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Abstract

Agriculture puts significant pressure on freshwater sources, which motivates the use of
reclaimed water for irrigation as a promising alternative to reduce freshwater demand
while also providing nutrients. This study applies Life Cycle Assessment to determine the
environmental impacts of irrigating a DOCa La Rioja vineyard with reclaimed water in
the cultivation of organic grapes (scenario A) and compares it with an irrigation practice
that uses canal water combined with organic extra-fertilisation (scenario B), accounting
for differences in wastewater treatment processes. Results show that scenario A reduces
impacts in categories such as global warming (16.2%) and freshwater eutrophication (25.6%)
compared with scenario B, primarily due to the lower emissions associated with reclaimed
water treatment. Additionally, a water balance was performed for the plot, which indicated
that current inputs currently exceed losses in the region, so water stress is not observed;
however, this situation may change in the near future due to population growth and climate
change. These findings underscore the need to enhance the efficiency of the reclaimed
water production, primarily by optimising its energy requirements, to support sustainable
water use in agricultural systems.

Keywords: agriculture; circular economy; grapes; irrigation; life cycle assessment;
wastewater treatment

1. Introduction

Population growth and rising food demand have driven a shift toward intensive
agriculture, characterised by heavy agrochemical use and mechanisation that degrade
soil quality [1]. These fertilisers and pesticides are later released into the soil, water, and
air as nitrous oxides, ammonia, or phosphates, posing risks to humans and animals and
contributing to climate change [2]. As a result, the sector is responsible for approximately
17% of global greenhouse gas (GHG) emissions [3]. Additionally, the agriculture sector
represents approximately 70% of global freshwater demand [4]. In Europe, about 44% of
water use is allocated to agricultural irrigation, whereas in the United States this figure falls
to 37%, with industrial and energy production constituting other major uses [5]. Currently,
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around 60% of irrigated crops worldwide are at high or extremely high risk of water stress,
highlighting the importance of addressing this issue [6].

Reclaimed water, also known as recycled water or reuse water, refers primarily to
municipal or domestic wastewater that has undergone treatment for non-potable uses.
In the agricultural sector, using reclaimed water presents significant advantages, such as
reducing fertiliser consumption (and its related emissions) and alleviating the sector’s
pressure on freshwater resources. Despite its benefits, the overall contribution of reclaimed
water remains limited. Around 1 billion m® of urban wastewater currently reused in the
European Union accounts for less than 0.5% of total freshwater extractions [7]. Spain
leads the reclaimed water production, generating approximately 347 hm? per year, of
which around 71% is allocated to crop irrigation [8]. To address concerns regarding its use,
particularly in relation to potential contaminants, the Royal Decree 1085/2024 establishes
minimum water quality parameters for safe reuse. This regulation ensures that reclaimed
water meets specific standards depending on its intended application, reinforcing its safety
and reliability [9].

The reuse of treated wastewater aligns with the principles of the circular economy
(CE) [10], as water circularity supports sustainable production and consumption through
resource recovery and the reintegration of treated water into a system [11]. Furthermore,
this approach is directly linked to Sustainable Development Goals (SDGs) [12], such as
SDG 6, which aims to improve water quality by treating and safely reusing wastewater for
irrigation; and SDG 12, which promotes responsible consumption and production through
sustainable resource use, such as water reuse in agricultural practices.

Although grape cultivation stands out as a highly widespread and economically signif-
icant activity worldwide, it contributes around 2% of GHG emissions from the agricultural
sector [13]. Regarding world wine production, Spain ranks third, following France and
Italy, with around 28.3 million hL [14]. In Spain, the region of La Rioja stands out as one of
the most renowned wine-producing areas, both nationally and internationally, accounting
for approximately 26.8% of the country’s total wine production [15]. Additionally, the
region has held the Qualified Designation of Origin Rioja (DOCa) since 1991, representing
the quality and authenticity of this product [16]. Nevertheless, vineyards in Mediterranean
areas face seasonal droughts that result in water shortages, potentially compromising yield
and grape quality [5]. Consequently, the use of reclaimed water for agricultural irrigation
is becoming an increasingly relevant strategy to address the scarcity of this resource [17].

Advocating for a sustainable agricultural sector requires the use of tools that help
quantify its environmental impacts. Life Cycle Assessment (LCA) stands out for its sci-
entific recognition for measuring key impact categories in agricultural systems, such as
global warming potential, acidification and eutrophication [18-20]. However, to provide a
comprehensive view of the impacts generated by the system under study, the inclusion of
ecosystem services (ES) is receiving increasing attention [21]. These services refer to the
direct, indirect, and intermediate benefits that ecosystems provide to people, emphasising
their contribution to human well-being [22]. Although ES encompasses a wide variety of
functions, this study focuses on those related to the water cycle, specifically water regula-
tion, to support site-specific irrigation strategies and assess the actual water availability in
the Rioja region.

In the literature, there is a discrepancy regarding the environmental advantages or
drawbacks associated with the use of regenerated water, as some studies suggest lower
impacts than conventional irrigation, while others suggest the opposite [23]. This difference
primarily depends on the technologies used for reclaimed water production, as well as the
system design (such as pumping distance to the crop) and energy mix [24]. Moreover, only
a few studies have assessed the impacts of reclaimed water use in vineyards. For instance,
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Canaj et al. [17] examined vineyards in Apulia, Italy, where reclaimed water generation
relies on filtration and UV disinfection, while Kalboussi et al. [24] evaluated a baseline
scenario in France in which reclaimed water is treated in a lagoon and through tertiary
treatment, comparing it with alternative irrigation scenarios. These studies highlight the
need for region-specific assessments and for the evaluation of different reclaimed water
production technologies.

In this context, the present study addresses this gap by pursuing two objectives:
(i) evaluating the potential environmental impacts of implementing an irrigation strategy
using reclaimed water in a vineyard in La Rioja, where fertiliser demand is reduced due to
the organic content of this water source; and (ii) estimating water stress in local conditions.
This approach enables the identification of the main benefits and limitations from a life-
cycle perspective, with the aim of promoting its future implementation in the agricultural
sector and informing the development of related policies. Furthermore, the environmental
performance of this strategy is compared with an irrigation system using treated canal
water, in which nutrients are supplied solely through organic fertilisation. The findings
provide a clearer understanding of the environmental implications of using reclaimed
water for agricultural irrigation and demonstrate its potential as a sustainable alternative
in the global context of increasing water scarcity.

2. Materials and Methods
2.1. Study Area and Evaluated Scenario

This research was conducted in a vineyard located in the La Rioja Alta subzone,
northern Spain (42°26'34.1" N, 2°30'58.2"” W) (see Figure 1), one of the three subzones
within the DOCa. The region is characterised by a continental Mediterranean climate, with
an annual rainfall of approximately 579 mm in 2024. Additional climate data, including
monthly rainfall and temperature, are provided in Tables S1 and S2 of the Supplementary
Materials (SMs) [25]. The vineyard covers a total cultivated area of about 2 ha within a
2.6 ha plot, which is completely flat. The production reaches around 5 t/ha of “Tempranillo’
grapes, yielding approximately 3.5 t/ha of wine. The soil is silty loam, low in organic
matter and has low salinity. It is also important to highlight that this vineyard operates
under certified organic farming practices, which limit the use of agrochemicals, applying
only the permitted doses.

Y=

Figure 1. View of the ICVV facilities with the vineyard area [26].
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System boundaries

2.2. Environmental Assessment

The environmental impacts of this system are quantified and analysed using an attri-
butional LCA approach, in accordance with the guidelines established in ISO 14040 and
ISO 14044 [27,28]. The following subsections outline the different phases of the method-
ology: (i) goal and scope definition, (ii) life cycle inventory analysis, (iii) life cycle impact
assessment, and (iv) interpretation of the results.

2.2.1. Goal and Scope Definition

The objective of this LCA study is to assess the environmental impacts of using re-
claimed water for irrigation process in an organic vineyard located in the Rioja DOCa,
aiming to identify potential benefits or drawbacks of applying this practice. The envi-
ronmental assessment is carried out by comparing the use of reclaimed water with a
conventional irrigated scenario. To represent this, two functional units were selected:

e  FU1L: 1 ha of cultivated land to evaluate the effects of irrigation in agricultural practices.

e FU2: 1 kg of harvested grapes to account for production yield in the environmental

profile.

These two functional units were selected to provide complementary perspectives: FU1
allows assessment of environmental impacts at the field scale, which is useful for farm
management and regional comparisons, while FU2 enables comparisons of product-level
efficiency, which is more commonly reported in the literature. The system boundaries
follow a cradle-to-farm gate approach (see Figure 2), including raw material extraction
(e.g., fossil fuels, steel), agrochemicals and machinery production, infrastructure related
to irrigation process and field operations. Furthermore, no allocation is performed, as the
total environmental impacts are assigned to the only system’s product, i.e., the grapes.
Pruning residues from the vineyards are shredded and incorporated into the soil, acting as
an organic amendment.
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Figure 2. System boundaries of grape cultivation with the main activities and processes considered.
RW is only considered for Scenario A, while TW is used in Scenario B. WWTP: Wastewater Treatment
Plant; WW: Wastewater; TW: Treated Water; RW: Reclaimed Water.
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Crop Management

The 2024 crop season under study starts in January with pruning (about 700 kg/ha of
pruning wood collected, shredded and used as soil enrichment) and ends with the harvest
in September. During April, an organic fertilisation (5% N, 5% P05 and 15% K,O) is
applied at a rate of around 700 kg/ha. Between May and July, a series of phytosanitary
treatments are carried out, in which an atomiser is used to apply approximately 25 kg/ha
of solid sulphur (98.5% sulphur), 6.75 L/ha of liquid sulphur (82.5% sulphur), 2.5 kg/ha of
solid copper (28% Cu) and 2 L/ha of essential oils. For the dispersion of these treatments,
approximately 1800 L/ha of water is required. Finally, in July, superficial tilling is carried
out with a chisel plough before the harvest.

Drip irrigation was implemented using a 1.35 kW electric pump, providing an irriga-
tion rate of 273.6 m>/ha in August, before harvesting. The characteristics of the reclaimed
and discharged water are shown in Table 1. In terms of required infrastructure, approx-
imately 600 kg/ha of galvanised steel wire and 1250 kg/ha of galvanised steel posts
were installed.

Table 1. Characterisation of the reclaimed water used for the irrigation of the vineyard.

Parameter Reclaimed Water Discharged Water
BOD <5mg/L 43 mg/L
COD 13.3 mg/L 36.6 mg/L

EC 683 uS/cm -

TSS <5mg/L 7.8 mg/L
NtoTt 144 mg/L 43 mg/L
Pror 1.7 mg/L 09 mg/L

pH 7.6 -

E. coli 12 MPN/100 mL -

BOD: Biochemical Oxygen Demand; COD: Chemical Oxygen Demand; EC: Electrical Conductivity; TSS: Total
Suspended Solids; Ntor: Total Nitrogen; Pror: Total Phosphorus; E. coli: Escherichia coli; MPN: Most Proba-
ble Number.

Regarding reclaimed water production, only the treatment stages directly related
to its generation and agricultural reuse were included within the system boundaries.
Preliminary and primary treatment steps, which are performed regardless of whether the
water is reclaimed or discharged, were excluded. In the scenario where reclaimed water
is produced, additional treatment is applied to ensure its suitability for irrigation, based
on a membrane bioreactor and ultraviolet disinfection if the water quality is not sufficient.
Conversely, when the effluent is discharged into the environment (Scenario B), it undergoes
a standard secondary treatment process. The descriptions of the evaluated scenarios are
detailed below and illustrated in Figure 3.

e  Scenario A: Corresponds to the irrigation process using reclaimed water in the vine-
yard.

e  Scenario B: Irrigation process is based on water pumped from a canal, where treated
water is stored. The nutrients, such as phosphorus and nitrogen, are provided through
organic fertilisers. The amount supplied by organic fertiliser is 3.9 kg of nitrogen and
1.1 kg of phosphorus.
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Figure 3. Flow diagram of the evaluated scenarios depending on whether reclaimed water (RW)
or treated water (TW) is used. Although the type of fertiliser used is the same, a higher amount is
required in Scenario B. WW: wastewater, (a): Scenario A, (b): Scenario B. The diagram design is
adapted from Kalboussi et al. [24].

2.2.2. Life Cycle Inventory

The environmental impacts were calculated using a combination of primary data,
obtained directly from the farmer through a series of questionnaires regarding the field
operations conducted for grape cultivation (including machinery used, diesel consump-
tion, types and amounts of agrichemicals used, irrigation method, pumping electricity
consumption and other relevant operational details). Secondary data, corresponding to
the background system (e.g., agrochemical production, or infrastructure related to the
irrigation system), were extracted from the Ecoinvent® database, version 3.8 [29]. The life
cycle inventory was modelled in the SimaPro software version 10.0 [30]. The reclaimed
water is produced at the Institute of Grapevine and Wine Sciences (in Spanish, Instituto
de Ciencias de la Vid y el Vino-ICVV) facilities from wastewater generated by the winery
itself. This process was modelled using primary data provided by the facility managers.
The inventory data for grape production are shown in Table 2. A summary of the data used
and their sources is presented in Tables S3 and 5S4 in the SMs.

A variety of empirical models were used to estimate on-field emissions resulting
from the application of pesticides and fertilisers. These include: (i) the Intergovernmental
Panel on Climate Change (IPCC) Guidelines for National GHG Inventories to quantify
both direct and indirect N,O emissions [31]; (ii) the nitrogen dioxide (NO;) and ammonia
(NH3) emission models from the European Environment Agency (EEA) and the European
Monitoring and Evaluation Programme (EMEP) [32]; (iii) the SQCB model developed by
Faist Emmenegger et al. [33] for calculating nitrate (NO3 ™) emissions; (iv) the SALCA-
P method for estimated phosphorus leaching and runoff, conducted by Agroscope [34].
Additionally, air, water and soil emissions associated with the use of phytosanitary products
are estimated according to the European Commission’s Product Environmental Footprint
Category Rules [35].

In relation to on-field emissions resulting from land use change, both indirect iLUC)
and direct (ALUC) land use change emissions were also considered. On the one hand,
iLUC refers to emissions arising from the transformation of land use in other areas as a
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consequence of the land being used for cultivating the assessed crop, as calculated following
the method proposed by Schmidt et al. [36] and considering the productivity capacity factor
outlined by Haberl et al. [37]. On the other hand, dLUC refers to emissions caused by
management practices implemented on the land under study, such as the handling of
pruning waste in the vineyard, which is shredded and left on the soil [36].

Table 2. Main inventory data associated with the viticulture system expressed per hectare of land.

Inputs Value Unit
Tractor 6.24 kg
Implement 31.8 kg
Diesel 61.3 kg
Organic N fertiliser 35%/38.9 ** kg
Organic P,Os fertiliser 35%/36.1** kg
Organic KO fertiliser 105 kg
Sulphur 30.2 kg
Copper 0.44 kg
Essential oil 1.48 kg
Steel 51.4 kg
High-density polyethylene 5.62 kg
Water for agrochemicals 1.8 m3
Electricity 32.4%/362.4 ** kWh
Irrigation water 273.6 m3
Outputs Value Unit
Grapes 6 t
Air emissions

Dinitrogen monoxide 0.81 kg
Ammonia 8.5 kg
Nitrogen dioxide 14 kg
Carbon dioxide (dLUC) —109 kg
Carbon dioxide (iLUC) 379 kg
Sulphur 2.72 kg
Limonene 0.13 kg
Water emissions

Phosphates 0.8 kg
Nitrates 65.5 kg
Sulphur 0.3 kg
Limonene 14.8 g
Copper 3.61 g
Soil emissions

Sulphur 18.14 kg
Limonene 1.33 kg
Waste treatment

Steel 51.4 kg
High-density polyethylene 5.62 kg

* for Scenario A; ** for scenario B.

2.2.3. Impact Assessment

The environmental impacts of the grape cultivation with reclaimed water was assessed
on the basis of nine impact categories with high importance in the agricultural sector:
Global Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification (TA),
Freshwater Eutrophication (FE), Marine Eutrophication (ME), Terrestrial Ecotoxicity (TET),
Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET), Fossil Resource Scarcity (FRS)
and Water Scarcity (WS). These categories are widely used in agricultural LCA studies [38],
and they are quantified using the ReCiPe 2016 v1.07 Hierarchist Midpoint World (2010)
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method [39]. Additionally, water scarcity was also assessed using the Available WAter
REmaining (AWARE) method v1.2¢ [40], providing a comprehensive metric for assessing
water scarcity impacts with region-specific characterisation factors.

Moreover, the ReCiPe 2016 V1.07 Hierarchical Endpoint World (2010) H/H method [39]
was applied to compare the valorisation profiles of both scenarios and determine which one
presents a more favourable environmental performance. This endpoint approach provides
a single score representing the overall environmental impacts, facilitating the communica-
tion and interpretation of the results, quantifying the relative severity of impacts in three
categories: Human Health (HH), Ecosystems (E) and Resources (R).

2.3. Seasonal Water Yield

Given the increasing pressure exerted on water resources both in agriculture and to
meet human consumption needs, it is essential to design strategies for optimising water
use based on its availability and periods of higher or lower water stress. To this end, the
Seasonal Water Yield model from InVEST (Integrated Valuation of Ecosystem Services
and Trade-offs) was used. This model allows for the estimation of the amount of water
available in a region during a given season, taking into account factors such as land use,
monthly precipitation, evapotranspiration, topography and vegetation type [41]. This is
fundamental for proper resource management, evaluation of the influence of land use on
water availability and support for planning and sustainable management of water resources.
The required data includes maps of monthly precipitation in the region [42], maps of
monthly evapotranspiration [43], elevation and land use maps [44,45], soil classification
maps based on drainage capacity, biophysical properties of different land uses [46] and the
number of rainfall events in the region [47].

The outputs of the model allow for a complete water balance assessment in the plot,
enabling the identification of possible accumulation or depletion of water within the
watershed. This is calculated using Equation (1):

AS =P+ Loym + Lap+ V,j+1— QF — B—ET (1)

where AS corresponds to the change in the water balance, P is precipitation (mm), Ly
is the accumulated recharge from upslope (mm), Ly, is the recharge that infiltrates and is
available for evapotranspiration (mm), V,; is the additional system recharge (can be positive
or negative) (mm), I is irrigation (mm), QF is quickflow (mm), B is baseflow (mm) and ET
is evapotranspiration (mm).

3. Results
3.1. Environmental Impact Profile: Midpoint Approach

Table 3 shows the results of the environmental impacts of grape cultivation using
reclaimed water (Scenario A) and treated water with organic extra fertilisation (Scenario B).

Regardless of the FU used, scenario A yields better results across all assessed categories,
with the smallest differences observed in SOD and WS. In the case of WS, this is expected,
as although the type and treatment of water differ in both cases, the quantity used is the
same. The results for SOD are also very similar, since this category is directly related to
on-field emissions, which include emissions resulting from the use of organic fertilisers and
approved pesticides, as well as those associated with land use change, and are identical in
both cases. On the other hand, the categories showing the most significant differences are
TA, FE, ME, FET and MET. These discrepancies arise from the fact that, in Scenario B, the
water undergoes only secondary treatment before being discharged into the environment,
leading to a higher release of substances into aquatic systems. In contrast, in Scenario A, the
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use of reclaimed water enables nitrogen and phosphorus to be directly utilised as nutrient
sources for the crop, thereby reducing their release into the environment.

Table 3. Environmental impacts per each one of the analysed scenarios.

Impact FU1: 1 kg ) FU2: 1 ha )
Category A B Unit A B Unit
GW 275 328.2 g CO; eq 1.38 1.64 tCO; eq
SOD 2.10 212 mg CFCy1 eq 0.01 0.01 kg CFCy1 eq
TA 18.9 31.8 g SO, eq 94.7 158.9 kg SO, eq
FE 0.32 0.43 gPeq 1.60 2.14 kg Peq
ME 1.88 2.65 gNeq 9.42 13.3 kg N eq
TET 2.71 3.01 kg 1,4-DCB 13.53 15.03 t1,4-DCB
FET 16.7 27.7 g 1,4-DCB 83.7 138.3 kg 1,4-DCB
MET 22.7 36 g 1,4-DCB 113.3 179.8 kg 1,4-DCB
FRS 52.6 58 goil eq 263 289.8 kg oil eq
WS 4.41 4.43 m?3 22.07 22.13 ML

GW: Global Warming; SOD: Stratospheric Ozone Depletion; TA: Terrestrial Acidification; FE: Freshwater Eu-
trophication; ME: Marine Eutrophication; TET: Terrestrial Ecotoxicity; FET: Freshwater Ecotoxicity; MET: Marine
Ecotoxicity; FRS: Fossil Resource Scarcity; WS: Water Scarcity.

The main hotspot is wastewater treatment, since 642 m3 of wastewater must be
processed to yield only 273 m? of irrigation-quality reclaimed water, equating to a recovery
rate of just 0.43 m> per cubic metre treated at the WWTP, where the production of the
necessary energy is the process that contributes the most to the environmental impact
in this subsystem. This is followed by the impacts related to the drip irrigation system,
particularly in Scenario B, where the energy required to pump water from the canal is
higher than that needed for reclaimed water. Other relevant contributions include the
production of the steel and polyethylene used to support the vineyard, field operations
and on-field emissions resulting from agrochemical use. The impacts associated with
agrochemical production are not particularly significant, exceeding 20% of the total impacts
only in FET and MET (Figure 4). This outcome is expected, as the case study concerns an
organic farm that promotes minimal use of such compounds.

80% I | I
i i!
60%
40%
20% | I I I
0% I EEE I I I I I
A B A

A A B A B A B A B ADB A B
GW  SOD TA FE ME TET FET MET  FRS WS

M Field operations  m On-field emissions m Agrochemicals

Irrigation mWWTP M Infrastructure

Figure 4. Percentage distribution of environmental impacts per year in each category analysed and
their causes. A: Reclaimed water irrigation scenario; B: Canal irrigation scenario; GW: Global Warm-
ing; SOD: Stratospheric Ozone Depletion; TA: Terrestrial Acidification; FE: Freshwater Eutrophication;
ME: Marine Eutrophication; TET: Terrestrial Ecotoxicity; FET: Freshwater Ecotoxicity; MET: Marine
Ecotoxicity; FRS: Fossil Resource Scarcity; WS: Water Scarcity; WWTP: Wastewater Treatment Plant.
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3.1.1. Global Warming

Impacts on GW are primarily driven by carbon dioxide, dinitrogen monoxide and
methane emissions [48]. Carbon dioxide is the predominant contributor, accounting for
approximately 74% of the impact across all scenarios. The main sources of these emissions
are: (i) field operations, particularly due to diesel combustion and tillage machinery
production; (ii) infrastructure, where steel production and the electricity needed account
for almost all the emissions; and (iii) wastewater treatment, mainly due to electricity
consumption. In this category, both iLUC and dLUC emissions are relatively minor. dLUC
only offsets around 7% of the total emissions, due to the low amount of pruning residues
remaining on the field, while iLUC is even less significant.

3.1.2. Stratospheric Ozone Depletions and Terrestrial Acidification

In SOD, the impacts in both scenarios are almost entirely attributable to the decom-
position of nitrogen-based fertilisers into N,O, which accounts for over 99% of the total
impacts. Emissions are nearly identical in both cases because the amount of nitrogen used
for fertilisation is the same. In Scenario B, nitrogen is provided only through organic fertili-
sation, while in Scenario A it comes from both organic fertilisation and nitrogen contained
in the reclaimed water.

Conversely, in TA, more than 90% of the impacts in both scenarios stem from water
treatment. Nitrogen dioxide released into the air during this process is the main contributor.
When combined with the large volume of water treated, this makes water treatment the
primary driver of impacts in this category. Other contributors with smaller shares include
ammonia from field emissions and sulphur dioxide generated during the production of
infrastructure and chemicals.

3.1.3. Freshwater and Marine Eutrophication

The wastewater treatment process is also the main contributor in both impact cate-
gories, accounting for 49% and 58% of the impacts in Scenario A and B for FE, respectively.
In the ME category, the treatment represents about 55% in Scenario A and 68% in Scenario
B. The second most relevant source, although considerably lower, is the field emissions
from agrochemical application. In the ME category, they represent about 45% in Scenario
A and 32% in Scenario B, while in FE, they account for 17% and 12% in Scenario A and B,
respectively. These field emissions in the FE category are primarily attributed to phosphates
released as a result of the transformation of phosphorus from fertilisers (17%), followed by
other phosphates and phosphorus emissions mainly generated during wastewater treat-
ment, as well as BOD5 and COD emissions associated with steel production, primarily due
to the use of ferronickel. Additionally, impacts arise from the production of tillage machin-
ery and the discharge of treated water into the environment. On the other hand, nitrogen
emissions from WWTP are the predominant contributors to impacts in ME, responsible for
about 55% of the total, followed by nitrate emissions resulting from the decomposition of
nitrogen-based fertilisers.

3.1.4. Terrestrial Ecotoxicity

In TET, the main hotspot across all scenarios is the production of infrastructure re-
quired for the vineyard, particularly steel, which is the most extensively used material.
These impacts are primarily caused by substances such as copper, chromium and zinc,
each contributing at least 8% of the total impact. Following this, field operations account
for approximately 18% of the contributions in both scenarios, mainly due to tillage ma-
chinery production, while agrochemical production contributes around 14%, due to the
copper used.
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3.1.5. Freshwater Ecotoxicity and Marine Ecotoxicity

Regarding FET and MET, the distribution of impacts is relatively similar. In Scenario A,
the main hotspot is the steel production required for vineyard infrastructure, accounting for
approximately 29% of the total impact. This is followed by field operations (around 28%),
particularly the production of tillage equipment, and agrochemical production at roughly
21%, mainly due to the copper used. In contrast, in Scenario B, the primary contributor is
the drip irrigation infrastructure, responsible for about 47% of the impacts. This is mainly
due to the pump, which has a significantly higher power requirement than the one used for
reclaimed water, as it must operate over a longer distance. Field operations and the steel
needed to support the vineyard structure follow, each contributing around 17 to 20%. The
main contributing substances in both categories are copper, zinc and nickel, each with a
contribution exceeding 6%.

3.1.6. Fossil Resource Scarcity and Water Scarcity

Field operations represent the main hotspot in terms of FRS, consistently accounting
for over 45% of the total impacts across all scenarios. This is primarily due to diesel
production, which contributes more than 50% of the impacts, followed by the energy
consumption related to tillage machinery production because of the large quantities of fuel
and materials required.

Regarding WS, the majority of impacts are linked to the irrigation process, with both
scenarios using approximately 4.4 cubic metres of water. Although the volume consumed is
the same, the source of the water is a crucial factor. While impacts are similar in both cases,
Scenario A uses reclaimed water, which reduces net pressure on freshwater resources by
promoting circularity and lowering dependence on surface or groundwater, an important
aspect to consider.

3.2. Environmental Impact Profile: Endpoint Approach

The environmental results were expressed as a single overall score to facilitate the
comparison between the evaluated scenarios. In this study, only the impact categories
previously selected for the environmental assessment at the midpoint level (GW, SOD, TA,
FE, ME, TET, FET, MET and FRS) are considered for the estimation of the single environ-
mental score, in view of the corresponding weighting and normalisation factors. Among
these, GW contributes to both HH and E, SOD to HH, FRS contributes to R, while the
remaining impact categories contribute to E. The findings (see Table 4) from the midpoint
analysis are confirmed: the scenario using reclaimed water presents a better overall en-
vironmental performance, with a total impact 23% lower than scenario B. Although the
impacts associated with the additional fertilisation provided by the reclaimed water are
not particularly significant, the main environmental burden in scenario B arises from the
substances discharged into the environment with the treated wastewater. Regarding the
distribution, in Scenario A, approximately 68% of the impacts are attributed to the HH
category, 29% to E and 3% to R. In contrast, Scenario B shows a higher proportion of
impacts in the Ecosystems category, as previously explained, increasing to 35%, while the
contribution to Human Health decreases to 62% and Resources remains constant at 3%.

Therefore, the use of reclaimed water exhibits better environmental performance,
demonstrating its viability from an environmental perspective in water-stressed regions by
alleviating the pressure exerted by agriculture on available freshwater resources, thereby
allowing these to be prioritised for human consumption. Furthermore, much of its environ-
mental impact comes from the treatment technology used, suggesting that enhancing this
process could reduce the overall impact, showing that there is still plenty of potential for
improving its environmental efficiency [24].
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Table 4. Endpoint damage per scenario expressed in milli points (mPt). A: Reclaimed water irrigation
scenario; B: Canal irrigation scenario.

Scenario A Scenario B
Human health 3.21 3.82
Ecosystems 1.36 2.16
Resources 0.16 0.18
Total 4.73 6.16

3.3. Water Yield Assessment

The Seasonal Water Yield model provides a comprehensive set of key parameters to
assess water availability at a specific location, which is essential for designing effective
erosion control and irrigation strategies. To analyse the water cycle within the study area,
the model generates several outputs. One of the most relevant is the annual surface runoff
map, which indicates the volume of water that does not infiltrate the soil but instead flows
across the surface towards downstream water bodies, potentially increasing erosion risk.
For the specific plot where the vineyard is located (see Figure S1 in the SMs), the estimated
quickflow is 165.61 mm per year, representing the volume of water that runs off annually
due to precipitation.

Based on this result, along with the data from the other maps generated by the
model—such as annual precipitation, water recharge and evapotranspiration—and using
the specific value calculated for the plot, these inputs can be used in Equation (1) to
determine the overall water balance:

AS =49395+3148+792+ 042736 —165.61 —7.92 —124.01 = 263.17mm  (2)

This positive value indicates a net water accumulation within the area, suggesting that
the inputs from precipitation, upslope recharge, local infiltration and irrigation exceed the
losses caused by surface runoff, baseflow and evapotranspiration. Consequently, no water
stress is expected in the vineyard plot during the evaluated period. While the absence of
drought conditions supports vine physiology and yield, it should be noted that moderate
water deficit can enhance grape composition by increasing sugars, phenolic compounds
and anthocyanins. Conversely, severe or prolonged water stress may reduce berry size,
yield, and negatively affect fruit balance [49].

However, these findings must be interpreted within the temporal and spatial limita-
tions of the Seasonal Water Yield model. The outputs represent average annual conditions
and do not capture seasonal variability or potential future climate scenarios. Therefore, the
positive water balance reported here should be considered as a short-term result. Long-term
monitoring and the integration of dynamic climate projections are recommended to better
assess future water availability and its implications for vineyard sustainability.

4. Discussion

When evaluating the results obtained from the use of reclaimed water, a literature
review of other studies focused on vineyards was conducted. Canaj et al. [50] studied
a pilot project located in southern Italy, where irrigation was carried out with a 50:50
mix of reclaimed and groundwater (3160 m>/ha) using drip irrigation. The reclaimed
water underwent tertiary treatment, including disc filtration and UV disinfection. It is
important to highlight that, compared to the conventional scenario of 100% groundwater
irrigation, the incorporation of reclaimed water led to a 9% reduction in crop yield, although
this is more associated with soil quality than with water issues. The values reported by
Canaj et al. [50] for the different impact categories per kilogram of harvested grapes were:
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0.26 kg CO; eq for GW, 0.17 g P eq for FE and 45.2 g N eq for ME. The role of the irrigation
process has a significant contribution in their study, which is consistent with the findings
of this manuscript. Although irrigation levels were more than eleven times higher, the
associated impacts accounted for around 30% of the total in GW, approximately the same
as in the present study, suggesting that the technology used here could still be optimised to
achieve substantially lower impacts. In FE, the values reported by Canaj et al. [50] are also
lower—almost 50% less than those found in this study. This difference can be explained by
the fact that, in this study, the majority of impacts are generated by emissions associated
with the water treatment process, which is not considered in the study by Canaj et al. [50].
However, in the case of ME, the impacts reported in this study are lower, primarily due
to the lower nitrogen fertilisation rate applied, approximately 40 kg/ha compared to
135 kg/ha in Canaj et al. [50]. The higher application rate in their study leads to greater
nitrate emissions, which are the main contributors to impacts in this category [51,52].

Another relevant study is located in La Rioja, where an organic system was examined.
Agraso-Otero et al. [53] reported the impacts of an unirrigated vineyard. The impacts
reported per kg of grapes were: 15.31 g CO, eq for GW, 1.36 g SO; eq for TA, 0.11 g P eq for
FE and 0.69 g N eq for ME. These impacts are considerably lower than those reported in
the present study, especially for GW, as a significantly higher amount of pruning residues
was returned to the soil, which helped reduce emissions in GW. Additionally, in this study,
the crop yield was lower compared to that reported by Agraso-Otero et al. [53]. According
to the farmers, this decrease was due to pests and animals that attacked the vineyard,
although yields are usually similar to those reported in that study.

An additional non-irrigated scenario in the region was conducted by Gazulla et al. [54].
Values of 503 g CO;, eq for GW and 2.1 g SO; eq for TA were reported per 0.75 L bottle
of wine. Given that 1.27 kg of grapes are required for one bottle, this corresponds to
396 g CO, eq and 1.7 g SO, eq per kg of grapes. For GW, the above value is approxi-
mately 30% higher than this research with reclaimed water. This may be attributed to
the application of 3.5 tons per hectare of fertilisers, whose production and use result in
considerable emissions. In contrast, for the category TA, the value is 91% lower, as the study
by Gazulla et al. [54] did not include pesticide production within its system boundaries; an
omission that likely excludes relevant SO, emissions, which are significant contributors in
this category.

Although the main contributor to the environmental profile is related to irrigation
practices, it is also important to consider that organic management strategies directly
influence soil and nutrient dynamics. Organic practices, such as the return of pruning
residues to the soil and reduced agrochemical inputs, can significantly influence nitrogen
cycling and soil carbon dynamics [55]. Organic amendments may increase soil organic
matter and enhance carbon sequestration, thereby mitigating greenhouse gas emissions [56].
However, the use of organic fertilisers can also lead to greater variability in soil nitrogen
availability and potentially higher N,O emissions if not carefully managed [57]. Therefore,
the complex interactions between soil management, nutrient cycling, and carbon storage
are highly relevant for providing a realistic assessment of the environmental impacts of
these systems.

While this study is limited to a specific vineyard located in La Rioja, characterised
by a Mediterranean—continental climate with dry summers, mean annual precipitation
of approximately 500 mm and silty loam soil, the main contributor to the environmental
impacts is the water treatment process rather than local climatic or soil conditions. Con-
sequently, the general patterns observed here may be transferable to other wine-growing
regions facing water scarcity. It remains essential to optimise the energy consumption of the
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selected technology for reclaimed water production, as its environmental viability largely
depends on this factor.

5. Conclusions

This manuscript assesses the environmental profile of an organic vineyard irrigated
with reclaimed water in the DOCa La Rioja. Scenario A, using reclaimed water, is compared
with Scenario B, where irrigation is supplied with treated canal water. Both scenarios
include wastewater treatment, although implemented differently. The reclaimed water
scenario shows better environmental performance than treated canal water, supporting its
viability for water-stressed regions by preserving freshwater for human consumption. In
contrast, the scenario with treated water is significantly penalised due to the discharge of
treated water into the environment, contributing nitrogen, potassium, COD and BODs. The
main hotspot in both systems is the water treatment process itself, suggesting that there
is still a challenge to improve the technology, and further research is needed to minimise
its environmental impacts. Furthermore, this study highlights the effective environmental
practices implemented in the vineyard and demonstrates that in this Designation of Origin,
one of the most prestigious in the world, it is indeed possible to produce wine with a low
environmental impact, supporting the transition towards a more sustainable wine sector in
the long term. Although these results were obtained in a specific region with particular
characteristics, they may be extrapolated to other regions, as the main environmental
impacts arise from factors largely independent of the vineyard itself, such as reclaimed
water production.

Regarding water availability, the water balance analysis for the region showed a net
positive value, indicating that the watershed is not currently under water stress. These
findings must be interpreted within the temporal and spatial limitations of the model, which
does not capture seasonal variability or potential future climate scenarios. However, this
does not negate the importance of strategies such as water reuse. With the ongoing effects
of climate change, including increasing global temperatures, water availability is expected
to decrease in the coming years. Implementing sustainable irrigation practices now can
help ensure long-term resilience in agriculture. In addition, more in-depth consideration of
interactions between soil management, nutrient cycling, and carbon storage is needed to
fully understand their role in shaping future emission profiles and vineyard sustainability.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/agriculture15232505/s1. Table S1: Mean temperature of the region from
2024 to 2018; Table S2: Monthly mean rainfall of the region from 2018 to 2024; Table S3: Source of
the data used for the environmental analysis; Table S4: Ecoinvent processes used for each activity;
Figure S1: Annual surface runoff map of La Rioja. The vineyard plot under analysis is highlighted by
a white circle.
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