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Abstract

The rapid expansion of solar photovoltaics is intensifying competition for land and high-
lighting the need for scalable energy solutions that can be integrated into existing power
systems without displacing agricultural activity. Once the technical and agronomic viability
of agrivoltaic configurations has been demonstrated at field scale, a critical next step to-
ward their market consolidation is the assessment of their deployment potential at regional
scales from an energy systems and grid integration perspective. This study presents a
GIS-based framework to evaluate the large-scale implementation of vertically integrated
agrivoltaic systems, using vineyard landscapes in the Region of Murcia (southeastern Spain)
as a representative case study. The analysis combines high-resolution land-use data, crop
distribution, regulatory constraints on grid connection distances, and existing electrical
infrastructure to quantify installable capacity, energy production, self-consumption poten-
tial, and grid accessibility. Results indicate that vertically mounted bifacial PV systems
could reach up to 7.06 GWp, generating approximately 11.84 TWh/year, while revealing a
pronounced spatial mismatch between optimal agrivoltaic production sites and current
grid connection points. This distance-dependent distribution highlights the need for differ-
entiated deployment strategies, balancing local self-consumption, grid reinforcement, and
centralized injection. Beyond the specific case examined, the proposed approach provides
a transferable framework for energy system planning, supporting grid-aware agrivoltaic
deployment in diverse regions and regulatory contexts.

Keywords: agrivoltaics; vertical photovoltaics; Geographic information systems (GIS); grid
integration; energy systems; solar photovoltaics

1. Introduction
Solar photovoltaics (PV) is playing a fundamental role in the transition of the energy

sector towards renewable energy sources. By the end of 2023, PV accounted for 37% of
global renewable installed capacity, reaching the terawatt scale in 2022 [1]. Continued
growth in the solar energy sector is expected in the coming decades, driven by policy
initiatives aimed at achieving climate targets, creating affordable electricity, and ensuring
energy independence. In Europe, the EU solar energy strategy, which is part of the RE-
PowerEU Plan, aims to install more than 400 GW (320 GW-ac) by 2025 and almost 750 GW
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(600 GW-ac) by 2030 [2]. To meet the EU 2025 target, installed capacity must increase at a
rate of 70 GW per year (+22% over 2023).

This context defines a scenario of rapid deployment of PV systems, with the prolifera-
tion of large-scale solar power plants (i.e., >50 MWp) due to its economic feasibility, and
where energy generation is maximized by land area. While PV systems use significantly
less land compared to coal-based fuel cycles for generating electricity [3], the widespread
deployment of large centralized projects can lead to trade-offs, such as the displacement
of natural ecosystems, competition with land for food production, and alterations to the
landscape, which may trigger opposition from local communities [4–6].

As a combination of agricultural production and solar energy generation, agrivoltaics
(AV) is an interdisciplinary area that helps to mitigate land-use conflicts through innovative
designs that match both activities [7]. It optimizes land-use efficiency and enhances agricul-
tural resilience against climate change impacts, particularly in dryland areas threatened
by the intensity and frequency of weather extremes such as heatwaves and short, heavy
precipitation [8,9]. Recent research also indicates farmers have a positive attitude towards
these systems due to their potential economic benefits and yield stability, particularly in
the context of weather-related risks [10,11].

In the wine industry, where climate change is significantly affecting both productivity
and quality [12], agrivoltaic systems help mitigate these impacts. The shading provided
by the PV arrays creates microclimatic conditions that prevent excessive temperatures
and reduce soil evapotranspiration, contributing to a more stable environment for grape
cultivation [13]. In addition to these potential benefits, other key considerations when im-
plementing these systems include configurations adapted to specific agricultural demands.
In this regard, innovative designs that integrate PV into vineyard structures, minimizing
land intervention and visual impact while ensuring land-use efficiency, emerge as a viable
alternative [14]. The feasibility of this approach can be assessed using geographical infor-
mation systems (GIS) techniques, which have matured into a powerful tool for guiding
decision-making in the spatial deployment of agrivoltaic systems. In this context, the use of
GIS is essential, as the feasibility and scalability of agrivoltaic systems are inherently spatial
problems. The deployment of vertically integrated PV systems in vineyards depends on
the interaction of multiple spatially distributed variables, including parcel geometry, crop
distribution, solar potential, and proximity to electrical infrastructure, as demonstrated in
recent PV-based territorial planning studies [15]. In addition, GIS enables the integration
and analysis of these heterogeneous datasets within a consistent spatial framework, allow-
ing for parcel-level assessments and the identification of realistic deployment pathways at
regional scale.

Related Work on GIS-Based Agrivoltaics Assessment

According to the literature, GIS-based agrivoltaics studies generally follow two main
approaches: suitability analysis, often integrated with multi-criteria decision-making
(MCDM) methods, and the assessment of potential impacts across different domains.
Suitability mapping has been conducted in countries such as Italy [16] and Sweden [17], as
well as in regions of Turkey [18] and Flanders in northern Belgium [19]. Meanwhile, GIS
techniques have been applied to assess the optimal ground cover ratio across Europe [20],
financial analyses in Portugal [21], the capacity to meet electricity demand in Canada [22],
benefits for small-scale farms in Germany [23], and as a tool for ecosystem recovery in
environmentally degraded areas of southeast Spain [15].

Since every crop type and location has a singular requirement, once the technical
feasibility of the AV design is assessed, it is crucial to establish a clear reference scenario to
quantify its potential impact in the case of widespread adoption. In this sense, a detailed
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spatial analysis can help to define how scalable the proposed solution is and how it might
be applied, beyond the theoretical potential.

This study specifically addresses this question for the vertical integration of AV sys-
tems into vineyard trellises [14]. Vertical agrivoltaics refers to configurations in which
PV modules are installed in a vertical or near-vertical position (around 90◦ tilt), aligned
with crop rows or support structures rather than deployed as conventional tilted ground-
mounted arrays. In the case assessed here, the PV modules are integrated directly into the
vineyard trellis structure in the Region of Murcia (southeastern Spain).

The Murcia Region spans approximately 11,300 km2 and is distinguished by its
Mediterranean semi-arid climate with average annual rainfall often below 300 mm [24].
These conditions, while contributing to the unique quality of its wines—notably high
in phenolic richness and aromatic concentration—also bring significant challenges for
viticulture. Higher evapotranspiration rates, the need for supplemental irrigation, and
susceptibility to soil erosion are now further exacerbated by climate change. As a result,
vineyard management practices are increasingly strained. This, along with multiple other
factors, such as limited profitability in the current market context, has contributed to a sub-
stantial decline in vineyard area over the last decade. In 2000, the total cultivated area was
around 42,000 hectares, whereas today it has decreased to approximately 20,000 hectares,
accounting for 1.8% of the region’s total agricultural production [25]. Based on data from
the 2023/2024 season, wine production reached approximately 893,000 hl, representing
nearly 2.4% of national output [26]. However, these data reflect a 17% decrease compared
to the average of the previous five seasons.

The region also faces strong demands to expand renewable energy generation, in line
with Spain’s broader decarbonization targets. The availability of high solar irradiation
(>1800 kWh/m2 annually [27]) has contributed to the development of utility-scale PV
systems, reaching an installed power capacity of 1764 MW in 2024 [28]. At the same time,
the agricultural sector remains a pillar of the regional economy, making the Murcia region
a well-suited framework for exploring dual-use land strategies.

The aim of this study is to assess the regional deployment potential of vertically
integrated agrivoltaic systems in vineyards in the Region of Murcia, considering energy
generation, self-consumption potential, and grid connection feasibility through a GIS-
based approach. This sector plays an important social and economic role in the region,
with more than 20,000 ha [29], including three protected designations of origin (PDO),
Jumilla, Yecla, and Bullas, and one protected geographical indication (Vino de la Tierra
“Campo de Cartagena”). We provide a comprehensive evaluation of the technical potential,
incorporating regional applicability through a GIS-based approach. Our analysis considers
key contextual factors, including installation sizes, proximity to the grid, and distribution
patterns. This analytical approach contributes to the assessment of AV potentialities by
identifying key factors from a practical implementation perspective.

In this context, AV systems represent a promising solution to enhance land-use ef-
ficiency and thereby support sustainable agricultural development. However, despite
the potential benefits, several challenges must be addressed to enable widespread de-
ployment. Notably, Spain lacks a specific regulatory framework for AV systems, leading
to uncertainties in permitting, grid connection procedures, and eligibility for renewable
energy incentives. Standardization of design parameters, clearer guidelines for agricultural
compatibility, and dedicated support mechanisms could accelerate adoption and de-risk
investment for farmers and cooperatives.

In contrast to previous GIS-based agrivoltaic assessments that often remain focused
on suitability or aggregated technical potential, the present analysis operates at parcel level
and explicitly incorporates grid-related constraints relevant to real deployment pathways.
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Beyond estimating theoretical capacity, the analysis is explicitly framed from an energy
systems perspective, addressing the conditions required for AV solutions to move toward
market-level implementation. In particular, the study examines how grid accessibility,
distance to connection points, and existing network capacity shape feasible deployment
pathways at regional scale. By identifying spatial mismatches between optimal agrivoltaic
production sites and current electrical infrastructure, the proposed approach highlights the
need for differentiated strategies combining local self-consumption, grid reinforcement,
and centralized injection. Although grounded in a specific crop, configuration, and regu-
latory context, the methodology is transferable to other regions and agricultural systems,
providing a spatially explicit framework to support grid-aware planning, policy design,
and future assessments of AV scalability research.

The main contributions of this study can be summarized as follows:

• A parcel-level GIS-based framework is developed to assess the regional deployment
potential of vertically integrated agrivoltaic systems in vineyards.

• Installable capacity and annual electricity generation are quantified for vineyard
parcels in the Region of Murcia under a vertically mounted bifacial PV configuration.

• Implementation-oriented constraints are explicitly incorporated, including self-
consumption potential, proximity to residential demand, grid accessibility, distance to
connection points, and available substation capacity.

• A transferable spatial methodology is proposed to support grid-aware agrivoltaic
planning in other agricultural and regional contexts.

2. Materials and Methods
2.1. GIS Data Collection

The main database used for this analysis was the SIGPAC (Geographic Information
System for Agricultural Parcels of Spain [30]). SIGPAC allows the geographical identifica-
tion of parcels declared by farmers and livestock breeders under any aid scheme related
to cultivated land or land used for grazing. The analysis was based on the SIGPAC 2025
dataset, which is updated annually and provides parcel-level vector information for agri-
cultural land. The system is supported by high-resolution orthophotography with a ground
sampling distance ranging from approximately 0.25 to 0.50 m, ensuring sub-meter spatial
accuracy and a cadastral-scale representation of parcel boundaries.

A total of 10,663 vineyard parcels were identified in the Region of Murcia, dis-
tributed across its 45 municipalities (see Figure 1). However, the presence of vineyards
varies greatly between municipalities, as detailed in Table 1. Jumilla clearly dominates
the vineyard sector, accounting for 50% of the total vineyard area in the region. In
addition to its extensive surface area, Jumilla also hosts the highest number of vineyard
parcels, with over 4500 registered.

Yecla follows with 30% of the vineyard area, while the remaining municipalities contribute
far less, ranging from nearly 3% in Abanilla to near zero in Fortuna and Torre-Pacheco.

There is also significant variation in the average size of vineyard parcels across munic-
ipalities. Jumilla, Yecla, Mula, Cieza, Puerto Lumbreras, Blanca, Molina de Segura, Ulea
and Calasparra have the largest average parcel sizes, each exceeding 2 hectares. Abanilla,
Alhama de Murcia, Lorca, Cehegín, Bullas, Mazarrón, Águilas, Abarán, Moratalla, Car-
avaca de la Cruz, Ricote, Cartagena and Murcia, also show relatively large average sizes,
with over 1 hectare per parcel. The remaining municipalities have average vineyard parcel
sizes between 0 and 1 hectare.
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Figure 1. Geographical location of the study area in the Region of Murcia (SE Spain), with municipal-
ities borders and the distribution of vineyard parcels from the SIGPAC database. Each municipality
is identified with a numerical code in the Cadastre, according to the following relation: Jumilla (43),
Yecla (22), Abanilla (10), Mula (17), Alhama de Murcia (8), Lorca (15), Cieza (28), Cehegín (13), Totana
(21), Bullas (29), Mazarrón (24), Puerto Lumbreras (33), Blanca (34), Águilas (3), Abarán (19), Molina
de Segura (11), Moratalla (28), Caravaca de la Cruz (13), Ricote (19), Aledo (6), Ulea (25), Cartagena
(16), Fuente Álamo de Murcia (26), Murcia (30), Calasparra (28), Fortuna (20) y Torre-Pacheco (37).

Table 1. Vineyard distribution by municipality. Data extracted from [30].

Municipality Vineyard Area (Ha) Number of Parcels Parcel Surface
Average (Ha)

Percentage of Total
Vineyard Area (%)

Jumilla 10,648.65 4518 2.36 49.75
Yecla 6411.53 2894 2.22 29.96

Abanilla 645.57 636 1.02 3.02
Mula 529.07 257 2.06 2.47

Alhama de Murcia 446 338 1.32 2.08
Lorca 416.32 355 1.17 1.95
Cieza 367.74 132 2.79 1.72

Cehegín 340.05 244 1.39 1.59
Totana 310.72 381 0.82 1.45
Bullas 293.01 255 1.15 1.37

Mazarrón 213.08 185 1.15 1
Puerto Lumbreras 148.24 8 18.53 0.69

Blanca 99.91 48 2.08 0.47
Águilas 85.08 53 1.61 0.4
Abarán 72.22 62 1.16 0.34

Molina de Segura 69.42 24 2.89 0.32
Moratalla 66.06 51 1.3 0.31

Caravaca de la Cruz 60.15 42 1.43 0.28
Ricote 57.04 49 1.16 0.27
Aledo 54.5 75 0.73 0.25
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Table 1. Cont.

Municipality Vineyard Area (Ha) Number of Parcels Parcel Surface
Average (Ha)

Percentage of Total
Vineyard Area (%)

Ulea 21.6 9 2.4 0.1
Cartagena 14.6 10 1.46 0.07

Fuente Álamo de Murcia 13.69 20 0.68 0.06
Murcia 9.48 9 1.05 0.04

Calasparra 8.19 3 2.73 0.04
Fortuna 0.82 4 0.21 0

Torre-Pacheco 0.06 1 0.06 0

Additionally, to assess the alignment between AV energy production and residential
electricity consumption, a supply–demand analysis was carried out based on data from
the Online Cadastral Information Service of Spain [31]. The Spanish Cadastre provides
an open-access, georeferenced database that includes detailed records of land parcels and
buildings throughout Spain. The dataset contains key attributes such as parcel geometry,
land-use classification, and the constructed surface area of each property. This information
can be accessed through national web services or downloaded in GIS-compatible formats
for spatial analysis. To identify residential areas, the land-use classification field is used to
filter properties categorized under residential designations. This allows for the selection
of parcels intended for housing, whether single-family or multi-family dwellings. The
constructed area field, which indicates the total built surface in square meters, is then used
to quantify the size of the residential buildings. This combination of spatial and descriptive
data enables researchers to map and analyze the distribution of housing, evaluate residential
density, and distinguish between different types of urban and rural development.

2.2. Agrivoltaic System Description

The proposed system (coined ENOVOLTAICS [14]) is conceived as a vertically inte-
grated AV solution in which PV modules are mounted directly above vineyard trellises,
using the existing metallic structures as dual-purpose supports for both vine growth and en-
ergy generation. This approach minimizes land intervention, visual impact, and installation
costs, while ensuring agronomic compatibility and preserving vineyard productivity.

The general architecture proposed consists of vertically oriented PV panels arranged
in continuous rows along the trellis lines, occupying the surface delimited between 1.8
and 2.4 m above ground level. This height guarantees minimal interference with vineyard
operations, including manual and mechanized harvesting, and ensures sufficient clearance
to avoid significant shading on the canopy. These dimensions correspond to a 1.5:1 ratio
between inter-row spacing and trellis height, which has been shown to allow full sun
exposure of the vines under most seasonal conditions in this latitude.

Shading interactions between adjacent vineyard rows were not modelled as an addi-
tional loss term. This is because the deployment scenario is based on the ENOVOLTAICS
configuration reported in [14], whose geometry was specifically conceived to avoid signifi-
cant inter-row shading on the crop. In particular, the height range adopted for PV placement
and the inter-row spacing to trellis-height ratio were selected to preserve vineyard oper-
ability and maintain full sun exposure of the vines under most seasonal conditions.

Three different vertical configurations were explored in pilot installations, namely
vertical monofacial, vertical bifacial and venetian blind-type configurations (details shown
in Table 2).
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Table 2. Pilot installation specifications and annual production per hectare for each installation.

PV Configuration Location Azimuth Installed Peak
Power (kWp)

Annual Energy
per Ha (kWh)

Vertical bifacial 38.4697, −1.3113 −63◦ 2.34 555,910
Venetian blind-type 38.4539, −1.2212 −8◦ 1.56 304,720
Vertical monofacial 38.5874, −1.034 +8◦ 2.34 383,760

Among them, and in accordance with previously performed simulations [14], the
vertical bifacial configuration outperformed the other two by approximately 30% in annual
energy production under comparable conditions. Consequently, the vertical bifacial config-
uration was selected as the most promising layout for the regional deployment scenario
assessed in this study (Figure 2).

 

Figure 2. Vertical bifacial pilot installation.

2.3. Agrivoltaic Energy Generation

The yearly photovoltaic production is estimated using Equation:

E = A·H(α,β)·y

where

E: Annual electricity production (kWh/year);
A: Parcel area (m2);
H(α,β): Annual specific yield (kWh/kWp) at each location and PV system slope (β, 90º
vertical) and surface azimuth (α, 180º south);
y: Installed PV capacity per land unit (kWp/m2).

To estimate specific yield, Huld et al. [32]’s model, which considers output power
as a function of the module temperature and in-plane irradiance, is used, considering
coefficients (K1–K6) for silicon-crystalline PV technology and a bifaciality factor of 0.75.
The PV module temperature is estimated using the method proposed by Faiman [33]. The
annual in-plane irradiance of each parcel was obtained from the PVGIS TMY database [34]
and calculated using the Perez transposition model [35] with the open-source PVLIB-python
library [36]. The estimated system losses have been considered to be 14% (performance
ratio, PR = 0.86); this value was adopted from the PVGIS [34] recommended “system loss”
input, which accounts for generic system losses together with ageing effects, and was
considered appropriate for a regional-scale assessment focused on deployment potential
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rather than detailed PV system design. The installed PV capacity per land unit (y) is set at
0.033 kWp/m2, based on data from the experimental pilot systems (a PV ground-mounted
installation is conventionally considered to be 0.1 kWp/m2). Figure 3 presents the annual
specific yield (H) for each municipality at different orientation angles (α).

Figure 3. Annual specific yield (kWh/kWp) for V-BI configuration (β = 90) in each municipality at
ranged orientation angles (α).

Since the proposed solution is designed to adapt to the existing trellis structure, the
orientation of the AV system (directly linked to the energy generation) is determined by the
orientation of the vineyard rows. In this sense, the orientation of the vineyards was assumed
to correspond to the orientation of the parcels themselves, as derived from the direction of
their longest boundary edge. Since parcel-level empirical data on vineyard row direction
were not available for the whole study area, and no single orientation rule can be assumed a
priori across all vineyards, the longest polygon edge was used as a geometric proxy for row
orientation. This should be understood as a first-order approximation rather than a direct
measurement, and therefore as a limitation of the study. At the same time, this criterion
introduces heterogeneity into the regional-scale assessment and provides a practical way
to represent the variability found in real vineyard layouts. To complement this baseline
assumption, an idealized optimal-orientation scenario is also presented in Section 3.5.
This analysis was performed in a GIS environment. To determine the orientation of each
vineyard parcel using only the polygon shapefiles provided by SIGPAC, the following steps
were carried out:

1. Polygon Simplification: The Simplify tool was applied to reduce the number of
vertices in each parcel polygon. This step helps avoid incorrect identification
of parcel orientation due to complex or irregular boundaries, ensuring that the
longest side of the polygon is not mistakenly selected if it is distorted by minor
indentations or curvature.

2. Geometry Repair: The Repair Geometry tool was then used to fix any topological or
structural errors in the simplified polygons, ensuring clean and valid geometry for
the following operations.

3. Conversion to Lines: The polygons were converted into their boundary lines using
the Polygon to Line tool.

4. Exploding Multipart Features: The resulting line layer was exploded using the Multi-
part to Singlepart tool to separate individual line segments, allowing for independent
analysis of each segment.

https://doi.org/10.3390/agriengineering8060200
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5. Longest Edge Selection: For each parcel, the longest boundary line segment was
identified. This line was assumed to represent the main direction of the parcel (often
aligned with vineyard rows or access paths).

6. Angle Calculation: The orientation (azimuth) of the longest line segment was
calculated. To standardize the results, angles were constrained to the 0–180◦ range,
ensuring consistent directional reference regardless of the original digitization
direction of the polygon.

As a validation-oriented check, the regional specific yield obtained from the GIS-PVGIS
modelling chain was compared with monitored production data from the vertical bifacial
ENOVOLTAICS pilot installation. The comparison was carried out on an annual specific-
yield basis (kWh/kWp/year), allowing the field-scale pilot and the regional deployment
scenario to be compared independently of system size.

2.4. Energy Demand by Residential Sector

Implementation of AV systems is transforming the landscape of energy generation,
distribution, management, and consumption. Unlike conventional energy-centric infras-
tructures, AV systems introduce new challenges and opportunities and open up new
business models and implementation scenarios.

In this context and given that certain vineyards are often spatially distributed near
peri-urban residential zones, a supply–demand analysis was conducted to evaluate the
extent to which the energy produced by AV systems could meet the electricity demand of
the residential sector.

The estimation of residential electricity demand was based on cadastral data from
the Region of Murcia, using information on the total surface area of residential dwellings
and an estimate of average electricity consumption per dwelling. For this purpose, data
from the Spanish Institute for the Diversification and Saving of Energy (IDAE) were used.
IDAE conducted a nationwide study on residential energy consumption in Spain [37],
which provides detailed data disaggregated by climatic zones and housing typologies. This
analysis includes electricity consumption figures, enabling the identification of consump-
tion patterns based on geographic location and building type. According to the study,
the average household in the Region of Murcia consumes approximately 3487 kWh of
electricity per year.

Using a GIS environment, the total surface area of residential buildings was calculated
for each municipality and multiplied by the aforementioned average consumption value.
This allowed for the estimation of the total annual electricity demand of the residential
sector across the municipalities of the Region of Murcia.

To refine the analysis within the framework of local self-consumption, a spatial selec-
tion was performed by considering a maximum connection distance of 2 km between the
agrivoltaic system and the residential buildings, in accordance with the maximum distance
allowed for self-consumption under current Spanish legislation [38]). A radius of 2 km
was created around each vineyard parcel with an associated AV system, and this layer
was intersected with the residential dwellings layer derived from the cadastral dataset.
Only dwellings located within this radius were considered as potentially supplied by the
corresponding AV installation. Additionally, an annual electricity consumption value was
assigned to each individual dwelling based on the number of residential units recorded in
the cadastral database. This allowed for a more detailed estimation of the share of local
demand that could be covered under a self-consumption scenario.

https://doi.org/10.3390/agriengineering8060200
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2.5. Assessment of Grid Connection Feasibility

In addition to the self-consumption scenario, a second analysis was carried out to
explore the potential of grid-connected AV systems. This scenario considers the injection
of electricity into the public grid, replacing the existing power supply at each substation
with the energy produced by the nearest AV system, up to the maximum capacity allowed
by the grid infrastructure. The connection points and available capacity at each substation
were obtained from the public access capacity map provided by [39].

This analysis was based on calculating the distance from each AV installation to the
closest substations within a predefined maximum connection radius. By applying spatial
selection and distance tools, the number of substations accessible to each AV system was
identified, depending on their geographic location.

To further support the grid injection scenario analysis, a proximity measurement
was performed using the “shortest line between objects” operation in GIS. This tool was
used to compute the minimum linear distance between each vineyard parcel and the
available grid connection points included in the infrastructure dataset. The resulting
distance values allow for evaluating the technical viability of each connection based on
spatial criteria and can be used to prioritize parcels for grid injection according to their
proximity to the network.

This approach enables the identification of potential grid connection options for each
AV system and facilitates the evaluation of overall feasibility at the municipal level. The
analysis highlights which municipalities are better positioned in terms of access to electrical
infrastructure, providing an initial screening of areas with higher viability for decentralized
renewable energy integration.

3. Results
This section presents the spatial and quantitative outputs of the GIS-based modelling of

vertical photovoltaic integrated system deployment potential in the Region of Murcia. The
analysis focuses on annual energy production, installed power, parcel structure, avoided
emissions, and sensitivity to orientation.

3.1. Annual Energy Generation

Figure 4 displays the estimated total annual energy generation for each vineyard
parcel, expressed in MWh/year. The total estimated annual energy output for the Region
of Murcia is estimated at approximately 11.84 TWh/year. The spatial distribution of energy
production is highly uneven, with pronounced concentrations in the north quadrant of the
region, particularly with area covered by PDO Jumilla and PDO Yecla wine appellations.
Prominent clusters are observed in the northeastern part of the region, reflecting the
extensive vineyard coverage concentrated in these areas.

Indeed, energy production from agrivoltaic plants is highly concentrated in the Ju-
milla municipality, which leads by a significant margin, accounting for 51% of the total
production with over 5.86 TWh annually, covering 51% of the total surface area of the
agrivoltaics surface in the region. Yecla ranks second, contributing 31% of the total, pro-
ducing around 3.54 TWh/year, followed by Abanilla, accounting for slightly over 3% of
both the production and surface. Together, these three municipalities are responsible for
approximately 85% of the region’s total agrivoltaic energy production.

By contrast, the remaining 18 municipalities collectively contribute the remaining
15% of the total energy output and surface area. From the perspective of PDO, the areas
with lower energy generation tend to fall outside PDO boundaries. Aggregating energy
production by viticultural PDO areas provides a clearer understanding of the association
between energy potential and wine-producing regions, as shown in Figure 5.

https://doi.org/10.3390/agriengineering8060200

https://doi.org/10.3390/agriengineering8060200


AgriEngineering 2026, 8, 200 11 of 21

Figure 4. Annual energy production of agrivoltaic vineyard parcels in the Region of Murcia.

Figure 5. Estimated potential annual energy generation and potential AV capacity in the Region of
Murcia, grouped by Protected Designations of Origin (PDO).

3.2. Empirical Plausibility Check of PV Yield Estimates

To provide an empirical plausibility check of the PV yield estimates used in the
regional assessment, the simulated region-specific yield was compared with moni-
tored production data from the vertical bifacial ENOVOLTAICS pilot installation. This
configuration was selected because it is the reference layout adopted for the regional
deployment scenario in the present study. The comparison was performed in terms of
annual specific yield (kWh/kWp/year), rather than absolute electricity production, in
order to make the field-scale pilot data and the regional GIS-based estimate comparable
independently of system size.
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The regional scenario estimated an annual electricity production of 11.84 TWh/year
for a total installed capacity of 7.06 GWp, corresponding to an average specific yield
of approximately 1677 kWh/kWp/year. By comparison, the monitored vertical bifacial
pilot produced 555,905 kWh/ha/year with an installed capacity density of 338 kWp/ha,
corresponding to 1645 kWh/kWp/year. The relative difference between the monitored
pilot value and the regional modelled value was approximately 1.9% (Table 3).

Table 3. Empirical plausibility check of the PV yield estimates using monitored production data from
the vertical bifacial pilot installation.

Case Source Annual Energy
Production Installed Capacity Annual Specific Yield

Regional vertical
bifacial deployment

scenario
GIS-PVGIS model 11.84 TWh/year 7.06 GWp 1677 kWh/kWp/year

Vertical bifacial pilot
installation

Monitored inverter
data 555,905 kWh/ha/year 338 kWp/ha 1645 kWh/kWp/year

This agreement indicates that the PVGIS-based modelling chain used in the regional
analysis provides values that are consistent with the order of magnitude observed under
real operating conditions in vineyard-integrated PV systems. Therefore, although the
present study does not aim to perform a full plant-level calibration of the PV model, the
comparison supports the empirical plausibility of the regional PV yield estimates used for
the GIS-based deployment assessment.

3.3. Installed Power by Protected Designation of Origin (PDO) Area

Figure 5 presents the aggregate peak power potential by wine-growing region, cal-
culated using a uniform installation density of 0.033 kWp/m2 across vineyard parcels.
This value was taken from the ENOVOLTAICS pilot configuration reported in [14] and
reflects a design criterion intended to avoid significant shading on the crop canopy. The
total capacity for the region reaches 7.06 GWp, representing roughly a fourfold increase
over the existing installed capacity of 1.8 GW.

The largest contributor is D.O. Jumilla, accounting for roughly 3.5 GWp (50% of
total). This is followed by D.O. Yecla with approximately 2.1 GWp (30%). Both areas
combine scale, regular parcel geometry, and high solar availability, positioning them as
primary candidates for large-scale projects. D.O. Bullas ranks third with 0.5 GWp, while
the two PGI zones—V.T. Abanilla and V.T. Campo de Cartagena—together contribute
under 0.4 GWp. The remaining 0.8 GWp are distributed among smaller municipalities
classified as “Rest”.

3.4. Distribution of Agrivoltaic System Capacity

Figure 6 shows that most AV systems have a capacity below 1 MWp, while only a few
reach several MWp. This pattern reflects significant fragmentation, with 58% of all parcels
being smaller than 1 hectare and contributing 18% of the total power capacity. In contrast,
the largest 2% of parcels (those larger than 5 hectares) account for 22% of the total capacity.
This imbalance highlights the high variability in vineyard land ownership. Such structural
diversity must be considered in the planning and implementation of agrivoltaic systems.

These results lay out clear governance implications. Small-scale, family-owned
parcels will require cooperative frameworks or aggregation mechanisms to be viable for
deployment. The top 9% of parcels already concentrate 45% of the potential, offering a
short-term pathway to capture a large share of generation with reduced transactional
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complexity. However, inclusive long-term strategies must also address the operational
integration of smallholders.

Figure 6. Cumulative histogram of the capacity of AV systems grouped by Protected Designations of
Origin (PDO).

3.5. Avoided CO2 Emissions

The full deployment of the proposed AV systems across vineyard land in the Region
of Murcia would generate an estimated 11.84 TWh of renewable electricity per year. To
evaluate its potential climate impact, this value has been translated into avoided CO2

emissions using reference emission factors.
According to the European Environment Agency, the average carbon intensity of

electricity generation in Spain was approximately 0.18 tCO2/MWh in 2022, a value
that reflects the country’s ongoing decarbonization and the declining role of coal in the
electricity mix [40].

Applying this national factor, the system would avoid around 2.13 million tons of
CO2 per year. If we consider the average for 2020 (0.230 tCO2/MWh), the value rises to
2.72 MtCO2/year. In a scenario where the displaced electricity is mostly fossil-based—still
common in peak-hour grid conditions or isolated areas—emissions avoided could reach up
to 5.63 MtCO2/year, as suggested in other studies [41].

As a reference, Spain’s total electricity-related emissions in 2022 were around
50 MtCO2 [42] meaning that the system could offset between 4% and 11% of those emis-
sions depending on the scenario. At a regional scale, this would equate to the electricity
consumption of over 3 million households, assuming Murcia’s average residential
demand and the national carbon intensity.

This reinforces the relevance of integrating agrivoltaics not only as a land-use strategy,
but as a tool to accelerate decarbonization through distributed, socially grounded systems.
As Spain advances towards the objectives set in its National Energy and Climate Plan [43],
scalable dual-use models like those proposed herein could play a key role in bridging
renewable expansion with rural development.

3.6. Orientation Optimization Scenario

To assess the upper bound for energy generation, an idealized scenario was consid-
ered in which all vineyard parcels are assumed to have optimal orientation (α = 180º,
equator-facing azimuth) for the AV system. The simulation reveals that such alignment
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would increase the total annual energy yield from 11.84 TWh/year to 12.35 TWh/year,
representing a 4.2% gain compared to the baseline scenario.

This improvement, though seemingly modest in relative terms, translates into a sub-
stantial absolute increase of 500 GWh/year of electricity—without requiring any additional
land or installed capacity. If implemented progressively during regular vineyard renewal
cycles (assuming a rate of 4% of the vineyard area per year), the region could accumulate
an additional 1 TWh of renewable energy over 15 years.

These findings underscore the value of integrating energy-oriented design criteria into
viticultural management. Replanting vineyards with optimized row orientation, especially
in large or newly established plots, could significantly enhance the overall efficiency of
the proposed AV systems with minimal added cost in terms of PV installations. This
synergy between agronomic planning and energy optimization offers a practical pathway
to maximize land productivity and climate impact.

3.7. Deterministic Sensitivity Analysis of Key Assumptions

To assess the robustness of the regional estimates, a deterministic one-at-a-time sensi-
tivity analysis was performed for the main scenario-defining assumptions. The analysis
considered variations in PV specific yield, installation density, system losses, residential
electricity demand, and orientation. These parameters were selected because they di-
rectly affect the main outputs of the study: annual electricity generation, installed capacity,
self-consumption potential, and the upper-bound energy gain associated with optimized
vineyard orientation (Table 4).

Table 4. Deterministic sensitivity analysis of key assumptions used in the regional deploy-
ment scenario.

Parameter Baseline
Assumption Sensitivity Range Resulting Effect Interpretation

PV specific yield Baseline GIS-PVGIS
yield ±5% 11.25–12.43

TWh/year

Direct proportional
effect on annual

electricity generation

Installation density 0.033 kWp/m2 ±10%
6.35–7.77 GWp and

10.66–13.02
TWh/year

Direct effect on both
installed capacity

and annual
electricity generation

System losses 14% losses, PR = 0.86 10–18% losses,
PR = 0.90–0.82

11.29–12.39
TWh/year

Moderate effect
within a plausible
performance-ratio

range

Residential electricity
demand

3487
kWh/dwelling/year ±10%

328.5–401.5
GWh/year within

the 2 km
self-consumption

radius

Local residential
demand remains
much lower than

total AV production

Orientation
Baseline

parcel-derived
orientation

Optimal south-facing
orientation 12.35 TWh/year

+4.2% compared
with the baseline

scenario

The baseline scenario corresponds to an estimated annual electricity generation of
11.84 TWh/year and an installed capacity of 7.06 GWp. Since annual electricity generation is
directly proportional to both the PV specific yield and the installation density, variations in
these parameters were propagated linearly from the baseline regional result. System losses
were assessed by varying the performance ratio around the PVGIS default assumption used
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in the study. Residential demand was varied around the IDAE-based reference consumption
value. Finally, the orientation sensitivity corresponds to the optimized-orientation scenario
presented in Section 3.6.

The results show that the regional energy estimate is most sensitive to installation
density and PV specific yield, while the self-consumption conclusions remain robust under
the demand variation considered. Even when residential demand within the 2 km radius
is increased by 10%, the local demand remains far below the total estimated agrivoltaic
production. Similarly, the optimized-orientation scenario increases annual generation by
4.2%, indicating that orientation improvement can provide a relevant but secondary gain
compared with the total deployment potential.

Overall, the sensitivity analysis confirms that the absolute magnitude of the re-
gional generation potential depends on the assumed PV yield and installation density,
as expected. However, the main qualitative conclusions of the study remain unchanged:
vineyard-integrated vertical agrivoltaics presents a large regional generation potential,
local self-consumption can absorb only a limited fraction of that potential under the
current 2 km regulatory threshold, and grid accessibility remains a key constraint for
large-scale deployment.

4. Discussion
The results above outline a technically viable and spatially detailed scenario for

deploying integrated vertical agrivoltaic systems across all vineyards in Murcia. The
next step is to interpret how this technical potential could be harnessed through real-
world implementation models. Two complementary paths are explored: decentralized
self-consumption and centralized grid injection.

4.1. Self-Consumption Potential

Based on cadastral data, the number of residential dwellings in the Region of Murcia
was quantified and assigned an average annual electricity consumption of 3487 kWh
per household, following national estimates provided by the IDAE (SECH-SPAHOUSEC
project [44]. To evaluate the spatial viability of self-consumption, a 2 km radius was
generated around each vineyard parcel, in line with current Spanish legislation regulating
shared self-consumption [45]. Residential buildings located within this distance were
identified through spatial intersection in a GIS environment (Figure 7).

This analysis reveals that approximately 16% of the region’s total residential electricity
demand is located within 2 km of a vineyard parcel suitable for agrivoltaic deployment
(differentiated percentages for each municipality and protected designation are shown
in Figure 8).

Specifically, the electricity demand of these dwellings amounts to 364.96 GWh/year,
while the total residential electricity demand in the region is 2.27 TWh/year.

By comparing these figures with the total estimated electricity output—11.84 TWh/year
across all vineyard land—it becomes evident that the production potential vastly exceeds the
demand in the 2 km zone. This implies that, under current legal constraints, only about 3.1% of
the total available generation capacity would be required to fully meet the residential demand
within the proximity threshold.

This structural oversupply highlights two key insights. First, self-consumption is
technically viable and robust, even under conservative proximity constraints. Second,
there is considerable room for expansion through legislative adjustments (e.g., increasing
the allowed distance), sectoral diversification (e.g., supplying industrial or service-sector
loads), or energy export via grid injection.
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Figure 7. Residential sector electrical demand coverage.

 
Figure 8. Average household energy demand coverage by municipality and protected designation.

Moreover, the fact that this residential demand is physically co-located with pro-
ductive parcels—particularly in municipalities such as Jumilla, Yecla, Mula, and Torre-
Pacheco—simplifies interconnection logistics and reinforces the case for cooperative energy
communities and local ownership models. These configurations not only enhance energy
autonomy but also allow for redistribution of value creation toward rural stakeholders,
strengthening the social license of the transition.

4.2. Grid Injection and Infrastructure Compatibility

In addition to the self-consumption scenario, the large-scale deployment of the pro-
posed AV systems across vineyard parcels in the Region of Murcia generates a significant
surplus of electricity, far beyond what can be absorbed within the 2 km legal radius for local
consumption. To make full use of this generation potential, the integration of these systems
into the regional electricity grid was evaluated. The spatial distribution of substations in
the Region of Murcia and their corresponding capacities are shown in Figure 9.
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Figure 9. Grid connection points distribution in the Region of Murcia, together with their capacity ranges.

A spatial allocation analysis was conducted to evaluate the compatibility between
productive vineyard parcels and the existing electricity infrastructure. First, the shortest
linear distance between each parcel and the available electrical substations was calculated in
a GIS environment. Then, a prospective planning scenario was applied in which substations
(Figure 9) were assumed to be initially empty, while preserving their reported capacity
values as upper limits for agrivoltaic power injection. Under this assumption, parcels
were progressively assigned to substations according to shortest distance, filling each
connection point until its capacity limit was reached. Parcels whose estimated AV capacity
exceeded the remaining available capacity were skipped, and parcels already assigned
were removed from the candidate pool to avoid double counting. This procedure provides
an estimate of grid injection feasibility and associated infrastructure requirements under a
capacity-constrained deployment scenario. The resulting values are shown in Table 5.

Table 5. Percentages of substation power capacities supplied by agrivoltaic systems as a function
of distance.

Distance Ranges (km) Power (MW) Percentage %

<1 20.11 0.63
1–2 136.15 4.25
2–5 306.40 9.57

5–10 211.24 6.60
10–20 127.92 4.00
20–40 575.91 17.99
40–60 677.17 21.15
>60 1146.26 35.81

Total 3201.17 100.00

The results reveal a marked spatial dispersion in terms of grid accessibility. Only a
small fraction of the potential installed capacity—approximately 20 MW, or 0.63% of the
total—is located within 1 km of a connection point. An additional 136 MW (4.25%) falls
within the 1 to 2 km range, and 306 MW (9.57%) between 2 and 5 km. As distance increases,
the installed capacity becomes progressively more concentrated: 211 MW (6.60%) change is
located between 5 and 10 km, 128 MW (4.00%) between 10 and 20 km, 576 MW (17.99%)
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between 20 and 40 km, and 677 MW (21.15%) between 40 and 60 km. Notably, the largest
share—over 1146 MW representing 35.81% of the total—is situated more than 60 km from
a connection point. These values underscore the challenges posed by the spatial mismatch
between optimal AV production sites and the current electricity infrastructure, particularly
in rural or less populated areas of the region.

This distance-dependent distribution of capacity highlights the need for differentiated
deployment strategies. Vineyard parcels located near substations, especially within 10 km,
present the most immediate and cost-effective opportunities for grid injection, requiring
relatively modest infrastructure investments. In contrast, parcels situated further away
may demand more extensive grid reinforcement, the construction of new substations, or
the deployment of intermediate storage and aggregation systems to ensure economic and
technical viability. The GIS-based allocation method used in this analysis, which matches
parcels to substations until their estimated capacity is filled, reflects the practical limitations
of the existing network and offers a replicable model for preliminary planning.

Taken together, these results suggest that grid injection can serve as a complementary
pathway to self-consumption, enabling the absorption of surplus energy and expanding
the reach of vineyard-integrated agrivoltaics systems beyond peri-urban zones. While self-
consumption targets local demand in areas where production and consumption co-exist,
grid injection unlocks the potential of remote, high-yield parcels and connects rural renew-
able generation to the broader energy system. This dual approach—territorially grounded
and systemically integrated—maximizes both technical efficiency and regional impact, po-
sitioning vineyard-based agrivoltaics as a viable contributor to Murcia’s renewable energy
strategy and its alignment with national decarbonization goals.

4.3. Study Limitations

This study should be interpreted as a regional-scale implementation scenario based
on spatially explicit but simplified assumptions. Several limitations should therefore be
acknowledged. First, the GIS analysis depends on the quality, update status, and thematic
accuracy of the underlying parcel and cadastral datasets. Although SIGPAC and cadastral
information provide a robust basis for regional assessment, mismatches may exist between
database classification and the current on-ground situation, particularly in relation to land
use, residential records, or recent parcel changes.

Second, vineyard row orientation was not available as an empirical parcel-level vari-
able for the whole study area. For this reason, the longest polygon edge was used as a
geometric proxy for row direction. This should be understood as a first-order approxima-
tion rather than a direct measurement, and therefore as a methodological limitation. To
help frame the influence of this assumption, an idealized optimal-orientation scenario was
also included as an upper-bound reference.

Third, PV yield estimates were derived from the PVGIS framework using a typical
meteorological year and standardized system assumptions. Likewise, installation density
was treated as a design constraint inherited from the ENOVOLTAICS configuration rather
than as a free variable. As a result, the study does not provide a full uncertainty or
sensitivity analysis of all technical inputs, but rather a consistent comparative framework
for regional deployment assessment.

Finally, the manuscript does not include a detailed economic evaluation. This limits
the conclusions that can be drawn regarding project profitability, bankability, or the cost
implications of long grid-connection distances and possible reinforcement needs. These
aspects, together with business models for fragmented parcels and cooperative deployment
schemes, should be addressed in future research.
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5. Conclusions
This study demonstrates that vertically integrated agrivoltaic systems can provide

a substantial contribution to regional electricity supply when evaluated from an energy
systems and grid integration perspective. Using vineyard landscapes in the Region
of Murcia as a representative case, the spatial analysis shows that up to 7.06 GWp of
vertically mounted bifacial PV could be deployed, generating approximately 11.84 TWh
of renewable electricity per year. Areas such as the Designations of Origin of Jumilla
and Yecla emerge as priority zones for early deployment due to their large continuous
surfaces, structured parcel layouts, and high solar resource availability. However,
the predominance of small parcel sizes highlights structural land fragmentation as a
key constraint, pointing to the need for cooperative, aggregated, or community-based
deployment models to enable large-scale implementation.

Beyond capacity estimates, the results underline the importance of integrating agri-
voltaic deployment strategies with agricultural planning and power system requirements.
Orientation analysis indicates that aligning vineyard rows toward south-facing configura-
tions during renewal cycles could unlock an additional 500 GWh/year without increasing
land occupation or installed capacity, reinforcing the potential synergies between viticul-
tural practices and energy planning. From a climate perspective, full deployment could
avoid between 2.13 and 5.63 million tons of CO2 emissions annually, depending on the
displaced electricity mix, representing a meaningful contribution to decarbonization targets.

From a grid integration standpoint, proximity between vineyard parcels and residen-
tial areas enables local energy sharing under current Spanish regulation, allowing collective
self-consumption within a 2 km radius. Although this pathway alone could supply approx-
imately 365 GWh/year (around 16% of regional residential electricity demand) it would
utilize only a small fraction of the overall generation potential. Most of the capacity lies
beyond the current self-consumption radius and at considerable distances from existing
substations, with more than 75% located over 10 km away, underscoring the need for grid
reinforcement and coordinated infrastructure planning.

Overall, the findings support a dual deployment strategy that combines decentralized
self-consumption in peri-urban areas with centralized grid injection from high-yield rural
zones. While grounded in a specific crop, configuration, and regulatory context, the
spatial framework presented here is transferable to other regions and agricultural systems.
By explicitly addressing grid accessibility and infrastructure constraints, this approach
contributes to more realistic, market-oriented assessments of agrivoltaic scalability and
provides actionable insights for energy planners, network operators, and policymakers
seeking to integrate dual land-use solutions into future low-carbon power systems.
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