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Abstract 

In recent years, many researchers recognized pressure reducing valves (PRVs) as potential micro-
hydropower sites, aiming to improve the efficiency of the water networks. Pump as Turbines (PATs) 
have been pointed out as the most suitable technology because of their favourable cost. Most of the 
methodologies available in the literature for selection of a PAT to replace a PRV follow a traditional 
approach that is based on scaling a prototype data using the affinity curves, thus restricting the 
solution space only to these curves. The optimization based methodology presented in this paper 
employs the classical hydraulic regulation scheme with the Nedler-Mead simplex direct search 
algorithm to search for the optimal solution within space that is constrained only by the boundaries 
of available centrifugal PATs on the market. The methodology also defines the PAT’s operation limits 
based on the PAT’s relative mechanical power. Improvements gained by using the novel methodology 
have been demonstrated on real-world case studies from Ireland and Italy that were previously used 
in the literature. The results of the considered sites also suggest that the maximal global plant’s 
efficiency is around 80% of the maximal efficiency of the theoretically optimal PAT. The paper also 
examines effects of different objective functions and different PAT’s operation limits on the selection 
of the optimal PAT. 
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1 Introduction 

Over the last three decades, pressure management (PM) together with the rehabilitation of the 
infrastructure has proven to be one of the most efficient strategies for water losses reduction. In 
addition to the reduction of leakages, PM can also reduce the burst frequency of pipes (Vicente et al., 
2016). Pressure reducing valves (PRVs) are usually installed at the entrance of district metered areas 
(DMAs) (Gomes et al., 2012). DMAs are the sectors of water distribution networks (WDNs) with 
defined boundaries where the flow that comes in and leaves is constantly metered for leakage 
monitoring. For smaller WDNs that are not divided into DMAs, PRVs are installed at the combination 
of pipes that maximize leakage reduction (Araujo et al., 2006).  

Although the PM using conventional PRVs has many positive effects on the functioning of WDNs, the 
dissipated energy at the valves is irreversibly lost. In the last few years, a lot of researchers have been 
investigating technological and economic feasibility of replacing these valves with micro turbines or 
PATs (Fernández Garcia and Mc Nabola, 2020; Gallagher et al., 2015; Mc Nabola et al., 2014). The 
literature indicates large diurnal and seasonal flow and pressure variability, and the PM requirements, 
as the main technical challenges for replacing conventional valves with micro hydropower (MHP) 
plants (Fecarotta et al., 2018; Lydon et al., 2017). 

There are studies which examined the use of conventional turbines (Coelho and Andrade-Campos, 
2018; Corcoran et al., 2013) or specific hydropower devices (Sinagra et al., 2017) for this purpose, 
however the use of PATs prevails. Mainly this is due to the power output size of PRV sites within WDNs 
which is usually up to 100 kW (Delgado et al., 2019) and their significantly lower cost in this range 
comparing to the conventional turbines (Novara et al., 2019). Novara et al. (2019) suggested that the 
lower cost of PATs compared to the conventional turbines, influenced by their mass manufacturing, 
extends up to 300 kW.  

The main barrier for wider implementation of PATs is the lack of knowledge about their behavior, as 
pump manufacturers still do not provide their performance curves (Novara and McNabola, 2018). As 
a result of this, many studies have been dealing with the predictability of PAT behavior. Experimental 
measurement of pumps in reverse mode has been shown to be the most accurate and reliable way to 
obtain the PAT curves, but these are expensive, time consuming and can require extensive specialist 
facilities (Barbarelli et al., 2017a). The application of computational fluid dynamics has been proven 
as a reliable alternative, but its application requires a 3D geometrical model of the machines (Bozorgi 
et al., 2013; Yang et al., 2012) . Thus, several semi-empirical equations have been proposed to 
correlate the Best Efficiency Point (BEP) of a unit in the pump and turbine mode (Alatorre-Frenk, 1994; 
Stepanoff, 1957; Yang et al., 2012) and to extrapolate the whole characteristic curves from machines 
BEPs (Novara and McNabola, 2018). 

In the absence of flow regulation device and in order to attain similar PM to a PRV, three regulation 
schemes have been proposed in the literature for a MHP plant equipped with a PAT. The most 
common is hydraulic regulation (HR) where the PAT is installed in a hydraulic circuit consisting of two 
branches. The generation branch with a dissipating control valve (CV) in series to the PAT and the 
bypass branch equipped with another CV. The valve in series to the PAT dissipates the excess available 
pressure for smaller flows when the head drop introduced by the PAT is not enough to obtain the 
required downstream head while the bypass CV opens for larger flows to bypass part of it and to avoid 
larger head drops by the PAT than desired (Carravetta et al., 2012). An alternative regulation scheme 
employs electrical regulation (ER), where the generator’s speed is changed using an electrical speed 
driver to match the load of an operating point, i.e., instantaneous flow and available head. This type 
of regulation lacks flexibility when the variations of flow and pressure are too large, as it may not be 
able to attain the set downstream head for all operating points. Moreover, it is inferior compared to 
HR in term of energy recovered (Carravetta et al., 2013). To improve the global efficiency of the plant 
the first two regulation schemes can be coupled (HER), representing the third scheme. In the study 
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performed by Fecarotta et al. (2018), the results showed only slight improvements in terms of the 
energy produced using the HER compared HR schemes. However, HER requires more complex control 
system and consequently larger investments. 

1.1 Methodologies that consider the installation of PATs within Water Supply Networks 
The methodologies that considered the installation of PATs within water supply networks (WSNs) can 
be classified into three groups. The methodologies from the first group consider a fixed operating 
point, i.e., constant flow and head through a PAT. The optimal PAT is usually the one whose resistance 
curve intersects the system curve closest to the desired operating point. These methodologies are 
suitable only for a limited number of locations in the transmission part of WSNs where the flow and 
pressure are constant or have very small fluctuations (Barbarelli et al., 2017b; Chapallaz et al., 1992).  

Unlike the first group, the second group methodologies consider variable operation points at the PAT, 
meaning that a range of flows is passing through the PAT. In this case the head drop depends on the 
PAT’s head loss curve and the type of regulation scheme implemented (Carravetta et al., 2013, 2012; 
Fecarotta et al., 2018; Lydon et al., 2017; Stefanizzi et al., 2018). These methodologies are usually 
applied to PRV sites. In common for all methodologies in this group is that these follow the traditional 
approach where the optimal PAT is hydraulically similar to a prototype machine whose performance 
curves are available and represents its scaled up or down version. 

Finally, the methodologies from the third group are the ones that represent a part of larger 
optimization procedures that are applied to calibrated models of WDNs, focusing on selection of the 
optimal number and/or location of PATs within WDNs. The focus of these methodologies is more on 
the optimization algorithms rather than on the PAT selection and the behavior of PATs is usually 
simplified. Some methodologies simulated the presence of PATs as simple head drops and considered 
that the total flow always passes through PATs (Corcoran et al., 2016; Fecarotta and Mc Nabola, 2017), 
while others used approximated head loss curves but without any type of regulation (Lima et al., 2017; 
Tricarico et al., 2018). Additionally, the methodologies from this group (with exception of D-Town case 
study in Tricarico et al. (2018)) usually used only a single day hourly averaged flow and head patterns. 

In terms of objective functions, the methodologies from the second group predominantly used the 
maximization of the energy recovered which is analogous to the maximization of the global efficiency 
of the plant. Carravetta et al. (2014) and Fecarotta et al. (2018) upgraded this objective function by 
adding terms that represent reliability and sustainability of the hydro plant. The economic variables 
such as Net Present Value (NPV) or Payback Period (PP) of the investment have not been used as the 
main objectives among the methodologies from this group. Carravetta et al. (2013) evaluated the 
costs and payback periods but the machines were selected by maximizing the plant’s global efficiency. 
On the other hand the methodologies from the third group beside the maximization of energy 
recovery (Corcoran et al., 2016; Fernández Garcia and Mc Nabola, 2020; Lima et al., 2017) also used 
the maximization of NPV as the main objective (Fecarotta and Mc Nabola, 2017). 

1.2 Aim of the paper 
A large database of 38 PRV sites from Dublin and Seville WDNs with yearly recordings at time step of 
15 min or less, was compiled for this study. The database was used to better understand the scale of 
hydropower sites within WDNs and to develop a novel comprehensive optimization-based PAT 
selection methodology. The novel optimization-based methodology employs the classical hydraulic 
regulation scheme with two control valves and a single-stage centrifugal PAT whose performance 
curves and maximal efficiency were predicted using the state of art models defined by Novara and Mc 
Nabola (2018) and Novara et al. (2017), respectively. To guide the model towards the optimal solution 
the Nelder-Mead simplex direct search optimization algorithm was used (Lagarias et al., 1998). Besides 
the optimization method used, the novelties of the proposed methodology are also reflected in the 
constraints imposed to the solution space which are defined only by the boundaries of the available 
single-stage centrifugal PATs on the market, and new formulation of the PAT’s operation limits that 
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are based on its relative mechanical power. The accuracy of the model was validated using 23 
experimental curves collected from the literature. 

The proposed methodology was applied to real-world sites previously used in the literature to 
demonstrate the improvements introduced. Additionally, the study carried out two tests that have 
not previously been conducted in the literature. The first test examined the effects of using three 
independent single-objective functions on the optimal PAT, namely: maximization of energy recovery, 
maximization of NPV after 10 years and minimization of the payback period, respectively. Finally, the 
second test investigated the effects of using different operation limits on the optimal PAT. The goal of 
the conducted tests was to find out how much the theoretically optimal BEPs obtained using different 
objectives and different maximal operation limits differ from each other and if this can result in the 
selection of different commercially available pump families. 

2 Methodology 

2.1 Design variables 
The performance characteristics of different centrifugal pumps or PATs can be defined with their BEPs, 
and the nominal impeller rotational speed (n). The aim of the proposed optimization model was to 
find the optimal values of the related three design variables for the considered sites. The rotational 
speed was considered a discrete variable with possible values of 1005, 1510, and 3020 rpm. The set 
of the rotational speeds was predetermined by the fact that the centrifugal pumps or PATs are usually 
coupled with asynchronous electric generators with either 3, 2 and 1 magnetic pole pairs. These 
generators are operating at constant speed to produce the electric current with synchronous 
frequency of 50 Hz. Also, the pump manufacturers usually provide the pump performance curve only 
for these speeds. In order to have the rotational speed different from these, additional equipment is 
needed such as a mechanical speed multiplier or an electrical speed driver (inverter) (Fecarotta et al., 
2018) which complicate the installation and increase the cost. Like in the previous studies on this topic, 
the discharge and the head drop at the BEP were considered continuous (Carravetta et al., 2012; Lydon 
et al., 2017). This also means that the optimal solution is theoretical as there is a possibility that there 
is no commercial PAT with exactly the same values of BEP for considered n. However, the function of 
the theoretically optimal solution is to serve as a benchmark for identifying the most suitable 
commercial PATs in its proximity. 

2.2 Constraints on the solution space 
The methodologies available in the literature all followed the traditional approach where the most 
suitable machine for the selected site was obtained by scaling the prototype machine whose 
performance curves were available to the respective authors. In the optimization terminology this 
would mean that the constraints defined by the affinity equations are imposed on the solution space, 
i.e., that the BEP of the optimal scaled machines has to fall on the affinity curves. While this approach 
is adequative when the final machine is custom built like in the case of large turbines, in the case of 
MHP plants like the ones within WDNs, the final machine will be the one from a finite set of 
pumps/PATs’ families available on the market for which the mass production cost can be availed. The 
PATs from this set are not all hydraulically similar meaning that these do not have the same value of 
turbine specific speed (Ns) based on either unit flow or unit power. Moreover, it is hard to anticipate 
the optimal value of the PAT’s Ns for a PRV site where large flow and head variations are present and 
there is a regulation scheme. Even if this value is known, the characteristic curves of hydraulically 
similar machines probably are not available. 

In the presented methodology the solution space of the PAT’s BEP was constrained only with the 
boundaries that represent the available mass produced centrifugal PATs on the market for each 
rotational speed. The illustration of this concept is presented in Fig. 1. The boundaries for each 
available speed were defined by creating a database of centrifugal pumps from the catalogues of 
Etanorm and Etanorm-R models, that are classical end-suction centrifugal pumps (KSB, 2018). Their 
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BEPs as PAT were converted using the model defined by Yang et al. (2012) and affinity laws to adjust 
the speed to the turbine mode (e.g. from 1450 to 1510). The database included 58 different pump 
families and 150 different BEPs for three rotational speeds. Only the full impellers of these families 
were considered. The minimal values of BEP flow, head and specific speed amounted 1.49 l s-1, 3.62 
m and 3.74 rpm (m3 s-1)0.5(m)-0.75 while the maximal values were 513.1 l s-1, 398.06 m and 102.89 rpm 
(m3 s-1)0.5 (m)-0.75 respectively.  

 

Fig. 1. Boundaries of available PATs as constraints to solution space. 

2.3 Energy recovery objective function 
The energy recovery objective function has the following form: 

 𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒
ொಳಶು,ுಳಶು

𝐸 (𝑛) = ∑ 𝜌𝑔𝑄௜
௉஺்𝐻௜

௉஺்𝜂௜
௉஺்Δ𝑡ே

௜ୀଵ  (1), 

where E (n) [MWh year-1] is the energy produced for the selected rotational speed n [rpm], N – 
number of operating points; ρ [kg m-3] - water density; g [m s-2] – gravitational acceleration; 𝑄௜

௉஺்[m3 
s-1] – flow through the PAT; 𝐻௜

௉஺் [m] – head drop at the PAT; 𝜂௜
௉஺் [-] – part load efficiency of the PAT 

for 𝑄௜
௉஺் and ∆t [h] – time step duration. 

The algorithm for evaluating the energy recovery function consists of the following steps: 

1. In the initial step the algorithm checks if the solution is inside of the boundaries of the available 
PATs for the selected speed (see Fig. 1.). If the solution is outside the boundaries for that speed 
the algorithm sets energy generation to zero, E=0. This step is an alternative to classical penalty 
functions as the optimization algorithm used (see subsection “Optimization algorithm”) does not 
incorporate constraints. The penalty function was implemented this way because for very small 
flows it can happen that the optimization algorithm converges to negative flow values where it is 
not possible to evaluate the objective function. A drawback of this formulation is that the starting 
point has to be inside of the boundaries for the considered n.  

2. The algorithm calculates specific speed based on the unit flow: 

 𝑁௦ = 𝑛
ொಳಶು

బ.ఱ

ுಳಶು
బ.ళఱ  (2), 

which unifies all design variables and represents a key performance parameter of a PAT. 
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3. The algorithm defines polynomials for the extrapolation of the head loss and power curves based 
on the design variables and model defined by Novara and McNabola (2018). 

 ு೔
ುಲ೅

ுಳಶು
= 𝑎 ൬

ொ೔
ುಲ೅

ொಳಶು
൰

ଶ

+  𝑏 ൬
ொ೔

ುಲ೅

ொಳಶು
൰ + 𝑐 (3), 

with the values of coefficients 𝑎 = 1.160, 𝑏 = 0.0099𝑁ௌ + 1.2573 − 2𝑎 and 𝑐 = 1 − 𝑎 − 𝑏, and 

 ௉೔
ುಲ೅

௉ಳಶು
= 𝑑 ൬

ொ೔
ುಲ೅

ொಳಶು
൰

ଶ

+  𝑒 ൬
ொ೔

ುಲ೅

ொಳಶು
൰ + 𝑓 (4), 

with values of coefficients 𝑑 = 1.248 , 𝑒 = 0.0108𝑁ௌ + 2.2243 − 2𝑑  and 𝑓 = 1 − 𝑑 − 𝑒 . The 
power at BEP was assessed as 𝑃஻ா௉ = 𝜌𝑔𝑄஻ா௉𝐻஻ா௉𝜂௠௔௫, by predicting ηmax using an equation 
defined by Novara et al. (2017) based on experimental data of 280 radial PATs: 

 𝜂௠௔௫ = 0.89 −
଴.଴ଶସ

ொಳಶು
బ.రభ − 0.076 ቀ0.22 + 𝑙𝑛

ேೞ

ହଶ.ଽଷଷ
ቁ

ଶ
 (5). 

Novara and McNabola (2018) improved the accuracy of their extrapolation model comparing to 
similar models of this kind (Barbarelli et al., 2017a; Derakhshan and Nourbakhsh, 2008; Fecarotta 
et al., 2016; Pugliese et al., 2016), by introducing variable polynomial coefficients that depend on 
the value of Ns. They proved and quantified the hypothesis proposed by Chapallaz (1992) that the 
slope of the relative characteristics curves increases with the increase in the value of Ns.  

4. This step introduces the operation limits, i.e., the minimal and maximal flow that is allowed to 
pass through a PAT. These limits are rarely mentioned in the literature. The proposed 
methodology here sets the limits to relate the relative mechanical power produced by the PAT, 
namely, 𝑃௥௘௟൫𝑄௠௜௡

௉஺்൯ = 0.375 for the lower and 𝑃௥௘௟(𝑄௠௔௫
௉஺் ) = 1.5 for the upper limit. Clarification 

about these limits is presented in the following subsection. 

5. This step implements the HR strategy and assesses how much energy is being effectively produced 
by the PAT in each time step, i.e., for each operating point (Qi, Hi). The aims of the regulation 
strategy are the following: 1) maximize energy produced; 2) attain the same downstream head as 
the PRV predecessor; 3) prevent the generator from starting to work as a motor; 4) prevent 
excessive torques and potential overheating of the generator; these apply to each time step. To 
attain the same downstream head as the PRV predecessor the algorithm considers only the 
exploitation of the excess head – Hi, available at the PRV. This head is obtained by subtracting the 
recorded upstream and downstream heads at the PRV. To achieve these aims the algorithm first 
extrapolates the complete head loss curve from the considered BEP alternative within the limits 
defined in step 4, using the extrapolation model defined at step 3. Based on the position of each 
operating point in the Q-H space (marked with crosses in Fig. 2) in respect of the created head loss 
curve, all of the operating points can be grouped into four regulation regions. This is done based 
on how much flow will be directed through the PAT and which CVs need to be active to achieve 
such regulation. These four regions are illustrated in Fig. 2 using four different colors. 
Mathematically, these four regions can be characterized using the following equations: 

 𝑄௜ < 𝑄୫୧୬
௉஺் 𝑜𝑟 𝐻௜ < 𝐻௠௜௡

௉஺்  →  𝐸௜ = 0 (6), 

 𝑄௠௜௡
௉஺் ≤ 𝑄௜ < 𝑄௠௔௫

௉஺்  𝑎𝑛𝑑 𝐻௜ ≥ 𝐻௉஺்(𝑄௜)  →  𝐸௜ = 𝜌𝑔𝑄௜𝐻௉஺்(𝑄௜)𝜂௜
௉஺்(𝑄௜)𝛥𝑡 (7), 

 𝐻௠௜௡
௉஺் ≤ 𝐻௜ < 𝐻௠௔௫

௉஺்  𝑎𝑛𝑑 𝑄௜ > 𝑄௉஺்(𝐻௜)  →  𝐸௜ = 𝜌𝑔𝑄௉஺்(𝐻௜)𝐻௜𝜂௉஺்(𝑄௉஺்(𝐻௜))𝛥𝑡 (8), 

 𝑄௜ ≥ 𝑄௠௔௫
௉஺்  𝑎𝑛𝑑 𝐻௜ ≥ 𝐻௠௔௫

௉஺்   → 𝐸௜ = 𝜌𝑔𝑄௠௔௫
௉஺் 𝐻௠௔௫

௉஺் 𝜂௉஺்(𝑄௠௔௫
௉஺் )Δ𝑡 (9). 

For the operating points that satisfy one of the inequalities defined in Eq. 6 (green crosses in Fig. 
2), the entire flow needs to be bypassed and consequently there is no electricity generation. If the 
flow is too low (𝑄௜ < 𝑄୫୧୬

௉஺்), it needs to be bypassed to prevent the potential operation of the 
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generator as a motor as the shaft mechanical power is not sufficient even to create the nominal 
electromagnetic flux. For the operating points with the larger flows but with excess head lower 
than 𝐻௠௜௡

௉஺், the necessary bypassing to avoid the excessive head drops at the PAT would lead to 
the same phenomena. For the operating points that satisfy both inequalities defined in Eq. 7 (blue 
crosses in Fig. 2), the entire flow is directed through the generation line in the PAT, creating head 
loss at the PAT according to its head loss curve (𝐻௉஺்(𝑄௜)), while the excess head is dissipated by 
the CV in series (𝐻௜ − 𝐻௉஺்(𝑄௜)). For all the operating points that satisfy both inequalities defined 
in Eq. 8 (red crosses in Fig. 2), a part of flow needs to be bypassed to avoid head drops larger than 
the excess head. The exact flow that should be directed through the PAT to maximize the energy 
recovery and avoid excessive head drops is the flow from the PAT head loss curve that corresponds 
to the available excess head (𝑄௉஺்(𝐻௜)). Finally, when both flow and available head are higher 
than the maximum permissible values (black crosses), both CVs are active allowing the flows 
higher than 𝑄௠௔௫

௉஺்  to be bypassed. The CV in series dissipates the head larger than 𝐻௠௔௫
௉஺் . This is to 

prevent potentially dangerous torques and overheating of the generator. 

6. Final step represents the summation of energy generated in each time step using Eq. 1 and the 
PAT’s flows and heads determined in the previous step, thus calculating the yearly energy 
generated. 

 

Fig. 2. Yearly Q-H operating points at Site 13 within Dublin WDN, colored based on regulation 
regions. 

As the methodology uses the semi-empirical models presented in step 3 to predict the PAT behavior, 
its accuracy is proven only for the range of PATs based on which the models were defined. Both of the 
models include PATs with Ns between 5-150 rpm (m3 s-1)0.5 (m)-0.75, but only a few with Ns larger than 
100. The largest BEP flow in the set used to define maximal efficiency equation was 500 l s-1, while in 
the set for the extrapolation model it was 320 l s-1. The availability boundaries presented in Fig. 1 are 
in line with these limitations, except for n=1510 where the maximal allowed flow is larger than the 
maximal flow used to define the extrapolation model. However, the authors assume that the accuracy 
of this model is acceptable for the flows up to 500 l s-1. 
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Also, the function for predicting maximal efficiency defined with Eq. 5 is smooth meaning that it 
considers only the PATs with full impellers. In addition, this equation includes only the mechanical 
efficiency. 

2.4 PAT’s operation limits based on its relative mechanical power 
A possible reason why the majority of the studies have not mentioned the limits was that these used 
very short time series data, where the flow and head variations were less prominent and consequently 
for the selected machine these limits were never reached. Consequently, all operating points would 
fall in the regions defined with blue and red crosses in Fig. 2. However, the yearly time series of flow 
and head at three examined sites in this study suggested that their variations in normal operations 
are such that these limits have to be introduced.  

Fontana et al. (2016) set the maximal flow through the PAT to relate the efficiency of 0.4, arguing this 
as a mean to avoid the cavitation. Other authors suggested a minimum value of total required 
exhausted head to avoid this phenomena (Carravetta et al., 2018; Chapallaz et al., 1992). Based on 
the research carried out by Chapallaz et al. (1992), and the fact that the back pressure required to be 
maintained downstream of PRVs within WDNs, which is rarely below 15m, cavitation can be an issue 
only for very small PATs with very curved impeller vanes which tend to cavitate earlier. 

Although, Chapallaz (1992) considers only fixed operation of a PAT, the author also introduces the 
theoretically possible range of operation of a PAT. The upper limit of this range was determined with 
maximal permissible torque, i.e., maximal shaft resistance curve. The maximal torque is proportional 
to maximal shaft power. The author suggested that the PATs should be able to sustain torques two 
times larger than torques at BEP, but also that PATs at the lower end of the series are often 
overdesigned as the standard shaft design is being used for a compete series of pumps. As it was 
mentioned previously, in this paper the maximal flow was limited to relate relative mechanical power 
of 𝑃௥௘௟(𝑄௠௔௫

௉஺் ) = 1.5 

A few authors suggested that any flow larger then BEP should be bypassed (Fernández Garcia and Mc 
Nabola, 2020). Limiting the maximal flow to BEP would not maximize the energy recovery as the power 
curves are strictly increasing curves at least up to 1.4*QBEP (Novara and McNabola, 2018), and 
sometimes even up to 2*QBEP (Fontana et al., 2016).  

The bottom line for the minimal flow is to prevent that the generator starts working as a motor for 
very small flows. Although the induction generators operate with high efficiency over a wide range of 
the part loads, the studies of the part load efficiency suggest that it can drop significantly at values of 
20% of its nominal load (Deprez et al., 2006). In the aforementioned study by Fontana et al. (2016) the 
mechanical power attained for the maximal flow was more than 5 times larger than the power 
attained for BEP flow. In this paper the lower limit for flow was set to correspond to 20% of generator’s 
nominal load. If the maximal load to the generator (𝑃௥௘௟(𝑄௠௔௫

௉஺் ) = 1.5) represents 80% of its nominal 
capacity as a motor, as suggested by Williams (1996) in order to avoid overheating and reliability 
issues, then using proportion 20% of the load corresponds to relative power of 𝑃௥௘௟(𝑄௠௔௫

௉஺் ) = 0.375. 
This formulation results in narrower relative permissible operating range for the PATs with higher 
values of Ns, as the consequence of the steeper relative power curves (see Fig. S1).  

The lower and upper limits of flow passing through a PAT defined in this paper should be considered 
as the general limits for the whole application range while the final limits should be tuned once all 
parts of the plant are selected. 

2.5 NPV and Payback Period Objective Functions 
Besides the maximization of the energy produced, two economic variables were used to pursue the 
optimal values of the design variables, namely NPV after 10 years and payback period (PP) of the 
investment. The economic variables have not previously been used by methodologies for selecting 



10 
 

theoretically optimal PAT, i.e., its BEP and n. For each rotational speed, the following formulas have 
been used to evaluate the economic objectives:  

 𝑁𝑃𝑉ଵ଴(𝑛) = −𝑇𝐼𝐶 + ∑
ா∙௘ೠ೛ିைெ஼

(ଵା௥)ೕ
௒
௝  (10) 

 𝑃𝑃(𝑛) =
்ூ஼ାைெ஼

ா∙௘ೠ೛
 (11) 

where TIC [€] are the total installation costs; E [MWh year-1] is the energy produced per year; eup [€ 
MWh-1] is the electricity unit price when sold to the grid [90€ per MWh was assumed in this work 
(Electric Ireland, n.d.)]; OMC [€] are the annual operation and maintenance costs ;j is the year since 
investment; Y=10 is the number of years for which NPV is calculated; and r [-] is the discount rate 
[assumed value of 0.05 (Fecarotta and Mc Nabola, 2017)]. The total installation costs TIC, were 
calculated as a summation of CPAT+gen [€], the PAT and generator assembly cost, and OIC [€] other 
installation costs: 

 𝑇𝐼𝐶 = 𝐶௉஺்ା௚௘௡ + 𝑂𝐼𝐶 (12) 

 

Fig. 3. Hydraulic regulation installation scheme. 

A model developed by Novara et al. (2019) was used to predict the cost of a PAT coupled with 
induction generator. This model takes into account that the same pump unit operating in the turbine 
mode requires a generator of larger nominal power, and that the generators with higher number of 
the magnetic pole pairs (pp) are more expensive: 

 𝑝𝑝 = 1 (𝑛 = 3020):  𝐶௉஺்ା௚ = 11,913.91 ∙ 𝑄஻ா௉ඥ𝐻஻ா௉ + 1,289.92 (13) 

 𝑝𝑝 = 2 (𝑛 = 1510):  𝐶௉஺்ା௚௘௡ = 12,717.29 ∙ 𝑄஻ா௉ඥ𝐻஻ா௉ + 1,038.44 (14) 

 𝑝𝑝 = 3 (𝑛 = 1005):  𝐶௉஺்ା௚௘௡ = 15,797.72 ∙ 𝑄஻ா௉ඥ𝐻஻ா௉ + 1,147.92 (15), 

where QBEP [m3 s-1] and HBEP [m] are the flow and head drop of the PAT at its BEP. OIC were associated 
with HR control system (including two control valves see Fig. 3), commissioning, civil works, grid 
connection, additional hydraulic equipment and other project costs. The value of OIC, was assessed 
implicitly from CPAT+gen: 
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 𝑂𝐼𝐶 = (1 − 0.26)
஼ುಲ೅శ೒೐೙

଴.ଶ଺
 (16). 

Equation 16 suggests that OIC correspond to 74% of TIC. This assumption is based on the study 
conducted by Fernández García et al. (2019) which analyzed nine different real world PAT installations 
in WDNs, finding that the cost of PAT plus generator assembly represented 26% of TIC on average.  

Across the literature the magnitude of OMC was shown to vary significantly. Their magnitude varied 
from being neglected (Fecarotta et al., 2014; Fecarotta and Mc Nabola, 2017) to being 15% of the total 
installation costs, annually (Fernández Garcia and Mc Nabola, 2020; Tricarico et al., 2018). In between 
were the studies by Novara and McNabola (2018); Coelho and Andrade-Campos (2018) and Colombo 
and Kleiner (2011); where these costs were defined as 5% of 𝐶௉஺்ା௚ , 10% of the project’s total 
annual income and 2000$, respectively. In this paper these costs were assessed as the median value 
of 15% of 𝐶௉஺்ା௚ . 

When a solution point (QBEP, HBEP) is outside the availability boundaries for the speed n, the algorithm 
sets NPV10 to -106 €, and PP to 100 years. 

2.6 Optimization algorithm 
For the energy recovery objective function the optimization problem described above can be 
formulated as follows: 

 
𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒:

ொಳಶು,ுಳಶು

𝐸(𝑛) = ∑ 𝜌𝑔𝑄௜
௉஺்𝐻௜

௉஺்𝜂௜
௉஺்Δ𝑡ே

௜ୀଵ

𝑠. 𝑡. 𝑛 ∈  {1005, 1510,3020 }

(𝑄஻ா௉ , 𝐻஻ா௉)  ∈ 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦(𝑛)

 (17). 

The problem formulation for the other two objectives is the same as in Eq. 17 except in the case of 
the PP objective for which the goal is to minimize PP. For a single rotational speed n, the problem 
formulated in Eq. 17 is nonlinear subject to linear constraints defined using availability boundaries. 
Because of the piecewise nature of the energy recovery function defined in Eq. 6-9 and due to the 
discrete nature of the PRV operating points, the objective functions are discontinuous and hence non-
differentiable. As it will be seen in the result section, the described problem is a local problem. 

Considering the problem characteristics, the Nelder-Mead Simplex Direct Search (NMSDS) algorithm 
has been chosen to solve the optimization problem (Lagarias et al., 1998). The NMSDS algorithm is 
derivative-free heuristic search method suitable for nonlinear non-smooth problems. It belongs to the 
class of direct search methods whose convergence is based on function comparison. As the algorithm 
does not incorporate constraints, the boundary constraints are implemented through the penalty 
function defined in step 1 of the energy recovery function. 

The method uses the concept of a three-point simplex for a 2D-problem. The flowchart of the 
algorithm is presented in Fig. 4. The starting point (Qstart, Hstart) can be anywhere within the availability 
boundary for the selected rotational speed. The average operating point is a good initial guess if it is 
within the boundary. As can be seen in the chart, the algorithm tries to replace the worst element of 
the simplex (xk+1), with a better solution by reflecting and contracting through the centroid (xm) of the 
remaining simplex points. If none of the alternatives is better that the worst point of the simplex, the 
algorithm shrinks the simplex towards the best point. The advantage of the NMSDS algorithm is that 
it requires less function evaluation in each iteration then some other heuristic methods. However, it 
is not suitable for global optimization problems. 

All the simulations were carried out in the MATLAB programming environment. 
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Fig. 4: Optimization algorithm flowchart 
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3 Validation 

As the pump manufacturers do not provide the information about pumps behavior in turbine mode, 
researchers and practitioners have to rely on some of the prediction models developed in the 
literature. All PAT performance prediction models induce certain errors. To quantify the errors of their 
models the developers usually use the accuracy metrics such as root mean square error (RMSE) and 
coefficient of determination (R2) (Barbarelli et al., 2017a; Derakhshan and Nourbakhsh, 2008; 
Fecarotta et al., 2016; Novara and McNabola, 2018; Pugliese et al., 2016). These metrics do not 
provide an explicit answer about the magnitude of error in the assessment of energy produced. 
Furthermore, the methodologies that are focused on selecting a PAT to replace a PRV which would 
operate with variable flow and head conditions, usually couple several of these models where each 
embeds its error. Previous methodologies in this field omitted to quantify this cumulative error. 

As it was explained in the previous section the proposed methodology employs two models: a model 
for extrapolation of complete head loss and power curves from the machine’s BEP (Novara and 
McNabola, 2018) and a model for prediction of the machine’s maximal efficiency at the BEP (Novara 
et al., 2017). Also, a model developed by Yang et al. (2012) has been used to define the boundaries of 
the available models for each rotational speed. To quantify the cumulative error in the assessment of 
energy recovery of the proposed methodology 23 experimental PAT curves of centrifugal PATs have 
been gathered from the literature (Alatorre-Frenk, 1994; Barbarelli et al., 2017a; Calado, 2014; 
Sebastião, 2017). 

 

Fig. 5. a) Distribution of R4 for 23 PAT curves from the literature; b) Experimental and modelled head 
loss and power curves for the PAT with the 4th lowest value of R4 

Two tests were carried out. In the first test, the BEP flow and head of the modelled curves were 
considered ideal, i.e., the same as the experimentally obtained ones. This way only the accuracy of 
the extrapolation and the model for predicting the maximal efficency in the assessment of energy 
recovery was quantified. Firstly, the R2

h (R2 for head loss curves) and R2
p (R2 for power curves) were 

calculated for all 23 PATs. Some PATs had better fit for the head loss curves but worse for the power 
curves, i.e., the PAT that had the worst accuracy by R2

h was not the worst by R2
p. As both of these 

types of curves influence the accuracy of energy reovery assessment, a joint metric that couples their 
accuracies was necessary to sort the 23 PATs. Consequently, the metrics R2

h and R2
p were multiplied 
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creating R4= R2
h R2

p. Distribution of this metric is displayed in Fig. 5a, and shows three PATs that had 
significantly lower values of R4 than the other 20 PATs. Considering these three PATs as outliers, the 
PAT with the 4th lowest value of R4, amounting to 0.906 was chosen to quantify the cumulative error 
in the assessment of energy recovery induced by the models (see Fig. 5b). Using the selected PAT, the 
energy recovery was assessed for three out of 38 sites from the aforementioned PRV database whose 
operating points were in the proximity to the PAT’s head loss curve. A detailed description of the PRV 
database is presented in the following section. The relative errors in the assessment of energy 
recovery were 3.62, 5.74 and 7.5%. These values prove the high accuracy in finding the theoretically 
optimal BEP. The error could be larger for the sites whose operating points are far away from the PAT’s 
head loss curve as all of the operating conditions would take place in the part-load or over-load part 
of the curves where discreptancy between the model and the experimental curves is the largest. 

In the second test the accuracy of the Yang et al's model (2012) in the prediction of the PAT BEPs from 
the pump BEPs was assessed. Previous studies pointed out this model as one of the best in the 
literature (Novara, 2020). Fig. 6 presents the relative discrepancy between the predicted BEPs(empty 
circles) and the experimetally obtained BEPs(solid circle) for 23 PATs. It can be seen from the figure 
that the absolute relative error in predicting BEP flow, ranged from 0.04% to 19.78% with an average 
of 6.42%. On the other hand, the relative absolute error in predicting BEP head, ranged from 0.26% to 
28.69% with an average of 10.28%. The errors of this magnitude in predicting the PAT BEP could induce 
significant errors in the assessment of energy recovery. 

 

Fig. 6. Distribution of relative errors in prediction of BEP flow and head using Yang et al.'s model 
(2012). 

4 Results and discussion 
4.1 PRV database 
A database of 38 real world PRV sites with yearly recordings of flow and head upstream and 
downstream the valves were available for this study. The set of valves included 30 PRVs from Dublin 
City WDN (Ireland) and 8 PRVs from Seville WDN (Spain). Flow and heads at Dublin valves were 
recorded at 15 min intervals for a duration of 420 days in the period between Jun 2010 - Aug 2011, 
while the ones in Seville were recorded at 5 min intervals and duration of 365 days for the period 
between Dec 2017 – Dec 2018. In the both subsets, majority of the valves had fixed downstream head 
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profiles but there are some with different head profiles for day and night, and also with flow-based 
head profiles as well. 

 

Fig. 7. Average operating points of 38 PRV sites with availability boundaries. 

The available database was used to better understand the scale of hydropower sites within WDNs and 
to find suitable technology that can exploit their potential. Fig. 7 presents average operating points of 
all PRVs from the database (average flow and excess head), together with availability boundaries of 
the centrifugal PATs. None of the valves had excess head greater than 80 m and majority of sites had 
flow smaller than 120 l s-1. The size of the sites in this database are in agreement with the sizes 
previously reported in the literature (Delgado et al., 2019). Fig. 7 confirms the suitability of radial and 
mixed flow centrifugal PATs for application at vast majority of PRV sites within WDNs. Three PRV sites 
that were outside of the boundaries have very small available head and their excess energy would be 
hard to exploit with any turbine technology. 

 

Fig. 8. Flow and head recordings at Site 13 for the first three days of the sample. 
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4.2 Effects of different objectives on the optimal BEP 
From the previously mentioned PRV database three sites have been selected to examine the effects 
of selecting different objectives on the theoretically optimal PAT and final selection of the commercial 
pump family. The recordings of upstream and downstream head and flow at one of these sites (Site 
13) for the first three days of the sample is presented in Fig. 8. 

Fig. 9 presents the contour plots of the three examined objectives for each examined speed, for Site 
13. The contour plots indicate that the examined optimization problem defined with equations 17 and 
analogues problems with NPV10 and PP objectives are indeed local problems, thus proving the 
suitability for usage of Nelder-Mead algorithm. The numerical values of theoretically optimal solutions 
for all three sits are presented in Tab. 1. The theoretical solutions can be regarded as upper bounds in 
the cases of energy recovery and NPV10 objectives and lower bound in the case of PP objective.  

Tab. 1. Effects of different objective functions on the optimal BEPs for three PRV case studies 

  Site 13 Site 28 Site 1 

Objective max(E) max(NPV10) mini(PP) max(E) max(NPV10) mini(PP) max(E) max(NPV10) mini(PP) 

QBEP [l s-1] 33.25 32.10 26.08 111.98 105.05 77.77 250.63 232.78 151.08 

HBEP [m] 62.21 59.20 56.82 55.34 50.06 46.20 46.39 42.41 41.64 

n [rpm] 3020 3020 3020 3020 3020 3020 1510 1510 1510 

Ns [rpm (m3 
s-1)0.5 m-0.75] 24.86 25.35 23.56 49.81 52.01 47.53 42.53 43.84 35.80 

ηmax [-] 0.77 0.77 0.76 0.83 0.83 0.82 0.85 0.85 0.84 

PBEP [kW] 15.65 14.38 11.00 50.41 42.64 28.93 96.68 81.96 51.57 

ηglobal [-] 0.62 0.61 0.55 0.66 0.65 0.55 0.66 0.66 0.51 
E [MWh 
year-1] 143.81 143.31 129.28 416.51 412.87 350.26 874.15 866.93 664.74 

NPV10 
[€ year-1] 77854 78413 71672 233338 236156 205444 493662 500800 394722 

PP [years] 1.36 1.31 1.25 1.20 1.09 0.96 1.16 1.04 0.90 

QBEP/Qave [-] 0.92 0.89 0.72 0.93 0.88 0.65 0.91 0.84 0.55 

HBEP/Have [-] 0.82 0.78 0.75 0.89 0.81 0.74 0.83 0.76 0.75 

Optimal 
commercial 

family 

50-160, 
n=3020, 
D=174 

50-160, 
n=3020, 
D=174 

50-160, 
n=3020, 
D=174 

100-160, 
n=3020, 
D=185 

100-160, 
n=3020, 
D=185 

80-160, 
n=3020, 
D=174 

200-330, 
n=1510, 
D=330 

200-330, 
n=1510, 
D=330 

150-315, 
n=1510, 
D=334 

Surprisingly, not many studies on this topic relate their optimal solution to the average operation 
point, i.e., average flow and excess head at the examined sites. In the study carried out by (Stefanizzi 
et al., 2018), the authors suggested that the BEP of a PAT (in the alternative with 1 PAT) should be as 
close as possible to the average point to maximize energy recovery. The authors supported this 
hypothesis with the fact that this point has the highest frequency of occurrence. On the other hand, 
the results of the study by Lydon et al. (2017) suggested that the design flow which will maximize 
energy recovery should be between 10% and 30% smaller than the average flow depending on the 
site (in the alternative with 1 PAT). They explained that the design flow should be small enough to 
have a high frequency of larger flows occurrence but big enough to capture most of the available 
energy. In this paper the theoretically optimal BEPs that will maximize the objectives are the result of 
the optimization procedure. The results presented in Tab. 1 indicate that the average BEP flow and 
available head, across the three considered valves, that would maximize the energy recovery, NPV 
and PP objectives, amounted 92% and 85%, 87% and 78% and 64% and 75% of the valves’ average 
operating points, respectively. It can be also noticed that these ratios do not change much across the 
valves except in the case of QBEP/Qave ratio for the minimization of PP, which seems to decrease with 
the increase of the average operation flow at the valves.  
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Fig. 9. Contour plots of Site 13: a) max(E) n=1005; b) max(E) n=1510; c) max(E) n=3020; d) max(NPV) 
n=1005; e) max(NPV) n=1510; f) max(NPV) n=3020; g) min(PP) n=1005; h) min(PP) n=1510; i) min(PP) 

n=3020; j) - l) Optimal BEPs of the objectives with available commercial families for each rotational 
speed. 

As the PAT selection charts do not exist, to find the best commercial pump family alternative for the 
considered site, the theoretically optimal BEP in turbine mode should be converted into related BEP 
in pump mode using Yang et al.'s (2012) model or any similar conversion models. Using the obtained 
BEP in pump mode from the pump selection charts the near optimal commercial pump families can 
be selected. The BEPs of the pumps in proximity to the theoretically optimal BEP should be converted 
in turbine mode to assess the exact values of the objectives. The BEPs of the commercial Etanorm 
pumps that were in proximity to the optimal BEP for three considered sites are presented in Tab. S1-
S3. For Site 13, these BEPs are also presented as empty circles on contour plots in Fig. 9. 
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Tab. 1 indicates that in case of Site 13 the best commercial family was the same regardless of the 
objective. On the other hand, in the cases of Sites 28 and 1 the best solutions obtained based on 
energy recovery and NPV10 objectives differed from the solution obtained using PP objective. 
Although, the best commercial alternatives in the cases of all examined sites and objectives, all were 
of the optimal speed, from Tab. S1-S3 it can be seen that the second best solution was of a different 
speed, which suggests that because of discrete nature of the commercial families all speeds should be 
always examined. 

However, it should be noted that since recently some pump manufactures started selling their units 
to be used in turbine mode, even that the performance in turbine regime is still not available (e.g. 
KSB). In other words, the theoretically optimal BEP can be provided to the manufactures to suggest 
the best commercial alternative. This way, the potentially wrong commercial solutions resulting from 
significant errors of the conversion models such Yang’s can be avoided. 

4.3 Effects of different PAT’s operation limits on the optimal BEP and energy recovery 
In the literature, different studies used different values for the maximal operating flow of a PAT. 
Fernández Garciá and Mc Nabola (2020) and Lydon et al. (2017) implemented HR in their 
methodologies that bypasses every flow larger than BEP flow. In the experimental study by (Fontana 
et al., 2016) that investigates real time control strategy of a prototype that maximizes energy 
produced, the authors set the maximal flow through the PAT (referred as desired flow in the study) to 
a value two times larger than BEP flow. Carravetta et al. (2014) and Fecarotta et al. (2018) introduced 
the minimal and maximal flow through the PAT implicitly using a reliability parameter in their objective 
function. This parameter takes into account that a pump/PAT is more prone to failure if it works away 
from BEP. This parameter was defined with a bell curve that has the maximum of one at BEP flow and 
zeros at no flow on the left side and flow two times bigger than BEP flow at the right side. However, 
the studies did not indicate if the reliability curve defined as this was created on a premise that a PAT 
works for the whole duration away from BEP flow or just for short periods in a day of the lowest and 
highest consumption.  

Table 2. Effects of PAT’s operation limits on the optimal BEPs for three PRV case studies 

  Site 13 Site 28 Site 1 

Prelmax [-] 1 1.5 2 1 1.5 2 1 1.5 2 

Qmax [l s-1] 37.74 39.35 41.87 121.99 130.82 139.07 278.82 293.86 323.77 

QBEP [l s-1] 37.74 33.25 31.20 121.99 111.98 105.67 278.82 250.63 244.70 

HBEP [m] 75.82 62.21 57.79 64.05 55.34 52.30 55.68 46.39 44.69 

n [rpm] 3020 3020 3020 3020 3020 3020 1510 1510 1510 
Ns 

 [rpm (m3 s-1)0.5 
m-0.75] 

22.83 24.86 25.45 46.59 49.81 50.48 39.12 42.53 43.21 

ηmax [-] 0.77 0.77 0.77 0.83 0.83 0.83 0.85 0.85 0.85 

PBEP [kW] 21.58 15.65 13.63 63.81 50.41 44.86 129.29 96.68 90.89 

ηglobal [-] 0.61 0.62 0.60 0.65 0.66 0.65 0.67 0.66 0.65 

E [MWh year-1] 143.35 143.81 140.61 414.25 416.51 411.26 876.29 874.15 855.95 

NPV10 [€ year-1] 70284 77854 78134 217052 233338 235555 456731 493662 497327 

PP [years] 1.67 1.36 1.29 1.42 1.20 1.12 1.43 1.16 1.11 

QBEP/Qave [-] 1.04 0.92 0.86 1.02 0.93 0.88 1.01 0.91 0.89 

HBEP/Have [-] 1.00 0.82 0.76 1.03 0.89 0.84 1.00 0.83 0.80 

Optimal 
commercial 

family 

65-200, 
n=3020, 
D=219 

50-160, 
n=3020, 
D=174 

50-160, 
n=3020, 
D=174 

150-500-1, 
n=1005, 
D=500 

100-160, 
n=3020, 
D=185 

125-315, 
n=1510, 
D=334 

300-500, 
n=1005, 
D=520 

200-330, 
n=1510, 
D=330 

200-330, 
n=1510, 
D=330 
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The aim of this subsection was to investigate the influence of different HR limits, primarily the maximal 
flow on the final location of the optimal BEP and the maximization of energy recovery. Three 
alternatives were examined. The maximal flow was set to correspond the relative mechanical power, 
Prel(Qmax), of 1 (i.e., QBEP), 1.5 and 2. The minimal flows were set with the same principal explained in 
the methodology section resulting in Prel(Qmin) of 0.25, 0.375 and 0.5. The results of the analysis for 
all three sites are presented in Tab. 2. The graphical interpretation of the results for Site 13, is also 
presented in Fig. 10 and Fig. 2. Fig. 10 presents the results for the first and third alternative of the 
upper operational limit, while the second alternative is presented in Fig. 2. As it can be seen in Tab. 2, 
the optimal BEPs were indeed close to the average points when Qmax = QBEP, for all three sites. On the 
other hand, for the 2nd and 3rd alternative of the upper operational limit the optimal BEP flow was 
10.3% and 14.6% smaller than this value, on average, respectively. Similarly, on average, the optimal 
BEP head for the 2nd and 3rd alternative was 16.2% and 20.8% smaller than the optimal BEP head 
obtained for the 1st alternative of the upper operational limit. For Site 13, Fig. 10 gives an additional 
insight and that is that for the 3rd alternative the maximal flow through the PAT was never reached, 
meaning the two CVs were never active at the same time (there are not black crosses), unlike in the 
first two alternatives. 

 

Fig. 10. Influence of PAT’s operation limits on the optimal BEP a) Prel(Qmax) = 1 b) Prel(Qmax) = 2. 

The results in Tab. 2 also suggest that the increase of the maximal flow does not always increase the 
energy recovery. This suggests that the maximal permissible flow should also be a design variable. 
Finally, the last row of Tab. 2 suggests that similarly to the effect of different objectives, different 
selection of the upper operational limit can also result in the selection of different commercial 
families. 

As it was mentioned previously a detailed load analysis should determine that the maximal permissible 
flow does not exceed the values of the maximal permissible torque and its operation is safe in respect 
to cavitation occurrence. 
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4.4 Benchmarks 
Finally, the proposed methodology was applied to real-world sites previously used in the literature for 
comparison. All the results in this subsection were obtained by maximizing the energy recovery 
objective, i.e., the global plant efficiency, as this was the objective used in the compared studies.  

Tab. 3 presents the results obtained by applying the proposed methodology to the sites from 
Carravetta et al. (2012). The results showed improvements in terms of the global efficiency of the 
plant ranging from 4.9% to 9.4% depending on the site. The improvements gained were the result of 
the different restrictions to the solution space of the BEP and sligtly higher predicted ηmax comparing 
to the ηmax of the prototype used in the study. As it can be seen in Tab. 3 the impeller diameters and 
even rotational speed of the most suitable PATs available on the market can differ from the ones 
obtained using the affinity laws.  

Regardless of the improvements obtained in comparison to the results obtained by Carravetta et al. 
(2012), the similarity curves extrapolated from the prototype data intersected the operating points of 
the considered sites. Meaning that the appropriate PAT model for the considered sites should be 
hydraulically similar to the prototype (i.e., have similar value of 𝑁௦). Tab. 4, which presents the results 
of comparison with Lydon et al. (2017), indicates that the improvements can be significantly higher if 
a non-optimal prototype is selected. The improvements gained in terms of ηglobal ranged from 24% to 
36% comparing to design points and from 45% to 58% comparing to BEPs of machines similar to 
prototype. The improvements of this magnitude, especially in case of the machines similar to 
prototype, can be explained with the efficiency of the prototype which was around 20% lower than 
the predicted values and the fact that the prototype’s affinity curve for n = 900 rpm was very far away 
from the operating points of all three considered sites. Although the PRV sites are the same it has to 
be pointed out that the measurements have not been recorded for the same year. However the gross 
powers of the sites presented in the study were similar.  

Table 3. Comparison of the results with methodology proposed in Carravetta et al. (2012) 

  Site A1 Site A2 Site A3 

Methodology 
Carravetta et 

al. (2012) 
Proposed 

methodology 
Carravetta et 

al. (2012) 
Proposed 

methodology 
Carravetta et 

al. (2012) 
Proposed 

methodology 

QBEP [l s-1] 30.63 23.94 25.19 23.55 25.73 22.57 

HBEP [m] 72.14 55.11 25.12 26.14 14.84 16.46 

n [rpm] 3000 3020 1500 1510 1000 1510 

Ns [rpm (m3 
s-1)0.5 m-0.75] 

21.21 23.10 21.21 20.04 21.21 27.75 

ηmax [-] 0.71 0.75 0.71 0.74 0.71 0.76 

PBEP [kW] 15.39 9.72 4.41 4.44 2.66 2.78 

ηglobal [-] 0.57 0.63 0.54 0.59 0.49 0.58 

ηglobal/ηmax [-]  0.84  0.80  0.77 

E [MWh 
year-1] 

70.57 77.76 33.31 36.31 20.08 23.95 

NPV10 [€ 
year-1] 

n/a 40934 n/a 15353 n/a 8168 

PP [years] n/a 1.87 n/a 3.02 n/a 3.93 

Model 
D=194 

similar to 
prototype 

40-160, 
n=3020, 

ηglobal=0.51 

D=229 
similar to 
prototype 

65-200, 
n=1510, 

ηglobal=0.58 

D=264 
similar to 
prototype 

65-160, 
n=1510, 

ηglobal=0.55 

As it was indicated by the results in Tables 3 and 4, the non-optimal choice of the prototype and its 
speed can seriously dimish the results of the energy recovery. Selection of the prototype, i.e., the 
specific speed which is a good fit for a site within WDNs which are characterized with large variations 
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of flow and head is not straighforward. Additionally the characteristic curves of the such prototype 
could be unavailable. The main advantage of the proposed methodology is that it does not depend on 
the choice of the prototype and that it will always provide the upper bound of the energy recovery for 
the examined site. 

Table 4. Comparison of the results with methodology proposed by Lydon et al. (2017) 

  BHB (Site 1) Poplar (Site 13) Rialto (Site 28) 

Methodology 

Lydon et al. 
(2017) 
Design 
point) 

Lydon et al. 
(2017) 

(Similar to 
protoype) 

Proposed 
methodology 

Lydon et al. 
(2017) 
Design 
point) 

Lydon et al. 
(2017) 

(Similar to 
protoype) 

Proposed 
methodology 

Lydon et al. 
(2017) 
Design 
point) 

Lydon et al. 
(2017) 

(Similar to 
protoype) 

Proposed 
methodology 

QBEP [l s-1] 168.00 158.00 250.64 27.00 27.00 33.25 97.00 110.00 111.98 

HBEP [m] 69.00 37.00 46.39 95.00 12.00 62.21 76.00 30.00 55.34 

n [rpm] n/a 900 1510 n/a 900 3020 n/a 900 3020 

Ns [rpm (m3 s-1)0.5 
m-0.75] 

n/a 23.85 42.51 n/a 22.94 24.86 n/a 23.29 49.81 

ηmax [-] 0.62 0.62 0.85 0.62 0.62 0.77 0.62 0.62 0.83 

PBEP [kW] 70.50 35.56 96.76 15.60 1.97 15.65 44.84 20.07 50.41 

ηglobal [-] 0.30 0.21 0.66 0.35 0.04 0.62 0.42 0.15 0.66 

ηglobal/ηmax [-]   0.78   0.80   0.79 

E [MWh year-1] 392.91 274.50 874.15 101.12 11.41 143.81 345.38 123.03 416.51 

NPV10 [€ year-1] n/a n/a 493662 n/a n/a 77854 n/a n/a 233338 

PP [years] n/a n/a 1.16 n/a n/a 1.36 n/a n/a 1.20 

Model n/a 
D=450mm,  
similar to  
prototype 

200-330, 
n=1510, 

ηglobal=0.66 
n/a 

D=250mm,  
similar to  
prototype 

50-160, 
n=3020, 

ηglobal=0.61 
n/a 

D=400mm,  
similar to  
prototype 

100-160, 
n=3020, 

ηglobal=0.65 

Some of the previous studies suggested ηglobal = 0.6 as maximal global efficiency of a hydro plant within 
a WDN equiped with a PAT (Carravetta et al., 2014; Fecarotta et al., 2018). The results of the six 
examined sites presented in Tab. 3 and 4 provide a different definition of the upper bound of the 
energy recovery using hydraulic regulation. The results suggest that the maximal global efficiency of a 
plant is around 80% of the ηmax of the optimal PAT. 

5 Conclusions 

This paper presents a novel methodology for the selection of a PAT from the market to replace a PRV 
located within WDNs, which are characterized by large flow and head fluctuations. The presented 
methodology implements the classical hydraulic regulation scheme with two control valves and a 
single-stage centrifugal PAT for maintenance of required downstream head pattern. It also employs 
the NMSDS optimization algorithm to find the optimal BEP. Besides the optimization algorithm used, 
the approach in this paper differs from previous approaches in restriction of the solution space. Unlike 
traditional approaches which are based on scaling a prototype data by affinity curves and thus 
restricting the solution space to these curves, the proposed methodology restricts the solutions space 
only with the availability boundaries of market centrifugal PATs. 

Using the proposed methodology, this study examined the effects of different objectives, namely 
maximization of energy recovery, maximization of NPV10 and minimization of PP on the selection of 
the optimal PAT. The results of three real world PRV case studies from Dublin WDN showed that the 
optimal BEPs for the three objectives correspond to 92%, 87% and 64% of the sites’ average operating 
flow and 85%, 78% and 75% of the sites’ average operating head, on average across three sites, 
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respectively. The results also showed that the former differences in the theoretically optimal BEPs can 
result in selection of different commercial pump families. Although the selection of commercial 
families should be regarded with caution as the validation section of this paper indicated that even 
the most accurate models for predicting the BEP in turbine mode can result in errors of around 30%. 

This paper also suggested new formulation for the limits of variable PAT operation based on its relative 
mechanical power (Prel). Varying the upper operational limit the paper investigated how it can affect 
the selection of the optimal PAT and the maximization of energy recovery. The results of the same 
three PRV case studies showed that the increase of the maximal permissible flow results in a 
theoretically smaller PAT but it does not always increase the maximal value of the energy recovery. 
Similarly to the effect of the selection of different objectives the results showed that the selection of 
different upper operational limit can also result in selection of different commercial pump family. This 
indicates that the upper operation limit should also be one of the designed variables. 

The methodology was also applied to sites previously used in the literature resulting in improvements 
in terms of the global plant’s efficiency of 4.9% to 9.4% comparing with Carravetta et al. (2012) and 
24% to 58% comparing to Lydon et al. (2017). The results of the maximal global efficiency for the six 
sites from these 2 studies suggest that the upper bound of the energy recovery is around 80% of the 
ηmax of the optimal PAT.  

The future work will be focused on studying the flow and head patterns of the PRV database in order 
to find out what are the minimal flow and head characteristics of a PRV which would result in 
economically viable replacement. 

6 Data Availability Statements 

Some or all data, models, or code used during the study were provided by a third party. These are: 
Flow and head recordings at case study valves. Direct request for these materials may be made to the 
provider as indicated in the Acknowledgments. 

Some or all data, models, or code that support the findings of this study are available from the 
corresponding author upon reasonable request. These are: MATLAB code used for the analysis in the 
presented paper; Pump characteristic curves booklets used to define the availability boundaries (KSB, 
2018). 
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8 Notation 

The following symbols are used in this paper: 

H = hydraulic head [m] 

N = number of the operating points, i.e., time steps [-] 

NPV10 = net present value after 10 years [€] 

Ns = specific speed based on unit flow [rpm (m3 s-1)0.5(m)-0.75] 

OMC – operation and management costs [€] 
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P = power generated by the PAT [kW] 

PP = payback period of investment [years] 

Prel = relative power generated by the PAT [-] 

Q = flow rate [l s-1] 

R2 = coefficient of determination [-] 

R4 = accuracy metric created by multiplying R2 of head loss and power curves [-] 

TIC = total installation costs [€] 

a, b, c, d, e, f – polynomial coefficients of the PAT characteristic curves defined by Novara and 
McNabola (2018) 

eup = electricity unit price [€ MWh-1] 

g = gravitational acceleration [m s-2] 

n = rotational speed of impeller [rpm] 

pp = number of magnetic pole pairs [-] 

r = discount rate [-] 

x1 = the best point in the simplex 

xk+1 = the worst point in the simplex 

xm = centroid of the simplex points excluding the best 

∆t– time step duration [h] 

η = PAT’s efficiency [-] 

ρ = water density [kg m-3] 

9 Supplemental Materials 

 

Fig. S1. Steepness of relative power curves as a function of Ns 
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Tab. S1. Five commercial pump families with the highest values of energy recovery for Site 13. 
Family 50-160 65-315 65-200 50-315 40-160 
D [mm] 174 320 219 323 174 

QBEP [l s-1] 34.32 34.20 47.05 23.62 19.12 

HBEP [m] 59.03 60.39 96.79 66.82 67.76 
n [rpm] 3020 1510 3020 1510 3020 

Ns [rpm (m3 s-1)0.5 
m-0.75] 

26.27 12.89 21.23 9.93 17.68 

ηmax [-] 0.78 0.69 0.77 0.62 0.71 

PBEP [kW] 15.44 13.90 34.37 9.57 9.02 

ηglobal [-] 0.61 0.55 0.49 0.42 0.40 

E [MWh year-1] 141.63 127.99 114.36 99.14 94.20 
NPV10 

[€ year-1] 76247 66836 45426 51413 49625 

PP [years] 1.39 1.53 2.64 1.56 1.49 

Tab. S2. Five commercial pump families with the highest values of energy recovery for Site 28. 
Family 100-160 125-315 150-500-1 80-160 100-200 

D [mm] 185 334 500 174 219 

QBEP [l s-1] 110.92 109.16 109.44 84.39 112.75 

HBEP [m] 51.70 53.00 56.61 44.29 85.28 
n [rpm] 3020 1510 1005 3020 3020 

Ns [rpm (m3 s-1)0.5 
m-0.75] 

52.16 25.40 16.11 51.10 36.14 

ηmax [-] 0.83 0.81 0.76 0.82 0.83 

PBEP [kW] 46.56 45.99 46.14 30.11 78.22 

ηglobal [-] 0.65 0.65 0.61 0.57 0.52 

E [MWh year-1] 415.14 412.36 386.54 362.22 332.38 
NPV10 

[€ year-1] 234498 230800 197782 211786 162454 

PP [years] 1.15 1.20 1.63 0.98 1.83 

Tab. S3. Five commercial pump families with the highest values of energy recovery for Site 1. 
Family 200-330 250-500 300-500 250-400 200-400 

D [mm] 330 520 520 405 405 

QBEP [l s-1] 248.81 261.53 309.05 349.96 241.70 

HBEP [m] 42.47 51.31 55.15 67.16 72.86 
n [rpm] 1510 1005 1005 1510 1510 

Ns [rpm (m3 s-1)0.5 
m-0.75] 

45.27 26.81 27.61 38.07 29.77 

ηmax [-] 0.85 0.83 0.84 0.85 0.84 

PBEP [kW] 87.83 109.56 139.96 196.50 144.68 

ηglobal [-] 0.66 0.66 0.62 0.55 0.53 

E [MWh year-1] 867.54 865.59 813.96 728.28 700.07 
NPV10 

[€ year-1] 494511 447698 378465 318395 350014 

PP [years] 1.11 1.58 2.04 2.29 1.73 
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