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Abstract: The recovery of excess energy in water supply networks has been a topic of paramount
importance in recent literature. In pressurized systems, a pump used in inverse mode (Pump As
Turbine, PAT) demonstrated to be a very economical and reliable solution, compared to traditional
energy production devices (EPDs). Due to the large variability of flow rate and head drop within
water distribution networks, the operation of PATs could be performed by a series-parallel regulation
system based on an electronic or a hydraulic principle. Despite the low cost of the PATs and of
regulation and control systems, a great barrier to the diffusion of a small hydro power plant in water
distribution is represented by the necessity of additional civil works to host the whole plant. Based
on laboratory and numerical experiments, the present paper proposes a new low-cost technology,
overcoming most of the limitations of the present technologies when low energy is available and
high discharge variation occurs. The operating conditions of the plant are properly optimized with
reference to the working conditions of a case study. Despite the laboratory prototype having exhibited
a significantly low efficiency (i.e., 16%), due to the use of small centrifugal pumps suitable for the
analyzed case study, in larger power plants relying on more efficient semi-axial submersed pumps,
the energy conversion ratio can increase up to 40%. The results of this research could be useful for
network managers and technicians interested in increasing the energy efficiency of the network and
in recovering energy in the peripheral branches of the network were a large variability of small flow
rates are present.

Keywords: energy efficiency; energy recovery; water supply; hydro power; Pump as Turbine

1. Introduction

In the recent times, population growth, urbanization, and economic development
have increased the demand for energy, water, and food. In the literature, a great number of
research and applied research projects has been focused on the water-energy-food nexus
stating in a definitive way the importance of energy in the rational use of water [1–3].
In the management of water systems, the reduction of energy use represents a key issue
determined by the European and global concern for the environmental impact of the
industrial activities [4,5]. As an example, the International Standard ISO ASME 14,414
sets the requirements for performing the energy assessment on pumping systems and
reporting the results accordingly, in order to properly control the efficiency of systems
consuming energy. In addition to the environmental aspect, the containment of the energy
use can determine a reduction of the operational costs, since in water supply systems the
energy consumption for water pumping represents the main portion of the supply costs [6].
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Therefore, a sustainable growth of water systems based on the reduction of energy use can
result in important benefits, both economical and environmental [7].

In water distribution systems several strategies have been proposed for achieving a
sustainable growth of these systems [8,9], such as: the reduction of water leakages [10–12]
by pressure management [13]; the replacement of old and buried pipes [14,15], the con-
tainment of water leakage [16,17] and the recovery of the embedded energy [18,19]; the
introduction of small power plants for energy production [20,21]; the replacement of old
pumps with more efficient devices [22,23]. In particular, pressure management is a key
strategy for the containment of water leakage and energy use. Given a water network, the
pressure can be kept under control by the use of Pressure Reducing Valves (PRVs), located
in selected points to dissipate the excess energy [24–26]. Moreover, in recent decades,
particular attention has been paid to the replacement of such valves with hydro power
plants equipped with energy production devices (EPD) [25,27,28], such as turbines or Pump
as Turbines (PATs) [29], in order not to dissipate the available excess pressure, but rather
convert it in energy [30]. Among the EPDs, PATs are generally preferred over traditional
turbines for their lower costs and large availability [31]. Despite this, PAT efficiency at
the Best Efficiency Point (BEP) is much variable with pump type, reaching the maximum
values around 65–75%, which are lower than the maximum efficiency achieved by tradi-
tional turbines [32,33]. To deal with the issue represented by such low efficiency values,
Carravetta et al. [34] developed a method, named the Variable Operating Strategy (VOS),
which allows for the geometry selection of a PAT for a given flow-head distribution pattern
and network back-pressure, ensuring quite high power plant efficiency values (up to 50%).

As highlighted by many authors in the literature [35,36], when a PAT is installed
within a hydropower plant, the main difficulty is represented by the need for ensuring a
required head drop under variable operating conditions, i.e., head and discharge variations.
Plants based on hydraulic (HR) or electrical (ER) regulation have been deeply investigated
in the recent literature [37], but these would imply additional plant cost due to the cost
of control valves and piping in HR, or of a variable speed drive in ER. In addition to the
cost for the regulation and control system, the cost of additional civil works for hosting
the hydraulic pump should be also accounted for [31]. In water networks, the hydropower
potential at the dissipation nodes does not generally exceed 20 kW and the overall efficiency
of hydropower plants is quite limited; thus the costs for civil works need to be properly
contained in order to ensure acceptable payback periods of the investment [38]. Indeed, in
the peripheral branches of the network, where the flow rates are very low, the recoverable
energy can be significantly low, thus the problem of the plant cost becomes compelling [39].
Moreover, it is worth considering that the existing PRVs are generally installed in small
manholes located under the street pavement. The increase in the manhole size, as well
as the use of waterproof closure to host and protect the electric components, represent
a further unmanageable cost. Since specific technologies reducing the incidence of civil
costs have not been available up to now, a containment of the plant cost could result
from relaxing the constraint on the required head drop, using a stand-alone PAT without
regulation [40], or by introducing a simplified HR system based on multiple PATs and more
common ON/OFF valves. This paper proposes a new technology, called Energy Booster
(EB), with the aim of making hydropower plants more viable and affordable. The new plant
consists of two submersible pumps, which are used in inverse mode and encapsulated in a
water booster. The booster can be placed under the existing manhole by merely opening a
hole under the existing manholes. The proposed solution drastically cuts down the cost
of the additional civil works and represents a solution to the technical concerns about the
use of electric and electronic components in an unfavorable environment. In the paper,
the result of tests on the EB under controlled conditions are discussed, showing that this
innovative solution would grant in real life conditions the same efficiency in terms of
energy conversion as a traditional PAT-based hydro power plant.
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2. Materials and Methods
2.1. Case Study

The case study concerns the design of a hydro power plant in the village of Granville,
located in Normandie, France. This site was included between the possible choices for
the pilot plants to be realized in the project REDAWN (Reducing Energy Dependency in
Atlantic Area Water Networks). The project developed an adequate institutional, social,
and technological environment to foster greater resource efficiency in the Atlantic Area
(AA) water networks, including:

• Energy recovery assessment in water networks [41];
• Analysis of the economic/environmental impact of the PAT technology in the AA [42];
• Development of design guidelines and tools for hydropower plants in drinking water,

wastewater, irrigation and process industry sectors [43–45];
• Development of support tools to enhance the implementation of projects based on

energy recovery [46];
• Assessment of the societal impacts of hydropower energy recovery in the AA water

networks [47,48];
• Widespread dissemination of energy efficiency in the AA water networks [27].

Among the results of the Redawn project, a database of a large number of pumps has
been compiled, with the curves of their performance in turbine mode, in order to partially
fill the leak of information about pumps operating as turbines.

A reservoir is located at 140 m a.s.l. and supplies water by a 250 mm diameter pipeline
to a part of the Granville water distribution network. A PRV is placed in a rectangular
manhole, approximately half the way along the pipeline. Full readings of flow rate and
pressures, upstream and downstream the PRV were obtained during a week of the project
period. In Figure 1, the pressure heads (H) upstream and downstream the PRV are reported.
In Figure 2, the average daily distribution of flow rate (Q) is reported, together with the
distribution of minimum and maximum measured values and the standard deviation band
from all measurements, as well as the available stream power (Pav) for energy recovery.

Figure 1. Pressure head (H) upstream and downstream the PRV.
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Figure 2. Daily time series of discharge—Q (top) and available stream power—Pav (bottom) in the
average day of the measured week at the PRV site, with the indication of the standard deviation and
min-max intervals.

It is worth noting that the hydraulic conditions at the PRV are characterized by very
low flow rates, ranging between 0 and 12 L/s, and high head drops, ranging between 60
and 70 m. The same information results from the analysis of Figure 3, where the frequency
distribution of discharge (Q) (left) and available head drop (∆Hav) (right) are reported.
According to the first plot of Figure 3, the discharge presents a large dispersion: the lowest
values are the most frequent, then the frequency has a little variation in the range between
2 and 6 L/s; finally it decreases for increasing discharge. Conversely, the distribution of the
available head drop is quasi symmetrical, with the most frequent value at about 65 m and
the majority of values ranging between 60 and 70 m. The second plot of Figure 2 shows
that the available stream power is also much variable between 0 and about 7 kW, with a
daily average of 2.5 kW.

Figure 3. Frequency distribution of the measured discharge, Q (left) and available head drop,
∆Hav (right).

In Figure 4, the Cumulate Distribution Function (CDF) of the available stream power
(Pav) is plotted, showing that the 50-th percentile of power matches to a value slightly
higher than 2 kW, while the maximum power exceeds 7 kW. The plot of Figure 5 shows
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the Cumulate Distribution Function (CDF) of the available energy, Eav, versus the network
discharge, Q. The black line represents the ratio between Eav(Q < Q∗) and Etot, being
Etot the total available energy and Eav(Q < Q∗) the sum of the energy of all the operating
points whose discharge is lower than Q∗. The red line is the probability density function
(pdf), i.e., the first derivative of the black line. The plot shows that the 5-th percentile
of the available energy occurs when the discharge is lower than 1.8 L/s, while the 50-th
percentile corresponds to a discharge equal to 6 L/s. The pdf of the available energy
presents three peaks for flow rates close to 2.5, 5.5, and 9 L/s. Even if three peaks are
present, this plot shows that the available energy can be considered quite constantly spread
over the whole discharge range. This confirms that the exploiting of the hydro power
needs an effective regulation system, able to regulate the plant across the whole discharge
range. Nevertheless, the low available energy reduces the revenue of the plant. Thus, the
purchasing and installation costs need to be contained, in order to make it profitable.

Figure 4. Cumulated Frequency Distribution (CDF) of the available power (Pav).

Figure 5. Frequency Distribution (pdf) and Cumulated Frequency Distribution (CDF) of the available
energy (Eav) versus the network discharge (Q).
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2.2. Energy Booster Design and PAT Selection

The technical solution was based on several physical and operational constraints,
which have been identified by the authors during the case study:

1. The available power on site is too low for allowing additional costs for civil waterworks;
2. The working conditions are too severe to operate with electromechanical components

directly placed in the existing manhole;
3. The power plant noise can be an issue for the presence of a close urbanized area;
4. The flow rate distribution is too wide to operate with a single PAT;
5. An electric regulation of the plant is not recommended for the motors of submersible

pumps used as PATs, in absence of high cost electronic filters;
6. The cost limitation issue does not allow a full implementation of the hydraulic regulation;
7. Compared to the available discharge, the head drop is too high to operate with a

single stage pump.

Points 1 and 2 can be overcome by the layout of an Energy Booster, using submersible
pumps as PATs. The booster can be placed vertically in a hole drilled in the ground beneath
the manhole, in the vertical of the manhole closure. Concerning point 3, the booster
configuration is already used in pumping stations in order to reduce the acoustic noise
of the pumps. Point 4 led to the necessity of operating with two pumps, centered on two
different flow rates. Considering point 6, a simplified hydraulic regulation was considered,
derived from Carravetta et al. [37]. Finally multistage submersed borehole pumps were
chosen according to point 7. The PAT regulation scheme is reported in Figure 6. On a
diversion of the main pipeline, three pipe branches operate in parallel. PAT A and PAT B
operate on the first two branches and can be disconnected by the ON/OFF valve, while the
third branch is a bypass operated by a regulating valve. All three valves are pneumatic and
electrically actuated. The hydraulic circuit allows operation with a single PAT by closing
the remaining branches, to operate with two PATs in parallel by closing the bypass, or to
operate with a fraction of the total flow rate by partially opening the bypass regulating
valve. The two PATs were selected with their best efficiency points (BEPs) centered on
the energy peaks revealed by Figure 5. The particular shapes in the pdf of Figure 5 show
that the sum of the BEP discharges inside the two PATs correspond to about the third
energy peak of the diagram. The PATs are 4” centrifugal multistage submersible pumps
used for groundwater extraction. PAT A is a Caprari E4XED30/5+MC405-8 and PAT B is
a Caprari E4XED50/6+MCK44-8. These products have a geometrical size limited by the
well diameter and are projected to grant high head drops. As in direct mode operation,
also in inverse mode operation the efficiency of these centrifugal pumps is quite low. The
acceptance tests of the two PATs showed a 0.31 best efficiency for PAT A and 0.32 best
efficiency for PAT B. Moving to a larger size of the plant, semiaxial multistage submersible
pumps will be used. This kind of pump exhibits a very high efficiency, both in direct and
inverse mode operation, compared to surface pumps.

Figure 6. Scheme of the hydraulic circuit of the PAT booster, with the indication of the pressure
measuring points (P1–4).
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The hydraulic regulation of the hydro power plant will be based on a sequence of
operating conditions activated by controlling electrically the ON/OFF and the bypass
regulating valve. A specifically designed control unit was realized, shown in Figure 7,
allowing all valve operation and storing all the hydraulic (flow rate and pressures) and
electric data (power, current, power factor). The control unit consists of a mini computer
(Raspberry Pi™), which is connected to a power meter for the acquisition of power data
and a specifically designed board, which acquires and converts to digital data the analog
signals from the pressure transducers and remotely control the pneumatic valves.

Figure 7. Booster control unit.

In particular, the possible operating conditions are the following:

1. PAT A off, PAT B off, bypass open
2. PAT A on, PAT B off, bypass closed
3. PAT A on, PAT B off, bypass open
4. PAT A off, PAT B on, bypass closed
5. PAT A off, PAT B on, bypass open
6. PAT A on, PAT B on, bypass closed
7. PAT A on, PAT B on, bypass open

2.3. Design of the Experiments and Test Rig

The booster has been inserted in a hydraulic closed circuit, in the Hydro Energy Lab
(HELab) of the University of Naples “Federico II”. The lab is equipped with a submersed
water reservoir. A scheme of the test rig is shown in Figure 8, while a picture of the lab is
shown in Figure 9.

A centrifugal pump was used to pump the water from the reservoir through the PAT
booster. Then, at the outlet, the water is recirculated to the submersed reservoir. The pump
is equipped with a speed driver, to control the flow rate. Five pressure transducers are used
to monitor the pressure along the circuit: one downstream the pump (PA) and one for each
branch of the booster (upstream the bypass—PB, upstream the PAT A—PC, upstream the
PAT B—PD, outlet—PE). A digital power meter is used to measure the power absorbed or
produced by the two PATs, while a magnetic flow meter is used to measure the flowing
discharge.

The system has been tested in four configurations:

1. PAT A on, PAT B off, Valve 2 open, Valves 1 and 3 closed
2. PAT A off, PAT B on, Valve 3 open, Valves 1 and 2 closed
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3. PAT A on, PAT B on, Valves 2 and 3 open, Valve 1 closed
4. PAT A off, PAT B off, Valves 2 and 3 closed, Valve 1 open

Figure 8. Scheme of the test rig: hydraulic circuit and measuring points.

Figure 9. Picture of the laboratory.

3. Results
3.1. Experimental Results

The results of the experimental tests are reported in Figure 10. The different colors rep-
resents the different experimental tests that have been performed: the red line corresponds
to configuration 1, the blue line to configuration 2, the magenta line to configuration 3 and
the black line to configuration 4.
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Figure 10. Experimental points and regression curves of the PAT booster of head drop, together with
the head drop inside the bypass and the network available head drop, ∆H (top), absorbed/produced
power, PT (center) and efficiency, ηT (bottom).

The values of ∆HT, i.e., the head drop produced by the booster in each of configura-
tions 1–3, which are shown in the first of the three plots, are computed as head difference
between the point downstream the pump and the outlet of the booster, i.e., point A and E
of Figure 8. This means that the curves include the head drop produced by the machines
as well as the head loss in the piping system from point A to the inlet of the booster and
the head loss within the booster. On the same plot, also the head loss inside the bypass
is shown (configuration 4), as well as the available head drop points. The second plot
shows the produced/absorbed power (PT) in configurations 1–3. It shows that the two
PATs, both in single and in parallel operation, start producing power (positive values of
PT) only after a certain value of discharge, while, for lower discharges, they behave like
energy dissipators. The same behavior is visible in the third plot, where the efficiency, ηT,
is positive only for the upper range of discharges. The plots also show that the maximum
efficiency of the system is quite low, approximately close to 0.3.

3.2. Power Plant Regulation

There are four working modes of the booster set:

1. PAT A mode: only the PAT A is on
2. PAT B mode: only the PAT B is on
3. PAT (A+B) mode: both PATs are on
4. Bypass mode: both PATs are off.

In each of the first three working modes, a part of the flow could be bypassed through
Valve 1. In the fourth working mode, instead, the whole flow rate goes through the bypass,
while Valves 2 and 3 are closed.

The optimal regulation of the plant is based on the identification of the MHP operating
conditions that maximize the energy production for every present PRV working conditions.
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This means that for each working point, the operating mode was selected from the following
seven different conditions, in order to maximize the power output:

• 1.1 PAT A on, PAT B off and bypass closed
• 1.2 PAT A on and bypass valve regulation, PAT B closed
• 2.1 PAT B on, PAT A and bypass closed
• 2.2 PAT B on and bypass valve regulation, PAT A closed
• 3.1 PAT A and PAT B on, bypass closed
• 3.2 PAT A and PAT B on, bypass valve regulation.
• 4.0 PAT A and PAT B closed, bypass open

The results of the optimization are reported in Figure 11. In the two plots the produced
electric power, PT, is plotted versus the flow rate, Q (left), and the produced head drop,
∆HT (right), respectively. Different colors refer to the operating PAT. The regulations cannot
be based on a pressure drop measurement, because the plot demonstrates that the operating
condition is mostly independent of the head drop. This happens because the measured
pressure drop is scarcely variable for all present PRV working conditions. On the contrary,
a control based on the pipeline flow rate will be very efficient and fixed settings on the
valued of discharge can be used to control the system by connecting the electric actuators
of the ON/OFF valves and of the bypass regulating valve to a PLC.

Figure 11. Output power, PT, for each working point versus the flowing discharge, Q (left) and
produced head drop, ∆HT (right) with the indication of the operating PAT.

4. Discussion

From the plot of Figure 10, it is clear that for flow rates lower than 1.8 L/s there is no
power production. This is due to the performance of the machines inside the booster: PAT
A, which is the smallest one, has negative efficiency for a discharge lower than 1.8 L/s,
which can be considered to be a minimum production limit. Nevertheless, as stated before
(compare with Figure 5), the choice of the PAT slightly affects the performance of the hydro
power plant, since only the 5% of the available power is lost due to this discharge limit.

Figure 12 shows the produced power (PT) versus the available power (Pav) for each
operating point. The plot also shows the efficiency (ηT) that can be reached for each
operating point. The low ηT values, mainly ranging between 0.1 and 0.3, depend on the
scarce efficiency of the prototype chosen PATs. The plot also shows that, while the BEP of
PAT A is attained, the PAT B never works in the best conditions. In fact, the BEP discharge
inside the PAT B is never attained, due to the need for opening the bypass as the discharge
exceeds about 4.5 L/s. This happens also when the two PATs operate in parallel, where the
maximum attained efficiency is less than 0.2. This behavior occurs because, as the discharge
exceeds 7 L/s, the bypass is open.



Water 2022, 14, 1526 11 of 14

Figure 12. Produced power (PT) versus the available power (Pav), with the contour of the resulting
efficiency ( ηT).

Figure 13 shows the percentage of working time among the seven different working
conditions. It shows that condition 1 occurs for more than 30% of working time, being
the bypass open for about 12% of time. Then, condition 2 is operated 20% of the time,
while condition 2.2 occurs only for about 2% of the time. A similar behavior occurs for the
conditions 3.1 and 3.2, with a slightly longer use of the bypass. Finally, condition 4 occurs
for about 27% of the working time.

Figure 13. Percentage of working time of the different operating conditions of the PAT booster.

In conclusion, the present solution allows the recovery approximately 9.68 kWh/day
over an available energy equal to about 61.1 kWh/day. The overall efficiency of the plant is
thus equal to about 16%. This surprisingly low efficiency value is essentially due to the low
efficiency of the selected machines, which is strictly related to the size of the plant and the
amount of the available energy. In fact, the overall efficiency is about half of the maximum
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machine efficiency (that has been proven to be 30–31%), and this ratio can be considered
acceptable if the high variability of the discharge and the low cost of the equipment is
considered. A semi-axial submersible pump, used as PAT for higher flow rates, exhibits
larger efficiency, according to REDAWN database, close to 70–75% and more. Therefore,
the machine efficiency would be significantly increased. Assuming a similar behavior, a
larger plant, equipped with semi-axial PATs, can easily attain an overall efficiency higher
than 35–40%.

5. Conclusions

In this paper, a new approach to recover energy in the peripheral branches of the
water distribution network is discussed. A branch of a real water distribution network has
been adopted as a case study, serving the area Graville in Normandy (Fr) with an average
daily discharge of 6 L/s and a PRV reducing the pressure head of about 70 m. In the site
area, as in the most of the water net applications, only a small manhole is available for
MHP installation, and the low power of the plant does not allow any civil work for hosting
the electro-mechanical devices. An innovative booster set equipped with two centrifugal
submersible borehole pumps acting as PATs has been described, together with the most
suitable hydraulic regulation scheme of the plant coupling low installation cost and easy
plant management. The design of the PATs has been made based on comprehensive site
measurements and on specific tests on industrial pumps. The booster layout has been
defined by the use of computational fluid computation in order to grant the best cooling of
the pump motors and the minimum internal flow resistances. Finally, the optimal regulation
of the MHP determining the most efficient plant operating conditions for the given network
working condition was determined by optimization. A flow-based power plant control was
found to be effective and several settings on the discharge will allow the instant control of
the system. The results that were obtained showed a very low global efficiency, since only
16% of the available energy can be actually converted into electricity. This very low value
is strongly affected by the poor efficiency of the machines that have been chosen for the
prototype design and is strictly related to the size of the plant. Higher available power and
a larger available discharge would allow the use of semiaxial submersible pumps, with
very high BEP efficiency and a consequent higher conversion rate. If a similar behavior
of the plant is considered, an overall efficiency up to about 40% can be reached with a
semiaxial pump with 70–75% BEP efficiency.

The low energy conversion ratio, together with the low efficiency of the two PATs,
could be due to the fact that the machines have been chosen as they have their BEP
discharges corresponding to the first two energy peaks, shown in Figure 5. A future study
should investigate the effect of an optimal design of the device, trying to find the machine
that maximizes the output energy.

Even if, with higher available power, the efficiency of the plant could be greater due to
the use of more efficient machines, the convenience of such a low cost device should be
proven: if the available energy is higher, a different and more expensive hydraulic control
could be more convenient due to the higher revenue. This implies that future research
should perform an economic analysis to investigate whether a cutoff energy exists that
could be considered to be an upper bound for the installation of the energy booster.
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