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Abstract: Pumping systems are the largest energy consumers in center pivot irrigation systems. One
action to reduce energy consumption is to adjust the pumping pressure to that which is strictly needed
by using variable speed drives (VSDs). The objective of this study was to determine the feasibility
of including VSDs in pumping systems that feed center pivot systems operating in an area with
variable topography. The VSPM (Variable Speed Pivot Model) was developed to perform hydraulic
and energy analyses of center pivot systems using the EPANET hydraulics engine. This tool is able to
determine the elevation of each tower for each position of the center pivot using any type of digital
elevation model. It is also capable of simulating, in an accurate manner, the performance of the center
pivot controlled with a VSD. The tool was applied to a real case study, located in Albacete, Spain.
The results show a reduction in energy consumption of 12.2%, with specific energy consumptions of
0.214 and 0.244 kWh m~ of distributed water obtained for the variable speed and fixed speed of the
pumping station, respectively. The results also show that for an irrigation season, to meet the water
requirements of the maize crop in the region of the study (627 mm), an average annual savings of
14,107.35 kWh was obtained, which resulted in an economic savings of 2821.47€.

Keywords: hydraulic model; variable topography; energy consumption; variable speed; center
pivot system

1. Introduction

The quantity and quality of food needed to satisfy all the demands of the population will become
a major concern worldwide in the following years. It is expected that by the year 2050, there will be
a world population of 9.15 billion people [1]. The increase of food production to satisfy demand is
a challenge for agricultural professionals, who require the use of techniques focused on increasing
production efficiency. Increasing use efficiency in food production requires the use of improved
technology in all production processes, as well as improving the efficiency of irrigation systems.
Irrigated agriculture accounts for 16% of the world’s cultivated area and is expected to produce 44% of
world food by 2050 [1-3].
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Sustainable use of water resources could be accomplished increasing the efficiency of irrigation
systems, thereby reducing the amount of water and energy to satisfy crop water requirements. In this
regard, technological developments in the infrastructures of irrigation systems contribute to increasing
water use efficiency. However, this efficiency increase is related to a significant increase in energy
consumption in recent years [4].

According to [5], sprinkler irrigation systems represent around 11% (35 million hectares) of the
total irrigated areas in the world. Within this method, the most outstanding systems are conventional
sprinklers, traveling guns, center pivots, and linear-moving laterals. With eight million hectares of
irrigated area, the center pivot system represents 23% of the area irrigated by sprinkler irrigation systems.

Center pivot irrigation consists of the application of water through a moving lateral line with
several water outlets supported on moving towers, which revolve around a fixed pivot point (center
tower) and irrigate a circular area [6,7]. This equipment is considered a highly efficient system compared
to other irrigation systems. It is flexible and easily operable, which reduces labor and maintenance
costs. It can also be operated on surfaces with variable topography, resulting in conservation of water,
energy, and time [8]. However, the initial cost of the equipment and the required energy demands at
the pumping station are some of its main limitations.

The reduction of the energy consumption of pumping stations that feed irrigation systems has been
studied by several researchers. Pumping stations are the largest consumers of energy in pressurized
irrigation systems, especially in situations where underground water resources are used.

Gilley et al. [9] suggested several changes in center pivot systems: switching high and medium
pressure sprinklers to low pressure emitters, changing nozzle size and spacing, or changing irrigation
intervals and maintenance to increase pumping station efficiency. Moreno et al. [10] developed a new
methodology to obtain the characteristic curves of the pump, thereby minimizing the costs of the
pumping station. In a later study, Moreno et al. [11] stated that the energy consumption of the center
pivot, which irrigates an area of 75 ha, can be minimized by adopting measures like increasing the
lateral line’s diameter, reducing the equipment’s operating time, and increasing the flow per unit of
area. Barbosa et al. [12] concluded that constant center pivot monitoring is essential to maintaining
adequate energy efficiency levels when assessing the behavior of different energy efficiency indicators
for a center pivot operating in variable topography.

In center pivot equipment, the pumping station is designed to meet the most critical situation, i.e.,
the position of the lateral line where there is the highest elevation point and the greatest need for higher
pumping pressure [13]. However, this situation is variable along with the lateral line rotation in the
irrigated area due to topographic differences. This means that the pumping station is oversized during
most of the lateral line rotation, and the energy is wasted. Pressure regulating valves are installed
before the emitters, so pressure fluctuations that are due to topographical differences and oversizing of
the pumping station do not influence the flow rate of the emitters [14].

An option to adjust the pumping pressure of this equipment is the use of variable speed drives
(VSDs) to control the speed of these pumps [15,16]. This control provides a substantial reduction in
power in relation to the reduction of flow and pressure in pressurized irrigation systems [13,17].

Several researchers have used variable speed drives to control pumping stations to reduce energy
consumption. Hanson et al. [18], in a center pivot system with a well pumping unit, concluded that
variable speed pumps save about 32% of the energy. Lamaddalena et al. [19] showed that 27% to 35%
of energy savings can be achieved using VSD in two Italian irrigation districts operating with three
parallel horizontal axis pumps. Brar et al. [20] concluded that a 9.6% energy reduction is possible for a
13.6 m difference in the irrigated area for a study containing 100 center pivots in Nebraska (USA), with
each pivot containing a pumping station. In this study, digital elevation models (DEMs) with a spatial
resolution of 10 m X 10 m were used to obtain the topographic characteristics of the irrigated areas.

King et al. [13] stated that the optimum efficiency in terms of energy and water use can be
achieved when the pumping station is able to maintain the required minimum pressure regardless of
the operating conditions. Scaloppi et al. [21] stated that the point of minimum pressure is constantly
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moving along the lateral line because it is influenced by the topography of the irrigated area. They also
presented theoretical bases for the calculation of this movement.

However, working with the minimum pressure does not always guarantee the lowest power
consumption due to variations in the operating point of the pump and variable performance when
working at low frequencies [17,22]. In addition, most of these studies did not take into account the
effect of the VSD efficiency on the final result. Therefore, it is important to consider VSD efficiency in
energy savings accounting and not assume that this efficiency will always be constant and high [17].

In a study on VSD efficiency, King et al. [13] reported that a pumping station with a VSD can
save 15.8% and 20.2% of its energy compared to fixed speed pumping (for uniform and variable rate
irrigation, respectively) without considering the inefficiency of the VSD. When the efficiency of the
VSD is accounted for, there are 7.5% and 12.4% energy savings, respectively.

The main novelty of the present study is developing a simulation model of hydraulic behavior
by considering the hydraulic elements of the irrigation system in detail and integrating the energy
characteristics of the pumping station and topographic characteristics through digital elevation
models (DEMs). In this way, energy efficient technologies and management strategies can be
developed to reduce energy use to ensure sustainable irrigation without reductions in the efficiency of
water application.

The objective of the present study was to determine the feasibility of including variable speed
drives in pumping systems that feed center pivot irrigation systems operating in areas with variable
topography. Considering this objective, the VSPM (Variable Speed Pivot Model) tool was developed,
in which the hydraulic simulation model of the pivot was integrated into a simulation model of the
pumping station so that, with data related to topography, flow rate, and pressure, the power supply
could be adjusted to the actual demand of the system. In addition, it is useful to determine the potential
of reduction from the perspective of the energy, economics, and sustainability of the installation of the
VSDs in these irrigation systems.

2. Material and Methods

2.1. Proposed Procedure

The proposed methodology has the following steps, as presented in 1. For the development of
this model and data acquisition, a real center pivot was used. However, this model can be used for
pivots of different sizes and with different numbers of towers.

The characterization of the irrigated area, along with the characteristics of the pumping station
and irrigation system from the manufacturers’ technical data, were inserted into the VSPM (Variable
Speed Pivot Model) tool to process and edit the input data. Subsequently, the hydraulic simulation
was calculated using the EPANET hydraulic engine. The hydraulic simulation results were then used
to determine the energy consumption of the irrigation system under study.

2.2. Topography of the Irrigated Area

As shown in Figure 1, the elevation values of the moving towers were obtained through Digital
Elevation Models (DEMs) (with a spatial resolution of 5 m X 5 m), which were freely obtained from the
PNOA (Spanish National Program of aerial photogrammetry). These products are freely available for
any location in Spain. The developed tool is able to use any type of DEM.
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/ VSPM (Variable Speed Pivot Model) \

Digital Elevation Model

DEM
( ) (1) Characterization of the suction, pumping and water
supply system (characteristic curves, pipe
diameters, lengths and material);
> Simulation of the use of VSD for the
A 4 (2) Characterization of the Center Pivot (length, pipe different angular positions of the
Characterization of R diameters and material); lateral line.
irrigated area topography (3) Letter of emitters and PRV; > Energy analyzis to account for energy
savings using the VSD (variable speed
drive).

(4) Generate text file (.inp);

EPANET (determination of minimum pressure points);

Determination of pump operation point and specific
energy consumption (kWh m?3).

Figure 1. Diagram of the proposed procedure.

Center Pivot
Characteristics

The utilized DEMs (.tif formatted images) were loaded into the QGIS® Desktop 3.2.1 software
(QGIS Development Team, Open Source Geospatial Foundation). In this software, the geographical
coordinates (X, Y) of the point referring to the center of the pivot (Xp, Y() were defined.

To obtain the X and Y coordinates of all moving towers in different angular positions relative
to the center pivot’s lateral line, a computational routine was developed in the MATLAB® 2018b
software. Automatically, with the values of the geographic coordinates and the distance between
towers, the elevation values were determined for 36 angular positions of the lateral line, equally spaced
by 10°, with the North position of the lateral line as the position of angle 0°, as in Figure 2.
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Figure 2. The geographic coordinates during the rotation of the lateral line at the center pivot.

The calculation of the geographical coordinates X, Y of each moving tower (j) was carried out

as follows:
X]? = Xo + Lj cos(i), with 1 <j < Number of towers 1)

Y].i = Yo + Ljsin(i), with 1 <j < Number of towers 2)
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where i is the angular position of the lateral line (0°, 10°, ... , 350°), j is the number of moving towers,
in this case, 1 <j<<9,and Lj is the distance from the center tower to the index tower j, m.

Thus, for the center pivot under study, the dimensions of the nine moving towers were obtained
in 36 different angular positions of the lateral line, resulting in 324 elevation values.

2.3. Hydraulic Model Description

The simulation of the operation of the center pivot irrigation system, for different angular positions
of the lateral line of the center pivot, was carried out using EPANET software [23]. With this aim,
the VSPM tool was developed. The function of this tool is to edit the input data required by the
EPANET software in addition to energy analysis, as shown in Figure 1.

Center pivot irrigation system simulations, for different lateral line angular positions, was carried
out using EPANET software [23]. With this aim, the VSPM tool was developed. The function of this
tool is to edit the input data required by the EPANET software in addition to energy analysis, as shown
in Figure 1. Figure 3a shows the dimensions of the lateral line span and Figure 3b shows the EPANET

network map of the first span of the center pivot lateral line.
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4 — Drop pipe node;
5 — Pressure Regulator Valve;
6 — Emmiter.

1 — Lateral line pipe;

2 — Lateral line node;

3 — Drop pipe;
Figure 3. (a) Center pivot lateral line span dimensions, (b) EPANET network map of the first span of

the center pivot lateral line.
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The VSPM tool has four steps: (1) characterization of the suction, pumping, and water supply
systems, (2) characterization of the center pivot, (3) emitters and pressure regulating valves (PRV),
(4) generation of the text file in the EPANET format.

The system that includes suction, pumping, and water supply was pre-determined containing the
following hydraulic elements: a fixed level reservoir (water source), a pumping station, and a supply
pipe composed of three different links. The required information for these components are: elevation
of the water level in the reservoir, elevation of the ground where the pumping station is located, length,
pipe diameter and roughness coefficient (depending on the selected head loss equation) of all links, and
the pairs of values (Q-H) constituting the pump characteristic curve, as taken from the manufacturer’s
technical data.

In the center pivot characterization module, the center pivot’s equipment information is inserted:
the elevation of the pivot point and the elevation of the moving towers, as well as pipe lengths, pipe
diameters, and the roughness coefficient of the pivot point, lateral line, and drop pipes.

In the module related to emitters and pressure regulating valves (PRVs), the emission coefficients
of the emitters and the working pressure of the PRVs are inserted. If information about the emitter’s
distribution on the pivot is not available, it remains possible to generate and simulate a commonly
used commercial emitter distribution with this tool.

Finally, the VSPM tool generates a text file (in .inp format) with all the hydraulic model information
entered by the user. This file consists of input data, which is required by EPANET to perform the
hydraulic simulation. In the VSPM modules, the flow rate and discharge coefficient of each emitter,
the node elevations, and the pipe lengths were determined.

2.3.1. Flow Rate of the Emitters

The total flow of the irrigation system is the sum of the flow rate of each emitter along the lateral
line. The flow rate of the emitters (in m® h™!) was calculated according to the area corresponding
to each water outlet, and the gross depth to be applied to the rotation time was specified by the
manufacturer, as proposed by Valiantzas et al. [24]. The flow rate for the first outlet of each span
(Equation (3)) and the remainder of each outlet (Equation (4)) was calculated. The lengths used are
shown in Figure 3a:

27L2 1h
_ T TEXP -
9x=1 = To00 Tg’ forx =1 (©)]

%= 7000 Tg

where gy is the flow rate of the outlet with order number x (1 < x < n), m® h™!, Lz is spacing between
the tower and the first emitter (x = 1), m, L is the spacing between the emitters with order number x
(2 £ x £n), m, R, is the radius of the installation of the emitter, relative to the center tower, m, Lb is
the gross irrigation depth (9 mm), and Tg is the rotation time (21 h).

After the acquisition of the flow rate values at each water outlet (qy), the discharge coefficient (ke,
Equation (5)) of each emitter was determined. The value of the pressure in the emitter was the same as
the value of the PRV nominal pressure (Hprv), assuming an ideal valve:

ke = —p
HE,

©)

where k, is emitter discharge coefficient, mZ5h1, Hpyv is the PRV nominal pressure, m, and {3 is the
pressure exponent, in this case with a value of 0.5.
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2.3.2. Determination of Elevations and Lengths

The spans lengths (Equation (6)) and the water outlet relative distance to the previous moving
tower (Equation (7)) were calculated:

Ls= Lig+Lgg + [(No—1)Lg] (6)

N=1=Rr+ L
ILny=4¢ 2<N<n= Ln-1+Lg 7)
N =n = Lo<n<n + Lrr

where Lg is the length of span (m), Lgg is the distance between the last emitter and next tower of the
span (m), No is the number of water outlets in the span, Ly is the distance of the node referring to
the water outlet in relation to the previous tower (m), N is the water outlet in the span, and Rr is the
radius of rotation of the tower relative to the centre tower (m).

The irrigation system is composed of nodes, which are the connections between the links. Each
water outlet was determined as a set of six hydraulic components, as shown in Figure 3b. Elevation is
the main feature required for the nodes (Equation (8)). The slope between the towers (Equation (9)),
the variable height between the lateral line and the height of the tower (Equation (10)), and the length
of the drop pipe (Equation (11)) were also calculated:

Zn:x = ZTn—l + (STLN) -+ Ah (8)
_ Ztn—Ztn1
St = — )
dharc LY, ( Ls )
Ah = — -1 10
T (10)
Lpp = hy —hg + Ah (11)

where Z,,— is the node elevation x, m. Zy_1 is the tower elevation previous to node n (m). Zty, is the
tower elevation posterior to node n (m). St is the slope between towers n e n-1. Ah is the length of
the drop pipe between the lateral line and the tower are variable for each lateral line water outlet (m).
harc is the maximum height of the lateral line arc (m). Lpp is the total length of the drop pipe, which
is variable for each lateral line water outlet (m). ht is the height of the moving towers (m). hg is the
height of the emitter relative to the ground (m).

For the case of the overhanging nodes, the same slope (St) of the last span of the lateral line was
assumed in the calculation of the dimensions (Zn=y).

2.4. Calculation of the Pumping Operation Point and Energy Consumption

Hydraulic Model

Using EPANET, the hydraulic simulation was performed at each angular position of the center
pivot lateral line with the pumping station operating at a maximum fixed speed. The head loss was
computed based on the Hazen-Williams roughness coefficient (Cryyy) values of 100 (for the lateral line
and water supply pipe) and 140 (for drop pipes).

Head and efficiency curves of the pump are considered. Affinity laws were implemented to the
regulation of variable frequency drive. For an accurate analysis of the efficiency, all the components of
the pumping station were considered, as proposed by Fernandez Garcia et al. [17]. Also, energy losses
in cables were computed.

Nt = Mp MmNy Me (12)
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where 1 is the total efficiency of the pumping station, np is the pump efficiency, nm is the motor
efficiency, 1y is the VSD efficiency, and n is the cable efficiency.

The motor efficiency for each angular position i was determined through the exponential model
proposed by Bernier et al. [25].

P Abs (i)

N, = 0.94187{1 00 ey )] (13)

where Pnjom is the nominal power in kW and P sps(j) is the absorbed power in kW.

To compute the VSD efficiency values at each angular position i of the lateral line, Equation (14)
was used. This value should be supplied by the VSD manufacturer but is commonly not supplied.
In this case study, we utilized the value obtained by Moreno et al. [22] for a pump with a similar power:

Ty, = 70.126 — 232,47 + 582.03202 — 323.1340° (14)

where « is the ratio between the speed of the variable speed drive and the maximum speed as a fixed
speed drive (ny/ng)

2.5. Determination of Specific Energy Consumption (CEE)

At each angular position of the lateral line (36 angular positions spaced 10°) the minimum pressure
required to pressurize the irrigation system was determined. Therefore, at each position, the adequate
pumping pressure head (H;) was estimated:

H; = Hp — (Huing) + Hpr) (15)

where Hy, is the pressure head at the fixed pumping speed (m), Hin() is the minimum pressure head
along the lateral line at each angular position i, m (obtained in EPANET), and Hy,,, is the PRV pressure
head, including the pressure regulator loss (69 kPa + 34 kPa).

The specific energy consumption using the VSD at each angular position i of the lateral line (CEE?,
em kWh m~3, Equation (16)) for 0° < i < 350° was calculated by the values of the pumping pressure
head (Hj, m), the water specific weight (y, N m3 ), and the efficiencies (1) of the pump, motor, VSD,
and cable:

CEE} = Sy
3600 (Mb; Mim; T ;)

(16)

The specific energy consumption of the equipment, considering a pumping station with a fixed
speed (CEEf, em kWh m~3), was determined through Equation (17):

pr

CEEf= ————
3600 (Mp Nm Mc)

(17)

The energy reduction (ER, %) was determined by Equation (18). The energy consumption (EC,
kWh) in the pump station for each position (fixed speed and variable speed) was determined from
Equations (19) and (20), respectively.

{CEEf ~ (CEE})
ER = .
CEE

av ] x 100 (18)

ECf = QX T, x CEE! (19)
EC, = Qx T, x (CEE}) (20)

av
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where (CEE] )ay is the average of the specific energy consumption in the different angular positions of
the lateral line, and T, is the operating time of the irrigation system.

2.6. Case Study

This study was developed in a center pivot irrigation system located in the “La Felipa” district,
which belongs to Chinchilla de Monte-Aragon (Albacete) in the Castilla La-Mancha region (Spain).
The geographical coordinates of the latitude and longitude of the center point of the pivot are 39°
4'44.43” N and 1°39'35.27” W. The elevations of the water level in the reservoir, the pumping station,
and the center pivot point are, 675.91 m, 676.91 m, and 661.91 m, respectively.

With regard to the center pivot, the lateral line of this equipment operates without an end gun,
irrigating an area with a total radius of 488.6 m, equivalent to a surface area of 76 ha. The lateral line
is composed of nine spans, comprising four spans with a length of 57 m, five spans with a length of
51 m, and an overhang of 5.6 m. The lateral line has an internal pipe diameter of 162.27 mm to the last
tower, and the overhang has an internal pipe diameter of 108.74 mm. Along the lateral line, there are
164 emitters (type SP4 + PL / R), which are all equipped with pressure regulator valves (69 kPa) that
have a pressure regulator loss of 34 kPa, with 3 m spacing. The first outlet is located 2.10 m from the
pivot point, mounted at the end of flexible drop pipes, with an internal pipe diameter of 19.05 mm at a
height of 1.80 m from the ground surface. The towers have a fixed height of 3.54 m, and the largest arc
of the spans has a value of 0.7 m in height. The highest elevation of the irrigated area is 667.60 m, and
the lowest value is 652.29 m.

According to the specifications of the pivot model, the model’s total flow rate is 326.61 m3 h™!
and has a supply pipe with a length of 920 m made of PVC with a nominal pipe diameter of 300 mm,
which leads to the pivot point’s water from a fixed level reservoir with a capacity of approximately
7000 m3. The pumping station is composed of a pump (from the brand KSB, model WKL 150/1), with
rotor 360 mm in size, which is driven by a three phase electric motor whose nominal voltage, power,
and rotation values are 400V, 90 kW, and 1750 rpm, respectively. The electrical installation, with a
power factor of 0.85, has electric copper cables with a length of 50 m and a cross-section of 16 mm?.

The time of operation of the center pivot was determined to supply the water requirements of
a maize crop in the study region (Dominguez et al., 2012). The gross irrigation water requirement
(GIWR) applied in this period was 627 mm, with an operating time (T,) of 1440 h.

In order to perform an economic analysis of the use of VSD in center pivot irrigation system
pumping stations, the average value of 0.2 € kWh! was adopted as the reference price of the electric
energy in the study region.

3. Results and Discussion

3.1. Hydraulic Model

The use of the VSPM tool made it possible to accurately characterize the irrigation system in
EPANET (Figure 4). Hence, the hydraulic simulation was performed at each angular position of the
center pivot lateral line, thereby obtaining the pressure distribution.

In Figure 4, two angular positions of the lateral line, 250° and 40°, are represented. These positions
are those with the highest level of differences in relation to the pivot point, representing 5.68 m uphill
and 9.62 m downhill, respectively.
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Centre
Tower

Tower1  Tower2  Tower3  Tower4 Tower5 Tower6 Tower7 Tower8 Tower9

E Water supply
! system

| Reservoir and
! pumping station
]

Figure 4. Network maps of the center pivot system from EPANET inp files generated by the VSPM

(Variable Speed Pivot Model) tool considering two different lateral line angular positions (a) 250° uphill
and (b) 40° downhill.

It can be seen that the hydraulic simulations were not performed with constant topographic slopes,
as done in other works [13,20,21,24,26]. This fact allowed a greater precision in the determination of
the speed of the pumping station to guarantee the lowest energy consumption with the appropriate
pressurization of the lateral line in different angular positions.

The EPANET nodes and links corresponding to the fixed-level reservoir, pumping station, suction
pipe, and supply pipe are highlighted in Figure 4. It should be noted that these hydraulic elements
with their characteristics are constant in all angular positions of the lateral line of the center pivot.
The pipe in the overhang is also highlighted in Figure 4, showing that the slope at the end of the lateral
line is maintained with the same slope value of the last span. In addition, the correct characterization
of the topography of the irrigated area allowed precise characterization of the energy consumption of
the irrigation system operating with a maximum fixed and variable speed for the pumping station.

3.2. Operating Point

The characteristic curves of the pumping station (Q-Hp, Qnp, and Q-Paps), adjusted through data
taken from the manufacturer, are shown in Figure 5. The operating point of the index characteristic
curve “f”, relative to the configuration of the pumping unit with a fixed speed is shown. In addition,
the operating point of the index characteristic curve “v” refers to the configuration with a variable
speed. In both cases, the angular position of the lateral line of 40° was represented with the fixed speed
(ng = 1750 rpm and o = 1.00) and variable speed pump (ny = 1523 rpm and « = 0.85). This position
was chosen because it has a minor pressure head value.
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Figure 5. Pumping station characteristic curves for the 40° angular position lateral line with a fixed
speed (f) and variable speed (v), (a) (Q-H) and (Q-n) curves, (b) (Q-Pps) curve.

In Figure 5, it can be seen that the displacement of curves (Q-Hp)y and (Q-Paps)v to (Q-Hp)f and
(Q-P Aps)s did not result in significant differences in pump efficiency (Q-np)¢. This result demonstrates
that the use of the VSD in the irrigation system does not significantly interfere with the pump efficiency,
whose high and low values were close to 80.26% (o« = 0.85) and 78.54% (x = 1.00). This displacement
also demonstrates the reduction of energy consumption (12.2%) through the influence of the VSD on
the pumping station of the irrigation system under study. This same behavior of curve displacement
was reported by Brar et al. [20] in a study on energy efficiency in center pivots. They determined that
by reducing the speed of the pumping station’s rotation through the VSD, it was possible to reduce
its head pressure, thereby maintaining the efficiency of the pump. Also, as described by Coércoles
et al. [27], the ratio (in kWh m~2) can be higher at lower frequencies than the nominal value, thus
presenting another source of energy saving.

3.3. Pressure Distribution Along the Lateral Line

After the hydraulic simulation of the center pivot, the pressure values at the top of the lateral line
were obtained for each angular position at the nodes referring to the water outlets. Thus, the minimum
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pressure head value corresponds to the minor value of the pressure distribution. The pump speed
computed at each angular position was the minimum pump speed that was able to keep pressure
values at the downstream node of every PRV equal to the setting pressure (ie keeping every PRV
at the Partially closed state). So, according to EPANET PRV rules described above, this condition
was achieved when pressure values at every PRV upstream node were above the setting pressure.
The minimum pressure head values and the location of the minimum pressure head along the lateral
line are shown in Figure 6.
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Figure 6. (a) Value and (b) location of the point of minimum pressure head in the different angular
positions of the center pivot lateral line.

According to [13,20,21], the point of minimum pressure is located between the end of the lateral
line and the center of the pivot according to the topographic changes of the irrigated area.

King et al. [13], studying the spatial distribution of pressure on the lateral portion of a center pivot
(with a length of 392 m and a difference in the level of 18 m), reported that the point of minor pressure
on the lateral line was not necessarily situated at the end. The location of that point was variable
according to the different slopes of the irrigated area. This fact made it difficult to install pressure
sensors to control the speed of the pumping station with a VSD.

Figure 6 also shows the location of the point of minimum pressure with respect to the end of the
lateral line. In some angular positions, the minimum pressure value is located exactly at the end of
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the lateral line. This result shows the influence of the small topographic differences of the irrigated
area on the location of the minimum pressure point and, consequently, on the potential reduction of
energy consumption.

3.4. Energy Analysis

Pumping stations are designed for the lateral line’s most critical angular position, i.e., the position
where the lateral line has the largest positive level difference. Thus, the minimum pressure head is
located at the lateral end. Pumping station values for the different lateral line angular positions and
values for the fixed speed pump are shown in Table 1.

Table 1. Flow rate (Q), pumping pressure head (H;), hydraulic power (Py), speed of the pumping
station (n), variable speed ratio (), efficiencies (1), and specific energy consumption (CEE) in the
different angular positions of the lateral line.

Angular 0 Hi Pu np Nm My Ne ne ! CEE
Position (m3h-1) (m) (kW) O & (%) (%) (%) (%) (%)  (KWhm3)
Fixed 32661 6523 5804 1750 1.00 7854  94.13 98.60  72.90 0.244*
0° 32661 5072 4512 1574 090 80.08  93.86 9675  98.65 7174 0.193
10° 32661 4864 4327 1547 0.88 8020 9377 9621  98.66 7138 0.186
20° 32661 4777 4250 1535 0.88 8023 9373 9595 9866  71.19 0.183
30° 32661 4707 4188 1526 087 8026 93.69 9571 9866  71.01 0.181
40° 32661 4684 4167 1523 087 8026  93.68 9563 98.67 7094 0.180
50° 32661 4749 4225 1531 088 8024 9371 9586  98.66  71.12 0.182
60° 32661  49.16 4374 1553 089 8017 9379 9636  98.66 7148 0.187
70° 32661 5269 4688 1599 091 7993 9393 9713 9864 7193 0.200
80° 32661 5529 4920 1631 093 7970 9400 9743  98.63  72.00 0.209
90° 32661 5624 5004 1643 094 79.61 9402 9748 9863 7196 0213
100° 32661 5757 5122 1659 095 7947 9404 9751 9863  71.88 0218
110° 32661 5833 5190 1669 095 7939 9405 9750  98.62  71.80 0.221
120° 32661 5815 5173 1666 095 7941 9405 9750  98.62  71.82 0.221
130° 32661 5845 5201 1670 095 7938 9406 9750 98.62  71.79 0.222
140° 32661 5938 5283 1681 096 79.27 9407 9745 9862  71.67 0.226
150° 32661 6000 5338 1689 096 7920 9408 9741 9862 7158 0.228
160° 32661 6049 5382 1695 097 7914 9409 9737  98.62  71.49 0.230
170° 32661 5863 5216 1672 096 7936 9406 9749 9862  71.77 0.223
180° 32661 6033 5367 1693 097 7916 9408 9738  98.62 7152 0.230
190° 32661 5999 5337 1688 096 7920 9408 9741 9862 7158 0.228
200° 32661 6035 5369 1693 097 7916 9408 9738  98.62 7152 0.230
210° 32661 5975 5316 1686 096 7923 9408 9743 9862  71.61 0.227
220° 32661 5952 5296 1683 096 7925 9407 9744 9862  71.65 0.226
230° 32661 6086 5415 1699 097 7910 9409 9733 9862 7143 0.232
240° 32661 6021 5357 1691 097 7917 9408 9739 9862  71.54 0.229
250° 32661 6137 5460 1705 097 79.03 9410 9727 9861  71.33 0.234
260° 32661 6124 5448 1703 097 79.05 9409 9728 9861 7136 0.234
270° 32661 5861 5215 1672 096 79.36 9406 9749  98.62 7177 0.222
280° 32661 5768 5132 1661 095 7946 9404 9751  98.63  71.87 0.219
290° 32661  59.07 5256 1677 096 7931 9407 9747 9862 7171 0.224
300° 32661 5924 5270 1679 096 7929 9407 9746  98.62  71.69 0.225
310° 32661 5753 5119 1659 095 7948 9404 9751 9863  71.88 0218
320° 32661 5585  49.69 1638 094 79.65 9401 9747 9863 7198 0211
330° 32661 5522 4913 1630 093 7971 9399 9742  98.63  72.00 0.209
340° 32661 5505 4898 1628 093 7973 9399 9741  98.63  72.00 0.208
350° 32661 5250 4671 1596 091 7995 9392 9710 9864 7192 0.199

! Total efficiency * variable speed drives (VSDs) efficiency not considered.

In Table 1, it can be sheen that the i = 40° position (Figure 4) has the lowest pumping pressure
head value (46.84 m) and, consequently, a lower specific energy consumption value (0.180 kWh
m~3). On the other hand, position I = 250° presents the highest values—61.37 m and 0.234 kWh m~3,
respectively. It should be noted that for these positions, the determination of the CEE with the variable
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speed of the pump is different from the CEE with a fixed speed, because, in this configuration, the value
of VSD efficiency is not considered.

Specific energy consumption (kWh m~2) values for the fixed speed (without VSD) and variable
speed (with VSD) pumping stations were determined. The specific energy consumption using the VSD
was computed as the average values considering all the angular positions of the lateral line. In general,
due to the small variations in the topography of the irrigated area, the average value of the CEE with
variable speed of the pumping station was close to the value of the CEE with a fixed speed (0.214
and 0.244 kWh m~3, respectively), resulting in an energy reduction value of 12.2%. This percentage
is lower than the values found by [18] (32% energy savings using variable speed well pumps in a
center pivot system), [19] (27% to 35% of energy savings can be achieved using VSD in two Italian
irrigation districts operating with three parallel horizontal axis pumps), and higher than those found
by Brar et al. [20] (9.6% energy reduction is possible for 13.6 m difference in the irrigated area for a
study containing 100 center pivots in Nebraska (USA), with each pivot containing a pumping station).
However, these studies did not take into account the efficiency of VSD. The energy reduction value of
this study is close to that found by King et al. [13] (7.5% to 15.8%), who considered the variable speed
drive efficiency of a center pivot pumping unit. This result demonstrates that using VSD can reduce
energy consumption in pumping units for water distribution.

In the present study, the center pivot system is equipped with a single pump. The use of VSDs
in situations where multiple pumps supply several irrigation systems can result in greater energy
savings, as can be seen in the studies conducted by [18,19].

The values of the absorbed power (the relation of the hydraulic power and total efficiency, in kW)
at the pumping station at each of the angular positions of the center pivot’s lateral line are shown in
Figure 7.
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Figure 7. Absorbed power at the pumping station for the different angular positions of the lateral line.

In Figure 7, the lowest values of the absorbed power (51.92 kW) were reached in the angular
positions where the lateral line assumes a downward slope (i = 40°) from the center to the end. In the
same way, when the lateral line presents an ascending slope (i = 250°), it results in higher values of
absorbed power (69.09 kW). This difference in values results in a reduction of 28.5% between these
two angular positions. It should be noted that the total efficiency of these two positions is very close
(70.9% (for i = 40°) and 71.3% (for i = 250°)). These results are directly related to the movement of the
point of minimum pressure along the lateral line according to topographic variations of the irrigated
area. The same type of behavior for the minimum pressure point was reported by Brar et al. [20] and
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King et al. [13] in studies with energy conservation in the center pivot systems using variable speed
drives at the pumping station.

3.5. Economic Analysis

To analyze the operation costs with the use of VSDs in this center pivot, the values of energy
consumption and costs, considering the two configurations (fixed and variable speed) for an irrigation
season with maize crop in the region of Albacete (Spain), are presented in Table 2.

Table 2. The consumption and cost of energy for the pumping stations with fixed and variable speeds.

Crop Maize
GIWR (gross irrigation water requirement) mm 627.00
Flow rate m3h! 326.61
Operation time h 1440.00
EC¢ kWh 114739.03
ECy kWh 100632.47
Average cost €kWh! 0.20
Ct € 22947.96
Cy € 20126.49
Energy Savings € year™! 2821.47

For an irrigated area with a maximum elevation difference of 15.3 m, and considering the use
of a VSD with a fixed speed, the annual average energy savings is close to 14107.35 kWh (Table 2),
representing an annual average energy cost savings of 2821.47€.

In a similar study, [13] presented an average annual saving of 18100.00 kWh, applying a requirement
of 635 mm of gross water irrigation and an area with an elevation difference of 18 m. They concluded
that the VSD installation would not be economically viable. This result can be explained due to the
low performance of the utility’s equipment and the low cost of energy (0.031 kWh™!) in the region
where the study was conducted, which resulted in a low average annual saving (564.30 €). The average
annual energy savings (kWh) presented by [13] were similar to those determined in the present study.
However, due to the unit cost of energy consumption, the financial savings were lower. This fact shows
that the cost of energy, besides the topography of the irrigated area, must be taken into account for this
type of analysis.

Working with several center pivots for the maize crop, Brar et al. [20] presented an average annual
saving of 4155 kWh, applying a requirement of 284 mm of gross water irrigation to an average irrigated
area of 49 ha with a height difference of 13.6 m. The average pumping cost was 0.098 kWh~!, resulting
in average annual savings of 407.40€. The difference of the values in this study can be explained by the
smaller difference in elevation, their low energy cost, and their lower gross irrigation requirements.

4. Conclusions

This study presented a proposal to vary the pressure supplied to a center pivot irrigation system
according to the angular position of the lateral line by adjusting the speed of the pumping station with
a variable speed drive (VSD). A model was developed to simulate the possible reduction in energy
consumption when using a VSD in a center pivot pumping station in Albacete (Spain). For topographic
characterization, DEMs from satellite images (with 5 X 5 m spatial accuracy) were used, and it was
concluded that the topographic precision for this type of study is essential to determine the required
pressure values at each angular position of the center pivot’s lateral line.

The present study showed a saving of 12.2% of energy when using speed control at the pumping
station in comparison with the commonly used fixed speed. This reduction in energy allowed economic
savings close to 2821.47 €, in an area irrigated by a center pivot with a difference in maximum elevation
of 15.3 m and the major part of the lateral line on the ascending slope.
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The VSPM tool, which added topographic, hydraulic, and energy characteristics to the irrigation
system, facilitated the simulation of the center pivot irrigation system in the EPANET software, along
with the analyses of the use of VSD in the speed control of the pumping station. This tool demonstrates
the possible financial return when using a VSD in a center pivot pumping station that operates in
areas of variable topography. This center pivot represents the greater part of the irrigated area in the
ascending slope during the movement of the lateral line. Therefore, for an irrigated area where the
lateral line remains in a descending slope during the greater part of its rotation, the energy savings
would be greater. Thus, this tool seems to be useful for users to achieve better precision in energy and
economic analyses of center pivot irrigation systems.

The use of VSD to control the speed of the pumping station of the irrigation system showed a
greater reduction in energy consumption when the different angular positions of the lateral line along
the irrigated area were in an ascending slope. In these positions, the point of minimum pressure tends
to migrate from the extremity to the center of the pivot.

This study aimed to quantify the energy saving potential of VSDs, providing irrigation producers
and professionals results that show the benefits of installing VSDs in the pumping stations of center
pivot irrigation systems.
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Nomenclature

A cross-sectional area of cable (mm?)

Cc electrical conductivity of copper (m Q™' mm~2)

CEEf specific energy consumption, considering the pumping station with fixed speed (kWh m~3)
CEE! specific energy consumption using the VSD, for each angular position i (kWh m~3)
(CEE])ay average of the specific energy consumption in the different angular positions (kWh m™3)
Caw roughness coefficient of the pipe material of the Hazen-Williams equation

cosd power factor

D pipe diameter of the lateral line

DEM Digital Elevation Model

EC Energy Consumption (kWh)

ER Energy Reduction (%)

GIWR  gross irrigation water requirement (mm)

harc maximum height of the lateral line arc (m)

hg height of the emitter relative to the ground (m)

hf head loss (m)

H; pressure head that the pump must provide for each angular position i (m)

Hming  minimum pressure along the lateral line for each angular position i (m)

Hp pressure head at the fixed pumping speed (m)

Hpry nominal pressure of the PRV (m)

Hpry PRV pressure, including the minimum regulator requirement (m)

ht height of moving towers (m)

i angular position of the lateral line (0°, 10°, ..., 350°)

j number of moving towers

ke emitter discharge coefficient (m25 s71)

L equivalent length of lateral line (m)

Lb gross irrigation depth (mm day™!)

Lc cable length (m)

Lpp total length of the drop pipe (m)

Lg spacing between emitters (m)

Lpg distance between the last emitter and next tower of the span (m)

Lig spacing between the tower and the first emitter (m)

L distance from the centre tower to the index tower j (m)

Ly distance of the node referring to the water outlet in relation to the previous tower (m)
Lg length of span (m)

N water outlet in the span

No number of water outlets in the span

Py hydraulic power (kW)

PNOA  Spanish National Program of aerial photogrammetry
P Abs(i) absorbed power (kW)

PNom nominal power (kW)

PRV Pressure Regulator Valve

Q total flow rate of the irrigation system

qx flow of the outlet with order number x (m3 h~1)

Rinst radius of installation of the emitter, relative to the centre tower (m)
Rt radius of rotation of the tower relative to the centre tower (m)

St slope between towersnen -1

Tg rotation time (h)

To operating time of irrigation system (h)

U nominal voltage (V)

VSD Variable Speed Drive
VSPM  Variable Speed Pivot Model

X]i, Y]i geographical coordinates of the moving towers j (m)



Water

2019, 11, 2192 18 of 19

Zn=x elevation of the node x (m)

Z1n tower elevation posterior to node n (m)

ZTn-1 tower elevation previous to node n (m)

o ratio between the speed of the variable speed drive and the maximum speed as a fixed speed drive
B exponent of the pressure

Y water specific weight (N m™3)

Ah length of the drop pipe between the lateral line and the tower (m)

Ne cable efficiency

Mm motor efficiency

Mp pump efficiency

It total efficiency of the pumping station

v VSD efficiency
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