contains a controller, a battery pack, and a communication system. The system is able to collect and transmit data through 3G networks to a cloud database available for queries by users. The data transmitted are the GVS control parameters and the monitoring data such as the upstream and downstream pressures, the flow rate, as well as any data of further instruments added to the base configuration.



The power recovered allows real-time monitoring and real-time actions on the valve, enabling new strategies for pressure management and network optimization without any limitations, owing to the presence of the electrical net. A functioning scheme of the system can be seen in Figure 4. The minimum power necessary to feed the system has been calculated to be 15 W for a 3-inch valve, considering data transmission with 1 Hz frequency and 30 movements per hour, each lasting 5 s. The consumption has been calculated on the basis of laboratory tests on a 3-inch valve. Naturally, this power increases with the size of the valve because the power size of the actuator will increase as well. However, this scarcely influences energy consumption as the hourly operating time of the actuator is limited.



The controller is programmed with preinstalled logics that are able to reproduce the principal functions of common PRVs, such as pressure sustain or pressure reduction. In any case, the controller can be programmed to achieve the requirements of the site or to implement remote pressure control. In fact, thanks to the electronics available on the GVS, it is possible to remotely update the control parameters, for example, the target pressure or the programmed logic itself. The GVS can be updated on the basis of the data acquired by the system itself, creating a framework to enable the development of new pressure control strategies not viable with other devices.



Other specific features include the possibility of regulating the velocity of actuation to achieve the needs of the plant, such as fast opening or the control of low flow rates, as well as the possibility of programming specific alarms based on the monitored quantities or their combination.



For a fixed valve opening, the rotational velocity of the impeller can change without affecting the flow coefficient of the valve. This means that the control process and the energy-harvesting process are independent of each other. As a consequence, if the impeller stops due to breakdowns, the valve will continue throttling the flow unconditionally.



Thanks to an algorithm installed on the controller and developed through specific laboratory characterization, the GVS is able to deliver flow rate measures. In this way, the installation of a flow meter can be avoided, simplifying the installation and further reducing the costs.



GVS Sizing Procedure


The GVS sizing procedure is based on the flow coefficient (CV) required for the application.



To guarantee sufficient overflow capacity with respect to average working conditions, the valve is sized to work at 40% of the capacity. It is worth noting that the minimum flow rate can also become critical and must be considered to evaluate the reliability of the installation. Sometimes, standard PRV installation provides for the use of a smaller bypass to increase the low flow capability [38]. In the case of the GVS, the problem of low flow is addressed by a specific control mode of the system.



Figure 5 reports the capacity index, defined in Equation (2), as a function of valve opening, resulting from experimental tests performed in the “control valve section” of the Hydraulic Laboratory “G. Fantoli” at the Politecnico di Milano. In the present paper, only the results of the experimental campaign that are necessary for the sizing procedure of the GVS are introduced.



The harvested power is calculated as a percentage of the power dissipated by the valve:


   P H  =  η h   P D   



(7)




where    P H    (W) is the power recovered by the GV,    η h    is the efficiency of the harvesting process, and    P D    (W) is the dissipated power defined in Equation (3).



Figure 6 shows the relation between the normalized efficiency of mechanical energy recovery   η /  η  m a x     and the opening of the valve. The highest efficiency corresponds to an opening degree of about 40%, with a measured maximum mechanical efficiency    η  m a x     of 14.5%. The experimental analysis has been performed on a 3-inch prototype. The scale effect on efficiency is neglected in this sizing procedure.



Knowing the average flow coefficient required by the site (calculated by PRV average working conditions of Table A1), the required GVS diameter can be calculated by using Equation (2). The efficiency should then be reduced to take into account the loss due to energy transformation caused by the generator. In this case, a prudential efficiency    η g    equal to 0.6 is used to take into account the possible large variability of the conditions. The overall efficiency can then be estimated as


   η h  =  η g  η  



(8)







Finally, the power recovered can be calculated by introducing to Equation (7) the overall efficiency    η h   . More information and details about the experimental campaign behind some aspects of the GVS are provided in [30].





4. GVS Applicability to Dataset


Section 2 highlights that the PRVs that dissipate power below 5 KW can represent promising GVS installation sites. The installation can enhance the energy efficiency of WDNs by exploiting the residual energy. The energy recovered by the GVS is used directly on site for the functioning of the system and, if a surplus is available, for other useful local services. Hence the energy, even if it is a low amount, gains value because it enables new functionalities. It must be noted that in the reported cases, the GVS is proposed as an alternative to standard control devices, which are installed on the site for the good functioning of the plant.



Through the procedure described in Section 3, the potential recovered energy for each site of Table A1 below 5 KW is calculated. The sites that show recovered power below 20 W, which is the minimum power necessary to feed the GVS system, are discarded. With these conditions, 61 potential PRVs can be substituted by the GVS, representing 95% of the considered PRVs, with an average power of 179 W. In Figure 7, the results of the calculations are shown, in particular, the sized GVSs are divided into power classes, showing that just 5% (in orange) cannot be considered for GVS application.



Figure 8 reports the diameters of the sized GVSs and the number of valves for each size. The most common size range is between 1 and 4 inches.



Every GVS considered in Figure 8 can harvest an average power greater than 20 W, meaning that the recoverable power may be used to feed the automatic control, the monitoring sensor system, the data transmission system, and the battery. Depending on the potential of the site, the energy stored may be reused by water utilities to satisfy whatever needs they may have while managing WDNs. It has been demonstrated that the GVS can be used in place of a large part of the PRVs presented in the study, which are mainly valves used at the entrance of DMAs. The use of GVSs at the entrance of all the DMAs of a network can create a framework for the management of the WDN that is promising in terms of efficiency improvement. In fact, real-time management allows a dynamic answer of the system to sudden demand scenarios that could potentially put static DMA patterns in crisis. The DMAs themselves can be transformed into a more flexible scheme that can change its pattern depending on demand requirements, increasing plant resilience [61]. The study of such management methods can be the subject of future works.



The GVS is designed to have sizes very similar to common PRVs, a feature that considerably simplifies the substitution and can reduce the costs of installation compared to a standard energy recovery system. In fact, a standard energy recovery system requires auxiliary operations, such as the installation of flowmeters and pressure transducers, electric grid connection, and a control system like the one described in [29]. GVS is an integrated, simple-to-install, stand-alone system that can be substituted for common control valves without the necessity of further devices.




5. Conclusions


The evaluation of the applicability of the GVS based on a wide dataset of PRV working conditions is provided. The study, based on average data and on the minimum energy required by the system, shows a clear view of the potential installation of the GVS. The GVS permits the control of flows (reducing pressure and throttling discharge) while harvesting residual energy.



More than one hundred PRVs were taken into account for the study. Firstly, an economic calculation was made on each PRV to evaluate the minimum amount of potential power that must be available to achieve a feasible substitution of the PRV with a standard energy recovery device. The minimum amount of power was between 2.95 and 25 KW, depending on the specific installation cost used for the calculation. It has been deemed that a critical threshold could be 5 KW. Then, the sites that show a dissipated power below 5 KW were considered for potential substitution of existent PRVs with the GVS. It was verified that the technology is applicable in 95% of the cases. The recovered power is sufficient to allow the stand-alone functioning of every GVS and to feed the monitoring systems that can be used to control the hydraulic conditions of the WDN.



This study highlights the wide applicability of the GVS within WDNs. Moreover, this technology can be applied in a range of conditions where the production of energy with common energy recovery devices is otherwise inconvenient. The economic feasibility of the GVS should take into account not only the amount of energy produced, but also the advantages that a completely stand-alone system can offer to real-time management of WDNs.



GVS can be considered an effective tool to improve the frameworks of smart water distribution systems. It is known [61] that the creation of DMAs can improve the performances of the water network; however, it significantly reduces the resilience of the system by introducing some “static” partitions in the network. The use of GVS instead of simple valves, commonly used for the creation of DMAs, can bring a considerable increase of the plant resilience since the valve can be remotely managed, enabling new dynamic strategies for pressure management and network optimization.
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Appendix A


This appendix contains the data collected in this research. In Table A1, the data from the bibliography are indicated together with their references, with the values of flow rate Q (L/s), pressure drop ΔP (bar), and dissipated power PD (KW) of each PRV. Column “location” indicates the geographical location of the PRV. Column “type of application” indicates if the application is about a simple PRV or other types of PRV. The Column “type of data” indicates how the average values of Q and ΔP are calculated. In particular:




	-

	
“avg” indicates that they are obtained by averaging measurement data;




	-

	
“avg model” indicates that they are obtained by averaging data from a network model;




	-

	
“project” indicates that they are design quantities based on project calculations.
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Table A1. Working conditions of the pressure-reducing valve (PRV) considered in the study.






Table A1. Working conditions of the pressure-reducing valve (PRV) considered in the study.





	

	
Ref.

	
Location

	
n°

	
Kind of Application

	
Type of Data

	
Q (L/s)

	
ΔP (bar)

	
PD (KW)






	
Data from bibliography

	
[23]

	
Benevento Municipality DMA Santa Colomba

	
1

	
PRV

	
avg

	
26.9

	
0.34

	
0.91




	
[24]

	
Northern Italy

	
2

	
RTC

	
avg

	
58.6

	
1.17

	
6.55




	
[38]

	
York, North of Toronto, Ontario, Canada

	
3

	
PRV

	
avg

	
98.5

	
0.99

	
2.66




	

	
York, North of Toronto, Ontario, Canada

	
4

	
PRV

	
avg

	
73.8

	
0.78

	
1.43




	
[39]

	
Durban, South Africa

	
5

	
PRV

	
avg

	
390.7

	
3.17

	
121.1




	
[40]

	
El Dorado Irrigation District, Ca, USA

	
6

	
PRV

	
avg

	
15.1

	
7.92

	
11.9




	
[41]

	
Halifax, Canada

	
7

	
PRV

	
avg

	
53.6

	
1.90

	
2.95




	
[42]

	
Coviolo, Italy

	
8

	
PRV

	
avg

	
3.67

	
2.30

	
0.90




	
[43]

	
Razgrad, Bulgaria

	
9

	
PRV

	
avg

	
8.75

	
0.44

	
0.38




	
[44]

	
Skopje, Macedonia

	
10

	
PRV

	
avg

	
44.3

	
1.30

	
4.87




	
[45]

	
Naples (EAST), Italy

	
11

	
PRV

	
avg model

	
323.0

	
1.00

	
32.21




	
[46]

	
UK

	
12

	
PRV

	
avg

	
12.14

	
3.76

	
4.24




	

	
UK

	
13

	
PRV

	
avg

	
1.34

	
4.04

	
0.53




	

	
UK

	
14

	
PRV

	
avg

	
9.19

	
0.56

	
0.52




	
[47]

	
Rural area in northern Germany

	
15

	
PRV

	
avg

	
6.89

	
5.36

	
3.65




	
[48]

	
Philadephia, USA

	
16

	
PRV

	
avg model

	
33.6

	
0.71

	
2.40




	
[49]

	
Selangor, Malaysia

	
17

	
PRV

	
avg

	
18.9

	
1.57

	
2.68




	

	
Selangor, Malaysia

	
18

	
PRV

	
avg

	
22.6

	
0.84

	
1.79




	

	
Selangor, Malaysia

	
19

	
PRV

	
avg

	
14.5

	
0.86

	
0.93




	
[50]

	
n.d.

	
20

	
PRV

	
avg model

	
103.6

	
1.39

	
14.4




	
[51]

	
n.d.

	
21

	
PRV

	
avg model

	
17.0

	
2.43

	
4.12




	

	
n.d.

	
22

	
PRV

	
avg model

	
101.9

	
2.39

	
23.6




	
[52]

	
n.d

	
23

	
PRV

	
avg model

	
36.0

	
1.80

	
5.93




	

	
n.d

	
24

	
PRV

	
avg model

	
47.4

	
0.71

	
2.83




	
[53]

	
Central Arava Valley, Israel

	
25

	
PRV

	
avg model

	
23.3

	
0.04

	
0.09




	

	
Central Arava Valley, Israel

	
26

	
PRV

	
avg model

	
15.3

	
1.94

	
2.96




	

	
Central Arava Valley, Israel

	
27

	
PRV

	
avg model

	
58.1

	
6.93

	
40.3




	

	
Central Arava Valley, Israel

	
28

	
PRV

	
avg model

	
31.4

	
3.16

	
9.92




	

	
Central Arava Valley, Israel

	
29

	
PRV

	
avg model

	
33.3

	
1.02

	
3.40




	

	
Central Arava Valley, Israel

	
30

	
PRV

	
avg model

	
12.5

	
1.94

	
2.42




	

	
Central Arava Valley, Israel

	
31

	
PRV

	
avg model

	
41.7

	
2.45

	
10.2




	

	
Central Arava Valley, Israel

	
32

	
PRV

	
avg model

	
41.7

	
0.20

	
0.85




	

	
Central Arava Valley, Israel

	
33

	
PRV

	
avg model

	
46.9

	
0.10

	
0.48




	

	
Central Arava Valley, Israel

	
34

	
PRV

	
avg model

	
86.7

	
4.39

	
38.0




	

	
Central Arava Valley, Israel

	
35

	
PRV

	
avg model

	
57.2

	
1.12

	
6.42




	

	
Central Arava Valley, Israel

	
36

	
PRV

	
avg model

	
57.2

	
0.10

	
0.58




	
[54]

	
Pato Branco, Brasil

	
37

	
PRV

	
avg

	
19.6

	
3.13

	
6.15




	

	
Pato Branco, Brasil

	
38

	
PRV

	
avg

	
23.8

	
0.20

	
0.47




	

	
Pato Branco, Brasil

	
39

	
PRV

	
avg

	
12.6

	
1.37

	
1.72




	

	
Pato Branco, Brasil

	
40

	
PRV

	
avg

	
19.6

	
2.84

	
5.58




	

	
Pato Branco, Brasil

	
41

	
PRV

	
avg

	
19.6

	
5.68

	
11.2




	

	
Pato Branco, Brasil

	
42

	
PRV

	
avg

	
19.7

	
1.47

	
2.89




	

	
Pato Branco, Brasil

	
43

	
PRV

	
avg

	
8.1

	
6.17

	
4.97




	

	
Pato Branco, Brasil

	
44

	
PRV

	
avg

	
19.6

	
2.06

	
4.04




	

	
Pato Branco, Brasil

	
45

	
PRV

	
avg

	
19.6

	
2.25

	
4.43




	

	
Pato Branco, Brasil

	
46

	
PRV

	
avg

	
19.6

	
3.33

	
6.54




	

	
Pato Branco, Brasil

	
47

	
PRV

	
avg

	
28.3

	
6.56

	
18.6




	

	
Pato Branco, Brasil

	
48

	
PRV

	
avg

	
19.6

	
2.94

	
5.77




	

	
Pato Branco, Brasil

	
49

	
PRV

	
avg

	
19.6

	
3.43

	
6.73




	

	
Pato Branco, Brasil

	
50

	
PRV

	
avg

	
19.6

	
4.31

	
8.47




	

	
Pato Branco, Brasil

	
51

	
PRV

	
avg

	
19.6

	
7.35

	
14.4




	

	
Pato Branco, Brasil

	
52

	
PRV

	
avg

	
19.7

	
2.35

	
4.62




	

	
Pato Branco, Brasil

	
53

	
PRV

	
avg

	
28.3

	
3.04

	
8.59




	

	
Pato Branco, Brasil

	
54

	
PRV

	
avg

	
95.1

	
3.04

	
28.9




	

	
Pato Branco, Brasil

	
55

	
PRV

	
avg

	
19.6

	
4.11

	
8.08




	

	
Pato Branco, Brasil

	
56

	
PRV

	
avg

	
19.7

	
3.72

	
7.31




	
[55]

	
Kozani, Greece

	
57

	
PRV

	
avg model

	
22.1

	
2.77

	
6.11




	

	
Kozani, Greece

	
58

	
PRV

	
avg model

	
55.8

	
3.25

	
18.1




	

	
Kozani, Greece

	
59

	
PRV

	
avg model

	
12.6

	
2.48

	
3.13




	

	
Kozani, Greece

	
60

	
PRV

	
avg model

	
24.1

	
3.59

	
8.65




	

	
Kozani, Greece

	
61

	
PRV

	
avg model

	
13.1

	
2.51

	
3.29




	

	
Kozani, Greece

	
62

	
PRV

	
avg model

	
10.2

	
3.11

	
3.18




	

	
Kozani, Greece

	
63

	
PRV

	
avg model

	
8.26

	
3.40

	
2.81




	
Data by water utilities

	

	
Switzerland

	
64

	
PRV

	
avg

	
2.0

	
4.31

	
0.86




	

	
Romania

	
65

	
PRV

	
avg

	
1.25

	
0.40

	
0.05




	

	
Romania

	
66

	
PRV

	
avg

	
19.4

	
0.20

	
0.39




	

	
Belluno, Italy

	
67

	
PRV

	
avg

	
11.3

	
1.21

	
1.37




	

	
Piemonte, Italy

	
68

	
PRV

	
avg model

	
4.50

	
3.56

	
1.60




	

	
Piemonte, Italy

	
69

	
PRV

	
avg model

	
2.00

	
6.65

	
1.33




	

	
Emilia Romagna, Italy

	
70

	
PRV

	
avg

	
4.14

	
2.18

	
0.90




	

	
Emilia Romagna, Italy

	
71

	
PRV

	
avg

	
13.0

	
1.54

	
2.01




	

	
Emilia Romagna, Italy

	
72

	
PRV

	
avg

	
5.30

	
2.50

	
1.33




	

	
Emilia Romagna, Italy

	
73

	
PRV

	
avg

	
1.88

	
3.42

	
0.64




	

	
Emilia Romagna, Italy

	
74

	
PRV

	
avg

	
1.68

	
4.52

	
0.76




	

	
Emilia Romagna, Italy

	
75

	
PRV

	
avg

	
10.3

	
4.69

	
4.83




	

	
Emilia Romagna, Italy

	
76

	
PRV

	
avg

	
7.88

	
1.11

	
0.87




	

	
Emilia Romagna, Italy

	
77

	
PRV

	
avg

	
5.15

	
1.42

	
0.73




	

	
Lombardia, Italy

	
78

	
PRV

	
avg

	
27.9

	
12.8

	
35.5




	

	
Lombardia, Italy

	
79

	
PRV

	
avg

	
45.8

	
12.8

	
58.4




	

	
Lombardia, Italy

	
80

	
PRV

	
avg

	
4.30

	
16.2

	
6.95




	

	
Lombardia, Italy

	
81

	
PRV

	
avg

	
3.67

	
1.96

	
0.72




	

	
Lombardia, Italy

	
82

	
PRV

	
avg

	
22.8

	
1.96

	
4.47




	

	
Lombardia, Italy

	
83

	
PRV

	
avg

	
24.6

	
5.00

	
12.3




	

	
Lombardia, Italy

	
84

	
PRV

	
avg

	
8.40

	
7.84

	
6.59




	

	
Lombardia, Italy

	
85

	
PRV

	
avg

	
28.4

	
4.90

	
13.9




	

	
Lombardia, Italy

	
86

	
PRV

	
avg

	
10.3

	
14.7

	
15.1




	

	
Lombardia, Italy

	
87

	
PRV

	
avg

	
24.5

	
4.41

	
10.8




	

	
Lombardia, Italy

	
88

	
PRV

	
avg

	
19.0

	
8.40

	
16.0




	

	
Lombardia, Italy

	
89

	
PRV

	
avg

	
4.50

	
1.70

	
0.77




	

	
Lombardia, Italy

	
90

	
PRV

	
avg

	
4.50

	
4.40

	
1.98




	

	
Lombardia, Italy

	
91

	
PRV

	
avg

	
7.00

	
4.00

	
2.80




	

	
Lombardia, Italy

	
92

	
PRV

	
avg

	
6.00

	
13.0

	
7.80




	

	
Lombardia, Italy

	
93

	
PRV

	
avg

	
6.00

	
1.10

	
0.66




	

	
Lombardia, Italy

	
94

	
PRV

	
avg

	
20.0

	
1.20

	
2.40




	

	
Lombardia, Italy

	
95

	
PRV

	
avg

	
30.1

	
4.77

	
14.4




	

	
Lombardia, Italy

	
96

	
PRV

	
avg

	
57.1

	
3.44

	
19.7




	

	
Lombardia, Italy

	
97

	
PRV

	
avg

	
16.8

	
0.50

	
0.84




	

	
Lombardia, Italy

	
98

	
PRV

	
avg

	
10.7

	
1.00

	
1.07




	

	
Lombardia, Italy

	
99

	
PRV

	
avg

	
44.3

	
0.6

	
2.81




	

	
Lombardia, Italy

	
100

	
PRV

	
avg

	
3.08

	
0.69

	
0.21




	

	
Lombardia, Italy

	
101

	
PRV

	
project

	
5.50

	
9.30

	
5.12




	

	
Lombardia, Italy

	
102

	
PRV

	
project

	
5.50

	
9.75

	
5.36




	

	
Lombardia, Italy

	
103

	
PRV

	
project

	
3.00

	
11.5

	
3.44




	

	
Lombardia, Italy

	
104

	
PRV

	
project

	
3.00

	
11.9

	
3.57




	

	
Lombardia, Italy

	
105

	
PRV

	
project

	
17.6

	
0.70

	
1.23




	

	
Lombardia, Italy

	
106

	
PRV

	
project

	
17.6

	
0.85

	
1.50




	

	
Lombardia, Italy

	
107

	
PRV

	
project

	
15.0

	
6.00

	
9.00
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Figure 1. The dissipated power by each PRV of Table A1 is shown as a function of the flow coefficient CV. Data are from references [23,24,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55] or supplied by water utilities. Dotted lines are the average flow coefficient (vertical line) and the average dissipated power (horizontal line). 
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Figure 2. The PRVs are grouped by classes based on the dissipated power. (a) The size of the sector indicates the number of valves in the class. (b) The size of the sector indicates the cumulated power dissipated by the valves in the class. 
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Figure 3. (a) Calculated payback year in the case of specific installation costs of 3700 and 7400 €/KW [56]. (b) The annual net income (ANI) for ten years’ investment is shown in the case of specific installation costs of 3700 €/KW and 7400 €/KW. 
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Figure 4. Functioning scheme of the system. 






Figure 4. Functioning scheme of the system.



[image: Water 12 01579 g004]







[image: Water 12 01579 g005 550] 





Figure 5. GreenValve (GV) capacity index as a function of valve travel. 
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Figure 6. Trend of the normalized efficiency as a function of the percentage opening of the GreenValve system (GVS). 
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Figure 7. The sized GVSs are divided into classes based on recovered power. 
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Figure 8. Number of valves for each size of GVS. 
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