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Abstract: Gravity flow water distribution systems (WDSs) are used to permit water flow from an
input point of highest elevation (source) to the terminal points of a system (consumers). In such WDSs,
typically, there is no need for external power to maintain the flow due to the typical high gradients
that exist. However, those gradients cause high water velocity and pressure to some network areas
that could potentially lead to pipes bursting. Currently, the only means to regulate pressure within
allowable range are Pressure Reduction Valves (PRVs). They are installed at various locations, but
they cannot utilize the existing hydropower potential in terms of electrical energy production. This
paper provides a methodology for hydro-turbines dimensioning, so that they mimic PRV operation
in terms of pressure regulation while producing power efficiently. This includes an algorithmic
process within which the proper turbine design and performance prediction are initially determined,
and then, via an interconnection between EPANET and MATLAB, the hydraulic behavior of their
operation within the water network is modeled and simulated. The methodology has been tested
with simulations of a typical urban WDS. The results indicate that the produced turbine geometries
mimic PRV action at the respective locations with more than 1% accuracy during 70% of the time
(2% maximum error), while producing electric energy with hydraulic efficiency over 60%.

Keywords: water distribution systems; hydro-turbine design; pressure reduction valves; hydraulic
simulation; pressure management; energy recovery; renewable energy

1. Introduction

Since ancient times, water has constituted a unique source of energy that was used
systematically in favor of man’s interests. It is practically inexhaustible and considered
among the clean forms of energy which, if exploited, could lead to the production of
substantial amounts of low-cost electrical energy. All contemporary Water Distribution
Systems (WDSs) contain a significant amount of such energy. In gravity systems the
input point of the main tank is higher than all the withdrawal points, so there is no
need for a pumping system for water flow circulation [1]. Consequently, due to this
significant elevation difference, within the lower parts of the network a high water pressure
is witnessed that needs to be reduced for pipeline and consumer safety. Unfortunately, this
means that even today we dissipate a significant amount of green energy in order to abide
by the hydraulic restrictions of the network and consumer comfort.

At the same time, existing WDSs do not incorporate efficient strategies for achieving
water savings through water demand control, while corresponding methods towards this
direction still have not been extensively researched [2]. Achieving a significant amount of
water savings by introducing technical methods for preventing consumer prodigality is not
only considered valuable from an environmental standpoint (i.e., water conservation), but
also from an economic one. Furthermore, the restriction of end-side demand to a lower,
but sufficient, value reduces water leakages and losses as they are both proportional to
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pipe water flow. Poor WDS infrastructure and restricted budgets lead to water supply
inefficiency [3] and significant annual water losses that bear a significant cost for water
utilities, which is eventually rolled over to consumers. One of the most common and
efficient techniques to minimize water losses and leakages is water pressure reduction [4,5].

In practice, pressure regulation is usually achieved by common hydraulic structures
and devices like Brake-Pressure Tanks (BPTs), where the excess hydrostatic pressure and
kinetic energy of water is dissipated to the atmospheric pressure and Pressure Reduction
Valves (PRVs) [6–8] that can regulate the downstream water pressure to the desired (set)
value. These mechanisms keep water pressure within reasonable range, and thus, minimize
the risk of pipeline bursts and service inconvenience. Despite their simple construction
and operation, PRVs are especially prone to failures due to the mechanical elements that
they consist of and require frequent maintenance to ensure that they work efficiently. At
the same time, both BPTs and PRVs are considered as passive devices that achieve pressure
adjustment only in one direction, i.e., at their outlet, while not having the ability to utilize
any of the water energy at their inlet. Recent research recommends the use of Pumps As
Turbines (PATs) as the standard energy recovery machines [9–12]. They combine simple
and cost-effective operation when optimally selected and located in a WDS [9,11]. Many
correlation methods, empirical expressions and approach equations have been proposed to
assess the Best Efficiency Point (BEP) of the PAT and to improve its performance during
variable operation strategies [10,12–15]. Unfortunately, their employment is accompanied
by uncertainty in performance prediction, lower efficiency and inflexibility in ranging
operational conditions [12,13,16]. Therefore, this work is part of ongoing research that
investigates the alternative solution in WDSs of the more expensive, but well-documented
and efficient, turbines [17,18]. The installation of a hydro-turbine that converts the excess
energy of PRVs in terms of pressure head into useful energy in the form of electricity
appears as a promising alternative in many research papers [19–23]. In particular, the
techno-economic feasibility and environmental benefits that derive from this renewable
energy production are outlined in [19–21], while the assessment of the energy potential in
such systems is demonstrated in [19–22]. An analytical study for optimal location selection
of PRVs and hydro-turbines in WDSs can be found in [23,24], while the economic viability
of turbines placed in municipal water networks is highlighted in [25].

Hydro-generation from WDSs constitutes a unique case of Renewable Energy Source
(RES) that sets it apart from all the typical RESs, especially photovoltaics and wind turbines,
in four notable ways: Firstly, there is no overreliance between the weather conditions and
the water demand. This in turn translates into two beneficiary outcomes. Initially, the
expected hydro-turbine power generation can be estimated with high accuracy because the
water discharge is dependent on the consumption [19], unlike the solar and wind power
generation that are associated with uncertainty and relative unpredictability. Secondly,
power generation from water can be produced non-stop. On the contrary, photovoltaic gen-
eration is insignificant during extreme cloud cover conditions or even zero at night, while
wind turbines cannot produce power during low wind speeds. Furthermore, the hydro-
turbine installation in a WDS is practically invisible, as it employs network infrastructure
and components that are already in use [20], does not occupy land, and therefore does not
have an aesthetic impact or constitute a public nuisance, unlike the wind and solar projects
that can, at times, cause unreasonable discomfort or annoyance to neighboring landowners
and the general public. More specifically, wind turbines produce noise at short distances
and demand significant supportive construction, while residential solar panels, due to their
low kWp/m2 ratio, occupy large surfaces on rooftops to achieve a respectable amount
of power output. Finally, the energy provided by hydro-turbine installations in WDSs
is produced and mostly consumed locally as it is reasonable to assume that population
density, water consumption and electricity demand are correlated [26,27].

Many researchers investigate the economic benefit of replacing PRVs with recovery
machines, but their perspective is limited to dissipated energy. To the best of our knowl-
edge, there is currently no published work on proper dimensioning and design of recovery



Water 2023, 15, 554 3 of 27

machines that achieve identical downstream pressure as PRVs. This work aims to provide a
step-by-step methodology for dimensioning turbines planned to replace the existing PRVs
in a typical WDS. The implementation of the suggested algorithmic process allows mini-
mum deviation between the PRV and turbine operation in terms of achieved downstream
pressure through the proper sizing and performance prediction of hydro-turbine units.
Considering that the current methodology targets at precisely mimicking PRV operation,
water losses achieved by turbine operation are expected to be the same as the PRVs. In
addition, the hydro-turbine’s ability for pressure regulation is assessed and its performance
in producing clean electric energy is evaluated. In this paper, a WDS obtained from the
Kentucky Infrastructure Utility (KIA) is used as a case study [28]. Its hydraulic behavior
is simulated with the use of EPANET, the industry standard software. To investigate the
accuracy and credibility of the results, the default demand-driven method is adopted in
order to solve the existent network model. The target is to test the ability of the suggested
hydro-turbine designs to achieve pressure regulation similar to PRVs and power generation.

The structure of this paper is as follows: The required background is presented in
Section 2, divided into three parts. First, the basic hydro-turbine design and performance
principles are introduced. Later, the features and differences in the standard simulation
models that are used in contemporary WDS are presented. Lastly, the simulation tools
EPANET and EPANET-MATLAB Toolkit are presented.

In the third section, after describing the general WDS layout, the dimensioning process
for a hydro-turbine located at a specific network point is discussed and the methodol-
ogy that is used during hydro-turbine simulation within the robust model of EPANET
is explained.

In the fourth section, the results derived from the proper turbine dimensioning on
several locations of a typical WDS are presented and discussed, followed by the evaluation
of hydro-turbine’s performance in both pressure regulation and energy production.

In the concluding section, the total impact of properly sized hydro-turbines installed
in a WDS is summarized. The prospect that emerges in water pressure management and
alternative power generation is also discussed, and finally, future research possibilities are
being suggested.

2. Background
2.1. Hydro-Turbine Performance-Characteristic H–Q Curves

The aim of this work is to provide the guidelines for proper dimensioning of hydro-
turbines installed in a WDS, and the estimation of their performance. At the start of every
preliminary hydro-turbine design process and performance prediction it is mandatory to
calculate the specific speed, i.e., a rating for hydro-turbine performance. In this paper,
the dimensional specific speed formula is adopted. It involves all operating conditions:
volumetric flow rate (Q), turbine working head (H) and runner rotational speed (N), i.e.:

nq =
N·
√

Q
H0.75 (1)

The calculation of specific speed enables us to make use of various correlation diagrams
derived from published experimental data that indicate the optimal hydraulic profile
of a turbine. Important design and operating parameters, like turbine type and main
dimensioning, hub-to-tip diameter ratio, number of blades, work coefficients and even an
estimation of hydraulic efficiency, result from their correlation with specific speed. This
allows us to have a good first estimation of turbine sizing and performance without the
need for in-depth analysis. A typical correlation diagram that involves specific speed, head
and turbine type selection is shown in Figure 1.
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Figure 1. Typical correlation diagram between specific speed (nq) and head (H) [29].

A combination of specific values for Q (m3/s), N (rpm) and H (m) determines the
so-called “design point” or Best Efficiency Point (BEP) of the hydro-turbine, i.e., the point
where the hydro-turbine is designed to operate at its highest efficiency. Euler’s fundamental
equation for turbines relates the power absorbed from the water flow with the geometry
and the velocities of the runner. Its general formulation is presented in Equation (2a).
By rearranging Equation (2a) by means of introducing the geometrical properties of the
runner, its mathematical formula shapes into Equation (2b). Equation (2b) applies to all
reaction type turbines and becomes more accurate when blade thickness can be assumed
negligible when compared with the annulus passage area over the entire blade zone [30].
The schematic representation of the velocity triangles at turbine inlet and outlet, along
with the notation of the various velocity components and angles that are employed in
Equation (2) are depicted in Figure 2.

HEuler = Hdes =
(Cu1·u1 − Cu2·u2)

g
(2a)

Hdes = f (Qdes) =
u2·Qdes

g

(
1

πD2b1
· 1
tgα1

+
1

πD2b2
· 1
tgβ2

)
−

u2
2

g
(2b)

where: g is the gravitational acceleration (m/s2);
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Figure 2. Basic form of inlet and outlet velocity triangles of a typical reaction turbine [31].

cu1, cu2 is the tangential component of the absolute blade velocity at turbine inlet and
outlet velocity triangles (m/s);

Qdes is the design flow rate (m3/s);
u1, u2 are the peripheral blade velocity at turbine inlet and outlet velocity triangles (m/s);
D2 is the outlet runner diameter (m);
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b1, b2 are the inlet and outlet blade width (m);
α1 is the guide vane’s pre-swirl angle (in degrees);
β2 is the blade outlet angle (in degrees).
In many cases, hydro-turbines are required to operate in conditions and scenarios

away from their design point: different flow rate, head and power output. In practice,
to handle efficiently different operating conditions (e.g., suboptimal water flow rates),
reaction turbines like Francis or Kaplan are always equipped with guide vanes. In the
case of Kaplan an adjustable runner blade angle mechanism is also added. Guide vanes,
specifically, consist of several blades that can be adjusted to guide the water flow through
the runner blades in an optimal angle (i.e., shockless entry). For a hydro-turbine to keep
working efficiently, either in terms of achieving its power output with maximum efficiency
or imposing a specific head drop regardless of the efficiency, as is required by the operation
of PRVs, it is necessary to estimate all corresponding working points. This is possible by
constructing both the η–Q (efficiency-flow rate) curve and the characteristic H–Q (head-
flow rate) curve, which indicate the way that efficiency and head change with varying
flow rate, respectively. Normally, the H–Q curve is a strictly increasing function, as it is
showcased in Figure 3 [32] and becomes evident from Equation (2b) by calculating H as a
function of Q. Such curves can be drawn for a specific rotational speed value and absolute
flow angle at inlet, which in turn depends on guide vane opening. From the ideal Euler line
it can be observed that for each such curve there is always a critical flow rate (Qo) below
which the hydro-turbine does not work as intended, but enters a mode of operation where
it behaves neither as turbine nor as pump [33]. By changing the absolute flow angle at
inlet to a bounded range and forming the equivalent η–Q and H–Q curves, the behavior of
the same machine for different operating points (flow rates, heads and rotational speeds)
can be assessed. Equation (3) suggests that the final characteristic H–Q curve, also known
as the actual performance curve, results from the ideal Euler line if all forms of losses
(i.e., hydraulic, volumetric, kinetic) are included. In practice, hydraulic losses (i.e., friction
and shock losses) are the most consequential, and hence it is essential to introduce their
mathematical expressions by Equations (4) and (5). Then, the hydraulic efficiency which
accounts for these losses is calculated in Equation (6).

Hactual = Hideal + Hlosses (3)

δhshock = ζs·
(

1− Qi
Qdes

)
·
u2

1
2g

(4)

δh f riction = ζ f ·Q2 (5)

ηh =
HEuler
Hactual

=
Hdes

Hactual
=

(Cu1·u1 − Cu2·u2)

g·Hactual
(6)

where: Qi is the flow value away from the design point (m3/s);
ηh is the hydraulic efficiency;
ζs and ζf are the shock and friction loss coefficients; respectively.
The coefficient ζs ranges between 0.5 and 0.7 [34] and ζf includes the combined effect

of both major (friction) and minor losses; their values are calculated in such a way that the
actual curve of the estimated efficiency will cross the design point according to turbine
and blade shape and structure. In practice, these various losses tend to generate character-
istics whose maximum efficiency is reached at water flow values lower than the original
design flow.

According to Equations (4) and (5), for constant u1 and since coefficients ζf, and ζs are
considered constant at the fully turbulent region, hydraulic and shock losses are dependent
solely on the flow [33].
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2.2. Similarity Laws

According to laws of similarity, during conditions of dynamic similarity of flow it can
be proven that between different working points the following set of simplifying equations
are satisfied [33,35]:

Q1

Q2
=

(
D1

D2

)3
·N1

N2
(7)

H1

H2
=

(
D1

D2

)2
·
(

N1

N2

)2
(8)

P1

P2
=

(
D1

D2

)5
·
(

N1

N2

)3
(9)

where: N1 and N2 represent different runner rotational speeds (rpm);
Q1 and Q2 are the flow rates at speed N1 and N2, respectively (m3/s);
H1 and H2 are turbine heads at speed N1 and N2, respectively (m);
P1 and P2 are the mechanical power outputs at speed N1 and N2, respectively (kW);
D1 and D2 represent the tip diameters of two different turbines (m).
If the behavior of the same hydro-turbine is to be assessed, i.e., D1 = D2 = constant

at different operational conditions, then Equations (7)–(9) are grouped together into
Equation (10):

Q1

Q2
=

N1

N2
=

(
H1

H2

) 1
2

(10)

By assuming coefficients ζh, ζs as constant (see Section 2.1), losses in head δhhydraulic
and δhshock can be computed for different operating conditions (Q2, N2, H2, η2), with respect
to the initial design (Q1, N1, H1, η1), as follows:

Q1

Q2
=

N1

N2
=

(
H1

H2

) 1
2
=

(
δh1

hydraulic

δh2
hydraulic

) 1
2

=

(
δh1

shock

δh2shock

) 1
2

(11)

In practice, efficiency is assumed to remain unchanged for speed variations less than
20%, i.e., N1−N2

N2
·100% < 20%, while for larger variations a corrective factor is applied [33]:

η2 = 1− (1− η1)·
(

N1

N2

)0.1
(12)

where η2 is the total efficiency for rotational speed N2, while η1 represents the total efficiency
of the corresponding working point for rotational speed N1.
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By deploying the characteristic H–Q curve and similarity laws it is possible to switch
between different H–Q curves (see Section 2.4) and treat the given hydro-turbine in
two ways:

• As a power generating machine by focusing on the working points which, according
to the current flow rate, maintain the maximum efficiency regardless of the resulting
head-pressure drop at the outlet;

• As a water pressure regulator that keeps track of the working points that achieve the
requested head-pressure drop at its outlet with the available flow rate, regardless of
the resulting efficiency or power output.

Therefore, turbine operation settings (turbine rotational speed, guide vane opening
and water pressure) can be used as variables in an optimization process for different
objectives that consider water network constraints, such as maximum power generation,
precise pressure regulation and minimization of water losses. In the present paper only
the hydro-turbine’s performance as water pressure regulator is being investigated. Electric
power generation is calculated only as a byproduct of the pressure regulation process.

2.3. Simulation Approach

Hydraulic modeling and simulation software, like EPANET [36], are based on Demand-
Driven Analysis (DDA). The DDA approach assumes that nodal water inflow has a fixed
and known value. This means that nodal water demand remains constant and is always
fully satisfied, irrespective of the available nodal hydraulic head, a condition that can be
accurate only when every system location works under normal conditions and the required
nodal pressure is satisfied [37]. This means that in a DDA model the consumer will always
be supplied, and demands will always be met, even if pressure drops below a physically
realistic level, i.e., nodal pressure head becomes lower than required consumer’s head
or even negative. It is not uncommon that occasions like high demand for fire-fighting,
pipe bursts or failures and demands in excess of design capacity can lead to pressure
insufficiency [38]. It is obvious that in such scenarios, employing a DDA model may lead
to misleading results concerning network reliability and redundancy, regardless of the
iterative algorithm it uses to solve the system equations.

Nevertheless, DDA models simulate system behavior accurately if the system rarely
enters an abnormal condition, which is clearly the case with well-designed water networks.
Consequently, the majority of modern hydraulic simulation applications are based on DDA.
Pressure-Driven Analysis (PDA) is engaged only in “abnormal” conditions scenarios. Then,
water demand is not only a function of time, but also a function of pressure [39–41]. For a
WDS model to be realistic it should be able to accommodate both pressure independent
and pressure controlled demand, which is the case with EPANET as it enables the user
to run both a DDA and PDA simulation depending on network conditions. In this paper,
network behavior during regular operating conditions is being assessed, and hence, the
typical DDA model is adopted.

EPANET is considered the industry standard software for extended time period
simulations of the hydraulic behavior of water distribution networks. It implements the
conventional DDA approach, and the system equations are solved according to the Global
Gradient Method [42,43]. The Global Gradient Method’s wide acceptance and success has
led to various modifications, extensions and alternative formulations in order to further
improve the already good convergence characteristics and robustness [44,45]. However, for
the scope of this work EPANET’s default solution method is considered “sufficient”.

In this work, an external algorithm has been created in MATLAB to calculate the
turbine’s main geometry followed by its performance prediction. According to these
two key aspects, all the characteristic H–Q curves for the different scenarios are created,
which in turn are imported on the EPANET network via the EPANET-MATLAB toolkit.
EPANET-MATLAB Toolkit [46] operates within the MATLAB environment and provides a
programming interface within EPANET, allowing access to all its shared object libraries
and executables. This enables MATLAB to directly call EPANET’s dynamic-link library,
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have access to all network information, as well as to be able to modify and visualize its
topology and simulate its hydraulic behavior.

EPANET is able to incorporate and model hydro-turbine operation within its
workspace [36,47], which is done with the proper adjustment of the parameters of the
General Purpose Valve (GPV) model. It requests as an input the GPV’s diameter, which in
the context of this paper matches the turbine’s tip diameter, and as a setting it requests its
flow-head relationship. This relationship is expressed by the characteristic H–Q curve that
represents the turbine’s performance curve, i.e., the pressure head drop H that it imposes
at its outlet with changing volumetric flow rate Q at its inlet. With the use of EPANET-
MATLAB-toolkit, the GPV settings can be adjusted “on the fly”, as they are calculated
off-line using MATLAB, by importing a new H–Q curve in order to impose a different
pressure drop on the turbine’s outlet. Of course, this curve must represent the equivalent
performance curve of the same turbine that corresponds to the adapted conditions. In this
way, the turbine’s behavior can adapt to the changing operating conditions of the water
network with the adjustment of the turbine’s rotational speed, guide vane opening and
blade angles in a bounded range. The adaptation provides control over pressure regulation,
power generation and efficiency.

2.4. Hydro-Turbine Realistic Design

As was discussed in the previous section, EPANET and EPANET-MATLAB-toolkit,
simulate hydro-turbines’ behavior based on a turbine’s outer diameter and its characteristic
H–Q performance curve. By modifying any of these fields the turbine’s operation will
change as well. If the installation of a certain turbine of given diameter is decided, the only
parameters that can be modified in a bounded range are its rotational speed, the guide
vane opening and runner blade angles. Adjusting solely the rotational speed leads to a
much simpler control mechanism, but restricts the range of head loss that can be achieved.
Therefore, it restrains the turbine’s ability to replace an existing PRV that naturally handles
a wide range of pressure-head values. In contrast, by being able to adjust both rotational
speed and the angle at which the water impacts the fixed runner blades, the range of the
attainable head loss is widely expanded but at the cost of a more complicated geometry and
the need of additional moving parts. Depending on the hydro-turbine machine type, those
moving parts can include moving guide vanes and fixed runner blades (single-regulated) in
the case of a radial flow hydro-turbine (Francis type), or moving guide vanes and adjustable
runner blades (double-regulated) in the cases of mixed and axial flow turbines (Deriaz and
Kaplan types) (see Figure 1).

The hydro-turbine type that will be finally chosen will be determined mainly by its
capability to provide PRV services during fluctuant flow rate and head. However, it is
essential that the final hydro-turbine geometry is as simple, robust and cheap as possible.
In this work, a radial flow hydro-turbine, a Francis type specifically, is always assumed to
be the case due to the following facts:

• Traditionally, impulse turbines like Pelton or Turgo are inadequate for PRV replace-
ment because their runner is not submerged in water, and they provide atmospheric
pressure outflow (not controllable). Crossflow turbines can reduce water velocity, but
they have extremely limited capability to reduce head [48];

• The expected water intake Q is rather limited in the case of WDSs. Radial turbines
tend to work more efficiently than Kaplan turbines in such flows;

• In practice, PRVs installed in WDSs reduce the pressure by 1–10 bars (≈10–100 m of
Head), which ranges within the Francis region as it is depicted in Figure 1;

• Francis hydro-turbines, among all other types, have the ability to cover the widest
range of heads and volumetric flows;

• Francis turbines are single-regulated, and thus, compared to double-regulated axial
type turbines like Kaplan, present a robust, economical and less complicated alterna-
tive in terms of runner and generator construction.
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The combinations of relatively small water flows Q and high heads H result in small
nq values and thus lead towards the radial flow hydro-turbine region, which typically
ranges between 20 and 80 (see Figure 1). The selection of Francis turbines among turbine
types based on the specific speeds between 20 and 80 is a straightforward process, and is
justified by classic hydropower analysis. All experimental results and Computational Fluid
Dynamic (CFD) simulations indicate that turbine type selection and design based on nq
leads to the best performance-highest efficiency.

However, recent research that focuses on energy harvesting methods in WDSs has
recommended the alternative of employing PAT systems. Comparing Francis turbines with
PATs is not as simple as comparing different turbine types, and thus additional practical,
economical and performance aspects need to be considered. The considerable performance,
its mass availability and reduced cost indicate that a PAT system is a promising option for
cheap and efficient energy recovery in micro-scale models [13]. However, its employment
presents two major disadvantages. Firstly, since PATs do not possess an adjustable guide
vane mechanism their adaptability in fluctuating flow rates and head is rather limited, and
thus the combined employment of hydraulic and electrical regulation is always required [9].
However, even then they are not able to cover a wide operating range, as the Francis
turbines do [12], and ultimately, they cannot be considered appropriate devices for PRV
replacement. Secondly, since PAT technology is not as well documented as turbines, the
determination of their BEP when operating as turbines still presents a major challenge [14].
Furthermore, their overall performance prediction contains significant uncertainty [16].
PATs are effective mainly when used in locations with low water demand variation [11],
which are difficult to pinpoint a priori and are unlikely to be encountered in PRV sites [49];
thus, the location alternatives under which their installation can be economically justified
is rather limited.

Flow rate and head continually fluctuate in WDSs and PRVs upstream. Furthermore,
in a WDS the impact of each interfering action needs to be well supported by both ex-
perimental and CFD results beforehand. Therefore, the employment of Francis turbines
leads to a more flexible, efficient and well-founded solution for ultimately matching the
PRV operation. Particularly in transient flow cases, there are strong indications that micro-
turbines have the potential to offer an even better pressure regulation than PRVs [50]. In
fact, in WDS locations with the great energy potential (>10 kW) that appears in large pipes
(>200 mm), the cost of installing turbines instead of PATs [51] or even PRVs [52] becomes
comparable. For all the above reasons a Francis type hydro-turbine is selected.

3. Methodology, Turbine Installation and Network Simulation
3.1. General Methodology

The hydro-turbine’s performance is being assessed by replacing the PRVs with their
equivalent GPVs acting as turbines and the corresponding H–Q curves as settings. Hence,
at first, it is vital to determine the PRVs operating modes at each period of time. In general,
PRVs present two operating modes:

• Active, by keeping the downstream pressure to its setting value when the upstream
pressure is higher than this setting value;

• Inactive, if the downstream pressure is lower than its setting value.

The exact working periods of the turbines are identical with the time periods that the
PRVs are active, since they both aim at regulating pressure at a predetermined threshold.

Next, GPV/turbine’s diameter and its design point need to be assigned. Each
GPV/turbine diameter should match the existing pipeline system diameter that the turbine
is planned to be installed. The specific speed, and hence the design point determination,
for each turbine is based on the average flow rate of each pipe Q, on the corresponding
head loss range H that is required in order to fully replicate PRVs impact on downstream
water pressure and, finally, on the corresponding runner rotational speed N. This triad
of values is selected in such a way that the given tip diameter always correlates to the
design point of the actual turbine. In this paper, without limiting the generality of the
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methodology, the selected upper speed limit is considered 4500 rpm and is assumed to
be regulated by the operation of the generator coupled with the turbine. Direct drive
synchronous generators that are used for variable speed applications, like the suggested
one, require power converters that guarantee that the output power and water pressure
are controlled in real time in such a way that the synchronization with the power grid
is secured. Therefore, varying speed and speeds up to 4500 rpm can be handled by the
converters. For all the above reasons, before determining a turbine’s main dimensioning
and design point it is mandatory to collect information concerning the operating conditions
and hydraulic properties of the network, such as:

• PRV active periods;
• Head and pressure values of the upstream and downstream nodes of each PRV to

determine the working head of GPV (head loss curve) for each time period;
• Data concerning the exact water flow value passing through the corresponding pipe

at each time period, in order to select the design flow rate accordingly;
• The range of the minimum and maximum water velocity allowed in the WDS pipelines,

according to the regulation of each country or region. The minimum velocity should
be high enough to prevent sedimentation and the maximum velocity should not be
too high, in order to avoid the erosion of the pipeline and high head losses.

The exact approach leading to the determination of the desirable turbine head drop is
explained below. The total water energy expressed in terms of head (Htotal) is the sum of
elevation (He), pressure (Hp) and kinetic (Hk) head, as Equation (13) suggests:

Htotal = He + Hp + Hk = z +
p

ρg
+

c2

2g
≈ p

ρg
= Hp (13)

where: z is the elevation (m) with respect to an arbitrary datum plane;
p is the static water pressure (Pa);
ρ is the water density (≈997 kg/m3),
g is the gravitational acceleration (m/s2);
c is the water velocity (m/s).
However, after the replacement of PRV with the GPV, the former PRV upstream

and downstream nodes now correspond to turbine inlet and outlet, and since there is
no elevation difference between them the elevation head is considered zero. Moreover,
the acceptable range for water velocity in a typical WDS (0.2 m/s and 1.5 m/s) leads to
insignificant kinetic head values, and thus it is practical to assume that the total energy
head is identical with the pressure head. As a result, the head loss that needs to be imposed
by the GPV for each active time period and results from the numerical subtraction of the
upstream and downstream total energy head also corresponds to the precise pressure
difference between turbine inlet and outlet, expressed in meters of head. Then the real
pressure drop (bar) that is imposed by the turbine can be easily calculated, since 1 bar of
pressure is approximately equal to 10.12 m of head.

Since the first priority is to secure the requested head loss during all time periods,
the turbine will be forced to operate under part load conditions corresponding to lower
power output. In order to achieve the desired head loss at each time period with the
available water flow, various H–Q characteristic curves with different rotational speeds (N)
and Guide Vane Openings (GVOs) should be produced. A change in guide vane opening
translates to different absolute flow angle at inlet (α1), which in turn affects the velocity
triangle at turbine’s inlet, as it was shown in Figure 2.

This can be achieved by building the turbine’s ideal H–Q curve for the current design
point, adjusting its shape by including the various losses, and then producing the final
H–Q curve by applying the similarity law at each such curve (see Sections 2.1 and 2.2). For
each rotational speed there is a group of characteristic curves created by different angles α1,
as Equation (2b) suggests. When the rotational speeds are too far from the design point, the
corrective nature of Equation (12) should be employed. In this paper, without affecting the
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validity of the method, the rotational speed N2 that appears in Equations (7)–(12) is allowed
to vary from 0.5Ndes to 2.5Ndes. The proper calculation of losses is described in Section 2.1.
The previous methodology, by means of a concise algorithmic process that couples both
turbine design (MATLAB) and turbine model simulation (EPANET), is summarized in the
next section.

3.2. Algorithmic Process

The primary aim of the procedure is to propose a turbine design whose operation
can precisely mimic the pressure reduction action of a PRV. Hence, at this point the main
goal is to achieve the requested head loss with the use of the suggested turbine geometry,
irrespective of the efficiency under which this is accomplished.

The algorithm is divided into two processes that interact with each other via the
EPANET-MATLAB toolkit. The first is dedicated to the hydraulic design and performance
prediction of hydro-turbines and is exclusively performed within the MATLAB environ-
ment. The second routine, which is performed within EPANET, integrates the turbine
model within the WDS and launches the hydraulic simulation of the whole network. The
interconnecting link between these procedures is the H–Q curves that are constructed in
MATLAB and imported in EPANET, so that the turbine realistic operation via the GPV
model is incorporated. The individual details and technicalities regarding each algorithmic
process are displayed on the following flow charts (Figures 4 and 5) and are extensively
explained below.

3.2.1. Turbine Design and Performance Prediction Algorithmic Process

Initially, the turbine’s rotational speed and the pressure setting of all the PRVs that are
scheduled to be replaced by turbines is requested. Then iteratively, for each time period t,
the current PRV’s upstream pressure is compared with the pressure setting. If the upstream
pressure is greater than the pressure setting then the PRV is active and the corresponding
pipe flow along with the actual head drop (Hupstream − Hdownstream) is stored. At the same
time, the total number of hours i and the exact set of hours within the day m(i) that the PRV
is active are stored, before the algorithm proceeds to the next time period t. If the upstream
pressure is less than or equal to the pressure setting, then the PRV, and successively the
GPV/turbine, is considered as inactive. In this case, the algorithm skips the current time
period t and advances to the next one (t + 1). When the final time period is reached
(t = 24 h), the process continues with the calculation of the flow rate and head loss profile
that is achieved during the PRV’s active periods and is later requested by the GPV/turbine
operation. Next, according to the current pipe flow rate and PRV’s head loss range, the
methodology explained in Section 2 is applied to determine the proper dimensioning and
turbine working point. This eventually leads to the construction of the actual H–Q curve
for the suggested design point. This H–Q curve is also constructed for different angle
values α1, which are close to the design point value αdes

1 , by applying Equation (2b). By
implementing the similarity laws around the design point, by means of Equations (7)–(11),
the performance map of the hydro-turbine, i.e., H–Q and η–Q curves for different N and
α1, are created. From these curves, only the non-negative Ho–Qo pair values are accepted
(see “turbine region” in Figure 3). At this final step the process terminates, and its output is
stored as a performance map and is ready to be imported to the EPANET environment.
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3.2.2. EPANET-MATLAB Interaction Algorithmic Process

Starting from the first active period k (first time period that GPV/turbine is active), the
requested convergence of flow, head and efficiency is determined:
δQ = |(Qrequested − Qachieved)/Qachieved|, δH = |(Hrequested − Hachieved)/Hachieved|,
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δη = |(ηrequested − ηachieved)/ηachieved|, respectively. For the given k, each H–Q curve
is swept in order to trace the R number of candidate combinations {[Hc(k), Qc(k)]1, . . . ,
[Hc(k), Qc(k)]R−1, [Hc(k), Qc(k)]R} that approach the requested HPRV(k), QPRV(k) values,
under the given δQ and δH convergence value. In the meantime, the corresponding [N(k),
α1(k), ηh(k)]1, . . . , [N(k), α1(k), ηh(k)]R−1, [N(k), α1(k) and ηh(k)]R values are stored. At the
next step, depending on the current operating mode, the hydro-turbine can optimize its
performance in two ways. It can be set to either maximize its efficiency, by operating as a
power generating machine irrespective of the head loss that is achieved, or to minimize the
head loss deviation by operating as a pressure regulating “device” that precisely mimics
the PRV action. The δQ and δη are specified only during the “max efficiency mode” and
δQ and δH during the “PRV mode”. Results where the minimum head loss deviation is
achieved for Hc > HPRV or Qc > QPRV are accepted only when their percentage difference is
lower than 5%. In any case, from the R number of combinations the proper H(k)–Q(k) curve
is selected and then imported in EPANET’s GPV model and a single-period simulation is
launched. This procedure repeats for all turbine working periods i. Before its termination,
the algorithmic process provides access to all important results, e.g., head loss absolute
difference between PRV and turbine action, energy produced along with the hydraulic
efficiency, rotational speed, and angle α1 variation (see Section 4).

4. Application Example

In order to demonstrate the practicality and robustness of the algorithmic process,
before anything else it is required to use data drawn from a real water network of reasonable
scale, that:

• Presents both branched and loop configurations;
• Consists of classic infrastructure and components, such as reservoirs, tanks, pipelines,

pumps, etc., with typical sizing;
• Supplies consumers who display representative water demand requirements and

demand patterns;
• Experiences high pressure in certain areas;
• Features conventional control pressure mechanisms such as PRVs.

KY10 is a primarily branched network that also displays a looped configuration, as
shown in Figure 6 [28]. It consists of many tanks, pumps, nodes and water pipes and
provides 2.26 million gallons (8.555 thousand cubic meters) of water to its 9093 consumers
daily. Along with its physical attributes there are several PRVs that regulate downstream
water pressure to specific setting values. These predetermined values not only preserve
the functionality of the nearby parts of the WDS, but also act beneficially for the overall
network reliability. The most important characteristics and pipe data for this WDS are
summarized in Tables 1 and 2, respectively. Network pipe material is Polyethylene-PE
(10%), vitrified clay (37%) and Polyvinyl chloride-PVC (53%), although all materials have
been assumed to be in the beginning of their life cycle without harming the generality of
the suggested methodology, since they could be adjusted to specific aging data if available.
Since the simulated network consists mainly of residential consumers (92% of total users),
the hourly water demand follows the pattern of the typical residential consumer, as is
depicted in Figure 7.

The optimal location of hydro-turbines and PRVs in a WDS is still a subject of re-
search [19,21,23,24]. However, in this paper we focus on a dimensioning algorithm that
designs turbines operating as PRVs. Therefore, obvious network points for installing the
hydro-turbines are those network pipes where PRVs are already, or should be, installed.
To test the model’s credibility, it is intended to examine three different network points,
as presented in Figure 6. The first two points are chosen because there are PRVs (named
‘PRV-2’ and ‘PRV-3’) already installed at these exact locations. The last network point does
not currently contain a PRV, but it is chosen solely because the end users at its downstream
exhibit unacceptably high water pressure values. Hence, a turbine is suggested to be
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installed in order to harness the excess energy that exists in the form of pressure, while
regulating that pressure at an acceptable level.
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Table 1. Network characteristics.

Network Characteristics Value

Number of total pipes 1043

Number of branch pipes 473

Number of junction nodes 917

Number of reservoirs 2

Number of tanks 13

Number of pumps 13

Number of serviceable population 30,681

Ratio (Residential/total costumers) 0.92

Ratio (Residential/total water usage) 0.84

Estimated Annual Water Loss (%) 6

Water cost per 3.78 m3 6–8

Table 2. Pipe data.

Pipe Diameter (mm) Total Length (km) # of Pipes Pipe Material for Locations

25.4 0.413 9 x
50.8 17.79 105 x
76.2 26.74 42 x
101.6 104.34 188 GPV-4 (vitrified clay)
152.4 207.49 307 PRV-2 + PRV-3 (PVC)
203.2 49.54 293 x
304.8 6.34 53 x
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4.1. PRV Replacement with Turbines

In this paper, three cases have been examined. The first two cases concern the replace-
ment of PRV-2 and PRV-3, respectively, as shown in Figure 6. As is explained in detail
in Section 3.1, before determining the turbine’s main dimensioning and design point it is
mandatory to run a preparatory EPANET simulation in order to collect information about
PRV operation, water flow and velocity. The Pressure Settings (in bar) of the downstream
node of PRV-2 and PRV-3 are 5.51 bar and 2.75 bar, respectively. Figure 8 presents the
PRV-2 and PRV-3 upstream and downstream node head data, while Figure 9 contains their
downstream pressure along with the flow values of the corresponding pipelines. Because
of their high inlet pressure, PRV-2 is active during the first six hours and PRV-3 is active
during the whole 24-h period. This means that the GPV that corresponds to PRV-2 (GPV-2
in terms of EPANET simulation model henceforth) will be designed to operate for the first
6 h, and then its status should be set to inactive while the GPV that relates to PRV-3 (GPV-3
henceforth) will be designed to fully operate during the whole day.
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According to Section 3.1, the GPV-2 and GPV-3 diameters should be set to 102 mm and
152 m, respectively, so that they match the corresponding pipeline diameters. For pipelines
with diameters lower than 300 mm, the water velocity, from an economical and practical
standpoint, ranges near 1 m/s [53]. Hence, the values of 0.5 m/s and 1.5 m/s are being
adopted as lower and upper velocity limits, respectively.

The available water flow for GPV-2 and GPV-3 is displayed in Figure 9. In particular,
the flow through the pipe that feeds GPV-2 ranges between 1.48 and 1.68 m3/h, with a
head loss ranging between 3 and 16 m. The flow through the pipe that feeds GPV-3 ranges
between 9.72 and 54 m3/h, with a head loss ranging between 22 and 26 m. The head loss
requirements for GPV-2 and GPV-3 are summarized in Figure 10 by subtracting the corre-
sponding upstream and downstream head values of Figure 8. The significant fluctuations
in both flow and head indicate that the hydro-turbines are not expected to always work
under design point conditions. In Figure 11, a set of characteristic H–Q curves and η–Q
curves are presented for the cases of GPV-2 and GPV-3. These curves are constructed for
design rotational speed Ndes and values α1 and ηh around their corresponding design point
values αdes and ηdes

h . Under this consideration, the H–Q curves’ starting point is calculated
in Equation (14) by setting Q = 0 to Equations (2.b), (4) and (5), respectively, and deploying
Equation (3):

Hmin = Hideal
Q=0 + Hlosses

Q=0 = Hideal
Q=0 + δH f riction

Q=0 + δHshock
Q=0 = −

u2
2

g
+ ζs·

u2
1

2g
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1
g

(
ζs·

u2
1

2
− u2

2

)
(14)
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Since each of these curves is calculated for constant rotational speed and ζs is consid-
ered constant at the fully turbulent region (see Section 2.1), Hmin has a fixed, but different,
value for each GPV case. In this paper, due to the constant variation in the turbines’
operating conditions, multiple equivalent curves were constructed for different runner
rotational speeds.

4.2. Turbine Placement at a Location Suffering from High Pressure without PRV Installed

In order to further demonstrate the method’s effectiveness and showcase the universal-
ity of the algorithmic process, a third network point is selected that does not accommodate
a PRV. Even in well-designed WDSs there are always certain network areas and nodes that
exhibit high pressure head values, e.g., network areas with high topographic gradients that
at the same time are not equipped with a PRV [20]. These cases constitute an opportunity
to assess the effect of a possible hydro-turbine installation instead of a PRV.

However, not all nodes with excess energy should be considered as candidate points
for turbine installation. Depending on network layout and topographic features, the excess
pressure that appears in various nodes is often required to ensure a minimum pressure in
other nodes or areas and secure a service quality that is imposed at local–national level
by the regulators [20]. Especially in networks with dense looping characteristics, it is
even harder to determine whether the excess energy in pipes and nodes is “free” to use or
mandatory for preserving network stability.

Just like GPV-2 and GPV-3, a preparatory EPANET analysis was executed to pinpoint
an appropriate network location that suffers from high water pressure without a PRV
currently installed. Taking this into consideration, an end-pipe network node in a branch
configuration that exhibits an excessive pressure head is examined. Due to this branched
layout, the impact of a GPV can be well assessed beforehand to retain the area’s former
functionality. This network area is displayed in Figure 6, while the pipe flow and nodal
data are presented in Figures 12 and 13, respectively. The junction water pressure for the
first 13 time periods (t = 1–14) ranges from 9.4 to 10 bar, which is considered extreme for
the consumer side. At the same time, a minimum pressure threshold needs to be secured
and only the excess pressure should be exploited for energy production purposes. In
order to ensure that the particular network area is not negatively affected by the proposed
hydro-turbine installation, the exact pressure threshold value should be investigated by a
separate study, which is considered beyond the scope of this work. To be on the safe side, it
is reasonable to assume a pressure threshold of 6 bar at the GPV outlet. By accomplishing a
regulation of pressure at a lower level the smooth network operation and service quality is
maintained, but also reduced pipe head losses are achieved. For this reason, the installation
of a suitable hydro-turbine (GPV-4 henceforth) is considered. The head loss that must be
accomplished by GPV-4 for each time period, in order to maintain the pressure threshold,
is presented in Figure 13. The corresponding characteristic η–H–Q curve for constant speed
Ndes and inlet angles α1 and efficiency values nh around the design point, is displayed in
Figure 14.
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4.3. Results and Discussion

In Figure 15 the localized head loss that was imposed by the PRVs and the one that
is achieved by the replacement with hydro-turbines via the GPV model are compared.
Figure 16 provides access to the mechanical power output (P), hydraulic efficiency (ηh)
and the rotational speed (N) at which the requested head loss values are accomplished by
the turbine. Each bar in these graphs corresponds to the time periods during which the
PRVs were active (i.e., downstream water pressure is above the defined PRV setting) and
therefore the time periods during which the hydro turbine is requested to operate.

According to Figure 15a,b, the absolute pressure deviation between the PRVs and
GPVs operation at any instance does not exceed the value of 2%, while for 70% of time
periods it is lower than 1%. This small error ultimately allows the utilization of the
available head at its totality and signifies a large improvement when compared to other
published researches using turbines [17] or PATs [10,54]. It is worth mentioning that
when the placement and setting of PRVs within the WDS is optimized with the aim of
water leakage minimization through pressure control, such high accuracy in downstream
pressure regulation ensures that the substitute turbine also minimizes water losses. At the
location suffering from high pressure without PRV currently installed, the hydro-turbine
managed to keep a very narrow gap between the required and achieved head loss, as
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shown in Figure 15c. In this case, the absolute pressure deviation between the target
pressure and the one achieved by turbine’s operation ranges between 7% and 11%. At the
same time, the turbine operation did not only disrupt or unbalance the upstream node
conditions, but also retained the downstream-consumer pressure to reasonable and secure
values (Figure 17) while simultaneously producing energy. For each case, all the important
design and operational data and properties of the proposed hydro-turbines are presented
in Table 3. It is worth noticing that compared to the nominal design point efficiency ηh
that each hydro-turbine was originally designed for, the mean efficiency ηmean that derives
from all time periods does not deviate significantly. For both GPV-2 and GPV-3 cases,
ηmean is higher than the efficiency values (30–60%) that are typically encountered in micro
sites, as is suggested by [18,55]. Especially for the GPV-3 case, the resultant efficiency and
power production are considerably greater than PAT systems operating in similar flow rate
conditions [10]. For GPV-2 the resultant mean efficiency value is larger than the design
efficiency since the corresponding turbine, for the first half of its working period (t = 1–3),
operates at flow rate, head and rotational speed values that are far from the selected design
point. At these operating conditions the resultant hydraulic efficiency is significantly larger
(70–80%) than its design point value (52%), which is approximately achieved during the
second half of its working period (t = 4–6).
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Table 3. Important operational and design parameters.

Design Point Data. GPV-2 GPV-3 GPV-4

volumetric flow rate, Q (m3/h)
head, H (m)

rotational speed, N (rpm)

1.58 36 6.84
2.2 18.5 13.4

1190 2410 1950

specific speed, nq
hydraulic efficiency, ηh (%)

14 27 12
52 87 55

Number of blades
guide vane opening angle, α1 (◦)

inlet diameter, D1 (mm)
outlet diameter, D2 (mm)

6 6 6
4.85 10.3 3.8
102 152 152
34.7 66.4 50

D2/D1 ratio
mean efficiency, ηmean (%)

0.34 0.43 0.33
62 72 50
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As it can be noticed from Figure 16, GPV-2, GPV-3 and GPV-4 produce an average
mechanical output power of 40W, 2kW and 777W, respectively. A considerable amount
of “green” energy can be produced that otherwise would be dissipated by the PRVs. In
particular, during the 24-h working period approximately 48 kWh were produced by the
GPV-3, while 244Wh and 9 kWh were produced by GPV-2 and GPV-4 during their 6- and
14-h working periods, respectively. It is worth noticing that only in a few time periods
were the hydro-turbines forced to work under low efficiency in order to achieve their main
task, i.e., to deliver a specific pressure to the outlet. The significant variance between the
hourly energy production between locations is solely explained by the great difference
between volumetric flow rates (see Figures 9 and 12). Radial hydro-turbines tend to work
less efficiently in low volumetric flow rates, such as the ones supplied to GPV-2 and GPV-4.
Finally, in Figure 18 the variation in angle α1 with respect to the original design point
value αdes is displayed for each time period and GPV. It is clear that for the GPV-3 case
the selected design point is considered adequate, since the α1 variation is most of the
time close to the design value, and thus close to BEP. Conversely, for the GPV-2 case, the
energy potential is so low that any related improvement in design and performance is
considered unprofitable.
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The efficiency of typical 4 pole electrical generators is calculated according to the IEC
Standard for efficiency classes [56]. Since GPV-2 produces an average mechanical output
power of 40 W, it is reasonable to assume an efficiency between 0.5 and 0.6 (IE3 class and
above). Therefore, the daily electrical energy output will range between 0.12 and 0.144 kWh.
Similarly, for GPV-3 and GPV-4 that produce an average mechanical output power of
2 kW and 777 W, respectively, the final efficiency will range between 0.85–0.9 and 0.82–0.85,
thus leading to a total power output range between (40.8–43.2) kWh and (8.28–8.56) kWh,
respectively.

5. Conclusions

The paper provided a step-by-step algorithmic methodology for replacing the existing
PRVs of a WDS with hydroelectric turbines. Among other energy recovery machines
(turbines or PATs), the Francis turbines were selected mainly due to their suitability for PRV
replacement, i.e., they accomplish the same downstream pressure under varying operating
conditions, with corresponding high efficiency.

More specifically, the proper geometry and suitable design point of a hydro-turbine
that manages to achieve the same exit pressure as the downstream pressure output of a
PRV were tested in a typical network. For this purpose, an external MATLAB algorithm
was developed, and with the use of EPANET-MATLAB-toolkit it was demonstrated that a
hydro-turbine’s operation replicates the function of a PRV and converts energy losses to
electricity. The algorithm has been tested on three locations of the simulated WDS, each
with different hydraulic conditions. It suggested appropriate turbine designs for each
location, which managed to maintain a consistent pressure set point at their exit despite
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the wide range of the required pressure drops and the available water flow at their inlet.
The constant shifting to different H–Q and η–Q curves by the accurate adjustment of the
incidence angle of the blades at inlet that leads to a corresponding change in the rotational
speed, has proven to be a very efficient and reliable technique in terms of achieving the
desirable pressure drop at hydro-turbine’s exit.

In this research, a methodology for the design of hydro-turbines is developed so that
they can precisely replicate PRV operation with energy production efficiency, despite the
big flow rate and head variations in WDSs. Many researchers investigate the economic
benefit of replacing PRVs with recovery machines, such as PATs, just from the perspective
of dissipated energy. However, for the first time, the actual deviation between PRV and
turbine operation in terms of downstream pressure is provided. This research also provides
guidelines to create “active” PRV equivalents, which not only effectively contribute to
the network’s water management, but also exploit the otherwise dissipated energy with
considerable efficiency. Suggested turbine designs manage to maximize the exploitable
head (Hachieved) by matching it with the total available head that is requested by the
PRV (Hrequested) with low errors (2% maximum). At the expense of computational time,
these errors could potentially be further improved if a smaller step during consecutive
values of α1 and N is used. This work proves that a Francis turbine in a WDS can handle
extreme variations in flow rate and head by fully exploiting the available head, with high
efficiency in a wide range of working points and not just close to the BEP. The average
efficiency displayed during the PRV replacement scenarios (GPV-2 and GPV-3) is superior
to efficiencies presented in relevant research for micro sites.

Thus, the suggested methodology can be applied in real WDS as a preliminary proce-
dure performed by the water network manager for the determination of the appropriate
turbine type and size, along with its pressure regulation potential and power output. To
this end, it can be used as a reference for developing pipeline hydro-turbines and assess
their long term economical and practical viability compared to the retention of PRVs. The
proposed method has been tested on a specific network, but provides a general methodol-
ogy that can be easily adapted and extended to other network configurations with different
PRV sizes and settings. The applicability of the proposed methodology, however, is not
limited only to Francis turbines. The best turbine type and dimensioning adapts to the
pipe flow rate and the head variations demanded by the PRV operation. In other networks
with higher flow rates or/and less varying PRV head loss demands, other turbine types,
reaction turbines such as Deriaz or Kaplan, may prove to be more suitable.

It was proven that in locations with significant energy potential, i.e., high flow rate and
head (e.g., GPV-3 case), the replacement of the existing PRV could be economically justified
because the resultant hydropower generation surpasses the investment costs (purchase,
installation, maintenance) of the turbine. Conversely, in scenarios with low flow rate (e.g.,
GPV-2 case), even though the turbine operation accomplishes the same head loss with
the PRV, the negligible energy production cannot compensate for the high installation
cost. In such extreme cases even the installation of a cheap PAT system would be proven
unprofitable, and thus, maintaining the existing PRV represents the most convenient and
viable option.

Moreover, a complex WDS contains various promising locations and candidate net-
work points where the installation of a hydro-turbine is not only considered to be a feasible
perspective, but also proven extremely valuable for both pressure management and clean
energy production. These locations can range from network points where a PRV is al-
ready installed (cases 1,2) to “arbitrary” network points whose profile displays appealing
features (case 3) such as low elevation, high pressure, high water flow, or ideally, a com-
bination of the former. The economic and environmental benefits that arise from the
use of micro hydro-turbines in both pressure management and energy production are
summarized below:

In terms of pressure management:
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• From a WDS standpoint, the replacement of a PRV with a suitable hydro-turbine
does not affect the former network operational conditions, i.e., flow and pressure, or
disrupt its functionality; therefore, it does not add any operating challenges to the
actual network. The limitation of the excessive pressure head in certain regions can
only work beneficially for the network as it leads to the restriction of water hammer
occurrences that are often considered as the main pipeline failure cause;

• From a consumer standpoint, the service level is preserved when replacing a PRV with
a hydro-turbine, or even upgraded in cases where a PRV is absent and a hydro-turbine
is purposefully installed in a certain consumer area, in order to secure that this area
will witness normative water pressure values. In this latter case, the resulting pressure
drop can also lead to scaled-down pipeline head losses, i.e., less total energy losses
and reduced pipeline stress.

In terms of energy production, the implementation of micro-hydropower within the
WDS unlocks the possibility of urban and renewable power generation that:

• is fed the electrical grid with predictable and nearly constant amount of power;
• is consumed locally;
• does not create any visual or audible nuisance.

The main limitation of this work is that it utterly relies on the network PRV locations
and their current pressure setting point for assessing the hydro-turbine size and perfor-
mance (GPV-2 and GPV-3 case). In real WDSs, PRVs installation location and pressure
setting are usually selected with the objective of securing network operating constrains and
preventing extreme pressure in the consumer side. Thus, there exist time periods where
the downstream pressure could be potentially reduced for water savings maximization
purposes. Consequently, maximum power production or water savings are not always
guaranteed unless the PRVs placement within the WDS has been already optimized and
selected with the aim of maximizing the available energy at their inlet, or PRVs can change
their pressure setting in real time. This is confirmed for the PRV-2 case, as it has minimal
energy recovery potential. Its placement was clearly destined for pressure containment
and not energy production. Finally, the results of the GPV-4 case have been recorded
assuming a “safe” pressure threshold of 6 bar. The actual optimal pressure that achieves
maximum power output and ensures sufficient service level to the certain area has not
been determined.

It is the target of future work to create a common model for the urban hydraulic and
electric systems. Such a model is expected to accommodate the objective of maximizing
absorbed power from the WDS, considering the constraints imposed by both the hydraulic
system (e.g., minimum acceptable pressure at customer nodes) and the power system (e.g.,
voltage levels within acceptable range). The link between the two systems will be the
micro-hydro turbine model presented here. Finally, the hydro-turbine installation process
could be improved by pre-processing the network data as a whole and ending up with
an algorithm that pinpoints the optimal network points that represent promising cases in
terms of pressure regulation capability and energy generation potential, or a combination of
both. This revised algorithm should be able to decide between the optimal choice of hydro-
turbines installation position, their type, number and design-working point depending on
the current demands of the interconnected electrical and hydraulic network. In any case,
along with pressure management a WDS should be envisaged as a renewable, predictable,
silent and invisible energy source that can be locally harnessed in urban areas.
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3. Babić, B.; Ðukić, A.; Stanić, M. Managing Water Pressure for Water Savings in Developing Countries. Water SA 2014, 40, 221.

[CrossRef]
4. Mosetlhe, T.C.; Hamam, Y.; Du, S.; Monacelli, E. A Survey of Pressure Control Approaches in Water Supply Systems. Water 2020,

12, 1732. [CrossRef]
5. Kanakoudis, V.; Gonelas, K. Applying Pressure Management to Reduce Water Losses in Two Greek Cities’ WDSs: Expectations,

Problems, Results and Revisions. Procedia Eng. 2014, 89, 318–325. [CrossRef]
6. Covelli, C.; Cimorelli, L.; Cozzolino, L.; Della Morte, R.; Pianese, D. Reduction in Water Losses in Water Distribution Systems

Using Pressure Reduction Valves. Water Sci. Technol. Water Supply 2016, 16, 1033–1045. [CrossRef]
7. Price, E.; Abhijith, G.R.; Ostfeld, A. Pressure Management in Water Distribution Systems through PRVs Optimal Placement and

Settings. Water Res. 2022, 226, 119236. [CrossRef]
8. García-Ávila, F.; Avilés-Añazco, A.; Ordoñez-Jara, J.; Guanuchi-Quezada, C.; del Pino, L.F.; Ramos-Fernández, L. Pressure

Management for Leakage Reduction Using Pressure Reducing Valves. Case Study in an Andean City. Alex. Eng. J. 2019, 58,
1313–1326. [CrossRef]

9. Pugliese, F.; Giugni, M. An Operative Framework for the Optimal Selection of Centrifugal Pumps as Turbines (PATs) in Water
Distribution Networks (WDNs). Water 2022, 14, 1785. [CrossRef]

10. Postacchini, M.; Darvini, G.; Finizio, F.; Pelagalli, L.; Soldini, L.; Di Giuseppe, E. Hydropower Generation through Pump as
Turbine: Experimental Study and Potential Application to Small-Scale WDN. Water 2020, 12, 958. [CrossRef]

11. Meirelles, L.; Gustavo, B.B.M.; Luvizotto, E. Optimal Design of Water Supply Networks Using an Energy Recovery Approach.
Renew. Energy 2018, 117, 404–413. [CrossRef]

12. Barbarelli, S.; Amelio, M.; Florio, G. Predictive Model Estimating the Performances of Centrifugal Pumps Used as Turbines.
Energy 2016, 107, 103–121. [CrossRef]

13. Ávila, M.; Andrés, C.; Sánchez-Romero, F.-J.; López-Jiménez, P.A.; Pérez-Sánchez, M. Definition of the Operational Curves by
Modification of the Affinity Laws to Improve the Simulation of PATs. Water 2021, 13, 1880. [CrossRef]

14. Pérez-Sánchez, M.; Sánchez-Romero, F.J.; Ramos, H.M.; López-Jiménez, P.A. Improved Planning of Energy Recovery in Water
Systems Using a New Analytic Approach to PAT Performance Curves. Water 2020, 12, 468. [CrossRef]

15. Algieri, A.; Zema, D.A.; Nicotra, A.; Zimbone, S.M. Potential Energy Exploitation in Collective Irrigation Systems Using Pumps
as Turbines: A Case Study in Calabria (Southern Italy). J. Clean. Prod. 2020, 257, 120538. [CrossRef]

16. Nautiyal, H.V.; Kumar, A. Reverse Running Pumps Analytical, Experimental and Computational Study: A Review. Renew.
Sustain. Energy Rev. 2010, 14, 2059–2067. [CrossRef]

17. Sinagra, M.; Sammartano, V.; Morreale, G.; Tucciarelli, T. A New Device for Pressure Control and Energy Recovery in Water
Distribution Networks. Water 2017, 9, 309. [CrossRef]

18. Jiyun, D.; Ge, Z.; Wu, H.; Shi, X.; Yuan, F.; Yu, W.; Wang, D.; Yang, X. Study on the Effects of Runner Geometric Parameters on the
Performance of Micro Francis Turbines Used in Water Supply System of High-Rise Buildings. Energy 2022, 256, 124616. [CrossRef]

19. Samora, I.; Manso, P.; Franca, M.; Schleiss, A.; Ramos, H. Energy Recovery Using Micro-Hydropower Technology in Water Supply
Systems: The Case Study of the City of Fribourg. Water 2016, 8, 344. [CrossRef]

http://doi.org/10.1002/9780470225059
http://doi.org/10.3390/su10041118
http://doi.org/10.4314/wsa.v40i2.4
http://doi.org/10.3390/w12061732
http://doi.org/10.1016/j.proeng.2014.11.194
http://doi.org/10.2166/ws.2016.020
http://doi.org/10.1016/j.watres.2022.119236
http://doi.org/10.1016/j.aej.2019.11.003
http://doi.org/10.3390/w14111785
http://doi.org/10.3390/w12040958
http://doi.org/10.1016/j.renene.2017.10.080
http://doi.org/10.1016/j.energy.2016.03.122
http://doi.org/10.3390/w13141880
http://doi.org/10.3390/w12020468
http://doi.org/10.1016/j.jclepro.2020.120538
http://doi.org/10.1016/j.rser.2010.04.006
http://doi.org/10.3390/w9050309
http://doi.org/10.1016/j.energy.2022.124616
http://doi.org/10.3390/w8080344


Water 2023, 15, 554 26 of 27

20. Vieira, F.; Ramos, H.M. Optimization of Operational Planning for Wind/Hydro Hybrid Water Supply Systems. Renew. Energy
2009, 34, 928–936. [CrossRef]

21. Voltz, T.J.; Grischek, T. Microturbines at Drinking Water Tanks Fed by Gravity Pipelines: A Method and Excel Tool for Maximizing
Annual Energy Generation Based on Historical Tank Outflow Data. Water 2019, 11, 1403. [CrossRef]

22. Bylka, J.; Mroz, T. A Review of Energy Assessment Methodology for Water Supply Systems. Energies 2019, 12, 4599. [CrossRef]
23. Giugni, M.; Fontana, N.; Ranucci, A. Optimal Location of PRVs and Turbines in Water Distribution Systems. J. Water Resour. Plan.

Manag. 2014, 140, 06014004. [CrossRef]
24. Morani, M.C.; Carravetta, A.; D’Ambrosio, C.; Fecarotta, O. A new mixed integer non-linear programming model for optimal

PAT and PRV location in water distribution networks. Urban Water J. 2021, 18, 1893359. [CrossRef]
25. Ramos, H.; Covas, D.; Araujo, L.; Mello, M. Available Energy Assessment in Water Supply Systems. In Proceedings of the XXXI

IAHR Congress, Seoul, Republic of Korea, 11–16 September 2005.
26. Zarco-Periñán, P.J.; Zarco-Soto, I.M.; Zarco-Soto, F.J. Influence of the Population Density of Cities on Energy Consumption of

Their Households. Sustainability 2021, 13, 7542. [CrossRef]
27. Zubaidi, S.L.; Ortega-Martorell, S.; Al-Bugharbee, H.; Olier, I.; Hashim, K.S.; Gharghan, S.K.; Kot, P.; Al-Khaddar, R. Urban Water

Demand Prediction for a City That Suffers from Climate Change and Population Growth: Gauteng Province Case Study. Water
2020, 12, 1885. [CrossRef]

28. Jolly, M.D.; Lothes, A.D.; Bryson, L.S.; Ormsbee, L. Research Database of Water Distribution System Models. J. Water Resour. Plan.
Manag. 2014, 140, 410–416. [CrossRef]

29. Krzemianowski, Z.; Steller, J. High Specific Speed Francis Turbine for Small Hydro Purposes—Design Methodology Based
on Solving the Inverse Problem in Fluid Mechanics and the Cavitation Test Experience. Renew. Energy 2021, 169, 1210–1228.
[CrossRef]

30. Kim, S.-J.; Choi, Y.-S.; Cho, Y.; Choi, J.-W.; Kim, J.-H. Effect of Blade Thickness on the Hydraulic Performance of a Francis Hydro
Turbine Model. Renew. Energy 2019, 134, 807–817. [CrossRef]

31. Polák, M.; Polák, V.; Hudousková, M. Verification of model calculations for the Kaplan turbine design, TAE 2016. In Proceed-
ings of the 6th International Conference on Trends in Agriculture Engineering, Prague, Czech Republic, 7–9 September 2016;
pp. 490–499.

32. Chapallaz, J.-M.; Eichenberger, P.; Fischer, G.; Mini Hydro Power Group. Manual on Pumps Used as Turbines; German Appropriate;
Braunschweig: Brunswick, Germany, 1992.

33. Papantonis, D. Hydraulic Turbomachines: Pumps, Turbines- Hydrodynamic Transmissions, 2nd ed.; Tsotras: Athens, Greece, 2016;
Chapter 6. (In Greek)

34. Papanikas, D.G. Fluid Dynamics Machines, 3rd ed.; Athens, Greece, 2012; Chapter 4. (In Greek)
35. Dixon, S.L.; Hall, C.A. Fluid Mechanics and Thermodynamics of Turbomachinery; Butterworth-Heinemann: Oxford, UK, 2014.
36. Rossman, L.A. EPANET 2.0 User Manual; Water Supply and Water Resources Division, National Risk management Laboratory,

USEPA: Cincinnati, OH, USA, 2000.
37. Muranho, J.; Ferreira, A.; Sousa, J.; Gomes, A.; Marques, A.S. Pressure-Dependent Demand and Leakage Modelling with an

EPANET Extension—WaterNetGen. Procedia Eng. 2014, 89, 632–639. [CrossRef]
38. Kalungi, P.; Tanyimboh, T.T. Redundancy Model for Water Distribution Systems. Reliab. Eng. Syst. Saf. 2003, 82, 275–286.

[CrossRef]
39. Chandapillai, J. Realistic Simulation of Water Distribution System. J. Transp. Eng. 1991, 117, 258–263. [CrossRef]
40. Wu, Z.Y.; Walski, T. Pressure dependent hydraulic modelling for water distribution systems under abnormal conditions.

In Proceedings of the IWA World Water Congress and Exhibition, Beijing, China, 10–14 September 2006.
41. Cheung, P.B.; Van Zyl, J.E.; Reis, L.F.R. Extension of EPANET for pressure driven demand modeling in water distribution system.

In Computing and Control for the Water Industry; Centre for Water Systems: Exeter, UK, 2015; pp. 311–316.
42. Todini, E.; Pilati, S. A gradient algorithm for the analysis of pipe networks. In Computer Applications in Water Supply, Volume

I—Systems Analysis and Simulation; Coulbeck, B., Orr, C.H., Eds.; John Wiley & Sons Research Studies Press: London, UK, 1988;
pp. 1–20.

43. Todini, E.; Rossman, L.A. Framework for Deriving Simultaneous Equation Algorithms for Water Distribution Networks.
J. Hydraul. Eng. 2013, 139, 511–526. [CrossRef]

44. Giustolisi, O.; Laucelli, D. Water Distribution Network Pressure-Driven Analysis Using the Enhanced Global Gradient Algorithm
(EGGA). J. Water Resour. Plan. Manag. 2011, 137, 498–510. [CrossRef]

45. Menapace, A.; Avesani, D. Global Gradient Algorithm Extension to Distributed Pressure Driven Pipe Demand Model. Water
Resour. Manag. 2019, 33, 1717–1736. [CrossRef]

46. Eliades, D.G.; Kyriakou, M.; Vrachimis, S.; Polycarpou, M.M. EPANET-MATLAB Toolkit: An Open-Source Software for Interfacing
EPANET with MATLAB. In Proceedings of the 14th International Conference on Computing and Control for the Water Industry
(CCWI), Amsterdam, The Netherlands, 7–9 November 2016; p. 8. [CrossRef]

47. Dunca, G.; Bucur, D.M.; Aldea, A.; Georgescu, A.-M.; Georgescu, S.-C. EPANET Modelling of a High Head Pumped-Storage
Hydropower Facility. Proceedings 2018, 2, 608. [CrossRef]

48. Jiyun, D.; Yang, H.; Shen, Z.; Chen, J. Micro Hydro Power Generation from Water Supply System in High Rise Buildings Using
Pump as Turbines. Energy 2017, 137, 431–440. [CrossRef]

http://doi.org/10.1016/j.renene.2008.05.031
http://doi.org/10.3390/w11071403
http://doi.org/10.3390/en12234599
http://doi.org/10.1061/(ASCE)WR.1943-5452.0000418
http://doi.org/10.1080/1573062X.2021.1893359
http://doi.org/10.3390/su13147542
http://doi.org/10.3390/w12071885
http://doi.org/10.1061/(ASCE)WR.1943-5452.0000352
http://doi.org/10.1016/j.renene.2021.01.095
http://doi.org/10.1016/j.renene.2018.11.066
http://doi.org/10.1016/j.proeng.2014.11.488
http://doi.org/10.1016/S0951-8320(03)00168-6
http://doi.org/10.1061/(ASCE)0733-947X(1991)117:2(258)
http://doi.org/10.1061/(ASCE)HY.1943-7900.0000703
http://doi.org/10.1061/(ASCE)WR.1943-5452.0000140
http://doi.org/10.1007/s11269-018-2174-3
http://doi.org/10.5281/zenodo.831493
http://doi.org/10.3390/proceedings2110608
http://doi.org/10.1016/j.energy.2017.03.023


Water 2023, 15, 554 27 of 27

49. Lydon, T.; Coughlan, P.; McNabola, A. Pressure Management and Energy Recovery in Water Distribution Networks: Development
of Design and Selection Methodologies Using Three Pump-As-Turbine Case Studies. Renew. Energy 2017, 114, 1038–1050.
[CrossRef]

50. Telci, I.; Aral, M. Optimal Energy Recovery from Water Distribution Systems Using Smart Operation Scheduling. Water 2018, 10, 1464.
[CrossRef]

51. Ogayar, B.; Vidal, P.G. Cost Determination of the Electro-Mechanical Equipment of a Small Hydro-Power Plant. Renew. Energy
2009, 34, 6–13. [CrossRef]

52. García, J.M.; Salcedo, C.; Saldarriaga, J. Minimization of Water Losses in WDS through the Optimal Location of Valves and
Turbines: A Comparison between Methodologies. In Proceedings of the World Environmental and Water Resources Congress
2019: Hydraulics, Waterways, and Water Distribution Systems Analysis—Selected Papers from the World Environmental and
Water Resources Congress 2019, Pittsburgh, PA, USA, 19–23 May 2019.

53. Sakr, M.R.; Gooda, E.A. Economical Velocity through Pipeline Networks ‘Case Studies of Several Different Markets. Alex. Eng. J.
2018, 57, 2999–3007. [CrossRef]

54. Fontana, N.; Giugni, M.; Portolano, D. Losses Reduction and Energy Production in Water-Distribution Networks. J. Water Resour.
Plan. Manag. 2012, 138, 237–244. [CrossRef]

55. Coelho, B.; Andrade-Campos, A. Efficiency Achievement in Water Supply Systems—A Review. Renew. Sustain. Energy Rev. 2014,
30, 59–84. [CrossRef]

56. International Electrotechnical Commission (IEC). Standard for Efficiency Classes of Line Operated AC Motors (IE Code), no.
60034-30-1:2014, 2014. “IEC 60034-30-1:2014|IEC Webstore|Pump, Motor, Water Management, Smart City, Energy Efficiency.”
n.d. Webstore.iec.ch. Available online: https://webstore.iec.ch/publication/136 (accessed on 5 December 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.renene.2017.07.120
http://doi.org/10.3390/w10101464
http://doi.org/10.1016/j.renene.2008.04.039
http://doi.org/10.1016/j.aej.2018.05.001
http://doi.org/10.1061/(ASCE)WR.1943-5452.0000179
http://doi.org/10.1016/j.rser.2013.09.010
https://webstore.iec.ch/publication/136

	Introduction 
	Background 
	Hydro-Turbine Performance-Characteristic H–Q Curves 
	Similarity Laws 
	Simulation Approach 
	Hydro-Turbine Realistic Design 

	Methodology, Turbine Installation and Network Simulation 
	General Methodology 
	Algorithmic Process 
	Turbine Design and Performance Prediction Algorithmic Process 
	EPANET-MATLAB Interaction Algorithmic Process 


	Application Example 
	PRV Replacement with Turbines 
	Turbine Placement at a Location Suffering from High Pressure without PRV Installed 
	Results and Discussion 

	Conclusions 
	References

