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Abstract

Climate change and increased competition for water resources are generating growing con-
cern about how to improve water-use efficiency in agriculture. In turn, this has prompted
substantial investments in the installation of water-saving technologies in irrigation sys-
tems. The first aim of this research is to use data envelopment analysis to quantify, in terms
of gross water savings (GWS), the local-scale efficiency of the irrigation policies adopted
in an area of Spain suffering from a structural water deficit. Second, the cross-efficiency
method is used to produce a ranking of the irrigation organizations analysed, in order to
identify patterns of water-use efficiency performance that can guide future lines of invest-
ment. The results reveal that water-use efficiency prior to modernization is a key determi-
nant of the efficiency achieved in terms of GWS at local scale. However, the investments
targeted at irrigation modernization often have objectives other than water savings. These
and other aspects should be taken into account when allocating public funds to irrigation
modernization.

Keywords Collective irrigation management - Data envelopment analysis - Drip irrigation -
Gross water savings - Irrigation policy

1 Introduction
The efficient use of water has become a challenge of global dimensions. One of the tar-

gets set by the United Nations (2020) in the Sustainable Development Goals (SDGs) is to
achieve a substantial increase in water-use efficiency across all sectors. The agricultural
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sector is the largest consumer of fresh water, accounting for 70% of all withdrawals from
water bodies, and as much as 90% in developing countries (FAO 2017). As such, there is
a critical need to develop irrigation techniques and management practices that ensure the
efficient use of water.

Water-use efficiency in irrigation has been analysed using different techniques and
from various perspectives (Pereira and Marques 2017; Nazari et al. 2018; Yu et al. 2020).
Indeed, the concept of efficient water use means different things to researchers in different
disciplines (Nair et al. 2013). Most of the related literature focuses on specific agricul-
tural products, identifying the actions needed to maintain the same level of profitability
while reducing water use, either through case studies or comparative studies (Imran et al.
2019; Wang et al. 2019; Volschenk 2020; Wang et al. 2020; Narayanamoorthy et al. 2020;
Cao et al. 2021). Based on this scientific research, international institutions have called
for modernization and improved efficiency, which has influenced national irrigation plans
worldwide (De los Reyes and Schultz 2018; Khadra and Sagardoy 2019; Molle et al. 2019;
World Bank 2019).

Drip irrigation (DI) is widely used in many regions of the world, because of its
proven capacity to reduce water withdrawals at the level of the irrigation system or plot
(Tsakmakis et al. 2018; Bai et al. 2020). However, the supposed efficiency of DI has
recently been contested on various grounds (Venot et al. 2017; Grafton et al. 2018), mainly
because water saved at local scale is frequently lost at basin level (Berbel et al. 2015; Perry
and Steduto 2017). Furthermore, the pursuit of efficiency may justify policies and plans
that deprive smallholders of water-use rights and erase valuable cultural practices (Boelens
et al. 2018). For these reasons, we need a better understanding of several aspects of water-
use efficiency: first, how new irrigation technologies generate gross water savings (GWS)
at the local level; second, whether the policies to promote these tools are efficient; and
third, whether these water savings are converted into net savings or are lost at higher scales.

This paper attempts to shed light on the first two of these questions. The evaluation
of efficiency at the local scale can be estimated by constructing a production function
that transforms certain inputs into outputs; to that end, data envelopment analysis (DEA)
is applied in this study. This linear programming method is used to measure the produc-
tive efficiency of homogeneous decision-making units (DMUs) based on the characteristic
inputs/outputs of each DMU. Depending on whether an input- or output-oriented model
is used, DEA determines the extent to which the inputs could be reduced while maintain-
ing the same output levels, or vice versa (Charnes et al. 1978). The scientific literature
includes numerous studies that demonstrate its capacity for measuring efficiency in differ-
ent spheres, such as financial performance (Sukmana et al. 2020; Hafsal et al. 2020), indus-
trial production (Guo et al. 2020; Rezaee et al. 2020), agrarian production (Li et al. 2018;
Bagchi et al. 2019), and even services (Yin et al. 2020; Cinaroglu 2021).

In recent decades, irrigation organizations in regions with scarce water resources have
invested heavily in the installation of new irrigation technologies to reduce water use. There
are many studies that use DEA to evaluate irrigation efficiency, most of which take agricul-
tural production variables as the output (Pereira and Marques 2017). However, few studies
using this method focus on the efficiency of water-saving techniques. The main novelty of
this study is that the results are calculated in terms of GWS at the level of the water users’
association (WUA). The aim is to measure the efficiency improvements achieved through
DI, based on the assumption that these improvements may be influenced by the type of
WUA. For this purpose, DEA is used to (1) determine through two production functions
the extent to which investments should be targeted at the implementation of DI in order to
maximize GWS and (2) quantify the changes in the analysed variables (investment, water
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use, DI, GWS) needed to achieve the maximum efficiency in their use; and (3) establish a
ranking of the irrigation organizations’ efficiency, using cross efficiency (CE).

Efficient water management in agriculture has been extensively analysed in recent
research, with the results of those studies driving progress by identifying the most appro-
priate policies for each situation (Wang et al. 2018; Bagchi et al. 2019; Berbel et al. 2019;
Geng 2020; Martinho 2020). The empirical analysis carried out in this research yields new
findings that can better guide the actions of irrigators and policy-makers. In this regard,
it makes a threefold contribution: (1) by using two models, it covers a broader spectrum
of the GWS paradigm, (2) it provides evidence on the improvement needed in the inputs/
outputs to reach the maximum level of efficiency, and (3) by establishing a ranking of the
irrigation organizations, it sheds light on the irrigator profiles that make the best use of
their resources.

2 Methodology and Data Sources

In this study, output-oriented DEA is used to assess whether the investments made, the
use of water, or the surface area over which DI is applied by irrigation organizations in the
Region of Valencia (CV by its initials in Spanish) have had the effect of maximizing GWS.
The database used was compiled through an individual survey administered to those in
charge of these organizations before and after implementing DI. In the pre-modernization
situation, many organizations did not have objective methods for monitoring water inputs;
the volume of water was estimated on the basis of the theoretical flow and irrigation time.
This is a limitation of the study because the imprecision of some of the answers given
meant that a significant number of observations had to be excluded, reducing the sample to
28 irrigation organizations. However, this number is considered large enough to constitute
a representative selection of the diverse entities in the CV. Moreover, DEA can be used
with small sample sizes and does not require additional observations to validate the effi-
cacy of the proposed model. Another limitation is that it has not been possible to identify
the investments that were specifically targeted at GWS, hence two different scenarios have
been considered: the efficiency of all investments made (model 1) and DI efficiency (model
2).

2.1 Case Study

The study area encompasses the irrigated lands of the CV on the eastern coast of Spain. The
region is host to a varied array of irrigation landscapes (336,000 ha) supplied with ground-
water (32%), surface water (60%), and nonconventional resources (7%). Rainfall ranges from
300 to 650 mm and evapotranspiration from 25 to 60 cm. Citriculture predominates (180,000
ha) among a diverse Mediterranean crop pattern (GVA 2020). The typical farm structure is a
smallholding (mean farm size is 5.5 ha), over 40% of the area is managed by part-time farm-
ers, and farmers are aging (mean age is 64.5) (INE 2011). The vast majority of the irrigation
systems are collectively managed through a WUA.

In this region, the growth in the demand for water has given rise to a structural water defi-
cit. In recent decades, both public administrations and irrigation organizations have made
major investments in the modernization of the infrastructure. This reform, which focused on
the installation of DI (predominantly surface drip irrigation systems), dates back to the severe
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drought in 1994-1995, and came about thanks to joint decisions made by the administration
and the WUAs (Sanchis-Ibor et al. 2016). In the four-year period 1996-2000 alone, 434 works
were financed in different organizations of the region. This was followed by a further 431,
until the 2008 financial crisis slowed down the investments of the regional government, and
paralysed them entirely during the period 2012-2015. As a result of this process, there has
been an unprecedented technological change in Valencian irrigation: in 1992, DI was used on
13.5% of the irrigated area, with this figure rising to 72% by 2019 (MAPA 2020). That said,
the source of the funds allocated to DI—variously coming from the national or regional gov-
ernments or the European Union—has led to important differences in the investments made in
the CV and their ultimate purpose (Garcia-Molla et al. 2017).

Farmers and WUAs value not only the GWS associated with the modernization of irriga-
tion systems, but also other advantages such as the convenience, which improves the quality of
life of an aging sector of the population (Sanchis-Ibor et al. 2016), or the reduction in fertiliza-
tion costs (Poblador et al. 2021). The modernization policies carried out in the CV have been
successful in terms of GWS: water use has been reduced by almost half through the applica-
tion of DI (Garcia-Moll4 et al. 2017). However, there are important differences between irri-
gation organizations, due not only to the amount of funds invested but also to other practices
that influence water use, such as pressurized irrigation. As such, there is a need to empirically
quantify the efficiency of the measures taken.

2.2 Data Envelopment Analysis Model

DEA is a non-parametric method that allows an efficient frontier to be constructed from the
available observations. It is based on the use of linear programming to determine the distance
of each DMU from the frontier formed by the efficient units. The sample used must be fairly
homogenous since the approach involves measuring the efficiency of each DMU in relation
to the best positioned ones, meaning that outliers could distort the results (Golany and Roll
1989). DEA was originally used to evaluate the relative efficiency of non-profit organizations;
however, it soon proved to be applicable in different disciplines due to its flexibility, in that it
does not require any assumptions about the functional form of the relationship between inputs
and outputs, nor are any specific distributional assumptions made about inefficiency. Table 1
presents a literature review of the application of this methodology in the field of water use.

This method assumes that each DMU in the sample is defined by m inputs and s outputs,
and that outputs increase by the same percentage as inputs, that is, constant returns to scale
(CRS) are assumed. In the present research, the output-oriented DEA model has been chosen
as the objective is to maximize GWS with the available inputs. The efficiency level of each
DMU is calculated by solving the following linear programming model:

. m
Min, hy = Zi:lvixio (1)
Subject to:
N
2 Uy = 1 (2)
r=1
Zrz]u,y,j - Zi:]vixij <0=1,...n 3)
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u,v; 20r=1, ...,si=1, ....m 4)

Where:

x;;: quantities of input i consumed by the j-th unit

Y,;: observed quantities of output r produced by the j-th unit

or,: weights of the inputs

v;: weights of the inputs

The solution of these n linear models provides the value of the weights (or, v;) corre-
sponding to the inputs/outputs of each DMU that place it in the best possible position rela-
tive to the other DMUs, to which end the corresponding dual model must be solved. The
efficiency scores range between O and 1, such that if hy = 1 it means that no more output
can be obtained using the available inputs; that is, the DMU is efficient. Values below 1
correspond to inefficient DMUs.

The CRS model is appropriate when all the DMUs operate on the same scale; if they do
not, inefficiency could be a result of a DMU not operating on the optimal scale. In response
to this limitation, Banker et al. (1984) introduced the assumption of variable returns to
scale (VRS).

The CRS model is used to calculate the overall technical efficiency (TE) and the VRS
model to calculate pure technical efficiency (PTE), while scale efficiency (SE) can be cal-
culated as the ratio between TE and PTE. The value of SE ranges between 0 and 1, taking
the maximum value when the analysed DMU is operating at the optimal scale. However,
despite the flexibility of DEA when it comes to solving problems with multiple inputs
and outputs, it is not without its limitations. Authors such as Herrera and Pang (2005)
and Medal and Sala (2011) point out that: (1) as it is a deterministic technique, the results
are sensitive to the presence of outliers; (2) it is not an appropriate technique for testing
hypotheses, since it does not have statistics to estimate the error; (3) it treats any deviation
from the frontier as inefficiency, although it may be due to random behaviour of variables;
(4) it cannot distinguish between fully efficient DMUs, meaning it is not possible to rank
DMUs by their efficiency levels.

CE overcomes the latter limitation, making it possible to establish a complete ranking
of all the DMUs in the sample according to their level of efficiency. This method con-
sists of calculating the efficiency score of each DMU n times, using the optimal multipliers
obtained by evaluating each of the DMUs. The value of each element of the CE matrix is
calculated using the following expression:

N
Ekj=wj=l,...,n;k=l,...,n )
st VarXi
Ej; represents the performance of DMU; using the weights obtained for DMU,. The
matrix elements also range between 0 and 1, with the values on the diagonal correspond-
ing to the standard DEA score. Thus, the CE value for DMU; is obtained by the following
expression:

1 .
CE/-=;ZE,V—]=1,...,H (6)
ki

The variables and parameters that define Eqs. (5) and (6) have been explained
above.
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In the present study, the above methodology is applied to collective irrigation institu-
tions in CV (Spain) that have recently adopted DI. Over the last three decades, the policy
of both the regional and national governments has been to promote irrigation moderniza-
tion through generous subsidies (Sanchis-Ibor et al. 2016; Garcia-Moll4 et al. 2017).

2.3 Data Sources

Due to the small size of the irrigated farms in the CV, most plots make use of communal
irrigation, with farmers joining associations according to the source of the water used.
All the evaluated DMUs are irrigation organizations whose managers have collaborated
in developing the sample (Table 2).

Type A WUAS are historical irrigation systems that date back to before the 20th century
and the regulation of river flows with storage reservoirs. Their water-use rights cover irri-
gation requirements in climatically normal seasons and additional groundwater is generally
only needed in dry years. Type B WUAs are irrigated areas created by private initiatives
during the 20th century and only use groundwater, mainly from private sources. Type C
WUASs use the same water source as Type B, but this was topped up in the latter half of the
20th century with surface water from canals built by the State. The new irrigation districts
(D) are made up of groups of organizations who use groundwater as a complement to the
surface water obtained through the large canals built by the State.

The present research proposes a novel production function in terms of the variables
used: no such functional relationship can be found in the existing literature. The inputs
are the investments made in recent years, either with public or private funds, the area
covered by DI, and water use. This last input is used to characterize the needs of the
irrigators, depending on the type of crop, the area farmed, agroclimatic variables, etc. It
represents the volume of water billed annually by the irrigation community; that is, for
agricultural use. On the other hand, the output to be maximized in the DEA is the GWS
resulting from the use of DI and the set of investments made to this end. Estimating
the impact of irrigation modernization policies on actual water consumption is a highly
complex task; thus, in this study, GWS is estimated as the difference between the water
used by irrigation communities before and after DI implementation, with reference to
the annual water supply per unit area distributed by each organization to its irrigators.

Table 3 shows the descriptive statistics for all the variables, differentiating by the differ-
ent organization types analysed. The ratio of inputs/outputs to the number of DMUs in the
sample is appropriate according to Pdldaru and Roots (2014) and Toloo et al. (2015).

The descriptive statistics show a high degree of dispersion, regardless of the organi-
zation type under analysis. Each type includes communities of different sizes and with

Table 2 Types of irrigation organizations in the CV

Organization type Water source
A Traditional WUAs Surface water with occasional
reliance on groundwater
B Private groundwater WUAs Groundwater
C WUAS for groundwater topped up with surface water Surface water and groundwater
D Irrigable areas developed by the State Surface water and groundwater
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different crops. Moreover, they are located in territories with widely differing edaphocli-
matic conditions and thus extremely specific needs. However, they all share certain simi-
larities: they are all in the CV, where there is widespread awareness of the need to gener-
ate GWS, and in recent years investments have been made and subsidies granted for this
purpose. These shared characteristics mean the sample is sufficiently homogenous for the
correct application of the DEA. Table 4 presents the variables that compose the production
functions proposed in the empirical analysis.

These two models allow a more precise analysis of the situation. They both depend on
the type of production that characterizes water consumption and are oriented at determin-
ing the resulting GWS. The first model analyses the efficiency of all the investments made,
and the second specifically focuses on DI.

Table 3 Descriptive statistics by organization type

Organization type Investment Water use Drip irrigation Gross water savings

expenditure

Input Input Input Output
Units ©) m3) (ha) m3)
A
Mean 8,988,723 7,787,084 705 3,507,934
St. Deviation 10,921,430 8,352,700 796 4,098,276
Min 58,011 24,750 2 10,395
Max 28,554,859 20,886,024 2,406 12,126,240
N° DMUs 11 11 11 11
B
Mean 10,599,311 4,630,606 677 1,847,758
St. Deviation 14,278,561 4,574,775 699 1,823,039
Min 302,000 313,500 38 156,560
Max 34,167,461 11,520,000 1,958 4,976,640
N° DMUs 9 9 9 9
C
Mean 10,814,643 14,737,500 1,919 7,116,180
St. Deviation 8,267,908 8,223,964 1,057 3,635,150
Min 1,257,000 4,554,000 498 2,211,120
Max 20,826,190 24,674,400 3,050 10,980,000
N° DMUs 4 4 4 4
D
Mean 6,578,139 7,739,491 1,285 3,133,260
St. Deviation 4,949,003 5,356,453 914 2,916,596
Min 1,745,601 3,292,020 630 945,000
Max 13,498,469 14,936,659 2,593 7,156,680
N° DMUs 4 4 4 4
Total
Mean 9,422,889 7,758,619 952 3,436,245
St. Deviation 10,813,221 7,295,279 895 3,532,966
Min 58,011 24,750 2 10,395
Max 34,167,461 24,674,400 3,050 12,126,240
N° DMUs 28 28 28 28
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Table 4 Inputs/Outputs of the

. . Inputs Outputs
production functions P P
Model 1 Investment expenditure Gross water savings
Water use
Model 2 Drip irrigation Gross water savings
Water use

3 Results and Discussion

The efficiency of the investments made by the irrigation organizations in the sample has
been calculated using CRS and VRS to determine the TE as well as the PTE and SE for
each of the output-oriented models. Table 5 shows the main results obtained depending on
the inputs considered.

On average, no major differences are observed in the levels of efficiency according
to the model analysed, with model 2 yielding only slightly higher values. These higher
values are because the investments made include works that were not directly aimed at
achieving GWS. Although in Spain, as in other countries (Venot et al. 2014; Berbel et al.
2019; Sinha et al. 2019), the discourse surrounding irrigation modernization emphasizes
water-use efficiency, many WUAs have made investments (taking advantage of available
subsidies) aimed at reducing irrigation operating costs (irrigation ponds, pumps, electrical
installations, automation), improving convenience for farmers (elimination of night-time
irrigation), incorporating new resources to improve water supply guarantee, and replacing
obsolete infrastructure, among other objectives. Specifically, model 2 shows an efficiency
level close to 80% (TE = 0.797 and PTE = 0.812). Conversely, when analysing the invest-
ments more generally (model 1), this percentage decreases by more than 5% (TE = 0.759)
under CRS.

Returns to scale refer to changes in GWS resulting from a proportional change in all
the inputs. On average, both models are close to the optimum in terms of the SE obtained
(96.6% and 98.5%, respectively); that is, GWS increases by the same proportion as the

Table 5 Efficiency levels of the

models Model 1
TE PTE SE
Mean 0.759 0.790 0.966
St. deviation 0.163 0.176 0.066
% Efficient org 7.14% 17.86% 7.14%
N° exp. drs 8 (28.57%)
N° exp. irs 18 (64.29%)
Model 2
TE PTE SE
Mean 0.797 0.812 0.985
St. deviation 0.164 0.169 0.043
% Efficient org 10.71% 14.28% 10.71%
N° exp. drs 1(3.35%)
N° exp. irs 24 (85.71%)

irs increasing returns to scale, drs decreasing returns to scale, - con-
stant returns to scale
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5020 M. Garcia-Molld et al.

inputs. However, only 7.14% and 10.71% of organizations in models 1 and 2, respectively,
are working at their optimal scale. Specifically, in model 2, there are 24 entities with
increasing returns to scale (85.71%), meaning that their GWS increases by more than the
proportional change in resources. This indicates that efficiency improves as the size of the
area converted to DI increases.

Figure 1 shows the average efficiency levels obtained by organization type, in order to
detect possible differences. A better performance is observed for type C WUAs in model 1
and for type A WUASs in model 2, results that will be reinforced by the improvement needs
shown in Table 6.

DEA indicates the optimal combination of input/outputs in order for a DMU to be on
the efficient frontier. Table 6 shows the improvement required in each of the variables to
reach the maximum efficiency level; in other words, it shows the amount by which the
inputs should be reduced and the output increased.

Although there are significant differences in said amounts, a certain similarity is
observed between the same organizations analysed by the two models. While type C WUAs
register the best performance in terms of the results of model 1, type A WUAs achieve the
best mean efficiency scores in model 2. For types B and D, we observe a distance from the
frontier in terms of GWS of close to or greater than 40% in the two models. The excessive
investment by type B irrigation communities is also notable: they could reduce investment
expenditure by around 65% if the only goal were GWS. This can be explained by the fact
that the investments made in these entities are not all aimed at achieving water savings.
Even so, the efficiency values are acceptable.

The mean efficiency values conceal differences between the organizations included in
each type of WUA. In line with the research objectives, CE has been applied to distinguish
between efficient DMUS, establishing a ranking of all these units to facilitate their individ-
ual analysis. The resulting ranking points to possible patterns in performance (Table 7) that
appear to be related to the type of irrigation organization, due to the differing water-use
efficiency of each irrigation system prior to the investments being made.

1.0 :

N N

N N

o N N % N N %

06 N\ N\ N\ \ N \

B N \ N\ \ \ N\

\ \ \ \ \

\ \ \ \ \ \
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Fig.1 Average efficiency levels by organization type
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Table 6 I?nprovement.required Model 1
in the variables to achieve
maximum efficiency by Reduce Increase Mean PTE

organization type

Investment expenditure Water use GWS

A 24.4% 0.8% 25.4% 0.795
B 65.4% 0.0% 41.6% 0.787
C 11.6% 0.0% 5.1% 0.950
D 8.6% 0.0% 40.4% 0.624
Total 35.6% 0.3% 24.1% 0.790
Model 2
Reduce Increase Mean PTE
Drip irrigation Water use GWS
A 0.0% 0.0% 5.0% 0.899
B 25.4% 0.0% 39.3% 0.777
C 16.1% 7.6% 14.3% 0.870
D 28.3% 0.0% 48.1% 0.590
Total 15.9% 2.1% 19.3% 0.812

The efficiency achieved by each WUA is determined by the characteristics of their
organization type, as posited in the hypothesis. However, there are other factors that also
have a significant influence. It can be seen from the results that some of the traditional
surface water irrigation organizations show widely diverging efficiency values in terms of
GWA, while more uniform performance is observed in the other three types. On the one
hand, type B and C organizations show moderate or high investment efficiency in both
models. This is due to their plot structure, characterized by a marked spatial dispersion
of the irrigation plots. Both types correspond to areas that were originally supplied with
private water and whose owners acquired water rights to wells and built pipelines to reach
their farms, without having to be close to or next to boreholes or other irrigated plots. This
gave rise to highly fragmented plot structures and therefore more complex water systems,
with low water conveyance efficiencies. Hence, these organizations achieve a very signif-
icant improvement in water-use efficiency with the conversion to DI, and good level of
efficiency in the investments aimed at GWS. The three WUAs in the Vinalop6 basin (La
Romana, Virgen de las Nieves, Monforte del Cid), where there is intense pressure on water
resources and a predominant crop (table grape) with lower water requirements than citrus
fruits, show low investment efficiency. This can be attributed to the fact that the pressure
on the resource is already very high there, meaning there is little room for improvement.

On the other hand, type D WUASs are compact irrigable areas whose distribution net-
works were designed by technicians in the second half of the 20th century and which tend
to show greater water conveyance efficiency. Furthermore, in the case of the D-type, the
high price of groundwater in the local area (the most expensive in the region) prompted
very efficient water even before the conversion to DI. Therefore, investments in localized
irrigation do not generate as much GWS.

The dispersion seen in traditional irrigation (type A), regardless of whether other factors
may play a role, is also consistent with this argument. Before modernization, a study was
carried out (Marco et al. 1994) of the largest traditional irrigation systems in the region,
which covered five of the type A organizations analysed in this study. Three of them border
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Table 7 Ranking of irrigation organizations

Model 1 Model 2
DMU Organization CE Ranking CE Ranking
type

C.R.Vila-real A 0.982 1 0.986 1
C.R. Canales Bajos del Serpis A 0.781 7 0.925 2
C.R. Pere Jaume A 0.667 13 0.923 3
C.R. Nuestra Sefiora de la Merced A 0.763 9 0.844 4
C.R. Pedreguer B 0.740 10 0.801 5
C.R. Canal Cota 220 C 0.788 6 0.783 6
Agrupacion de Regantes Pinella C 0.812 5 0.781 7
C.R. Pantano de Maria Cristina C 0.893 2 0.780 8
C.R. Castellén A 0.729 11 0.776 9
Cooperativa de Riegos Vall d"Uix6 B 0.865 3 0.770 10
Sociedad de Riegos Unién Agricola B 0.632 17 0.769 11
Cooperativa de Riegos Maquial B 0.608 18 0.765 12
Sociedad de Riegos La Primitiva B 0.643 15 0.764 13
Cooperativa de Riegos Pla Pinar B 0.686 12 0.762 14
C.R. Bétera C 0.816 4 0.732 15
Sindicato de Riegos de Sagunto A 0.516 23 0.722 16
C.R. Riego.Nuevo A 0.534 20 0.718 17
C.R. Torres A 0.517 22 0.715 18
C.R. Riego Mayor y de Abajo A 0.519 21 0.715 19
C.R. La Romana B 0.637 16 0.701 20
C.R. LaPilay Cap Negret A 0.481 24 0.701 21
Canal Jacar Turia - Sector 4 D 0.781 8 0.675 22
C.R. Almassora A 0.540 19 0.584 23
Canal Jicar Turia - Sector X D 0.648 14 0.578 24
SAT Virgen de las Nieves B 0.342 27 0.419 25
Canal Jucar Turia - Sector XI D 0.421 25 0.393 26
Canal Jucar Turia- San Rafael Benifai6 D 0.375 26 0.326 27
C.R. Monforte del Cid B 0.335 28 0.318 28

one another —CR Vila-real, CR Castellon, and CR Almassora— and present very different
values in the ranking. This is consistent with the aforementioned study, which indicated
that DI would not generate significant GWS in CR Castellén and CR Almassora, but would
lead to an increase in irrigation costs; indeed, DI was only recommended in the case of
Vila-Real. Marco et al. (1994) also analysed the case of CR Canales Bajos del Serpis and
CR Sagunto, which again show disparate values in the ranking. The case of CR Canales
Bajos del Serpis was highlighted as one of the few traditional irrigated lands where DI was
expected to yield significant GWS. Conversely, in the case of CR Sagunto, which is much
lower in the ranking, the study recommended that efficiency gains should not be the objec-
tive, but rather reduced costs and greater convenience for the irrigator.

In short, the water-use efficiency of each irrigation system prior to DI can be considered
a fundamental determinant of organizations’ position in the ranking, albeit not the only
one. The results show discrepancies between the two rankings, except for CR Vila-real,
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which heads the ranking for both models. This is because the organizations whose DI
yields GWS close to the maximum efficiency level receive additional funds that are not
directed to this end. For example, CR Canales Bajos del Serpis ranks second in model 2,
but drops to seventh when the volume of investments made is analysed. This pattern is
repeated with others such as CR Pere Jaume or CR Pedreguer. The investment expenditure
and DI are justified simply because they allow cultivation in areas where it would be hard
to employ traditional irrigation with the existing resources. According to other studies, irri-
gation efficiency is lower in areas where crop water requirements are low (Cao et al. 2020).
Conversely, the organizations that hold the top spots in the ranking, such as CR Vila-real
or CR Pantano de Maria Cristina, are traditional organizations that had a plentiful supply
of water before modernization, and have been able to significantly reduce the amount used
following the conversion to DI.

As indicated above, few studies use a methodology similar to that used in this study
to measure efficiency. While other studies highlight the improvement in water-use effi-
ciency achieved by installing DI (Ali et al. 2020), they point to other factors that limit effi-
ciency. For example, the training of farmers and technicians in the WUAs, the size of the
farms or the proper management and organization of the irrigation procedures (Pereira and
Marques 2017; Ali et al. 2020; Cao et al. 2020, Gautam et al. 2020). These factors could
also explain the differences in efficiency between WUAs with similar characteristics in this
study.

4 Conclusions

The CV has undergone a period of expansion of DI implementation that has brought about
unprecedented technological change in the local agriculture and a large increase in the area
irrigated with DI. In this study, DEA has been used to assess the efficiency of the irrigation
policies adopted, analysing each WUA individually and by organization type, in order to
determine whether their specific characteristics may have affected the GWS.

The results of the empirical analysis reveal that the efficiency achieved in terms of GWS
is, in general, acceptable but there is still plenty of room for improvement. On average, invest-
ments focused on DI could increase GWS by 19.3% (model 1) compared to 24.1% in model 2,
which accounts for all the investments made by irrigators. There are some notable differences
in the results according to the different types of WUA: for private groundwater WUAs (type
B) and irrigation areas developed by the State (type D), proper management of water resources
could increase GWS by more than 40%. This suggests that the actors involved have pursued
other goals, such as making irrigation more convenient for farmers, who tend to be elderly, or
guaranteeing the supply of water for their crops. This is especially the case for organizations
relying on groundwater, which target a large share of the investment expenditure at infrastruc-
ture that does not increase GWS.

In addition, the use of the DEA method has made it possible not only to identify the irri-
gation organizations that have made improvements in terms of GWS, but also to distinguish
between the levels of efficiency reached according to the type of organization. The infrastruc-
ture situation prior to modernization is a determinant of the efficiency achieved, albeit not the
only one. Indeed, it was in the irrigation organizations relying on groundwater, which had
less room for improvement in terms of water savings, where modernization first took place.
Although the main promise of the different irrigation modernization programmes was GWS,
DI was not initially installed where the potential savings were greatest, but rather where
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water resources were more expensive and the water supply was less reliable. For this reason,
although GWS is the stated aim of public administrations, there is a need for a thorough evalu-
ation of the objectives and results of the modernization programmes.

The main limitation of the empirical analysis lies in the lack of information on the specific
targets of all the investments made by the irrigation organizations. Therefore, the logical con-
tinuation of this research would be to carry out a more exhaustive survey to reveal the various
modernization initiatives introduced with public funds. Another important limitation is that
the data on water savings are at the level of the irrigation community. Due to the complexity
of the hydrological cycles, the results obtained cannot be extrapolated to the level of the water
body or river basin.
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