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Abstract: Agriculture is the major water user worldwide and it is expected to be negatively affected
by climate change and water scarcity. The use of non-conventional water resources could be the
solution to overcome this issue. In fact, treated wastewater has a constant availability during the
year and it contains nutrients needed for crop growth. The aim of this research was a GIS-based
assessment of the potential for treated wastewater agricultural reuse in the Forli-Cesena province
within the Emilia-Romagna region (Italy). The results showed that, for the selected study area, treated
wastewater could satisfy up to 316% of yearly and 210% of irrigation season crop water needs at
the actually irrigated areas. Furthermore, the availability of this alternative water resource could
lead to an increase in irrigated areas. For the proposed scenario, which considered both the actually
irrigated areas as well as the irrigable areas, crop water needs could be satisfied by up to 107% on the
yearly level and 71% in the case of the irrigation season. Treated wastewater reuse feasibility was
also investigated considering the minimum water quality requirements that were recently provided
by the new Regulation (EU) 2020/741.

Keywords: treated wastewater; water reuse; agricultural irrigation; Regulation (EU) 2020/741

1. Introduction

Climate change and human activities are the main causes of water shortages and water
pollution, which represent two of the biggest challenges that humankind faces today [1,2].
The current “linear” attitude that is often applied to urban water management, known in
the sustainability literature as “the take, make, waste approach”, is becoming increasingly
unsustainable. The most obvious effect is growing water stress (insufficient water supplies)
occurring in many areas of the world, but concerns about resource consumption [3] and
contaminants dispersion (e.g., nutrients) into the aquatic environment also are growing [4,5].
Population growth and the increase in living standards are pushing the use of available
renewable resources, including water, beyond sustainable limits [1,6].

Water consumption continues to grow, negatively affecting each component of the
hydrological cycle. It is estimated that by the year 2030, more than 160% of the water that
is currently available in the world will be needed to satisfy global water needs [2,7-9].

The “Global Risks Report 2020” of the World Economic Forum indicates that water
and food crises are among the top 10 long-term risks in the impact category over the next
10 years [10].

Agriculture is the sector most affected by water scarcity. According to the Food
and Agriculture Organization (FAO) of the United Nations (UN), the annual worldwide
freshwater withdrawal is estimated to be around 4250 km? [11]. The agricultural sector,
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particularly irrigation, is the main consumer, with around 71.7% of the total withdrawal [12].
The use of “non-conventional” water resources can provide a valid alternative to cope
with water scarcity issues in agriculture, improving crop productivity and ensuring food
security as well as environmental quality [13,14]. “Non-conventional” water resources are
receiving increasing attention due to their potential to satisfy needs of different human
activities [15,16], alleviating water scarcity in agriculture while contributing to a circular
water economy [17].

Several options could be implemented in order to close the gap between water demand
and water supply for agricultural use, such as the control and reuse of (i) urban and rural
runoff water [18], (ii) desalinated saline/seawater [19,20], (iii) rain water [21], and (iv)
effluent from wastewater treatment plants (WWTPs) [2,22]. Treated wastewater reuse for
agricultural irrigation is considered the most promising strategy among the mentioned
solutions [23]. However, the majority of the treated wastewater is discharged without
being reused, implying that most of this precious resource is wasted without being ex-
ploited [24]. In addition, treated wastewater is characterized by the presence of micro- and
macro-nutrients (mainly nitrogen and phosphorus), which could be reused by farmers in
agriculture, reducing their fertilizer needs [25,26], while also avoiding the negative impact
they can have on water streams (eutrophication process) [2,27,28]. According to UN-FAO,
less than 10% of agricultural irrigated land worldwide uses “non-conventional” water [29].
The use of these resources should thus be increased to meet the growing agricultural water
demand in the future [17].

At the European level, approximately one billion cubic meters of treated wastewater
is reused annually, which accounts for about 2.4% of the WWTP discharges and less than
0.5% of annual freshwater withdrawals. The European countries that are most affected
by water scarcity belong to the Mediterranean region, namely Italy, Spain and Greece.
In these countries, the rate of the treated wastewater reuse is very low, between 5% and
12% [30,31]. Freshwater availability in the Mediterranean region is likely to experience
substantial decrease of 2-15% in the case that global temperature increase reaches 2 °C [32].
Currently, between 50% and 90% of the total water demand in the Mediterranean basin
is dedicated to irrigation, and this demand is projected to rise by 18% until the end of
the century [30,33]. For this reason, treated wastewater reuse is especially practiced in
those areas facing severe water shortages, such as Egypt [34], Jordan [35], Tunisia [36],
Turkey [37] and Saudi Arabia [38].

To address this issue and meet future agricultural water demands, it is necessary to
investigate the potential of treated wastewater reuse. Different attempts have been made
by researchers or competent authorities in order to define the exact amount of treated
wastewater that is actually exploitable for this purpose [39]. Although it is well established
that high treated wastewater volumes are available, in most cases there is a lack of data
on the real quantities that are discharged from wastewater facilities. Moreover, it is also
important to consider the geographical distance between WWTPs and agricultural fields,
because it could be the deciding factor for implementing this practice. A useful tool
for these analyses could be geographical information systems (GISs), because this tool
has been intensively used and integrated into almost every discipline to solve complex
problems [40—47] and it represents a powerful solution to real-world problems [48,49].

This research aimed to evaluate the exact amount of available treated wastewater
that could be reused for irrigation purposes. The assessment was carried out for the Forli-
Cesena province within the Emilia-Romagna region (Italy), with the aim of providing a
starting point for further studies that could be performed on a national or international
scale. With this purpose, the analysis was performed with the use of GIS.
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2. Materials and Methods
2.1. Case Study
The analyses on the potential for treated wastewater reuse in agricultural irrigation

were focused on the Forli-Cesena province (Figure 1), which is located in the eastern part
of the Emilia-Romagna region (Italy).

A Italy Emilia-Romagna region

Forli-Cesena province

L
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Figure 1. The case study of the Forli-Cesena province: Emilia-Romagna region is in the pink frame
and is zoomed in the pink hard frame; the Forli-Cesena province is in the red frame and is zoomed in
the red hard frame.

Within the selected area, the main urban centers are Forli and Cesena; however,
the province also includes some important tourist centers of the Romagna Riviera, e.g.,
Cesenatico municipality. The geomorphological diversity of this area is an element of great
impact for carrying out this work.

In this province, agricultural irrigation generally reflects the typical characteristics of
the Emilia-Romagna region, which is famous not only for orchards and vineyards, but also
for vegetables and corn production. For example, peach and nectarine fruits from the area
are protected by the Romagna IGP quality mark.

The coordination of public and private interventions for soil defense, water manage-
ment, irrigation and environmental protection within the Forli-Cesena province is entrusted
to the Romagna Reclamation Consortium (RRC).

At the time of this study (2021), the RRC managed a total area of 352,456 ha, more than
500 km of open canals (which were used as drainage systems for rainwater or agricultural
runoff, as well as to convey water for agricultural irrigation purposes) and about 800 km
of pressurized distribution systems. The main source of water in the area is the river Po,
which reaches the final users through the irrigation canal, the “Canale Emiliano Romagnolo”
(CER). The CER is 135 km long, is one of the most important hydraulic infrastructures in
the Emilia-Romagna region and is the longest artificial canal in Italy.

2.2. Data Analysis

In order to investigate the potential for treated wastewater reuse in agricultural irriga-
tion, data were collected and elaborated at the provincial level. This was done considering
the geographical distribution of all the municipal WWTPs (Figure 2) as well as all the areas
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equipped for irrigation, the actually irrigated and the irrigable areas located within the
Forli-Cesena province. WWTP data were provided by the WWTP operator (Gruppo Hera
S.p.A., Bologna, Italy), while RRC provided information on the agricultural areas as well as
on the water distribution network intended for agricultural irrigation.

& WWTPs with more than 1000 PE

¥ Wastewater treatment facilities within Forli-Cesena province

3 Municipalities belonging to the province of Forli-Cesena
3 Province of Forli-Cesena
3 _Emilia-Romagna provinces A

Figure 2. Spatial distribution of all the operating wastewater treatment facilities within the study
area and the selection of WWTPs with PE > 1000.

As mentioned above, the RRC is responsible for the water management of the water
distribution network for the entire Forli-Cesena province. The majority of the water within
the water distribution network managed by the RRC comes from CER through water intake
and pumping systems. However, not all the farms located in the province belong to the
RCC water distribution network. There are several reasons behind this: farmers own wells
and do not need service from the RRC in terms of water supply, no crops are cultivated in
their land plots, farms are not served by the RRC water network; etc.

The RRC uses an innovative irrigation control system (IrriNet) that allows quantifi-
cation of crop water needs depending on crop typology. Furthermore, knowing the crop
water needs and the surface occupied by different crops, the RRC is able to obtain the
total amount of water required by crops during the irrigation season (generally from the
beginning of March and up to the end of October). For the Forli-Cesena province, crop
irrigation is done by pressurized and open channel distribution systems, both managed by
the RRC.

The GIS analyses were based on data collected from 2017 to 2019. The selected time
interval was characterized by a high variability of weather conditions, which in turn
influenced crop water needs. Being a particularly dry year, the average rainfall during the
2017 irrigation season was lower than during the 2018 and 2019 irrigation seasons. This
difference influenced crop water needs, which were significantly higher in 2017 than in
2018 and 2019.

For this study, the mentioned data on irrigated areas and crop water needs were
provided by the RRC.

Based on these data for the selected case study, it was possible to estimate an area
equipped for irrigation equal to 12,366.27 ha, even if only a portion of it was actually
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irrigated—as better discussed below. This information was integrated with the exact
locations of the equipped areas for irrigation and the crop water needs.

Table 1 gives an example of the year 2019 for different available data (the cultivated
areas, the crop water needs and the delivered volume for crop typology).

Table 1. Cultivated areas, crop water needs and delivered volumes to crops for the Forli-Cesena
province during the 2019 irrigation season.

Cultivated Crop Water Delivered

1 2
Crop Area P1 Needs Volume P2

[Typologyl [ha] [%] [m3 ha—1] [m3] [%]
Grapevine 964.28 15.18 618.1 600,668.5 7.73
Peach 883.83 13.91 647.9 588,604.3 7.57
Summer horticultural crops 508.93 8.01 1487.2 740,942.8 9.53
Apricot 471.33 742 1564.1 395,328.8 5.08
Maize 443.84 6.99 744.1 323,263.1 4.16

Green bean 433.79 6.83 886.5 759,958.9 9.77
Actinidia 368.18 5.79 3440.8 1,270,785.2 16.34
Summer seed crops 221.52 3.49 326.9 72,165.5 0.93
Onion 218.70 3.44 1658.1 374,710.9 4.82

Pear 195.56 3.08 1682.6 331,710.9 4.82

Plum 185.23 2.92 1609.6 307,506.8 3.95

Apple 173.08 2.72 3067.3 537,608.4 6.91

Sugar beet 150.66 2.37 387.00 58,306.2 0.75
Spinach 135.83 2.14 187.1 25,572.3 0.33
Winter seed crops 109.85 1.73 148.0 107,299.0 1.38
Legumes 105.58 1.66 355.0 16,262.0 0.21
Sugar beet for seed 98.59 1.55 1074.8 429,184.2 5.52
Walnut 97.64 1.54 4418.6 37,479.1 0.48
Khaki 85.35 1.34 1829.6 142,775.5 1.84
Potato 81.59 1.28 1750.0 156,601.7 2.01

Other fruit crops 78.60 1.24 1902.4 150,654.9 1.94
Spring horticultural crops 60.46 0.95 570.0 34,750.5 0.45
Tomato 50.97 0.80 873.7 45,333.2 0.58
Strawberry 46.99 0.74 600.0 28,195.3 0.36
Cherry 45.50 0.72 774.4 35,060.0 0.45
Nursery crops 39.95 0.63 1579.5 60,793.4 0.78
Bamboo and Paulownia 31.38 0.49 600.0 18,829.7 0.24
Greenhouse crops 19.37 0.30 1669.3 34,018.9 0.44
Cut flowers 13.45 0.21 3775.2 4184.9 0.05
Other crops 33.41 0.53 - 87,272.7 1.12
Total 6353 100 - 7,775,425 100

1 P1 = Cultivated area/total irrigated area. 2 P2 = Delivered volume/total introduced volume into the water
distribution system.

As reported in Table 1 for the 2019 irrigation season, the most common crops were
grapevines, peaches, summer horticulture, apricots, maize, green beans and actinidia. Wal-
nut water needs were the highest (4418.6 m3 ha~1), followed by cut flowers (3775.2 m3 ha™1),
actinidia (3440.0 m® ha=!) and apple trees (3067.3 m3 ha™1).

On the other hand, actinidia was the crop with the highest percentage (16.34%) of
delivered volume with respect to total introduced volume in the water distribution system
by the RRC, although the cultivated actinidia area was 2.6 times lower that of grapevines,
which occupied the biggest area. Actinidia was followed by green beans and summer
vegetables, and high percentages were also detected for grapevines and peaches. The
contributions related to all the other crops was definitely lower.

Table 2 shows the total amount of users served by the RRC, the actually irrigated areas,
the volumes introduced into the distribution system (pressurized and open channel), the
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volumes delivered to each user and the theoretical crop water need calculated by the Irrinet
system.

Table 2. Data for the different distribution systems from 2017 to 2019.

Distribution Year Users Actually Water Withdrawal Delivered Theoretical Crop
System Irrigated Area from CER Volume Water Needs
[Typologyl [Number] [hal [m3] [m3] [m3]

2017 2345 4684.51 9,216,383 9,216,383 12,432,229
P ved 2018 2353 4624.51 6,429,751 6,429,751 7,279,715
ressurize 2019 2348 4919.39 6,437,025 6,437,025 6,132,885
average 2349 4742.80 7,361,053 7,361,053 8,614,943
2017 517 1502.17 13,936,110 3,209,558 3,163,117
Open channel 2018 525 1378.00 15,533,985 1,916,303 1,874,534
P 2019 521 1434.05 13,661,926 1,691,510 1,642,540
average 521 1438.08 14,377,340 2,272,457 2,226,730
Total (average) 2870 6180.88 21,738,393 9,633,510 10,841,673

The data in Table 2 were grouped according to the water supply system type (e.g.,
pressurized and open channel distribution systems). During the 3 years (2017-2019), the
number of users served by the RRC was constant (2349 and 521, as averaged values for
pressurized and open channel distribution systems, respectively).

The actually irrigated areas served by the pressurized distribution systems were
higher (4742.80 ha) than those served by open canal distribution systems (1438.08 ha). On
average, the total actually irrigated area (6180.88 ha) was lower than the area equipped
for irrigation (12,366.27 ha), indicating that about 50% of the areas served by the RRC
distribution network were not irrigated by it.

The water volumes that were delivered to the irrigated areas changed significantly
within the three-year period. In particular, in 2017, these volumes were around 25% higher
than the three-year average value, despite the fact that the irrigated area did not vary
considerably in the same period. The reason lies in the fact that 2017, if compared to 2018
and 2019, was characterized by a lower rainfall intensity and, therefore, crop water needs
were higher.

The last column of Table 2 reports the theoretical crop water needs estimated by the
Irrinet system. The RRC water distribution network is equipped for quantification of
the exact water volumes delivered to the actually irrigated areas. For the pressurized
water distribution network, the RRC considers water losses to be negligible and, therefore,
considers the delivered water volume to be the same as the one introduced into the network.
On the contrary, for the open canal network, water losses are considerable, mainly due to
water evaporation and water infiltration. In this case, the water volume delivered to users
was estimated by the Irrinet system considering the crop water needs (the average value
equals 2,226,730 m3). As expected, the volume introduced into the open canal network
was 6.5 times higher than the theoretical crop water needs, mainly due to the overall
water losses, with the open canal network efficiency being about 16%. However, part of
the infiltrated water probably increased the soil moisture of nearby irrigated areas, thus
reducing crop water needs.

The RRC also collects information (e.g., crop extension and typology, etc.) on the other
cultivated areas that are not served by the consortium and where irrigation water is not
requested by the farmers due to different reasons: (i) the cultivation of specific crops (e.g.,
autumn-winter cereals) that do not require irrigation; (ii) the aquifer level during growing
period is high enough to allow the capillary rise and, therefore, additional irrigation is not
needed; (iii) the RRC distribution network does not reach these areas; (iv) groundwater is
used as an irrigation source.
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These cultivated and potentially irrigable areas could be irrigated by the RRC, which
would bring economic and environmental advantages. In fact, an extension of the existing
RRC water distribution network would minimize groundwater withdrawals, resulting in
the reduction of costs connected to groundwater extraction, the preservation of ground-
water water resources and the decrease of saline intrusion events in the coastal areas.
Furthermore, the use of treated wastewater could further reduce the amount of freshwater
intended for agricultural irrigation, including the water withdrawn from CER by the RRC.

In accordance with the aim of this study, in the next section, outcomes from the GIS
analyses have been reported and discussed in order to evaluate the potential for treated
wastewater reuse in agricultural irrigation within the Forli-Cesena province. Firstly, the
most suitable WWTPs within the study area were selected. As reported below, for the
selected WWTPs, the capability of the treated water to meet crop water needs, as well as
the feasibility of treated wastewater reuse, were assessed, also considering the minimum
water quality requirements introduced by the new European Regulation (EU 2020/741)
on treated wastewater reuse for agricultural irrigation [50]. Then, two different scenarios
were identified in which water reuse was assumed to be main source for (i) the irrigation of
actually irrigated areas and (ii) the irrigation of land areas which are potentially irrigable;
thus allowing, in this case, the extension of the existing RRC water distribution network as
well as of the number of users it serves.

3. Results and Discussion
3.1. WWTPs Selection

The exact localizations of the currently operating wastewater treatment facilities were
marked through the opensource QGIS software (v. 111) by using their GPS coordinates
(Figure 2). As shown in Figure 2, about 200 such facilities were identified within the
Forli-Cesena province. However, a large number of these cannot be defined as WWTPs
(i-e., Imhoff systems), because their function is to treat wastewater only from single users or
from very small populated areas. The contribution of these wastewater treatment facilities
was therefore considered to be negligible for the purposes of the present study; thus, only
the WWTPs with a population equivalent (PE) higher than 1000 were selected. By applying
this criterion, the number of selected WWTPs was significantly reduced (21 compared to
200) (Figure 2).

Following this, a further selection of WWTPs was carried out based on the criterion
of their proximity to the areas actually irrigated with RRC water, in order to reduce costs
and negative environmental impacts connected to the treated wastewater transport and
supply. Therefore, by applying this criterion, a total number of five WWTPs were selected
(Figure 3). These WWTPs were Forli, Pievestina, Cesena, Cesenatico and Savignano, all of
which are located within the coastal plain (Figure 3). In fact, the WWTPs located on the
Apennine chain have been excluded due to the excessive distance between the WWTPs
and irrigated /irrigable areas.

All the five selected WWTPs are characterized by the presence of the activated sludge
biological oxidation process and their operating conditions, and the design parameters
were investigated (Table 3).

In all of the selected WWTPs, treated wastewater is discharged into open canal systems
managed by the RRC, whose main function is to convey treated wastewater to the receiving
water bodies (e.g., the Adriatic Sea). Because the study area was mostly flat, treated
wastewater discharge point altitudes were between 19 and 23 m above the sea level for
four of the selected WWTPs (except for the Cesenatico WWTP, for which the altitude was
only 3 m above the sea level, due to its proximity to the Adriatic coastline).
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Figure 3. Spatial distribution of the selected WWTPs within the study area based on the proximity

criterion.

Table 3. Selected wastewater treatment plants (WWTPs) located within the Forli-Cesena province

and their main characteristics.

WW Population 1 Treated Wastewater
Ps Equivalent (PE) Treated Wastewater Discharge Point Altitude
[Name] [Number] [m3 year—1] [m s.l.m.]
Cesena 197,500 7,021,721 21
Cesenatico 120,000 4,715,863 3
Forli 250,000 15,753,861 23
Piavestina 5200 462,331 23
Savignano 139,000 6,255,403 19
Total 711,700 34,219,179 -

1 data refer to 2018.

Treated Wastewater Analysis for the Selected WWTPs

The treated wastewater can be reused in agriculture for irrigation purposes only if it meets
the pre-established minimum quality requirements. To this end, the European Community
has recently adopted the new Regulation (EU) 2020/741 [50], which defines four different
water quality classes (A, B, C and D) as well as the permitted uses and irrigation methods
for each of the above-mentioned water quality classes (EU 2020/741—Annex [—Section 2—
Tables 1 and 2 [50]).

Based on the limits reported in the mentioned regulation, the water quality for each
WWTP effluent was evaluated by analyzing the data provided by the WWTP’s operator.
In particular, the analysis was carried out for the three-year period (from 2017 to 2019),
considering all the available physical, chemical and biological data.

Table 4 summarizes the results of the data analysis. For each WWTP, the percentage of
water samples falling within each class defined by the EU regulation (A, B, C and D) was
calculated, distinguishing all the parameters reported in the legislation (E. Coli, BODs and
TSS). The percentages were expressed as the ratio with respect to the total number of water
samples that were analyzed.



Sustainability 2022, 14, 9364

90f17

Table 4. Percentages of water samples that met the minimum water quality requirements for the
selected WWTPs (data from 2017 to 2019).

E. Coli BODs TSS
WWTP’s Territorial Area

A B C D A B,C,D A B,C,D
Cesena 17.6% 76.5% 94.1% 100.0% 98.6% 100.0% 87.1% 90.0%
Cesenatico 75.0% 100.0% 100.0% 100.0% 98.6% 100.0% 51.4% 85.7%
Forli 76.5% 100.0% 100.0% 100.0% 97.1% 100.0% 87.1% 90.0%
Pievestina - - - - 94.1% 91.2% 73.5% 88.2%
Savignano 23.5% 64.7% 100.0% 100.0% 92.9% 100.0% 75.7% 97.1%

The results in Table 4 show that, from a microbiological point of view, treated wastew-
ater from the Cesenatico and Forli WWTPs was the most suitable for reuse in class A
(<10 number 100 mL’l), with E. Coli percentages of 75.0% and 75.6%, respectively. On
the contrary, lower percentages for the Cesena and Savignano WWTPs (17.6% and 23.5%,
respectively) were detected and no microbiological data were available for the Pievestina
WWTP. It is important to note that these values refer only to the three-year period from 2017
to 2019, keeping in mind that the treated water quality can be different over time, mainly
due to climatic conditions, raw wastewater features and WWTP treatment efficiency.

All the selected WWTPs provided high percentages of samples that met the classes
B, C and D—except for the Pievestina WWTP, for which, during the three-year period,
microbiological data were not available. High microbiological standards in WWTPs are
essential to ensure that the microbial risks associated with the treated wastewater reuse
are minimized.

As for BODs, which defines the amount of organic matter contained in treated wastew-
ater samples, it was possible to observe that the obtained percentages (ranging between
91.2% and 100%) were very high for all of the WWTDPs, showing that treated wastewater
was mostly suitable for all of the water quality classes. With regard to TSS, the presence
of suspended solids was higher in the treated wastewater discharged by the Cesenatico
WWTP, which provided the lowest percentage (i.e., 51.4%) of treated wastewater that could
be reused as class A (<10 mg L~'). The percentages of the other WWTPs were lower
and they ranged from 73.5% to 87.1%. However, for TSS, the percentages referring to the
possible application of treated wastewater for categories B, C and D were found to be quite
high (i.e., from 88.2% to 97.1%), indicating a low risk for the detection of excessive amounts
of TSS, which could be the cause of soil plugging in water distribution systems.

Although the above parameters have been discussed separately, it should be noted
that they must meet all the limits imposed by the Regulation (EU) 2020/741 at the same
time in order to permit the treated wastewater reuse.

A further analysis was performed on the nutrients content of the treated wastewater.
In regard to this, both the WWTP operator and the Regional Agency for Environment
Protection (ARPA) periodically carried out analyses on treated wastewater that aimed
to definite the total nitrogen (N) and total phosphorus (P) content. These elements are
essential nutrients for plant growth, and their presence enhances water value in irrigation.
However, when discharged in excessive amounts on land, nitrogen can also lead to the
pollution of groundwater. The total nutrients amount was calculated by multiplying
their concentrations (data from the sample analyses) and the treated wastewater volumes
that were discharged by the WWTPs (Table 3). The calculation referred to the year 2018,
which was selected based on having the highest amount of available data. As shown
in Figure 4, considering all the selected WWTPs, the total volume of treated wastewater
(34,219,179 m3 year’l, Table 3), for the year 2018, implied that 318.70 tons of nitrogen and
14.98 tons of phosphorus were released from the WWTPs throughout the year.
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Figure 4. Amount of (a) total nitrogen (N) and (b) total phosphorus (P) within the treated wastewater
in 2018, expressed both monthly and yearly.

However, considering only the eight-month irrigation season from March to October
(red rectangles in Figure 4), the estimated nutrients amount was 196.95 tons for nitrogen
and 9.96 tons for phosphorus. Furthermore, in Figure 4, it is shown that the monthly
contributions were similar throughout the year for nitrogen, while some fluctuations for
phosphorus were observed.

These results confirm that the nutrient recovery from wastewater can be a sustainable
approach to reduce the use of fertilizers in agriculture, with both economic and environmen-
tal benefits. Indeed, the reuse of treated wastewater could help in overcoming the limits
of implementing expensive treatment techniques for nutrient recovery [51], as well as cur-
tailing pollution and damage to the environment. All of these aspects are reported within
different sustainable development goals promoted by the United Nations [52]—boosting
further investigations involving the use of sustainable development goals Assessment as a
novel approach [52,53].

3.2. Treated Wastewater Reuse
3.2.1. First Criterion: Actually Irrigated Areas

As the first criterion, the volume of treated wastewater produced by the selected
WWTPs was evaluated in order to investigate its potential reuse for irrigation of actually
irrigated areas served by the RRC water distribution network.

Figure 5 shows the actually irrigated areas that were served by the RRC pressurized
(green polygons) and open channel (yellow polygons) water distribution systems. The total
extension of the actually irrigated areas was 6180.88 ha (Table 2) and their crop water needs
were estimated by the IrriNet system as being 10,841.73 m3 year~! (Table 5). The majority
of this annual estimated volume was requested by crops during the irrigation season
(from March to October). Therefore, treated wastewater reuse, with a total production of
34,219,179 m® (sum of all selected WWTPs discharged flows) (Table 3), could have satisfied
316% of the yearly crop water needs estimated by IrriNet system for the irrigated areas
(Table 5). The irrigation demand, on the other hand, is higher during the irrigation season,
during which the selected WWTP discharges could satisfy the 210% of the crop water needs
(Table 5). However, this does not mean that the treated wastewater produced beyond the
irrigation season needs to be lost. That volume could be stored in reservoirs and then reused
during the irrigation season, which is the period with the highest irrigation water demand.
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Figure 5. Areas of the Forli-Cesena province actually irrigated by RRC pressurized and open channel
distribution systems.

Table 5. Crop water needs and the potential of treated wastewater to satisfy crop water needs for
actually irrigated and irrigable areas.

Crop Water Potential of Treated Wastewater

Irrigated Areas Needs to Satisfy Crop Water Needs
Irrigation
3 8
[Typologyl [ha] [m”] Yearly Season
Actually irrigated areas 6180.88 10,841,673 3 316% 210%
Irrigable areas 14,049.50 21,169,708 3 162% 108%
Actually trrigated + 50 230382 32,011,381° 107% 71%

irrigable areas

1 average value for the three-year monitoring period (from 2017 to 2019); the irrigated areas are served by

both pressurized and open channel distribution systems; 2 estimated value; 3 average value for the three-year
monitoring period (from 2017 to 2019); estimated value by IrriNet system.

However, water losses within the distribution systems need to be considered as well.
In that case, the discharge from the selected WWTPs (34,219,179 m3 ) could satisfy 105%
of the crop water needs within the actually irrigated areas during the irrigation season,
or even up to 157% if treated wastewater is stored during winter and used beyond the
irrigation season.

3.2.2. Second Criterion: Irrigable Areas

As the second criterion, new areas suitable for irrigation (“irrigable areas”) were
considered. Data related to their extension, spatial localization and crop typology were
collected from the RRC. They were then elaborated in GIS for their spatial analyses, with
the aim of evaluating the possibility of extending the current water distribution network,
starting from the already existing part.

By adopting a multi-buffer analysis performed by the plug-in available in QGIS
software, the areas at a 5 km distance from the five selected WWTPs were marked with
a circle (Figure 6), including the irrigated areas, the water distribution system and the
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main hydraulic infrastructures (pumping stations and drainage gates) that were near the
selected WWTPs.

@ Canale Emiliano-Romagnolo (CER)
Q 1 — Pressurized distribution systems . ?md WHIPs
— Main conveyance systems = Multi-buffer from selected WWTPs

- 5 e _— x O Forli-Cesena municipalities
* Selected district pumping stations and district drainage gates

™ Actually irrigated areas served by open channel distribution systems

= Actually irrigated areas served by pressurized distribution systems

7%

Figure 6. Multi-buffer analysis results from the selected WWTPs and suitable irrigation infrastructures.

Adopting the proximity criterion, a new layer was created as a new polygon shape
file by grouping the actually irrigated areas at a 5 km distance from the selected WWTP
plants, regardless of whether they were served by pressurized or open channel distribution
systems (Figure 7).

Y]

B Actually ¥rigated aress served by pressurized distribution systems = Main conveyance systems.

I Actually ¥rigatad areas served by open channe! distribution systems . Selected WWTPs
— Canalc Emillano-Romagnolo {CER) T Selected actually irrigated areas
e Selected district pumping stations and district drainage gates [ Forli-Cesena muricipalities

~— Pressurized distribution systems Irrigated aress not served by RRC

Figure 7. Selection of the actually irrigated areas close to the selected WWTPs.
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In order to facilitate reaching the water distribution systems and to select new irrigable
areas, a new buffer analysis was performed using the buffer plug-in available in QGIS
software (Figure 8). The new layer combined two criteria: (i) areas within a 5 km range from
the selected WWTPs, and (ii) areas located at a 2 km distance from the water distribution
system nodes and other irrigation infrastructures. The second criterion was chosen because
the distance of 2 km was considered small enough for the simple hydraulic interventions
needed for distribution system expansion and, therefore, it would allow an increase in
irrigable surface area. In that way, all of the areas that could be served by treated wastewater,
regardless of their actual irrigation status, were considered.

1

@ Canale Emiliano-Romagnola (CER) . Selected WWTPs

—— Pressurized distribution systems || 2-km buffer

—— Main conveyance systems Selected actually irrigated areas

* Selected district pumping stations and district drainage gates Trrigated areas not served by RRC
‘*ﬂ

Figure 8. Buffer analysis results for the selection of new irrigable areas.

The new irrigable areas are shown in Figure 9, after overlaying the buffer analysis
results with the new layer containing them.

The irrigable areas shown in Figure 9 could be served with the treated wastewater
discharged from the five selected WWTPs due to their connection to the RRC distribution
network. The total extension of these areas was calculated to be 14,049.50 ha (Table 5). Most
of them were identified within the flat land, and the remaining along the foothills. The
crop water needs of the irrigable areas were estimated by the IrriNet system to be equal
to 21,169,708 m3 year‘l. The GIS outcomes confirmed that 108% of this water demand
could be satisfied by exploiting the treated wastewater from the selected WWTPs during
the irrigation season (Table 5).

The last GIS elaboration was carried out to investigate the potential for treated wastew-
ater reuse in both the actually irrigated and irrigable areas, together (Figure 10), which
have total crop water needs of 32,011,381 m3 yearfl. It was calculated that the total treated
wastewater from all of the selected WWTPs could cover 71% of this water demand during
the irrigation season (Table 5). However, storage of the treated wastewater produced by the
selected WWTDPs beyond the irrigation season could completely satisfy crop water needs.



Sustainability 2022, 14, 9364 14 of 17

\

‘@ Canale Emiliano-Romagnolo (CER)

* Selected district pumping stations and district drainage gates
@ sciccted wwips
2-km buffer
Irrigated areas not served by RRC
[ Emilia-Romagna provinces
W Selected irrigable areas

| s Canale Emiliano-Romagnola (CER) @ sciected wwvTes

~—— Main conveyance systems D Emilia-Romagna provinces
~—— Pressurized distribution systems
B Irrigable arcas @ District pumping stations

Actually irrigated areas served by pressurized distribution systems @ District drainage gates

[ Actually irrigated areas served by open channel distribution systems

o

Figure 10. Actually irrigated and irrigable areas within the Forli-Cesena province.

4. Conclusions

The aim of this research was to assess the potential of treated wastewater reuse in
agricultural irrigation for the Forli-Cesena province within the Emilia-Romagna region
(Italy). The analysis was carried out by means of GIS software, using data provided by the
RRC within the time interval 2017-2019 for the elaborations.
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In particular, two different criterions were applied in order to evaluate the capability
of treated wastewater to satisfy crop water needs in actually irrigated areas and in new
irrigable areas, respectively.

The GIS results showed that, for the actually irrigated areas, crop water needs could
be largely satisfied by treated wastewater, also considering water losses due to water infil-
tration and evaporation. Furthermore, GIS results confirmed the possibility of extending
the water distribution network beyond the actually irrigated areas, creating new irrigated
areas (irrigable areas). In addition, in this case, crop water needs could be largely satisfied
by treated wastewater, confirming that it is a valuable and alternative water resource that
can help to increase food production and thereby meet the growing food demand.

The results highlight that, for the selected study area, treated wastewater reuse for
irrigation purposes in agriculture could help to mitigate water scarcity events. In particular,
treated wastewater represents an alternative and constant water resource quantity over
time, which could replace freshwater withdrawals. Furthermore, wastewater is a resource
that is rich in nutrients (mainly nitrogen and phosphorus), which are essential for crop
growth. Hence, treated wastewater reuse in agriculture could also reduce the use of
chemical fertilizers.

However, because treated wastewater reuse is still not a widespread practice in Italy,
the future research should concentrate on the exact quantification of the fertilizers saved
depending on the water characteristics. In addition, any effect that this practice has on
crops should be also investigated, because these are very important points when addressing
the sustainability issues of wastewater reuse.
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