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Abstract
With the aim of reducing energy consumption and improve water use in pressurised irrigation

systems, the methodology for grouping intakes of pressurised irrigation networks into sectors
to minimize energy consumption developed by Jimenez Bello et al.(2010a) was modified to
allow irrigation intakes to operate the scheduled time according to crop water needs instead of
operating in restricted irrigation periods of the same length. Moreover a method was
developed to detect the maximum number of intakes that can operate without extra energy in

the case the source has enough head to at least feed some of them.

These methods were applied to a Mediterranean irrigation system, where the total cropped
area was orchards, mainly citrus. In this case study, water was allocated to two different
groups of intakes, one fed by gravity and the other one by pumps. A saving of 36.3 % was
achieved, by increasing the total volume supplied by gravity, by decreasing the injection
pump head and by improving the pump performance. Therefore all intakes operate just the

strict irrigation time at the minimum required pressure.

Keywords: Energy saving, Irrigation network; Irrigation scheduling; Water use.
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List of abbreviations

CEVT,: Energy consumption per m® of pumped water (kWh m®),
CEVT;: Energy consumption per m® of total delivered water (kWh m™).
CoEVT: Energy cost per m® of total delivered water (c€ m™).

CoEVT;: Energy and power cost per m® of total delivered water (c€ m™).

EDI: energy dependence index. Relation between the pumped volume and the total volume

delivered, when some intakes can be supplied by gravity (dimensionless ).
FSP: Fixed speed pump.

GA: genetic algorithms.

Inoc: Number of intakes with not enough pressure.

loc: Number of intakes that operate correctly.

ND: Nominal diameter (mm).

Nint: Number of intakes.

PHI: pumping head injected by a pumping station (MPa).
Pmin_nia: Minimum required pressure at hydrant (MPa).
Terav: Time period when water is delivered by gravity (h).
Teump: Time period when water is delivered by pumps (h).
Verav: Water volume supplied by gravity (m3).

Vmaxarar: Maximum potential water volume supplied by gravity for a given scenario (m®).
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Vpump: Water volume delivered by pumps (m?).

VSD: Variable speed driver.

VSP: Variable speed pump.

WHI: Water head at the intake point (m).

WUA: Water users association.

Vnoc : Volume supplied by intakes with not enough pressure (m®).

Voc: Volume supplied by the intakes that operate correctly (m®).
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1 Introduction
The modernization of the irrigation systems in semi-arid regions has increased the water use

efficiency, but at the same time there has been a large increase in energy consumption
(Jackson et al., 2010; Corominas, 2010) reducing the economic profitability of irrigated
agriculture, especially for low price crops. Due to the continuous energy price rising, more
attention has been paid to reduce its use. The first group of actions are those carried out
during the irrigation system design process. The network layout and pipe size diameter are
determined having into account economic criteria (Labye et al., 1988; Lansey and Mays,
1989; Planells et al., 2007 and Theocharis et al., 2006). Previously, base demand for each
consumption node is determined according to the crop water requirements for the most
demanding water period (Clément and Galand, 1979; Planes et al., 2001; Pulido-Calvo et al.,
2003). Since the crop water requirement changes along the irrigation season, the required
pumping head and flow discharges change over the season, especially in systems operating on
demand (Lamaddalena and Sagardoy, 2000). For this reason the pump set selection and its
operation mode by the use of variable speed driver technology (VSD) is a key aspect not only
to guarantee the water delivery, but to be efficient in the use of energy. With this aim Planells
et al. (2005) developed an algorithm for minimizing the investment and operation costs of
pumping stations. They determined the maximum and minimum system head curves and the
evolution of demand curves to obtain the maximum discharge needed. Then the number of
required pumps and its operation mode, fixed or variable speed, were determined. Moreno et
al. (2009) studied how to get the optimal characteristic and efficiency curves at pumping
stations and concluded that if the selected pumps fit those curves, the number of variable sped

pumps (VSP) did not need to be increased. Lamaddalena and Khila (2013) studied the use of
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VSP in on demand pressurised systems. Energy efficiency was achieved matching the
discharge and the system curve by regulating the operation of the pumping station on the basis

of maximum efficiency.

All these actions were developed for on demand irrigation networks. However, from the
operational point of view, when the user’s operation is restricted to a given period of time, the
required head can be reduced, as well as the energy consumption. To assess how this
operating way would improve the energy efficiency, Rodriguez et al. (2009a) studied the
potential savings in a case study by simulating the change of the operation system from on-
demand to operate by sectors. The irrigation network was divided in two sectors according to
a homogeneous elevation criterion. Each of the hydrants from the two performed sector could
work freely on the assigned period (12 hours). It was concluded that energy savings could be
as high as 27%. Carrillo Cobo et al. (2010) proposed a methodology for sectoring the
irrigation network using a topological criteria. Irrigation hydrants were grouped according to
their distance and height to the injection point of the network by means of clustering
techniques where the number of sectors was fixed beforehand. Each hydrant could operate
freely in the period scheduled for its sector. The disadvantage of this sectoring network
approach is that it does not ensure optimum performance from the energy point of view. In
fact, this approach tends to group nearby hydrants into sectors, thus increasing the head loses

in the pipes, making it not suitable for use in undersized or overloaded networks.

Fernandez-Garcia et al. (2013) modified the previous methodology to be used with different
water sources. Once sectors were performed, the pumping calendar was established by means

of genetic algorithms (GA) with the aim of minimizing a multi-objective function: the energy
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consumption and the systems failures (the number of hydrants without enough pressure). The
decision variables were the number of operating sectors, the pump heads and the number of

operational months.

The three last approaches assumed a high constant efficiency of pumping groups (0.75-0.8),
but actually efficiency is variable depending on the demand scenario. This approach could
lead to choose a solution associated with low pump efficiencies, being not a good solution

(Moreno et al., 2010, Jimenez-Bello et al. 2011).

For irrigation networks operating on-turns where users have strictly restricted when to
operate, Jimenez Bello et al. (2010a) developed a methodology based on GA and hydraulic
models where hydrants or irrigation intakes were grouped in efficient sectors in terms of
energy. The goal was to optimise the energy consumption per irrigation event, i.e. reducing
the amount of energy used per m® of pumped water. As a result, irrigation sectors to minimize
energy consumption could be established and, in addition, the minimum head pressure
required for proper operation of each irrigation sector was known in advance. The potential
saving of the energy consumption per m* of water delivered (CEVT, kWh m™) for the
scenario that simulated the actual performing of a study case was 22.3%. Then this
methodology was successfully applied in this study case for several campaigns achieving an
actual energy saving of 16% (Jimenez Bello et al, 2011). Reasons why not the potential
saving was achieved were restrictions in the real operation of the network. Besides central
fertigation was performed but not for all users, then the non fertigating-intakes had to operate

in the same sector (Jimenez Bello et al, 2010b). Moreover users had the option to shut off
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their manual valves, making the total demanded flow different to that assumed in the

simulations, and then the pumps did not operate with the highest predicted performance.

Garcia- Prats et al. (2012) used another heuristic optimization method, Simulated Annealing,
to make sectors with minimum energy consumption. It was coupled with hydraulic models as
well. As in the previous study, it was applied to a case study where irrigation was scheduled
on strict irrigation turns. Potential savings for this case study were 11.8% and 15.5%
compared to the network operating on demand and sectorized using the criterion of hydrant

elevation with respect to the pumping station.

Despite these last two approaches reduce energy consumption, it is not ensured that water use
Is optimal, as occurred in the two aforementioned case studies. Since not all plots have the
same crops, they are not in the same phenological stage, and the characteristics of the subunits
are different, the theoretical irrigation times will be different. If the same irrigation time was
scheduled for all of them, some plots will receive more water than required and other less,

resulting in an inefficient water management.

To solve this problem, the methodology developed by Jimenez Bello et al. (2010a) for
grouping intakes of pressurised irrigation networks into sectors to minimize energy
consumption has been improved to allow operating intakes at different scheduled times

without affecting pump performance.

In addition, one way to save energy in pressurized irrigation networks is to maximize the
number of intakes that can operate without pumping, in other words, maximizing the water

volume supplied by gravity. Thus the energy dependence of the system decreases. This
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strategy can be applied in irrigation districts where there is enough elevation head between

some demand nodes and the water sources.

These methodologies have been applied in an irrigation district where currently users make
their water petitions ordering an irrigation time. Then, technicians arrange the irrigation
scheduling by their own criteria trying to minimize the energy consumption while meeting

user requirements.

The results of the simulated scenarios were compared with the irrigation system management
carried out on 2012 by means of some energy indicators proposed for energy audits in Water

Users Associations (WUAs; IDAE, 2008; Abadia et al., 2008).

2 Methodology

2.1 Case study
The WUA of Realon is located in the municipality of Picassent in Valencia (Spain; 39° 22’

43> N, 0° 28 20”* W). The total irrigated area was 180 ha composed of 500 plots. The
average plot area is 3.598 m?. The irrigation network is branched and has 62 multioutlet
hydrants and a total of 342 intakes. A multioutlet hydrant has several intakes, a common
solution adopted for network design when plot size is small. In this way, network pipe lengths
are shorter and more economic. As a result, users connect their drip irrigation subunits to the
water supply system through water intakes. The average hydrant elevation is 90.8 m, ranging
from 111.5 m to 79 m, and total network length is 14426 m. Pipes are made of polyvinyl
chloride and according to standard UNE EN ISO 1452-2:2010, internal nominal diameter
(ND) ranges from 500 to 125 mm. Nominal pressure ratings are 1.0 and 0.6 MPa. Fig. 1

shows the network layout and the hydrant location.
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Water is stored in a pond feed by a canal. Its elevation is 114.4 m and it is 3 m above the
pumping station. The system regulation is carried out by three equal vertical multistage
pumps each powered by an engine of 45 kW. Fig. 2 shows the characteristic curves, head-
flow and performance-flow obtained after being tested. Two of them are Fixed Speed Pump
(FSP) and the other one is a Variable Speed Pump (VSP). All users are charged according to
their water consumption with a fixed price per m®. Collective fertigation is performed for all
users. The total cropped area is orchards and the predominant crop is citrus (95 %). All of

them are drip irrigated.

The system is operated by a Supervisory Control and Data Acquisition System (SCADA),

which reports on real time flow-meter readings and informs on system failures.

Users make requests on how long they want to irrigate. The WUA’s technicians arrange
irrigation scheduling dividing intakes in two groups: those that can be feed by gravity and
those that need extra head by pumps. The criteria to select the intakes that will operate by
gravity is based on the difference between the water elevation head and the hydrant
elevations. This difference should be at least higher than the target pressure at hydrants, which

is set to 0.25 MPa.

Table 1 shows the structure of the contracted tariff by the WUA where energy is charged
according to the energy consumption (€ kwWh™) and the contracted rate power (€ kW™ Month®
1), which has a fixed price. WUA has contracted 198, 120 and 35 kW for the off-peak, regular
and peak periods respectively. The off -peak power is contracted to guarantee the operation
for three pumps, the regular period for two pumps and the peak period to perform

maintenance. In the event the power exceed the maximum contracted, pumps are turned off.

10
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The irrigation intakes that need extra energy are scheduled in the off-peak period, from
00:00h to 8:00 h. and from 8:00 h to 10:00 h (regular period). The WUA’s technicians try to
make homogenous the pumped flow, avoiding exceeding the maximum power contracted to
not be penalized by the energy supplier. The outlet pump pressure is fixed to 0.32 MPa by the

system control for all pumping periods.

In order to avoid pumping out of off-peak periods, the irrigation time for users was limited to

a maximum of 4 h. The average scheduled irrigation time per intake was 1.85 h.

Gravity intakes are scheduled from 10:00 to 24:00 in one irrigation day, when the energy is
more expensive. This daily schedule is maintained during the irrigation season only with
small changes suggested by the users. As crop water requirements increase along the season,
the number of irrigation days per week was increased. The total number of irrigation days in

2012 was 132 and the average supplied volume applied per day 5977 m°.

2.2 Methodology for irrigation scheduling with minimum energy consumption and
optimum water use.

The sectoring model developed by Jimenez-Bello et al. (2010a) was applied to the Realon
Irrigation district. Briefly, the model allows to group irrigation intakes in such a way that the
sum of the intake flows drops in the regions where the pump efficiency is higher and the
pressure head is lower fulfilling the minimum required pressure at the demand node (see Fig.
4 in Jimenez-Bello et al., 2010a). The required data comes from a calibrated mathematical
model of the irrigation network. Calibration is feasible nowadays because modern irrigation
systems are equipped with pressure sensors placed in hydrants and flow meters at each intake.

The required input parameters for grouping intakes are 1) the minimum pressure head

11
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required at hydrants, 2) the desired number of sectors and 3) those parameters related with
GA. The decision variables are the sectors to which each hydrant or intake can belong to.
Once the GA model is run, the best solution to the grouping problem is achieved after some
termination conditions are reached, as a maximum generation number. Indeed, this procedure
guarantees that irrigation can be carried out at the lowest energy consumption per total

volume of water delivered.

However, in the above method the operation time is the same for all intakes grouped in a
sector. For example, in the case study depicted in Jimenez-Bello et al. (2010a, 2011a) intakes
were grouped into 6 consecutive sectors of two hours. All intakes irrigate the same time with

the minimum energy consumption but the method did not guarantee the optimal water use.

For this reason the method has been modified in such a way that each intake could operate
just the required time, according to the crop type, the phenological stage, the irrigation subunit

features or the farmer criteria.

With this aim, the irrigation day now is divided into time slots, where intakes can operate.
Then the decision variables are the time slot at each intake starts to operate. For example if
the irrigation day lasts ten hours, this period can be divided into intervals of 15 minutes. In
that case, the domain of the decision variables will be integers ranged 1-40. If it is divided
into intervals of 5 minutes the domain will range 1-120. Once a slot is assigned by the GA to

an intake, it operates the scheduled time (rounded to an integer number of time slots).

Fig. 3 shows the time pattern of a multi-outlet hydrant with two intakes which operation does
not overlap and another hydrant with 5 intakes where some intakes operate overlapped.

Hydrant base demand is the sum of intake flows. Each intake has a demand factor. Then the

12
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hydrant demand is simulated multiplying the base demand by the intake factor when it

operates.

The optimisation process gives as result for each intake the slots in which has to operate to

minimise the energy consumption, satisfying at the same time the crop water requirements.

The highest the number of slots, the more accurate the method will optimize the water use,
because scheduled irrigation times will fit better the theoretical ones. Nevertheless the
optimization process will take longer, due to the increased number of time slots require more

computations.

2.3  Methodology for setting the intakes to be fed by gravity
When water head at source point (WHI, m) is enough to deliver water at the required pressure

for some irrigation intakes, a way of reducing the energy consumption is to avoid pumping
when these intakes operate. This strategy can be used particularly in hours when energy is

more expensive.

For that purpose, a new methodology was developed based on the previous one. Again the
available period is divided into time slots, being the decision variable the slot when each
hydrant or irrigation intake starts to operate. Now, the objective function is either to maximize
the number of intakes or the water volume delivered during this period without using pumps,
fulfilling the minimum pressure required. In addition, the final network scheduling must not

have intakes without enough pressure, which can be formulated in a single goal function:

Max( 1oc — I'noc) 1)

Max(V oc =V noc) (2)

13
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where loc are the number of intakes that operate correctly, Inoc the number of intakes with
not enough pressure. Alternatively, Voc is the delivered volume for the intakes that operate

correctly and Voc is the delivered volume for intakes with not enough pressure.

A new integer decision variable is added to each intake that indicates whether it operates or
does not, resulting in a chromosome that has twice number of genes than intakes (Ni). The
first Ni,: gen values ranges between 1 and the number of slots, determining when the intake
starts to operate. The second N, gen values range between 0 and 1, meaning 1 the intake

operates and 0 does not.

Previously, to get a faster solution those intakes that cannot work with the minimum required
pressure because the difference in elevation between the source and the hydrant is not enough,
are discarded. The options selected for the GA process were an initial population of 100,
roulette rank selection, uniform crossover, 10 % mutation probability and the process stops
when 1500 generations were processed (Jimenez- Bello at al., 2010a). No meaningful
improvements were found in the fitness solution when the number of generations was

increased.

The result is an irrigation scheduling with the maximum number of intakes operating without
pumping and fulfilling the minimum pressure required. Intakes not operating in the final

solution will need extra energy.

2.4 Application to the case study
The mathematical model of the network represented the elements at the level of multioutlet

hydrants where each hydrant is assigned to a demand node in the EPANET scenario. The

14
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network was built in 2009 and the characteristics of the layout are perfectly defined. The
model was calibrated by means of five pressure sensors (SSC2035 Sensortechnics, Puchheim,
Germany) placed at five hydrants and the network head before the filtering system there was
an additional one. The scale of pressure transducers was from 0 to 1.0 MPa which maximum
non linearity was + 0.20 % of FS. Data was stored in data loggers (Model CDL-2U Meinecke,
Hanover, Germany). The flow meters of each intake were used to measure the water flows. At
pump station there was and electromagnetic flow meter model (Model HMS 2500, Liquid
Controls lllinois, USA) with accuracy + 0.8 % for velocity greater than 1 m s™. The difference
between the total sum of water flow meters and the water flow meter measured at the pump
units was meaningless. For this reason network water losses were not considered. Since intake
flows and pipe diameters were perfectly known, pipe roughness of each diameter size was
chosen as calibration variable. Due to the restricted number of pressure sensors, criterion used
to choose hydrants was to maximize the number of equations that will include the 16 diameter
sizes existing in the network. Selected hydrants were located at the end of network branches.
The total number of equations was 29, due to intakes located in the same hydrants operated at
different times adding extra equations. The goal function was to minimize the quadratic error
of estimated pressure versus measured pressure. This approach is known as Simple Least
Squares (Moreno et al 2008).Pipe head losses were calculated using Darcy-Weisbach formula.
Minor head losses were assigned to pipe roughness. A value of 0.007 mm was set to pipe

roughness. The average relative pressure error in the model was 3.84%.

In order to assess the error model, CEVT was calculated for an actual scenario and compared

to that obtained from the energy billing data. Pump behaviour of VSP was simulated by using

15
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affinity laws (Planells et al. 2005). To assess this assumption, a power and energy analyser

(Model C.A 8334B, Chauvin Arnoux, Paris, France) was installed from 10" to 15" May 2012.

Next, new scenarios where defined according to the minimum required service pressure at
hydrant (Pmin_nid) and the pumping operating time per day (Tpump). The rest of the day was
assumed to be used for gravity delivery. For each scenario, first the maximum number of
intakes that could operate by gravity fulfilling the minimum pressure requirements was
identified by applying the methodology depicted above. Then, for the rest of the day those
intakes that require extra energy were processed with the AG method to search for the proper
time scheduling with the minimum energy consumption. Finally the different scenarios were

compared to decide what irrigation strategy should be more convenient.

3 Analysis of the results

3.1 Scenarios tested
To assess the application of the aforementioned methodologies, seven scenarios were studied.

The first scenario (Scel) simulates the irrigation scheduling performed along the season 2012,
decided by the WUA managers. The rest of scenarios were simulated modifying the Pmin wig
(0.2, 0.22 and 0.25 MPa) and the Tpymp (6, 8 and 10 h). Main scenario features and analysis

results are showed in Table 3.

3.2 Model assessment
Once the network hydraulic model was built, its accuracy was assessed for the period 10" to

15™ May of 2012. The actual irrigation scheduling was run by the model (Teump = 10 h)

providing a CEVT value of 0.147 kWh m™ while the actual value for the tested period was

16
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0.151 kWh m™, which means a relative error of -2.98 %. The VVPS behaviour was assessed by
comparing its simulated energy consumption with that empirically registered using an energy
analyser. For an irrigation day the average simulated consumption was 216.5 kWh. Compared

to the actual one the relative error was 3.9 %, making the model enough reliable.

From the analysis of Scenario 1 came out that 77 intakes had a pressure lower than 0.25 MPa,
25 while pumps worked (from 00:00h to 10:00h) and 52 while fed by gravity (from 10:00h to

00:00h). Table 2 shows the actual operating pressure of the irrigation intakes.

3.3 Optimization of volumes delivered by gravity
Once the model reliability was assessed, the GA algorithm to maximize the volume supplied

by gravity was applied. The pumped volume (Vpump) for the actual scenario (Sce 1) was 4381
m* and the volume supplied by gravity (Vgrav) Was 1596 m?®, then the energy dependence
index (EDI) was 73.3 % (Table 3). However the potential volume to be delivered by gravity

(VMaxgrav) Was 2594 me,

Scenario 4 was run to study if the system had the possibility to supply more water without
pumping, being Pmin_nid and Tgray the same as for scenario 1. The EDI was reduced by 12.3 %.
The number of operating intakes was 3 less than in Scenario 1, however the selected intakes
supplied larger volume. Moreover all operating intakes would operate having pressure higher
than 0.25 MPa, not like Scenario 1 where 52 intakes had lower pressure than the required

minimum.

To test whether increasing Tgrav then also Vg increases, Terav Was extended to 24 hours

(Scenario 7). This scenario would be convenient for those periods where water demand is not
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high and irrigation take place only some days per week. Thus, when a high irrigation
frequency was not necessary, pumps could operate some days and irrigate by gravity the
remaining days. Results showed that EDI would be 59.7%, a 13.6 % lower than scenario 1
and 1.3 % lower than scenario 4. The potential volume supplied by gravity for Pyinnia = 0.25
MPa was not achieved due to the diameters of the final network branches were small (ND
125). The total length of these pipes was 2995 m, being the head losses quite high in those
segments. For example if these segments would be replaced for pipe diameters of ND 160
EDI would be 56.6%, achieving Vmaxgrav. This shows that topological criteria to group intakes,

as shown in Carrillo Cobo et al. (2010), are not convenient to reach the optimum solution.

Scenarios 2 and 3 simulated the actual schedule Tgry = 14 h, but Pminnia Was set to 0.20 MPa
and 0.22 MPa, decreasing EDI by 27.1 % and by 21.8 % respectively. Fig 5. shows the plots
irrigated by gravity in scenarios 1, 2 and 4. Graduated colours are assigned according to the
irrigation starting time. This method spreads the intakes in such a way that reduces the head

losses along the network.

Since in scenario 1 Tpymp used two hours of regular tariff, Ty, Was extended 2 hours to use
pumps only during peak-off periods, from 0 to 8:00 h (scenario 5). Even though intakes had
two additional hours to be scheduled, EDI was 60.6 %, that is just 0.4% more volume would
be supplied by gravity than in scenario 4, due to the aforementioned restriction of the pipe
size diameter. Even for Tqa= 18 h the EDI was 60.5 %, a slight decrease compared to

scenario 4.

18



354
355

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

373
374

375

376

377

3.4 Optimization of volumes delivered by pumps
Once Vgrav Was maximized for each scenario, irrigation scheduling for Vpump Was arranged by

the GA that minimizes the energy consumption. Scenario 4, the optimized counterpart of
scenario 1, had a consumption per m® water pumped (CEVT,p) of 0.126 kWh m™, which
means a reduction of 23.5 % compared to scenario 1 (0.164 kWh m™). CEVT, for scenario 1
was the average of the irrigation season as the daily irrigation scheduling was the same. This
saving was mainly due to two reasons. The first one is the pumping head injection (WHI) was
lower because operating intakes are distributed along the Tpymp in such a way the flow is more
homogenous, head losses are minimized, and PHI was adjusted to guarantee Ppinnig- Fig. 6
shows the water head injection (WHI, MPa), the pumping head injection (PHI, MPa) and the
pumped flow (Q, | s™) for scenarios 1, 4, 5 and 6. WHI was set by WUA technicians to 0.32
MPa for scenario 1. As the water level storage pond is 3 m above, PHI was 0.29 MPa. WHI
was 0.273 MPa for scenario 4, lower than in scenario 1.

The second reason is that the final scheduling guarantees the best pump performances. In Fig.
6, efficiencies of the VSP (n1vsp) and the two FSP (n2rsp, N3rsp) Can be observed. As the WHI
remains constant along the pumping period then nzesp is 0.58, not far from the optimal (0.68,
see Fig. 2). When there are peak or low demands, the VSP operate to adjust the flow rates.
The flow fluctuations make the VPS performance being low in some periods, with a mean
value of 0.52 and maximums for the CEV'T, up to 0.24 kWh m™. Moreover because water

pumping has to finish before 10:00 h to avoid peak tariff periods, performances in the two

previous hours are unstable for all pumps.
Fig. 6 shows that FSP; performance for scenario 4 is lower than for scenario 1. As the PHI
decreases then mrsp decreases for flows higher than optimal (see Fig. 2). However nivsp

remains almost constant along the pumping period, close to the optimum. The adapted GA
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methodology allows the progressive incorporation of the intakes in such a way that the
demanded flow guarantees the minimum CEVT,. As it can be observed FSP, was not
necessary for this scenario, which permits a reduction of the maximum power contracted. The
PHI ranges from 0.221 MPa to 0.243 MPa, but as the control system does not allow to set
pressures dynamically, the maximum value was kept fixed. This fact avoids a lower CEVT,

(Jimenez-Bello et al 2010a).

Considering both the pumped and the gravity volume, the comparison of the consumed
energy per m® for the total delivered volume (CEVT, kWh m™) between scenario 4 and
scenario 1 gives a saving of 36.4%, higher than CEV T, saving because of the lower EDI for

scenario 4.

Since energy is charged according the daily period when it is consumed, the scenarios were
compared by means of the economic cost instead of the energy cost. The total energy cost of
total water delivered (pumped and gravity), by disregarding the power cost (COEVT, c€ m™®)
and taking it into consideration (COEV/T;, c€ m™), were calculated. For the sake of simplicity,
the power cost was charged by dividing the annual power cost by the total annual supplied

volume, giving an average unit cost of 0.532 c€ m™.

In spite of energy was 5.2 c€ kWh™ cheaper in the peak-off period than in the regular period,
the extra power to pump more volume in less time did not compensate this fact. Then
scenarios 5 and 6 had higher CoEVT; than scenario 4, but all of them had lower COEVT; than
scenario 1. In particular, scenario 4 had a total cost 26.5 % lower than scenario 1. However

comparing to CoEVT (36.4 %) the saving is lower because power is a fixed cost.
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Another cost saving strategy is to reduce the contracted power, especially in the most
expensive periods. As Fig. 6 shows, scenario 4 does not use the three pumps, therefore the
contracted power could be reduced from 198 kW to 120 kW for the peak-off period. That
would mean a total energy cost of total water delivered modifying the power contracted

(COEVTp) of 1.406 c€/m® and a saving of 28.7 %.

For scenarios 5 and 6 the power contracted could be reduced in the ordinary period from 120
kW to 60 Kw (for maintenance purposes). In this case, comparing scenario 5 to scenario 1 the

CoEVT,would be 31.5% lower.

4  CONCLUSIONS
The methodology developed by Jimenez-Bello et al (2010a), where intake operation is

scheduled in such a way that energy use is minimized, has been improved allowing each
intake operate just the scheduled time according to crop needs. In this way, crop water
requirements can be satisfied more efficiently and intakes are not restricted to operate in fixed

time periods.

Moreover, a new method based on the previous one can be used to maximize the number of
intakes fed by gravity, in those irrigation systems where the sources has enough head to

supply water to some demand nodes without using pumps.

Both methods were applied to a case study where a realistic energy saving of 36.4 % was
achieved, in terms of energy consumption (kWh m™). This was mainly due to increasing the
intakes fed by gravity, decreasing the pump head injection and increasing the pump

performances. In addition the contracted maximum power could be reduced as well, which
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leads to a potential saving for the total energy costs of up to 31.5 % (c€ m™). These are the
potential savings. To achieve them, continuous monitoring of the system should be carried out

to fit the model to the events along the irrigation season (Jimenez-Bello, 2011).

Nevertheless if the minimum required pressured at hydrant would be 20 m, i.e. 20 % lower,
savings up to 65.6 % in energy consumption could be achieved for the studied irrigation
system. More attention should be paid in head losses from the hydrant to the irrigation

subunit.

In conclusion, the modern irrigation districts with SCADA systems allow to collect data to
feed hydraulic network models. By means of the aforementioned methodologies energy
performance can be improved by proper scheduling. Users only suffer the restriction of when
they can irrigate along the day, but crop water requirements are fulfilled and big energy

savings are achieved.
Acknowledgments

This research was supported by funds from Climate-KIC AGADAPT project and from EU 7th
Framework Programme FIGARO project. The authors wish to acknowledge the support

provided by Picassent Sector XI staff.

22



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

References

Abadia, R., Rocamora, C.; Ruiz, A.; Puerto, H., 2008. Energy efficiency in irrigation

distribution networks I: Theory. Biosystems Engineering 101(1), 21-27.

Carrillo Cobo, M., Rodriguez Diaz, J., Montesinos, P., Lopez Luque, R., Camacho Poyato, E.,
2010. Low energy consumption seasonal calendar for sectoring operation in pressurized

irrigation networks. Irrigation Science 29, 157-169

Clément, R., Galand, A., 1979. Irrigation par aspersion et re"seaux collectifs de distribution

sous pression. Eyrolles, Paris

Corominas, J., 2010. Agua y Energia en el riego en la época de la Sostenibilidad. Ingenieria

del Agua 17(3), 219-233.

IDAE, 2008. Protocolo de Auditoria Energética en Comunidades de Regantes. Ministerio de

Industria, Turismo y Comercio Madrid, Spain.

Fernandez Garcia, ., Rodriguez Diaz, J.A., Camacho Poyato, E., Montesinos, P., 2013.
Optimal operation of pressurized irrigation networks with several supply sources. Water

Resources Management 27, 2855-2869.

Garcia-Prats, A., Guillen-Pico, S., Martinez-Alzamora, F., Jiménez-Bello, M.A., 2012.
Random Scenarios Generation with Minimum Energy Consumption Model for Sectoring.
Optimization in Pressurized Irrigation Networks Using a Simulated Annealing Approach. J.

Irrigation Drainage Engineering 138, 613-624.

23



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

Jackson, T.M., Khan, S., Hafeez, M., 2010. A comparative analysis of water application and
energy consumption at the irrigated field level. Agricultural Water Management 97, 1477—

1485.

Jimenez-Bello, M. A., Martinez Alzamora, F., Bou Soler, V., Bartoli Ayala, H. J., 2010a.
Methodology for grouping intakes of pressurised irrigation networks into sectors to minimize

energy consumption. Biosystems Engineering, 105, 429-438

Jimenez-Bello, M.A., Martinez Alzamora, F., Bou Soler, V., Bartolin, H., 2010b. Analysis,
assessment, and improvement of fertilizer distribution in pressure irrigation systems.

Irrigation Science 29, 45-53.

Jiménez Bello, M.A., Martinez Alzamora, F., Castel, J.R., Intrigliolo, D.S., 2011. Validation
of a methodology for grouping intakes of pressurized irrigation networks into sectors to

minimize energy consumption. Agricultural Water Management 102, 46-53.

Labye, Y., Olson, M. A., Galand, A., Tsourtis, N. 1988. Design and optimisation of irrigation

distribution network. Irrigation and Drainage Paper 44. FAO, Rome.

Lamaddalena, N.; Sagardoy, J. A. , 2000. Performance analysis of on demand pressurized

irrigation systems. In: Proceedings of FAO Irrigation and Drainage, Rome.

Lamaddalena, N,, Khila, S., 2013. Efficiency-driven pumping station regulation in on-demand

irrigation systems. Irrigation Science 31, 395-410

Lansey, K. E.; Mays, L. W., 1989. Optimization model for water distribution system design.

Journal of Hydraulic Engineering 115, 1401-1418.

24



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Moreno, M. A., Planells, P., Ortega, J. F., Tarjuelo, J. M., 2008. Calibration of on-demand

irrigation network models. Journal of Irrigation and Drainage Engineering 134(1), 36-42.

Moreno, M.A.; Planells, P.; Corcoles, J. I.; Tarjuelo J. M.; Carrion, P. A., 2009. Development
of a new methodology to obtain the characteristic pump curves that minimize the total cost at

pumping stations. Biosystems Engineering 102(1), 95-105.

Moreno, M.A., Corcoles, J.I., Tarjuelo, J.M., Ortega, J.F., 2010. Energy efficiency of
pressurised irrigation networks managed on-demand and under a rotation schedule.

Biosystems Engineering 107, 349-363.

Planells P; Carrion P A; Ortega J F; Moreno M A; Tarjuelo J M (2005). Pumping selection
and regulation for water distribution networks. Journal of Irrigation and Drainage Engineering

131(3), 273-281

Planells, P., Ortega, J.F., Tarjuelo, J.M., 2007. Optimization of irrigation water distribution

networks, layout included. Agricultural Water Management 88 (1), 110-118.

Pulido-Calvo, 1., Roldéan, J., Ldpez-Luque, R., Gutiérrez-Estrada, J. C., 2003. Demand
forecasting for irrigation water distribution systems. Journal of Irrigation and Drainage

Engineering 129(6), 422-431.

Rodriguez, J.A., Camacho, E., Lépezm, R., Perez, L., 2009. Exploring energy saving

scenarios. Biosystems Engineering 104, 552-561.

Theocharis, M.E., Tzimopoulos, Ch.D., Yannopoulos, S.l.,Sakellariou-Makrantonaki, M.A.,

2006. Design of optimal irrigation networks. Irrigation Drainage 55 (1), 21-32

25



498

26



499
500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515
516
517
518

519
520

List of Tables
Table 1 Rates for energy consumption (€ kWh™) and maximum power (€ kW™ Month™) for

the tariff periods on 2012 in the study case.
Table 2 Number of operating intakes (Nint) classified by operating pressure for season 2012

Table 3 Results of the different scenario analysis. Scenarios are classified according to the
minimum required pressure at hydrant (Pmin_Hid, MPa), the pumping time (Tpump, h) and the
gravity irrigation time (Tgrav, h). The showed results are the water head injection (WHI, MPa),
the number of intakes that operate with lower pressures than required (Ixoc), the total pumped
volume (Vpump, m?), the total volume fed by gravity (Vgrav, m?®), the energy dependence index
(EDI, %), the potential maximun volume (Vmuaxcrav) ahd maximum intakes (Iyaxcray) fed by
gravity, the real intakes fed by gravity (Igrav), the consumed energy per m® of pumped water
(CEVT,, kWh m®), the consumed energy per m® of total delivered water (CEVT,, kWh m?),
the energy cost of the delivered water COEVT (c€ m™), the total energy cost of the delivered
water COEVT, (c€ m™) and the total energy cost of the delivered water changing the power

contract COEV T, (c€ m™).

27



521
522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

List of Figures
Fig. 1 Picassent Realon Irrigation district

Fig. 2 Characteristic curves, Head and Performance vs Flow, of each pump

Fig. 3 A) Time pattern of a multi-outlet hydrant with two intakes which operation does not

overlap. B) Time pattern of a multi-outlet hydrant with five intakes which operate overlapped.

Fig. 4 Chromosome structure of the optimization process where it is showed the chromosome
length (twice the number of intakes) and the range of integer values for each gen. The gens of
first half range between 1 and the number of slots while the gens of second half indicates if

the intake operates or does not.
Fig. 5 Plots irrigated by gravity for scenarios 1, 4 and 2.

Fig. 6 Total demanded flow (Q, Is-1), water head intake (WHI, MPa), pumped head injection
(PHI, MPa),consumed energy per m3 of pumped water (CEVTp, kWh m-3) and pump
efficiencies of the Variable Speed Pump (n1VSP) and the two Fixed Speed Pumps (n2FSP
and n3FSP) for scenario 1 (the actual scenario performed on 2012 season),s cenario 4
(Pmin_Hid =0.25 MPa; TPump= 10 h), scenario 5 (Pmin_Hid = 0.25 MPa; TPump= 8 h) and
scenario 6 (Pmin_Hid = 0.25 MPa; TPump= 6 h). Parameters were computed for each 5

minutes.

28



Tables

Click here to download Tables: Table_1.docx

Peak off Regular Peak
. ) ) ) 8:00-10:00; ] .
Time (hh:mm) | 00:00 -8:00 16:00-00:00 10:00-16:00
Energy 0.109 0.161 0.185
€ kWh™
Power 0.362 1.577 2.557

€ kW™ Month™



http://ees.elsevier.com/agwat/download.aspx?id=295447&guid=f3428a46-5333-4690-9b17-9e4c46e3552e&scheme=1

Tables
Click here to download Tables: Table _2.docx

Phid (MPa) | Nint
>0.25 245
0.20-0.25 | 56
0.15-0.20 | 19
0.10-0.15 2
<0.10 0



http://ees.elsevier.com/agwat/download.aspx?id=295448&guid=1bb45ab4-ebbe-406d-bf0e-29d7194b1b36&scheme=1

Tables

Click here to download Tables: Table_3.docx

sce |Prin o[ Teums| o[ WHI | [ Voumy | Voaw | EDI [Viswgraf, | | CEVT, | CEVT, | COEVT | CoEVT: | CoEVT,
(MPa)| (h) | () | (MPa) m) | m) | @) | md) kWhm3)| kwWhm?) | c€md) | (cem?) | (c€m?)
1025 |10 |14 | 0320 | 77| 4381 | 1596 | 733 | 2594 | 179 | 152 | o0.164 0.120 1.440 1.972 1.972
2] 02 | 10|14 | 0218 | - | 2761 | 3216 | 462 | 3793 | 228 | 175 | 0.090 0.042 0.496 1.029 0.986
31022 10|14 | 0244 | - | 3081 | 2896 | 515 | 3529 | 219 | 172 | 0.119 0.061 0.731 1.264 1221
41025 | 10 |14 | 0273 | - | 3644 | 2333 | 61.0 | 2594 | 179 | 149 | 0.126 0.077 0.916 1.449 1.406
501025 | 8 |16 | 0289 | - | 3622 | 2355 | 60.6 | 2594 | 179 | 145 | 0.146 0.088 0.963 1.495 1.351
6|025| 6 |18 | 0307 | - | 3617 | 2360 | 605 | 2504 | 179 | 149 | 0173 0.105 1.146 1678 1534
71025 | 0 |24 | 0141 | - | 3567 | 2410 | 59.7 | 2504 | 179 | 156 - - - - -



http://ees.elsevier.com/agwat/download.aspx?id=295449&guid=15e84d11-ffb5-41e6-81ca-79a2f191e903&scheme=1

Figure
Click here to download high resolution image

O OO
&
@
©
o
©
©
8
D
©
o
O
0 125 250 500 750 1,000

R R Wt

Legend

Hydrants
Height(m)
@® <o
@ s51-00
@ .00
© rwt-1o
O 1911120
| Resarvor
Network
Diameter{mm)
—0
— 1100
— 101~ 200
w— 211 - 300
w— 01 - 400

- L0 - 500


http://ees.elsevier.com/agwat/download.aspx?id=295502&guid=861b4b74-19b9-4aab-b9e5-b991c0d2d860&scheme=1

Figure

Click here to download high resolution image

0.5 -
0.45 -
0.4 -
0.35

0.3.-
0.25 -
0.2 -
0.15 -
0.1

H(MPa)

= == pPerformance

20

q(l s)

60

80

100

Performance (%)


http://ees.elsevier.com/agwat/download.aspx?id=295503&guid=7ce68268-9d90-400e-9d25-6a3686248479&scheme=1

Figure
Click here to download high resolution image

1 1 ’
09 a9 '|
o) 08 }
o ey Pashe 1
i“ , §°‘ | = take 2
0Ss - ; oS | W etake 3
- ntake 1 J
804 Soite2 04 - “etmhe &
03 . 03 «| .ES N\ ntske 5
: '_::::
02 SERIN Sese 6
FHIAT
0 ""I M\ SEmn mnd same ana aane lvl“v M GEn c san Saa Sa can Snn an S s G 2aD S cunn . aen ane s I.”._.*.-:Jnull.,, g ———

@ 1 2 % 4 5 6 T 8 0 1031 12 3% 141516 1718 0 20 21 2 3 T 8 9 10 311 12 13 14 3% 16 17 14 19 20 2% 22 23
Day time (h) Day time (h}


http://ees.elsevier.com/agwat/download.aspx?id=295504&guid=72953255-4eb8-493b-b11f-dd07689fab24&scheme=1

Figure

Click here to download high resolution image

Intake; Intake; Intake; Intake, Intake; Intake; Intake; Intake,
Gen, Gen; Gen; | ... Gen, Geng Geng,: Genges | ... Gen;,
v v
Integer variable 1 2 3 P 5 6 7 Slot.. Integer variable | g 1
Shot 0:00 | 0:15 | 0:30 | 0:45 | 1:00 | 1:15 | 1:30 hh:mm Operation No | Yes



http://ees.elsevier.com/agwat/download.aspx?id=295505&guid=eb15ee48-9b68-4631-8eb0-e67e8acf39e6&scheme=1

Figure
Click here to download high resolution image

Scel A

— —

il

.a-o‘cci»c§n¢|
138811811

(TTTTTTTTR

Sce 4

Sce 2

21144 e
'3


http://ees.elsevier.com/agwat/download.aspx?id=295506&guid=827a3446-2221-4c90-bab9-c6e0c35471f9&scheme=1

Figure

Click here to download high resolution image

o
us

=
‘ un:
L %)

™
(3]
e
[ 24
i.
[ 3%

e
"
L
L]

¢l

"
L
Scel Sce d
S — :‘ o [ F
ekl =7
M s ) it - —
- ' ’ " ' L FL) -’ . 3
PO | -t - ' o " i . ———— e ' 5
L = e o ;" ‘ L ' |
..... T - N 8 \
' - = ¥ o1y ' |
— - | . "l
" e -~ o
-~ ' -
' <
St : e (3] ". '4: |
. ¢ 1
us
ur - —— * — 7
v Vv
0e
" "
e eastta, e B i
=k £ e o T =)
‘
u I Mknad i\/
——— H
ui f — i 1 |
T l — i
o4 i i
RS 5 A% 2 2% 0 A% 4 4% A AL A ALY ALY WMDY
[— A adiad
"~ n
sce S o6
— ——
e S— — -
0 —— — N
) e
"o .
i |
60 a1
— Y —
A . —t
G » sed | —a
¢ .
2 "

e

D



http://ees.elsevier.com/agwat/download.aspx?id=295507&guid=59a656ab-83e0-4b87-83f1-f739814d8242&scheme=1

