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Abstract

:

The use of Pumps-as-Turbines (PaTs) to replace hydraulic turbines as energy-recovery units in industrial and civil applications is widening the penetration of hydropower in small-scale plants. PaTs show advantages in terms of installation costs and the availability of solutions. Water Distribution Networks (WDNs) represent a potential application where PaTs can be installed to recover water-pressure energy. In this work, a MATLAB©–Simulink model of a WDN branch located in South-Tyrol (Italy) was developed. The flow rate of the WDN was assessed though a measurement campaign showing high daily variability, which negatively affect PaT performance. To let the machine operate close to the Best Efficiency Point (BEP), four different operating strategies were studied to meet the constraint of a fixed pressure equal to 4 bar downstream the WDN branch, required to supply water to users. A PaT speed control strategy was implemented, granting better exploitation of flow rates even in the presence of high daily fluctuations. Energy recovery was 23% higher than that of the reference thanks to an advanced strategy based on controlling PaT rotational speed when the flow rate is smaller than that of the design, and operating in off-design conditions when flow rate is higher than that of the BEP.
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1. Introduction


The effects of climate change have forced us to reconsider actual energy scenarios: the use of renewable sources is a viable solution to produce electrical energy in a cleaner and more sustainable way, as well as to avoid irreversible effects on the environment [1]. Among alternative resources, energy-recovery interventions in both civil and industrial plants are being adopted with the aim of recovering part of the energy content of a fluid or liquid that would otherwise be wasted. In such a context, the implementation of innovative solutions on the urbanization level, like the ones discussed in [2], are becoming of interest.



Within various clean and renewable sources that are employed for producing energy, water is one of the most traditional and widespread [3,4]. However, most geographical locations where large-scale hydropower plants could be built have already been exploited. In addition, further improvements are no longer effective since technologies used in this field have reached a high level of development.



Because of this, current interest is directed at the construction of small-scale hydropower plants and hydraulic machines with novel or traditional design in order to be used in this sector [5,6,7]. In urban areas, water-treatment plants and Water Distribution Networks (WDNs) constitute a very important field in which energy-saving interventions can be performed [8,9]. Generally, Pressure Reducing Valves (PRVs) are installed inside WDNs in order to manage water pressure according to end-user demands. Moreover, leakages have a directly increasing relation with water pressure [10,11]. Novel techniques like hybrid evolutionary algorithms are able to detect WDN leakages and correlate them to the local level of water pressure [12]. PRVs also grant a lower risk of possible failures along pipelines that could lead to considerable water losses from the network. Several studies related to the use, location, and management of PRVs have been performed in order to optimize WDN operation. Saldarriaga et al. [13] proposed a multiobjective optimization approach to select the optimal location and setting of PRVs in a WDN, which was then tested in two different networks. Wright et al. [14] developed an optimization method capable of controlling PRVs through dynamic topology, showing interesting results in terms of both pressure-reduction capabilities and losses.



However, the use of PRVs does not involve direct energy recovery of available potential water energy. In this context, centrifugal pumps that operate in reverse mode, namely, Pumps-as-Turbines (PaTs), are taking the field and can be considered a viable technical solution for energy-recovery purposes. PaTs have been identified as low-cost alternatives when compared to conventional hydraulic turbines in small-hydropower applications up to 500 kW, achieving considerably low PayBack Period (PBP) of project investment [15]. In addition, equipment cost is significantly reduced [16], making PaTs an outstanding solution for small-hydropower schemes. Besides the low cost of PaTs, other advantages regard (i) their applicability in a wide range of applications in terms of both flow rates and heads, (ii) quite large availability of spare parts, and (iii) easy installation with less constructive complexity.



Many drawbacks when dealing with PaTs are related to the lack of performance data from pump manufacturers when hydraulic machines operate in reverse mode [17]. One of the main challenges of PaT selection regards their performance prediction in turbine mode, considering both Best Efficiency Point (BEP) and off-design operating conditions [18]. Rossi et al. [19] used Artificial Neural Networks (ANNs) to predict the performance of PaTs operating in turbine mode knowing the design data in pump mode. Venturini et al. [20] developed a physics-based model in order to obtain performance curves of PaTs operating in turbine mode starting from design data in pump mode.



Nowadays, Computational Fluid Dynamics (CFD) simulations play a key role to predict and investigate both the performance and internal fluid behavior of PaTs. CFD models have been used to simulate the operation of PaTs in both pump and turbine modes, which were subsequently validated through experimental tests in order to prove their effectiveness [21,22]. However, one of the biggest issues related to CFD simulations of pumps and PaTs is the correct and reliable generation of a 3D CAD geometry. Pump manufacturers hardly provide the main information of both impeller and volute, thus making the generation of an accurate 3D model very complex. Nowadays, CADCAM software and 3D scanners facilitate the construction of a proper geometrical model and, thus, to run reliable CFD simulations that can be validated with experiment results [23]. With regard to the geometrical optimization of PaTs in turbine mode, some modifications on impeller geometry with respect to the original design of the pump have been proposed in order to improve its performance. Wang et al. [24] proposed a method based on the evaluation of both inlet and outlet blade angles to design a special impeller with forward-curve blades that increase PaT performance when operating in turbine mode. Experiment results showed that the proposed model correctly identified the BEP of the PaT with the new impeller design.



The use of PaTs as energy-recovery units has mainly been applied in WDNs [25]. WDNs constitute typical case studies where the control of pressure inside network branches through PRVs is crucial, as previously reported [26,27,28,29,30]. De Marchis et al. [31] developed a dynamic mathematical model for intermittent WDNs in the city of Palermo located in Sicily (Italy): they integrated PaTs in the model and demonstrated their effectiveness to recover energy that would otherwise be wasted. Carravetta et al. [32] studied possible different hydraulic conditions that can occur in WDNs and they examined five different regulation systems in order to overcome them.



Recently, some works related to both speed and pressure control strategies of PaTs operating with highly variable flow rates have been published, as discussed hereinafter. Pressure control in a single branch of a WDN is mandatory since it grants the water supply to all users connected to the network. Delgado et al. [33], and Mercier et al. [34] highlighted that one of the biggest limitations of PaT application is their operability, which is strongly dependent on the elaborated flow rate. In a WDN, flow rate varies according to user demands that change frequently during the day and throughout the year, especially in small municipality networks.



In this work, a preliminary MATLAB©–Simulink model described in [35], which proposed a fixed-speed control strategy for PaTs installed in a WDN, was extended and further developed, focusing attention on possible PaT management strategies with the aim of optimizing energy recovery.



In particular, four different self-regulating strategies that let PaTs operate properly were developed in order to control rotational speed according to effective available flow rates; granting minimum pressure downstream, PaTs are capable of providing water to both householders and industrial users. The main novelty of this work regards the continuous adjustment of PaT operating conditions in order to always operate close to the BEP, as well as when flow characteristics change quickly. Sensitivity analysis was performed, also considering a reduction of WDN operating pressure in order to show the effectiveness of speed control regulation based on BEP tracking.



A specific measurement campaign was carried out in the same WDN to record flow-rate variations of which the average hourly values were obtained in one week. Measured flow rates in a specified branch that was the most affected by their variation were used as input values of the model, while pressure downstream of the PaT system was kept constant. Furthermore, pressure values upstream of PaTs inserted in the model were checked and compared to the useful head in order to analyze the feasibility of the installation.



This paper is structured as follows: Section 2 describes the case study, providing an overview of the site of interest, such as flow rates obtained during the measurement campaign, giving useful information on the proper installation layout. Section 3 presents a model used to select a PaT suitable for the analyzed branch [36]. In addition, PaT performance was investigated through the model presented and validated by Rossi et al. [21]. The MATLAB©–Simulink model is also described in detail in this section, focusing attention on the main blocks employed in its development. Section 4 presents four cases that show different operating control strategies of PaTs installed in the WDN branch. Per each case, overall PaT performance and potential energy recovery are discussed in Section 5. Finally, Section 6 reports the conclusions of our work.




2. Case Study


A branch of the WDN located in the municipality of Laives in South-Tyrol (Italy) was chosen because of its high flow-rate variability that allowed to test possible management strategies aimed at increasing energy-recovery potential. The daily trend of flow rates inside the analyzed WDN branch was constant all week long, as also found in other case studies on similar networks of small municipalities [26,32]. In this section, the test site and flow rates obtained in the measurement campaign are presented and discussed.



Laives is a small town located at an altitude a.s.l. of 258 m. Its WDN is fed by two tanks that supply about 18,000 inhabitants. The tanks are placed at 108 m of altitude upstream of the town. The WDN is composed of 16 branches: its structure consists of a central part of which the various branches form a grid that guarantee operation in the case of small failures, and then it moves towards peripheral areas as shown in Figure 1.



Flow rate depends on user demands, while pressure inside pipes depends on both useful head and water demand. PRVs were installed along the network in order to guarantee a pressure of 4 bar downstream of each WDN branch, which was imposed by legislation of the Autonomous Province of Bozen/Bolzano [37] in order to supply water to both householders and industrial users. Similar laws limiting the operating pressure of WDNs are in force in the rest of Italy, as well as in other countries. However, WDN pressure control through PRVs involves unexploited potential energy that is wasted. By replacing PRVs with PaTs, pressure inside the WDN is controlled, and the recovered energy, which would otherwise be wasted, can be converted to electricity and used for the self-consumption of WDN plants or for other purposes.



In this case study, both water flow rate and pressure in the selected branch of the WDN were recorded through a measurement campaign performed by the authors of this work with the local municipality of Laives. The test campaign lasted one week, and values were recorded every 5 min. A branch of the analyzed WDN, highlighted in red in Figure 1, was selected for this study since it showed the highest variability of flow rates in the experiment campaign, which is the most challenging case to optimize the use of PaTs for this kind of application. Moreover, this branch connects a group of both residential and industrial end users to the main WDN.



Average hourly flow-rate values, which were measured between 6:00 and 20:30, were chosen to run the simulations. Flow rate before 6:00 and after 20:30 was not considered for the PaT selection process described in Section 3, as exploitable flow rates are too low to be significantly exploited, thus affecting the PaT selection process without valuable energy-recovery potential. Table 1 reports the average values of daily water flow rates, and Figure 2 displays their trends along with raw data in the background.



The average flow rate of the WDN branch in the selected operating hours, considering values listed in Table 1, was equal to   14.35   m   3  /h. A useful net head of about   45.6   m, considering all losses that water encounters during its path and downstream pressure fixed to 4 bar, is available; thus, these values were used as BEP data of the PaT. Due to the predicted values of both flow rate and head at the rated operating conditions of the PaT in turbine mode, a configuration with only one PaT, or two PaTs in parallel, would lead to the selection of a machine with very low specific speed, which typically involves lower hydraulic efficiency, thus not granting the desired performance. Indeed, correlation between the specific speed of the PaT and its mechanical efficiency was obtained by [38]: the lower the specific rotational speed is, the lower the mechanical efficiency. Therefore, a configuration with two PaTs installed in series was chosen in order to achieve high performance using a single-stage hydraulic machine, thus halving the net head exploited by each PaT to   22.8   m.



Once BEP values of the PaT were chosen, a proper evaluation of the PaT BEP in pump mode was performed and is explained in Section 3, as well as the analytical method used to evaluate both characteristic (  Q − H  ) and efficiency (  Q − η  ) curves of PaTs operating in turbine mode that were implemented in the MATLAB©–Simulink model.




3. PaT Performance


3.1. Selection of PaT Operating at Rated Conditions in Turbine Mode


PaTs inserted in the WDN model were selected following the procedure described in detail in [36] to which the reader is referred for further information.



This model relies on a set of correlations, developed by using 59 experiment data of PaTs operating in turbine mode that allow to link the operating conditions of a PaT at BEP in pump mode to the ones of the same machine when operating in turbine mode. This is fundamental to select proper machine typology and size since pump manufacturers only supply PaT performance in direct mode. The model is based mainly on PaTs having radial and mixed-flow configurations. In this case, the model was fed with the design data of the PaT in turbine mode obtained in Section 2 and used to identify corresponding operating data in pump mode that can be used for proper pump selection. Equations (1) and (2) constitute a set of two equations in two variables that describe the specific speed (  N Sp  ) and the specific diameter (  D Sp  ) in pump mode using correlations reported in [36].




      N Sp     =   N St   0.9051        



(1)






      D Sp     =   D St   0.9436        



(2)





Once both   N Sp   and   D Sp   are evaluated, the values of both rotational speed and outer impeller diameter of the PaT are calculated in order to evaluate both pump flow rate and head by coupling Equations (3) and (4), respectively. The guess values of both rotational speed and outer impeller diameter were considered as an initial attempt; subsequently, through an iterative process, the final results were obtained.




      N Sp     = ω  ·    Q p      ( g ·  H p  )  3  4        



(3)






      D Sp     = D ·    g ·  H p   4    Q p         



(4)





At this point, it was possible to select the proper machine from the catalogues of pump manufacturers, having both rotational speed and outer impeller diameter close to the ones previously obtained, so that the main characteristics of the pump at BEP, including its mechanical efficiency, are now known. Equation (5) allows to evaluate the mechanical efficiency of the PaT operating in turbine mode (  η t  ) by knowing both the   N Sp   and the   η p   of the pump. Finally, all main design parameters of the PaT, operating at its BEP in both pump and turbine modes, were then available and are listed in Table 2. The obtained pump-mode data are the same as the Calpeda N32-125 A/A: for this reason, this hydraulic machine was selected.


      η t  = 0.7933 ·  N Sp  + 0.605 ·  η p  − 0.09246 ·    N Sp   2  − 0.8254 ·  (  N Sp  ·  η p  )  + 0.3936 ·    η p   2      



(5)








3.2. Characteristic Curves in Turbine Mode


The definition of the PaT BEP is not enough to characterize the behavior of this hydraulic machine when dealing with off-design operating conditions. For this reason, the model used to predict the characteristic curves of PaTs is based on previous work by Rossi et al. [21], to which the reader is referred for further information.



Specifically, an analytical model based on experiment data related to 32 different PaTs was used to define two polynomial equations that allow end users to reconstruct the performance curves of the PaT in terms of both characteristic and efficiency curves.



Since the model is based on nondimensional analysis, correlations could also be adopted for other machines that work in fluid dynamic similarity conditions, both in design and off-design operation. Equation (9) represents the nondimensional characteristic curve (flow coefficient  ϕ  vs. head coefficient  ψ ), while Equation (10) describes the efficiency curve (flow coefficient  ϕ  vs. mechanical efficiency  η ). Both of them are extensively described in [21]. For clarity, flow coefficient  ϕ , head coefficient  ψ , and mechanical efficiency  η  were evaluated through Equations (6)–(8), respectively. Regarding the involved physical magnitudes, Q is expressed in (m3/s),  ω  in (rad/s), D in (m),   P m   in (W),  ρ  in (kg/m3), g in (m/s2) and H in (m).




     ϕ    =  Q  ω  ·  D 3         



(6)






     ψ    =   g · H    ω 2  ·  D 2         



(7)






      η      =   P m   ρ · g · Q · H        



(8)





These equations provide correlations between (i) flow coefficient  ϕ  vs. head coefficient  ψ  (  ϕ − ψ   curve), and (ii) flow coefficient  ϕ  vs. efficiency  η  (  ϕ − η   curve), both normalized with respect to the same magnitudes achieved at BEP conditions in turbine mode, namely,   ϕ  B E P   ,   ψ  B E P    and   η  B E P   , as Figure 3 shows. These curves allows PaT end users to globally characterize the performance of the machine in both design and off-design conditions according to the nominal operational data of the site in which the PaT is installed.




      ψ  ψ  B E P       = 0.2394 ·    ϕ  ϕ  B E P     2  + 0.769 ·   ϕ  ϕ  B E P          



(9)






         η  η  B E P       = − 1.9778 ·    ϕ  ϕ  B E P     6  + 9.0636 ·    ϕ  ϕ  B E P     5  − 13.148 ·    ϕ  ϕ  B E P     4  +           + 3.8527 ·    ϕ  ϕ  B E P     3  + 4.5614 ·    ϕ  ϕ  B E P     2  − 1.3769 ·   ϕ  ϕ  B E P             



(10)





Finally, using the BEP values of the PaT selected for the test case (see Table 2) and applying dimensional analysis, it is possible to define design and the off-design operating data of the machine in turbine mode, as listed in Table 3. Figure 4 shows the characteristic curve of the selected pump in turbine mode. A PRV is always installed downstream of the last PaT in order to guarantee downstream pressure of 4 bar whenever a hydraulic machine is not able to exploit all available head.




3.3. MATLAB©–Simulink Model


A MATLAB©–Simulink model related to a branch of the WDN located in Laives, South Tyrol (Italy) was developed in order to evaluate different PaT operating strategies and select the best in terms of the highest energy recovery. To build the model, standard MATLAB©–Simulink toolboxes were used, as well as those of the Simscape Fluids toolbox. These allow to properly design and simulate fluid systems and hydraulic circuits.



The model is composed of various blocks that simulate the structure and dynamic of the analyzed WDN branch, including flow meters, PaTs, pipes, pressure probes, and tanks. Figure 5 shows a sketch of the simulated system. The most important parts of the model are Blocks A, B, C, D, and E, as Figure 6 shows.



The profile of the daily flow-rate trend related to the analyzed WDN branch, which is reported in Table 1 and shown in Figure 2, is imported in Block A that generates the input signal of the flow rates, as shown in Figure 7.



Flow-rate control is embedded in Block B and it simulates a valve that bypasses the excess of flow rate that cannot be processed by PaTs when it is too high or when the constraint of the downstream pressure is not met.



Two PaTs inserted in series constitute Block C. The element related to the centrifugal pump, which is included in the MATLAB©–Simulink library, was chosen and its inlet and outlet sections were reversed in order to simulate the behavior of a PaT. PaT performance when operating in both design and off-design conditions, which were evaluated through the models described in this section and summarized in Table 3, were inserted in Block C.



The self-regulating speed control of PaTs was implemented in Block D. According to the employed operating strategies, which are described in Section 4, Block D regulates PaT rotational speed by either checking downstream pressure or optimizing their performance. Finally, Block E resembles a pressure-control system of a traditional PRV. The PRV is fundamental to keep the downstream pressure of the WDN constant and equal to 4 bar when the two PaTs cannot dissipate all available head, for example, when the available flow rate is lower than the rated one. A scheme of the flow rate and pressure-regulation control is shown in Figure 8.



Each block is linked with lines that resemble pipes of the WDN branch, where both internal pipe diameter (  0.2   m) and surface-roughness height (  15 ×  10  − 6     m) were inserted according to pipe specifications to take into account pressure drops. In addition, flow meters and pressure probes were added in order to monitor the respective values of flow rate and pressure, as well as to prove the effectiveness of the energy-recovery strategies that are analyzed in this work.





4. Results and Comments


In this work, four different management strategies are proposed in order to optimize energy recovery in the analyzed WDN branch by means of PaTs considering the downstream pressure constrained at 4 bar. Table 4 lists the different management strategies and operating pressures that have to be guaranteed downstream from the WDN branch. In particular, Blocks D that are related to flow-rate control define the operation of the WDN branch with speed regulation.



Among the listed cases, the last one analyzes the effect of a possible reduction of downstream operating pressure down to   3.5   bar. Even though the downstream pressure of a WDN has to be equal or close to 4 bar to guarantee the supply of water to both householders and industrial activities, the choice of reducing downstream pressure could lead to (i) a decrease of water losses along WDN pipes and (ii) a higher head exploited by the PaTs. Almost all the WDNs in Italy have a high percentage of water losses, reaching an average value of   36 %  , due to the presence of old and spoiled pipes that are symptoms of incorrect control and maintenance [39]. For this reason, the decrease of downstream pressure could be a viable solution to reduce water losses, not affecting water supply in any way.



4.1. Case 1: Basic Flow-Rate Control Strategy


In the first case, simple flow-rate control through bypass valves was implemented in order to guarantee an operating pressure of 4 bar downstream of the WDN branch. In this case, Block B set the limit for the maximum allowable flow rate through PaTs to   14.35   m3/h. If flow-rate demand was higher than   14.35   m3/h, the head of each hydraulic machine would rise; thus, downstream pressure would drop below the value of 4 bar. Block B bypassed the excesses of flow rates in a secondary circuit to avoid an excessive drop of downstream pressure below the imposed limit. As shown in Figure 9, this operating strategy did not control PaT rotational speed, which was kept fixed to 2900 rpm. Hydraulic machines operate at their BEP only with   Q BEP  , while the operating point moves along the   Q − η   curve when flow rate that is lower than that the BEP one is exploited. In this case,   Q BEP   corresponds to the average flow rate of the analyzed WDN branch, as discussed in Section 2. When PaTs deal with off-design operating conditions, such as the ones indicated through Points 1 and 2 in Figure 9, mechanical efficiency decreases.




4.2. Case 2: Basic Flow-Rate and Speed Control


In this second case, flow-rate excess corresponding to values above   14.35   m3/h, which would cause an excessive decrease of downstream pressure, was bypassed by following the same procedure as that explained in Section 4.1. When flow rates were below   14.35   m3/h, PaT rotational speed was reduced according to the exploited flow-rate value by applying affinity laws to let PaTs always operate at their BEP. Due to this, the efficiency curve (  Q − η  ) was shifted in order to match operative flow rate with the BEP condition, as shown in Figure 10. However, using this strategy, the amount of recovered energy increased by   1.5 %   compared to Case 1; this result was due to small variations of flow rates with respect to the maximum exploitable one of   14.35   m3/h.




4.3. Case 3: Advanced Speed and Flow Control


This pressure-control strategy was executed with the aim of directly controlling PaT rotational speed. All flow rates imported in Block A were exploited, leading to the deactivation of Block B. In particular, when flow rate exceeded the value of   14.35   m3/h, the rotational speed of PaTs automatically decreased in order to keep the downstream pressure fixed to 4 bar, following the same procedure explained in Section 4.2. Using this control strategy, the whole available flow rates were exploited at the expense of mechanical-efficiency reduction. The amount of recovered energy was   23 %   higher than the one obtained in Cases 1 and 2 due to the higher exploitation of flow rates since, in the previous ones, values higher than   14.35   m3/h were bypassed. However, neither PaT operated at its BEP when dealing with flow rates higher than the BEP one due to the constraint of downstream pressure fixed at 4 bar. Through analysis of the mechanical-efficiency trend when PaTs operate in off-design conditions, we can see how efficiency loss was limited when flow rates exceeded the one at BEP, while it dropped when flow rate was lower than the BEP one, especially at extreme part-load conditions.




4.4. Case 4: Basic Flow-Rate and Speed Control with Reduced WDN Pressure to   3.5   Bar


As seen in Case 3, the flow-rate amount that could be exploited by PaTs plays a key role on deciding the best strategy in order maximize energy recovery. In particular, Case 2 demonstrated that small variations of flow rates below   14.35   m3/h do not justify the use of a PaT speed-control strategy based on BEP tracking.



Sensitivity analysis was performed by lowering the allowable downstream pressure value to   3.5   bar in order to show how speed-control regulation based on BEP tracking could work well when downstream pressure is varied. Indeed, the flow rate that could be exploited by PaTs increases, as well as the exploited head. Operating strategy was the same as the one described in Section 4.2, but in this case, an average flow rate of 15 m3/h was obtained, which was higher than the one of previous cases (  14.35   m3/h). Finally, results showed that this control strategy was the most effective since it led to energy recovery that was almost 11 % higher than the one obtained in Case 3, where all flow rates were exploited by the PaTs.





5. Energy and Economic Analysis


Table 5 reports the energy recovery and the economic savings obtained per year together with the percentage relative differences with respect to Case 1. Moreover, it reports the amount of energy that could not be recovered by the PaTs for the operational constraints and that was dissipated by the PRV; finally, the same table shows the percentage of recovered energy in each case with respect to the wasted energy in the PRVs. Economic savings were evaluated considering an electricity price of 0.22 €/kWh [40] and efficiency of frequency converters equal to 96% [41].



Very small differences were achieved between Cases 1 and 2, which was mainly due to the bypass of flow rates higher than   14.35   m3/h that would decrease downstream pressure below 4 bar. Even though Case 2 allowed PaTs to always operate at their BEP as shown in Figure 11, the high amount of bypassed flow rates significantly contributed to reducing energy recovery, thus reducing the effectiveness of the speed control applied to PaTs. The trend of energy recovery over the day and its ratio with respect to the wasted energy in the PRVs are shown in Figure 12 and Figure 13.



Indeed, the effectiveness of this solution was confirmed through sensitivity analysis performed in Case 4. Reducing the minimum allowable pressure downstream of the branch of the WDN from 4 to   3.5   bar, an increase of flow-rate fluctuations occurred, thus justifying the use of a PaT speed-control strategy. An increase of energy recovery equal to 36 % compared to Case 1 was obtained. Through Case 4, it was also demonstrated that the amount of the flow rates that can be exploited by PaTs plays a key role in choosing an adequate control strategy.



The variation of PaT rotational speed for only controlling downstream pressure without matching the BEP condition, as described in Section 4.3, would allow to exploit all flow rates and achieve an energy recovery that is 23 % higher than the one obtained in Case 1. To better highlight these aspects, Figure 14 shows flow rates exploited by PaTs depending on the selected control strategy.



Maximum flow rate that could be exploited by PaTs in Cases 1 and 2 was equal to   14.35   m3/h and it led to a significant bypass of flow rates during the day, thus affecting the effectiveness of energy recovery. The only advantage recorded in Case 2 was the possibility of having a speed-control strategy that helps PaTs to optimally exploit flow rates lower than   14.35   m3/h, thus always operating at their BEP. However, if flow-rate variations are limited, advantages in terms of energy recovery are minimal.



On the other hand, if speed control is applied when high variability of flow rates exists, without imposing a maximum allowable flow rate like in Cases 1 and 2, the bypass of part of the flow rates can be avoided, thus increasing energy recovery. This strategy consists of reducing PaT rotational speed, therefore letting it operate with a flow rate that is higher than the BEP one for the selected rotational speed. This strategy also allows to meet the downstream-pressure constraint and to elaborate the whole available flow rate. However, as shown in Figure 10, efficiency reduction is limited when PaTs operate with flow rates slightly higher than the BEP one. Therefore, the advantage of elaborating a higher flow rate offsets the lower efficiency of the process.



Finally, Case 4 shows sensibility analysis on downstream pressure in terms of recoverable energy by using the same control strategy as that applied in Case 2. Obviously, as available head exploited by the PaTs was increased of about 5 m, and the maximum allowable flow rate was increased by up to   19.57   m3/h, as well as energy recovery, listed in Table 5. Indeed, these considerations can also be seen in Figure 11, where the trend of the mechanical efficiency in various cases is shown. Case 4 allowed PaTs to operate with higher variability of flow rates and, thanks to speed control, at their BEP. Compared to Case 3, the control strategy in Case 4 allows to recover a higher amount of energy from the WDN branch: a lower flow rate is exploited but higher head is available; thanks to speed control, PaTs always operate at their BEP.




6. Conclusions


In this paper, an energy-recovery application in the WDN of Laives located in South Tyrol (Italy) was presented. A measurement campaign was carried out in the analyzed WDN in order to define available flow rates that PaTs could exploit. The branch with the highest variability of flow rates was chosen as the case study since this operating condition is the most critical to evaluate the effectiveness of installing PaTs.



Two analytical models were used to select the proper PaT according to the average value of the flow rate derived from the operational data of the WDN branch obtained in the measurement campaign. Model correlations were also employed to forecast the performance of PaTs at both BEP and off-design operating conditions. An installation layout of two PaTs in series was chosen in order to efficiently exploit all available net head.



A MATLAB©–Simulink model was developed in order to simulate the operation of the WDN branch when PRVs were replaced with PaTs, and to estimate the energy recovery that could be achieved adopting the analyzed operating strategies. The MATLAB©–Simulink model is constituted by various elements that resemble the components of a WDN branch, such as (i) input daily flow rate, (ii) pressure-regulation systems, and (iii) PaT speed-control blocks.



Four different operating strategies were analyzed in order to find the best solution in terms of energy recovery. In Case 1, simple flow-rate control was simulated in order to keep the downstream pressure of the WDN branch fixed at 4 bar through the bypass of flow rates higher than the BEP, which was equal to   14.35   m3/h. In Case 2, PaT speed control was implemented to let PaTs always operate at their BEP, and when flow rates lower than   14.35   m3/h were available. In Case 3, an advanced pressure-control strategy was applied by varying PaT rotational speed in order to exploit all available flow rates. In this case, the aim of the speed-control strategy was to keep the downstream pressure constant and equal to 4 bar, also with flow rates higher than the BEP; this is done by reducing the rotational speed of the machine when operating off-design. The reduction of hydraulic efficiency is offset by the higher exploited flow rate. Finally, in Case 4, sensitivity analysis on the decrease of the downstream pressure of the WDN branch was performed, which was reduced from 4 to   3.5   bar. The flow rate exploited by PaTs, as well as the net head, were increased compared to Cases 1 and 2, proving the advantages of lowering WDN operating pressures in terms of both energy recovery and economic savings.



Results of Cases 1 and 2 did not significantly differ due to the low variability of flow rates below   14.35   m3/h; indeed, the amount of recovered energy was   1.5  % higher than that of Case 1. On the other hand, Case 3 showed significant improvement, leading to an increase of about 23 % in terms of energy recovery with respect to Case 1. Finally, Case 4 showed the effectiveness of a speed-control strategy that lets PaTs operate at their BEP in the case of strongly variable operating flow rates. In this case, energy recovery was   36 %   higher than the one obtained in Case 1, which led to the best result among the analyzed control strategies.



Future developments of the present work are the validation of the developed model with the measurement campaign on-site, as well as detailed Operative and Maintenance (O and M) cost analysis when PaTs are installed. However, results obtained by this MATLAB©–Simulink model give an overview of the potential advantages of using control strategies on PaTs when they operate with highly variable flow rates.
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Figure 1. Water Distribution Network (WDN) of Laives (South Tyrol, Italy, DMS:   46 ∘    25 ′    39 .  42  ″     N,   11 ∘    20 ′    25 .  72  ″     E) where analyzed branch is highlighted in red. Green dots are possible Pump-as-Turbine (PaT) positions. Red dot is proposed PaT position. 






Figure 1. Water Distribution Network (WDN) of Laives (South Tyrol, Italy, DMS:   46 ∘    25 ′    39 .  42  ″     N,   11 ∘    20 ′    25 .  72  ″     E) where analyzed branch is highlighted in red. Green dots are possible Pump-as-Turbine (PaT) positions. Red dot is proposed PaT position.



[image: Energies 12 04738 g001]







[image: Energies 12 04738 g002 550] 





Figure 2. Daily flow-rate trends of analyzed WDN branch (raw data in background). 
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Figure 3. Nondimensional (left) characteristic and (right) efficiency curves obtained by [21]. 
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Figure 4. Q–H characteristic curve of selected pump in turbine mode. 
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Figure 5. Overview diagram of simulated system. 
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Figure 6. MATLAB©–Simulink model of selected WDN branch. 
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Figure 7. Flow-rate signal (Y-axis) expressed in (m3/s) generated by Block A of MATLAB©– Simulink model. 
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Figure 8. Scheme of flow-rate and pressure-control system. 
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Figure 9. Efficiency curve (  Q − η  ) of selected PaTs at 2900   r p m  . 
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Figure 10.   Q − η   curves of PaTs at different rotational speeds using affinity laws. 
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Figure 11. Comparison between mechanical-efficiency trends in different analyzed management strategies. 
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Figure 12. Trend of energy recovery over course of a day considering four different management strategies. 
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Figure 13. Ratio of recovered energy with PaTs and wasted energy in PRVs. 
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Figure 14. Comparison of flow-rate variations in different cases. 
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Table 1. Average hourly flow rates inside WDN branch from 6:00 to 20:30.
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	Hour
	6:00
	7:00
	8:00
	9:00
	10:00
	11:00
	12:00
	13:00
	14:00
	15:00
	16:00
	17:00
	18:00
	19:00
	20:30



	   Q (  m 3  / h )   
	14.67
	19.57
	16.40
	14.94
	13.24
	11.17
	13.56
	13.56
	12.18
	10.24
	12.10
	11.51
	18.58
	19.34
	14.25
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Table 2. Best Efficiency Point (BEP) values of PaT in pump and turbine modes.
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	Pump Mode
	Turbine Mode





	Flow rate (m3/h)
	13
	   14.35   



	Head (m)
	20
	   22.8   



	Mechanical efficiency (-)
	   0.72   
	   0.69   



	Rotational speed (rpm)
	2900
	2900



	Specific speed (rad/s)
	   0.35   
	   0.29   



	Impeller diameter (m)
	   0.121   
	   0.121   
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Table 3. PaT performance evaluated through models described in  [21,36].
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	BEP Flow Rate Offset (%)
	Flow Rate (m3/h)
	  ϕ   (-)
	Head (m)
	  ψ   (-)
	Mechanical Efficiency (-)
	Mechanical Power (KW)





	   − 40 %   
	   8.86   
	   0.0046   
	   12.50   
	   0.0908   
	   0.38   
	   0.12   



	   − 30 %   
	   10.33   
	   0.0053   
	   14.95   
	   0.1086   
	   0.50   
	   0.21   



	   − 20 %   
	   11.80   
	   0.0061   
	   17.52   
	   0.1273   
	   0.59   
	   0.33   



	   − 10 %   
	   13.28   
	   0.0069   
	   20.21   
	   0.1468   
	   0.64   
	   0.47   



	  BEP  
	14.35
	   0 . 0074   
	   22 . 80   
	   0 . 1656   
	   0 . 69   
	   0 . 62   



	   + 10 %   
	   16.24   
	   0.0084   
	   25.90   
	   0.1882   
	   0.67   
	   0.77   



	   + 20 %   
	   17.71   
	   0.0091   
	   28.91   
	   0.2100   
	   0.66   
	   0.92   



	   + 30 %   
	   19.19   
	   0.0099   
	   32.03   
	   0.2327   
	   0.64   
	   1.10   



	   + 40 %   
	   20.66   
	   0.0107   
	   35.26   
	   0.2562   
	   0.64   
	   1.26   
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Table 4. Four operating strategies analyzed in this work.
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Operating Strategy

	
Pressure Constraint (Bar)






	
Case 1

	
Flow-rate control

	
4




	
Case 2

	
Flow-rate and

	
4




	
speed control




	
Case 3

	
Speed control

	
4




	
Case 4

	
Flow-rate and

	
3.5




	
speed control
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Table 5. Energy recovery, economic savings, and percentage of recovered energy with respect to wasted energy in Pressure Reducing Valves (PRVs) obtained with four different operating strategies.
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Energy Recovery

	
Economic Saving

	
% with Respect

	
Not Recovered

	
% of Recovered




	

	
    ( kWh / Year )    

	
    ( € / Year )    

	
to Case 1

	
    Energy   ( kWh / Year )    

	
Energy






	
Case 1

	
4637

	
979

	
-

	
7833

	
37




	
Case 2

	
4706

	
994

	
1.5

	
7764

	
38




	
Case 3

	
5699

	
1204

	
23

	
6771

	
46




	
Case 4

	
6307

	
1332

	
36

	
6163

	
51












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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