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Abstract: Water systems are usually considered low efficiency systems, due to the large amount of
energy that is lost by water leakage and dissipated by pressure reducing valves to control the leakage
itself. In water distribution networks, water is often pumped from the source to an elevated tank or
reservoir and then supplied to the users. A large energy recovery can be realized by the installation
of energy production devices (EPDs) to exploit the excess of pressure that would be dissipated by
regulation valves. The feasibility of such a sustainable strategy depends on the potential of energy
savings and the amount of energy embedded in water streams, assessed by means of efficiency
measures. Alternatively, energy savings can be pursued if the water is directly pumped to the
network, bypassing the elevated reservoir. This study focuses on the comparison of two solutions
to supply a real network, assessed as a case study. The first solution consists of water pumping to
a reservoir, located upstream of the network; the excess of energy is saved by the employment of
a pump as turbine (PAT). The second scenario is characterized by a smaller pressure head since a direct
variable speed pumping is performed, bypassing the reservoir. The comparison has been carried out
in terms of required energy, assessed by means of a new energy index and two literature efficiency
indices. Furthermore, differing design conditions have been analyzed by varying the pumping head
of both the scenarios, corresponding to different distances and elevation of the water source.

Keywords: energy efficiency; energy recovery in water systems; pump as turbines (PATs); variable
operating strategy; water distribution networks; water leakage

1. Introduction

Since the industrial revolution, population growth has been responsible for a significant increase
in energy consumption. Large energy consumers include the water supply sector, whose energy
consumption represents 7% of worldwide consumption, and of which the distribution of water in
pipe networks accounts for approximately 2–3% [1]. Energy consumption worldwide has increased by
up to 600% over the last century [2]. Therefore, the need for sustainable growth has been a topic of
paramount importance.

Sustainable growth can result in important economic and environmental advantages. Colombo
and Karney [3] assert that energy consumption for water pumping is the main portion of the supply
operating costs; furthermore, regarding the environmental aspects, potential energy savings in

Fluids 2018, 3, 41; doi:10.3390/fluids3020041 www.mdpi.com/journal/fluids

http://www.mdpi.com/journal/fluids
http://www.mdpi.com
https://orcid.org/0000-0003-0471-8821
http://www.mdpi.com/2311-5521/3/2/41?type=check_update&version=1
http://dx.doi.org/10.3390/fluids3020041
http://www.mdpi.com/journal/fluids


Fluids 2018, 3, 41 2 of 18

pumping can contribute to the reduction of acid rain and greenhouse gases emissions, in particular,
CO2 [4–6].

Moreover, sustainable growth can be achieved by the development of several strategies aimed
to guarantee hydraulic and energy efficiency, such as: pressure management for reduction of water
losses due to leakage [7–9]; pipe repair, improvement, or replacement to reduce the problem of water
leakage and thus to save the embedded energy [10–13]; and energy recovery using microturbines [2].
In particular, energy recovery is of considerable importance in pressurized systems: the priority of
such a strategy is not just the production of energy [14,15], but also the increase of sustainability
and efficiency of water exploitation [2]. Filion et al. [16] showed that in the management of water
distribution networks, a large energy recovery can be realized by exploiting the head drop due to
the network pressure control strategy, that is, for leakage reduction. Thus, it is possible to install
micro-hydropower plants by replacing traditional pressure regulation valves with energy production
devices (EPD), such as turbines or pumps as turbines (PATs) [17–20]. Microturbines, such as the
cross-flow ones, have also been proposed [21–23].

Energy recovery is an efficient solution to reduce pressure and increase the energy efficiency of
water systems [24–29]. Nevertheless, the feasibility of energy recovery and the other abovementioned
strategies depends on the amount of energy that can be saved, quantified by means of efficiency
measures [30,31], and the costs of purchase, installation, management, and maintenance. Therefore,
the calculation of the energy embedded in water streams [3,10] is significant for the assessment of
the efficiency of pressurized systems [32] and the evaluation of the potential of energy savings [33].
Gómez et al. and Cabrera et al. [34,35] introduced some energy performance indicators that could
provide a global view of energy efficiency; in particular, they introduced some indicative energetic
amounts, with reference to two scenarios of a water distribution network. The first scenario was
characterized by an indirect pumping towards an upstream reservoir that guaranteed a constant
upstream head, whereas the second scenario presented a direct pumped supply to the network.
The authors demonstrated that direct pumping is, by far, more convenient from both energetic and
economic points of view. Nevertheless, the authors did not consider any energy recovery in the
indirect pumping scheme, where a hydropower production plant, which converts the dissipation of
the valves into energy, could increase the energy efficiency of the whole water system. Moreover,
the indirect pumping towards an upstream reservoir can be considered a more resilient option, since
in the case of power failure, the reservoir could provide a contingency supply for the emergency.
Nevertheless, an upstream reservoir, located in the upper part of the network or an elevated tank,
could have a serious environmental impact depending on its location and its size.

In this paper, a real network was assessed as a case study. The network was supplied by an
upstream reservoir, and a part of the water energy should be dissipated within a valve, to reduce
the pressure level and control leakage. Two different solutions to increase the energy efficiency of
the network have been investigated. In the first solution, a PAT was used to replace the valve and
recover energy. In the second case, the water was pumped directly from the source to the network,
as suggested by [34,35], bypassing the reservoir, with a smaller pumping head. The two scenarios
have been compared in terms of required energy. Furthermore, the boundary condition of the network,
that is, the source location and elevation, have been modified to compare the feasibility and the benefit
of each of the two scenarios under differing design conditions. The efficiency of the two different
technical solutions under variable values of pumping head, head losses, and head ratios between
indirect and direct pumping have been investigated with the aid of a new energy index and two
literature efficiency indices [34,35].
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2. Methodology

2.1. Study Area

The case study concerns a rural water supply network in Ireland, located in County Laois,
about 100 km from the capital city (Dublin). A reservoir is located at 147 m a.s.l. and supplied by
a source placed at 99 m a.s.l. The studied branch of network consists of 55 nodes and 58 links. For each
link, information about roughness, diameter, and length was available. Each node was characterized
by an elevation and a demand coefficient, namely the ratio between the demand of the node and the
demand of the whole network. The layout of the network is showed in Figure 1.
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Figure 1. Hydraulic network of the study area.

A range of measured data was available, consisting of hourly values of flow rate for the year 2016,
recorded at the link 8–10 (Figure 1). Node 8 was a zero-demand node, thus the measured discharge
corresponded to the total demand of the network, if the leakage is neglected. The time series of the
year-averaged hourly values of discharge (Q(t)) were calculated, resulting in the pattern in Figure 2,
where time is expressed in hours. The average daily value of discharge, namely Q, resulted as 4.35 L/s.
The flow pattern of Figure 2 shows that the minimum value of discharge occurs at night-time and
is higher than 3 L/s, about the 70% of the average discharge. This means that the amount of water
leakage is very high and that a pressure control strategy is mandatory to increase the sustainability
and the efficiency of the whole system. Probably a renovation of the pipeline could be also considered
to further decrease the amount of leakage, but this choice will not be deeper investigated in this paper.
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2.2. Direct and Indirect Pumping

The indirect pumping scenario consisted of a hydraulic configuration characterized by a pump
supplying a reservoir. The supplied population is located in the downstream area and supplied by
a network branching from the reservoir (Figure 3). Once the network arrives at a downstream village,
a surplus of head is available due to changes in elevation. In the indirect pumping scenario, the surplus
head can be either dissipated within a valve or exploited to produce energy by the employment of an
EPD located downstream of the reservoir (Figure 3). In particular, a PAT was chosen for the reasons
outlined in Section 2.3. In Figure 3 ∆Hind represents the pumping head in indirect supply scenario and
∆HPAT is the head loss within the PAT.
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The second scenario (Figure 4) presents a different hydraulic scheme: the upper reservoir was
bypassed and pumping was performed directly from the source to the distribution network. The pump
was designed to obtain the best possible efficiency and continuously regulated according to the request
of the network, as described below in Sections 3 and 4.1. In Figure 4 ∆Hdir represents the pumping
head of direct supply scenario.
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The energy efficiency of the two cases has been analyzed, and an energy audit of the two scenarios
is presented hereafter.

After the study of the real case, in order to get general results, the boundary conditions of
the network, that is, the location and elevation of the source, have been arbitrarily changed to
analyze different conditions and compare the feasibility and the benefit of each of the two scenarios in
different cases.

2.3. PAT and Microturbine Design/Operation

Carravetta et al. [36] developed a method, the variable operating strategy (VOS), that allows the
geometric selection of an EPD for a given flow-head distribution pattern and network backpressure,
ensuring quite high efficiency values. The cost of a traditional turbine often exceeds its economic
benefit, while a PAT or a microturbine have usually a limited cost [37]; moreover, PAT is generally
preferred over a microturbine since it reduces further the plant cost: indeed, the miniaturized turbine
has an average installation cost approximately equal to 1800 €/kW [38], while the installation cost
of a PAT could reach 350 €/kW and its payback period is less than 1 year [39]. Nevertheless, PAT
efficiency reaches the best efficiency point (BEP) around 0.6–0.7, so it is a bit lower than the maximum
efficiency achieved by traditional turbines [37]. Although PATs are generally preferred over other
devices, an obstacle to using them is represented by the lack of data, since manufacturers do not
usually provide the performance curves of such devices. This scarceness of data can be overcome by
using the affinity laws, once both the performance curves of a prototype PAT are known. Therefore,
the affinity laws, which relate the performance of the prototype to the performance of a similar
machine (having different diameter and rotational speed), allows the prediction of performance curves
of other similar devices. Unfortunately, the affinity laws are based on the principle that the efficiency
of similar devices is constant, although rotational speed varies. This result disagrees with the real
behavior of turbomachines [40]; indeed, the efficiency of a machine is significantly dependent on the
rotational speed, and the maximum efficiency is attained only at a given optimal speed value. Thus,
the hypothesis of affinity laws is valid only in an established range of rotational speed, and the error in
the prediction increases as the rotational speed of the prototype and the simulated device diverges.
In spite of this, Fecarotta et al. [41,42] developed a model (relaxation of affinity equations: RAE) that
predicts the variation of the efficiency with the runner speed. However, this model presents some
limits since it can be considered valid only for an established category of machines with a specific range
of speeds. Furthermore, a great problem in water distribution networks is represented by the need
of ensuring a required head drop, under variable operating conditions; that is, head and discharge
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variations. To resolve this, it is necessary to include modulation plants [43], such as a hydraulic
regulation (HR mode) or an electrical regulation (ER mode) [39,42].

2.4. Pressure Management and Energy Recovery

The network is provided with an upstream valve located along the pipe connecting nodes 8
and 10 (Figure 1) to control the pressure within the network. Instead of achieving a pressure control
strategy by a usual regulation valve, exploitation of the head-drop to produce energy by an EPD has
been opted for. In particular, a hydraulic regulation [36,39] of the PAT was performed as described in
Section 2.3. It consists of a regulation of hydraulic features in the network, by using a series-parallel
hydraulic circuit (Figure 5).
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As shown in Figure 5, the hydraulic circuit consists of two parallel branches with a PAT and
two valves. When the head is higher than the head-drop deliverable by the machine, the excess of
pressure is dissipated by a series pressure reducing valve (PRV). Instead, when the discharge is larger,
the PAT would produce a head-drop higher than the available head, and a bypass is opened to reduce
the discharge flowing in the PAT. Such hydraulic regulation (HR mode) was preferred over electrical
regulation (ER mode), which consists of an inverter that modifies the frequency of the device, thus
the rotational speed. Indeed, even if some power is dissipated by the series valve or bypassed by the
parallel valve, the available power is still high and the HR mode presents a better efficiency than the
ER mode, as well as a lower cost of equipment and a shorter payback period [36,39].

3. Experimental Investigation

Pump under Variable Speed

In water distribution networks, the water demand is time-dependent; thus, pumping in a direct
scheme can be performed by a machine capable of such a variability, that is, working under variable
speed. In this study, a centrifugal multistage end-suction pump HMU50-2/2 (Caprari S.p.A., Modena,
Italy) was chosen as the reference machine and tested in the Hydro Energy Laboratory (HELab) of the
University of Naples “Federico II”. HELab was specifically realized to perform the test included in the
new standard EN16480/2016, according to the specification of ISO 9906. The pump has been coupled
to an asynchronous motor. Two pressure transducers (0–10 bar and −1–1.6 bar, respectively; ±0.1%
accuracy) were used to measure the head, ∆H, for each discharge value, Q, measured by a magnetic
flow meter (0–15 L/s, ±0.1% accuracy). A wattmeter (0–60 kW, ±0.3% accuracy) measured the input
power, P, and an optical speedometer (0–380 rad/s ± 0.1 accuracy) was used to measure the rotational
speed, N, of the pump. The motor was powered by a variable frequency driver to convert the 50 Hz
input frequency to the desired value, f , to set the rotational speed of the pump. Figure 6 shows the
dimensionless head, power, and efficiency curve of the pump, h = h(q), p = p(q), and η = η(q),
respectively, as being:

q =
Q

ND3 , h =
g∆H
N2D2 , p =

P
ρN3D5 (1)
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where g is the gravity acceleration, equal to 9.806 m/s2; ρ the density of the water, about 1000 kg/m3;
and D the diameter of the pump. The efficiency of the whole pumping system, η, for each operating
condition, can be calculated as:

η =
qh
p

(2)

The dimensionless head curve, h = h(q), can be effectively approximated by a best-fit polynomial
curve. Differently, a larger dispersion occurs for the power experimental points. In fact, the efficiency
curve, η = η(q), is different for each frequency ( f ) value, depending on the behaviors of the pump,
of the motor, and of the frequency drivers, as shown in Figure 6.

1 

 

(a) (b) (c) 

 
Figure 6. Dimensionless discharge (q) against dimensionless head (h) (a), power (p) (b) and efficiency
(η) (c)of pump HMU50-2/2.

For each value of frequency, f , the value of efficiency at the BEP, ηBEP, was found. A trend of
ηBEP as a function of frequency has been identified, as shown in Figure 7. A best-fit polynomial
approximation of second degree has been used to model the curve ηBEP( f ). It is shown in Figure 7
and expressed by a parametric form in Equation (3).

ηBEP = a f 2 + b f + c (3)

1 

 

 

Figure 7. Best-fit polynomial curve of frequency against best efficiency point ( f vs ηBEP).
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If the ratio between η(q, f ) and ηBEP( f ), namely e, is plotted against the dimensionless discharge,
a trend of e independent of the frequency is obtained, as shown in Figure 8.

e =
η(q, f )

ηBEP( f )
= e(q) (4)

1 

 

 

Figure 8. Experimental measurements of e against the dimensionless discharge e(q) and best-fit line.

Furthermore, for an asynchronous motor, the rotating speed, N, can be considered a function of
the grid frequency, f , according to Equation (5), wherein pp is the number of pole pairs for each phase.

N =
2π f
pp

(5)

Thus, if the impeller diameter, D, and the frequency, f , are known, for each value of discharge (Q),
the head (∆H) can be calculated by (1) and the polynomial best fit of the h curve. Then, e, ηBEP, and
η can be calculated by (2)–(4). Therefore, the absorbed power can be calculated as hydraulic power,
Phydr, as shown in Equation (6).

P =
Phydr

η(q, f )
(6)

Phydr being:
Phydr = γ∆HQ (7)

and γ the specific weight of water, 9806 N/m3. For the tested pump, with a D = 170 mm impeller,
at the maximum frequency f = 50 Hz, the discharge, head, and efficiency at the BEP resulted in:
QBEP = 14 L/s, ∆HBEP = 81.9 m, and ηBEP = 0.63. If the methodology described in EN16480/2016 is
applied, then a minimum efficiency index (MEI) equal to 0.6 can be assigned to the pump.

The same machine has been tested in turbine mode, with reversed flow, in the laboratory of
Caprari SPA, Modena (I). Only the hydraulic part has been tested, without the generator, and the
mechanical power was measured at the PAT shaft by a torque meter (0–1000 Nm, 0–380 rad/s, ±0.2%
accuracy). Similar flow meter and pressure transducers were used for the discharge and pressure
measurements. The results are plotted in Figure 9 in terms of dimensionless parameters.
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1 

 

 
(a) (b) 

 
Figure 9. Dimensionless discharge (q) against dimensionless head (h) (a) and power (p) (b) of PAT
HMU50-2/2.

4. Application to the Case Study Network

4.1. Indirect Pumping

In this scenario, the average demand is pumped from the source to the reservoir. The pumping
head, namely ∆Hind, is the sum of the head loss within the pipe and the difference of elevation between
the reservoir and the source. The discharge at the BEP, namely QBEP, is set equal to the annual daily
average discharge, Q. The pipe linking the source and the reservoir is 1069 m long with a 200 mm
diameter. The roughness of the pipe was set as 0.26 mm, comparable to the values of the whole
network. A Darcy–Weisbach formula was used to calculate the head loss within the pipe, which is
expected to be very low, since the combination of all previous parameters makes the approaching
pipe oversized.

In order to obtain an approximate value of the energy consumption, the minimum efficiency of
the standard pumps, suggested by EN 16480/2016 and presented in Equation (8), was referred to.

ηBEP = −11.48(ln(nS))
2 − 0.85(ln(nS))

2 − 0.38ln(nS)ln(QBEP) + 88.59ln(nS) + 13.46ln(QBEP)− C (8)

where QBEP is the flow at the BEP condition measured in m3/h; C is a constant depending both on the
minimum efficiency index (MEI) and the model of pump; and ns (min−1) is the specific speed whose
expression is:

ns = N
√

QBEP

HBEP0.75 (9)

wherein N is the rotational speed of the pump and HBEP is the pressure head at the BEP condition, set
equal to ∆Hind. If the MEI is fixed equal to 0.6, as the one of the tested pump, and an end suction own
bearing (ESOB) pump with a rotational speed of 2900 rpm is chosen, then C results as 128.12.

Therefore, the absorbed energy Eind can be expressed by Equation (10).

Eind =
Ehydr,ind

ηBEP ηMOT
= T
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∆HindQ
ηBEP ηMOT

(10)

where T is the reference time period, that is, one year. In Equation (10), ηMOT represents the efficiency
of the motor belonging to the IE3 efficiency class, suggested by EC Regulation 640/2009. Furthermore,
such a procedure was also implemented by varying the number of stages between one and fifteen,
choosing the number of stages that allowed the maximum efficiency. For the case study, the optimal
number of stages resulted as 7 and the required energy Eind was calculated as 32,420 kWh/year.
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4.2. Pressure Management

Referring to Figure 1, to reduce the pressure in the network, for each hour, the head downstream
of the valve, Hreq, and thus drop within the valve, was set to ensure a minimum value of 10 m in the
most critical downstream node (node 49). The hydraulic simulator Epanet has been used to estimate
available head versus flow variation during the day. Then, the valve was replaced with a PAT to
recover the dissipated energy. The time series (in hours) of the flow (Q(t)) and the head loss within
the PAT system in link 8–10 (∆HPAT) for the average day are presented in Figure 10, along with the
(∆H, Q(t)) pattern.
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Figure 10. Time series of flow (a) and head loss (b) through the valve; pattern ∆H, Q(t) (c).

Thus, the variable operating strategy [36,39] was implemented in order to find the optimal PAT,
that is, the impeller diameter and its rotational speed, that maximizes the produced energy EPAT :

EPAT =
∫

T
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The experimental curves of the PAT described above have been used as reference curves, and the
affinity law was used to simulate similar machines having different diameter and rotational speed.
The MATLAB (R2012b, MathWorks, Inc., Natick, MA, USA)optimization toolbox was used to perform
this optimization [44,45]. In particular, the diameter was varied between 80 mm and 500 mm, whereas
the values of rotational speed considered were 1025 rpm (three couples of poles), 1550 rpm (two couples
of poles), and 3100 rpm (one couple of poles). The rotational speed and the diameter of the optimal
machine resulted in 155 mm and 1025 rpm, respectively. Then, for each hour, the power delivered by
the PAT was obtained and this energy was further multiplied by the efficiency of the generator (EI3
class), as suggested by EC Regulation 640/2009. Referring to the chosen PAT, the produced energy
was accounted as 2234 kWh/year.

4.3. Direct Pumping

In the direct pumping scenario, the upper reservoir is bypassed and the water is directly pumped
from the source to the network (node 10 of Figure 1). The approaching pipe is 710 m length with
a 200 mm diameter. The roughness of the pipe was set as 0.26 mm, comparable to the values of
the whole network. A Darcy–Weisbach formula was used to calculate the head loss within the pipe.
The required head was set equal to the head downstream of the valve in the indirect pumping scenario
(Hreq). Thus, a minimum 10 m pressure in the most critical node of the whole network was ensured.
The pumping discharge in the direct scenario is variable according to Figure 2, as well as the pumping
head (∆Hdir), which depends on the required head and the head loss. Given the variable pattern
of pumping discharge and head, the pump should be equipped with a variable frequency driver to
modify the rotational speed according to the network requests. The design of the pump was performed
by an optimization routine [44,45] in order to find the values of the number of stages (varied between
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one and fifteen, as in the indirect pumping scenario), the diameter (D), and the hourly rotational
speed (n), both minimizing daily energy usage and ensuring the required pressure head for each hour.
The measured performance curves of the pump showed above were used as reference curves to apply
the affinity law equations. Therefore, the energy absorbed by the pump to be optimized was calculated
by Equation (12).

Edir =
∫

T
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∆Hdir Q
η

dt (12)

For the analyzed case study, the optimal diameter resulted as 116 mm, the rotational speed
varying from 2679 rpm to 3000 rpm, and the number of stages as 2. The total amount of energy was
calculated as 22,327 kWh/year.

5. Results

To analyze the results and to compare the different scenarios, the following two indices have
been defined.

EI1 =
Eind − EPAT − Edir

Eind
=

∆E
Eind

(13)

EI2 =
Eind − Edir

Eind
(14)

where (Eind − EPAT) represents the energy consumption of the indirect pumping scenario with energy
recovery; Edir represents the energy spent in the direct pumping scenario; and Eind is the energy
consumption of the indirect pumping scenario in the absence of energy recovery. Thus, ∆E represents
the difference in energy spent in both the scenarios. The first index, EI1, measures the convenience
of the direct pumping scenario when compared to the scenario with indirect pumping and energy
recovery. If the index is positive, the energy required to pump water directly to the network is lower
than the energy required by the indirect scenario. This is the difference between the energy required
by indirect pumping and the energy recovered by the PAT. The second index, EI2, measures the
convenience of one of the two scenarios when no energy is recovered by any EPD.

In both EI1 and EI2, the amount of energy that is saved due to the reduction of leakage is not
considered, even if it can be a considerable value. Such a calculation can be very difficult, since
a complete model of the network is needed to relate the pressure and the amount of leakage. However,
the pressure distribution along the network is equal for both scenarios, thus the contribution of water
saving is equal both for indirect and direct pumping.

Referring to the case study, EI1 is equal to 0.24 and EI2 is 0.31. This means that for the case study
network, up to 31% of energy can be saved if a strategy of direct pumping of water to the network
is adopted. Furthermore, the amount of energy that can be saved by a PAT is lower than the saving
performed by direct pumping. In fact, in the direct pumping scenario, the required daily energy is
equal to 61 kWh/day, while the indirect pumping daily energy is equal to 89 kWh/day and 6 kWh/day
can be recovered by the PAT. Then, the energy losses due to the efficiency of the two machines (indirect
pump and PAT) contribute to make the direct pumping scenario more convenient. In Table 1, the main
figures of the two scenarios are reported.

Table 1. Main figures of the indirect and direct pumping scenarios.

Scenario Pumping Head
(m)

Energy
(kWh/Year)

Efficiency Index
EI1

Efficiency Index
EI2

Recovered Energy
(kWh/Year)

Indirect 48.14 32,420
0.24 0.31

2234

Direct 34.88 22,327 -

The analyzed conditions do not cover all the design solutions. Indeed, indirect pumping could
be operated only during the night when the energy cost is cheaper. During the day, when the flow
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demand and the price of the energy are higher, water could be provided from the reservoir. In such
a case, the volume of the storage tank should be large enough to ensure the reserve of water for the
whole day. The most convenient solution depends on multiple factors, such as the real price of energy,
civil works, and the feed-in tariff regulation (the selling price of renewables). A deeper analysis should
include a life cycle assessment [5] in order to also consider the environmental sustainability.

5.1. Energy Indices under Differing Boundary Conditions

For the sake of generality, some differing boundary conditions have been studied, by varying the
pumping head of both scenarios, corresponding to different distances and elevations of the source from
the distribution. For the indirect pumping scenario, different values of pressure head were assigned,
namely ∆Hind = 25 m, ∆Hind = 50 m, and ∆Hind = 100 m. Then, for each value of ∆Hind, several values
of the average pressure head (∆Hdir) have been considered, setting the ratio i1 between 0.5 and 1.5,
i1 being:

i1 =
∆Hdir
∆Hind

(15)

Indeed, even if the required head at the end of the pipeline in direct pumping is lower, ∆Hdir can
be larger than ∆Hind due to the head losses, that is, due to a smaller diameter pipe or a longer path.
Then, for each value of ∆Hind and i1, several values of head loss in the approaching pipe in the direct
pumping scenario have been considered, setting i2 to 25%, 50%, and 75%, where i2 is the ratio between
the head loss produced by the average daily discharge, Q, calculated by the Hazen–Williams formula,
and ∆Hind:

i2 =
JL

∆Hind
=

10.67Q1.852L
K1.852D4.8704

∆Hind
=

r Q1.852

∆Hind
(16)

where L and D represent the length and the diameter of the pipe linking the water source and the
network, respectively; K is the roughness coefficient corresponding to a different material of the
aforementioned pipe; and Q is the average daily demand of the network, equal to 4.35 L/s. The terms
L, D, and K were assembled in only one term, namely r.

For each combination of ∆Hind, i1, and i2, the amount of required energy in both scenarios has
been evaluated and the two indices, EI1 and EI2, have been calculated.

Figure 11 shows the values of EI1 and EI2 when ∆Hind is set to 25 m.

Fluids 2018, 3, x 11 of 17 

The analyzed conditions do not cover all the design solutions. Indeed, indirect pumping could 
be operated only during the night when the energy cost is cheaper. During the day, when the flow 
demand and the price of the energy are higher, water could be provided from the reservoir. In such 
a case, the volume of the storage tank should be large enough to ensure the reserve of water for the 
whole day. The most convenient solution depends on multiple factors, such as the real price of 
energy, civil works, and the feed-in tariff regulation (the selling price of renewables). A deeper 
analysis should include a life cycle assessment [5] in order to also consider the environmental 
sustainability.  

5.1. Energy Indices under Differing Boundary Conditions 

For the sake of generality, some differing boundary conditions have been studied, by varying 
the pumping head of both scenarios, corresponding to different distances and elevations of the source 
from the distribution. For the indirect pumping scenario, different values of pressure head were 
assigned, namely Δ퐻  = 25 m, Δ퐻  = 50 m, and Δ퐻  = 100 m. Then, for each value of Δ퐻 , 
several values of the average pressure head (Δ퐻 ) have been considered, setting the ratio 푖  
between 0.5 and 1.5, 푖  being: 

푖 = 	
Δ퐻
Δ퐻  (15) 

Indeed, even if the required head at the end of the pipeline in direct pumping is lower, Δ퐻  
can be larger than Δ퐻  due to the head losses, that is, due to a smaller diameter pipe or a longer 
path. Then, for each value of Δ퐻  and 푖 , several values of head loss in the approaching pipe in 
the direct pumping scenario have been considered, setting 푖  to 25%, 50%, and 75%, where 푖  is the 
ratio between the head loss produced by the average daily discharge, 푄, calculated by the Hazen–
Williams formula, and Δ퐻 : 

푖 = 	
퐽퐿

Δ퐻 =	
10.67	푄 . 퐿
퐾 . 퐷 .

Δ퐻 =
푟	푄 .

Δ퐻  (16) 

where 퐿 and 퐷 represent the length and the diameter of the pipe linking the water source and the 
network, respectively; 퐾 is the roughness coefficient corresponding to a different material of the 
aforementioned pipe; and 푄 is the average daily demand of the network, equal to 4.35 L/s. The terms 
퐿, 퐷, and 퐾 were assembled in only one term, namely 푟. 

For each combination of Δ퐻 , 푖 , and 푖 , the amount of required energy in both scenarios has 
been evaluated and the two indices, 퐸퐼  and 퐸퐼 , have been calculated. 

Figure 11 shows the values of 퐸퐼  and 퐸퐼  when Δ퐻  is set to 25 m. 

 
Figure 11. Trend of efficiency indices for Δ퐻  = 25 m with 푖 	  equal to 25%, 50%, and 75%, 
respectively. 

Figure 11. Trend of efficiency indices for ∆Hind = 25 m with i2 equal to 25%, 50%, and 75%, respectively.

For each value of i1, a very small variability of both indices occurs depending on i2. This means
that the head loss has a very small influence on the energy efficiency of the system. Furthermore,
where i1 is equal to 1, that is, when ∆Hdir is equal to ∆Hind, indirect pumping with energy recovery
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is more convenient (EI1 is negative) and this saving amounts to about 5%. Instead, in the condition
of no energy recovery, the most convenient scenario is direct pumping and the benefit amounts to
around 8%. Furthermore, in the absence of energy recovery, direct pumping is the most convenient
scenario until a value of ∆Hdir = 1.09·∆Hind; instead, the convenience of such a scenario decreases
in the condition of energy recovery: indeed, direct pumping is the favorite scenario until a value of
pressure head of approximately ∆Hdir = 0.94·∆Hind is reached. Obviously, both indices increase as i1
decreases; that is, the convenience of direct pumping increases as the direct pumping head decreases.

Figure 12 shows that by increasing ∆Hind to 50 m and 100 m, for i1 equal to 1, the convenience of
indirect pumping with energy recovery reduces to 2% for ∆Hind = 50 m and 0.5% for ∆Hind = 100 m.
This reduction happens because the amount of energy that can be recovered by the PAT decreases
with respect to the total energy required for the pumping. In the absence of energy recovery, direct
pumping is still the most convenient scenario, although such a convenience decreases to around 5%
for ∆Hind = 50 m and 3% for ∆Hind = 100 m. If no energy recovery is applied, then the direct pumping
scenario can be considered convenient up to i1 = 1.04 (∆Hind = 50 m) and 1.02 (∆Hind = 100 m). When
energy recovery is performed by a PAT, the indirect pumping is convenient for i1 greater than 0.98
when ∆Hind = 50 m and greater than 0.99 when ∆Hind = 100 m. Such a behavior probably occurs
because EPAT is constant among the different conditions and its relevance decreases as ∆Hind (and
thus ∆Hdir, Eind, and Edir) increases. The convenience of direct pumping increases as i1 decreases.
The previous results are shown in Table 2, where “saving” represents the percentage of energy saved
by indirect pumping (in the condition of energy recovery) and by direct pumping (in the absence of
energy recovery) for i1 equal to 1. Moreover, in Table 2, “direct scenario cutoff” represents the value of
∆Hdir until which direct pumping is the most convenient scenario.
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Table 2. Main figures of the indirect and direct pumping scenarios.

∆Hind (m)
Energy Recovery No Energy Recovery

Saving (%) Direct Scenario Cutoff Saving (%) Direct Scenario Cutoff

25 5 0.94 ∆Hind 8 1.09 ∆Hind
50 2 0.98 ∆Hind 5 1.04 ∆Hind

100 0.5 0.99 ∆Hind 3 1.02 ∆Hind
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5.2. Previously Reported Energy Indices for Different Boundary Conditions

Gómez et al. and Cabrera et al. [34,35] introduced some efficiency indices of ideal (ηai) and real
(ηar) systems. These indices are presented in Equations (17) and (18).

ηai =
Euo

Esi
=

Euo

Euo + Eti + Eei
(17)

ηar =
Euo

Esr
=

Euo

Euo + Etr + Eer + Erg
=

Euo

Esr,n + Esr,p
(18)

In these equations, Euo is the minimum required energy by users (no matter whether the system is
ideal or real), Eti is the topographic energy required by an ideal system, and Eei is the supplied excess
energy for an ideal system. Moreover, real system efficiency is characterized by an additional term,
Erg, representing reducible global energy. Furthermore, Esr,n and Esr,p are the natural and shaft energy
supplied to the system, respectively. Euo is related to the topography of the network and is constant.
Esr,n depends on the location and the elevation of the source, and Esr,p is the energy spent by pumping.
The energy recovered by the PAT is subtracted to Esr,p for the calculation of ηar.

The authors of [34,35] defined these indices to give an overview of the energy efficiency of the
supply system and the whole distribution. Applying these to the current case study, for the indirect
pumping scenario, ηai is equal to 0.37, whereas ηar is equal to 0.24 with energy recovery (ηar,1.2) and
0.22 otherwise (ηar,1.2). In the direct pumping scenario, ηai and ηar (i.e., ηar,2) can be evaluated as 0.46
and 0.30. The higher efficiency of the direct pumping scenario highlights its convenience for this case
study. In Table 3, the main figures of the two scenarios are reported.

Table 3. Main figures of the indirect and direct pumping scenarios: efficiency index of ideal system
(ηai), efficiency index of real indirect pumping system with energy recovery (ηar,1.2) and otherwise
(ηar,1.2), efficiency index of real direct pumping system (ηar,2).

Scenario ηai ηar,1.1 ηar,1.2 ηar,2

Indirect 0.37 0.24 0.22 -

Direct 0.46 - - 0.30

The two efficiency indices showed above have been calculated for different conditions of sourcing,
that is, different values of i1 and i2. Figure 13 shows trends of the ηar efficiency index with i1 for
different values of ∆Hind and i2.

1 

 

 
(a) (b) (c) 

 
Figure 13. Trend of efficiency indices reported by the authors of [34,35] for ∆Hind = 25 m (a);
∆Hind = 50 m (b); and ∆Hind = 100 m (c).
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As shown in Figure 13, for an assigned value of i1, the efficiency reduces with increasing i2. Indeed,
a higher value of i2 means a higher proportion of head loss on the total pumping head. This leads to
higher elevation of the source, thus higher values of natural energy Esr,n. From Equation (18), if Esr,n

increases, then ηar decreases.
Furthermore, the comparison between the values of ηar,1.1 and ηar,2 gives information about the

convenience of each of the two scenarios. As demonstrated above, the convenience of direct pumping
increases for decreasing i1. Thus, direct pumping can be considered more convenient if a certain
amount of the pumping head can be saved by bypassing the storage reservoir upstream of the network.
The plot of Figure 13, similarly to Figures 11 and 12, shows that even in the presence of energy recovery,
if the reduction of pumping head is significant, that is, i1 is lower than a certain value, then direct
pumping is the more convenient strategy. Nevertheless, for Hind = 25 m, the ηar efficiency of direct
pumping is higher for values of i1 lower than 0.88, whereas the calculation of EI1 shows that the cutoff
occurs for i1 equal to 0.94. Similarly, for Hind = 50 m and Hind = 100, the analysis of the values of ηar

could lead to slightly different results in terms of this energy audit, if compared with the values of
Figures 11 and 12.

Finally, even if the calculation of ηar gives an overview of the mutual convenience of the two
practices, it does not give detailed information about the amount of energy that can be saved in either
of the two scenarios.

6. Conclusions

In this paper, the energy efficiency of the supply system of a water distribution network is
discussed. A branch of a real water distribution network has been adopted as a case study, serving
the area of Ballacolla (IE) with an average daily discharge of 4.35 L/s. The amount of water leakage
within the network is very high, since during the night-time, the minimum discharge is about 70% of
the average daily discharge. A pressure control strategy is mandatory for this network to save water
and the energy embedded. A renovation of the pipeline could be also considered to further decrease
the amount of leakage, but this choice has been not investigated in this paper.

The case study is representative of many situations that occur in water systems, where the water is
pumped to an elevated tank or reservoir and then distributed to the network after a pressure reduction
to control the water leakage. The energy requirement was assessed as 32,420 kWh/year to pump the
water from the source to the reservoir, while an average value of 5075 kWh/year of hydraulic energy
has been assessed as being dissipated within the valve.

Two alternative scenarios have been considered to increase the energy efficiency of the system:
(i) reducing the pressure downstream of the reservoir replacing the valve with a PAT to recover energy
and control the pressure; or (ii) bypassing the upstream reservoir and directly supplying the network
from the source at the required pressure value with a variable speed pump. An energy audit of both
scenarios has been presented.

In the first case, the PAT allowed the saving of 2234 kWh/year, while the variable speed pump
in the direct pumping scenario required 22,327 kWh/year, with a saving of 10,090 kWh/year. Thus,
as already predicted by some studies, the case study seems to demonstrate that direct pumping can
be considered as more efficient than indirect pumping, even if the system is provided with an energy
recovery device such as a PAT or a turbine.

For the sake of generality, some other supply conditions have been simulated, corresponding to
different combinations of source location, source elevation, head loss in direct pumping, and head loss
in indirect pumping. An energy index has been defined to compare and analyze the results. The study
gave more comprehensive information about the benefit of either of the two scenarios. The direct
scenario is more convenient when no PAT is provided for energy recovery, unless the direct pumping
head is too high, that is, due to higher head losses in the approaching pipe. Nevertheless, when the
system is equipped for the energy recovery, the results slightly change. When the values of pumping
head both in the direct and indirect scenarios are equal, indirect pumping with energy recovery is
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up to 8% more convenient than direct pumping. In fact, direct pumping becomes advantageous as
long as the pumping head can be reduced, and its convenience increases as such a reduction increases.
A similar behavior can be observed by the analysis of the efficiency indices proposed by Gómez et
al. [34] and Cabrera et al. [35].

In conclusion, the direct pumping scenario could be convenient if the pumping head could be
reduced (up to 6%) and the variable speed pump ensures the correct operation of the network, avoiding
the high environmental impact of a reservoir. Nevertheless, in certain cases, indirect pumping to an
elevated tank or reservoir can be an advantageous practice, if the system is provided with a PAT for
energy recovery. In the latter case, the presence of a reservoir increases the resilience of the water
system, for example, in the case of a power failure. The optimal solution must be studied case by case,
depending on the hydraulic conditions of the system and on the real costs and benefits of each possible
design solution.
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