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A B S T R A C T

Water Distribution Networks (WDNs) represent a noteworthy field for possible implementation of Small
Hydropower (SHP), by replacing Pressure Reduction Valves (PRV) with turbomachines, in particular Pump
as Turbines (PaTs), to control and regulate the pressure, while harvesting energy otherwise wasted. Different
models were developed to predict the performance and select the positioning of the PaTs for the maximum
energy recovery but most of them neglect practical aspect such as: power grid limitations and optimal
harvesting strategy. In this framework, we intend to propose a new method to select a PaT, defining its optimal
working point, by introducing an energy exploitation coefficient. The proposed methodology is based on the
experimental results of a real PaT tested in the high capacity hydraulic laboratory at Polytechnic University
of Bari. Firstly, the selected commercial centrifugal pump was tested in both pump and turbine modes. Then,
three different approaches, for the Best Efficiency Point (BEP) selection, are described and compared in terms
of energy exploitation and capacity factor for a WDN. The first consists of selecting the BEP at the average flow
rate, the second one considers the probability distribution of the flow rate and the corresponding available
hydraulic energy, whereas the latter is based on the highest energy harvesting. By applying energy production,
economic and environmental analyses, the new proposed methodology, based on the third approach, shows a
remarkable advantage in terms of exploited energy. Indeed a remarkable 60% energy recovery is achieved with
334 ton CO2/year avoided. Furthermore, the impact of the electrical motor on the maximum power generation
(cut-off) is considered. Eventually, useful insights for the future PaT selection and installation are discussed.
1. Introduction

Considering the current state of the global energy scenario, the need
for the energy transition has become even more urgent. A worldwide
awareness is consolidating more and more on issues such as climate
change, energy price stability, energy security and national resilience.
The absence of alternatives in terms of energy assets has demonstrated
how high fossil fuel prices involve energy poverty and industrial com-
petitiveness reduction. In this framework, bold goals such as global zero
net emissions by 2050, the 1.5 ◦C pathway and the coal phase-out have
been the main topics of the recent COP 27 tables [1,2].

According to the latest report by the International Energy Agency
(IEA), CO2,eq emissions related to the energy production reached about
37 Gt CO2,eq in the 2022, even if in 2020 the EU’s CO2,eq emissions
reduced by 34% compared to the 1990 base year (i.e., - 2 Gt CO2,eq) [3,
4]. The key drivers for the required huge cut of CO2 emissions will be
electrification and energy efficiency, enabled by green hydrogen and
derivatives [5,6], bioenergy with carbon capture and storage and an
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important increase in generation and direct uses of renewable-based
electricity. Regarding this last aspect, renewable electricity generation
has continuously increased during the last years. Indeed, as reported by
IRENA the total amount of electric energy produced from renewable
energy sources (RES) was 7468 TWh (+7.4% with respect to 2019).
As summarized in Fig. 1, hydropower, above all the large hydropower
(𝑃 > 10 MW), plays the main role among RES mix (59%) [7].

At the same time, small hydropower (SHP) shows promising poten-
tial to be exploited promoting greater energy independence. Nowadays,
small and mini hydro plants are becoming more and more tempting
because of their technical feasibility and cost effectiveness, having a
very low environmental impact [8]. Currently, only the 34% of the
global SHP potential is exploited (about 78 GW, +10% from 2013).
Fig. 2 shows the worldwide distribution of installed capacity by conti-
nent, together with the corresponding development index (i.e., the ratio
between the installed and the potential capacities). From the figure,
it is possible to notice how Asia has both the largest potential and
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Nomenclature

Abbreviations

𝐵𝐸𝑃 Best Efficiency Point
𝑁𝑃𝑉 Net Present Value
𝑃𝑎𝑇 Pump as Turbine
𝑃𝑅𝑉 Pressure Regulation Valve
𝑅𝐸𝑆 Renewable Energy Source
𝑅𝑂𝐼 Return Of Investment
𝑆𝐻𝑃 Small Hydropower
𝑇𝑅𝐿 Technology Readiness Level
𝑊𝐷𝑁 Water Distribution Network

Greek letters

𝜂 Efficiency [%]
𝜓 Pressure coefficient[-]
𝜌 Density [kg/m3]
𝜎 Standard deviation [-]
𝜑 Flow rate coefficient[-]
𝜉 Blade blockage factor [-]
𝜁 Loss coefficient[-]

Symbols

𝐶𝐸 Hydraulic Source harvesting coefficient [-]
𝐶𝐹 Capacity Factor [-]
𝐶𝑉 Valve Flow Coefficient [-]
𝐷2 Impeller outer diameter [m]
𝐸𝐴𝑉 Available Energy [kWh]
𝐻 Head [m]
𝑁 Rotational speed [rpm]
𝑃 Power [W]
𝑄 Flow rate [m3/h]

Subscripts

𝑒𝑓𝑓 Effective
𝑃 Pump mode
𝑇 Turbine mode

ig. 1. Renewable electricity generation by renewable energy sources (data elaborated
rom [7]).
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installed capacity, whereas Europe has the highest percentage of SHP
development (52%) [9].

Water Distribution Networks (WDNs) represent a noteworthy field
for SHP, where Pressure Reduction Valves (PRVs) can be replaced by
hydraulic turbines. The degree of ageing of WDNs is a well-known
issue, which involves considerable water and pressure losses. For in-
stance, in Italy the average water loss in 2021 was about 40.7% [10].
Water utilities companies often tend to limit water losses by adding
PRVs in the network. However, this solution wastes potentially avail-
able energy that could be effectively harvested by means of hydraulic
turbines. Pump used as Turbines (PaTs) represent a low-cost solu-
tion compared to traditional turbines for this kind of applications,
as highlighted by different techno-economic analyses for several case
studies, given the wide range of available standard sizes of com-
mercial pumps [11]. Indeed, the application areas of this technology
ranges from WDNs to industrial plants. For instance, Muhammetoglu
et al. [12] and Kandi et al. [13] investigated the installation of a PaT
in the WDN of Antalya (Turkey) and Theran (Iran), respectively. Other
works were focused on the application of PaT with the aim to recover
energy to supply public lighting and charging stations for e-vehicles
in municipal WDNs of Casamassima (Italy) [14–16], Cártama, Málaga
(Spain) [17], and Guanajuato city (Mexico) [18]. In addition, PaTs
can be useful for electrifying rural areas (for instance, in Laos and
Pakistan [19,20]), or for the energy efficiency of communities, such
as a university campus [21]. They can be also employed in process
engineering to recover available pressure drops [22]. Al-Suhaibani [23]
proposed PaTs for extra power saving from large pumping system in
Saudi Arabia. The list of works is not exhaustive but it is sufficient to
demonstrate the worldwide interest in this technology.

1.1. State of the art discussion

In order to perform these analyses, it is important to predict the
performance of a PaT in terms of Best Efficiency Point (BEP) and
characteristic curve, since pump manufactures do not provide usually
them in reverse mode. As highlighted by recent reviews, the technical
literature is characterized by a large number of studies on PaTs regard-
ing different aspects [8,24–26]. Indeed, many works focused on BEP
and performance prediction models, which are still characterized by
significant prediction errors on head, power, and efficiency of about
15%–20% [27–50]. Moreover, a significant number of experimental
campaigns up to 25 kW was carried out on PaTs [30–35,51–61]. In
addition, the effort to understand the phenomena inside the machine
and to propose geometry improvements was equally important through
numerical activities [62–72].

Obviously, not all the WDNs are suitable for this kind of application
and the choice should be subjected to techno-economic feasibility
analysis as done by Lugauer [11], Ramos [73] and Espinal [74] in
their case studies. Moreover, to maximize both water saving and energy
recovery, several works have also proposed optimization algorithms to
select the number and the location of PaTs [75,76]. However, when
a PaT is installed in a WDN, it has to work under varying operating
conditions, depending on the instantaneous values of both flow rate
and head required [77,78]. Therefore the control strategy of a PaT
requires a proper feasibility analysis [79]. In order to satisfy the WDN
needs in terms of pressure and discharge demand, three different
control strategies can be adopted: Hydraulic Regulation (HR), Elec-
tric Regulation (ER) and Hydraulic Electric Regulation (HER). Having
defined the control strategy of the PaT for WDN applications, the
selection of the PaT can be optimized by performing an economic
and/or energetic analysis through decision support algorithm. For in-
stance, Le Marre et al. [80] proposed a decision support algorithm
to help water companies in selecting a PaT for their WDN on the
basis of annual energy production and payback period. Despite their
method is based on a data-set of more than 700 machines, BEPs and
characteristic curves of these machines in reverse mode are predicted
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Fig. 2. Installed SHP up to 10 MW capacity, top, and SHP development index by Continents, bottom, (data elaborated from [9]).
by means of Yang’s [33] and Perez-Sanchez [81] methods, respectively.
Moreover, the optimal point calculation with the maximum annual
energy production is computed by considering an average head value
instead of its variability. Then, starting from this optimal point, all
PaTs showing a BEP within 30% are considered for energetic and
economic assessments. A multi-objective PaT selection software was
implemented by Novara et al. [82] to design a 3 kW energy recovery
installation in a rural water distribution network in Ireland. Given the
flow duration and available head curves, the software divides the H
vs. Q domain where each point corresponds to an ideal BEP. Each BEP
allows to compute the off-design curve with the method proposed by
Barbarelli et al. [83], in order to assess the energetic analysis. One
of the limits of the proposed methodology is that only fixed-speed
operations are considered at the moment. However, this is one of the
most recent works that reached an high TRL with the installation of
the selected PaT. Operating parameters were monitored for 4 months
and compared to the expected data from the preliminary assessment,
showing a maximum error on pressure drop of about 8% related to the
uncertainties of the prediction model. Marini et al. [84], proposed the
non-dimensional factor for the produced energy, 𝑒𝑇 . This parameter is
similar to the hydraulic source harvesting coefficient, 𝐶𝐸 , proposed by the
authors in a previous work [85], that will be discussed in the following,
but it takes into account a constant value of the PaT efficiency in
correspondence of its BEP, instead of evaluating the variation of the
off-design conditions dictated by the variation of the load. Pugliese
et al. [86] proposed an operative approach in the case of PaT control
by ER. However, considering only ER, as shown by Carravetta [87], it
is not possible to match the downstream pressure set point without the
installation of PRVs in series. Moreover, the latter presents a simplified
WDN district with a daily water demand, but three different levels of
available head with no differences between daytime and night pattern.
Kandi et al. [13,88] considered all HR, ER, HER for PaTs in parallel
and developed a genetic algorithm with an objective function based
on overall energy production and two off-design parameters. One of
the first empirical model proposed by Derakhshan in 2008 is used
for modelling the PaTs performances, which is based on four pumps
tested in reverse mode. In addition, no data-set of commercial pumps
to be selected was considered. Mitrovic et al. [89,90] evaluated the
effects of different objective functions such as the maximization of
3

energy recovery, maximization of the net present value (NPV) after
10 years, and the minimization of the payback period. They consider
upper operating limits of the PaT in terms of flow rates and torque
as design variables to be optimized, though it is not properly related
to the limit curves (runaway and blocked rotor) of the PaT itself.
Moreover, they consider a data set of 38 real PRVs and a real pump
manufacturer catalogue, but the BEP in turbine mode was predicted
by using Yang’s model. Sandoval et al. [18] proposed a methodology
with multi-objective optimization for the placement and the selection
of PaTs with the aim to supply street lighting and charging stations
for small e-vehicles. Unfortunately, the produced energy considered
in a more complex objective function is computed by considering
the minimum value for the PaT efficiency found in the literature to
consider the worst-case scenario. Although there are numerous algo-
rithms for optimizing PaT selection, there is no algorithm that is more
widely used than others; moreover, due to the complexity of many
algorithms, it is preferred to use simple selection methods such as
the average site flow rate even in high energy availability application
as done by Souza et al. [91]. Actually, despite these models show
interesting results, they always perform analyses with PaT performance
curves obtained by empirical correlations, which are characterized by
prediction errors and thus reducing the effectiveness of optimization
algorithms. Runaway and blocked rotor curves are often neglected
in the selection procedures, although they are very important since
they identify the operating range of the machines; hence, they are
fundamental during the selection of a PaT for a specific site, whose
conditions should fall within its operating range (in terms of 𝐻 vs. 𝑄).
Moreover, there are a few and not very robust empirical correlations
to predict runaway and the blocked rotor curves [81,92]. For these
reasons, it is important to experimentally investigate these curves for
each machine. Furthermore, during hydraulic control with PRVs, some
working conditions could be very close to the runaway curve. This
should be avoided because of instabilities and flow separations that
can cause performance losses, vibrations and local cavitation issues. In
order to move these operating points far from the runaway, it could
be possible to change the rotational speed. In addition, the choice of
the best installation location if on one hand can maximize the energy
recovery or minimize costs, on the other hand, cannot be always a

viable solution for the water management authority, which tends to
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make the least number of changes to the network. Indeed, the suitable
(maximum power output) installation site is not always close to a
network cabin and, consequently, the connection should be created.
This would increase capital costs.

1.2. Research targets

As previously mentioned, a considerable number of PaT selection
methodologies are available in the literature. Despite the various works,
to date there is not one proposal that stands out over the others as
a benchmark to follow. If on one hand, intricate objective functions
for optimization algorithms take into account simultaneously many
parameters to consider different aspects of the plant, on the other they
result difficult to replicate and apply these algorithms in a practical
way for the pump manufacturer. Moreover, they are usually based
on empirical correlations that introduce errors in PaT performance
prediction.

For all these reasons, the present work aims to fill the knowledge
gap on the selection methodology of PaT proposing an enhanced strat-
egy for energy exploitation. The contribution of this work consists in
proposing a new strategy for choosing the design point, useful to the
final PaT selection. Specifically, the design point is evaluated based
on the full real flow and pressure conditions of the WDN (provided
by the Water Management Authority) rather than simply the average
values. Furthermore, the methodology considers the variability of the
operating point of the PaT. The advantages of this methodology with
respect to the others available in the literature (and previously dis-
cussed) consist in the simplicity of the approach, based on statistical
evaluation of the flow rate and pressure patterns combined with aspects
related to the turbomachines that are not considered in the literature
yet and allow to push the study towards a more realistic scenario.
For instance, the efficiency of the PaT is directly measured rather
than predicted by empirical correlations or considered constant during
the daily operation. At the same time, the performance curves of the
selected PaT are now experimentally investigated at the laboratory for
hydraulic turbomachines of the Polytechnic University of Bari (https://
research.poliba.it/laboratories/hpt-lab), rather than predicted by em-
pirical correlations which, however, introduce still wide uncertainties
compared to the experimental tests. Obviously, it is not always possible
to test the machine and, therefore, this methodology can rely on 1D
prediction models, based on the geometry of the machine, which takes
into account complex phenomena such as hydraulic losses in the volute
and in the runner and slip phenomena [46,85]. In addition, the novelty
of the proposed methodology consists in considering the following
technical aspects:

• Site selection according to the water management authority
needs.

• Operating limits of the PaT imposed by the blocked and runaway
curves.

• Applicability of the affinity laws.
• Power generation limit of the coupled generator.

Specifically, once the experimental data of the commercial pump,
Xylem eNSC 150-400/900, have been collected focusing on perfor-
mance and limiting curves (i.e., blocked rotor and runaway), three
different strategies for the energy exploitation have been proposed
and compared taking into account the power limit of the generator
coupled with the PaT. As described in Section 2, the selected machine
has been provided by the manufacturer and it has been characterized
both in direct and reverse mode at the test rig of the Polytechnic
University of Bari. Then, Section 3 describes the WDN used as case
study. Once validated the selection methodology based on PaT BEP
as the average flow rate and the corresponding head (𝑄𝐵𝐸𝑃 ,𝑇 = 𝑄̄𝑠𝑖𝑡𝑒
and 𝐻𝐵𝐸𝑃 ,𝑇 = 𝐻𝑠𝑖𝑡𝑒(𝑄̄𝑠𝑖𝑡𝑒)), Section 4 presents the three approaches for
the BEP condition selection to improve the energy exploitation of the
site under investigation. Then, Section 5 compares the results obtained
4

Fig. 3. Flow chart describing the machine selection methodology proposed in [85].

not only in terms of energy recovery but also from an economic and
environmental point of view by comparing the results with others
proposed in the literature. Finally, Section 6 concludes the work with
a sum up and a discussion of the results.

2. PaT experimental characterization

The Xylem® eNSC 150-400/900 centrifugal pump has been in-
stalled in the test rig in order to characterize it in direct and reverse
mode. This machine was selected by applying the selection methodol-
ogy proposed in a previous work [85], with the aim to install the PaT
within an Italian WDN located in Southern Italy. For the sake of clarity,
the selection methodology is summarized in Fig. 3.

Briefly, knowing the water demand and pressure patterns of the
WDN, it is possible to select the BEP of the PaT based on the mean flow
rate, 𝑄̄𝑠𝑖𝑡𝑒, head, 𝐻𝑠𝑖𝑡𝑒, and rotational speed, 𝑁 , (𝑄𝐵𝐸𝑃 ,𝑇 = 𝑄̄𝑠𝑖𝑡𝑒 and
𝐻𝐵𝐸𝑃 ,𝑇 = 𝐻𝑠𝑖𝑡𝑒(𝑄̄𝑠𝑖𝑡𝑒)). Then, the specific speed of the pump in turbine
mode, 𝑛𝑞,𝑇 , is evaluated and used as input for the BEP prediction model
(described in details in [85]) to compute the BEP of the pump (𝑄𝐵𝐸𝑃 ,𝑃 ,
𝐻𝐵𝐸𝑃 ,𝑃 ). Thanks to these two values, the pump can be selected from a
commercial catalogue.

Firstly, the machine has been characterized in pump mode and its
performance in terms of head, 𝐻 , power, 𝑃 , and efficiency, 𝜂, have

https://research.poliba.it/laboratories/hpt-lab
https://research.poliba.it/laboratories/hpt-lab
https://research.poliba.it/laboratories/hpt-lab
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been compared with those provided by the manufacturer catalogue.
Then, the machine has been characterized in reverse mode in order
to investigate its performance with particular attention to runaway
and blocked-rotor curves. These curves are extremely important for
delimiting the working region on the diagram head vs. flow rate also for
safety and reliability reasons. During turbine mode tests, the maximum
mechanical power measured was about 55 kW, doubling the maximum
tested in literature. Despite several works provide PaTs experimental
characterization, a very few of them provide H-Q limit curves [92,93]
or multi-speed tests on the same machine [61,93–95]. Moreover, it
is important to provide an adequate number of experimental samples
per curve, including the error bands of each point. These practical
procedures yield experimental data suitable to be included in datasets
of PaTs prediction models to further improve their accuracy.

2.1. Test rig

Experimental activities have been carried out at the hydraulic tur-
bomachinery test rig of the Polytechnic University of Bari, Italy. It
consists of two hydraulic closed loops which allow to test the same
turbomachine both in pump and turbine mode. Fig. 4 highlights the
hydraulic loop used during pump mode tests. Specifically, the pump can
be controlled by changing both the rotational speed of the coupled DC
electric motor of 480 kW and the flow rate by means of a PRV (i.e., PRV
#1 with a valve Flow Coefficient 𝐶𝑉#1 = 650) installed downstream the
pump. The hydraulic loop used during turbine mode tests replicates the
typical installation layout in a WDN, as depicted in Fig. 5. Working in
reverse mode, the DC motor operates as generator since it is controlled
by means of a four-quadrant AC/DC converter. A DC torque control has
been applied by changing the armature current. Moreover, the available
head to the PaT is supplied by a booster pump (KSB Etanorm Multitec
D with max head 280 m, max flow rate 550 m3/h, max power 516 kW,
max rotational speed 2267 rpm and max efficiency of 81.2%), which
is coupled with a second speed-controlled DC motor, identical to the
previous one. Regarding hydraulic control, two PRVs are installed: PRV
#2 (𝐶𝑉#2 = 650) installed downstream the booster pump and PRV #3
𝐶𝑉#3 = 170) installed in the bypass line.

.2. Measurements devices

In order to characterize the PaT, the testing section is equipped
ith piezoresistive pressure transducers (EH Cerabar – accuracy 0.15%)
oth upstream and downstream the PaT and the booster pump. Specif-
cally, two models are installed because of their pressure operating
anges: M PMP 51 (0 - 100 bar) for high pressure sections (discharge
ection of the booster pump and testing machine), whereas model S
MP 71 (0 - 40 bar) for low pressure (suction section of both the
urbomachines). Moreover, each measurement section is constituted
y three transducers, which are installed at 90 deg angular pitch in

order to perform pressure measurement replications. Then, the pressure
measurement is given by the mean pressure among the three mea-
surements. Moreover, this layout allows to guarantee samples, even
in the event of a failure of one of the sensors, without repeating the
test. Torque and rotational speed are measured by a torque meter
with integrated angular speed encoder HBM T40B (𝐶𝑚𝑎𝑥 = 3000 Nm,
𝑁𝑚𝑎𝑥 = 2400 rpm - accuracy class 0.05%). Moreover, the flow rate is
measured by means of an electromagnetic flow meter (Siemens Sitrans
FM Magflow 3100 – accuracy 0.25% – 𝑄𝑚𝑎𝑥 = 1100 m3/h). During
the tests, a real time LabVIEW software, installed on a PC, allows the
user to remotely control valves, DC motors and collect data. The system
acquires one sample per second for thirty seconds after having reached
steady-state conditions. Moreover, a digital twin of the test rig has been
developed in MATLAB in order to estimate, during turbine mode tests,
the LabVIEW input parameters (booster rotational speed, PRVs #2 and
#3 opening values and DC armature current) that guarantee the desired
operating conditions.
5

2.3. Pump mode tests

The Xylem® eNSC 150-400/900 has been tested in pump mode
at 1450 rpm in order to perform a comparison with the commercial
catalogue curves. Indeed, Fig. 6 shows the comparison between the
experimental head, 𝐻 , and efficiency, 𝜂, curves at 1450 rpm vs. the
low rate, 𝑄, with those provided by the manufacturer in its commercial
atalogue. In addition, Fig. 7 shows the experimental power, 𝑃 , in
omparison with that of the catalogue. The experimental points are
rovided with their standard deviation bands 𝜎. The maximum 𝜎 on
ead and efficiency were equal to 2% and 6%, respectively. Despite the
urves available in the commercial catalogue are not those provided by
he manufacturer in a certificate (with the tolerance class according to
he UNI EN ISO 9906:2012 standard), experimental curves show a good
greement with those provided in the catalogue.

.4. Turbine mode tests

Successively, the pump has been tested as a turbine at different
otational speeds (i.e., 800, 1000, 1300 and 1520 rpm). The last
otational speed, i.e. 1520 rpm, has been chosen since commercial
umps are generally sold together with their three-phase asynchronous
otors. Considering an induction motor designed for 50 Hz service
ith 4 magnetic poles, its synchronous speed is equal to 1500 rpm.
ence, by supposing a slip factor of about 1%, the rotational speed of

he PaT should be around 1520 rpm. Figs. 8 shows the head curves of
he machine in reverse mode for various rotational speeds together with
he blocked rotor and runaway curves. In addition, Figs. 9 and 10 show
he experimental efficiency and power curves for the rotational speeds
nder investigation, respectively. Also in this case, experimental points
re provided with their standard deviation bands. It is possible to notice
ow the efficiency points at low part load conditions are characterized
y higher deviations. This is due to the fact that these points are close to
he runaway conditions, which involve performance deterioration. It is
orth to point out that due to the electrical grid connection limitation
f the test rig, the characteristic curves are limited at maximum flow
ate slightly above 500 m3/h.

. Case study

As previously mentioned, the machine under investigation was
elected in a previous work by means of a selection procedure to
uarantee its BEP at the mean flow rate of an Italian WDN located in the
outhern Italy, which supplies a town of about 50,000 inhabitants. In
rder to reduce water losses, a main PRV was installed at the origin of
he urban distribution (highlighted in red in Fig. 11). After consulting
he water management authority, it was decided that the PaT could
e installed upstream the main PRV without replacing it, according to
he schematic reported in Fig. 12. This choice is based on technical
nd management motivations: the main reason is to allow the system
o return to the original layout in case of PaT maintenance or failure,
eeping the integrity and operation of the system. Moreover, a cabin is
ust present close to that zone and to the electrical grid connection.

Fig. 13 shows the hydraulic control logic associated to the installa-
ion scheme in Fig. 12. Firstly, the available head, 𝐻𝑠𝑖𝑡𝑒, is compared
ith the head of the PaT evaluated at the current flow rate, 𝑄𝑠𝑖𝑡𝑒, in
rder to know which valve will perform the control to guarantee the
arget point of the WDN, (𝑄𝑠𝑖𝑡𝑒, 𝐻𝑠𝑖𝑡𝑒). When the bypass valve is closed,
closed loop control on the PRV valve is performed in order to adjust

he pressure drop to the target value within a tolerance, 𝑡𝑜𝑙. When the
RV is fully opened, the opening degree of the bypass valve, 𝛼𝑏𝑦𝑝𝑎𝑠𝑠,
ill perform the control of the operating point. In this case both the
ydraulic branches will process the same pressure drop. Adjusting the
pening degree of the bypass valve will split differently the available
low rate in the two branches, respectively in 𝑄 and 𝑄 . Having a
𝑇 𝑏𝑦𝑝𝑎𝑠𝑠
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Fig. 4. Representation of the hydraulic loop during pump mode test including all the components (valves, motors/generators, pressure sensors and flow meter). In red and blue,
the high and low pressure lines, respectively.
Fig. 5. Representation of the hydraulic loop during turbine mode test including all the components (valves, motors/generators, pressure sensors and flow meter). In red and blue,
the high and low pressure lines, respectively. In dotted green, the by-pass line.
Fig. 6. Comparison between experimental and catalogue curves in terms of head, 𝐻 (black), and efficiency, 𝜂 (blue), vs. flow rate, 𝑄, under pump mode operation at 1450 rpm.
closed loop on 𝛼𝐵𝑦𝑝𝑎𝑠𝑠, the head of both branches will reach the target
within a tolerance range.

In Fig. 14, the daily flow rate and pressure patterns are reported
with the experimental chart of the PaT. The selected PaT was supposed
to work at its BEP at 1520 rpm in correspondence of 𝑄𝑠𝑖𝑡𝑒 = 𝑄̄ = 636.5
m3/h and 𝐻𝑠𝑖𝑡𝑒 = 80 m. Unfortunately, it was not possible to test flow
rates greater than 500 m3/h due to power limitation of the test rig,
as discussed in the previous section. For this reason, the green dashed
curve reported in Fig. 14 is the natural extension of the solid green line
(ref. 1520 rpm) and it has been obtained via affinity laws from the 800
rpm curve. This choice is justified by the fact that the test at 800 rpm
presents an exhaustive trend of the efficiency from part to overloads,
as shown in Fig. 14, where experimental points are labelled with their
efficiency values. Furthermore, this allows to verify the effectiveness
of the scaling law applied to the experiments performed at the test
rig. Indeed, looking at Fig. 14 the desired operating point A (i.e., the
intersection between the site characteristic and the PaT curve at 1520
6

rpm) is guaranteed. Indeed, the point A (defined by 𝑄 = 668.2 m3/h
and 𝐻 = 80.4 m) falls within ± 5% of the mean flow rate 𝑄̄. This
difference is acceptable considering that the preliminary analysis was
based on theoretically predicted performance curves of a turbomachine,
which is then extrapolated from real manufacturers catalogues, and the
experimental points are provided with their error bands.

4. Optimal operating point selection

PaTs can perform PRVs function in terms of pressure control with
the advantage to recover the hydraulic energy instead of dissipating
it. As schematized in Fig. 12, the installation of a PAT requires the
construction of a bypass pipeline and the installation of two new PRVs.
This implies that the pressure control strategy needs to be changed by
controlling the two valves and the rotational speed of the PaT. For this
reason, during the selection of the operating point it is important to
assess any critical issues during control.
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Fig. 7. Comparison between experimental and catalogue curves in terms of power, 𝑃 , vs. flow rate, 𝑄, under pump mode operation at 1450 rpm.

Fig. 8. Experimental chart with runaway, blocked rotor and head curves under turbine mode at 800 rpm, 1000 rpm, 1300 rpm and 1520 rpm.

Fig. 9. Experimental efficiency, 𝜂, vs. flow rate, 𝑄, under turbine mode at 800 rpm, 1000 rpm, 1300 rpm and 1520 rpm.



Applied Energy 344 (2023) 121246M. Stefanizzi et al.
Fig. 10. Experimental power, 𝑃 , vs. flow rate, 𝑄, under turbine mode at 800 rpm, 1000 rpm, 1300 rpm and 1520 rpm.
Fig. 11. Satellite image of the municipality with overlapped the WDN under investigation.
Fig. 12. Installation scheme of the PaT system.
After the validation of the starting case, a relevant question is
whether there are other solutions to the PaT BEP selection, which
are able to optimize the energy recovery. For this reason, other two
8

approaches for BEP selection are here introduced and compared: the
first is based on the probability distribution of the flow rate and
available hydraulic energy, 𝐸 , whereas the second one is based on
𝐴𝑉
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Fig. 13. Flow chart representing the control logic behind the installation scheme of the PaT system.
Fig. 14. Characteristic curve of the site plotted with experimental and scaled (dotted green line) PaT characteristic curves (each point is labelled by its efficiency).
the selection of the condition, which guarantees the greatest Hydraulic
Source Harvesting Coefficient, 𝐶𝐸 , a performance parameter which will
be described in the following.

4.1. Available energy probability distribution

Specifically, the first approach selects the BEP of the machine ac-
cording to the operating condition that shows the highest probability of
available energy to be exploited. Indeed, knowing the daily distribution
of the flow rate and pressure patterns of the site, it is possible to
evaluate the probability distribution of the classified flow rates, 𝑄𝑖, and
the corresponding available hydraulic energy, 𝐸𝐴𝑉 = 𝜌𝑔

∑𝐽𝑖
𝑗=1𝐻𝑗𝑄𝑗𝛥𝑡,

where 𝛥𝑡 is the sampling time used for field data acquisition and 𝐽
9

𝑖

is the number of occurrences of the 𝑖th class interval (see Fig. 15). In
details, considering 𝑄𝑚𝑖𝑛 = 450 m3/h and 𝑄𝑚𝑎𝑥 = 800 m3/h, the flow
rate range has been divided into 14 class intervals in order to obtain a
class interval width equal to 𝛥𝑄 = 25 m3/h. Bars are coloured according
to the daytime (yellow) and night (blue) patterns. As a result, the class
interval showing the highest flow rate probability is the one with 𝑄 ∈
[600, 625] m3/h during the night. An available energy of about 0.85
MWh corresponds to this class. Hence, the mean flow rate of this class,
𝑄 = 612.5 m3/h, has been considered as a representative value.

Since the Xylem pump has been tested in reversed mode, its experi-
mental curves will be scaled to obtain new performance curves suitable
for the new design point found with this methodology. In this way, the
analysis can be evaluated with a similar machine with equal specific
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Fig. 15. Probability distribution of flow rates and available hydraulic energy.
speed, 𝑛𝑠, that guarantees the new design point and it is able to recover
more energy than the previous case.

The scaling has been performed by modifying the outer diameter,
𝐷2, and the rotational speed, 𝑁 , as stated in Eqs. (5) and (6), where
𝐷2,𝑟𝑒𝑓 = 398 mm and 𝐻𝑇 𝑒𝑠𝑡

𝐵𝐸𝑃 and 𝑄𝑇 𝑒𝑠𝑡𝐵𝐸𝑃 are respectively the experimen-
tal head and flow rate evaluated at the rotational speed 𝑁𝑟𝑒𝑓 = 800
rpm, at the BEP condition.

Considering a completely developed turbulent flow in a centrifu-
gal pump (losses proportional to the square of the volumetric flow
rate), it can be stated that two machines operating under similar flow
conditions have the same hydraulic efficiency. Furthermore, for two
geometrically similar machines, in order to operate under similar flow
conditions, it is necessary and sufficient that the velocity triangles re-
lated to the two machines are similar (i.e., equal flow rate, 𝜑, pressure,
𝜓 , and loss, 𝜁 , coefficients). For geometrically similar machines (ne-
glecting the variations of the volumetric efficiency, 𝜂𝑣), the following
expressions for flow rate, 𝑄, and head, 𝐻 , are obtained:

𝑄 = 𝜂𝑣𝜉𝜋𝐷2𝑏2𝑐2𝑚 = 𝜂𝑣𝜉𝜋
2 𝑏2
𝐷2

𝜑𝑁𝐷3
2 ∝ 𝜑𝑁𝐷3

2 (1)

𝐻 = 𝑌𝑡ℎ − 𝑌𝑙𝑜𝑠𝑠𝑒𝑠 = (𝜓 − 𝜁 )
(𝜋𝑁𝐷2)2

2𝑔
∝ (𝜓 − 𝜁 )𝑁2𝐷2

2 (2)

where 𝜉 is the blade blockage factor, 𝑏2 is the impeller outlet width, 𝑐2𝑚
is the meridional component of the absolute velocity at the impeller
outlet, 𝑌𝑡ℎ is the theoretical specific work and 𝑌𝑙𝑜𝑠𝑠𝑒𝑠 the hydraulic
losses.

Geometrically similar machines operating under similar fluid dy-
namic conditions are characterized by identical values of specific speed
number and the specific flow rate.

𝑛𝑠 =
𝑁𝐷
√

𝐻
(3)

𝑄𝑠 =
𝑄

𝐷2
√

𝐻
(4)

Hence, combining Eqs. (3) and (4), it is possible to obtain Eqs. (5)
and (6).

𝑄 =

[

𝑄𝑇 𝑒𝑠𝑡𝐵𝐸𝑃

(

𝐷2
𝐷2,𝑟𝑒𝑓

)3
]

(

𝑁
𝑁𝑟𝑒𝑓

)

(5)

𝐻 =

[

𝐻𝑇 𝑒𝑠𝑡
𝐵𝐸𝑃

(

𝐷2
𝐷2,𝑟𝑒𝑓

)2
]

(

𝑁
𝑁𝑟𝑒𝑓

)2
(6)

Regarding rotational speed variation, some works in the literature
propose empirical correlations in place of classical affinity laws in
order to minimize the prediction errors of the performance curves [93,
10
95–97]. Therefore, these empirical correlations and the affinity laws
(Eqs. (5) and (6) with 𝐷2∕𝐷2,𝑟𝑒𝑓 = 1) have been applied to the
experimental curve of the PaT under investigation at 800 rpm in
order to obtain the one at 1520 rpm. Fig. 16 shows the results of
the comparison with the target experimental data at 1520 rpm. While
empirical correlations provided by Plua et al. [97] and Perez et al. [93]
are in a strongly disagreement with experimental data, affinity laws
and the correlation by Fecarotta et al. [95] present a good agreement.
However, in terms of fitting, the affinity laws show better results than
the empirical correlation by Fecarotta. The prediction errors are repre-
sented in Fig. 17. All these prediction errors provided by the empirical
models can be justified by the fact that the PaT under investigation do
not fall within their application range, highlighting their limitation in
terms of general applicability. For these reasons, the further analysis
will be carried out by considering the conventional affinity laws, being
more physic-based.

4.2. Maximum hydraulic source harvesting coefficient

The second approach selects the condition which guarantees the
greatest Hydraulic Source Harvesting Coefficient, 𝐶𝐸 , which is defined
as follows:

𝐶𝐸 =
𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝐸𝐴𝑉 ,𝑑𝑎𝑦

(7)

where 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 is the energy produced by the PaT, whereas 𝐸𝐴𝑉 ,𝑑𝑎𝑦
stands for the energy available during the entire day.

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = ∫𝐷𝑎𝑦
𝑃𝑇 (𝑡)𝑑𝑡 = ∫𝐷𝑎𝑦

[𝜌 𝑔 𝐻𝑇 (𝑡) 𝑄𝑇 (𝑡) 𝜂𝑇 (𝑡)]𝑑𝑡 (8)

Actually, PaTs are sold with their three-phase asynchronous electric
machines, whose nominal power, 𝑃𝑛, limits the energy output of these
machines. For this reason, an effective Hydraulic Source Harvesting
Coefficient, 𝐶𝐸,𝑒𝑓𝑓 , can be evaluated by computing the net energy
production, 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡, over 𝐸𝐴𝑉 ,𝑑𝑎𝑦, (see Eq. (9)).

𝐶𝐸,𝑒𝑓𝑓 =
𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡
𝐸𝐴𝑉 ,𝑑𝑎𝑦

(9)

where 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡 is the energy effectively produced by the PaT, taking
into account the nominal power of the coupled motor.

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡 = ∫𝐷𝑎𝑦
𝑃𝑇 ,𝑒𝑓𝑓 (𝑡)𝑑𝑡 (10)

where 𝑃𝑇 ,𝑒𝑓𝑓 = min(𝑃𝑛, 𝑃𝑇 ).
As depicted in Fig. 18, the entire site characteristic range has been

discretized with 𝛥𝑄 = 1 m3/h from 450 to 800 m3/h and 𝛥𝐻 = 1 m
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Fig. 16. Comparison among experimental data of the Xylem eNSC 150-400/900 running at 1520 rpm, affinity laws (Eq. (5), (6)) and empirical models available in the
literature [93,95,97] for scaling experimental data from 800 rpm to 1520 rpm.
Fig. 17. Comparison of prediction errors between the affinity laws (Eq. (5), (6)) and Fecarotta et al. [95] when scaling experimental data from 800 rpm to 1520 rpm.
Fig. 18. Colour map of the Hydraulic Source Harvesting Coefficient, 𝐶𝐸 , over the Site characteristic range.
from 80 to 88 m. For each couple of flow rate and head (𝑄, 𝐻), the
scaling laws (Eq. (5) and (6)) previously illustrated have been applied
in order to define the characteristics (𝐷2 and 𝑁) of a new PaT with its
BEP coincident with this specific point. Then, it is possible to compute
the energy produced by each PaT (i.e., 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) and divide it by the
daily available energy (i.e., 𝐸𝐴𝑉 ,𝑑𝑎𝑦) in order to evaluate 𝐶𝐸 . Then,
this calculation is repeated for each point in order to estimate how
much energy can be produced by each PaT over the total hydraulic
energy available from the site. The results of this analysis is depicted
in Fig. 18, where each point is coloured by 𝐶𝐸 , which ranges from
0.60 to 0.68. As result, the operating condition guaranteeing the highest
energy harvesting is 𝑄 = 570 m3/h and 𝐻 = 80 m with a corresponding
𝐶 = 0.6749.
11

𝐸

5. Results and discussions

For the sake of clarity, the main information regarding the three
different cases are summarized in Table 1. In details, Case 1 regards
the starting assessment with the BEP flow rate selected at the mean
flow rate. Case 2 is about the selection of the BEP by means of the
probability function, whereas Case 3 is based on the 𝐶𝐸 evaluation on
the entire working condition range. For each case, the table reports the
BEP in terms of 𝑄 and 𝐻 , rotational speed, 𝑁 , outer diameter, 𝐷2, and
power, 𝑃𝐵𝐸𝑃 ,𝑇 , resulting form the scaling.

Fig. 19 represents Case 1 with the performance curve of the machine
at 1520 rpm with both runaway and blocked rotor curves. Considering
only the hydraulic control strategy, when the flow rate is greater than
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Fig. 19. Case 1 - PaT head curve at constant rotational speed with runaway, blocked rotor curves and characteristic curves of the site.
Table 1
Comparison between BEP selection approaches in terms of 𝑄𝐵𝐸𝑃 ,𝑇 , 𝐻𝐵𝐸𝑃 ,𝑇 , 𝑁 , 𝐷2 and
𝑃𝐵𝐸𝑃 ,𝑇 .

Case 1 Case 2 Case 3

𝑄𝐵𝐸𝑃 ,𝑇 [m3/h] 668.2 612.5 570
𝐻𝐵𝐸𝑃 ,𝑇 [m] 80.4 88.0 80.0
𝑁 [rpm] 1520 1706 1640
𝐷2 [mm] 398.0 372.3 368.1
𝑃𝐵𝐸𝑃 ,𝑇 [kW] 146.1 146.6 100.1

𝑄𝐵𝐸𝑃 ,𝑇 (e.g., see 𝑄𝐵), all the surplus of flow rate 𝛥𝑄 is bypassed
in order to let the machine to work at its BEP (𝑄𝐴 = 𝑄𝐵𝐸𝑃 ,𝑇 ). On
the contrary, when the flow rate is lower than 𝑄𝐵𝐸𝑃 ,𝑇 (e.g., see 𝑄𝐶 ),
the machine will work in off-design conditions (i.e. point D) and the
excess of pressure drop, 𝛥𝐻𝑑𝑖𝑠𝑠, will be dissipated by means of the PRV
installed in series to the PaT.

Fig. 20 instead shows Case 2 with the performance curve of the
scaled machine with the BEP coinciding with the highest probability
of available energy to be exploited (point A). This solution is different
from the first one in terms of operating and control conditions. Indeed,
during the daytime, at all the flow rates a partial bypass is needed
(𝛥𝑄 = 𝑄𝐵 − 𝑄𝐴′ ), but unlike the previous case, during bypass control
the machine does not work at its BEP but in off-design (point A’
instead of point A). During the night, the machine will always work
in off-design conditions. For example, at 𝑄 = 𝑄𝐶 , the machine will
work in point D, unable to recover the head drop which needs to be
dissipated by the PRV, 𝛥𝐻𝑑𝑖𝑠𝑠. This strategy allows the PaT to work at
its BEP for 25% of the time and to exploit efficiently a large amount of
energy. Anyway, for the rest of the time (75%), it works in off-design
conditions with implications on the regulation system and durability of
the turbomachine. Moreover, the PaT off-design (partload) conditions
consist of a steep descendent efficiency curve which worsen the energy
exploitation, see Fig. 9.

Finally, Fig. 21 regards Case 3, where differently from the previous
cases, the BEP of the selected PaT does not belong to the site char-
acteristic. Also in this case, as in Case 2, all the daytime flow rates
are bypassed, but here the PaT always works at its BEP (see point A),
45% of the time during a day. During the night there are still points
which do not allow control with PRV #1 (e.g. from A’ to B’). In this
case PaT has to work under off design condition in point A’, whilst the
excess flow rate passes through the bypass line once again. It can be
highlighted that in Case 3, the area between the night-site points and
the PaT characteristic curve is the lowest. This means that the energy
12
dissipated by the PRV is reduced and at the same time the PaT works
close to its BEP with higher hydraulic efficiency. Furthermore, the over-
load working conditions is characterized by higher values of hydraulic
efficiency compared to the part-load (see Fig. 9), guaranteeing a high
level of energy recovery. In addition, it is important to notice how
operating points characterized by the lowest flow rates are far from
the runaway curves in all the three cases.

As previously mentioned in the introduction, a considerable number
of methodologies are available in the literature. To date, despite the
various works, there is no proposal that stands out over the others to
be taken as a benchmark. Among the three proposed approaches, the
first one (based on the mean flow rate) is the simplest and the most
consolidated among the technical literature. Just to mention one of the
most recent works, Souza et al. [91] considers the mean flow rate of
the site over 18 h by using empirical correlation for BEP and curve
prediction proposed by others researchers (Yang [33] and Rossi [54],
respectively). Unfortunately, the introduction of these correlations in-
duces errors in the performance prediction because they are calibrated
on a limited number of machines. Moreover, the limit curves are not
considered to identify the actual operating range of the machine.

The other two proposed approaches are more based on statistical
evaluations and energy recovery maximization. Also on this aspect,
several authors recommend choosing the proper PaT according to the
results from an optimization algorithm, which considers composite
objective function that includes energy maximization, economic in-
dicators and effectiveness, and reliability of the plant. However, the
main drawback of these methodologies is the lack of practical applica-
bility since they do not offer a practical way of selecting a machine
from the catalogues of pump manufacturers. Other researchers tried
to simplify this aspect, as made by Marini et al. [84], for instance.
They proposed the dimensionless-produced energy, 𝑒𝑇 , which is sim-
ilar to the proposed hydraulic source harvesting coefficient 𝐶𝐸,𝑒𝑓𝑓 ,
but it takes into account a constant value of the PaT efficiency in
correspondence of its BEP, instead of evaluating the variation of the
off-design conditions dictated by the variation of the load. However, all
approaches proposed in the literature showed results in terms of energy
produced and economic feasibility comparable with our results. Indeed,
as shown in the next section, 𝐶𝐸 values found with the proposed
methodology fall within the range of energy exploitation coefficients
retrieved in [13,73,74,80,84,86,91] (i.e., from 0.42 to 0.7). This aspect
also holds to economic values in terms of pay back periods, as it will
be described the next section.
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Fig. 20. Case 2 - PaT head curve at constant rotational speed with runaway, blocked rotor curves and characteristic curves of the site.
Fig. 21. Case 3 - PaT head curve at constant rotational speed with runaway, blocked rotor curves and characteristic curves of the site.
5.1. Energy production analysis

In this section, an energy analysis is proposed by comparing the
three solutions proposed in this work in order to identify the best
strategy to match the operating conditions of a PaT given the WDN
characteristics. As a result, Table 2 compares the three cases in terms
of 𝐶𝐸 (Eq. (7)), 𝐶𝐸,𝑒𝑓𝑓 (Eq. (9)) and capacity factor 𝐶𝐹 , defined as
follows:

𝐶𝐹 =
𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡 365

𝑃𝑛 8760
(11)

where 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡 is the net energy produced per day (kWh/day) and
𝑃𝑛 is the nominal power of the generator (kW). Cases 2 and 3 present
an improvement in terms of 𝐶𝐸 compared to Case 1 of about 4%.
In addition, the pumps selected in both Case 2 and Case 3 are less
expensive than the machine of Case 1, having a smaller 𝐷2, but at
the same time, they show a similar 𝐶𝐸 value (0.6720 and 0.6749,
respectively for Cases 2 and 3).

Actually, not all the power output generated by the PaT could be
used due to the nominal power of the coupled generator. Indeed, the
economic advantage of PaTs lies in being basically pumps that are
13
sold with their three-phase asynchronous electric machines. In our
case, the electric machine of the selected PaT is characterized by a
nominal power equal to 90 kW. Hence, during the day when the power
output exceeds this value, the power should be limited to preserve
the life of the electric motor as guaranteed by the manufacturer. In
order to take into account this aspect, an effective Hydraulic Source
Harvesting Coefficient 𝐶𝐸,𝑒𝑓𝑓 , is evaluated by computing the net energy
production, 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑,𝑛𝑒𝑡 and the capacity factor. From the same table,
it is possible to notice how Case 3 shows a slight improvement over
Case 2 in terms of 𝐶𝐹 . This in better explained by Fig. 22, which
compares the three cases in terms of daily power output. Case 2 and
3 show very similar trends with an evident power output increase
during the night with respect to Case 1. Moreover, it is possible to
notice the considerable amount of power that cannot be used with
the actual generator. However, this result depends on the specific site
investigated and it could be possible to choose another generator in
order to improve the energy exploitation. For instance, it should be
considered an aspect that is neglected regarding power limit for energy
transport. For instance, in Italy power greater than 100 kW must be
transported in medium voltage [98] involving higher costs for the
infrastructures to be considered.



Applied Energy 344 (2023) 121246M. Stefanizzi et al.
Fig. 22. Effective daily power generation for cases 1, 2 and 3 with maximum power limited to 90 kW.
.

Table 2
Comparison between BEP selection approaches in terms of 𝐶𝐸 , 𝐶𝐸,𝑒𝑓𝑓 , 𝐶𝐹 , 𝑁 and 𝐷2

Case 1 Case 2 Case 3

𝐶𝐸 0.6477 0.6720 0.6749
𝐶𝐸,𝑒𝑓𝑓 0.5632 0.5887 0.5900
𝐶𝐹 0.9082 0.9493 0.9515
𝑁 [rpm] 1520 1706 1640
𝐷2 [mm] 398.0 372.3 368.1

The results of the three scenarios depend on the specific WDN
selected as case study, but they derive from a general methodology that
could be used for any type of WDN. Moreover, it must be highlighted
that they consider novel technical aspects that could be useful for
the design of future installations in preexisting WDNs, such as the
installation points. Indeed, algorithms tend to find installation points
without considering technical aspects related to managements issues.
Here, these results take into account the importance of the existing
PRV without replacing it, the proximity of the electrical cabinet and the
operating limits imposed by the blocked and runway curves, together
with the nominal power of the generator that does not allow to feed
electric power in the grid.

5.2. Economic and environmental analysis

The three cases have been compared not only from a energetic
point of view, but also through an economic analysis. The economic
assessment considers a lifetime of 15 years, i.e., the lifetime of a
generic mechanical and electrical equipment. Table 3 reports a detailed
list of costs items provided by the pump manufacturer and suppliers
for the three cases. In general costs have been divided in two main
groups, i.e. capital costs and operation and maintenance costs. For the
sake of clarity, the latter have been assumed to be 3% of the capital
costs [99]. Regarding the hydraulic equipment, pipes and by-pass
line, valves, joints and measurement devices such as flow meters and
pressure transducers are contemplated. Electrical equipment considers
a frequency converter and a control system. For the three cases, all
cost items are constant except for the cost of the machine and the
frequency converter. The latter is not considered for Case 1 due to the
fact that the machine is supposed to work at its synchronous rotational
speed, whereas Case 2 and 3 show different rotational speeds. Despite
these differences, the three cases do not differ much in terms of total
investment cost.

In order to perform the comparison, in terms of economic aspects,
different indicators have been considered, i.e., the Payback Period,
the Return of Investment (ROI), the Net Present Value (NPV), and
14
Table 3
Cost for the PaT plant.

Items Cost [e ]

Case 1 Case 2 Case 3
PaT 13,000 10,640 10,285
Hydraulic equipment
Valves 112,285 112,285 112,285
Measurement devices 17,216 17,216 17,216
Pipes and fittings 46,794 46,794 46,794
Labour costs 5,465 5,465 5,465
Electrical equipment
SCADA system 6,100 6,100 6,100
Remote control 3,660 3,660 3,660
Cabinet and cabling 4,880 4,880 4,880
Frequency converter – 5,878 5,878
Other electrical equipment 1,220 1,220 1,220
Civil works 30,000 30,000 30,000
Engineering 16,397 16,397 16,397
Total 257,017 260,535 260,180

the Internal Rate of Return (IRR). As previously mentioned, each case
is characterized by an annual energy production of about 716,021
kWh/year, 748,433 kWh/year, 750,148 kWh/year, respectively. For
the sake of clarity, these values take into account the case with nom-
inal power of the generator. Then, the annual revenue for each case
has been computed by considering a complete feed-in tariff of the
produced electricity equal to 0.1192 e /kWh for renewable energy
produced by hydropower in 2023. This value is annually suggested by
the Italian Regulatory Authority for Energy, Networks and Environ-
ment (ARERA) [100]. Table 4 compares the three cases in terms of
the aforementioned economic parameters. In details, the NPV values
amount to 486,168 e (Case 1), 518,197 e (Case 2), 520,561 e (Case
3), considering a discount rate equal to 5%. ROI values are 30% for
Case 1 and 31% for Case 2 and 3. Case 2 and 3 show a lower payback
period (about 2.9 years) than Case 1 (3 years), that are values consistent
with results of other economic studies for PaT applications found in the
literature [13,18,21,74,80,91,101]. Finally, the IRR is equal to 11.5%
for Case 1 and about 12.1% for both Case 2 and 3. In conclusion,
the three cases are economically sustainable showing also comparable
values. Case 2 and 3 show better economic indicators due to the greater
energy recovery, as mentioned in the previous section.

For this type of study, it is also important to analyse the envi-
ronmental benefits that this technology can involve, i.e. the so-called
positive externalities. Actually, installing a PaT in a WDN mainly entails
water saving and the reduction of CO2 emissions. As mentioned in
the introduction, water losses represent a critical issue in WDN. For
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Table 4
Economic analysis results.

Case 1 Case 2 Case 3

Payback period 3.01 years 2.92 years 2.91 years
ROI 30.2% 31.2% 31.4%
NPV 486,168 e 518,197 e 520,561 e

IRR 11.5% 12.1% 12.1%

Table 5
Environmental benefits and revenues of the PaT system.

Case 1 Case 2 Case 3

Annual net energy production [kWh/year] 716,021 748,433 750,148
CO2 avoided [ton CO2/year] 318.8 333.3 334.0

this case study, the water management authority installed a PRV at
the origin of the urban WDN. This solution guaranteed a considerable
reduction of water losses with an annual water saving volume of about
1.57 Mm3/year with a full-recovery cost of water of about 1.4 Me /year
by considering a basic tariff for residential use provided by the Water
anagement Authority in 2023 [102]). Installing a PaT in the same
DN could achieve the same result thanks to the pressure regulation

nd to the simultaneous energy recovery. Indeed, it is important to
ighlight how this energy is produced from a renewable source without
roducing additional CO2 emissions. In order to quantify the CO2
voided emissions, an averaged emission factor of 445.3 g/kWh has
een used according to the latest report by the Italian Institute for
nvironmental Protection and Research (ISPRA) [103]. This means
hat if the same energy produced by the PaT was produced from a
onventional fossil fuel plant in Italy, it would produce an average
f 445.3 CO2 for each kWh produced. Indeed, Case 1 allows to avoid
18.8 ton CO2/year, whereas Case 2 and 3 about 334 ton CO2/year

(see Table 5).

6. Conclusions

Pump as Turbines will play a key role in WDNs, where conventional
turbines are not often suitable to guarantee the typical operating con-
ditions. Indeed PaTs not only can prevent water losses but also recover
hydraulic energy that nowadays is dissipated by means of PRVs.

Firstly, the selection of a proper pump, then the evaluation of its
performance curves in reverse mode are crucial for a SHP plant within a
WDN. Therefore, in this work the authors present a new strategy for the
selection of the optimal operating point by applying a numerical model
to the experimental data. Specifically, the commercial pump, Xylem®
eNSC 150-400/900, has been provided by the manufacturer and it has
been tested both in direct and reverse mode at the turbomachinery
lab of the Polytechnic University of Bari, Italy. Once validated the
starting case (average flow rate, Case 1), two different approaches
for BEP selection have been compared with the aim to find the best
solution in terms of energy exploitation. One considers the probability
distribution of the flow rate and available hydraulic energy, 𝐸𝐴𝑉 (Case
2), whereas the other one is based on the selection of the condition
which guarantees the highest Hydraulic Source Harvesting Coefficient,
𝐶𝐸 (Case 3). The experimental curves in turbine mode have been scaled
in order to find similar machines suitable for each case. The scaling has
been performed by modifying the outer diameter 𝐷2 and the rotational
speed, 𝑁 . The three cases have been compared in terms of energy
exploitation by means of the Hydraulic Energy Harvesting Coefficient,
𝐶𝐸 . As results, Cases 2 and 3 present an improvement in terms of 𝐶𝐸
ompared to Case 1, but at the same time show a similar 𝐶𝐸 (0.6720

and 0.6749, respectively).
These results are related to a methodology that can be generally

applied to any WDN. Indeed, the advantages of this methodology
with respect to the others presented in the literature consist in the
simplicity of the approach. Anyone can apply this methodology having
15
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the flow rate and pressure patterns of the installation site. On the other
hand, experimental data are not always available and one has to apply
experimental correlations, which add uncertainties to the energetic and
economic results. Even then, there is still no model that is better than
others in terms of accuracy and robustness.

Moreover, the novelty of the present work consist in considering the
following technical aspects:

• Selection of the location of the installation according to the water
management authority needs.

• Operating limits of the PaT imposed by the blocked and runaway
curves.

• Applicability of the affinity laws.
• Power generation limit of the coupled generator.

Regarding the last point, since the nominal power of the selected
electric machine is 90 kW, not all the power output generated by the
PaT could be used, the three cases have been compared also in terms
of capacity factor, 𝐶𝐹 . Case 3 shows a slight improvement over Case 2
in terms of 𝐶𝐹 .

An economic analysis has been carried out in order to evaluate the
cost-effectiveness of the PaT application during its lifetime. Then, the
proposed three cases have been compared in terms of capital costs
and economic indicators (Payback period, NPV, IRR and ROI). Briefly,
the three cases are economically sustainable showing also comparable
values. Case 2 and 3 show better economic indicators than Case 1
due to the greater energy recovery. In addition, the so-called positive
externalities have been evaluated in order to highlight the environ-
mental benefits arising from the renewable energy production. Indeed,
installing a PaT in a WDN mainly entails water saving and the reduction
of CO2 emissions. This solution guarantees a considerable reduction
of water losses with an annual water saving volume of about 1.57
Mm3/year with a full-recovery cost of water of about 1.4 Me /year.
Installing a PaT in the same WDN could achieve the same result thanks
to the pressure regulation and to the simultaneous energy recovery.
Indeed, it is important to highlight how this energy is produced from a
renewable source without producing additional CO2 emissions. Indeed,
bout 334 ton CO2/year can be avoided thanks to this application.

From a control point of view, this study focuses only on the hy-
raulic regulation (i.e., with the two PRVs and the PaT running at
onstant rotational speed). The machines of Case 2 and 3 work at
otational speeds different from 1520 rpm of Case 1. For this reason,
espite the machine works at constant𝑁 , an inverter would be required
n order to adjust 𝑁 to the value obtained by the scaling process. Since
n inverter must be installed, this solution allows us to plan the next
ob, aimed to investigate the effect of the speed control combined with
he hydraulic control. This could help to further improve the energy
ecovery and the water saving.
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