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In recent years, improving water use efficiency has been one of the most important challenges for the
agricultural sector. However, such improvements have led to the installation of pressurized irrigation
systems which generally require more energy to operate, especially in plantations on sloping and
mountainous lands. Thus, the reduction of energy use in these systems has also become a major issue.

Irrigation network sectoring has been proposed as one of the most effective energy saving measures.
Typically, however, the potential benefits of this management strategy have been evaluated by means of
theoretical approaches in networks that were originally designed to supply water on demand and not
after water application in real irrigation districts designed following sectoring strategies.

In this work, this measure is applied to an irrigation district devoted to olive grove production in
a mountainous area that was designed according to this management strategy. With this aim, the WEBSO
(Water and Energy Based Sectoring Operation) algorithm, which was developed in a previous work, has
been modified in order to take into account the specific characteristics of the irrigation district and its
actual management, as well as to analyze sensitivity to several irrigation water depths in terms of both
energy demand and yields. An economic analysis of the potential benefits of this management strategy is
also carried out. The results show that this measure has lead to a nearly 30% reduction in energy
consumption, while increasing farmers’ profits by 13% compared to traditional on-demand operations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Following the premise of deriving “more crop per drop”, new
and modernized irrigation districts in semi-arid countries like
Spain have been designed to supply water on demand using pres-
surized distribution networks and drip or sprinkler irrigation
systems. In Andalusia alone (Southern Spain) drip irrigation has
increased from 12% of the total irrigated area in 1989 to 64% in
2008. However, pressurized systems require large amounts of
energy for their operation (Corominas, 2010). The greater depen-
dency of these systems on energy resources, the continuous
increase in costs and significant reductions in crop value have had
a major impact on farmers’ incomes, which have dropped consid-
erably. Despite the positive impacts of improved water use
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efficiency, higher energy consumption may increase the carbon
footprint, causing other major environmental impacts such as
greenhouse gas emissions and contributing to the climate change
process (Rodríguez Díaz et al., 2007). Thus, in both economic and
environmental terms, the need to optimize energy use in these
systems has fostered the development of several methodologies to
increase their energetic efficiency (Abadía et al., 2008).

Organizing farmers in irrigation turns according to their energy
requirements (sectoring) is one of the feasible measures to reduce
energy consumption. Several authors have developed network
sectoring methodologies and evaluated their potential impacts as
an energy saving measure (Rodríguez Díaz et al., 2009; Sánchez
et al., 2009; Jiménez Bello et al., 2010; Moreno et al., 2010). Most
of theseworks, however, focus on theoretical approaches applied to
real irrigation districts. Recently, Jiménez Bello et al. (2011) applied
an optimum sectoring strategy to an irrigation district in Valencia
(Spain), achieving energy savings of around 16%; 6% higher than
those obtained using theoretical models.

In a previous work, Carrillo Cobo et al. (2011) carried out
a theoretical analysis to demonstrate that the potential benefits of
sectoring are larger in steep areas with significant differences in
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hydrant elevations than in hilly or flat areas. These authors devel-
oped the WEBSO (Water and Energy Based Sectoring Operation)
algorithm, which can be used to simultaneously achieve two
objectives: reduce monthly energy consumption and match water
demand. The potential energy savings obtained were over 27% of
actual consumption. WEBSO modified the operation of networks
that were originally designed to supply water on demand (water is
available to farmers 24 h per day and, in theory, all of them might
irrigate simultaneously) by providing sectoring operation strategies
that reduce operational costs.

Olive cultivation is by far the most important crop in Andalusia
with an area of 1.5 million hectares that represents 59% of the total
olive grove area in Spain, 30% in the European Union and 19%
worldwide. Olive crops generate 26% of all agricultural production
in the region, provide employment for about 32% of agricultural
workers, and are the main source of income in more than 300
municipalities (Gómez Limón et al., 2012). Nowadays more than
0.5 Mha of the total cropped area are irrigated, most of them on
sloping land where other crops are not suitable.

Recent works have analyzed the sustainability of olive planta-
tions on sloping and mountainous land (Graaff et al., 2008; Gomez
et al., 2008; Metzidakis et al., 2008; Stroosnijder et al., 2008;
Xiloyannis et al., 2008; Duarte et al., 2008). It is essential to analyze
the economic viability of these production systems in order to
prevent them from being abandoned and the resulting environ-
mental and social impacts.

Measures aimed at achieving sustainable olive production
systems are directly related to both the efficient use of scare water
resources and the energy required to deliver water through sloping
areas. For this reason, our research focuses on the potential benefits
of water distribution network sectoring. The “Dehesa Portillo
Albardinales” (DPA) irrigation district is analyzed as a case study.
The DPA is an irrigation district devoted to olive production and is
located in a mountainous area with high differences in elevation.
With a view to minimizing operational costs, the DPA water
distribution system was originally designed to operate by sectors
defined according to topographical criteria. In this study, we use
a modified version of the WEBSO algorithm to simulate both actual
district operation (only some sectors may operate simultaneously)
and the most frequent operation rule in the majority of the irri-
gation districts (all hydrants can work at the same time). We then
compare the energy cost of these operation rules using several
water irrigation depths according to probable water availability
scenarios. The resultant yields are also evaluated. Finally farmers’
profits are analyzed to evaluate the relationship between the
network operation rule (sector operation sequence and water
volume applied) and the energy savings achieved compared to the
traditional on-demand operation.

2. Methodology

2.1. Study area

The study area is located in the province of Jaen (Andalusia). The
area has a Mediterranean sub-continental climate characterized by
hot summers and cold winters with an average annual temperature
of 17 �C. July is the hottest month with average temperatures close
to 28 �C and maximum temperatures above 40 �C. In contrast, the
coldest months are December and January with an average
temperature of 7.6 �C. Precipitation occurs mainly in spring with
a mean annual precipitation of 403 mm and mean annual potential
evapotranspiration, ETo, of 1034 mm.

The DPA irrigation district is located on the left bank of the
GuadianaMenor River, which is the current water source. Irrigation
began in 2008 and covers 1600 ha. The average size of farms in the
irrigation district is 1.05 ha (Navarro Navajas, 2011). Althoughwater
rights are 1500m3 ha�1 year�1, this volume of water has never been
used by the farmers.

Due to the steepness of the area, it is difficult to deliver water to
each hydrant. Initially, the water is pumped from the river and
conveyed through a pressurized pipe to a booster pump placed on
a small intermediate reservoir (0.023 Mm3) where the water is
elevated to the main reservoir (1 Mm3). The reservoir is located
200 m over the level of the river. The booster pumping station,
called “Las Quebradas”, pumps the water stored in the main
reservoir into the distribution network that provides water to all
the hydrants. Elevation differences between hydrants and the main
reservoir range from 0 to 300 m. Thus, the total height difference
from the water source level to the highest hydrant is 512 m. A
diagram of the irrigation districts’ water distribution system is
shown in Fig. 1.

The hydraulic network supplies water to 1887 hydrants grouped
together in nine irrigation sectors. These sectors were established
according to the elevation of the hydrants, which ranges from 514
to 813 m. The nine sectors are called sector low 1, low 2, low 3,
medium 1, medium 2, medium 3, high 1, high 2 and hyper-high. The
number of hydrants per sector and a statistical analysis of their
elevation distribution are shown in Table 1. All hydrants were
designed to supply 0.4 L h�1 ha�1.

In order to supply water efficiently to all the sectors, Las Que-
bradas pumping station has three booster sub-stations that operate
independently: substation 1 for the low sectors, substation 2 for the
medium sectors and substation 3 for the high and the hyper-high
sectors. Three sectors, each of which is supplied by its corre-
sponding booster substation, can irrigate simultaneously for 8 h per
day. The daily operation rule of Las Quebradas pumping station is
summarized in Table 2.

The purpose of the water distribution system described above is
to supply irrigationwater to olive orchards, the only crop in the DPA
irrigation district. These olives are mostly of the picual variety with
a low plant density (around 118 olives/ha) due to the topographical
and agro-climatic characteristics of the area which make it
unsuitable for any other crop.

2.2. Water and energy management scenarios

The energy consumption required for the two alternative water
network operations (sectoring versus on-demand) is compared
after analyzing the following water and energy management
scenarios:

- Scenario 1: Hypothetical scenario based on the on-demand
operation of the whole network (9 sectors) where water is
available to farmers 24 h per day (Daccache et al., 2010). The
pressure head at the pumping stationwas set to supply 30m of
pressure to the most energy demanding hydrant in the
network at a certain instant (Rodríguez Díaz et al., 2009).

- Scenario 2: This scenario corresponds to the current manage-
ment of the irrigation district. The network is organized in
three turns as shown in Table 2. The pressure head at each
pumping sub-station was set to ensure that the most pressure
demanding hydrant in every sector receives a pressure head of
at least 30 m. Thus, when the lowest sectors were irrigated, the
required pressure head was smaller than for the higher sectors.
2.3. Modified WEBSO algorithm

The WEBSO algorithm (Carrillo Cobo et al., 2011) is used to
develop sectoring strategies for pressurized irrigation networks



Fig. 1. Hydraulic infrastructures of Dehesa Portillo Albardinales irrigation district.
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that are designed to supply water on demand. WEBSO simulates
the hydraulic behavior of the possible sectoring options and the
energy demand for every month of the irrigation season. Thou-
sands of randomly generated loading conditions are considered in
each simulation. The best seasonal sectoring strategy is selected
after a Montecarlo simulation process and compared to the current
operation of the network. Nonetheless, the WEBSO algorithm has
some limitations. WEBSO cannot simulate fixed sectoring schemes
and is only able to simulate one water applied depth. Moreover, it
does not include the impact of the proposedmeasures on yields and
consequently on farmer’s profits.

The modified version of the algorithm eliminates these limita-
tions and includes new modules to analyze sensitivity to applied
water and estimate farmers’ profits. A scheme of the modified
WEBSO algorithm is shown in Fig. 2.

2.4. Irrigation requirements and local farmers’ practices

The WEBSO algorithm was modified in order to explore the
relationship between applied depth and energy savings (Fig. 3).
Thus, the theoretical daily average irrigation needs per month and
hydrant (mm)were initially estimated as described in FAO 56 (Allen
Table 1
Average, maximum, minimum and standard deviation of hydrant elevation (m) in
each irrigation sector.

Sector Number of
hydrants

Elevation

Average Maximum Minimum Std. Dev.

Hyper-high 160 752.08 810.55 549.73 56.06
High 2 188 653.69 736.19 590.90 29.66
High 1 211 698.45 757.23 548.37 38.58
Medium 3 102 616.75 685.56 542.37 28.81
Medium2 176 595.5 652.65 522.13 23.49
Medium 1 181 623.01 671.41 548.37 21.22
Low 3 390 568.61 628.41 513.65 24.36
Low 2 286 569.55 628.85 521.98 21.57
Low 1 193 576.75 626.17 524.34 22.71
et al., 1998) using the CROPWATcomputer model (Clarke, 1998) and
then transformed into daily irrigation needs, INim in (L/ha/day).

The influence of applied water depth on hydraulic behavior is
analyzed by means of a sensitivity analysis of the Annual Relative
Irrigation Supply (RIS). RIS is the ratio of the total annual volume of
water diverted or pumped for irrigation and the total theoretical
irrigation needs required by the crops (Rodríguez Díaz et al., 2008)
and is calculated per irrigation season. RIS values below 1 indicate
that crop water requirements are not completely matched and
therefore irrigation is deficient, while RIS values over 1 indicate
excess irrigation. With the new modification, the model can
consider a wide range of RIS values and explore their implications
for energy requirements.
2.5. Energy requirements module

The energy requirements module is the core of the WEBSO
algorithm. The irrigation needs estimated in the previous section
were used as inputs in the module. This information, combined
with a hydraulic model of the water distribution network,
permitted the required energy in the pumping system to be esti-
mated. Initially, the irrigation time in hours, per hydrant and
month, tim was calculated as follows:

tim ¼ 1
3600

$
INim
qmax

(1)

where qmax is the maximum flow allowed per hydrant, which is
equal to 0.4 L/s/ha for the analyzed network.
Table 2
Daily operation rule of Las Quebradas pumping station.

Turn Booster substations Irrigation sectors

1 1,2,3 Low 1, Medium 1 and High 1
2 1,2,3 Low 2, Medium 2 and High 2
3 1,2,3 Low 3, Medium 3 and Hyper-high



Fig. 2. Schematic representation of the modified WEBSO algorithm.
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Irrigation time was modified by the RIS parameter as follows:

tim ¼ 1
3600

$
INim$RIS
qmax

(2)

Time available to irrigate (tdj) was assigned two possible values
according to the management strategy: 24 h when the network
operates on demand (scenario 1) and 8 h for the operating sectors
(scenario 2). Thus, in scenario 2 farmers could irrigate on demand
but only during a fixed period of time every day. The open hydrant
probability according to the number of operating sectors per month
(pimj) was then calculated according to the following equation
(Clément, 1966; Lamaddalena and Sagardoy, 2000):

pimj ¼ tim
tdj

(3)

An open hydrant probability matrix, OHPM, composed of
probabilities per hydrant, month and operating sectors was then
developed.

For each month (m), management scenario (j) and operating
sector (l), k Montecarlo simulations were carried out using OHPM
data to generate random demand patterns (distribution of open
and closed hydrants for each iteration) based on the [0,1] uniform
distribution. In each iteration, a random number, Rimjl, was gener-
ated for every hydrant to define if it was open or closed. When pimjl
was greater or equal to Rimjl, the hydrant was assumed to be open
and the base demand, qi, was calculated by:

qi ¼ qmax$Si (4)

where Si is the irrigation area associated to each hydrant. In the
opposite situation, the hydrant was assumed to be closed and its
base demand was set to zero. A new random demand pattern of
open and closed hydrants was generated in every iteration.

The network operation was then simulated for each loading
condition (RIS and open/closed hydrant distribution) using EPANET
(Rossman, 2000) as a hydraulic simulator (integrated within the
Visual Basic program through its dynamic link library).

Starting from the maximum theoretical pressure head, Hmax,
which provides a pressure head higher than 30 m in every oper-
ating hydrant, the lowest pressure head, Hpmjl, needed at the
pumping station (or substation) to supply water to all open
hydrants was calculated. After simulating the network for the
maximum theoretical pressure head (Hmax), the pressure in the
most restrictive hydrant (the hydrant with least pressure) was
determined (Hj). If this pressure is higher than the required 30 m,
the excess pressure (a) is determined (Hj minus the required 30 m).
After that, the pressure head at the pumping station (or substation)
was reduced in am. The resulting pressure head was the minimum
pressure that guaranteed the required working pressure in all
hydrants (Hpmjl). This minimum pressure was considered as the
dynamic pressure head defined by Rodríguez Díaz et al. (2009).

The pumped flow, Fmjl in (m3/s), and the minimum pressure
head required at the pumping station (or substation), Hpmjl, were
obtained for every demand pattern and operating sector.

For each pair of flow values and pressure head requirements at
the pumping station (or substation), power (in W), Pwmjl, and
energy demand (kW h/day), Emjl, were calculated for the critical
hydrant of each loading condition as follows:

Pwmjl ¼ g$Fmjl$Hpmjl

h
Emjl ¼ Pwmjl

1000
$taj (5)

where g is the water specific weight (9800 N m�3) and h is the
pumping system efficiency (assuming a pumping efficiency of
0.75).

The process was repeated k times for every operating sector, RIS
value and month of the irrigation season (from March to
November). The outputs (pumped flow, dynamic pressure head,
power and energy) were all recorded. The k values of all outputs per
operating sector and month were averaged. The averaged pumped
flow and energy consumption per sector were then aggregated to
obtain overall water and energy consumption for the entire
network and two management scenarios. Finally, the annual
energy requirements for all the RIS values and management
scenarios were obtained.
2.6. Yield versus applied water

The production curve obtained by Moriana et al. (2003) was
used to relate the yield to water deficits. The equation is:

Y ¼ �16:84þ 0:063$ETc � 0:035$10�3$ET2c (6)

where Y is the olive grove production (t/ha) and ETc is actual crop
evapotranspiration (mm), which is calculated as the sum of the
irrigationwater applied (the product of RIS value by the theoretical
irrigation needs) plus the effective rainfall (portion of rainfall
available for plant roots) (Patwardhan et al., 1990). Effective rainfall
was estimated from the data recorded in the closest weather
station. This yield, together with the olive groves-olive oil conver-
sion performance and oil price, was used to estimate the value of
agricultural production.
2.7. Production costs

The production costs in the DPA irrigation district were obtained
through direct interviews with farmers and local technicians
during the irrigation season. Given that amortization costs of the
equipment and the hydraulic infrastructurewere not included, only
production costs were considered in the analysis. The production
costs were classified as fixed and variable costs. The fixed annual
costs were the average value in the study area for standard crop
management (pesticides, tree pruning, tillage nutrients, harvesting
and fixed irrigation costs). The last cost represents the fixed fee per
hectare that farmers have to pay the irrigation district to cover
maintenance, administration and operational costs. Irrigation costs
were the only water cost variable considered and are directly
related to energy consumption. The energy costs of pressurized
irrigation systems are usually paid according to the water
consumption recorded at hydrant level. Thus, this value is



Fig. 3. Energy requirements module.
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proportional to the applied water and therefore to the energy
consumed in the pumping system. Energy consumption is one of
the outputs obtained from the main module of the modified
WEBSO algorithm.
Fig. 4. Monthly irrigation requirements (mm/day) for several RIS values.
3. Results and discussion

3.1. Applied irrigation and theoretical requirements

Theoretical irrigation requirements were calculated on
amonthly basis for the 2009 irrigation season. Theywere estimated
at 3945 m3/ha, much higher than the licensed water allocation for
the irrigated area (only 1500 m3/ha). Olive trees are a rainfed crop
due to their tolerance to water stress. However, as small



Fig. 5. Monthly open hydrant probabilities for scenarios 1 and 2 and the actual RIS.

Fig. 6. Flow-Pressure head curve for scenario 1 and actual RIS.
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applications of water can significantly increase yields, the water
authority has allowed many areas in the region to apply low water
depths.

The total amount of water applied in the study year (2009) was
900 m3/ha. This is even lower than the licensed water allocation
(1500 m3/ha) and led to an actual RIS of 0.23. Because water costs
are high, farmers apply only a fraction of their full water rights.

Taking into account the real range of water availability (up
to1500 m3/ha), the RIS values considered in this study were 0.1, 0.2,
0.3 and 0.4 in relation to the volumes of applied water, which were
345 m3/ha, 790 m3/ha, 1180 m3/ha and 1580 m3/ha, respectively.
The actual RIS (0.23) linked to an applied volume of 900 m3/ha was
also included in the analysis. The daily irrigation requirements per
month (RIS ¼ 1) and the previous RIS values are displayed in Fig. 4.

3.2. Evaluation of energy savings

Taking as inputs the irrigation requirements and the network’s
hydraulic model in EPANET format, the modified WEBSO algorithm
was applied in the DPA irrigation district for scenarios 1 and 2 and
five RIS values. The network’s performance was simulated for the
whole irrigation season (MarcheNovember). The number of Mon-
tecarlo simulations (k) was 2000 for each active sector, month, and
RIS value. Thus the total number of simulations was 800,000: 8
months; 5 RIS values; 10 sectoring criteria (1 sector in scenario 1
and 9 sectors in scenario 2) and 2000 simulations.

The OHPMwas based on the theoretical irrigation requirements,
time available for irrigation and RIS value. Fig. 5 shows the monthly
average of open hydrant probabilities for the actual RIS. Large
differences were found between the values obtained for scenario 1
and the values for scenario 2, mainly due to the differences in time
availability for irrigation (24 and 8 h, respectively). In the peak
Table 3
Monthly average required pressure head (m) at Las Quebradas pumping station for RIS ¼

March April May June

Scenario 1 On demand 274.5 256.8 292.4 298.1
Scenario 2 Low 1 101.5 95.9 109.6 115.2

Low 2 98.1 93.4 106.9 114.1
Low 3 103.7 98.7 112.8 122.6
Medium 1 143.1 136.6 153.5 160.8
Medium 2 115.5 110.9 123.7 133.6
Medium 3 138.3 128.8 158.5 172.9
High 1 237.2 229.9 245.1 250.0
High 2 191.1 179.0 214.7 231.4
Hyper-high 292.3 286.1 301.1 308.9
demand month, this probability was 20% in scenario 1 and 60% in
scenario 2, an inverse relation to the time available for irrigation in
each scenario. Thus, in any sector evaluated in scenario 2, most of
the hydrants would be open at the same time during the irrigation
turn, while in scenario 1 therewould bemore variability in terms of
open and closed hydrants because farmers were allowed to irrigate
during the whole day instead of 8 h only.

The total pressure head required to lift water from the source to
the main reservoir and to Las Quebradas pumping station was
212m andwas constant for both scenarios and all sectors. However,
the energy requirements in Las Quebradas, which supplies water to
the distribution network, varied significantly depending on the
spatial distribution of water demand. Thus Flow-Pressure head
curves were obtained fromWEBSO for scenarios 1 and 2 and all RIS
values. Fig. 6 shows the Flow-Pressure head curve for scenario 1
and actual RIS. In this case, the pumping head was set by the
highest hydrants and the maximum required pressure head was
approximately 300 m. An elevation of 212 m from the water source
was added to this value, giving a total pressure head of more than
512 m in scenario 1 (head losses through the elevation system from
the river up to Las Quebradas should be added). Similar curves were
obtained for the nine sectors of scenario 2 and for all RIS values.

Table 3 shows the monthly pressure head values for the actual
RIS in Las Quebradas pumping station. In the peak month (July), the
average pressure head was 300 m for scenario 1. However, there
were significant differences between sectors in scenario 2. While
low 1 sector only needed 117.6 m, the pressure head requirements
for the hyper-high sector were 314.2 m. Thus, when the lowest
sector was irrigated, the pressure headwas reduced by 196.6m (the
0.23.

July August September October November

300.0 299.2 294.9 281.4 208.9
117.6 116.1 112.4 104.0 82.9
117.8 115.5 109.9 101.0 79.3
127.7 123.7 116.7 106.3 83.7
163.5 161.7 156.9 145.5 125.6
137.8 134.6 128.1 117.9 100.1
178.1 175.1 167.1 144.5 118.1
252.6 250.8 247.4 239.9 213.4
238.9 234.3 222.1 198.1 157.4
314.2 310.4 304.2 295.8 274.0



Table 4
Irrigated areas, pumped water and energy consumption for both scenarios for RIS ¼ 0.23.

Irrigated
area (ha)

Pumped
water
(m3)

Monthly energy consumption (MW h) Annual
energy
(MW h)

Energy per
irrigated area
(MW h/ha)

Energy per unit
of pumped
water kW h/m3March April May June July August September October November

Scenario 1 On demand 1275.2 1147,644 68.5 38.3 197.4 403.4 551.1 464.4 276.5 97.0 11.7 2108.3 1.7 1.8
Scenario 2 Low 1 267.2 240,453 9.2 5.2 26.1 53.7 73.0 61.2 37.0 13.0 2.0 280.5 1.1 1.2

Low 2 239.6 215,649 8.3 4.7 23.7 48.0 65.9 55.1 32.4 11.5 1.6 251.2 1.0 1.2
Low 3 237.6 213,849 8.4 4.9 24.3 50.0 68.6 57.1 33.7 11.6 1.6 260.3 1.1 1.2
Medium 1 98.3 88,443 4.1 2.3 11.5 23.5 31.9 26.8 15.9 5.6 0.9 122.4 1.2 1.4
Medium 2 105.9 95,310 3.6 2.1 10.5 21.6 29.6 24.9 14.6 5.1 0.9 113.0 1.1 1.2
Medium 3 73.3 65,934 2.9 1.8 8.5 17.7 24.3 20.4 12.4 4.0 0.9 93.0 1.3 1.4
High 1 92.1 82,899 4.7 2.7 13.4 27.2 37.2 31.3 18.8 6.7 1.0 143.0 1.6 1.7
High 2 94.8 85,347 4.3 2.4 12.5 26.0 35.9 30.1 17.7 6.1 0.9 135.7 1.4 1.6
Hyper-high 66.4 59,760 3.8 2.2 11.0 22.5 30.4 25.2 15.1 5.3 0.9 116.5 1.8 1.9
Total scenario 1275.2 1147,644 49.4 28.4 141.6 290.2 396.8 332.0 197.7 68.9 10.7 1515.5 1.3 1.4

Table 6
Costsebenefit analysis for sectoring and on-demand management for all RIS values
and V1.8/kg olive oil.

RIS

0.1 0.2 0.23 0.3 0.4

Income Yield (kg/ha) 4173 5383 5725 6484 7476
Unit oil price (V/kg oil) 1.8 1.8 1.8 1.8 1.8
Grove performance
(kg oil/kg olive groves)

0.2 0.2 0.2 0.2 0.2

Total value of
production (V/ha)

1502 1938 2061 2334 2691
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difference between 314.2 m and 117.6 m). The reductions in pres-
sure head for the low andmedium sectors led to smaller power and
energy requirements and hence lower operation costs.

Monthly and annual energy consumption for both scenarios and
actual RIS is shown in Table 4. Annual energy savings were esti-
mated at 592.8 MW h; the difference between 2108.3 MW h for
scenario 1 and 1515.5 for scenario 2. Thus, if the network were
operated on demand, the energy consumption per unit of area and
volume of water would be 1.7 MW h/ha and 1.8 kW h/m3, respec-
tively; far higher than the average values obtained by Rodríguez
Díaz et al. (2011) for on-demand networks in southern Spain,
which were 1 MW h/ha and 0.4 kW h/m3 (average energy
consumption in ten irrigation districts). These differences were due
to the extremely steep topography.

The adoption of energy saving measures (scenario 2) in the DPA
has led to mean energy requirements per irrigated area of
1.3 MW h/ha (1.8 and 1 MWh/ha for the worst and the best sectors,
respectively) and 1.4 kW h/m3 of pumped water, with the average
value of the 9 sectors ranging from 1.9 kW h/m3 (hyper high) and
1.2 kW h/m3 (low sectors). Despite being higher-than-average
values for the region, these figures prove to be better in relation
to total water elevation (for the DPA 1.4 kW h/m3/500 m
elevation¼ 2.8$10�3 kW h/m3/m, almost half the value obtained by
Rodríguez Díaz et al. (2011): 0.4 kW h/m3/89 m (average elevation
in the studied irrigation districts) ¼ 4.49$10�3 kW h/m3/m).

Assuming a unit energy price of V0.08/kW h, these energy
saving measures have reduced the annual energy bill by almost
V50,000 (29%) over the estimations for scenario 1 (more than
V169,000). Similar energy savings percentages were obtained for
other RIS values in Table 5, in which the reduction in energy costs
for RIS ¼ 0.4 rose to V82,475.
Subsidies (V/ha) 365 470 500 566 653
Total value of production
plus subsidies (V/ha)

1867 2408 2561 2900 3344

Costs Harvesting (V/ha) 751 969 1030 1167 1346
Nutrients (V/ha) 125 125 125 125 125
Tree pruning (V/ha) 250 250 250 250 250
Tillage (V/ha) 325 325 325 325 325
Pesticides (V/ha) 125 125 125 125 125
Fixed irrigation 340 340 340 340 340
3.3. Impacts on farmers’ incomes

The total costs and agricultural production values for the five RIS
values analyzed are shown in Table 6. These figures are based on
average unit production costs in the region for standard olive tree
management (pesticides V125/ha, tree pruning V250/ha, tillage
Table 5
Annual energy savings. Comparison of scenarios.

RIS Annual energy consumption Energy savings Economic
savings (V)

Scenario 1 (MW h) Scenario 2 (MW h) (MW h) (%)

0.1 902 645 258 28.6 20,626
0.2 1827 1310 516 28.3 41,299
0.3 2770 1999 772 27.9 61,744
0.4 3710 2679 1031 27.8 82,475
V325/ha, nutrients V125/ha, harvesting V0.18/kg) and fixed irri-
gation costs (V340/ha). The total costs are highly influenced by the
production as harvesting costs are linearly related to the yield.
Furthermore, they are highly dependent on the applied water due
to the direct relationship between water and energy consumed in
the pumping stations. The market price for farmers considered in
this analysis was V1.8/Kg of olive oil, assuming an olive conversion
performance of 20% for the season studied.

Table 6 shows data on farmers’ incomes (production value and
subsidies). The results show that when considering the current
price of olive oil, profits are very limited for both on-demand and
sectoring management. For very small volumes of applied water
(345 m3/ha, RIS ¼ 0.1) and olive oil prices lower than or equal to
V1.8/kg, this agricultural system is not economically sustainable.
Specifically, the profits obtained using the current irrigation prac-
tices (RIS¼ 0.23) were onlyV233/ha for scenario 1 andV263/ha for
scenario 2. Depending on the volume of water applied, profits
increased to V601/ha for scenario 1 and to V653/ha for scenario 2.
costs (V/ha)
Variable irrigation costs
for scenario 1 (V/ha)

57 115 132 174 233

Variable irrigation costs
for scenario 2 (V/ha)

44 88 102 135 181

Total costs for
scenario 1 (V/ha)

1973 2249 2328 2506 2743

Total costs for
scenario 2 (V/ha)

1960 2222 2298 2467 2691

Benefits Scenario 1 (V/ha) �105 159 233 394 601
Scenario 2 (V/ha) �92 185 263 433 653

Amortization costs were not included in the analysis.



Fig. 7. Total costs and final value of agricultural production (subsidies included) for
several olive oil prices (V1.6/kgeV2.6/kg) for scenario 2.
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Thus, the impact of sectoring is approximately 13%. This increase is
much smaller than the 30% energy savings discussed in the
previous section because energy costs still only account for a small
proportion of the total production costs. However, the current
situation of the Spanish energy market suggests a scenario of
higher energy costs. In that case, it is likely that sectoring will have
a very significant impact on total water costs.

Total profits are highly dependent on the market price of olive
oil. The sensitivity of farmers’ incomes in relation to total costs, RIS
and olive oil prices is analyzed in Fig. 7. As the present analysis
confirms, farmers’ benefits are, at this time, close to the limit of
profitability. Given current olive oil prices (below V2/kg olive oil),
the application of small water depths may lead to unsustainable
economic situations. Additionally, if prices drop slightly to V1.6/kg
olive oil, farmers would have to apply more water to obtain profits:
from the current 900 m3/ha (RIS ¼ 0.23) to at least 1180 m3/ha
(RIS ¼ 0.3). Prices over V2/kg olive oil may ensure profits inde-
pendently of the applied depth of water. The present study coin-
cides with the findings of previous works on olive orchards on
sloping land (Duarte et al., 2008) that are barely economically
sustainable. They proposed a sustainable intensification (e.g. irri-
gation) of these production systems to ensure economic sustain-
ability and avoid their abandonment and its consequences (a drop
in rural populations and adverse effects on environmental
protection).
4. Conclusions

Recent research has highlighted the need to improve energy
efficiency in pressurized irrigation networks and suggested
sectoring as one of the best approaches to achieving this objective.
However, most of these studies proposed theoretical sectoring
approaches that were not tested in the field. In contrast, our study
evaluated the impacts of such measures in a real irrigation district
with high water elevation that was designed to operate per sector.
Our findings have shown that sectoring leads to an almost 30%
reduction in energy consumption.

This action has had a limited impact on local farmers’ income
because energy consumption accounts for only a limited proportion
of total production costs under current conditions. Despite the
current low prices for olive oil, the sectoring operation of irrigation
network has increased farmers’ profits by 13% compared to the
traditional on-demand operation.
In our case, sectoring led to a reduction in energy consumption
and therefore in the carbon footprint of agricultural production,
while increasing farmer’s profits. This fact demonstrated that the
sustainable intensification of agricultural systems allow combining
farmer’s interests with management practices that minimize the
impacts of agricultural production on the environment. However,
the results have also shown that the current price of olive oil
constrains the profitability of the sector; a situation that could
worsen in the absence of efficient energy management practices
such as the one discussed in this work.
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