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ABSTRACT
The new environmental and geopolitical situation has led to the need for a change in the current energy model. The infra-

structures associated with renewable energies may represent an opportunity for economic growth, employment generation, and

population recovery in rural territories. This study evaluates the retrospective long‐term impacts that renewable energy

installations have had on several rural regions in Europe. To that end, we develop a novel database on the annual installed

capacity of renewables for European NUTS2 regions. This includes data on wind and photovoltaic energy, allowing us to

capture both the scale and growth of renewable energy infrastructure over time in European regions. The data set spans

multiple decades. Finally, we evaluate the socioeconomic effects these installations have on Europe's renewable energy capacity

intensive rural regions analysing the different intra‐ and interregional impacts, using the Synthetic Control Method.

1 | Introduction

The growing political, social, and environmental pressures to
fight against climate change underscore the imperative for a
shift in the existing energy model. This transition stands as a
pivotal component in the decarbonization journey of developed
economies (Baeyens and Goffin 2015; UN 2016). Within the
European Union (EU), the emphasis on renewable energies has
intensified. This focus aligns with environmental goals that
advocate for an energy paradigm shift, further underscored
by the imperative to diminish energy reliance on nations
that may pose political, social, or economic instability risks

due to the strategic importance of this resource (European
Commission, 2022).

Thus, the EU has been at the forefront of global efforts to reduce
carbon emissions and promote renewable energy, setting
ambitious targets for its member states. More specifically,
Europe's climate targets state to reduce emissions by 55% by
2030 relative to 1990 levels and achieving climate neutrality by
2050 (European Commission 2019).

To meet these targets, the recent European agreements on
renewable energy on March 2023 (Renewable Energy Directive,
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EU/2018/2001) have set a provisional target of 45% of the en-
ergy mix to come from renewable energy sources by 2030.

Overall, the EU's regulatory framework accompanying the
green transition and the shift to renewable energies reflects a
comprehensive and integrated approach, addressing not only
the environmental benefits but also the economic and social
aspects of the energy transition. With regard to socioeconomic
aspects, reference is made to the importance of generating
economic growth and new jobs, to ensure a socially just energy
transition (European Commission 2019). However, the imple-
mentation of these regulations largely varies across countries
and regions, and ongoing efforts are needed to ensure that the
EU achieves its renewable energy targets in a fair and equi-
table way.

In other words, the development of renewable energies plays a
fundamental role in changing the energy model of most deve-
loped countries to meet these environmental and geopolitical
objectives proposed by national and international institutions.
This development has also been conceived in the EU across
different governmental scales—international, national, and
local—as a pivotal strategy to combat depopulation. This com-
mitment is evidenced by substantial financial investments, such
as the Just Transition Fund and the European Climate Pact. In
essence, achieving sustainable and inclusive development
requires aligning economic, social, and environmental objec-
tives, as highlighted by (Roberts 2003), being crucial to ensure a
fair energy transition process in the regions and areas where
these transitions occur.

In fact, in the rural context, given the climatic and territorial
characteristics, the deployment of renewables has been often
seen as a key strategy to mobilise investments in mature
economies lacking other dynamic projects that, in addition to
generating employment, may encourage the expectations of
their rural society (OECD 2012). Thus, these could become a
new catalyst for local economic development, as these emer-
ging, dynamic, and technological advanced activities sometimes
arrive at territories with a recent history of industrial re-
structuring and closure of coal mines. Rural territories with
poorly diversified economies that are highly dependent on coal‐
thermoelectric binomial1 have felt excluded from the process of
economic development, with the political and social conse-
quences that this may entail (see Dijkstra et al. 2020; Rodríguez‐
Pose 2018).

However, the deployment of renewable energies also potentially
involves negative externalities in the territories where they are
located (Bielecki et al. 2020; Dröes and Koster 2016; Mattmann
et al. 2016; Zerrahn 2017). For instance, van der Horst (2007)
and Batel (2020) conclude that, due to the affected population,
these territories assume the tangible costs of the energy tran-
sition, but not the benefits, which are more diffuse in space and
time2.

In the literature, most studies focused on analysing the eco-
nomic impacts that the energy transition has on employment
and wealth at a global level (Batini et al. 2022; IRENA 2021;
Lehr et al. 2012). However, the spatial distribution of these
impacts has received little attention (Brown et al. 2012; Costa

and Veiga 2021; [name deleted to maintain anonymity in the
review process]). Moreover, there is limited analysis of the
compatibility of environmental and socioeconomic objectives of
renewables in the literature (Colli 2020; Jenkins et al. 2017;
Perez‐Sindin et al. 2022; Wang and Lo 2021). These studies
focus on the idea that renewables do not have a dynamizing
potential per se, but that the idiosyncrasies of the territories
must be taken into account. International institutions (Kerr
et al. 2022; OECD 2012) claim the need to carry out this type of
analysis linked to the concept of a just energy transition.

In this context, this paper aims to contribute to the debate on
the nature and spatial distribution of socioeconomic impacts of
the current renewable energy deployment process, particularly
on the compatibility of the social (employment) and economic
objectives in the territories where renewable energies are
installed. Furthermore, this paper examines the impact each
type of renewable source generates, the influence of the terri-
torial differences, and how the management in the expansion of
renewables affects the socioeconomic results of the territory.

The equitable distribution of resources and services in space is a
basic right, as a definition of the concept of spatial justice
(Soja 2010). This spatial justice approach is the conceptual
framework of the European Union's territorial cohesion policy,
whose objectives are convergence and reduction of territorial
inequalities (Madanipour et al. 2022; Weck et al. 2022).
Recently, literature has giving importance to the concept of
spatial justice that is environmentally sustainable
(Demeterova 2024).

In this line, this study emphasises the concept of a spatially just
energy transition (Bouzarovski and Simcock 2017; Garvey
et al. 2022). Although normative in nature, literature on spa-
tially just energy transition has attempted to analyse the fair
distribution of the benefits and burdens of this transition in
space (Lehmann et al. 2024; Sasse and Trutnevyte 2020). Sim-
ilarly, the European Green Deal seeks to assist regions by en-
couraging the development of renewable energies for the
generation of wealth and new green jobs so that “no person or
place is left behind” to achieve a Just transition (European
Commission 2019). Based on this framework, this paper
analyses the spatial distribution of the benefits and burdens that
the development of renewable energies has had on rural areas
in terms of employment, population, and wealth using a
number of case studies from European regions.

Finally, we also aim to contribute to the debate on the so‐called
natural resource curse or the Dutch curse (see Corden 1984;
Hosoda 2016; van Wijnbergen 1984), exploring whether there
could be a new “curse” related to the abundance of natural
resources such as wind and sun (Leonard et al. 2022; Mån-
sson 2015). The potential benefits of the energy transition are
often taken for granted. However, while the potential benefits of
the energy transition are frequently acknowledged, it's essential
to recognize that at the local level—especially in rural areas
where renewable energy infrastructure is installed— such
benefits are not invariably assured.

Existing literature has endeavoured to examine the potential
synergies between the development of renewable energy and
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rural progress (Clausen and Rudolph 2020), finding that these
may end up becoming peripheral energy zones, thereby not
effectively influencing the energy transition's impact on rural
development (O'Sullivan et al. 2020). Therefore, this paper seeks
to empirically assess whether the development of renewable
energies has positively or negatively affected the development of
these rural areas. For this purpose, and as a proxy of rural
development, we will analyse the impacts on wealth, popula-
tion, and employment. As highlighted by these scholars, there
exists a possibility that certain territories lack the infrastructure
and mechanisms necessary to effectively harness and assimilate
these renewable energy investments, consequently limiting
their potential to stimulate economic growth, foster employ-
ment, and therefore population. However, it appears evident
that negative effects manifest at the local level (Zerrahn 2017).
Therefore, in this paper, we raise the question of whether the
potential positive effects can be overshadowed by the pro-
nounced negative effects at the local level, thus reiterating the
possibility of a natural resource curse.

More specifically, this paper analyses the long‐term socio-
economic impacts that the installation of renewable energies
has had on European rural regions. To do this, we use a robust
approach based on the Synthetic Control Method (SCM). This
method studies the potential effects of some kind of interven-
tion. Thus, this methodology allows us in this paper to analyse
the retrospective long‐term socioeconomic impacts of the
development of renewable energy. Originally, this method was
applied to the analysis of public policies and legal interventions
(Abadie et al. 2010; Abadie and Gardeazabal 2003), but in re-
cent years this methodology has been established as one of the
major tools for the evaluation of causal effects (Athey and
Imbens 2017). The traditional method has been extended with a
more novel approach, Synthetic Difference in Differences
(Arkhangelsky et al. 2021).

Empirically, our analysis exploits a novel database that includes
information on the annual installed capacity of renewables at
NUTS 2 disaggregation level for the European regions,
describing the period in which these regions started to operate
and the technology (wind or photovoltaic). The construction of
this comprehensive database is also an additional value added
of this paper. This is the first study using these data for the
evaluation of the installation of renewable energies. With this
approach, the following questions linked to sustainable rural
development are addressed:

1. Has the development of renewable energies channelled
into long‐term positive socioeconomic impacts in the
European rural territory where they are installed?

2. Specifically, and as a proxy for potential socioeconomic
impacts, what impact did these infrastructures have on
population, income, and employment?

3. Are the development of renewable energies in rural
regions a key element that stopped or moderated popu-
lation decline?

In particular, we focus our analysis on the following selected
European regions: Centro in Portugal, Galicia in Spain, Nie-
derbayern and Sachsen‐Anhalt in Germany, and Sud‐Est in

Romania. These rural European regions are currently in the
first percentile of renewable energy capacity intensity (MW/
km2), and more interestingly, they developed these energies
since the beginning of the 21st century to analyse their effects in
the long term. Once the impacts at NUTS2 level have been
analysed, the analysis at NUTS3 level is carried out to analyse
how these impacts are distributed intra‐regionally, as it is pos-
sible that the socioeconomic effects of the installation of
renewable energies differ significantly within the same region.
With this multilevel analysis of different territorial scales, we
will have more precise evidence on the potential impacts of
renewable energies at the territorial level.

To the best of our knowledge, only a few studies have analysed
the long‐term territorial impact of the deployment of wind
farms on employment (Brown et al. 2012; Costa and Veiga 2021;
Fabra et al. 2022; Hartley et al. 2015). Additionally, to the best of
our knowledge, this is the first study that analysed the long‐
term effects on the population, GDP per capita, and employ-
ment using as a case studies several European rural regions.

The case study of the European NUTS2 rural regions reveals
that the previous economic and social (employment) structure,
measured in terms of wealth and population density, is
important for the economic and social performance of these
regions. In turn, the way in which the integration of renewable
energies is managed (size of installation, installed technology,
and form of management) in the territory also seems to be
important in the potential positive impact of renewable energy
development in the regions analysed. Our findings also show
that renewable energy will not stop depopulation. This het-
erogeneity of results at interregional level (NUTS2) is also
observed at intra‐regional level (NUTS3) as the impacts are not
homogeneously distributed intra‐regionally. Intra‐regionally,
the positive employment and population impacts are concen-
trated in the wealthier and more densely populated NUTS3
regions.

The rest of the paper is structured as follows. Section 2 con-
textualises the paper and Section 3 describes the data and
methodology; Section 4 presents the results; Section 5 discusses
the main findings; and Section 6 describes the main
conclusions.

2 | Background: Renewable Energy In Rural
Regions

Most renewable energy technologies are in rural areas
(Mulvaney et al. 2013; OECD 2012) due to the ease of im-
plementing these installations and the availability of natural
resources. Some scholars acknowledge that the capacity of
renewable energy investments to reverse dynamics is poten-
tially greater in these areas than in urban areas, with different
economic and social dynamics (Clausen and Rudolph 2020). In
addition to the European energy and environmental strategy
mentioned above, there is regional policy to promote rural
development and slow down depopulation (ENRD 2022; Eur-
opean Commission 2021). In consequence, to analyze the
compatibility of these policies at the European level becomes
relevant.
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According to IRENA (International Renewable Energy
Agency 2020), the installed capacity of photovoltaic energy
would generate an investment of 3.56 million euros per MW
and 1.48 million euros per MW for wind energy in 20103. Thus,
investment in renewable energy can have the capacity to
transform the economic and social structure of rural areas
depending on the different socioeconomic factors in these areas
(del Río and Burguillo 2009). However, there is limited litera-
ture based on the opportunity that the investment in renewable
energies can create in rural development (Copena and
Simón 2018; Munday et al. 2011), the capacity to transform its
productive structure (Slattery et al. 2011), in these areas that are
also undergoing a process of reconversion from coal to renew-
able sources (Collins et al. 2012; OECD 2021).

Renewable energies have the potential to transform the economic
and industrial landscape of rural areas, peripheral and lagging‐
behind regions making them more dynamic and thus generating
wealth, employment, and population (Coenen et al. 2021; Grillitsch
and Hansen 2019). A green and clean industry can be created
around these installations, generating added value and employment
in these areas (Clausen and Rudolph 2020). Thus, renewable en-
ergies can be a catalyst of endogenous resources to revitalise
declining rural areas, as is explained in the report “Shrinking rural
regions in Europe” (ESPON 2017). However, empirical evidence
limits the potential and generalized nature of these results. Costa
and Veiga 2021 and Fabra et al. 2022 only transitory local effects on
employment, linked to the construction process of the installations.
Brown et al. 2012 detected a slight impact on employment and
wealth, while Hartley et al. 2015 found no impact on either variable.
Mauritzen 2020 also discovered very modest results on rural wages.
These limited results at local level open the debate on the possible
existence of crowding out effects of investment in other economic
sectors (Sardaro et al. 2019).

Less works studied the impacts on population, although obvi-
ously closely linked to the employment and wealth variables.
Only one paper analyses these effects, from an empirical point
of view, finding no significant effects on population ([name
deleted to maintain anonymity in the review process]).

In the context of this literature, our paper benefits from prior
works and go further into the analysis to evaluate the long‐term
effects of renewable infrastructures in rural European regions
on the population, GDP per capita, and employment.

From the empirical point of view, we make use of Synthetic
Control Method to analyse the long‐term socioeconomic
impacts of the development of wind and photovoltaic farms.
This methodology is chosen because it is a causal analysis tool,
ideal for analysing the potential effects of some kind of inter-
vention or shock, in this case, the deployment of renewable
energies. Unlike difference‐in‐differences and regression ap-
proaches, this method can take into account the effects of
confounders affecting the variables under analysis. Using this
approach, we can assess the causal effects of the installation of
renewable energies. See Abadie 2021 for a discussion of the
advantages of this methodology for the causal analysis.

This methodology has been widely used to study economic
events. For instance, the seminal paper of Abadie and

Gardeazabal (2003) applies this technique to analyse the eco-
nomic impact of terrorism. The economic effects of other armed
conflicts have also been analysed with this methodology
(Horiuchi and Mayerson 2015; Montalvo 2011; Pinotti 2015). It
was also used to analyse the economic effects of German
reunification (Abadie et al. 2015) or entry into the European
monetary union (Hope 2016). Moreover, it has been used in
health economics (Cunningham and Shah 2018; DeAngelo and
Hansen 2014; Lindo and Packham 2017) and labour economics
(Dustmann et al. 2017; Gobillon and Magnac 2016; Kleven
et al. 2013; Zou 2018). Additionally, the SCM was used to
analyse the impact of different public policies on the environ-
ment. For example, it was used to analyse the impact of carbon
taxation (Andersson 2019; Leroutier 2022; Runst and
Thonipara 2020; Xiang and Lawley 2019), traffic decongestion
(Green et al. 2020), and regulatory framework (Kim and
Kim 2016). Interestingly, the synthetic control method was also
used to analyse the economic effects of natural disasters
(Cavallo et al. 2013) and the discovery of new sources of natural
resources (Smith 2015). Similar to our study, the SCM was used
to analyse the socioeconomic impacts of oil and gas extraction
in several US states (Munasib and Rickman 2015; Rickman and
Wang 2020), case regions of China (Hu et al. 2021), case of
Italian NUTS 2 regions (Pellegrini et al. 2021), and the impacts
of nuclear (Ando 2015) and hydropower at the local level
(Catolico et al. 2021). Finally, [name deleted to maintain ano-
nymity in the review process] analysed the socioeconomic
impacts of wind energy using the SCM for one only county, in
the region of Aragon (NUTS 2), in Spain.

This study presents a novel extension of the analysis with this
method to the case of renewables at the European regional
NUTS 2 level. This is the first study analysing the long‐term
effects of the development of renewable (wind and photo-
voltaic) infrastructures in rural regions on population, GDP per
capita and employment for all European rural regions. More-
over, the analysis is extended at different spatial levels (NUTS 2
and NUTS 3). Finally, the Synthetic Differences in Differences
method is used to test the robustness of the results.

3 | Data and Methodology

3.1 | Data and Selection Criteria

This study analyses the economic impacts of the renewable
infrastructures built in rural European regions. For this purpose,
a comprehensive and unique database on the annual installed
capacity (in MW) of renewables in each region has been first
developed; the database includes information from beginning of
the development of renewable energy sources along with the
main socioeconomic characteristics of the region. This database
allows us to identify the technological options (wind and pho-
tovoltaic4), the starting operational period, and the annual
installed capacity of 322 NUTS 2 regions (see Appendix A in the
Supporting Information (SI onwords) for information on data
set development). To construct this database, we integrated
information from multiple sources, including Eurostat, national
energy agencies, and regional statistical offices. This approach
allowed us to ensure the data's accuracy, comparability, and
granularity, essential for evaluating regional differences in
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renewable energy development. There is no public database
with such information. Therefore, its exploitation provides a
better ability to understand the energy transition at regional
level.

To answer the questions raised, the analysis will focus on the
long‐term socioeconomic impacts of renewable energy instal-
lation in a group of rural regions in Europe. In particular, we
are interested in analyse these effects in those rural regions
with a high renewable capacity intensity and a long‐term ex-
perience of renewable energy production. As mentioned
above, the objective is to analyse these impacts in rural
regions, since it is in these regions that renewable energy
installations can have the largest impact, as discussed in the
previous section.

To operationalize the analysis, i.e., to select the regions of
interest (with these characteristics of rural, renewable capacity
intensive and traditionally intensive (long‐established track of
renewable energy production), the following procedure has
been implemented.

First, we identified the European regions classified as a rural
region according to the EUROSAT definition (see Appendix B
in SI for more details on the urban/rural classification). All

NUTS 3 regions classified as urban, as well as NUTS 2 regions
containing any NUTS 3 classified as urban, are excluded from
the analysis.

Then these rural regions were classified according to their
renewable energy capacity intensity. With the information from
the database presented above, each region can be characterised
according to its renewable energy capacity intensity (in terms of
MW/km2). Figure 1 presents the capacity intensity of renew-
ables installation for all European NUTS 2 level for
the year 2019.

A region is classified as renewable capacity intensive if it is
above the 75th percentile in both installed power (MW) and
installed power per square kilometre in 2019 (following the
percentile‐based definition of Cavallo et al. 2013)5. The year
2019 is used as the benchmark year, as it is the latest year with
available and complete information for the data presented
above. Note that, as the energy transition (proxied in this case as
installed capacity in MW) is a cumulative process, we select
those regions that are currently most specialised in this type of
energy deployment to be able to analyse the effect of this pro-
cess. By focusing on the economic and social impact of energy
infrastructures, in this case wind farms and photovoltaic parks,
we are interested in their capacity. The higher the capacity, the

FIGURE 1 | Renewable energy installed capacity per km² in 2019. NUTS 2 regions. [Color figure can be viewed at wileyonlinelibrary.com]
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greater the land use required (Perpiña Castillo et al. 2016) and
therefore the greater the potential impacts.

Finally, among the regions classified as renewable energy
capacity intensive, we select those traditionally intensive, i.e.
those regions with a long‐term track of renewable energy
installation, that is, where the energy transition process started
at the beginning of the century. As the aim of this paper is to
analyse the impacts of this installation on the territory in the
long term, our target regions are those that undergone the
installation process since the beginning of the 21st century. As
result, the only regions that meet these characteristics and in
consequence are the selected ones for analysis are Sud‐Est in
Romania (RO22), Sachsen‐Anhalt (DEE0) and Niederbayern
(DE22) in Germany, Centro (PT16) in Portugal, and Galicia
(ES11) in Spain, and their respective NUTS 3 regions. Note that
some other regions have recently become intensive in renew-
able energy capacities. However, in this case, we cannot yet
analyse the potential impacts from a retrospective point of view.

Figure 2 shows the trajectory of renewable energy expansion in
the five regions mentioned. The trajectory is very similar for all
of them; started at the beginning of the 21st century, peaked
between 2007 and 2010, and were stagnant thereafter. Only in
recent years they started to move back in. However, Sachsen‐
Anhalt (DEE0) was an exception, as this region's trajectory was
continuous over time.

3.2 | Methodology

This study used the synthetic control method to analyse the
long‐term effects that the development of renewable infra-
structures in rural regions had on three main socioeconomic
variables (population, GDP per capita, and employment). This
methodology was initially developed by Abadie and
Gardeazabal (2003). It was further developed by Abadie et al.
(2010, 2015). The objective is to evaluate the impacts, such as
the causality of any type of intervention on the treatment units
(countries, regions, municipalities, etc.).

Recently, the work of Abadie (2021) summarised this method-
ology and the extensions made over the last 20 years. This
section explains the logic of this methodology (see Abadie
(2021); Abadie et al. (2010) for more technical details).

Let us consider J+ 1 units with j= 1, 2,…, J+ 1. For simplicity,
the first unit (j= 1) can be set as the treated unit—the unit for
which the impacts of an intervention are being analysed. The
“control group” consists of the set of potential comparable units
(j= 2,…, J+ 1) where the intervention has not been im-
plemented. All the units are observed for time periods t= 1, 2,…,
T. Let us divide the sample period into the pre‐intervention (1,
2,…, T0) and post‐intervention period (T T T+ 1, + 2, …, )0 0 .
Therefore, for each unit j, in period t, the variable to be analysed
is Yjt. In turn, for each unit j there is a set k of predictors of the
outcome, X1j,…,Xk j, where it can also include the pre‐
intervention values of Yjt . The k x1 vectors X1,…, Xj+1 contain
the values of the predictor variables for the units j= 1, 2,…,

J+ 1. As a result, the k x J matrix, X0 = [X2…XJ+1], contains the
predictor variables for the J units in the control group. It also
defines a (T0 x 1) vector, R = (r1,…, rT0)´, that denotes some linear
combination of pre‐intervention outcomes: Y r Y̅ =i

r
s
T

s is=1
0 .

It can also define Y jt
Nas the potential variable to be analysed

without intervention, such as the variable to be estimated. Y t
I
1 ,

is the real path of the variable of interest, for the unit affected by
the intervention (j= 1) in the post‐intervention period (t>T0).
Consequently, the effect of the intervention on the variable of
interest for the treated unit in period t (with t>T0) is:

α Y Y= −t t
I

t
N

1 1 1 (1)

This methodology aims to estimate Y t
N
1 for t>T0, what the

outcome of the variable would be in the absence of intervention.
In short, since Y t

I
1 is observable, it is necessary to estimate Y t

N
1 ,

the counterfactual outcome, to estimate the effects of the
intervention.

Traditionally in the literature, to solve this problem, to repro-
duce Y t

N
1 , a unit of the control group that is as similar as possible

to the one treated at the time before the intervention is used as a
counterfactual (B. D. Card and Krueger 2000; D. Card 1990). In
practice it is difficult to find a single control unit that resembles
the treatment unit in all characteristics. Therefore, to solve this
problem, the synthetic control method uses a combination of
control units that are as close as possible to the treatment unit
in the characteristics at the time before the intervention. That
is, the synthetic control group is defined as a weighted average
of the control units. Technically, it is represented by the fol-
lowing J x 1 vector of weights W= (w2,…, wj+1)´. Each W then
represents one particular weighted average of control units and
therefore one possible synthetic control unit.

Once these weights are obtained, the synthetic control estima-
tors of Y t

N
1 and α t1 are:

Y w Yˆ = ,t
N

j

J

j jt1
=2

+1

(2)

α Y Yˆ = − ˆ
t t t

N
1 1 1

(3)

To avoid extrapolation, the weights will always satisfy the fol-
lowing two conditions: ≥w 0j for j = 2,…, J + 1 and w2 +…+
wJ+1= 1 (see Abadie (2021) for more details).

Abadie et al. (2010) and Abadie and Gardeazabal (2003) propose
to choose the weights (w ,2 …,wJ+1) that best reproduce the values
of the predictor variables of the treated unit at the time before
the intervention. Given a set of non‐negative constants,v1,…vk,
this means to choose the weights, W*= (w*2,…, w*j+1)´ that
minimizes:







X X W v X w X w X‖ − ‖ = ( − −…− )

h

k

h h h j hj1 0

=1

1 2 2 +1 +1
2

1
2

(4)
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Subject to these two conditions: ≥w 0j for j = 2,…, J + 1 and
w2+…+wJ+1= 1. Then, the estimated treatment effect for the
treated unit at time t=T T+ 1, …,0 is

Y Y w Yˆ = − *t
N

t

j

J

j jt1 1

=2

+1

(5)

The constants v1,…vk in (4) reflect the relative importance of the
model by reproducing the values of each of the k predictor
variables for the treated unit, X X, …, k11 1. Moreover, it is
suggested to choose a symmetrical, semi‐positive (k x k)
matrix V * = (v*1 ,…v*)k , such that the synthetic control W(V *)

minimizes the mean squared prediction error (MSPE) of this
synthetic control with respect to Y t

N
1 before the intervention:

⊆

∈

 Y w V Y w V Y

T

( − ( *) −…− ( *) ) ,

with Τ {1, 2, …, }.

t
t t j j t

Τ
1 2 2 +1 +1

2

0 0

0 (6)

In definitive, a nested optimization problem is solved that mini-
mizes Equation (6), for W *(V) subject to Equation (5). In short,
once the minimisation process has been carried out (if our model
works correctly) it will obtain that ≈Y w V Y*( *) +t t1 2 2

w V Y…+ * ( *)j j t+1 +1 for t= T1,2, …, 0, and ≈X X W *1 0 .
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FIGURE 2 | Annual and cumulative installed capacity in renewable energies. [Color figure can be viewed at wileyonlinelibrary.com]
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In sum, this methodology generates a synthetic control group
(counterfactual) that is as similar as possible to our
treatment unit at the time before the intervention, both for
the variable under study and possible predictor variables at the
time before the intervention, so the differences observed
between the evolution of the treatment unit and the counter-
factual after the intervention period can be caused by the
specific intervention analysed.

3.3 | Robustness Analysis

To complete the previous analysis, Abadie et al. (2010) propose
several inference methods to check whether the causal results
obtained are significant. This procedure uses an inference
method based on permutation methods (Bertrand et al. 2004).
First, they consider what is known as “placebos in space”. In
this test the effects analysis is reassigned to all units in the
control group. Therefore, if our synthetic control works cor-
rectly and our model can reproduce our units, then it would be
expected that there would be no effect on the units in
the control group. If the impacts found for our treatment units
are extremely higher than the distribution of placebos in space,
then it can be concluded that our impacts are significant.

Before the intervention, the trajectories of the variables studied
may not be similar for all the units in the control group—this
may distort the robustness analysis. For this reason, Abadie
et al. (2010) propose a statistical test that measures the ratio of
post‐intervention fit relative to pre‐intervention fit.

≤ ≤ ≤t t T j JFor 0 and = {1, …, + 1},let1 2







( )R t t

t t
Y Y( , ) =

1

− + 1
− ˆ

j

t t

t

jt jt
N

1 2
2 1 =

2
1/2

1

2

(7)

Where Ŷ jt
N
is the outcome of the variable of study on period t

produced by a synthetic control when unit j is coded as
treated unit and using all J units as a control group. This is the
same as the root mean squared prediction error (RMSPE) of the
synthetic control estimator for unit j and time periods t t, …,1 2.
Therefore, the ratio between post and pre‐intervention RMSPE
for each unit j is

r
R T T

R T
=

( + 1, )

(1, )
j

j

j

0

0

(8)

This indicator measures the quality of the fit of the synthetic
estimator in the post‐intervention period relative to the quality
of the fit in the pre‐intervention period.

With this information, it can be calculated a p‐value for the
significance of the estimated effect, based on the permutation
distribution of rj,

p
J

I r r=
1

+ 1
( − ),

j

J

j

=1

+1

+ 1 (9)

Where ∙I ( )+ is an indicator function that returns one for non-
negative arguments or otherwise, zero. It is common in the
literature not to use the calculation of the p‐value for those
units of the control group with an R T(1, )j 0 extremely larger
than R T(1, )1 0 .

Under the same logic, the “placebos in space” are proposed. In
this case, the permutation is carried out for the year of inter-
vention. If the year of intervention is reassigned years back from
when it occurred, and our synthetic control works correctly
then no significant effects should be expected since nothing
relevant occurred at this new time of intervention6.

These authors also propose a test known as the “leave‐one‐out”
test, which is also implemented in our analysis, to check the
robustness of the results to synthetic control group regions. As
already mentioned, the synthetic control method offers a W *

matrix, which usually has very few values different from zero
(sparse). Therefore, it is necessary to assess the influence that
each unit of the synthetic control group has on the results
obtained. The procedure consists of re‐running the analysis
each time excluding one unit that is part of the counterfactual
and if the results do not change, the estimated results will be
robust.

Finally, to make the results more robust, we also estimate the
possible effects by one of the most recent advances in this
methodology, the Synthetic Difference in Difference (SDID)
(see Arkhangelsky et al. 2021 for technical details). The idea
behind this methodology is to merge the SCM explained above
with the classical Difference in Difference model (DID), which
brings in strengths from both the DID and SCM methods,
making the estimator more robust. In particular, the SDID
method is more flexible than the SCM, since it does not require
perfect pre‐intervention matching, as well as controlling for
unobserved heterogeneity of possible confounders. However,
the SDID requires the existence of the parallel trend assump-
tion, as well as less transparency and interpretability of the
synthetic control group (Clarke et al. 2023). Similar results are
expected to be found in both cases, see below in Section 4.

3.4 | Case Studies and Empirical Approach

In this study, the causal effects of renewable energy infra-
structure deployment on the three variables are analysed:
population, GDP per capita, and employment in rural European
areas.

The treatment units are composed of the five European regions;
Centro (PT16) in Portugal, Galicia (ES11) in Spain, Nie-
derbayern (DE22) and Sachsen‐Anhalt (DEE0) in Germany, and
Sud‐Est (RO22) in Romania. The control group consists of 77
European rural regions7, where the installation of renewables is
residual both in terms of absolute (MW) and relative capacity
(MW/km2) in 2019, latest year for which information is avail-
able. To assess the effects of the installation of renewable
technologies, the potential synthetic control units should not be
exposed to the intervention to avoid possible biases. The treat-
ment group extends to all NUTS 3 regions that comprise these
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NUTS 2 regions to assess potential intra‐ and interregional
heterogeneous impacts.

One of the key aspects of the Synthetic Control Method (SCM)
is the selection of the intervention period. In this regard, we
follow the approach of Munasib and Rickman (2015) for case
studies related to the economic impacts of energy activities.
The year of intervention assigned to carry out the analysis is
the year before the installation of renewable energies in each
region. In addition, it is often the case that there is a time lag
between the implementation of the energy policy and the
installation of renewable energies. In turn, there is a time dif-
ference between the construction phase and the commissioning
of the installation. For these reasons, it seems sensible to choose
this year as the year of intervention, since the effects should
start to be observed from that year onwards. Each case study is
analysed individually. As will be shown below, each region has
a different intervention year, reflecting the varied timelines for
the introduction of renewable energy installations across
regions. This approach allows us to account for regional dif-
ferences in the timing of renewable energy adoption and to
examine the impacts in relation to the specific year when sig-
nificant installations began in each area. Furthermore, the
analysis also allows us to examine different installation pat-
terns, as shown in Figure 2, where each case study analyzed
displays a distinct pattern, both in terms of speed and added
capacity. This allows us to analyze an additional heterogeneous
component, which may be of interest for the analysis of our case
studies.

As mentioned above, our synthetic control should reproduce as
well as possible our treatment regions (see Ferman et al. [2020]
for more information on the choice of predictor variables in the
SCM). For this purpose, information from EUROSTAT (2021)
and the ARDECO database (2021) is used. Specifically, a
counterfactual will be found as close as possible to the following
characteristics: Investment per GDP8 (1994–2021) (Driffield
and Hughes 2003; Pavlínek 2004; Rodríguez‐Pose* and Fra-
tesi† 2004), population density (1990–2021) (Sterlacchini 2008;
Zheng 2007), unemployment rate (2000–2020) (Giannakis
and Bruggeman 2017; Palombi et al. 2015), % population
with tertiary education (2000–2020) (Gennaioli et al. 2013;
Sterlacchini 2008), and sectoral productive structure measured
as percentage of value added generated by each sector
(1996–2018) (Pires Manso et al. 2015).

Additionally, as a novelty for this methodology, we estimate
demand‐weighted backward and forward linkages indicators for
the energy sector9 for the 2000–2010 period using a multi-
regional input‐output model, which is developed from the
global input‐output table with regional detail (EUREGIO)
(Thissen et al. 2018)10. These linkage indicators provide infor-
mation on the economic interdependencies of the energy sector
in each region. Regions with strong backward and forward
linkages for the energy sector play an important role in the
regional development strategy, which can be seen as a key
sector for the provision of inputs and output utilisation as in-
puts in another sector.

The pre‐intervention means of the population (1990–2021),
GDP per capita (1991–2021), and employment (1995–2021)

(following Lan et al. [2021]) are also used for the minimization
process. To satisfy the convex hull condition and following the
idea of Abadie (2021), the variables under study are trans-
formed as follows: GDP per capita/1000; Population/10000 and
employment is relativised for the base year (1995). The inclu-
sion of all these variables in the model is intended to minimise
the risk of potential confounders in the explanations for
observed outcomes. Placebos in space will help to analyse
whether the choice of these variables is correct, since if there
are many potential confounders, very large effects should
be found in regions not affected by the installation of renewable
energy.

Finally, the W * matrices obtained for each case study are pre-
sented (see Tables SI.3 to SI.7 in the Appendix D of the SI).
Previous Table SI.2 of the SI presents the average characteristics
of the selected regions at the time before the intervention, and
those of the synthetic control are displayed. As can be seen in
all the case studies, the counterfactual represents the economic
and social structure of the regions correctly.

All these regions have a low population density, but there are
economic differences in terms of GDP per capita between the
regions of Northern, Southern, and Eastern Europe. It is worth
noting that the energy sector was a key sector (before the arrival
of renewable energies) in the Centro (PT16) and Sud‐Est (RO22)
regions. According to the input‐output indicators, the energy
sector was a strategic sector for the region of Galicia while
irrelevant for the German regions.

Finally, to analyse the possible intra‐regional variation of the
potential impacts observed at NUTS 2 level, the impacts on the
NUTS 3 regions that make up the five NUTS 2 regions presented
above are calculated. Therefore, the analysis extends from five
NUTS 2 treated regions to 44 NUTS 3 treated regions11, and the
control group extends from 77 NUTS 2 regions to 249 NUTS 3
regions (see Table SI.8 in SI with the NUTS 3 regions forming the
control group). The variables used are the same as those presented
above from the ARDECO database (see Table SI.9 in SI with the
previous characteristics of the NUTS 3 regions treated).

4 | Results

4.1 | Case of Centro Portugal Region (PT16)

As can be seen in Figure 2, the expansion of renewables in the
Portuguese Centro region starts at the beginning of the 21st century
and reaches the maximum annual installed capacity in 2008. From
this moment on, the trajectory stagnates. Therefore, the year used as
the intervention year for the calculation of the counterfactual for the
Portuguese Centro region is 2003, year prior in which the installa-
tion of renewable energies began in the region. The development of
renewables in this region is mainly wind energy, which is the
largest source of installed power in the region (100% of installed
capacity in the year 2003).

The results provided by the SCM are shown in Figure 3. As can
be seen, the evolution of the magnitudes at the time before the
intervention is like the study region and its counterfactual,
corroborating that the model is working correctly (also
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corroborated by placebos in space, Figure SI6 in SI). Furthermore,
the impact observed between the actual trajectory of the region
under study and the estimated trajectory (counterfactual) from the
time of intervention is analysed. If the results in the post treatment
trajectory are higher than the trajectory of the counterfactual, this
means a positive impact and vice versa.

As can be seen, for this region, the development of renewable en-
ergies does not imply a significant impact on GDP per capita; the
trajectories are similar for both the selected region and the coun-
terfactual (see Figure 3). Moreover, it can be observed that impact
on the population (top‐right side) is negative at the end of the
period, with an estimated population lose, on average, of 74,000
inhabitants between 2014 and 2021, period in which the gap
becomes relevant and increases. However, if we analyse this result
in the long term in comparison with the initial population, this is a
nonsignificant impact on the population. There is only a 1.4%
decrease from the initial population size as is corroborated by pla-
cebos in space (Figure SI.3 in SI) and p‐values (Table 6). Finally, the
impact on employment is negative and significant in the long term,
with a loss of around 10% of employment regarding the figures
achieved in 2020 (see Figure 3 bottom side).

Therefore, analysing “in‐space placebos” (Figure SI.3 in SI) and
p‐values (first row of Table 6), we can deduce that there is no

significant impact of renewable energies on per capita income
(GDP per capita) nor on the population size. However, a sig-
nificant negative impact on employment is observed. Moreover,
the results are robust to the composition of the vector of weights
W, since the results do not vary depending on the regions that
are part of the counterfactual (see Figure SI.8 in SI).

Finally, the impacts at NUTS 3 level are analysed (Table 1).
Although there is no effect on GDP per capita at NUTS 2 level, a
significant negative effect is found for the Região de Aveiro,
which could have a GDP per capita 4.5% higher than at present.
The same is true for population, where negative results are
found for the regions of Região of Coimbra, Viseu Dão‐Lafões,
and Beiras e Serra da Estrela. These last two regions stand out
for being poor and low dense regions, with low sectoral weight
of the industrial sector. Finally, the negative impact observed at
NUTS 2 level is also observed at NUTS 3 level, except in Região
de Aveiro, Viseu Dão‐Lafões, and Beira Baixa, showing con-
sistency in the results.

4.2 | Case of Galicia Spain Region (ESs11)

The expansion of renewables in the Spanish region of Galicia
began at the end of the 20th century, and in 2007 it reached its

FIGURE 3 | Evolution of the variables under study in Centro region (PT16) and their synthetic indicator.
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peak with 550MW of installed capacity that year. From 2007
onwards, the annual installed capacity went into decline. In
recent years, a firm commitment to using renewable energies
has come back (see Figure 2). Therefore, 2000 was determined
to be the intervention year. The renewable energy expansion
has been based on wind energy (100% of installed capacity in
the year 2000).

Figure 4 displays the impacts of the deployment of renewables
in this region. A limited positive impact on GDP per capita is
observed since 2006, but it is not statistically significant (see in‐
space placebos in Figure SI.4 in SI and p‐values in Table 6).
However, there is a clear positive and significant impact on the
population; the trajectory of the population has remained con-
stant over time in Galicia, while that of the synthetic control has
been decreasing since 2002. Finally, a positive and significant
impact on employment is observed (see p‐value in Table 6). On
average, our results suggest that the current employment is 14%
higher than it would have been without the installation of
renewable energy.

Therefore, these results suggest that although the development
of this type of infrastructure has not been a relevant source of
regional wealth, it has been capable of generating employment
and retaining the depopulation effect observed in the synthetic
Galicia. However, the results suggest that the arrival of
renewable energies has not had an expulsive effect on the
population at the regional level and in turn has been able to
retain employment. Furthermore, the “leave‐one‐out” test
(Figure SI.9 in SI) shows that the results are robust to the choice
of regions in the counterfactual.

The results at NUTS 3 level for Galicia are consistent with the
impact at NUTS 2 level (Table 2). No positive effect of

renewable energies on GDP per capita is found at any regional
level. At a more disaggregated level, the positive impact found
at NUTS 3 level is concentrated in the regions of A Coruña and
Pontevedra, which are the most populated, densely populated,
and wealthy regions. Obviously, a series of demographic
changes is also taking place within the region with a strong
intra‐regional migration between peripheral and coastal areas
(see Martínez‐Filgueira et al. 2017). The positive employment
impact is concentrated in Pontevedra, the most densely popu-
lated region. Briefly, the positive impacts are not evenly dis-
tributed intra‐regionally, with the most dense and economically
dynamic NUTS 3 regions absorbing them.

4.3 | Case of Sachsen‐Anhalt Germany
Region (DEE0)

This region presents a distinct pattern; installation started at the
end of the 20th century and there is an almost constant annual
capacity installation during the rest of the period. For this
reason, the year 2000 is chosen as the intervention year.
Therefore, this region allows us to examine the impact of
renewable energies in a region where installation has occurred
continuously (see Figure 2). The most power installed capacity
was in 2009. The development of renewables in this German
region has been strongly based on wind energy (99% of installed
capacity in the year 2000).

It can be seen in Figure 5 that the impact on GDP per capita
has been positive in the long term but not significant (see
Figure SI.5 in SI and p‐value in Table 6). However, the instal-
lation of renewable energy has not managed to reverse or halt
the downward trend in population size. Significant results
suggest that the population loss would have been smaller

TABLE 1 | Average treatment effect on treated (ATT). NUTS3‐Centro (PT16).

NUTS3 NAME GDP per capita Population Employment

PT16B Oeste −1.612 14.867 −0.216***

(0.357) (0.325) (0.004)

PT16D Região de Aveiro −3.304* 3.005 −0.122

(0.088) (0.905) (0.105)

PT16E Região de Coimbra −1.323 −28.554** −0.158**

(0.273) (0.024) (0.039)

PT16F Região de Leiria −2.033 −1.092 −0.261***

(0.177) (0.940) (0.008)

PT16G Viseu Dão‐Lafões 0.071 −19.108* −0.144

(0.944) (0.052) (0.191)

PT16H Beira Baixa 0.209 −0.641 −0.052

(0.831) (0.921) (0.327)

PT16I Médio Tejo −2.091 −10.393 −0.256**

(0.221) (0.190) (0.035)

PT16J Beiras e Serra da Estrela 0.249 −26.356* −0.184*

(0.795) (0.091) (0.082)

Note: ATT is calculated as:  Y Y Y Y− − ( − )( )t
T

treated synthetic
T
T

treated synthetic0

0

0 . p‐values in (), calculated according to Equation (9).
*p< 0.1; **p< 0.05; ***p< 0.01.
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without the installation of renewables. Moreover, renewable
energy installation had a negative and significant impact on
employment. It is estimated that employment would have
fallen by around 13% compared to the situation before the
installation of renewables, with these results being robust to
donor pool checks (see Figures SI.5 and SI.10 in SI and
Table 6).

Consequently, the results suggest that the massive installation
of renewable energies in this region has not only failed to
generate wealth but has also accentuated the process of
depopulation and employment de‐localization.

Again, the results at NUTS 3 level are consistent with those
found at NUTS 2 level in this region (see Table 3). First, no

FIGURE 4 | Evolution of the variables under study in Galicia region and their synthetic indicator. Galicia (ES11).

TABLE 2 | Average treatment effect on treated (ATT). NUTS3‐Galicia (ES11).

NUTS3 NAME GDP per capita Population Employment

ES111 A Coruña 0.842 37.423* 0.154

(0.687) (0.091) (0.648)

ES112 Lugo 1.342 −14.396 0.108

(0.406) (0.531) (0.316)

ES113 Ourense 2.059 −16.046 0.047

(0.301) (0.329) (0.119)

ES114 Pontevedra 0.757 52.580* 0.011**

(0.691) (0.095) (0.047)

Note: ATT is calculated as:  Y Y Y Y− − ( − )( )t
T

treated synthetic
T
T

treated synthetic0

0

0 . p‐values in (), calculated according to Equation (9).
*p< 0.1; **p< 0.05.
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significant impact on GDP per capita is found at any scale. More-
over, a significant negative impact on population is concentrated in
Anhalt‐Bitterfeld, Harz and Salzlandkreis. The areas that lose more
population than they should are intermediate areas in terms of
population, they are not the most densely populated, but neither are
they the least densely populated within the region. Employment
loss is concentrated in Burgenlandkreis and Mansfeld‐Südharz,
among the poorest within the region.

4.4 | Case of Niederbayern Germany
Region (De22)

The expansion of renewable energies in the German region of
Niederbayern (see Figure 2) began at the beginning of the 21st
century and reached its peak in 2010 (around 1000MW of installed
capacity between 2009 and 2010). After that year, the installation
process stagnated until 2018 and increased again. Therefore, 2005 is
chosen as the intervention year, as the installation of renewable
energies started strongly in the following years.

Specifically, the development of renewables in this region is
based on the development of photovoltaic energy (99.6% of the

renewable energy mix installed in 2005). This is the only region
under study committed to using photovoltaic energy. Further-
more, it is recognised in the literature (Kahla et al. 2017; Punt
et al. 2022) that this region is the German region that had the
highest installation of renewable energy co‐operatives. At the
same time, the average size of photovoltaic installations in,
what shows the type of management model for the expansion of
renewables in this region based on small photovoltaic installa-
tions, probably encouraging self‐consumption and, as has just
been noted in the literature, energy cooperatives.

A positive and significant impact on GDP per capita is observed
in this region (see Figure 6). In the long run, the effect of the
population has been null as the regional trajectory and that of
the counterfactual overlap. However, in the short term, there
was a negative effect, although this was transitory. For this
region, renewable energies have positive and significant effects
on employment (see Table 6), with employment rates above
10%. Results are also robust to the counterfactual regions (see
Figure SI.11 in SI).

We could see this region as a story of success, in the terms
evaluated, as the development of renewable energy has had a

FIGURE 5 | Evolution of the variables under study in Sachsen‐Anhalt region and their synthetic indicator. Sachsen‐Anhalt (DEE0).
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positive impact on economic growth and employment without
affecting population. This result is not surprising, as the liter-
ature finds that wind energy does not generate local employ-
ment (Costa and Veiga 2021; Fabra et al. 2022). However,
photovoltaic energy, and in particular those installation models
that could be more respectful of the territory can generate
positive effects on employment.

In Niederbayern, the results at NUTS 3 level continue to show
consistency with the regional NUTS 2 level and intra‐regional
variation (Table 4). The positive impact on GDP per capita has
been concentrated in 4 sub‐regions (Landshut, Landkreis,
Rottal‐Inn, Straubing‐Bogen and Dingolfing‐Landau), which
are the least economically developed, except for Dingolfing‐
Landau, less dense, agricultural sector is predominant, but have
the highest investment (in terms of GDP) of the whole region.
In short, this region offer positive insights at all the spatial
levels, because it has managed to increase its GDP per capita

with the arrival of renewable energies at NUTS 2 level (the only
region to do so) and this impact is also being felt in the most
backward regions, giving rise to a process of intra‐regional
convergence. In terms of population, no significant effect is
found at any geographical level. However, the positive impact
on employment is concentrated in Landshut, Kreisfreie Stadt,
Passau, Kreisfreie Stadt and Straubing, Kreisfreie Stadt, which
are the NUTS 3 regions with the highest GDP per capita and
population density within Niederbayern.

4.5 | Case of Sud‐Est Romania Region (RO22)

The use of renewables in the Romanian region Sud‐Est started
in 2006 (Figure 2). It reached its peak in 2009 with an annual
installed capacity of 1500MW between 2008 and 2009. This is
the case of the most explosive trend as it went from having no
installed capacity to having around 3000MW in only 3‐4 time

TABLE 3 | Average treatment effect on treated (ATT). NUTS3‐ Sachsen‐Anhalt (DEE0).

NUTS3 NAME GDP per capita Population Employment

DEE01 Dessau‐Roßlau, Kreisfreie Stadt −1.346 −15.328 −0.164

(0.639) (0.279) (0.183)

DEE02 Halle (Saale), Kreisfreie Stadt −3.361 −52.234 −0.185

(0.338) (0.218) (0.300)

DEE03 Magdeburg, Kreisfreie Stadt −2.250 −28.113 −0.104

(0.456) (0.435) (0.510)

DEE04 Altmarkkreis Salzwedel 0.258 −12.533 −0.118

(0.913) (0.271) (0.350)

DEE05 Anhalt‐Bitterfeld −0.867 −46.713* −0.111

(0.814) (0.080) (0.532)

DEE06 Jerichower Land −2.979 −9.018 −0.151

(0.183) (0.370) (0.198)

DEE07 Börde 1.653 −21.501 −0.126

(0.437) (0.160) (0.163)

DEE08 Burgenlandkreis −0.609 −42.635 −0.153*

(0.779) (0.115) (0.084)

DEE09 Harz −3.502 −41.188* −0.121

(0.144) (0.092) (0.144)

DEE0A Mansfeld‐Südharz −3.107 −37.439 −0.211*

(0.160) (0.126) (0.099)

DEE0B Saalekreis 2.155 −25.311 −0.089

(0.506) (0.149) (0.403)

DEE0C Salzlandkreis 1.140 −48.211* −0.064

(0.559) (0.076) (0.483)

DEE0D Stendal −1.409 −25.420 −0.150

(0.605) (0.183) (0.357)

DEE0E Wittenberg 0.233 −30.800 −0.160

(0.920) (0.156) (0.167)

Note: ATT is calculated as:  Y Y Y Y− − ( − )( )t
T

treated synthetic
T
T

treated synthetic0

0

0 . p‐values in (), calculated according to Equation (9).
*p< 0.1.
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periods. Therefore, impacts from 2005 onwards are analysed as
the year of intervention. The development of renewable en-
ergies in this region is based on wind energy (100% of installed
capacity in the year 2005).

Impacts on both GDP per capita and population are negative,
albeit small (Figure 7). Although, they are significant only for
the case of the population in line with placebos in space
(Figure SI.7 in SI and Table 6). No impact of renewable energies
on employment is observed in this region.

Finally, no impact on GDP per capita is observed at NUTS 3
level either. In this case, the negative impact on the population
is concentrated in the Buzau region, which is one of the regions
with the lowest GDP per capita and investment per GDP in the
Romanian region. However, although we do not find impacts
on employment at NUTS 2 level, we do find heterogeneity of
impacts at NUTS 3 level, where the Galati region has gained
employment, and the rest have lost it (Table 5). This region
stands out as one of the richest and most densely populated.

Table 6 displays the p‐values for the analysis of the significance
of the estimated effect. These results are complemented by the
remaining inference analysis discussed in this section. Placebos

in space show that the existence of potential confounders is
limited, as no significant effects are observed in regions not
subject to the intervention.

Finally, the results estimated with the Synthetic Difference in
Difference are summarised in Table 7. We found that all the
effects estimated under this novel model have the same sign
and significance as the results presented above, giving validity
to our previous results. The only difference is found in the case
of employment in the Sachsen‐Anhalt region, where a negative
impact is observed, but in this case, it is not significant.

5 | Discussion

The analysis presented above show some common features and
also significant differences regarding the long‐term economic
and social effects of the deployment of renewable energies in
the European rural regions analysed as case studies.

First, regarding the effects on income, our findings suggest that
the development of renewable infrastructures in rural areas in
Europe can be a source of income growth, as shown with the
positive impact on income found for the Niederbayern region.

FIGURE 6 | Evolution of the variables under study in Niederbayern region and their synthetic indicator. Niederbayern (DE22).
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Regarding the characteristics of this region before the inter-
vention (Table SI2), we can see that this German region is more
developed and with a productive structure based on a higher
representation of industrial and financial sectors, as well as a
higher level of tertiary education. Moreover, this region had
lower values of backward and forward linkages for the energy
sector, which could reflect a low integration of the traditional
energy sector in the global that facilitates the development of
renewable energies.

This is the only region for which a positive impact on GDP per
capita is found. In all other regions, there is no impact on
wealth. This may be due to the reasons mentioned in the pre-
vious paragraph, since to transform investments in renewable
energies into regional wealth, the region must have an eco-
nomic system capable of channelling these investments.
Therefore, it seems clear that a certain degree of economic
development, a specialised productive structure in the sectors
mentioned above, and a qualified population are necessary to be
able of channelling these investments. The rest of the regions,
with a less integrated economic structure and more limited
backward and forward linkages for the energy sector, are likely
to see this potential positive impact diminished. Intra‐regional

analysis of the potential impact on GDP per capita shows that
the only NUTS 3 regions with a positive impact on GDP per
capita are found in the Niedebayern region (NUTS 2), making
the results consistent. This positive intra‐regional impact is
concentrated in the poorest and most agricultural regions.
However, despite being the poorest at the intra‐regional level,
they remain among the richest NUTS3 regions at the inter-
regional level (see Table SI.9 in SI), showing the importance of
the previous economic structure, as we have argued. In essence,
our results suggest that having a positive impact on wealth
generation from renewable energies requires a certain prior
structure able to channel it. The nonsignificant impact on the
richest regions within the region can be explained by the
marginal effect that renewable energies may have on regional
GDP. Moreover, these NUTS 3 regions with positive effects on
GDP per capita are those that are located close to other regions
in Southern Germany12. Spatial location and spillover effects
may be important in explaining the impact of renewable en-
ergies in GDP per capita at territorial level.

Regarding the impact on the population, our findings indicate
that in regions experiencing population declines (Sachsen‐
Anhalt and Sud‐Est), the adoption of renewable energies may

TABLE 4 | Average treatment effect on treated (ATT). NUTS3‐Niederbayern (DE22).

NUTS3 NAME GDP per capita Population Employment

DE221 Landshut, Kreisfreie Stadt −0.623 4.873 0.169***

(0.893) (0.248) (0.004)

DE222 Passau, Kreisfreie Stadt 7.095 −2.672 0.114**

(0.170) (0.668) (0.031)

DE223 Straubing, Kreisfreie Stadt 1.595 −0.755 0.174***

(0.536) (0.880) (0.008)

DE224 Deggendorf 0.028 −2.034 0.062

(0.992) (0.844) (0.263)

DE225 Freyung‐Grafeu 2.239 −1.237 −0.013

(0.360) (0.852) (0.680)

DE226 Kelheim 2.219 6.886 0.011

(0.296) (0.636) (0.892)

DE227 Landshut, Landkreis 6.437** 15.555 0.146

(0.047) (0.352) (0.154)

DE228 Passau, Landkreis 1.477 −2.168 0.086

(0.486) (0.836) (0.174)

DE229 Regen 3.323 −4.301 0.013

(0.111) (0.572) (0.691)

DE22A Rottal‐Inn 4.230** −0.650 0.040

(0.084) (0.924) (0.390)

DE22B Straubing‐Bogen 3.997** 7.357 0.108

(0.028) (0.435) (0.197)

DE22C Dingolfing‐Landau 9.155** 0.592 0.148*

(0.024) (0.728) (0.099)

Note: ATT is calculated as:  Y Y Y Y− − ( − )( )t
T

treated synthetic
T
T

treated synthetic0

0

0 . p‐values in (), calculated according to Equation (9).
*p< 0.1; **p< 0.05; ***p< 0.01.
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FIGURE 7 | Evolution of the variables under study in Sud‐Est region and their synthetic indicator. Sud‐Est (RO22).

TABLE 5 | Average treatment effect on treated (ATT). NUTS3‐Sud‐Est (RO22).

NUTS3 NAME GDP per capita Population Employment

RO221 Braila 0.605 −15.304 −0.012**

(0.609) (0.199) (0.075)

RO222 Buzau −0.204 −12.897*** −0.065***

(0.871) (0.008) (0.004)

RO223 Constanta 1.589 21.934 −0.120***

(0.343) (0.134) (0.000)

RO224 Galati −0.525 −20.139 0.081**

(0.730) (0.203) (0.012)

RO225 Tulcea 1.111 −10.653 −0.013**

(0.415) (0.297) (0.032)

RO226 Vrancea 0.253 −14.955 −0.072***

(0.839) (0.280) (0.008)

Note: ATT is calculated as:  Y Y Y Y− − ( − )( )t
T

treated synthetic
T
T

treated synthetic0

0

0 . p‐values in (), calculated according to Equation (9).
**p< 0.05; ***p< 0.01.
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not only fail to curb depopulation but could intensify it.
Therefore, the notion of using renewable energy deployment in
rural areas as a solution to combat depopulation should be
approached with caution. Moreover, if we look at the intra‐
regional impacts on employment, we find that these significant
negative impacts are concentrated in the NUTS 3 regions with
lower GDP per capita and population density (NUTS 3 cases in
PT16 and RO22) and in the intermediate NUTS 3 regions of
Sachsen‐Anhalt. However, the positive impact observed in Ga-
licia is concentrated in the richer and more densely populated
NUTS 3 sub‐regions. In short, the installation of renewable
energies seems to perpetuate and accelerate in several regions
the pattern of population agglomeration in urban areas and
depopulation in less densely populated areas.

The impact on population is closely linked to the effects on
employment variables, as employment dynamics primarily
drive both inter‐ and intra‐regional migrations over the long
term. It becomes evident that regions experiencing either a
negative impact (Sachsen‐Anhalt) or no impact (Sud‐Est) on
employment also witness negative effects on their population.
As previously mentioned, a negative impact on employment
and on the population in the long term is also observed in the
Centro region, although in this case, not statistically significant.
Conversely, regions like Galicia exhibit positive employment
impacts, which subsequently influence population trends.
Additionally, the Niederbayern region, while not showing a
positive impact on population, stands out as the only region
constantly increasing its employment. These results are in line
with the literature (see Costa and Veiga 2021 and Fabra
et al. 2022), where it is acknowledged the limited and transitory
capacity of the renewable energy sector to generate direct local

employment, given its capital‐intensive and not labour‐
intensive character. Regarding its indirect effects, these can be
both positive and negative. On the one hand, the energy sector
can generate positive effects by generating an ancillary industry
to this sector, or by enabling the industry present in the region
to grow by reducing energy costs. On the other hand, a
crowding out effect on local employment can be generated, as it
could deteriorate the agricultural sector, via increased land
prices (Geoghegan and O'Donoghue 2023) or the tourism sector
(see Tverijonaite et al. 2022) as the region becomes less
attractive. These indirect effects have been more difficult to
quantify in the literature (Lambert and Silva 2012).

For our particular case, as we have just checked, we find pos-
itive (Galicia and Niederbayern), negative (Sachsen‐Anhalt and
Centro), and null (Sud‐Est) total local effects. At NUTS 3 level,
we find that both in the case of Galicia and in the case of
Niederbayern, the positive impacts on employment have been
concentrated in the richer and more densely populated NUTS 3
regions. However, the negative impact of region Sachsen‐
Anhalt is concentrated in the poorer regions, while for region
Centro it is evenly distributed over almost all NUTS 3 regions.
Finally, although there is no impact on employment at NUTS 2
level, there is an impact at NUTS 3 level in the Sud‐Est regions,
with the positive impact concentrated in the richest and most
densely populated region. In short, the potential impact gen-
erated by the installation of renewable energies seems to be
concentrated in the areas with the highest GDP per capita and
population density.

In summary, our results suggest that energy objectives can be
achieved together with economic and social (employment)

TABLE 6 | p‐values of the estimated effects.

GDP per capita Population Employment

p‐valuea p‐valueb p‐valuea p‐valueb p‐valuea p‐valueb

Centro (PT16) 0.6617 0.6764 0.1866 0.5466 0.10* 0.1923

Galicia (ES11) 0.32 0.2166 0.001*** 0.1866 0.0270** 0.0945

Sachsen‐Anhalt (DEE0) 0.32 0.5066 0.001*** 0.0129 0.0533* 0.1282

Niederbayern (DE22) 0.0131** 0.0657* 0.2368 0.5394 0.0447** 0.0149**

Sud‐Est (RO22) 0.6041 0.2291 0.096* 0.1506 0.8507 0.5671

a: is calculated only by taking into account the RMSPE post‐intervention in the Equation (9).
b: is calculated according to Equation (9).
*p< 0.1; **p< 0.05; ***p< 0.01.

TABLE 7 | Average treatment effect on the treated (ATT).

PT16 ES11 DEE0 DE22 RO22

GDP per capita −0.02 0.66 1.17 3.86** 0.15

(1.57) (1.50) (1.78) (2.04) (1.92)

Population −5.54 08.58* −8.78** −2.36 −8.17**

(9.22) (4.60) (3.75) (3.03) (3.65)

Employment −0.009* 0.14** −0.06 0.08** –0.02
(0.004) (0.09) (0.06) (0.06) (0.07)

Note: Standard errors in parentheses.
*p< 0.1; **p< 0.05.
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objectives (case of Niederbayern). However, also in line with the
literature and other experiences, these cannot be taken for
granted (this has not been the case in Sachsen‐Anhalt, Centro
and Sud‐Est regions).

At the same time, as already mentioned above, the regional
energy policy management model for renewable energies is also
important. These potential benefits of the energy transition
should not be taken for granted, and must be adapted to the
characteristics of each region. At the same time, there is no
doubt that the management model of territorial integration
matters for the results, since, as we have just seen, the success
story of Niederbayern is contextualized on an energy model
based on photovoltaic energy, small installations and energy
cooperatives.

6 | Conclusions and Future Research

This paper analyses the impact of renewable energies in Eur-
opean rural areas. Particularly we aim to analyse to what extent
the development of renewable energies has channelled into
long‐term positive socioeconomic impacts in the European
rural territory where the wind and photovoltaic farms are often
installed. Specifically, the impacts of renewable energy instal-
lation on GDP per capita, population, and employment are
analysed through case studies of European rural regions. Case
studies are a relevant tool for analysing the issues raised in this
paper. However, the policy implications and conclusions
derived from this study should avoid generalisations, as the
heterogeneity in results observed may vary depending on the
territories and the scale of analysis used. Nevertheless, this first
approximation for these case studies is useful as an initial guide
on how to achieve potential positive impacts on the territory
linked to the installation of renewable energies.

To this end, our analysis focuses on case studies in those rural
NUTS 2 regions with the highest installed capacity of renew-
ables and a long track record of installation over time, and then
extends to their respective NUTS 3 regions. This paper discusses
to what extent the development of renewable infrastructures on
rural areas in Europe has been a significant source of economic
growth, employment generation, and also a factor to reverse the
rural depopulation trends. In sum, it is studied the potential
compatibility between socioeconomic and a sustainable devel-
opment based on renewable energy, in the context of a spatially
just energy transition.

The novelty of this study is two‐fold. First, a novel database on
installed power in renewable energies at the NUTS 2 level of
disaggregation is developed. Second, the use of the synthetic
control method and other novel extensions, such as synthetic
difference in differences as a robustness check, to estimate the
impacts of these energy sources on the rural territory based on
the study on three variables: GDP per capita, population and
employment.

Our findings show that the case of success is found in the
German region of Niederbayern, with positive long‐term results
in terms of GDP per capita and employment.

In our view, two main factors account for this phenomenon, as
elaborated in the preceding section: the economic structure of
the region and the regional energy policy model. Concerning
the latter, we can highlight three pivotal aspects observed: the
widespread utilization of photovoltaic energy, a significant
presence of renewable energy cooperatives, and the prevalence
of smaller‐scale photovoltaic projects.

Thus, one of the first reflections we can draw from these results
is that the exploitation model of natural resources matters for
the economic and social performance of the rural territories
involved. In the German region of Niederbayern, the installed
capacity of renewables is similar to the rest of the regions
analysed, but both the exploitation model and the results
obtained are different from the rest of the regions. In summary,
the model of implementation and exploitation of renewable
energies (size of installation, technology and form of manage-
ment) seems to lead to positive socioeconomic results at
regional level, for our case study. In the case of Niederbayern, a
bottom‐up regional and energy policy approach, where local
management is important, achieves sustainable socioeconomic
development. This approach minimises possible negative effects
on other sectors, since it takes into account the territory and the
people involved (Međugorac and Schuitema 2023). In this case,
it is corroborated that this type of regional energy policy
increases the probability of positive outcomes linked to the
installation of renewable energy infrastructures.

On the contrary, more limited or even negative effects are found
in the Portuguese region Centro, in the German region Sachsen‐
Anhalt and in the Romanian region Sud‐Est, where the impact
on GDP per capita is non‐existent or negative, in each case; and
the effects on population are negative in both cases. In the case
of Galicia, a positive impact on the population and employment
is found, despite not generating wealth in the territory, has been
able to maintain the existing population, slowing down the
process of depopulation and create new job opportunities.

Extending the impact analysis to the NUTS 3 regions of these
five NUTS 2 regions, we find that there is also an intra‐regional
heterogeneity of the potential impacts linked to the installation
of renewable energies. This multi‐scale analysis allows a more
comprehensive analysis of these potential impacts. The poten-
tial impacts are not homogeneously distributed within the ter-
ritory. Nevertheless, they are consistent at both regional scales.

This intra‐regional variation shows that the positive impacts on
population and employment are concentrated in the richer and
more densely populated sub‐regions, while the negative impacts
are concentrated in the poorer and more sparsely populated
sub‐regions, demonstrating the importance of agglomeration
factors in the development and installation of renewable en-
ergies. In terms of impacts on GDP per capita, it seems that
renewable energies can increase the GDP per capita of those
regions with a certain level of GDP per capita, i.e., it is neces-
sary to have good economic conditions. Regions with poorer
economic conditions, at all levels (NUTS 2 or NUTS 3) are
unable to translate the installation of renewable energy into
wealth. There seems to be an inverted U relationship between
GDP per capita and the potential impact on it. However, we
should pay more attention to this in the future.
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Therefore, this important regional heterogeneity in terms of the
long term results of the development of renewable energy in-
frastructures in the rural Europe from the perspective of its
capacity to mobilize income and local employment, contribut-
ing to population fixation, suggests the need of a coordinated
and coherent land‐use policy to maximise the benefits associ-
ated with renewables and thus generate an economically and
socially sustainable rural development. Of course, the oppor-
tunities that that development of this type of infrastructures,
and the associated effects for the rest of the economy may
generate, in addition to the environmental aspects has to be
acknowledged, but this paper empathizes the need for policy
actions and/or support mechanisms on where these benefits are
generated. The renewable energy deployment process will
generate important socioeconomic effects and changes in de-
veloped economies, but a policy approach involving the concept
of a spatially just energy transition is so important. Rural areas
have to be dynamized, but with a process adapted to the idio-
syncrasy of these places is needed, to enhance their strengths.
The rural regions analysed could become exporters of energy to
urban areas, continuing the energy peripheralization of rural
areas (O'Sullivan et al. 2020).

Therefore, the insights of this study highlight the relevance of
the integration of place‐based policies linked to the process of
installing renewable energies, with measures and strategies to
promote the development of these technologies together with
the socioeconomic development of the territories. This highlight
the need for politicians to avoid possible regional stagnation
processes, since, as we have seen, the potential positive impact
cannot be taken for granted in all the cases analysed. The
European Union is already integrating this vision in its Cohe-
sion Funds, horizon 2021‐2027, doubling the financing for the
installation of renewable energies with respect to the previous
period (European Commission 2021). In short, this study
remark the need for policy actions to achieve territorial cohe-
sion through the installation of renewable energies. However,
multi‐scale mechanisms are necessary, since, as has been
demonstrated in our case studies, intra‐regional impacts are not
evenly distributed. There is a risk that the more economically
and densely populated sub‐regions will be the beneficiaries of
these funds, increasing intra‐regional inequalities. Either con-
centrating funds in regions that are less likely to effectively
channel these investments into positive outcomes—based on
the characteristics analysed in this document—or preparing
these regions through prior socioeconomic development before
implementation, to ensure they can effectively channel these
investments in positive outcomes, is essential for achieving
socioeconomic and energy objectives.

This study serves as a basis for future research on the integra-
tion of renewable energies in the territories. These results are
obtained at regional level, which involves intra‐territorial eco-
nomic and social differences. This highlights the need to deepen
this type of analysis to be able to understand the effects at the
smallest possible territorial disaggregation. The lack of data
makes impossible to analyse energy balances at the European
regional level, what opens up interesting future research. As
mentioned above, these conclusions are derived from the
analysis of case studies of specific European rural regions. The
generalisation of these analyses in the future will allow for more

concrete conclusions and policy implications that can help to
integrate socio‐economically sustainable renewable develop-
ment. This analysis should incorporate other important aspects
that may also influence the results, such as the intervention
period, the speed, and the added capacity trajectory of the
renewable energy installation process. The focus of the analysis
has been on those regions considered as rural. However, the
analysis of the process of renewable energy installation between
urban and rural regions should be considered in the future, as
well as possible asymmetries in the estimated impacts.

It is likely that spatial effects play an important role in the
diffusion of the effects derived from the implementation of
these technologies. The local installation, without effects, may
be due to the fact that it is benefiting the nearest localities. Also,
the location in space can influence the potential impacts of the
installation of this technology. Therefore, future research could
address spatial spillovers and spatial location effects.

In turn, in this study we have approximated the concept of sus-
tainable development through three variables (GDP per capita,
population and employment), but it is interesting to try to measure
sustainable development through other welfare measures, as well
as the impacts on the regional productive structure (what happens
with the industries in the region). Not only that, as we have seen,
the concept of spatial justice also implies the analysis of conver-
gence and the importance of territorial cohesion. Therefore, it is
important to analyse how energy policies and the development of
renewable energies impact on the processes of convergence and
regional inequalities in the socio‐economically lagging regions.

Finally, reference has been made to the possible existence of a
new natural resource curse, in this case related to the abun-
dance of natural resources linked to the exploitation of
renewable energy sources. Through our empirical approach, it
has been observed that both the territorial benefits linked to the
installation of renewable energies and this possible curse of
natural resources cannot be guaranteed.

The idiosyncrasies, socioeconomic preconditions and energy
management model of each territory determine the success or
failure of the integration of these renewable technologies in the
rural areas analysed.

To conclude, we are at a time when the fight against climate
change, depopulation and rural development are priority ob-
jectives on the public and social agendas of European countries.
Achieving this triple dividend should not be taken for granted,
since, as seen in this study, meeting renewable energy objec-
tives means failing to achieve the objectives of sustainable rural
development. Hence, we advocate an energy and territorial
management model that is compatible between social, en-
vironmental and economic objectives, to achieve an effective
and sustainable spatially just energy transition.

Data Availability Statement

The data that support the findings of this study are available on
request from the corresponding author. The data are not pub-
licly available due to privacy or ethical restrictions.
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Endnotes
1Refers to those places where coal is the fuel source for the subse-
quent thermoelectric generation of electricity (EMBER 2021).

2Recent literature assessed the territorial winners and losers of energy
transition processes (Balta‐Ozkan et al. 2015; Coutard and
Rutherford 2010; Li et al. 2016; Mueller and Brooks 2020;
Sayan 2019; Sovacool 2017).

3These costs have decreased significantly over the last ten years. By
2020 these multipliers would be 0.77 million euros per MW for
photovoltaics and 1.18 million euros per MW for wind power
(International Renewable Eneryg Agency, 2020).

4Note that we focus on wind and photovoltaic energy, as these are the
predominant renewable energy sources at present while the process
of expansion of other sources such as hydroelectricity has been
historically different.

5The capacity approach proposed by Lehmann et al. 2024 is used to
analyse local benefits and burdens in spatial justice work on
renewable energy development.

6A sufficiently long time series of data is needed to perform this type
of test. For our particular case study, as follows, this type of infer-
ence cannot be applied as it is not possible to go back far enough
in time.

7All regions forming the control group can be seen in Table 2019;
Sovacool SI.3 in the Supplementary Information.

8The analysis is extended with more variables, to avoid possible
confounders. Specifically, the investment variable is disaggregated
by sector: A: Agriculture, forestry and fishing; B‐E: Mining and
quarrying, manufacturing, electricity, gas, steam, air conditioning
supply, water supply; sewerage, waste management and remediation
activities and M‐N: Professional, scientific and technical activities,
administrative and support service activities (ARDECO, 2021). The
results remain robust to the inclusion of these variables. These
results are available upon request.

9The energy sector refers to mining, quarrying and energy supply,
according to (Thissen et al. 2018) definition.

10The technical details of the calculation of these indicators can be
found in Appendix C of the SI.

11Niederbayern contains 12 NUTS 3 regions; Sachsen‐Anhalt 14 NUTS
3 regions; Galicia 4 NUTS 3 regions; Centr 8 NUTS 3 regions and
Sud‐Est 6 NUTS 3 regions.

12Niederbayern shares borders in the north (Oberpfalz) and west
(Oberbayern) with other southern German regions, while in the
south it shares borders with Austria and in the east with the Czech
Republic.
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