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Abstract
Improving the management of irrigation schemes is a priority in the Mediterranean countries of the EU to achieve the 
objectives of the Water Framework Directive 2000/60EC. In the case of schemes based on open-channel networks for water 
conveyance and delivery, a limitation to the management efficiency is the huge number of gates that need to be controlled 
and regulated manually to adapt the flow to the actual irrigation water demand. Automated and coordinated gate regulation 
of large irrigation schemes has been successfully implemented in some areas of the world (e.g., NSW, Australia), but it 
implies huge public investments that are often unavailable. Opposite to this top–down approach, the Lombardy region (the 
largest irrigated region in the EU) has explored an approach based on funding small projects, which should demonstrate the 
potential of innovation in irrigation practice and foster the expansion of the most effective measures. In this paper, we analyze 
the effects of one of these projects, consisting in the substitution of a manual gate, controlling the supply of irrigation to a 
150 ha irrigation district, with an automated, remotely controlled gate. Nine years of daily flow measurements at the district 
inlet, provided by the irrigation consortium that manages the gate, were compared with the rigid flow regulation that was 
applied when the inlet gate was manually regulated and with the irrigation water requirements simulated with a distributed 
agro-hydrological model widely used in the region for irrigation accounting and planning. The results show that the flexible 
regulation allowed by the new gate provided an average water saving of 12,000 m3/ha/year compared to the rigid regulation 
system. A further, though smaller, margin of improvement of 5000 m3/ha/year can be achieved with an optimal regulation 
that follows exactly the crop water requirements. A further interesting empirical evidence is that the simulation model fits 
very well the irrigation water requirements of the district using only easily accessible meteorological input data, without 
exploiting any information from ground or remote sensors to update soil moisture or crop developments during the season. 
This indicates that it could be effectively used, with very limited costs and effort, to support and improve the gate manage-
ment. Finally, a preliminary economic analysis shows that the cost of the gate installation is sustainable, but the upscaling 
of this type of intervention to larger areas requires the support of public funding to cover approximately half of the cost of 
investment needed for the networking infrastructures.

Introduction

The conveyance and distribution of water for irrigation 
through open channels is the oldest and still the most wide-
spread technique in the world for delivering water to the 
farms in irrigated areas (Smith et al. 2016). As a result 
of potential climate change impacts on water resources 

availability predicted by IPCC scenarios (Pachauri et al. 
2014), national and local governments in many areas have 
promoted modernization of irrigation schemes that are often 
based on simply substituting traditional open-channel sys-
tems with pressurized networks (García et al. 2014). This 
approach, which at a first glance might appear the best solu-
tion for improving water use efficiency, has proved to trig-
ger considerable side effects leading to a drastic increase in 
water costs, mainly due to the higher energy requirements 
(Tarjuelo et al. 2015; Perry et al. 2017). Emblematic cases 
occurred in Spain, as reported, for example, in García et al. 
(2016), who present an analysis on five irrigation districts of 
Andalusia indicating an average reduction in water diverted 
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for irrigation of 23%, but an increase in water costs of 52%: 
farmers were led to choose more profitable crops due to the 
higher water costs, and this in turn further increased the 
energy consumption and reduced the water savings due the 
higher water requirements of the new crops (Rodríguez Díaz 
et al. 2011).

Building on the results of these experiences, soft-path 
approaches based on the idea that efficiency depends to a 
large extent from how a system is managed and not only 
from the inherent characteristics of the system itself, were 
developed (Masseroni et al. 2017). In particular, the trino-
mial Measure × Model × Manage (M3) appears a formula 
that might permit to shift to an “effective efficiency” concept 
that includes interactions among irrigation, environment, 
landscape and cultural heritage (Haie et al. 2008; Mateos 
2008).

In this context, the application of flexible, automated 
regulation devices for managing irrigation at different lev-
els (from irrigation district to individual fields) appears 
as a viable solution that can be exploited in many cases to 
increase water conveyance and distribution efficiency of 
open-channel networks, without altering significantly their 
original characteristics. Hydraulic infrastructures based on 
a system of automatic gates located in strategic points of the 
irrigation network allow to maintain optimal water levels 
along the length of a channels, providing more consistent 
and reliable flows through farm service points (Bath and 
Hirekhan 2015; Bonet et al. 2019; Gillies et al. 2010; Gil-
lies and Smith 2015). One of the first and largest systems of 
this type has been developed during the last two decades in 
New South Wales (NSW, southern Australia). It combines 
gate synergic operations and network controls, and now rep-
resents the flagship of a group of irrigation consortia where 
the entire network of channel is remote-controlled and the 
delivery of water to farmers can be made completely on-
demand (Kong et al. 2019). The system also provides the 
accurate, continuous and distributed measurement of water 
flows, which allows the precise control of the efficiency of 
the different irrigation network components and the applica-
tion of solid criteria for the partition of costs among farmers 
(Khatavkar et al. 2020; Zheng et al. 2019).

The large-scale improvements of irrigation systems in 
NSW were funded through massive public investments to 
return water to the environment and to make agricultural 
industries more competitive and sustainable in light of cli-
mate change (National Water Commission 2013). A total 
of 500 million of AU dollars were invested in 10 years 
(2009–2019) to refurbish 626 km of delivery channels, 
install or upgrade 8518 outlets and structures (flumes, 
meters, telemetry, offtakes, automation etc.), to the ben-
efit of more than 300 farms and of the environment (about 
90∙109 l per year of water savings are retained by farmers 

and 140∙109 l per year are returned to the environment). 
Moreover, a detailed study on the Murrumbidgee Irriga-
tion Area (about 660,000 ha) found that about 130 extra 
full-time jobs were created, with positive impact on local 
economy that increased on average of about 20 million of 
AU dollars per year (Dwyer et al. 2019).

Despite the encouraging results obtained in the Austral-
ian agricultural context, the application of these flexible 
systems for managing gravity-driven irrigation struggles 
to be implemented in many other areas of the world. In 
the EU, only few and more limited experiences are run-
ning in some irrigation districts in France, Spain and Italy 
(Masseroni et al. 2018). In the case of Italy, this is due 
not only to the lack of public investments, but also to the 
historical character of the majority of the most important 
irrigation systems, which have been developed since the 
Middle Age and reached a large expansion already in the 
XV century. This determines not only a great complexity 
of the network topology, but also a high historical and 
environmental value and a deep stratification of water 
rights that has solidified over centuries and can hardly be 
scratched (Ricart and Gandolfi 2017; Ricart et al. 2019).

Given these conditions, a different strategy has been 
followed by the government of the Lombardy Region, 
which is the most important region in Italy both from the 
industrial and agricultural point of view, with over 7000 
km2 of irrigated surfaces and close to 1000 m3/s diverted 
for irrigation. This strategy has been based on promoting 
bottom–up initiatives in the form of “information and pilot 
project actions” with the main purpose to attest the poten-
tial of innovative irrigation management systems at the 
farm and district scales, fostering the collective sharing of 
the modernization objectives. A total of 20 million Euros 
of the European Rural Development Plan were allocated 
during the period 2014–2020.

In this work, we examine and discuss the results 
obtained in one of these demonstration projects, consist-
ing in the transition to a flexible and remote-controlled 
management of an irrigation diversion of the irrigation 
consortium Garda Chiese in northern Italy, which conveys 
water to an area of 150 ha. In particular, the effect of the 
introduction of the remote control is compared with the 
previous regulation, based on the manual operation of the 
gate according to a very simple operational rule (constant 
flow rate) and with an optimal regulation, which follows 
exactly the actual irrigation requirements of the crops in 
the district. The analysis is based on the flow measure-
ments available at the district inlet over the last nine irri-
gation seasons (2011–2019) and includes an assessment 
of both the actual and potential water savings and the eco-
nomic sustainability of the investment and management 
costs of the new gate.
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Materials and methods

The case study

The case study is represented by an irrigation district of 
about 150 ha (Ponte Trento irrigation district) with a sin-
gle inlet, which diverts water from the Virgilio channel 
(the main channel deriving up to 24 m3/s from the Mincio 
river) at the heart of the Padana plain in northern Italy, the 
largest irrigated plain in the EU (Fig. 1).

The Virgilio channel is managed by the irrigation con-
sortium Garda Chiese, which controls the irrigation supply 
over an area of 75,000 ha, just south from the Garda Lake, 
including the Ponte Trento district. The district consists 
of about 50 fields, of about 3 ha average area, mainly cul-
tivated with fodder crops, where maize has been predomi-
nant since many years. Downstream of the Ponte Trento 
inlet the water is delivered to the fields through a dense 
network of unlined open ditches (about 5 km) and is then 
applied onto the fields with surface irrigation methods, 
mainly border irrigation. The consortium estimates that 
conveyance and distribution losses in the district amount 
to about 30% of the flow at the district inlet, mainly due 
to infiltration from the ditch. The soils are quite homo-
geneous and their texture is predominantly loam and 
sandy-loam; the water table depth is of about 5 m from 
the ground surface, thus allowing to consider irrelevant 
the crop water uptake from the capillary fringe.

Previous to the installation of the new gate, the regula-
tion consisted simply in a fixed opening of the gate dur-
ing the whole irrigation season (from the 15th to 39th 
week of the year, i.e. from April to September), with an 
inflow that normally remained close to the target value of 
360 l/s. This corresponds to about 2.5 l/s/ha, which is the 
specific value of gross irrigation water requirements that 
has proved to be representative of the crop demand in the 
peak period, based on empirical evidence deriving from 
the long-lasting experience of the consortium. The main 
characteristics of the study domain are reported in Table 1.

Few gate maneuvers during irrigation season were per-
formed manually by the consortium operators, only when the 
flow rate fluctuations caused by level changes in the Virgilio 
channel were significant (typically in dry years). We will 
use the acronym RR (Rigid Regulation) in the following to 
identify the historical management.

Flexible regulation features of the inlet gate

In 2010, the Garda Chiese irrigation consortium obtained 
funding from the Lombardy Region to implement a demon-
stration project consisting in the substitution of the manually 
operated gate of the Ponte Trento district with a remote-con-
trolled gate, provided with a device for the accurate meas-
urement of the inflow. The gate installed is a FlumeGate® 
automatic gate (by Rubicon Water (AU) enterprise) that is 
characterized by a compacted system composed by a tipping 
gate, a sonar flow meter, a data transmission modulus and an 
electronic operational system which allows a remote control 

Fig. 1   Case study domain. In 
the picture location of diversion 
point on Virgilio channel and 
the irrigation district served by 
it are shown
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of the gate and a real time registration of system conditions 
(Fig. 2). All systems are self-powered with a solar panel. 
The gate has been operational since 2011 and inflow data 
are available since then.

Since the installation of the new gate, the management 
criteria have changed, as the remote control allowed to regu-
late the gate opening more promptly in response to crop 
water requirements and rainfall events. Specifically, the 
regulation policy adopted by the Consortium follows a sea-
sonal pattern, where the inflow to the district varies during 
the season according to a reference irrigation demand that 

is slightly adapted on a weekly basis to follow the crop phe-
nological stages of the current season. Sudden deviations 
from the pattern are applied only when weather forecast 
predicts more than 5 mm rainfall depth over the next 24 h: 
in this occurrence, the gate is normally closed. We will use 
the acronym FR (Flexible Regulation) to identify this new 
management policy.

We will consider also a third gate management pol-
icy, called OR (Optimal Regulation), which assumes that 
inflow through the gate follows exactly the actual gross 
irrigation requirements of the district. This policy will be 

Table 1   Main characteristics of the study domain

Description Value

Coordinates of the Ponte Trento district 45°17′59″ N–10°41′43″ E
Total area irrigated by Ponte Trento diversion point 150 ha
Number of filed included in the district 50
Mean dimension of the fields included in the district 3 ha
Crops cultivated in the district Fodder crops (mainly maize)
Characteristics of the irrigation water delivery network inside the 

district
Water delivered through gravity force within unlined canal and ditches

Total length of the irrigation network which delivers water from Ponte 
Trento diversion point to each field

5 km

Irrigation season From April to September
Gross irrigation water requirement 2.5 l/s/ha
Irrigation method adopted in the district Surface irrigation (mainly border irrigation, with irrigation depth of 

about 170 mm for each irrigation intervention)

Fig. 2   The FlumeGate installed 
at Ponte Trento diversion point
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used as a benchmark to assess the improvements attained 
with the FR compared to the OR and to quantify the fur-
ther margin of progress that could be achieved. The main 
differences of each method of gate regulation are depicted 
in Fig. 3 and reported with more details in Table 2. In our 
analysis, the actual irrigation requirements were derived 
through the application of an agro-hydrological model, 
using the historical data of 2011–2019. Operationally, they 
could be estimated in real time through a combination of 
ground and remote sensing and simulation models (Vanino 
2018; Coppola 2019).

Estimation of irrigation water requirements

The irrigation water requirements of the Ponte Trento dis-
trict were estimated using the IdrAgra model (Gandolfi et al. 
2010). IdrAgra is a distributed-parameter, conceptual model, 
which allows the simulation of the distribution of irrigation 
water and the computation of the daily soil–water balance. 
IdrAgra is the reference model used for the assessment of 
crop water requirements in the Lombardy region and is rou-
tinely used by the regional authority and the irrigation con-
sortia for irrigation water use accounting and for planning 

Fig. 3   Flowchart of the three approaches of gate regulation (i.e. rigid regulation, flexible regulation and optimal regulation)

Table 2   Main characteristics of water supply provided by the three different methods of gate regulation

Gate regulation Description

RR—rigid regualtion Gate regulation is performed manually by technicians of irrigation consortium and mainly based only on their exper-
tise. The diverted water flow is constant during the season

FR—flexible regualtion Gate regulation is remote-controlled by the control room of the irrigation consortium and follows a seasonal pattern. 
The diverted water flow is slightly adapted on a weekly basis to follow the crop phenological stages of the current 
season. Gate is closed when weather forecast predicts more than 5 mm rainfall depth over the next 24 h

OR—optimal regulation Gate regulation is completely automatized and managed through the outputs the agro-hydrological model. The 
diverted water flow is equal to the actual irrigation water requirement of the district
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interventions (Gandolfi et al. 2007, 2008; Vassena et al. 
2012; Galelli et al. 2010).

The model includes three main modules dedicated to 
specific tasks: water sources, conveyance and distribution, 
soil–water balance. The water-balance module (Galelli et al. 
2010) accounts for the spatial variability of soils and crops 
and of meteorological and irrigation inputs, by subdividing 
the basin with a regular mesh: soil and crop characteristics, 
meteorological inputs, and irrigation supply are homogene-
ous in each cell of the mesh but may vary from cell to cell. 
Each cell identifies a soil volume which extends from the 
soil surface to the lower limit of the root zone. The repre-
sentation of hydrological processes is one-dimensional. The 
soil volume of each cell is subdivided into two layers: the top 
one (evaporative layer) represents the upper few centimeters 
of the soil, while the bottom one (transpirative layer) repre-
sents the root zone and has a time-varying depth according 
to the development of crop roots. Evaporation from the first 
layer and root water uptake for transpiration from the sec-
ond layer are modelled with the FAO dual-crop coefficient 
approach (Allen et al. 1998). The two layers are modelled 
as two non-linear reservoirs in cascade, whose water reten-
tion and hydraulic conductivity curves are modeled with 
the Brooks and Corey (1964) and van Genuchten (1980) 
functions. The water percolating out of the bottom layer con-
stitutes the recharge to the groundwater system.

Dataset and model setting

IdrAgra simulation was run over the period 2011–2019 
using the daily timeseries of the relevant meteorological 
variables (i.e. air temperature, air humidity, solar radiation, 
wind velocity and rainfall), measured in a gaging station 
very close the Ponte Trento irrigation district, managed by 
the environment agency of Lombardy Region (ARPA Lom-
bardia, https​://www.arpal​ombar​dia.it/Pages​/Meteo​rolog​ia/
Richi​esta-dati-misur​ati.aspx). Soil hydraulic parameters 
were derived from the 1:50,000 pedological map of Lom-
bardy Region (Regione Lombardia 2011), combined with 
field observations of the physico–chemical characteristics of 
8 soil profiles, using the Rawls and Barkensiek Pedo-Trans-
fer Function, which were tested in a previous study in the 
area with fairly good results (Baroni et al. 2010; Calzolari 
et al. 2000). Finally, land use map was available in each year 
in a raster 20 × 20 m2 format from the same regional source 
(SIARL; ERSAF 2019). The crop parameters (crop coeffi-
cient, leaf area index, root depth, crop height) were obtained 
by combining information from local studies (Facchi et al. 
2013; Autorità di Bacino del Fiume Po 2003; Baldoni and 
Giardini 1982); Borgarello et al. 1993) and standard interna-
tional references; (Huygen et al. (1997); Allen et al. (1998)). 
The duration of the phenological phases for each crop was 

adapted from Donatelli (1995) and Stockle and Nelson 
(1996), using local observations.

A mesh size of 250 × 250 m2 was selected as a good com-
promise between discretization accuracy and detail afforded 
by the available information. Irrigation is automatically 
applied by the model to each individual cell when the water 
content of the rooted soil layer drops below a threshold 
which is fixed at the field capacity minus 70% of the Readily 
Available Water (RAW). The irrigation depth at each irriga-
tion intervention is fixed at 170 mm. This value was provided 
by the irrigation consortium based on extensive empirical 
observations on the border irrigation practiced by farmers in 
the area. The total weekly irrigation volume cumulated for 
all the cells in the district (total number of weekly irrigation 
applications times the irrigation depth times the cell sur-
face area) was considered to be representative of the actual 
district irrigation demand, i.e. of the volume that should be 
allowed to flow through the gate at the district inlet under 
the Optimal Regulation (OR) policy.

Results and discussion

The main results of our study are summarized in Table 3 in 
terms of seasonal values of the main variables for each of the 
nine years since the inception of the FR policy. The input data-
set covers a wide range of meteorological conditions, includ-
ing three years with significantly above-average rainfall depth 
during the irrigation season (2013, 2014 and 2016) and 2 years 
below-average (e.g. 2011 and 2015), as shown in Table 3. It 
can be noticed that the precipitation depth (P) in the wettest 
year (477 mm in 2014) is almost twofold the one in the dri-
est (278 mm in 2015), both deviating almost exactly 100 mm 
from the average (378 mm). Estimated evapotranspiration, on 
the contrary, shows a smaller variability, as expected: values 

Table 3   Precipitation (P) and evapotraspiration depth (ET), specific 
irrigation supply with rigid gate regulation (HRR), flexible regulation 
(HFR), and optimal regulation (HOR); all values are cumulated over 
the interval from the 15th to 39th week

Year P (mm) ET (mm) HRR (mm) HFR (mm) HOR (mm)

2011 304 549 2500 1744 736
2012 356 656 2500 1705 865
2013 443 644 2500 903 621
2014 477 568 2500 912 464
2015 278 683 2500 1463 969
2016 476 642 2500 1088 537
2017 337 628 2500 1104 806
2018 363 661 2500 1210 769
2019 364 709 2500 1245 896
Average 378 638 2500 1264 740

https://www.arpalombardia.it/Pages/Meteorologia/Richiesta-dati-misurati.aspx
https://www.arpalombardia.it/Pages/Meteorologia/Richiesta-dati-misurati.aspx
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range from a minimum of 549 mm in 2011 to a maximum of 
709 mm in 2019, with an average of 638 mm.

Seasonal irrigation volumes supplied by the RR policy were 
estimated based on the constant inflow of 360 l/s and account-
ing for the estimated 30% conveyance and distribution loss 
within the district. Therefore, the average flow available for 
irrigation is 250 l/s, corresponding to a water depth, averaged 
over the whole irrigated area in the district, of 2500 mm. This 
value represents obviously an upper boundary, which, how-
ever, is not far from reality in districts, in the Consorzio Garda 
Chiese and elsewhere, where gates are still regulated manually 
and very rarely during the season.

With the RR, a significant part of the irrigation volume is 
not actually applied to the fields, particularly during wet spells, 
and is drained outside the district. Indeed, the seasonal irriga-
tion volumes drop very significantly with the FR policy, which 
is more reactive to rainfall events and more adherent to the 
actual pattern of crop water requirements. Seasonal volumes 
range between 903 mm in 2013 and 1744 mm in 2011, with an 
average of about 1264 mm, about half of the RR value.

A further decrease of the volumes could be potentially 
achieved through the OR policy, i.e. by supplying exactly the 
residual volume of crop water requirements that is not satisfied 
by rainfall and that needs to be provided through irrigation 
to avoid crop water stress. Opposite to HRR, HOR represents 
a lower threshold that could be reached through an optimal 
management exploiting a perfect knowledge of crop water 
requirement. Though ideal, it provides a useful reference for 
interpreting the efficiency of the flexible management. HOR 
values range from a minimum of 464 mm in 2014 (the wet-
test agricultural season) to a maximum of 969 mm in 2015 
(the driest one), with an average of 740 mm, i.e. more than 
one-third smaller than the FR value and three times smaller 
than the RR.

These results are somehow consistent with previous expe-
riences of irrigation channel modernizations, such as the one 
of the large-scale rehabilitation of irrigation systems in the 
Murray-Darling basin (NSW), where the transition from a con-
dition, close to the RR, to the new one, close to OR, through 
the installation of automated controls on all channels, allowed 
to obtain water savings of about 65% on average (Murray-
Darling basin authority 2012).

A deeper insight into the impacts of the FR and OR 
polices is provided by Fig. 4 that shows the weekly pattern 
of all variables in each year since the installation of the 
new gate. It can be noticed that FR tends to stick close to 

the RR value during the first year, deviating significantly 
only on the occurrence of heavy rainfalls in week 23. OR 
pattern is much more variable and the gap in net water 
supply to the district with FR and RR is huge, both sea-
sonally (RR = 2500 mm, FR = 1264 mm, OR = 740 mm) 
and during the peak irrigation demand period (typi-
cally weeks 22–34, when RR = 1300 mm, FR = 929 mm, 
OR = 589 mm).

After the first, running-in year, that was needed to get 
familiar with the new device, the FR tends to become more 
dynamic, moving away from the RR and matching progres-
sively better the OR, with a continuous improvement dur-
ing the years, as it can be seen also Table 4 and Fig. 5. The 
table shows that the coefficient of determination between 
the weekly values of HOR and HFR starts very low in the 
first year, increases starting from the second, peaks to 0.83 
in 2013 (mostly due to an anomalous wet start of the season 
where the gate was kept closed both by FR and OR), to 
stabilize then above 0.6 in the second triennium and finally 
above 0.8 in the last one. Figure 5 shows the time pattern of 
the ratios HOR/HFR and HOR/HRR calculated for each year, 
both over the whole irrigation season and over the peak 
irrigation demand period (weeks 22–34). It can be noticed 
that, as expected, the RR performs better during the peak 
demand period and particularly in dry seasons, while it is 
more interesting to observe that the FR performs in a very 
similar way in the two periods (except for the first two years 
of adaptation). Clearly, the largest water savings occur at 
the beginning and at the end of the season, but they are very 
significant also in the peak demand period.  

A further interesting observation that can be derived from 
the analysis of Fig. 4 regards the peak weekly values of HOR 
and HFR. Not surprisingly, during the peak demand period 
of each year, the HFR values get very close or reach the HRR 
constant inflow of 100 mm/week (corresponding to the net 
available flow of 250 l/s) (see the gray bars and orange lines 
in Fig. 4). In fact, as already mentioned, the Consortium 
considers this value representative of the peak irrigation 
demand of the Ponte Trento irrigation district based on its 
long-lasting experience in the district management. More 
significant is to notice that the irrigation demands estimated 
by the IdrAgra model, without any parameter calibration, 
captures quite well this value, which is almost exactly 
reached in 2011 and closely approached in most of the other 
years. In few years (see 2013 and 2014), peak values are 
smaller, due to less demanding meteorological conditions.

Table 4   Determination coefficient between the weekly values of HOR and HFR during the irrigation season, years 2011–2019 (from 22 to 
34 week)

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019

R2 (HOR−HFR) 0.16 0.53 0.83 0.63 0.71 0.63 0.91 0.87 0.84



370	 Irrigation Science (2021) 39:363–373

1 3

These results demonstrate that the FR policy has been 
quite rapidly assimilated by the irrigation consortium and 
that the transition from RR to FR has allowed significant 
water savings. Moreover, they show that the policy adjust-
ments tend to match progressively more and more precisely 
the pattern of irrigation requirements estimated a posteriori 
by the IdrAgra model. If, as it seems reasonable, the skill of 
the consortium to manage the gate according to the actual 
irrigation requirements of the district has increased during 

the years, this provides an empirical evidence of the good 
ability of the model to describe the farmers’ irrigation prac-
tices and to simulate the dynamics of water in the soil–crop 
system within the district (Fig. 5).

Water saving and economic impact

An analysis of the economic sustainability of the transition 
from RR to FR and, eventually, to OR was conducted. The 

Fig. 4   Comparison between rigid regulation (RR), flexible regulation (FR) and optimal regulation from 15 to 39th week of the years 2011–2019. 
Precipitation is included in the figure
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economic impact was assessed considering a volumetric water 
tariff of about 0.021 €/m3, as found by Monaco and Sali (2014) 
comparing different tariffs adopted by irrigation consortia in 
northern Italy. The fixed costs determine 80% of this tariff, 
while variable costs, related to amount of water actually deliv-
ered, cover the remaining 20% (i.e. 0.0041 €/m3).

Considering the average water-saving, about 12,000 m3/
ha/year were saved switching from RR to FR, with a further 
reduction of 5000 m3/ha/year if potential transition from FR 
to OR is applied (see Fig. 6). The gross return is about 52 
and 21 €/ha/year, respectively, from RR to FR and from FR 
to OR. If this economic saving is compared with the ini-
tial investment (about 600 €/ha), the investment is repaid in 
about 11 years for the RR to FR transition or about 8 years 
for the RR to OR transition.

These figures, although based on a simplified analysis, 
show that the adoption of automated gates, has a potential 

both in terms of environmental and of economic sustain-
ability, despite the very low cost of water. Upscaling from 
a small district to larger areas—i.e., to the whole area 
where the Virgilio channel supplies irrigation, in our case 
study—obviously implies further investments in the net-
work services (main channel gates and control system) 
that are needed to exploit the benefits of the coordinated 
management of a huge number of automated gates, like the 
one installed in the Ponte Trento district. Public incentives 
are therefore necessary to cover these infrastructural costs, 
to maintain a time of repayment of the whole interven-
tion of about ten years. A similar incentive strategy was 
experimented in NSW irrigated areas, where investments 
were fully repaid between 5 and 15 years if application 
of automatic systems for gravity-fed irrigation is evalu-
ated both at farm and irrigation district scales (Gillies and 
Smith 2015; Gillies et al. 2010).

Fig. 5   Inter-annual pattern of 
OR/RR and OR/FR over the 
whole irrigation season (solid 
lines) and during the peak irri-
gation demand period (weeks 
22–34, dotted lines); precipita-
tion depths during the same two 
time periods are also shown

Fig. 6   Water and economic sav-
ing from RR to FR and from FR 
to OR transition processes
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Conclusion

We examined the effects of the transition from a rigid regula-
tion (RR) policy of the inflow to a 150 ha irrigated district 
in the Padana plain (Italy) to a more flexible regulation (FR) 
policy, allowed by the installation of an automated, remotely 
controlled gate at the district inlet. The analysis of nine years 
of daily measurements of the inflow shows that the FR adop-
tion halves the seasonal water supply to the district, com-
pared to the RR. The water savings are less pronounced if 
only the peak irrigation demand period is considered, but 
they remain very significant (about 30%). Additional sav-
ings can be achieved if the empirical criteria adopted by the 
irrigation consortium to manage the gate are complemented 
with estimates of the actual crop water requirements pro-
vided by an agro-hydrological model. Assuming a perfect 
knowledge of the district irrigation requirements (optimal 
regulation, OR), the average seasonal water savings reach 
70% of the RR volume and 40% of the FR one. Again, these 
savings are smaller over the peak demand period, but still 
very significant.

A remarkable observation is that the FR becomes more 
dynamic already after the first year and progressively in the 
following ones, moving away from the RR and matching the 
OR increasingly well. This demonstrates that the adaptation 
of the management to the new technology is quite rapid and 
provides empirical evidence of the good ability of the agro-
hydrological model to describe the farmers’ irrigation prac-
tices and to simulate with sufficient accuracy the dynamics 
of water in the soil-crop system at the district scale.

Finally, a preliminary economic analysis shows that the 
time of repayment of the automated gate is about ten years, 
based on the local cost of irrigation water.

These results can be considered very satisfactory in view 
of the framework in which the transition from RR to FR 
was realized. In fact, the automated gate was co-funded by 
the regional government as a demonstration project to foster 
innovation in water management in the Lombardy region. 
Our analysis confirms that there is a large potential for the 
application of these devices, both in terms of environmental 
and of economic sustainability. However, upscaling from a 
small district to larger irrigation systems—e.g., to the whole 
area where the Virgilio channel supplies irrigation—has a 
number of implications in terms management, requiring 
further investments in the network services (installation of 
automated gates in the main channel and implementation of 
an integrated control system). These will need the support 
of public incentives to cover at least part of these infrastruc-
tural costs, to maintain the time of repayment of the whole 
intervention in the order of 10 years.
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