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Abstract: Energy communities led by local citizens are vital for achieving the European
energy transition goals. This study examines the design of a regional energy community in
a rural area of Spain, aiming to address the pressing issue of rural depopulation. Seven
villages were selected based on criteria such as size, energy demand, population, and
proximity to infrastructure. Three energy valorization scenarios, generating eight subsce-
narios, were analyzed: (1) self-consumption, including direct sale (1A), net billing (1B), and
selling to other consumers (1C); (2) battery storage, including storing for self-consumption
(2A), battery-to-grid (2B), and electric vehicle recharging points (2C); and (3) advanced
options such as hydrogen refueling stations (3A) and hydrogen-based fertilizer production
(3B). The findings underscore that designing rural energy communities with a focus on
social impact—especially in relation to depopulation—requires an innovative approach to
both their design and operation. Although none of the scenarios alone can fully reverse
depopulation trends or drive systemic change, they can significantly mitigate the issue
if social impact is embedded as a core principle. For rural energy communities to effec-
tively tackle depopulation, strategies such as acting as an energy retailer or aggregating
individual villages into a single, unified energy community structure are crucial. These
approaches align with the primary objective of revitalizing rural communities through the
energy transition.

Keywords: energy community; energy surplus; management; social impact; rural
revitalization; self-consumption; battery storage; hydrogen storage; energy valorization

1. Introduction

The deployment of energy communities (ECs) plays a crucial role in Europe’s decar-
bonization efforts. These initiatives not only transform the role of citizens in the energy
transition but also empower them to achieve greater energy autonomy, contribute to the
democratization of the energy system, and mitigate the impact of energy price volatility.
Moreover, ECs foster positive societal change by enhancing the local value and resilience of
the regions in which they are implemented.

The European Union defined ECs in two directives: the Renewable Energy Direc-
tive EU 2018/2001 (REDII) and the revised Internal Electricity Market Directive EU
2019/944 [1,2]. These Directives define the ‘Renewable Energy Communities” (RECs)
and the ‘Citizen Energy Communities’ (CECs), respectively. Both Directives promote com-
munity participation in the energy transition as well as sustainable energy practices [3].
The main differences between RECs and CECs lie in their geographical and technological
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scope. RECs require members to be located near the renewable project and are limited to
renewable energy, while CECs have no geographic or technological restrictions. Both allow
participation from individuals, local authorities, and small/microenterprises, although
RECs require that members’ primary activities are unrelated to their involvement. RECs can
operate broadly in the renewable energy market, whereas CECs focus on member-targeted
energy services and broader electricity sector activities [4].

Although citizen-led initiatives for generating and/or self-consuming clean energy are
not entirely new, both CECs and RECs are specifically designed to deliver environmental,
economic, and social benefits to their members or stakeholders. While the environmental
advantages of renewable technologies are well established, and economic gains are increas-
ingly evident given current energy prices, the social benefits remain poorly defined and
insufficiently integrated into the planning and implementation of RECs and CECs.

This study addresses that gap by proposing a research approach focused on how
an energy community (EC) can define and implement a social roadmap aligned with the
techno-economic performance. The goal is to enhance the local social impact generated
by a REC/CEC through strategic surplus energy valorization, understanding surplus
as the amount of energy production that exceeds a defined energy demand. To this
end, we review the current mechanisms available to ECs in Spain for managing energy
surpluses—acknowledging that variations may exist across countries—and propose three
distinct surplus valorization scenarios. These scenarios are then evaluated regarding both
economic viability and the social value they generate within their respective regions. The
overarching objective is to assess the potential of ECs to foster local value creation through
integrated social and economic strategies.

1.1. Type of Valorization Strategies
Option 1: Energy surplus selling.

In the simplified monthly net-billing system, surplus electricity revenues are deducted
from the self-consumer’s monthly bill, offering advantages such as reduced administra-
tive burden, exemption from grid-access charges and generation taxes, and non-taxable
savings [5,6]. However, in Spain, it is limited to installations under 100 kWp, and savings
cannot exceed the bill’s value—certain fixed charges remain uncompensated [5,6]. Alterna-
tively, direct selling enables users to sell surplus electricity at market prices (minus a 7%
generation tax and EUR 0.5/MWh grid fee), without billing limits or capacity constraints.
However, it involves higher administrative complexity [5,6]. Dasi-Crespo et al. (2023) [6]
found that net billing leads to higher electricity costs and longer payback periods, while
Loépez Prol and Steininger (2020) [5] noted it offers higher returns, albeit with capped
total benefits.

Another option is for an energy community to operate as an energy retailer, enabling
it to sell surplus energy directly to consumers [7,8].

Option 2: Energy surplus storage: electric storage and hydrogen storage.

Energy storage is essential due to the intermittent nature of renewable energy produc-
tion, caused by climatology variability and mismatches between production and demand,
which can lead to grid instability or hostile prices. Grid-scale storage supports the expan-
sion of low-emission energy sources and ensures clean energy availability during periods
of low renewable generation [9,10]. Various energy storage methods, including compressed
air, pumped hydro, flywheels, capacitors, superconducting magnets, thermal storage, bat-
tery storage (BES), and hydrogen storage, are explored in the literature [9,11]. This paper
focuses on batteries and hydrogen storage.

Batteries offer rapid response times, high energy efficiency, and commercial potential,
but face challenges such as high costs, short lifespans, and temperature sensitivity [10,11].
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They allow surplus solar energy to be stored for later use at electricity tariff rates, although
their higher initial costs can be offset as solar technology prices drop [12]. In Spain,
energy communities (CECs/RECs) can install shared energy storage systems (art. 5.7 RD
244/2019 [13]). The legislation stipulates that energy stored in shared batteries must be used
exclusively to offset the demand of self-consumers associated with the energy community.
There is no option to inject this energy into the grid for compensation unless the community
operates as an energy retailer. In this case, they are also allowed to use surplus energy for
additional purposes, such as supplying public charging stations.

Different types of batteries are described in the literature for different applica-
tions for energy storage: Lead-acid (Pb-A), Lithium-ion (Li-ion), Nickel-cadmium (Ni-
Cd), Vanadium-based flow, Sodium-sulfur (Na-S) and Aluminum-ion, among oth-
ers [10,11,14,15].

Lithium-ion (Li-ion) batteries are the most used in renewable energy systems. The
advantages include a long cycle life, a wide temperature range, rapid charging, high energy
density, and high efficiency. However, they also have some drawbacks, including high
initial costs and the need for frequent charging. Li-ion batteries typically achieve efficiencies
of around 90-94% with system costs ranging from EUR 540 to EUR 3600/kWh [10,11,14,15].
However, prices are dropping quickly. According to Bloomberg [16], by the end of 2023,
prices fell below EUR 129/kWh.

Hydrogen storage is a promising alternative for managing energy surpluses in renew-
able energy systems, mainly due to its high energy density (33 kWh/kg) [17] and versatility.
Green hydrogen—produced via water electrolysis using renewable electricity—offers a
clean, zero-emission energy carrier suitable for seasonal storage, with potential appli-
cations in fuel cells, internal combustion engines, and as a precursor for other energy
vectors [9,17-20].

Electrolyzers, which split water into hydrogen and oxygen, play a key role in this
process. While theoretical electrolyzer efficiency is around 80-85% [17], practical values
vary between 56-87.6%, with an average of approximately 75% depending on the technol-
ogy and operating conditions [19,21-23]. Solar photovoltaic (PV) systems, often coupled
with electrolyzers, show average efficiencies of around 21.9% [24], which results in a solar-
to-hydrogen (STH) efficiency of about 17% [25]. Other studies report STH efficiencies
ranging from 5.1% to 31.5% [26-28], with current commercial performance typically below
20% [18]. Although direct photoelectrolysis is still under development, it shows promise,
with experimental efficiencies reaching up to 30% [27].

Hydrogen production efficiency also depends on the electricity input required per
kilogram of hydrogen. Reported values range between 45-83 kWh/kg H;, depending on
the electrolyzer type and conditions [29,30].

From an economic perspective, the cost of green hydrogen is currently a limitation. The
levelized cost of hydrogen (LCOH) varies widely across studies: from EUR 1-2.7 /kg H; [18]
to values as high as EUR 30.4/kg H; for small-scale off-grid systems [30]. More typical
ranges are EUR 3.3-9.7/kg H, [17,23,28]. Electrolyzer capital costs also differ by type:
EUR 477-1335/kW for alkaline, EUR 1049-1716/kW for PEM, and EUR 2670-5540/kW for
SOEC, with projected reductions expected by 2030 [31].

Despite current cost challenges, studies suggest that integrating solar PV and elec-
trolyzer systems (e.g., using direct DC coupling and shared infrastructure) can reduce
investment costs—up to 20% in 100 MW plants—making green hydrogen increasingly
competitive in the energy market [18].

Several studies have compared hydrogen and battery-based energy storage systems.
Zaik et al. (2023) highlight that while batteries are well-suited for small-scale energy
systems and short-term storage, hydrogen presents clear advantages for long-term and
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seasonal storage due to its ability to stabilize fluctuations in electricity generation from
renewable sources [19]. Similarly, Brey (2021) concludes that hydrogen is the most suitable
energy storage and management solution to meet the requirements of the Spanish energy
system by 2030 and 2050 [21].

The application of hydrogen in the transport sector has been widely studied and
compared to conventional fuels. In terms of energy efficiency, hydrogen outperforms
gasoline, storing approximately 2.6 times more energy per unit mass. However, due to
its lower volumetric energy density, hydrogen requires around four times more storage
volume to deliver the same energy, which reduces vehicle driving range in practice [20].
Lao et al. (2021) compared hydrogen with diesel use in vehicles, highlighting that fuel
cells operate at efficiencies of 60-80%, significantly higher than diesel engines (<40%) [32].
Additionally, diesel engines operate at higher temperatures (800-1000 °C), leading to
emissions of pollutants such as nitrogen oxides (NOx), whereas hydrogen combustion
produces only water, posing no environmental harm [32]. Their study also showed that
heavy-duty trucks powered by hydrogen could reduce energy consumption per 100 km by
up to 82% compared to their diesel counterparts.

Nonetheless, when comparing hydrogen and battery-electric vehicles (BEVs), the
literature indicates that BEVs achieve nearly twice the efficiency of hydrogen fuel cell
vehicles, which explains why manufacturers currently tend to prioritize battery-powered
over hydrogen-powered vehicles [18].

Moreover, there are some other uses of hydrogen. The integration of electricity gener-
ation, hydrogen production, and other valuable products is beneficial for the local econ-
omy [20]. To cite some products from hydrogen: for the agriculture sector, the synthesis of
ammonia with other nitrogenated fertilizers [17,19,20,33]; for metal refining, such as nickel,
tungsten, molybdenum, copper, zinc, uranium, and lead [19,20]; for industrial applications
for hydrogen-based steel making and chemicals [18]; for the synthesis of methanol, ethanol,
dimethylether (DME), e-methane, and Fischer—Tropsch fuels [18-20].

1.2. Social Impact of ECs

Europe is currently facing a major social challenge in rural areas, which are increasingly
affected by depopulation. These regions often contend with a range of difficulties, includ-
ing limited employment opportunities, restricted access to public services and commer-
cial facilities, and underdeveloped infrastructure—particularly in energy, transportation,
and communication.

While rural areas do offer certain advantages—such as improved quality of life, more
living space, lower pollution levels, and more affordable housing—these benefits are
frequently overshadowed by the disadvantages. Consequently, many individuals opt to
relocate to urban centers in search of better opportunities, further accelerating the trend of
rural depopulation [34].

In 2021, rural areas accounted for 45% of the European Union’s territory. However,
only 21% of the population resided in these regions during that same year. Between 2015
and 2020, rural areas experienced an average annual population decline of 0.1% [35].

ECs offer a promising solution to the challenges faced by rural areas. From a social
standpoint, ECs bring significant benefits by fostering citizen engagement, empowering
local communities, and strengthening social cohesion.

A comprehensive literature review was conducted to identify the indicators that
can be used to measure the social impacts of community-based projects, bioenergy ini-
tiatives, social farming, and similar undertakings. These indicators help us understand
how ECs can contribute to improving the quality of life in rural areas—by creating lo-
cal employment opportunities and promoting sustainable development. As for the later
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purpose of this paper, the identified indicators were categorized into six groups based on
their community-level impact: (1) Local capacity building, (2) Improvement of the local
economy, (3) Behavioral changes within the community, (4) Energy security and access,
(5) Employment, and (6) Civic participation. These categories were further grouped into
three broader dimensions:

e Individual well-being—focuses on personal outcomes, such as success, education,
health, and overall welfare.

o  Community well-being—refers to social factors that influence the cohesion and devel-
opment of a particular community or region.

e  Societal impacts—encompasses broader, systemic effects that extend beyond local
boundaries and contribute to addressing global social challenges.

A summary of these indicators is presented in Table 1.

Table 1. Social indicators organized at the community level.

Type of Impact Social Level Social Indicator References
+ collective benefits
Societal impacts Local community engagement [36]
Societal impacts Public opinion [36,37]
Local capacity building Societal impacts Social acceptability [37,38]
Societal impacts Improvements in life quality [38,39]
Societal impacts GDP increase, sector contribution to GDP [37,38]
Community well-being Local economic de\'/eppment, economic [36,38,40,41]
feasibility
Improvement of local Commun?ty well—be%ng Direc't economic impacts [36]
economy Community well-being Creation of new business [36,38,40,41]
Societal impacts Improve social relationships, reduce social [37,39,40]
P isolation, build local capacity Y
Community well-being Improvement of local infrastructure [36-38]
. s Energy consumption reduction,
Individual well-being household behavioral change measures [37,40]
Training and educational programs:
) long-life learning, developing behavioral
Changes in .. . skills, actions, and efforts to be more
community’s behavior Individual well-being responsible toward environmental issues, [36-38,40]
change in citizens’ behavior: raise
awareness of climate change
Community well-being Community involved in decision making [38,40]
Community well-being Indirect economic impacts [41]
Community well-being Reduction in fossil fuel imports [38]
Societal impacts Energy access, energy security [36-38,41]
Energy security and Societal impacts Poverty reduction [38,40,41]
access Societal impacts Electricity costs reduction [12-15]
Individual well-being Households with access to electricity grid [38]
Individual well-being Consumption of self-generation energy [37,41]
Community well-being Contribution to technology development [37,38]
Emplovment Acquisition of job skills, training or
proy Individual well-being education provided to employees, [36-39]

developing technical skills
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Table 1. Cont.
Type of Impact Social Level Social Indicator References
Community well-being Job CI‘G%IthI:I, gmployment in the sector, job [36-38,40]
creation in industry and in rural areas
Community well-being Communication with local authorities [37]
Community well-being Community investment [37,38,40,41]
Participation Community well-being Community participation, ?ffectlve [37,38,40,41]
stakeholder participation
Individual well-being Access to information and knowledge [37,38,40]

— collective benefits

Recognizing the potential of ECs to generate local value and deliver meaningful social
benefits, residents of the Calatayud region in Zaragoza, Spain—a rural area encompass-
ing 67 villages and 20 hamlets—embraced ECs as a strategic solution to counter rural
depopulation and promote regional revitalization.

In this context, the central research question is: How can the social impact of an energy
community be maximized beforehand?

Most existing EC initiatives tend to view social impact as a secondary
outcome—emerging from technical design decisions and the legal or administrative pro-
cesses involved in project implementation, such as organizing meetings, maintaining
engagement, or fostering participatory actions. Likewise, environmental benefits are often
treated as indirect results of the decentralized technologies adopted, influenced by available
public subsidies, rather than being deliberate objectives of the project.

This approach raises a fundamental question: Can the expected social impacts of
an energy community serve as the driving force behind its technical design? If so, what
framework or methodology is needed to support this shift?

We propose a paradigm change—moving away from rigid, predefined models fo-
cused solely on maximizing self-consumption. Instead, we suggest developing a flexible
roadmap that integrates techno-economic scenarios with measurable social outcomes. This
methodology enables ECs to be tailored to the specific needs, contexts, and priorities of
different regions.

There is a growing need to address the challenges associated with implementing
energy community (EC) models. However, there is still a lack of empirical evidence
regarding their social benefits, as well as standardized methodologies for assessing social
impact. Mapping the relationship between different energy models and their societal
impacts allows policymakers and stakeholders to design inclusive and context-sensitive
strategies. The innovative approach of this paper enables assessing indicators of social
impact to enhance civic participation, address energy poverty, and support a just, equitable
energy transition that delivers maximum benefit to all members of society. This study
focuses on rural areas, where depopulation is an increasingly significant reality. The authors
of this work maintain a research focus in this area, having previously developed models
for EC-driven projects within university communities, where social impact is the primary
design driver [42,43].

2. Methodology

The methodology employed in this paper first assesses the economic impact of differ-
ent technical scenarios by converting the energy surplus of the EC into monetary value,
facilitating a clear understanding of how to valorize them. Subsequently, this economic
value is transformed into social value by reallocating the financial benefits towards the
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intended purpose, aiming to generate local returns for the area. These benefits are analyzed
in terms of equivalent person-years—understood as the number of minimum-wage jobs
that could be created per year in each scenario and village—providing a tangible measure
of the social impact generated.

2.1. Case Study

The case study for this research is in the Calatayud region of Zaragoza, Spain (Figure 1),
and it has been conducted within the framework of the JALON (LIFE) project [44], which
aims to establish a regional EC in a rural area of 2518 km? to address social challenges.
This regional energy community, called CERCA, aims to simplify bureaucratic procedures
by centrally managing all installations across the 67 villages and 20 hamlets in the region.
The goal is to minimize the administrative burden typically associated with these kinds of
projects, especially in the smallest municipalities.

Vilbhroya
del Compo
revilla,

CASTILLA - LA MANCHA

Figure 1. Location of the seven villages analyzed in this paper and the main roads considered for
Scenarios 2C and 3A (source: Aragoneria [45] and modified by the authors).

The project plans to install a total renewable energy capacity of 4 MWp, with 825 kWp
already deployed. The project roadmap includes PV installations of 3, 15, and 60 kWp.
However, the case studies presented in this paper refer only to selected villages with 3 kWp
and 60 kWp installations.

For this study, seven villages—Alhama de Aragén, Anifién, Ateca, Bijuesca, Calatayud,
El Frasno, and Pozuel de Ariza—were selected for analysis. These villages vary in terms of
geographic location from the main roads (see Figure 1, identified as A2, A-202, and N-234),
population size, and number of electricity contracts, as detailed in Table 2).

Since this study is conducted using aggregated consumption data, the individual
consumption patterns of the residents or specific variations within each population are
unknown. This limits the ability to perform a detailed analysis at the individual level and
may affect the accuracy of consumption projections and the impact on energy distribution
within the community. Population data were obtained from the official census. Energy
demand was obtained from [46].
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Table 2. Villages characteristics.
Local EC Members’
. . Energy Demand— Estimated
Village Population EZ;Z?:::Z 14% of the Annual N:;;E::a;r; ‘:i;lzge Surpluses
Village Consumption (kWh/yr)
(KWh/yr)
Alhama de Aragén 964 5215 1,233,907 8 of 60 kWp 330,909
Anifién 659 5048 338,165 2 of 60 kWp 91,239
Ateca 1690 11,382 1,129,768 7 of 60 kWp 304,296
Bijuesca 89 549 27,828 4 of 3kWp 7594
Calatayud 19,776 102,006 11,939,323 78 of 60 kWp 3,200,024
El Frasno 379 2470 444,458 3 of 60 kWp 120,220
Pozuel de Ariza 27 255 8675 1 of 3 kWp 3253

2.2. Technical Scenarios Definition

The approach identifies distinct scenarios for utilizing the energy surplus, which are

depicted in Figure 2. The energy pathway is divided into four stages: generation of PV

energy, self-consumption in the villages, surplus valorization, and final use. Regarding

surplus management, the following scenarios have been considered, and each further

divided into subscenarios:

1.

Direct Sale to the Power Grid (Scenario 1): This scenario evaluates selling the surplus,

with the aim of generating revenue that can be reinvested in local projects. It includes

three subscenarios:

a.
b.

Direct Sale (Subscenario 1A): Selling the surplus to the grid without intermediaries.
Net Billing (Subscenario 1B): A simplified mechanism for compensating the sur-
plus produced and injected into the grid against the consumer’s electricity bill.
Sell to Other Consumers (Subscenario 1C): Selling the surplus to other con-
sumers, acting as an energy retailer.

Battery Storage (Scenario 2): This scenario examines storing the energy surplus in

batteries for future use, including powering electric vehicle (EV) charging points.

Three subscenarios are considered:

a.

Storage for Self-Consumption (Subscenario 2A): Utilizing stored surplus energy
to cover the energy demands of local energy community members during times
of low solar output.

Battery-to-Grid (Subscenario 2B): Using stored surplus energy for grid injection,
acting as an energy retailer.

EV Charging Points (Subscenario 2C): Using stored surplus energy to power
EV charging stations, promoting sustainable mobility.

Hydrogen Strategies (Scenario 3): This scenario involves converting the surplus

energy into hydrogen through electrolysis, and exploring its potential uses. Two

subscenarios are included:

a.

b.

Hydrogen Refueling Stations (Subscenario 3A): Implementing infrastructure to
supply hydrogen as a clean fuel for transportation.

Fertilizer Production (Subscenario 3B): Using hydrogen to synthesize ammo-
nia for fertilizer production can support the local agricultural industry. Al-
though such industries are highly energy-intensive—requiring approximately
15,000 MWh per day—we include this scenario as part of a tentative policy
roadmap aimed at promoting the optimal use and valorization of energy within
rural energy communities, particularly within the framework of a defined
autonomous community.
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Figure 2. Visual scheme of the different scenarios proposed in this paper.

2.3. Techno-Economic Assessment Methodology

For the calculation of the economic impact of the different scenarios, evaluating the
costs of the installations for each scenario is required. All scenarios have in common the
PV facilities.

PV installations are calculated based on public 2022 real data of the villages [46].
It is assumed that the EC accounted for 14% of the total annual energy consumption
of each village, based on a uniform energy demand distribution across the population.
According to the Diffusion of Innovation Theory, this percentage corresponds to the early
adopters [47]. Additionally, it was considered a self-sufficiency ratio (SSR) of 34% of the
energy consumption for the EC, with the remainder being procured from the grid [5,48]. A
55.92% factor assesses the EC’s consumption relative to production.

The sizing of the PV facilities was determined by dividing annual energy production
by the solar hour equivalent in the region (1550 h [49]) to determine the capacity each
village required for EC consumption. We considered facilities with capacities of 3 and
60 kWp, with costs of EUR 1.84 and EUR 0.74/Wp, respectively. This way, the PV facilities
are dimensioned, and the total cost is calculated.

2.3.1. Scenario 1

In this scenario, the surplus PV production is sold. In Scenarios 1A and 1B, energy is
supplied to the grid, while in Scenario 1C, it is delivered to other neighbors. In the latter
case, and within the Spanish regulatory framework, the EC must act as an energy retailer.

In direct selling (Scenario 1A), the payment received for surplus energy is variable
and tied to the market energy price [6]. A comparison of daily energy prices for selling
and purchasing from the grid in 2023 revealed that the average selling price was EUR
0.0871/kWh [50], while the average purchasing price was EUR 0.1468/kWh [51]. A 7%
energy production fee and a grid-access fee of EUR 0.5/MWh are factored in.

On the other hand, the simplified monthly net-billing system (Scenario 1B) applies
only to villages with installations below 100 kWp, according to national legislation [13].
This analysis specifically pertains to systems with a maximum installed capacity of 60 kWp.
A comparison of daily surplus energy prices from self-consumption under the simplified
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compensation mechanism for 2023 was conducted using data from the Spanish Grid
Regulator (REE). The average daily price for surplus energy in 2023 was calculated at EUR
0.0857 /kWh [52].

Additionally, common self-consumption expenses, accounting for 15.62% of the selling
price, are considered.

Scenario 1C, which involves operating as an energy retailer, is applied uniformly
across all villages. Several taxes are imposed on the energy retailer: a 21% VAT, a 5.11%
electricity tax [53], and an economic activities tax of EUR 0.721/kWp [54]. Additionally,
a 7% tax on energy production and a grid-access fee of EUR 0.50/MWh are considered.
To operate legally, the energy retailer must be registered in the Retailers’ Registry, which
incurs a one-time tax of EUR 97.45 [55], applicable only in the first year. The EC sells
surplus electricity at the market price (EUR 0.1468/kWh), plus a management fee of EUR
0.05/kWh.

2.3.2. Scenario 2

In this scenario, surplus energy is valorized through various strategies, including the
use of batteries as a storage solution.

In this study, Li-ion batteries are the chosen energy storage system to analyze in
Scenario 2, with an average efficiency of 92% and an average price of EUR 129/kWh [16].
A lifespan of 10 years has been considered.

This scenario proposes three distinct cases for surplus energy storage and use:

Scenario 2A: Total energy surplus storage in batteries. In this case, batteries are sized
to store all the energy surplus, considering the cost of batteries. Surplus energy is sold to
the members of the EC at market price (EUR 0.1468/kWh).

Scenario 2B: Total energy surplus storage in batteries for grid injection. In this scenario,
the cost of batteries for storing all the surplus is considered. The price is set at the market
price (EUR 0.1468 /kWh), plus a management fee of EUR 0.05/kWh. It considers a grid-
access fee of EUR 0.50/MWh and a tax on energy production of 7%.

Scenario 2C: Installation of EV charging points. This case considers towns located
near high-traffic roads. To determine eligibility, we calculated the distance between each
town and the nearest major road (A2, A-202, or N-234), selecting towns within a 10 km
radius. The efficiency of EV charging points is assumed to be 45-50%, and the amount
of energy available for EVs is determined by the surplus PV production. The energy is
sold to users at a rate of EUR 0.5/kWh [56]. Additionally, the cost of each charging point
is estimated at EUR 2000 [57]. Each point requires a minimum of 177 kWh/day. Any
remaining surplus energy is sold to the grid, including taxes. Towns with insufficient
surpluses for building an EV charging point are excluded from the analysis. A lifespan of
9 years has been considered for the chargers [58]. If there is remaining surplus energy, it
is sold to the grid. Although not addressed in this paper, assessing local energy needs for
electric vehicles and hydrogen could, on its own, justify the installation of EV or hydrogen
stations (Scenario 3A) in villages—even those not located near major roads.

2.3.3. Scenario 3

This scenario explores the valorization of energy surpluses through hydrogen storage,
with two distinct approaches: hydrogen refueling stations (HRSs) to supply hydrogen
vehicles (Scenario 3A), and hydrogen production for use in fertilizers (Scenario 3B).

In Scenario 3A, the focus is on HRSs, which are like EV charging points (Scenario 2C).
Only towns located within 10 km of major roads are considered. Towns with insufficient
surpluses for building an HRS are excluded from the analysis. Two types of HRS are evalu-
ated: Type 1 (20 kg Hy capacity) and Type 2 (60 kg Hj capacity). The storage requirements
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for light vehicles (5 kg H;) and heavy vehicles (30-35 kg Hj) are also considered. The
efficiency of the HRS is 64 kWh per kg of Hy, meaning that 1 kg of hydrogen requires
64 kWh of electricity. Type 1 stations need a minimum surplus of 1280 kWh/day of PV
energy, while Type 2 stations require 3840 kWh/day. Any surplus electricity beyond the
needs of the HRS is sold to the grid, including taxes. Hydrogen at the HRS is sold at EUR
10/kg Hj [59]. The installation cost for the HRS is based on a study by Repsol, with an
average cost of EUR 1,800,000 for an HRS that can store 100 kg Hy [60]. If there is remaining
surplus energy, it is sold to the grid.

In Scenario 3B, the potential for producing hydrogen through electrolysis and using
it to create ammonia (NHj3) for fertilizers is analyzed. Hydrogen is produced via the
electrolysis of water (green hydrogen), with nitrogen (N;) extracted from the air. The
electrolysis process requires an electrolyzer, which has an efficiency of 64 kWh per kg of Hj.
The cost of the electrolyzer, including the compressor, is based on 2022 price predictions at
EUR 669.1/kW. Water consumption for the electrolyzer is 0.01054 m> of water per kg of Ha,
with water priced at EUR 1.52/m? in the Aragén region. The hydrogen is then stored in
a tank that requires a compressor with an efficiency of 88%, consuming 4 kWh per kg of
compressed Hy [61]. The cost of the compressor is factored into the overall price. A lifespan
of 15 years has been considered for the electrolyzers [62].

Next, the hydrogen is used in a Haber-Bosch reactor for NHs production, with a
consumption rate of 0.6 kWh per kg of NH3 produced. An air separation unit (ASU) is
used to extract nitrogen from the air, consuming 0.119 kWh per kg of N, [63]. The price
for the reactor and ASU is estimated at EUR 870/kW [62]. Since the surplus energy is not
sufficient to cover the entire process, energy is purchased from the grid for these operations.
The process follows the required ratio of raw materials: 5.7 kg of NHj3 is produced for every
1 kg of Hy, and 4.7 kg of N, is needed per kg of H,.

Finally, to determine the economic viability, the amount of NH;3 produced is converted
into a monetary value, based on a 2022 market price of EUR 976.6/ton of NHj3 [64].

2.4. Social Assessment Methodology

Assessing the indicators outlined in the literature is crucial for evaluating the social
impact of a defined EC scheme. We categorize these indicators into two distinct groups:

1.  Monetary Value Indicators: These reflect the economic impact and the reinvestment
of benefits back into the community.

2. Informative Value Indicators: These capture both qualitative and quantitative aspects
related to social and environmental impact.

Once the values are defined, and considering that the goal of the EC is to act as a
revitalizing element for the local economy, fostering population growth, we establish the
following workflow:

1.  Financial Benefit (Economic Profitability): This is achieved through surplus manage-
ment, which varies across scenarios. The benefits are assessed over 5, 10, 20, and
28-year periods.

2. Investment and Operational Costs: These costs, which are necessary to create and
maintain the EC as a cooperative, including hired workers, are subtracted from the
EC’s benefits in each scenario. It is assumed that 14% of the population participates
with a EUR 100/share.

3.  Taxation of Profits: Profits are taxed at a rate of 19%, with the resulting revenue
assumed to be reinvested by local authorities into education, healthcare, infrastructure,
and other community services.
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4.  Participants” Gains: Participants benefit from reduced electricity costs due to self-
consumption ensuring a 34% SSR, leading to energy savings that are not included in
the impact since it is not a collective impact, but an individual impact.

5. Profit Distribution: This aspect will depend on the specific configuration of the EC.

While economic benefits should not be the main objective of these structures, as stated
in the European Directive, profitability is not prohibited. The key issue is to what
extent the other benefits outlined in the Directive are also met. In our model, 20%
of the profits—after covering costs and taxes, as described in points 2 and 3—are
distributed among the cooperative members. This allocation aims to incentivize col-
lective participation in energy communities over individual installations. Those with
standalone systems can generally handle the surplus through net billing, achieving
comparable profitability.
Although these are private funds, they could contribute to an increase in local GDP,
serving as a key indicator of social impact. However, this increase in GDP is not
considered in the analysis since the funds do not remain within the cooperative’s
management and it is not easy to link them to a local impact.

6. Retained Profits: The remaining 80% of the profits are retained by the cooperative
and reinvested to generate social value and stimulate the local economy. The alloca-
tion of these funds is guided by the cooperative’s social roadmap and may include
initiatives such as supporting the creation of new businesses, fostering social cohe-
sion through festivals, tourism programs, clubs, and promotional campaigns, raising
awareness of key issues, improving access to energy, and providing job training and
skill development programs aimed at creating new employment opportunities in
the region.

7.  Person-Year Equivalent: Based on Spain’s 2022 minimum wage of EUR 14,000 per
year [65], we calculate the equivalent number of person-years that 80% of profits
(point 6) would generate for each village over the assessment period. This is used to
estimate the potential increase in population. We also identify the cost of generating
such a person-year equivalent under each scenario.

It is important to highlight that this work does not claim that the job positions indicated
as person-year equivalents will be directly created. The aim is to assess the benefits obtained
in terms of employment potential and the cost of generating such jobs. However, how these
jobs would be created remains a “black box” that, as noted above in point 6, requires a
strategy focused on indirectly creating the social and economic conditions necessary for
these jobs to eventually emerge.

3. Results

In this section, an evaluation of the three scenarios is conducted, focusing on both
techno-economic and social aspects.

3.1. Economic Profitability

For each village in the Calatayud region, the three surplus valorization scenarios are
analyzed. Economic profitability is determined using net present value (NPV), internal
rate of return (IRR), and the profitability index. The NPV represents the current value
of the net cash flows resulting from a specific investment, IRR is defined as the value at
which NPV equals zero, and the profitability index is calculated as the NPV divided by the
initial investment for each village and scenario [66,67]. The profitability index represents
the amount of money obtained for each EUR invested in the project. If the profitability
index is greater than 1, this means that the scenario is profitable for the village [66]. Villages
with a positive NPV and an IRR above 10% are considered economically viable, while
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those failing to meet both criteria are excluded from this study. These economic results are
summarized in Table 3 where the first column indicates the initial investment requested to
set up a technological scenario. The following subsections provide a detailed analysis of
these findings.

Table 3. Economic assessment of the seven villages selected (28 years). For easy visual comparison,
feasible scenarios are formatted in green font, while non-feasible scenarios are shown in red font.

Economic Profitability

Scenario 1A

Village Investment (EUR) NPV (EUR) IRR (%)  Profitability NPV & IRR  Profitability Index
Alhama de Aragén 358,160.00 382,762.07 23.31 profitable 1.07
Aninén 98,420.00 104,972.65 23.29 profitable 1.07
Ateca 328,560.00 350,631.74 23.29 profitable 1.07
Bijuesca 20,240.00 —2350.37 8.39 non-profitable —0.12
Calatayud 3,464,680.00 3,703,372.58 23.31 profitable 1.07
El Frasno 129,500.00 138,007.75 23.27 profitable 1.07
Pozuel de Ariza 7360.00 —1186.75 7.74 non-profitable —0.16

Scenario 1B

Village Investment (EUR) NPV (EUR) IRR (%)  Profitability NPV & IRR  Profitability Index
Alhama de Aragén 358,160.00 795,837.51 23.82 profitable 2.22
Anifién 98,420.00 218,477.73 23.79 profitable 222
Ateca 328,560.00 729,555.98 23.80 profitable 222
Bijuesca 20,240.00 18,036.44 8.63 non-profitable 0.89
Calatayud 3,464,680.00 7,699,298.06 23.82 profitable 2.22
El Frasno 129,500.00 287,353.61 23.78 profitable 222
Pozuel de Ariza 7360.00 6218.12 8.04 non-profitable 0.85

Scenario 1C

Village Investment (EUR) NPV (EUR) IRR (%)  Profitability NPV & IRR Profitability Index
Alhama de Aragén 358,160.00 973,779.83 29.18 profitable 2.72
Aninén 98,420.00 267,543.43 29.16 profitable 2.72
Ateca 328,560.00 893,194.94 29.18 profitable 2.72
Bijuesca 20,240.00 22,120.68 11.07 profitable 1.09
Calatayud 3,464,680.00 9,420,063.16 29.19 profitable 2.72
El Frasno 129,500.00 352,006.21 29.16 profitable 2.72
Pozuel de Ariza 7360.00 7972.26 10.84 profitable 1.08
e gfggﬁacl A 4,406,920.00 5,485,298.44 12.93 profitable 1.24
Scenario 2A
Village I -
Investment (EUR) NPV (EUR) IRR (%) Profitability NPV & IRR Profitability Index
Alhama de Aragoén 465,755.24 428,276.30 22.09 profitable 0.92
Aniién 128,086.42 117,521.95 22.06 profitable 0.92
Ateca 427,502.16 392,485.60 22.07 profitable 0.92
Bijuesca 22,709.16 —1305.88 9.19 non-profitable —0.06
Calatayud 4,505,170.15 4,143,513.90 22.09 profitable 0.92
El Frasno 168,589.67 154,543.20 22.06 profitable 0.92
Pozuel de Ariza 8417.59 —739.38 8.75 non-profitable —0.09

Scenario 2B

Village Investment (EUR) NPV (EUR) IRR (%)  Profitability NPV & IRR Profitability Index
Alhama de Aragén 465,755.24 520,289.41 2454 profitable 1.12
Anifion 128,086.42 142,892.02 24,52 profitable 112
Ateca 427,502.16 477,098.78 2452 profitable 112
Bijuesca 22,709.16 805.69 10.49 profitable 0.04
Calatayud 4,505,170.15 5,033,318.41 24,54 profitable 112
El Frasno 168,589.67 187,971.84 2451 profitable 112
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Scenario 2B
Village s T
Investment (EUR) NPV (EUR) IRR (%) Profitability NPV & IRR Profitability Index
Pozuel de Ariza 8417.59 165.05 10.27 profitable 0.02
Regional 07 0 5 .
EC—CERCA 5,726,230.39 497,648.41 11.24 profitable 0.11
Scenario 2C
Village A, N
Investment (EUR) NPV (EUR) IRR (%) Profitability NPV & IRR Profitability Index
Alhama de Aragén 362,160.00 705,233.61 33.80 profitable 1.95
Anifién - - - - -
Ateca 332,560.00 688,124.53 35.25 profitable 2.07
Bijuesca - - - - -
Calatayud 3,512,680.00 8,008,149.52 37.76 profitable 2.28
El Frasno - - - - -
Pozuel de Ariza - - - - -
Regional .
EC—CERCA 4,469,512.10 4,489,964.77 22.59 profitable 1.02
Scenario 3A
Village NP PR
Investment (EUR) NPV (EUR) IRR (%) Profitability NPV & IRR Profitability Index
Alhama de Aragoén - - - - -
Aninén - - - - -
Ateca - - - - -
Bijuesca - - - - -
Calatayud 5,624,680.00 3,382,833.52 18.09 profitable 0.60
El Frasno - - - - -
Pozuel de Ariza - - - - -
Regional .
EC_CERCA 5,486,920.00 —777,709.94 7.96 non-profitable —-0.18
Scenario 3B
Village ST SR
Investment (EUR) NPV (EUR) IRR (%) Profitability NPV & IRR Profitability Index
Alhama de Aragoén 33,396,145.93 646,756,697.20 239.98 profitable 19.37
Anifién 9,207,733.44 178,324,758.33 239.98 profitable 19.37
Ateca 30,709,547.15 594,741,532.56 239.98 profitable 19.37
Bijuesca 778,415.09 14,831,017.94 236.27 profitable 19.05
Calatayud 322,955,574.46 6,254,404,826.13 239.98 profitable 19.37
El Frasno 12,123,298.96 234,967,588.90 239.99 profitable 19.37
Pozuel de Ariza 332,101.68 6,352,244.03 237.15 profitable 19.13

3.2. Social Assessment

Once the scenarios are economically assessed, the social impact is subsequently evalu-

ated. To do so, an additional economic analysis is conducted over different investment pay-

back periods—5, 10, 20, and 28 years—following the methodology outlined in Section 2.4.

The aim is to identify from which year onwards the generated revenues could be translated

into “equivalent person-years”, representing a potential increase in the local population

(see Table 4).

Only scenarios with a positive NPV are considered for the social impact analysis, as

these indicate a financial return that can be reinvested into social outcomes.



Energies 2025, 18, 2561 15 of 28
Table 4. Returns of investments in terms of equivalent person-years.
Alhama de Aragén
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - 6 0.60 14 1.47 17 1.76
1B - - - - - - - -
1C 18 1.83 29 3.01 40 4.20 44 4.60
2A - - 7 0.74 16 1.67 19 1.98
2B - - 10 1.03 20 2.08 23 2.42
2C 4 0.37 16 1.62 28 2.88 32 3.31
3A - - - - - - - -
3B 11,377 1180.23 19,315 2003.63 27,303 2832.21 29,935 3105.27
Anifién
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - 1 0.19 4 0.54 4 0.54
1B - - - - - - - -
1C 4 0.54 8 1.15 11 1.63 12 1.79
2A - - - - - 5 0.74
2B - - - - 5 0.78 6 0.92
2C - - - - -
3A - - - - - - - -
3B 3137 475.97 5325 808.07 7528 1142.27 8253 1252.40
Ateca
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - 5 0.28 12 0.74 15 0.89
1B - - - - - - - -
1C 16 0.92 26 1.54 37 2.16 40 2.37
2A - - - - - - 17 1.00
2B - - - - 18 1.05 21 1.23
2C 3 0.21 15 0.89 27 1.58 31 1.81
3A - - - - - - - -
3B 10,462 619.05 17,761 1050.95 25,106 1485.57 27,527 1628.80
Bijuesca
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - - - - - - -
1B - - - - - - - -
1C - - - - - - - -
2A - - - - - - - -
2B - - - - - - - -
2C - - - - - - - -
3A - - - - - - - -
3B 260 292.59 443 497.26 626 703.21 686 771.09
Calatayud
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - 51 0.26 131 0.66 158 0.8
1B - - - - - - - -
1C 165 0.83 275 1.39 386 1.95 423 2.10
2A - - 63 0.32 150 0.76 179 0.9
2B 59 0.30 221 1.12 368 1.86 417 211
2C 51 0.26 182 0.92 314 1.59 358 1.81
3A - - 24 0.12 108 0.55 144 0.73
3B 110,019 556.33 186,778 944.47 264,021 1335.06 289,477 1463.78
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Table 4. Cont.
El Frasno
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - 2 0.52 5 1.32 6 0.61
1B - - - - - - - -
1C 6 1.65 10 2.74 15 3.83 16 4.20
2A - 2 0.52 6 1.61 7 1.88
2B - - 3 0.92 7 1.88 8 2.19
2C - - - - - - - -
3A - - - - - - - -
3B 4133 1090.59 7017 1851.47 9919 2617.13 10,875 2869.46
Pozuel de Ariza
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1A - - - - - - - -
1B - - - - - - - -
1C - - - - - - - -
2A - - - - - - - -
2B - - - - - - - -
2C - - - - - - - -
3A - - - - - - - -
3B 111 464.57 190 789.59 268 1116.65 294 1224.43
Regional EC-CERCA
Year 5 Year 10 Year 20 Year 28
Scenario Person-year Population Person-year Population Person-year Population Person-year Population
equivalent growth (%) equivalent growth (%) equivalent growth (%) equivalent growth (%)
1C 103 10.65 167 17.31 231 24.01 253 26.26
2B - - - - 5 0.52 22 2.31
2C - - 73 7.57 174 18.03 207 21.48
3A - - - - - - - -

4. Discussion

Different technological scenarios have been developed for seven municipalities to
manage a specific amount of energy surplus. The benefits generated in each case have been
translated, following the previously described methodology, into a figure of equivalent
person-years. It has been observed that these benefits vary depending on the municipality,
the scenario considered, and the strategy adopted.

The following section analyses the results to identify not only the strategy that would
yield the highest social return in each town but also the critical technical design aspects
that can significantly influence the scale of the resulting social impact.

4.1. Scenario 1

In the case of direct selling, certain municipalities—specifically Alhama de Aragoén,
Anifnén, Ateca, Calatayud, and El Frasno—achieve profitability under Scenario 1A. In
contrast, others—Bijuesca and Pozuel de Ariza—do not reach economic viability when
selling surplus energy to the grid.

Regarding net billing, villages with 60 kWp installations are profitable in this scenario,
while small villages such as Pozuel de Ariza and Bijuesca are not profitable. However, this
scenario has no social benefits since the economic benefits generated are at the individual
level and therefore cannot be used for the benefit of the community.

Comparing net billing and direct selling to the grid, net billing shows a profitability of
approximately double that of direct selling. However, it should be noted that the benefits
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generated in net billing are individual, since they are deducted from the electricity bill, and
no retained profits are obtained for the community.

It is important to highlight that municipalities with the lowest investment
levels—typically those with the smallest energy demand, based on the assumption that
only 14% of the population participates—are unable to achieve profitability from surplus
energy sales under any scenario. Several factors contribute to this outcome. First, the
net-billing scheme does not fully offset the cost of the residual energy that must still be
purchased. Second, although all installations were designed under the same parameters,
municipalities with higher energy demand benefit from significantly lower specific installa-
tion costs—up to an order of magnitude lower—due to economies of scale. Consequently,
villages equipped with 3 kWp PV systems cannot achieve economic viability through
surplus energy sales, as their installation costs are nearly double those of villages served by
60 kWp systems.

These findings reinforce the idea that greater collective aggregation enhances commu-
nity benefits, as consolidating higher demand enables the deployment of larger-capacity
installations at significantly more favorable unit costs. However, it is important to under-
score the vulnerability of the direct selling scenario, where profitability is highly sensitive
to external variables—most notably the price of energy sold directly to the grid, which is
externally determined. Fluctuations in that parameter can ultimately dictate whether a
village remains economically viable or not.

In terms of social impact, direct selling—Scenario 1A—results in a population growth
of less than 2% after 28 years. The overall social impact is even lower under a net-billing
scheme—Scenario 1B—since it considers just the profits individually, achieving no so-
cial impact.

The last option explored for the EC involves establishing it as an energy
retailer—Scenario 1C—allowing it to sell surplus electricity directly. This scenario demon-
strates remarkable economic profitability, with the profitability index reaching up to 2.72 in
most villages. Lower profitability is observed in villages with smaller populations, lower
demand, and consequently reduced surpluses—such as Bijuesca and Pozuel de Ariza.
Nevertheless, even in these cases, the profitability index is greater than 1.

Regarding social impact, Scenario 1C results in population growth—measured in
equivalent person-years—only in those villages with 60 kWp facilities; in other words,
medium-sized villages. Interestingly, this scenario generates social benefits—when they
exist—as early as year 5, in contrast to the selling and net-billing scenarios, where value
creation typically begins around year 10. As for the case of the smaller villages, although
the scenario shows profitability, this is not enough to generate equivalent person-years.

The results underscore that the current models, where ECs focus solely on managing
surplus energy through direct selling or similar mechanisms, may offer some individual-
level benefits but fail to generate the monetary value required to support collective out-
comes or enable systemic change.

However, if we ask whether any of the scenarios support systemic transformation,
the answer depends on the baseline. Considering that the annual rural depopulation rate
is 0.1% according to [35], but in Spain is estimated at 0.7% [68], a reversal in trend would
require a cumulative repopulation rate ranging from 2.8% to 19.6% by year 28. Managing
surpluses through net billing does not lead to any collective social impact, and direct selling
remains below 2.8%, except in two villages where it reaches 4%. Although, as mentioned,
these figures are sensitive to the actual depopulation rate in the area, it seems reasonable
to argue that Scenarios 1A and 1B —the most common in the energy communities—may
help slow down depopulation, provided that surplus management is handled properly,
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as detailed. However, they do not appear to be sufficient to fundamentally reverse the
overall trend.

Although none of the villages under these scenarios could individually drive a sys-
temic transformation, our case study focuses on an energy community that brings together
the 67 villages within the comarca. In other words, this case study possesses the ad-
ministrative capacity to operate beyond the boundaries of each village, functioning as a
unified entity. This structure greatly facilitates citizen-led management, as it eliminates
the need to replicate the same organizational model 67 times and enables the benefits of
aggregation—for instance, in negotiating offers.

The key question, however, is whether this unified approach can deliver benefits that
exceed those achievable by each village acting independently, particularly when it comes
to managing energy surpluses. Specifically, we explore whether under Scenario 1C—direct
sales to third parties—the collective community (all 67 villages) can generate greater social
benefits than the sum of what each village could achieve on its own.

The results clearly indicate that implementing a regional energy community to manage
surpluses across numerous small villages produces a significant social impact. It achieves a
population growth rate of 26.26%, which is notably higher than both the individual village
rates and their combined total (14.09%). These levels are consistent with what would be
expected from a systemic shift, even under the worst-case depopulation scenarios.

From an economic perspective, although the collective project (CERCA) does not
surpass the profitability of most individual villages, it is nonetheless profitable under
Scenario 1C. It outperforms the smaller villages in terms of return, making it possible for
them to participate in and benefit from the broader social impact.

While this analysis does not differentiate between large and small villages, the energy
community itself would be responsible for setting regional priorities. This governance
model ensures that even the smallest towns can receive meaningful benefits—something
that would be far less likely if surplus management was conducted individually at the
village level.

4.2. Scenario 2—Battery Storage

The 28-year economic evaluation reveals that under Scenario 2A—battery storage with
energy delivered at EUR 0.1468 /kWh—smaller villages become unprofitable, while larger
ones remained profitable. Scenario 2B shows the same trends as the previous scenario,
with a minor increase; this is explained by the identical investment costs, but the electricity
injected into the grid is sold at EUR 0.05/kWh above Scenario 2A.

Although we used a battery price of EUR 129/kWh, aligned with Bloomberg pro-
jections, real-world data from Calatayud installers suggests higher costs (approximately
EUR 183/kWh). This indicates that Scenario 2A would not be a viable option if battery
prices exceed the EUR 129/kWh assumption. Indeed, under these optimistic cost as-
sumptions, battery storage remains less economically attractive compared to any of the
energy-selling scenarios.

Furthermore, in the case of battery use, additional analysis is needed to assess the
feasibility of operating with two charge/discharge cycles per day—potentially enabled by
smaller storage capacities—as opposed to the single-cycle assumption used in this study.
It is also important to highlight that the analysis prioritizes methodological simplicity,
which may introduce certain limitations. Specifically, energy storage values are based on
annual averages, potentially distorting the representation of daily storage dynamics, and
consequently, the accuracy of the financial evaluation.

By contrast, Scenario 2C demonstrates economic viability in municipalities capable of
deploying EV charging stations—benefiting only the larger villages. Alhama de Aragén
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and Ateca have 2 EV charging stations/each, while Calatayud can deploy 24 EV charging
stations. Compared to Scenario 2A, where batteries are managed at a lower price point,
this scenario proves to be more profitable.

From a social return perspective, Scenario 2A offers profitability from year 10 onward
in the larger villages, while small ones do not show profitability. However, when the
“battery” is managed as an EV charging point (Scenario 2C), there is a measurable increase
in equivalent person-years from year 5 onwards in all towns where charging infrastructure
is installed.

Moreover, although only the largest village approaches the threshold that might be
considered indicative of a real systemic change, all participating towns show a consistently
positive trend starting as early as year 5.

In any case, the results are more compelling in the energy-selling scenarios, such as
Scenario 1C, where the community acts as an energy retailer.

Finally, and once again, we would like to highlight the value of the EC’s ability to
operate at a regional scale, aggregating the surplus energy from all villages as a single unit.
This implies that they can aggregate the energy of those villages that can participate in
a scenario because they do not have enough surpluses. This case has been analyzed for
Scenarios 2B and 2C.

Scenario 2B shows lower profitability when managing the energy surpluses with
CERCA than most of the villages. The requested battery dimensions and operation and
maintenance costs are higher due to the volume of energy to store.

In Scenario 2C, we make use of the surpluses from all the villages, including those
located beyond the 10 km radius. This is possible because our specific EC, acting as an
energy retailer, can allocate these surpluses to power EV chargers located in strategically
chosen sites across the region. In this case, the surplus is all managed to deploy 31 EV
charging stations with no remaining surplus, optimizing the design of the scenario. In the
case of social impact, it is evident how this management case achieves significantly higher
percentages of population growth than when considering the individual villages. The rate
of 21.36% is also a value that can be considered a systemic change for the depopulation rate.

4.3. Scenario 3—Hydrogen Storage

Scenario 3A—the hydrogen refueling station—is only viable for energy outputs ex-
ceeding 467,200 kWh/year, and its applicability is further limited to towns located near
highways, as was also the case in Scenario 2C. This restriction narrows its implementation
to a single village, where both the techno-economic assessment and the social impact are
positive. Calatayud could deploy two HRSs and sell the remaining surplus to the grid. The
second and third villages in terms of surplus generation could also potentially access this
scenario, provided that the SSR (self-sufficiency ratio threshold is adjusted to a lower value.

In case the EC could manage the energy surplus collectively operating as CERCA, it
would not achieve profitability since the number of HRSs that could deploy is the same as
the Calatayud village. In this case, the investment is higher, because the different facilities
deployed in all the towns are considered.

Ultimately, all the towns demonstrate substantial profitability under Scenario 3B, with
IRR figures exceeding 200% and the overall profitability index reaching approximately 19.
This scenario stands out as the most economically advantageous across all municipalities.
Scenario 3B offers very high profitability ratios, meaning that the return on investment
is extremely high and very substantial profits are generated. At this point, an important
question arises: Could villages of this size and nature realistically finance a project like
Scenario 3B? Or is it simply a conceptual exercise with limited real-world applicability?
To illustrate the scale of the challengg, it is worth noting that projects of this magnitude
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typically require an average energy demand of around 15,000 MWh per day. By contrast,
the combined surplus generated by these villages amounts to just 11 MWh per day—a
figure that falls significantly short of what would be needed to justify the deployment of
such infrastructure.

From a social perspective, Scenario 3A, which involves the deployment of HRSs,
shows a slight increase in population from year 10 onward in Calatayud, the only town
capable of implementing HRSs. However, the population growth rate under Scenario 3A is
lower than that observed in Scenarios 1A and 2C. Considering that the investment required
for Scenario 3A is approximately five times higher, Scenarios 1A and 2C appear to be more
favorable options when the objective is to maximize social return and impact.

On the other hand, the results indicate that all the villages begin generating benefits in
Scenario 3B by year 5. Remarkably, population growth in this scenario surpasses 200% in
most villages from year 5 onward, on average. The economic gains allow for an average
investment equivalent to 20,118 person-years in year 5 across the towns analyzed. Moreover,
this scenario is the only one showing positive outcomes for Pozuel de Ariza and Bijuesca
from a social point of view.

Nevertheless, it must be acknowledged that the required investment and technical
complexity of Scenario 3B make its practical implementation in a local EC highly unlikely.
In contrast, while Scenario 3A would require external financial support, it could become a
viable option as hydrogen technology matures.

4.4. Global Assessment

From a social impact perspective, a critical question is how much initial investment
is required to generate such an increment in population—understood in terms of full-
time equivalent person-years—for each scenario and municipality. Can this value be
quantified? The answer is affirmative (Table 5). It is worth noting that each full-time
equivalent person-year is valued at EUR 14,000. Although the initial investment varies by
scenario and municipality, it is assumed to remain constant throughout the social impact
analysis. Consequently, evaluating this indicator across different time horizons is essential
for capturing the evolution of long-term social returns and assessing the sustainability of
each intervention.

Table 5. Investment required for adhering a person in each village, scenario, and year analyzed
(EUR/person-year equivalent) (only profitable scenarios are shown).

Scenario 1A—Direct Selling

Village Year 5 Year 10 Year 20 Year 28
Alhama de Aragén - 53,693.33 25,582.86 21,068.24
Aninén - - 24,605.00 24,605.00
Ateca - 65,712.00 27,380.00 21,904.00
Bijuesca - - - -
Calatayud - 67,934.90 26,447.94 21,928.35
El Frasno - 64,750.00 25,900.00 21,583.33

Pozuel de Ariza

Scenario 1C—Energy Retailer

Village Year 5 Year 10 Year 20 Year 28
Alhama de Aragén 19,897.78 12,350.34 8954.00 8140.00
Aninén 24,605.00 12,302.50 8947.27 8201.67
Ateca 20,535.00 12,636.92 8880.00 8214.00

Bijuesca
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Table 5. Cont.
Scenario 1C—Energy Retailer
Village
Year 5 Year 10 Year 20 Year 28
Calatayud 20,998.06 12,598.84 8975.85 8190.73
El Frasno 21,583.33 12,950.00 8633.33 8093.75
Pozuel de Ariza - - - -
CERCA 42,785.63 26,388.74 19,077.58 17,418.66
Scenario 2A—Batteries for Self-Consumption
Village
Year 5 Year 10 Year 20 Year 28
Alhama de Aragén - 66,536.46 29,109.70 24,513.43
Anifién - - - 25,617.28
Ateca - - - 25,147.19
Bijuesca - - - -
Calatayud - 71,510.64 30,034.47 25,168.55
El Frasno - 84,294.84 28,098.28 24,084.24
Pozuel de Ariza - - - -
) Scenario 2B—Battery-to-Grid
Village Year 5 Year 10 Year 20 Year 28
Alhama de Aragén - 46,575.52 23,287.76 20,250.23
Anifién - - 25,617.28 21,347.74
Ateca - - 23,750.12 20,357.25
Bijuesca - - - -
Calatayud 76,358.82 20,385.39 12,242.31 10,803.77
El Frasno - 56,196.56 24,084.24 21,073.71
Pozuel de Ariza - - - -
CERCA - - 1,145,246.08 260,283.20
) Scenario 2C—Electric Vehicle Chargers
Village Year 5 Year 10 Year 20 Year 28
Alhama de Aragén 90,540.00 22,635.00 12,934.29 11,317.50
Aninén - - - -
Ateca 110,853.33 22,170.67 12,317.04 10,727.74
Bijuesca - - - -
Calatayud 68,876.08 19,300.44 11,186.88 9811.96
El Frasno - - - -
Pozuel de Ariza - - - -
CERCA - 61,226.19 25,686.85 21,591.85
Scenario 3A—Hydrogen Refueling Stations
Village
Year 5 Year 10 Year 20 Year 28
Alhama de Aragén - - - -
Aninén - - - -
Ateca - - - -
Bijuesca - - - -
Calatayud - 234,361.67 52,080.37 39,060.28
El Frasno - - - -
Pozuel de Ariza - - - -
CERCA
) Scenario 3B—Fertilizers
Village Year 5 Year 10 Year 20 Year 28
Alhama de Aragén 2935.41 1729.03 1223.17 1115.62
Aninén 2935.20 1729.15 1223.13 1115.68
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. Scenario 3B—Fertilizers
Village Year 5 Year 10 Year 20 Year 28
Ateca 2935.34 1729.04 1223.20 1115.62
Bijuesca 2993.90 1753.14 1243.47 1134.72
Calatayud 2935.45 1729.09 1223.22 1115.65
El Frasno 2935.47 1728.99 1223.14 1115.61
Pozuel de Ariza 2991.91 1747.90 1239.19 1129.60

Overall, a clear trend is observed across all scenarios: the longer the time horizon, the
lower the investment required to generate one full-time equivalent job. In other words,
by year 28, the investment needed to achieve one equivalent person-year is significantly
reduced compared to year 5.

However, from an operational and decision-making perspective, ECs should only
consider those scenarios in which the investment required to generate one equivalent
person-year is lower than its economic valuation (set at EUR 14,000). For example, although
Scenario 1A—direct selling—is economically viable in certain municipalities (as shown in
Table 3) and may even have a potential impact on population growth (Table 4), it does not
constitute an effective strategy in terms of social return. This is because the investment
required to generate one equivalent person-year exceeds the value of the person-year itself,
thus failing to justify the investment from a social impact perspective.

By contrast, Scenario 1C presents a more favorable profile. From year 10 onward,
the generated value per equivalent person-year remains below the EUR 14,000 threshold,
meaning investment becomes socially viable. However, it is important to highlight that this
strategy should be viewed as a medium-term approach, as it does not reach social viability
by year 5—at which point the investment still exceeds the acceptable benchmark.

The two battery scenarios (2A and 2B) show socially viable results; however, the invest-
ment required to create one job is higher than the EUR 14,000 limit, so the investment is not
socially justified, except for Calatayud, which surpasses the limit in year 20 and onward.

Furthermore, preliminary comparisons between Scenarios 2C and 3A—focused on
EV charging points and HRSs, respectively—suggest that hydrogen infrastructure may
yield comparable results in terms of equivalent person-years generated (see Tables 3 and 4).
However, as previously noted, Scenario 2C appears more feasible and realistic due to
its lower initial investment requirements. This is further supported by the analysis in
Table 5, which shows that Scenario 2C remains below the EUR 14,000 threshold from year
20 onward.

Finally, Scenario 3B emerges as the one with the highest potential in terms of both
economic and social returns. It requires the lowest investment per equivalent person-
year across all scenarios analyzed and offers substantial long-term benefits. Nevertheless,
this scenario is also the least realistic due to its high entry barriers, both in terms of
required knowledge and capital investment. These constraints may limit its scalability and
applicability in the short to medium term.

Assuming that surplus energy is fully managed by CERCA, as a regional energy
community, one could expect positive outcomes in terms of job creation. Since CERCA
handles all surpluses collectively, it can enable scenarios that would otherwise be unviable
for individual small towns, as illustrated in Table 4. However, a closer analysis of the
cost per unit of population increase—measured as the value of each equivalent person-
year—reveals that this value is higher than in villages that have demonstrated the ability to
generate equivalent person-years under the different scenarios. The reasons for this are
as follows:
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e InScenario 1C, the inclusion of surplus management from Bijuesca and Pozuel results
in higher growth rates. However, these villages rely on more expensive small-scale
facilities (3 kWp), which significantly increases the investment required. As a result,
the cost per equivalent person-year becomes higher.

e In Scenarios 24, 2B, and 2C, which incorporate battery storage, centralized manage-
ment through CERCA leads to a greater number of batteries, higher overall capacity,
and increased operation and maintenance costs. While this allows more villages to
participate, it also raises the total investment required, making it less efficient in terms
of cost per equivalent person-year compared to individual village-level approaches.

e InScenario 3A, the deployment of hydrogen-related infrastructure (HRSs) is limited to
the same scale as in Calatayud, since the total combined surplus from all towns is still
insufficient to justify an additional installation. The remaining surplus is sold to the
grid, and profitability is not achieved. This is due to the significantly higher investment
involved, as it includes the PV infrastructure of all contributing villages—even though
not all of the generated energy is ultimately utilized.

A more optimized management of CERCA’s data and operations could potentially lead
to more favorable outcomes. This approach should be adopted if there is a shared commit-
ment to inclusivity, ensuring that smaller villages are not left behind. However, it is impor-
tant to acknowledge that under a collective surplus management model, larger villages may
experience a reduced social impact compared to managing the surpluses independently.

5. Conclusions

The main conclusion of this research is that energy communities (ECs) have significant
potential as instruments for rural revitalization. This study presents a clear and replicable
methodological framework for integrating social impact as a central design criterion, rather
than treating it as a secondary outcome. Our findings underscore the importance of aligning
technical design choices with socially-driven objectives to enhance the contribution of ECs
to territorial development.

Through the evaluation of eight technical scenarios, we measured social returns in
terms of equivalent person-years. The analysis reveals that surplus energy management,
while not sufficient to reverse rural depopulation trends in many cases, can contribute to
slowing them—provided that social impact is embedded into the community’s governance
and operational design.

Among the scenarios considered, net-billing schemes yield limited social benefits, as
they generate individual rather than collective returns. In such models, self-consumers
benefit disproportionately, and the absence of community-level profit significantly limits
systemic impact. Even in economically viable surplus-selling models (direct selling), the
social return remains marginal—affecting barely 1% of the population after 28 years—and
the investment-to-impact ratio remains high.

In contrast, enabling an EC to operate as an energy retailer presents the highest
potential in both economic and social terms. By selling electricity to third parties, ECs
can achieve the strongest returns. However, this model entails considerable technical and
regulatory complexity, often beyond the reach of citizen-led initiatives. Furthermore, it
is subject to substantial uncertainties due to energy price volatility and the challenges of
long-term forecasting.

As a more feasible and lower-risk alternative, particularly for medium-sized and larger
municipalities, surplus management through the operation of electric vehicle (EV) charging
stations emerges as a promising solution. This approach offers measurable social benefits,
more predictable returns, and less technical burden.
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Battery-based models, such as storage for self-consumption or battery-to-grid applica-
tions, are not financially viable in the smallest villages, and while potentially profitable in
others, they face major barriers due to technical complexity. Conversely, more innovative
approaches—including EV charging, hydrogen refueling stations (HRSs), and hydrogen-
based fertilizer production—demonstrate higher long-term profitability. Among these,
EV charging stands out for its earlier and more consistent social impact, while hydrogen-
based fertilizer production offers the greatest potential for broad territorial revitalization,
although it exceeds the technical and operational capacities of most communities.

This study also highlights the structural challenges faced by smaller villages. Higher
electricity production costs limited surplus generation, and the inability to implement
advanced technologies restrict participation in the most promising strategies. Nonetheless,
this research suggests that stronger forms of local association—such as joint initiatives
across multiple villages—may offer a viable path to achieving economies of scale and
broader community impact. While smaller villages typically lack critical infrastructure, such
as road access, they also exhibit greater potential for social cohesion and citizen engagement.

To this end, we explored a supra-structure model in which several villages are unified
under a single EC that owns and manages all local facilities. This configuration reduces
administrative burdens and resource requirements, and is particularly suited to rural,
citizen-led contexts. However, the average cost per equivalent person in this shared model
remains higher than in larger villages acting independently, raising the question of inter-
village solidarity: Can stronger, more resource-rich municipalities support smaller ones to
enable fair access to energy benefits and comparable electricity prices?

From an economic return point of view, it is difficult to find flexible scenarios that show
a systematic change in the depopulation trend. However, this does not imply an absence of
social impact. Indeed, there are scenarios in which the valorization of the surpluses can be
associated with incipient changes in the trend. Each village needs to find a way to utilize
this money for reverting to effective employment with strategies that are still to be defined
and tested, which is still a “black box”. Some of the strategies could be financing wage
costs for workers who settle in the village, and the maintenance of jobs associated with
leisure facilities during the winter, etc.

Moreover, our study intends to quantify the social impact with respect to the moti-
vation to establish an EC expressed by the neighbors of the region. As shown in Table 1,
we found other social impacts in the literature that are not evaluated or quantified in this
paper. The reason for this choice is that the neighbors did not look at these goals when
setting up the EC.

Ultimately, our research emphasizes the need to evaluate rural energy projects not
only through techno-economic lenses, but also by applying rigorous social impact metrics.
In regions such as Calatayud (Spain), where depopulation threatens long-term viability,
energy transition projects must prioritize local development and population retention.
While our study is subject to limitations—including the reliance on aggregate energy data
and estimated social indicators—it proposes a methodological foundation that can be
replicated and adapted to other rural contexts. In conclusion, balancing profitability with
social sustainability is essential for the success of ECs as engines of territorial revitalization.
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Abbreviations

The following abbreviations are used in this manuscript:

ASU Air separation unit
CEC Citizen Energy Community

EC Energy community
EV Electric vehicle
H; Hydrogen

HRSs  Hydrogen refueling stations
IRR Internal rate of return

kWp Kilowatt peak

LCOH Levelized cost of hydrogen
Li-ion  Lithium-ion

MWh  Megawatt hour

N Nitrogen

Na-S Sodium-sulfur

Ni-Cd  Nickel-cadmium

NOx Nitrogen oxides

NPV Net present value

Pb-A Lead-acid

PV Photovoltaic

REC Renewable Energy Community
STH Solar-to-hydrogen
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