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Abstract: Vineyards in southeastern Spain, although subjected to a semi-arid climate, generate
multiple environmental and socioeconomic benefits. However, they have an uncertain future, mainly
due to the price of grapes, as well as the limited water resources and the effects of climate change. For
this reason, in this work a sustainability evaluation was carried out through life cycle costing analysis
(LCC) combined with life cycle assessment (LCA) for four vineyard models characteristic of the area:
two rainfed (conventional and organic) and two irrigated (conventional and organic). The greatest
differences in the cost structure between the rainfed and irrigated systems are due to the amortization
of the infrastructure of the irrigated vineyards, which requires high gross production, via productivity
in kilos or in a grape price that prioritizes quality. In addition, the environmental impacts are greater
due to this infrastructure. The differences between conventional and organic production for each
type of vineyard are of little relevance. The inputs of this crop are minimized, to lower costs, and this
entails low economic and environmental costs. However, conventional management entails slightly
higher impacts than organic management.

Keywords: life cycle costing; life cycle assessment; socioeconomic analysis; environmental impacts;
vineyard; Monastrell

1. Introduction

The wine sector in Spain plays a fundamental role in the economy, as it contributes
significantly to GDP (Gross Domestic Product) and job creation. At a global level, Spain
has the greatest area of vineyards (915,000 ha) and is also the leader in organic vineyards
(121,000 ha). It is the third-largest producer of wine, at around 38 million hL. These facts
indicate the socioeconomic relevance of wine production at the national level. The sector
generates a gross value added (GVA) of more than 223,700 million euros, equivalent to
2.2% of the Spanish GVA, and sustains around 427,700 jobs [1]. Winemaking in Spain is
characterized by being geographically widespread, since wine is produced in practically
the entire country. About 150 native grape varieties are grown in the country, which
give rise to a wide range of wines. In addition, there is an extensive network of quality
indicators: 97 Denominations of Origin (DD.OO), 42 protected geographical indications,
and 26 premium wines [1].

The Region of Murcia (southeastern Spain) is situated in an intermediate position in the
Spanish national panorama, hosting 2.43% of the total vineyard area (23,251 ha) and 1.94%
of the wine production (738,192 hL). Murcia has three DD.OO (Jumilla, Yecla, and Bullas)
and one protected geographical indication (Vino de la Tierra “Campo de Cartagena”) [1].
It should be noted that in the regional context this sector plays an important historical–
cultural, environmental, economic, and social role. Viticulture in the Region of Murcia
produces benefits: environmental, since it preserves the landscape against the advance
of desertification, and socioeconomic, linking the population to the territory through the
generation of wealth and employment [2,3].
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The grape variety Monastrell is grown in around 80% of the vineyards in Murcia, as
it is a highly rustic variety with the ability to withstand long periods of drought. It has a
medium-high sensitivity to mildew and powdery mildew, and is very resistant to phyl-
loxera, excoriosis, gray rot, and moths [3]. This variety is grafted on a rootstock; the ones
most used in Murcia are 161-49 de Couderc, 110 Richter, and 140 Ruggeri. They all confer
medium-high resistance to active limestone in the soil and drought, the edaphoclimatic
conditions characteristic of this area [3,4].

However, in Murcia, the area occupied by vineyards in 2020 was 21,759 ha, while in
2011 it was 29,791 ha. In other words, in 10 years the area has been reduced by 8032 ha
(26.96%). This decrease is fundamentally due to the decrease in the rainfed area, which has
declined by 6082 ha (27.38%) in this same period [5]. The irrigated area has been reduced
by 25.74%, although in absolute terms the loss of area has been less (1905 ha). This drastic
decline in the area devoted to wine grape production is mainly due to the low prices paid
for the grapes, which has made many farms economically unviable. Above all, rainfed
farms and those with under-resourced irrigation have disappeared, as they are the most
vulnerable, both from a production perspective and from a climatological point of view.
The reduction of vineyard crops in the region of Murcia in the last decade is linked to a
certain profile of the farmers and/or land uses (age, type of farm, method of cultivation of
the vineyard, area of the farm, structure of farm ownership, etc.). Unfortunately, we do not
have information in this regard.

Another factor, in addition to the low price paid for the grapes, caused by the afore-
mentioned circumstances, is the most widespread form of payment in the southeast of
Spain (€ kg−1). This system prioritizes productivity over quality, so that the less productive
farms, which are those that produce higher quality grapes (rainfed and under-endowed
irrigated land), often fail to reach viability [6,7]. This fact causes (1) a sustained loss in the
area of regional vineyards. This represents a serious socioeconomic and environmental
problem, since there are few crops that are viable in the face of advancing desertification;
(2) an increase in the size of the farms that resist, with an accompanying economy of
scale. This has caused the Region of Murcia to have the largest wine grape farms in the
country [8]. Even so, the wine sector accounts for approximately 1.57% of the value of
agricultural production in the Region of Murcia; it comprises 3308 wine grape growers and
83 wineries [1]. It is important to point out that organic vineyards represent almost 50% of
the total vineyard area.

Within Spain, the southeast is considered the area of the country most vulnerable to
the impact of climate change, as its edaphoclimatic conditions are very limiting and are
becoming more acute. In viticulture, this phenomenon already has an influence on the
phenology of the vine and on the composition of the grape berry, with yields being reduced
and the concentrations of sugars, acids, and polyphenols being affected. This influences
the quality of the wine, producing changes in chemical and microbiological aspects and
modifying the organoleptic characteristics [9]. Currently, many farms and wineries in
Murcia are taking measures to mitigate and adapt to climate change.

Another problem facing this region is the process of desertification [10,11]. In a
semi-arid zone in which water resources are highly limiting [12,13], in terms of both
availability and price, it is essential to search for systems and strategies that maximize
efficiency and productivity in the use of water [4]. The diversity of water sources used
(surface, underground, transfer, reclaimed, desalinated) determines a price that is highly
variable from one Irrigation Community to another in Murcia, but the prices are generally
high, exceeding, in many cases, €0.30 m−3 [14]. Due to these limitations, regulated deficit
irrigation (RDI) and alternative techniques based on it, such as partial root drying (PRD),
have been widely tested in various territories of the Region of Murcia and for Monastrell in
particular [6,9,15].

The intensification of agriculture during the green revolution meant an increase in
productivity, but also converted the agri-food sector into one of the largest consumers of
raw materials and energy. The widespread adoption of intensive production systems has
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resulted in agriculture causing or contributing to various environmental impacts: global
warming, potential acidification, depletion of abiotic resources, etc. [16]. In addition, the
rate of growth of these impacts is higher than the rate of regeneration of ecosystems, which
will generate significant long-term environmental consequences and serious social and
economic damage. Currently, in the European Union, this sector is responsible for 10% of
greenhouse gas emissions, it is the main source of ammonia emissions (90% of the total
produced), and it consumes 40% of the freshwater resources [17,18].

Given this situation, in recent decades consumer awareness of the impacts of the agri-
food sector has been increasing. Environmental concern is now a key variable in purchasing
processes, and in some cases consumers are willing to pay an added value premium for
products that are sustainable [19,20]. This is reflected in the increased consumption of prod-
ucts with eco and bio certifications [21]. In this way, the reduction of these environmental
impacts represents one of the most significant challenges for developed countries and is
being firmly supported by the European Union through the European Green Deal and the
Climate Target Plan for 2030 [22]. These are intended to reduce emissions and to increase
renewable energy and energy efficiency.

In relation to this, Life Cycle Assessment (LCA) is a powerful tool that allows evalua-
tion of the environmental impact of a product, service, or process, considering the entire
life cycle or a part of it [23]. This methodology has been widely used in agricultural produc-
tion [24,25], especially in wine grape cultivation [16,26], in order to identify the processes
that entail greater environmental impacts, so that cleaner alternatives can be employed to
minimize them. In addition, LCA applied together with Life Cycle Cost (LCC) is proving to
be a very useful tool to assess sustainability in agricultural production [27–31], as well as in
aquaculture [32], since it allows the evaluation of the production and environmental costs
in a productive system, so that scenarios can be achieved that allow economic profitability
at the lowest possible environmental cost.

The purpose of this work is to evaluate the current sustainability of wine grape
cultivation in the three DD.OO in the Region of Murcia, where, as previously stated,
cultivation occurs in unique soil and climatic conditions, which are problematic for its
viability. To do this, first four vineyard models were established based on the information
provided by the wine sector; and second, an economic and environmental analysis was
developed, through an LCC and an LCA.

2. Materials and Methods
2.1. Data Collection

This work was carried out within the framework of the Qvalitas Operational Group,
made up of the Coordinating Union of Farmers and Ranchers Organizations (COAG) and
the wineries Esencia Wine Cellars (Jumilla), Bodegas Castaño (Yecla), and Bodegas del
Rosario (Bullas). All are located in the Region of Murcia. These three wineries grow their
own crops and represent three very important Designations of Origin in southeastern Spain.
From the data collected from these entities and companies in various surveys carried out in
situ, four vineyard systems were identified and four production systems were established:
(i) conventional rainfed vineyard (CR); (ii) organic rainfed vineyard (OR); (iii) conventional
irrigated vineyard with trellis formation (CI); and (iv) organic vines on irrigated land with
trellis formation (OI).

2.2. Characterization of the Zone

The production of wine grapes in the Region of Murcia is concentrated in two areas:
Altiplano (DO Jumilla and DO Yecla) and Northwest (DO Bullas). These are inland areas
with a continental Mediterranean climate, with scarce and irregular rainfall typical of
semi-arid areas. The average annual precipitation in the last 20 years in this area is 305 mm,
while the evapotranspiration is 1195 mm. The average annual temperature is about 16 ◦C.
Being inland areas, they are not influenced by the sea and have extreme temperatures. In
the summer, the temperature frequently exceeds 35 ◦C, while winters are cold, reaching
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temperatures below zero (data extracted from [33]). The soils are poor in organic matter,
with a high pH, low salinity, and high contents of calcium carbonate and active limestone.
Most of them have a clay-loam or sandy-clay loam texture [15,34].

In the Region of Murcia, 96% of the grape production corresponds to red varieties, the
most widespread being Monastrell, which occupies 80% of the vineyards of the indicated
DD.OO [3,5]. The area dedicated to Monastrell in southeastern Spain represents 99% of
the total national area for this variety, it being a very localized variety that has adapted
to the arid conditions of this territory. It is grafted on rootstocks, among which are:
161-49 Couderc, 110 Richter, and 140 Ruggeri.

2.3. Establishment of Vineyard Production Systems

This work was carried out within two operating groups in which the partner entities
were COAG, Esencia Wine Cellars, Bodegas Castaño, and Bodegas del Rosario. Based on
the information provided by these entities, the characteristics of the four vineyard models
were established (Table 1).

Table 1. General characteristics of the four vineyard models. CR: conventional rainfed; OR: organic
rainfed; CI: conventional irrigation; OI: organic irrigation.

CR OR CI OI

Useful life of the vineyard (years) 30 30 25 25

Average area (ha) 30 30 10 10

Planting scheme (m × m) 2.5 × 2.5 2.5 × 2.5 3 × 1.2 3 × 1.2

Yield in productive years
(kg ha−1) 3500 3250 8000 7250

Non-productive years 2 2 2 2

Partially productive years (%) * 1 (50%) 1 (50%)

Infrastructure
(Useful life, years) ATW (30 yrs.) ATW (30 yrs.)

ATW (25 yrs.)
WR (25 yrs.)
IE (15 yrs.)
IN (10 yrs.)

ATW (25 yrs.)
WR (25 yrs.)
IE (15 yrs.)
IN (10 yrs.)

Fertilizer balance
(N-P2O5-K2O) 20-12-35 20-12-35 42-23-73 42-23-73

Inorganic fertilizers Nitrates
Phosphates

Nitrates
Phosphoric acid

Organic fertilizers Manure,
Organic Organic

Phytosanitary
Sulfur

Penconazole
Bacillus thuringiensis

Sulfur

Sulfur
Penconazole

Bacillus thuringiensis
Glyphosate

Sulfur
Carbonate (**)

* Percentage of yield in productive years. ** potassium hydrogen carbonate. ATW: Agricultural tools warehouse.
WR: Water reservoir. IE: Irrigation equipment. IN: Irrigation network.

2.3.1. Rainfed Vineyards

For both rainfed vineyard models in which the vines have a goblet form (CR and OR),
the established average holding is 30 ha, with a planting scheme of 2.5 m × 2.5 m. The
estimated useful life of the rainfed vineyards is 30 years (Table 1), with two unproductive
years of vine establishment and a third year of entry into production, in which production
is considered to be 50%. The remaining 27 years are considered fully productive.

In CR, inorganic fertilizers, chemical phytosanitary products, and Bacillus thuringiensis
are used, while in OR, manure and formulated organic fertilizers are used; sulfur is the
only phytosanitary product applied (Tables 1 and 2). In OR, iron chelate is used together
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with humic and fulvic acids. In both cases, herbicides are not used, with weeds being
eliminated by cultivation. The two rainfed systems differ in their average production in
mature vineyards, being 3500 kg ha−1 for CR and 3250 kg ha−1 for OR, as well as in the
fertilizers and phytosanitary products applied (Table 1).

Table 2. Agronomic data of the four vineyard models (quantities per ha and year). CR: conventional
rainfed; OR: organic rainfed; CI: conventional irrigation; OI: organic irrigation.

CR IR CI OI

Irrigation
Water (m3) 1230.00 1230.00

Electricity (kW·h) 162.80 162.80

Agricultural machinery
Diesel (dm3) 116.45 113.42 113.8 107.76

Fertilizers
Ammonium nitrate (kg) 24.00 26.70
Potassium nitrate (kg) 75.00 158.60

Magnesium nitrate (kg) 112.80
Phosphoric acid (dm3) 27.60

Ammonium phosphate (kg) 20.00
Iron chelate (kg) 1.60 1.60 5.00 5.00

Humic and fulvic acids (kg) 3.20 10.00 10.00
Manure (kg) 1000.00

Organic fertilizer (kg) 110.00 740.00

Phytosanitary products
Sulfur (kg) 30.60 76.60 37.20 64.00

Bacillus thuringiensis (kg) 0.45 0.60
Penconazole (dm3) 0.16 0.20

Potassium hydrogen carbonate (kg) 3.00
Glyphosate (dm3) 8.00

The CR and OR infrastructure consists of a tool shed, while the preparation of the land
and planting are also considered, comprising uprooting and collecting the previous vines,
clearing the land of stones, refining and leveling, spacing and planting of young vines, and
the corresponding grafting.

2.3.2. Irrigated Vineyards

In the two types of irrigated trellis vineyard (CI and OI), a plot of 10 ha was established,
with a vine spacing of 3 m × 1.2 m (Table 1). The useful life coincides in both scenarios
and is 25 years, with two unproductive years of establishment (in the second year there is
partial production, but it is advisable to eliminate bunches to promote vegetative growth).
In the third year, the vine enters into regular production; that is, the remaining 23 years are
considered fully productive.

In CI, inorganic fertilizers, chemical phytosanitary products, and Bacillus thuringiensis
are used, as well as herbicides, while in OI, organic fertilizers are used together with
sulfur and potassium hydrogen carbonate as phytosanitary products (Table 1). Both use
iron chelate, as well as humic and fulvic acids. The irrigated vineyard scenarios differ in
their average productivities, with the conventional one (8000 kg ha−1) being slightly more
productive than the organic one (7250 kg ha−1).

The infrastructure or investment required in these two scenarios includes a warehouse
for the irrigation head and tools, preparation and planting of the land, an irrigation head,
an irrigation network, and a regulating reservoir. The preparation and planting of the land
includes ripping out the previous vines with a moldboard plough and their collection,
clearing the land of stones, refining and leveling, planting the already grafted vines, and
trellising. The trellis used is made up of a formation wire and three vegetation wires.
The posts, tensioners, and anchors are made of galvanized steel, and the wires are zinc-
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aluminum. The selected head is 25 m3 h−1, sized according to the required flow rate
and the size of the farm, and includes a booster pump, mixing tanks, and PVC and
polyethylene parts. The irrigation network is dimensioned in the same way, with low-
density polyethylene pipes (PE BD) and self-compensating drippers with a flow rate of
4 dm3 h−1. The reservoir, built of soil and waterproofed with a high-density polyethylene
sheet (HDPE), has the capacity to store half the water required in the month of maximum
water demand (in this case, a capacity of 1145 m3).

2.4. Economic Analysis

To comprehensively analyze and compare the scenarios, the economic analysis was
subdivided into two parts. First, a financial analysis was carried out for the accounting
analytics [35,36], and then a series of indicators of an economic nature [4] were calculated.

2.4.1. Productive Structure of Costs and Income

The financial analysis in the accounting analytics aspect was carried out by establishing
the productive cost and income structure of each of the scenarios. It is important to note that
this structure was developed for a year in full production. The costs were established first,
subdivided into fixed costs (FC) and variable costs (VC) [7,36]. In addition, the opportunity
cost was taken into account for each of the costs [7]; that is, the alternative use of money in
bank savings accounts without risk was considered. The opportunity cost was calculated
using an interest rate of 1.5%, which was determined by subtracting the average inflation
of the last 15 years from the average of the Public Debt in this period. The hypothesis of
self-financing was considered so as not to introduce financial variables that could affect the
comparison of the scenarios. It was assumed that the land is owned, and since it has not
depreciated, this concept was not taken into account as a cost.

The fixed costs (FC) are equivalent to the costs derived from the amortization of the
investment. The amortizations were calculated using the constant installment method.
The final cost of each concept, expressed in € ha−1 yrs−1, includes the corresponding
opportunity cost.

• Rainfed vineyards. In the rainfed vineyard scenarios (CR and OR), the investments
coincide, since the farms are identical in terms of the surface area, planting scheme, and
plant material. The investments are a warehouse for tools, preparation and planting
of the land (uprooting of the previous vines and their collection, clearing the land
of stones, refining and leveling, planting of the rootstocks, and grafting), and the
auxiliary material (shovels, hoes, scissors, etc.).

• Irrigated vineyards. Scenarios CI and OI have the same general characteristics, so the
investments coincide: a warehouse for tools, a header, preparation and planting of the
land (uprooting with a moldboard plough of the previous vines and their collection,
clearing the land of stones, refining and levelling, planting of the already grafted
vines, and the trellis, including its installation cost), auxiliary material (shovels, hoes,
scissors, etc.), irrigation head, irrigation network, and regulating reservoir.

The irrigation head is sized according to the flow required by the emitters (per unit
of surface area) and the size of the farm. The irrigation network is dimensioned in the
same way, with polyethylene pipes (63 mm and 16 mm in diameter) and self-compensating
drippers (4 dm3 h−1). To dimension the reservoir, it is considered that it has the capacity to
store half of the water required for the month of maximum water demand.

The variable costs (VC) are those that can vary from one production cycle to another.
In this case the costs are for fertilizers, phytosanitary products, and tasks such as pruning.
The machinery was accounted for as a variable cost, since it is considered that the farms do
not have their own machinery but rather contract external services.

Next, the necessary factors in each production cycle are detailed, when the plantation
has reached its average production as a mature vineyard. All the final costs of the factors of
production in each scenario include the opportunity cost.
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• Production insurance. To establish the cost of the insurance, the report “Average cost
of insurance in the Autonomous Community of Murcia”, published by Agroseguro,
was used [37]. In vine cultivation, the insurance depends on the selection of cover for
hail or for hail and other adversities. For this work, the most common coverage, hail
(0.024 € kg−1), was chosen, with the cost of the insurance being a premium based on
the average production [37].

• Pruning. This refers to the cost of the labor associated with the pruning, carried out
manually. In all scenarios, annual winter pruning is carried out, and in irrigated
areas green pruning is also carried out to eliminate excess biomass. The prunings are
crushed between the rows of vines and incorporated into the soil, due to the agronomic
and economic advantages [38].

• Machinery. It was considered that the farms contract external services. Therefore, the
cost of machinery was accounted for based on the unit market cost. Each job includes
tractors, implements, and labor. The machinery involved in the harvest was accounted
for as a harvesting cost.

• Fertilizers. The fertilizer units used to calculate the amounts of fertilizer required
were 20-12-35 (N-P2O5-K2O) for rainfed land and 42-23-73 (N-P2O5-K2O) for irrigated
land (Table 1). These values were quantified based on the optimum balance for
vineyards derived from fertilization programs recommended by [39], as well as a
specific bibliography on Monastrell grape cultivation in southeastern Spain [4,40].
In CR, inorganic fertilizers are applied to the soil (Table 2). In OR, according to
surveys, the most frequent method is to use sheep/goat manure, which is applied
every 4 years, and an organic pellet fertilizer every 2 years. In CI, mineral fertilizers,
iron chelate, and humic and fulvic acids are applied through fertigation. In OI, organic
pellets are supplied every 2 years, as well as iron chelate and humic and fulvic acids
through fertigation.

• Phytosanitary practices. A standard treatment program was established for each
of the scenarios, whose products and quantities are shown in Table 2. The most
common practice, for both rainfed and irrigated land, is to carry out four annual
treatments, which coincide with or are close to the following phenological stages:
(1) budding (10–15 cm); (2) beginning of flowering; (3) pea-size grain; (4) beginning
of veraison.

• Herbicides. Herbicides are only used in the CI vineyard (Table 2), in which two annual
treatments are carried out during the vegetative period. In the other types of vineyards,
tillage is practiced. For the application of herbicides, a tank is used to which two
sprayers are attached. Two operators use these to spray both rows of each lane. The
herbicide used is glyphosate; despite its danger, it is still the most widely used due to
its effectiveness and low cost.

• Harvesting. This is carried out manually, and a tractor with a trailer is used to transport
the grapes from the farm to the winery. In this way, the item “harvesting” accounts for
the manual and mechanical means required for the harvest.

• Maintenance. The cost of the maintenance is calculated as a percentage (1.50%) of the
cost of the fixed assets: the warehouse, the head, and the irrigation installation (the
latter two exclusively in CI and OI).

• Permanent staff. The most frequent tenure regime for vineyards in Murcia is owner-
ship. The owner usually works on the farm in tasks related to management and the
production process, such as acquisition of production factors, irrigation programming,
where appropriate, contracting external workers, and supporting them (harvesting,
pruning, etc.). The owner is a figure similar to that of a manager of a farm belonging
to a company. This concept is reflected as a cost in hours per hectare and year.

• Water (irrigation). The irrigation programs were designed using data from three
SIAM [33] agrometeorological stations: JU12 (Cañada del Judío), JU71 (Las Encebras),
and JU81 (Román). The irrigation allocations were obtained through the calculation of
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the water demand for an average year, and an RDI strategy was applied [4,6,15]. The
annual allocation of the irrigated vineyards is 1230 m3 ha−1 (Table 2).

• Electric power. This is the power consumed by the irrigation head in the distribution of
water. It was calculated based on the flow rate, irrigation hours, average manometric
height, and unit cost of energy.

The total income (TI) for each of the scenarios was obtained based on the production,
the Baumé degrees of the grapes, and the average annual sales price (€ kg ◦Baumé−1) of the
Monastrell grape paid in the period 2017–2019 in the Region of Murcia. Baumé degree is
used to measure concentrations of solutions, so that 1 Baumé degree (◦Baumé) corresponds
to 25 g sugar dissolved in 1 L of must.

2.4.2. Economic Indicators

Once the production structure of the costs and income of each of the alternatives had
been established and analyzed, a series of indicators of an economic nature were calculated
in order to deepen the analysis and comparison of the vineyard models. To do this, it was
necessary to first calculate the Net Margin (NM) [31,41] as the difference between the Total
Income and Total Costs (TC), using the following formula (all parameters expressed in € ha−1):

NM = Income − (Fixed Costs + Variable Costs + Opportunity Costs)

The economic indicators used in this work are

• NM/investment (NM/K0) (%): profitability in the long term;
• NM/variable costs (NM/c) (%): short-term return on invested capital;
• NM/total cost (NM/C) (%): global profitability of the productive activity;
• Viability threshold (VT) (€ ha−1): minimum price of the grape for the activity to

be viable;
• Break-even point (BP) (kg ha−1): minimum production, under the conditions of the

grape’s average market price, for the activity to be viable.

2.5. Socio-Territorial Analysis

To carry out the socio-territorial analysis of the scenarios, three indicators were used.

• Agricultural Work Unit (AWU ha−1): this indicates the generation of employment
for each hectare. To establish the employment generated, the work involved in the
agricultural tasks was calculated. In the Region of Murcia, an agricultural work unit
(AWU) corresponds to 1800 h.

• Contribution to the regional economy (CRE): equal to the unit income (€ ha−1).
This indicator is of a social nature, since it measures the gross economic produc-
tivity of agricultural activity, which has repercussions for the environment and the
rural population.

• Area threshold (AT): this shows the minimum area (ha) for the farm to be viable. It is
calculated at the break-even point (Total Income = Total Cost).

2.6. Life Cycle Assessment

Life cycle assessment (LCA) is a standardized method [23,42] that estimates the poten-
tial environmental impacts throughout the entire life cycle of a product, from the extraction
of raw materials to the final disposal. It consists of four stages: (1) the definition of the
objective and scope; (2) inventory; (3) impact analysis; and (4) interpretation.

2.6.1. Objective and Scope

The objective of this LCA was to evaluate and compare, in environmental terms, the
four vineyard models established for the three DD.OO of the Region of Murcia. At the
same time, the intention was to provide the scientific community with information on the
potential impacts due to the cultivation of the Monastrell grape in the semi-arid climate
of southeastern Spain and also to provide information to viticulturists and technicians
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in the sector so that they can reduce the environmental burdens of vine cultivation. The
functional unit (FU) is 1 kg of grapes; therefore, the inventory data as well as the results
of the potential environmental impacts are relative to this. The scope, in this case, focuses
exclusively on the cultivation phase. Since the system only produces grapes, it is treated
as a monofunctional system, so environmental load allocation procedures are not applied.
The following components of the system were taken into account:

• Infrastructure. This corresponds to the investment and fixed assets of the LCC. This in-
cludes fuel consumed by machinery during land preparation and planting operations
and its emissions to the atmosphere. In the case of the irrigated vineyards (CI and OI),
the elements related to fertigation are also contemplated: the reservoir, irrigation head,
and irrigation network.

• Machinery. The fuel consumed by the agricultural machinery in the various tasks, as
well as its emissions.

• Fertigation. The electrical energy consumed by the water booster pumps in the
localized irrigation.

• Fertilizers. The production of inorganic and organic fertilizers, their transport and
packaging, and emissions into the air due to the application of nitrogenous compounds
to the soil.

• Phytosanitary products. The production of the phytosanitary products and herbicides
as well as their transport and packaging.

• Waste treatment. The treatment of infrastructure (metals and plastics) and plastic
containers for fertilizers and phytosanitary products. Currently, both plastic and metal
items are recycled at a rate of at least 90%.

In the LCA, the useful life of the distinct types of vineyard and the productive and
non-productive years were taken into account. For the infrastructure, the useful life of
the different materials was also considered (Table 1). To carry out the LCA, SimaPro
9.4 software (developed by Pré Sustainability) was used [43]. The background data (energy,
fuel, materials, products, etc.) were obtained from the Ecoinvent 3.8 database, which is
available in the aforementioned software.

2.6.2. Life Cycle Inventory

This is the second phase of the LCA and consists of collecting all the data related to the
components of the process that can cause an environmental impact. The foreground data,
as indicated in Section 3.1.1, are based on information provided by the companies shown
in Tables 1 and 2. However, Table 3 shows all the inventory inputs relativized to the FU.

For the background data (raw materials, energy, fuel, materials, products, and trans-
portation), the processes of the Ecoinvent 3.8 database were used. Iron chelate and humic
and fulvic acids were not taken into account since there are no unitary processes in this
database; in any case, the amounts applied are very low in relation to the other organic
and inorganic compounds. Bacillus thuringiensis was not taken into account either for the
same reason. The emissions resulting from the consumption of diesel by the agricultural
machinery were estimated based on the emission factors established by [44]. The emissions
into the atmosphere due to the application of nitrogenous fertilizers were estimated based
on the following sources: NH3 and NO2 according to [44]; direct and indirect N2O emis-
sions as described by del Hierro et al. [45] and according to IPCC [46]. Nitrate leaching
was considered to be zero since the average annual precipitation is much lower than the
evapotranspiration [47], as described in Section 2.2; in the irrigated vineyards, water is
provided by localized irrigation with very low daily allocations [31].
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Table 3. Life cycle inventory of primary data of the four types of vineyard in relation to the functional
unit (1 kg of grapes).

Components Units CR OR CI OI

Planting
Diesel g 2.6490 2.8528 1.4589 1.6098

Irrigation reservoir
Diesel g 1.7491 1.9300

HDPE sheet g 0.7551 0.8332

Irrigation equipment
Iron mg 45.2899 49.9750
Steel mg 4.5290 4.9975

Copper mg 13.5870 14.9925
Brass mg 0.9058 0.9995

PVC pipe mg 36.2319 39.9800
LDPE pipe mg 1.8116 1.9990
Polyamide mg 2.7174 2.9985

HDPE tanks mg 40.7609 44.9775

Irrigation network
LDPE pipe g 4.4127 4.8692

Trellising system
Steel pipe g 9.2609 10.2189
Steel wire g 2.7641 3.0501

Agricultural machinery
Diesel 29.0502 30.5110 12.3615 12.9466

Irrigation
Electricity kW·h 0.0215 0.0237

Fertilizers
Magnesium nitrate gN 2.8957
Potassium nitrate gN 3.2393 2.9681

Ammonium nitrate gN 2.6186 1.2699
Phosphoric acid g 3.4500

Manure gN 2.1315
Organic fertilizer gN 2.1120 6.3460

Phytosanitary products
Sulfur g 7.7563 21.5690 4.2813 8.3353

Penconazole g 0.0085 0.0049
P H carbonate (*) g 0.3412

Glyphosate g 0.9700

Waste treatment
Plastics to landfill g 0.0053 0.0051 0.5307 0.5815
Plastic recycling g 0.0526 0.0509 4.7767 5.2331
Metal to landfill g 1.2089 1.3340
Metal recycling g 10.8804 12.0059

* Potassium hydrogen carbonate. The plastic materials (LDPE, HDPE, and PVC) include raw materials and
processes (extrusion and plastic film; extrusion and plastic pipes; blow molding).

The waste generated consists of pruning waste, plastic containers of fertilizers and phy-
tosanitary products, and the different materials that make up the infrastructure (polyethy-
lene in the irrigation network, metals in the trellis, etc.). The prunings are generally crushed
and incorporated into the soil, so they are not counted. Currently, the rest of the materials
are recycled, although in this work it has been considered that 10% ends up in landfill.

2.6.3. Life Cycle Impact: Assessment and Interpretation

For the characterization of the potential environmental impacts, the CML-IA Baseline
4.7 (August 2016) midpoint methodology (available in SimaPro) was used. This has
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been applied widely in LCA for agri-food products [29,31,48–51], including aquaculture
[32,52,53]. The impact categories used were abiotic depletion (AD), abiotic depletion
fossil fuels (ADFF), global warming (GW), ozone layer depletion (OLD), human toxicity
(HT), fresh water aquatic ecotoxicity (FWAE), marine aquatic ecotoxicity (MAE), terrestrial
ecotoxicity (TE), photochemical oxidation (PO), acidification (A), and eutrophication (E).

To interpret the results, a contribution analysis was carried out to calculate the per-
centage contribution of each of the different components of the scenario to each impact
category. In addition, the overall contribution was used; this shows how each component
of the system contributes to all of the impacts [31,32,52,53]. The relative difference (%) be-
tween the values of the potential environmental impacts obtained for the different vineyard
models was also used.

3. Results and Discussion
3.1. Economic Analysis
3.1.1. Productive Structure of Costs and Income

The FC are shown in Table 4 and are those derived from the amortization of the
investment. The VC that are linked to the annual production cycle are also shown. Table 5
shows the income, which was calculated based on the production, Baumé degrees, and the
price of the grapes in € kg ◦Baumé−1. Once the costs and income were obtained, the NM of
the scenarios was calculated, which was subsequently necessary to calculate the indicators.

Table 4. Cost structure of the four vineyard models.

Concept
CR OR CI OI

AC
(€ ha−1)

RC
(%)

AC
(€ ha−1)

RC
(%)

Cost
(€ ha−1)

%/TC
(%)

Cost
(€ ha−1)

%/TC
(%)

Fixed costs
Shed for equipment 7.61 0.52 7.61 0.56 25.58 0.71 25.58 0.77

Land preparation and
planting 124.02 8.52 124.02 9.05 360.25 10.00 360.25 10.90

Auxiliary material 3.38 0.23 3.38 0.25 10.15 0.28 10.15 0.31
Irrigation equipment 66.15 1.84 66.15 2.00

Irrigation network 251.15 6.97 251.15 7.60
Irrigation reservoir 18.71 0.52 18.71 0.57

Total fixed costs
(€ ha−1) 135.02 9.27 135.02 9.85 731.99 20.32 731.99 22.05

Variable costs
Production insurance 85.26 5.85 79.17 5.78 194.88 5.41 176.61 5.32

Pruning 221.68 15.22 221.68 16.17 475.02 13.18 475.02 14.31
Machinery 413.11 28.37 399.02 29.11 514.00 14.27 422.49 12.72
Fertilizers 117.81 8.09 76.53 5.58 318.62 8.84 225.84 6.80

Phytosanitary 49.33 3.39 42.83 3.12 62.32 1.73 94.60 2.85
Herbicides 64.96 1.80

Harvest 283.85 19.49 266.28 19.43 544.24 15.11 496.74 14.96
Maintenance 4.57 0.31 4.57 0.33 66.26 1.84 66.26 2.00

Permanent staff 145.67 10.00 145.67 10.63 291.35 8.09 291.35 8.77
Irrigation water 299.63 8.32 299.63 9.02

Electricity (irrigation) 39.67 1.10 39.67 1.19

Total variable costs
(€ ha−1) 1321.27 90.73 1235.75 90.15 2870.94 79.68 2588.20 77.95

AC: absolute cost; RC: relative cost; TC: total cost (fixed costs + variable costs). RC (%) = 100 × AC/TC.
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Table 5. Annual income of the four vineyard models.

CR OR CI OI

Production (kg ha−1) 3500 3250 8000 7250
Baumé degrees (◦Baumé) 14.50 14.50 14.00 14.00

Price (€kg ◦Baumé −1) 0.0343 0.0343 0.0343 0.0343
Total income (€ ha−1) 1739 1615 3838 3478

In Table 4, it can be seen that the FC are identical for both rainfed vineyard scenarios
with vines having a goblet form, since in CR and OR they coincide, both in general
characteristics and in the investment made. The same occurs in the irrigated vineyard
scenarios. However, the FC of the latter are approximately five times higher than the FC
of the rainfed vineyard scenarios. This is essentially due to the items that make up the
irrigation system (irrigation head, irrigation network, and reservoir) and the preparation
and planting of the land (trellis). These items represent a total of 19% and 21% of the TC
for CI and OI, respectively. The greater FC of the irrigated systems for the aforementioned
reasons is in line with other authors [54–56]. All this indicates that it is the system (rainfed
or irrigated) and not the type of management (conventional or organic) that establishes the
differences in the cost structure, with high FC for irrigation.

The VC of the irrigated vineyard scenarios (Table 4) are practically double those of
the rainfed vineyard scenarios. This is mainly due to the greater vigor and productivity
of irrigated plantations, which causes the costs of items directly related to these aspects
to rise (such as insurance, pruning, harvesting, etc.) [4]. Greater vigor and productivity
also determine a greater consumption of inputs (fertilizers, phytosanitary products, water,
electricity, etc.). In any case, the input consumption of wine grape vineyards in the Region
of Murcia (especially fertilizers and phytosanitary products) is very low compared with
areas of greater rainfall within Spain [7,37,55]. Likewise, it is important to highlight that
the production of the rainfed systems is less than half that of the irrigated ones [54]. If
compared within the same type of system—that is, rainfed (CR vs. OR) or irrigated
(CI vs. OI)—it is observed that the VC of conventional management are slightly higher
than for organic management, due to a slightly higher productivity. Regarding this, it
is also important to point out that cultivation in a way that is more respectful of the
environment is not more expensive economically. A general aspect to highlight is that the
most relevant VC are linked to labor (pruning, machinery, harvesting, and permanent staff),
with these representing 73–75% of the TC for rainfed systems and 50–51% of the TC for
irrigated systems.

It is the system (rainfed or irrigated) that makes the difference in the productive cost
structure, regardless of the type of management (conventional or organic). Irrigation results
in higher costs, due to either the necessary infrastructure (FC) or the costs derived from the
greater productivity and vigor that it gives the plantation during the productive cycle (VC).
The TC of the scenarios are in line with those in nearby areas such as La Mancha [54].

As shown in Table 5, income is higher with higher production, with the CI vineyard
having the highest income and the OR the lowest. In addition, the table highlights one of
the main existing problems in the region: the payment for the grape mainly in € kg−1 and
◦Baumé. This form of payment triggers two consequences: (1) The differences in ◦Baumé
do not compensate for the differences in productivity; that is, the kilograms produced are
prioritized over the quality of the grape berries obtained [4]. (2) The payment does not take
into account the type of management; so, within the systems (rainfed or irrigated), the most
productive is the one with the highest income, regardless of whether it is conventional
or organic. In this way, those scenarios with management that is more respectful of the
environment are penalized. The use of existing mechanisms that prioritize the quality of the
grape—based on colorimetry, the polyphenolic index, and other parameters—could favor
to a certain extent the most vulnerable scenarios (rainfed and organic management) [6].

Once the productive structure of the costs and income was obtained, the NM was
calculated, subtracting the TC from the income. The annual NM was calculated for the CR,
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OR, CI, and OI scenarios, respectively, to be € 282.74 ha−1, € 244.05 ha−1, € 234.94 ha−1,
and € 157.88 ha−1.

3.1.2. Economic Indicators

The NM/investment ratio shows the long-term profitability. As Table 5 indicates,
the CR vineyard is the most profitable in the long term, due to its low investment. For
this reason and because of its lower productivity compared to CR, OR is the second most
profitable scenario in the long term; next, and very close to it, comes CI, with OI in last
position. The irrigation scenarios are the least profitable in the long term. They require large
investments, and their NM values are the lowest. The limitation of grape production by the
Regulatory Council of the DD.OO means that the FC associated with irrigation and trellises
cannot be completely compensated. Regarding short-term profitability (NM/VC), the order
from highest to lowest is CR, OR, CI, and OI (Table 6); hence, the most profitable scenarios
in the short term are the rainfed vineyards CR (21.40%) and OR (19.75%). The final indicator
of profitability, NM/TC, indicates the global profitability of the agricultural activity. In this
case, it confirms that the rainfed systems are, by far, the most profitable scenarios, due to
their higher NM resulting from their reduced costs. Within them, CR is the most favorable
due to its higher productivity. The irrigated vineyards, under regulated deficit irrigation
strategies, appear as the most unfavorable scenarios; although their productivity is higher,
the costs are not compensated by the productive advantages. In this way, two statements
can be made: (1) If the majority of the payments in Murcia are made in € kg ◦Baumé −1,
there is no interest in growing irrigated vines for the production of quality wines, since the
productive limitations imposed by the DD.OO, together with this form of payment, make
it less profitable. Irrigation with greater volumes of water to produce bulk wines, under
these payment conditions, would be the scenario with the highest profitability [6,7]. (2) If
the form of payment does not differentiate the type of crop management (conventional or
organic) and thus does not prioritize production with less environmental impact, in both
rainfed and irrigated systems, the most productive is always more advantageous.

Table 6. Values of the economic indicators for each scenario.

CR OR CI OI

NM/Investment (%) 7.10 6.13 1.69 1.13
NM/Variable costs (%) 21.40 19.75 8.18 6.10

NM/Total costs (%) 19.42 17.80 6.52 4.76
Viability threshold (€ kg−1) 0.416 0.422 0.450 0.458
Break-even point (kg ha−1) 2931 2759 7510 6921

The viability threshold indicates the price that one kilogram of grape must have for
the activity to be economically viable. As can be seen in Table 6, the threshold prices
are € 0.416 kg−1, € 0.422 kg−1, € 0.450 kg−1, and € 0.458 kg−1 for CR, OR, CI, and
OI, respectively. The market prices follow the same order: €0.497 kg−1, € 0.497 kg−1,
€ 0.480 kg−1, and € 0.480 kg−1. This indicates that the prices for all the scenarios are quite
close to the threshold, especially for the irrigated vineyard scenarios. In relation to market
prices, Manjón [57] pointed out that in Spain the lowest grape prices correspond to the
southeastern areas and to the Monastrell, Bobal, and Cencibel varieties, while the highest
prices are paid in the North for the Tempranillo variety.

The break-even point shows the kilograms of grapes that a farm has to produce to
be economically viable. In this case, 2931 kg ha−1 must be produced in CR, 2759 kg ha−1

in OR, 7510 kg ha−1 in CI, and 6921 kg ha−1 in OI. The corresponding productions of the
vineyards are 3500 kg ha−1, 3250 kg ha−1, 8000 kg ha−1, and 7250 kg ha−1. Thus, all the
scenarios are close to the break-even point, especially the irrigated vineyards, with OI being
the most vulnerable.
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3.1.3. Sensitivity Analysis

To finish the economic analysis section, a sensitivity analysis was carried out in order
to verify what would happen to the profitability of the scenarios if there were premiums
for quality (Figure 1) and for ecological management (Figure 2).
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Figure 1. Evolution of profitability based on premiums for quality.
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In Figure 1, it can be seen that if quality premiums equal to 10% of the price in €kg
◦Baumé−1 were paid (equivalent to an increase of € 0.05 kg−1) the profitability of the most
vulnerable scenarios (irrigated vineyards) would be tripled. If the premiums were 20% of
the price in € kg ◦ Baumé−1 (equivalent to an increase of € 0.1 kg−1), the profitability of
these scenarios would be five times greater. In the case of the rainfed vineyard scenarios, a
premium of 20% would double their profitability.

Figure 2 corroborates that if premiums of 10% and 20% of the price in € kg ◦Baumé−1

were paid for carrying out organic management, the profitability of OI would be multiplied
by five while for OR it would be doubled. It can also be seen that for the organic scenarios
to reach the profitability of the conventional ones, a premium of 1.37% of the price in € kg ◦

Baumé−1 would suffice in rainfed conditions and one of 1.68% would suffice for irrigated
land. That is, for OR to reach the profitability of CR, it needs a premium equivalent to
€ 0.007 kg−1. Likewise, for OI to achieve the profitability of CI, a premium of € 0.008 kg−1

is necessary.
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3.2. Socio-Territorial Analysis

Table 7 shows the socio-territorial indicators for each scenario. The first (AWU ha−1)
indicates the employment generated per hectare. The systems featuring irrigation generate
twice as much employment as rainfed systems, with the CI scenario generating the most
employment. The greater the vigor and productivity of the plantation, the more hours
of labor are needed for manual tasks, such as pruning and harvesting. The values of the
irrigated vineyard scenarios (0.10 and 0.09 AWU ha−1, rounding to two decimal places,
for CI and OI, respectively) are similar to those found in other works for trellis cultivation:
between 0.10 and 0.16 AWU ha−1, depending on the productivity [4,58].

Table 7. Values of the socio-territorial indicators for each scenario.

CR OR CI OI

AWU ha−1 0.050 0.048 0.099 0.093
Contribution to the regional

economy (€ ha−1) 1739 1615 3838 3478

Area threshold (ha) 25.12 25.47 9.39 9.55

These values are close to the average of the European Union (0.12 AWU ha−1) and
are more than twice the average value of all agricultural holdings considered together
(0.05 AWU ha−1) [7]. These indicators confirm the value of vineyards as a socio-economic
driver of territories, closely linked to the environment and rural development in arid and
semi-arid areas, in which there are no viable cultivation alternatives [4].

Something similar happens with the contribution of the activity to the regional econ-
omy (CRE). The higher the productivity of the farm, the more income it generates. Thus,
the CI scenario stands out, with a gross income of € 3838 ha−1 (Table 7). Therefore, the
irrigation scenarios are the ones that generate the most economic activity in the territory,
despite the fact that deficit irrigation provides the lowest economic margins for wine
grape cultivation.

For the vineyards to be viable, they need to have an area of at least 25.12 ha (CR),
25.47 ha (OR), 9.39 ha (CI), or 9.55 ha (OI). These values verify that wine grape producing
vineyards with large average areas are found in the Region of Murcia [8]; due to climato-
logical and productive vulnerability, wine grape growers have tried to increase the areas
of their farms to establish economies of scale that allow them to lower costs and maintain
economic viability.

3.3. Life Cycle Analysis
3.3.1. Contribution Analysis

The profile of the global contribution of the components of the system to environmental
impacts was found to differ between the rainfed and irrigated vineyards. The main cause
is the infrastructure, which in rainfed vineyards is reduced to the fuel for the agricultural
machinery needed for land preparation, while in irrigated vineyards it also includes the
elements of localized irrigation (reservoir, head, and network) and the trellis. Thus, the
components that contribute the most in rainfed vineyards are the fertilizers and agricultural
machinery (Table 8), while in irrigated vineyards it is the infrastructure and fertilizers
(Table 9). In both types of vineyard, phytosanitary products provide a very low contribution,
due to their limited use. The reason is that in the study area, as in other regions with
dry climates and low rainfall, the incidence of fungal pests is lower [56], so only very
low amounts of pesticides need to be applied. However, phytosanitary products have
frequently been included among the components that contribute the most to environmental
impacts, especially global warming [26,56].

Contribution in rainfed conditions. In the CR vineyard, fertilizers contribute very
prominently to all the toxicity impacts (HT, FWAE, MAE, TE, and AD), fundamentally due
to the manufacture of fertilizers, while the emissions due to the application of nitrogenous
fertilizers contribute especially to GW, A, and E. In the OR vineyard, the contribution of
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toxicity impacts is lower, as are the absolute values. However, the absolute values for A and
E are higher than in the CR vineyard, and the contribution is high. This is largely due to
NH3 emissions from organic fertilizers. In both types of vineyard, the diesel consumed by
the agricultural machinery contributes significantly to AD and ADFF due to oil extraction
and to OLD and PO due to the production of diesel, while the emissions from diesel
combustion have a major impact on GW.

Table 8. Characterization of the potential environmental impacts and contributions of the components
of the system in the conventional and organic rainfed vineyards.

Impact Category Values Infrastructure
(%)

Machinery
(%)

Fertilizers
(%)

Phytosanitary
(%)

Waste
Treatment

(%)

Conventional Rainfed
AD (kg Sb-eq) 1.31 × 10−6 0.15 1.59 98.27 0.30 −0.31

ADFF (MJ) 2.48 × 100 5.67 62.23 29.74 2.49 −0.13
GW (CO2-eq) 2.49 × 10−1 4.00 43.91 51.61 0.51 −0.03

OLD (kg CFC-11-eq) 2.63 × 10−8 7.04 77.26 15.43 0.65 −0.38
HT (kg 1,4-DB-eq) 8.03 × 10−2 0.85 9.28 89.19 0.73 −0.05

FWAE (kg 1,4-DB-eq) 4.35 × 10−2 0.60 6.54 92.29 0.62 −0.04
MAE (kg 1,4-DB-eq) 8.35 × 10+1 0.84 9.17 89.15 0.89 −0.04

TE (kg 1,4-DB-eq) 1.86 × 10−4 1.49 16.35 81.47 0.71 −0.03
PO (kg C2H4-eq) 3.79 × 10−5 2.78 30.50 57.36 9.42 −0.07

A (kg SO2-eq) 1.27 × 10−3 2.19 23.98 66.96 6.90 −0.02
E (kg PO4-eq) 3.28 × 10−4 1.55 17.04 81.14 0.26 0.00

Overall Contribution (%) 2.47 27.08 68.42 2.13 −0.10

Organic Rainfed
AD (kg Sb-eq) 2.23 × 10−7 0.92 9.83 87.20 3.83 −1.78

ADFF (MJ) 2.15 × 100 7.06 75.52 9.71 7.86 −0.15
GW (CO2-eq) 1.62 × 10−1 6.63 70.86 20.50 2.06 −0.05

OLD (kg CFC-11-eq) 2.59 × 10−8 7.72 82.53 8.48 1.65 −0.37
HT (kg 1,4-DB-eq) 1.89 × 10−2 3.88 41.52 46.86 7.95 −0.21

FWAE (kg 1,4-DB-eq) 1.07 × 10−2 2.62 28.02 63.42 6.11 −0.17
MAE (kg 1,4-DB-eq) 2.12 × 101 3.54 37.87 50.01 8.74 −0.17

TE (kg 1,4-DB-eq) 3.49 × 10−4 0.85 9.13 89.10 0.93 −0.01
PO (kg C2H4-eq) 3.21 × 10−5 3.54 37.85 27.91 30.78 −0.07

A (kg SO2-eq) 1.94 × 10−3 1.54 16.50 69.45 12.52 −0.01
E (kg PO4-eq) 4.07 × 10−4 1.35 14.44 83.71 0.50 0.00

Overall Contribution (%) 3.60 38.55 50.58 7.54 −0.27

Contribution in irrigated conditions. Although in the two types of irrigated vineyard
the infrastructure contributes significantly in all impact categories (Table 9), the toxicity
impacts (HT, FWAE, MAE, and TE) stand out, mainly due to the production of metals for the
infrastructure. The high contribution of infrastructure, and in some studies the relevant role
of metals, has also been described for greenhouse crops [25,31,59]. The impacts for which
the infrastructure contributes the least are OLD, A, and E. In the CI vineyard, fertilizers
have a significant impact on AD, ADFF, OLD, and PO, especially due to their manufacture,
while the contribution to GW, A, and E is mainly due to the emissions following land
application of inorganic fertilizers. In the OI vineyard, the application of organic fertilizer
has a very significant effect on A and E, with a lesser effect on GW, TE, and PO. In both
types of vineyard, the contribution is very low in the toxicity categories (HT, FWAE, and
MAE). The contribution of electrical energy is very low (Table 9), since it only supplies the
driving pumps in irrigation, which coincides with the findings of Navarro et al. [56]. In
addition, the volumes of water supplied are low if we compare them, for example, with the
annual values of 800 and 3000 m3 ha−1 in the cultivation of Syrah and Sauvignon Blanc,
respectively, in northern Greece [60].
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Table 9. Characterization of the potential environmental impacts and contributions of the components
of the system in the conventional and organic irrigated vineyards.

Impact Category Values Infrastructure
(%)

Machinery
(%)

Irrigation
(%)

Fertilizers
(%)

Phytosanitary
(%)

Waste
Treatment

(%)

Conventional Irrigation
AD (kg Sb-eq) 3.70 × 10−6 65.86 0.24 2.06 30.28 3.73 −2.18

ADFF (MJ) 2.57 × 100 50.07 25.60 3.17 31.72 7.01 −17.58
GW (CO2-eq) 2.20 × 10−1 43.66 21.14 3.14 38.24 5.20 −11.38

OLD (kg CFC-11-eq) 2.33 × 10−8 27.96 37.19 1.67 27.27 10.07 −4.16
HT (kg 1,4-DB-eq) 1.19 × 10◦ 94.70 0.27 0.44 4.73 0.75 −0.89

FWAE (kg 1,4-DB-eq) 2.83 × 10−1 84.49 0.43 2.59 11.21 2.44 −1.16
MAE (kg 1,4-DB-eq) 4.74 × 102 85.19 0.69 2.81 11.04 3.37 −3.09

TE (kg 1,4-DB-eq) 1.35 × 10−3 83.99 0.96 5.50 7.88 2.62 −0.95
PO (kg C2H4-eq) 4.46 × 10−5 57.46 11.04 4.42 38.85 15.64 −27.41

A (kg SO2-eq) 1.39 × 10−3 36.56 9.34 3.81 48.82 6.91 −5.44
E (kg PO4-eq) 4.30 × 10−4 39.82 5.53 2.85 44.57 12.31 −5.08

Overall Contribution (%) 60.89 10.22 2.95 26.78 6.37 −7.21

Organic Irrigation
AD (kg Sb-eq) 3.65 × 10−6 73.56 0.25 2.30 9.18 17.06 −2.35

ADFF (MJ) 1.97 × 100 72.02 35.00 4.57 7.75 5.86 −25.21
GW (CO2-eq) 1.77 × 10−1 59.63 27.44 4.29 21.56 2.61 −15.53

OLD (kg CFC-11-eq) 2.31 × 10−8 30.91 39.18 1.85 5.21 27.15 −4.31
HT (kg 1,4-DB-eq) 1.25 × 10◦ 98.87 0.27 0.46 0.71 0.62 −0.92

FWAE (kg 1,4-DB-eq) 2.80 × 10−1 94.34 0.45 2.89 2.83 0.78 −1.29
MAE (kg 1,4-DB-eq) 4.66 × 102 95.72 0.73 3.16 2.77 1.10 −3.47

TE (kg 1,4-DB-eq) 1.79 × 10−3 69.83 0.76 4.57 25.18 0.45 −0.79
PO (kg C2H4-eq) 4.01 × 10−5 70.48 12.86 5.42 30.58 14.26 −33.60

A (kg SO2-eq) 2.01 × 10−3 27.80 6.74 2.90 60.46 6.23 −4.13
E (kg PO4-eq) 5.51 × 10−4 34.31 4.52 2.45 61.34 1.76 −4.37

Overall Contribution (%) 66.13 11.66 3.17 20.69 7.08 −8.73

Contribution of waste management. In the four scenarios, plastic and metal waste is
mostly recycled (90%), and therefore the contribution of waste management in all of them
is negative (Tables 8 and 9), subtracting from the absolute values of the different categories
of environmental impacts [31,61]. The impact is very low in rainfed crops; because it only
involves the containers of fertilizers and phytosanitary products, the global contribution
is only −0.10 (conventional management) and −0.27% (organic). However, in irrigated
crops with trellises, which involve significant amounts of metals and plastics (Table 4),
the repercussions are greater, with global contributions of −7.21 and −8.73%, respectively,
with the values in ADFF, GW, and PO standing out.

3.3.2. Conventional vs. Organic Vineyard

For each type of crop, differences between conventional and organic management can
be seen (Table 10 and Figure 3). In irrigated cultivation (CI and OI), some components
of the system are the same for both types of management, specifically infrastructure and
irrigation electricity. The total consumption of diesel is very similar, although there are
some differences in the tasks between conventional and organic management (Table 3).
The differences are especially related to the use of inorganic and organic fertilizers, but
also to phytosanitary product use and grape production. In general, the values of the
environmental impacts are higher with CI (Table 10), except for HT, which is due to
the lower production in the organic vineyard. Also, TE, A, and E are lower, which is
mainly the result of the application of organic fertilizers, with their NH3 emissions playing
an important role, coinciding with what has been observed by other authors [62]. The
differences between the rainfed vineyards (CR and OR) are mainly due to fertilizer use
and the difference in grape production. In CR, the values are higher for most of the
environmental impacts (Table 10), except TE, A, and E, fundamentally due to the use of
organic fertilizers in OR.
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Table 10. Relative differences between the different types of vineyard.

CR vs. OR CI vs. OI CR vs. CI OR vs. OI

AD 82.97 1.17 −182.86 −1541.20
ADFF 13.46 23.40 −3.44 8.45
GW 34.92 19.32 11.62 −9.57
OLD 1.68 0.58 11.61 10.62
HT 76.52 −5.68 −1377.01 −6547.13

FWAE 75.49 1.18 −550.49 −2522.26
MAE 74.56 1.80 −467.96 −2092.38

TE −88.09 −32.70 −624.43 −411.11
PO 15.37 10.11 −17.55 −24.85
A −52.65 −45.07 −9.30 −3.87
E −23.96 −28.07 −31.23 −35.58

CR vs. OR = 100 × (CR − OR)/CR; CI vs. CO = 100 × (CI − CO)/CI; CR vs. CI = 100 × (CR − CI)/CR;
OR vs. OI = 100× (OR − OI)/OR.
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3.3.3. Rainfed vs. Irrigated Vineyards

The two factors that fundamentally influence the differences in environmental impacts
between the rainfed and irrigated vineyards are infrastructure and grape production.
Although the production in irrigated vineyards is higher, somewhat more than double
that in rainfed vineyards (Table 1), on irrigated land the inputs are higher because they
include the components related to irrigation (reservoir, head, and irrigation network) and
the trellis. As a consequence, most of the potential environmental impacts have higher
values in irrigated vineyards. However, considering CR vs. CI, the values of GW and OLD
are slightly higher in CR, while for OR vs. OI, ADFF and OLD are slightly higher in OR.

The greatest differences between the rainfed and irrigated vineyards are in AD, HT,
FWAE, MAE, and TE (Table 10 and Figure 3) and are due to the infrastructure and, especially,
the metallic elements of the trellis.

3.3.4. Global Warming

Most LCAs of vines and other crops published in scientific journals use the carbon
footprint or global warming potential (GW), as it is the impact category that most worries
society in general [25,26]. It is for this reason that we make a special mention of this category
of impact.
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The values obtained for GW in the four crop models vary between 0.162 (OR) and
0.249 (OC) kg of CO2-eq per kg of grapes (Tables 8 and 9); therefore, the results are within
the range recorded by other authors [26,56]. Ferrara and De Feo [26], in an extensive
bibliographic review of vineyards around the world, found values from 0.1 to 2.1 kg CO2-
eq per kg of grapes. Navarro et al. [56] analyzed 18 vineyards from Spain and France, and
the GW varied from 0.08 to 0.70 kg CO2-eq per kg of grapes, with a mean value of 0.23.
Other values reported by different authors for red grape vineyards in the Mediterranean
area vary between 0.12 and 0.50 kg CO2-eq [29,49,50,63]. Given these ranges, the values
obtained for the four types of vineyard evaluated here can be considered low, especially
those of the organic vineyards (OR and OI) (Tables 8 and 9, Figure 3).

The relative difference in GW between the two types of rainfed vineyard is 34.92%
(Table 10), with the absolute value being higher in the conventional vineyard (CR), mainly
due to the manufacture of inorganic fertilizers. For the irrigated vineyards, the relative
difference in GW between the two management models is less than 19.32%, also being
higher in the conventional vineyard (CI) due to the manufacture of inorganic fertilizers.
In both cases (rainfed and irrigated), this is so despite the fact that the production in
the conventional vineyards is higher than in the organic vineyards. In other studies, the
differences in GW are not particularly relevant, and the value for organic farming has
even been found to be higher [62,64], or on the contrary, the difference has been shown to
be significant and in favor of organic farming [51,65–67]. These discrepancies, however,
correspond in part to differences in the agronomic factors considered and the databases
used, and to the inputs and outputs actually taken into account in each LCA [64].

3.4. Environmental Costs and Production Costs

Figure 4 shows the contributions of the system components to the production costs,
the environmental impacts as a whole (overall contribution), and GW. The production costs
here were calculated in relation to those components that have environmental impacts.
In the rainfed vineyards, it is the machinery that contributes the most to the production
costs. However, it is the fertilizers that contribute the most to the environmental impacts,
especially for the CR vineyard, although their contribution to the production costs is low.
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Figure 4. Contributions of the system components to the production costs (PC), environmental im-
pacts (overall contribution, OC), and global warming (GW). In the production costs, each contribution
was calculated without taking into account those aspects that do not represent an environmental
impact (manpower, pruning, etc.). CR: conventional rainfed. OR: organic rainfed. CI: conventional
irrigated. OI: organic irrigated.
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In the irrigated vineyards, the infrastructure is the component that contributes the
most to the production costs, and it is also very significant in relation to the environmental
impacts. This finding coincides with what has been described in other crops for which the
infrastructure is relevant, such as greenhouse pepper cultivation [31]. Fertilizers make a
greater contribution to the environmental impact, especially to GW, but their contribution
to production costs is low, as can be seen for the rainfed vineyards. The low contribution of
fertilizers to production costs has also been described in other vineyard studies [7,29,30]
and in other woody crops such as almond trees or olive trees, for which fertilization was
shown to represent 8.93% and 9.20% of the total cost of production, respectively [37].

In all cases, phytosanitary products contribute very little to the production costs and
environmental impacts. This is a reflection of their limited use, given the low incidence of
vine diseases in semi-arid areas [56].

The GW values recorded in this work can be considered low if we compare them with
the range found in other studies [26,56]. This is the result of sustained market conditions,
with low prices for grapes, that have led to a severe adjustment of production costs with
the use of very low quantities of inputs, especially fertilizers and phytosanitary products.
In addition, the low values of GW confirm what has been indicated in several studies in
southeastern Spain in relation to the hardiness of the Monastrell variety and its adaptation
to limiting edaphoclimatic conditions typical of semi-arid zones together with a low cost
of inputs [3,68]. The adaptation of the Monastrell variety, in combination with properly
selected rootstocks, to such harsh climatic conditions in a scenario of climate change can
and should be a priority strategy on the road to viticulture sustainability in southeastern
Spain [4,34].

4. Conclusions

The cost structure verifies that the greatest differences between the systems are deter-
mined by the rainfed/irrigated option, due to the amortization of the irrigation installation
and the trellis. In parallel, the values of the impact categories are higher for irrigated than
for rainfed land, especially the decrease in abiotic resources and toxicity indicators, which
is due to the trellis and irrigation infrastructure. For the irrigated vineyards to achieve
high economic productivity, via productivity in kilos or with a grape price that prioritizes
quality, there is a need to amortize some fixed infrastructure costs.

The differences between conventional and ecological systems for each option (rainfed
or irrigated) are very small. Vine cultivation is highly adjusted, in terms of inputs, to
lower costs, and this results in low costs and impacts, both in conventional and organic
production. Conventional management has higher impacts than organic management,
mainly due to the use of inorganic fertilizers. However, TE, A, and E are higher in organic
crops due to higher NH3 emissions from organic fertilizers.

Differentiation by quality and by a low environmental impact for grapes cultivated
in rainfed vineyards, or using deficit irrigation with RDI, is a path to follow to achieve
differentiation in price and, therefore, to attain less vulnerable and more economically
viable systems in a territory with a semi-arid climate and that is sensitive to climate change.

All the scenarios studied here make an important economic contribution to the territory
under consideration, although that of the most productive (irrigated) scenarios stands out.
Something similar happens with employment: the higher the productivity, the greater the
generation of employment, since more hours of manual work are necessary. However, it
seems necessary to carry out studies in the near future that provide an analytical vision of
the sociodemographic profile of winegrowers in relation to the sustainability of viticulture
activity in vulnerable territories.
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