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Abstract

:

The energy efficiency of water supply systems is usually very low. They are affected by a high rate of water leakage with a significant loss in terms of the energy that is embedded in the lost water flow. Furthermore, the strategy to reduce the water loss frequently involves pressure reduction with a further decrease in energy efficiency. Several solutions have been proposed in the literature to reduce the pressure in the water distribution networks and recover the hydraulic energy, such as special turbines or pumps as turbines (PATs). Despite the positive aspects related to the use of such devices, the high installation costs, together with the limited hydraulic control capacity and the small power availability, limited the diffusion of such devices among the water utilities. A new device is proposed herein, which consists of two submersible PATs inserted into a booster cylinder. The high control capacity, together with the small production and installation costs, makes this technology very promising. The device has been installed in the Hydro Energy Lab of the CeSMA of the University of Naples and the first experimental results on its behavior are presented herein. A slight difference arises between the performance booster curves and the bare curves provided by the manufacturer due to measurement errors as well as to the presence of head loss within the system. Nevertheless, the energy efficiency of the plant results will be preserved, making this design a promising solution to overcome most of the limitations of the present technologies when low energy is available and large discharge variation occurs.
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1. Introduction


Nowadays, the containment of energy use represents an issue of paramount importance in the management of water systems [1,2,3]. In recent years, many strategies have been proposed in the literature in order to increase the energy efficiency [4,5] of water supply systems, such as: pressure management by means of pressure reducing valves (PRVs) [6], design of small power plants for energy recovery [7,8], and replacement of old pumps with newly designed more efficient pumps [9,10]. In the last few years, the hydropower plants [11] equipped with energy production devices (EPDs) [11,12] have been replacing the PRVs [13] in order to guarantee pressure control, thus leakage reduction [14,15], and energy recovery simultaneously [16,17].



Among the existing EPDs, pumps as turbines (PATs) [18] are generally preferred for their lower cost. In the literature, a procedure for PAT selection—called Variable Operating Strategy (VOS) [19,20] was proposed to equip the hydropower plants with PATs, ensuring quite high energy efficiency values, given a flow-head distribution pattern and a minimum backpressure to guarantee. However, the efficiency of the PATs can reach a maximum of 0.6–0.7 [21], which is lower than the maximum values attained by traditional turbines.



In order to ensure a given head drop within the installed PATs under variable conditions, PATs are installed within systems equipped with hydraulic (HR) or electrical (ER) regulation [22,23], which requires quite high installation costs for piping, valves, and, in the case of ER, also for variable speed drive.



In hydropower plants, a significant cost is represented by civil works, which can be significantly high and, thus, compromise the feasibility of the plant itself [24,25,26]. In fact, in the most peripherical parts of hydraulic networks, where the flow rates and the pressure are small, the energy recovery could not reward such high costs, and the time to pay back the investment could be dramatically long [27]. With regard to the PRVs installed in hydropower plants, these are generally installed in small manholes located under the street pavement, where high costs are required to host the device and properly protect the electric components from the rain and external agents. A reduction in the costs could result from a simplification of the plant, either renouncing the regulation or realizing HR systems with multiple PATs and more common ON/OFF valves [28].



In this study, a new power plant is proposed with the aim of containing the high costs of the traditional small hydropower plants. It is called the Energy Booster (EB) and is characterized by an innovative design based on two submersible PATs located in a booster, which can be placed under existing manholes. A prototype of the plant has been realized and preliminary experimental tests have been carried out with the aim of testing the behavior of the selected pumps operating in inverse mode within the newly proposed plant.




2. Energy Booster Design and Experimental Setup


The Energy Booster layout is presented in Figure 1.



According to Figure 1, the EB consists of three pipe branches in parallel. Within two branches, two submersible pumps operating as turbines are installed, and these are disconnected by means of ON/OFF valves, whereas the third branch operates as a by-pass. All three valves are electrically actuated. The velocity of the maneuvers of the three valves is kept low in order to avoid undesirable unsteady flow conditions, such as a high pressure surge due to water hammer. According to Figure 1, three operating conditions are possible: (i) one PAT operation by closing the remaining two branches; (ii) two PATs operating in parallel by closing the by-pass; and (iii) operation with a portion of the total flow rate by only opening the by-pass branch.



The hydraulic configuration presented in Figure 1 allows us to overcome several issues. The presence of two submersible multistage pumps, centered on two different flow rates, allows us to deal with the too wide operation range as well as to operate with high flow rates and high head drop values. Moreover, the booster configuration ensures the reduction of the acoustic noise of the pumps.



The booster has been realized in a hydraulic closed circuit in the Hydro Energy Lab (HELab) of the University of Naples “Federico II” (Figure 2). A scheme of the experimental setup is shown in Figure 3.



There exist seven possible operating conditions, as follows enumerated:




	(I)

	
PAT A OFF, PAT B OFF, by-pass ON;




	(II)

	
PAT A ON, PAT B OFF, by-pass OFF;




	(III)

	
PAT A ON, PAT B OFF, bypass ON;




	(IV)

	
PAT A OFF, PAT B ON, by-pass OFF;




	(V)

	
PAT A OFF, PAT B ON, by-pass ON;




	(VI)

	
PAT A ON, PAT B ON, by-pass OFF;




	(VII)

	
PAT A ON, PAT B ON, by-pass ON.









The selected models of PATs are Caprari E4XED30/5 + MC405-8 and Caprari E4XED50/6 + MCK44-8 (for PAT A and PAT B, respectively, in Figure 3). These PATs exhibit very low efficiency, with values at the best efficiency point (BEP) equal to 0.31 and 0.32 for PAT A and PAT B, respectively. However, it is worth specifying that, in this study, two 4″ centrifugal multistage submersible pumps used for groundwater extraction have been selected, but for larger size plants, semiaxial multistage submersible pumps [29,30] are recommended for their higher efficiency.



As shown in Figure 3, the laboratory is equipped with a centrifugal pump, which is used to pump water from a submersed reservoir towards the PAT booster. At the outlet of the booster, the water is then recirculated within the reservoir. A variable frequency drive is used to regulate the flow rate within the pump, whereas a magnetic flow meter is used to measure the flowing discharge. Moreover, five pressure transducers have been installed within the system: with reference to Figure 3, one pressure transducer is located downstream of the pump (TA); the other three transducers are located within each branch of the booster (i.e., TB, TC, and TD), whereas the fifth is installed at the outlet (TE). Finally, the power produced by the PATs is measured by means of a digital power meter.



The system is also equipped with a control unit, consisting of a computer (Raspberry Pi™), which acquires the power data from the power meter. A specific board is used to remotely control the valves as well as to acquire and convert the analog signals from the pressure transducers to digital data.




3. Experimental Tests


The experimental tests have been carried out reproducing the following system configurations:




	
PAT A ON, PAT B OFF, by-pass OFF;



	
PAT A OFF, PAT B ON, by-pass OFF;



	
PAT A ON, PAT B ON, by-pass OFF.








With reference to Figure 3, according to configuration 1, valve 2 is open, whereas valves 1 and 3 are closed; in configuration 2, instead, consists of both valves 1 and 2 being closed and valve 3 being opened; finally, in configuration 3, valves 2 and 3 are opened and only valve 1 is closed. It is worth highlighting that transient conditions have not been considered, since the valve maneuvers are slow, taking around 20 s, which is definitely greater than the time required for a pressure wave to travel two times such a short pipe length.



Figure 4 shows the results of the experiments on the energy booster. In Figure 4, the magenta and red curves refer to configurations 1 and 2, respectively, which are based on the single operation of the PATs, whereas the green curves refer to configuration 3 (parallel operation). With reference to Figure 4, the values of head drop (H) are computed as the difference between the points at the inlet and outlet of the booster (i.e., TA and TE in Figure 3). It is worth clarifying that such curves account for both the head drop produced by the device and the head loss within the pipe from point A up to the inlet of the booster, as well as the head loss within the booster itself.



With reference to the middle plot in Figure 4, both the PATs start producing power after a certain flow rate, whereas for lower values of flow rate, the devices absorb power (i.e., the power is negative), dissipating energy. With reference to the bottom plot of Figure 4, as expected, the efficiency values are very low and close to 0.3.



Figure 5 shows the comparison between the curves of the booster system and the characteristics curves of both the PATs provided by the manufacturer.



According to the top plot of Figure 5 the booster curves (i.e., the magenta and red curves for PAT A and PAT B, respectively) are above the bare PAT curves (i.e., the blue and black curves for PAT A and PAT B, respectively). This proves the fact that the measures of head drop take into account the head loss within the system, thus, for a given flow rate (Q), the measured values are greater than the head drop values, resulting from the curves provided by the PAT manufacturers. Moreover, the difference in terms of head drop can also be due to measurement errors. With reference to the middle and bottom plots of Figure 5, the slight disagreement between the bare PAT curves and booster curves is still related to measurement errors, as well as to slightly different fluid dynamics affecting the pump within the booster.




4. Conclusions


This study presents a new design of hydropower plant, which consists of three pipe branches in parallel. Within two branches, two submersible pumps work in inverse mode, and these can be isolated by means of ON/OFF valves. A further valve is located within the third branch in order to by-pass a portion of the discharge flowing through the system. The parallel circuit is installed within a booster, which can be located under existing manholes. The aim behind such a newly proposed plant is to reduce the total costs affecting traditional small hydropower plants, where the realization, installation, and regulation costs can be so high that they are not rewarded by the energy revenue, thus compromising the feasibility of the plants themselves. Indeed, electrical regulation within small hydropower plants is significantly expensive due to the employment of variable speed drives to modify the machine’s working conditions, as well as the use of electronic filters to protect the motor and electrical parts in the case of submersible machines. However, in the presence of limited hydropower potential, even a traditional hydraulic regulation, consisting of a series-parallel circuit with two PRVs and a single PAT, could not be affordable. The new plant consists of a more simplified hydraulic regulation where the PRVs are replaced by two more common ON/OFF valves, and two multistage submersible pumps working as turbines are employed to deal with the wide flow rate distribution as well as the high available head drops. Finally, the booster configuration also allows us to overcome the issue represented by the acoustic noise in close urbanized areas.



The prototype of the new plant has been realized and tested within the Hydro Energy Lab of the University of Naples “Federico II”. Preliminary experimental tests have been carried out in order to investigate the behavior of the newly designed plant. According to the comparison of the performance booster curves with the bare curves provided by the manufacturer, a slight difference can be observed, which is due to measurement errors as well as to the presence of head loss within the booster system. However, the energy efficiency of the plant is well preserved, making this design a very promising and viable technology for hydropower plants.



Future investigations will be focused on the optimal regulation of the plant, determining the most efficient operating conditions. A flow-based power plant control will be properly defined and an economic analysis will be performed for both the prototype and for a larger-sized hydropower plant.
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Figure 1. Hydraulic scheme of the Energy Booster. 
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Figure 2. Hydro Energy Lab (HELab) of the University of Naples “Federico II”. 
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Figure 3. Layout of the experimental setup. 
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Figure 4. Experimental points and regression curves of the PATs within the EB system, in terms of head drop—H (top plot), absorbed/produced power—P (center plot) and efficiency—η (bottom plot). 
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Figure 5. Booster curves (magenta and red lines for single operation of PAT A and PAT B, respectively) and Bare PAT curves (blue and black lines for PAT A and PAT B, respectively), in terms of head drop—H (top plot), absorbed/produced power—P (center plot) and efficiency—η (bottom plot). 
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