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Abstract

Energy Communities (ECs) have emerged as central legal instruments for decentralized
renewable energy deployment across Europe; however, their long-term viability depends
critically on financial sustainability mechanisms that remain inadequately understood. This
study examines the economic foundations of ECs through a narrative literature review of
revenue generation, cost allocation, and the capital mobilization pathways in three repre-
sentative European markets (Germany, Spain, and Italy). A structured Scopus database
search identified 280 peer-reviewed studies published between 2019 and 2025. Following
systematic screening, 89 articles were selected for analysis through bibliometric mapping
in R (Biblioshiny) and qualitative synthesis in NVivo. The analysis reveals that stable feed-
in tariffs, tax incentives, and self-consumption remuneration schemes form the primary
revenue mechanisms, while cost management effectiveness varies substantially across
countries due to differing grid-charge structures and administrative frameworks. Capital
access remains constrained for smaller communities despite hybrid financing innovations
combining public grants, cooperative equity, and emerging crowdfunding mechanisms.
Regulatory heterogeneity, high upfront investment requirements, and limited institutional
credit availability continue to impede scalability. The findings emphasize that achieving
widespread EC adoption requires harmonized policy frameworks, transparent cost-sharing
arrangements, and diversified investment instruments that align local participation with
national decarbonization objectives while ensuring equitable access across diverse socio-
economic contexts.

Keywords: energy communities; renewable energy financing; cost allocation; revenue
mechanisms; capital mobilization; regulatory frameworks

1. Introduction

The global energy system is at a moment of transition. It has been established over
decades around large, centralized infrastructure; however, it now faces urgent challenges:
climate mitigation, energy security, and sustainable transition. Policy frameworks have
accelerated the shift toward renewable sources, decentralized generation, and a greater
role for consumers in energy markets. Within the European Union, the Clean Energy
Package (CEP) has established an integrated framework for decarbonization and citizen
engagement in the energy transition [1]. Against this backdrop, distributed generation,
prosumer participation, and local energy systems are increasingly seen as key elements for
climate neutrality with social acceptance and economic inclusiveness.
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Energy Communities (ECs) have emerged as a central policy instrument within this
evolving energy landscape [2]. The Renewable Energy Directive (RED II) 2018/2001 [3] and
the Internal Electricity Market Directive (IEMD) 2019 /944 introduced the legal foundation
for these citizen-driven entities, which are defined, respectively, as Renewable Energy
Communities (RECs) and Citizen Energy Communities (CECs) [4], granting them the right
to produce, consume, share, and sell renewable energy. Beyond regulatory and governance
dimensions, ECs play an essential economic role by pooling investments, channeling
financial incentives, and distributing revenues among members. They enable collective
ownership and shared benefit from clean energy assets, helping communities reduce costs,
manage risks, and mobilize capital for local energy initiatives [5]. As such, ECs represent
not only a social and environmental innovation but also a financial mechanism for inclusive
and sustainable energy development.

The financial and economic aspects of ECs are critical to their long-term sustain-
ability. While existing studies have broadly examined these initiatives through oper-
ational, technological, and policy lenses, significant gaps persist in understanding the
financial mechanisms that enable their viability and growth. Kyriakopoulos et al. [6] and
Ahmed et al. [7] emphasize the importance of fair cost-sharing arrangements and renew-
able self-consumption models, yet their analyses reveal persistent limitations in linking
cost allocation, pricing, and market participation within cohesive financial frameworks.
Zatti et al. [8] highlight the challenges of designing financial models adapted to local eco-
nomic contexts, particularly noting that such models often fail to capture the dynamic
relationship between pricing strategies and trading structures. Similarly, Khorrami et al. [9]
identify the inflexibility of current subsidy and incentive schemes in addressing diverse
market conditions and evolving tariff dynamics, while Gianaroli et al. [10] underscore
the need for comprehensive evaluations of financing instruments and market integration
strategies to overcome fragmented adoption across Europe.

Domenteanu et al. [11] and Koltunov et al. [12] provide a comprehensive bibliometric
analysis of RECs, highlighting their regulatory evolution, operational models, and governance
frameworks across Europe. Their work sheds light on institutional arrangements and policy
drivers shaping the growth of such initiatives. However, while offering valuable insights
into the development and academic landscape of community energy initiatives, this study
offers a limited discussion on the financial and economic mechanisms that underpin the
long-term sustainability of such initiatives. The present work extends that foundation by
offering a complementary perspective focused explicitly on the financial dynamics of EC
development. Applying a structured Revenue, Cost, and Capital approach, this study ex-
amines how ECs generate income through incentives and market participation, how costs
and risks are distributed among members, and howthey mobilize capital through different
financing pathways. This financial lens enables a deeper exploration of the economic factors
that influence the scalability and resilience of ECs within evolving European energy markets.

Building on this approach, the paper aims to uncover and synthesize the mechanisms
that drive EC financial performance, evaluate how cost-sharing and investment strategies
are represented in the literature, and highlight the constraints that continue to limit their
expansion. By focusing on these interrelated financial dimensions, the study contributes to
a clearer understanding of how ECs can achieve long-term economic sustainability and
equitable market participation.

To address these financial dimensions comparatively, this study focuses on Germany,
Spain, and Italy as representative cases of distinct regulatory-financial approaches within
Europe’s energy transition. These three countries were selected based on three complementary
criteria. First, they address a significant gap in the existing literature, which predominantly
examines EC financial mechanisms in single-country isolation, limiting identification of gener-
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alizable mechanisms versus country-specific adaptations. Second, all three completed RED
II transposition by 2020-2021, enabling temporal comparability and sufficient maturity of
financial frameworks for systematic analysis [13]. Third, they exemplify three distinct financial-
regulatory patterns observable across Europe: Germany’s cooperative-equity model empha-
sizing stable feed-in tariffs and collective ownership structures [14]; Spain’s self-consumption
pattern prioritizing net-billing and market-responsive revenue [15]; and Italy’s incentive-driven
approach combining tax deductions with production-based premiums [16]. As demonstrated
in Section 5.2, comparative analysis reveals that financial mechanisms in these three countries
reflect patterns with documented multi-country applicability across seven European nations,
validating the comparative design’s relevance beyond isolated case studies.

Figure 1 demonstrates the conceptual framework guiding this review, illustrating
how policy incentives, capital investments, and operational costs interact to determine
EC financial viability. The framework captures three core flow types: revenue flows
(green) generated through policy support, self-consumption, and surplus trading; expense
flows (red) covering capital and operational expenditures; and capital flows (orange)
enabling reinvestment through cooperative equity and risk-sharing mechanisms. These
interconnected dimensions collectively shape the economic sustainability of community-
based energy systems across different regulatory contexts.
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Figure 1. Overview diagram of Revenue—Cost-Capital interactions in energy communities: green
arrows (revenue flows from incentives/market participation), red arrows (CAPEX/OPEX cost flows),
orange arrows (capital mobilization/reinvestment pathways).

The rest of the study is structured as follows: Section 2 presents the regulatory and
financial context of ECs in Germany, Spain, and Italy. Section 3 describes systematic
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literature review methodology, including data sources, selection criteria, and analytical
procedures. Section 4 presents the main findings, organized according to the Revenue-
Cost—Capital framework, synthesizing financial mechanisms and their implications for EC
sustainability. Section 5 discusses key challenges and policy pathways for strengthening the
financial resilience of ECs. Finally, Section 6 concludes by summarizing insights, outlining
limitations, and proposing future research directions.

2. Regulatory and Financial Context of Energy Communities

The evolution of ECs in Europe has been closely linked to regulatory developments
that shape their financial viability [17]. National transpositions of EU directives have
defined the legal and operational boundaries of EC activities, while the economic success of
these communities depends on their capacity to establish stable revenue streams, manage
costs efficiently, and mobilize sufficient investment capital [13]. Germany, Spain, and Italy,
three of Europe’s most mature EC markets, illustrate how different regulatory instruments
directly influence financial outcomes and long-term sustainability.

This section consolidates insights from prior studies and national regulations, exam-
ining how financial instruments and policy measures influence EC revenue generation,
cost management, and investment. By analyzing these financial dimensions across the
three national contexts, the review highlights the mechanisms through which legislation,
incentives, and market structures shape EC economic performance within the broader Euro-
pean energy transition. Figure 2 summarizes the main policy and financial instruments that
have influenced the development of ECs in Germany, Spain, and Italy. These instruments
demonstrate how regulatory evolution has progressively shaped revenue generation, cost
management, and capital financing mechanisms across different national contexts.
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Figure 2. Key national policy instruments shaping revenue, cost, and capital mechanisms in energy
communities in Germany, Spain, and Italy.
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2.1. Revenue Mechanisms

Stable and predictable revenues are fundamental to EC sustainability. The literature
shows that national frameworks have progressively evolved from fixed-price incentives
toward market-oriented remuneration models.

In Germany, the Renewable Energy Sources Act (EEG 2021) remains the main instru-
ment supporting EC income generation. It introduced feed-in tariffs (FITs) and market-
premium schemes that reward renewable production and local energy sharing. Amend-
ments to the Wind Energy at Sea Act (WindSeeG) and the Energy Industry Act (EnWG) in
2021 expanded competitive bidding procedures and improved grid access, strengthening
revenue certainty for community projects [18,19]. Later revisions under the Integrated
Energy Law (2024) emphasized cost savings through Energy Service Company (ESCO)
models and raised carbon prices within the EU Emissions Trading Scheme (ETS), indirectly
improving the profitability of renewable ECs [20,21].

In Spain, Royal Decree 244/2019 defined economic rules for renewable self-consumption
and established compensation for surplus electricity fed into the grid. Royal Decree 5/2023
and Law 29/2021 subsequently enhanced these provisions for Collective Energy Communities
(CECs) by expanding eligibility and simplifying grid connections [15,22]. Nevertheless, the
absence of long-term remuneration mechanisms continues to constrain revenue stability, par-
ticularly in rural areas. The literature points to emerging peer-to-peer trading and aggregation
services as promising tools for improving profitability and flexibility [23].

In Italy, the Milleproroghe Decree-Law 162/2019 established the Renewable Energy
Community (REC) framework, while the Ecobonus fiscal deduction scheme (Article 14,
D.L. 63/2013) provides 50% deductions distributed across 10 annual installments for photo-
voltaic and storage investments [24]. Subsequent Resolutions 199/2021 and 15/2024/R/eel
by the Italian Regulatory Authority (ARERA) extended production incentives and opti-
mized network tariffs to 2027, ensuring attractive revenue conditions for community-based
generation [16,25]. Together, these developments mark a broader shift from fixed incentives
toward more dynamic, market-responsive revenue structures.

2.2. Cost Structures

Cost management is another decisive factor in EC financial performance. Studies
emphasize that national regulations directly affect how operational expenditures, grid
charges, and administrative fees are distributed among community members.

In Germany, the Energy and Climate Fund (EKF) provides grants to offset high upfront
costs for distributed generation and storage. The Integrated Energy Law (2024) introduces
ESCO-based cost-sharing mechanisms, allowing ECs to pool maintenance and service
expenses, while rising carbon prices under the ETS add complexity by influencing overall
electricity costs [26,27].

In Spain, Royal Decree-Law 23/2020 simplified low-voltage connections and reduced
administrative expenses for small ECs. It also facilitated integration of storage and aggre-
gation services that lower per-unit energy costs through efficiency gains [22]. Despite these
advances, uneven grid-fee structures and limited remuneration for surplus energy still
challenge cost optimization.

In Italy, the ARERA Integrated Text on Widespread Self-Consumption (TIAD) es-
tablished transparent rules for allocating operating and maintenance costs among EC
participants. Resolutions 199/2021 and 15/2024 /R /eel further refined network charges to
support economically balanced energy exchange [28,29]. However, regional disparities in
administrative procedures continue to hinder consistent cost management.

Across the literature, studies indicate that while reforms have improved cost visibility
and fairness, few comparative studies quantify how different tariff structures affect EC eco-
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nomics. Standardized evaluation approaches are still needed to benchmark cost efficiency
across EU contexts.

2.3. Capital Mobilization and Financing Pathways

Access to capital is a critical determinant of EC scalability. Recent literature links fi-
nancing success to the availability of grants, cooperative equity, and innovative instruments
such as green loans and community bonds.

In Germany, the EKF and regional programs offer low-interest loans and grants for
renewable cooperatives, reducing entry barriers for small-scale projects [30]. Cooperative
ownership remains dominant, but concerns persist regarding long-term self-sufficiency
once public funding declines.

In Spain, Royal Decree 5/2023 created pilot funds for storage and R&D in distributed
generation, while local cooperative banks have begun financing CECs. Citizen-investment
models and public—private partnerships are emerging as diversified capital sources [15].
Yet, financing availability remains uneven across regions, limiting scalability.

In Italy, fiscal instruments such as tax deductions for energy efficiency improvements
and Conto Termico provide generous tax incentives and capital subsidies for renewable and
storage projects [24]. ARERA Resolution 199/2021 expanded the capacity limit for ECs to
1 MWp, stimulating larger investments, but smaller communities still struggle to access bank
loans due to perceived risk. Strengthening cooperative financing mechanisms and EU-level
green-fund participation are widely seen as essential for sustainable capital formation.

2.4. Synthesis of Financial Insights

The comparative evidence from Germany, Spain, and Italy demonstrates that finan-
cial design and regulation are closely interconnected. Revenue mechanisms are evolving
from fixed incentives to market-responsive remuneration; cost structures are being refined
through tariff reform and ESCO models; and capital mobilization increasingly relies on hy-
brid public—private financing. Despite these advances, disparities in policy implementation
and financing accessibility persist across member states. A comprehensive understanding
of how revenue generation, cost management, and capital financing interact is therefore
essential for developing resilient and economically sustainable local energy collectives
within the European energy transition.

3. Materials and Methods
3.1. Literature Selection Approach

This study employs a narrative literature review approach adapted from PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses) standard procedures
for search transparency. The analysis is focused on economic and financial mechanisms of
ECs [31]. The primary bibliographic source was the Scopus database. Scopus was selected
as the sole database due to its extensive coverage (more than 95% of engineering and
environmental journals) [32], ensuring comprehensive disciplinary representation for this
exploratory engineering literature review. The search query used was as follows:

TITLE-ABS-KEY (“energy communities” OR “renewable energy communities” OR
“collective self-consumption” OR “local energy collective”) AND TITLE-ABS-KEY (“finan-
cial” OR “economic” OR “cost” OR “revenue” OR “investment” OR “tariff”).

The search was executed on 1 January 2025 to ensure coverage of the most recent liter-
ature within a single, consistently indexed database. The initial search yielded 1083 records
and was followed by the screening procedures. This period was chosen because the EU
Clean Energy Package (RED II and IEMD) adopted in 2019 marks the start of the con-
temporary regulatory regime for ECs. Figure 3 illustrates the step by step review process
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from Scopus data collection and eligibility screening to bibliometric mapping and thematic
synthesis used to analyze the financial dimensions of community-based energy systems
through a Revenue, Cost, Capital framework.

Systematic Literature Targeted Scopus
Search Financial Review

Screening and Refined Dataset,
Selection Relevant Studies

Bibliometric & Mapping Financial
Qualitative Analysis Research Themes

Thematic Framework Revenue—Cost—Capital
Development
Structure

. Consolidating Findings
Integrated Synthesis into Key Insights

Figure 3. Workflow of the review adapted for financial analysis of energy communities.

3.2. Screening and Selection

Figure 4 shows the PRISMA-adapted flowchart illustrating how the systematic screen-
ing process works. The first search on Scopus found 1083 records. After removing dupli-
cates, filtering by subject area, and applying exclusion criteria, 791 items were excluded,
leaving 280 papers for screening of their titles and abstracts. After full-text assessment of
qualified studies, 89 articles met all of the criteria for final analysis.

[ Identification of studies via databases and registers ]
——
Records removed before
g . » screening:
= Records identified from : Duplicate records removed
g Databases (n = 1083) (n=12)
E * Scopus (n = 1083) > Records marked as ineligible
c A by automation tools (n = 0)
0 Registers (n = 0) Records removed for other
= reasons (n =0)
L
l 791 Records excluded
- Published outside 2019-2025
(n = 485)
Records screened - Non-English language (n = 87)
—>
(n=1071) - Non-open access (n = 136)
- Non-peer-reviewed or not
joumal articles (n = 45)
- Non-full-text articles (n = 38)
(=]
£ Reports sought for retrieval »| Reports not retrieved
g (n = 280) T (n=0)
9]
=3
7]
s I
Reports excluded:
Reports assessed for eligibility Conceptual misalignment with
(n=280) > ECs (n=105)
Technical/Al studies without
financial scope (n = 32)
Outside EU policy scope (n = 54)
—
[
E Studies included in review
e (n =89)
o Reports of included studies
£ (n=89)
—

Figure 4. PRISMA-inspired literature selection flowchart for narrative review, documenting system-
atic search, and screening procedures (1083 initial records to 89 final studies).
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A title/abstract screening was conducted against predefined inclusion criteria: (i) focus
on ECs or closely related community-based renewable models; (ii) explicit treatment of
financial or economic aspects (revenues, costs, financing); (iii) peer-reviewed journal articles.
After title/abstract screening and subject area exclusions, 280 papers remained; then, full-
text assessment produced a final sample of 89 studies for analysis. All screening steps
were independently verified by the authors to reduce selection and analysis bias also
to ensure reproducibility. This PRISMA-adapted approach ensures transparent search
procedures while allowing thematic analysis of financial mechanisms across different
regulatory contexts.

3.3. Bibliometric and Qualitative Analysis

Key themes related to regulatory and financial mechanisms in ECs were analyzed
through bibliometric network analysis using bibliometrix (version 4.1.4) in R via the Bib-
lioshiny interface. The keyword co-occurrence network in Figure 5 reveals four distinct
thematic clusters within the reviewed literature.

' inuegnem .
o, S @ oo

arkets. emission control 9
[ ] carbon
carbon emission climaté Cchange

ents

enhergy security

q enwronmerg(protect!on

energy market

. = .c
energies sustamabl

economiC analy3|s

energyc mmunities energy pcﬂicy
@

commerce .

Figure 5. Bibliometric keyword co-occurrence network revealing four thematic clusters across
reviewed literature.

The green cluster (top-left) consolidates financial terminology including investments,
economics, power markets, and taxation, representing the economic infrastructure that
underpins EC operations and corresponding to capital mobilization and revenue dimen-
sions. The purple cluster (top-right) encompasses policy objectives and environmental
outcomes such as carbon emission, energy efficiency, and climate change, reflecting regula-
tory targets driving EC development. The blue cluster (bottom-left) emphasizes operational
foundations with terms like renewable energies and energy market, highlighting techni-
cal implementation of decentralized generation. The red cluster (bottom-right) bridges
governance and sustainability through sustainable development, energy policy, and costs,
linking local mechanisms to national strategies.

Network interconnections demonstrate that community-based research inherently inte-
grates economic, environmental, technical, and regulatory dimensions. The positioning of
costs at the interface between red and green clusters emphasizes its dual role as economic bar-
rier and policy target. These empirically derived clusters validate the Revenue, Cost, Capital
framework, ensuring alignment between quantitative mapping and qualitative synthesis.
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3.4. Thematic Framework Development

The bibliometric clusters directly informed qualitative coding in NVivo 14. The frame-
work emerged inductively from these clusters, mapping green cluster financial terms to
Revenue/Capital codes, blue cluster operational terms to Cost codes, and red /purple clus-
ters to governance context. This creates the epistemological connection from bibliometric
patterns to NVivo coding structure. All 89 studies were coded according to the Revenue,
Cost, and Capital framework, with each node subdivided into specific subcodes: feed-in
tariffs, tax incentives (revenue); CAPEX, OPEX, grid charges (costs); grants, cooperative
equity, loans (capital).

The analysis was carried out by using NVivo 14, implementing a stringent two-stage
hybrid approach to minimize limitations associated with single-coder analysis. In Stage 1,
automated text searches with specific keywords were conducted across all 89 papers, ensur-
ing consistency and preventing coder drift. Stage 2 included complete manual validation
of all outcomes with full paper-level relevance review. Stage 3 involved comprehensive
authors review of all 89 papers to validate coding alignment with research objectives.
This hybrid method provides (1) systematic consistency through automation, (2) accuracy
through thorough validation, (3) methodological coherence from bibliometric-to-NVivo
linkage, and (4) reproducibility via transparent audit trail.

Iterative refinement and author cross-checking ensured consistency. This integration
of quantitative mapping and qualitative synthesis formed the analytical foundation for
subsequent results and discussion.

4. Results

Germany, Spain, and Italy were selected for comparative analysis due to their shared
financial characteristics and regulatory challenges in EC development. Although each country
has a unique regulatory framework rooted in common EU directives, they share challenges
integrating decentralized renewable energy and ensuring fair financial outcomes. This section
analyzes EC financial mechanisms under three dimensions: Revenue Mechanisms, Cost
Allocation and Risk Sharing, and Capital Mobilization and Financing Sources.

4.1. Revenue Mechanisms for ECs

Revenue generation represents the foundational pillar of EC financial sustainability.
Across Germany, Spain, and Italy, distinct yet interrelated mechanisms—namely incentives,
tariffs, and trading models—define the profitability and attractiveness of community-based
renewable energy (Table 1).

In Germany, feed-in tariffs and government subsidies remain the primary financial
instruments supporting EC profitability, contrasting with Spain’s market-based approach
and Italy’s tax-driven model [33,34]. The Renewable Energy Sources Act (EEG), aligned
with pricing model reforms, has supported decentralized energy markets and promoted
fairness among EC participants [35]. EU Emission Trading Scheme (ETS) reforms have
increased fossil-fuel costs, pushing ECs toward renewable generation [36,37]. Competi-
tive pricing strategies, especially those targeting customer-centric models and digitalized
local trading, have improved market efficiency [38,39]. The System for Guarantees of
Regional Origin (SGRO) further promotes green electricity marketing and local revenue
generation [40,41]. Emerging peer-to-peer (P2P) trading platforms, such as ENKO, enable
ECs to earn additional revenues through decentralized energy exchange [42,43]. These
mechanisms collectively underpin Germany’s stable revenue approach for community
clean energy implementations.
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Table 1. Comparative analysis of revenue mechanisms supporting ECs.

Germany

Spain

Italy

Incentive Schemes
and Subsidies

Feed-in tariffs (EEG 2021)

remain a primary support tool [34], while
market premiums encourage renewable
integration [37]. The EU Emissions Trading
Scheme (ETS) raises CO; prices, enhancing the
competitiveness of local renewables [44].
Subsidies for PV installations sustain financial
feasibility [14,35].

The Royal Decree 244 /2019
introduced self-consumption
remuneration mechanisms [15],
but surplus compensation
remains limited [45,46]. RD-Law
23/2020 enhanced support for
energy storage and collective EC
models [22].

The Ecobonus scheme provides a
50% tax deduction for PV and
battery systems [47,48]
complemented by MISE Decree
09/2020 that adds exchange
premiums [47,49].

Tenant electricity (Mieterstrom) schemes
promote direct local supply [33,38]. supported

The dynamic pricing tariff defines
variable electricity pricing [15],

Virtual self-consumption (VSC)

Tariff and . L while net-billing schemes link models [47] and distribution-loss
- by Regional Guarantees of Origin that . -
Pricing Models improve transparency [40,50]. Uniform surplus energy value to market reimbursements [54] lower OPEX
P! parency 129,501 . rates [52]. Lack of stable FITs and stabilize revenue flows [49].
pricing, however, distorts market signals [51]. limits investment return [53]
Peer-to-Peer trading platforms [42] and . . Cooperative energy-sharing
e projects like ENKO [43] and SINTEG [39] Emergmg P2P tra?dlng [55,56] and systems allow dynamic trading
Market Participation . R aggregation services [57,58] .
. advance decentralized market participation. and surplus allocation [54]
and Trading - e strengthen market access but face : . . s
Regional markets and SGRO certification tariff barriers [22] expanding EC financial flexibility
improve local engagement [41]. ’ [59].
Strong local participation and renewable PV projects with surplus sales Incentive alignment under
Financial adoption supported by public funding [14], achieve 12-year payback, while Ecobonus and premium models
Outcomes yet profitability remains moderate due to grid  rural systems without surplus shortens payback and ensures

charges [60].

extend up to 28 years [61,62].

higher NPV [63,64].

Unlike Germany’s stable FiT framework, Spain’s Royal Decree 244 /2019 introduced

market-responsive revenue structures where surplus compensation remains limited com-

pared to Germany’s guaranteed tariffs [45,46]. Installations under 15 kW enjoy full con-
sumption rights, while those between 15 kW and 100 kW benefit from bill credits for
exported electricity [53]. The introduction of peer-to-peer trading and aggregation services

has begun to increase community income despite regulatory complexity [55,56]. Energy-

export revenues also contribute to EC income; prosumers may sell excess electricity to
the grid at €0.0338/kWh, with the value tied to hourly market prices [52,65]. Community
energy trading, both physical and virtual, enhances economic performance when designed

with centralized market configurations [66].

Italy diverges from both models through incentive-driven mechanisms combining

Ecobonus 50% tax deductions with production premiums achieving shorter payback peri-

ods than Spain’s market-based approach but requiring stronger fiscal support than Ger-
many'’s tariff system. The Milleproroghe Decree-Law 162 /2019 enabled RECs establishment,
with Ecobonus fiscal deductions remaining applicable to individual household investments

within community-scale projects [47,67]. This initiative offers tax deductions for PV and
storage systems, substantially reducing payback period [48,49]. The MISE Decree 09/2020
and ARERA Resolution 199/2021 provide premiums for shared energy and distribution-

loss reimbursements, improving revenue predictability [47]. These mechanisms promote

steady financial returns and encourage long-term EC participation.

4.2. Cost Allocation and Risk Sharing

Cost management and equitable risk distribution are critical to EC financial sustain-

ability. As summarized in Table 2, cost structures vary significantly across Germany, Spain,

and Italy, encompassing capital expenditures (CAPEX), operational expenses (OPEX), grid

charges, and risk-sharing mechanisms that determine long-term viability.
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Table 2. Key cost allocation structures and risk-sharing approaches in ECs.

Germany Spain Italy
Initial costs for PV and battery storage High infrastructure costs and grid Ecobonus tax credits reduce
. remain high [36,68], and large-scale congestion raise CAPEX, .
Capital blos like offeh ind d d allv i 1 45,70 upfront investment for
Expenditures renewables like offshore wind deman especially in rural areas [45,70]. households [63,72], while
(CAPEX) significant investment [35,69]. Financial Concentrating RES in optimal cooperative fur; din, models
instruments such as FITs and subsidies regions increases congestion enhlz:;nce capital levgra e [59]
mitigate these burdens [34]. risks [71]. P & '
Overational Operational costs fluctuate with CO, price OPEX levels vary with electricity ~ Shared infrastructure and
Ef enditures (OPEX) dynamics under ETS [44]. Marginal cost tariffs and network incentives reduce OPEX
p pressures challenge small ECs [36]. inefficiencies [53,61]. burdens [49].
. Uniform grid pricing fails to reflect real-time Grid congestion and h.m ited Virtual energy sharing minimizes
Grid and . ¢ . remuneration mechanisms . S
constraints [51], while outdated tariffs . grid upgrades and redistributes
Network Charges - R increase costs for EC .
hinder local flexibility [38]. savings among members [54].
operators [70,71].

. . Cooperative and ESCO-based models Market pooling and aggregation Community equity schemes and
Risk-Sharing distrib d profi . 4 risk ixed PPP hen 1
Approaches istribute cost and protit among strategies spread risk across mixe s strengthen long-term

pp members [33,39]. participants [55,58]. resilience [59].

In Germany, ECs face high initial capital costs for PV and battery storage [30], while
fluctuating operational costs continue to challenge project viability [36]. Policy measures
under the EEG and Integrated Energy Law now emphasize joint service contracts via Energy
Service Companies (ESCOs), reducing CAPEX and OPEX [33,68]. Increased CO, pricing
under the ETS ensures that the environmental costs of fossil generation are internalized,
indirectly improving the cost competitiveness of renewables [44,73]. However, the lack of
clear business models and outdated pricing regulations (tenant-electricity schemes) still
distort grid signals, limiting EC flexibility [33]. Implementing location-based nodal pricing
could enhance transparency and better reflect grid constraints [51].

In Spain, cost-effectiveness remains a major concern. Studies show that only 40% of
households achieve profitability without subsidies, and that battery storage remains uneco-
nomical unless prices fall to €250-500 per kWh [45]. Rural projects often face payback periods
of up to 28 years, compared with 12 years for projects selling surplus electricity [74]. Regula-
tory inefficiencies and limited surplus remuneration reduce returns, especially in low-demand
regions [53]. However, reforms such as Law 29/2021 have lowered administrative costs and
improved low-voltage grid access [75]. Demand-side management and aggregation services
also allow EC members to share operating costs and reduce market-price risks [57,76].

In Italy, cost structures are influenced by both incentive design and infrastructure
efficiency. Economic analyses indicate that PV self-consumption and installation prof-
itability depend on investment costs and discount-rate assumptions [64,77]. The Ecobonus
significantly decreases household expenditure, while ARERA and TIAD regulations re-
duce internal network-use fees [47]. Energy-retrofit projects, such as those studied by
Dolores et al. [49], cut energy bills by roughly 50%, balancing immediate savings with long-
term mortgage commitments. Regulatory adjustments under Resolution 15/2024 /R /eel
have optimized dispatching costs and refined grid-charge calculations, improving trans-
parency and equity [54]. Collectively, these developments strengthen cost efficiency and
risk-sharing arrangements among community participants.

Across all three countries, CAPEX remains the dominant barrier, yet cost-mitigation
strategies diverge: Germany leverages ESCO pooling to distribute fixed costs, Spain strug-
gles with 28-year rural paybacks absent surplus sales, while Italy’s fiscal deduction effec-
tively halve upfront barriers, demonstrating that fiscal instruments outperform cooperative
models for initial cost reduction (Table 2).

Overall, the analysis of cost structures and risk-sharing arrangements highlights that
operational efficiency and equitable cost allocation are central to ECs” long-term financial
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stability. Yet, these mechanisms cannot be assessed in isolation. Figure 6 illustrates the
financial interdependence within community-based energy systems, showing how revenue
mechanisms (incentives, self-consumption, market participation), cost structures (CAPEX,
OPEX, grid charges, and risk-sharing), and capital mobilization (public funding, cooper-
ative equity, private and green finance) interact to bidirectionally through price signals,
stability mechanisms, and liquidity management determine overall financial sustainability.

Revenue Mechanisms

Incentives & premiums
self-consumption/net billing

peer-to-peer & aggregation
broader market participation

Financial

sustainability

CAPEX & OPEX Public grants/incentives
grid/network charges < > cooperative equity
administrative costs Risk & liqui dity bank/greenloans
risk-sharing arrangements Crowdfunding

(Energy Service Companies)

Cost Structures

Public-Private Partnerships

Capital Mobilization

Figure 6. Revenue, Costs, and Capital structures showing financial interdependence through stability

mechanisms, risk-sharing, liquidity, and market signals interactions in energy communities.

4.3. Capital Mobilization and Financing Sources

Capital availability determines whether ECs can move from concept to implementation.

As shown in Table 3, diverse financing pathways public grants, cooperative equity, bank

lending, and crowdfunding define the investment ecosystem in which ECs operate.

Table 3. Comparative overview of capital mobilization pathways for ECs.

Germany

Spain

Italy

Public Grants and Subsidies

The Energy and Climate Fund (EKF)
provide grants for decentralized energy
projects [14], and CO; cost
compensation supports renewable
competitiveness [44].

RD-Law 23/2020 and national
storage programs enhance EC
investment [22,70].

MISE and ARERA mechanisms
incentivize renewable integration
and exchange premiums [49,67].

Cooperative Equity Models

Biirgerwerke eG and Griinstromwerke
models promote collective ownership
[14], encouraging local reinvestment.

Renewable cooperatives and local
markets foster citizen
participation [58,78].

Cooperative PV and fairness-based
models strengthen electricity costs’
profitability [47,65].

Bank and
Institutional Loans

Small ECs face limited credit access due
to collateral restrictions [60].

Uncertainty in policy and
profitability limits loan
availability [55,56].

Growing access to EU supported
green credit improves investment
feasibility [79].
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Table 3. Cont.
Germany Spain Italy

Crowdfundinge and Emerging local crowdfunding and Cooperative and crowdfunding Hybrid models combining
Hybrid Mod ig public-private partnerships support EC initiatives are tested in rural community bonds and public

Yy odels pilots [14]. markets [78]. funds are expanding [54].

. Community-based capital Hybrid financing ensures

Financial Resilience Impact Heavy dependence on public funds enhances resilience but requires long-term sustainability and

restricts scalability [60].

policy-backed guarantees [55]. mobilizes citizen trust [59].

In Germany, green energy cooperatives are designed to adjust initial and operational
costs according to technology cost reductions and changing fuel prices [33]. Despite these
efficiencies, high upfront investment remains a key barrier [68]. The EKF and regional
cooperatives have improved financing availability, while community-owned utilities such
as Griinstromwerke GmbH and Biirgerwerke eG facilitate citizen investment and financial
circulation within ECs [14]. Nonetheless, the absence of clear trading regulations for
regional green electricity continues to limit investor confidence [60].

In Spain, the growth of ECs depends on hybrid capital sources. Limited private
investment results from unclear market conditions and low surplus remuneration [56].
Policy reforms have introduced regional and EU-level support schemes, while community
cooperatives strengthen participation in local markets [75]. Infrastructure investment
remains vital to reduce congestion costs and balance financial risks between investors and
consumers [70].

In Italy, capital mobilization benefits from stable national incentives and strong coop-
erative traditions. The ARERA 199/2021 and Ecobonus programs provide certainty for
investors by reducing fiscal risk [67]. Studies report NPV returns of €2136-8084 per kW for
PV plants and €4712-5737 per kW for self-consumption systems [63,80]. Crowdfunding and
public—private partnerships are emerging to finance large projects. The dual-discounting
model proposed by Nestico et al. [59] integrates economic and environmental values into
investment decisions, while virtual energy-sharing models distribute surplus energy to
improve cash flow and minimize infrastructure upgrades [54]. Together, these instruments
reveal a capital resilience gradient: Germany’s cooperative model faces scalability limits
from public fund dependence, Spain’s hybrid sources require policy guarantees, and Italy’s
stable incentives (€2136-8084/kW NPV) attract institutional investors, suggesting fiscal
certainty trumps cooperative equity for capital mobilization (Table 3).

5. Discussion
5.1. Opportunities for Energy Communities

The comparative analysis identifies several structural and financial opportunities
strengthening EC viability in Germany, Spain, and Italy. Stable incentive mechanisms,
decentralized market participation, and diversified financing have created favorable condi-
tions for EC expansion across Europe.

A significant opportunity arises from the establishment of predictable and transparent
revenue mechanisms. Stable feed-in tariffs, market premiums, and self-consumption remu-
neration schemes, as seen in Germany and Spain, enhance the financial confidence of EC
investors. Similarly, Italy’s long-term tax incentives, such as the Ecobonus and ARERA’s
energy-sharing compensations, improve the economic feasibility of local renewable sys-
tems. These instruments provide continuity and reduce the financial risks associated with
fluctuating energy prices, ensuring that community-based projects remain profitable over
their operational lifespan.

Another key opportunity is the evolution of market participation models. The in-
creasing adoption of P2P trading, local market aggregation platforms, and regional energy
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markets enable ECs to monetize surplus generation and provide grid-balancing services.
Initiatives such as the ENKO P2P platform in Germany or the emerging energy-sharing
frameworks in Spain and Italy demonstrate how digitalized energy exchanges can reduce
curtailment, enhance network flexibility, and foster active citizen engagement. These de-
velopments reinforce the economic and social value of ECs within decentralized energy
systems, advancing Europe’s energy transition toward decarbonization.

Financial opportunities also stem from collective ownership and shared-cost arrange-
ments. The diffusion of ESCOs and cooperative investment structures distributes financial
responsibilities and ensures equitable participation among members. This shared-risk ap-
proach enhances resilience and strengthens the economic inclusiveness of ECs, particularly
in urban buildings and suburban contexts.

Furthermore, capital diversification offers a foundation for long-term sustainability.
Public—private partnerships, municipal grants, cooperative shares, and emerging crowdfund-
ing models contribute to a broader pool of financial resources. Across the three countries,
multi-source financing has proven effective in lowering capital barriers and attracting in-
stitutional investors. Such diversified models can support EC replication across different
socio-economic contexts, aligning financial incentives with climate and social objectives.

Germany’s stable revenue mechanisms succeed because the long-term FiT contracts
(15-20 years) reduce financial risk for cooperative members. Also enabling collective
investment without individual market exposure, as documented by Ehrtmann et al. [14]
in cooperative governance analyses. Conversely, Spain’s limited surplus compensation
constrains revenue predictability, directly explaining the 28-year rural payback documented
by Dasi-Crespo et al. [61] that was nearly twice as long as urban installations with grid
export rights. Italy’s Ecobonus effectiveness stems from fiscal familiarity: tax deductions
integrate into existing household financial planning, lowering cognitive barriers compared
to market-based compensation requiring energy price forecasting [47,48].

These mechanisms converge on a common finding across this review: financial instru-
ment effectiveness depends on matching complexity to community capacity. Cooperative
models thrive under regulatory stability (Germany) but struggle under market volatil-
ity (Spain); tax incentives work when aligned with existing fiscal behaviors (Italy); P2P
platforms require digital infrastructure and market literacy [42,43]. The reviewed studies
consistently show that revenue stability matters more than subsidy magnitude explaining
why Italy’s modest €110/MWh premium achieves shorter payback than Spain’s theoreti-
cally more flexible market-based system.

5.2. European Applicability of Financial Mechanisms

While the preceding analysis examines Germany, Spain, and Italy, systematic review of
RED II transposition frameworks reveals that financial mechanisms in these three countries
reflect broader approaches observable across Europe. Table 4 synthesizes documented
evidence identifying nine EU countries with comparable financial structures based on
peer-reviewed literature and recent EC mapping studies [81,82].

Table 4. Financial mechanisms in Germany, Spain, and Italy compared with similar approaches
across nine EU countries.

Financial Approach  Primary Case Similar Countries Key Characteristics References
. Denmark, Belgium, Stable FiT; Cooperative ownership; Collective

Cooperative Model Germany Netherlands benefit distribution; Green certificates [13,81-83]
Self-consumption . Net-billing; Self-consumption Framework; )
Framework Spain Greece, Portugal, Italy Solar-dominant; Market-based revenue [17,22,81,84]
Incentive-Driven Netherlands, Austria, Tax deduction; tariffs; RED II expansion;

Ttaly ; i ! [22,81,84]
Scheme Greece, Spain Incentive-Driven
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Germany’s cooperative-equity model demonstrates documented equivalents in Den-
mark’s aggregator markets, The Netherlands’ (wind-focused projects achieving €1500/ year
cooperative savings, postal code collective investment scheme), and Belgium’s regional
green certificate frameworks [13,81-83]. Spain’s self-consumption framework aligns with
Greece [22], Portugal’s flexible proximity rules [17], Italy’s shared energy incentives
(€110/MWh RECs, €100/ MWh collective self-consumption, 7-year), and The Netherlands’
net metering. Italy’s incentive-driven scheme finds parallels in The Netherlands’ postal
code incentives and Belgium'’s regional green certificate pilots [13,81,82].

The Netherlands and Italy exhibit hybrid approaches integrating multiple mechanisms:
The Netherlands combines cooperative structures, net metering, and investment incentives
across wind-focused generation; Italy emphasizes solar self-consumption with tax-based
support. Belgium similarly employs multi-mechanism regional frameworks [81,82,85].

Austria shares Italy’s incentive-driven approach, it employs condominium-based
community structures at medium-voltage levels. France, conversely, represents different
model focused on social housing energy justice without relying on FiTs, net-billing, or
tax incentives [17,84,85]. Eastern European countries show limited development with
insufficient documented mechanisms [13], while Nordic and Southern European nations
beyond those identified may exhibit alternative approaches requiring future analysis.

The three financial approaches in Germany, Spain, and Italy span nine EU countries
(around 30% of EU-27), revealing key similarities in how the Revenue, Cost, Capital framework
extends to observable European structures beyond the three primary cases [13,81,82]. Our
classification remains illustrative of documented diversity rather than exhaustive taxonomy.
Central/Eastern European nations, Nordic countries beyond Denmark, and post-Brexit UK
contexts may employ distinct mechanisms not captured due to different policy trajectories or
insufficient peer-reviewed documentation (2019-2025), highlighting opportunities for future
comparative research as EC frameworks mature. Therefore, our Revenue, Costs, and Capital
Structures apply primarily to Western/Southern European regulatory contexts; applicability
to Central /Eastern European models requires further validation.

5.3. Challenges and Barriers to Financial Sustainability

Despite these advances, the reviewed literature documents persistent barriers, re-
vealing design trade-offs in EC financial mechanisms. One persistent challenge is the
heterogeneity of regulatory and administrative frameworks. Germany’s location-based
nodal pricing absence persists due to uniform tariffs protecting cooperatives from locational
costs; Spain’s 28-year rural paybacks stem from insufficient surplus remuneration that
eliminates revenue streams; Italy’s Ecobonus excludes low-income households who lack
the required around 10-year tax liability. These design choices create trade-offs: Germany’s
ESCOs improve CAPEX distribution but increase complexity; Spain’s market approach
minimizes public cost but requires sophisticated participants.

Another constraint relates to mechanisms optimized to address one barrier often
worsen others: stable incentives reduce risk but create fiscal dependency (Italy); market
integration excludes unsophisticated participants (Spain); cooperatives face scalability
limits (Germany). Although shared-cost mechanisms and cooperative models partially
mitigate this barrier, operational expenditures and rising grid fees under carbon-pricing
schemes remain burdensome. The persistence of long payback periods, particularly in
Spain’s rural regions, underscores the need for targeted support measures that ensure
equitable access to EC participation.

Limited access to conventional finance also restricts EC development. Many small or
newly established communities lack the creditworthiness or collateral to secure loans from
commercial banks. While alternative instruments such as crowdfunding, cooperative shares,
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and EU structural funds offer partial solutions, they remain insufficient to fully replace
institutional financing. Establishing standardized investment frameworks and financial
guarantees would enhance investor confidence and enable ECs to scale beyond local initiatives.

Finally, challenges persist in integrating community-based energy systems into broader
energy markets. P2P trading and local exchange mechanisms still operate at pilot scales,
constrained by data management, interoperability, and transaction-cost barriers. Without
supportive digital infrastructure and regulatory recognition, these innovative models risk
remaining marginal rather than becoming integral components of the future electricity market.

The financial performance documented in Sections 4.1-4.3 reveals how enabling and
constraining factors interact differently across regulatory contexts. Figure 7 synthesizes these
financial resilience pathways, illustrating how stable feed-in tariffs, cooperative ownership
models, and targeted tax incentives strengthen EC viability, while high capital expenditures,
long payback periods, and limited credit access continue to constrain scalability across different
regulatory contexts. These pathways reflect the Revenue, Cost, and Capital framework applied
throughout this review, demonstrating that financial sustainability requires integrated policy
support across all three dimensions rather than isolated interventions.

Financial Resilience Pathways

Address
Challenges

Leverage
Opportunities

Q Stable incentives (FITs)
QO EKF grants/subsidies

Q High CAPEX/OPEX
Q Unclear models
Q Emerging P2P platforms Q Uniform pricing signals

O Cooperative ownership models Q Dependence on public funds

Q Collective self-consumption
O Emerging P2P trading

QO High grid charges
Q Long payback periods

O Surplus compensation Q Unstable tariff frameworks

Q Limited credit access
Q High investment costs
QO Regional administrative disparities

O Ecobonus (50% tax credit)
Q Virtual self-consumption

0 Cooperative finance models

Figure 7. Financial resilience pathways for energy communities in Germany, Spain, and Italy.

6. Conclusions

This review advances understanding of the financial and economic dimensions of
ECs through a structured Revenue, Cost, and Capital framework, providing a comparative
financial analysis of Germany, Spain, and Italy, which represent distinct regulatory-financial
approaches. By synthesizing findings from 89 peer-reviewed studies. The analysis reveals
that financial performance and scalability in ECs are fundamentally shaped by national
incentive schemes, cost-allocation mechanisms, and the diversity of financing sources not
apparent in single-country studies.

The study identifies that stable revenue mechanisms, such as feed-in tariffs, tax incen-
tives, and self-consumption remuneration, remain essential to EC profitability and investor
confidence. Italy’s €110/ MWh premium achieves shorter payback (7-8 years) than Spain’s
market-based compensation (28 years rural) due to payment certainty. However, reforms
toward market-responsive pricing and peer-to-peer trading are increasingly redefining
revenue models, enhancing flexibility and fostering integration within local energy markets
while creating trade-offs that exclude unsophisticated participants.
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Cost management and risk sharing remain uneven across Europe. While ESCO frame-
works and cooperative structures have improved economic fairness and operational effi-
ciency, rising grid fees, administrative complexity, and inconsistent regulatory frameworks
still limit participation for smaller or rural communities. Transparent tariff reforms and stan-
dardized cost-sharing approaches are necessary to ensure equitable inclusion and long-term
financial sustainability.

Capital mobilization emerges as both an opportunity and a persistent challenge.
Hybrid financing models combining public grants, cooperative equity, and green finance
have demonstrated success in lowering entry barriers and supporting project scalability. Yet,
many ECs continue to face difficulties accessing institutional credit and private investment.
Expanding community-tailored financial instruments, enhancing access to EU-level funds,
and establishing risk-mitigation mechanisms will be crucial to broadening participation
and sustain growth.

This study’s findings emphasize that effective EC implementation depends on coherent
interaction between policy, finance, and outcomes. Stable regulatory incentives (EEG 2021,
Royal Decree 244 /2019, and MISE Decree 09/2020) support financial mechanisms that
determine the economic feasibility and social inclusiveness of ECs. Figure 8 synthesizes the
key findings of this review, mapping identified challenges against recommended policy
interventions and their expected outcomes across three financial dimensions.

Pathways to Financial Resilience

IDENTIFIED CHALLENGES POLICY INTERVENTIONS FINANCIAL RESILIENCE
. ~ ~ ~ . N
X Market access barriers Vv Harmonize FiT/incentive schemes Stable income streams
X Tér’ff instability ) v Expand self-consumption remuneration s aoaliitmeD
X Limited surplus compensation S ErabloP2B teadin
X Regulatory heterogeneity 18 Market viability
Vv Standardize market access
\ / . , D,
7 ~ . N ~ <
% High CAPEX/OPEX v Transparent tariff structures Reduced OPEX
GOl ar e eomploaty I:> + ESCO cost-sharing models Equitable cost sharing
X Long payback v Sptimife 31'1; charges (EIAD) Shorter payback
X Administrative complexity N tAream HHC G PR e Broader participation
o J \_v Virtual self-consumption ) \_ )

"

N

X Limited credit access : ; . e
% Subsidyd d v Strengthen cooperative equity Community ownership
ubsidy dependence :

ey - + Green loans & guarantees Investment security
X Regional disparities
X Investment risk

~ N T
v Expand public grants (EKF/EU funds) Adequatefinancing

v Crowdfunding platforms Scalability

) |V Risk-mitigation mechanisms

Long-term viability

Figure 8. Framework from challenges to financial resilience across three financial dimensions for
energy communities in Germany, Spain, and Italy.

The parallel pathways illustrate that achieving financial resilience requires simultaneous
progress in revenue generation, cost management, and capital mobilization integrated policy
support across all dimensions is essential for sustainable community based energy systems.

Overall, ECs represent a promising instrument for achieving Europe’s decarboniza-
tion and social inclusion goals. The financial resilience pathways synthesized in Figure 7
demonstrate that strengthening EC viability requires context-specific rather than harmonized
interventions. Spain’s 28-year rural payback challenge (Table 2) necessitates targeted surplus
monetization mechanisms rather than generic self-consumption policies. Germany’s coopera-
tive model requires transitioning from public fund dependency to hybrid EU green financing
while preserving 15-20 year FiT stability that enables long-term planning. Italy’s Ecobonus
success (7-8 year payback) validates fiscal instruments. But it requires converting tax de-
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ductions to direct grants for low-income households lacking 10-year tax liability, addressing
Figure 7’s cost pathway equity gap identified in Section 4.2.

Further research should focus on quantifying the long-term financial performance
of ECs under evolving regulatory contexts and examining trade-offs between adoption
speed and sustainability across these regulatory archetypes documented in Sections 4.1-4.3.
Examining how digital platforms modify the instrument-capacity alignment mechanisms
validated in Figure 7 and exploring the integration of digital and blockchain-enabled
financing mechanisms. Comparative evaluations across different EU member states would
also provide deeper insights into whether sequenced transitions from stable incentives to
market integration enable sustainable exits from public support across diverse European
contexts beyond the three regulatory frameworks analyzed. Such analyses can guide
policymakers and investors in designing adaptive financial frameworks that support
equitable, resilient, and community-driven energy transitions across Europe.
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