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In recent decades, there has been a massive replacement of flood irrigation with drip irrigation throughout the
world. Numerous studies have been published on the efficiency of these techniques in terms of water savings, but
few works have paid attention to their economic efficiency at farm scale. In this research, a two-stage meth-
odology has been used for this purpose, developed in three irrigated areas of the region of Valencia (Eastern
Spain). In the first stage, interviews were conducted with experts from irrigation communities and cooperatives,
and in the second stage, an efficiency analysis was carried out using Data Envelopment Analysis (DEA). It is
concluded that, although the cultivation costs of drip irrigation are lower and the technology gap (TGR) is

smaller than flood irrigation, there is much room for improvement. Policies to promote the installation of
localised irrigation should include complementary measures to ensure the viability of modernised farms.

1. Introduction

The agricultural sector consumes almost 70 % of all water with-
drawals and up to 95 % in some developing countries (FAO, 2020). This
fact, in a global context of shrinking water resources, due to de-
mographic growth, increasing food demand and climate change, has put
the political focus on improving agricultural water use and management
(Steduto et al., 2017). Consequently, during the last decades, many
countries have implemented policies to promote new technologies to
improve irrigation efficiency. This process, developed with significant
public sector support (Venot et al., 2017; Molle and Sanchis-Ibor, 2019),
has focused almost exclusively on implementing water conservation
technologies. As a result, the expansion of pressurisation of irrigation
networks has meant an unprecedented technological change in many
countries (ICID, 2024).

Water conservation technologies include sprinkler or drip irrigation
systems, laser field levelling, piped distribution systems, canal lining
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and other infrastructure improvements to irrigation and distribution
systems. Traditionally, the aim of this change is to increase irrigation
efficiency, which will reduce the demand on water resources, and lead to
an improvement in both productivity and farmers’ incomes (Gleick
et al., 2011; Pérez-Blanco et al., 2020). Some authors expect that the
water-saving potential of new technologies could offset the effects of
climate change and population growth in the future (Fader et al., 2016).

However, against the consideration of pressurized irrigation as water
saving technique, scientific literature has identified some mis-
conceptions surrounding the expected benefits of its promotion. From
the first references in the 60’s (Molden, 1997), numerous authors have
analyzed and disputed the effectiveness of pressurized irrigation to save
water and face water scarcity, but also its economic, environmental and
social implications. Case studies around the world demonstrate that in
certain circumstances irrigation efficiency promotion through
water-saving irrigation technologies can lead to some unintended con-
sequences (Ward and Pulido-Velazquez, 2008; Tornqvist and Jarsjo
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2011; Van der Kooij et al., 2013; Lankford, 2012; Berbel et al., 2014;
Lopez-Gunn et al., 2012; Perry and Steduto, 2017; Venot et al., 2014;
Perez Blanco et al., 2020), usually referenced as irrigation moderniza-
tion paradoxes (Rodriguez-Diaz et al., 2011; Scott et al., 2014; Grafton
et al., 2018). This debate has disclosed that the analysis of the effects of
pressurized irrigation adoption requires a more holistic approach,
because in different world regions and spatial scales, multiple effects
-that could be interconnected- have been detected (Lankford et al.,
2020).

Although most publications on the consequences of irrigation tech-
nology change have focused on the effects on savings, this process has
many other consequences that have received little attention
(Gomez-Limoén and Picazo-Tadeo, 2012; Sanchis-Ibor et al., 2016;
Ortega Reig et al., 2017; Berbel et al., 2019; Sampedro, 2020). The
process of technological change has an influence on the way water is
managed, on labour demands, on the use of energy needed to apply
water, among others. These organisational changes have effects on
irrigation costs, which generally increase, on the one hand, because of
the need to amortise the unsubsidised part of the investment and, on the
other hand, because of the increase in operating costs due to the use of
energy needed for pressurisation (Garcia Molla et al., 2017; Hardy et al.,
2012; Jackson et al., 2010; Playan et al., 2024). Generous subsidies for
the investments needed for the installation of the techniques have
mitigated the increases in irrigation costs (Venot et al., 2017; Molle and
Sanchis-Ibor, 2019).

The change of irrigation technique also entails important changes in
the rest of the cultivation practices and, as a consequence, in cultivation
costs. The increase in soil moisture caused by these techniques trans-
forms agriculture into an input-output intensive production system
(Pérez-Blanco et al., 2021). The installation of sparing techniques allows
the use of centralised fertilisation in WUAs, which increases the nutrient
use efficiency as well as crop productivity and yield quality (Sravani
et al., 2020). In field experiments Moursy et al. (2023) show that the
increase in profit is greater than the increase in irrigation costs for
virtually all summer crops. Although not many papers evaluate changes
in cultivation costs due to changes in irrigation technique, most publi-
cations indicate that irrigation modernisation leads to an increase in
productivity and yield quality, whereby the increase in revenue out-
weighs the increase in irrigation costs, resulting in an increase in profit
(Pérez-Blanco et al., 2020; Ruiz-Rodriguez, 2017).

There seems therefore to be sufficient evidence to assume that the
shift towards water-saving technologies has an impact on both revenues
and cultivation costs. The combined impact of these increases on farm
profitability may therefore be mixed. Although more and more research
is being carried out on the consequences of the adoption of water-saving
technologies, it is necessary to know in a more exhaustive way the ef-
fects it has had on the economy of irrigators, as this is what will finally
determine the viability of the farms.

This research aims to improve knowledge on the economic effects of
the change in irrigation techniques on irrigated plots in the region of
Valencia (Spain). It proposes to accomplish this task in two stages, the
first one aimed at characterizing the differences in cultivation practices
associated with different irrigation techniques (flood irrigation or drip
irrigation) and the second one at evaluating the economic efficiency of
these techniques. To this end, we have used a mixed methodology that
combines interviews with experts in the irrigation sector to evaluate the
effects on cultivation costs and income due to a change in irrigation
technique, with an analysis of the efficiency for different plots with
different irrigation techniques in the same area. On the one hand, we
will determine the changes in agricultural work due to the change in
irrigation technique and we will evaluate the differences in production
costs and income of the plots that have adopted drip irrigation and those
that have not. On the other hand, how these changes in crop costs and
income influence the efficiency of drip-irrigated and surface-irrigated
plots will be quantified using data envelopment analysis (DEA). The
use of traditional DEA can present problems in this case, due to the
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heterogeneity of the cropping techniques used in different irrigated
farms. To overcome this limitation, this paper proposes the use of met-
afrontiers as a variant to the calculation of efficiency using traditional
DEA.

2. Case study

The study area is located in the region of Valencia, on the Spanish
Mediterranean coast. This region has an agricultural area of 590,190 ha,
of which 249,706 ha are irrigated. The climatic and soil characteristics
of the region favour the cultivation of fruit and vegetables. Citrus crops
occupy 155,785 ha, all of which are irrigated. In recent decades, the
crisis in the citrus sector has led to an increase in the cultivated area of
other irrigated fruit trees, among which the cultivation of persimmon
(14,639 ha) stands out. These crops are the predominant ones, almost
exclusive, in the irrigated systems where the interviews of this research
were carried out.

The region has a growing structural water scarcity due to the
increasing agricultural and urban demand, especially for tourism, and
the decrease in resources due to climate change. Public administrations
and farmers’ and irrigators’ associations made a clear commitment to
irrigation modernisation since the late 1980s, encouraged by the cyclic
droughts (Sanchis-Ibor et al., 2017). A significant part of the costs of the
necessary investments have been subsidised by different public admin-
istrations (Sanchis-Ibor et al., 2021). As a result of this process, 73 % of
the 289,499 ha irrigated in the region now have infrastructure for
localised irrigation, which is almost entirely drip irrigation (MAFF,
2023). Most of the irrigated areas are collectively managed by water
users’s associations called irrigation communities (IC).

The technicians and managers interviewed belong to the IC Séquia
Reial del Xtiquer, which irrigates 20,000 ha in 21 municipalities; the IC
Riu d’Alcoi, which irrigates 2500 ha in 16 municipalities; the IC of Vila-
real, which irrigates some 2600 ha in three municipalities; and the
CANSO cooperative which, among other activities, has a cultivation
section in which the members entrust all the cultivation work to the
cooperative (Fig. 1). CANSO currently manages more than 200 ha of
citrus and persimmon crops in the municipality of L'Alcddia. In addition,
the cooperative offers technical advice to member farmers.

Agriculture in these areas has structural characteristics that make it
difficult for farms to be competitive in the context of increasingly glo-
balised agricultural markets. Landholdings are small (mean size of farms
is 5.5 ha and the mean size of irrigation plots is 0.52 ha) so farming
activity is hardly profitable for professional farmers (Sanchis-Ibor et al.,
2020). Part-time farming accounts for over 40 % of the area, an
important percentage of the professionals are formally retired. The low
profitability of farms means that there is no generational handover, as
young people prefer other jobs with higher incomes. The average age of
farmers in the region is 64,4 years.

3. Methodology

A two-stage methodology was used. In the first stage, interviews with
experts in the sector and in the second stage, analysis of data on income
and costs of irrigated farms with the two irrigation techniques.

3.1. Assessment of cultivation costs and revenues: differences between
drip and flood irrigation

The change of irrigation technique has a clear impact on the costs of
irrigation, but the modification of cultivation techniques resulting from
the change of technique also changes the costs of cultivation. In order to
evaluate changes in cultivation costs and income, in-depth semi-struc-
tured interviews were conducted with experts in irrigation management
belonging to irrigation communities and cooperatives in the region of
Valencia. Some of the interviewed entities have a long experience with
pressurised irrigation while others are still in a period of expansion. In
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Fig. 1. Location of the study areas.

the interviews they were asked about the differences in costs and reve-
nues of the two irrigation techniques and about the advantages and
disadvantages of the two irrigation systems. The cultivation costs
depend on the tasks that differ in the two irrigation techniques and
which we have grouped into the following:

a) Irrigation costs: these are collected by the irrigation community. In
general, the entities charge a fixed amount to cover fixed costs and a
variable amount, which in the case of drip irrigation is billed per
cubic metre and in the case of flood irrigation is billed per irrigation
turn (Garcia-Molla et al., 2017). All the interviewed entities have
received subsidies from different public administrations for the
change of irrigation technique. The costs of the investments and the
subsidies provided are highly variable and depend on the percentage
of subsidies and the complexity of the installations. Generally, the
irrigation entity carries out all the installations up to the plot level.
The cost of these investments is passed on to the irrigator in the form
of annual instalments. The irrigator carries out and pays for all the
necessary investments inside the plot (Sanchis Ibor et al., 2017).

Fertilisation: In irrigation entities with localised irrigation, it is
common for the irrigation communities to carry out the fertilisation
through a centralised fertigation system. Farmers using traditional

b

~

irrigation buy their own fertilisers and pay for the labour needed to
apply them or apply them themselves.

c) Herbicides: Includes the cost of the products and the labour required
for their application.

d) Phytosanitary products and pruning and shredding: These include
the cost of the necessary treatments and their application and the
labour costs of pruning and shredding the remains. These costs have
been unified because there are usually no differences in the culti-
vation work carried out with the two techniques.

3.2. Calculating efficiency through DEA

In order to evaluate the changes in efficiency due to the change of
irrigation technique of the plots in the region of Valencia, 202 farms
were interviewed. This is a representative sample of the universe of this
geographical area. All of them belong to a service cooperative that
carries out all the cultivation tasks except for irrigation, which is carried
out by an irrigation community. The structural characteristics of agri-
culture in the area mean that many farmers opt for the cooperative to
carry out all the tasks. Apart from the payment to the service coopera-
tive, the only cultivation cost borne by the farmers is the payment to the
irrigation entity. Most of the farms have made the change from flood
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irrigation to drip irrigation, but some owners have preferred to continue
using the traditional flood irrigation.

Changes in crop costs and income resulting from changing irrigation
technique have an impact on farm efficiency. Although DEA has been
successfully used in research related to wastewater treatment
(Lorenzo-Toja et al.,, 2015; Longo et al., 2018; Maziotis and
Molinos-Senante, 2023), to the degree of compliance with SDG6 (Alves
Pereira and Cunha Marques, 2021), to assess the link between social
capital, participatory management and irrigation efficiency
(Suwanmaneepong et al., 2024), assessing the water use efficiency of
water user associations (Mahdhi et al., 2021) and even in the assessment
of water savings from irrigation modernisation policies (Garcia-Molla
et al., 2021), it has not been used to evaluate the changes in efficiency
derived from the different cropping tasks of flood and drip irrigation.

3.2.1. Method: DEA metafrontier model

The concept of efficiency is based on production and distance the-
ories used for the construction of a production function to determine the
level of efficiency of each of the observations that make up the sample
under study (decision making units, DMUs). The most widespread
techniques are non-parametric linear programming models (DEA, data
envelopment analysis) and regression techniques based on the estima-
tion of error inefficiency (SFA, Stochastic Frontier Analysis). However,
DEA has a clear superiority over SFA both because of the flexibility
provided by the absence of a pre-defined functional form and the pos-
sibility of working with multiple inputs/outputs as well as the absence of
stochastic errors. Both methodologies presuppose the existence of ho-
mogeneity among the DMUs that make up the sample. However, the
irrigation techniques applied to the different crops may present intrinsic
differences that invalidate their application. In order to overcome this
limitation, this research proposes the use of the metafrontier, as a
variant of the original DEA, where the possible existence of dissimilar-
ities between the DMUs analyzed can be contemplated. Likewise, the
scientific community has validated metafrontiers in areas where it has
been necessary to consider the presence of heterogeneity, citing, among
others, the analysis of efficiency in the water industry (Molinos-Senante
et al.,, 2023), the change in productivity of Brazilian water utilities
(Tourinho et al., 2023), irrigation technologies applied to coffee culti-
vation (Ho et al., 2022), to assess water use efficiency in the framework
of the SDGs (Lozano and Borrego-Marin, 2024a) or to study the envi-
ronmental efficiency of wheat cultivation in Spain (Lozano et al.,
2024b).

DEA facilitates the calculation of the relative efficiency of each DMU
by maximizing/minimizing a production function constructed with the
inputs and outputs that define it. Building on the pioneering work of
Farrell (1957), Charnes et al. (1978) propose a linear programming
model to maximize outputs with the available resources (output orien-
tation, 00) or vice versa, to minimize inputs to obtain a given level of
production (input orientation, io), all in an environment of constant
returns to scale. In order to provide greater flexibility, Banker et al.
(1984) introduce the possibility that inputs/outputs may vary in
different proportions, variable returns to scale (VRS), which better ap-
proximates actual events.

In the field of DEA, the metafrontier, developed by Battesse and Rao
(2002) and Battesse et al. (2004), provides an optimal solution to the
problem of DMU heterogeneity, facilitating the determination of the
most appropriate form of management, while assessing efficiency. First,
a frontier is constructed for each of the groupings considered (TEX), i.e.,
the distance between each observation and the efficient frontier of its
own group is calculated, thus avoiding the heterogeneity of the sample
when comparing units belonging to the same typology. Subsequently,
ignoring the different operational characteristics, the metafrontier (TE)
is constructed with all the DMUs in the sample where, as an umbrella, all
the frontiers of the technologies analyzed are included (Fig. 2).

From TEX and TE we obtain the technology gap ratio (TGRX), which
determines the most appropriate form of management (Eq. 1), i.e., the
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Fig. 2. Concave and Non-concave metafrontier.

closest to the metafrontier and, therefore, the most efficient (O’Donnell
et al., 2008). In this way, it is possible to differentiate the origin of the
overall inefficiency (TE) of each DMU, discerning whether it is due to
poor group management (TEX) or inadequate technology (TGRX), Eq. 2.

TE

TGRX = —;
TEX

@

TE = TEF-TGRX 2)

However, as shown in Fig. 2, the application of this methodology
could contemplate DMUs outside the sample evaluated, i.e., infeasible
input-output combinations. Following Tiedemann et al. (2011), we
propose the construction of an efficient frontier that includes only the
DMUs under analysis, a non-concave metafrontier. This choice makes it
possible to adjust the frontier to the observations of the sample, avoiding
the non-existent combinations that arise in the construction of concave
metafrontiers (blue area). Moreover, given the particularities of the
analysis, it was decided to implement the oo y in a VRS environment.

The choice of oo is conditioned by the fact that farmers logically seek
to maximise their income, with less scope for reducing the resources
used. On the other hand, the VRS option contemplates the possibility
that the level of inefficiency is due to an inadequate combination of
resources (CRS) and/or the wrong choice of the scale of production, a
very common problem in the environment analysed. In order to give
robustness to this choice, the average scale efficiency (SE) has been
calculated as the quotient between the average efficiency score CRS and
the VRS, obtaining a value lower than 1.° The results take values greater
than 1, where the excess over unity represents the level of inefficiency of
the evaluated observation. The DeaR library implemented in the free
software R studio (Coll-Serrano et al., 2018) has been used.

3.2.2. Data

The proposed research aims to obtain quantitative evidence of the
changes in efficiency that occur when the irrigation technique is
changed. The proposed methodology is very sensitive to the accuracy of
the data used, being necessary, first, to eliminate those observations
whose answers were incomplete, as well as the outliers that could distort
the results. The farms were selected by simple probability sampling. All
farms in the sample had all the accounting data necessary to run the DEA
model. The sample was reduced to 171 farms distributed between the
two forms of irrigation and crops proposed (Fig. 3). Surface irrigation
represents 31.5 %, destined to citrus and persimmon crops, maintaining
a weight similar to the reality of the area analyzed.

5 SE= Mean CRS Score/Mean VRS Score = 0.1297/0.5631 = 0.2304. At the
individual level only 2 DMUs show an SE equal to 1
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The DEA requires classifying the variables into inputs and outputs in
order to be able to construct the production function necessary to apply
the line programming model that will allow quantifying the efficiency of
the observations that define the sample. The surveys carried out have
facilitated the definition of 4 inputs valued in euros (fertilizers, phyto-
sanitary products, machinery and labor, and irrigation costs) and 1
output (income per hectare) specific to each form of irrigation and crop
(Table 1). Inputs are crop costs grouped by type of task. The variables
selected are those typically employed in the evaluation of efficiency in
agriculture using DEA, either in physical or monetary terms (Manogna
and Mishra, 2022; Pishgar-Komleh et al., 2020; Singh et al., 2023; Liu
etal., 2022). The choice of the output was motivated by the particularity
of the income to be able to absorb the oscillations in production caused
by climatic changes; it is a variable whose value is higher when the
harvest is scarce, and vice versa.

On the other hand, our approach has not taken into account the
existence of undesirable inputs or outputs to carry out the analysis.
There is currently a debate on whether or not to adopt energy-saving
technologies on unprofitable farms. We have chosen to calculate the
economic efficiency, avoiding externalities, to get an idea of whether or
not the change of technique is appropriate from the point of view of the
farmer and the survival of the farm.

The appropriate use of the metafrontier requires first demonstrating
that the proposed variables present statistically significant differences
according to the form of irrigation. The choice of the Kruskal-Wallis test
was motivated by the absence of a normal distribution of inputs/out-
puts, and by the need to choose between two more groups (Kruskal and
Wallis, 1952). The null hypothesis (Hp) establishes that all observations
belong to the same population, i.e., each of the variables chosen does not
show significant differences between the groups analyzed. Hy is
accepted when the significance level obtained is greater than 0.05
(p-value > 0.05), and rejected otherwise (Table 1).

The results reveal the acceptance of the Hy in labour and machinery
(p-value =0.183). It is shown that this variable is independent of the
particularities of the four groups analyzed, forcing a reduction in the
number of inputs (fertilizers, phytosanitary products and irrigation
costs). The descriptive statistics that allow characterizing the sample are
shown in Table 2.

Table 2 shows that there are no apparent differences between the
groups analyzed, although the surface irrigated persimmon crops obtain
higher income (286.63 mean), with lower irrigation and fertilizer costs
(92.54 and 76.7 mean). In any case, it is evident that there is a great
dispersion in crop costs in the different irrigation methods analyzed (SD
sometimes exceeds 50 % of average values), even more so in the surface
irrigation of citrus and persimmons. This is due to the fact that costs vary

Table 1
Kruskal-Wallis test.
Chi-Square (x%) Probability
Input Fertilizers 44.826 0.000
Phytosanitary products 24.418 0.000
Labour + machinery 4.846 0.183
Irrigation cost 35.816 0.000
Output Income 14.97 0.001

Table 2
Descriptive statistics for inputs and outputs (2021-2022).

Income Fertilizers Phitosanitary products Irrigation costs
Total
Mean 248.67 171.99 538.11 113.46
SD 69.23 91.74 250.13 49.74
Max 453.99 423.78 1208.78 233.64
Min 94.44 10.20 45.25 9.77
Drip persimmon
Mean 244.51 178.48 583.72 129.50
SD 59.17 62.75 234.75 46.64
Max 453.99 294.36 1095.74 216.69
Min 129.95 49.94 197.04 37.73
Drip citrus
Mean 245.24 225.80 397.23 127.74
SD 66.42 98.97 182.22 51.55
Max 429.13 423.78 1075.16 233.64
Min 126.15 27.76 45.25 9.77
Flood persimmon
Mean 286.63 92.54 637.53 76.70
SD 73.67 72.51 273.84 31.53
Max 404.26 271.84 1208.78 129.94
Min 143.36 10.20 160.58 19.06
Flood citrus
Mean 206.63 150.80 568.51 86.52
SD 73.39 87.71 272.53 36.99
Max 343.36 374.24 1049.36 154.85
Min 94.44 33.61 119.47 27.94

due to a large number of factors such as the pests or diseases that the
crops may have or the farmers’ preferences. This diversity is greater in
traditionally irrigated crops, since in drip irrigation, fertilizer costs are
centralized and less dispersed.

4. Results and discussion
4.1. Economic costs of cultivation in flood and drip irrigation

Based on interviews with technicians, the costs of cultivation per unit
of area have been evaluated. The estimated quantities appear in Table 3.

The costs of traditional irrigation are lower in all the entities inter-
viewed than the costs of drip irrigation. This is due to the fact that the
use of the energy necessary for the pressurization of the irrigation net-
works makes its cost higher. On the other hand, drip irrigation requires
investments that also increase irrigation costs.

However, in all entities, cultivation costs are lower if drip irrigation
is used. This is due, on the one hand, to the fact that fertilization is
centralized when drip irrigation is used. The irrigation communities buy
fertilizer in large quantities, which allows them to obtain better prices.
In addition to traditional fertilizers, the irrigation entities’ schedules
include chelates, biostimulant, rooting, soil conditioner, complexed
calcium... In these cases, the fertilizer is invoiced with the irrigation.
Irrigators who continue to irrigate by the traditional system must buy
their fertilizers and also pay for the application (or do it by themselves,
what causes great discomfort to the older farmers). In recent years, the
increase in the cost of mineral fertilizer has led the IC Riu d’Alcoi and the
IC Vila-real to opt for organic fertilizer.
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Table 3
Costs of cultivation in flood and drip irrigation.
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SRX Coop Canso IC Riu Alcoi IC Vila-Real

Drip Flood Drip Flood Drip Flood Drip Flood
Irrigation 504 480 937* 390 1.656* 1.176 1.284-2.196* 507
Fertilizers + fertilizers application 396 960 0 543 480-600 0 600
Herbicides 180 360 312 385 720-1.080 840-1.200 1.553 ** 3.045 **
Phitosanitary products 600 600 600 600 240-360 240-360 0 0
Pruning and shredding 1.200 1.200 1.200 1.200 1.080 1.080 1.500 1.500
TOTAL 2.880 3.600 3.049 3.118 3.936 4.116 4.793 5.652

* Includes fertilizers.

** Includes the costs of applying all treatments, that is, herbicides and phytosanitary products.

The cost of herbicides and their application is also lower in entities
that use localized irrigation. The interviewees indicated that in the case
of drip irrigation, the area of soil on which herbicides are applied and
the number of applications per year are reduced. Drip irrigation con-
centrates water application in a strip close to the tree and causes weeds
to grow almost exclusively in this area. In addition, this area is mostly
covered by the shade of the tree so weeds grow much less. Both herbi-
cide products and labor are less in localized irrigation. On the other
hand, phytosanitary treatments, pruning and shredding do not differ
between the two irrigation techniques, except in the IC of Vila-real,
where the planting frames are different between traditional irrigation,
where there is a higher density, and drip irrigation, where the larger
planting frames allow the mechanization of the tasks of treatment
application and pruning.

Crop incomes are highly variable and unpredictable. Both produc-
tion and prices vary from one variety to another and from one year to
another so that it is difficult to know the differences between the income
obtained with the two irrigation techniques. Production depends on
many factors, such as the age of the plants, the planting frame, the
rootstocks and varieties, the sprouting date, the location of the plot, etc.
While some technicians point to an increase in production and quality,
and therefore price, in production with drip irrigation, for others there is
no difference between one technique and another. Some studies point to
an increase in production (Ruiz-Rodriguez, 2017) but they are referred
to a very specific area of the IC Séquia Reial del Xtquer.

In this study it was evaluated that drip irrigation achieves a pro-
duction increase of 26’64 %. The general opinion is that the main
advantage of drip irrigation is comfort, especially considering that in the
area there is a high percentage of part-time farmers. This aspect is
particularly important in an area where farm viability is low. For some
interviewees in areas where there is drip irrigation, abandonment of
plots is lower. Another advantage is that it allows irrigation in moun-
tainous areas where it would not have been possible to irrigate with
traditional irrigation. It is estimated that this occurs in about 20 % of the
irrigated area of the IC Riu d’Alcoi. Seedlings grow better with drip
irrigation, in areas with flood irrigation the need for more frequent
irrigation than irrigation shifts means that water has to be provided
manually by farmers.

For the managers and technicians of the entities interviewed, the
main advantage of traditional irrigation is that they do not have to pay
the amortization of the investment, which especially in the IC Riu d'Alcoi
is very high. They have had many problems with the installation that
was made with a previous governing board of the IC, with investment
costs that doubled the initial budget. Another advantage of traditional
irrigation is that it allows independent fertilization. The few professional
farmers in the area opt for this technique because it allows them greater
flexibility and they can perform their tasks while saving on labour costs.
Another problem observed in the areas studied is the risk of clogging of
the emitters, and the resulting effect on irrigation uniformity, so the
filtration system implemented, and its maintenance is very important.

4.2. Evaluation of efficiency based on irrigation technique

The Kruskal-Wallis test confirmed the existence of four groups
depending on the type of irrigation and product grown: drip_persimmon,
drip_citrus, surface_persimmon, and surface_citrus. It was found that the
three inputs and the chosen output operate under different technological
boundaries. Following the proposed methodology, non-concave metra-
frontier, the efficiency of each group, the metafrontier and the techno-
logical gap ratio have been calculated avoiding considering DMUs not
existing in the sample. Table 4 shows the descriptive statistics of the
results obtained, distinguishing the following rows: TEX, technical effi-
ciency6 of group k; TE, technical efficiency with respect to the meta-
frontier; TGRY, distance between the efficiency of group k and the
metafrontier, representing the efficiency of the management method of
each of the groups analyzed, the most appropriate being the one with the
lowest value; EFF_TEX, percentage of efficient DMUs in the frontier of
group k; EFF_TE, percentage of efficient DMUs in the metafrontier;
EFF_TE, percentage of efficient DMUs in the metafrontier, representing

Table 4
Mean values of the group efficiencies (TEX), the metafrontier (TE), and the
technology gap ratio (TGRX).

Drip persimmon

Mean SD Max Min %EFF
TEX 1.794 0.404 2.928 1
TE 1.896 0.440 3.302 1
TGRX 1.067 0.188 2.481 1
EFF TEX - - : : 4.48 %
EFF.TE - - - - 1.49 %
Drip citrus
Mean SD Max Min %EFF
TEX 1.878 0.521 3.402 1
TE 1.889 0.527 3.402 1
TGRX 1.005 0.015 1.058 1
EFF TEX - - - - 2.00 %
EFF.TE - - - - 2.00 %
Flood persimmon
Mean SD Max Min %EFF
TEX 1.415 0.369 2.448 1
TE 1.588 0.405 2.448 1
TGRX 1.100 0.053 1.197 1
EFF_TEX - - - - 11.76 %
EFF.TE - - - - 5.88 %
Flood citrus
Mean SD Max Min %EFF
TEX 1.441 0.426 2.266 1
TE 2.391 0.844 4.544 1
TGRX 1.717 0.741 4.544 1
EFF_TEX - - - - 15.00 %
EFF.TE - - - - 0%

6 Technical efficiency determines the ability to obtain the maximum output
with the available inputs.
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the efficiency of the management method of each of the groups
analyzed, the most appropriate being the one with the lowest value;
EFF TEX, percentage of efficient DMUs in the frontier of group k; EFF_TE,
percentage of efficient DMUs in the metafrontier.

Firstly, we will analyse the efficiency ratios with respect to the group
boundaries (TEX). This data allows us to evaluate the efficiency of each
farm with respect to the group with which it shares technology. The
most efficient technologies are those that reach the value of unity and
the inefficiency grows in the average in which the value of this indicator
grows. It is observed that surface irrigation in both crops obtains the best
levels of average technical efficiency (1.415 and 1.441 in persimmon
and citrus, respectively), reaching the highest percentage of fully effi-
cient farms (15 % in critics, and 11.76 % in persimmons). These results
plummet when analysing their counterparts in drip irrigation, where
only 2 % and 4.48 % of the DMUs have obtained the maximum effi-
ciency score, with average technical efficiencies of 1.878 and 1.794 in
citrus and persimmon. A great disparity is therefore confirmed between
the different irrigation techniques, with differences of more than 40 %,
where there are also great contrasts within each group. This indicator
shows that while farms irrigated with traditional methods are very close
to maximum efficiency, those irrigated with drip irrigation have much
room for improvement. These inefficiencies may be due to the lack of
experience and training of irrigators and technicians in irrigation man-
agement and other crop tasks that have been modified with the change
to a relatively recent irrigation technique. This is not the case for surface
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irrigation, where users have a long and deep experience in irrigation
management and associated cultivation techniques.

The efficiency of these four groups was compared by calculating the
metafrontier (TE). As expected, the inefficiency achieved (excess over
unity) has shot up compared to the individual frontiers, reaching
139.1 % in the case of the citrus area, where, in addition, 15 % of DMUs
are completely efficient and the percentage is zero. Fig. 4 shows the
differences between TE and TEK for each of the groups. The figure shows
how for crops irrigated with traditional technologies, especially citrus,
the difference between TE and TEK are much higher than for crops
irrigated with drip irrigation. This indicates that although the group
efficiency of flood irrigated plots is high, as shown above, efficiencies
with respect to the metafrontier are low in traditional irrigation.

This can be explained by the results obtained for technological gap
ratios (TGRX) represent the state of the technology and show the effi-
ciencies achieved with each of them. As can be seen in table x, the values
corresponding to drip irrigation are significantly lower than the surface
area, compared to 1.005 and 1.067 for drip citrus and persimmon,
values of 1100 and 1717 are obtained for the surface area of persimmon
and citrus, respectively. Drip citrus in particular reaches the minimum
value, i.e. unity, in almost all observations, except in 10 of them with a
deviation of only 0.05. These results, although with a larger deviation,
are repeated in the drip of persimmons. This implies that with the inputs
used this form of irrigation is obtaining the maximum possible income,
they are operating at their potential. In contrast, surface irrigation has
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room for improvement, which in the case of citrus reaches 71.7 % (TGRX
=1.717) and in persimmon 10 % (TGRX =1.100). It is not surprising that
drip irrigation is more efficient when considering the technology gap.
According to the opinions of the experts interviewed, cultivation costs
for entities using drip irrigation are lower. Although, as noted, irrigation
costs are higher due to the energy cost of pressurized irrigation—despite
using less water—the overall cultivation costs are lower in all cases.
Centralized fertilization is less expensive than individual fertilization on
surface-irrigated plots. Additionally, herbicide treatment costs are lower
on drip-irrigated plots. The improvement in efficiency could also be a
result of increased income per unit area, due to higher quality and
quantity of yields from farms using pressurized irrigation. This is
because the amount of water and fertilizer applied is more controlled,
and applications occur at the most appropriate times. However, the
experts interviewed did not reach a conclusive opinion on this matter.

The selection of the irrigation method is vital in the task of achieving
sustainability in the sector. It is determinant to achieve not only cost
savings, but also to avoid overuse of resources (Hoseini, 2019). This
study highlights the urgency of introducing effective changes in all
irrigation systems, in need of higher levels of productivity to achieve
internationally competitive and sustainable agriculture. But in addition,
irrigation techniques must be subjected to a thorough control of their
performance, as these are processes that modify the water balance at the
basin scale, and can reduce the available resources (Grafton et al., 2018;
Hill and Walter, 2020).

The selection of the irrigation method is vital in the task of achieving
sustainability in the sector. It is determinant to achieve not only cost
savings, but also to avoid overuse of resources (Hoseini, 2019). This
study highlights the urgency of introducing effective changes in all
irrigation systems, in need of higher levels of productivity to achieve
internationally competitive and sustainable agriculture. But in addition,
irrigation techniques must be subjected to a thorough control of their
performance, as these are processes that modify the water balance at the
basin scale, and can reduce the available resources (Grafton et al., 2018;
Hill and Walter, 2020).

5. Conclusions

Although in recent years there has been a proliferation of studies on
the consequences of the adoption of irrigation saving techniques, there
are not many articles that study the effects on the economy of irrigators
and, therefore, on the profitability of farms. In this paper we have
compared the economic efficiency of different irrigation techniques in
farms of the Spanish fruit sector in two stages.

In the first stage, it is concluded that there is a great variability in the
costs of cultivation, since they are highly dependent on the farmers’
choices. In general, it is observed that drip irrigation farms have lower
costs. Despite this, professional farmers tend to prefer traditional irri-
gation because they can save costs by doing some tasks themselves,
which in the case of drip irrigation is done by the IC. There is also great
variability in income, which in many cases depends on factors beyond
the farmer’s control, such as the evolution of agricultural markets.
Although costs are lower in the case of drip irrigation, for non-
professional farmers (part-time and retired), who are the majority in
the area, comfort is still the main advantage of the change of technique,
i.e., they do not make the change for economic reasons. These different
strategies followed by full-time and part-time farmers are not extrap-
olatable to other Spanish regions, where professional farmers prefer drip
irrigation with a high degree of technification (Alcon et al., 2017).

In the second stage, efficiency is evaluated using metafrontiers,
which makes it possible to distinguish between the most appropriate
technology, which is undoubtedly drip irrigation, and inefficiencies due
to poor management within each group, where it is observed that in drip
irrigated crops there is much room for improvement. What are the fac-
tors that explain this low efficiency? Firstly, in the study area, the en-
gineering companies in charge of building the drip networks designed
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and implemented standardised infrastructures without properly
considering the complexities of local irrigation systems and farming
traditions, which made collective irrigation management difficult and
forced some ICs to make additional investments to adapt the parachuted
technology through bricolage works (Poblador et al., 2021), as it has
happened in other world regions (Benouniche et al., 2014; Glover et al.,
2017). Second, because many farmers did not receive the necessary
training to handle the new technologies, which in some cases resulted in
inadequate management of these facilities with implications for water
use and cost. In fact, farmers in the region are calling on the adminis-
tration to provide specific training courses (Sanchis-Ibor et al., 2021), in
subjects ranging from irrigation network management to business
training, in order to improve the economic performance of their farms or
ICs. Similar educational measures have been tested and recommended in
the USA (Mpanga and Idowu, 2021). Other measures demanded by
farmers and, to a large extent, recently taken up by the regional gov-
ernment in the Valencian Irrigation Strategy (GVA, 2021), include the
need to renovate drip irrigation infrastructures that are becoming
obsolete, as well as the massive introduction of photovoltaic energy to
reduce irrigation pressurisation costs -successfully developed in other
contexts (Carrillo-Cobo et al., 2014).

Additionally, it should be borne in mind that the study was carried
out in an area with unique agricultural structural characteristics. There
are great differences between different agricultural areas with local
characteristics, hydraulic systems and water management, and this
means that the results cannot be generalized. It is also important to
appreciate that, as indicated by Pérez-Blanco et al. (2021), changes in
irrigation techniques can cause externalities that must be taken into
account, especially when the environment is affected (Hellegers et al.,
2022, Sanchis-Ibor et al., 2024). Among these externalities, the most
important is the effect on water consumption, which has not been
addressed in this study. Aditionally, the introduction of other variables
such as crop yields, labour costs would improve the applicability of the
study.

For all these reasons, further progress must be made in the study of
the economic, environmental and social effects of the change of tech-
nique, not only for users at farm level, but also for rural communities at
the level of irrigable areas, or at the more general level of river basins,
etc. The subsidy policies for irrigation modernization must consider
these factors and scales. Including, in addition to investments in irri-
gation and energy infrastructure and technologies, a range of measures
to improve farmers’ skills in order to ensure the sustainable develop-
ment of irrigated agriculture.

CRediT authorship contribution statement

Marta Garcia-Molla: Writing — review & editing, Writing — original
draft, Methodology, Funding acquisition, Conceptualization. Carles
Sanchis-Ibor: Writing — review & editing, Validation, Conceptualiza-
tion. Virgina Vega-Carrero: Writing — original draft, Methodology,
Data curation. Rosa Puertas Medina: Writing — original draft, Meth-
odology, Formal analysis, Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests.
Marta Garcia-Molla reports financial support was provided by Poly-
technic University of Valencia. If there are other authors, they declare
that they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in
this paper

Acknowledgments

This work has been carried out in the framework of the IrriGo project



M. Garcia-Molla et al.

funded by the Spanish State Research Agency PID2023-1486760B-C21
and by the PAID-11-23 of the Vice-Rectorate for Research of the Uni-
versitat Politecnica de Valencia (UPV).

Data availability
The authors do not have permission to share data.

References

Alcon, F., Garcia-Bastida, P.A., Soto-Garcia, M., Martinez-Alvarez, V., Martin-Gorriz, B.,
Baille, A., 2017. Explaining the performance of irrigation communities in a water
scarce region. Irrig. Sci. 35, 193-203. https://doi.org/10.1007/500271-016-0531-7.

Alves Pereira, M., Cunha Marques, R., 2021. Sustainable water and sanitation for all: are
we there yet? Water Res. 207, 117765. https://doi.org/10.1016/j.
watres.2021.117765.

Banker, R.D., Charnes, A., Cooper, W.W., 1984. Some models for estimating technical
and scale inefficiencies in DEA. Manag. Sci. 30 (9), 1613-1627. https://doi.org/
10.1287/mnsc.30.9.1078.

Battese, G.E., Rao, D.S., 2002. Technology gap, efficiency, and a stochastic metafrontier
function. Int. J. Bus. Econ. 1 (2), 87-93. (https://ijbe.fcu.edu.tw/assets/ijbe/pas
t_issue/No.01-2/pdf/vol_1-2-1.pdf).

Battese, G.E., Rao, D.S.P., O’'Donnell, C.J., 2004. A metafrontier production function for
estimation of technical efficiencies and technology gaps for firms operating under
different technologies. J. Product. Anal. 21, 91-103. https://doi.org/10.1023/B:
PROD.0000012454.06094.29.

Benouniche, M., Zwarteveen, M., Kuper, M., 2014. Bricolage as innovation: opening the
black box of drip irrigation systems. Irrig. Drain. 63 (5), 651-658. https://doi.org/
10.1002/ird.1854.

Berbel, J., Expdsito, A., Gutiérrez-Martin, C., Mateos, L., 2019. Effects of the irrigation
modernization in Spain 2002-2015. Water Resour. Manag. 33, 1835-1849. https://
doi.org/10.1007/5s11269-019-02215-w.

Berbel, J., Gutiérrez-Martin, C., Rodriguez-Diaz, J.A., Camacho, E., Montesinos, P., 2014.
Literature review on rebound effect of water saving measures and analysis of a
spanish case study. Water Resour. Manag. 29 (3), 663-678. https://doi.org/
10.1007/511269-014-0839-0.

Carrillo-Cobo, M.T., Camacho-Poyato, E., Montesinos, P., Diaz, J.A.R., 2014. Assessing
the potential of solar energy in pressurized irrigation networks. The case of
Bembézar MI irrigation district (Spain). Span. J. Agric. Res. 12 (3), 838-849.

Charnes, A., Cooper, W.W., Rhodes, E., 1978. Measuring the efficiency of decision
making units. Eur. J. Oper. Res. 2 (6), 429-444. https://doi.org/10.1016/0377-2217
(78)90138-8.

Coll-Serrano, V., Benitez, R., Bolds, V.J., 2018. Tutorial Data Envelopment Analysis with
deaR. Version 1.4. Facultat d'Economia. Universitat de Valéencia.

Fader, M., Shi, S., von Bloh, W., Bondeau, A., Cramer, W., 2016. Mediterranean irrigation
under climate change: more efficient irrigation needed to compensate for increases
in irrigation water requirements. Hydrol. Earth Syst. Sci. 20 (2), 953-973. https://
doi.org/10.5194/hess-20-953-2016.

FAO, 2020. The State of Food and Agriculture 2020. Overcoming water challenges in
agriculture, Rome, Italy. (https://www.fao.org/3/cb1447en/cb1447en.pdf).

Farrell, M.J., 1957. The measurement of productive efficiency. J. R. Stat. Soc. Ser. A CXX
3, 253-290. https://doi.org/10.2307/2343100.

Garcia-Molla, M., Puertas, R., Sanchis-Ibor, C., 2021. Application of data envelopment
analysis to evaluate investments in the modernization of collective management
irrigation systems in Valencia (Spain). Water Resour. Manag. 35, 5011-5027.
https://doi.org/10.1007/5s11269-021-02986-1.

Garcia-Molla, M., Sanchis-Ibor, C., Avella, L., 2017. La modernizacién de regadios en las
entidades de riego valencianas. Efectos en el uso y costes del agua. In: Berbel, J.,
Gutiérrez-Martin, C. (Eds.), Efectos de la modernizacion de regadios en Espana.
Cajamar Caja Rural, Almeria.

Gleick, P.H., Christian-Smith, J., Cooley, H., 2011. Water-use efficiency and productivity:
rethinking the basin approach. Water Int. 36 (7), 784-798. https://doi.org/10.1080/
02508060.2011.631873.

Glover, D., Venot, J.P., Maat, H., 2017. On the movement of agricultural technologies:
Packaging, unpacking and situated reconfiguration. In Agronomy for Development.
Routledge, pp. 14-30.

Gomez-Limoén, J.A., Picazo-Tadeo, A.J., 2012. Irrigated agriculture in spain: diagnosis
and prescriptions for improved governance. Water Resour. Dev. 28 (1), 57-72.
https://doi.org/10.1080/07900627.2012.640876.

Grafton, R.Q., Williams, J., Perry, C.J., Molle, F., Ringler, C., Steduto, P., Allen, R.G.,
2018. The paradox of irrigation efficiency. Science 361 (6404), 748-750. https://
doi.org/10.1126/science.aat9314.

GVA, 2021. Estrategia Valenciana de Regadius 2020-2040. Generalitat Valenciana. (htt
ps://portalagrari.gva.es/es/agricultura/estrategia-valenciana-regadius-2020-2040).

Hardy, L., Garrido, A., Juana, L., 2012. Evaluation of Spain’s water-energy nexus. Int. J.
Water Resour. Dev. 28 (1), 151-170. https://doi.org/10.1080/
07900627.2012.642240.

Hellegers, P., Davidson, B., Russ, J., Waalewijn, P., 2022. Irrigation subsidies and their
externalities. Agric. Water Manag. 260, 107284. https://doi.org/10.1016/j.
agwat.2021.107284.

Hill, R.W., Walter, I.A., 2020. Irrigation: river flow impact. In: Fath, B.D., Jorgensen, S.E.
(Eds.), Managing Water Resources and Hydrological Systems. CRC Press, Boca
Raton.

Agricultural Water Management 309 (2025) 109314

Ho, T.Q., Hoang, V.N., Wilson, C., 2022. Sustainability certification and water efficiency
in coffee farming: the role of irrigation technologies. Resour., Conserv. Recycl. 180,
106175. https://doi.org/10.1016/j.resconrec.2022.106175.

Hoseini, Y., 2019. Use fuzzy interface systems to optimize land suitability evaluation for
surface and trickle irrigation. Inf. Process. Agric. 6 (1), 11-19. https://doi.org/
10.1016/j.inpa.2018.09.003.

ICID (2024). Sprinkler and Micro-irrigated Area. International Commission on Irrigation
and Drainage. Retrieved from: (https://www.icid.org/sprinklerandmircro.pdf).
Jackson, T.M., Khan, S., Hafeez, M., 2010. A comparative analysis of water application
and energy consumption at the irrigated field level. Agric. Water Manag. 97 (10),

1477-1485. https://doi.org/10.1016/j.agwat.2010.04.013.

Kruskal, W.H., Wallis, W.A., 1952. Use of ranks in one-criterion variance analysis. J. Am.
Stat. Assoc. 47 (260), 583-621. https://doi.org/10.1080/
01621459.1952.10483441.

Lankford, B., 2012. Fictions, fractions, factorials and fractures; on the framing of
irrigation efficiency. Agric. Water Manag. 108, 27-38. https://doi.org/10.1016/j.
agwat.2011.08.010.

Lankford, B., Closas, A., Dalton, J., Lopez Gunn, E., Hess, T., Knox, J.T., van der Kooij, S.,
Lautze, J., Molden, D., Orr, S., Pittock, J., Richter, B., Riddell, P.J., Scott, C.A.,
Venot, J.-P., Vos, J., Zwarteveen, M., 2020. A scale-based framework to understand
the promises, pitfalls and paradoxes of irrigation efficiency to meet major water
challenges. Glob. Environ. Change 65, 102182. https://doi.org/10.1016/j.
gloenvcha.2020.102182.

Liu, S., Lei, P., Li, X., Li, Y., 2022. A nonseparable undesirable output modified three-
stage data envelopment analysis application for evaluation of agricultural green total
factor productivity in China. Sci. Total Environ. 838, 155947. https://doi.org/
10.1016/j.scitotenv.2022.155947.

Longo, S., Hospido, A., Lema, J.M., Mauricio-Iglesias, M., 2018. A systematic
methodology for the robust quantification of energy efficiency at wastewater
treatment plants featuring data envelopment analysis. Water Res. 141, 317-328.
https://doi.org/10.1016/j.watres.2018.04.067.

Lopez-Gunn, E., Zorrilla, P., Prieto, F., Llamas, M.R., 2012. Lost in translation? Water
efficiency in Spanish agriculture. Agric. Water Manag. 108, 83-95. https://doi.org/
10.1016/j.agwat.2012.01.005.

Lorenzo-Toja, Y., Vazquez-Rowe, 1., Chenel, S., Marin-Navarro, D., Moreira, M.T.,
Gumersindo Feijoo, G., 2015. Eco-efficiency analysis of Spanish WWTPs using the
LCA + DEA method. Water Res. 68, 651-666. https://doi.org/10.1016/j.
watres.2014.10.040.

Lozano, S., Borrego-Marin, M.M., 2024a. A metafrontier network DEA approach for
water usage efficiency assessment in the light of SDG target 6.4. Environ. Sci. Policy
160, 103857. https://doi.org/10.1016/j.envsci.2024.103857.

Lozano, S., Gutiérrez, E., Aguilera, E., 2024b. Environmental efficiency of rainfed and
irrigated wheat crops in Spain. A stochastic DEA metafrontier approach. OR Spectr.
1-39. https://doi.org/10.1007/500291-024-00791-x.

MAFF, 2023. Encuesta sobre superficies y rendimientos de cultivo. ESYRCE. Resultados
(Land Use and Crop Yield Survey, ESYRCE. Results). Ministry of Agriculture,
Fisheries and Food. General Technical Secretariat Subdirectorate General for
Statistics, Madrid.

Mahdhi, N., Dhehibi, B., Brokman, A., Chouikhi, F., 2021. Water users associations and
irrigation water use efficiency in costal oases areas in Gabes, Southeastern Tunisia.
N. Medit. 20 (1), 19-38.

Manogna, R.L., Mishra, A.K., 2022. Agricultural production efficiency of Indian states:
evidence from data envelopment analysis. Int. J. Financ. Econ. 27 (4), 4244-4255.
https://doi.org/10.1002/ijfe.2369.

Maziotis, A., Molinos-Senante, M., 2023. A comprenhesive eco-efficiency analysis of
wastewater treatment plants: estimation of optimal operational costs and
greenhouse gas emissions. Water Res. 243, 120354.

Molden, D., 1997. Accounting for Water Use and Productivity. SWIM Paper No. 1.
International Irrigation Management Institute, Colombo, Sri Lanka.

Molinos-Senante, M., Maziotis, A., Sala-Garrido, R., Mocholi Arce, M., 2023. A stochastic
meta-frontier approach for analyzing productivity in the English and Welsh water
and sewerage companies. Decis. Anal. J. 6, 100185. https://doi.org/10.1016/].
dajour.2023.100185.

Molle, F., Sanchis-Ibor, C., 2019. Irrigation policies in the Mediterranean: trends and
challenges. In: Molle, F., Sanchis-Ibor, C., Avella-Reus, L. (Eds.), Global Issues in
Water Policy, Irrigation in the Mediterranean, 22. Springer, Cham. https://doi.org/
10.1007/978-3-030-03698-0_10.

Moursy, M.A.M., ElFetyany, M., Meleha, A.M.1., El-Bialy, M.A., 2023. Productivity and
profitability of modern irrigation methods through the application of on-farm drip
irrigation on some crops in the Northern Nile Delta of Egypt. Alex. Eng. J. 62,
349-356. https://doi.org/10.1016/j.a€j.2022.06.063.

Mpanga, LK., Idowu, O.J., 2021. A decade of irrigation water use trends in southwestern
USA: the role of irrigation technology, best management practices, and outreach
education programs. Agric. Water Manag. 243, 106438.

O’Donnell, C.J., Rao, D.S.P., Battese, G.E., 2008. Metafrontier frameworks for the study
of firm-level efficiencies and technology ratios. Empir. Econ. 34, 231-255. https://
doi.org/10.1007/s00181-007-0119-4.

Ortega-Reig, M., Sanchis-Ibor, C., Palau-Salvador, G., Garcia-Molla, M., Avella-Reus, L.,
2017. Institutional and management implications of drip irrigation introduction in
collective irrigation systems in Spain. Agric. Water Manag. 187, 164-172. https://
doi.org/10.1016/j.agwat.2017.03.009.

Pérez-Blanco, C.D., Hrast-Essenfelder, A., Perry, C., 2020. Irrigation technology and
water conservation: a review of the theory and evidence. Rev. Environ. Econ. Policy.
https://doi.org/10.1093/reep/reaa004.


https://doi.org/10.1007/s00271-016-0531-7
https://doi.org/10.1016/j.watres.2021.117765
https://doi.org/10.1016/j.watres.2021.117765
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1287/mnsc.30.9.1078
https://ijbe.fcu.edu.tw/assets/ijbe/past_issue/No.01-2/pdf/vol_1-2-1.pdf
https://ijbe.fcu.edu.tw/assets/ijbe/past_issue/No.01-2/pdf/vol_1-2-1.pdf
https://doi.org/10.1023/B:PROD.0000012454.06094.29
https://doi.org/10.1023/B:PROD.0000012454.06094.29
https://doi.org/10.1002/ird.1854
https://doi.org/10.1002/ird.1854
https://doi.org/10.1007/s11269-019-02215-w
https://doi.org/10.1007/s11269-019-02215-w
https://doi.org/10.1007/s11269-014-0839-0
https://doi.org/10.1007/s11269-014-0839-0
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref9
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref9
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref9
https://doi.org/10.1016/0377-2217(78)90138-8
https://doi.org/10.1016/0377-2217(78)90138-8
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref11
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref11
https://doi.org/10.5194/hess-20-953-2016
https://doi.org/10.5194/hess-20-953-2016
https://www.fao.org/3/cb1447en/cb1447en.pdf
https://doi.org/10.2307/2343100
https://doi.org/10.1007/s11269-021-02986-1
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref16
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref16
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref16
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref16
https://doi.org/10.1080/02508060.2011.631873
https://doi.org/10.1080/02508060.2011.631873
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref18
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref18
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref18
https://doi.org/10.1080/07900627.2012.640876
https://doi.org/10.1126/science.aat9314
https://doi.org/10.1126/science.aat9314
https://portalagrari.gva.es/es/agricultura/estrategia-valenciana-regadius-2020-2040
https://portalagrari.gva.es/es/agricultura/estrategia-valenciana-regadius-2020-2040
https://doi.org/10.1080/07900627.2012.642240
https://doi.org/10.1080/07900627.2012.642240
https://doi.org/10.1016/j.agwat.2021.107284
https://doi.org/10.1016/j.agwat.2021.107284
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref24
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref24
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref24
https://doi.org/10.1016/j.resconrec.2022.106175
https://doi.org/10.1016/j.inpa.2018.09.003
https://doi.org/10.1016/j.inpa.2018.09.003
https://www.icid.org/sprinklerandmircro.pdf
https://doi.org/10.1016/j.agwat.2010.04.013
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1016/j.agwat.2011.08.010
https://doi.org/10.1016/j.agwat.2011.08.010
https://doi.org/10.1016/j.gloenvcha.2020.102182
https://doi.org/10.1016/j.gloenvcha.2020.102182
https://doi.org/10.1016/j.scitotenv.2022.155947
https://doi.org/10.1016/j.scitotenv.2022.155947
https://doi.org/10.1016/j.watres.2018.04.067
https://doi.org/10.1016/j.agwat.2012.01.005
https://doi.org/10.1016/j.agwat.2012.01.005
https://doi.org/10.1016/j.watres.2014.10.040
https://doi.org/10.1016/j.watres.2014.10.040
https://doi.org/10.1016/j.envsci.2024.103857
https://doi.org/10.1007/s00291-024-00791-x
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref37
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref37
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref37
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref37
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref38
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref38
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref38
https://doi.org/10.1002/ijfe.2369
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref40
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref40
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref40
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref41
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref41
https://doi.org/10.1016/j.dajour.2023.100185
https://doi.org/10.1016/j.dajour.2023.100185
https://doi.org/10.1007/978-3-030-03698-0_10
https://doi.org/10.1007/978-3-030-03698-0_10
https://doi.org/10.1016/j.aej.2022.06.063
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref45
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref45
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref45
https://doi.org/10.1007/s00181-007-0119-4
https://doi.org/10.1007/s00181-007-0119-4
https://doi.org/10.1016/j.agwat.2017.03.009
https://doi.org/10.1016/j.agwat.2017.03.009
https://doi.org/10.1093/reep/reaa004

M. Garcia-Molla et al.

Pérez-Blanco, C.D., Loch, A., Ward, F., Perry, C., Adamson, D., 2021. Agricultural water
saving through technologies: a zombie idea. https://doi.org/114032. Environ. Res.
Lett. 16 (11). https://doi.org/10.1088/1748-9326/ac2fe0.

Perry, C., Steduto, P., 2017. Does improved irrigation technology save water ? Does
Improv. Irrig. Technol. Water? https://doi.org/10.13140/RG.2.2.35540.81280.

Pishgar-Komleh, S.H., Zylowski, T., Rozakis, S., Kozyra, J., 2020. Efficiency under
different methods for incorporating undesirable outputs in an LCA+ DEA
framework: a case study of winter wheat production in Poland. J. Environ. Manag.
260, 110138. https://doi.org/10.1016/j.jenvman.2020.110138.

Playan, E., Gimeno, Y., Lorenzo-Gonzalez, M.A., Jiménez, A., Lopez-Pardo, J.R.,
Olivan, 1., Castillo, R., Carbonell, X., Fabregas, M., Vicente, L.M., Gélvez, L., Lax, J.
A., Quilez, D., Balcells, M., Solano, D., Aguaviva, J., Paniagua, P., Zapata, N., 2024.
Irrigation modernization in the Ebro-Aragon region of Spain: Past and future trends.
Agric. Water Manag. 302, 108975. https://doi.org/10.1016/j.agwat.2024.108975.

Poblador, N., Sanchis-Ibor, C., Kuper, M., 2021. The landing of parachuted technology:
appropriation of centralised drip irrigation systems by irrigation communities in the
region of Valencia (Spain). Water Altern. 14 (1), 228-247. (https://www.water-alte
rnatives.org/index.php/alldoc/articles/vol14/v14issuel /611-al4-1-6/file).

Rodriguez-Diaz, J.A., Pérez-Urrestarazu, L., Camacho-Poyato, E., Montesinos, P., 2011.
The paradox of irrigation scheme modernization: more efficient water use linked to
higher energy demand. Span. J. Agric. Res. 9 (4), 1000-1008. https://doi.org/
10.5424/sjar/20110904-492-10.

Ruiz-Rodriguez, M., 2017. Evaluacién de los efectos de la modernizacién de regadios
mediante modelos agro-hidroldgicos en los sectores 23 y 24 de la Acequia Real del
Jucar (MSc thesis). Universitat Politecnica de Valencia. (https://riunet.upv.es/han
dle/10251/89630).

Sampedro, D. (2020). La politica de modernizacién del regadio. Efectos sociales y
territoriales en la Cuenca del Guadalquivir. PhD Thesis. Universidad de Sevilla.
(https://idus.us.es/handle/11441/100159).

Sanchis-Ibor, C., Garcia-Moll4, M., Avella-Reus, L., 2016. Las politicas de implantacién
del riego localizado. Efectos en las entidades de riego de la Comunidad Valenciana.
BoletiN. De. la Asoc. 6N. De. Gedgrafos Espafioles (72), 9-35. https://doi.org/
10.21138/bage.2330.

Sanchis-Ibor, C., Garcia-Moll4, M., Avella-Reus, L., 2017. Effects of drip irrigation
promotion policies on water use and irrigation costs in Valencia, Spain. Water Policy
19 (1), 165-180. https://doi.org/10.2166/wp.2016.025.

Sanchis-Ibor, C., Manzano-Judrez, J., Garcia-Molla, M., 2024. Towards a new efficiency
paradigm for drip irrigation? Changes in water allocation and management in
irrigation and wetland systems. Agric. Syst. 216, 103910. https://doi.org/10.1016/j.
agsy.2024.103910.

Sanchis-Ibor, C., Ortega-Reig, M., Guillem-Garcia, A., Carricondo, J.M., Manzano-
Judrez, J., Garcia-Molld, M., Royuela, A., 2021. Irrigation post-modernization.

10

Agricultural Water Management 309 (2025) 109314

Farmers envisioning irrigation policy in the region of Valencia (Spain). Agriculture
11 (4), 317. https://doi.org/10.3390/agriculture11040317.

Scott, C.A., Vicuna, S., Blanco-Gutiérrez, 1., Meza, F., Varela-Ortega, C., 2014. Irrigation
efficiency and water-policy implications for river basin resilience. Hydrol. Earth
Syst. Sci. 18 (4), 1339-1348. https://doi.org/10.5194/hess-18-1339-2014.

Singh, P., Singh, G., Gupta, A., Sodhi, G.P.S., 2023. Data envelopment analysis based
energy optimization for improving energy efficiency in wheat established following
rice residue management in rice-wheat cropping system. Energy 284, 128615.
https://doi.org/10.1016/j.energy.2023.128615.

Sravani, G.C., Singh, L., Bakshi, M., 2020. Performance evaluation of drip irrigation
(fertigation) in citrus cultivation: a review. J. Pharmacogn. Phytochem. 9 (5),
2557-2560. https://doi.org/10.22271/phyto.2020.v9.i5aj.12726.

Steduto, P., Hoogeveen, J., Winpenny, J., Burke, J., 2017. Coping with Water Scarcity: an
Action Framework for Agriculture and Food Security. Food and Agriculture
Organization of the United Nations Rome.

Suwanmaneepong, S., Llones, C., Mankeb, P., Wongtragoon, U., 2024. Participatory
irrigation management, social capital, and efficiency in rice production.
Understanding the linkage in the case of irrigated rice farms in Northern Thailand.
Heliyon. https://doi.org/10.1016/j.heliyon.2024.e32301.

Tiedemann, T., Francksen, T., Latacz-Lohmann, U., 2011. Assessing the performance of
German Bundesliga football players: a non-parametric metafrontier approach. Cent.
Eur. J. Oper. Res. 19, 571-587. https://doi.org/10.1007/s10100-010-0146-7.

Tornqvist, R., Jarsjo, J., 2011. Water savings through improved irrigation techniques:
basin-scale quantification in semi-arid environments. Water Resour. Manag. https://
doi.org/10.1007/s11269-011-9819-9.

Tourinho, M., Barbosa, F., Rosa Santos, P., Taveira Pinto, F., Camanho, A.S., 2023.
Productivity change in Brazilian water services: a benchmarking study of national
and regional trends. Socio-Econ. Plan. Sci. 86, 101491. https://doi.org/10.1016/j.
seps.2022.101491.

Van der Kooij, S., Zwarteveen, M., Boesveld, H., Kuper, M., 2013. The efficiency of drip
irrigation unpacked. Agric. Water Manag. 123, 103-110. https://doi.org/10.1016/].
agwat.2013.03.014.

Venot, J.-P., Kuper, M., Zwarteveen, M., 2017. Drip irrigation for agriculture: untold
stories of efficiency, innovation, and development. Routledge, Abingdon.

Venot, J.P., Zwarteveen, M., Kuper, M., Boesveld, H., Bossenbroek, L., Kooij, S.Van Der,
Verma, S., 2014. Beyond the promises of technology: a review of the discourses and
actors who make drip irrigation. Irrig. Drain. 63 (2), 186-194. https://doi.org/
10.1002/ird.1839.

Ward, F., Pulido-Velazquez, M., 2008. Water conservation in irrigation can increase
water use. Proc. Natl. Acad. Sci. USA 105 (47), 18215-18220. https://doi.org/
10.1073/pnas.0805554105.


https://doi.org/10.1088/1748-9326/ac2fe0
https://doi.org/10.13140/RG.2.2.35540.81280
https://doi.org/10.1016/j.jenvman.2020.110138
https://doi.org/10.1016/j.agwat.2024.108975
https://www.water-alternatives.org/index.php/alldoc/articles/vol14/v14issue1/611-a14-1-6/file
https://www.water-alternatives.org/index.php/alldoc/articles/vol14/v14issue1/611-a14-1-6/file
https://doi.org/10.5424/sjar/20110904-492-10
https://doi.org/10.5424/sjar/20110904-492-10
https://riunet.upv.es/handle/10251/89630
https://riunet.upv.es/handle/10251/89630
https://idus.us.es/handle/11441/100159
https://doi.org/10.21138/bage.2330
https://doi.org/10.21138/bage.2330
https://doi.org/10.2166/wp.2016.025
https://doi.org/10.1016/j.agsy.2024.103910
https://doi.org/10.1016/j.agsy.2024.103910
https://doi.org/10.3390/agriculture11040317
https://doi.org/10.5194/hess-18-1339-2014
https://doi.org/10.1016/j.energy.2023.128615
https://doi.org/10.22271/phyto.2020.v9.i5aj.12726
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref63
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref63
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref63
https://doi.org/10.1016/j.heliyon.2024.e32301
https://doi.org/10.1007/s10100-010-0146-7
https://doi.org/10.1007/s11269-011-9819-9
https://doi.org/10.1007/s11269-011-9819-9
https://doi.org/10.1016/j.seps.2022.101491
https://doi.org/10.1016/j.seps.2022.101491
https://doi.org/10.1016/j.agwat.2013.03.014
https://doi.org/10.1016/j.agwat.2013.03.014
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref69
http://refhub.elsevier.com/S0378-3774(25)00028-9/sbref69
https://doi.org/10.1002/ird.1839
https://doi.org/10.1002/ird.1839
https://doi.org/10.1073/pnas.0805554105
https://doi.org/10.1073/pnas.0805554105

	Economic efficiency of drip and flood irrigation. Comparative analysis at farm scale using DEA
	1 Introduction
	2 Case study
	3 Methodology
	3.1 Assessment of cultivation costs and revenues: differences between drip and flood irrigation
	3.2 Calculating efficiency through DEA
	3.2.1 Method: DEA metafrontier model
	3.2.2 Data


	4 Results and discussion
	4.1 Economic costs of cultivation in flood and drip irrigation
	4.2 Evaluation of efficiency based on irrigation technique

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Data availability
	References


