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Abstract
This paper examines the relationship between land ownership concentration and the

likelihood of hosting large green energy facilities, specifically mega-photovoltaic (PV)
plants, defined as those exceeding 50 hectares. Focusing on Spain, we find that munic-
ipalities with a higher proportion of agricultural land concentrated in large farms are
significantly more likely to accommodate mega PV plants. This effect remains robust
after accounting for key factors influencing PV deployment, including terrain rugged-
ness, solar potential, and proximity to transmission lines and urban centers. To further
neutralize unobserved factors that jointly influence land concentration and PV plant
location, we leverage cadastral (parcel) data to conduct an intra-municipal analysis at
the 0.5×0.5 km grid-cell level. Our findings reveal that grid cells with larger cadastral
parcels have a substantially higher probability of being part of a mega PV facility. A
simple theoretical model explains this pattern by highlighting the coordination chal-
lenges faced by small landowners. Unlike large ones, fragmented landholders struggle
to meet developers’ land requirements, which are necessary to cover fixed project costs.
Consistent with this mechanism, we also show that areas with irrigated agriculture are
less likely to host mega PV plants and exhibit more unequal distributions of plant
locations by land size. Finally, we provide external validity by confirming a simi-
lar positive association between mega PV plants and land concentration across U.S.
counties. These findings underscore the implications of land inequality for the spatial
distribution of renewable energy projects, shedding light on the limited local benefits
of such investments and the growing opposition from rural communities.
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1 Introduction

In response to growing concerns about climate change and global warming, the past few
decades have witnessed a significant expansion of infrastructure dedicated to renewable en-
ergy production worldwide. This trend is apparent in many high-income countries, including
Spain, as illustrated in Figure 1 (International Renewable Energy Agency -IRENA-, 2024).
Although most of society views these infrastructure projects as necessary or beneficial, oppo-
sition is increasing among those living near the construction sites. This opposition stems from
concerns about the visual impact on the landscape, environmental considerations, spillover
effects on nearby properties, preferable alternative land uses such as agriculture, and the
perception of limited local economic benefits (Rodŕıguez-Segura et al., 2023; Scherhaufer et
al., 2017; Sills et al., 2020; Späth, 2018).1

The economies of scale associated with large renewable energy plants often drive investors
to build expansive facilities that occupy vast areas of land. These massive infrastructures
tend to be concentrated in specific regions, amplifying visual and environmental concerns
(Rodŕıguez-Segura et al., 2023). However, the local benefits remain unclear. While the
construction of large solar plants generates some local employment, these job opportunities
decrease and lose their impact once the construction phase ends (Fabra et al., 2024). Addi-
tionally, it remains uncertain whether small landowners will see any benefit from (pre-tax)
rents, or if the majority of the profits will be captured by developers or large landowners.

This paper explores whether the structure of land ownership influences the location of
large photovoltaic (PV) plants, defined here as those covering at least 50 hectares (ha).
We hypothesize that, all else being equal, it is more difficult for a company to construct
a large PV plant in areas with many small landowners compared to regions with a few
large landowners. We assume that large renewable energy plants benefit from significant
economies of scale, which often lead investors to develop vast renewable energy facilities
that span large areas of land. Our argument, based on Winikoff and Parker (2023), uses the
premise that small landowners are at a disadvantage compared to large landowners in the
bidding process to attract a developer, as they do not know the bids of other small landowners
whose landholdings are necessary to cover the fix cost of the project. As a consequence, the
rents generated by these large facilities will be directed to big landowners and developers. We
further explore the impact of alternative land uses for different landowners on the probability

1The U.S., Spain, and the UK, among others, are witnessing an increasing opposition to large PV
plants as has been extensively reported by the media (France 24, 2023; The Guardian, 2022a,2022b). A
recent survey in Spain reveals that 56% of the population is against locating PV plants in agricultural areas
(GAD3, 2024).
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of building a mega PV plant. In particular, we consider two types of agricultural land: rainfed
and irrigated. In the model, the key difference between these two types of agricultural land
is that irrigated farming exhibits economies of scale that are smaller than those required to
make solar plants profitable. In contrast, rainfed land is not subject to any type of economies
of scale for farming. As a result, differences in the probability of building a mega PV plant
by the size of landholdings are exacerbated in areas with irrigated farming because this
new alternative increases the rents demanded by some mid-sized landowners, reducing the
likelihood of securing a solar plant. For very small and very large landowners, the optimal
bid remains unaffected by alternative farming uses.

We focus on the Spanish case to test these hypotheses for three reasons. First, Spain’s
climate is particularly well-suited for the deployment of PV plants (ESMAP, 2020), which
may, at least in part, explain Spain’s recent boom in PV energy development (Figure 1).
Second, Spain has large areas of uninhabited land - potentially suitable to host these plants.
Finally, Spain is characterized by wide variation in land concentration (Oto-Peraĺıas and
Romero-Ávila, 2017; Oto-Peraĺıas, 2020). We construct a comprehensive local-level data set
and show that municipalities where a higher share of agricultural land was concentrated in
large estates (farms with 200 or more ha) in 1999 are much more likely to host a mega PV
plant today. Our results indicate that moving from a municipality in the 10th percentile to
the 90th percentile of land concentration increases the probability of hosting a mega plant
from 2.3% to 4%, almost a two-fold increase. This relationship is robust to controlling for
province fixed effects, as well as for a large array of locational, climatic and geographic
factors, such as terrain ruggedness, PV output potential, and distance to transmission lines
and urban centers, among others. It is also robust to using past land concentration (measured
in 1982) as an instrument for our indicator of land concentration.

In order to better control for possible omitted variables that can jointly determine land
concentration and the decision to locate mega PV plants, we conduct an intra-municipal
analysis. To do so, we leverage on the rich cadastral data available in Spain which allows us
to delimitate the boundaries of each plot of land. We divide the area of the municipalities
under research into 0.5x0.5 km grid cells and show that, within municipalities, grid cells
located within larger cadastral parcels are much more likely to be part of a mega plant.2 In
line with our model, we further show that areas with irrigated agriculture are less likely to
host mega PV plants. This decline is led by small and mid-size landholdings. However, for
large parcel sizes, the difference with respect to rainfed agriculture declines and completely
disappears.

2A cadastre or cadaster is a comprehensive recording of the real estate or real property’s metes-and-
bounds of a country. It is often represented graphically in a cadastral map.
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To provide external validity to our findings, we show an analogous positive relationship
between land concentration and mega PV plants for U.S. counties. Our results indicate that
moving from a county in the 10th percentile in land concentration to the 90th percentile
increases the probability of hosting a mega plant from 3.2% to 14.6%, more than a four-fold
increase.3

Our paper relates to three strands of the literature. First, we contribute to the evaluation
of the local benefits of large renewable energy projects. In particular, we challenge one of the
main local benefits typically associated with PV plants, namely the higher rents obtained
by landowners, since leasing the land is generally much more profitable than cultivating
it. In Spain it is certainly the case: the average rental rate per ha is 127,4 euros for land
devoted to rainfed arable crops and 564,8 euros for irrigated land (Ministry of Agriculture,
2022), while the average rental rate for PV use is around 1500 euros. Our results show that
mega PV plants are frequently located in large estates, so the higher rents obtained are
largely concentrated in a few hands rather than broadly distributed among the population.
Besides increasing inequality, the concentration of rents is likely to also reduce the local
economic impact of these investments since a high percentage of big landholdings are owned
by ”absentee” individuals, who arguably have less incentives to invest in projects that may
stimulate the local economy. In fact, in our data set, 14.2% of landholdings larger than
200 ha are owned by business companies, while this percentage drops to 0.3% for small
landholdings (less than 10 ha).

We also relate to Winikoff and Parker (2023), who document a negative relationship
between fragmented landownership and wind energy installed capacity in the U.S. We dif-
fer from their analysis in two key ways. First, we focus on solar energy, which is rapidly
gaining traction compared to wind energy. Globally, solar power installed capacity (MW)
has increased tenfold over the past decade, compared to a threefold increase in the case of
wind power. In the United States, the former has increased 11.5-fold and the latter 2.5-fold,
while in Spain the increases have been 6.1 and 1.3, respectively (IRENA, 2024). Besides,
solar energy requires significantly more land area compared to wind energy, meaning it has
a broader and more intensive impact, influencing a larger portion of the economy. Secondly,
we focus in our model on the coordination problem among landowners as the main mecha-
nism behind the empirical findings.4 Importantly, we examine alternative agricultural uses,
both rainfed and irrigated, to develop testable implications that help us understand the

3This is a larger increase than in Spain, but possibly due to the different units of analysis, since the
county is a larger unit than the municipality.

4In contrast with their paper, we do not examine the internalization of negative externalities by large
landowners, as most of them do not live in the investment area and are therefore less concerned about these
issues.
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mechanisms linking land concentration with the location of megaplants. The model predicts
that in areas with access to irrigation, some midsize landowners will opt for this alternative,
leading to a higher concentration of solar plants on large landholdings. For very small and
very large landowners, however, this alternative has no impact on their bidding decisions.

The conflicts associated with the construction of PV plants relate to many papers ex-
ploring the so-called ‘not in my backyard’ (NIMBY) phenomenon. As explained in Hubbard
(2009), NIMBY is a widely used term to describe the arguments of those opposing the de-
velopment of certain infrastructure projects in their vicinity, while not necessarily elsewhere.
This is usually due to the fact that the community that hosts the plant absorbs most of
the environmental costs, while the rest of the population enjoys the benefits of that facility
(Kunreuther and Kleindorfer, 1986; Jarvis, 2021).5 The NIMBY phenomenon is relevant
since both private companies and local politicians are likely to decide the location of PV
plants based, in large part, on how much resistance they face from the local communities.
Germeshausen et al. (2021) study the NIMBY phenomenon in relation to the installation
of wind power plants in Germany and find significant opposition to the plants by the lo-
cal population. NIMBY’s has also been the subject of substantial analysis in the political
economy literature (Wolsink 1994; Frey et al., 1996; Kuhn and Ballard, 1998; Bellettini and
Kempf, 2013).6 In a different context, Ahlfeldt and Maennig (2012) study the case of football
stadiums and argue that because of NIMBY issues, the allocation of these types of facilities
is nontrivial since interest groups may influence political decision makers.

Third, the crucial explanatory variable in our study is land concentration. There is now a
substantial literature on the importance of this dimension of inequality on different outcome
variables. Several studies have identified a negative relationship between land inequality and
economic development across and within countries (Deininger and Squire, 1998; Galor et al.,
2009; Smith, 2024; Wigton-Jones; 2020). Some of these works emphasize the importance of
persistence in land distribution, stressing the fact that current land inequality is often inher-
ited from events that happened hundreds of years ago. For the Spanish case, Oto-Peraĺıas
and Romero-Ávila (2016, 2017) find that differences in land inequality that originated in
medieval times are extremely persistent, still showing up today. To our knowledge, this is
the first work documenting how land concentration affects the deployment of PV energy
projects, hereby showing how a historically determined factor becomes unexpectedly deci-
sive again with the arrival of new ways to produce energy. In addition, understanding the
potential of this type of wealth inequality to further concentrate income with the expansion

5For other theoretical analysis of NIMBY see, for example, Sakai (2012), and Öztürk et al. (2014).
6Rand and Hoen (2017) offer a comprehensive review of several papers related to the public acceptance

of the construction of wind energy plants in North America.
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of renewable energy is particularly relevant in a context of raising wealth inequality across
the world (Zucman, 2019; Saez and Zucman, 2020).

The rest of the paper is organized as follows. Section 2 presents a conceptual framework
that helps rationalize our empirical exercise. Section 3 describes the data. Section 4 presents
the municipal-level and grid-cell level analyses. Section 5 explores further implications of
the model according to alternative land uses and provides some external validity for the U.S.
context. Finally, Section 6 puts forward some implications and concludes the paper.

2 Conceptual framework

To investigate whether the structure of land ownership affects the location of mega photo-
voltaic (PV) plants, we use a simplified version of the model by Winikoff and Parker (2023).
Assume an area of land L ha that is composed by N homogeneous landholdings of size S.
The higher S, the higher is land concentration. If a developer builds a plant, the landowner
receives a royalty rs per ha, normalized to be in the interval (0, R), where R > 0. The ne-
gotiation process is such that, first, the landowners decide a royalty, and then the developer
chooses to build the plant if fixed costs are covered.

From the point of view of the landowner, there are two unknowns: first, which royalty
rs ∈ (0, R) will be accepted by the developer, and, second, how much land the developer
needs to have for the PV plant to cover the fixed cost S̄ ∈ (0, L). Let’s assume, for simplicity,
that both unknowns are uniformly distributed. Under this assumption, the probability that
the developer accepts the royalty suggested by landlord i, given that the developer builds
the megaplant is:

Pr(Accepting i offer | plant built) = R − rs
i

R
(1)

And the probability that the developer builds the plant is given by:

Prob(Solar plant built) = Prob


S̄ <

L
S∑

i=1

S(R − rs
i )

R


 =

∑L
S
i=1

S(R−rs
i )

R

L
(2)

Therefore the maximization problem for landowner becomes:

maxrs
i

(Pr(Solar plant built) Pr(Accepting i offer | Solar plant built) ∗ Srs
i )
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or

max
rs

i




S(R−rs
i )

R
+
∑

j ̸=i
S(R−rs

j )
R

L




R − rs
i

Rrs
i

Srs
i (3)

Assuming that all landowners are identical, the problem can be solved as a symmetric
Cournot equilibrium, where rs

i = rs
j = rs, and the equilibrium royalty is:

rs(S) = R

2 + S
L

(4)

According to this equation, royalties increase if R raises. In economic terms, royalties
increase with the value of the project. This implication is important when thinking about
alternative land uses that could have different returns. More interesting for our hypothesis,
royalties decrease as the average size of landholdings grows. Therefore, there is an advantage
for large landowners in attracting megaplants based on the lack of coordination of the bids
from other landowners whose land might be required. Finally, it can be easily shown that
increasing L the derivative of the royalty respect to S increases for N > 1. Intuitively, ceteris
paribus, increasing L leads to a larger number of landlords and so the probability that the
plant is built approaches one and scale effects become unimportant. In the limit, the royalty
becomes constant at R/2. We will use this result when thinking about alternative uses that
might have different scale economies.

Winikoff and Parker (2023) demonstrate that significant negative externalities linked to
a plant may reduce the benefits of large landholdings. These externalities stem from the
disutility caused by visual pollution for those living nearby. However, it is unclear whether
large landowners actually reside on their properties or even within the same municipality.
In fact, 14.2% of landholdings over 200 ha are owned by business companies, while this
percentage drops to just 0.3% for smaller landholdings (under 10 ha). As a result, we remain
neutral on how negative externalities might vary with landholding size and will focus on the
first mechanism.

Next we extend the model by considering the potential use of land for agricultural pur-
poses. This addition allows us to examine how fluctuations in land prices for alternative
agricultural uses impact the concentration of plants on large landholdings. We assume that
each landowner can earn an alternative return, denoted as rc, by using the land for agricul-
ture. Moreover, we assume that rc is lower than the return from a solar plant and remains
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constant regardless of the landholding size. This is justified by the fact that land used for
meadows, pastures, or rainfed farming requires minimal investment and does not benefit
from economies of scale, unlike solar plants. In this context, the optimization problem is
slightly adjusted, and the optimal bid for a solar plant should exceed the royalty that could
be earned if the land were used for crops:

rs(S, rc) = max
(

R

2 + S
L

, rc

)
(5)

Panel A in Figure 2 shows how the likelihood that a megaplant is located in big landhold-
ings changes when a minimum return is required regardless of the size. Having an alternative
usage in each area of land increases the bids for S >0.4 since the optimal bid is the enve-
lope of the two lines. As a result, the likelihood of small landowners securing a megaplant
increases, since large landowners are now less inclined to submit low bids.

Now, consider a third option that offers the greatest benefit to landowners of a certain
size: land for irrigated farming. In this case, landowners can lease their land to agricul-
tural companies in exchange for a royalty, ri. Irrigated farming provides higher returns than
rainfed agriculture but yields lower returns than solar plants. However, this option is not
available to all landowners. Since irrigated farming requires a certain scale, small landowners
are at a disadvantage in this alternative bidding process. Nevertheless, because economies
of scale are less pronounced, the differences between small and large landowners are smaller
than in the case of megaplants, as the land area needed to make irrigated farming profitable
is relatively smaller. This is shown in Figure 2 Panel B. For both very large and small
landowners, this third alternative does not affect the bids for solar plants. Small landown-
ers continue to demand very high royalties, even without any alternative, while very large
landowners remain unaffected due to their competitive advantage. However, for medium-
sized landowners, this third option leads to significant increases in their bids. As a result,
irrigated farming reduces the likelihood of the bid being accepted for medium-sized landown-
ers (see Figure 2, Panel C). In equilibrium, in areas with irrigated farming, the location of
megaplants will become more concentrated on larger landholdings. This observation can be
tested empirically and may serve to validate the reliability of our mechanism.

To summarize, due to the presence of important economies of scale and the difficulty to
coordinate bids for small landlords, the owners of large landholdings have a higher probability
of benefiting from green investments than small ones. The inequality associated to this is
exacerbated in locations with irrigated farming because medium size landlords decrease their
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likelihood to get those investments.

3 Data

3.1 Data on PV plants

We first construct a database of mega PV plants where we proceed as follows. First, we
obtain the list of PV plants connected to the power grid from the Registry of Electrical
Energy Production Facilities, updated to August 2023 (Ministry for the Ecological Tran-
sition, 2023). For each plant, this registry provides its name, the municipality where it is
located, and its capacity (in MW). From this list, we gather the list of municipalities with
plants with a power capacity of 30 MW or more. Note that this is a value lower than 50
MW, which is the threshold used by Spanish legislation to define a large plant subject to the
central government’s permit. We do this to avoid the existing discontinuity in PV plants at
this threshold, which is caused by companies trying to avoid the more demanding national
regulation, as opposed to softer regional standards (Cuberes et al., 2025).

Second, we use satellite imagery and GIS software to manually georeference all PV plants
located within the boundaries of the aforementioned list of municipalities. Third, we group
together PV plants within a distance of 500 meters, which -we assume- are part of the same
infrastructure facility (despite sometimes being “officially” different plants to avoid the 50
MW regulatory threshold). Four, we calculate the surface area of each grouped PV plants
and keep those grouped plants occupying at least 50 ha. Therefore, our definition of mega
PV plant implies a plant equal to or larger than 50 ha. We focus on surface area rather
than capacity because the former is mostly what matters for its impact on the local economy
and local community. As of August 2023, we identify 201 mega PV plants, located in 147
municipalities and occupying a surface area of 45,524 ha. Overall, this area represents only
about 0.2% of Spain’s utilized agricultural area (UAA), but for affected municipalities mega
PV plants account for 4.8% of their UAA on average, and in some cases as much as 20 or
30%. Figure 3 depicts the location of the 201 mega PV plants.

3.2 Municipality dataset

Our sample comprises all municipalities in the 25 provinces with at least one mega PV
plant. The dependent variable is a dummy variable capturing whether there is a mega PV
plant occupying at least 50 ha in a municipality. Concerning the main explanatory variable
(LandConc), we gather data on the distribution of land in Spanish municipalities from the
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1999 agricultural census (INE, 1999). We calculate the percentage of UAA in holdings
equal to or greater than 200 ha of UAA. We focus on private agricultural holdings (with
legal status of natural person or company), where PV plants are more likely to be installed
(as it is generally not feasible in public land). This indicator is represented in the map
contained in Figure 3. We also create a dummy variable measuring a high incidence of large
landholdings (latifundia) that takes the value of 1 when large holdings occupy 50% or more
of the municipality’s UAA.

We collect data on a large array of relevant confounders that can simultaneously affect
both the degree of land concentration and the location of PV plants. First, we calculate two
topographic variables: municipality average elevation and terrain ruggedness. Second, we
calculate the average PV output potential, which is measured based on the global irradiation
at optimum tilt and air temperature (Global Solar Atlas 2.0). We are also able to gather data
on the environmental vulnerability of the territory for the deployment of PV facilities. The
Spanish Government has classified the territory according to its environmental suitability
for the deployment of PV plants, ranging from 0 (lowest suitability -due to environmental
protection) to 4 (highest suitability) (Ministry for the Ecological Transition, 2020). Using
these data, we calculate the average suitability of each municipality. Another important
variable we construct is the distance of each municipality’s centroid to the nearest grid node,
which is an important factor to consider when deciding where to install a facility, as energy
production facilities need to pour electricity to a grid node. In addition, we calculate other
variables such as municipality surface area, distance to the coast, municipality population,
and urban population within 100 km.

3.3 Grid-cell level data

The grid-cell level intra-municipality analysis focuses on municipalities with mega PV plants
located within them. We create a grid of 0.5x0.5 km cell-size overlapping the group of 147
municipalities. We remove parts of grid cells falling in water bodies and areas overlapping
with cadastral parcels corresponding to urban areas, roads, and, in general, any parcel
corresponding to public transport infrastructure and hydrography (river courses, etc.). We
further remove grid cells smaller than 1,000 sq-m (i.e., 0.1 ha). All this leaves us with 152,481
cells, amounting to a total area of 3,19 million ha.

The main dependent variable is a binary indicator capturing whether a grid cell overlaps
(totally or partially) with a mega PV plant, while the main independent variable is the
average cadastral parcel size. The latter is calculated as the weighted average of the size of
the parcels overlapping with a grid cell, where the weights are the overlapping area of each
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parcel. It is worth noting that the cadastral parcel size is an imperfect proxy for landholding
size since the latter can consist of several parcels, but it is the best available indicator at
this high spatial resolution. Moreover, there is a high correlation (of 0.64) between the
average parcel size aggregated at the municipal level and our municipal-level indicator of
land concentration. The correlation is even higher when aggregating at the municipal level
the percentage of area in cadastral parcels equal or higher than 25 ha (0.72).7

Importantly, we gather historical cadastral data corresponding to the year 2005, so that
our parcel size indicator precedes the massive deployment of PV plants. Figure 4 illustrates
the construction of the grid cell dataset for the cadastral parcels (top two figures) and the
location of mega PV plants (bottom two figures).

We construct a number of control variables for each grid cell, including i) the aver-
age altitude and its standard deviation from a raster of 100m resolution (COPERNICUS,
EUDEMv1.1), ii) the percentage of cell area located in areas under temporary water or
permanent wet areas (COPERNICUS, Water and Wetness, with 40 m resolution), iii) envi-
ronmental suitability for the deployment of PV plants, iv) distance to the nearest power grid
node, v) the percentages of cell area with irrigated land and occupied by forest vegetation
(both from cadastral data), and vi) distance to the municipality town center.8

4 Empirical analysis

4.1 Municipality level analysis

We estimate the following regression to analyze the relationship between mega PV plants
and land concentration:

Pm,p = α + β1LandConcm,p + γ′Xm,p + λp + εm,p (6)

where Pm,p is a dummy variable capturing whether there is a mega PV plant in munici-
pality m in province p; LandConcm,p refers to an indicator of land concentration, Xm,p is a
vector that includes the control variables mentioned in the previous sub-section, λp is a set
of 25 province dummies, and εm,p refers to the error term. We exclude provinces without
any mega PV plant.

7Figure A1 in the Appendix shows binned scatterplots representing these strong correlations.
8Table A1 in the Appendix provides additional details about the description and sources of all the

variables used in the analysis, while Table A2 shows their descriptive statistics.
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Table 1 reports the results from estimating (6) with OLS. Column 1 shows a positive
and statistically significant association between land concentration and the presence of mega
plants, conditional on province fixed effects. Column 2 adds geographic factors such as PV
output potential, elevation, as well as the municipality’s average terrain ruggedness and its
area. The coefficient on land concentration decreases but remains large and statistically
significant, while the control variables carry coefficients with the expected sign: positive for
PV output potential and surface area, and negative for elevation. The coefficient on terrain
ruggedness is insignificant, arguably due to its high correlation with elevation.

Column 3 includes variables related to urban processes, such as distance to the coast,
municipality population, and urban population within 100 km. Only the latter exerts a
positive influence on the presence of mega PV plants, while our variable of interest remains
unchanged. Column 4 further adds two key variables for the decision to install a mega
plant, distance to the nearest grid node and environmental suitability for PV plants (as
defined by the Spanish Government). The former appears as an important determinant of
mega plants location, while the latter is insignificant. Finally, column 5 adds the quadratic
polynomial in latitude and longitude, which the objective to prevent the spatial dimension
of the data from influencing the results (Kelly, 2020). Remarkably, the coefficient on land
concentration remains very robust and precisely estimated. Its magnitude of 0.0003 implies
that moving from a municipality in the 10th percentile in land concentration to the 90th
percentile increases the probability of hosting a mega plant from 2.3% to 4% (holding the
rest of variables constant at their mean values), close to a two-fold increase. Columns 6 to
10 estimate the same regression using the binary version of the land concentration indicator.
Focusing on the most saturated model in column 10, municipalities where more than 50% of
agricultural land is in large estates are more than twice as likely to have a mega plant than
the rest of municipalities (5.3 vs 2.5%).

While we include a large vector of control variables, one may still be concerned about
the possibility that some omitted variables could be driving the results. To get further
reassurance, we employ Oster’s approach to bound the possible bias from unobservables,
based upon the assumption that selection on observables is proportional to selection on
unobservables (Oster, 2019). When we do that, we find that the estimated intervals of the
coefficients on land concentration and its binary version always exclude zero ((0.000054-
0.0003) and (0.020-0.028), respectively), suggesting that the results are robust to omitted
variables bias.

We have also checked that our results are robust when using the logistic regression, which
might be advisable in this context given the low proportion of observations with mega PV
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plants. The regression coefficients are reported in Table A3. The exponentiated coefficient
(i.e., odds ratio) in column 5 indicates that, holding the rest of variables constant, a one-
percentage-point increase in land concentration leads to 1.36% increase in the odds of a mega
PV plant within the municipality (e0.0135 − 1). Considering column 10, having more than
50% of land in large farms implies a 117% increase in the odds of hosting a mega PV plant
(e0.7746 − 1).

These results indicate a positive relationship between the presence of large estates and
the location of mega PV plants. This relationship is arguably causal since we control for
the main relevant confounders and reverse causality is highly unlikely, as land concentration
is measured well before the deployment of PV facilities. Table A4 further shows that using
land concentration in 1982 (measured analogously) as an instrument for our indicator of land
concentration increases the magnitude of the effect. This is arguably because the instrument
helps mitigate measurement errors to actually measure land ownership concentration, since
with the Agricultural Census we can only observe the concentration of land in farms.

4.2 Intra-municipality grid-cell level analysis

This section provides additional evidence that corroborates the causal positive effect of land
concentration on the location of mega PV plants. To do so, we conduct an intra-municipality
analysis which, by design, holds constant all distinctive features of each municipality. More
specifically, we analyze whether mega PV plants are located in large cadastral parcels.

We estimate the following equation through OLS to analyze the effect of cadastral parcel
size on the location of mega PV plants:

Pi,m = α + βSizei,m + γ′Xi,m + λm + εi,m (7)

where Pi,m is a binary variable capturing whether there is a mega PV plant in grid cell
i in municipality m; Sizei,m stands for the average parcel size, Xi,m is a vector of control
variables described above, λm denotes a set of municipality dummies, and εi,m is the error
term. As mentioned earlier, we focus on the sample of 147 municipalities with mega PV
plants.

Table 2 shows the results of estimating (7), which again indicate a strong and positive
association between land concentration and the presence of mega PV facilities. According
to column 1, for example, a 10% increase in the average parcel size leads to an increase in
the percentage of cells with mega plants of about 0.04 percentage points, a sizable effect
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given that only 2.93% of cells contain mega plants. However, this coefficient is likely to be
downward-biased as plots tend to be larger in the most mountainous areas of municipalities,
where PV plants are far less common.

When we introduce in column 2 elevation, terrain ruggedness, and the percentage of the
grid-cell in wet areas, with irrigated land, and with forest vegetation, the coefficient on parcel
size more than doubles: a 10% increase in parcel size leads to an increase in the percentage
of cells with mega plants of about 0.1 percentage points. As expected, most of the control
variables (terrain ruggedness, wetness, and forestland) act as deterrents to the presence
of PV facilities, displaying large and statistically significant negative coefficients. Altitude
appears insignificant probably because it is highly correlated with ruggedness, which exerts
a stronger negative effect. Interestingly and consistent with our model, areas devoted to
irrigated agriculture are less prone to be turned into PV facilities.

Column 3 further includes distance to the nearest grid node, distance to the municipality
town center, and a set of dummy variables for the five categories of environmental suitability
for PV deployment (being the category ‘most unsuitable’ omitted -in the reference group).
The first control carries a strong negative coefficient (as in the municipality level analysis), the
second a positive one, while the two most suitable categories carry strong positive coefficients.
Column 4 adds the latitude and longitude quadratic polynomial term. Remarkably, the
coefficient on average parcel area remains fairly stable in both columns. The conditional
relationship between parcel size and the presence of mega PV plants is depicted using a
binned scatter plot in Figure 5.9 Columns 5 to 8 redo the analysis using a set of parcel
size dummies as independent variables, rather than a single continuous variable. Parcels
between 10 and 25 ha are much more likely to be part of a mega PV plant than smaller ones.
Similarly, parcels of 25-50 ha and of 50-100 ha in size are more likely to host a PV plant than
the previous groups. However, a further increase in parcel size does not rise the probability
of being part of a mega plant. Regarding the latter, it is worth noting that 50-100 ha is a
parcel size large enough to accommodate a mega plant (defined as having 50 or more ha).
Moreover, a landholding is typically divided into several cadastral parcels, so parcels of 25
or 30 ha are already of significant size. Besides, many of the largest parcels are government-
owned estates and/or in mountainous and forested areas, which are not generally feasible
for PV plants.

The coefficients on these binary indicators of cadastral parcel size are large in magnitude.
Considering the most saturated model in column 8, parcels of 50-100 ha are 4.2 percentage

9Moving from a municipality in the 10th percentile in log cadastral parcel size to the 90th percentile
increases the probability of hosting a mega plant from 0.5% to 5% (holding the rest of variables constant at
the mean values), a ten-fold increase.
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points more likely to be part of a mega PV plant than those smaller than 10 ha. We have
checked that using the logistic regression does not alter the results (reported in Table A5).
We also redo the analysis removing grid cells with an altitude higher than the maximum
altitude of grid cells with mega PV plants within each municipality. The rationale for doing
this is to focus on grid cells located in areas where the installation of such facilities is feasible
(as evidenced by the existent PV plants built). Table A6 reports the results, where the
coefficient on parcel size is again highly statistically significant and now larger in size. The
latter is because the existence of larger parcels in the most mountainous areas where mega
PV plants are unfeasible creates a downward bias. By focusing on areas with lower altitude
we largely remove this bias. However, to be conservative, we focus on the results reported
in Table 2.

5 Mechanisms and robustness checks

5.1 Alternative land uses

The bidding process of landowners to attract a developer that wants to install a solar plant
may depend at least on two other potential uses of the land. First, rainfed farming, which is
available to any landholding. Second, irrigation farming, which requires an amount of land
to cover fixed costs, although less than that required in solar plants. The model predicts
that in those areas where irrigation is available, some midsize owners choose that option
and, as a consequence, solar plants will be more concentrated into large landholdings. For
very small and very large landowners this alternative option does not make any difference
in their bidding process.

To test whether the evidence gives support to these predictions of the model, we introduce
the interaction between parcel size (in the continuous and binary versions) and the percentage
of area with irrigated agriculture. We estimate:

Pi,m = α + β1Sizei,m + β2Sizei,m ∗ PercIrrigatedi,m + γ′Xi,m + λm + εi,m (8)

Table 3 reports the results of estimating (8). The coefficients in columns 1 to 4 indicate
that for low values of parcel size, areas with irrigated agriculture have much less probability
of having a mega PV plant than those with rainfed agriculture, but for high values of
parcel size, the difference of probability substantially narrows down. The binary version of
the parcel size variables in columns 5 to 8 allows a clearer interpretation. The interaction
terms between the parcel size dummies and the percentage of irrigated area are negative for
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intermediate levels of parcel size, but the interaction is insignificant for large parcels. Figure
6 depicts the predicted probability of a mega plant for each parcel size dummy, comparing
the 10th and 90th percentiles in irrigated area (%). We can clearly observe that the difference
in probability between both alternative land uses is smaller or inexistent for large and very
large parcel sizes.

Overall, these results suggest that the relative probability of installing mega PV plants is
the highest for large landholdings with irrigated agriculture. In addition, their consistency
with the hypotheses of the model concerning alternative land uses provides additional support
for the proposed mechanism.

5.2 External validity: U.S. county analysis

We examine the external validity of our results by focusing on the U.S. case. We get data on
the location and characteristics of PV plants from the U.S. Large-Scale Solar Photovoltaic
Database (USPVDB), developed by Fujita et al. (2023). This dataset provides information
of all ground-mounted PV facilities with capacity of at least 1 MW. It contains 3,699 facilities
that became operational before 2022. Most of them (99%) started to operate after 2010.
Facility locations and their geographic boundaries are visually verified using high-resolution
aerial imagery. We define a mega PV plant as a facility occupying at least 50 ha, as in the
previous analysis. On average, producing 1 MW (direct current) requires on average 1.7 ha,
with 90% of the distribution of plants requiring between 1 and 3 ha per MW.

Using this georeferenced dataset of PV plants, we create a dummy variable capturing
whether there is a mega PV plant in a county. We do this by overlapping the layer of mega
PV plants with the geographic layer of county boundaries. The variable takes the value
of 1 if a mega PV plant occupies at least 50 ha (so that, on average, produces about 29.4
MW) in a county and 0 otherwise. As of December 2021, we identify 487 mega PV plants
distributed across 227 counties in 33 states and occupying a surface area of 99,500 ha. In
general, this area represents 0.08% of the US cropland area in 2002, but for affected counties,
mega photovoltaic plants represent on average 4% of their agricultural area and in some cases
as much as 30%.

Data on land concentration comes from the 2002 Agricultural Census, sourced from
Haines and ICPSR (2010). The year of measurement is well before the massive deployment
of PV plants, which took place after 2010, as mentioned above. We use two indicators, the
percentage of harvested cropland in farms of 500 or more acres (∼200 ha), and a binary
variable equal to 1 if this percentage is higher than 50, indicating a high incidence of large
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estates. Figure 7 depicts the spatial distribution of the land concentration indicator, as
well as the location of mega PV plants. A visual inspection of the within-state variation in
both variables suggests a positive correlation between them. Indeed, counties where land
concentration is higher than 50% are much more likely to host a mega PV plant (9.1% of
them have one in contrast to an incidence of 3.9% for the rest of the counties).

Regarding control variables, we compute the average altitude of each county and its
standard deviation from a raster of 100 m resolution (Geological Survey, 2012). Second, we
calculate the average PV output potential (Global Solar Atlas 2.0). Third, we also calculate
the total urban population (in logs) within 100 km from the county’s centroid, for which we
consider the population residing in Census populated places. We also construct and control
for additional variables including the distance to the coast, log of the county surface area, the
county’s population in 2020 (in logs), and a quadratic polynomial of latitude and longitude.

We estimate an equation analogous to Eq. 6 for counties located in the contiguous United
States. Table 4 reports the results, with standard errors clustered at the state level. Column
1 shows a positive and statistically significant association between land concentration and the
presence of mega plants, conditional on state fixed-effects. Column 2 adds geographic factors
such as the PV output potential, elevation, as well as the county’s average terrain ruggedness
and its area. The coefficient on land concentration slightly decreases, but remains large
and statistically significant, while the control variables carry coefficients with the expected
sign: positive for PV output potential and surface area, and negative for elevation. The
coefficient on terrain ruggedness is insignificant, arguably due to its high correlation with
elevation. Column 3 further includes distance to the coast, urban population within 100
km and the county’s population, while column 4 adds the quadratic polynomial in latitude
and longitude. Remarkably, the coefficient on land concentration remains very robust and
precisely estimated. Its magnitude of 0.0015 implies that moving from a county in the 10th
percentile in land concentration to the 90th percentile increases the probability of hosting a
mega plant from 3.2% to 14.6% (holding the rest of variables constant at their mean values).

Columns 5 to 8 estimate the same regression using the binary version of the land concen-
tration indicator. Focusing on the most saturated model in column 8, the coefficient of 0.071
indicates that counties where more than 50% of agricultural land belongs to farms larger
than 500 acres are more than twice as likely to have a mega plant than the rest of counties
(12.1% vs 5%).10

10We have also checked that our results are robust when using the logistic regression. The regression
coefficients are reported in Table A7. The exponentiated coefficient (i.e., odds ratio) in column 4 indicates
that, holding the rest of the variables constant, a one-percentage-point increase in land concentration leads
to 2.5% increase in the odds of a mega PV plant within the county (e0.0249−1). Considering column 8,
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6 Concluding remarks

The large-scale deployment of solar energy through photovoltaic (PV) plants is a critical
step toward achieving a more sustainable and less carbon-dependent economy. However,
economies of scale incentivize investors to develop large facilities, often occupying extensive
tracts of agricultural land. This trend has sparked resistance from local communities, pri-
marily due to concerns over job losses in agriculture, landscape alterations, and potential
negative effects on biodiversity. A comprehensive understanding of the benefits and distri-
butional consequences of mega PV plants is therefore essential for assessing their broader
social and economic impact.

This study examines the relationship between land ownership concentration and the
location of mega PV plants, focusing on the Spanish context. First, we find that Spanish
municipalities where more than 50% of agricultural land is concentrated in farms larger
than 200 hectares are approximately twice as likely to host a mega PV plant compared to
municipalities with lower land concentration. Second, within municipalities that host mega
PV plants, we analyze their precise location and show that these facilities are significantly
more likely to be situated on larger cadastral parcels. This finding highlights a key mechanism
driving the observed pattern: for developers, securing land for large-scale PV projects is
considerably easier when dealing with a single large landowner rather than negotiating with
numerous small landowners, where any individual owner may refuse to lease their land or
demand excessively high rents.

Additionally, our results indicate that the likelihood of a mega PV plant being established
is lower in irrigated areas, where agriculture is more profitable. This effect is primarily driven
by medium-sized landholdings, which increase inequality in the distribution of these plants.
To assess the external validity of our findings, we extend our analysis to the United States
and confirm a similar pattern: counties where large farms (exceeding 500 acres) dominate
the agricultural landscape are approximately twice as likely to host a mega PV plant.

Our findings suggest that mega PV plants tend to concentrate in areas with high land
ownership concentration, which has important implications for the distribution of local eco-
nomic benefits. In such regions, lease payments from PV projects are likely to be concen-
trated among a small number of large landowners or developers, many of whom do not reside
in the host communities. As a result, the indirect positive economic effects on local popu-
lations may be limited. These insights highlight the need for a more thorough evaluation

having more than 50% of land in large farms implies a 227% increase in the odds of hosting a mega PV plant
(e1.1855−1).
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of the spatial concentration of mega PV projects and call for policy measures that ensure
a fairer distribution of benefits. Potential strategies include facilitating coordination among
small landowners to attract investment or designing fiscal policies that redistribute income
to the local communities hosting these projects.
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Appendices

The y axis represents the percentage of utilized agricultural area (UAA) in farms with 200 ha or more, at the
municipality level. The x axis represents either the average cadastral parcel size aggregated at the municipal level
(above) or the percentage of land in cadastres of 25 or more ha (below). To calculate the latter two variables, we
focus on grid cells with at least 50% of its surface area devoted to rainfed agriculture or at least 10% devoted to
irrigated agriculture.

Figure A1: Cadastral parcel size and land concentration
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Table A2: Descriptive statistics: Spain municipality analysis

Variable name Obs Mean Std. Dev. Min Max
Mega PV plant 4,380 0.029 0.17 0.00 1.00
Land concentration 4,380 19.39 24.18 0.00 100.00
Binary: Land concentration > 50% 4,380 0.14 0.35 0.00 1.00
PV output potential 4,380 16.25 0.73 11.97 18.12
Average elevation 4,379 7.47 3.15 0.05 24.06
Terrain ruggedness 4,379 0.74 0.80 0.00 8.61
Municipality surface area (logs) 4,380 3.77 0.99 -0.02 7.47
Distance to the coast 4,380 154.29 80.99 0.44 358.63
Municipality population (logs) 4,380 6.34 1.70 1.95 13.46
Urban pop. within 100 km (in logs) 4,380 13.92 0.78 11.37 15.80
Distance to nearest grid node 4,380 23.1 15.01 0 92
Environmental suitability 4,380 2.4 1.25 0 4
Latitude 4,380 40.21 1.76 36.11 43.16
Longitude 4,380 -3.93 1.88 -7.48 0.32
Spain grid-cell level analysis
Mega PV plant 152,481 0.03 0.17 0.00 1.00
Cadatral parcel area (log) 152,481 3.62 1.73 -3.05 8.37
Parcel 10 - 24.99 ha 152,481 0.15 0.35 0.00 1.00
Parcel 25 - 49.99 ha 152,481 0.13 0.34 0.00 1.00
Parcel 50 - 99.99 ha 152,481 0.16 0.36 0.00 1.00
Parcel > 100 ha 152,481 0.32 0.47 0.00 1.00
Average elevation 148,373 4.21 2.94 -0.01 26.91
Terrain ruggedness 148,373 7.70 9.33 0.00 132.37
Wetness (%) 152,481 0.08 2.33 0.00 99.87
Irrigation (%) 152,481 0.13 0.27 0.00 1.00
Forest (%) 152,481 0.16 0.29 0.00 1.00
Distance to nearest grid node 152,481 15.27 9.12 0.03 51.26
Distance to municipality capital 152,481 12.15 9.39 0.03 61.66
Env. suitability 0 152,481 0.28 0.45 0.00 1.00
Env. suitability 1 152,481 0.05 0.21 0.00 1.00
Env. suitability 2 152,481 0.17 0.38 0.00 1.00
Env. suitability 3 152,481 0.18 0.38 0.00 1.00
Env. suitability 4 152,481 0.33 0.47 0.00 1.00

Table A2: Descriptive statistics (continued): U.S. counties

Variable name Obs Mean Std. Dev. Min Max
Mega PV plant 2,997 0.07 0.26 0.00 1.00
Land concentration 2,997 57.69 28.93 0.00 100.00
Binary: Land concentration > 50% 2,997 0.61 0.49 0.00 1.00
PV output potential 2,994 1,515.63 125.49 1,109.70 1,982.25
Average elevation 2,994 405.15 408.17 0.08 1,628.25
Terrain ruggedness 2,994 67.82 89.74 0.50 344.61
County surface area (log) 2,996 21.31 0.72 17.90 24.69
Distance to the coast 2,994 353.87 303.19 0.00 1,309.33
County population (log) 2,988 10.28 1.47 5.59 16.12
Urban pop. within 100 km (log) 2,994 13.17 1.42 6.41 16.82
Latitude 2,996 158,731 562,603 -1,263,667 1,519,304
Longitude 2,996 386,597 952,313 -2,303,825 2,199,191
Notes: Variables’ descriptions are provided in Table A1.
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Table A4: Land concentration and PV plants across Spanish municipalities: 2SLS

(1) (2) (3) (4) (5)
Land concentration 0.0018*** 0.0011*** 0.0013*** 0.0012*** 0.0012***

(0.0003) (0.0003) (0.0003) (0.0003) (0.0003)

PV output potential 0.0173*** 0.0128** 0.0192*** 0.0184***
(0.0044) (0.0059) (0.0062) (0.0068)

Average elevation -0.0074*** -0.0042*** -0.0018 -0.0021
(0.0014) (0.0015) (0.0015) (0.0015)

Terrain ruggedness -0.0014 -0.0053 -0.0061 -0.0055
(0.0044) (0.0046) (0.0045) (0.0046)

Municipality surface area (logs) 0.0229*** 0.0143*** 0.0181*** 0.0177***
(0.0045) (0.0051) (0.0051) (0.0051)

Distance to the coast 0.000 0.0001 0.0001
(0.0001) (0.0001) (0.0001)

Municipality population (logs) 0.0102*** 0.0076*** 0.0074***
(0.0028) (0.0028) (0.0028)

Urban pop. within 100 km (in logs) 0.0118*** 0.0037 0.0022
(0.0042) (0.0043) (0.0044)

Distance to nearest grid node -0.0015*** -0.0016***
(0.0002) (0.0002)

Environmental suitability -0.0001 -0.0002
(0.0019) (0.0019)

Latitude, longitude and its interaction Yes

First stage (Dep. var: Land conc. 1999) 955.7 645.3 561.4 549.4 895.9
Land conc. 1982: Partial R-sq. 0.247 0.194 0.178 0.175 0.172

Province fixed-effects Yes Yes Yes Yes Yes
Observations 4,342 4,341 4,341 4,341 4,341

Notes: The dependent variable is the mega PV plant dummy. Variables’ descriptions are provided in Table A1. All the regressions include
a constant term which is omitted for space considerations. Heteroscedasticity robust standard errors are in parentheses. *,**,*** denote
statistical significance at the 10, 5, and 1% levels, respectively.
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