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Abstract: The exploitation of bioenergy plays a key role in the process of decarbonising the economic
system. Huge efforts have been made to develop bioenergy and other renewable energy systems,
but it is necessary to investigate the costs and problems associated with these technologies. Soil con-
sumption and, in particular, soil sealing are some of these aspects that should be carefully evaluated.
Agricultural biogas plants (ABPs) often remove areas dedicated to agricultural activities and require
broad paved areas for the associated facilities. This study aimed to (i) assess the surfaces destined
to become facilities and buildings in ABPs, (ii) correlate these surfaces with each other and to the
installed powers of the plants, and (iii) estimate the consumption of soil in bioenergy applications
in Italy. Two hundred ABPs were sampled from an overall population of 1939, and the extents of
the facilities were measured by aerial and satellite observations. An ABP with an installed power of
1000 kW covers an average surface area of up to 23,576 m2. Most of this surface, 97.9%, is obtained
from previously cultivated areas. The ABP analysis proved that 24.7 m2 of surface area produces
1 kW of power by bioenergy. The obtained model estimated a total consumption of soil by ABPs
in Italy of 31,761,235 m2. This research can support stakeholders in cost-benefit analyses to design
energy systems based on renewable energy sources.

Keywords: anaerobic digestion; biomethane; biogas plant; land use; spatial analysis

1. Introduction

Bioenergy is one of the most commonly used forms of renewable energy [1] because
of both the wide range of suitable biomasses and the ease of energy production and
storage [2,3]. However, studies are progressing in the field of optimising the benefits
of biomass exploitation, especially regarding by-products [4], in the optimal location of
bioenergy plants [5], in the consideration of bioenergy districts [6], and in the maximization
of economic profits by minimizing the transportation and processing costs [7–9].

Agricultural activities play a key role in developing and managing bioenergy sys-
tems [10]. This sector can be an integral part of rural community economies and of agri-
cultural processes [11]. The applications of bioenergy can contribute to reducing carbon
emissions produced by agricultural activities [12,13] and by industrial and manufacturing
activities [14]; this aspect could lead to an actual conversion of the energy system [15].
From economic and social points of view, bioenergy contributes to creating an energy
system based on the local production of resources and an increased awareness in local
communities [16,17]. Among the technical opportunities, the advantages of the treatment
of livestock effluents in digesters should be considered; the digestate is a stable product for
nitrogen removal and can be used as a fertilizer in agronomic activities [18]. Together with
these opportunities, some issues must be carefully considered. It is essential to carefully
consider all the implications, including both the benefits and problems, that can arise when
using biomasses for energy purposes [19]. One of the most important problems is the
competition between the energy and food destinations of crops [20].
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Regarding the use of land for energy crops, preserving the soil conditions is a crucial
issue [21]; many studies have discussed how to conjugate energy crops with environmental
protection [22] by considering areas not suitable for agricultural cultivations [23], such as
marginal lands [24,25] and grasses harvested on riverbanks [26]. However, on a large scale,
it has been extensively explained that bioenergy systems based on energy crops are the
basis of vast cultivated area losses [27] because of the depletion of organic carbon [28],
soil erosion [29], and the occupation of land that cannot be used for food production [13,30].
For these reasons, the use of by-products allows the consideration of only the land area
of a bioenergy plant as the land occupied for bioenergy production, thus not affecting
agricultural production in the territory. This approach allows broad areas of cultivated
land to be saved. Considering the most important crops used for energy purposes [31] and
their yields per hectare and energy value, it can be determined that providing the diet for
an agricultural biogas plants (ABP) with a power of 1000 kW requires a wide area of land
(Table 1).

Table 1. Land area necessary to supply, with energy crops, an ABP with an installed power of
1000 kW.

Type of Crop Area of Cultivation (ha) References

Corn 310 ± 15 [32,33]
Sorghum 572 ± 78 [33–35]
Triticale 707 ± 109 [33,34]
Wheat 718 ± 180 [36]
Barley 709 ± 57 [33,34,37]

When using by-products, the areas to be considered in estimating land use are only
those areas that are necessary for the energy plants and the related facilities [38] because
soil consumption for primary crops does not lead to the direct loss of utilized agricultural
areas (UAA) destined for food production. For these reasons, it is crucial to focus attention
on by-products and waste products from agricultural activities to avoid detrimental compe-
tition. The use of by-products and livestock waste, which does not affect food production,
can support the construction of a new energy system and represents a valid opportunity
for new types of businesses in rural communities [39,40].

Currently, several types of agricultural by-products can be used for energy production:
straw [41], grass [42], pruning residues [43], and livestock manure [44,45]. However,
even the use of by-products involves the consumption of soil because of the construction
of anaerobic digestion plants. Soil provides a multitude of ecosystem services that are
essential for environmental sustainability and, more broadly, for human survival [46,47].
However, soil is a limited and non-renewable resource and should only be consumed to
the extent that is it needed [48]. A concrete signal aimed at the protection and sustainable
consumption of soil has been launched by the European Commission, which has set
challenging targets to limit, mitigate, and compensate soil sealing, the leading cause of
degradation [49]. The permanent covering of soil by buildings, roads, or other impermeable
anthropic materials causes soil sealing [50,51]. This permanent condition entails severe
consequences to soil functioning [52], including rising temperatures in the atmosphere near
urban areas [53], flooding caused by increasing volumes of stormwater [54], and reductions
in hydraulic conductivity and the infiltration rate [55].

The current literature presents some general studies that summarize the most com-
mon practices regarding the design and construction phases of bioenergy plants [56] and
identifies the critical phases in biogas plant construction processes [57]. A standard scheme
of a biogas plant includes the following components:

– Roads: both for the connection to the road network and inner traffic circulation.
These roads include service areas for parking vehicles.

– Storage surface: where silage is stored. These components can be bunker silos,
concrete enclosures filled, packed, and covered with plastic cloth to make them
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airtight, or silo-bags, polyethylene bags consisting of several co-extruded layers of
plastic film.

– Digestion unit: this is where microbial activity occurs and where organic biomass is
transformed into biogas.

– Other facilities: tanks, storage sites, and other buildings used for technical and admin-
istrative needs.

Several authors have broadly studied the structures and elements present in biogas
plants to describe the differences among facilities based on the feedstock used [58]. In re-
cent studies, attention has been given to automatizing the production process to obtain
flexible digester technology that is robust and suitable for handling variable feedstock
characteristics [59].

Quantifying the surfaces covered by these structures allows the determination of the
actual consumption of soil by bioenergy and permits the comparison of this value with
those of other forms of renewable energy.

The present study aimed to analyse the impacts on land consumption that occur
because of the construction of ABPs for producing renewable energy by providing in-
formation and quantitative details on the presence and characteristics of these plants in
the Italian territory. In this analysis, the impact of the construction of new digesters on
agricultural land was verified; the use of land dedicated to energy crops was not consid-
ered, but particular attention was focused on facilities and areas dedicated to anaerobic
digestion systems.

The objective of this study was thus to provide a reliable parametrization of soil
consumption of anaerobic digestion plants for biogas production, with specific reference
to the Italian area. Analysis included identification of the different parts of digestion
plants and proposed a modelling as a function of installed power. This value will allow a
comparison with other renewable energy sources, to establish an effective environmental
impact of bioenergy production.

2. Materials and Methods
2.1. Italian Biogas Plants

In 2008, there were 352 bioenergy plants in Italy, with an installed power of 1555.3 MW
and a production capacity of 7631 GWh. In 2019, this number increased to 2835 bioen-
ergy plants (Figure 1) in operation with a total installed power of 4119.7 MW [60] and a
production capacity of 19,562 GWh of electric energy [61].
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Figure 1. Number of bioenergy plants and amount of installed power in Italy from 2008 to 2019.

2.2. Data Collection and Sampling

This research was performed using data supplied by the national database of biomass
energy production plants, Atlaimpianti, made available by Gestore Servizi Energetici (GSE),
which is the energy services managing authority. The database collects all the information
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for each registered plant: the bioenergy source (biogas, liquid biomass, solid biomass,
waste), location, and installed power. The location of each plant is defined by its region
(NUTS-2 level), province (NUTS-3 level), municipality, and coordinates.

Of the 2835 registered biomass plants, 1939 agricultural biogas plants were specifi-
cally identified for the analysis and subsequent sampling because they were supplied by
agricultural products such as energy crops, by-products, or animal waste. Each ABP was
analysed on the basis of both the declared power supply and the installed power.

In terms of the installed nominal power capacities, the distribution of the plants
showed that most of them have installed power capacities up to 1000 kW (Table 2). This is
due to the eco-incentive tariff that was enforced from 2008 until 2012, which provided an
all-inclusive tariff of 0.28 €/kWh undifferentiated for ABPs up to 999 kW [61].

Table 2. Frequency of digesters categorized by their power capacities.

Class of Installed Power (kW) Number of Plants Total Installed Power (GW)

0–200 501 50.6
201–400 338 96.9
401–600 137 73.0
601–800 135 90.3
801–1000 714 704.5

>1000 114 307.5

The data show that the power class between 800 and 1000 kW is the most frequent;
36.8% of the plants fall within this range (714 plants), comprising 53.3% of the total installed
power (704.5 GW). The percentage of digesters with powers between 990 and 999 kW is
28.4% (equal to 551 plants), with 41.6% of the installed power (550.2 GW); the threshold for
incentives is exactly 999 kW, which has led to the adoption of many systems with powers
within this range. There is a decreasing trend in frequency from small installations below
200 kW to those with powers of 800 kW. Larger plants, with more than 1000 kW of power
output, are also much less frequent.

A random sampling selection was applied to the available dataset. Through this
technique, of the 1939 biogas plants, a significant set of 200 Italian ABPs were selected and
constituted the sample for this analysis. These digesters were selected randomly while
respecting the distributional proportions of the plants in Italy to obtain a representative
result of the actual situation with which to perform the desired analyses and to obtain
conclusions with the lowest possible biases. In this work, ABPs with various powers were
sampled, ranging in power capacity from 60 kW to 1156 kW (Figure 2). The biogas plants
are represented with their installed power. Most of the ABPs are in northern Italy, and the
distribution of the sampled plants is consistent with that of the entire sample; intensive
agricultural activities are practised more intensively in these regions because there is a
higher availability of resources for bioenergy production.

The distribution of the installed nominal power capacities of the studied plants is
represented in Table 3. Most of the sample plants have an installed power between 800
and 1000 kW, comprising 94 plants (47.0% of the total), with an overall installed power
of 93.5 GW (70.7% of the total). In the sample, there are 80 biogas plants (40.0% of the
total) with an installed power between 990 kW and 999 kW, with a total installed power of
79.9 GW (60.4% of the total).
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Table 3. Frequency of sampled digesters split by power capacity.

Class of Installed Power
(kW)

Number of Sampled
Plants

Total Installed Power
(GW)

0–200 25 2.7
201–400 44 12.6
401–600 20 10.9
601–800 14 9.4

801–1000 94 93.5
>1000 3 3.2

2.3. Data Processing and Analysis

To characterise the sizes and occupied areas of the studied plants, in addition to the
information described above, in the present study, additional satellite and aerial imagery
was included by the Google Earth Pro TM tool (Google Inc., Mountain View, CA, USA),
which provides detailed images of the entire surface of the globe (Figure 3), allowing
extensive territorial analysis [62]. The software is equipped with two useful functions:
(i) it allows the measurement of areas from aerial images and (ii) it makes available, for a
given area, in addition to the most-updated images, images from the past, allowing their
comparison and thus the evaluation of changes that have occurred in the territory over
time. Once a national database system was selected, its nominal power (expressed in kW)
was noted. Subsequently, its position was identified in Google Earth Pro using the latitude
and longitude coordinates included in the database provided by GSE.
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Then, once each plant was located, measurements of the following parameters were
collected (Figure 3):

– Total area occupied by the biogas plant: the total surface area dedicated to the plant, in-
cluding the manoeuvring spaces, loading unloading spaces, and other structures such
as those used for storage or as sheds, as realised contextually with the biogas plant.

– Surface occupied by structures: the area occupied by digester structures, including
the anaerobic digester, engine generator, and the technical space assigned to the plant.

– Surface occupied by storage areas: the surface occupied by storage facilities for the
organic material destined to feed the plant.

– Surface occupied by new roads: the new roads specifically built to make the plant accessible.
– Remaining area: the remaining covered land dedicated to the plant that does not fall

within the other categories, calculated by subtracting all the other surface areas from
the total area. The remaining area includes yards, manoeuvring areas, and technical
structures that are not directly part of the digester but form part of the plant and are
therefore built together with the plant; for example, stables or residential buildings
are not included.

Using this combined analytical–visual method, data from 200 ABPs were integrated
and analysed. The ABPs were analysed individually and aggregated per power class to
reduce the noise due to outlier values.

3. Results and Discussion
3.1. Biogas Plant Area Analysis

The biogas plant-covered surfaces were correlated with the related technical and
performance parameters (Figure 4). The 200 analysed digesters supply a total power of
132,263 kW and cover a total area of 3,259,663 m2, divided as follows: 413,276 m2 occupied
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by digester facilities (12.7% of the total); 730,200 m2 occupied by storage surfaces (22.4% of
the total); 2,096,534 m2 comprising remaining areas (64.3% of the total); and 19,652.2 m2 of
new roads (0.6% of the total). On average, one ABP requires 16,380 m2 of land.

Energies 2021, 14, x FOR PEER REVIEW 7 of 14 
 

 

therefore built together with the plant; for example, stables or residential buildings 
are not included. 
Using this combined analytical–visual method, data from 200 ABPs were integrated 

and analysed. The ABPs were analysed individually and aggregated per power class to 
reduce the noise due to outlier values. 

3. Results and Discussion 
3.1. Biogas Plant Area Analysis 

The biogas plant-covered surfaces were correlated with the related technical and per-
formance parameters (Figure 4). The 200 analysed digesters supply a total power of 
132,263 kW and cover a total area of 3,259,663 m2, divided as follows: 413,276 m2 occupied 
by digester facilities (12.7% of the total); 730,200 m2 occupied by storage surfaces (22.4% 
of the total); 2,096,534 m2 comprising remaining areas (64.3% of the total); and 19,652.2 m2 
of new roads (0.6% of the total). On average, one ABP requires 16,380 m2 of land. 

 
Figure 4. Percentage breakdown of the total area occupied by installations with their intended 
uses. 

On average, 64.3% of the covered surface area is free from any facility dedicated to 
anaerobic digestion. For 24 of the studied biogas plants, this percentage is above 75%, and 
for 18 of them, up to 2 hectares are allocated in this manner. These values demonstrate 
how crucial the proper planning of inner traffic circulation in biogas plants is for reducing 
soil sealing. The remaining 35.7% of the area is divided between areas occupied by the 
plant and areas dedicated to storage systems. The latter category occupies more than one-
fifth of the total area because of the large volume of biomass that must be stored to allow 
the continuous and efficient operation of the anaerobic digestion process. In 58 ABPs, the 
surfaces occupied for storage exceed 5000 m2. This value highlights the importance of an 
efficient supply of feedstock. The digester, the main element of each complex, occupies, 
on average, together with the technical installations, a relatively small portion of the total 
space, covering up to 0.5 ha only in 7 sampled plants. The surfaces converted from agri-
cultural areas to new roads compose the remaining 0.6%. Only in 16 cases were new roads 
asphalted from scratch; all the other systems were installed in easily accessible areas 
thanks to existing roads. 

3.2. Analysis of Punctual Trends 
The results of the punctual trend analysis and its statistical significance inferred from 

the sample data analysed for Italian ABPs are reported and discussed. The correlation 
between the total surface areas and the areas occupied by digesters was studied (Figure 
5). These digesters, mainly composed of digestion tanks or engine placement buildings, 
occupied 12.7% of the total area. The results showed that there is a correlation between 
the two considered measurements, with an R2 value equal to 0.55, especially in cases 
where the surface area dedicated to digesters was below 3000 m2, as in 162 cases; here, the 

12.7%

22.4%

0.6%

64.3%

Digester facilities

Storage surfaces

New roads

Remaining surface area

Figure 4. Percentage breakdown of the total area occupied by installations with their intended uses.

On average, 64.3% of the covered surface area is free from any facility dedicated to
anaerobic digestion. For 24 of the studied biogas plants, this percentage is above 75%,
and for 18 of them, up to 2 hectares are allocated in this manner. These values demonstrate
how crucial the proper planning of inner traffic circulation in biogas plants is for reducing
soil sealing. The remaining 35.7% of the area is divided between areas occupied by the
plant and areas dedicated to storage systems. The latter category occupies more than
one-fifth of the total area because of the large volume of biomass that must be stored to
allow the continuous and efficient operation of the anaerobic digestion process. In 58 ABPs,
the surfaces occupied for storage exceed 5000 m2. This value highlights the importance of
an efficient supply of feedstock. The digester, the main element of each complex, occupies,
on average, together with the technical installations, a relatively small portion of the
total space, covering up to 0.5 ha only in 7 sampled plants. The surfaces converted from
agricultural areas to new roads compose the remaining 0.6%. Only in 16 cases were new
roads asphalted from scratch; all the other systems were installed in easily accessible areas
thanks to existing roads.

3.2. Analysis of Punctual Trends

The results of the punctual trend analysis and its statistical significance inferred from
the sample data analysed for Italian ABPs are reported and discussed. The correlation
between the total surface areas and the areas occupied by digesters was studied (Figure 5).
These digesters, mainly composed of digestion tanks or engine placement buildings,
occupied 12.7% of the total area. The results showed that there is a correlation between the
two considered measurements, with an R2 value equal to 0.55, especially in cases where
the surface area dedicated to digesters was below 3000 m2, as in 162 cases; here, the areas
dedicated to the digester structures and the total areas grow proportionally, and there is
very low dispersion.

The relationship between the total surface areas and the areas intended for storage
was also studied (Figure 6). On average, storage areas occupy 22.4% of the total surface
area; the determination index was R2 = 0.56 and the p-value < 0.0001, attesting to the high
correlation between the two variables. Only in 33 plants did the area dedicated to the
storage surface exceed 30% of the overall surface area, and in 11 cases, the storage surface
area was less than 10% of the total covered area.

The particular condition of the plants could have led to higher or lower values of the
parameters; for example, the use of existing structures or service areas or the presence of
multiple areas for bunker silos, due to a process of conversion, determined larger areas
compared to the model. These plants were not excluded by the analysis because they
represent actual situations that have to be considered in the general model.
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3.3. Analysis of Aggregated Trends

The digesters were grouped into six power classes so as to have a less distributed
and therefore more clear representation of the analysed data. The study of the classes
allowed the identification of soil consumption for the different levels of installed power,
including the two most frequent sizes in the Italian area: 300 kW and 999 kW. For each
class, a different number of observations was reported, with almost half of the surveys
reporting powers greater than 900 kW, which was coherent with the actual composition of
the overall population of ABPs. The value of each class corresponds to the average of the
observations that compose the class. The total area occupied by each ABP was reported as
a function of its installed power (Figure 7).

The obtained model can be described by Equation (1) as follows:

TCA = 16.40 · IP + 4008 (1)

where:
TCA is the total covered area (expressed in square meters);
IP is the installed power (expressed in kilowatts).
The resulting coefficient of determination was R2 = 0.89, providing evidence of a high

correlation between the two parameters; the p-value = 0.004 also indicated a statistically
significant correlation. Given the slope of the line, the model showed that the average
consumption of soil increased by 16.4 m2 per kilowatt-hour requested. The model indicated
an intercept equal to 4008 m2, which can be fixed as the minimum surface occupied by
a plant facility. However, this value was highly correlated to the size of the plants and,
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to better clarify this point, the average land consumption (LC) of the ABPs was calculated
based on different values of installed power. The relations between the average installed
power and the LC per kilowatt installed were assessed. These relations considered the LC
due to the digester unit, the bunker silo, and the total plant area.
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In Figure 8, the relation between the installed power and the average LC per installed
kilowatt is reported. The model indicated an increase in efficiency for larger plants: a
biogas plant with an installed power ranging between 0 and 200 kW occupies on average
49 m2 per kilowatt, whereas biogas plants with 801–1000 kW needs on average 24 m2

per kilowatt. The resulting parameters and the p-value = 0.002 provide indication of a
statistically significant correlation
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Figure 8. Relation between installed power and average total LC (m2/kW).

In order to define the influence of installed power on the size of different ABP struc-
tures, the installed power was studied along with the average LC of the digester (Figure 9a)
and the bunker silo (Figure 9b). On average, biogas plants with an installed power lower
than 200 kW had 6.6 m2/kW occupied by the digester and 9.3 m2/kW by the bunker silo.
These values reduced to 2.9 m2/kW and 5.5 m2/kW, respectively, for biogas plants ranging
between 801 and 1000 kW. The coefficient of determination as well as the p-value of the
two models indicated a high correlation between the variables (installed power vs. average
digester LC, p < 0.001; vs. average bunker silo LC, p = 0.013). The model can be thus
implemented in order to reliably estimate the surface request of these bioenergy energy
plants and predict soil consumption for a given value of plant power.
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Figure 9. Relation between installed power and average digester LC (a) and average bunker silo
LC (b).

3.4. Soil Consumption of Bioenergy

The study concluded that one ABP requires an average surface area of 16,380 m2.
Observing the aerial images of the studied ABPs, 97.9% of the plant surfaces were pre-
viously used as agricultural areas. Reporting these values to the overall population of
biogas plants, with 1939 ABPs, it was assessed that 31.8 km2 (i.e., 3176 ha) of land has
been dedicated to ABPs in Italy, most of which (3109 ha) consisted of previously cultivated
areas. To better understand this value, it should be kept in mind that between 2012 and
2017 in Italy, an average of 49.7 square km of land was consumed for new urbanization
each year [63].

The energy productivity of these plants was assessed: at 40.5 W/m2, to produce 1 kW
of electric energy, an average surface area of 24.7 m2 is necessary. These results can be
compared with those derived from preliminary studies of other forms of electric energy
production collected by the same authors (Table 4).

Table 4. Land use requirements for different energy plants.

Technology Average Area (m2/kWe)

Biogas plant 23.7–48.9
Onshore wind 3.7–8.4

Solar photovoltaic 120–172
Thermal power 1.8–4.5
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To produce 1 kW of electric energy with photovoltaic panels, on average, 144 m2 of
land surface is necessary, whereas to produce the same amount of energy with onshore
wind systems, 5.6 m2 of land surface is needed. Considering the largest thermal power
stations operating in Italy, it was assessed that to produce 1 kW of electric energy, 2.63 m2

must be occupied by the plant. The wide differences among these values reflect the huge
differences among various energy production forms. Moreover, to achieve a reliable
balance of the environmental impact of biogas plants, other features must be taken into
consideration: polluting gas emissions, non-renewable resource consumption, and impacts
on local communities.

4. Conclusions

In this study, the consumption of soil by anaerobic digestion plants in Italy was
analysed. The analysis only considered ABPs and did not involve those using forest
biomasses or municipal waste products. A sample of 200 ABPs was randomly selected
for the analysis from the entire population of 1939 biogas plants operating in Italy. It was
found that to produce 1 kW of electric energy power, it is necessary to cover 24.7 m2

of the land surface. This surface is dedicated to the digesters and related machinery
(3.1 m2/kW), bunker silos and other storage areas (5.5 m2/kW), new roads built for
the plants (0.1 m2/kW), and other covered areas related to the plants, such as yards,
manoeuvring areas, and technical structures that are not directly part of the digesters but
form part of the plants and are therefore built together with plants (15.9 m2/kW).

This study assessed the proportionality among the areas of facilities and between these
areas and the installed powers. This model makes it possible to estimate the total surface
area covered by this type of renewable energy. Future research could compare the results
achieved herein with other renewable energy sources to estimate the consumption of land
and the extent of soil sealing. It would also be important to consider the consequences of
the use of energy crops in land consumption and its effects on agricultural spatial planning.
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