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Abstract: Irrigation plays a pivotal role in Southern Europe, and its importance is expected
to further increase due to rising climatic variability. Concurrently, the European Water
Framework Directive (WFD) mandates the safeguarding of water bodies and the implemen-
tation of incentive pricing strategies to promote efficient water management. Within this
context, Irrigation Scheduling Decision Support Systems (IS-DSS) could contribute to the
achievement of these objectives, although there are still obstacles to their adoption due to
uncertainties regarding their potential benefits. This paper aims to derive a pricing model
that reflects actual water use through the adoption of an IS-DSS. The innovation of this
study lies in showing that adopting an IS-DSS to reduce irrigation volumes can potentially
lower concession fees in collective irrigation systems. Thus, it contributes to the fulfilment
of the WFD'’s objectives regarding incentive water pricing. Notably, the tool is evaluated
using the case study of a farm located in the Mediterranean region. The results demonstrate
the dual benefits of IS-DSS adoption: on the one hand, it helps preserve water resources
with a 24% reduction in irrigation volumes; on the other, it decreases irrigation costs by
20% at the farm level and by 9.4% at the irrigation district level. Therefore, the presented
study provides insights into the potential of IS-DSS to enhance water pricing policies to
promote efficient water management in Southern European agriculture in alignment with
the WFD requirements.

Keywords: water pricing; irrigation efficiency; water management; water metering; volumetric
tariffs
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1. Introduction

Irrigation is essential for Mediterranean agriculture to ensure high crop quality and
yield during dry seasonal periods and prolonged drought periods. In the EU, the agricul-
tural sector accounts for 46% of the total annual water use on average, of which most is
used in southern Europe (around 90%) [1]. Moreover, the increasing variability of climatic
conditions, such as a decrease in precipitation in southern Europe, may lead to an increase
in water requirements for crop’s irrigation.

The need for a more sustainable and efficient approach to managing water resources in
Europe is reflected in the EU Water Framework Directive (2000/60/EC, WED). It mandates
Member States to promote “sustainable water use based on a long-term protection of
available water resources” (Article 1) through economic principles. Notably, Article 9
specifically requires Member States to implement water pricing policies that encourage
efficient water use. While the directive does not define what constitutes an “adequate
incentive,” it implies that water prices should include a variable component linked to
actual water usage (volumetric price) [2]. Moreover, the Article 9 recognizes that effective
water pricing may lead to social and redistributive issues. Therefore, Member States need
to consider social, environmental impacts, and economic factors when determining the
method and extent of cost recovery.

Several studies have addressed the implementation of Article 9 in the agricultural
sector, with a specific focus on Italy’s Mediterranean region due to its distinctive features.
Some of these studies focus specifically on irrigated districts of Sardinia, one of the main
islands in the Mediterranean Sea, which is also the study area of the present paper. Sar-
dinia serves as an outstanding case study because it represents some of the features that
characterize Mediterranean agriculture: low-cost recovery of water services compared
to Northern Italy and EU averages [2], an overall under-utilization of water irrigation
facilities [3], and unregulated withdrawals of groundwater in areas where this resource
is abundant [4]. Under these conditions, studies highlight that implementing volumetric
pricing, to meet the WFD requirements, may further increase the economic pressure on
farmers compared to conventional tariffs. Additionally, the new pricing approach could
even generate adverse effects on the environment, such as increased reliance on groundwa-
ter over surface water and greater fertilizers use [3-5]. Conversely, the same studies suggest
that irrigation tariffs combining two components—a fixed payment based on the number
of irrigated hectares and a variable component linked to the volume of water delivered per
hectare—effectively promote a more efficient water use without incurring the shortcomings
of volumetric pricing. However, due to the limited availability of water metering devices
for most agricultural water use worldwide [6], the volumes of water delivered per irrigated
hectare are often estimated using methods of varying levels of sophistication. In this con-
text, Dono et al. [3] emphasized that the way in which water requirements are estimated
strongly affects the effectiveness of the dual-component tariff scheme.

This paper aims to address these challenges by developing a pricing model that reflects
actual water use through the adoption of Irrigation Scheduling Decision Support Systems
(IS-DSS). The innovative aspect of this study lies in demonstrating that the reduction in
irrigation volumes achieved through the adoption of an IS-DSS can potentially lead to
a decrease in the concession fees incurred in collective irrigation systems. This effect is
significant because concession fees represent one of the economic instruments established
by the WFD to internalize water service costs.

However, despite their potential, the adoption of IS-DSS in Mediterranean agricul-
ture has been limited to date due to several barriers, such as the ageing farm population,
the limited share of farmers with agricultural training, and the low level of farm invest-
ments [7]. Additionally, farmers demonstrate a significant risk aversion towards innovative
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technologies because of fear of financial losses. This uncertainty can be mitigated through
on-farm experimentation and showcases, peer-to-peer communication among farmers,
and the proactive engagement of agricultural advisory systems [8]. By emphasizing the
economic and policy implications of IS-DSS adoption, this research extends beyond the
analysis of water conservation resulting from the application of water-saving technologies,
e.g., refs. [9,10], quantiying the financial benefits at bot farm and district levels.

Building on these considerations, this paper addresses a gap in the literature by
demonstrating the potential benefits of IS-DSS adoption, particularly in identifying optimal
crop water requirements and aligning water tariffs accordingly. This approach offers double
benefits: on the one hand, it contributes to preserving water resources, and on the other, it
decreases irrigation costs both at the farm and at the district levels.

The methodology adopted in this paper was applied to an experimental farm lo-
cated in Sardinia (Italy) and was developed within the project “WATER4AGRIFOOD—
Improvement of Mediterranean agri-food production in conditions of water scarcity”,
whose general objective was to develop innovative solutions for the management and
distribution of water resources in Mediterranean agricultural systems to make them more
resilient to climate change.

The remainder of the paper is organized as follows: Section 2 describes the organi-
zation of collective irrigation and the prevailing water charging system in Italy. Section 3
presents the case study and the methodology adopted in the present analysis. In Section 4,
the potential benefits derived from the adoption of an IS-DSS, starting from a condition
of non-incentive-based charging, are presented in terms of: the reduction in irrigation
volumes and the ensuing decrease in variable costs at the firm level, and the potential
reduction in variable costs at the irrigation district level. Lastly, Section 5 discusses the
main contributions and limitations of the study.

2. Collective Irrigation and the Water Charging System in Italy

In Italy, 40.4% of farms and 52.6% of the total irrigated land area receive water through
collective irrigation organizations called Consorzi di Bonifica e Irrigazione (referred to in
this paper as Water User Associations, WUAs) [11]. WUAs are public entities responsible
for land reclamation, the maintenance and management of water networks and for the
distribution of water to the associated farmers. WUAs are entitled to levy charges to
farmers proportional to the benefits obtained from irrigation. In Italy, farmers are charged
mainly in two different ways: flat rates or binomial tariffs. In the first case, farmers pay a
per-hectare fee, without a differentiation for the irrigation exercise. This type of tariff (flat
rate) is prevalent in areas subject to drainage services, where it is difficult to disentangle the
irrigation fees from those paid for drainage [11]. In the case of the binomial tariff, there is a
differentiation between the fixed fee, which users pay for general expenses, and the variable
fee, which depends on the irrigation exercise. However, apart from certain areas primarily
located in the southern regions of Italy (especially in Apulia), the variable component of
the tariff (EUR/m?) is not determined by the actual water use. This is largely explained
by the absence of metering devices in the country [10]. In contrast, binomial tariffs are
set according to different approaches, such as per irrigated hectares, crop typology, or
irrigation systems [11].

Starting from 2015, the EU Regulation 1305/2015 has imposed a requirement for
the presence of metering devices to access EU funding sources for irrigation. In Italy,
this regulation was implemented through the national decree issued by the Ministry of
Agriculture and Forestry (on 31 July 2015), which established the criteria for metering
and estimating irrigation volumes. Notably, the estimation of water requirements became
mandatory in all cases in which the measurement of irrigation volumes is not possible.
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Water requirements are estimated by the WUAs according to different methods, which
can range from very accurate estimates—based on factors such as crop type, irrigation
technology, soil characteristics, and climatic conditions—to more simplistic approaches
that group crops with different unitary irrigation requirements. The case study presented
in this paper belongs to the second category: the fees paid by the farm are based on rough
estimates of water requirements provided by the WUA.

3. Materials and Methods
3.1. Study Area

The study was conducted in the province of Oristano in the Western part of Sardinia.
Sardinia is a region with several reservoir infrastructures: about 57% of the water supply
derives from surface water that is stored and delivered through several artificial reser-
voirs [12]. However, rainfall levels have decreased by 18% in the last century and have
also become increasingly less stationary. Notably, since the 1990s, low rainfalls have been
accompanied by long periods of drought alternated with years of a greater abundance of
water resources. The year of 2024 represents an outstanding example of climatic instability,
with a prolonged drought that led to a severe runoff deficit that halved the total water avail-
ability in the regional reservoirs. Moreover, the irrigation system in Sardinia still presents
low efficiency rates also due to the structural characteristics of the agricultural sector. Not
limited to this, the primary sector is also tied to well-established historical traditions that,
however, are often inefficient and hinder business innovation toward rational resource
management. The experimental activities described in this paper were conducted in the
farm Bonifiche Ferraresi S.p.a. (BF), situated in the municipalities of Arborea and Terralba
within the province of Oristano (39°46'21.94” N, 8°34'52.64" E). BF is a large farm with
more than 900 hectares, of which about 35% is irrigated. The water is supplied through
collective irrigation systems that are managed by the WUA Oristanese that delivers water
to the associated farmers through pressure pipe networks. The WUA covers approximately
85.3 thousand hectares and encompasses twenty-five municipalities in the province of
Oristano, located in the west of Sardinia (Figure 1).

Consorzi di Bonifica della Sardegna
[ Gallura

[ Nord Sardegna

[ Nurra

[ Ogliastra

[ oristanese

Il Sardegna Centrale

[ Sardegna Meridionale

10 0 10 20 30 40 km
[ = == =)

Figure 1. Map of Water User Associations (WUAs) in Sardinia with distinct areas representing the
boundaries of each WUA. Source: River Basin District Management Plan of Sardinia, 2021-2027.
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3.2. Tariff Composition

The WUA Oristanese serves an area of 35,000 hectares, of which about 50% is irrigated.
The WUA applies a composite fare to the associated farmers composed of a fixed and a
variable component. The fixed share, applied per hectare of total farm surface area, cover
the costs incurred by the WUA for the maintenance costs of the irrigation infrastructure and
for the institution’s administrative costs. The variable component is based on a hectare—crop
fee, meaning that farmers pay depending on the irrigated area and the irrigated crops’
water needs. The water needs are estimated by the WUA and reported in a document
called “Classification plan” [11]. Table 1 presents the prevalent irrigated crops in the WUA
Oristanese: they are aggregated into six crop macro-classes, each headed by an aggregate
water consumption index. According to this estimation method, the same water demand
is imputed for crops belonging to the same class regardless of the individual water crop
needs. Hence, the values presented in Table 1 overestimate the real water consumption
to remunerate the fixed and variable components of the tariff adopted by the WUA. On
the one hand, this approximation discourages the rational use of water by the farm as the
cost charged is based on irrigated surface area rather than the actual volumes used. On the
other hand, it induces the WUA to purchase in advance a quantity of water greater than
the actual needs, potentially leading to a waste of public resources.

Table 1. Classification of the main irrigated crops in the WUA Oristanese, organized into six macro-
crop classes with corresponding aggregate water consumption indices. Source: WUA Oristanese [12].

Aggregated Water Estimated Water

Consumption Index ~ Needs—Up to (m3/ha) Class

Crop

rescue irrigation 0.5 0

citrus

cauliflower

cereals

fennel

lettuce 0.7 3500 1

ryegrass

melon

olive

grapevine

watermelon

artichoke

carrot

strawberry
fruit orchard 1 5000 2

potato

pepper
soya

nurseries
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Table 1. Cont.
Aggregated Water Estimated Water
Crop Consumption Index Needs—Up to (m3/ha) Class
sugarbeet
aubergine
1.3 6500 3
horticultural crops
tomato
grassland
corn
1.6 8000 4
alfalfa
fodder sorghum
grazing land 2 10,000
rise 24 12,000 6

The WUA, in fact, purchases raw water from ENAS (Schematic representation of
all processes simulated in FLOWS), which is a public body regulated by the regional
government responsible for the delivery of water to the regional water services, including
agriculture. ENAS charges WUAs based on the quantity of water allocated to them by the
regional river basin district authority. The charging system foresees thresholds so that if
the WUAs exceed their allocated quantity, they must pay a higher amount per cubic meter.
A total of 84% of the concession fee paid by the WUA to ENAS relates to the purchase of
raw water since both labor and energy costs for the delivery of water are subsidized by the
regional administration. It turns out that the largest component of the tariff paid by farms
to the WUA depends on the purchase of raw water. Figure 2 describes the key elements of
the water charging system for irrigation in Sardinia.

ENAS charges the WUA
for the delivery of raw
water (84% of the fee is

ENAS due for the purchase of
raw water)
l' WUA charges farms
WUA with a tariff composed of
a:

* TFixed share
*  Variable share based

on volumes

The volumes demanded

by the farms are based

on estimated
consumption, not on the
actual water needs

Figure 2. Overview of the water charging system for irrigation in Sardinia. ENAS, a regional public
body, manages the water delivery.

In 2020, in fact, the farm BF paid EUR 22,823.55 to the WUA Oristanese for an amount
of 2,117,280 cubic meters based on estimated water consumption, with an ensuing tariff of
0.011 EUR/m3. As mentioned before, the tariff consists of two quotas: 84% of the total is
related to the purchase of raw water, while the remaining 16% is composed of fixed costs
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that do not depend on the quantity of water delivered. Table 2 exemplifies the composition
of unitary costs paid by BF to the Oristanse WUA for the received water service.

Table 2. Composition of unitary cost paid by BF to the Oristanese WUA for water services in 2020.
Source: Our elaboration based on WUA Oristanese [12].

Water Fee Composition EUR/m? % Notes

Final User Unitary Cost 0.011 100

Average cost for raw water purchased from ENAS 0.0084 84 Dependm.g merely on the volumes of
water delivered

Management costs for irrigation service 0.0016 16 Not depending on the water but

linked to other services

3.3. Methodology

To showcase the financial and environmental benefits of adopting an IS-DSS for
optimal water use in agriculture, we adopted a stepwise approach. In this method, we
moved from an analysis of the current situation (baseline), in terms of the volumes of water
delivered and variable costs, to a scenario in which variable costs are based on real crop
water needs derived from the adoption of an IS-DSS. With this aim, three different scenarios
of water consumption, and the relative water unit costs (EUR/m?>) were developed based
on alternative data sources on irrigation volumes. These are:

e  Scenario TO (baseline) concerns the current cost situation of the experimental farm
BF and the WUA, in which a fixed charge per hectare is adopted based on the water
consumption categories presented in Table 1. The current tariff is determined by
the WUA to ensure a certain degree of cost recovery of irrigation service. In this
situation, the adoption of saving technologies such as IS-DSS would not be capable
of promoting economic benefits, as the farm cost for water does not depend on the
water consumption.

e In Scenario T1 (empirical consumption), the estimates reflect more accurately the
actual water consumption by the crops. The data, in fact, were collected by BF and
the water requirements by crops were derived from the number of hours and the
type of irrigation system available at the farm level. Under this scenario, the cost per
cubic meter paid to the WUA still guarantees the same degree of cost recovery than in
Scenario TO.

e InScenario T2, we estimated the change in farm costs derived from the application of
an IS-DSS called FLOWS developed by Coppola et al. [13]. The impact in terms of cost
reduction was determined by considering the part of the service costs that depends on
the quantity of water used (concession fee), considering the low impact of watering
intensity on the other irrigation distribution cost components [4]. With this aim, three
different scenarios of water consumption, and the relative water unit costs (EUR/m?),
were developed based on alternative sources of data on irrigation volumes.

The year of 2020 was selected as the reference year. It is considered representative
as: (i) TO remains unchanged as it is derived from the “Classification plan”; (ii) for T1, it is
reasonable to assume that, at least in the short and medium terms, the farm will still use
the same irrigation volumes, frequencies, and system already identified for 2020; (iii) for
T2, we assumed the same estimates obtained in 2020, given that the combination of crops
and irrigation system remains unchanged. A variation can occur only from natural inputs
(precipitation) and from potential evapotranspiration (as a consequent effect of the solar
radiation pattern). Therefore, with the same crop allocation, no significant variations in
irrigation volumes and irrigation intervention frequencies are expected.
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The baseline scenario (T0) describes the situation of BF in 2020 with respect to irrigated
surfaces and associated costs of water supply from the consortium plants (Table 3). The
irrigated area considered is designated for the crops listed in Table 3, namely alfalfa,
sunflowers, corn, officinal plants (officinal plants: this group includes lavender, saffron,
mallow, echinacea, parsley, passion flower, basil, lemon balm, and chives), and legumes.

Table 3. Estimated water volumes (T0) and calculated costs for BF in year 2020, representing the
baseline scenario. Source: our elaboration based on BF data.

Irrigated Area (ha) ~ Water Needs Estimated Total Variable Costs per

Irrigated Crop Volumes Costs (EUR) Hectare

(m3/ha) (m3) d (EUR)

a b c=axb e=d/a
Alfalfa 127.2 8000 1,017,600 10,969 86
Sunflowers 88.0 5000 440,000 4743 54
Corn 494 8000 395,200 4262 86
Officinal plants 45.3 5000 226,500 2439 54
Legumes 10.9 3500 38,150 411 38
Total 320.8 2,117,450 22,823 71

The water user costs charged to BF originate from the irrigation bills, from which the
unitary fare for variable costs was estimated at 0.011 EUR/ m3.

As highlighted by our study, pricing by crop class results in a uniform cost per hectare
for certain types of crops, regardless of the different productive and economic returns. It
creates a distortion that affects the farmers’ ability to plan activities based on real economic
margins, hindering the preferences of farmers who may instead prefer more profitable
crops with lower water requirements. The main reason is that, in Scenario TO, farmers do
not have any incentives to consider agronomic, structural, and market constraints.

The second scenario (T1) is closer to real consumption, using the volumes of water
measured in the field by BF for each crop produced in 2020 (Table 4).

Table 4. Measured water volumes (T1) and calculated costs for BF in the year of 2020 reflecting the
actual consumption based on field measurements for each crop. Source: our elaboration based on
BF data.
Irrigated Area (ha) Water Needs (Based Measured Volumes Total Variable Costs Costs per Hectare
on Measurement)
Irrigated Crop (m3/ha) (m3) (EUR) (EUR)
a b=c/a c d e=d/a
d=c x 0.011
Alfalfa 127.2 6955.0 884,606.5 9535.8 75.0
Sunflowers 88.0 4500.0 396,000.0 4268.7 48.5
Corn 494 3932.5 194,344.2 2095.0 424
Officinal plants 45.3 400.0 18,100.0 195.1 4.3
Legumes 10.9 400.0 4360.0 47.0 43
Total 320.8 1,497,410.6 16,141.57

As anticipated, the irrigation volumes per hectare estimated empirically is lower than
the water requirement adopted by the WUA (T0); so, the costs are also lower despite
applying the same tariff of 0.011 EUR/ha. However, this situation presents some critical
issues. The measurement should be carried out for longer period, taking into account that a
substantial decrease in the demand for water compared to the WUA's supply, if systematic
at the basin level, could lead to an imbalance between the costs incurred (by the WUA for
the purchase of water from the regional body ENAS) and the revenues deriving from the
supply to companies. This scenario could only be realistic if the WUA would be able to
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know in advance the demand coming from the companies and consequently determine the
water needs of the entire basin.

The third scenario (T2) assumes the adoption of the IS-DSS FLOWS for determining
irrigation volumes. FLOWS is a physically based numerical agro-hydrological model that
allows to simulate water flow and solute transport in heterogeneous agri-environmental
systems [12]. The numerical code is based on differential equations governing the flow of
water and the transport of solutes in partially saturated porous media. Coppola et al. [13]
applied the model in large experimental fields representative of the soil variability and
vegetation found in the study area. In their study, the model was calibrated and validated
based on a large dataset including water contents, pressure heads, and electrical conductiv-
ity measured in different sites and at different soil depths along the soil profile, as well as
water and solute fluxes to runoff and to the groundwater measured with a high temporal
resolution. Estimations obtained by FLOWS proved to reproduce with good accuracy the
time evolution of all the different measured physical quantities. Only after these calibration
and validation stages, the model was applied to analyze the crop water requirements under
the actual and optimum scenarios. A more detailed technical description of the FLOWS
model can be found in Appendix A.

The FLOWS model is especially useful as a decision support tool as it produces
information on several applicative outputs (e.g., soil water contents, solute concentration,
water and solute fluxes to the groundwater and surface water bodies, actual transpiration
and fluxes to the artificial drainage network, etc.) and can serve multiple purposes [13]. In
this study, the DSS was used to estimate the optimal irrigation volumes at both the farm
and irrigation district scales. FLOWS, in fact, allows to calculate the water requirements for
specific crops and for specific soil-environmental context of cultivation. Table 5 shows the
results of applying the FLOWS model to BF crops in 2020.

Table 5. Measured water volumes (T2) based on IS-DSS and calculated costs for BF in the year of
2020, estimated using the IS-DSS FLOWS model to determine optimal irrigation volumes. Source:
our elaboration based on BF data and the FLOWS model.

Irrigated Area (ha) Wate:)rnl\ige_ests(SB)ased Measured Volumes Total Costs Costs per Hectare
Irrigated Crop (m®/ha) @) (EUR) (EUR)
a b=c/a c d=cx0.011 e=d/a
Alfalfa 127.2 5090.9 647,515.6 6980 54.9
Sunflowers 88 3840 337,920 3642.7 414
Corn 49.4 2877.5 142,205 1532.9 31
Officinal plants 453 284.4 12,869.1 138.7 3.1
Legumes 10.9 324 3531.6 38.1 35
Total 320.76 1,144,041.3 12,332.4

To consider any gap between the real and theoretical situation, the unit requirements
in Table 5 were increased by 20% to ensure a conservative margin for the actual water
consumption. Even by adopting this approach, the consumption in this scenario is lower
than that of the previous scenarios (T0, T1), and so, are the costs.

This scenario not only presents advantages but also critical issues that derive from
the need to collect timely data on the environmental characteristics of the territory and
the variability in climatic phenomena. To offer a comprehensive overview, a comparative
analysis of the results of the three scenarios is presented in the next section.
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4. Results
4.1. Reduction in Irrigation Volumes at the Farm Level

The different approaches adopted in the three scenarios produce significant variations
in terms of irrigation volumes. Table 6 reports the water requirements obtained through
the three estimation methods and the relative irrigation volumes (left-hand side), together
with the variations of (irrigation) volumes derived from the comparisons between pairs of
scenarios (right-hand side).

Table 6. Water requirements and irrigation volumes across scenarios (T0, T1, and T2), with percentage
variations (the last three columns). TO represents the baseline scenario, T1 reflects volumes measured
in the field and T2 estimates optimal volumes using the DSS FLOWS model.

T1—EMPIRICAL T2—OPTIMAL
TO—BASELINE CONSUMPTION CONSUMPTION Var. Var. Var.
Irrigated Water Re- Water Re- Water Re- T1-TO T2-T0 T2-T1
. Volumes . Volumes . Volumes
Crops Area quirements quirements quirements
[ha] [m3] [m3] [m3] [m3] [m3] [m3] % % %

Alfalfa 127.2 8000 1,017,600 6955 884,606.5 2877.5 647,515.6 —-13 —36 —-27
Sunflower 88.0 5000 440,000 4500 396,000 5090.9 337,920 —10 -23 -15
Corn 494 8000 395,200 3933 194,344.2 3840.0 142,205 —51 —64 —27
O}f{ﬁrt‘sal 453 5000 226,500 400 18,100 284 4 12,869.1 —92 —94 —29
Legumes 10.9 3500 38,150 400 4360 324.0 3531.6 —89 —-91 —-19
Total 320.8 2,117,450 1,497,411 1,497,410.6 1,144,041.3 -29 —46 —24

The pair-wise comparison of scenarios provides evidence of the potential benefits in
terms of water savings derived from a more accurate estimation of water requirements.
There are significant water savings both in the case of indirect measurement T1 (—29%) and
with the application of the FLOWS model T2 (—46%) compared to the baseline scenario.
Focusing on the individual crops, the greatest variation concerns the officinal plants, for
which the volumes of water are 94% lower in the scenario of optimal consumption (T2)
than in the baseline (T0). This result is explained by the fact that, in most cases, these crops
are cultivated in dryland with very low water requirements; hence, the DSS allows us to
estimate the water needs more accurately compared to the theoretical values provided
by the WUA. Looking at the comparison between T2 and T1, it is worth noting that
significant variations in irrigation volumes are observed for officinal plants, corn and
alfalfa, highlighting the benefits derived from the adoption of DSS, even in those situations
where water consumption is empirically observed.

However, only the variation from T2 to T1 (—24%, a reduction of about 353,000 m?)
can be considered a realistic estimation of the actual water savings that could be achieved
if a DSS is adopted. The variation from T2 to TO, while being the most significant (approxi-
mately a decrease of 973,000 m3), would result in an overestimation of the potential benefits
derived from the adoption of a DSS. The volumes estimated by the WUA, in fact, do not
represent the actual volumes delivered to the firms, which, instead, are those measured
in Scenario T1. For this reason, only the 24% reduction in irrigation volumes was used to
compute the decrease in the financial costs of BF derived from the installation of a DSS and
it was considered as new scenario, called T3. The results in terms of financial cost reduction
are presented in the following section.

4.2. Total Irrigation Cost Reduction at the Farm Level

For each scenario, the variable costs of irrigation were calculated in relation to the
cubic meters used by BF, together with the resulting EUR/m> and EUR/ha rates for each
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crop. The three scenarios were developed under identical conditions, such as the extent of
irrigated areas and types of crops grown (equal to those presented in Table 1).

Building on the premise that reducing irrigation volumes directly impacts the variable
costs incurred by the farm, a decrease in water consumption would lead to a decrease in
user fees. These fees are, in a large part, composed of variable costs (84%) related to the
volumes of raw water purchased by the WUA Oristanese. In fact, considering that watering
intensity (volume of water per irrigated hectare) has a low impact on delivery costs [4],
and that energy expenditures are subsidized, we conclude that the water savings reduce
only the cost associated to the purchase of raw water by the WUA. Hence, the change in
irrigation volumes resulting from the adoption of the FLOWS model—Scenario T3—results
in a decrease in the total variable costs, leading to a reduction of 19.8% (from EUR 22,823.6
to EUR 18,299.3) (Table 7).

Table 7. Reduction in varible costs following the adoption of FLOWS (T3), highlighting variable cost
savings due to decreased water consumption.

Scenario T3—Reduction of 24% in Irrigation Volumes

84% Total
Cro Irrigated ~ Volumes  Volumes  Variable 84% of 16%of the Share Variable
P Area T1 T2 Costs the Costs Costs Reduced Costs
by 24% Reduced
[ha] [m3] [m3] [EUR] [EUR] [EUR] [EUR] [EUR]
Alfalfa 127.2 884,606 647,515.6 10,968.5 9213.6 1755 7039.3 8794.2
Sunflower 88 396,000 337,920 4743 3984.2 758.9 3044 3802.8
Corn 49.4 194,344 142,205 4261.8 3579.9 681.9 2735.1 3417
O}ff;‘;lllt‘sal 453 18100  12,869.1 24389 2048.7 390.2 1565.2 1955.4
Legumes 10.9 4360 3531.6 411.2 345.4 65.8 263.9 329.7
Total 320.8 1,497,411 1,144,041.3  22,823.6 18,299.3
Table 8 reports the change in the volumetric tariffs across the three scenarios (TO0, T1,
and T2), where user fees are assumed to be equal to those of T3, where the user fees are
reduced and the new tariff is defined. The unitary tariff related to T1 refers to the actual
tariff paid by the BF firm in 2020; thus, the adoption of a DSS (Scenario T3) would entail a
slightly increase of 6.7% in tariffs.
Table 8. Tariffs under different scenarios (T0, T1, T2, and T3), showing changes in volumetric tariffs.
User Fees Volumes Tariff
[EUR] [m®] [EUR/m’]
TO—BASELINE 22,823.6 2,117,280 0.011
T1—EMPIRICAL CONSUMPTION 22,823.6 1,497,410 0.015
T2—OPTIMAL CONSUMPTION 22,823.6 1,144,041 0.020
T3—OPTIMAL CONSUMPTION WITH REVISED USER FEES 18,299.3 1,144,041 0.016

Lastly, Table 9 reports the variations resulting from the introduction of the model
FLOWS on all the considered parameters (i.e., volumes, variable costs, volumetric tariff,
and costs per hectare). While the comparison of volumes is conducted between the T1
and T2 scenarios, financial costs are analyzed by comparing the TO and T3 scenarios. As
previously explained, financial costs are assumed to remain constant in all scenarios, except
for T3, where they were revised. Specifically, focusing on the individual crops:
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Corn: the adoption of the DSS results in a reduction in irrigation volumes per hectare
of 26.8%. The change in variable costs is constant for each crop and is equal to 19.8%,
which, for 49.4 hectares of corn, results in a savings of EUR 845 for BF (EUR —17.1 per
hectare). The analysis of the volumetric tariff shows a 118% increase in the cost at the
unit volume, resulting in a value of 0.024 EUR/ mS3.

Alfalfa: similar to corn, the alfalfa shows a reduction of 26.8% in irrigation volumes. In
this case, substantial water savings are recorded, as the model considers the drought
resistance of the crop and identifies the optimal water requirements needed to achieve
a good quality production. In terms of irrigation costs, savings of EUR 2174 and of
EUR 17.1 are achieved per hectare. The volumetric rate undergoes a 27% increase, and
the unit value per metro cube is EUR 0.014.

Legumes (specifically lentil cultivation): these crops are often conducted in dry condi-
tions, intervening with emergency irrigation when necessary. As a result, the calcula-
tions are more sensitive to the variations in irrigation volumes. Specifically, there was
a water saving of 828 cubic meters, corresponding to 19%, which for BF resulted in a
saving of EUR 82 (EUR —7.5 per hectare) per 11 hectares cultivated. The volumetric
tariff experienced a sharp increase, rising by 745% with a final value of EUR 0.093/m3.
Sunflower: Among the crops analyzed, sunflower ranks second in water consumption
due to its high irrigation needs to support its physiological processes. It follows that
the reduction in volumes, from the current situation to the optimal one, is limited
(—14.7%). In terms of costs, there is a saving of EUR 940 per 88 hectares cultivated
(EUR —10.7 per hectare). The volumetric tariff, in this case, remains unchanged.
Officinal plants: The calculation made for officinal plants is strongly affected by
irrigation volumes, since in most cases these crops are cultivated in dryland. The
water requirements obtained with the DSS are, in fact, very low compared to the ones
measured in T1 (For officinal plants, the water requirements obtained through FLOWS
are 284 m3/ha compared to the ones measured in T1,which that are 400 m?>/ha),
generating a water saving of 28.9%. In financial terms, there is a saving of EUR 483
for 45.3 hectares cultivated by BF (EUR —10.7 per hectare). The volumetric tariff
undergoes a sharp increase as a result of the net reduction in volumes, producing an
increase in value to 0.152 EUR/m?.

Table 9. Impact of the adoption of the FLOWS model on key parameters (volumes, variable costs, volu-

metric tariff, and costs per hectare). Variations derived from the comparison of the different scenarios.

Variation in the Volumes (T1 Variation in Costs (T0 vs. T3) Variation in Volumetric Tariff Variation in the Tariff per
vs. T2) : (TO vs. T3) Hectare (T0 vs. T3)

Vol Variable ~ Variable  Cost Tariff  Tariff  Tariff o0
Irrigated  Volume  Volume oumes anapte ariable 0% Tariff Tariff an an an per ha
Crop Area T1 T2 Varia- Costs Costs Varia- in TO in T3 Varia- per ha per ha Varia-

tion T0 T3 tion tion in TO in T3 tion

[ha] [m®] [m®] [%] [EUR] [EUR] [%] [EUR/m®] [EUR/m’] [%] [EUR/ha] [EUR/ha] [%]
Corn 494 194,344 142,205 26.83 4261.9 3417 —19.8 0.011 0.024 —118.18 86.2 69.1 —19.8
Alfalfa 127.2 884,606  647,515.6 26.8 10,968.5 8794.2 —19.8 0.011 0.014 —27.27 86.2 69.1 -19.8
Legumes 10.9 4360 3531.6 19 411.2 329.7 —19.8 0.011 0.093 —745.45 37.7 30.2 -19.8
Sunflower 88 396,000 337,920 14.67 4743 3802.8 —19.8 0.011 0.011 0 53.9 43.2 —19.8
Ogll;;rlal 453 18,100 12,869.1 289 24389 1955.4 —19.8 0.011 0.152 —1281.82 53.9 432 -19.8
Total 320.8 1,497,411 1,144,041 23.6 22,8236  18,299.3 —19.8 0.011 0.016 —45.45 71.2 57 -19.8

In conclusion, the adoption of the DSS FLOWS in the BF firm contributes in total to a

24% reduction in irrigation volumes, which, in turn, leads to a 19.8% reduction in variable

costs per hectare. On the contrary, the volumetric tariff increases by 45.5%.
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4.3. Costs Reduction at the Irrigation District Level

The experimental area of the BF where the analyses were conducted includes different
crops with heterogeneous water requirements. Therefore, it can be assumed that the
features of BF can be representatives of other farms of the surrounding area. In this section,
the results obtained for the BF are extended to other farms falling within the same irrigation
district managed by the WUA Oristanese. As reported in Section 3.1, the WUA manages
35,000 hectares, 17,500 of which are irrigated.

The budget approved by the WUA reports the following distribution of fees:

e Institutional fees equal to EUR 2,133,085.9, which are fixed and apply to all farms
served by the WUA, that is, over 35,000 ha.

e Maintenance fees equal to EUR 1,252,608.1, for which apply the same conditions of
the institutional fees.

e Irrigation fees equal to EUR 1,533,568.9, which are related to the volumes of water
delivered and, thus, are applied only to the irrigated 17,500 ha.

To assess the extent to which the adoption of a DSS would result in savings for all
irrigated farms served by the WUA Oristanese, the same computation applied for BF is
now extended to all irrigated surfaces. Hence, the irrigation fees are divided in a fixed
component (16%) and variable component (84%). The reduction of 24% in irrigation
volumes is applied only to the latter (Figure 3).

16% share
245,371.024 16% share
245,371.024 euros .
Irrigation fees New irrigation fees
1,533,5689 Furos 1,224,401.4 euros
84% share with
reduction of 24%
84%
979,030.4 euros
1,288,197.9 euros
Figure 3. Representation of the new irrigation fees levied by the Oristanese WUA after the 24%
reduction. Source: Our own elaboration.
With the new irrigation fees, it is possible to estimate on average how much each farm,
having an irrigated area, would pay per hectare in case a DSS is used. As shown in Table 10,
each firm would save 17.7 EUR /ha, which corresponds to a decrease of 9.4% in user fees.
Table 10. Comparison of WUA irrigation fees in the current situation versus the adoption of the new
irrigation fees derived from the adoption of the IS-DSS.
Unit FEE COMPONENTS NEW FEE COMPONENTS
Institutional Maintenance Irrigation Institutional Maintenance Irrigation
User fee by EUR 1,252,608.1 2,133,085.9 1,533,568.9 1,252,608.1 2,133,085.9 1,224,401.4
component
Area in which ha 35,000 35,000 17,500 35,000 35,000 17,500
the fee is levied
Average cost EUR/ha 35.8 60.9 87.6 35.8 60.9 70
per hectare
Total average
cost per EUR/ha 184.4 166.7

hectare
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5. Discussion

The European WFD calls for the protection of surface water and groundwater while
also requiring the establishment of an incentivizing pricing policy to stimulate the efficient
use of water resources. More specifically, the WFD mandates the application of the cost
recovery principle, which means that water services that generate a negative impact on the
aquatic environment should be accounted for and reflected in the financial and economic
costs. These costs are direct, that is, linked to maintenance and operation activities, envi-
ronmental (linked to the damage produced by water services on the environment), and
resource costs, which derive from the resource’s scarcity and misallocation among water
users [14]. Water tariffs are one of the economic instruments that MS v. In other words,
the extent to which water users pay for the water services they receive should reflect the
impacts (costs) generated to society as a whole. Since the Directive came into force, how-
ever, the application of this principle has been limited, partly due to the ambiguity of the
definitions introduced by the WFD [15]. Moreover, the effect of water pricing on boosting
a more efficient use of water resources is controversial due to the low elasticity of water
demand, especially in water-scarce regions [10,16]. Nevertheless, the increasing water
scarcity conditions in southern Europe underscores the need to rethink water management
strategies, especially in those cases where misallocation and other management issues
cause significant losses of water resources. Within this context, IS-DSS can support a more
efficient use of water in irrigated cropping systems while also contributing to establishing
irrigation tariffs consistent with the WFD requirements.

Our analysis demonstrates that the irrigation planning support provided by the DSS
results in a 24% reduction in irrigation volumes. Focusing on the individual crops, the
greatest differences were found for crops grown in dry conditions (e.g., officinal plants and
legumes), for which the introduction of an IS-DSS could deliver the greatest water savings.
From an economic perspective, the reduction in irrigation volumes directly impacts the
variable costs borne by farms, which are primarily linked to the purchase of raw water.
Furthermore, with the use of the IS-DSS, the tariff slightly increases (from 0.011 EUR/m3 in
TO to 0.016 EUR/m? in T3) and this aligns with the need to ensure the full cost recovery of
irrigation services. These results corroborate the findings by Dono et al. [4], which stressed
that the manner in which water requirements are estimated influences the effectiveness of
irrigation tariffs in promoting a more efficient use of water. This is particularly relevant in
those cases where it is difficult to implement volumetric tariffs (due to the lack of metering
devices) and, thus, the estimation of irrigation requirements is a consolidated practice. In
such cases, shifting from rough estimates based on crop categories—considering average
irrigation requirements—to more accurate estimates of crop-specific water needs (as in
Scenarios T1 and T2) can play a critical role in achieving water savings and enhancing the
tariff scheme’s effectiveness.

However, it is worth mentioning that the results of this study are based on a simplistic
assumption: the WUA is able to flexibly adapt the purchase of raw water according to the
new definition of water requirements (scenario T3). While this is the simplest scenario,
it may also be the least realistic and leaves several questions unanswered. For instance,
the WUA would record lower revenues, although these could be offset by lower expenses
for the purchase of raw water: How would the WUA react to a substantial reduction in
revenues? As a result of the reduction in variable costs, will farms have convenience in
reorganizing cropping patterns? Moreover, in Italy, like in other EU countries, the rigidity
of the water licensing system hinders reallocation in the short to medium term [17]. All
these points highlight the importance of adopting a more systemic approach to evaluate
the effect of the introduction of a new technology both at the farm and territorial levels.
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Another limitation of the study is that it did not consider the costs that the introduction
of the DSS brings about, nor did it consider important contextual factors that could impede
the widespread adoption of the technology in the area. Giannakis et al. [7] highlight that
Mediterranean countries (i.e., Greece, Spain, Cyprus, Malta, and Portugal) share similar
features, especially in terms of the age of the farmers’ population being greater than the
EU average, the low percentage of farmers with training, and the limited share of gross
fixed capital formation in agriculture, which expresses how much of the gross value added
is invested in the sector rather than consumed. All these indicators, while explaining to
some degree the low adoption rate of IS-DSS in the Mediterranean countries, point out
the structural characteristics of the agricultural system where policies should intervene to
promote the wider adoption of IS-DSS. Research by Panagopoulos et al. [18] on balancing
affordability and sustainability in irrigation technologies could serve as a comparison
point, especially for addressing financial barriers to IS-DSS implementation. Moreover,
as highlighted by a recent review by Ara et al. [19], the alignment between DSS features
and user needs and aspirations is important to enhance a widespread uptake of DSS. In
this regard, future research activities need to tackle relevant aspects that determine the
adoption of the DSS by evaluating the socio-economic context in which the technology
is installed.

Finally, the potential trade-offs linked to the adoption of IS-DSS could be better
explored by future studies. On the one hand, by reducing irrigation volumes, IS-DSS could
positively impact ecosystems by minimizing nutrient runoff, improving water quality, and
enhancing essential ecosystem services. On the other hand, the water saved through DSS
could be used to increase yields, shifting to more water-intensive crops, or expand irrigated
acreage [7]. This risk is particularly relevant in the study area, where farmers’ perception
of decreasing rainfall is relatively low [20]. However, the expansion of irrigated areas
may also be incentivized by the existing irrigation charging system, as the current cost
per unit area encourages farmers to rely on an unlimited water supply for irrigation [20].
Therefore, future lines of work could explore these effects and the economic costs of
irrigation, including the environmental and resource impacts.

6. Conclusions

Agriculture in Mediterranean regions heavily relies on irrigation, and the water de-
mand is expected to rise in the future due to the impacts of climate change. On the policy
side, the WFD promotes the protection of water resources and incentivizes its efficient use,
thus emphasizing the crucial role of pricing mechanism. Within this context, IS-DSS can en-
hance efficient water use, aligning with the WFD requirements. Yet, their limited adoption
in Mediterranean countries is attributed to financial uncertainties regarding benefits and
farmer risk aversion. The present study contributed to identifying an irrigation tariff based
on the estimation of optimal irrigation needs for crops. These estimations (water needs)
were derived after the adoption of the IS-DSS FLOWS on a farm located in Sardinia, Italy.

The results underline the importance of quantifying irrigation volumes and crop irri-
gation needs to set up effective pricing policy, for which IS-DSS plays a key role. However,
the evaluation should consider the complexity of the economic aspects linked to irrigation,
among them, the current charging system, the cost-recovery principle, the perception
of risk due to climate change, and the propensity of farmers to adopt IS-DSS. Only part
of these aspects were considered in this work. Future research will focus on the other
components to comprehensively evaluate solutions aiming at increasing the efficiency of
water use in agriculture.
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BF Bonifiche Ferraresi S.p.a.

DSS Decision Support Systems

IS-DSS  Irrigation Scheduling Decision Support Systems
WFD Water Framework Directive

WUAs  Water User Associations

Appendix A
Appendix A.1. The FLOW-HAGES Model: Structure and Application

FLOWS (FLOws of Water and Solutes in soils) is a dynamic physically based model
to simulate water flow and solute transport in the soil-plant-atmosphere system. The
numerical code, written in MATLAB, solves the 1D form of the Richards equation (RE) for
water flow and the 1D advection-dispersion equation (ADE) for solute transport. Heat flow
is also simulated in the model since several parameters related to nutrient reactions and
transport and various partitioning and production coefficients are strongly temperature-
dependent. As for water flow, the model allows users to set several top-and-bottom
boundary conditions, both constant and variable over time: potential and fluxes at the
top boundary and potential, and fluxes and hydraulic gradient at the bottom boundary.
Initial conditions may be presented as pressure heads, which can be either constant along
the soil profile or variable node by node. As for solute transport, the model allows for
either constant or variable solute application at the soil surface. Additionally, initial
conditions may be either constant or variable node by node. Dispersivity and decay may
also be provided for each node. For agricultural-environmental management purposes,
FLOWS enables the integrated simulation of chemical transformations and transport of
organic and inorganic carbon, nitrogen, and phosphorus simultaneously (in the same
discretization time step) with the simulation of water contents and related flows. It also
allows irrigation management, optimizing irrigation times and volumes according to a
criterion based on the average water potential in the root zone. FLOWS also simulates the
flows of water and nutrients toward artificial drainage and surface runoff. Furthermore,
the model offers the possibility to carry out multisite simulations, which can be particularly
important for spatially distributed simulations, as well as for simulations performed in a
stochastic environment.

FLOWS can predict the water and solute fluxes to runoff and drainage eventually
resulting from a single rainfall event and/or an irrigation application. Thus, a routing
model based on the kinematic wave theory, named KWV, allows the routing of the water
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runoff and dissolved solutes as overland flow and thus through the ditches and from these
to secondary drainage channel and thus to the field outlet. Figure 1 provides a schematic

representation of the FLOWS-KWYV coupling.
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Figure A1l. Schematic representation of all processes simulated in FLOWS.

Appendix A.2. Calibration and Validation Process

Modelling was supported by a large database on soil, groundwater, and surface

drainage water, which was used for establishing the boundary conditions for simulations,

as well as for the calibration and validation of the model. The calibration was made using
the measured data as input to modify, when needed, the parameters of the FLOW-HAGES
model, with the aim to minimize the difference between measured and the corresponding

simulated data. The dataset for numerical simulation included:

- Soil water content.
- Pressure head.
- Drainage and runoff flows.

- Rainfall data measured by a micrometeorological station were used as input to simu-

late infiltration, runoff generated during intense precipitation events, and daily water

balances of the system.

The following equipment was installed in four monitoring stations:

- Reflectometric probes installed at different depths (10, 30, 50, 70, and 90 cm).
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- Tensiometers at the depths of 80 and 110 cm.

- Multi-parameter probes for measuring water chemistry parameters in piezometers or
secondary drainage channels.

- Triangular weirs to measure the volume of drained water.
The simulations accurately represented surface runoff in the field. The ability of the

FLOWS model to simulate water flows into the surface drainage network and groundwater
was confirmed by comparison with field measurements.
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Figure A2. Schematic representation of the FLOWS-KWYV coupling.
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