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Abstract

:

With reference to a classical wet tank equipped with a wastewater submersible pump, in this research, an advanced numerical model has been used in order to obtain the optimal pump scheduling of on/off operation and variable pump speed. Then, in order to evaluate the time decay of pump performances, the mechanical wear has been artificially simulated and the performance curves have been experimentally obtained for different rotational speeds. Finally, the benefits, as well as the feasibility, of pump scheduling have been evaluated for differing operating conditions. According to the results, the optimal pump scheduling achieves large energy savings up to 43%, for soft mechanical wear. If the mechanical wear is considered, the energy savings are large as well, between 35.60% and 26.70%, for medium and hard mechanical wear, respectively. On the other hand, the limitation of such a strategy has been highlighted: the feasibility of pump scheduling is limited by the elevation of the downstream tank. According to the results, energy savings can be achieved until the elevation of the downstream tank is 67% of the pressure head at the best efficiency point, whereas such percentage decreases to 50% for hard mechanical wear. Finally, the results show that plant efficiency is strongly affected by the mechanical wear: an accurate maintenance of the pumping system is therefore recommended in order to attenuate the time decay of pump performances.
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1. Introduction


Nowadays one of the main challenges in international community policies consist of increasing the efficiency of systems consuming energy [1]. As an example, in the European Union, the Directive 2009/125/EC [2] fosters some technical changes in the industrial design of water pumps [3].



According to the basics of the eco-design, a pumping system, made by a pump, motor, speed driver and regulation devices, is considered as a single part of the water transport system. In order to assess the real energy consumption, a pumping system should be therefore analyzed in its own entirety.



Management techniques, aimed at increasing the energy efficiency in water systems, are deeply investigated in literature. With regard to water supply systems, different strategies have been proposed to both reduce energy consumption [4,5,6] and water leakage [7], such as pressure control by pressure reducing valves (PRVs) [8,9], energy recovery by micro-turbines or pumps as turbines (PATs) [10,11,12,13,14,15] and optimal location of PRVs or PATs within a water network [16,17,18,19]. Optimal pump scheduling [20,21] is a further strategy of considerable interest within the management of water supply and drainage networks. Indeed, due to the possible variations in the operating conditions (such as variable flow and level oscillation within the wet tank), the pump (or multiple pumps) cannot operate at its own best efficiency point (BEP) [22]. Thus, a pump scheduling is required in order to optimize the system performances. This strategy can be performed by the use of a variable frequency driver (VFD) in order to vary the impeller rotation speed, according to the variation of operating conditions.



A pump scheduling optimization consists of finding, for each time step, the set of values describing whether each pump is working or not (on/off scheduling) and what the rotational speed is [22]. Several studies exist in literature dealing with pump scheduling by different sophisticated optimization tools and algorithms. The first several studies were focused on the use of linear programming [23], integer linear programming [24] and non-linear programming [25]. The latter are unlikely to allow the obtained results to be extended to any systems different from those analyzed. More recently, heuristic algorithms [26,27,28,29] were employed in couple with artificial neural networks to reproduce results of previous hydraulic simulations.



With regard to drainage pumping systems, the topic of pump scheduling has been investigated by very few studies [22,30], due to the non-linear behavior of stormwater flow rates. Since the drainage pumping systems are equipped with storage tanks, the pump scheduling therefore consists of optimizing the instantaneous rotational speed of the pump and the on/off sequence, depending on the water level within the tank.



In drainage systems, a further aspect that should be considered is the time decay of pump performances. Indeed, due to the effect of solid transport, the pump is affected by significant mechanical wear. In case of really high sediment concentration, mechanical wear is likely to be responsible for pump failure, otherwise a progressive reduction of pump performances is observed. Thus, it should be worth investigating if the optimal scheduling changes due to the time decay, as well as assessing any differences in energy reduction between new and used pumps.



In this research, several experiments have been performed on a submersible pump. In addition, the mechanical wear has been reproduced artificially in order to investigate the behavior of an aged machine as well. Two different scenarios have been compared from a strictly energetic point of view. In the first scenario, the pump is assumed to be working in constant speed and in the on/off mode, according to the water level in the tank. The optimized pump scheduling is instead performed in the second scenario, finding the on/off sequence, as well as the instantaneous rotational speed of the pump. Then, a comparison of energy savings between the two scenarios has been carried out with the aid of efficiency indices. Finally, boundary conditions, that is, the stage of mechanical wear, the size of the pump and elevation of the downstream tank, have been modified to make the comparison under differing operating conditions.




2. Materials and Methods


2.1. Tank Design


The design of the pumping system has been performed by best practice criteria, assuming a constant speed pump and an on/off control based on the water level within the wet well. The sketch of the wet tank containing the submersible pump is shown in Figure 1 [22].



The pumping time T1 required to pass from the maximum to the minimum water level in the wet well is expressed by Equation (1):


T1=WQm−Qin



(1)




where W is the storage capacity of the tank, Qin is the input flow rate (variable in time) and Qm is the pumped flow rate. Obviously, the pumped flow rate depends both on the pumping head, which is variable due to the variability of both the water level inside the wet well and the head loss, which in turn depends on the pumped discharge. Nevertheless, only for the purpose of designing the wet well, if the pumping head is high, its variability can be neglected, along with the variability of Qm, which can be definitively considered constant. Thus, if the pump unit is correctly chosen, the output discharge Qm that appears in Equation (1) can be considered equal to QBEP (i.e., the discharge at the best efficiency point (BEP) of the pump). Then, for the energy assessment and the case study, the complete hydraulic momentum equation will be used, to consider the variability of the output discharge during the day.



The time required by the inflow stream to fill the storage tank when the pump is off is:


T2=WQin



(2)







The duration of a pump cycle (i.e., the required time between two starts of the pump) can be therefore expressed as:


T=T1+T2=WQm−Qin+WQin=W QmQin (Qm−Qin)



(3)







Furthermore, the number of starts in one hour can be obtained by Equation (4).


Sh=3600Qin(Qm−Qin)/(WQm)



(4)







If, as explained before, Qm is considered constant, by deriving Equation (4) with respect to Qin, the maximum number of starts occurs when Qin is the half of Qm. Therefore, the storage volume can be obtained by replacing, in Equation (4), the value of Qin. It only depends on the characteristics of the machine (i.e., QBEP and the maximum allowed number of starts per hour, Smax), usually suggested by the pump manufacturer:


W=(3600QBEP)/(4Smax)



(5)








2.2. Optimization Model


If the pump speed is varied with a speed driver, then its performance can be modified instantly to reduce its power absorption. Nevertheless, during the day, the input flow rate is variable, and the problem of reducing the daily energy must consider the whole flow pattern. Thus, a complete and complex optimization model must be used, as shown by [22]. The objective function and hydraulic constraints of the model are shown in Equations (6) and (7), respectively.


Ni, Ii, Qi, Hwiminimize(ET=∑TPi Δt)



(6)






subject to:{(H0−Hwi)Ii+KQi2=ch2Qi2+ch1Qi2Ni+ch0Ni2IiHwi=Hwi−1+Qini+Qini−1−Qi−Qi−12S Δt0<Qi<Qmaxad Ii1500<Ni<30000<Ii<1Hwimin<Hwi<HwimaxShi<SmaxIi∈ ℤ, Qi ∈ ℝ, Ni ∈ ℝ∀i=1…nT



(7)




where Qi, Ni, Hwi, Ii are the optimization variables, representing the pumped discharge, the rotational speed of the pump, the water level into the well tank and the switch of the pump, respectively, at the time instant i. Ii is a binary variable which is equal to 1, if the pump is on at the i-th interval, and 0 otherwise. The objective function in Equation (6) is the energy spent by the pump, calculated as the sum within the time window T of the power (Pi) requested by the pump in the time instant i, whose length is Δt. Moreover, in the first equation of the system (Equation (7)), the pressure head requested by the plant, namely Hman, has been set, for each time instant i, equal to the head ensured by the pump—if it is switched on (i.e., Ii is 1)—calculated by a second order interpolating polynomial curve of experimental points. The second equation of the system (Equation (7)) expresses the water level in the wet well at the time instant i by means of a centered finite difference scheme of the continuity equation, considering the difference between the input (Qin) and output (Q) discharge. Furthermore, according to the continuity equation, S represents the cross-section area of the well, whereas Qi and Qin represent, respectively, the pumped and inflow discharge. The first two equations, namely the momentum and the continuity equation, consider the variability of the operating point of the pump, depending on the rotating speed and the water level inside the wet well. Moreover, the pumped discharge Qi of each time step can be set between a maximum and a minimum value. In particular, the minimum value has been set equal to 0, whereas the maximum value, namely Qmaxad, has been assumed as three times QBEP. Such constraint is an identity if the pump is switched off (i.e., Ii is 0). Concerning the instant rotation pump speed Ni, it can be varied within the allowable motor speed range. Furthermore, a minimum and a maximum bond have been fixed for the water level Hw. Finally, a maximum bond has been fixed also for the number of starts per hour, namely Shi.



The optimization problem is classified as mixed integer non-linear (MINLP) since it involves both linear and non-linear constraints, continuous and integer variables and a non-linear objective function. The Basic Open-Source Nonlinear Mixed INteger Programming (BONMIN) [31] has been chosen to solve the optimization. Further details on model equations and on the resolution of the optimization problem can be found in [22].





3. Case Study


3.1. Experimental Investigation of Pump Performances and Aging of the Pump


A submersible sewage pump (K series—Caprari S.p.A., Modena, Italy) has been tested in the hydro energy laboratory (HELab) of the CESMA—University of Naples Federico II. The pump best efficiency point occurs when the discharge QBEP is equal to 4 litres per second, with a pumping head HBEP equal to 25.5 m and a maximum efficiency equal to 0.24.



A detailed section of the hydraulic components of the tested pump is shown in Figure 2.



The pump test was carried out according the ISO9906 standard regulation [32] which describes the methodology to lead a lab test for the measurement of the steady performances of a pump. The submersible pump was fed by an underground storage reservoir, characterized by a 110 m3 volume and a 3 m water height. The hydraulic scheme of the test line is presented in Figure 3.



According to Figure 3, the pump is located on the bottom of the tank and conveys the water into a 2” steel pipe (internal diameter 54 mm). A piezoelectric transducer (accuracy < 0.5%) was employed to measure the pressure downstream the pump. The measurement section was located 2 diameters from the pump exit. Another piezometric transducer was used to measure the water level within the tank. Since the tank is very large compared to the pump and its discharge, the velocity inside the tank can be considered equal to zero. Thus, the pump head could be calculated as the difference between the pressure head downstream the pump and the water level in the tank. A regulation valve was used to set the discharge value, which was measured by an electro-magnetic discharge meter (accuracy < 0.5%). The input power was measured by a wattmeter (accuracy < 0.5%). In addition, a SCADA system ensured the automatic acquisition of the data. The test line is closed and the water is therefore conveyed back to the tank, as shown in Figure 3. For the sake of generality and standardization, all the tests were carried out with fresh water, even if the pump was designed to work with sewage water.



The automatic measuring system acquires additional parameters, including temperature (considered constant in the whole tank) and the waveform of the electric signal. The wave frequency of the electric supply was varied by a VFD (Santerno, IRIS BLUE, 11 kW, Poggio Piccolo (BO), Italy) whose efficiency was preliminarily assessed at full speed condition (50 Hz). According to such a preliminary test, the average efficiency of the VFD was 98%, whereas the efficiency at the best efficiency point amounted to 98% as well. Then, six different values of frequency (from 50 Hz to 25 Hz with a pace of 5 Hz) were tested to modify the rotational speed of the motor from 1500 to 3000 rpm. For each value of frequency, different discharges were set by a gate valve. For each discharge, five sets of measurements composed of 200 samples each (acquisition rate 0.01 s, averaging time 2 s) were acquired. The test started after a warm-up time, during which the pump was operating at its BEP and its maximum speed (50 Hz), as requested by the ISO9906 standard [32].



Characteristic and efficiency curves of the tested pump are shown in Figure 4 for different values of rotational speed (i.e., six different values of induction frequency of the motor), ranging between 25 and 50 Hz. In Figure 4, H, Q, and η represent, respectively, pressure head, discharge and efficiency of the pump. The efficiency is comprehensive of both the hydraulic efficiency of the hydraulic part and the electric efficiency of the motor. The efficiency values decreased along with the rotational speed. This behavior occurs due to two reasons: the electrical efficiency of the motor reduces when the induction frequency was reduced, and the hydraulic efficiency of the pump reduces when the angular velocity of the impeller was reduced. This last behavior is in contrast with the affinity law theory but experimentally demonstrated by many studies [33,34,35]. Of course, the performance curves of Figure 4 are representative of steady conditions, while the pump usually operates in a tank whose water level is variable. Nevertheless, the water level variability inside the wet well can be considered slow, and unsteady behavior of the system can be neglected in the equations of the system (Equation (7)) without any considerable error, as demonstrated by [25]. Any further information about the pump test can be found in the ISO9906 regulation [32].



Due to sediment motion, the pump was affected by progressive wear. In order to avoid the clog of solid particles between the open impeller and the bottom, the inner part of the bottom plate is generally equipped with concentric circular slots characterized by a depth of some millimeters (2 mm for the tested pump). As an effect of the wear, the crests between the circular slots are subject to a significant reduction, until a complete abrasion in the presence of high wear. As the bottom plate is abraded, the clearance between the impeller and the plate increases and the performance of the machine decreases. The effect of the erosion has been simulated. This effect has been reproduced by introducing calibrated thick elements under the fixing screws of the plate, preventing the complete tightening, imposing the distance between the plate and the impeller clearance. A sketch of the pump section with the impeller and the bottom plate is shown in Figure 5, as well as the effect of the erosion on the bottom plate and its simulation.



Two different stages of mechanical wear were simulated by using elements characterized by a thickness of 1 mm and 2 mm, as representative of an intermediate and high wear, respectively. Characteristic and efficiency curves of the artificially aged pump have been therefore obtained. Of course, according to this procedure, the wear of the electric motor is neglected. The aging of an electric motor has been considered much slower than the aging of both the impeller and the bottom plate which operate with sewage water. Figure 6 and Figure 7 show the characteristic curves of a pump affected by medium and hard mechanical wear, respectively.



According to Figure 6 and Figure 7, the increase of mechanical wear results in a reduction of both pressure head and efficiency. If the maximum speed (50 Hz) performance is compared for a pump with medium wear, the maximum head for 50 Hz is 35 m (versus 37.5 m for the new pump), with a 3.7 L/s BEP discharge and a BEP efficiency equal to 0.22. For the pump with hard wear, the maximum head further decreases to 30 meters, with a maximum efficiency lower than 0.17 and a 3.6 L/s BEP discharge. In Figure 8, the efficiency and characteristic curves of the aged pumps are compared with the performance of the new pump. The differences in pump efficiency between a new and an aged pump are smaller for the lower pump speeds. This behavior probably occurs because the erosion of the bottom plate slightly affects the pump performance when the rotating speed is low.




3.2. Sewage Flow Pattern and Wet Well Design


As a daily pattern of the wet tank inflow, the hydrograph measured in Arena Sant’Antonio pumping station (Naples, IT) was used. The shape of the hydrograph is shown in Figure 9.



For the tested pump the storage volume of the wet well resulted in about 0.45 m3, as calculated by Equation (5). A circular wet well with a diameter of 1.13 meters (1 m2 surface) was chosen. The experimental daily pattern was scaled by dividing the measured discharge Qexp(t) by the maximum measured discharge, as shown in Equation (8).


q(t)=Qexp(t)maxt(Qexp)



(8)







Then, in order to analyze different design conditions, a maximum discharge Qmaxin was considered as a fraction of the discharge at the BEP condition for the maximum impeller speed (i.e., 2900 rpm–50 Hz), namely QNmaxBEP.


Qmaxin=QNmaxBEPα



(9)




where the coefficient α has been set equal to 1, 1.5 and 2, corresponding to an undersized, slightly oversized and oversized pump, respectively. The resulting values of Qmaxin correspond respectively, to a high, medium and small fraction of the maximum flow rate QNmaxBEP. Thus, according to Equation (8), the inlet discharge pattern Qin(t) was obtained as follows:


Qin(t)=q(t) Qmaxin



(10)







In Figure 9, the pattern Qin(t) is presented for different values of fraction rate α. When α is equal to 1, the flow hydrograph exhibits the highest values of the input discharge and its maximum value corresponds to the BEP discharge of the pump operating at its maximum speed (50 Hz). Higher values of α correspond to lower input discharge (i.e., the higher α is, the more the pump is oversized with respect to the inflow discharge).



Then, the pumping head Hman is calculated for each time instant by the following quadratic head-loss formula:


Hman(t)=H0−Hw(t)+KQi(t)2



(11)




where H0 is the static head when the wet well is empty; Hw(t) is the water level in the wet well at the time t; Qi is the pumped flowrate; K is a coefficient depending on both the material and the diameter of the outlet pipe, whose expression is shown as follows:


K=HNmaxBEP(1−β)QNmaxBEP2



(12)




where QNmaxBEP represents the pressure head at BEP condition for the maximum impeller speed; β is a coefficient equal to:


β=H0HNmaxBEP



(13)







The coefficient β has been set equal to 0.25, 0.5 and 0.75, being representative of pumping systems characterized, respectively, by a small, medium and high elevation of the downstream tank (H0). The effect of β on the plant curves is shown in Figure 10.



According to Figure 10, the quantity (1−β) is the ratio between the friction losses and the total pumping head at the BEP. As the output discharge reduces (due to a rotational speed reduction), the needed pumping head reduces, and this reduction is higher for lower β values. Furthermore, for lower β values, the efficiency reduction with the discharge is lower when compared with larger β values. Thus, an output discharge reduction is expected to be more convenient for lower β values.





4. Results and Discussion


The optimization model has been applied to different scenarios, corresponding to different pump size, elevation of the downstream tank and pump mechanical wear. For each case, a codified name has been assigned, based on three letters—S, M and H. According to the codified name, the first letter is representative of the stage of mechanical wear (i.e., soft (S), medium (M), or hard (H)); the second and third letter refer, respectively, to the fraction of pumped discharge (at BEP point and full speed) with respect to the maximum inflow discharge, and the entity of downstream tank elevation (i.e., small (S), medium (M) or high (H).)



4.1. Energy Indexes


In order to compare the two control strategies (constant speed and optimized speed), three energy indexes have been defined. Such indexes are based on three values of energy: (i) a reference value of daily requested energy, Eref, that can be calculated for each scenario as follows,


Eref=∫dayγ Qin(t)[H0+K Qin(t)2]dt



(14)




(ii) the daily energy required by the pumping station operating at its maximum speed, with starts and stops controlled by the water level bonds (Ecs) and (iii) the daily energy required by the pumping station operating with the optimal pump scheduling (Eopt). The latter was calculated by the application of the optimization model with a 1 min timestep, while the former was calculated considering the variability of the output flow due to the variation of the water level inside the wet well and the performance of the pump operating at its maximum speed with a 1 s timestep.



Then, two efficiencies are obtained, such as, ηcs and ηopt, as shown in Equations (15) and (16).


ηcs=ErefEcs



(15)






ηopt=ErefEopt



(16)







Finally, the reduction of energy use by variable speed control is calculated as follows:


Δ=Eopt−EcsEcs



(17)








4.2. Results of the Energy Assessment and Discussion


The main figures of the energetic comparison are shown in Table 1. Without any optimal pump scheduling, considering a new pump operating at a constant speed in on/off mode, the efficiency of the pumping system ηcs amounts to between 0.20 (case S_S_H) and 0.08 (case S_H_S). In particular, the largest value corresponds to a small BEP flow rate and a high downstream tank elevation, whereas the lowest value refers to a high BEP flow rate and small downstream tank elevation. For the intermediate pump BEP flow rate (case S_M_H), the maximum efficiency of the pumping system was found to be 0.19. By accounting for mechanical wear, the efficiency of the constant speed pumping system decreases, ranging between 0.15 (case H_M_H) and 0.07 (case H_H_S). The effect of the reduction in BEP efficiency due to the time decay (from 0.23 for a new pump to 0.17 for hard mechanical wear) is partially balanced by the reduction of the pumping head, thus, the hydraulic power required for pumping at BEP condition. Moreover, with regard to an undersized pump (α = 1), no solution is obtained, since the highest inflow exceeds the outflow discharge.



When the pump scheduling is optimized, the efficiency of the pumping system significantly increases, ranging between 0.21 (case S_S_H) and 0.14 (case S_H_S), if the static head is low. The benefit of the optimization decreases as the static head increases. Furthermore, the reduction in the energy use is very large for β equal to 0.25, since Δ varies between −43.10% (case S_H_S) and −31.60% (case S_S_S). The benefit of pump scheduling decreases for β equal to 0.5, Δ varying between −8.80% (case S_H_M) and −17.90% (case S_S_M). No reduction in the energy use is observed for β equal to 0.75, except a small reduction (i.e., −3.40%) for the undersized pump (α = 1). Among all the working conditions, the use of an oversized pump (α = 2) in variable speed pump scheduling represents the solution saving the most energy.



In the presence of mechanical wear, the pump scheduling allows a significant energy reduction, that is, −35.60% for medium mechanical wear (case M_H_S) and −26.70% for hard mechanical wear (case H_H_S), but only for the low static head cases. For a fixed value of mechanical wear (δ), the use of an oversized pump (α = 2) is proven to be the best choice again.



With reference to the efficiency (both ηcs and ηopt), the best operating conditions seem to occur with α equal to 1 (i.e., for an undersized pump). Indeed, the efficiency of the system is the highest for each erosion level and each static head. Nevertheless, when the system is designed with α equal to 1, its reliability is low, since the pump is not able to convey a discharge higher than the maximum predicted discharge. On the other hand, when α is equal to 2, the probability that the input discharge overcomes the pumping discharge significantly decreases, but, both in constant speed regulation and in optimized regulation, the system efficiency decreases too. The choice of α, during the design of the pumping system, should be then related both to the reliability of the system (i.e., its capacity to convey high discharges) and its efficiency.



In order to deeply investigate the effect of mechanical wear on the system efficiency, new calculations have been performed by refining the steps in the β values. The calculations were carried out by assuming a slightly undersized pump (α = 1.5), which is a compromise between reliability and efficiency. The results have been obtained for different mechanical wear conditions, as shown in Figure 11. The figure shows the system efficiency in the on/off mode (dashed line) and optimal scheduling (continuous line) for different β values and mechanical wear. The effect of the optimization on the efficiency seems to be not affected by the static head; thus, the benefit Δ decreases as β increases. For soft mechanical wear, an optimal pump scheduling ensures energy savings until β = 0.67. This value decreases as the mechanical wear increases, with a minimum value β = 0.5 for the hardest wear.





5. Conclusions


In this research, experimental tests have been performed on a grinder pump and mechanical wear has been reproduced artificially in order to evaluate the time decay of pump performances. Characteristic curves have been therefore obtained for different stages of mechanical wear.



For the sake of generality, several parameters have been introduced, thus different working conditions have been evaluated. Such parameters, α and β, have been varied in order to consider, respectively, different pump sizes and elevations of the downstream tank.



An optimal pump scheduling has been performed and the mathematical model [22] has been solved by the Basic Open-Source Nonlinear Mixed INteger Programming (BONMIN) [31]. Furthermore, the optimization problem has been performed for each stage of mechanical wear, as well as for all the working conditions.



The obtained results show that optimal pump scheduling represents a powerful strategy to reduce energy consumption in wastewater pumping systems, if compared with an on/off operation at constant speed. The maximum energy savings were about 43% for soft mechanical wear, oversized pump and small elevation tank (case S_H_S). In the presence of mechanical wear, the maximum energy reduction amounts were between −35.60% and −26.70% for medium and hard mechanical wear, respectively. Furthermore, the benefit of pumping scheduling decreases as the elevation of the downstream tank (i.e., β) increases. Indeed, for soft mechanical wear, an optimal pump scheduling allows energy savings until β = 0.67 whereas, for the hardest mechanical wear, the cut-off value of β decreases to 0.5. Furthermore, in the presence of mechanical wear, no solution has been obtained with reference to an undersized pump (α = 1), since the highest inflow exceeds the outflow discharge.



With regard to the efficiency (both ηcs and ηopt), the best operating conditions seem to occur for an undersized pump (α = 1). Nevertheless, if the system is equipped with such an undersized pump, its reliability is low, since the pump is not able to convey a discharge higher than the maximum predicted discharge. On the other hand, in case of an oversized pump (α = 2), system efficiency is very low. Therefore, the choice of α should consider both the reliability and efficiency of the system.



Finally, the results show that plant efficiency is strongly affected by mechanical wear. An accurate pump maintenance is therefore recommended in order to prevent the reduction of machine efficiency, thus reducing energy consumption.
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Figure 1. Sketch of the wet well of the pumping station with a single submersible pump [22]. 
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Figure 2. A detailed section of the tested Caprari K series pump. 
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Figure 3. Sketch of the experimental test line. 
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Figure 4. Characteristic (a) and efficiency (b) curves of the tested pump. 
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Figure 5. Sketch of the pump section and effect and simulation of the erosion. 
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Figure 6. Characteristic (a) and efficiency (b) curves of a pump affected by a medium wear. 
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Figure 7. Characteristic (a) and efficiency (b) curves of a pump affected by hard wear. 
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Figure 8. Comparison of characteristic and efficiency curves for different stages of wear. 
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Figure 9. Design hydrographs for different values of α. 
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Figure 10. Pump head curves and plant curve depending on β. 






Figure 10. Pump head curves and plant curve depending on β.



[image: Water 11 01210 g010]







[image: Water 11 01210 g011 550]





Figure 11. System efficiency in both constant and variable speeds for different wear conditions. 
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Table 1. Main figures of the energetic comparison and savings achieved by the optimal pump scheduling.
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	CODE 1
	δ

(mm)
	α

(-)
	β

(-)
	Eref

(kWh/d)
	Ecs

(kWh/d)
	Eopt

(kWh/d)
	ηcs

(-)
	ηopt

(-)
	Δ

(-)





	S_S_S
	2.6
	1
	0.25
	8.82
	62.35
	42.90
	0.14
	0.21
	−31.50



	S_S_M
	2.6
	1
	0.5
	10.75
	62.23
	50.88
	0.17
	0.21
	−17.90



	S_S_H
	2.6
	1
	0.75
	12.69
	62.19
	60.05
	0.20
	0.21
	−3.40



	S_M_S
	2.6
	1.5
	0.25
	3.97
	41.59
	24.54
	0.09
	0.16
	−42.20



	S_M_M
	2.6
	1.5
	0.5
	5.89
	41.48
	33.47
	0.14
	0.17
	−17.80



	S_M_H
	2.6
	1.5
	0.75
	7.82
	41.38
	44.89
	0.19
	0.19
	0.00



	S_H_S
	2.6
	2
	0.25
	2.47
	31.09
	18.35
	0.08
	0.14
	−43.10



	S_H_M
	2.6
	2
	0.5
	4.09
	31.07
	26.76
	0.13
	0.14
	−8.80



	S_H_H
	2.6
	2
	0.75
	5.70
	31.13
	39.38
	0.18
	0.18
	0.00



	M_S_S
	3.6
	1
	0.25
	8.82
	-
	-
	-
	-
	-



	M_S_M
	3.6
	1
	0.5
	10.75
	-
	-
	-
	-
	-



	M_S_H
	3.6
	1
	0.75
	12.69
	-
	-
	-
	-
	-



	M_M_S
	3.6
	1.5
	0.25
	3.97
	43.60
	28.97
	0.09
	0.14
	−34.70



	M_M_M
	3.6
	1.5
	0.5
	5.89
	44.61
	40.26
	0.13
	0.14
	−8.00



	M_M_H
	3.6
	1.5
	0.75
	7.82
	46.34
	54.71
	0.17
	0.17
	0.00



	M_H_S
	3.6
	2
	0.25
	2.47
	32.77
	21.69
	0.07
	0.12
	−35.60



	M_H_M
	3.6
	2
	0.5
	4.09
	33.36
	32.05
	0.12
	0.12
	0.00



	M_H_H
	3.6
	2
	0.75
	5.70
	34.81
	48.05
	0.16
	0.16
	0.00



	H_S_S
	4.6
	1
	0.25
	8.82
	-
	-
	-
	-
	-



	H_S_M
	4.6
	1
	0.5
	10.75
	-
	-
	-
	-
	-



	H_S_H
	4.6
	1
	0.75
	12.69
	-
	-
	-
	-
	-



	H_M_S
	4.6
	1.5
	0.25
	3.97
	43.99
	32.72
	0.09
	0.12
	−26.60



	H_M_M
	4.6
	1.5
	0.5
	5.89
	46.26
	45.72
	0.13
	0.13
	0.00



	H_M_H
	4.6
	1.5
	0.75
	7.82
	51.52
	62.39
	0.15
	0.15
	0.00



	H_H_S
	4.6
	2
	0.25
	2.47
	33.14
	24.44
	0.07
	0.10
	−26.70



	H_H_M
	4.6
	2
	0.5
	4.09
	34.68
	36.67
	0.12
	0.12
	0.00



	H_H_H
	4.6
	2
	0.75
	5.70
	38.75
	55.23
	0.15
	0.15
	0.00







Note: 1 The first letter refers to the extent of mechanical weir (soft (S), medium (M) and hard (H)), the second letter refers to the pump size in terms of flow rate compared to the maximum inflow discharge (small (S), medium (M) or high (H)), and the third letter refers to the elevation of the downstream tank (small (S), medium (M) or high (H)).
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