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Abstract: Analyses of possible synergies between energy recovery and water management are
essential for achieving sustainable advances in the performance of pressurized irrigation networks.
Nowadays, the use of micro hydropower in water systems is being analysed to improve the overall
energy efficiency. In this line, the present research is focused on the proposal and development of a
novel optimization strategy for increasing the energy efficiency in pressurized irrigation networks
by energy recovering. The recovered energy is maximized considering different objective functions,
including feasibility index: the best energy converter must be selected, operating in its best efficiency
conditions by variation of its rotational speed, providing the required flow in each moment. These
flows (previously estimated through farmers’ habits) are compared with registered values of flow
in the main line with very suitable calibration results, getting a Nash-Sutcliffe value above 0.6 for
different time intervals, and a PBIAS index below 10% in all time interval range. The methodology
was applied to a Vallada network obtaining a maximum recovered energy of 58.18 MWh/year
(41.66% of the available energy), improving the recovered energy values between 141 and 184%
when comparing to energy recovery considering a constant rotational speed. The proposal of this
strategy shows the real possibility of installing micro hydropower machines to improve the water—
energy nexus management in pressurized systems.

Keywords: irrigation systems; optimization strategy; water-energy nexus; pump working as
turbine

1. Introduction

Modern society is increasingly aware of the need to improve energy efficiency across all
industrial sectors and processes. Increased sustainability can be achieved through the development
of renewable energy sources such as photovoltaic, wind, tidal or hydropower. To reach this
sustainable growth, deep management is necessary [1]. Water distribution systems, particularly
irrigation systems, have not been included in this trend, considering that these infrastructures are
high energy consumers regarding the captation, distribution and reuse of water resources. The
importance of hydraulic systems as energy consumers is shown through the worldwide consumption
of energy, in which the energy consumption for water supply networks represents 7% of the total
consumed energy [2]. If this value is discretized, the distribution is approximately one-third (2-3%)
of this consumption [3].
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Therefore, considering the need to develop sustainable growth in water systems [4] since the
distribution of water is an intensive energy process [5], new strategies should be introduced for water
management systems. The aim of these strategies has to be the improvement of the energy efficiency
and the decrease of the carbon footprint [6], considering the basic principles for the integration of the
water and carbon footprints cost into the resource and environmental costs respectively [7-9], as well
as newly available technologies that improve the water management of the resources and their
feasibility [10,11]. These strategies must consider the flow variation over time in extended periods
since the analysis of the long-extended period enables us to analyse the behaviour of the micro
hydropower systems when the flow changes [12]. Hence, the installation of recovery systems is one
of the most effective strategies to be used in places where the energy has to be dissipated (e.g.,
pressure reduction valves (PRVs) or hydraulic jumps [13-15]), with high feasibility indexes [16].

Deep knowledge of the water—energy nexus in hydraulic systems is essential to define and to
introduce new action lines for their management in order to define performance indicators [17,18].
The analysis of the water-energy nexus, which depends on the intrinsic factors of the hydraulic
systems, defines the potential energy recovery in any hydraulic system. Once the water—energy nexus
is defined, the performance indicators can be established, quantifying the energy savings and
contributing to the improvement of the sustainable, environmental, economic, and management
components [19-22]. The improvement of these indicators was tackled for water systems using
optimization analyses for the locations of the hydropower systems [23,24], as well as developing
comparisons between different algorithms [25].

The present research is focused on contributing to the knowledge pertaining to the operating
mode of energy recovery systems, when they are installed in pressurized water networks
(particularly in irrigation networks). The aim of this research is centred on the proposal and
development of a methodology to improve energy efficiency in pressurized irrigation networks. The
improvement is achieved through the installation of micro hydropower turbines, which take
advantage of the high pressure in some zones of the network by recovering the excess of the pressure-
generating green energy. This is achieved by replacing pressure reduction valves, currently installed
in the water systems to reduce the pressure by micro hydropower, reducing, as a consequence,
leakages [26,27].

2. Methods and Materials in the Optimization Strategy

The development of a methodology to optimize the energy recovery in pressurized water
systems is carried out, and the strategy is particularly applied to irrigation networks. Therefore, the
research is defined by an ensemble of methodologies and materials, in which the results and their
correlations constitute the methodology to optimize energy recovery in pressurized water systems.

2.1. Methods

The used methods were focused on (i) the definition of the analytical model to determine the
flow over time; (ii) the strategy to validate the methodology to estimate the flow in each line of the
network; (iii) the optimization of the recovered energy by an analytical strategy; (iv) the study of
analytical models to know the efficiency in quasi-steady flow conditions when the demand changes
using affinity laws for machine operating conditions; and (v) simulation of the analytical method by
using a hydraulic numerical model to know the pressure and flow over time in each line.

The definition of the analytical model to determine the flow over time was focused on the
determination of the opening or closing irrigation points, depending on the balance between the
irrigation needs and the irrigation cumulated volume. The opening of an irrigation point was
established on different patterns that show the irrigation trends of farmers, such as the weekly trend,
the maximum days between irrigation, and the irrigation duration. The definition of these patterns
enables us to determine the time for the start of irrigation.

The calibration strategy was based on key performance indicators (KPIFs), coming from
traditional hydrological models [28,29]. The KPIFs were Nash-Sutcliffe (E), root relative square error
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(RRSE) and percent of bias (PBIAS). These calibration indicators enable us to determine the goodness-
of-fit between estimated and registered flows.

The developed optimization was carried out in two phases by an analytical strategy. The first
was focused on the integral balance of the energy in a control volume [30]. The energy terms were
defined, distinguishing between recoverable and non-recoverable energy. The estimation of these
terms depended on the required energy for irrigation. The second phase was proposed to develop an
optimization strategy through a heuristic algorithm that was based on the analogy with the physics
process of the annealing of metals and which inspired the Monte-Carlo method [31]. Based on this
algorithm, preliminary studies were used to allocate three machines [32]. However, the recovered
energy in a recovery system depended on the efficiency of the implemented hydraulic machine. The
strategies of regulation that were defined by Carravetta et al. [33], were considered to determine the
recovered energy since the flow varies over time in any water system. This management was based
on the affinity laws and characteristic parameters of the hydraulic machines. The objective was to
analyse the variation of head and efficiency curves as a function of the rotational speed when the
machine operates under steady state conditions.

Once the analytical method had proposed the consumption patterns curves, simulations were
developed to be applied to different case studies. The software used was EPANET [34] software,
which is a public domain software that models water distribution in pipe systems. Different elements
can be represented: pipe networks, nodes (junctions), pumps, valves, and storage tanks or reservoirs.
The model can analyse extended-period, computing friction and minor losses; represent various
types of valves, junctions, tanks and pumps; consider multiple patterns of node consumption over
time; and operate the system of a simple tank level, timer controls or complex rule-based controls.

2.2. Materials

In this particular case, the materials are the experimental data, which were obtained along the
development of this research. These materials were collected through different strategies: (i) the
development of interviews to get to know the farmers’ habits. The data were used as input data in
the analytical model that was developed to estimate the flow over time; (ii) the data for registered
flow over the time of the irrigation network; (iii) the experimental curves based on the characteristic
parameters (discharge and head number) as a function of the specific speed.

The interviews with farmers were developed in the irrigation community that is related to the
case study. The results were afterwards used to determine the patterns to estimate the flow by the
proposed methodology in the case study. The registered flow data were used to carry out the
calibration strategy. The data were obtained by a flowmeter, which was installed in the main line of
the analysed irrigation network.

The final materials used were the head-flow characteristic curve (Q-H) and the efficiency as a
function of the flow (Q-n). However, other methodologies to model this performance have been
implemented, since there were no available experimental values for the recovered head and the
efficiency as a function of the flow for different rotational speeds to be used for modelling. Hence,
the PAT will be characterized through the specific speed, the impeller diameter and the rotational
speed. As a novelty, the next section describes the characterization of this hydraulic machine. The
proposed method considers the best efficiency line (BEL) and the best efficiency head (BEH) as the
strategy used to optimize the energy-recovering actions. BEL (Figure 1) is the line that establishes the
maximum efficiency of one machine for a determined rotational speed and flow. BEH is the line that
is associated with BEL and represents the recovered head when the efficiency is maximum for each
rotational speed [35].
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Figure 1. BEL and BEH operation scheme.

Characterization of the Hydraulic Machine

The characterization of the hydraulic machine is necessary in the optimization strategy. In this
research, a synthetic PAT module is proposed based on characteristic parameters (head number ()
and discharge number () [36]) that are shown in Figure 2. These characteristic numbers are defined

by Equations (1) and (2):

0=2 M)
H
Y=z @

where Q is the flow in m%/s; N is the rotational speed of the machine in rpm; and D is the impeller

diameter in m.
The turbine characterization (Figure 3) is developed by the following the next steps:

1. Selection of the operation parameters: different parameters must be defined. To establish a database
of synthetic PATs (in this particular case 8893 different PATs were defined). The database was
developed through characteristic curves that are shown in Figure 2 (Input 1) as well as changing

the following parameters:
a.  Specific speed (ns): defined according to Equation (3):

VPx 3

1.25
HR

ng =N

where N is the rated rotational speed (rpm); Pr is the rated power (kW); Hr is the rated head
(m w.c.); being ‘R’ the pump design point or the best efficiency condition.
The range of specific speed oscillates between 14 and 79 rpm (m, kW).
b.  Rotational speed (N): the range of the rotational speed oscillated between 510, 1020, 2040,
2400, and 2900 rpm.
c.  Impeller Diameter (D): the range of the defined impeller was between 0.04 and 0.6 m.
d. Variation of the rotational speed: when the machine operates with a different rotation speed
as a function of the flow, the coefficient () that is defined by Equation (4) can vary between

0.5 and 1.5.
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where N, is the rotational speed for each time in rpm; and N, is the nominal rotational
speed in rpm.
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Figure 2. Characteristic curves based on experimental tests and affinity laws [35,37,38].

To interpolate characteristic curves: when the specific speed is defined and the ns curve is not

known, the values of head number (. ) and efficiency (i) for each discharge number value

int
(¢int) are estimated by linear interpolation

2. To generate head and efficiency curves as a function of flow: when the characteristic numbers are
defined for each diameter and rotational speed (No) that are selected in step one, the head and

efficiency curve are determined by Equations (5) to (7):
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Q = ¢, ND? ®)
Y. N2D?

H — lntg (6)

n= nint((Pint) (7)

The polynomic equations are fitted to the obtained values (the maximum considered degree is
four) through linear regression by Equations (8) and (9):

Hy-; = AQ*+ BQ®*+CQ*+DQ+E (8)

N,., = FQ*+GQ*+HQ*+1Q +] 9)

These curves can be used when the flow is between the interpolated range, where A, B, C, D and
E are coefficients of the Q-H characteristic curve and F, G, H, I and | are coefficients of the efficiency
curve. The flow limit of the turbine is defined by a minimum efficiency condition, which is proposed
to be 0.3 for this case study.
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Figure 3. Scheme of the operation of the turbine (PAT) module.

3. To obtain runaway curve: the runaway curve is generated by second polynomic equation curve
that contains the following points: coordinates origin and the minimum value obtained through
Equation (8).
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4.

To develop BEL/BEH: the best efficiency point is estimated for each rotational speed (), adjusting
by regression the curves defined by Equations (10) and (11):

HBEHZHQ4+IQ3+]Q2+KQ+L (10)
Mg, = MQ*+ NQ> +0Q*+ PQ +R (11)

where H, I, ], K and L characterise the best efficiency head and M, N, O, P and R are coefficients
that define the best efficiency line.

2.3. Optimization Strategy

When the previously-cited material and methods are implemented, the development of the

optimization strategy to improve the energy efficiency in pressurized irrigation networks is possible.
The development of this strategy makes sense since there are not any similar strategies for
pressurized water distribution networks published in the expert literature. The developed
optimization strategy for the energy efficiency improvement is defined by different steps. This
methodology needs different inputs. The procedure is showed in the following flowchart (Figure 4).

1.

The knowledge of the flow over time is the starting point in the optimization strategy. The flow
can be known when the water manager has flowmeters in the pipes. However, the knowledge
of the flow in all lines over time is almost impossible, and therefore, the flow has to be estimated
in each line. In this sort of irrigation water distribution network, the flow depends on
consumption flow patterns which must be determined as a function of the agronomist
parameters. To estimate the consumption flow patterns, the used methodology considers the
farmers’ habits and the characteristics of the network [39]. This methodology is able to estimate
the flow over time in any line of the systems, depending on the network characteristics (Input 1)
and the farmers’ habits (Input 2). The farmers’ habits are irrigation needs, irrigation duration,
maximum days between irrigation and the irrigation volume. The knowledge of the farmers’
habits allows the determination of the opening or closing in consumption nodes over time. The
state of the irrigation point determines the flow (Output 1) of the strategy. This output is an
input for the next step: Input 3.

The second stage stands on the calibration strategy. It uses key performance indicators (KPIFs)
that are adapted from the traditional hydrological models (Input 4) [40]. The characterization of
the goodness-of-fit is divided into very good, good, satisfactory, and unsatisfactory, depending
on the KPIF values (Table 1). The comparison is developed with the registered flow data (Input
5) to determine the success of the fit. If the calibration is satisfactory, the energy balance (Step 3)
can be done.

Table 1. Classification of the goodness-of-fit (adapted from [40]).

Goodness-of-Fit E RRSE PBIAS (%)
Very Good E>0.6 0.00 <RRSE <0.50 PBIAS < +10
Good 040<E<060 0.50<RRSE<060 =10 < PBIAS < +15

Satisfactory 020<E<040 0.60<RRSE<0.70 #15 < PBIAS < £25
Unsatisfactory E<0.20 RRSE >0.70 PBIAS > +25
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Figure 4. Scheme of the optimization strategy to improve the energy efficiency.
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The energy balance is able to discretize different energy terms (e.g., total, irrigation, friction)

differentiating the terms for the available energy between the theoretically recoverable energy
and theoretically non-recoverable energy, considering the minimum irrigation pressure at each
consumption point (Input 6) [39]. The available energy enables us to determine the theoretical
recovery coefficient at any line, hydrant or consumption point. In addition, the energy balance
enables us to estimate the recovered head for each flow over time. Knowing these pairs of data
(Q, H), the most suitable machine at each study point can be selected. The formula used to

determine the annual balance of the network is defined by Equations (12) to (18):

ETi (kWh) =

Er = Epg + Eg; + Erg + Enrg

9.81
3600

Qi (Zo - Zi)At

(12)

(13)
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Epg,(KWh) = 2.725 - 1073Q;(z, — (z; + P)) At (14)
Egi;(kWh) = 2.725 - 1072Q; Py, At (15)
Erg,(kWh) = 2.725 - 1073Q; H;At (16)
Era,(KWh) = 2.725 - 1072Q;(P; — Ppin,) At (17)
ENTRi = ETAi - ETRi (18)

where Er is the total provided energy in the network (kWh/year); Egpp is the total friction
energy in the network (kWh/year); Eg; is the total required energy to irrigate correctly all
consumption points (kWh/year); Err is the total theoretical recovered energy in the network
(kWh/year); Eyrg is the total unrecoverable energy in the network (kWh/year); Er, is the
potential energy in each irrigation point when the consumption in the network is null (kWh);
Epg, is the dissipated friction energy until the irrigation point (kWh); Eg,, is the required energy
at the consumption point to ensure the irrigation (kWh); Er,, is the available energy for
recovery in a hydrant or line (kWh); Erg, is the maximum theoretical recoverable energy in an
irrigation point, hydrant or line of the network, ensuring the minimum pressure of irrigation
downstream (kWh); Eyrg, is the energy that cannot be recovered in a hydrant or line on the
network (kWh); Q;is the flow by a line (m?¥/s); z; is the geometry level above reference plane of
the irrigation point, considering the reference datum level (m); z, is the geometry level above
the reference plane of the free water surface of the reservoir (m); P; is the service pressure in any
point of the network when consumption exists (m w.c.); Ppyy, is the minimum pressure of
service of an irrigation point required to ensure the irrigation water evenly; and H; is the value
of the head of an irrigation point, hydrant or line (m w.c.). This head is obtained as H; = P; —
max(Pmmi; Pmin,i); and At is the time interval (s).

4. Knowing the flow (Q; ) and recoverable head (H; ) over time from the energy balance (Output 2,
that is Input 7), enables the selection of the hydraulic machine type (e.g., radial, axial) according
to the frequency histogram of the power generated among other conditions. To develop a
guaranteed estimation of the recovered energy, the head and efficiency curve as a function of
flow should be known for different rotational speeds (Input 8). If this information is not
provided by the manufacturer, experimental tests are recommended to obtain the efficiency
variation depending on the flow and for different rotational speeds. However, if experimental
tests cannot be carried out, the experimental curves are determined using the characteristic
numbers (discharge and head number, Figure 1) to select a machine considering its specific
speed [41] using the turbine that was described in the previous section (Figure 2).

5. When the tests are carried or the characteristic curves are used, the modified classical affinity
laws based on the variation of the specific parameters (discharge coefficient, g; head coefficient,
h; and velocity coefficient, 1) can be used [33,42]. These parameters are defined by Equations (19)
to (21):

h—H 1

= H, (19)
Q

== 20

q 0 (20)
N

n=— 1)



Water 2017, 9, 799 10 of 21

where H is the recovered head in m w.c.; Q is the flow through the turbine in m3/s when the
rotational speed of the machine is N; and Ho and Qo are head and flow, respectively, when the
machine operates in its best efficiency point (BEP), for the rotational speed No.

Based on modified classical similarity laws (when there are not experimental data), two new
concepts (the best efficiency line, BEL and best head line, BEH) are proposed (Output 4). The BEL
adapts the rotational speed as a function of the flow, adjusting the maximum efficiency at each time
point and maximising the energy recovered. The BEH relates the best efficiency point for each
rotational speed with the recovered head as a function of the flow [35]. The knowledge of the BEL
and/or BEH (Input 9) makes possible the use of these curves to develop the optimization of the energy
recovery on a water system through the variation of the rotational speed as a function of the flow.
The classical laws are defined by Equations (22) to (24) [36]:

3
@) @
2 2
e
2= G

where Q1 is the flow in the new conditions of the rotational speed in m3/s; D1 is the diameter of the
impeller in the new N status in m; Do is the nominal diameter of the impeller in m; N1 is the new
rotational speed in rpm; Hi is the head in the new N status in m w.c.; P1 is the shaft power for each N
in kW; and Po is the shaft power in the nominal condition in kW.

6. This new strategy to maximize the energy recovered was developed by using PATs or any type
of turbine. The theoretically recovered energy and the economic feasibility indexes (Input 10),
particularly the simple payback period are considered (PSR) [39]. This strategy makes use of a
simulated annealing algorithm to carry out the optimization, selecting the best lines to install
turbines as a function of the number of installed turbines in the water system. The optimization
can be developed with two different functions: the first function only considers the recovered
energy, while the second one analyses the ratio between recovered energy and PSR [35]. The
final output results of the optimization strategy are the optimal number of machines to install in
the network according to the objective function; the optimal rotational speed as a function of the
flow; the real recovered energy; as well as the efficiency parameters to analyse the energy
improvement in the network.

3. Results and Discussion

The previously-described methodology was implemented in a real case study for an existing
irrigation network. This network was located in Vallada (Valencia, Spain) and the water manager
knew the volume measurements for the final user points as well as main line flow measurements
over time.

3.1. Case Study Description

The Vallada network is a branched agronomic pressurized water distribution network, in which
30 m w.c. should be guaranteed at each irrigation point, so that farmers received quality water service
(Figure 5). The dripped network had seventy hydrants, which supply 371 irrigation points. These
irrigation points were connected by pipelines with diameters between 150 and 500 mm.
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Mame | length | Diameter | Name | Length | Diameter | Nare | Length | Diameter | Name | Length | Diameter
Line {m) (mm) Line [G] {mm) Ling (m) {mm) Line im) (mm)
1 184.7 500.0 23 137.9 350.0 45 268.4 300.0 67 62.4 350.0

2 | 1627 | 400.0 | 24 | 164.0 | 1234 | 46 | 452 | 1234 | 68 | 2407 | 2204
3 249.0 400.0 25 119.4 350.0 47 214.4 150.0 69 94.5 123.4

4 52.7 173.4 26 129.3 350.0 a8 225 300.0 70 253.5 176.2

5 119.4 400.0 27 470 350.0 48 466.3 220.4 71 114.0 176.2 gsp AT

(3 119.0 400.0 28 3457 1410 50 1385 150.0 72 795 1234 %&
7 241.6 176.2 29 60.1 350.0 51 362 176.2 73 186.4 176.2

8 | 3092 | 4000 | 30 | 1994 | 3500 | 52 | 6650 | 1500 | 74 | 2146 | 300.0

288 51

9 210.2 400.0 31 109.5 141.0 53 100.1 150.0 75 148.4 300.0 b?l 32, 29

255 :9

10 | 2085 | A00.0 | 32 | 2402 | 4234 | 54 | das.8| 162 | 76 | 94d | i:3a e
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17 | 1681 | 1410 | 39 | 1az7 | 1762 | 61 |363.0] 1410 | 83 | 360 | 1762
16 | 1349 | 1234 | 40 | 1574 | 4500 | o2 | 1893 14 | w4 | 1219 | 1234
19 | 1372 | 4000 | 41 | 1662 | 1500 | 63 | 135.8| 3500 | 85 | 1a86 | 12334
20 | 2653 | 4000 | a2 | 564 | 1500 | 64 | 1774 | 1234
21 | 1635 | 1234 | a3 | 345 | 3500 | &5 | 1580 | 3500
32 | 1730 | 3500 | 49 | 3379 | 3500 | &6 | 1985 | 12334
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Figure 5. Characteristics and scheme of the water network.

3.2. Results of the Optimization

Considering the farmers” habits (Input 1) described by Pérez-Sanchez et al. (2016) [39] for the
Vallada network, the flow was estimated over time, applying the proposed methodology and
considering a time interval of 5 min [39]. After this, the maximum flow in the selected time interval
was compared with the registered maximum flow for each time interval in the year 2015. The
calibration was done for the maximum flow to determine whether the methodology produced a good
or bad estimation, since the flow range is necessary in order to select the machines. When the
calibration strategy was applied to this case study, the results were satisfactory according to the KPIFs
in Table 1. The goodness-of-fit is set out in Figure 6.
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Figure 6. Calibration parameters: goodness-of-fit performance.

According to Table 1, the results performance was very good (0.6) when the time interval was
between 1 and 5 h. When the time interval varied from 8 to 24 h, E values were between 0.50 and 0.56.
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The performance was always very good when the time interval was greater than 24 h. RRSE values
were also analysed, and the goodness-of-fit was satisfactory when the time interval was between 1
and 24 h. If the time interval was above 24 h, the performance was good. Finally, when the PBIAS
index was analysed, the goodness-of-fit was very good for 1, 2, and 48 h. The calibration stage
obtained a good fit when the time interval was between 4 and 24 h. Satisfactory results were obtained
when the time interval was 168 and 336 h.

n_ (rpm-m.KW-)

120 435 0
QHEP(HS) 150

Figure 7. Database of turbines created by the turbine module based on the experiments and affinity
laws.

Once the goodness-of-fit was verified using the KPIFs, the energy balance was applied. To do
so, the proposed optimization strategy combined the energy balance (Step 3 in Figure 5); the selection
of the machine (Step 4 in Figure 5), which is chosen through the database created using the proposed
turbine generated (Figure 7); the modified affinity laws (Point 5 in Figure 5); and the maximization
strategy (Step 6 in Figure 5) developed by simulated annealing algorithm.

When the optimization strategy was performed, the recovered energy was maximized by
selecting the machines operating under the best efficiency line. Table 2 shows from 1 to 10 lines of
the selected machines as well as their location for each solution. In each selected pipe, three turbines
with the same characteristic curves can be operated in parallel as a function of the flow at each time.
Table 2 identifies the lines where the combination of turbines maximizes the objective function,
indicating for each solution the specific speed of the machine, the impeller diameter and nominal
rotational speed, as well as the recovered energy for each machine, which is shown using the best
efficiency strategy (Eg,,, ). In contrast, Table 3 shows the solution when the considered objective
function is the ratio between recovered energy and PSR.
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Table 2. Results of the maximization of the recovered energy (n is the number of pipes where the

turbines are installed; ns in rpm (m, kW); D in mm; N in rpm; Er_, in MWh/year).

n Lines in Which Turbines Are Allocated
1 38
2 22 38
3 22 38 59
4 22 38 47 59
5 5 22 38 47 59
6 5 22 38 47 58 59
7 5 22 38 47 58 59 70
8 5 22 38 39 47 58 59 70
9 2 10 22 39 43 47 58 59 70
10 2 10 22 39 43 47 58 59 70 85
Total
" ERpe,
ns 35
D 114.3
1 N 2900 33.78
Eg... 33.78
ns 35 35
D 133.8 1349
2 N 2900 2900 4255
Eg,., 3097 1159
ns 35 35 35
D 133.8 1349 1229
3 N 2900 2900 2900 46.11
Ep,, 3097 1159 3.6
ns 35 35 29 35
D 133.8 1349 90.5 1229
4 N 2900 2900 2900 2900 49.08
Ep,, 3097 1159 296 356
s 44 35 35 29 35
5 D 175.7 164.7 1349 905 1229 5000
N 2040 2900 2900 2900 2900
Ep, 981 2416 1152 296 3.56
ns 44 35 35 29 35 40
6 D 175.7 164.7 1349 905 100.6 121.2 54.60
N 2040 2900 2900 2900 2900 2900
Ep.., 981 2416 1152 296 2.64 3.52
ns 44 35 35 29 35 35 24
7 D 175.7 164.7 1349 905 100.6 122.9 77 55.47
N 2040 2900 2900 2900 2900 2900 2900
Ep.., 981 2416 1152 296 2.64 3.56 0.83
ns 44 35 35 24 29 35 35 24
8 D 175.7 164.7 1349 604 90.5 100.6 1229 77 56.53
N 2040 2900 2900 2900 2900 2900 2900 2900
Ep.., 981 2416 1152 1.05 2.96 2.64 3.56 0.83
ns 83 35 35 24 35 29 35 35 24
9 D 118.3 243.7 164.7 77 1349 905 100.6 1229 77 57,04
N 2900 1020 2900 2900 2900 2900 2900 2900 2900
Ep,, 827 622 2038 146 1073 296 264 356 0.83
ns 83 35 35 24 35 29 35 35 24 26
10 D 118.3 243.7 164.7 77 1349 905 100.6 1229 77 71.5 58.18
N 2900 1020 2900 2900 2900 2900 2900 2900 2900 2900
Eg.. 827 622 2038 146 10.73 296 2.64 356 083 1.14
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Table 3. Results of the maximization of the ratio between the recovered energy and PSR (n is the

number of pipes where the turbines are installed; ns in rpm (m, kW); D in mm; N in rpm; E Rpp, N

MWh/year).
n Lines in Which Turbines Are Allocated
1 38 38
2 22 38 22
3 5 22 38 5
4 5 22 38 60 5
5 5 22 38 56 60 5
6 5 10 22 38 58 60 5
7 5 10 22 27 38 58 60 5
8 1 5 12 13 22 38 58 60 1
9 1 5 10 22 38 48 58 54 60 1
10 1 5 6 8 10 22 26 38 58 60 1
" Total
ERBEL
ns 24
D 93.5
1 N 2900 27.32
Epy,, 27.32
ns 32 35
D 89.1 76
2 N 2900 2400 27.66
Eg,,, 2027 7.39
ns 77 35 41
D 60 815 77.1
3 N 2400 2900 2400 o114
Eg,,, 521 1727 8.66
ns 77 35 41 35
D 60 815 771 68.7
4 N 2400 2900 2400 2040 33.16
Eg,,, 521 1727 866 2.03
ns 77 35 41 24 35
5 D 60 815 771 43.8 687 33.40
N 2400 2900 2400 2900 2040
Eg,,, 521 1727 866 024 2.03
ns 65 40 41 41 40 35
6 D 624 1089 762 771 53.6 687 3435
N 2400 1020 2900 2400 2400 2040
Eg,, 512 360 1449 874 038 203
ns 62 40 41 41 40 38 35
. D 724 1089 762 1074 633 474 687 33.03
N 2040 1020 2900 510 2900 2900 2040
Eg,,, 557 360 1449 030 6.71 034 203
ns 65 76 40 37 41 41 34 43
8 D 116.5 592 1089 766 762 771 492 585 3438
N 510 2400 1020 2040 2900 2400 2900 2400
Eg,, 101 494 295 020 1449 860 032 1.88
ns 65 76 40 41 40 46 24 46 43
9 D 116.5 592 1089 762 722 1068 47.7 1068 585 3040
N 510 2400 1020 2900 2400 510 2400 510 2400
Eg,, 101 494 316 1449 643 030 016 006 1.88
ns 65 69 41 48 39 42 46 40 39 43
10 D 116.5 706 1074 988 1089 747 1068 63.3 47.7 585 363
N 510 2040 510 2040 1020 2900 510 2900 2900 2400
Ep,, 101 537 007 015 3.04 1379 027 671 035 1.88
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The comparison between both objective functions showed the main lines in which the recovery
at maximum were the same (e.g., lines 5, 22, and 38) in both simulations (i.e., the recovered energy
and the ratio between the recovered energy and PSR), but other lines were different. Therefore, the
selection of the objective function to optimize the water system will depend upon whether the
feasibility parameters are exactly known. In this case, in the optimization strategy considered for each
selected line (1) there were three PATs in parallel (so called PAT1, PAT2, and PAT3) and one bypass
that was opened by an isolation valve (here called IV4) to deviate the flow when the PAT cannot be
operated. The pressure of the deviated flow is reduced by a pressure reduction valve (PRV1)
(Figure 8a).

‘ Flow direction a Selected turbine for line 47 (n;=29 rpm -m,kW- , D=90.5 mm and N=2900 rpm) b
a5 1.0
. Number of installed turbines=3 ) W BEP point
Flowmeter ) ( ® Isolation valve T R =150 o BEH points 0o
40 min=39. - ! = Characteristic curve -
Z Pressure Reduction valve ! BEH Curve os
35 , - - Runaway Curve .
- =-Efficiency
NmaxNee=0-734 =
T < BEL Curve 0.7
<P < Bypass . PN
Qv (X)iv2 X)Iv3  Iva / 0s
O < <P valve 525 i 5
: /.
Z 4 Polinomial Functions: 05 t:?
PRV1 =20 ,{l/ N \ Characteristic Curves: 3
§ i ) Vil H=1.332Q2-4.787Q+13.979 | 04 §
15 ; £ Que=0381/s Y 7 =-0.1050% +0.922Q — 1.287
nm.n=0-3,: /" Hsep=18.58mw.ci BEY Curve: 03
" N Paep=0.58 kW H =—0.0103 +1.02Q — 0.12Q + 0.07
/s F BEL Curve: 02
v ;S n=0734
s Apin=059 Curve: 01
" o ' Q,=2.191/s Q,,.,=6.321/s H= 2‘4902
0 0.0
o 2 a4 6 8 10 12
Flow (I/s)

Figure 8. Operation scheme (a) and selected PAT (b).

The optimization strategy assigned the best machine for each assumption, chosen from the
created database (8893 turbines), establishing the specific speed, the impeller diameter and the
nominal rotational speed of the machine. The optimization strategy enabled knowledge for each
solution of the next parameters, the operation time; work points and volumetric turbine flow for each
machine. This was done once the recovered head as a function of flow was estimated applying the
energy balance and using the EPANET Toolkit [35]. For instance, Figure 9a shows the pairs of data
(i.e., flow and recoverable head) in line 47 when no PATs were installed upstream, as well as the
recoverable points in line 47 when there were installed turbines in lines 5, 22 and 38, showing the
dispersion of the operation zone.

This example was obtained when five groups of turbines (n = 5) were allocated in lines “5 +22 +
38 +47 +59” and the maximization of the recovered energy was carried out (Table 2). Besides, Figure
9a shows the variation of the recoverable head as a function of flow when different group of turbines
are installed in lines 5, 22, and 38. Figure 8b shows such an example, of the selected machine to install
in line 47 inside of the group in parallel. The figure contains the obtained curves of the turbine: the
runaway curve, the characteristic head curve for nominal rotational speed (a = 1), the efficiency
curve for nominal speed, and the BEH and BEL curves. BEL was theoretically obtained by the PAT
module and therefore the curve is horizontal. When this curve was developed by experimental tests,
it was not horizontal and it was defined by a polynomic equation [35].

Figure 9b shows the flow values that were derived by the pass. The range for this selected
machine varied between 0 and 2.19 L/s, and the total energy that could not be recovered because it
was deviated was 124 kWh/year, guaranteeing the downstream pressure at all irrigation points over
time. Besides, the figure shows the operation points when the PAT1 operated as well as its recovered
head. For this machine, the volumetric turbine flow and the operation time were 36097 m? and 1978
h, respectively. For PATI, the average flow and the average recovered head were 5.06 L/s and 26.05
m w.c., respectively, obtaining an average power of 1.04 kW and a total recovered energy of 2047
kWh/year. Figure 9¢,d show the recoverable energy values which were available to be operated
throughout the PAT2 and the PAT3. The operation points are also shown in these figures for both
PATs. Hence, the same values of volumetric turbine flow, operation time, turbine flow, recovered
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head and power are also indicated in Figure 9c¢,d. Finally, when the global values were analysed, the
total volumetric turbine flow was 53,420 m?, representing 98.71% of the volume throughout line 47.
The minimum and the maximum turbine flow were 2.19 and 18.99 L/s, respectively. The total recovered
energy was 2924 kWh/year, recovering 58.26% of the theoretical available energy of this line.

o

3 4
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Figure 9. Results of the operation zone and parameters of the volumetric turbine flow.

The increase of recovered energy was due to the use of the optimization strategy based on the
best efficiency line of the selected machines. Figure 10a shows the different values of rotational speed
(o) for each PAT as well as the total operation hours for each recovery machine. This figure shows
that the nominal rotational speed represents only a few hours compared to the total turbine hours in
each PAT. Therefore, the variation of the rotational speed for each machine was important to reach
the maximum energy production in each time, considering the best efficiency line. Figure 10b shows
an example in which the next items can be observed: the variation of speed coefficient (a), the
generated power by recovery system over time in line 47. This figure also represents the pressure in
node 47 that was downstream of the turbine, considering there are PATs in line 47, as well as showing
the pressure when there are no turbines in this line.
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Figure 10. Operation time, rotational speed, generated power and pressure in line 47.
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3.3. Comparison of the Results of the Theoretical Energy Analysis, Fixed Rotational Speed, and BEL Strategy

Finally, the results of the proposed optimization strategy were compared with those obtained
when the theoretically energy was determined. Besides, the obtained energy from the proposed
optimization was also compared to the recovered energy, when the recovery machines only worked
at their nominal rotational speed. Table 4 shows the obtained values when the maximization of the
recovered energy was considered as an objective function. When the BEL strategy was applied
(Erpg,), the generated energy varied between 33.78 and 58.18 MWh/year. These values represented a
recovery coefficient between 37.41 and 41.66% of the theoretical recovered energy (Ez) that is
considered when the efficiency of the machine is one (i.e., an ideal machine). The PSR varied between
1.7 and 15.41 years from the one to 10 group of turbines (1), respectively. If the recovered energy
using the BEL strategy is compared to the recovered energy when the machine operated at a nominal
rotational speed (Era-1), the increase of the recovered energy varied between 140.88 and 183.79%.
Therefore, the BEL strategy is one of the novelties introduced in this research, improving the energy
recovery under all assumptions when the energy recovery was compared with values for the machine
under nominal conditions.

Table 4. Comparison between recovered energy for the maximization of the recovered energy

(ERy,, - MWh/year; PSR, years; P}SE—:R, MWh; ;T’;, %).
BEL Strategy Theoretical Fixed Rotational Speed (a = 1)
E E E E E

" En,, PSRg PS;R Ern  PSRmx 3 SIT:T - E—T’; Ex PSRy W;R —;:E;
1 3378 1.7 19.87  90.29 5.56 910 3741 2398 240 9.99 140.88
2 4255 624 6.81 109.75  5.65 10.68 3877 3144 8.28 3.80 135.35
3 4611 759 6.07 12036  5.99 11.05 3830 3144 1242 253 146.67
4 49.08 7.42 6.61 125.45 6.31 1094 39.12 3327 1215 274 14754
5 52,00 1597 325 129.55 6.22 1145 40.14 29.01 2589 1.12  179.28
6 5460 1594 342 133.18 6.28 11.67 4099 2971 2634 113 183.79
7 5547 1567 353 135.35 6.41 11.61 4098 3026 14.16 214  183.32
8 5653 1541 3.66 13698 6.53 11.54 4126 30.77 1400 220 183.72
9 5704 164 347  138.04 6.79 11.19 4132 3642 8.70 4.19 156.64
10 5818 16.16 3.60 139.64 6.85 1121 41.66 3698 8.63 429 157.33

Table 5 shows the results for the maximization of the ratio between recovered energy and simple
payback period. In this case, the Eg,,, varied between 27.32 and 34.38 MWh/year. These values were
lower than one for the maximization of the recovered energy objective function, and their reduction
varied between 56.08 and 80.87%. In this assumption, the difference of the recovered energy by using
the BEL strategy was between 89.34 and 147.19% as a function of the number of groups of turbines
(n) when the results were compared to Ep_,.

Table 5. Comparison between recovered energy for the maximization of the ratio between the

recovered energy and simple payback period (Er , MWh/year; PSR, years; %, MWh; ? , %).
R TR
BEL Strategy Theoretical Fixed Rotational Speed (a = 1)
n Eg Erg Ep Eg Ergp,
E PSR E PSR — E PSR —_
Rop, PSR PSR, 'R SRrr PSR;z  Erx R SRr PSR, Egp_,

2732 071 3846 49.66 546 9.10 55.01 11.78 1.65 714 147.20
27.66 059 46.82 6036 5.65 10.68 4583 13.66 120 11.38 113.83
31.14 0.6 51.71 62.61 5.58 1123 4973 1674 112 1494 107.79
33.16 061 54.01 6824 587 11.62 4859 1783 114 15.64 11454
3340 061 54.03 69.68 5.96 11.69 4793 1795 115 15.60 115.69
3435 065 5234 70.95 5.98 11.87 4841 20.02 113 17.78 101.12
33.03 064 51.03 70.95 5.98 11.87 4655 1948 110 1770 95.24
3438 072 4724 7093 5.95 11.94 4847 2164 119 1818  89.35
3242 066 49.10 71.05 5.95 11.95 4562 1975 1.08 1828  87.08
3263 0.67 48.68 71.05 5.95 11.95 4593 1953 112 1744  91.09
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4. Conclusions

The paper presents a novel optimization strategy that enables the optimization of the recovered
energy in any irrigation pressurized system by using the BEL strategy.

This optimization is based on optimizing the PAT operation, analysing the best efficiency line of
the machine, and changing the rotational speed as a function of the flow at each time. Before defining
the rotational speed for each time, the strategy estimates the recovered head for each flow according
to farmers’ habits, which defines the flow pattern consumption for each irrigation point.

The estimation of the flow was calibrated according to KPIFs. This goodness-of-fit was good, or
very good depending on the selected indicator. Besides, the strategy defined a database of turbines
according to characteristic parameters, which made possible the selection of the best turbine
throughout for the proposed PAT module when the water manager does not have available curves.
Once the optimization strategy is used, the simulated algorithm processes allocate the machines in
the best place by maximizing the considered objective function and selecting suitable machines. This
strategy presented two different objective functions: the first function was the maximum recovered
energy and the second function was the ratio between maximum recovered energy and the simple
payback period, obtaining for each number of installed turbines the best lines to which to allocate
them.

The analysed case study of a real water distribution system showed that the optimization
strategy can be applied to any network when the farmers’ habits are known. This strategy was
applied to reach the installation of 10 turbine groups for both objective functions. The proposed
methodology enabled knowledge of the operation points of the machine (flow, recovered head,
efficiency and rotational speed) at each time and made it possible to reach the rotational speed
necessary for each flow to obtain maximum efficiency. This operation mode enabled us to increase
the recovered energy to 183.79% when the BEL strategy was used, compared to the nominal rotational
speed.

Similar results were obtained when the second objective function was used in the strategy and
the values were compared with the results for the nominal rotational speed. In order to analyse the
objective function, this second function (i.e., the ratio between recovered energy and simple payback
period), obtained very good feasibility indexes and will therefore be very interesting when the
economic cost is known (e.g., installation, civil, maintenance). The PSR analysis showed that an
increase in the number of machines caused a growth of PSR value. When the PSR was analysed,
iterations with more than five PATs installed were not found to be feasible from an economic
perspective. When the objective function only considered the recovered energy, the analysis showed
the maximization was viable for the installation of groups of machines. In contrast, if the
maximization was developed considering the ratio between the recovered energy and simple
payback period, lower feasibility values were obtained for all assumptions.

Therefore, considering feasibility indexes within the maximization led to improved solutions.
The installation of PATs in parallel was also considered in the cost analysis. This resulted in increased
advantages since their installation enabled an increased range of turbine flow, and therefore,
increased recoverable energy.

In the analysed case study, the second objective function obtained recovered energy values that
increased between 56 and 80% when this was compared to the first function, but obtained PSR values
lower than one, while the first function obtained a feasibility index between one and 16. Therefore,
the strategy showed its effectiveness in allocating turbine to the best lines, in selecting the machines,
and in looking for rotational speed on the BEL line in the maximization process, as well as in
providing water managers with alternatives to improve the energy efficiency in their water systems.

This strategy makes possible the development of more accurate energy recovery studies. In spite
of this, future research should focus on the development of similar optimization strategies using
meshed water networks. Finally, relating to machine selection, future research should focus on the
need to correlate the rotational speed and the specific speed using specific parameters (q, h, p, and
e); this is of utmost importance for determining the real values of the BEL and BEH. This knowledge
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makes possible the successful selection of the best hydraulic machine by the proposed optimization
strategy depicted in this research.
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Abbreviations

The following abbreviations are used in this manuscript:

BEH best efficiency head
BEL best efficiency line
BEP best efficiency point

E Nash-Sutcliffe coefficient

Err friction energy

Er real recovered energy

Eri energy required for irrigation

Er total energy

Eta theoretically available energy

Em theoretically energy necessary

Er theoretically recoverable energy
Entr theoretically non-recoverable energy
KPIF  key performance indicators

n number of groups of turbines or PATs
11s specific rotational speed

PAT pump as working turbine
PBIAS  percent bias

PSR simple payback period
RRSE  root relative square error
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